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Abstract

Understanding the rheo-electrical properties of electro-active yield stress fluids (EAYS)
lies at the heart of enabling the design of a number of novel applications such as smart
valves and semi-solid flow batteries. This thesis explores the rheological and electri-
cal properties of EAYS fluids, with a focus on how the presence of a deformable mi-
crostructure, which gives rise to a yield stress at the macroscale, affects the design and
performance of the corresponding devices. This thesis will focus on two representative
case studies of such devices using EAYS fluids: 1) miniaturized, rapidly-actuated hy-
draulic valves using electro-rheological fluids applied to centimeter-scale robotics and
2) semi-solid flow batteries using conductive suspensions of percolated carbon black
networks flowing in millifluidic channels. Through experimental characterization and
modeling of the rheo-electric properties of the materials, this thesis investigates the
interplay between the electrical and rheological properties of the EAY'S fluids used in
these devices. We demonstrate how an improved understanding of the flow of EAYS
fluids and the development of device-level predictive models of the key performance
metrics leads to a better understanding of the device design and operation space.

In the first part of this thesis, we characterize the field-dependent yield stress
of electrorheological fluids at different electric fields and particle volume fractions
in wall-driven and pressure-driven flow. We report a yield hardening occurring in
pressure-driven flow, as a result of a local increase in particle volume fraction. We
propose a phenomenological physical model for the densification process, allowing
us to reconcile rheological measurements from wall-driven shear flows e.g. torsional
rheometers and in pressure-driven channel flows, that are more applicable to valve
applications. Next, we extend this work by introducing the holding pressure drop
and power efficiency as key performance metrics for electrorheological valves. Using
a custom modular valve design, we investigate the effects of the aspect ratio of the
valve and electrode surface roughness on the valve performance. This study enables
us to derive design rules for ER valve design and to demonstrate their applicability
in robotic applications.

In the second part of this thesis, we characterize the rheological and electrical



properties of carbon black gels under steady and oscillatory shear flow. We assess the
influence of design parameters such as the carbon loading, surface material and choice
of additives on the rheology and wall-slip behavior of lithium polysuflide semi-solid
suspensions. We discuss the design of a new rheo-electric test fixture for controlled-
stress rheometers; enabling simultaneous measurements of the rheo-electric properties
of strongly conductive materials such as semi-solid flow battery slurries. After careful
calibration of the new test fixture, we demonstrate its relevance as a versatile char-
acterization tool by studying the rheo-electric properties of a series of model carbon
black gels at rest and under transient and steady shear. Additionally, we show that
small amplitude oscillatory shear measurements, performed concomitantly to con-
ductivity measurements on carbon black gels, allow us to precisely extrapolate the
conductivity and rigidity percolation thresholds of the carbon black gels. Large am-
plitude oscillatory shear measurements are also shown to be a useful method to study
fatigue in carbon black gels at stresses close to the yield stress. Finally, we introduce a
new pumpless design architecture for flow cells: the Gravity-Induced Flow Cell (GIF-
cell), that is driven by gravity. We demonstrate how insight into the rheological and
wall slip behavior of the lithium polysulfide semi-solid suspensions obtained through
careful characterization informs and helps optimize cell design and operation.
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Title: Professor, Department of Mechanical Engineering

Thesis Supervisor: Gareth H. McKinley
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Chapter 1

Introduction

1.1 Yield stress fluids

In our daily lives, we encounter many materials that are neither perfectly elastic
solids nor simple Newtonian fluids, and attempts to describe these materials as being
either fluid or solid often fail [1]. From toothpaste and hair gel to whipped cream
and chocolate pudding, such complex fluids exhibit a non-Newtonian behavior that
is different from simple Newtonian fluids like water or oil. A subset of these complex
fluids called viscoplastic or yield stress fluids share a common feature in that they
are able to flow only if they are submitted to a stress above some critical value
defined as the yield stress; otherwise at rest, they behave mostly like elastic solids
and may exhibit some subtle aging properties [2-6]. Many industrial applications
involve flow of viscoplastic fluids such as cosmetics (hair gel, toothpaste, shaving
cream) [7], food (chocolate, ketchup, mayonnaise, whipped cream [8,9], paper making
(pulp suspensions) [3], construction (cement) [10] and the oil industry (waxy crude oil
[11,12]) [2]. Biological materials such as mucus can exhibit also viscoplastic behavior
making these materials relevant in physiology and biolocomotion [13]. Examples of
yield stress fluids present in our daily lives are shown in Fig. 1-1.

The ability of viscoplastic fluids to transition from a solid to a liquid state, and
from a liquid to a solid state, in a reversible way results from the interactions between

the elements that compose their microsturcture. The microstructure of a viscoplas-
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Figure 1-1: Examples of viscoplastic fluids in our daily lives (a) Adhesive locomotion
of snails using mucus. Reproduced with permission [14]. (b) A collapsed extrusion
of toothpaste [2,15] (c) Hair gel (Carbopol microgel). Photo credit: Steve Johnson
(d) Whipped cream (foam) (e) Mayonnaise (concentrated emulsion). Photo credit:
Jules (f). Waxy crude oil. Reproduced with permission [12] (g) MR fluid on a plate
with an applied magnetic field. Photo credit: Yonatan Tekleab. (h) A mud volcano.
Photograph courtesy of the USGS. [2]

