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ABSTRACT

High-structured carbon blacks are commonly used as electrically conductive
additives in electrode slurries that are either processedotitbelectrodes for batteries
and fuel cells or used as flowal#é&ectrodes for sergolid 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 smallass 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 shearand shear historgependent 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 asgof 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 structuproperty relationships b&een the rheological, electrical,
and microstructural properties of carbon black suspensions under varying formulation,

shear, and shear history conditions.
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A significant contribution of this dissertation is the direct measurement of the
sheardependent msrostructure of carbon black suspensions under varying formulation
conditions and the subsequent rationalization of the resulting stryotyperty
observations using dimensionless groups. These novel strpcoperty measurements
were performedin situ using simultaneous rheological and small angle neutron
scattering (Rhe®ANS and RhedJSANS) techniques, which allows for direct
correlation of the rheological properties with the microstructure. As these measurements
are the first systematic study of tlsbeardependent microstructure in flocculated
suspensions, they address many {etapding hypotheses concerning the
microstructural origin of many shearduced behaviors such as apparent shear
thickening, sheathinning, tunability of quiescent propess, and prolonged transient
responses.

These measurements confirm that the reversibly thixotropic -ghieaing
behavior observed in these suspensions arises due to tearsklf break up of carbon
black agglomerates with increasing shear rate. Rpeswsions 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 tapsaditionally, 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. Spatiotemporallyvesseneasurements

show that the formation of large, dense agglomerates leads to-irstheced
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sedimentation and a prolonged transient decrease in viscosity. This structural transition
is predictable using the inverse Bingham number, which compares therettasess
to the yield stress of the suspension.

Importantly,the results presented ihis dissertatioprovethat the rheological
and electrical properties of carbon black suspensions arise from different
microstructural origins. By probing the elecal 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, stresgearing network of jammeatjglomerates. The effect of these disparate
microstructural origins is observed under shear where with increasing shear rate, a
sheathinning viscosity is coupled with a suspensgpecific increase or decrease in
electrical conductivity. These findingave 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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Chapter 1

INTRODUCTION

1.1 Background and Motivations

1.1.1 Carbon Black

Carbon black isn 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 blak 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 nanteract 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 applicatjibn?2].

Carbon black is formed by the thermal decomposition of hydrocarbons. Unlike
processes that create soot, thecpsses to make carbon black are well controlled and
deliver carbon blacks with specific primary structures and surface chemj&trigls
Carbon blacks are often divided into two types,-lamnd highstructured carbon blacks,
depending on the number of primary particles that make up a primary aggoetia¢e
surface ara of the carbon blaclas well as the internal porosity of the primary particles

as shown in Figure 1[1, 2]. Low-structured carbon blacks, which have fewer primary



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 tiresriihbe

2]. High-structured carbon blacks, which are the focus sfttesis, have marporous
primary particles within a primary aggregate and therefore a higteisurface area
(Figure 1.1a)[1, 2]. Due to this more complex structure, this type of carbon black
exhibits more dramatic timend sheadependent macroscopic properties than its low
structurel counterpart[3]. High-structured carbon blacks are commonly used as
electrically conductive additives in electrochemical energy storage devices and
electrically conducting natomposites as their higher surface area allows for a higher
electrical conductivity with fewer grams aidddedcarbon[2, 4-6]. As is shown in
Chapter 3 of this thesis, amongst this group of dsighctured carbon blacks, there is
variability in factors such as surface chemistry, porosity, launlding block structure
depending on the source of the particular cafBoii]. 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 so& changes. With a focus on applications in
electrochemical energy storage devices, this thesis focuses on building a general
understanding of the structupeoperty relationships of higstructured carbon blacks

when suspended in Newtonian fluids.



Figurel.l: TEM images of representative carbon blacks from two categories. (a) high
structured N472 carbon black and (b) lestructured N990 carbon black.
This figure is repnted by permissiorirom Springer Nature: Springer
NatureCarbon Black as a Polymer ek by M.E. Spahr and R. Rothon
Copyright 20172].

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
addesses 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
addess 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



storage methods such as batteries, flow batteries, and fuel cells have recently received
increased attention for gri@vel storage and for use in the transportation indy8iry
9].

High-structured carbon blacks are commonly used in many types of
electrochemical energy storage devigé$, 1014]. 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 bladkithieg large electrochemically active
particles, salts, and binders in the case of batteries and for fuel cells, small platinum
catalyst particles and ionomges6, 1014]. 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 sensolid flow batteries, a flowable electrode slufg, 10-12].
Regardless of the final electrode state, a desire to control the rheology and
microstructure of these suspensions exastthese propees 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 dgdjidé-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, Dedital illustrate that the
interactions between ionomers, catalgsten carbon black particles, and solvents affect
the rheological properties, ink stability, ease of coating, and integrity of the processed
catalyst layef13]. Additionally, Wanget al show that the extent of ink dispersion plays
a role in determining fuel cell performance where more intense dispersion leads to

higher performancgl4]. Finally, Bockholtet al have explored the complex interplay



of the many manufacturing steps involved in battery electrode fabrication and the role
of these steps in determining the final performda@é In this study, it was found that

the slurry processing greatly affette 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 flovdependent properties are discussed as a ntleamslerstand the
formulation and processiagependence of the electrode performance. As these systems
are complex with many different options for formulation and processing, there are many
ways to tune the performanfkl, 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 wien the behavior of simplified systems is not yet fully understood.

Motivated by the need to understand the formulation and procedspendent
behavior of these complex systems, this thesis takes the simplified approach of focusing
on the behavior of airggle component: higistructured 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 relativelyow based on dry weight or volume fractions, howeves, th
work in thisthesis 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 sergolid flow battery, Faet al. use 1 vol% of KetjenBlack E600JD
carbon black in an electrode slufiy]. 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 volumdraction of carbon black of approximately 17 vo[#4. The



flow rates used ithe many available processing steps span several orders of magnitude
in shear rate from approximately 1te 1 s[4, 10, 11] Therefore, the behavior of
carbon black suspensions over a wide range of shearamadet moderate to high
particle loadingss relevant for thse applications

In these applications, the primary role cérbon blackis to provide an
electrically percolated networkith optimized electrical conductivity both under flow
and after various flow histories. Additionally, carboadi plays a significant role in
determining the rheological properties that are correlated to electrochemical
performance such as the viscosity, degree of shearing, and the yield stress. While
a number of studies have been performed to understasti¢hedependence 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 conject{®e5, 1619]. For example, similarly motivated
by semisolid flow batteries, Youssrgt al measured the shedependent properties of
carbon black suspensions in 1 M LiTFSI in propylene carbonate as shown in Figure 1.2
[19]. These measurements show a complex stheaendent rheological and electrical
behavior that is explained using cartoons dépich 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 literhtudétle
evidence is available to support these hypotheses. Therafor@n goal of this thesis
is to fill this gap by directly measuring the microstructure and buildugnitative
relationships between the rheological, electrical, and structural properties of carbon

black suspensions under variable formulation conditions.
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Figurel.2: Sheadependent conductivity and viscosity measured for a suspension of
KetjenBlack EG300J carbn black suspended in 1 M LiTFSI in propylene
carbonatereproducedfrom M. Youssry, L. Madec, P. Soudan, M.
Cerbelaud, D. Guyomard, B. Lestri€hys. Chem. Chem. Phy2013,15,
14476[19] with permission from the PCCP Owner Societi€artoons
show typothesized structural evolution.

1.1.3 Carbon Black as a Model Colloidal Suspension

Colloidal suspensions are found in many naturaflgurring and mamade
systems such as biological fluids, drilling muds, paints, construction materials, personal
care produts, and foodg§20-22]. As discussed throughbthe 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 micoostiral evolution and, as a
result, the macroscopic propert{@8]. At rest, the micrstructure 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 impattdor many applications and remains an



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 skhagwendent properties they exhibit. In this
thesis, structur@roperty relationships in carbon black suspensions are built for
applications in energy storagkevicesby drawing from these previous studies and
considering carbon black suspensions in termshefr colloidal properties. This
presents a second motivation for this thesis that goesihdrahd with the first, which

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

complex, sheadependent behavior of colloidalgpensions 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 thesigo build structureproperty 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 micostructural 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 diffugaroughout 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 fractif#8]. As the concentration increases, particles
become closer together and begin to interact with one another. These interactions are
typically modeled using classical DLVO theof#4]. In many real systems, these

interactions lead to colloidal instabilities where particles reversibly bond to one another



to form flocculatedor aggregatedstructures[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 interaan potential, the particle loading, and the particle characteristics
[26-32].

Typically, two regimes of aggregation, or flocculation, are consideiédsion
limited cluster aggregation (DLCA) and reaction limited cluster aggregation (RLCA).
Each of these routes lead to different internal floc structares different mass
distributions[23, 26:32]. With DLCA kinetics, particles are assumed to bond at first
contact, resulting in relatively opdlocs 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[Z31 29, 32] For
suspensions of polystyrene latex particles, Tangl studied these two regimes by
tuning the interaatin potential[32]. To demonstrate the differences in these fractal
dimensions, images taken by Tagigal. for aggregates formed by DLCA aRLCA
kinetics are shown in Figure 1[&]. These images show that the internal floc structure

is tunable and depends on the details ofriteraction potential.
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Figurel.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.
Eachparticllhas a di amet er o {32].&pppntedfxommat el y
J. Colloid Interface Sci221, S. Tang, J.M. Preece, C.M. McFarlane, Z.

Zhang, A Fr act al Mor phol ogy and Breakage
Aggr e g a tl@3s Gopyright12@00, with permission from Elsevier.
[32].

As the particldoading 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 formef23]. In systems with charged particles, flocs typically grow to
a preferred finite sizéhat is determined by a balancetbé attractive force driving
flocculation with the repulsive force that increases as more particles are incorporated
into the floc[33-35]. Therebre, 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
systemspanning networkg36].

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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comparedto nonflocculated 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 incrd&3¢sT his 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 Trappet al and observed by many autBpthe 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 factorg23, 36, 3845]. 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
macroscofe properties change with teemicrostructual propertiess 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 aepends on the strength of interparticle boj#dy. Nevertheless, for flocculated
suspensions, the concept of the hydrodynamic volume fraction conveniently
summarizes the expedtemicrostructural changes that underly the macroscopic
properties in a simple manner and can be used to build strpchperty relationships.

In carbon black suspensions, attractive interactions drive the formation of
flocculated agglomerate structuresyich vary in size and fractal dimension depending
on formulation and processiifig, 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 struct[fp The concept of the hydrodynamic volume fraction
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is used in this thesis to understand the effect of changes in agglostaretere 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 blacK3]. The sheadependence of this structural characteristic is then
probed by directly measuring the agglomerate size and fidiotahsion 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 steaendent

macroscopic properties of the suspensions.

1.3 ShearDependence of loc 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 syspecific period of time
[23, 47-49]. This structural evolution has been measured by many authors and consists
of sheatinduced changes in the floc sig®-52], internal floc structurf0, 51, 53, 54]
and degee of anisotropy55-60]. These microstructural changes are directly related to
measurable @nges in the rheological and electrical properties, which can largely be
understood using the hydrodynamic volume fraction. As-loduced anisotropy is not
measured for carbon black suspensions under the flow conditions used in this thesis, the
effects m the macroscopic properties will not be addressed here. Additionally it should
be noted that at the shear conditions considered in this thegis, p so effects from
Brownian motion are neglectg@3]. The discussion will focus on sheaduced
changes in floc size and internal floc structure and the effect of these changes on the

compkx, timedependent macroscopic properties.
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Under flow, sheamduced changes in floc structure have primarily been studied
in the dilute regim@40, 5053, 61] The body of work in this area is largely summarized
in a studyby Soniag and Russgb1]. 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 uskgsitu smallangle light scattering51]. 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 intempicle bonds and the strength of the shear flow. In these
experiments, sheanduced floc densification was also observed where the fractal
dimension of the flocs increased from 2.2 to 2.5 under f#j. Harsheet al further
investigatedhis sheainduced densification for suspensions with different initial fractal
dimensions of 1.75 and 2.753]. Results from smallangle 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 sitbar as shown in Figure 158].
Additional sheainduced structural changes have been observed that seem to oppose
this trend of increasing fractal dimension with increasing shearfateexample, for
suspensions of fumed particles, Negi and Osuji observe aislleaed decrease in floc
fractal dimension along with an abrupt decrease in the floc size at a critical shear
condition (see Figure 1.54]. These studies illustrate that a complex relationship exists

between the applied shear and the floccstme in colloidal suspensions.
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Figurel.4: Depiction of the flownduced floc densification measured through
Stokesian dynamics simulations and experiments by Hatshke These
images show that flocs prepared at high fractal dimensions do not
dramatically chnge under flow while flocs at lownitial fractal
dimensions break up and densify under fl¢98]. Reprinted with
permission from Y.M. Harshe, M. Lattuada, M. Sdamgmuir, 2011, 27,
57295752. Copyright 2011 American Chemical Society.

The effect of the sheatependent floc structure on the rheological properties is
often explained using the hydrodynamic volume fractié®]. The viscosity of a

concentrated suspension is generally given by the Kriegagherty equation:

8
- - p — , (1.1)

where%o.is the volume fractiorfs  is the volume fraction at maximum packing, and

— is the viscosity of the suspending flujd3]. 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 suspensiongltime fraction

is thehydrodynamic volume fractiothat takes into account the total volume taken up

by the flocs, not the dry volume fracti{@e].
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By using the hydrodynamic volume fraction in Equation 1.1, a relatipnshi
between the rheological properties and the floc structure can be established. For
example, the shedhinning behavior in flocculated suspensions is often associated with
a sheatinduced break up of agglomerates and resulting decrease in hydrodynamic
volume fraction23, 47, 62] As obsevedby Negi and Osujior suspensions of fumed
particles sheasthickening coincides with an observed decrease in fractal dimension that
results in an increase in hydrodynamic volume fra¢iiéh As the hydrodynamic
volume fraction depends on both the floc size and the fractal dimension, correlating a
measured behavior ihé viscosity to one of these structural properties is ateflhed
problem. While models have been written to relate the hydrodynamic volume fraction
to the fractal dimension and the floc sigS3], there is a lack of experimental
measurements of the sheaduced floc structure to compare to these models, especially
at high particle loadings. Therefore, there is a need for direct measuiseshthe 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 tlcesity
have been proposed. For example, similar to the g¢hemaning behavior, as flocs break
up and the hydrodynamic volume fraction decreases, it could be expected that the
conductivity wouldalsodecrease. This hypothesis is supported by several stoidiee
conductivity under shedt6, 18, 64] however, it is also contradicted by other studies
similar to that shown inFigure 1.2 where the conductivity increases with increasing
shear rat3, 17, 19] The lack of consensus as to the origin of these behaviors motivates
the need to study the conductivity under shear in systems withchgihcterized

microstructures.
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Shearinduced floc evolution occurs over a systepecific periodof time,
which gives rise to transient macroscopic properties upon changes in the shear condition
[23, 4749, 65] For the viscosity, this transience is called thixotropy or rheopexy
(antithixotropy) depending on the details of the transient response. Typicallyrdpixo
is associated with a tim#ependent shedhinning behavior and a transient increase in
viscosity with a step down in shear rg#3, 4749, 65] Conversely, rheopexy, or
antithixotropy, is associated with a tirdependent shedhnickening behavior. To
discuss th structural evolution that gives rise to this transient behavior, figures from
Barnesdo revi ew o0n][4T].IAsixsbawn io Fgyre W5a,lalstepdevnu s e d
in shear rate gives rise to an initial dramatic decrease in stress, followed hwy a slo
increase to a steady state vaJdé€]. Figure 1.5b provides a means to describe the
proposed microstructural origin of this transient respphige Consider an experiment
where, for simplification, only she@mduced changes in floc size occur.piint b, the
shear rate dictates a particular steady state floc size distribution that is associated with a
stress respongé7]. Upon stepping down in shear rate, the instantaneous floc structure
remains the same as it was at b but now the stresksbasr eased to that at
decrease inshearrdg/]. As the floc structure at bd e
the flocs are able to increase in size to a new steady state structure, resulting in a
transient stress response to a steddte sstress at point [47]. This shows that the
thixotropic response depends on the previous structure and the kinetics of floc
restructuring. Additionally, following the
is typically described as aversible procesgl7, 48]

Many industrially and biologicallyrelevant 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
present a need to further understand the microstructural origin of thixotropy and how
this relates to the timdependent rheological properties. Efforts have been made to
predict this behavior using constitutive models such as-eerpirical structuréinetics
models[66-68] and mechanistic population balance modé%s 69] Verification and
improvementof the microstructural behavior predicted by these models requires
microstructural information that is largely missing from the literature. This motivates
the measurement of the she@pendent microstructure in model, thixotropic colloidal

suspensions sh as carbon black suspensions.
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Figurel.5: Description of thixotrap behaviorreprinted fromJ. NorNewton. Fluid
70, H. A. Bar nieas ,r efv#38iomyrtighld 99y, with
permission from Elsevidd7]. (a) Transient stress response at flowtsfa
and step down in shear rate. ()crostructure 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 areighly 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 modsalystems to understand many of the interesting site@@ndent properties
that will be described throughout this chapter. These properties include thixotropy,
rheopexy, sheahinning, apparent she#nickening, and tunability of quiescent
properties throgh the shear historyl8, 19, 46, 57, 702]. Additionally, these
suspensions are known to exhibit both skedranced and shediminished electrical
conductivities[3, 1619, 64] While these sheatependent properties are generally
associated with changes in the sHeducel 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 parti@dditeg 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 fégimes
54, 56, 57, 71]Figure 1.6 from a study by Osuji and Weitz on carbon black suspended
in tetradecanellustrates these flow regimes with the corresponding representative
structures from rheoptical measurements on a parallel plate geonibifyy At low
shear rates and typically, in confined geometries, cylindrical floes that align in the
vorticity direction (Figure 1.6b), which is correlated to an unstable rheological response
as shown in Figure 1.&7]. By testing several shear rates and gap sizes, Grenalrd
have built a setfacriteria required for the formation of vorticigligned floc56]. The
conditions used in this thesis were intentionally chosen with these criteria in mind to

avoid his anisotropy. As the shear rate increases, the voréiigged 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 [546d57] This
structural transformation is associated witbhaasthickening behavior that arises due

to the increasén hydrodynamic volume fraction that occurs when the agglomerate
fractal dimension decreases abrudfy]. This sheathickening behavior has been
observed by other authors for carbon black suspensions and other suspensions with
irregularly shaped particldd8, 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 agglomera{ég]. This thesis focuses on understanding
structureproperty relationships in the two flow regimes at higher shear rates where

large, dense agglomerates and small, open agglomerates are formed.
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Figurel.6: Results from Osuji and Weitz fdrec-optical measumaents performed on
carbon black in tetradecane at a range of volume fraditotjs(a) Flow
curve measured as a function of applied shear rate. (b) Vorticity aligned
flocs at 6.67 3 (b) large, dense agglomerates at $33and (c) small, open
agglomerates at 1330*457]. Reproduced from C.O. Osuji and D.A.
Weitz, Soft Matter 2008,4, 13881392 with permission from The Royal
Society of Chemistry.

After cessation of flow, the microstiture does not return to its initial state and
instead strongly resembles the prior shaduced microstructure. This results in a
effect where the state of the microstructure is determined by the shear history, which
significantly influences the quiestestate 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 hig&)y#6, 71, 72] This is observed for the
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yield stress, or network strength, by Ovarmé¢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 intg$%4, 71] This shear history

effect is often attributed to variation iopology of thenetwork formed by the
agglomerates. For example, the networks formed by the large, dggyleenarates 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 &restolves
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 suspensiongfy applications

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

properties.
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Figurel.7: Results from Ovarleet al for a suspension of Vulcan X2 in light
mineral oil that show the yield stress varies depending ompribghear
stress[72]. Reproduced from G. Ovarlez, L. Tocquer, F. Bertrand, P.
CoussotSoft Matter 2013, 9, 55405549 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 informtion concerning the effects of shear history or t{dtependence on
the rheological response. Helell al evaluate these effects on the skasgpendent
rheological and electrical properties for carbon black suspended in light mingt8] oil
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 shed#nickening behavior followed by a shehinning behavior with
increasing shear raf&8]. By performing ramps at slower rates, the microstructure is

allowed to evolve further, which results in different degrees of shedening[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 conditicrease$18]. This combined

effect of the dramatic structural transition observed in Figures 1.6¢c 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 pegdictontrol, especially

considering the lack of direct microstructural measurements for these systems.

