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Abstract

Suspensions are widely encountered in industrial processes. So it is important
to fundamentally understand how they flow. While progress has been made on
monodisperse suspensions, most realistic suspensions are composed of multiple
constituent particles. Among a variety of multi-component suspensions, this
work concerns a specific class consisting of large repulsive grains suspended in
a viscoelastic gel. In such system, we highlight a unique solid-liquid transition
which is triggered by external low. Rheo-imaging reveals the correlation between
the rheological transition and the structural change. This state transition is the

focus of this thesis.

We first establish a model binary suspension of large repulsive particles and small
attractive particles. We mix two species of silica particles together, with the
smaller (Brownian) ones being hydrophobically attractive and the larger (non-
Brownian) ones stabilised via surface charge. Using a water-glycerol-ethanol
mixture as the suspending solvent, we match the refractive index which, along
with the fluorescent labelling of both particles and solvent, enables confocal
microscopy. Remarkably, this model system is well-characterised, tuneable and

transparent (imageable).

Through extensive rheological studies, we observe a flow-switched transition
between a solid state and a liquid state. Specifically, the binary suspension
solidifies upon cessation of vigorous flow, while prolonged gentle flow results in a
liquid state which permanently persists at rest. We demonstrate that this state

transition is reversible and has memory.

Rheo-confocal microscopy reveals distinct structure in the two states. The solid
state consists of a gel matrix of small particles with large particles embedded
inside, whereas in the liquid state, the small particles phase separate into disjoint,

globular blobs. While there exists two states, detailed observation identifies three



flow regimes. By varying the particle composition, we construct a state diagram

to map out the extent of these regimes.

The three regimes are demarcated by two transition boundaries, which are closely
related to the macroscopic property of each state. We verify that the solid state is
essentially a particle-filled gel and the lower boundary is its yield stress. Moreover,
we show that the blobs in the liquid state are solid ‘droplets’ whose strength
directly determines the upper transition boundary. Beyond the state diagram,
we further explore the parameter space of the binary system. We confirm that
the small-small attraction and the large particle size are two key factors to the
state transition. However, we still do not understand the microscopic mechanism.
We illustrate several possible research lines, whose results may fill important gaps

for the fundamental understanding.

Our system contributes more than a model system. By comparing the rheology
and microstructure, we reveal the similarity between a Li-ion battery slurry
and our suspension. Moreover, the flow-switched solid-liquid transition, which
is reversible and has memory, sheds new light on the smart material design. We
identify our suspensions as a memory mechanorheological (McR) fluid, whose
rheology is mechanically tuneable and can persist upon removal of mechanical

stimuli.
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Lay Summary

Particulate suspension consists of solid particles suspended in a liquid medium.
Such mixtures are closely related with our daily life, since many commercial prod-
ucts in the kitchen and bathroom are suspensions, e.g. toothpastes, cosmetics
and ketchup). Their flow properties directly determine their performance. For
example, toothpaste flows like a liquid when squeezing the tube, but we do not
want it to immediately flow off after squeezed on the toothbrush. For efficient
and effective manufacturing, therefore, it is important to understand and control

the flow of suspensions.

Progress has been made. People have identified the vital role of interparticle force:
a suspension can be switched from a liquid to a solid by tuning the interaction
from repulsion to attraction. However, such progress is mostly confined to
suspensions comprised of a single type of particles. To date, understanding
on multi-component suspensions remains far less developed, even though most

realistic suspensions fall into this category.

Among the diverse array of complex suspensions, this work focus on a specific
class where granular particles are dispersed in a gel. Due to the lack of proper
model systems, there are few studies on such class despite of its ubiquity in
industry (such as Li-ion batteries and fresh concrete). We therefore establish
a model suspension consisting of two species of particles disparate in size and

interparticle force.

In this binary suspension, we highlight a unique solid-liquid transition which is
triggered by external flow. In general, a fast flow can solidify the composite
upon flow cessation, whereas a gentle flow fluidises it. This solid-liquid transition
is reversible and has memory. These two features enable us to freely tune a
binary suspension from a liquid to a solid with both states persisting until further

agitated.
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We show that the solid-liquid transition results from a clear change in the
microstructure. We therefore define two states based on the structure and
map out the state behaviour at various compositions. The flow-switched state
transition is tunebale by several parameters, among which the interparticle

attraction and particle size are two key factors.

Apart from the intrinsic interest to fundamental physics, studying this composite
system sheds light on the smart material design. The unique solid-liquid
transition may open up the possibility of a new generation of smart fluids.
Moreover, by mapping the behaviour of our model suspension to similar industrial
suspensions, one can improve the efficiency of industrial processing by means of

tuneable flow.
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Chapter 1

Introduction

When studying physics, it is important to get an idea of how big things are, as
different length scales d correspond to different physics. For traditional condensed
matter, where the constituents are atoms or molecules (d ~ A), thermal
equilibrium can be easily reached within laboratory timescales as the structural
relaxation is usually fast. Besides, these conventional materials are usually rigid
in solid state because of the high energy density (kgT/d®> ~ 10GPa) [1]. As d
increases to the mesoscopic regime (1nm to 1 pm), materials become deformable
and even flowable under small loads (~ Pa). Such materials, composed of
mesoscale constituents, are known as soft matter, examples including polymers,

suspensions and emulsions [2].

Soft materials are easily driven out of equilibrium. Even in an undisturbed,
quiescent state, thermal equilibrium may not be reached. Dependent on
constituent properties like size and interaction, relaxation timescales in soft
materials are often comparable to or longer than experiments. Therefore, to
understand soft matter, one must go beyond classical thermodynamics and
instead focus on dynamics far from equilibrium, such as rheology — the study
of flow. Despite the lack of a generic thermodynamical description, the typical
colloidal length (~ pm) and relatively-slow time scale (~ s) in soft matter physics
enable direct observation in real-time with present microscopy technologies [3].

This remarkable advantage is fully taken of in this work.



1.1 Limited understanding in suspensions

As a typical soft matter system, suspensions of solid particles dispersed in fluid
are widely encountered in natural and industrial processes, e.g. mud, cosmetics
and pharmaceuticals [4]. Since most of them are in the flowable form, therefore,
understanding what affects the suspension flow and how it can be manipulated
is crucial in practical applications. Studies have shown that the property of
constituent particles plays a vital role, and to date, there has been considerable
progress understanding the rheology of ‘model’ suspensions. For instance, the
yielding behaviour of colloidal glasses and gels has been mapped in detail by
experiments and simulations [5H7], and some features can be predicted by ab initio
theories [§]. In addition, deep connection has been found between suspension
rheology and dry granular mechanics [9, [10], while a constraint-based model has
been recently proposed to explain both yielding and shear thickening in non-

Brownian suspensions [11], [12].

However, such progress in fundamental understanding has been limited to suspen-
sions of monodispersed particles, whereas polydisperse suspensions are somewhat
ignored. The fact is, even a small departure from monodispersity may have
dramatic consequences. For example, crystallisation, a common phenomenology
in monodispersed colloids, is absent in suspensions with polydispersity = 10 %
due to symmetry breaking [13, [14]. Besides, polydispersity may also introduce
the interplay between the Brownian dynamics in small colloids and the athermal
behaviour in large grains, which is of intrinsic interest to statistical physics.
Compared with the progress on quiescent phase behaviours, the treatment of

polydispersity in rheology still remains on the level of ad hoc models [15].

The above is just about size polydispersity. In the real world, suspensions are
mostly comprised of multiple species of particles, which may differ in several
aspects like size, shape and interaction. In industry, a common class consists
of stabilised (repulsive, or at least non-attractive), granular (non-Brownian)
particles suspended in a viscoelastic gel of attractive colloidal (Brownian)
particles. Three typical examples are battery slurries, concretes and toothpastes
[T6HI8]. Despite wide occurrence, very few studies have probed the flow

behaviours of such binary class in depth.

The lack of a proper model system is the main reason. Much of the progress un-

derstanding single-component suspensions was underpinned by well-characterised



experiment model systems, such as index-matched particle/solvent combinations
that enable direct imaging of stabilised suspensions [19, 20] and depletion gels
[0, 21]. However, there is no existing model system for examining this binary class.
Establishing such a model system requires particles with both disparate sizes and
interactions, ruling out many common approaches for inducing attraction (e.g.

depletion and van der Waals force).

Under such context, we develop an experimental model system for granular-
gel composites. The system consists of a binary mixture of large (granular)
repulsive particles and small (colloidal) attractive particles. While the
small particles form a yield-stress gel on their own, the addition of large particles
enables a flow-switched solid-liquid transition. For the binary system, imposing
a vigorous flow can switch it into a yield-stress solid upon flow cessation, whereas
moderate shear ‘permanently’ fluidises the system until further agitation. In
situ theo-imaging reveals that the macroscopic transition originates from a clear
change in the microscopic structure. While the solid state exhibits a homogeneous
gel matrix with large particles embedded inside (i.e. particle-filled gel), in the

liquid state, the small gel particles aggregate into larger, disjoint ‘droplets’.

These results set up an empirical reference for all suspensions in this class. Besides
illustrating a strong implication in its industrial counterparts, our suspension
surprisingly presents a new paradigm for designing smart fluids with wide-ranging
structural and kinetic control. Beyond that, studying the tripartite coupling
between arrested gel, non-Brownian grains and external energy input in such a

mixture sheds light on the non-equilibrium statistical physics.

1.2 Thesis outline

This thesis explores the rheological and structural behaviours of a binary
suspension under shear flow. To help readers better understand our results, we
first introduce the requisite background in rheology in Chapter 2, including the
formal framework, practical rheometries and experimental concerns relevant to

this work. The set-up of rheo-confocal microscopy is introduced in the end.

The suspension rheology is then reviewed in Chapter [3. We start with general
physics of suspensions, followed by possible interactions between suspended par-

ticles. Based on the interparticle forces, we classify particles into two categories:



repulsive hard-particles and attractive colloids, which exactly correspond to the
two components in our binary model system. We give a global introduction
of their quiescent phase behaviours, non-equilibrium dynamics and rheology

respectively.

Our results are divided into four parts. Chapter 4| mainly reports the es-
tablishment of our model system. The system is composed of two species of
particles: large repulsive particles and small attractive particles. We first discuss
them individually, including particle synthesis and functionalisation, sample
preparation and characterisation. The two species of particles are then mixed
together to fabricate binary suspensions, in which the inter-species interactions

are briefly discussed.

In such a binary suspension, we highlight a unique, flow-switched transition
in Chapter [fl Laboratory demonstration shows that fast mixing leads to a
yield-stress solid which can then be fluidised by gentle mixing. This solid-
liquid transition is quantitatively investigated with a rheometer. Through rheo-
confocal microscopy, we correlate the transition in rheology with the change
in microstructure. Based on the structural signature, we define two states:
homogeneous (H) state of particle-filled gel matrix and phase-separated (PS)
state of disjoint ‘droplets’. Through systematical experiments, we map out a

state diagram.

Given the two structural states, Chapter [0 respectively explores their macroscopic
properties. We identify an H state as a particle-filled gel. Compared with an
unfilled gel, the addition of large particles strengthens the bulk system and leads
to higher yield stress. By processing 3D confocal stacks, we confirm that a PS
state consists of globular, solid-like ‘droplets’ with a characteristic size ~ 20 um.
We also estimate the small particle concentration inside these ‘droplets’, which is
found to increase with the addition of large particles. Although the mechanism
of ‘droplet’ formation /breakage is still unclear, our study sets the stage for future

investigation.

We further explore the parameter space in Chapter [7] In particular, we vary
the three pair interactions and two particle sizes, and identify the attraction
between small particles and the size of large particles as two key factors in
binary suspensions. These findings may fill important gaps for the fundamental

understanding on the state transition.

In Chapter [§, we summarise conclusions as a whole. To manifest the connection

4



between industry and our study, we compare a lithium-ion battery slurry [16]
with our binary suspension, which exhibit similar history dependence. Moreover,
the PS state with globular ‘droplets’ in our suspension is also observed in another
system which is more industrially relevant. The application in smart materials is
also highlighted. Based on present results, we illustrate several interesting lines

for future work in the end.






Chapter 2

Basics of Rheology

Rheology, derived from the Greek phrase mdvto pet (everything flows), is the study
of deformation and flow, and by extension the response of materials to applied
stresses [22]. Technically, people do rheology everyday. For example, toothpaste
flows like a liquid when you squeeze the tube, but sits on your toothbrush like
a solid until you start brushing. Using a butter knife, solid-like butter can
be easily spread on bread like a liquid. Serious rheology quantifies how these
materials, and many others, behave within a unified framework. By means of
precision instruments and well-defined flow geometries, we can precisely measure

the rheological property of various soft materials.

As a fundamental part of material science, rheology has been introduced to
the realm of non-equilibrium physics (especially in soft matter [23]) and many
other fields ranging from biology to geoscience [24] 25]. Besides the widespread
occurrence in academia, rheology also brings practical applications for field
engineers, e.g. concrete slump test [20] and examining drilling fluid performance
[27]. Sometimes the quality of commercial products is determined by rheology
as well, such as foods [28] and plastics [29]. Understanding what affects the
rheology of a specific material and how it can be manipulated, therefore, is of

great importance.