tic fluid can form a jammed system with apparent solid behavior, that breaks if
subjected to a large enough stress. Yield stress fluids can be sorted into different
categories depending on the nature of the elements forming the microstructure and
the interactions between them [16]. Elements forming the microstructure can vary
from colloidal-like particles (e.g. carbon black) [17] to volume-filling particles (e.g.
swollen microgels like Carbopol) [18-20] to liquid dispersions such as concentrated
emulsions [21,22] or two-phase systems such as foams [23,24]. Interactions between
the different elements can vary from attractive (e.g. carbon black suspensions or clay
suspensions) to repulsive (e.g. jammed hard sphere suspensions). A different class
of materials are electrorheological (ER) [25-28] and magnetorheological (MR) [29,30]
fluids where an electric or magnetic field controls the strength of the interaction be-
tween the particles and the fluids consequently develop a field-dependent yield stress.
Fig. 1-2 shows some examples of the microstructures present in viscoplastic materials
and highlights the diversity in structural elements and interactions that constitute

these fluids.

Due to their relevance in the many applications described previously, understand-
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Figure 1-2: Examples of different types of microstructure present in viscoplastic fluids
(a-e) Evolution of aggregate microstructure of a magnetorheological fluid [29]. The
applied field is off in (a), and increases in strength from (b) to (e). (g) Polyelectrolyte
microgels (particle diameter d ~ 0.2 um) (Reproduced from [31]) (h) Oil in water
emulsion (particle diameter d ~ 2 pm) (Reproduced from [32]) (i) Percolating 2D
colloidal network of aggregated PS spheres destabilized by the addition of salt and
surfactant. [17]

ing the flow characteristics of viscoplastic fluids is crucial for their formulation and
handling. The flow properties are typically non-linear, shear history-dependent and
can be challenging to predict due to the coexistence of solid and liquid regions in the

flow [2,3,6,7].

1.2 Electro-active complex fluids

In this thesis, our interest lies in studying electro-active yield stress (EAYS) fluids.

Here, we define electro-active fluids as conductive or dielectric materials. Conductive
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materials contain an electrical-charge carrying species that allow them to conduct
current while dielectric materials are insulators that can be polarized upon the appli-
cation of an electric field. Examples of electro-active materials are electro-rheological
fluids, battery slurries, conductive inks, ionic liquids and conductive polymers. The
non-linear rheology of these materials, coupled to their electric properties, leads to
interesting applications in a wide range of devices, whose design is often consequently
challenging. We can classify devices using EAYS fluids into two classes: ones where
we control the electrical properties and the mechanical response is the output or
the opposite where we specify the rheology of the fluid and monitor its electrical
properties. Gaining insight into the rheological and electrical properties of electro-
active materials and how they affect device design at the system level is therefore
significant for many applications. Here, we choose to focus on two case studies:
electro-rheological (ER) fluids and carbon black (CB) gels. These two classes of ma-
terials are of practical relevance as we will show in Section 1.3. Additionally, these
materials fall at the two extremes of the conductivity spectrum (ogr ~ 107% mS/cm
and ocp ~ 1073 — 10" mS/cm [26,33,34]) and are useful examples to illustrate the
interplay between flow and electrical properties in electro-active fluids and how it

affects device design.

1.2.1 Electrorheological fluids

Electrorheological (ER) fluids are materials that exhibit a reversible change in rheolog-
ical properties with the application of a strong external electric field (£ > 1 kV/mm).
They consist, typically, of a suspension of dielectric particles in an insulating carrier
fluid (¢ < 107" mS/cm) [25,35]. When an electric field is applied, the particles
aggregate and align in the direction of the field, forming columns consisting of chains
of particles, which cause the fluid to transition from a liquid-like to a soft solid-
like state [27,28,36] [Fig. 1-3]. This change in the fluid properties is very rapid
(0tgr ~ 10 ms) and is reversible upon removal of the electric field. From a rheolog-
ical standpoint, the ER fluid can reversibly transition from a Newtonian fluid when

the field is off to a viscoplastic fluid with a field-dependent yield stress when the field
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is turned on [26,37-39] [Fig. 1-3].

E =0 kV/mm E =5 kV/mm

Figure 1-3: An electrorheological fluid based on silicone oil and BaTiO3 particles (40
%wt) with the electric field off (a) and with an applied electric field E = 5 kV/mm
(Video credit: Tibor Medvegy). Electrorheological fluids have a field-dependent yield
stress and can reversibly change from a liquid to solid-like state upon the application
of an electric field E. Microchannel showing an electrorheological fluid (Rheoil 4.0,
¢ = 2%) with the field off (c¢) and an applied field of £ = 3 kV/mm (d). The change
in the rheological properties of the ER fluid is due to the observed chaining of the
particles upon application of the electric field.