1.4 Thesis Overviewand Organization

The overarching goal of this thesis is to build relationships between the
structural, rheological, and electrical prapes of highstructured carbon black
suspensions under different conditions. This goal has two motivations that pertain to the
applications of higkstructured carbon blacks and to the behavior of colloidal
suspensions in a broad sense. First, this warlotévated by the use of higgtructured
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 suspensioatthndergoes 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,dificult 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, al&ical, 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 colloilssuspensions such as thixotropy, skéamning,
electrical conductivity, sheanduced sedimentation, and tunability of quiescent
properties. Since carbon black suspensions are frequently used as model colloidal
suspensions to understand these properitess 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 dire¢ measurements of the microstructure using dynamic light scattering,
transmission electron microscopy, and primarily, sfaafile neutron scattering
(SANS). To build structurproperty relationships that are useful for all hgjructured
carbon blacks andther 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 fls with widely different dielectric properties are used. To represent the
many high dielectric constant, polar aprotic solvents used iotretke slurries
propylene carbonate is used as one of these suspending fluids. Additionally, light
mineral oil is usd 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 hgjhuctured onductive carbon blacks are

presented. The research documented in this chapter shows that althousfiutiyined
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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 shioelldonsidered 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 formationgamath. To understand

the sheadependent structugroperty 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 sthar suspensions with
varying properties. In these chapters, dimensionless groups are defined that are shown
to predict the sheanduced agglomerate structure and macroscopic properties. Building
on this thorough microstructural characterization, lteagding conflicts regarding the
sheardependent 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 contributionand discussethe 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 measuremeiuesented in this thesis developing constitutive models

predict anddescribe thixotropic behavior.
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Chapter 2
MATERIALS & METHODS

2.1 Introduction
The structurgoroperty 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
spectrecopy 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 performpropermeasurements. 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 commonlgedhigh-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 thes 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 applicatifihgt, 19] On the other hand, light mineral
oil is a an alkanegpetroleum distillate that is napnogenic and nonpolar and is

frequently used as the suspending fluid for fundamental studies of carbon black
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suspensions related to understanding sbependent charge transport or time
dependent behavi§t8, 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 lowerath for light mineral oil, which tunes the fluid stresses,
drag force, 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 Hamakeonstantp ,in Table 2.1. This Hamaker constant is estimated
for a solid carbon black sphere using values from Dagastinal and simple
combination rule§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 camhte, carbon black particles

exhibit a weak repulsion that supports colloidal stability at low particle loafings]

Table2.1: Suspending fluid properties for propylene carbonate and light mineral oil.
Properties listed are viscosity,, dielectric constant, , refractive index,
¢ , Hamaker constant for fluid in vacuurd, , Hamaker costant
between carbon particles in flu, , massdensity, ; , and neutron
scattering length density,

. 5 0 : :
Fluid @y (@Y (gemd) (x10°A%)

(P_a S)

Propylene carbonat 0.0025 64 1.421 134 175 1.204 15
Light mineral oil  0.026 2.4 1.467 15.3 154 0.838 0.40
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The carbons used avkilcan XG72 from Cabot Corporation, KetjenBlack EC
600JD andKetjenBlack EC300J from AkzoNobel, and-BERGY SUPER C4%rom
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, wth 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 structurescalled agglomerates, which are also natural fractals. It is this
agglomerate structure that changes under shear and determines thedepbadent
macroscopic properties. Importantly, Figure 2.1 introduces important terminology used
throughout this thesisyhere manufacturing of the carbon bladets the size and
properties of both the primary particle and primary aggregate. How these primary
aggregates form larggcale agglomerates and the effect of this structure formation on

the thixotropic suspensioneblogy and conductivity are the main topics of this thesis.
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agglomerate
~1-10 um

primary
aggregate
~ 100 nm i

primary particle
~ 10 nm

Figure2.1: Hierarchy of carbon black structures in suspension consisting of primary
particles, primary aggregates, and agglomerates.

2.3 Dispersion Protocol

As received, the carbon blacks arehia 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 brngiakhe 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 camb particles by applied shear in a rheometer is avoided
and is eliminated from interpretation of the flow behayiéj.

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 enetrihat 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 ishown
Figure 2.2 for a representative sample of 3.1 wt% KetjenBlacB®IID 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 disappearsiaitélthe
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 homogenizaigothat is
derived from fits to the first relaxation of the autocorrelation functeme (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 1@smiouthis
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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Figure2.2: Example of DLS measurements used to determine the appropriate time for
high shear howgenization. Results for four time points are plotted as the
normalized time autocorrelation functio, T , against the delay timé,
for a concentrated suspension of KetjenBlack-@bd0JD in propylene
carbonate. Fits to the first relaxation using¢bmulant 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 volumehidrhesis, 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 yeq@ared 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 volgntéor the suspensions studied
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in this thesis, high shear homogenization was performed using two different
homogenizers: a Silverson L4RT highear homogenizer with a square hole fsgbar
screen and an IKA T 18 ULTRAURRAX mixer with a high shear scre@ispersing

tool both at approximately 7000 rpm (733 rad).sThe 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 fastenicentrated dispersions.

Table2.2: 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

0.1 25
Vul XG72

ulcan 3 10
: 0.1 50
KetjenBlack ECG600JD 31 10
: 0.1 30
KetjenBlack EC300J 5 10
0.1 65
C-NERGY SUPER C45 59 o5

2.4 Rheology

In this thesis, rheology is used to characterize carbon black suspensions by
imposing a deformation and measuring the buliterial 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 slestory[18, 46, 71, 72]This complex

rheolagical behavior is explored by performing flow experiments using conventional
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stress and straircontrolled rheometers equipped with commonly used geometries as

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

Table2.3: Table of rheagy 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.

Chapt_er(s): Rheometer  Geometry Details
Experiment
] TA Instruments Cone and 40 mm 1° stainless
4:SAOS ARES G2 plate steel
5 Cree TA Instruments Roughened Stainless steel cup/bo
' P DHR-3 Couette (30/28/42/6.0)
) . . TA Instruments Titanium cup/bob
5: Rheadielectric ARES G2 Couette (27/26/34/0.05)
5: Spatiotemporally Anton-Paar Couette Titanium cup/bob
Resolved Rhe®@ANS MCR-501 (29/28/36/0.09)
5, 6: Steadylsear and  Anton-Paar Couette Quartz cup/Ti bob
HB yield stress MCR-301 (49/50/60/0.05)
5, 6: RheeUSANS Anton-Paar Couette Quartz cup/Ti bob
(Vulcan) MCR-301 (49/50/60/0.05)
6: RheeUSANS Anton-Paar Couette Quartzcup/bob
(Ketjen) MCR-301 (50/49/60/0.05)
) Anton-Paar Quartz cup/bob
6: RheaVSANS MCR-501 Couette (50/49/60/0.05)
) . . TA Instruments Titanium cup/bob
7: Rheadielectric ARES G2 Couette (27/26/34/0.5)
. TA Instruments Stainless steel cup/bo
8:UD-LAOS ARES-G2 Couette ™ 30/27.7/41.6/5.9)
. TA Instruments Titanium cup/bob
8: Step down ARES-G2 Couette (27/26/34/0.05)
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In the flow experiments performel this thesisthe three quantities of interest
measured or set by the rheometer trgue, deflection angle, and time. A fourth
guantity 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 erpeti
either the timedependent 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 equaf@®s/6] Of course, rheometers
cannot measure and apply infinitely small or large torques, deflection angles, and
rotation speeds. Therefore, as described etaitl by Ewoldtet al, experimental
limitations exist that are dependent on the geometry dimensions and the details of the
specific rheometer capabiliti€s6]. In this thesis, these limitations have been taken into
account and considered when determining thegrgpometry 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
rheomeer, these experiments are performed by applying an oscillatory $trah.a
frequency] , as shown in Equation 2.1:
ro [ OET o (2.1)
wherel is the strain amplitude. The measured response from these experiments is an

oscillatory torque ostress as shown in Equation 2.2:

, 0 ,OENo" . (2.2)
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In the case of a fully elastic resporise, 1 And the stress response is fully in phase
with the applied strain. Conversely, for a fully viscous response,w 1t JThe
suspensions studied inigithesis exhibit some combination of these two respstses
that the viscoelastic stress response is written in terms of the elastic and viscous
moduli,"@and"®, tespectively, as shown in Equation 2.3:

., 0 [ O] NVPxe . (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 Chaptser5 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 requirked to
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 strgiitade
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-&DJD suspended in propylene
carbonateAt strain amplitudes less than p B the suspension behaves sdiie
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 belowr p bfor all suspensions studied in this thesis. To stay well within

35



this linear region, all SAOS measurements in this thesis are performed at a strain

amplitude of ™ P
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Figure2.3: Amplitude sweep for a representative sample of 2.5 wt% KetjenBlack EC
600JD suspended in propylene carbonate. Closed symbd(@aare open
symbols aré@. Ghe linear viscoelastic region is denoted using vertical
dashed lines.

2.4.2 Steady Shear Rheolgy

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 shearfratajer an extended periadtime
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 simultadeecis
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
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reasons. First, the high shear rates applied in the tests are sutbegstt the sample
from parallel plate and cone and plate geometries. Second,F&NS experiments are
typically performed using Couette geometries to decrease sample thickness and increase
the available sample area for neutrons to scatter from. Ther&o continuity and ease
of comparison between experiments, the Couette geometry was used for all steady shear

tests.

2.4.2.1Shear Protocol

A standard protocol was developed and implemented to maintain reproducibility
across samples, rheometers, and georsetiidnis protocol consists of an initial
conditioning procedure at loading followed by repeating triplets of shear $tepéirst
step consists of preshearThis preshear is followed by the application ahear rate
of interestanda resting periothat often includea SAOS measuremerithe order and
specifics of these last two steps depends on the details of the expefimeall
experiments, the shear rate of interest was applied in a descending order to reduce
effects of sedirantation 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 thes bubbles and voids, the viscosity of the suspension was reduced by
performing a conditioning protocol consisting of twenty 30 second flow ramps from
500 st to 0.1 st. The effect of these ramps is evident in the stress response as a
continuously decreasy 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 XE72 in propylene carbonate. Following this thinning step, the
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suspension was rejuveed by application of a high shear rate of 2500 fer
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 inease to a plateau value.
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Figure2.4: Stress response during conditioning protocol for a representative sample of
5.75 wt% Vulcan XE72 in propylene carbonate. (a) Stress plotted against
shear rate for twenty 30 second flow ramps from 58@0s0.1 s'. 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 2580 s

The repeating triplet of shear steps followed for all dteshear experiments
begins with a preshear step. As demonstrated in many studies of thelebeadent
behavior of carbon black, macroscopic properties strongly depend on the shear history
of the suspensiofil8, 46, 71, 72]To eliminate effects from previous shear steps, a

preshear is used to regmwate 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 off2500 s
times rangingrom 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
presheais 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 suffeient
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.
2.4.2.2Yield Stressand Self-Similar Structure Flow Curves

To evaluate the yield stress of carbon black suspensions set by the preshear
protocol, selsimilar structure flow curves were constructed and fit to the Herschel
Bulkley model. These seHfimilar structure flow curves leveraghe seksimilar 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 literaturg70, 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 EByavhich has been further developed by Dullaert

and Mewis, who implemented measurements with improved time reso]d@pi8]

39



For example, in a shear rate controlled experinmedra, 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 stseoccurs 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 rangapplied shear rates, a constant structure flow curve
can be constructed0, 78] This method is similar to the sedfmilar structure flow

curve method used in this thesis, howettee experiments performed here lack the time
resolution to extrapolate to the instantaneous stress. Knowing that agglomerates break
up seltsimilarly at the high shear rates where the time resolution is poor, a flow curve
that represents the stress msge of agglomerate structures with constant fractal
dimension and shea@ependent size at each applied shear rate can be constructed
instead.

This seltsimilar structure flow curve method for determining the yield stress
resolves many issues regarditng measurement of the yield stress for carbon black
suspensions. First, due to the sheamsitive agglomerate structures that dictate the
network structure and strength, the yield stress varies depending on the intensity and
duration of the shear histoof the suspensio[18, 46, 72] For carbon black in light
mineral oil, Ovarlezet al. measured a preshear strdependent yield stress, which
tends toward a constant value at high preshear strgg2eddditionally, for a similar

suspension, Hel 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, its shownthat 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 stresgneasured after a high preshear [d&. Additionally, after high preshear

rates, the apparent yield stress reached a canatlre, indicating small or negligible
changes in network structure, whistassociated with a measured ssthilar break up

of agglomerate$46]. To maintain consistency with the high shear rate-seiflar
agglomerate structures measured in RHEANS, the yield stress here was defined
using the standard preshear protocol at a high satsaof 2500 .

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 fpical tyield stress
measurement, the effects of unfavorable rheological phenomena such as wall slip and
shear banding occyd9, 68, 79] For example, using simultaneous particle image
velocimetry and rheology, Wet al observedtte transient development and growth of
shear banding under shear stastof a thixotropic fumed silica suspension where the
velocity profile is linear at short times and becomes heterogeneous at longe@hes
For carbon black suspensions under creep flow, Giledudl measured transient
velocity profiles using simultaneous ultrasound spealdlocimetry[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, linearelocity profile at long timef80]. This slow evolution of the shear

rate under creep flow has been observed in other carbon black susppt&igasand

can alter the magnitude of the measured yield stress due teirsthéeed changes in
agglomerate structure. By performing the stress measurement under an applied steady
shear rate at times approaching 0 s, the effectsf these behaviors on the measured
yield stress are minimized.

The selfsimilar structure flow curve is constructed through a series of steps
consisting of rheological measurements and-postessing of the data. The rheological
measurements consist afseries of shear starp tests where the suspension is first
presheared at a shear rat¢ of 2500 &' for 600secondsThe preshear was followed
by a waiting period of 308econdgo allow a network to form. During this waiting
period, a smalamplitude oscillatory shear (SAOS) measurement was performed over
a frequency range of = 1 rads® to 100 rads® and at a strain ¢f = 0.1%. Following
this waiting period, a new shear rate was applied and the stress was recorded in one
second increments ova span of 300 seconds. The data for a range of shear rates from
I = 7.5 s'to 5000 & for a suspension & wt% Vulcan XG72 in light mineral oil is
shown in Figure.5a

The measured transient stress response was used to determine the stregs respons
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 imd=ij5band Figire2.5¢ At lower shear

rates, where the agglomerate fractal dimensitanges with timethe stress response
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of the network structure was determined by fitting to a double exponential function and
extrapolating to the stress response=ab s. This fitting is shown abke black line in
Figure 2.5dand Figire 2.5e In either of these two ways, the stress response at each
applied shear rate is determined and theseiflar structure flow curve is constructed

as shown in Figre 2.6where the stress values from Figar8b-e are highlighted.
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Figure2.5: Self-similar structure flow curve construction fgpresentative sample of
8.0 wt%Vulcan XG72 in lightmineral oil.(a) Transient stress response
at a range of applied shear rattem [ = 7.5 s' to 5000 &. (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 taesed selsimilar structure

flow curves to the Hersch@&ulkley model in Equation 2.4:
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N (2.4)

Note that the Herschd&ulkley equation is often written simply with the consistency
parameter[23], but for purposesn this thesisit is valuable to express it in this
mathematicdy equivalent form. For this procedure] is the stress at each shear rate,
. IS the yield stress of the network set by the preshear conditias the critical
shear rate, and n is the power law inf®%]. An example of this fitting is shown in

Figure 2.6 for a representative sample of 8.0 wt% Vulcar/X@h light mineral oil.

10 ——Herschel-Bulkley Fit
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Figure2.6: Representative sedfmilar structure flow curve fit to the HerscHallkley
model in Equation 2.4 for a susp@rsof 8 wt% Vulcan XC72 in light
mineral oil. Colored points are stress values taken from Figure=2.5b

2.4.3 Unidirectional Large Amplitude Oscillatory Shear
Unidirectional large amplitude oscillatory shear (UBOS) measurements
were performed to furthernvestigate the thixotropic behavior of carbon black

suspensionm ongoing parts of the future work of this theSgnilar 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 tlsgrain 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:

rr OBTo 11 0 (2.5)
Taking the first derivative of the strain with respect to time, gives Equation 2.6 for the
shear rate:

rr1AT100 17 . (2.6)
Following this formalism, the minimum shear rate applied i3 8rsl the maximum is
¢ 1 st These experients 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 calated 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 rangeeoigth scales from approximately 1 nm to
10 em and above. These structures consi st
aggregates, which form shesgnsitive agglomerates. As the primary structures do not
change under variable flow and formulatiomdiions, 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 siseasitvity 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 (SAN83urementsuUsing

this static characterization as a foundation, the stdeendent microstructure was
studied for a range of suspensions using simultaneous rheological and neutron scattering
measurements (Rhe€®ANS). Data from these measurements were aedlysing 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 tuantify the primary particle size distribution and to visualize
the fractal structures. Measurements were performed on a20BEDF FasTEM High
Resolution Analytical Transmission Electron Microscope using Electron Microscopy
Sciences Formvar/Carbon 200sheopper grids. Samples were prepared in advance at
0.1 wt% using the standard homogenization protocol described in S2@&ioAt the
microscope, samples were redispersed by brief bath sonication for approximately 10
seconds and then dropped onto thenkar 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

2.5.2.1Background

In a suspensionfluid molecules and particles constantly collide with one
another, causingrownian motionwhich is a function ofhe hydrodynamic sizef the
particles the viscosity of the fluid, and the temperatibgnamic light scattering is a
technique that meass thee diffusive dynamics and quantifies them in terms of a
distribution of translational diffusion coefficients, whichused to extract the size
distribution of the particles.In an experiment, a laser with fixed wavelength,
illuminates the sampland a detector at fixed angle; collects the scattered intensity
from light scattere@ff of the particles in thesample. For a suspension with no motion,
the scattered intensity is constaHfowever,due to the thermal energy that drives
Brownian motion, particle moweent results in timedependent fluctuations ithe
scattered intensity. The tirtependence of these fluctuations depends on the diffusive
motion and therefore the hydrodynamic size ef plrticles, the viscosity of the fluid,
and the temperatur&or example, fom fixed fluid viscosity and temperature, smaller
particles will exhibit more rapid fluctuations in intensity as they diffuse quicker than
larger particles. These intensity fluetions are compared to one another using a time
autocorrelation function of the scattered intens@y,t , as shown in Equation 2[83,

84

2.7)
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In this equation;O0 is the scattered intensity at tinbleand00 1 is the scattered
intensity at some delay timg, longer tharo. At shorttimes, the intensity fluctuations
are more similgror correlatedto one anothethan they are at long times where the
particles haveon averagebeen able to movéarther from their original locatiaon
Therefore, at smalt, "Q t is large and decreas with increasing to the point where
a long times, the twantensity fluctuationsare no longer correlatezhd a baseline in
‘Q T is reachedThe time autocorrelation functiofior the intensity is related to the
electric field correlation function othe scattered lightQ 1, throughthe Siegert

relationship as shown in Eqtion2.8[85]:
Mt 6 rQt . (2.8)
Here, 6 is the background value @ t that is encountered at long delay ¢ésnand

I is an instrument specific parameter.

2.5.2.2Data 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 inEquation 2.983, 84}

Nt A@bsz (2.9)

The decay consid, @, is related to the traslational diffusion coefficient as 'O h

wheren is magnitude of the scattering vector which is defined in Equation 2.10:
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n —OEFL. (2.10)
The magnitude of the scattering vector is fixed for all experiments whe@58 nm,
—= 9dhdE, which is the refractive index of the suspending fluid, is that for propylene
carbonate shown in Table 2.The diffusion coefficientEquation 2.11) isused to
calculate the hydrodynamic radiu¥,, of the particles usinghe StokesEinstein
Sutherland equatiarThisaccounts for the thermal enerd®,"Y thatinduces Brownian

motion, and the hydrodynamic drag for a spherical paiitich fluid of iscosity—:

o —. (2.11)

As real systems are not monodisperse, the electric field correlation fuf@tidn, can
be written to include polydispersity. In this thesis, two methods are used to account for
polydisperse samples.

In Chapte 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,
'Y , and polydispersityd ‘O,’©f primary aggregates. In this cad®,t is no longer
written as a single exponential decay, but rathemastagral over aistribution of
decay rate$d6, 87] This integral is rewritten using a power series expansion, which
results in Equation 2.12 when lading only the second moment, which accounts for

the variance of the distribution:

t o p =t . (2.12)
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In this equationQ is the second moment, which is related to the polydispersity through
Q3 0 'O[8B, 87] By plugging Equation 2.12 f6€ t into Equation 2.&nd fitting
to the time autocorrelation function of the intensity, the average hydrodynamic radius
can be calculated using Equation 2.11 anditf@ @n be calculated from the second
moment86, 87]

In Chapter 4, experiments are performed to evaluate the volume fraction at
which agglomerates form in coexistence with fpegnary aggregates. Here, since a
bimodal distribution of sizes is present, a double exponential decay fofinifofwas
used as shown in Equation 2.13, which assumes two monodisperse populations for

simplification:
Nt 6 A@bsz 0A@DPs3z. (2.13)

In this equation, the prefactdr corresponds to the intensity weighted percentage of
scattering objects with decay constadThe need for the second exponential decay
function is apparent when qualitatively asses&ihgt where the function shows two

relaxations rather than one.

2.5.2.3Experimental 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 &re performed at a temperature“¥& 25 eC using a laser with a

wavelengh of _ = 658 nm and the data was collected at an asfgle= 9 0 e

2.5.3 Small Angle Neutron Scattering

2.5.3.1Background

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
informaion is used to determine the arrangement of nuclei in a sample, and therefore,
the structure of the sampl¥eutron scattering analogouso light and Xray scattering
methodswhich similarly probe the structure of a bulk matefal the work preseatl
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
suspen®ns. By combining different SANS instrumentthe length scale range over
which the hierarchical structure in carbor
measured.

The underlying physics of a neutron scattering experiment are explaithetziin
in many references in an easily accessible maf8&02]. 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 sprea@, Z_, is directed at a sgrte with a neutron scattering length

density,” , that depends on the elemental composition. This incident neutron beam is
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shown in Figure 2.7 and is directed along té@xis. For the case of a single

nucleus, a spherical wave is produced (rezhdd lines). This wave is described using

that propagates in the radial direction. The difference between these two

vectors is the scattering wave vectar which has a magnitude of

j_OEdc .

spherical wave is reduced to a differentadss section that is calculated
using a solid angléQ , at a specific value af, which is defined by the
scattering angle~

Scattered neutrons adescribed using microscopic differential cross section,
AL Nj Qm, which is the fraction of incieht neutrons scattered into a given solid angle,
‘Q . 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 scattg lengths produce a more complex scattering

function. For elastic scattering{ N j Qmis 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:

— -B oAgmd>» (2.14)
wherel is the number of atoms per unit volume ands the scattering length of atom
"QThis is related tahe macroscopic cross sectidit, N j ‘Qm, which is evaluated by
taking the volume integral over the scattering length derisityB &j @, as shown in

Equation 2.15:
— —— s PRAOEAD»OsS (2.15)

This cross section has contributions frgpdependent coherestattering, which yields
information concerning the arrangement of nuclei in a sample, angititependent
incoherent scattering, which arises due to deviations in scattering length about a mean
value. Thesdéwo contributionscomprisethe measuredcatered intensityO] , where

the coherent scattering contains information regarding the microstructure and the
incoherent scattering produces a flat background with no structural informaitien
incoherent background) , is typically subtracteddm the measured intensitiyor a

two phase system such as a carbon black suspension, Equation 2.15evarittieaas

Equation 2.16:

o O -3 s Al s (2.16)
wherew "is the difference in scattering length densities of the two phases. This equation
separates the material propefty from the term describing the spatial arrangement of

the sample. Another form of this equation that is commonly used in describingsgatte

for particulate systems is Equation 2.17:

oy - 3" &gon sovn. (2.17)
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This form emphasizes that the scattering from particulate systerofieabe described

as a form factorigOr} s @ which is the contribution from scattering events that occur
on a single particle, multiplied by a structure fact¥i , 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 gethisn.