To systematically explore the flow of a driven system, it is vital to know how
to describe flow using the language of rheology. In this chapter, the formal
framework of continuum mechanics is firstly outlined. We then narrow the
topic down to shear rheology and start with a simple case - Newtonian fluids

under laminar shear, and extend the discussion to non-Newtonian behaviours.



Afterwards, we introduce common rheometries as well as some experimental
considerations relevant to this work, and detail our set-up of rheo-confocal
microscopy in the end. Here we do not confine the discussion to a specific material,

while the next chapter focuses on specific considerations in suspension rheology.

2.1 Formal framework

Treating the material as a set of small elements, rheology is principally concerned
with continuum mechanics to characterise deformation [22]. The deformation at
cubic element P (Fig. [2.1] left) can be defined in the form of a strain tensor E:

1 /0X, 0X,
Eij N 5 (81’] + 8301) ’

where z is the position of P and X (z,t) is the displacement of P to the reference

(2.1)

state. Similarly, the strain-rate tensor T can be expressed as

. 1 8% (%j
B =y (a—+ a) ’

in which v(z,t) = X(x,t) is the velocity field. In both strain and strain-rate

(2.2)

tensors, the diagonal terms (i = j) refer to the elongation in ¢ direction, while

the off-diagonals (i # j) describe shearing deformations in i-j plane.
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Figure 2.1 Left: sketch of a general deformation. Right: nine components of

stress tensor X.



Relative motion between neighbouring material elements generates stresses,
characterised by a stress tensor ¥ (Fig. , right). The components of 3 have
units of force/area, or Pa in SI units. Since the force acting on an arbitrary
plane of element is not necessarily oriented perpendicular or parallel to that
plane, 3 can be written as a second-order tensor o;; as well, where ¢ refers to
the direction of the stress component and j to the plane (normal) the stress acts
on, Figure (right). As with strain and strain-rate tensors, two different kinds
of components can be distinguished: diagonal terms are normal stresses while
the off-diagonals are shear stresses. To ensure a zero internal torque, the stress
tensor X is symmetric (0;; = ;) in most materials. More complete mathematical

treatments can be found in [22].

The stress tensor and deformation tensors are related by a constitutive function
[30]
¥ = F(E,I). (2.3)

Specifically, an ideal solid responds only to the strain E and an ideal liquid
responds only to the strain-rate ['. Here we first illustrate a simple case -

Newtonian liquids under shear.

2.1.1 Newtonian fluids

The stress and strain-rate are linearly related in Newtonian fluids [22]. Given the

tensors defined above, the constitutive relation is expressed as:
¥ = —PI+2ql, (2.4)

where —PT is the hydrostatic pressure (with I the unit tensor) and 7 is the
viscosity (with SI units of Pas).

To illustrate a simple shear in z-y plane, here we consider an isotropic fluid
contained between two parallel plates with separation H, Figure 2.2l When the
top plate slides with velocity V' in x direction, the fluid is then dragged to flow
with a velocity field v, (y). Given the ‘non-slip’ boundary conditionsE], the gradient
of v, in y direction is constant throughout the fluid:

ov, V

IThe fluid layer near each plate have the same velocity as that plate.
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Figure 2.2 Schematic of simple shear flow in z-y plane. x axis: velocity
direction; y axis: gradient direction.

Here the velocity gradient 7 is the scalar shear rate with SI units of s~!. The

strain-rate tensor is written as:

0 4/2 0
r=|(5/2 0 o0, (2.6)
0 0 0

Combining Eq. and gives the well-known constitutive equation for

Newtonian fluids under shear:

ny = 77% (27)

where o, is the shear stress (we drop the subscript ,, in the following discussion
for simplicity). Analogously, one can obtain o,, = Gy for Hookean solids, where

7 is the shear strain and G is the shear modulus.

Given the shear stress o and shear rate 4 in a Newtonian fluid, its shear viscosity
n = o/4 can be determined. The viscosity 7 arises from the internal friction
between adjacent fluid layers in relative motion, and thereby represents the
resistance to flow. As an intrinsic property, the viscosity is constant (rate-
independent) in Newtonian fluids. However, for most complex fluids in soft matter
science, the stress ¢ is not proportional to the rate 4 so that their viscosities vary

with 4: they are non-Newtonian fluids.

10
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Figure 2.3 Schematic flow curves of possible Non-Newtonian behaviours. A.
o — v plot. B. n — % log-log plot.

2.1.2 Non-Newtonian fluids

There is a diverse array of different types of non-Newtonian fluids. Here we mainly
focus on those where the shear stress o is determined by the instantaneous shear
rate 7. In these non-Newtonian fluids, ¢ is not necessarily proportional to 7, and
consequently, the apparent viscosity n = o/% varies as a function of 4 (or o).

Possible shapes of flow curve are shown in Figure [2.3

Shear thinning and thickening

Fluids with viscosity n decreases with shear rate ¥ are termed as shear thinning
fluids. For such fluids, ¢ increases less than proportionally with 4 (Fig. [2.3A,
blue), so that n decreases with 4 (Fig. 2.3B, blue). Some common examples of
shear thinning fluids are ketchup, paints and blood [31H33]. By contrast, the red
curve in Figure [2.3] presents the opposite case, where the viscosity n increases
with shear rate 4. This illustrates shear thickening, widely occurring in dense
suspensions such as the mixture of cornstarch and water [34]. Shear thinning and
shear thickening are the two most common rheological behaviours encountered
in complex fluids, and they may coexist in the same material. For instance,

suspensions may shear thin at low rates and shear thicken at higher rates [19].

11



Yield stress

For a number of materials, no flow takes place unless the applied stress exceeds a
finite threshold o, Figure (purple). Such materials behave as solids under
small loads but flow like a liquid beyond o, [35]. This solid-to-liquid behaviour
is known as yielding and o, is the yield stress. For example, toothpaste, once
squeezed out, can stay on the toothbrush rather than flowing off as its yield stress
dominates gravitation. Since the viscosity n diverges as 0 — o, from above, any
yield-stress material inevitably comes with a shear thinning regime at low shear

rates.

Many empirical models have been proposed to capture yield stress rheology, such
as the Bingham (o = o, +77), Casson (y/o = /7, ++/17) and Herschel-Bulkley
(0 = oy, + k4") models [36]. Although it has become customary to describe
yielding flow curve with the Herschel-Bulkley equation, neither the consistency
index k nor the power law exponent n have a clear physical meaning [37]. In this

thesis, we use the Herschel-Bulkley equation:
o=o0y,+ky" (2.8)

only as a fitting tool, by which the value of yield stress can be determined from
a steady-state flow curve. The experimental measurement on yield stress will be

particularly discussed in the next section.

Other complications

So far, we only refer to non-Newtonian behaviours associated with simple
constitutive relation ¢ = (). In practice, there exists a wide spectrum of
complex fluids with complicated rheology, e.g. (explicit) time dependence and
history dependence. In the presence of these complications, precautions should

be taken to ensure reproducible experimental data.

Time-dependent rheology are commonly observed in arrested systems such as
thermoreversible gels [39, 40]. Due to thermal fluctuations, the structural
evolution in these materials proceeds towards equilibrium slowly. In colloidal
gels, this is known as coarsening [3§], Figure . To minimise such effect, gel
samples are usually left undisturbed for a while before measurement until reaching

a relatively steady state.
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Figure 2.4 A. An example of gel coarsening (simulation). Taken from [3§8]. B.
Schematic thixotropy (left) and consequent hysteresis loop (right).

Thixotropy, the continuous decrease of viscosity (or stress) under flow, is another
well-known time-dependent behaviour [41I]. Measuring a thixotropic material
is challenging, as the result is highly sensitive to the measuring protocol and,
frequently, unrepeatable. A typical manifestation is hysteresis loop, Figure 2.4B.
When the transient flow curve data are measured, a thixotropic sample will
present a loop in the o-7 plot as a result of stress lag. To mitigate thixotropic
effect, therefore, it is better to record the data at steady (or at least quasi-steady)

state.

The rheology of a material may also vary with flow history. For systems constantly
away from equilibrium, external flow may have irreversible impact on their
microstructure, which in turn causes change in rheology [21, 42]. An effective
way to remove history, either from loading or previous experiments, is shear
rejuvenation [43]. Imposing a high-rate shear for sufficiently long, rejuvenation

can help ‘reset’ the sample.
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2.2 Experimental rheometry

While there are many ways to qualitatively characterise the rheology of a material
(e.g. squeezing between fingers), quantitative rheology is mostly carried out on
a rheometer. As a precision instrument, rheometer contains the material of
interest in a specified flow geometry with controlled environment, and applies
and measures strain rate and stress. Rheometers come in various designs, suited

to specific types of measurements and materials.

For shear rheology, rotational rheometers are popularly used to generate a steady
shear flow. The basic idea is to sandwich the sample between two disks/cylinders
and rotate one of them in one direction while quantities like angular velocity
Q2 (corresponding to shear rate) and torque M (corresponding to shear stress)
are measured. During experiments, either shear stress or shear rate can be
controlled as demanded. There are several measurement geometries suited to
different materials, and cone-plate, parallel plate and Couette cell are three
common options, Figure

2.2.1 Geometries

Cone-plate Parallel plate Couette

Figure 2.5 Common flow geometries for rotational rheometer.

Cone-plate

The cone-plate geometry consists of a flat bottom plate of radius R and a cone-
shaped top plate of small angle 6, Figure[2.5A. With such a geometry, it is possible

to impose a constant shear rate throughout the sample. The shear rate ¥ and
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shear stress o can be expressed as functions of angular velocity €2 and torque M

respectively:

(2.9)

Strictly, to generate a homogeneous shear flow, the tip of cone should be just
in contact with the base plate. Yet in practice, the cone is usually truncated to

leave a small gap h (typically ~ 50 um) to avoid mechanical contact.

Parallel plate

Similar to the cone-plate geometry, shear flow can be generated between two
parallel plates (radius R) with a constant gap h, Figure R.5B. With the upper
plate rotating, the shear rate 4(r) applied is no longer constant and varies linearly
with the radial distance r. Hence only apparent quantities can be defined from
angular velocity 2 and torque M. For a Newtonian fluid with apparent viscosity

Napp, the torque M on the plates is written as:

R R 3/Q)
M = 27r/ r2o(r)dr = 27T/ T Nappy (1) dr = % (TR> Napp> (2.10)
0 0

where the item in the bracket refers to the rim shear rate 4(R) = QR/h. If

viewing ¥(R) as the apparent shear rate 4, the apparent stress can be reported

as: o1f
Tapp = TappYapp = TR (2.11)
The discussion above limits to Newtonian fluids whose rheology is rate-independent.

To extend to non-Newtonian fluids, one may use a corrected form [44]:

M d InM
) = . 2.12
0 =5 (3 T ) (2.12)

Coutte geometry

Two coaxial cylinders, with one rotating and the other one staying still, can be
used to generate shear flow between walls as well. Such geometry, also referred to
as Coutte geometry (Fig. [2.5C), is characterised by the inner cylinder radius R;,

outer cylinder radius R, and height H. Note that the shear rate is not uniform

15



throughout Coutte geometry. Yet by making the gap h relatively narrow, i.e.
h < R;, this heterogeneity can be minimised. The shear rate 7 and stress o are

respectively expressed as:
2Q)

T 1 (R/R,)
M
orR2H’
where R = (R; + R,)/2 is the effective radius.

D
(2.13)

~

In this work, cone-plate geometry is applied by default unless otherwise stated.
This choice is made because cone-plate geometry both applies a uniform (radius-
independent) shear strain across the sample and requires the minimum amount
of sampldﬂ The small truncation gap (h = 48 pm) in the centre is not a problem,
since the size of particles we used (d < 4um) is at least ten times smaller than

the plate separation.

2.2.2 Oscillatory shear rheology

Conventional condensed matter comes in two forms, elastic solid (¢ o« 7) and
viscous liquid (o o 4). Yet for soft materials, where the relaxation time is
comparable to experiments, there is no clear boundary for solid and liquid. The
majority of them behaves in a way that combines viscous and elastic response [2],
e.g. yield-stress fluids (a solid below ¢, and a liquid beyond o). These materials

are known as viscoelastic materials.

To characterise the viscoelasticity, a useful technique is oscillatory shear rheology
[22]. Instead of imposing a steady shear flow, oscillatory rheology applies a

sinusoidal strain:
v(t) = 7o sin(wt), (2.14)

and measures the real-time stress o(t). In the linear viscoelastic regime (typically

small ), the stress signal is also sinusoidal yet with a phase lag:
o(t) = opsin(wt + 9). (2.15)

The phase lag ¢ is the result of viscoelasticity. Indeed, for elastic Hookean solids

2Scaling up the synthesis and functionalisation of our small particles is challenging in
practice.
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0 = 0 and for viscous Newtonian liquids § = 7w/2. Thus a viscoelastic material

displays a phase angle 0 < § < 7/2.

——Strain 7
—— Stress ¢

Shear signal

Time t

Figure 2.6 Strain and stress signals under oscillatory shear in the linear regime.