These features have made ER fluids a promising candidate for an electrical-
mechanical interface and, motivated by applications they have received a great deal
of attention since their discovery by Winslow in 1949 [40]. Since then, a wide range
of materials have been shown to exhibit an electrorheological effect such as oil-based
suspensions containing starch [41,42], cellulose [43], semiconducting polymers (e.g.
polyaniline) [44-46], polymer nanocomposites [47,48], modified metal oxides [49] and
various non-oxide minerals [50,51]. These materials rely on the difference in the dielec-

tric constant between the carrier fluid and the suspended particles to induce electrical
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polarization within the particles upon application of the electric field . This type of
polarization is denoted as the dielectric electrorheological effect (DER) [52]. Recently,
a different type of polarization has emerged using nanoparticles of barium titanate
coated in urea where initially randomly oriented molecular dipoles are aligned under
the effect of the electric field. This has been dubbed as the giant electrorheological
effect (GER) [27,52]. The GER fluid can exceed by one to two orders of magnitude
the yield stress found in ER fluids relying on the induced polarization mechanism
(typically a few kiloPascals) [53-55]. Additionally, GER fluids exhibit a linear de-
pendency of the yield stress on the electric field: 7, oc £/ that is different from that
found in conventional DER fluids for which the field-dependent yield stress scales as
7, < E? at low fields and as 7, oc E'® at higher fields (26,27, 36,38,56,57]. Fig. 1-4
shows a comparison of the field-dependent yield stress in DER and GER fluids.
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Figure 1-4: Comparison of the field-dependent yield stress in DER and GER fluids.
(a) The yield stress 7, vs. Ej for 20 wt% suspensions of microencapsulated polyaniline
(MCPA) particles encapsulated with melamine-formaldehyde (MF) resin dispersed in
silicon oil. The ratios by weight of polyaniline to MF resin are 10/114 (MCPA1),
10/152 (MCPA2), and 10/190 (MCPA3), respectively. Regime I has a quadratic
relation region between the yield stress and the electric field strength. In Regime
I1, the yield stress varies with E}°. Reproduced from [56] (b) Yield stress plotted
as a function of applied electric field E for two solid concentrations of a GER. fluid.
(Reproduced from [54])

ER fluids are therefore promising tunable viscoplastic materials for use in a vari-

ety of hydraulic components and microfluidic devices including valves, clutches and
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Table 1.1: A summary of the different modes of operation of ER devices and their
typical engineering applications

Mode of operation Illustrative schematic Applications

>

Shear mode Clutches, brakes,
> dampers [62,69]
Valves, vibrators
N ’
o mare E (62,69, 73-75]

Shock absorbers,
Squeeze mode (_E ¢ dampers [62,69]

dampers [58-60]. The operating principle of such devices is based on the controlled
resistance to applied force, created by the electrorheological fluid [61]. Devices based
on ER fluids can operate under three different modes: shear, flow and squeeze [62]. In
shear mode, one of the electrodes is free to move in its plane, and common applications
include clutches, brakes and dampers [63-71]. In flow mode, the electrodes are fixed
and the pressure drop across the channel is controlled using the electric field. Valves
and vibrators are typical applications in which ER fluids are used in flow mode [72-75].
In squeeze mode, the electrode gap is varied and the fluid is compressed in the wall-
normal direction. Vibration control, shock absorbers and dampers are examples of
application of ER fluids used in squeeze mode [62,69,76]. A summary of the different
modes of operation and their typical engineering applications is shown in Table 1.1.
Other applications of electrorheological fluids include haptic displays [77], microp-
umps and microfluidic logic gates for microelectromechanial applications [27,78,79].
Finally, recent promising applications of ER/MR fluids also include the control of ad-
hesion of an object to a surface using MR, fluids [80,81], polishing of precision optical

components [82,83] and tunable soft grippers for robotics [84].
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1.2.2 Carbon black gels

Carbon black (CB) refers generically to colloidal soot particles produced from the
incomplete combustion of fossil fuels. Three levels of structural hierarchy exist in
carbon black system: they are composed of permanently fused “primary” particles or
nodules whose diameter is typically about 30 nm [85], to form aggregates of typical
size 200-500 nm. Fig. 1-5 shows TEM images of different grades of carbon black
that demonstrate these two scales of hierarchal structure. These aggregates display
short range attractive interactions of typical strength 30 kg7 [86] and form larger
agglomerates of typical size (1-100 pum) through diffusion limited cluster aggregation
(DLCA) [87]. Fig. 1-6 displays the different scales of structural hierarchy and the
fractal nature of the network present in carbon black. When dispersed in a liquid
hydrocarbon, carbon black agglomerates form a space-spanning percolated fractal
network, even at small volume fractions (typically 1 to 5%) [88-90]. The resulting
gels are reversible, as they are destroyed by large shear and reform once the flow
is stopped [91-93|. This fractal aggregate structure sets carbon black apart from
other types of conductive additives such as carbon nanotubes, carbon fibers, graphene

sheets, or graphite powder [94].

Carbon black is utilized extensively in a wide variety of industrial applications
including batteries, paints, coatings, inks and water treatment [96] as well as filled
rubbers and tires [95,97,98]. CB serves as an additive to convey protection from ultra-
violet light [99,100], increase toughness [101], improve processability and to enhance
electrical conductivity [97,102-104]. By changing the primary particle properties and
the manufacturing process of the carbon black, the structural properties of the carbon
black (such as the fractal dimension of the aggolmerated particles) can be tuned to suit
a specific application. For applications requiring a high conductivity, carbon black
grades with a small conductive primary nodule manufactured with a highly structured
aggregate i.e. with a very large specific surface area are preferred [95]. Additionally,
highly porous carbon black grades such as KetjenBlack EC600JD (Akzo Nobel) are

also used in high conductivity applications to lower the loading needed to reach a
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Figure 1-5: TEM images of different carbon blacks: (a) TIMCAL C45 (b) Acetylene
Black (c¢) Vulcan XC72R (d) Ketjen Black EC600JD. Reproduced from [94] and [95].

given conductivity [97]. The specific surface area of some common structured carbon
black grades, measured using BET gas adsorption techniques [105], is given in Table

1.2.