2.5.3.2Instrumentation

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 approximatgrange covered by the three SANS instrateeat the NIST
Center for Neutron Research in Gaithersburg, MD that were used in thig80e€8
95]. Alongsidethis ] 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) as 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 measimear) range corresponding the primary structures
andthe internal agglomate 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 intef@ity94, 95] To achieve the ultra low
r values in USANS that are critical for understanding carbon black suspensions, a
different type of instrumentatn is necessary, which collects data at a much slower rate
and only provides a-@limensional scattered intensity profi@g0d, 93] All instruments

used are capable of hosting a large range of sample environments, includirgeBsatic
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and, most notablfor this thesisrheometer§d6, 97] All SANS, VSANS, and USANS

data were reduced using standard procedures and IGOR Pro reduction[@&]cros

d=2n/q
60 pm 6 um 0.6 pm 60 nm 6 nm 0.6 nm
1 1 1 1 1 1
bulk agglomerate primary aggregate primary particle
USANS
VSANS
SANS
10 10 1073 102 10! 1
q (A

Figure2.8: Diagram showing)l 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 barare logarithmic.

2.5.3.3SANS 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 differefizgs
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 samplésasallected on a 2D detector
at various angles-and%. This 2D data is commonly plotted in a 1D formitwggrating

over%.at constants-resulting in a plot of scattered intensity agaimst
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Prior to interacting with the sample, a polychromatiarheof neutrons travels
from the cold source to a velocity selector, which defines a wavelengtand
wavelength spreadw Z_, for the beam[90-92, 94] In this thesis, the neutron
wavelength ranges from 6 A to 8 A and is varied to access diffgreamges. This
monochromatic neutron beam travels down a flight path containing neutron guides,
which direct the neutrons to the sample through internalcteftes at glancing angles.
After these neutron guidgsircular 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 (VSANSJithensimal detectors. The detectors
travel on rails to determine the samfdedetector distances and therefore the accessible
f range. These detectors are comprised of many pixels, which record the scattered
neutrons at specifig values and azimuthal anglé&[{90-92, 94] In this technique, the
scattered intensity from a rangerp¥alues is cokbcted 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 sectich@torresponding chapters.
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detector

Figure2.9: Simplified depiction of a typical SANS experiment. A collimated
monochromatic incident neutron beagll, comes into contact with the
sample. Depending on sample composition, this beam scatters at a given
polar angle;—and azimuthal anglé& and is collected on a 2D detector.

2.5.3.4USANS

To measure scattering from structures at ultrarjoslues, a Bonselart double
crystal diffractometer is usg@0, 93] This instrument implements silicon crystals and
Bragg reflection to define and collimate the incident neutron beam and sequentially
collect scattered neutrons from differ@ntalues. 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 waveldrgths
design of the USANS instrument and the ultra $naigles usedallow for
measurements kiwerr) valuesand longer length scales compared to SARHowing
the path shown in Figure 2.10, a polychromatic neutron beam exits the reactor and
encounters sapphire and graphite filtashich reduce background and naigkfter
these filters, the polychromatic beam reflects off of a premonochromator ¢8@tal

93]
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The following steps are the most notable features of the USANS instriiment
the triplebounce monochrmator 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 reflectednd 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, tfie 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 ] valuesand are either counted on the detector by satisfying the Bragg
condition of the analyzer or are transmitted through the crystal. By rotating the analyzer
crystaland changing the required incident angle, the scattered intensity at indiyidual
values carbe measured. In an experiment, this is done sequentially in order from low
to highr) and generates adimensional plot of scattered intensity agaipsver a time
period ranging from two hours to eight hours depending on the specific sample and
N range [90, 93] The relative peedof 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 neutidfisere SANS ad VSANS
provide 2D scattering measurements, which enable evaluation of-istieeed
anisotropy, due to stémearing, only 1D scattering measurements are performed in
USANS. The sequential measurement@f| is problematic when transient processes
areoccurring in the sample, so all measurements are performed under steady-or quasi

steady state conditions.
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Figure2.10: 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 fulfilment of the Bragg condition set by the crystal.
This reslts in loss of information concerning vertical scattering and data with ajhigh
resolution in the horizontal direction and p@eresolution in the vertical directid@3].

The vertically collimated neutron beam produces the slit smeared differential cross

section described in Equation 2 [B®, 98}

— — ) — (2.18)

wheren is the verticalj value andyx) is related to the vertica|-resolution, which is
0.117 A! for the USANS instrument at the NIST Center for Neutron Research.
Therefore, the scattered intensity from a singlealue has contributions from a wide
range ofn. This makes direct interpatton 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.

2.5.3.5Sample Environments

For static SANS and USANS experimergiandard demountable titanium cells
with a 1 mm pathlength and quartz windows were used. These cells required
approximately0.5 mL of sample and have an available scattering area defined by a 7.5
mm radiuscircle. The specific sample preparation and lleggrocedures 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 g96,2.10
97, 100] The rheometer was positioned in the flearticity (1-3) plane for all
experiments and egpped 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. Rlometer 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 RhedSANS experiments, an AntaPaar MCR501 stressontrolled
rheometer was implementadd, due to limited space in the USANS instrument area, a
more compact AntoiPaar MCR301 stresgontrolled rheometer was used for Rheo
USANS experiments. As the experiments require long times and high shear rates,
viscous heating of the sample was natabhd motivates the maintenance of a constant

temperature of 25 °C using a temperature control unit connected to a liquid nitrogen
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dewar. Automation of the RheésSANS and RhedJSANS experiments was

accomplished by a handshaking protocol. In the AftearRheoCompass 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 automatlowed multiple shear

rates to run one after the other, which eliminated beamtime lost to setting up individual

experiments.

2.5.3.6SANS Analysis: Hierarchical Fractal Model

After reduction to absolute scale, scattering data can be related to quantifiable

structual parameters using appropriately written models that mathematically describe

the scattering from the expected structures. $battering from té hierarchical

microstructureof carbon black suspensioissmodeledhereas a scaled combination of

a primary particleform factor,0 1] , an intraaggregate structure factol n,

and an intelaggregate structure factd¥, 1 . Thesethree terms correspond to the
three levels of structure in Figugel as shown in Equation 2.19, which is a rewritten

version of Equation 2.1{101-103]};

™ % 3 0 AY AY [ 0. (2.19)

In this equation%o.is the volume fraction of scattering objeats,is the volume of
scattering objectg” " is the difference in scattering lgth density between
the scattering objects, , and the continuous phase,, andO is the incoherent
scattering contribution. For the hierarchical fractal modeé prefactor scaling

%60 3"  corresponds to properties of the primary partisteere the carbon black
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volume fraction and scattering length density include the porosity of the primary
particles[7]. 0 1 describes the contribution of the size and shape of individual
primary particles on the scattered intensity, N captures the scattering
contribution from the fractal primary aggregate structures formed by primary particles,
andY N represents the contribution from the fractal agglomeratetates 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 contmilinaio cross
terms between the different components of the agglomerate structure.

The form factor of the primary particled, 1 , is modeled using a Guinier
Porod model, which accounts for the size, shape, and surface roughness of the particles
[7, 104] The equationdr this form factor is shown in Equation 2 {20 104}

0 A QoA rjﬁ ﬁ. (2.20)
— hn n

In this equation’Y ; is the radius of gyration of primary particles whefer

simplification, the primary particles are assumed to be solid spheres s9 ghat

ofu’Y 8The polydispersity of this radius is accounted for in the model using the

Schulz distiution from TEM measurements. The Porod exportents related to the
surface fractal dimensio@, byd ¢ 'O [104, 105] The surface fractal dimension

is limited to values o O o whereO = 2 represents a perfectly smooth sphere
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andO ¢ represents a rough sphere. For the GuiR@iod model to be continuous

across alfj, Hammouda introducedr term, which is the) value at which the Pored

like behavior transitions to a Guinittke behavior® — - [104]. Finally, the

prefactor?is a scaling for the Poraggimeand is described in Equation 2.AD4]:
Y Qor—— . (2.21)

A scaled form factor) 1y , was calculated using the SASVIEW interf466] and is

shown in Figure 2.11a for primary particles w@gh= 2.5,'Y =10 nm, and) ‘O O=

0.3 as a red dashed line. The regions where these properties influence the scattering
curve are also highlightl where a power law slope at highorresponds to the surface
fractal dimension and a plateau in intensity at lofjveorresponds to the size of primary
particles.

The interprimary particle structure factor describing the primary aggregate
structure,”Y n , is modeled using the Teixeira fractal structure faft06]. This
structure factor is derived from the radial distribution functiéh, , for an object
whose spatial distribution is given Iy i iji , Whereli 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 Fourer transform of the resulting pair correlation

function gives the Teixeira fractal structure factor, which is written for the primary

aggregate as shown in Equation Z225]:
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Y A p {00 podEn, . (222

This structure factor provides a fractal dimensi@y; , which describes the
distribution of mass around the center of the primary aggregate and a correlation length,
, , Which sets the upper lengtbcale limit of the primary aggregate fractal
dimension.

In a dilute suspension where primary aggregates do not interact to form
agglomerateslY 11 © p, 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 defineddas 4 0 R Y 1 .The scaled primary
aggregate form factor wacalculatedising the SASVIEW interfacis6] for a primary
aggregate witi© j =2.5and =100 nmand is shown in Figure 2.11eeatures
of this stucture factor are observed in the blue-dash line of Figure 2.11a where for
Y n , , the scattering curve exhibits a power law slopg of and at low
N, 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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Figure2.11: Graphical description of the first two levels of the hidnaed fractal
model (8 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 whichlY 1y, is again represented hyTeixeira fractal structure factor
For the agglomerate, thewer cutoff size for the fractal dimensi@set as three times
the correlation length of the primary aggregate, [105]. This lengthscale was
chosen due to the origin of the correlation lengtlin the Teixeira fractal model, which
sets an upper cutoff size to the fractatif an aggregatd 05]. As described by Freltoft,
Kjems, and Sinha, to account for the finite size of an aggregate, the particle pair
correlation function describinigs fractal structure is weighted by the probability that a
fractal exists fo length scales greater than or equal to the center of mass of the

aggregate,, by using an exponential decay functi8n@ Bij, [105, 106] With this
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decay function, the probability that the primary aggregate fracta doeextend 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 levelf thismodelcomprise a desgiion 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 fed and known from TEM measurements and four fit. The fits
were performed using the SASVIEW software pacag&]. The details of this fitting
procedure and the analysis of the results is dészli; 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-RISFINS
data to quantify the agglomerate structure undeas As such, the model is
appropriately slit smeared using a vertical resolution of 0.1 prfor to fitting using
the SASVIEW software packaf07]. The full model contains ten parametefsvhich
eight are known and held fixed, leaving two fit parameters: the fractal dimension of
agglomertes, O, , and the correlation length of agglomerates, . Thesetwo fit
parametersare used tocalculate the sheatependent radius of gyran of an

agglomerateY , , using Egation 2.23105]:

Y I (2.23)
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An example of a fit of this hierarchical model to scattering data measured over a wide
) range for asuspension of Vulcan XZ2 in propylene carbonate%t = 0.22[7]is
shown in Fgure 2.12. In this figure, the USANS data is desmeared to align with the

SANS data for demonstrative purposes.

&,
106 4 primary aggregate
5 - &R
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~ 10 nm

I(q) em™)

I 0. T T T
10 10° 10° 10

q (A"

Figure2.12: Neutron scattering spectra illustrating the hierarchical fractal model for
carbon black. Data shown are a combination of pmisoheared SANS
and desmeared USANS data measured for a suspension of Vuleada XC
in propylene carbonate @ = 0.22 under quiescent conditiojr§. The
(red) dashed line is the primary particle contribution to the scattering. The
(blue) dotdash line is the contribution from primary aggregates. The
hierarchical fractal moddit 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 probgrtamids
of charge transport in many types of materials by application of an exféCredectric
field and measurement of the material resp¢h@8-113]. 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 sidower pdentials, which causes polarization of the
material at both the bulk and microscopic length scales. When the field is then turned
off, chargecharge repulsions and thermal motion contribute to relaxation processes that
return the system back to an equilion 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 bétcomponents 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 systepecific periods of time. The tirdependence
of charge transport is whctly 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 frequencydependence of the dielectric response is measured by apalying
sinusoidal voltage with amplitude and frequency, ¢“ "Qas shown in Equation
2.24[7, 108}

wo wOEl o. (2.24)
The applied voltage inducéseflow of charged particles and results in a corresponding

current reponse with amplitudeéDand phase shife{7, 108}
0 OOEN 6 —. (2.25)

The complex impedancey 1 can be calcul a[f,208f fr om Oh m
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W OwAoH (2.26)
where@k W p. In the case of a purely resistive materal, manddy 1 is real and
frequencyindependenil08]. However, most systems have capacitive elements as well,
resulting in real and imaginary contributions to the impedance. In the dielectric
spectroscopy literature, the informationdin] is expressed in many different ways
including the complex capacitamco’ 1 , susceptibility,..>] , or permittivity,

-“1 . In this thesis, the complex permittivity is used, which is calculated using
Equation 2.27108]:

- w1 jQs -1 @1 . (2.27)
This equation contains the complex admittaage, pj @ 1 ,andthe capacitance
of air in the measurement cell, 0 - , which depends othe permittivity of free
space,- y&uv p1m F/m, and the cell constan i WQwhich 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 {ie08, 110113]. The imaginary part, &
is called the dielectric loss argrelated to resistive elements such as the bulk and local
charge transport patiis08, 110113]. The dielectric loss is related to the conductivity,
7 ,as shown in Equation 2.28:

-1 1. (2.28)

The frequencydependence 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 deceases[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 materialll  is therefore the conductivity of the bulk material and coincides with a

saturation in polarizatioat long timeg110, 112, 113]

2.6.1 Instrumentation

Static dielectricspectroscopy measurements presented in Chapter 4 were
performed using an Agilent 42942DS 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 frequey 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 bynlging the electrodes in contact with one another. The
devel opment and use of this setup is expl
thesis[109] and is similar to that developed by Hollingsworth and Sajilid].

To probe the sheatependent dielectric properties, simultaneous rheology and
dielectric spectroscopy measurements were performed by pairing an@RE®ain
controlled rheometer with an LCR meter. In Chapters 5 and Agéent 4980A LCR
meterwith a frequencyrangefrom 20 Hz to 2 MHawas used at the NIST Center for
Neutron Researcl?, 115, 116] These experiments were performed by controlling the
LCR meter using VISA commands in a LabVIEW interface (see code in Appandix
and at the same time, individlly 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

Ri c h a romatery In thissetuphoth the rheometer and the impedance analyzer were
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simultaneously controlled by implementing VISA commands using the PyVISA
package with custom instrumespecific drivers. In all cases, the rheometer was
equipped with custom built Couette geometries,dineensions 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 electricnnections have been written by Richagtal [7, 115,

116] Notably, the dielectric properties of the suspensions were probed in the flow
gradient (12) plane, which is across the shearing gap between the cup and the bob. The

specific sample preparation and sheatqwols are given in the corresponding chapters.

2.6.2 Data Reduction

The raw output from these experiments consists of the frequency i He
impedance magnitude in Ohngss and the phase angle in radiarsTo determine the
impedance of the sampl®, , the raw data must be corrected by accounting for the
instrument response using two measuremght&09, 115, 116]The first is the open
circuit measurement, vich 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 theelectrodes in contact with one another or connecting the electrodes with a
material that has low resistance. Typical frequethegendent impedance magnitudes
for the open and short measurements are shown in Figure 2.13. The raw®@ufpsit,

correctedollow Equation 2.29:

5 —— (2.29)
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wherew is the complex impedance from the short measuremeriaische complex
admittance from the open measurement. The resulfing is the complex impedance

of the smple.
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Figure2.13: Impedance magnitudgg plotted against frequency for typical open (blue
circles) and short (red triangle) measurements.
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Chapter 3
PRIMARY CARBON BLACK STRUCTURES

3.1Introduction

Parts ofthis thesis chapter appear in a manuscript publishedngmuirtitled
fiClustering and Percolation in Suspensions of Carbon Blacka nd iatede r epr
(adapted) with permissidnom J.J. Richards, J.B. Hipp, J.K. Riley, N.J. Wagner, P.D.
Butler,Langmuir2017, 33, 12260 12266 Copyright 2017 American Chemical Society
[7].

As discussed in Chapter 1, the goal of this thesis is to understaethtieship
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 sle@endent agglomate structure,
which is largely dependent on the primary aggregate and primary particle structures and
interactiong3, 5, 7, 46, 71, 72JFor highstructuredcarbon blacks, primary structure
properties such as primary particle and primary aggregate size distributions, primary
aggregate fractal dimensioand primary particle porositganvary widely depending
on thesource[2]. As the primary structures essentially set the stage for the complex
problem of addressing the shampendent behavior of carbon black suspensions, it is
critical to identify measurable differences in structural charatiesin an effort to
evaluate how these differences translate to changespensioproperties. Therefore,
in this chapter, the primary particle and primary aggregate structures of four commonly

used highstructured conductive carbon blacks, VulcanXZfrom Cabot Corporation,
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KetjenBlack EC600JD and KetjenBlack EG00J from AkzoNobel, and -8ERGY
SUPER C45 from Imerys Graphite & Carbon, are characterized using complementary
techniques ofransmissiorelectronmicroscopy(TEM), dynamiclight scatterng (DLS),
andsmall angle neutronscattering(SANS).

Representative TEM images of the four carbon blacks are shown in Bigure
Conductive carbon blacks are primarily made via thermal decomposition processes,
where the specific process conditions ultimately determine the characteristics of the
primary carbon black structurgk, 2]. Conductive carbon blacks are oftestegorized
depending on their surface am@advoid volume wherewith increasingsurface ared
is understood thd&wer grams of carbon are needed to achieve equivalent conductivities
[2]. The four carbon blacks choskerespan a range of surface areas where Vuk&an
72 has the smallest reported surface area and KetjenBla@O&ID has the highest
[2]. The high void volumeof KetjenBlack EG600JD is apparent in FiguB1 where
the primary particlesippear hollow in comparison to the other three carbon blacks.
Additionally, from Figure3.1, a difference in primary particle size can be observed as

well as considerable surface roughness of the primary particles.

74



Figure3.1: Representative TEM images of theur highstructured carbon blacks
studied. (a) Vulcan X&2, (b) KetjenBlack E€00JD, (c) KetjenBlack
EC-300J, and (d) DNERGY SUPER C45.

3.2Primary Particle Size Distributions

The size distribution of primary particles was quantified using ImageJ analysis
of TEM imagesto measure the radius of over 500 primary particles for each carbon
black type As shown in Figur&.2, this procedure consists of drawing a circle around
individual primary particles and recording the diameter using the ImageJ soffivare.

radii were binned to calculate a relative frequency of each size, which is plotted in
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Figure3.3. As can be expected for particulate systems, the distribution of sizes follows
what appears to be a lognormal distribufibh7]. For Vulcan XG72, KetjenBlack EE
600JD, and KetjenBlack EG00J, the size distributions are centered around a similar
mean witha similar polydispersity while for GIERGY SUPER C45, the distribution

is more broadvith a larger mean.

Figure3.2: ImageJ analysis of TEM data to determine size distribution of primary
particles.

In this thesis, quantification of the primary particle sizérihistion 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
particlesasthe Schulz distribution provides similar résuo the lognormal distribution,

but is less computationally expensive in inverse spht® 119] To extract a mean

76



primary particle radiusY , and a polydispersity of primary particlésO "Q the data

in Figure3.3were fit to the Schulz distribution as shown irugtjon3.1[118, 119]

QY ~—d p Y Y (3.1)

Here, 0 is a normalization factor an&Y is the mean of the distribution. The
parameter is related to the polydispersity index of the primary particil®sQthrough

Equation3.2:

(3.2)

The fits to the data are shovas black lines in Figurg3and parameters from the fits
are shown in Tabl8.1 along with the number of particles counted. As expected, the
polydispersity for all carbon blacks is quite large witNERGY SUPER C45 having
the highest polydispersity. Adionally, the sizes of the primary particles are relatively

similar with GNERGY SUPER C45 having the largest size.
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Figure3.3: Relative frequency of the measured radius of primary particles for the four
high structured carbon blacks studied. (a) Vulcan72C(b) KetjenBlack
EC-600JD, (c) KetjenBlack EB00J, and (d) &NERGY SUPER C45.
Lines are fits to the Schulz distribution.
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Table3.1:Primary particle characteristics from ImageJ analysis and Sdistitibution

fits.
Number
Carbon black & 5 Y (m) 00 "
type ¢ _
particles
Vulcan XG72 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 94+059 052+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

3.3Primary Structure Characterization with Scattering Methods

At sufficiently low concentrations, primary aggregates do not interact with one
another to form large scadgglomerates. 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 uddgs. To ensure that the
suspension had been broken down into the immutable primary aggregate building

blocks, the standard homogenization protocol as descrilf&ekciton 2.3vas followed.
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Time autocorrelation functions of the intensity are shown in Figutalong with fits
to the cumulant expansion® T discussed ibection 2.5.2.2and shown in Eagtion

3.3[120]:

t 6 1 Q p b8 (3.3)

Fits of this equation are used to extract an average hydrodynamic radius of the primary
aggregatesY , and a polydispersity) OO , following Equations &1 2.12in

Section 2.5.2.2. Results alown in Table&.2 with other parameteffsom the fit.