By generalising Hooke’s law, one can express the constitutive relation in
viscoelastic materials as:
of =Gy, (2.16)

where v* and ¢* are strain and stress in the complex form, and G* = (0g/7p)e®
is the complex shear modulus. For better understanding, this complex modulus

is customarily decomposed into elastic (storage) and viscous (loss) components

as follow: -
Elastic modulus : G' = Re(G*) = —2 cosd
T 2.17)
. " * 0o . ( )
Viscous modulus : G” = Im(G*) = —sind
0

Both the strain amplitude vy and frequency w can be tuned as free parameters
in oscillatory rheology. With the strain 7, fixed, one can vary the frequency
w under oscillatory shear. Such experiment is known as a dynamic frequency
sweep. Most viscoelastic materials are frequency-dependent, i.e. G* = G*(w),
as oscillatory shear artificially introduces a timescale w™! that competes with
material relaxation. Ideally, a viscoelastic solid tends to be more elastic at lower
frequency and more viscous at higher frequency. Yet specific response under

oscillatory shear depends on the material property.

The discussion above confines to the linear regime, where 7, is so small that
the deformation is affine and the responding stress o(t) is as sinusoidal as the

imposed strain «(t). The two moduli G’ and G” remain constant in the linear
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regime. With the frequency w fixed, increasing the strain amplitude v, causes
the shape of o(t) to distort, Figure 2.7 Such experiment is known as a dynamic
strain sweep. For general viscoelastic solids, as 7y increases, the elastic modulus
G’ deviates from linear response and progressively decreases until falling below

the viscous modulus G”, Figure 2.7, This crossover indicates a transition from

solid to liquid, i.e. yielding [7].

Stress ¢
Stress o

>

>
>

Time t Time ¢t

Linear regime : Non-linear regime

Modulus

>

Amplitude ¥,

Figure 2.7 Illustration of linear and non-linear regimes in dynamic strain sweep.

The boundary between linear and non-linear regimes (Fig. 2.7 dotted line)
depends on the material. For example, polymers may respond linearly up to 1
strain unit [45], whereas for most suspensions, non-linear yielding occurs beyond
1 % strain amplitude [4]. For materials whose microstructure changes under flow,

e.g. colloidal gels [21] [46], oscillatory rheology in the linear regime enables non-

destructive investigation.

2.2.3 Precautions

Slip and banding

The precise measurement of shear rheology assumes a viscometric flow field

(Fig. [2.8]A) where the shear rate is spatially uniform. Yet this is not always the

18



case in experiments, where wall slip and shear banding may occur and obscure

measurements [47].

174 R Vv N v 5
A B | C
AR
[«
viscometric flow wall slip shear banding

Figure 2.8 A. Ideal flow profile under shear. B. Flow profile with Wall slip. C.
Flow profile with shear banding.

Wall slip Caused by various mechanisms, wall slip has been widely observed in
driven soft materials [47-49]. In a suspension system, slip usually results from a
dilute layer next to the wall, where particles barely interact with boundary [49].
This phenomenology could cause a discrepancy between the applied shear rate
(from rheometer) and local shear rate and thus result in invalid data, Figure 2.8B.
For example, colloidal gels, supposed to approach its yield-stress o, as shear rate

4 decreases, may exhibit a stress drop at low 4 in the presence of wall slip [50].

To data, the best way to minimise wall slip is to use geometries with rough
surfaces, such as sandblasted, serrated and cross-hatched plates [47, 149, [50].
Generally, such treatment produces the best result when the plate roughness
becomes comparable to or larger than the characteristic length in a sample, e.g

the particle size in suspensions or the cluster size in colloidal gels [47].

Shear banding Shear banding refers to the flow where the globally imposed
shear is not distributed homogeneously. Figure |2.8C shows a schematic gradient
banding, where the sheared sample separates into bands of different shear rates’}
Shear banding is ubiquitous in yield-stress materials (e.g. colloidal gels [50])
under low shear. This makes sense if we check the constitutive relation o = o (7).
While the stress o is just a bit higher than the yield stress o,, there may exist
multiple solutions for o = ¢(%). Hence macroscopic regions with different local ¥
can persist. The rearrangement of microstructure may also help stabilising these
bands [52].

3Similarly, vorticity banding, perpendicular to the flow direction, separates the sample into
bands with different stresses o [51].

19



Unlike wall slip, shear banding appear to occur as a result of inherent material
property rather than an artifact. It is difficult to eliminate shear banding in

practice.

Evaporation

Despite of the small exposed area in the cone-plate geometry, the sample
evaporation still affects rheological measurements. This effect is notorious in
suspensions, especially for those using volatile solvents like ethanol. To mitigate
evaporation, a sealing hood, also known as solvent trap, can be used to enclose
the whole sample geometry in a saturated solvent vapour without touching the
rotating shaft. It could also limit the moisture ingress from hygroscopic solvents
like glycerol. Meanwhile, using a sealing hood facilitates thermal isolation when

the measuring temperature differs from the room temperature.

2.2.4 Yield stress measurement

Precisely determining the yield stress o, can be challenging in experiments, since
different measuring protocols may give rise to different results [36]. While there is
no universally agreed upon method, here we summarise four common approaches
(three by steady shear and one by oscillatory rheology) as follow. Figure
schematically summarises the measuring results on a material with yield stress

Oy.

As previously mentioned, a popular method is to determine the yield stress o,
from the steady shear flow curve. As shear rate ¥ decreases, the stress o decreases
until approaching the yield stress o, at low shear rates. Plotting o versus % on a
log-log scale manifests a low-shear plateau (Fig. ), representing a finite yield
stress o,. The specific value of o, can be obtained by Herschel-Bulkley fitting
(see Eq. . Generally, more data at lower shear rates leads to a more precise
result. However, in practice, the accuracy may be skewed by problematic flow at

low shear, e.g. wall slip and shear banding.

In the second method, one applies a constant shear rate ¥ and monitors the stress
o build-up with strain ~, Figure 2.9B. At small strains, the stress ¢ increases
linearly with strain like an Hookean solid. As the material yields, the stress o

rolls over a peak at v, followed by a relaxation to the steady state. This is known
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Figure 2.9 Four methods for determining yield stress o,.

as stress overshoot, and the peak value represents the yield stress o,. The stress
growth test is popular for quickly determining the yield stress. However, its result
depends on the applied shear rate 4 and thereby may lead to a deviation from

the real value.

The third method, known as a ‘creep test’, uses a series of measurements at
discrete shear stresses o and looks at the long-time behaviour in the strain-time
plots, Figure . Below the yield stress oy, the strain increases with time until
reaching a plateau where the material no longer flows, resembling an elastic solid.
In contrast, above the yield stress o,, the material ultimately flows at a steady
shear rate at long times. The creep test directly agrees with the definition of
yield stress and thus is supposed to provide the most accurate result. However,

it is usually time-consuming.

Apart from these methods under steady shear, the yield stress o, can also be
determined by oscillatory rheology. A customary way is to apply dynamic strain
sweep, by which one can calculate the elastic stress o’ = G’~. Plotting o’ versus
strain ~ gives the evolution of stress in the zero-frequency limit, since G’ is
frequency-independent and G” ~ w in ideal viscoelastic solids. Similar to the
stress growth test (Fig. [2.9B), the peak in o represents the yielding point, from

which the yield stress o, can be determined.

In this work, we principally used flow curve fitting and creep test to determine
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the yield stress, while other methods were occasionally used as complements.

2.2.5 Rheo-imaging

A rheometer merely measures the macroscopic rheology, whose physics can be
better understood if given the microstructure under flow. The conjunction of
rheometer and external analytic techniques such as light scattering [53], magnetic
resonance imaging (MRI) [54] and confocal microscopy [55] makes it possible to
obtain the instantaneous microscopic information under shear. Rheo-confocal
microscopy, which combines rheology with simultaneous confocal imaging, is

heavily used in this work.

Confocal microscopy

Confocal laser scanning microscopy (CLSM) offers real-space imaging with high
resolution and contrast [3]. Using laser as the illumination source, CLSM uses
a pinhole to filter the out-of-focus light and scans a two-dimensional area by
translating the laser with mirror. To ensure high-quality imaging, fluorescent dyes
are commonly used to eliminate background noise, which necessitate matched

refractive index in multiphase samples (e.g. suspensions) to minimise scattering.

Three-dimensional images can be achieved for CLSM by mechanically translating
the focal plane. Yet when applied to rheo-confocal microscopy, the slow
translation along the optical axis would limit the 3D imaging under flow. Hence
in most studies (including this work), movies under flow are reported in 2D
[21], B0, [55].

Our set-up

Rheo-confocal microscopy was performed using the combination of a rheometer
(Anton Paar MCR 301) and a confocal microscope (Leica TCS SP8). Figure
shows a schematic representation. The upper rheometer geometry was
a sandblasted steel cone (cone angle 1°; diameter 25 mm; roughness ~ 10 pm;
truncation gap 48 pm), while a semi-transparent roughened glass slide was used
for the bottom plate. The glass slide permits confocal imaging from the bottom,

while the top cone simultaneously imposes shear and collects rheological data.
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Figure 2.10 A. Sketch of rheo-confocal microscopy apparatus. The extra
solvent beneath the edge of sealing hood is for thermal conduct,
and it provides a saturated solvent vapour inside the hood as
well. B. Colour-mapped surface plot of roughened glass slide. Re-
constructed from 3D confocal stack.

In this work, we used a 63x oil objective with NA (numerical aperture) = 1.4
and WD (working distance) = 0.31 mm, and a No. 1.0 (thickness ~ 0.14 mm)
circular coverglass slide as the bottom plate. In principle, this combination gives
resolution of ~ 200 nm and enables imaging to a maximum depth of 170 pm. Yet
due to the slight index mismatch between particles and solvent, in practice, it is
difficult to identify our colloids (d ~ 500 nm) as single particles while clear images
are only available up to a maximum height of 80 pm. See detailed discussion in

Chapter [4

While a smooth glass slide would be optimal for imaging, we noticed significant
wall slip and heterogeneous crystallisation when using a smooth geometry surface.
To remove these effects, we roughened the glass slide with sand paper to induce
a roughness of approximately 5pum, Figure 2.10B. Such degree of roughness is
comparable to our particle size (d < 4pum), and our visual observation confirms
that this can effectively mitigate wall slip and eliminate local crystallisation.
Though the roughened slide appears optically cloudy in air, the refractive index of
our sample (n ~ 1.45) is relatively close to that of the cover glass (n ~ 1.50). The
quality of confocal imaging is thus only slightly compromised with a roughened
slide.

As a powerful tool to study flow and deformation in a variety of materials, rhe-
ology is widely applied in subjects like physics, geology, biology and engineering.

Here we only introduce general rheology and some experimental considerations,
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and save the suspension rheology until later. In the next chapter, we classify
suspensions into two categories which correspond to the two species of constituent
particles in our binary system, and discuss the fundamental physics in them

respectively in depth.
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Chapter 3

Suspension physics

The term suspension refers to a heterogeneous mixture composed of insoluble solid
particles dispersed in a liquid medium. Such systems are ubiquitous in natural,
biological and industrial processes and have been of considerable interest for
decades, especially in terms of their rheology [4]. For instance, understanding the
channel flow of blood, a suspension of blood cells in plasma [50], is important in
medical science. For commercial products that are in suspension form, e.g. paints
[57] and drilling fluids [58], their rheology directly determines their performance.
In industry, moreover, suspensions enable the processing of solids in a flowable
form, such as chocolate conching [59] and slot-die coating of battery electrodes

[60]. For efficient and effective processing, it is vital to understand how they flow.

While a simple liquid is Newtonian, the addition of solid particles leads to
a variety of non-Newtonian behaviours, such as shear thinning [19], shear
thickening [34] and viscoelasticity [61I]. Suspension rheology is principally
determined by the particle-particle interactions, and so are the phase behaviour
and particle dynamics [62] [63]. Generally, particles either attract or repel
each other via different mechanismd!] in suspensions, and systems with different
particle interactions have different flow properties [0, [I1]. For instance, at low
concentrations, a gel of attractive colloids possesses a finite yield stress [21] while

suspensions of Brownian hard spheres only exhibit shear thinning [64].

In this chapter, we first introduce the general physics in suspensions, including

Brownian motion and possible interactions between particles. Based on the

! Attraction and repulsion could coexist, e.g. DLVO potential may present repulsion at long
range and attraction at short range [4].
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interparticle force, here we divide particles into two categories: repulsive hard-
particles and attractive colloids. They correspond to the two components in our
binary mixture. We then respectively discuss the quiescent phase behaviours and

suspension rheology of each category.

3.1 General physics

3.1.1 Brownian motion

When freely suspended in fluid, a particle is constantly bombarded by the thermal
motion of fluid molecules and thus driven to move about in a random way, Figure
[B.TA. This phenomenology is known as Brownian motion. Such irregular motion
has a diffusive character, which can be described by the mean square displacement
(MSD) {(Ar)?) as a linear function of time ¢ [65]:

{(Ar)?) = 2NDt (3.1)

where D is the diffusion coefficient and N the spatial dimension. For simplicity,

we set N = 3 as default in the following discussion.
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Figure 3.1 A. A sketch of Brownian motion. Gray disks: fluid molecules; Black
disk: suspended particle. Not to scale. B. Time evolution of MSD
at different particle sizes. Taken from [66]

While a particle is stochastically bombarded and thereby moves in a diffusive
manner, its motion is constantly damped by the viscous fluid at the same time.