Table 1.2: Specific surface area of some common carbon black grades

Carbon additive | BET surface area (m?/g)
TIMCAL C45 45
Acetylene Black 60
Vulcan XC72R 250
Ketjenblack EC-600JD 1453
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Figure 1-6: (a) Transmission mode optical micrograph of a Ketjenblack gel in SSDE®.
SSDE® is a proprietary solution of 1.3 M LiPFg in a blend cyclic and linear alkyl car-
bonates produced by Novolyte Technologies. (b) Secondary electron detector image
of a Ketjenblack gel in SSDE. Similar, cluster-based structures are observed across
length scales differing by two orders of magnitude (Reproduced from [94]). (c) Differ-
ent scales present in the structural hierarchy of carbon black (Reproduced from [87]).

1.3 Devices using electro-active fluids

Among the different applications of electrorheological fluids and carbon black gels,
this work will focus on the design of two different devices that make use of these
electro-active viscoplastic fluids: smart hydraulic valves for small scale robotics and
semi-solid redox flow batteries. These applications will highlight the interplay between
the rheological and electrical properties of the viscoplastic materials involved and
how an understanding of the flow of these materials can inform device design and

optimization.
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1.3.1 Smart hydraulic valves for small-scale robotics

Hydraulic actuators are promising devices for robotic applications requiring large
actuation forces. They provide accurate position and load-invariant control because
of the high stiffness present in hydraulic systems, generated by the incompressible
nature of the hydraulic fluid [106]. Additionally, the ratio of output power per unit
weight is higher than in other systems provided high pressure is supplied, therefore
making hydraulic systems an effective way of constructing a compact high-power
system [106]. A number of hydraulic robots have shown promise for locomotion on
rough terrain, information gathering, search and rescue and payload carrying [107].
The development of small-scale robotics for such applications has the potential to
increase their efficacy at accomplishing tasks as well as significantly reduce their cost

through mass production.

Due to the number of elements required for a hydraulic circuit such as fluid reser-
voirs, pumps and valves, making small-scale hydraulic robots is challenging. In par-
ticular, despite strong trends towards miniaturization at lower costs in the integrated
circuit industry over the last 50 years, as well as the advances in the field of mi-
crofluidics in the last decade, valve design has remained relatively unchanged. For
small-scale robotics, valves tend to be bulky, heavy and expensive and are often an

inhibiting factor in the development and commercialization of this technology.

Drawing inspiration from biological systems, the circulatory system in mammals
can be seen as an analog of a “hydraulic” system. In nature, whether the mammal
is large (e.g. human) or small (e.g. mouse), the circulatory system is similar and
scalable. This is due in part, to the non-Newtonian properties of blood, which confer
additional functionality to the system. By analogy, using a non-Newtonian fluid in
hydraulic robots, in lieu of a simple Newtonian fluid, can be beneficial and allow the
system to scale to a smaller size. In particular, smart fluids such as ER and MR
fluids are a promising class of materials for this purpose since they allow control of

the properties of the fluid through an electric or magnetic field.

Despite the higher yield stress that can be attained by MR fluids [29], ER fluids are
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more promising for small-scale valve applications [108-114]. By leveraging advances
in printed circuit boards (PCB) and microelectromechanical systems (MEMs) tech-
nology, scaling down electrical circuits is straightforward while miniaturized magnetic
circuits are still a challenge today. Composed of a pair of electrodes and a spacer,
ER valves form a mechanically simple system with no moving parts. By making
use of PCB technology and commercial off-the-shelf hardware, ER valves are easy
and inexpensive to fabricate. The system requires the use of high electric fields
(E > 1 kV/mm) but uses very low current (I ~ 1-10 pA) and therefore consumes
little power (typically on the order of a few mW). Finally, the electric field provides
a means to control the system with fast switching times thanks to the fast response
time of ER fluids (6tgr ~ 10 ms). These features make ER valves a promising low-
cost technology for small-scale hydraulic robots compared to existing hydraulic valve

technology as shown in Fig. 1-7.
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Figure 1-7: Cost vs volume of existing hydraulic valve technology at the small scale.
ER valves are a promising technology for small cheap hydraulic valves.
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1.3.2 Semi-solid redox flow batteries

The rapidly increasing integration of renewable energy sources such as wind and so-
lar into the electric power infrastructure has resulted in an urgent need for low-cost,
scalable energy storage for load balancing [115-120]. Currently, the vast majority of
energy storage occurs via pumped hydro installations, a technology that is mature,
cost effective, and efficient, but limited in applicability by geographic constraints [121].
Alternative modes of energy storage that can be deployed in a distributed manner
include batteries, compressed air, thermochemical energy, and flywheels; but today
only a small fraction of the world’s energy storage uses these technologies [121]. Var-
ious novel energy storage technologies have been proposed to improve grid reliability
and utilization, including high energy density flow batteries [121-125], aqueous Li-
ion [126], Na-ion [127-129], and K-ion batteries [130, 131].