Table3.2: Fit results from cumulant fit to autocorrelation functions for all four carbon
blacks.

Carbon black
type
Vulcan XG72 0.011 + 0.00027 0.99 + 0.00056 140+0.36 0.15 +0.0075
KetjenBlack EC

) i Yy o (nm) 0 00

0.011 + 0.0004: 0.99 +£0.00084 170+0.70 0.15+0.012

600D

Ket‘eg%'gjk EC  .014 +0.0003 0.99+0.00065 140+044 0.27 +0.0088
C-NERGY ]
SODEn s 0020000063 0.98+00010 200£16  035+0.015

The curves in Figur&.4 show similar qualitative behavior where a single
relaxation representing a single population of structures is observed. For Vulean XC
72, KetjenBlack EE&00JD, and KetjenBlack EB00J, this relaxation occurs at shorter

time scaleshan for GNERGY SUPER C45. This trend is observed in the fit results in
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Table3.2where the radius of GIERGY SUPER C45 primary aggregates is almost two
times larger than the other three carbon blacks. This discrepancy in the primary
aggregate size reflecthe size distributions measured in the TEM analysis where C

NERGY SUPER C45 has an overall larger population of primary patrticles.
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Figure3.4: DLS results as time autocorrelation functions of the scattered intensity for
(a) Vulcan XG72, (b) KetjenBlack E€00JD, (c) KetjenBlack E€00J,
and (d) GNERGY SUPER C45. Lines are fits using the cumulant
expansion ofQ t .
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3.3.2 SANS and USANS Characterization of Primary Structures

To further measure the primary structures, static small angle neutron scattering
measuements were performed in the dilute ligfitl wt%)for each of the carbon blacks
suspended in propylene carbonate. These measurements were couglesimothfied
Teixeira fractal modetlescribed in Section 2.5.3.&hich was constrained by TEM
data, b quantify several characteristics of the primary structuijesrom the modl, a
measure of the surface roughness of the primary particles, or the surface fractal

dimension,O , is quantified as well as the primary aggregate correlation length,
, , and mass fractal dimensidd,; . These parameters are dge calculate the
radius of gyration of the primary aggregat¥s, , and the absolute intensity is used
to calculate the internabid volume, or porositygf the primary particleg  , which
further, is used to calculate the porositytlué primary aggregatels, ; . These fit

parameters are used throughout this thesis to interpret SANS and USANS measurements
performed at high concentratignso explain the high viscosities and moduli
encountered at relatively low particle loagg andto understandhe discrepancies
encountered for suspensions of different carbons prepared at the same dry weight

fraction.

3.3.2.1SANS 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 $ection 2.5.3.6As 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 dimeri®gn, is
observed at highy and another power law slope associated with the primary gajgre

mass fractal dimensio® , is observed at lowj. 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 dimensiothe lowr) 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 XG72 and KetjenBlack E®00JD 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 resol{®8h Additionally, the
neutron fluxon 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

intensitydoes not increase significantly at low
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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 paramé@i¥: ,0 ‘0" QOy, ,, , and
O . For the fitting, two pameters)Y and0 O'Q were known from TEM
measurements and held fixed while the remaining four were fit to the data using the
SASVIEW software packad&07]. The fitting procedure corgted of three steps. First,
the procedure was started by adjusting the fit parameters to a best guess fit to the data.
Next, the fitted range was limited to the highregion describing the primary particle
surface fractal dimension and the model fitat® determin€O ;, . After this,O was
held fixed and the low g region describing , and O was included in the fit.
The highn regions where the core shell structure of primary particles influences the
scattering was not included in the model and therefore was not includedjimathge
for the fitting. This core shell structure is apparent in the KetjenBlack®ID data
in Figure 3.5b where the model does not fit to the hijglegion and instead, another
power law is observed. For Vulcan X2 and KetjenBlack E®00JD, the USANS
data were not fit to the model, but the parameters from the SANS fits were used to
extend the maal into the USANSY range with the appropriate slit smearing. The
agreement between the USANS data and the SANSditvell as the plateau region at
low 1] gives confidence that the suspensions were sufficiently dilute to measure the

primary structuresfdhe suspensions with limited intprimary aggregate interactions.
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Table3.3: Fit parameters from the modified Teixeira fractal model fits to dilute SANS
data for four carbon black suspensions.

Carbon black

type ‘O(cm?) Op (O] , (nm)
Vulcan XG72  31.3+0.105 2.58 +0.0425 2.71+0.0143 81.0 +1.05
ngino'%'?gk 11.0+0.0555 2.70+0.0542 2.32+0.0254 109 + 3.75
Kgﬁg‘g&‘:k 18.7 £ 0.0586 2.81+0.0342 2.11+0.0150 129 +8.77
SR . 148%0.424 281%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 suri@ge ( ¢) where
KetjenBlack EC300J and ENERGY SUPER C4have slightly higher surface fractal
dimensions. The fractal dimension of the primary aggregates varies significantly where
Vulcan XG72 has the highest fractal dimension of 2.7 arllERGY SUPER C45 has
the lowest at 2.1, which indicates thaNERGY SUPR C45 has a much more open,
branched structure than Vulcan XQ2. This difference in fractal dimension is
significant @ ‘O  0) and illustrates the variety of structures that different types of
carbon blacks possess although they are used for similaygastp

The correlation length, , shows a roughly similar trend to the average
hydrodynamic radiusy  , where Vulcan XE€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 anothérhe 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[405]:

Y 00 p.jg (3.4)

This equation comes directlyoin the Teixeira fractal structure factor, which whe
extrapolated to small g, turns into a Guirigoe 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. ComparisonYof and'Y j is
challenging due to the fractal nature of the structures wkere is defined by the

mass distribution around the center of the primary aggregat&y gnd is related to

the drag generated when a primary aggregate diffusesgtni® liquid. Nevertheless,

the values are within the same range of 100 nm to 300 nm.

Table3.4: Parameters derived using the fit paramefessn the modified Teixeira
fractal modelin Table 3.3.

Carbon black type B & Yy o (nm) B &

Vulcan XG72 0.689 £0.0023C 181 +1.79 0.167 +£0.00151
KetjenBlack EG600JD 0.281 + 0.0014z 213 +5.43 0.0300 + 0.00087:
KetjenBlack EG300J  0.481 £ 0.0015C 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 structufés. void volumas
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often used to classify conductive carbon blacks argknerally measured using @h
adsorptionnumber(OAN) which considergheprimary particle, primary aggregate, and
inter-primary aggregatgoids[1, 2]. Another measure of the primary structures is the
Brunauer, Emmett, and Teller (BET) measurement, which probes the surfaemdrea
mesoporesf the carbon black structurfs 2]. For both of these techniques, the carbon
with the larger OAN or BET number imparts a highenductivity 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 fouraratidacks studied. The results of
this analysis are shown in Table 3.4 and show a similar trend to OAN measurements
where Vulcan XG72 has the lowest void volume and KetjenBlack-&0JD the
highest2].

The primary particle void volume, or porosity, was calculated using the absolute
intensity from the scattering measuremeri@[7]. As discussed previouslyQ

%6 3" , which can be written in terms of the primary particle asO

” ”

%o W for carbon black in propylene carbonate whéfiee and” are
weighted to the volume fraction otarbon black in a primary particle,

B . Solving for the primary particle porosity gives Equation 3.5:

B & : (3.5)
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In this equation, the volume of primary particles does not take into account the primary
particle polydispersity s T170“'Y . The remaining variables are all based on a
carbon mass density of 1.8 gftand a propylene carbaieamass density of 1.2 g/ém
where%o  isthe dry volume fraction, is the scattering length density of carbon,
and” is the scattering length density of propylene carbonate. Valuds fgr are
shown in Table 3.4 where Ketjerdg@k EG600JD has the most porous particles,
followed by KetjenBlack E€300J, and then Vulcan XZ2. The value for NERGY
SUPER C45 is greater than 1, which is unphysical and could be due to the fact that
polydispersity is not accountdalr in the calculaon.

A second level of porosity, the primary aggregate porosity, was determined from
the primary particle porosity and other fit parameters from Tablg/B.3his porosity,
B  ,essentially describes the volume taken up by a primary aggregate if the fluid

inside of the fractal structure is trapped ancaigulated using Equation 3.6:.

B & B & ! 7 : (3.6)

F R ¥
Values forly are listed in Table 3.4 where as expected, Vulcar7Z0s the

least porous ddll 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 wbBere

% jB G . 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.

3.4Conclusions

In this chapter, therimary particle and primary aggregate structures of carbon
blacks have been characted using complementatsansmissiorelectronmicroscopy,
dynamic light scattering, andsmall 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 tleatldiss 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 vatéggending 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 Vulcan2¢@s the lowest void
volume of the four carbon blacks and the smalleshany aggregate size. This makes
Vulcan XG72 the best candidate for the RHESANS measurements performed in
later chapters to study the shel@pendent structure of carbon black suspensions as
Vulcan XG72 suspensions consist of primary particles with tighest scattering
length density contrast, likely have largeale structures in the USAN$range, and
can be prepared at much higher dry particle loadings, which increases the scattered
intensity. As a contrast to Vulcan X2, this thesis also addses the behavior of
suspensions of the highest surface area carbon black, KetjenBla@i0®EO, at

variable conditions. Studying these two carbons and developing techniques to quantify
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their properties in suspension provides a means to understandingnéraldpehavior

of high-structured, conductive carbon blacks
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Chapter 4

PERCOLATION BEHAVIOR

4.1 Introduction

Parts of this thesis chapter appear in a manuscript published in Langmuir titled
AClustering and Percolation in Sneslpensi ol
(adapted) with permission frothJ. Richards, J.B. Hipp, J.K. Riley, N.J. Wagner, P.D.
Butler,Langmuir2017, 33, 12260 12266 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 sersolid flow batterieg4-6, 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 electraglarry 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 thase of flow batteries or after various flow histories
for solid electrodes. Additionally, in the case of sawlid flow batteries, carbon black
is employed as a rheological modifier to prevent sedimentation of large electroactive
particles through the faration a stresbearing network with a finite yielstresg44, 10]

When these slurries are pumped through the cell, papi#sticle bonds & broken and

the stresdearing networks yield and flow, yet the suspension remains electrically
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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 twéldemand 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 andl#sore 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 papéctecle
contacts that gives rise to mechanical percolationaayeld stres§18, 121] This
hypothesis will be true if electron transport occurs by graphitic conduction alone.
However, rheeelectric studies have shown that under flow, when the syspamning
network is disrupted and the suspension is no longer mechanically percolated, carbon
black suspensions remain electrically conducf8/e4, 18, 19, 64, 115Additionally,
for polymer composites filled with carbon black, studies have shown that mechanical
percolation frequently occurs at higher particle loaglitigan electrical percolamn,
indicating that these two properties arise due to different mechafiisr, 122] In
these cases, electrical percolation is often attributed to electron tunneling or hopping
across finite interparticle distancgs 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

microstrudural transitions that occur near percolation boundaries.
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Mechanical percolation, or dynamic arrest, is a-aquilibrium fluid-solid
transition that occurs when the diffusive motion of particles becomes limited due to
crowding, jamming, or formation ofsystemspanning, stresisearing network23, 41,

123, 124] The structure of this network depends on the interaction {aitemd can

range from chains of single particles to a single large floc that is large enough to span
the entire systenj23, 36, 41] The onset of this solilke behavior is commonly
measurd using small amplitude oscillatory shear measurements where the existence of
a finite low frequency plateau in the elastic moduil®@s,coincides with formation of a
stressbearing networi36, 41, 123] This transiion from fluid to solidlike behavior

can be achieved in many ways including increasing the attractive strength between
particles, increasing the particle loading, or decreasing the shea{2#&,36, 3842].

For suspensions, the critlggel condition is often determined by observation of a power
law scaling of 0.5 between both the viscous and elastic moduli and the fred2@&ncy

38, 125] More generally, the fluigolid transition can be determined by where the zero
shear viscosity;- , diverges and a fite plateau elastic modulus at low frequencies
emerge$23, 36, 3941]. This method has been used for systems with varidioéetve
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 cond(48y&22, 126]Similar to
mechanical percolation, electrical percolation describes the onset of a critical behavior
that dgpends on suspension properties such as interparticle interactions, filler volume
fraction, and shear historjl, 2, 19, 43] For electrically conductive polymer
composites, the critical percolation behavior is oftentimes determined by measuring the

conductivity as a function of filler pacte volume fractior{43, 127, 128]At a critical
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volume fraction, %oy , 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 multigdleamisms, the
structure of this electrically percolated network can range from intimately bonded
particles to particles separated by a finite tunneling or hopping digthrz,el22]

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
largelyunexplored. Therefore, in thihapter, the mechanical and electrical percolation
behavior for two conductive carbon blacks, Vulcan-XZand KetjenBlack E®€00JD,
suspended in neat propylene carbonate were probed using volume fosgendent
small ampitude 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. Thenicrostructure 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 phse 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 diffusi@nhanced timaveraged particlparticle 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 percolain 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 theheological 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-7XC(Vulcan) or
KetjenBlack EC600JD (Ketjen) conductive carbon black suspended in neat propylene
carbonate. Stock suspensions were prepared at dry volume fractions ©f0.084
(12.1 wt%) for Vulcan anéd = 0.021 (3.1 wt%) for Ketjen using an L4FSIlverson
high shear homogenizer using the homogenization protocol descriBedtion 2.3To
maintain a constant preparation history across all suspensions studied, samples were
prepared by appropriate dilution of the stock suspensions. In propyldrmnats, the
interaction potential between two carbon black particles consists of a weak repulsive
interaction where the measured zeta potential is approximately20 mV and an
attractive interaction due to van der Waals forces where the Hamaker tostathe

order of Z ' Q"Y[7, 73]

4.2.2 Linear Rheology

Rheological measurements were performed on a TA Instruments -&RES
straincontrolled rheometer equipped with a 40 mm cone and plate stainless steel
geometry with a 4 cone angle. The preshear protocol employed consisted of 20

consecutive 30 second flow ramps from 56€00.1 s' followed by a 20 minute resting
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period with no appliedhear. After this resting period, small amplitude oscillatory shear

measurements were performed at 0.001 from 0.1 rad’do 100 rad s.

4.2.3 Dielectric Spectroscopy

Dielectric spectroscopy measurements were performed using an Agilent-4294A
1DSnetwork analyzer in a sealed cell with stainless steel electrodes and a 1.5 mm gap.
The raw impedance magnitudggs 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
usng open and short measurements as describ&kdtion 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

aslightly differentshear history to the samples.

4.2.4 Small Angle Neutron Scattering

The suspension microstructure spanning the ligoitd transition was probed
over a wide range of length scales using a combination of Small Angle Neutron
Scattering (SANS) ahUItra 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 kBar rheology section. To prevent bubble formation and added
shearinduced 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 facegpé.

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 A ands_¥_ = 10% were used to
collect data covering & range from 3 10° A1 <n <4 10' AL A fourth
configuration with_= 8 A ands_¥_= 10% was used to measure a loyeange from

1 10%A1l<n<6 10%AL USANS measurements weperformed on the BT5
diffractometer at the NIST Center for Neutron ReseancGaithersburg, MD, USA

[93]. Scattering data was measured from 50°At<fi<1 10%Atwith_=2.4A

and 3_f_ = 6%. All scattering data were reduced to absolute scale using standard

procedures and lgor Pro reduction ma¢e&j.

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 describe8eation 2.5.2.3using a Brookhaven
Instruments Corp. ZetaRA&S patrticle 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 @tibrate for approximately 24 hours. After equilibration,
samples were diluted to the concentration necessary for DLS measuremert§{1

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 fractiéaj, hwhere carbon black
suspensions form a stressaring, systemspanning network. To determine this

percolation threshold, SAOS measurements were perfoahed range of volume

98



fractions for both Vulcan and Ketjen in propylene carbonate. The frequEpandent
moduli are shown in Figure 4.Due to minimum torque resolution translating to a
minimum oscillation stress of approximately 0.1 Pa, the respomsesimples at logr
volume fractions could not be accurately meas{iré{l

For all samples, the frequentydependent elastic modulus is greater than the
viscous modulus, which shows a slight minimum at moderate frequencies. Across this
range of frequencies, thepurbations caused by the oscillatory shear occur at much
faster time scales than the diffusive motion of the particles. This process is manifested
as an elastidominated response due to the energy storage that occurs when shear
induced particle reconfigation cannot be relaxed by Brownian motj@g, 123] The
occurrence of this behavior at the lowdéstquencies 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 medigercolation threshold.
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Figure4.1: Small amplitude oscillatory shear measurements performed @tl% at a
. (a) Elastic modulii@eand (b) viscous

range of dry voluméractions,%o

moduli, "@e galotted against frequency for Vulcan X2 suspened in
propylene carbonate. (c) Elastic and (d) viscous moduli plotted against
frequency for KetjenBlack EG00JD suspended in propylene carbonate.

The elastic modulus averaged across all measured frequencies was plotted as a
function of the dry carbon kd& 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 &o;; is too low to be measured given instrumental
limitations, the volume fractiedependence of the elastic modulus was leveraged to

determinéko;; using Equation 4.[36, 41}

O O %o %o . 4.1)

By fitting the moduli shown in Figure 4.2 to this equatithre trend was extrapolated to
the limit of vanishing elasticity whef& %o, . Fits to the data are shown as solid lines
and fit parameters are provided in Table 4.1. The percolation threSbgld, is
indicated in Figure 4.2 using vertical dashed lines where for Vulegn, 18t 1 6.2
wt%), and for Ketjen%or, 181 TT (@9 Wt%). The scaling factoiQ, is related to the
strength of inteprimary aggregate bonds as well as the interaction pot¢htiplAs
expected for both Vulcan and Ketjen, the value forgaimmeter is large as the primary
aggregates are assumed to be immutable objects. The power law exfoise® for
Vulcan and 3.2 for Ketjen. This value is similar to the 4.1 power law exponent measured
by Trappeet al for carbon black in mineralilof36]. These values are consistent with
the formation of a three dimensional, systspanning network and may give insight

into the details of the network structuf8s)].
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Figure4.2: Elastic modulus,@eas a function of dryolume fraction%. , for Vulcan
XC-72 (blue) and KetjenBlack E600JD (red) in propylene carbonate.
The fitsof Equation 4.1 tehe data are shown as solid lines with the dashed
vertical lines denoting the mechanical percolation thresholds from the fits.

Table4.1: Parameters frorfits of the mechanical percolation equation (&tgon 4.)
to the volume fractiordependenglastic moduli.

‘Ox#GPa) N (dry) n reduced...

Vulcan XG72 5.5+0.13 0.042+0.0023 3.9+0.74 0.98

KetjenBlack

EC-600JD 3.9+0.17 0.0061 +0.0002¢ 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 frequeriBpendent conductivity was measured by

performing dielectric spectroscopy experiments for suspensions in the fluid phase. The
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measured catuctivity is shown in Figure 4.3 and contains contributions from both ionic
and electronic charge transport such that Il I [7, 109] At low
particle loading, the addition of particles does not adihéooverall 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 electricatigeszied 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 diaylelecharging at solid

liquid interfaces is observdd09, 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 methof€9, 114, 130, 131]The majority of these
methods ardargely inapplicable for these suspensions where the Debye length and
ionic strength is unknowrand the addition of carbon black increases the ion
concentratio. While changing the gap between electrodes is a prommsegthod for
eliminating electrode polarization, these experiments were not performedTioere.
circumvent the effect from electrode polarizatitime conductivity used to evaluate
electrical percolatiorior these suspensioms chosen at a fixed frequency 20 kHz
(vertical dashed line), which is outside of the ratigeninatedby electrode polarization.
While a conductivity at a fixed frequency, , Is used to understand percolation
behavior, it should be noted that the frequedependent dieledtr response provides

information regarding the nature of charge transjppori09, 132134].
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Figure4.3: AC conductivity|l, as a function of frequenci) for dielectric spectroscopy
measurements performed on various carbon black suspensions below the
mechanical percolation threshold. (a) Vulcan -XZ in propylene
carbonate at dry volume fractions ranging frefd  10° <%, < 2.4
102 and (b) KetgnBlack EG600JD in propylene carbonate at dry volume
fractions ranging fro6.7 10° <%, <5.4 102 The vertical dashed
line is at 20 kHz.

The volume fractiordependence df is plotted in Figure 4.4 for Vulcan
and Ketjen suspended 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 4.943, 126}
1 I %o %op . (4.2)

In this equation]l is related to the conductivitgt maximum packingf the filler
particlesandr) 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 &by, 181 11 ¢(@4 Wt%) for Vulcan and &op,
T8t Tt 1T (0.5 wWt%) for Ketjen. From the fil, has a value on the order of'2¥Ym[2].
The power law scalingj, has a value of 1.4 for both Vulcan and Ketjen, which is similar

to tha reported for threglimensional conducting networf43, 126]
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Figure4.4: Conductivity measured at 20 kHz plotted against dry volume fraction for
Vulcan XG72 (blue circles) and KetjenBlack E€DOJD (red triangles) in
propylene carbonate. Solid lines are fits to Equation 4.2 and dasesd
denote the electrical percolation thresholds from the fits.

Table4.2: Parameters from fitef the electrical percolation equation (Equation 4.2) to
the volume fractiordependenAC conductivity at 20 kHz.