For a spherical particle (of diameter d) moving (with relative velocity v) in a fluid
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(of viscosity 7)), the resistive viscous force, also known as Stokes’ drag [67], is
given by:
Fy = 3mndv. (3.2)

Driven by the thermal motion (energy kpT') and damped by the Stokes’ drag, the
diffusion coefficient D is also given by the fluctuation-dissipation theoremﬂ [69]:
kgT

D= : 3.3
37T77fd ( )

In this way, a characteristic Brownian timescale can be defined as follow:

. d2 . 7TT]fd3
6D 2kgT’

B (34)
referring to the time for a particle to diffuse its own size. This Brownian time 75
determines whether Brownian motion is important in a system. Brownian motion

is also associated with a characteristic stress scale op = kgT/d® [4, [70].

Brownian or not?

It is obvious that the importance of Brownian effect greatly depends on the
particle size d, since both 75 and op follow a cubic power law: 75 ~ d° and
op ~ d~3. The smaller particles are, the more significant Brownian motion is,
Figure[3.IB. For example, an 1 pm particle in water diffuses its own size within 4,
whereas for a 10 pm particle, the same process takes more than 6 min. Based on
the Brownian activity, particle size is customarily divided into three regimes [71]:

colloidal (d < 1yum), intermediate (1 pm < d < 10 pm) and granular (d 2 10 pm).

From the experimental perspective, telling whether particles are colloidal (Brow-
nian) or granular (non-Brownian) is important. In certain respects, particles
behave as ‘big atoms’ [72], and Brownian motion can drive particles to diffuse
and form the configuration at equilibrium [4]. In this way, 75 also represents the
relaxation time of a system. Within an experimental timescale, therefore, colloids
in suspensions manage to evolve to the equilibrium state, while granular particles

barely move and thus are always out of equilibrium.

2This expression only applies to dilute systems where particles do not interact with each
other. With the presence of more particles, diffusion slows down until arrested in colloidal
glasses [68].
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There is no absolute size standard to distinguish colloids and grains, since
whether Brownian motion is important or not depends on external conditions.
While a colloidal suspension can quickly equilibrate at rest, imposing shear
flow with 4 > 75' can overwhelm any Brownian effects [64]. Analogously, by
simply waiting patiently (fopservation > Tp), Wwe may observe the phase behaviour
of neutrally-buoyant granular suspensions as well. In practice, dimensionless
quantities are commonly used to determine the relative importance of Brownian
effect. For example, the Peclét number Pe = 475 quantifies the ratio of shear

flow to Brownian diffusion [4].

3.1.2 Sedimentation

In the presence of gravitation, particles sediment (or cream) if the particle density
pp is higher (lower) than the fluid density p;. In suspension studies, gravitational
effects can be eliminated by artificially matching the densities. An example
is poly(methyl methacrylate) (PMMA) particles in the mixture of cyclohexyl
bromide (CHB) and cis-decalin [73]. Yet density matching is not always possible.
For our binary system of silica particles in water-glycerol mixture, p, > p; always

applies.

A single particle settles down when it is heavier than the ambient fluid (Ap =
pp — ps > 0). Balancing the gravitation F, = Ap(1/6)7d*g and Stokes’ drag F}
(Eq. 3-2), we find that the steady sedimentation velocity is given by

Vsed = ——, (3.5)

The sedimentation time 7gq = d/vgeq ratioed to the Brownian time 75 gives a

gravitational Péclet number Pe,:

4
po. — Ap(1/6)mdg

which quantifies the importance of sedimentation relative to Brownian motion.
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3.1.3 Interactions between charged particles

While a single particle in a fluid only interacts with the environment, a pair of or
more particles can interact with each other via various mechanisms. Some of the
interactions universally exist in suspensions, such as volume exclusion and the
van der Waals force, whereas the others depend on the particle surface chemistry
and fluid properties [74]. Understanding particle interaction is important, as it
controls the macroscopic property of suspensions. Here we confine the discussion
to the interactions relevant to this work. The large repulsive particles in our

system are charged silica.

Hard spheres

As an idealised model, the concept of hard sphere is widely used in statistical
physics and colloid science [2]. Hard spheres refer to non-deformable spheres
with volume exclusion. That is, apart from the infinite repulsion at contact,
there exists no interaction otherwise. Although hard spheres are impossible to
realise in practice, volume exclusion is ubiquitous in real suspensions since solid
particles cannot penetrate each other. In this work, we used silica particles with
Young’s modulus (E ~ 50 GPa [75]) far beyond the applied stress (o < 1kPa).

Hence the particles in our model system can be regarded as rigid particles.

van der Waals attraction

Unless specifically stabilised, particles inevitably aggregate together in suspen-
sions as a result of van der Waals attraction [2], a dipole-dipole interaction arising
from fluctuating atomic polarisation. The attractive force varies with the centre-
to-centre distance r. By integrating over all atomic contributions, the van der
Waals pair potential @ qw(r) exhibits a r= tail at large separations (r —d > d),
where d is the particle diameter. For small separations (r — d < d), the van der

Waals potential has the form:

Ad

@de(r) = —m

(3.7)

where A is the Hamaker constant, a material-dependent coefficient that can be
estimated using the Lifshitz theory [76].
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Theoretically, the depth of van der Waals potential is infinite when r — d, i.e.
two particles in contact cannot be separated by finite force. In practice, the
particle roughness plays a vital role at small separations and the binding energy
is thereby finite. Quantitatively, compared with the smooth spheres with an
additional short-range repulsiorEl7 the surface roughness of less than 1nm can

lower the attraction by 1 to 2 orders of magnitude [77].

Though van der Waals interaction occurs widely in suspensions as a quantum
effect, it can be artificially minimised. For example, matching the refractive
indices n of particles and solvent can effectively reduce the Hamaker constant A.
As a reference, A ~ 2kgT for silica particles (n, = 1.448) in water (n, = 1.33),
whereas for silica in water-glycerol mixture (n,, = 1.45), A ~ 0.5kgT [77]. By
introducing polymers or surfactants that imposes a minimum d, van der Waals

attraction can also be minimised via steric stabilisation.

Charge stabilisation
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Figure 3.2 A. Schematic double layer on a negatively-charged surface. B.
Unscaled pair potentials of hard sphere (gray), van der Waals

attraction (red), electric double layer repulsion (blue) and DLVO
interaction (purple).

To prevent aggregation caused by van der Waals attraction, an extra repulsion
is required to stabilise particles. Charge is one way to impart such stability
[74]. When immersed in a solvent, particles with ionisable surface groups gain
a net surface charge by releasing counterions to the solvent. For example, as a
class of widespread model particles, silica particles are negatively charged via the
dissociation of surface silanol group (Si-OH — Si—O + H') when dispersed

in a polar solvent [7§]. Some of the counterions are tightly bound to the particle

3To remove the divergence at contact
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surface and form an inner layer called the Stern layer, whereas the rest are loosely
associated with the particle as a diffuse layer, Figure[3.2JA. This structure is known
as the electric double layer [74].

Taking both the Coulomb repulsion and screening from free ions into considera-

tion, the pair potential from the double layer is given by [74]:

Su(r) = 2% exp (r — d) : (3.8)

1

where Z is the interaction constant and s~

defined as:

is the Debye length, respectively

ksT\? ze
Z = 64mege, (BT) tanh? (41{:5%) (3.9)

-1 EOerkBT'

where €pe, is the solvent permittivity, e is the elementary charge, z is the
electrolyte ValencyEL g is the surface potentia]EL n; and z; are the concentration

and valency of ions ¢ respectively.

Characterising the exponential decay, the Debye length !

represents the range
of charge screening. According to Eq. [3.10] increasing the ionic concentration
(e.g. adding extra salt) can effectively enhance screening effect and shorten the
repulsive range £~ 1. This is a common way to tune interactions between charged

particles in experiments (even from repulsion to attraction [80]).

In practice, it is difficult to directly measure the surface potential vy. Instead,
the electrical potential at the slipping planeﬁ, the (-potential, is commonly used
to characterise the stability. When the depth of slipping plane (typically < 10 A
[82]) is far shorter than the Debye length x~!, the (-potential roughly equals to
the surface potential 19. In experiments, the (-potential can be determined from

electrophoretic mobility [83].

4The case of asymmetrical electrolytes is more complicated, see treatment in [79].

5The interaction constant can also be expressed in the surface charge density o, alternatively.
At low potentials, the surface potential 1y and charge density oy are linearly related [74].

6The slipping plane labels the interface beyond which fluid is no longer attached to particle
surface and thereby mobile [81].
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The DLVO theory In suspensions, the van der Waals attraction and double
layer repulsion usually coexist in an additive manner. The combined potential,

also known as DLVO potential [74], can be written as:

(DDLVO(T) = (I)dl(T) + @de(r). (3.11)

Since the double layer potential ®4 and the van der Waals potential ®,qw vary
with the distance r differently (see Eq. and , the combined potential
®pryvo(r) usually exhibits an non-monotonic curve, Figure (purple). The
detailed shape depends on specific parameters. More details about the DLVO
theory is outside the scope of this thesis. A systematical review can be found in
[84].

3.1.4 Other ways to induce attraction

For both species of particles in our binary suspension, we use silica particles which,
if untreated, interact with each other in a DLVO manner. In the discussion
above, we have shown that tuning the DLVO potential can induce attraction
between particles [80]. In this work, however, we tend to establish a model
binary system that has disparate particle interactions. Simply adding salt would
make all interactions attractive. Hence in this section, we look for other ways to

induce attraction.

Depletion

An alternative method to induce attraction is by means of adding non-absorbing
depletants (such as polymers or smaller colloids) , e.g. the PMMA particles-
polystyrene polymers mixture |21} [61]. Surrounded by depletants with size dgep,
two nearby particles at distance r < (d+dgep) share an overlapped depletion zone
(of volume V) which is inaccessible for depletants, Figure [3.3] The unbalanced
osmotic pressure from depletants then pushes two particles together and results

in an effective attraction. The potential is given in the form of [85]:
Daep (1) = —1I, - Vo(r), (3.12)

32



where I, is the osmotic pressure of depletants in the free VolumeE], and V,(r) is

the overlapped volume (of depletion zone) as a function of distance r.

depletants —__

0 Qg

Figure 3.3 Sketch of depletion mechanism. The dashed circles denote the
depletion layers and the cross-hatched region is their overlap with
volume V.

By changing the concentration and size of depletants, both the strength and
range of attraction can be tuned in a wide range [0, 86]. Such mechanism is
widely used in colloidal gels, and the depletion gel has been a typical model
system in soft matter research [61], [87]. Yet similar to van der Waals attraction, if
adding depletants to induce attraction between the small particles in our system,

the large particles will be inevitably attractive as well.

Hence we do not consider depletion as an option to induce attraction. Yet it is
not completely excluded in our system. Technically, depletion force exists in all
polydisperse suspensions where smaller colloids work as depletants. In this sense,
the large particles may ‘feel’ depletion from the small particles in our system. Yet
such effect will be verified neglectable in Chapter [4]

Hydrophobic interaction

The word ‘hydrophobic’, literally meaning ‘water-fearing’, describes the tendency
of water and apolar objects to separate. Despite a great deal of research, the
physical origin of hydrophobicity is still under debate. Proposed by Frank and
Evans in 1945 [88] and accepted by most people to date, the hydrophobic effect
is attributed as an entropic result: the cost of free energy for hydrogen-bonded

water molecules to accommodate apolar molecules is so high that they prefer

"See more comments on free volume in Chapter |§I
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to separate. In this way, when two or more hydrophobic objects are immersed
in aqueous solvent, they tend to stay together to reduce contacts with polar

molecules [} giving an effective attraction [90].

A B

Hydrophilic

F/R (mN/m)

1 —
S B e S iy

(@]
f1000 ™

0 2IO 4I0 ()IO
Hydrophobic H (nm)

Figure 3.4 A. Contact angles 6. of water droplet on different surfaces.
Hydrophobic surface exhibits higher §.. Taken from [91]. B. Direct

force measurement between silica plate and glass sphere (15-25pm
radius) with different 6. in water. Taken from [90].

Hydrophobic attraction can be quite strong. For two hydrocarbon surfaces
immersed in water, their adhesion energy, or equivalently the energy cost to
fully separate them, is W ~ 10 kgT'/nm? [74]. The adhesion energy principally
depends on the degree of hydrophobicity, which can be quantified by the contact
angle 6, [91]. Figure illustrates the contact angle of water drop on two
different surfaces. The more hydrophobic a surface is, the higher the contact

angle is.

In principle, hydrophobic interaction should be short-ranged (£ < 10nm), as it
originates from the rearrangement of few layers of solvent molecules near the
surfaces. Using equipment like atomic force microscopy (AFM) and surface force
apparatus (SFA) [92], nevertheless, people found that two hydrophobic surfaces
attract each other within a relatively long range (£ ~ 100nm), Figure [3.4B.

Possible mechanisms are discussed in [89].

In our binary system, we use hydrophobic interaction as the attraction mech-
anism. Importantly, the hydrophobic attraction between small particles does

not interfere with the charge repulsion between large silica. While the attraction

8This scenario is still controversial and many other theories are proposed in the recent 30
years. See review on hydrophobic interactions in [89].
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range &, determined by the fundamental physics of hydrophobicity, is more or less
fixed, the attraction strength can be tuned by means of silica functionalisatiorﬂ.

Details of hydrophobical functionalisation will be presented in chapter

3.1.5 Other interactions

Besides the simple pairwise potential interactions discussed above, particles can
interact with each other in a more complicated way. Here we mention two

interactions that matter in this work: hydrodynamic coupling and contact forces.