Flow batteries are a type of rechargeable battery consisting of tanks of anolyte and
catholyte that are pumped past a membrane between two electrodes [34,121]. They
represent a promising technology for reaching the 100 $/kWh cost target needed for
grid-level energy storage [132]. This is due to their low manufacturing cost consid-
erations and their design flexibility and scalability, allowing the decoupling of power
(stack size) and energy (tank size) [94,133-135]. Many aqueous solution-based flow
battery chemistries are known, all of which have historically been used in some variant
of the same basic flow cell architecture and typically operate at less than 1.2 V cell
voltage and low molarities [135]. In conventional flow batteries, a Newtonian elec-
trolyte is pumped through a stationary porous conductive carbon felt that enables
charge transfer from the bulk of the electrode to the current collectors. Increases in
solution molarity and therefore in energy density, especially for large molecules, are
accompanied by higher viscosities leading to higher driving pressures, greater flow

resistance and lower energy efficiency [34].

A new approach proposed by Duduta et al. [121] and Fan et al. [34] is the semi-
solid flow battery. In semi-solid flow batteries, a nanoconductor (e.g. carbon black)

is directly mixed in with the electrolyte to form a conductive suspension and the
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suspension as a whole is pumped through the cell. Increasing the carbon black load-
ing yields a higher electronic conductivity of the slurry therefore leading to better
electrochemical cycling, but also increases the yield stress therefore requiring higher
pressures to flow. The optimal amount of carbon black needs to be mixed in to strike
a balance between flowability and charge transfer in the suspension, thus demon-
strating the importance of understanding the trade-offs in the design space of these
devices [136]. Fig. 1-8 shows a schematic of a flow battery and a comparison between
conventional and semi-solid flow battery architectures. Recent work by Darling et
al. [132] shows that aqueous and non-aqueous flow batteries are promising technology
platforms capable of achieving the low costs (100$/kWh target) required for their
widespread implementation. They showed that non-aqueous systems enable higher
cell voltages than their aqueous counterparts but also require higher active material
solubility to offset higher electrolyte costs. In particular, their work showed that
lithium polysulfide flow batteries are able of reaching the target of 100 $/kWh due

to the low cost of sulfur.

1.4 Scope of the thesis

The goal of this thesis is to explore the design space of devices using electro-active
yield stress fluids and how the interplay between rheological and electrical properties
affects their design and operation. We aim to develop design rules and performance
metrics for devices using EAYS fluids, with a focus on how an added structure at
the microscale, corresponding to the existence of a yield stress at the macroscale,
affects the performance of the devices. This thesis will focus on two representative
case studies of such devices using viscoplastic fluids: 1) small rapidly-actuated hy-
draulic valves using electrorheological fluids applied to centimeter-scale robotics and
2) semi-solid flow batteries using suspensions of percolated networks of carbon black
flowing in millifluidic channels. Using these two examples, this thesis strives to im-
prove the fundamental understanding of the electrical and rheological properties of

the electro-active yield stress materials used in these devices through experimental
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Figure 1-8: Conventional vs. semi-solid flow battery architecture (a) Flow batteries
combine a current-extracting stack, through which redox active solutions flow, with
storage tanks and pumps. (b) Conventional flow cell architecture using stationary car-
bon fiber current collector and an electronically insulating Newtonian flow electrode
(in white on the figure). (c) Semi-solid flow cell architecture relying on viscoplastic
electronically conductive flowing redox electrodes, composed of nanoscale percolating
networks of conductor particles such as carbon black. Reproduced from [34].

characterization and modeling of the properties of the materials. A new test fixture
for simultaneous measurements of rheo-electric properties is introduced and we dis-
cuss how rheo-electric measurements can give insight into the flow behavior of the
fluid. Finally, we demonstrate how to translate the material models developed to
device/system level predictive models of the key performance metrics of the devices.

This thesis is composed of two main parts: Chapters 2 and 3 will focus on ER fluid
characterization and ER valve design, while Chapters 4-8 will discuss the rheological
and electrical characterization of carbon black gels and their application to semi-solid
flow batteries.

In chapter 2, we discuss the rheological and electrical characterization of elec-
trorheological fluids. In particular, we perform a comparison of the yield stress ob-
tained in pressure-driven channel flow and in wall-driven flow. We show that an

increase in the yield stress (yield hardening) occurs in pressure-driven flow that can
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be explained by a local increase in volume fraction and we propose a phenomenological
physical model for the process. This allows us to reconcile rheological measurements
taken in wall-driven flows (e.g. torsional rheometers) and in pressure-driven channel
flow, a flow configuration that is more applicable to valve applications.

In chapter 3, we introduce performance metrics for ER valves, and by using a cus-
tom modular valve design, we study the effects of the geometry and surface roughness
of the electrodes on the ER valve performance. This allows us to derive some design
rules for ER valve design and we demonstrate the applicability of ER valves in robotic

applications.

Chapter 4 focuses on the rheological and wall slip characterization of carbon black
gels in steady shear. We study the effect of important material properties and op-
erating parameters, such as the carbon black loading, mixing protocol and surface
material, on the rheology and wall slip behavior of the material. In addition, we
demonstrate the effect of incorporating additives such as polymers or active energy

storage particles on the rheology and conductivity of the gels.

Chapter 5 introduces a novel test fixture for stress-controlled rheometers to per-
form simultaneous measurements of rheo-electric properties of strongly conductive
complex fluids. Using benchmark and calibration experiments, we demonstrate the
ability of this setup to perform simultaneous rheo-electric measurements on differ-
ent classes of conductors and we derive expressions for extracting conductivity in

plate-plate and cone-plate geometries.