I (S/m) %or, (dry) n reduced...
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Vulcan XG72 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

4.4Volume Fraction-DependentMicrostructure
Scattering methods were used to probe the concentdejoendent

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 microsicture in the fluid phase. These measurements show that at low
volume fractions, largscale agglomerate structures form and coexist with primary
aggregates. Second, a complementary combination of SANS and USANS
measurements show that the lasgale agglmerate structures measured in DLS are

present before and after dynamic arrest.

4.4.1 Emergence andGrowth of Agglomerates

The degree of agglomeration in the fluid phase was probed by performing DLS
measurements. The normalized autocorrelation function forsesgension 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 bepcbver 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 betweeiclesrincreases. 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 d@8n 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 releratssociated with primary aggregate

diffusion are observed at these higher volume fractions, indicating a bimodal population

of structures in suspension.
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Figure4.5: Normalized autocorrelation function plotted against delay time for (a)
Vulcan XG72 in propyene carbonate at effective volume fractions
ranging from 6.1 10° <% < 1.3 102 and (b) KetjenBlack EC
600JD in propylene carbonate at effective volume fractions ranging from
8.0 10°% <%0 <1.4 103 Lines are doublexponential 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:

MMt 6 A@bsz © Agb3zs8 (4.4)



As described irSection 2.5.2.2the prefactoid corresponds to the intensity weighted
percentage of scattering objects with decay constarnthe decay constants were
converted to diffusion constants, using the relatios ‘O] and are plotted in Fige

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, slop@apon

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 hydr ody hhaseilesultssi z e
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 aggiborg33-35].
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Figure4.6: Diffusion coefficients measured using DLS for structures ptresen
suspensions of (a) Vulcan X2 in propylene carbonate and (b)
KetjenBlack EG600JD in propylene carbonate at volume fractions in the
fluid phase. Open symbols represent the primary aggregate population and
closal symbols represent the agglomerateujapon.

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 measments. 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 ofpulsive interaction between primary
aggregates with increasing particle loading. To emphasize this interaction, the scattered
intensity was reduced to the irf@rimary aggregate structure factoXr) , using

Equation 4.3:

"YA . (4.3)




In this equation%o.is the volume fraction of scattering objeats,is the volume of
scattering object®” " " is the difference in scattering length density between
the scattering objects, , and the continuous phase, and“O is the incoherent
background contribution. The form factor of the primary aggregdtes, 1), is
described in Chapter2 and 3for Vulcan and Ketjen in propylene carbonafer
simplicity, the structure factor for only one suspensibave and below the mechanical
percolation threshold are plotted in Figure 4.7 as a functiof miultiplied by the
primary aggregate radius of gyration. The length scales measured range from ten percent
of the primary aggregate size to ten times then@ry aggregate size. Therefore, both
intra-primary aggregate and intprimary aggregate interactions are measured.

Comparison of the scattering curves above and below the mechanical
percolation threshold shows that at these length scales, no sigrefieaige in structure
is observed upon dynamic arrest. At large length scales, an overall attractive interaction
is measured wher&'ry > 1, which points to the presence of the lasgale agglomerate
structures measured in DLS. As described by Carpineti and Giglio, thesesdatge
structures can grow or coalesce with increasing volume fraction, leading to jamming
and formation of a sysmspanning networK37]. From these observations, it is
reasonable to conclude that the dynamic arrest transition occurs due to jamming of
large scale agglomerates no dramatic structural transformation is observed

At length scales smaller than the primary aggregate™$ige < 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 electrostaticladddexc
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. i€Sompar
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.
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Figure4.7: Structure factor plotted againgmultiplied by the radius of gyration of the
primary aggregates for (a) Vulcan X2 and (b) KetjenBlack E600JD
two volume fraction. Open symbols are at volume fractions below the
mechanical percolation threshold ahosed symbols are above. The solid
horizontal line showsyny = 1.

4.5Discussion: PercolatiorBehavior of Carbon Black Suspensions

The main goal of this chapter was to understand the origin of electron transport
in sheared carbon black suspensions. Undearstwhen stredsearing networks are
yielded and particlgarticle bonds are broken, it has been observed that carbon black
suspensions remain electrically conducti¥8, 19, 64] This suggests that in carbon

black suspensions, mechanical and electrical percolation arise due to different
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mechanisms as a systapanning network of intimate partigarticle bonds is not
necessary for electron transport. Additityiafor polymer composites containing
carbon black, it is commonly observed that an insulator to conductor transition occurs
at lower volume fractions than the mechanical percolation thre$hpl 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 oveinfte interparticle distancd4, 2, 122] As shown here, similar

results are observed for carbon black suspensions as the measured electrical percolation
threshold, %o, , is over an order of magnitude lower than the mechanical percolation
threshold %o, . Qualitative observations such as the vial inversion test also show that
suspensions prepared %4b; flow with ease and do not contain systspanning
networks that bear bulk stresses. These results suggest that rather than graphitic
conduction, hoppin@r 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 rggins of mechanical and electrical percolation, the
critical volume fractions were compared to expected or previously measured values. For
hard sphere dispersions, flesglid transitions occur at volume fractions on the order of
107 up to the random ck® packing limitof %o 1@ o @3, 38] From Table 4.1, the
mechanical percolation thresholds for Vulcan and Ketjen are much low#sat=
0.042 andbor, = 0.0061, respectively. For electrical percolation, typical critical volume
fractions for high stretured carbon blacks in polymer composites are on the order of
102 [43], which is larger than values &by = 0.0026 for Vulcan anéko; = 0.00032

for Ketjen reported in Table 4.2. Thesésalepancies could arise due to the
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microstructure forming the percolated netwdik3, 36] the nature of charge transport,
or the prinary structure porosity, which affects the volume fraction.

As discussed in Chapter 3, the primary structure porosities can be used to
calculate an effective volume fracti®bg % ]B  ,whichtakes into account
the fluid trapped in the primgrstructures. As shown in Figure 4.8, describing the
percolation behaviors usingo increases the percolation thresholds to more
reasonable values &b, = 0.25 andéop, = 0.016 for Vulcan andéor; = 0.20 andbop,
= 0.011 for Ketjen. Aditionally, 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 surfacehemistry, intrinsic conductivity, or primary particle

roughness.
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Figure4.8: Electrical and mechanical percolation behavior for Vulcan7XQblue
symbols) and KetjenBlack EG00JD (red symbols) suspended in
propylene carbonate. Left axis (opgmbols): 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 theprimary structure porosities, the mechanical
percolation threshold remains lower than that for hard sphere dispersions. As discussed
by Trappeet al, the mechanical percolation threshold depends on the pguddiele
interactiong36, 41] In attractive suspensions, the formation of lasgde clusters or
agglomerates adds another level of porosity that must be taken into account when
considering the effective volume fractif8v]. Therefore, in agglomerated suspensions,
the percolation thresholds are egped to shift to lower dry volume fractions to maintain
a similar critical effective volume fractioj23, 36, 37] As shown by dynamic light
scattering measurements, the carbon black suspensions studied here behave similarly

and contain largscale agglomerates at volume fractions in the fluid phase (Figure
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4.9b). Adding ¢ 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 transion occurs where the system becomes mechanically percolated
as shown in Figure 4.9c. This microstructural behavior agrees well with tlex low

mechanical percolation threshold measured for these suspensions.
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Figure4.9: Volume fractiordependent microstructurerf 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 %o, consisting of agglomerates and primary aggregates, and (c)
network fomation by jamming of agglomerates at volume fractions
beyond%eoy; .

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 inpeases, 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 &éformation 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 efiterparticle distances that are sufficiently small enough for
electron hopping or tunneling conduction. Additionally, as described by Geifain

for clustered fluid phases such as these, particles in the bulk have a finite rate of
exchange with pardies in cluster$33], which could provide a second path for electron
transport. An extension olfis work is found in Richardest al, where analysis of the
dielectric spectra shows that variable range hopping is the dominant electron transport
mechanism in these suspensi¢rig A full understanding of the origin of electrical
conductivity in these suspensions requires information about the microstructure as well
as the dynangs 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 &tagipdl] 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 XZ2 in propylene carbonateas measured after an
intense preshear of 2500 #r 600 secondsAs shown in Appendix B,fter this shear
history, the mechanical percolation threshold was approxintagly= 0.006 based on
dry volume fraction. Comparison of this percolation thodégtwith the%o;, = 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

Thestructureproperty relationships of quiescent carbon black suspensions were
studied to understand the underlying microstructural origins of the electrical and
rheological properties. Volume fractimependent measurements of the bulk properties
show that kctrical 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 particlparticle bonds and instead, as discussed in similar studie
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 loaditigat arises due to the detailisthe 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 fommechanically
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 irtterapotential or the

volume fraction.



Chapter 5

SHEAR-DEPENDENT STRUCTURE-PROPERTY RELATIONSHIPS:
BIFURCATION & THE INVERSE BINGHAM NUMBER

5.1 Introduction

Many parts inthis thesis chapter appear in a manusceipit i t | ed- A St r uc
property relationships of sheareatison black suspensions determined by simultaneous
rheol ogical and neut mpublished intadotrrealroi Rineplogne a s ur e
and are reprinted with permission from J.B Hipp, J.J. Richards, N.J. WagRérol,
2019, 63(3), 423136.Copyright2019, The Society of Rheolod¥6].

As discussed in Chapter hetbehavior of colloidaduspensions under flow plays
an important role in applications ranging from foodstuffs and personal care products to
cements and painf0-22]. When suspendedolioidal particlesoftenexhibit attractive
interactionscomparable to their thermal motiowhere therelative magnitude of the
attractiondeterminesthe macroscopicproperties of the suspengi@36, 44]. While
significant effort has been dedicated to understanding the properti@snoigeneous
suspensions with weak attractiof@8, 135] the behavior of suspensions with strong
attractionsis less understood and is often complicated by heterogeneit@sated
with phase separation or sedimentatidn suspensions with strong, longnge
interparticle attractions, phase instabilities exist at extremely low volume fractions such

that a stable fluid phase may not exist at relevant particle loadings. thedsy
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conditions, there is no wetlefined equilibrium state and the properties of the
suspension become linked to the distribution of floc sizes. Thesecoexperience
flow-induced restructuring, which in turn affects the macroscopic properties of th
suspensioff23, 58, 136, 137]This restructuring process can manifest itself in a variety
of ways including structural degradatifi, 52, 138, 139ktructural densificatioft0,
140], and flowrinduced anisotrop§p5-57, 60, 141]While it is gererally assumed that
this restructuring process dictates the macroscopic properties of the suspension, direct
measurements of ithstructureproperty relationship are often lacking.

Carbon black suspensions are a highly relevant examphexotropic colloidal
suspensions as they are usedumerougechnological applications ranging from inks
and tire rubbers to electrochemical energy storage dejlicds 142, 143]Key design
parameters in these applications include partitdtrix compatibility, suspension
viscosity, and the electrical conductivity of the suspension. These properties depend on
the microstructure and are subject to chatggending on the shear histolt has been
widely reportedhat carbon black suspensions have a tendency tosfatmegels with
a finite yield stresand elasticityatintermediateveightfractionsof a few percent solids
[7, 36]. Upon cessation of shear, these gels recover quickly anditeghilescent
propertiessuch as a yield stress and conductivitatdepend on the flow histoijyL8,
72]. For exampl e, a fAtunabl e yi eihgdpreshéar e s s O
intensity has been observed by Ovadeal.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-Hneang



behavior that is consistent with structural bregkof the carbon black agglonses
present within the suspension. This bregkprocess has been widely accepted as a
thixotropic process where a time dependent microstructural transition leads to a
transient increase in viscosity with decreasing shear intdasit$6, 70] However, for
suspensions of carbon blackamineral oil andetradecanblend Negi and Osujhave

shown that at shear conditions naariticalstress, the viscosity undergoes an apparent
sheatthickening transitiorj54]. Additionally, for a suspension of carbon black in an
ethylene carbonate and dimethyl carbonate blend, Naragaahhave shown a similar
thickening behavior where an increase in preshear intensity leads to an increase in the
intrinsic flow curveviscosity[3]. Simultaneous optical and rheological measurements
performed by Osujet al.on carbon black in tetradecattégure 1.6)show that at low

shear ratg, 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 transition71]. This structural transformation suggessit this apparent
sheatthickening transitiorarises due t@ change in hydrodynamic volume fraction
betweenlow and high shear ratg®4, 57, 71] This microstructural transition is
rheopectic, or antihixotropic, such that a time dependent decrease in viscosity is
measured with a step down in shear rft8, 72] Furthermore, for carbon black
suspended in mineral oil, Helet 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 attributedatmicrostructural evolution at low shear
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intensities such that weaker, less conductive gels are formed by shearing at low
intensities for longer time[18].

Despite these observations and many studies aimed at understanding the
macroscopic properties of carbon black suspensions underrfleasurementsf the
purportedmicrostructurabasisfor this sheainduced behavior remains largely a matter
of conjecture To resolve thiswe build upon the work discussed in previous Chapters
focused on the quiescent characterization of model carbon black suspdaysitrectly
measuring structurproperty relationships in such suspensions. This is accomplished
by perfornming a series ofin situ rheasmall angle neutron scattering (RR8ANS)
experiments on a model carbon black suspension that exhibits an appa&ant sh
thickening behavior, a tunable yield stress, and transient macroscopic properties. These
experiments are twipld: RheaUSANS experiments were performed to thoroughly
characterize the quasteady state microstructure of the suspensiara broadrange
of applied shear ratesdspatiotemporally resolved Rh&SANS measurements were
performed to investigate tHecal volume fraction distribution of carbon black as a
function of Couette height, shear rate, and shear time. Results from these axiserime
enable development of a quantitatinederstanishg of the complexeffect of shear
induced microstructural rearrangements on the-tiegendent rheological behaviafr
these suspensionSomplementary rheelectric measuremenperformed in a custom
desgnedsmoothwall Couette and rheological tests performed in a reugt Couette
further confirmthe microstructural characterization. From these measurements, we

identify two sheadependent microstructural trajectories that are demarcated by the
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inverse Bingham number® "Q. Results from these experiments not only validate
previous observations about the shieaiuced structure of carbon black suspensions,
but also show that under certain conditions, these suspensions ewihib#ntration
gradients dwen bysedimentation, whicfurthercontribute to thapparenmacroscopic

properties.

5.2 Materials and Methods
5.2.1 Materials

The carbon black used in this study is Vulcan-XKZ(Cabot Corporation The
hierarchical structure of this higdtructued conductive carbon blag& described in
Chapter 3Suspensions of Vulcan X2 in neat propylene carbonate exhibit long range
attractions and short range repulsions where the Hamaker constant is expected to be
roughly 27°Q"Yand the zeta potential iseasured as = -20 mV[7, 73]. As described
in Chapter 4, athe volume fraction is increased, primary aggregates form mgired
agglomerates in suspension which eventually grow in size and jam to form a system
spanning networkFor the preshear protocol used here, this system spanning network

forms at approximatel§so = 004 (AppendixB). The suspensiostudied heravas
prepared in the gel phase%t = 0.274 (8.0 wt%%o = 0.056) of Vulcan X€E72

carbon black in propylene carbonate usthg high shear homogenization protocol
described irBection2.3. As discussed iection 2.3this highshear homogenizain is

similar to what has been implemented previously by Dullaert and Mewis with the
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purpose of fully dispersingarbon blackparticles ina similarsuspensin, leading to a

reversibly thixotropic dispersigi5].

5.2.2 Rheological Measurements

The carbon black suspension was rehomogenized for 5 mumitegsan IKA T
18 ULTRA- TURRAX mixer with ahigh shear screen dispersing todbpto loading
into the rheometer. All rheological measurements were prefacedheitonditioning
protocol described iBection2.4.2.1where twenty 3Gecondiow ramps from 5005
to 0.1 st werefollowed byapplication ofa shear rate of 2500! sintil a steadystress
was achievedSteady shear measurements were performed usiAgtan-Paar MCR
301 stressontrolled rheometer equipped with a quartz cup and 60 mm long titanium
bob (OD =50 mm, ID =49 mm, trincation gap = 0.05 mm)Experiments were
performed by applying a 60@sondpreshear at 2500*sallowing the suspension to
rest for 300 seconds, and then applying a steady shear rate and monitoring the stress
response. For this experiment, the shearweat® applied in decreasing order starting
from 5000s? to 100s™. As described in detail iBection 2.4.2.2the yield stress of the
presheared suspension was determbyedxtrapolating the transient stress response to
the instantaneous stress andrgtio the HerscheaBulkley model.

The tunability of the yielding behavior was determined by performing creep
measurements after preshears dd8! and 1@ s'. To minimize effects from slip,

creep measurements wererformed using a TA Instruments DHRstresscontrolled
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rheometer with a 42 mm long sandblasted Couette geometry (OD = 30 mm, ID = 28
mm, truncation gap = 6 mmlpue to sedimentation, this geometry is problematic for
carbon black suspensions as the truncation gap is too large for the prteshuly
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 686ondpreshear ahe chosen shear eat
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 dmdectricspectroscopy measurements
were performed using an ARES G2 straontrolled rheometer equipped with a 34 mm
long custom built Couette geometry (OD = 27 mm, ID = 26 mm, truncation gap = 0.05
mm) [7, 115] Thedielectricspectroscopy measurements were made using an Agilent
4980A LCR meter by performing logarithmicakypaced frequency sweeps from 20 Hz
to 2 MHz. As described irSection2.6.2 the impedace magnitude and phase shift
measured from the test were corrected for open and short @ediltationsand a
standard salt solution was used to determine the cell constant of the Coneatte to
the quiescent data in Chapter 4, the conductivityhef suspension under shear was

measured at a frequenof"Q= 20 kHz[7]. Theseexperiments were performed using
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identical protocols as those used in determining the steady shaardvein theAnton-

Paar MCR301 rheometer

5.2.4 RheoUSANS Measurements

Ultra-small angle neutron scatteringQANS) 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 therfutinge from 1 x 103
A"1>14 >3 x10%A™, wherep 1) _OEH-¢ with _=2.4 A andw Z_ = 6%.
RhecUSANS experiments were performed by positioning an Aftaar MCR301
stresscontrolled 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/didigity (1-3)
plane. Thus, the reported scattering intengagacquired with a scattering vector along
the shear directiof®6, 97] Due to the slit collimated neutron beam used iniBANS
instrument, the measured scattering intensity is slit smeadnyevidence of shear
induced anisotipy in the scattering is maskfeB, 99, 100] The scattering data were
reduced to absolute scale using standard procedorgained within thdGOR Pro
reduction macro$98]. Data werefit to the slit smeared hierarchical fractal model
described irSection2.5.3.6using theSASVIEW software packagf07]to extract the
shear rate dependence of the radius of gyration of carbon black aggksrieesiled

fit information are shown iAppendixC. Prior to any tests, the conditioning protocol
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for steady shear rheologicaheasurements was performed. Further rhopodd
measurements were carried out in a similar manner as for the steady sheagyrheol
measurements where a 250preshear step was followed by shearing at the selected
shear rate for up to 140@conds then sheared for roughly 10,008cendswhile
structural data was measurddhe 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 Rhed/SANS Measurements

Very gnall angle neutron scatteriny $ANS) measurementsere performed
on the NG3 VSANS diffractometer at the NIST Center for Neutron Research in
Gaithersburg, MD, USA. The measurements were performed dvemae of 3 x 1¢
Al>1>1.4x10°A™, with_=6 A andw 7_= 12%. Figire 5.1ashows a schematic
of the experiment where an Ant&taar MCR501 stressontrolled 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 flexarticity (1-3) plane in the netdn beam line
with a horizontal slit aperture of 1 mm tall by 5 mm wide. The length of the Couette is
defined asQ = 36 mm and measurements performed at different heights along the
Couette are defined as different value&pfQ. To perform discrete heiglstans, 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 heiglgpendent thickness of the bob walls was
determined by measuring the transmission during a height Reanlts 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 Couwditbesomes
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 constanDue tothesevariations in thickness of titamu along the length
of the bolhthe measwedregion for height scans wakoserto bein this middle portion
betweeriQ "Q = 0.25 andQ) "Q = 0.75, such that the top and bottom 25% of the volume
fraction profile in the geometry was not measufdterefore, thduild-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 thérg¢orae
measurable height.

During the height scans, scattering patterns were measured iec@ds
increments at 10 discrete heights while the material stesred at a steady rate.
Accounting for the time required for vertical translation, each scarap@®ximately
500 seconds longn siturheological measurements consisted of a 25(@ashear step
followed by a shear step at the selected staarfor approximately 500@sondswith
height scans performed during both the preshear and steadystEarScansfrom

"Q"Q =0.75t0Q "Q = 0.25 were performed repeatedly for the duration of thevhere



two full scans were completed for each preshear and ten full scans for each applied shear
rate The scattering data were reduced to absolute scalg stsindard procedures and

IGOR Pro reduction macr¢88].