Hydrodynamic interactions

We have considered the translational motion of a single particle in fluid, which
is constantly damped by the Stokes’ drag. When there are a pair of, or more,

particles relatively move in a fluid, hydrodynamic interactions appear between

them [94].
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squeezing
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Flow direction x

Figure 3.5 A. Schematic 2D profile of streamline around a sphere under simple
shear flow. B. Squeezing and shearing lubrication hydrodynamics.
Both adapted from [94].

Hydrodynamic interaction manifests under flow. Specifically, while a free particle
is driven by the ambient fluid motion in a shear flow, the flow field around it is
locally distorted (Fig. [3.5/A) and thereby affects other particles involved in this
field. In this way, particle motions are hydrodynamically coupled. The magnitude
of distortion decays with distance in an inverse-square fashion [94]. Dealing with
such far-field hydrodynamics is mathematically difficult, since it involves multiple

particles and may be non-radial and asymmetric.

9A chemical treatment to coat certain groups on silica particles [93].
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Lubrication In concentrated suspensions where the surface separation | < d is
sufficiently small, short-range lubrication hydrodynamics dominates as a result of
large gap pressure [94], Figure [3.5B. For a pair of spheres with relative velocity
v = v, + Vi, the normal and tangential components of lubrication force scale as

follow:

o~ —npdPvl Tt
fn e = (3.13)

ft ~ —nfdQVthll.

This implies that a normal force f,, must be applied to make the two spheres
approach at speed vy,. As f, diverges as [ — 0, an infinite compressive force is
required to squeeze them together. Theoretically, physical contact is impossible

for ideal smooth spheres.

Contact mechanics

While lubrication prevents physical contact between smooth spheres, in practice,
though, particle surfaces are rough. Such roughness matters at small separation
and enables direct contacts even when particles are stabilised [95]. Similar to
macroscopic objects, particles interact when they are in contact. Contact forces
occur widely in dry granular materials [96], and recent studies revealed the crucial

role of interparticle contact in suspension rheology [95, [97].

A B >
> :
- Bond rigidity
Sliding Rolling Twisting

Figure 3.6 Sketches of contact force (A) and basic motions for particles in
contact (B) and bond rigidity (C).

Interparticle contact force usually goes with two components: a normal elastic
component F,, and a tangential frictional component F} [96], Figure [3.6A. Unlike
ideal hard spheres, the normal force F,, between realistic particles stems from
elastic deformation and thereby finite at contact. With the presence of surface
roughness m the two components are correlated. If Coulomb friction applies,

particles either remain static when F;, < ugF,,, or slide over each other (in contact)

0Note that the tangential force F; does not necessarily result from roughness [98], although
roughness-induced friction dominates in most cases.
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when F; > ugF, with F;, = uiF,, where u, and py are the static and kinetic

friction coefficients respectively [99].

There exists three basic motions for a pair of particles in contact, Figure [3.6B.
While sliding can be suppressed by tangential friction F}, particles can still move
relatively via rolling and twisting. Such two motions can be constrained by

frictional torques in adhesive contacts [11].

Bond rigidity Under simple U(r) attraction, ideal hard spheres aggregate and
form contacts with infinitely small area. Particles in such contact can still move
freely due to the lack of friction. Yet realistic particles are not perfectly hard
and spherical: they are rough and faceted. This leads to finite contact area and
non-radial forces and torques. Such contacts are termed as adhesive contacts,

and particles with such contacts are adhesive particles [12].

Adhesive contacts constrain bond rotation. For a cluster of three or more
particles, bending the bond angle ¢ in Figure requires a finite torque. This
is known as bond rigidity, confirmed by direct measurement in experiment [100].
Such rigidity underlies the particle dynamics and thus matters in the macroscopic

rheology of suspensions [101].

3.2 Phase behaviours

Colloids behave as ‘big atoms’ and can somewhat reproduce some of molecular
phase behaviours [72]. For example, the phase separation in attractive colloids
[87] is reminiscent of the vapour-liquid coexistence in water, which makes sense
since both their constituents are attractive [I02]. The phase behaviour of a
suspension depends on the interaction between particles [63, 86]. Here we start
with hard-sphere system first, and then extend the discussion to interacting rigid
particles. Note that though the phase behaviour itself does not rely on the particle

size, the following discussion only makes practical sense for Brownian colloids.

3.2.1 Hard spheres

Thermodynamics tells us that the equilibrium phase behaviour of a system is

determined by the free energy F' = U — T'S, where U is the internal energy, T
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the temperature and S the entropy. For hard spheres whose repulsion is infinite
when overlapped, U is fixed and proportional to kgT', so that T" only scales the
free energy and leaves S the only parameter to minimise F'. In this way, all the
phase behaviours in hard-sphere system are entropy-driven and controlled by the
number density, or equivalently the particle volume fraction ¢:

Vo 1 4N

¢ = 7 = éﬂd3v, (3-14)

where N is the particle number within a domain of volume V.

:de Fluid Crystal : Glass Fcc
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0.494 0.54 ¢, ~0.58 0.64 0.74

Figure 3.7 Hard sphere phase diagram. The dotted line denotes the non-
equilibrium glass boundary ¢g.

Simulation [I03] and experiment [62] give similar phase diagram for (nearly) hard
spheres, Figure 3.7 At low volume fractions ¢ < 0.494, Brownian motion leads
to an isotropic configuration of particles at equilibrium, i.e. a fluid phase. When
¢ > 0.494, crystalline domains are formed as an entropic resuhE-] and the fluid
phase coexists with the crystal phase until ¢ > 0.54, where the system is fully
crystallised. The closest packing can be achieved by a face-centred crystal (fcc)
at Pgc = 0.74.

Yet in practice, crystallisation is not always observed above ¢, ~ 0.58 due to the
glass transition [62]. As the volume fraction ¢ increases, the long-time diffusion
progressively drops due to the crowding effect and almost vanishes beyond ¢,.
Physically, particles are ‘locked” in the cage of their neighbours [2l The bulk
system is then dynamically arrested in an amorphous structure, termed as the
colloidal glass [B, [62]. As an non-ergodic state, the colloidal glass is mechanically
a solid with a liquid-like structure, since no long-range order is presented yet the
relaxation takes infinite time. Such non-ergodic state persists up to a random
close packing ¢.., = 0.64 [105].

1 Although at first glance, crystallisation reduces the configurational entropy (as it is more
ordered), its dense packing creates more free volume so that the bulk entropy still increases.

12Glass transition can be induced by both caging and bonding [104], and the latter will be
discussed in later section.
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Repulsive hard-particles

Apart from volume exclusion, experimental model particles may display a finite-
range repulsion. When the repulsion range £ is small compared to the particle
size (£ < d), the repulsion can be treated as a perturbation based on hard-sphere
potential. It is common to define an effective size by adding a repulsive shell:
deg = d + &, so that the solid volume fraction ¢ can be converted to an effective
volume fraction ¢eg = ¢(1+&/d)3. Compared with hard spheres, phase (or glass)

transitions occur at lower ¢ in repulsive particles [106] [107].

3.2.2 Structure characterisation

To characterise the structure in different phases (or states), a popular way is to

measure the pair distribution g(r), defined as:

g(r) = % <Z 3(r — ri>> , (3.15)

where n = N/V is the particle number density, and (---) denotes the ensemble
average. Given a particle at the origin, the pair distribution offers a measure of
the possibility of finding another particle at r [I08]. In an isotropic system, this

can be angularly averaged to give:

1
6(r) = 5 [ [ ete) ds (3.16)
T
where 6 and ¢ are polar and azimuthal angles respectively.

Peaks in g(r) characterise the microstructure. For hard spheres in crystalline
phase, peaks show up at the lattice spacings [I10]. One can determine the crystal
system according to the positions of peaks [L06]. For hard spheres in fluid phase,
while g(r) presents a flat profile at long distance due to the lack of long-range
order, the effect of volume exclusion is manifested by the peaks at short distances,
Figure [3.8] The i-th peak corresponds to the i-th shell of nearest neighbour, with
the peak height quickly decaying to 1 beyond several particle diameters. Note
that g(r) only includes structural information in radial direction. To account for

anisotropy or spatial heterogeneity, a full map of g(r) is required [34].

As the Fourier-transformed version of g(r) [108], the static structure factor S(k)
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Figure 3.8 A collection of hard disks (left) and its radial distribution function
g(r) (right). The colour mapping illustrates the contribution from
particles at different distances r. Taken from [109].

is another measure of structure, defined as:

S(k) = % <Z efker: Ze—ik'w> : (3.17)

where k is the wave vector. Compared with g(r) which is obtained from real-space
configuration, the structure factor S(k) provides information in the frequency
domain and correlates more with scattering results [61, 87]. Similarly, taking
the angular average gives a radial spectrum S(k), which is widely applied to
determine the characteristic length scale in a structure. For example, in colloidal
gels, a peak at kg indicates a characteristic cluster size of 27 /ky [61]. The slope

of S(k) also gives information on the fractal information of gel structure [111].

3.2.3 Attractive colloids

Phase behaviours

For a quiescent collection of attractive colloids without bond rigidity, the phase
behaviour has been extensively studied by experiments [63, 112] and simulations
[T13]. The phase behaviour depends on interparticle attraction, which is mainly
characterised by the potential depth Uy (i.e. the attraction at contact, or binding
energy) and interaction range £. For short-ranged attractions, or quantitatively

¢/d < 0.3 [114], a schematic diagram is outlined by the normalised attraction
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Uawt/kpT and the volume fraction ¢, Figure .

There still exists three regions: fluid, solid (crystalline) and their coexistence
[112]. As the attraction increases, even at low volume fractions, particles
aggregate and form colloid-rich domains which crystallise at equilibrium. The
fluid-solid coexistence region broadens with increasing Uy /kpT. In our system,
however, the ordered solid phase is always inhibited by gelation. In the following

discussion, therefore, we ignore crystallisation.
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Figure 3.9 A. Schematic phase diagram of colloids with short-range attraction.
Inset: free energy curve in fluid branch. Adapted from [61]. B.
Spinodal decomposition in a model colloid-polymer mixture [115].
Top: snapshots at different time after mixing; Bottom: small-angle
light scattering results. Taken from [115].

Taking away crystallisation manifests a region of gas-liquid coexistence which is
originally ‘buried’ inside the equilibrium fluid-solid coexistence. The gas-liquid
coexistence occurs as a result of the ‘double-minimum structure’ in the free energy
[61]. As shown in Figure [3.9/A (inset), the coexisting phases are defined by the
line that is tangent to the free energy curve, and the locus of the two points of
tangency determines the binodal line in Figure (blue solid line). Systems

within the binodal region tend to separate into gas and liquid phases.

Spinodal decomposition When looking in more detail at the free energy curve,
we can notice a region with negative curvature between the inflection points
where 9% f/0*¢ = 0, Figure [3.9A inset (red symbols). Their locus determines the
spinodal line in Figure (red dashed line). System in this region is unstable
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with respect to any local fluctuations and will immediately phase separate in a

characteristic manner, known as spinodal decomposition.

Spinodal decomposition has been widely observed in colloids, polymer blends and
alloys [II5HIT7]. Figure (top) shows snapshots of a model colloid-polymer
mixture during spinodal decomposition. In such depletion system, particles seek
to lower their free energy by developing a coarsening bicontinuous texture of

colloidal liquid (colloid-rich domain) and vapour (colloid-poor domain).

The dynamics of spinodal decomposition can be characterised by the structure
factor S(k), or equivalently scattering results. As the phase separation proceeds,
a peak at low wavenumber k appears, grows and shifts to a lower k over time,
Figure (bottom). That is, a characteristic lengthscale progressively grows
until two phases demix. Through dynamic scaling, the evolution of S(k) can be
described by the Furukawa form [I1§].

Experiments [61] 1T5], supported by simulations [38], show that many attractive
systems phase separate via spinodal decomposition. At sufficiently high ¢,
however, such phase separation can be arrested in a ramified network structure

[0, 115]. This dynamical arrest originates from the glass transition.

Dynamical arrest

Glass transition occurs at ¢, ~ 0.58 in hard spheres. Such glass, dynamically
arrested due to caging effect, is termed as the repulsive glass (RG) [5]. In the
presence of attraction, a new category of glass appears at high Uy /kgT. Unlike
RG, such glass results from particle bonding rather than caging and thereby
termed as the attractive glass (AG) [5]. As the attraction strength increases,
the glass boundary ¢, decreases quickly so that the dynamical arrest could occur
at low volume fractions. The glass lines can be calculated from mode coupling
theory (MCT) [I19] or determined by simulations [104] [120].

Dynamical arrest even occurs below the glass line ¢,. As we mentioned above,
attractive systems phase separate via spinodal decomposition. Before this process
is complete, however, the liquid branch becomes so dense that it turns into an
AG. The structure is then arrested in a bicontinuous texture which spans the
system. Such state is known as the colloidal gel [61]. Due to the percolated,
ramified network, a gel responds like a soft solid. In this way, gelation can be

interpreted as arrested phase separation. Such scenario has been verified in a wide
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Figure 3.10 A. Schematic non-equilibrium state diagram. AG: attractive glass
(inset: 3D rendering of AG from [121]); RG: repulsive glass; Gray
area: colloidal gel. Dotted line ab: tie-line where the binodal line
meets the AG line. Redrawn from[120]. B. Structure of different
types of gel. Top: confocal image of arrested phase separation gel.
Taken from [122]. Bottom: TEM image of DLCA aggregate. Taken

from [123].

range of gels [6, 38, 61].