In chapter 6, we aim to illustrate the relevance of this novel apparatus on a class
of strongly conductive complex fluids, namely carbon black gels. We simultaneously
measure the electrical and mechanical properties of carbon black gels at rest, under
creep and during steady shear flow. We show that the corrections first introduced
for mechanical measurements extend to electrical measurements and enable accurate
conductivity measurements under shear. As an illustrative example, we examine
the rheo-electric properties constitutive of five carbon black gels of different grades,
and demonstrate the relevance of the novel rheo-electric apparatus as a versatile

characterization tool for strongly conductive complex fluids and their applications.
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In chapter 7, we discuss small and large oscillatory measurements performed on
carbon black gels. Small amplitude oscillatory shear measurements, performed con-
comitantly to conductivity measurements on carbon black gels of different concen-
trations, allow us to extrapolate the conductivity and rigidity percolation of carbon
black gels. Additionally, large amplitude oscillatory shear measurements are shown
to be a useful metric to study fatigue in carbon black gels.

Chapter 8 introduces a new pumpless design architecture for flow cells that is
driven by gravity. We demonstrate how insight into the rheological and wall slip
behavior of the semi-solid suspensions obtained through careful characterization can
inform and help optimize cell design and operation.

In the last section, concluding remarks on electro-active fluids are made and per-

spectives for future work are considered.

1.5 Measuring the yield stress

Throughout this work, we discuss, in part, characterizing the shear flow behavior of
viscoplastic materials. In this section, we introduce some of the relevant methods

available for this purpose as well as various models that represent their flow behavior.

1.5.1 Rheometry methods

The most common instrument for characterizing the rheology of a material is a
rheometer, which allows the user to perform simple steady shear measurements and
extract material properties. Our interest lies in the shear rheology of viscoplastic ma-
terials. Two classes of shear rheometers are most commonly used: torsional rheome-
ters and capillary rheometers [137,138].

Torsional rheometers rely on placing the material in a thin gap between two ge-
ometries and rotating one or both of them to shear the material. Torsional rheometers
can be divided into two classes: stress-controlled and strain-controlled rheometers.
Stress-controlled rheometers impose the torque M and measure the displacement and

the angular rotation speed (2,.; while, conversely strain-controlled rheometers impose
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Figure 1-9: Typical geometries used in torsional theometers. a) Parallel plate geome-
try b) Cone-plate geometry c¢) Couette geometry. In stress-controlled rheometers, the
torque M is imposed and the angular velocity €2, is measured. In strain-controlled
rheometers, the angular velocity €2,.; is imposed and the torque M is measured.
Reproduced from [98].

the displacement and measure the resulting torque M. In both cases, one can ex-
tract the shear stress and shear strain acting on the material and derive material
functions relevant to the flow of the material (e.g. the flow curve defined as the shear
stress 7 vs. the shear rate 4) [138]. In torsional rheometers, if the gap between the
geometries (between which the material is sheared) is small, the shear stress is homo-
geneous across the gap, and therefore, torsional rheometers are often used to obtain
viscometric measurements. Different geometries most commonly used are shown in
Fig. 1-9.

Figure 1-9 (b) shows a cone-plate geometry, in which a truncated cone with a
small truncation gap and small angle (§ < 4°) is typically used. The cone-plate
geometry has the advantage of imposing a homogeneous shear rate distribution across
the radius of the fixture, allowing for controlled precise measurements. Only small
volumes Vo of sample are needed for this geometry (Vo = 2w R30/3, typically 30-1500
uL), which is useful when samples are scarce. However, due to the small truncation
gap Nypune = 50 — 150 pm), it can be challenging to use with suspensions of particles,
where the particles are of similar size to the truncation gap. In this geometry, the
shear rate is given by ¥ = €,,/0 and the shear stress is given by 7 = 3M /27 R?
where R is the radius of the cone.

Figure 1-9 (a) shows a plate-plate geometry, in which the sample is confined

between two parallel plates. This geometry allows for a variable sample thickness

38



(0 < H < 2000 pm), which is useful to accommodate dispersions with different
particle sizes. Similarly to the cone-plate geometry, only a small volume is needed
in this geometry (Vo = wR?H). The parallel plate configuration also allows for
relatively straightforward control of the surface treatment (roughness, chemistry, tex-
ture), therefore resulting in better control over wall slip. Additionally, using mea-
surements at multiple gaps, corrections for wall slip can be performed and its effect
decoupled from the rheology of the material [139]. Wall slip and parallel plate cor-
rections will be discussed further in section 1.5.3. Finally, the parallel plate geometry
can be used to impose a constant electric field across the sample, which will prove
advantageous in this work as discussed in chapters 2 and 5. However, unlike the
cone-plate geometry, the shear rate is not homogeneous in the radial direction r but
varies as §(r) = Q,or/H where H is the gap between the plates. As a consequence,
the stress also depends on the radius r and extraction of the relationship between
shear stress and shear rate is more complicated. Typically, the shear stress at the rim

(radius R) 7g is derived using the following relationship :

M +dln./\/l/27rR3
- 2TR3 dlng

TR (1].)

where the shear rate at the rim 4y is given by 4g = Q.R/H. In this work, the
parallel plate geometry will often be the geometry of choice for the aforementioned

reasons and further discussion on this geometry is provided in chapter 5.