(@)

h/ho = 0.75

Whe=0.5+ ho

h/ho =0.25

[r—" )
®) 4
1 1
1 1
K R —
: 3 -
2 0.6 e ! @
—~ 1 1@
~ 1 1 ..
soaf :
=
g l I
— 0.2 1 1
1 1
0.0 : L w
00 02 04 06 08 1.0
h/h,

Figure5.1:(a) Diagram of Rhed/ SANS experiment where the Couette height is shown
as"Q = 36 mm and the measurable Couette region f@if® = 0.75 to
"®"Q = 0.25 is highlighted. The incident beam is directed through the
Couette geometriy the radial plane. Neutrons are transmitted through the
Couette and are collected on a 2D detector asatesing 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
RheaVSANS exmriments are used to probe the structure of the carbon black
suspension as a functiontohe, shear rate, and position along the Couette height. The
measured scattering intensitg) , is related to the structure of the suspension as shown

in Equation5.1[88, 89}

™ %6 37 0 Y A/ O . (5.1)

As described irBection2.5, %.is the volume fraction of scattering objects in the beam,

3" is the difference in scattering length densities between the two phases in the

suspensione is the volume of the primary carbon black aggregates,@ndis the

incoherent backgrounth this experimenthe prefactor scalinty¢o 3  corresponds

to the primary aggregates abd 1y is the form factor contribution to the scattering

from the immutable primary aggregat€g. A fit to the form factor contribution

described in Chapter  shown in Figre 52a. Y 11 is the structure factor

contribution to the scattering that arises due to interactions between primary aggregates.
Equation 51 is interpreted to indicate that, in the absence of any changes in

microstructure, the effect of a change&dstdue to sednentation will be measurable at

all | as a vertical shift in intensity. This change&dstan be quantified by calculating

the scattering invariant, which requires an integration ffomO tor = infinity [88,

89]. However, it is also possible to isolate this volume fraction effect from any-shear

induced structural changes and measure the extéhé sedimentation by examining



the magnitude of the intensity affj@aange wheréY 13 Y [7]. As shown in Figure

5.2a, thisn range is atj > 6 x 10 3A"!, where he scattered intensity is observed to
follow the form factorp) n , alone Therefore, to examine and quantify changes in
intensitydue to changes %y the background subtracted intensity is integratettiis

form factor dominated regioftom 0.008 A* <131 < 0.03A™}, where'Y Y 1. Thi s
integral,®, is used to calculata normalized volume fractio¥gs, as shown in Equation

5.2.

(5.2)

From Eqation 52, %es is the integral calculated at each height, time, and shear rate
divided by the average integral calculated for the suspensiamydte preshear at all
heights. In this way%cs is a measure of the relative change in carbon black volume

fraction in the neutron beam with respect to the preshear distribution.

13C



10 169 1/m, =0.25 vy =0.5 1w =0.75
9 17 =2500 s!
10 124 J
8
10 ~ ¢
, o 3 : |
~ 10 § O t=300s
g 10 T 44 A t=1800s-
o o @ t=3300s J
s
z 10 o (®) » 1=4800s @
=0 o 167ih, =025 1hhy=0.75
) . X =400 s 11 =400s"
S 10 T 121 1

O t=300s 1 4

10 1e 4 A t=1800
% B =1 S
10" {4 25005 ® t=3300s 1
L |® Scaled P(q) : () p t=4800s]®D (2)
10 " 4 " 3 " 5 78" 3 3 78 " > 3 78 > 3
10 10 1 10 0.01 : 0.01 1 0.01 i
q(A") qQ(A™) qQ(A™) q(A)

Figure5.2: (a) O O plotted againstj summarizing a combination dtheo
VSANS and Rhed®SANS experiments. Pinhole smear&SANS
measurements are shown with desmedd&ANS measurementior
clarity. The primary aggregate form factor is shown in black circles. Shear
dependent scattering is shown fromeasurements at 2500' ¢blue

triangles) and at 400'qred pentagons) and thrange wher&gs is
measured is highlighted, (b) (g) progression of the background
subtracted intensity in the highlighted region in (a)@% 17 plotted
againstn at different heights and times where (b)d) are measured at
2500 stand (e)i (g) at 400 S.

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 250d 400 3
are plotted in Figre 52b-d and Figire5.2e-g, respectivelyThe changes in background
subtracted intensity that occur due to sedimentation are emphasized in the Porod plot of
‘01 versusiy shown in Figire 5.2b-g. In thisn region, the itensity scales linearly
with the volume fraction of dispersed phase partif38s 89] These results show that
at a high shear rate of 2508, she volume fraction appeairsdependent of shear time

and height in the Couette. However, at a low shear rate of 4@Besvolume 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 witb. tWeasurements such as those
presented in Figre 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 transiat stress responswer a broad range of applied shear raeshown
in Figure5.3a, where a preshear of 2500 is applied to rejuvenate the sample before
each shear testwo distinctly different transienstress responseare observed. For
shear rate above 50687, the stress responsghibits an initial transient behavior that
evolvesto astablestress response aftieiss tharb0 secondsof steady sheaAt shear
rates of 400st and below, however, a transiestress decayhat becomes more
promirent with decreasing shear rageevident. Additionally, at shear rates below 400
s?, a steady stress is never fully achieved even after 300 seconds of shEaisng.
bifurcation in the stress response indicates some structural transforowtionngat
shear rates near 560.

The observed bifurcation ithe rheological response of the suspensgomade
more clearby plotting the stress and viscosfty each applieghear rate at different
times throughout thtlow startup aspresentedn Figures 5.8 and5.3c, respectively.

For this presentation, three timmoints were selectedo emphasizerheological
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properties of the presheared suspen@iture circles)the suspension after adjusting to

the new applied shear rageed triangles)andthe suspension at loagtimes (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 bypheshear protocol and was fit to the stéelBulkley
model to extract the Atrueodo yi=lB&dPadnt ress
this chapter this yield stress is used to calculaelimensionless group known as the
inverse Binghanmumber whichis defined as the rataf the measured or applied shear
stresdo the yield stres® "Q ], , and isusedto distinguish between the two flow
regimes To highlight the differences between the two flow reginkégiress5.3 and

5.3 are plottedvith closed symbols fguointsevaluateditd "Q > 1 wherea steady and

open symbols for points evaluatetl ® "Q < 1, wherethe apparent response is an
averaged value over the entire Couette height.

From Figure 5.3, it is apparent that th&tress at "“Q > 1 doesnot change
significantly in time and exhibits a similar powleww behavior with shear rate at all
times evaluated. However, at low shear ratelsere 6 'Q < 1, theapparentstress
decreasesignificanty in the first300 ssconds of sheail he transition between the two
transient behaviors is notable in the flow curve and is consistentiveittheological
behaviomreportedby Ovarlezet al.for a suspension of carbon black in minera[o#].

As presented irFigure 5.8, an apparent shetrickening transition similar to that

observed by Osugt al.[71] emerges at a shear rateabbut250s™ upon transitioning
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from shear conditions whei@ 'Q < 1 to6 "Q > 1. Additionally, an increase in the
intensity of tke sheasthickening transition is observed with longer shear tiriésis,
this suspension exhibits many of the interesting, nontrivial shear higpsndent

rheological behaviors reported in literature.
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Figure5.3:(a) Timedependent stress response measatradange of shear rates from
5000s!t0 100 s. (b) Stress and (c) viscosifyom (a)plotted against shear
rateat different time pointsThe stress and viscosityere takerat O s (blue
circles) 50 s (red triangles) 300 s (yellow squares). Open and closed
symbols are used to differentiate betwst@rss responses6é "Q <1 and
0 "Q > 1, respectively.The stress at 0 s wambtained as described in
Section2.4.2.2andiis fit to the HerscheBulkley 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 tunablésatependent on the flow history
[18, 72, 144] 1t is reportedior these suspensiotizatboth the time and intensity of the
presheaare important irdeterminng the macroscopic properties. To demonstrate the
tunability of the apparen yield stress of this suspension, creep experiments were
performed aftea 600 secongreshear at two shear rates, 106@usd 100 3, or where
0 Q> 1 and6 Q< 1, respectively Results from creep experiments are plotted in
Figure 5.4 as the maa®d 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 ngalding behavior. Simply put, at
appliedstresses belv the yield stress, the geometry is unable to shear the suspension
and the shear rate trends to infinitesimally small values. At dygliedstresses well
above the yield stress, the shear rate reaches a steady state value, which indicates
homogeneous dw. 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 pmess,
eventually increaseta steady state val(ié2, 145]

These three responses are seen in the data shown here for carbon black
suspensions. In Figure 5.4&ea preshearing at 1000t ghe suspensiobehaves fluid

like at stresses of 100 Pa and above and trends to an unyieldetikedtdte at stresses
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of 50 Pa and below. At 75 Pa, a transient yielding process from solid to-likgiid
behavior is observed, which suggests that the yield stresstaft preshear is between
50 Pato 100 Pa. Howeverhen the preshear is lowered to 530theyielding behavior
occurs aimuch lowerapplied stresses between 10 Pa and 25 Pa as seguiia5.4b
and no transient yielding behavior is observiukerebre, the shealnistory dependent
yield stress measured after preshearing at a shear rate @vifere 1 is significantly
lower than that measured at a shear rate whete> 1. Regardless of thgreshear
intensity, the suspension is unable to undsigey flow and instead flows at high shear
rates of 100-$and greater. This behaviorastrademark ofiscosity bifurcation and is
consistent with observations by Ovarkdzal. for carbon black suspensions andalso

commonly observed for other thixopric suspensi@{72, 144]
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Figure5.4:Creep tests performed after different preshear shezs where the response
to applied stresses ranging from 1 Pa to 200 Pa is plotted as shear rate

against time, (a) response after 108@eeshear, (b) response after 100 s
! preshear.

5.3.4 StressConductivity Connection

It has also beerreported that the electrical properties of carbon black
suspensions depend on both the intensitycandtionof the applied shed8, 16, 18,
64]. To investigate this behavior and its relation to the microstrectiucarbon black

suspensions, rheelectrical measurements were perfornmetioth flow regimes using



a custom made Couette geetry [7, 115, 116] Figure 5.5shows the rheelectric
behaviormeasured after preshearing at 2500fa 600 secondgblue symbolsynd
stepping to shear rates of 250) whered ‘Q > 1 (blacksymbol3 and 250 3, where
0 Q < 1 (redsymbolg. Full sweeps showing the frequerdgpendent conductivity
measured during these shear steps are plotted in Figure 5.5a. As should be expected, at
2500 &', the conductivity does not change significantly with shear time. However, at
6 "Q < 1 (250 sY), the frequencydependent conductivity drops significantly at early
times and continue® decreasever the entire period of shear.

To compare this electrical behavior with the stress, the -diependent
conductivity was taken at 20 kHz and plotted in Fegb.5b as a function of time along
with the apparent stress response plotted &3. At 6 "Q > 1, the suspension exhibits
a constant conductivity and stress response in the entire measurement window as was
seen in the rheological data shown inWF&g5.3a. At6 'Q < 1, however, both the
apparent stress response and conductivity decrease by about an order of magnitude in
the first 200 scondsof shearing and then transition to a moderate decline that extends
to long times. The similarity in the traeace for the apparent stress axmhductivity
indicate that these two macroscopic properties are closely linked to one another, as was
previously hypothesized for other suspensions of carbon [8adl6, 18, 64]Helal et
al. reportedsimilar rhecelectricbehavior byramping from high to low shear stresses
at different rates.n these experiments, was shown thaslower ramps lead to less
conductive gelswith lower viscositieg18]. This timedependent behavior was also

observed by Narayanast al. who measured a transient increase in resistance upon
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stepping down in shear raft&]. These measurements provide indirect evidence for a
transient microstructural evolution under shétowever, direct measurements of the
microstructure are nessary to reach &ll understanding of # microstructural
behavior and how it specifically influences the skaatory dependent macroscopic

properties of the suspension.
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Figure5.5: Results from rhe@lectric measurements performed in both flow regimes.
() Frequency dependent conductivity measured at the preshear (blue
diamond), a500s* (black circles), an@50s* (red triangles). Vertical
dashed line is at 20 kHz. (b) Transient conductivity at 20 kHz (markers
and dashed lines) andransient stress pied as 0 Q (lines).
Measurements were performed at applied shear rates ofs25@ack
circles and linesand 250 $ (redtriangles and lings

5.4 Structural Interrogation using Rheo-USANS

To measurghe microstructural origin of the observed macopsc behavioand

thus, establish structuproperty relationships RheeGUSANS experiments were



performed to directly evaluate the structural evolution of carbon black agglomerates
under steady shear flowAs shown in Figure 5.2a, sheaduced structurathanges

occur at length scales that are accessible by USANS experiments, but not IBANS.
these experiments, the ntvial link between the two observed trajectories in
macroscopic behavior and the yield stress of the suspension was investigated by
measuing the microstructure at a set of applied steady shear rates éf@re 1 and

0 Q<1.

5.4.2 ShearInduced Structure at || & >1

The stress response from a series of shear rates wl@re- 1 is reported in
Figure 5.6a. Consistent with theneasured rheological behavior shown inureb.3a,
after a brief adjustment to a change in shear rate, the stress response is steady over the
entire fourhour time window of the RhedSANS measurement with small fluctuations
that arise due to instrumentatifacts.The inset of Figre5.6a shows the steady shear
viscosity, which exhibits a she#hrinning behavior where the viscosity scales with the
shear rate as 8 . The preshear response is showid &t0 s where the same stress
value is reproducilylachieved before each shear rate measured, indicating that each test
originates from the same structufiéhe dashed vertical line indicates the time of the

start of thdJSANS measurement.
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Figure5.6: Resultfrom a RheeUSANS measurement performedatQ > 1. (a) Time
dependent stress response plotted Q. The region to the left of the
dashed line shows the stress response to aeg8@Ddpreshear at 2500's
and then a 600esondpreshear at the shear rate measured. The region to
the right of the ddsed 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;On , plotted againsf measured at diffent shear rates with
the corresponding stress response shown inF{eg.to the hierarchical
fractal model are shown as black lines

Figure 5.6b shows theneasuredscattering intensity;O] , plotted against
N measured at each shear rate in this rahgeChapter 4,tiwas established that
attractive interactions between primary aggregates lead to phase instabilities, which
induce the formation of carbon black agglomerdigs These agglomerates are
comprised of many primary aggregates that are joined together byagglamerate
associations. As shown in kige5.6b by the systematic reductiongoattering intensity

with increasing shear rate at layy theseintra-agglomerate associations break under
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shearleading to an expected increase in the erosicaggfomeratesvith increasing

shear rat [51, 52, 138, 139]The rateindependent scattering at highereflects the
internal structure of these agglomeratgbich does not change with increasing shear
rate, indicatinga selfsimilar break up of agglomerateghe scattering data shown in
Figure 5.6b were fit to extract aheafrindependent fractal dimension of agglomerates,
Oy , of 25 as well as a shedependentradius of gyrationof carbon black
agglomeratesY ; . The fitted values are plotted against the applied sheainrtte

inset of Figire5.6a and show a scaling with shear rate a$ . 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 scalesas 2. While a power law scaling of 3

is expected fosystems dominated by hydrodynia drag this power law may vary due

to the porosity of the agglomera{@s].

5.4.3 ShearInduced Structure at | & <1

The apparentstress response measured during RDSANS at shear rates
whered "Q < 1 is reported in Figre 5.7a, where rheological behavior consistent with
that shown in Figre5.3a is observed. Additionallyhe apparetrheological response
measured at 2500from Figure 5.6a is plotted for referenc@hese measurements
show several abrupt increases in stress that are attributed to instrumental artifacts.
Importantly, a steady shear stress is not achieved in theasurementd.he vertical

dashed lingin Figure 5.7anark the beginning of thdSANS meaurement such that
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the scattering shown ifrigure 57b for 6 'Q < 1 is from quassteady structures
measured after the initial, rapid decline in apparent stress. Again, between each
measured shear rate, a 250(seshear successfully rejuvenates thepda to a nearly
equivalent structural state. The transient apparent viscosity is plotted as an inset in

Figure 57a to show its evolution as a function of shear time and shear rate.
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Figure5.7: Results from a RhebdSANS measurement performedéatQ < 1 plotted
with representative results frolm"Q < 1 (yellow lines and markersja)
Time-dependenapparentstress plottedso "Q. The first 2600 sconds
(left of the dashed line) show the apparent stress response to &¢@00 s
preshear at 2500'sandthen a 1400 econdpreshear at the shear rate
measuredData to he right of the dashed line shows the aept stress
response during th&JSANS measurement. Inset: apparent viscosity
plotted against timgb) Slit smeared scattering data shown as intgnsit
‘O , plotted against] measured at different shear rates with the
corresponding stress resposs®wn in(a).
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The sheadependent scattering, plotted as open symbols mr&kg7b, shows
a distinctly different behavior than what was measuréd@t > 1, where the data for
2500 st are reproduced from Fige5.6b for reference. Most evident is the significantly
greater scattering intensity at lofvwith a strong poweltaw decay O x 1 28),
which is indicative of surface scattering fréange object$105]. Thus, instead of the
micronsized agglomerates that form@atQ > 1, the agglomerates formedéatQ < 1
have sizes that exceed therange of thetUSANS i nstr ument (> 15
agglomerates are more compact thlanse formed a6 "Q > 1 as indicated by the
decrease in intensity at highgy which arises due to short range repulsions between
primary aggregatesSimilar structural growth accompanied by local densification
processes have been observed previoughRbeb and Zukoski who used neutron
scattering to measure the shdapendent structure of octadecyl silica partipi€g, by
Koumakis et al. who performed rheonfocal experiments on a collemblymer gel at
low shear ratefl46], and by Osuiji et al. who imaged sheared carbon black suspensions
[57, 71] These measurements, along with previous static measurements of suspensions
of Vulcan XG72 in propylene carbonaf@é] provide further evidence for the formation
of largescale dense structures in the suspension. The slit smeared line scan inherent to
the SANS instrument precludes a more dedadealysis of the microstructure under
these conditions, including detecting any shaduced anisotropy.

In this flow regime, the suspension behaves rheopectically as indicatbd by
decrease in apparent viscosity upon stepping down in shear raterh€bjsectic

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 volumerfraotl 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 achievingsepsi

state stress is directly related to the structural transformatoon the loose, open
agglomerates formed at"Q > 1 to the large, dense agglomerates formed & < 1.
Although the structures formed under these conditions appear to be relatively insensitive
to shear rate, the transient apparent viscosity showshinaharacteristic time of this

restructuring process depends on the magnitude of the applied shear rate.

5.5 Investigating Volume Fraction Heterogeneities Using RheSANS

Our steady shear measurements show that at applied shear rate$ vihere
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. RhedSANS 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 noBrownian particles can lead to an apparent stieaning
behavior[147]. Additionally, visual inspection of samples after shearing revealed a
build-up of carbon atte bottom of the cu-herefore, it is likely that the apparent leng

lived stress decline is due to sedimentation of the large, dense agglomerates formed at
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0 "Q < 1. To investigate this, spatiotemporally resolved RR&ANS experiments
were performe@sdescribed in the methods section where the scattered intensity was
converted to a local heigliependent volume fraction of the sheared suspension in the
Couette.

The volume fraction distribution in the Couette for a shear rate of 4Qi0es
whered "Q < 1) is plottedn Figure 5.8aas%es as a function of both the normalized
height in the Couetté) Q. andtime. This data was interpolated from data measured
at discretédheighs and times. The heat mam Figure 5.8as defined by the color legend
shown on the right where the lowest valuésgk corresponds to a purple hue and the
highest to a dark red hu€herefore, a red hue indicates minimal sedimentation from
the preshear distribution and a purple hue indicates significant decrease in volume
fraction. Averaged values fdes were taken ak) 'Q = 0.5 (dashed line) at each scan
and plotted with the apparent stress response ‘& against time in Figre 5.8b. In
Figure5.8a, during the firsapproximately600 £condsthe volumdraction distribution
does not change significantly from the preshear distribution while the apparent stress
shown in Figire 58b decreases significantly. After 508cends the apparent stress
continues to decline at a slower pace along iga at ‘Q"'Q = 0.5. During this
measurement, a carbon black lean region develofis@t= 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 developmaeritspatialheterogeneities 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 occur® af < 1, a photograph has been provided as

an inset in klgure5.8b, 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. Thi®anded 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 B unstable and falls to join the lower region while the upper region remains

pinned by the upper free surface.
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Figure5.8: Results from a spatiotemporally resolv&hecVSANS measurement
performed at 400°5(6 "Q < 1). (a) %es as a function of both the sta
number and normalized Couette heighit;Q. The color legend on the
right is used to depict different values %¢s . (b) The apparent stress
response plotted @ "Q (black line) measured during the height scans and
%es measured at) " Q = 0.5 (redmarkers 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
sedimentationsimilar meaarements were performeat a range ofshear ratesand
plotted as heat majs Figure5.9. These figures contain similar information as Figure
5.8a, except the data are plotted in a pixelated pattern Waeralues measured at the
same scan number areadted vertically regardless of the exact time the point was
measured. Plotted this wagach panel is comprised of a series of pixels that each
represent a value &cg at a specific Couette height-éxis) and scan number-éxis).

The panels are dividadto the two flow regimes where data measurea @ < 1 and

0 "Q > 1 are on the top and bottom row, respectively0AQ < 1, %¢g 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!, a clear gadient develops from low to higbes with decreasing Couette height. At
shear rates from 25" to 500s?, 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 botom 25% of the Couette. A&t "Q > 1, %es 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 sheakeéepthe suspensiohomogenized

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 datat@tQ > 1 show that heterogeneities can be ralbrs

eliminated via the preshear of 2508 s
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Figure5.9: Results fromspatiotemporally resolvedRheeVSANS measurement
performed at ten shear rates. Each panel sh@uyss a function of time
and normalized Couette heigh®,"Q, as shown by the coordinate ®m
on the top right. The color legend on the bottom right is used to depict
different values ofsecs. The top five panels are measured at shear rates
where6 "Q <1 and the bottom five panels at shear rates whéee > 1.

5.6 Discussion

The observatios presented here show that two distimehaviorsin both the
macroscopic properties and the microstructure of sheared carbon black suspensions can
be demarcated using the inverse Bingham nundb&, ,j, . Ford Q > 1, open,
branched agglomeratesdergo a sel§imilar bre& upwith increasing shear rate. This
microstructural behavior is reflected in a reversible sti@aning behavior as well as a
stable volume fraction distribution along the height of the Couette 6Ffr < 1,
shearing resudt 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 processaggtemerate
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bonds are ex@nged for intreagglomerate 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 apparenstress response that arises due to sedimentation.