Figure summarises these non-ergodic states in a schematic state diagram.
All arrested systems respond like solids. From the structural perspective, RG
and AG (see inset in Fig. [3.10/A) are amorphous and relatively homogeneous.
In contrast, the colloidal gel, formed within the gray area, exhibits a ramified
network with large voids. Figure (top) shows confocal image of a model
depletion gel [122]. Though we use lines to demarcate these states in the diagram,

note that there is no sharp state boundary in reality.

So far, the state diagram has not been fully understood. As ¢ decreases, there
comes a point where the formation of an interconnected bicontinuous pattern
becomes impossible, and phase separation occurs via nucleation and growth. The
kinetic arrest then gives attractive-glass ‘beads’ rather than a gel structure [124].

Unexpected fluids of clusters are also observed between the gelation and fluid

regions [125].
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Different gels

For attractive particles, gelation occurs as arrested phase separation. Specifically,
the phase separation proceeds via spinodal decomposition, where the bicontinuous
texture of liquid branch becomes increasingly dense until arrested on the AG line.
Figure (top) shows a typical arrested phase separation gel. Such scenario
has been widely verified in experiments by small-angle scattering [61] (or the
structure factor S(k) [6]), where a peak grows, narrows and shifts to lower wave
vector k. The peak position ky decreases with time in a power-law manner until

reaching a steady (or say arrested) state [6], [61].

Such interpretation does not include bond rigidity. In practice, however, particles
may be not only attractive but also adhesive, i.e. relative motions are constraint
once touched [11, [12]. An idealised model, known as diffusion-limited cluster
aggregation (DLCA), describes the gelation in such case [126]. Brownian adhesive
particles move and meet and irreversibly stick to each other. During aggregation,
the access to the interior of aggregate is blocked by the earlier arrivals so that
free particles can only adhere to the exterior, leading to fractal clusters [123]. We

can define the fractal dimension d; in DLCA as:

N ~ (%)df , (3.18)

where d.. is the characteristic cluster size and NN the particle number of the cluster.
DLCA aggregate has a fractal dimension d; ~ 1.7 to 1.8 in 3D [123].

These clusters grow over time and the volume fraction inside clusters ¢, ~
(d./d)% =3 decreases accordingly. Once ¢, decreases to ¢, the cluster packing
then spans the entire space and a DLCA gel is thus formed. In this way, we have

the critical cluster size dge:
dyot ~ dp/ (4573) (3.19)

The DLCA gel is then an assembly of fractal clusters with size dge.

Figure (bottom) shows a TEM image of DLCA gel. Compared to the
arrested phase separation gel on the top, the network in DLCA gel is highly
porous and tenuous. Moreover, the fractal feature enables a DLCA gel to be
formed theoretically at arbitrary low ¢, whereas a finite gel boundary ¢4 exists

in arrested phase separation gel [127]. Despite of such difference, similarity
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was revealed between DLCA and phase separation in small-angle scattering
experiment [128]. In this sense, a DLCA gel may be considered as a variant
of arrested phase separation, where the dynamics is arrested by bond rigidity

rather than attractive glass [129].

We note that other gelation routes are possible (see review by Zaccarelli [129]),
and they may lead to different gel properties. But they are beyond the scope of
this thesis.

3.3 Suspension rheology

Suspensions under flow display a variety of rheological behaviours, such as the
shear jamming in dense suspensions [130]. However, reaching a fundamental
understanding on suspension rheology is challenging. The conventional ‘mean-
field” approach does not work. Each particle only interacts with ~ 10 neighbours,
i.e. the local details matter [7I]. Yet in some cases, mean-field approximation
gives convincing predictions, e.g. the Wyart-Cates model [9] in shear thickening.
With the knowledge of rheology and suspension physics, here we again start with

hard spheres, and then consider effects from particle interactions.

3.3.1 Hard spheres

Adding solid particles to a liquid enhances the resistance to flow, as the particles
distort the flow field [4]. The more particles added in, the more pronounced
the resistance becomes. In the language of rheology, the suspension viscosity 7

increases with the volume fraction ¢.

We first consider the simplest case: neutrally-buoyant, non-Brownian, smooth
hard spheres suspended in a Newtonian fluid. Under a steady Stokes shear flow
without inertial effects, there exists only one stress scale - the viscous stress ;.

So that the relative viscosity 1, can be described by a universal relation [131]

== — f(¢), (3.20)

where f(¢) > f(0) = L.

The relative viscosity 7, linearly increases with ¢ in the dilute regime, and

45



grows faster and faster with the addition of more particles [4]. Simulations and
experiments confirm the existence of a jamming volume fraction ¢ ;, above which
no steady flow is possible [51]. With f(0) = 1 and f(¢;) — oo, an empirical
equation describes the 7,-¢ relation [132]:

6\ 2
oy

where A is a dimensionless prefactor. The value of ¢; highly depends on the

property of particles. For monodispersed smooth hard spheres, ¢; = ¢;p ~ 0.64

[133].

Inertial effects Discussion above is confined to inertialess Stokes flow. In a
sheared suspension, the importance of inertia is quantified by the Stokes number

St and the particle Reynolds number Re,, defined as follow:

2 g2
g — PV
n
, 72 , (3.22)
Re, = e Ay
ny

Our model system is composed of silica particles (p, < 2.0gem™ and d < 4 pm)
suspended in a Newtonian solvent (p; = 1.23gcem ™ and 1y = 0.13 Pas). Within
the range of accessible shear rate of our rheometer (% < 10* s7'), Re, < 1 and

St < 1 always apply. In this work, therefore, we ignore inertial effects.

Brownian effects

Characterised by the timescale 75, Brownian motion always tends to drive the
suspension’s structure to an isotropic equilibrium state. Shearing a Brownian
suspension would distort the structure and thus generate an internal stress
resisting the flow [34]. The competition between imposed shear and Brownian

diffusion can be characterised by the ratio of two time scales:

™ 3mnyd’

Pe = =
“TAR T TakgT

(3.23)
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Figure 3.11 A: Viscosity n as a function of shear stress ¢ in colloidal latex
suspensions. Adapted from [I34]. B: Low shear and high shear
viscosities of colloidal silica suspensions as functions of volume
fraction. Taken from [4]. C: Pair distributions at different Pe.
Taken from [34].

known as Peclét number. By analogy, this can also be reported in terms of a

dimensionless stress [135]:

g o

T s ksT/d

(3.24)

Both Pe and & represent the importance of shear flow relative to Brownian effect.

In the presence of another stress scale op, Brownian suspensions shear thin
[134] as shown in Figure 3.11JA. At low shear (Pe < 1) where Brownian effect
dominates, the microstructure is maintained in a quasi-equilibrium state and the
system exhibits a strong resistance to flow, namely high viscosity ng. As Pe
increases, the isotropic structure is progressively distorted and the suspension
shears thins until reaching a lower viscosity ng at Pe > 1 [34]. Figure [3.11B

shows the pair distribution under different Pe.

The two viscosity plateau, ng(¢) and ny(¢), follow the form of Eq. with
different ¢;, Figure . In principle, the low-shear viscosity ng diverges at
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. =~ 0.58. This makes sense as colloidal glass with finite yield stress is formed
above ¢,. By contrast, the high-shear viscosity ny diverges at approximately
random close packing ¢, >~ 0.64. In practice, however, the jamming volume
fractions ¢; for np and ny are sensitive to particle details and fitting method.

They may scatter around ¢, and ¢,., with high uncertainties [10], [135].

3.3.2 Repulsive hard-particles: shear thickening

Shear thickening has been widely observed in dense suspensions [19] [34] [71].
With increasing shear stress, the suspension viscosity lifts from a low Newtonian
plateau ny to a higher viscosity ng, Figure [T1]. For decades, theories such as
‘hydroclusters’ [19, [34] and ‘order-disorder transition’ [136] have been proposed.
Although these explanations offer a qualitative prediction of continuous shear
thickening (CST), none of them reproduces discontinuous shear thickening (DST)
E, i.e. the stress jumps suddenly to a higher (or infinite) value above a critical
shear rate [138].
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Figure 3.12 A. Flow curves reported in n,-o for d = 3.77 pm PMMA spheres in
CHB-decalin mixture. The solid lines are fits to the Wyart-Cates
theory. B. Two viscosity branches vary as functions of volume
fraction ¢. Both taken from [71].

Recent studies found a deep connection between dense suspension rheology
and granular mechanics [I39], where the role of interparticle friction in shear
thickening was progressively revealed [97, [140]. In short, it is the transition

from frictionless to frictional contacts that gives rise to shear thickening [05]. A

13 An extreme example of DST is dense cornstarch-water mixture on which an adult can run
[137].
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phenomenological model by Wyart and Cates [9] summarised these considerations

and proposed an analytic approach by making ¢; stress-dependent, i.e. ¢; =

¢J(U).

Shear thickening occurs in suspensions of repulsive hard-particles. Stabilising
repulsions separate particles with a finite gap where lubricated contacts are
maintained. In such frictionless state, ¢; = ¢p and 7 = ny. As the shear
stress o increases beyond an onset stress ¢*, the thin lubricated film between
particles is ruptured, giving frictional contacts. At the same time, ¢; drops to
a lower ¢y, with the subscript ‘rlp’ referring to random loose packingjﬂ [142].

Accordingly, the viscosity 7 increases to a higher ng.

The viscosity 1 can be described by adapting Eq. [3.21}

6 \ 2
n(e) =4 (1 — ) , 3.25
(o) 57(0) (3.25)
where ¢;(0) = ¢yep (corresponding to the lubricated state ny) and ¢;(c0) = ¢y
(corresponding to the frictional state ng). To correlate the global macroscopic
quantities (o and ¢ ;) with the local microscopic friction, the Wyart-Cates model

uses the fraction of frictional contacts in total contacts f.

As o increases above o*, the value of f gradually increases from 0 to 1. A common

exponential form is used in [71] to characterise the transition:
flo) =e @/, (3.26)

where 3 < 1 is the stretch exponent. Based on the values of ¢ ; at different states,

the Wyart-Cates theory assumes ¢; as a linear function of f:

¢s(f) = f - bap + (1= f) - brep: (3.27)

A recent study probed ¢; at a microscopic level by introducing sliding constraint
and correlating it with isostaticity [11, [I43]. The combination of Eq.
and provides a robust fitting for both CST and DST.

Shear thickening, desirable in some cases (e.g. shock absorber) whereas unwanted
in others (e.g. pipe clogging) [34], results from interparticle contacts. Hence

controlling the contacts holds the key to tunable shear thickening. Externally,

!Dependent on the friction coefficient u, the value of ¢y, varies from approximately 56 %
(1 — 00) t0 Prep ~ 64 % (1 = 0) [141].
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an orthogonal vibration can relax frictional contacts and thereby lessen shear
thickening [144]. Besides, tuning the intrinsic onset stress o* is also an effective
way. The physics of ¢* arises from the interparticle repulsion. To rupture the
lubricated film between particles, a repulsive barrier F* with force units has to
be overcome first. In this way, a critical stress scale F*d~2 can be defined and

correlated with the onset stress as:
o ~ F*d 2 (3.28)

The d—2 dependence of o* has been verified in [7T1] and this work. In addition,
surface roughness has also been revealed to play a vital role in shear thickening
[145] 146].

Thinning? Thickening?

Arising from different mechanisms, shear thinning (Brownian effect) and shear
thickening (contact mechanics) are supposed to coexist in repulsive systems.
However, colloidal suspensions mostly exhibit only shear thinning [147] and
granular suspensions exhibit only shear thickening [71], [148| 149]. The coexistence
of shear thinning and thickening is mostly observed in particles with intermediate
size (0.5um < d < 5pm) [19, 34, [71].

colloidal intermediate granular
n observation window ‘ n observation window n observation window
! H : 1
shifts as d? | |
— 1 1
shifts as d* : 0
1 1
1 H H 1
%8 ot o ] o* c % o* c

Figure 3.13 Sketches of observable flow curves in different size regimes.
Adapted from [71].

This results from the different size scaling in thinning onset op ~ kgT'd~3 and
thickening onset o* ~ F*d~2. With increasing d, the two onsets shift to smaller
values at different rates. Given the range of accessible shear stress in rheometers
is fixed (typically 1072 ~ 10* Pa), schematic flow curves in different size regimes
are shown in Figure For colloidal suspensions, the thickening onset o* is
usually beyond the maximum stress and thus not shown. As d increases to the

intermediate range, the two onsets are both in the observation window until the
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thinning onset op falls below the rheometer resolution, i.e. only shear thickening

is presented [71].

3.3.3 Colloidal gel rheology

Apart from dynamical arrest at quiescence, interparticle attraction also has a
significant effect on suspension rheology. With proper concentration ¢ and
attraction strength Uy, particles tend to aggregate together and form a ramified
network which can carry stresses and thereby reacts as a soft solid, i.e. the
colloidal gel. Because of the disparate interactions and microstructure, the

rheology of gel differs a lot from that of repulsive suspensions.