Figure 1-9 (c) shows a Couette geometry, where the sample is inserted between
two concentric cylinders. Due to its large surface area, this geometry is often used
for low viscosity samples or for high shear rates where centrifugal forces could be
an issue for cone-plate or plate-plate geometries. However, larger volumes of sample
are needed and the larger inertia of the geometry can complicate measurements for

certain applications e.g. small amplitude oscillatory shear (SAOS).

An alternative geometry used to measure the yield stress of viscoplastic is the vane
geometry in which a thin-bladed vane is introduced into the fluid with the minimum

amount of disturbance to the sample [140,141]. It is a particularly useful geometry
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for fluids that display large slip effects at smooth walls but is relatively difficult to

use with EAYS fluids to apply an electric field or measure electrical properties.

On the other hand, capillary rheometers rely on flow of the fluid through thin
capillaries to characterize its rheology. While velocity profiles in torsional rheometers
are linear in the gap direction (Couette flow), in capillary rheometers, the flow is more
complex e.g. parabolic Poiseuille flow. Consequently, the stress is not homogeneous
across the capillary tube and more complex relationships are needed to extract mate-
rial functions from capillary measurements. In the capillary rheometer, for a capillary
of length L and radius R, the flow rate Q and the pressure drop AP are measured
and the stress at the wall and the apparent shear rate are given by 7z = APR/2L
and ¥, = 4Q/mR3. For non-Newtonian fluids, a Weissenberg-Rabinowitsch-Mooney
(WRM) correction accounts for the non-parabolic velocity profile and the true shear
rate is given by 44(7r) = % [3 + jﬁ:—j}ﬂ [137]. However, flow through capillaries or
microchannels is often closer to flow in real applications, which can provide addi-
tional insight on the flow behavior of the fluid but larger sample volumes are needed,
in general [6].

Our approach in this work will focus on characterizing viscoplastic fluids using
torsional rheometers, in particular the parallel plate geometry. Using the parallel
plate geometry, we can perform viscometric tests, apply a constant electric field and
perform wall slip corrections, which will prove useful in the context of this work.
Two types of tests will be of interest: steady-shear tests and oscillatory tests. In
steady-shear tests, the fluid is sheared at a constant shear rate or shear stress and the
flow curve of shear stress 7 vs shear rate 7 is derived. Apparent viscosity n = 7/7 is
defined as the ratio of stress to shear rate. Fig. 1-10 shows examples of flow curves
for typical viscoplastic materials. Newtonian fluids have a constant viscosity, while
more complex fluids such as viscoplastic materials typically have a viscosity that is
dependent on shear rate. Viscoplastic flow models are described in section 1.5.2. We
define the static yield stress as the stress needed to initiate flow from rest while the
dynamic yield stress is obtained by extrapolation from the flow curve when starting

from a fluidized initial state at high shear rate. The existence of separate dynamic

40



200
180-
160-
1401
120-
100

Shear stress (Pa)

001 01 1 10 100
Shear rate (s )

Figure 1-10: Flow curves of typical viscoplastic materials. Constitutive laws of (from
bottom to top) a concentrated emulsion, a foam, and a Carbopol gel, measured locally
in a wide gap Couette cell using MRI techniques. Macroscopic data measured in the
Carbopol gel in the Couette geometry (crosses) and in a cone and plate geometry
(filled circles) are also shown. The dotted lines are Herschel-Bulkley fits to the data
[Eq. 1.3]. The emulsion is composed of 6.5 ym diameter silicone oil droplets dispersed
at a 75% volume fraction in a mixture of 50 wt% glycerine and 50 wt% water stabilized
by Brij and trimethyl tetradecyl ammonium bromide at a 1 wt% concentration. The
foam is composed of 45 pm diameter bubbles at a 92% volume fraction in a Sodium
Laureth Sulfate (SLES) foaming solution. The gel is a hair gel (Vivelle Dop, France),
which is mainly composed of Carbopol in water. Reproduced from [142].

and static yield stresses in the same material is known in bentonite, paints and waxy
crude and fuel oils and more generally in thixotropic materials [143,144]. In oscillatory
shear, the shear rate is sinusoidal with frequency w and the viscoelastic moduli G'(w)
and G”(w), representing respectively the elastic and loss components extracted from
the resulting stress signal, are derived. Oscillatory measurements will be discussed in

more detail in Chapter 7.

1.5.2 Viscoplastic flow models

To quantify the steady-state flow properties of non-Newtonian fluids requires the

measurement of an entire function: the flow curve. The flow curve is a representation

41



SHEAR STRESS, 7 §

STATIC Ty -

7
DYNAMIC T4/

SHEAR RATE, ¥

Figure 1-11: Static vs. dynamic yield stress. The static yield stress is defined as
the stress needed to initiate flow from rest. The dynamic yield stress is obtained by
extrapolation from the flow curve when starting from a fluidized initial state at high
shear rate. Reproduced from [143].