Sedimentatiorf particles in suspension has been observed previously fer non
Brownian suspensions as well as aggregating colloidal suspe{sidrks50]. Acrivos
et al have shown that for neBrownian suspensions, a balance betwéeasnduced
diffusivity and sedimentation exists so that the onset of sedimentation is predictable by
the order of magnitude ® Whichrelaiesgiscdusferces Shi e |
to gravitational forcefl48]. In this model, whep is o order of magnitude greater than
1, viscous forces dominate and the particles should resuspend or remain suspended
under shear, and wheénis of order of magnitude less than 1, gravitational forces
dominate and the suspension is expected to sediment undeh e ar . The Sh
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 uatim

5.3, this parameter depends on the viscosity of the suspefididg— , the density

difference between the two phases in the suspengion,” , the shear

rate] , the gravitational constanf) and the original thickness of the resuspension layer,

"Q [148]

o -—— (5.3)
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An estimate of the Shieldsd parameter
6 "Q > 1 and6 "Q < 1. For the original thickness of the resuspension |&@erthe
height of the Couette in the RRMSANS experiments is used so tf@at= 36 mm.
From this estimate, the shear rdtejs set as the shear rates bounding the two flow
regimes, which are 500'sand 400 ¥ for 6 "Q > 1 and6 ‘Q < 1, respectively. To
determine the density of the agglomerates, , a fractal dinension,O , and

radius of gyration)Y ; , is estimated for both flow regimeSrtom the fit in Figure

5.6b, he open structures formed@tQ > 1 have a fractal dimension & =25
and a averageadius of gyrationofY;, = 2 em. The aggd@mer ates
1 are outside of the size range measurabld3PANS (15 em or | arger)

compact than the structures formeadaf) > 1. For the purpose of this estimation, the
aggbmerates formed & "Q < 1 are assumed to have a radius of gyratiolf gf =

15 em and a f rQ@pc t=a2l7. While the radtus af gyratmoh used here

is at theupperboundary fromUSANS, the order of magnitude ofremains tle same

for 'Y; 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 agglomerat,  ,using Equation 3.67]. Due to the porosity of the

primary particles comprising the agglomerates as well as thetafmaturel  is

small and less than 0.1 in both flow regimes. The calculBted, is used to

calculate the density of an agglomeréate, . Using these paramet e

parameter isound to beof theorder ofmagnitude 1 fob Q < 1 and ofthe order of
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magnitude 10 fob "Q > 1. This estimation suggests that sedimentation will occur at

0 Q < 1 and viscous resuspension will be possibledafd > 1. Although this
calculation does not account for the effect of hydrodynamic interagfibag it agrees

with our experimental results, where vertical concentration gradients are observed for
0 "Q <1 and a homogeneous suspension is observed Tor> 1.

The initial decay in stress observed upon flow gigrat all shear rates logically
suggests a timdependent microstructural transformation. Therefore, both the applied
shear rate and the tinalowed for restructuring plays an important role in the apparent
macroscopic properties of the suspension.6Af2 < 1, this restructuring time is
convoluted with the continuous sedimentation that occurs over the entire shear time. To
determine the retave importance that the sheaduced microstructure and
sedimentation have on the apparent macroscopic prop&tiesaveraged over the
measurable Couette height ahdQ are plotted against the applied shear rate inrew)
5.10b and5.10a, respectiely, for different times throughout the RREGANS test.

Both 6 "Q and%es remain nearly constant at shear rates wbei@ > 1. At6 "Q <1,
however, the effect of the growth and densification is clear. For the initiale20Dds

the apparent sss decreases significantly, but the averdgagdover 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 thapparent stress at early times. At longer times, sedimentation aoclirs

the reduction irfee averaged over themeasurable portioof the Couette geometry
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generally corresponds with the further decrease in apparent stress. From this, it is
evident thathe agglomerates first go through a microstructural transformation and then

begin to settle as a result of this transformation.
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Figure5.10: Summary of result§rom the spatiotemporally resolved RRESANS
experiment (a) Apparent flow curves plotted as inverse Bingham number
against shear rate measured at different times where open symbols
represend "Q < 1 and closed symbols represéniQ > 1. The value ab
= 0 s (red circles) was obtained by extrapolativgttime dependent stress
response. Other flow curves were take® at300 s (green pentagons),
= 1800 s (pink triangles), and at the final tim@&ef4800 s (blue triangles).

(b) Different time points obes averaged over all measurable Couette
heightsplotted against the applied shear rate.

154



It is important to note that this behavior may be present in other suspensions that
display longrange attractions between particles that lead to dsecgke structure
formation. This can become a complicatifagtor in applications that require long
periods of flow and in measurements aimed at probing the-depandent properties
of a suspension. For parallel plate and cone and plate geometries, the volume fraction
may not be evenly distributed across thp,gasulting 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 actugllme fraction being measured is variable.

The measured shearduced microstructural evolution of this suspension of
carbon black in propylene carbonatdidates observations that have previously been
made in the literature concerning the complex rhgiold behavior of carbon black
suspensions. Our measurements show that & < 1, thetwo transient behaviors
observed in thetress and conductivitfFigure 5.5)arise due to the densification of
agglomerates and resulting sedimentafidns densifiation process has been observed
previously by Osujiet al for carbon black suspended in tetradecptigd and is a
common explanation for the shedgpendent macroscopic properties of carblackb
suspended in a variety of media. Our results confirm this observation and show that
sedimentation gives rise to additional geometependent complexities.

Tunability of macroscopic properties such as the yield stress and conductivity
arecommonly olserved in carbon black suspensi¢h8, 72]and are consistent it

the exchange of inteagglomerate bonds for integglomerate bonds via densification
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upon transitioning frond "Q > 1 tod "Q < 1. This exchange results in a decrease in the
degree of jamming with a decrease in shear rate where a weaker netwdrievea
after shearing at low shear intensities as illustrated iar€tgl1. Additionally, due to

the sedimentation that arises from this structural densificatican be expected that
shearing for longer times at a shear rate wikei@ < 1 will result in a progressively
lower yield stress and conductivity. Further, tggparent shedhickening behavior
shown in Figire 5.3c and observed by Osuwgt al [71] and Narayanart al [3] is
directly identified as resulting from the erosion of deesifagglomerates and capture
of propylene carbonate into the internal agglomerate structureré®d 1) when the
stress exceeds the macroscopic yield stress. Due to sedimentation, this apparent shear
thickening transition becomes more severe with inongashear time, as is seen in
Figure 53c.

Our experiments measuring rheology, conductivity, and microstructure show
that the Atrued yield stress of the presh
two microstructural and macroscopic trajectories ustiear flow. The first, & Q >
1, is characterized by classical reversible thixotropy where the agglomerates restructure
due to the imposed hydrodynamic stress of the flow. The secord,(at< 1, is
identified by the densification of agglomerates due to a balance of the skearastd
developing elasticity of the network. This latter flow region is heterogeneous and
subject to sedimentation during flow. Bgleveloping a criterion based oa
dimensionless group that takes into account the yield stress of the presheared

suspensionthis 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.
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Figure5.11: lllustration of the two structurahiegories 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 formaeat
1 and (b) strongly connected network comprised of the small, open
agglomerates formed at"Q > 1.

5.7 Conclusions

RhecUSANS and spatiotemporally resolved RAéSANS measurements have
been used to identify two sheaduced microstructural trajectories #isuspension 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



of these two rheological behaviors are demarcated by the inBargham number,

6 "Q ,j, ,which determines the transient nature of the suspension under shear. For

0 "Q > 1, open, relatively small agglomerates are formed and the suspension remains
homogeneous under quaseady conditions. In contrast, for'Q < 1, a sheadriven
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 effectedimentation. fie
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 sedimentatiom&ésured
transient microstructural behavior and resulting change in macroscopic properties have
implications for applications where processing or -asd require extended flow
periods. This microstructural characterization helps to explain many obsesvatite
literature regarding carbon black suspensions including tunability of the yield stress and

elasticity, an apparent shatickening behavior, and transient macroscopic properties.
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Chapter 6

SHEAR-DEPENDENT STRUCTURE-PROPERTY RELATIONSHIPS:
REVERSIBLE THIX OTROPY & THE MASON NUMBER

6.1 Introduction

Many parts ofthis chapter appear in a manusctipat is under reviewn the
Journal of Rheology i t Mieraktructure and Rheology of Reversibly Thixotropic
Carbon Black Suspensism 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 ptective equipment and spormpparel[20-22]. Although te rheological
behavior of these suspensioiss been widely sudied, a more foundational
understanding of the underlying behavior ofst&uspensiosirequires microstructural
information[23, 152] Many suspensions of interest are colloidally unstable, resulting
in the formation of flocculated or aggregatedistures[25, 153] In these scenarios,
the rheology becomes directly related to the size and number density of particle flocs
[23]. This distributionof floc sizesevolves in response to an applied deformation and
depends on factors such as particle gdde 154, 155]the nature of the particlearticle

interactiong24, 44, 155] and the shear histof23, 48, 136] Therefore, a need exists



to develop relationships betwedhese factors and the microscale and mesoscale
suspension structure. While many studies have focused on understanding floc formation
under quiescent conditiog5, 156] as well as the shedependent floc structure in
dilute colloidal suspensionfs0-53, 157, 158]it has proven challenging to measure the
sheardependent floc structure in concentrated suspensions. As these higher particle
loadings are relevd 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,ride structural rearrangements that in turn affect the
rheological properties of the suspendi®®, 136] These structural rearrangements take
place over a systewtlependent period of timgl8, 49] and manifest themselves as
changes in the floc siZ®&0-52], the internal floc structur@t0, 51, 53, 61]and the
degree of floc anisotrop$p4-60, 139, 14Q]For dilute suspensions of polystyrene latex
particles, Sonntag and Russel studied the effect of fluid stresses and floc cohesive
strength on these rearrangements by perforreigitu small angle light scattering
measurementfs1]. 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 c{b¥¢ Additionally,
measurements of the floc structure before and after shear showed -#ndheed
densification from a fractal dimension of 2.2 to Z88]. Similar densification has been
reported by Harshet al and by Sommer, where the fractal dimension was found to be

both system and processing depend®&3 61] Limited studies of concentrated
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suspensions have focused on ustinding the sheanduced formation of anisotropic

floc structures under shear and their effect on rheological propfgfied36, 140]

These anisotropic structures form in specific shear regjs#, 56, 57, 139hnd are
oriented in either the flow or the vorticity directi¢sd-60, 139, 14Q]Fewer stutes

have addressed the effect of shear on the internal floc structure and the floc size at high
effective volume fraction with significant yield stres§43, 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 infdisity0]

While these studies point to a systematic behavior of shdaced floc restructuring,

a unifiedexperimental 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 classudftiirad, flocculated
suspensions that find many applications, e.g., tire rubbers, inks and paints, plastics,
battery electrode slurries, and fuel cell catalyst [dkgl, 5] These suspensions exhibit
many useful, or sometimes undesirable, sldegendent behaviors such as thixotropy,
tunability of conductivity and yield stress, apparent stieiakening behavior, and
shearthinning behavior that are attributed to shiealuced changes in floc or
agglomerate structuif@, 18, 54, 57, 71, 72]As discussed in Chapter Inder 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 sdpporte

by other studies, including that presented in Chaptgt65 54, 56, 57, 71]With
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increasing shear intensity, these three regimes consist of vediigjtyed flocs, which
disintegrate to form large, dense agglomerates that eventually break up into smaller,
more open agglomerat¢46, 54, 56, 57, 71]This transformatin 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 Binghamber,6 "Q, which
compares the measured stress to the yield stress of the suspéblsiat 6 'Q <1, in

a low shear rate regime, large and dense agglomerates are formed, which sediment under
shearleading to rheological anomalies. The transition to higher shear rates,aire

> 1, leadsto the formation of stable, small, and open agglomerates and an apparent
sheatthickening behavior. In this high shear intensity regime, the viscosity exhibits a
shearthinning behavior, where the internal structure, or fractal dimension, of
agglomeratesis sheatindependent and the size of agglomerates decreases with
increasing shear rate as expected for reversibly thixotropic suspe€ipri@uestions

remain, however, as to the generality of this detailed strupnogerty relationship

across a broader range of carbon blacks and suspending fluids, or in other words, across
systems with laye 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 arahalyses. Specifically, the structural evolution in the third,
high shear intensity regime (Q > 1) is studied by quantifying the sheaduced

agglomerate structure simultaneously with the rheology in a variety ofshigttured
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carbon black suspemsis. The factors that are considered to control agglomerate break
up in this work include primary particle and primary aggregate -n&mamicro
structures, interparticle interaction strength, suspending medium characteristics, and
volume fraction. Theseattors 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 volumedctions. Rhed/SANS and Rhe@JSANS measurements were
used to directly measure the shdapendent primary particle, primary aggregate, and
agglomerate structure at a range of steady shear rates. The obsensahilself
agglomerate break up is found tepend 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 eght suspensionstudied are listed in Tab&1 These gspensions consist
of two conductive carbon blacks, Vulcan X2 and KetjenBlack E®00JD
suspended in two Newtonian fluids, propylene carbonate and light mineral oil, at three

volume fractions above the mechanical percolation thresbld, = 0.12,0.20, and
0.27, wheréo is defined in Chapter 3 and in Richaetsal [7] These suspensions

wereselectedo evaluate theombinedeffect of particle loading, interaction potential,
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suspending medium, and building block characteristics on stieardependent
agglomerate structur&tock suspensions were prepared at the bigl@ume fraction
studied by following the homogenization protocol describe&eontion2.3 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 characterizaf@®, 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.

Table6.1: Summary of the eightarbon blaclsuspensions studieBold %. indicate
stock solutions.

Carbon black type Suspendingluid Weight % fra?:/t(i)cl)lrj]r,;eo
Vulcan XG72 Propylene carbonate 3.5, 5.75,8.0 0.12, 0.200.27
Vulcan XG72 Light mineral oll 49,8.0,11.1 0.12,0.200.27

KetjenBlack EC600JD Light mineral oll 25,35 0.20,0.27

6.2.2 RheologicalM easurements

Selfsimilar structure flow curves were constructed using an ARt@er MCR
301lstressontroll ed rheometer at 25 eC equippe

titanium bob (OD = 50 mm, ID = 49 mm, truncation gap = 0.05 mm) available as a
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sample environmerdt the NIST Center for Neutron ReseanchGaithersburg, MD,
USA [97]. A protocol developed for these thixotropic suspensions is followed as
described previously by Hipgt al [46] and inSection2.4.2.2 As discussed, the yield

stress,, , was determined bytfing the flow curve constructed from peak hold tests

conducted irdescending ordeo the HerscheBulkley model in Equation 6.1:

w [ . p - . (6.1)

For this procedure, [ is the stress at each shear rate, is the yield stressf the

network set by the preshear condition, is the critical shear rate, abd is the power

law index[81].

6.2.3 RheoVSANS Measurements

The sheainduced building block and internal agglomerate $tmec was
measured using the RMSANS sample environment on thewly developedNG3
VSANS diffractometer ethe NIST Center for Neutron Research in Gaithersburg, MD,
USA [95]. The scatteringmeasurements were performed oaéyrangeof 1.5 1 0
>>331 "tAL with_ =7 6 a_pd = .IF8uMconverging neutron beams
pass through a 45 mm tall by 12 mm wide aperture to enable simultaneous measurement
of the entire] range in five minute increments siturheological measurements were
performed using an Anton Paar ME&R1 stressontrolled rheometeaat 25 e C equi p

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 # flow-vorticity (1-3) plane These measurements were
performed by applying a preshearfof 2500 & for 600 seconds and immediately
stepping to the shear rate of interest, which was floel8000 seconds while scattering
data was collected. The VSAN&td were reducetb absolute scale using IGOR Pro

reduction protocols.

6.2.4 RheoUSANSMeasurements

The sheainduced agglomerate structure was measured using thelRBENS
sample environment on the BT5 diffractometer at the NIST Centiiefatron Research
in Gaithersburg, MD, USA93]. Just as in Chapter 5, filmiffers were usedo probe a
fnrange from 1 x 16 A™1>1Q >3 x 105 A"t wherery tj_i Q& ¢ with_=2.4
A ands-_j _ = 6%.In situ rheological measurements were performed using an Anton
Paar MCR30lstress ont rol |l ed rheometer at 25 eC equ
mm long bob (OD = 50 mm, ID = 49 mm, truncation gap = 0.05 mm) aligned in the
flow-vorticity (1-3) plane For VulcanXC-72 suspensions, a titanium bob was used and
for KetjenBlack EG600JD suspensions a quartz bob was used to decrease background
scattering. These measurements were performed by applying a preghea2500 &
for 600 seconds before stepping to theas 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 Vuleah XC
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suspensions and 32,000 seconds for KetjenBEE&K00JID suspensions. The USANS

data were reduced to absolute scale using standard IGOR Pro reduction pf@8&jcols
Data werdit to theslit smeared hierarchical fractal model describe8ention

2.5.3.6using theSASVIEW software packagd 07]to extract the shear rate dependence

of the radius of gyration of carbon black agglomerdtagsng was performed by fixing

eight of the ten parameters and freely fitting the agglomerate fractal dime@sjon,

and the agglomrate correlation length, . For the higher volume fractions, a

structure factor between agglomerates that is not included in the model is observed at

low 1) as a decrease in scattered intensity. To remove fitting errors from this structure

factor, hie lowr| range was limited for these cases with the goal being optimization of

the fit to the slope and the fit to the plateau in inten3ihe initials fits provide values

forOy for a single suspension that were shiedependent within thetferror. 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 andYield Stress

Flow curves for the eight suspensions studied here are shown in Figure 6.1 along
with the fits to tke HerscheBulkley (HB) model as the corresponding lines. Similar to

the data shown in Chapter 5, the stress response exhibits a typical power law slope at



high shear rates and trends to a yield stress plateau at low shear rates. The dynamic HB
yield stres, critical shear rate, and power law index for each fit are in App&ndike
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 pr¢i@dl6, 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 sedimeatats discussed iSection2.4.2.2
[49, 68, 79, 8Q]

The family of flow curves shown in Figure 6-taare conveniently collapsed
when plotted on coordinates defined by the HB model, as observed in Figure 6.1d. This
dynamic similarity suggests that the physical proegsesponsible 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 processeafforded by hierarchical microstructural

measurements, as shown in the following section.
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Figure6.1: Measured flow curves and Herscligllkley model fits for (a) Vulcan X€
72 in propylene carbonate, (b) Vulcan X@ in light mineral oil, and (c)
KetjenBlack EG-600JD in light mineral oil. (d) Dimensionless plot for all
flow curves plotted according to the HerseBelkley equation.

Trends in the HB model parametare evident in Figure 6.2. The yield stress is
directly related to both the number astiength of inteiagglomerate bonds in the
network[23, 155, 160, 161]The number of bonds is expressed as an areal bond density,

%o0] &, where%ois the voluméraction andis theradius @ particles comprising the



network[155]. Thus, the yield stress increases with volume fractismplaserved in
Figure 5.2a. The yield stress also increases with the strength edggiemerate bonds,

O , Which is calculated by taking the maximum in the first derivative of the
interaction potential23, 155, 160] This trend is observed iRigure 5.2a for the two
families of Vulcan XCG72 suspensionsvhere the Hamaker constant in propylene
carbonate is higher than in light mineral @iable 2.}, leading to stronger interpanle
bonds. The combination of these two effects is summarized in a model for the yield

stress (Equation 6.2%5, 155}

, 6—"0 , (6.2)

wherethe proportionality constan®, is systemspecificand seems to depend on the
network topology Equation 6.2 enables estinati of the cohesive forcebetween
primary aggregates in the suspension from the measured yield stress Ivalesld

be noted thathis estimated cohesive force lacks information concerning the effects of
thermal energy, rate of force loading, and the distribution of cohesive {@62s163]

The critical shear rate from the HerscBeilkley fits,| , is the inverse of a
characteristic time in the suspensid®4-166]. For soft cdloids, Nordstromet al
observed a decrease in this characteristic time with increasing volume fla&&in
which is the general trend observed in Figure 6.2b. We also observe that increasing the
suspending medium viscosity decreases the critical shearFragdly, as shown in

Figure 6.2b, the power law inde&, , varies systematically betwedn50 and 0.75
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indicating sheathinning, where stronger shetfiinning is observed for higher volume

fractions and for the suspensions in propylene carbonate. The numerical value of

can then be assumed to depend on theifspeffects of shear on the microstructure.

The fact that

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 sh#anning behavior.
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Figure6.2: Parameters derived from Hersclellkley 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

aggregtes.

6.3.2 ShearInduced Primary Aggregate Structure and Anisotropy

To understand the varied shdhmning behavior observed for these

suspensions, small angle scattering experiments were performed over length scales
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corresponding to the primary particlerimary aggregate, and internal agglomerate

structure. Note that the accessible range measured here is larger than that

corresponding to the floc size. The results of these measurements are showmen Fig
6.3as a function of applied shear rate for t@presentative suspensions of Vulcan-XC

72 at% = 0.20in light mineral oil (Figire 6.2&) and in propylene carbonate (tig

6.3p). Two key observations are evident from these measurements. The first has been
observed in previous work, where g@ttered intensity at highremains constant with
increasing shear rate for all suspensions studiéfl This confirms that the primary
particle and primary aggregate structures are shdapendent and the parameters
describing these two levels of structure can be fixed in the hierarchical fractal model.
This result is a consequence afngde 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 Armstronet al [82].