Linear viscoelasticity

Colloidal gels are viscoelastic materials. The spanning network gives rise to an
elastic, solid-like behaviour, whereas the finite bond strength, as well as the liquid
component, offers a viscous response. At sufficiently small strains v (i.e. in the
linear regime), the simultaneous stress ¢ is proportional to 7 and thus leads to
constant moduli. Such response, occurring prior to yielding, is known as linear

viscoelasticity.

In oscillatory rheology, the elastic modulus G’ and viscous modulus G” are two
important measures of linear viscoelasticity . The two moduli, especially G,
depend on system parameters, such as the volume fraction ¢ which determines
the strength of gel network. The more concentrated a gel is, the higher moduli
it has [7, 127]. The elastic modulus G’ usually increases with ¢ in a power-law
manner [7]:

G~ ", (3.29)

where the exponent n depends on system details, e.g. attraction strength U,
particle size d and gelation mechanism [7, 150, 151]. Theories like MCT can offer

a priori prediction on modulus scaling [152] 153].

For a colloidal gel, G’ and G” barely vary with the oscillatory strain amplitude
~ at small strain amplitudes; yet they do depend on the frequency w. The
frequency dependence is significant around the gelation boundary ¢g: the two
moduli increase with w roughly as a power law. As ¢ increases, the relaxation

becomes slower so that less dependence is shown within the accessible w range
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Figure 3.14 Oscillatory rheology of colloidal (depletion) gels at different

concentrations, with the elastic modulus G’ as solid symbols and
the viscous modulus G” as open symbols. Adapted from [7]. A.
Dynamic frequency sweep at v = 0.1 %. The arrow indicates the
minimum of G”. B. Dynamic strain sweep at w = 10rads™!
The dashed and dotted lines indicate the first and second yielding
respectively.

in experiment{™] Figure [3.14A exhibits frequency sweep results in depletion
gels. A generic broad minimum in G”(w) is commonly observed at different

concentrations, suggesting a characteristic relaxation time scale [154].

Yielding behaviour

As the oscillation strain v increases, the deformation becomes non-affine at the
microscopic level and the responding stress is no longer sinusoidal. In such a
nonlinear regime, the elastic modulus G’ drastically decreases with ~ until falling
below the viscous modulus G”, Figure [3.14B. This behaviour suggests a solid-
to-liquid transition and is known as yielding. Apart from the moduli crossover,
another yielding signature is the peak in G”(7), which results from the decrease

of structural relaxation time at large ~ [154].

The concept of yielding may include several steps. Two steps of yielding are
commonly observed in colloidal gels [7, [155], and Figure shows strain
sweep results with two-step yielding. In most cases, the first yielding event
demarcates the linear and nonlinear regimes and thereby corresponds to the

macroscopic solid-to-liquid transition. At a microscopic level, this is attributed to

5 Typically 1072 to 10 rads™?
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the breakdown of inter-cluster bonds [7]. By contrast, manifested by the ‘modulus
bulge’ as well as the second peak in G”(7) at large 7, the second yielding involves

the breakage of gel clusters [7].

In steady state rheology, a colloidal gel yields and flows when sheared beyond its
yield stress o,. As another measure of mechanical strength, the yield stress o,
also depends on factors such as volume fraction ¢, particle size d and attraction
strength Uy, If view yielding as a result of bond breakage, then o, should be
positively correlated to the product of bonding force and bond density. In this
way, stronger attractions, higher concentrations and smaller particles all lead to

stronger gels.

In colloidal gels, the relation between yield stress o, and volume fraction ¢ has
been extensively studied [7, 21}, 153]. However, due to the non-equilibrium nature
of gel, an apriori prediction on o, is difficult. Generally, o, scales with ¢ in a
power-law manner:

oy ~ 00", (3.30)

where oy is a prefactor with stress units. The magnitude of oy may offer an
empirical estimation of attraction potential depth Uy,. Similar to the treatment
on the thickening onset stress o*, the stress scale oy may be correlated with the

attractive force F,i; as follow:

Fatt ~ %
2 g

(3.31)

gg ~~

where ¢ is the attraction range and d the particle size.

Gels under flow

Upon yielding, gels shear thin under steady shear flow. As shear rate + (or stress
o) increases, the viscosity 7 decreases as a result of cluster breakage. The steady

flow curve can be empirically described by the Herschel-Bulkley equation:
o =0, +ky" (3.32)

where o, is the yield stress, k and n the fitting parameters. This expression

indicates that flow (non-zero shear rate) is only possible above o,,.

The rate-dependent rheology arises from the rate-dependent structure. With the
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development of experimental techniques and simulation methods, gel structure
under flow has been widely studied [21], 46, 150, 157]. On one hand, shear flow
accelerates the aggregation of attractive particles by providing an extra diffusion,
known as orthokinetic aggregation [158]. On the other hand, external shear peels
aggregates apart and may completely redisperse the particles at sufficiently high
shear. With the existence of interparticle attraction and Brownian diffusion, the
structural behaviour of gel under flow is complicated. Generally, the higher the

shear rate is, the smaller the clusters are.

Figure 3.15 Gel rheology and gel structure at different shear rates [21]. Top
panel: confocal snapshots of a depletion gel (¢ = 44 %) under
different shears. Middle panel: flow curves from experiment (black)
and MD simulation (red). Bottom panel: simulated gel (¢ = 44 %)
under different Pe.

The impact from shear even still manifests upon flow cessation. Shear with high
rates can fully breakdown the structure, so that after shear cessation, a more
homogeneous and stronger gel can be formed. By contrast, a lower shear rate
gives rise to a relatively heterogeneous network with large voids [211, [159]. That
is, the re-gelled structure depends on the flow history and cannot be achieved by

simple thermal quenching.
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For colloidal gel under shear, a minimal consideration involves three factors
(reporting in force scales): Brownian motion (~ kgT/d), viscous drag (~
67mnd*y) and interparticle attraction (~ Uy /€). Similar to the Peclét number
Pe, the relative importance of each factor can be represented by the ratio of one
to another. For example, the competition between attraction and shear force is

quantified by a dimensionless Mason number Mn:

Fshear _ 67T77fd27

Mn = )
Fattraction Uatt/g

(3.33)

This is also referred to as the depletion Péclet number in [21]. Similarly, Uy /kpT

measures the importance of attraction to Brownian motion.

Here we consider strong attraction, i.e. U, > kgT. When shear force dominates
(Mn > 1), most bonds are ruptured and the structure is rejuvenated. After
shear stops, the post-shear gelation starts from a suspension of well-dispersed
particles and ends up with a homogeneous gel network. As shear decreases until
it is comparable to the attraction (Mn ~ 1), particles are allowed to explore
possible configurations to a certain extent without breaking most bonds. This
gives compact clusters which rearrange into heterogeneous gel network upon flow
cessation. Figure [3.15| shows the gel structure induced by different shear rates
in experiment (top panel) and simulation (bottom panel). And a recent study
interpret such behaviour as a release from dynamical arrest [156]. Yet so far,

there is a lack of unified description on shear-induced structure in colloidal gels.

Clearing history before measurement Given the rate-dependent structure, it
is not difficult to see that the measurement of gel rheology is sensitive to the
flow history. Hence to ensure valid measurement, specific precautions should be
taken prior to the experiment. A popular treatment to clear history effect m is
rejuvenation. By imposing a high-rate preshear, we enable a gel to be formed
from a random configuration. The gelation process can be monitored by the
evolution of the elastic modulus G’. When G’ increases to a (quasi-)steady state,

an intact colloidal gel is then formed.

In this chapter, we have reviewed the fundamental physics of suspensions.
Based on the interparticle force, we classify suspensions into two categories and

respectively discuss their quiescent phase behaviours (including dynamical arrest)

16From loading or previous measurements.
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and rheology. While there is considerable progress in describing single-component
suspensions as reviewed, the understanding on multi-component suspensions
remains far less developed. In this work, we focus on a generic composite
consisting of large grains suspended in a colloidal gel. In the next chapter, we

will establish the model system for such class and characterise each component.
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Chapter 4

Establishing a model binary

suspension

This work is concerned with the rheology of binary suspensions containing large
repulsive grains suspended in a viscoelastic gel of smaller attractive colloids. Such
binary system is of specific interest as it occurs widely in industrial suspensions,
such as fresh concrete [17, [160], battery slurries [16, 161] and toothpastes [162].
For efficient and effective processing, it is vital to understand how they flow.
Despite their ubiquity, there are few studies on suspension of particles disparate
in both size and interaction. While many well-established model systems (such
as sterically-stabilised PMMA particles) have been used to study size bidispersity

[15], it is challenging to achieve different kinds of interparticle forces in one system.

In this chapter, we establish an index-matched model system composed of
small attractive particles and large repulsive particles. We chose silica
(SiO2) spheres for both species. Widely used as model particles in suspensions
[10, 163], these have key advantages as follow: (i). they are easy to synthesise
(good reproducibility) or purchase (relatively cheap) in bulk quantities [164];
(ii). the refractive index can be matched in a variety of solvent mixtures [165];
(iii). the well-established chemistry enables fluorescent labelling and surface

functionalisation [93] [165].

Here we used two batches of silica particles to establish our model binary
suspension. The two batches differ in size and surface wetting: the larger
particles are non-Brownian and hydrophilic, whereas the smaller ones are

colloidal and hydrophobic. Using a mixture of ethanol, water and glycerol
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as suspending solvent, the hydrophobic small silica attract each other via
hydrophobic interaction, whereas the large silica are charge stabilised. To enable
confocal microscopy, small particles and solvent were labelled by different dyes,
and the refractive index was roughly matched. We start with synthesising and
characterising each species of particles, and then detail the preparation of binary

samples and characterise the inter-species interactions in a composite suspension.

4.1 Small attractive particles (S)

4.1.1 Silica chemistry

Synthesis

Our small silica colloids were synthesised in house and hydrophobically func-
tionalised to induce attraction. We followed the Stober process [166], where the
synthesis is accomplished via hydrolysis and condensation of tetraethoxysilane
(TEOS). Under the catalysis of ammonia, TEOS molecules are hydrolysed and
subsequently condensed in ethanol-water solution to build larger compounds. As
the reaction proceeds, these compounds grow and crosslink until they come out
of the solution as solid particles. Figure 4.1JA shows a schematic representation

of synthesis.

To enable confocal microscopy, silica particles are usually labelled with fluorescent
dyes during synthesis. Here we use rhodamine B isothiocyanate (RBITC). Specif-
ically, RBITC and the coupling agent (3-aminopropyl)triethoxysilane (APS) are
mixed in advance for full coupling [165]. We then transfer the coupled dye (APS-
RBITC) to the reaction solution, so that RBITC can be covalently attached to
the particles during synthesis, Figure [4.TA.

The particle property highly depends on the surface chemistry. Figure [4.1B
displays possible surface groups on RBITC-labelled stober silica. Siloxane groups
are the majority (~ 60% of total surface groups), whereas silanol and ethoxy
groups take up ~ 20% each [93, 168]. Aminopropyl group results from the
coupling agent APS. Note that the proportion of each group, as well as the
surface chemistry, is sensitive to reaction conditions and could vary from batch
to batch [164].
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Figure 4.1 A. A simplified representation of RBITC-labelled stober silica
synthesis. Et denotes ethyl group (-CHyCHjs). Adapted from
Wikipedia [167]. B. Possible surface groups on RBITC-labelled
stober silica. Part adapted from [93].

When immersed in a polar solvent, the silanol groups on silica particles
disassociate and present negative surface charge. Silica particles can thus be
stabilised via electrostatic interaction. Though aminopropyl groups produce
positive charge, they are relatively rare so that the net charge on particle surface
is still negative. This can be verified by (-potential measurement. Suspended
in water-glycerol mixture (1: 1 by mass) with 1 mM sodium chloride (NaCl),
our RBITC-labelled silica colloids have a (-potential of —80mV (measured by
Malvern Nano-ZS ZEN2600 Zetasizer), which is sufficient for stability [169].

Functionalisation
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Figure 4.2 A. Schematic HMDS functionalisation. After functionalisation, a
fraction of hydrophilic silanol groups are replaced by hydrophobic
TMS groups. B. Tri-methylsilyl (TMS) group.
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Besides providing surface charge, reactive silanol group also enables modification
on the surface chemistry. The basic idea is to replace silanol groups with other
groups with desired property. Such treatment is referred to as functionalisation
[93]. In this work, we made silica colloids hydrophobic by coating trimethylsilyl
(TMS) groups (—Si(CHj)s, Fig. [4.2B) on the silanol sites. Figure shows a

schematic functionalisation process.

The functionalisation is based in ethanol solution and accomplished by hexam-
ethyl disilazane (HMDS). Mixing HMDS, silica colloids, ethanol and ammonia
solution] at a certain ratio, three main reactions occur during the functionalisa-
tion [93]:

(CH;)3Si—NH—Si(CHj); + 2 EtOH — 2 EtO—Si(CH3)s + NH;
(CHj)3Si—NH—Si(CHj); + 2 =Si—OH — 2 =Si—0—Si(CHj); + NH,
(CH;)3Si—OEt + =Si—OH — =Si—0—Si(CH,); + EtOH.

After reaction, a fraction of hydrophilic silanol groups are replaced by hydropho-
bic TMS groups. The functionalised particles thereby become hydrophobic.