of the dependence of the shear stress 7 on the shear rate 4. For a Newtonian fluid,
these functions are linearly related 7 = p¥, where p is a constant viscosity. Unlike
Newtonian fluids where the shear viscosity is constant, viscoplastic fluids have a
shear-rate dependent viscosity 7(¥) and the flow curve is not a simple straight line
passing through the origin. The fluid only flows above a critical stress 7, called the
critical stress. The simplest model capturing the existence of a finite yield stress is

the Bingham model [145]:

v = it <7,

T=Ty+uyy it T>7T, (1.2)

where 7, is the yield stress and p, is the plastic viscosity. In general, the Bingham
model does not give a good fit to experimental data when fitted over more than two

decades of shear rates but it is useful for modeling purposes due to its simplicity. A
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popular generalization to the Bingham model is the Herschel-Bulkley model [146]:

=0 if 7<m7y

T=1,+Ky" if T>7, (1.3)

where 7, is the yield stress, K is the consistency and n is the flow index. For n < 1,
the Herschel-Bulkley model allows for a shear-thinning behavior post-yield. Across
a large number of viscoplastic fluids, the shear-thinning exponent n is found to have
a value in the range n = 0.2 — 0.8 [3]. The case n = 1 corresponds to the Bingham
fluid described in Eq. 1.2 and can be seen as the simple case of a constant plastic
viscosity post-yield. A useful non-dimensional number is the Bingham number, which

is defined as the ratio of yield stress to the plastic flow stress [147]:

Bn =1,/ K4" (1.4)

The Bingham number gives some measure of the relative importance of the solid and
liquid regions in the fluid. A schematic of representative flow curves for different
viscoplastic models is shown in Fig. 1-12. We note that the Bingham and Herschel-
Bulkley models do not distinguish between static and dynamic yield stress and more

sophisticated models are sometimes needed to investigate these parameters [7,148].

1.5.3 Wall slip in yield stress fluids

The flow behavior of yield stress fluids is often found to depend not only on their
rheological bulk properties but also on the nature of the confining surfaces. The
interaction of the fluid with the wall i.e. whether the material sticks or not, has
a great importance on its flow behavior [7,16,149,150]. In particular, the contact
angle of the fluid on the surface has been shown to affect the slip behavior of a
number of Newtonian fluids [151,152]. Wall slip is ubiquitous in many viscoplastic
fluids such as concentrated particulate suspensions [153,154], flocculated suspensions

[155,156], colloidal gels [157,158], suspensions of fillers in polymer matrices [159,160],
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Figure 1-12: Schematic of representative flow curves for different viscoplastic models.

concentrated emulsions [161,162], foams [163], microgel suspensions [12,32,164], and
many other complex fluids [165,166]. Due to the presence of a thin layer of solvent
near the wall (wall depletion), the velocity and the local shear rate near the wall are
much larger than in the bulk [149]. This flow can essentially be modeled as a velocity
discontinuity between the fluid and the wall as shown in Fig. 1-13. This effect is

dubbed “apparent” slip and is common in most yield stress materials.

In his review on slip, Barnes [149] discusses the use of a slip law to relate the
velocity discontinuity at the wall-fluid interface Vi, to the shear stress within the

fluid 7. A general form for slip law is given by the following equation:

Ve=B(r—7)" (1.5)

where Vj is the slip velocity,  is the slip coefficient (with 5 = 0 corresponding to
no slip) and 7. is the critical stress for onset of slip. The case of n =1 and 7. = 0
is the linear slip law often referred to as the Navier slip law. V; has been shown to

display a nearly quadratic scaling, i.e. n ~ 2 in the case of attractive/non-wetting
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Figure 1-13: Wall slip in a plate-plate geometry at a radius r. Figure is adapted from
Yoshimura & Prud’homme [139].

surfaces, whereas n = 1 has been found for repulsive and/or wetting walls as shown
in Fig. 1-14(b) [3,164,167].

Wall slip has important consequences with respect to the rheological characteri-
zation, flow and processing of yield stress materials. A direct manifestation of wall
slip in yield stress fluids is that a yield stress fluid can flow steadily (possibly as a
plug), even if subjected to stresses lower than the yield stress as shown in Fig. 1-
14(a) [7,16]. This can have a large effect on the shape of the flow curves and the
values of the yield stress could be underestimated if slip is not accurately taken into
account. In general, the best way to minimize or eliminate wall slip is to use rough
wall surfaces, with a roughness adapted to the sample microstructure or to use ser-
rated plates [7,32,149,168|.

Common methods used to reveal the existence of wall slip include injecting a
line of dye at the surface of the material [153,157,159], MRI imaging techniques
[165,169,170], dynamic light scattering [171], ultrasonic velocimetry [172,173], direct
observation via PIV [12,32,174,175], or confocal microscopy [176-179]. Yoshimura

and Prud’homme [139] introduced useful rheometric techniques which can be used to
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Figure 1-14: (a) Shear stress vs. the apparent shear rate for a microgel paste (circles)
and an emulsion (triangles) of packing fraction ¢ ~ 0.77 obtained in a cone-and-plate
device for smooth (open symbols) and rough (closed symbols) surfaces. Figure is
adapted from [32]. (b) Slip velocity vs. the excess stress (defined as the difference
between the stress and the critical stress for onset of slip) in a dense emulsion for
stresses below the yield stress in a plate-plate geometry. The plates are either coated
with a weakly adhering polymer surface (squares) or a non-adhering glass surface
(circles). The wetting properties of the boundary conditions strongly impact the
scaling of the slip velocity. Extracted from [167].

determine slip laws such as Eq. 1.5, without having to resort