The second observation comes from the -timoensional scattering data
measured in the floworticity (1-3) plane shown in the inset in Figure 6.3a and Figure
6.3b. The images capture therange fom 1.51 '2A*'t0331 '$A? which
corresponds to the internal agglomerate strucflinese 2D patterns are isotropic and
are representative of the behavior for all suspensions measured. This result is contrary
to prior studies on theheardependent structure of colloidal gels. In these studies,
formulation and sheatependent anisotropic scattering patterns are observed in the
flow-vorticity (1-3) plane as well as the flegradient (12) plang/54-58, 60, 140, 141]

For example, the system studied by Hoekstral 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, respeid@]y Similar
observations of anisotropycalg the compression axis have been made for colloidal gels
that exhibit shortange attractiongb5, 58, 14]. Additionally, the isotropic scattering
patterns in Figure 6.3 suggest that the vortialigned structures commonly observed

in carbon kack suspension®4, 56, 57]are notobservable in the range of shear rates
studied and in the length scales probed. Such sheéaced heterogeneities are not
anticipated for these measurements given that the shear rates and gap width used are
consistent with conditions identified by Greda&t al. where vorticityaligned flocs do

not form[56]. The sheamdependence of the scattering curves at fjighd the absence

of anisotropy in the twalimensional sattering data emphasize that the relevant shear
induced structural changes are to be observed at lower scattering angles, as afforded by

RhecUSANS measurements.
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Figure6.3: Results from Rhe® SANS measurements at selected shear rates and in the
quiescent statfor suspensions of Vulcan XI2 at% =0.20 in (a) light
mineral oil and (b) propylene carbonate. Fdimensional data shown
were measured infar ange fr CGAI'>IA®5 31 31 0fand 071 4
for shear rates of (a) 500'and (b) 15008 No changes in primary
particle or primary ag@gate structure are observed, nor any simerced
heterogeneities or alignment

6.3.3 RheocUSANSMeasurements ofAgglomerateStructure

Scattering measurements corresponding tonger length scales from
approxi mat el yareGho&nireFigure 604fthe@ight smspensions studied
at a range of steady shear rates. For each suspension, the scattering curves show a similar
qualitative behavior to what was described in Chap{é6h At high rj corresponding
to length scalesmaller than the agglomerate siassheaindependent power law slope
is observedThisindicates that the internal structureloéagglomerates is not changing
with shear rate. The slope of this power lgwlds a massfractal dimension where

™ x N [105], however because of the slinearing of the USANS instrument,
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acarate determination of the fractal dimension requires inclusion of the instrument
resolution[93, 9. 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 g intensity characteristic of shHeduced reduction in the size of
scattering objects with increasing shear rate for all samples. In order to quantify the
evolution in agglomerate sizthe scattering intensity was fit to the hierarchical fractal
model described in Section 2.5.3.6its of the hierarchical fractal model tioe slit

smeared scattering data are shown in Figure 6.4 as (black) lines.
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Figure6.4:RhecUSANS data and fits to the hierarchical fractal model for suspensions
of (a) Vulcan XG72 in propylene carbonate, (b) Vulcan X@ in light
mineral oil, and (cKetjenBlack EG600JD in light mineral oil. Lines show
fits to the hierarchical fractal model. Data are scaled as indicated for

clarity.

Thefitted values ofY ; andOp are extracted at each condition and are
summarized in AppendixC. The fractal dimension of theagglomerates varies
depending on the type of carbon black where Vulcarn72@gglomerates have a fractal
dimension oR.5and KetjenBlack E&G00JD have a volume fractiatependent fractal
dimension of2.6 to 2.7 Similar fractal dnensions have been observed for sheared

flocculated suspensions by several authiéfs 51, 53] In thesestudies,small angle
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light scatteringresults 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 selfsimilar lreak up observed here has been observed by
Sonntag and Russel for dilute polystyrene particle susper{sibjend is an important
assumption made in population balance modeling for thixotropic suspef@bpns

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 ofY ,  with increasing shear intensitidditionally, a decrease il j

with increasing suspending medium viscosity,, is observed by comparing
suspensions of Vulcan X@2 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 flof5%jz83, 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.



4 4
10 1 10 1
(a) (b)
6 Qe 6 @
5 ‘\‘ 5 .
® o @ .. @-9
) <. ° ! g )
3 S ‘&‘x‘ 3 S
~~ @v‘ - TE- - ._,_::.. ~~ @,::*~ & - -
g e, Raa|E 2 g ®
~— N v ~— N S N
50 Seal S b0 . & o
& 3 R " .. ° E : 4 R
5 10 7] A % 5 10 7 - ..
TA S| A &
Mm RRRE g a4 AL LA
6 6
5 ¢eff 5
410.27 0.20 0.12 4
3|-<- -E- Ketjen in mineral oil 3
=A- -&- -6- Vulcan in mineral oil
5" A- -¢- -@- Vulcan in propylene carbonate »
68 2 4 68 2 4 6 "2 468 2 468 2 4
100 1000 1 10 100
V(s op(Pa)

Figure6.5:(a) Agglomerate radius of gyration from fits to the hierarchical fractal model
plotted against the applied shear rébg.Agglomerate radius of gyration
plotted againtsthe fluid stress, -T.

Both Figure 6.5a and 6.5b show an inverse relation betwieerradius 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
shouldincreasewith increasing volume fraction. Another observable trend is the effect
of interparticle interactions on the agglomerate sizesB@wvnin Table 2.1 for a
suspension of Vulcan X2 in propylene carbonate, particles have a higher attractive
strength andherefore 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 suspensiofisl]. Importantly, the suspension viscosity that arises
due to the agglomerate structure was simultaneously measured during tHé3¥¢s
experiments at each applied shear rate and is reported in Figure 6.6. The viscosity
measured at these high shear rates is g¢hearing and the measured values align
closely with the stresses measured in Figure 6.1. This-gfiaamg behavior is a
signature of reversible thixotropy that occurs due to the reduction of the hydrodynamic

volume fraction of agglomerates with decreasing [§5¢
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Figure6.6: Bulk viscosity measured during RREGANS expements 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
presentedn 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,’O , divided by the cohesive forces holding particles togetiaer, [51,

53, 55, 59, 167, 168]For complex systems such as carbon black, which have
polydispersity, stface roughness, and irregular shapes, the details of the interparticle
interactions are challenging to calculateriori, which makes itlifficult to determine

the appropriate form 6D . Therefore, in this study, we follow the approach of
Eberleet al [55] and estimatéO using Equation 6.2 withtheyield stress from

the HerscheBulkley fits.

The shear force that causes aggl omer at e
equation, which defines the shear force'@s ¢, & [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 suspensieds studi
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™O @' A® using an effective medium approach where it is tstded that
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the hydrodynamic stress driving agglomerate break up has contributions both from the
fluid and the suspended particlgd5, 136] Comparing this shear force with the
cohesive force between patrticles yields a dimensionless Mason number, Equation 6.3,

as:

DOi EDa0QdE —— 6¢°% —8 (6.3)

A plot of theagglomerate size normalized by primary aggregate size versus this
modified Mason number shown in Figure6.7.For each family of suspensiorisyas
held constant and was set to a valtig for Vulcan XG72 in light mineral oil and 1 for
suspensions of Vulcan X@2 in propylene carbonate and KetjenBlack-&IDJD in
light mineral oil. This form of the Mason number collapses all data sets and correctly
predicts the relative ratio betweshear and cohesive forces wher@a p, shear
forces dominate and agglomerates bre@k The agglomerate size decreases with
increasing Mason numbeas Y * 0 & 8. This power law scaling of the
agglomeratesize is greater than thie¢ 8 scaling determined by Varga and Swan in
simulationswhere 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 nuniber, 0 ¢ 8[59], which is arguably
more relevant to this study as scattering measurements are heavily weighted by t
largestagglomerate size. Notwithstanding this numerical difference, this common

scaling behavior across thght suspensions studied shows that the underlying physical
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processes of shearduced break up and aggregation of the primary aggregates to form

the agglomerates is common across this range of carbon black types and suspending

fluids.
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Figure6.7: Agglomerae 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 offte selfsimilar agglomerate break up with the Mason number in
Equation 6.3 can be rearrangedrore clearlyemphasizé¢he 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 tha¥ ; * 0 & enables expression of the viscosity

as:

- ped& pIDYj (6.4)
where 0 ¢ is defined using the medium viscosity in Equation 6.3 and the normalized
agglomerate radius of gyratioty, ; Ye 1Yk p. By fitting the data in
Figure 6.7 to a power lashe empirical fit constané), is deermined to b&5.5+ 1.80
for all suspensionsThe 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
semiempiricalprediction for the relative suspeos 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
devel@ 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 itself59]. Rather, additional knowledge of the microstructure in terms
of the normalized agglomerate size as a function of sheds ra¢eessary to reduce the
viscosity to a common curve for a broad range of samples.

The structuregproperty relationship shown inigure 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 suspensigpecific power law slopes and critical shear rates

18¢



from fits to the HerschaBulkley model. These HschelBulkley parameters depend

on the microstructure in a systespecific mannefl66, 169] which must be accounted

for in any constitutive model. A signature of reversible thixotropy in these systems is
that the sheathinning behavior arises as a consequence of tlisisglar breakup of

carbon black agglomerates. Consequently, even in the absence of any macroscopic
phase separatiofd6, 57], any constitutive model for this class of thixotropic
suspensions will necessarily require auxiliary microstructural information, such as
typical in semiempirical structuréinetic models[66, 67, 170] or more recent,
mechanistic population balance modgs, 69] Whether remarkable data reduction
extends to otér thixotropic systems, e.g., fumed sili&, 171] rouleaux in blood

[172], and flocculated suspensiofigll] remains to be determined.
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Figure6.8: Specfic 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 suspesionspresented irChapter 5 to demonstrate a common behavior for the
hierarchical microstructure, yield stress, and stiganing viscosity for a range of
carbon black primary particle structures, suspending fluids, and concentrations. A
combination ofRhecVSANS and RhedJSANS measurements provide the critical
understanding of the sedimilarity of the underlying physical processes that govern the
suspension microstructure and their dependence on the chemical nature of the

suspension. Neutron scatteyiresults show seBimilar brealkup 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 isigntitatively understood in terms of a dimensionless
Mason number) &, which compares the volume fractidependent shear force driving
agglomerate breakup to the cohesive forces binding agglomerates together. The analysis
presented here reconciles manpservations in the literature concerning shear
dependent floc structure and expands upon these studies by considering the effects
encountered at high volume fractioms these casespnsiderations of shearduced
microstructural rearrangements provaleational 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 conductivitys explored n 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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Chapter 7

SHEAR-DEPENDENT STRUCTURE-PROPERTY RELATIONSHIPS:
CHARGE TRANSPORT

7.1 Introduction

A goal of this thesis is to understand the fimsluced evolution of the electrical
properties of carbon black suspensions. This goal has roots in applications such as the
semisolid flow battery, where carbon black is used asomadactive additive in a
flowable electrode slurrj4, 10] and is motivated by the need to understand flow rate
dependent particlparticle charge transport in slurries used for evatreatment
processeg[173, 174] and electrochemical flow capacitofd75, 176] In these
applications, it is desirable imaximize 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 ones at odds with the minimization of the other. However, this is
shown to be naive by recent studies of sheared carbon black suspensions, where a
measured shedhinning behavior is coincident with an increase in conduct[@ityl 7,
19]. Additionally, as shown in Chapter 4, the network responsible for electrical
percolation is not necessarithe same network of intimate partigtarticle bonds
required for mechanical percolatidi@]. 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 compledepbadent



relationship between viscosjtyonductivity, 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 suspensiynsimultaneously measuring the
rheological and frequeneyependent 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 incregdidgand decreasingt4]
conductivity are observed with increasing shear rate, making it difficult to form
conclusions concerning the mistauctural behavior by these indirect routes. In an
effort to explain these opposing trends, Meetisal 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 sheainduced particlgarticle collisions [64]. In recent years, many
studies have followed this foundational work and continue to measure both increasing
[3, 19] and decreasingl18] trends in conductivity. These studies offer no clear
consensus as to the microstructural and dynamicnooifgihese behaviors and largely
disregard the informatierich frequencydependent dielectric response that provide
insight into the mechanisms underlying charge transport.

In this chapter, the missing microstructural information in these studies is
addessed by leveraging the direct structural measuremesgentedn Chapters 5 and
6 to understand the shedgpendent charge transport properties of carbon black
suspensions. The suspensions studied consist of Vulcaf2X@rbon 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 regimé & > 1 where reversible
thixotropy is observe@®6]. In this flow regime, the agglomerate size decreases in a
predctable manner with increasing shear intensity, leading to a qadnteifiecrease in
agglomerate or hydrodynamic volume fraction. The skdependent change in charge
transport processes is measured by performingdiedectric measurements at a range

of frequencies. These measurements are used to understand the underlying factors that
determine the conductivity by fitting the frequerdypendent 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-dbpandent
microstrudural evolution, the twdifferent suspending fluids lead dépposing trends in
conductivity when plotted against shear rate and agglomerate volume fraction. These
findings are used to discuss the relative weighting of the effects fromisdeaed
collisions and hydrodynamic volume fraction in determining the stiependent

conductivity.

7.2 Materials and Methods

7.2.1 Materials
The suspensions in this study consist of Vulcar?2arbon black suspended
in two fluids: light mineral oil and propylene carbonate. These samples were prepared
at the same three concentrations listed in Table)%.1,= 0.12, 0.20, and 0.2%o
is the sheamdependent effective volume fraction and as defined in Chapter 3 and in

Richardset al [7] anddescribes the volume taken up by primary aggregates. The stock



suspensions were prepared at the highest volume fraéson £ 0.20)using an IKA

T 18 ULTRA-TURRAX mixer with a high shear screen dispersing tool imjwaction

with the high shear homogenization protocol outline®éttion2.3. 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 hissay, 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

Rheadielectric measurements were performeahgs TA Instruments ARES
G2 straincontrolled rheometer equipped with 34 mm long custom built Couette
geometry (OD = 27 mm, ID = 26 mntell constant = 6.24 [7, 115, 116]
Simultaneous dielectric spectroscopganurements 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 Agilent 4980A LCR metewith a frequency
rangefrom 20 Hz to 2 MHZor suspensions in propylenerbanate. 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 performed5aPQ@ 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 rotatiegctip 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, theample was loaded and conditioned using the
protocol outlined irnSection2.4.2.1 The shear protocol consisted of repeating triplets
of a preshear for 600 seconds at 2560a% immediate step to the shear rate of interest
for 1000 seconds, and the cegsabf shear for 600 seconds. Shear rates were applied
in decreasing order and only include conditions in the stable, high shear flow regime at
6 "Q> 1. During these shear steps, repeating dielectric frequency sweeps of 51
logarithmically spaced pointswere 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 des@#ettbm
2.6.2 Data were reduced to the complex permittivity] , as described in Equation

2.27.

7.23 7 4| - o g>alqgation

In this chapter, the hydrodynamic volume fractiodefined agshe agglomerate
volume fraction%o. , which takes into account tisheardependentolume taken up
by the aggbmerates. 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 aggredgaies,was calculated using
structual parameters from neutron scatterifgst, 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
systemspedfic constant. This Mason number was used to calculate the agglomerate
radius of gyration using Equation 7.1.:

Y i o
h Y i p c@bhe 8. (7.1)
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The agglomerate correlation length, , was then calculated using Equation 2.23 with
theagglomerate radius of gyration and the agglomdrattal dimensionQ = 2.5.

To determine the agglomerate volume fractiomass balance/as performed where

the total mass of carbon determir®dthe weight fractionvas required to be the same

as the mass of carbon in an agglomerate multiplied by the number of agglomerates.

Similar to the equation derived i€hapter 3, the volume fraction of carbon in an

«

agglomerately  , can becalcuhted using Equation Z.

Ef B o — . (12
Inthisequationy  andYy  come from Table 3.4 in Chapter 3 for the primary
aggregat&/alues fors  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 Wdaere

% r 1B r .Aswill be shown in the results, numbers%er vary between 0.47
and 1.75. The large, unphysical value$%ef can be attributed to the interpenetrating
fractalwithin-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[4BjdThese agglomerates
are comprised of smaller subunits, which make up the hierarchy of carbon black
suspensions. In tHeequency range measured, the response fransport acrosthese
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 eledaily conductive particle and the bulk was considered as a
collection of these particles suspended in a fluid.

Informationwas extractedrom the shearand frequencylependent dielectric
spectroscopy data in two different ways due to varying levelsoplexity 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 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 completocaueonvolution of ionic and electronic
transport processes. For this system, an analytical model has not been developed.
Therefore, only the sheadependent conductivity is extracted from the data by

evaluating the conductivity at a frequency of 20 KH25.6 rad 3) [7, 46].

7.2.4.1Modeling the Complex Permittivity in Carbon Black in Mineral Oil

Traditionally, charge transport is describedngsclusters, which can be both
finite and infinite and are not necessarily the same structures as the aggloftiéfates
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 slowte®sponse is bulk transport, which is measured at the
lower frequency rangeasY 0 and depends on the bul k
I . In light mineral oil, this bulk transport process is comprised of many individual
intercluster transport presses, which occur due to hopping events that take place over
a finite distanc¢7]. The fastest response shown is the intracluster charge transport that
depends on the effective electrical conductivity of an agglomdrate, which is a
convolution of the conductivity of carbon black and the tortuous path an electron must
takewithin 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.

bulk transport intercluster transport intracluster transport
- o ®
.. .. s o © .
.... Y ° )
- 0o g0l - o ?
E Lo ® O . O
Y 3 : e L
O OOO O O > o ®) °
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+ O o o © ®
[ ) ° °

increasing frequency

Figure7.1: Diagram describing different length scaled 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 obserd 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 7130, 178, 179]

1
1

11

- X - X
1 1 17

(7.3)

0¢ 3¢

Here, is a characteristic frequencprresponding to the time scale that demarcates
intercluster and intracluster transport processes. As described by Dissado and Hill, at
1 1 , quasimobile charges transport through clusters and at , charges hop
between clusterd110]. The two constants, andr), 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 chargiarge interactiond 10, 112] At low frequenciesadispersion

arising from the long range intersher charge transpag measured. A value of = 1

in this low frequency regime indicates systepanning charge conducting pafh80],
which corresponds to the DC conductiViyd 0, 112]

The full equation describing the ALFD response in terms of the complex

susceptibity, ..>7 , was derived by Dissado and Hjll10]. Since-*] p

1 , the large relative complex permittivity, 7 , measured here is approximately
equal to..”7 . In the derivation, the average tirdependent relaxation current is
written as the charge displacement over a number of lattice siigbtec by the

probability that a displacement will not be relaxed for both the intercluster and

intracluster regimeflL10]. The frequencydependent susceptibiliy approximatedy
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the permittivity heré was determined by taking the Fourier transform of the average

time-dependent current to give Equatiod&b [110]:

-1 0 O ) (7.4a)

Ol T — O p thp Nt E— (7.4b)

where "O is the gaussian hypergeometric function and the gamma function. The

prefactor terms are the number density of occupied sitesand the effective charge
transported over a unit displacement normalized to the thermal erergy[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 sarlgpwith] =5 x 1@ rad st, &€ = 0.6,11 = 0.9, and prefactor 3 x 10

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 conducfiviig. 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 transp¢itl3]. Theefore, 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 clusterleetrons 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-4n ] that occurs at a relaxation timg, [113]. For the
discrete agglomerate structures, this relaxation is adequately described for the

suspensions studied here using a Debye relaxitjdri 3}

_Z'| - - Y

(7.5)

When plotted, this equation shows a peak in and a relaxationin 7 . The peak
occurs at a specific frequendy, pj T, wheret is the relaxation time. The
relaxation strengtly- - - , contains the static or low frequency permityiy- ,

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= 1x 10°s,Y- =500, and- =2 is

shown in Figure 7.2 as red dotted lines.



(@) N (b)
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Figure7.2: Relative complex permittivity components{apand (b)- as a function of
frequency. The ALFD contribution was calculated for a sample]with
5x 10¢frad s, £ = 0.6, =0.9, and prefactor 3 x 4@nd is shown in blue
dashed lines. The Debye relaxation contribution was calculated for a
sample witht =1x 10°s,Y- =500, and =2 and is shown in red dotted
lines. The sum of these two terms is the model fit, wisighown 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 ddyeandent real
and imaginary componé&nof the permittivity measured for suspensions of carbon black
in light mineral oil. Fits were performecsing the bumps fitting package in pytjag1]
(see AppendiE for code). In this model, there are seven fit parameters. Fits performed
while floating all seven parameters produced excellent resultstwrdlues between
0.4 and 0.6. To reduce degrees of freedom, the data was fit by holiiieg to a value
of 0.5 which is expected for diffusive transport over tortuous pgi88]. The power
law slope at low frequencyy, and the relaxation timd, , were approximated from

gualitative inspection of the fregacy dependence ef and constrained to a small
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range. The final fit parameters are listed in ApperiiXhe conductivity for carbon
black in light mineral oil was evaluated at the lowest frequency, 20 Hz (125.8)ad s

asll - -17.
7.3 Results

7.3.1 Steady State Rheology and L |

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 measucemesg®nd to
those presented in Chaptertiee viscosity from igure 6.6 isalsoplotted inFigure 7.3
usinggrey 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 Mason number scalingesented in
Chapter 6o calculate an agglomerate size and an agglomerate volume fraction.

As described in Chapter 5, a sh#anning behavior with a power law slope
occurs in thé "Q > 1 flow regime. The power law slope asitearthinning behavior
observed in Figure 7.3a and the similarity to previous measurements confirms that these
measurements were performed in theQ> 1 flow regime where effects of
sedimentation and restructuring do not need to be consiedn this flow regime,
the microstructure is well characterized for these suspensions asisiohapter 6. At
these shear conditions, the sh#tanning behavior arises due to the ssthilar break
up of agglomerates and resulting decrease in agglomerate or hydrodynamic volume
fraction of the suspensidf5, 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



observation was made in Figure 6.6 and is discussed further in Chapter 6. Figure 7.3
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 fdle  are frequently greater than 1. As expected, tlggoagerate
volume fraction decreases with increasing shear rate and decr#asingNotablyin

propylene carbonat&. is much larger than in light mineral oil due to a larger

agglomerate size.

Figure7.3: (a) Steady state viscosity plotted against applied shear rate measured during
rheadielectric experimentdor six carbon black suspensions. In grey:
steady state viscositfor 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.
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