The consequent hydrophobicity is important as it directly determines particle
interaction. The degree of hydrophobicity depends on factors such as the
original surface chemistry, the amounts of reactants and particle surface area.
Unfortunately, since we can neither precisely control the property of synthesised
silica nor quantitatively characterise the surface chemistry, it is almost impossible
to reproduce identical hydrophobicity in different batches even if using the same
recipe [164]. We therefore scaled up particle synthesis and functionalisation to
prepare a big batch of RBITC-labelled silica colloids with consistent hydropho-

bicity. See below for detailed procedure.

4.1.2 Materials and methods

Synthesis of hydrophobic silica

Three portions of coupled dye were prepared in advance: 825.9mg APS and
500mg RBITC were added to 10 mL ethanol in lightproof glass vials, mixed by

magnetic stirrer for 24 h.

! Ammonia prompts silanol disassociation to catalyse the reaction [170].
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For silica synthesis, 4140 mL ethanol, 135 mL distilled water and 336 mL 35 %
ammonia solution were mixed together in a 5L glass bottle, followed by 183 mL
TEOS and prepared dyes. The solution was then briefly shaken well and placed
at rest overnight. After separating out of the solution, silica particles were

transferred in ethanol by ten rounds of washing? at volume fraction ¢ ~ 2 %.

For silica functionalisation, particles were added in ethanol-ammonia solution
followed by HMDS, with the mass ratio of silica: ethanol: HMDS: ammonia
(35 % solution) being 1: 40: 3: 7. The functionalisation proceeded with magnetic
stirring for 24 h in the dark. Afterwards, particles were again repeatedly washed
by ethanol. After the final wash, the supernatant was removed and the sediment
particles were dried at temperature 7' = 120°C for 2h. The final product was

sealed in a dry form and stored in a desiccator.

Ethanol and 35% ammonium hydroxide solution were from Fisher Scientific
(reagent grade); distilled water was taken from a laboratory distillation system;
TEOS, RBITC, APS and HMDS were from Sigma Aldrich (reagent grade). All

chemicals were used as purchased.

Basic characterisation

Particles Size, density and refractive index are basic particle properties. Here
we measured the diameter of Small attractive particles dg by dynamic light
scattering (DLS). Our DLS apparatus consists of a laser, a sample holder, a
detector fixed at 90° angle and a correlator. Auto-correlation on the signal
intensity characterises a decay time scale which measures the Brownian motion
of colloids. Through the relation between intermediate scattering function and
auto-correlation function, we quantitatively determined the small particle size
ds = 482nm. This value is visually consistent with the image from scanning
electron microscopy (SEM), see Figure from Chapter [6]

We also determined the particle density pg = 2.07gcm™3, with the specific
measurement discussed in Sec. [4.1.2] The particle refractive index ng ~ 1.42
was estimated by suspending particles in a series of water-glycerol mixtures with
different indices ny. In the suspension with the greatest clarity (judged by eye),

the refractive indices ny and ng are considered matched, i.e. ng ~ ny. The

2A series of procedures to replace the original solvent, including centrifuge, supernatant
removal, new solvent addition and redispersal.
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solvent index n; was measured by an Abbe refractometer at room temperature.

Figure 4.3 Demonstration of hydrophobicity after functionalisation. Here we
used water as the suspending solvent.

We simply examined the hydrophobicity by suspending particles in water. Before
functionalisation, silica particles are hydrophilic and can be well dispersed, Figure
(left). By contrast, attempts at mixing functionalised silica with water would

only produce clumps at the water-air interface, Figure (right).

Solvent In our model system, we used the mixture of ethanol, water and
glycerol as the suspending solvent. The binary water-glycerol mixture can induce
hydrophobic attractions and roughly match the refractive index. In addition, we
use a small amount of ethanol to wet hydrophobic silica before dispersal. This

facilitates the mixing of dry hydrophobic particles and aqueous solvent.

Specifically, particles are suspended in the ethanol-water-glycerol mixture with
mass ratio 1: 1: 9. The solvent was labelled by ~ 1mM fluorescein (sodium salt,
from Sigma Aldrich) and preadjusted with sodium hydroxide (reagent grade,
from Fisher Scientific) to pH = 9.0. At T' = 20°C, the solvent viscosity n; =
0.13 Pas was measured by rheometer using a 50 cm diameter cone-plate geometry,
while the solvent density p; = 1.23gcm ™ was determined by Anton Paar DMA
4500 density meter. The solvent refractive index ny = 1.444 was from an Abbe

refractometer.

Sample preparation

Figure [4.4] shows how to prepare a suspension of small hydrophobic silica. To
start with, hydrophobic dry silica of weight mg was wetted by ethanol of weight
me. We then added water-glycerol mixture (1: 9 by mass) of weight m,,, to the
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Figure 4.4 Schematic sample preparation of suspensions of hydrophobic small
silica.

wetted particles. Note that m,, = 10m. always applies to ensure a consistent

solvent composition (ethanol: water: glycerol = 1: 1: 9 by mass).

The mixture was then sonicated by probe and bath in turn until there exists
no visible aggregates. This sonication step may introduce particle-stabilised air
bubbles, which are undesired. To remove these bubbles, the sample was quickly
centrifuged for 10s at 330 x g and then briefly sonicated in bath to re-disperse
possible sediment. Remaining bubbles on the suspension-air interface could be
manually removed by using a spatula to push them to the vial wall. The bubble-
free sample was then transferred by pipette. Such bubble removal was confirmed

effective by confocal imaging.

Determining particle density ps and volume fraction ¢ Particle concentration
is an important parameter in suspensions. From the sample preparation described

above, we can determine the weight fraction of small particles ¢ as follow:

mg mgs

stt = (41)

Mg + Me + My Mg+ 11m,
To convert weight fraction ¢y, to volume fraction ¢, particle density pg is required.

We determined the particle density pg through the relation between suspension

density psus and weight fraction ¢. The suspension density pgys can be directly
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Figure 4.5 The inverse of suspension density 1/psus versus the weight fraction
¢wt. Here we include four suspension samples and a solvent sample
(¢wt = 0). The error bars are smaller than the size of symbols in all
cases. The solid line is linear fit, giving the slope of —0.33g~! cm?

and the intercept of 0.803 g~! cm?.

measured by density meter. Alternatively, we can express it in the form of:

_ msus _ msus _ msus _ 1
psus ‘/;US VS + Vf msus¢wt + msus(1_¢wt) % + 17¢Wt ’
Ps pr Ps Pf

(4.2)

where mg,s and Vg, are the mass and volume of suspension, Vs and V; are the
volumes of small particles and solvent. This expression (Eq. [4.2)) implies a linear

relation between 1/pg,s and ¢y as follow:

1 1 1 1
ERL P "
Psus pPs Pr

To determine the particle density pg, we prepared four suspension samples with
the weight fractions ¢ ranging from 0.15 to 0.5, as well a solvent sample where
dwi = 0. We measured their densities pg,s respectively, and plotted the inverse of
density 1/pgus versus ¢y in Figure , which roughly exhibits a linear relationship
as expected by Eq. . The linear fitting result (solid line) goes as follow:

1

= (—0.33£0.03) g~ ' cm® - Py + (0.803 £ 0.009) g~ " cm®. (4.4)
psus

We thus determined the particle density pg = 2.07 & 0.02g cm 3.

The measured density is comparable to that of stober silica without dye yet a
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little bit higher than that of fluorescent silica [I7I]. This may result from the
error in the suspension density ps.s, which is not included in the measurement
uncertainty. When measuring pg,s, we loaded suspension samples to a density
meter via a 10 mL syringe. This extrusion process may cause particle migration
[T72, [173] and give rise to a deviation in the suspension concentration and thereby
in pgus. However, it is difficult to quantify such effect in practice. Given that the
number of silicon atoms attached with APS is small compared to the total number
of silicon atoms [I71], our measured density is actually acceptable. Hence we still

used pg = 2.07 gcm ™3 throughout this work.

Given the particle density ps = 2.07 gcm ™ and solvent density p; = 1.23gcm ™2,

weight fraction ¢y can be converted to volume fraction ¢ as follow:

Dwt
G=—b (4.5)

T P, 1—0w
ps T pf

These (Eq. and Eq. enable us to prepare suspension samples with
designed volume fractions. The uncertainty on particle density Apg = 0.02 g cm ™3
would propagate an error on ¢ in the form of (0¢/0ps) - Aps. Yet the magnitude

A¢p < 0.1% can be viewed as neglectable.

Particles in suspension

Unfunctionalised silica Hydrophobic silica

Figure 4.6 Confocal images of unfunctionalised silica (left) and hydrophobic
silica (right) suspended in our solvent. The volume fraction ¢ =
10 %.
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Interparticle attraction We followed the above protocol to prepare a suspension
of small attractive particles, which exhibits clear confocal images (Fig. [4.6]).
Theoretically, we can resolve our small colloids as single particles. According

to the Rayleigh criterion, the resolution limit is given by [174]:

0.61A
NA ’

i = (46)
where A is the wavelength in the medium and NA is the numerical aperture of
objective. For the confocal imaging of our RBITC-labelled silica, we used a green
wavelength 552nm (so that A = 552nm/n; ~ 382nm) and an immersion 63x
objective with NA = 1.4, giving d;, ~ 166nm < dg. Yet in practice, due to
the slightly mismatched index, it is challenging for single particles to be resolved
when they are clustered, Figure (right).

By comparing the microstructure at ¢ = 10 %, we verify that our functionalisation
treatment can effectively make charge-stabilised silica into attractive colloids.
Specifically, while no visible aggregate was observed amongst unfunctionalised
silica, the hydrophobic silica form ramified clusters, Figure [£.6] This confirms

the hydrophobic attraction resulting from functionalisation.

Interparticle attraction is mainly characterised by the potential depth Ul
and interaction range £. As previously mentioned (Sec. in Chapter (3,
hydrophobic attraction is typically strong (Usy > kpT) and short-ranged
(£ < dg). However, quantitatively characterising the attraction would require
precision instruments such as colloidal-probe atomic force spectroscopy [175],
surface force apparatus [176] or optical tweezer [177], which are all challenging in

practice.

Though depending on many factors such as the degree of hydrophobicity, the
hydrophobic attraction is typically confined within & < 10nm [89]. Based on the
dynamic strain sweep result later shown in Fig. [£.10] we estimate the range of
hydrophobic attraction between our small particles £ ~ 1nm. Note that such

magnitude, consistent with [89], is just for setting an order of magnitude.

We also estimate the attraction strength U, using two individual methods, with
one based on the separation work density and the other one based on the direct
force measurement result in [90] (see details in Appendix A). Though both the
methods are crude and quantitatively problematic as they rely on numerous

assumptions and approximations, they consistently point to a potential depth
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Uue ~ 10%kgT. Such magnitude agrees with the estimate from yield stress in

Sec. [A.1.3

Sedimentation and Brownian effect Since the particle density (pg = 2.07 gcm™3)
is higher than the solvent density (p; = 1.23 gcm™?), our small particles sediment
in the suspension. Meanwhile, they diffuse via Brownian motion. As discussed
in Chapter [3| the two processes (sedimentation and Brownian diffusion) are

characterised by two time scales respectively:

d3
=TT _ 45 (47)

sed — ——— = 396.0 = —
Tsed ( S B 2]€BT

Therefore, our small particles can be considered as colloids, where Brownian
diffusion dominates over sedimentation. However, since our small particles are
attractive, they form clusters larger than single particles. As the gravitational
Péclet number Pe, scales with d*, the cluster sedimentation may manifest.
Actually, for our small particles, Pe, = 0.016 is slightly beyond the critical Pe, ~
0.01 [I78]. The absence of G” peak in dynamic strain sweep may imply the role
of gravitation (see discussion in Sec. [1.1.3)).

4.1.3 Suspension rheology

¢ =10% gels

The hydrophobic attraction between small particles is sufficient to induce gelation
at low concentrations. We verified this by a sample at volume fraction ¢ =
10%. After loaded on confocal rheometry, the sample was rejuvenated at high
shear rate ¥.; = 1000 s7!, and then left undisturbed for 1h (~ 50071R). In-situ
confocal imaging shows that the microstructure evolves from an non-flocculated,
homogeneous state (Fig. [1.7]A) to large ramified clusters (Fig. [1.7B) after 1h at

quiescence.

Oscillatory rheology shows that the ¢ = 10 % sample is a viscoelastic gel, Figure
[L.7C. Just after rejuvenation, the elastic modulus G’ (filled circles) is lower than
the viscous modulus G” (open circles). Therefore, the sample is initially a liquid,
consistent with the non-flocculated structure in Figure [£.7A. While G” &~ 20 Pa
remains almost constant, G’ quickly increases with time and exceeds G” within

30s, i.e. the elastic response starts to dominate. As the evolution proceeds,
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Figure 4.7 Confocal images taken at height H = 20 pm just after rejuvenation
(A) and 1 hour later (B). Here we used the suspension of small
attractive particles at ¢ = 10 %. C. Evolution of dynamic modulus
after rejuvenation. The elastic modulus G’ (filled circles) and the
viscous modulus G” (open circles) were measured at w = 10rads™*
and v = 0.1 %. Each point was measured for 10s. We fitted the G'(t)
data taken after 30 min by power law, giving G’ ~ t*1¥ (dotted line).
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G’ grows increasingly slow until reaching a quasi-steady state after 30 min. A

colloidal gel is formed.

Before measurement As mentioned in Chapter 3, gel rheology depends on the
flow history. To clear history (from either loading or previous experiments) and
thereby obtain reproducible data, before measurement, we always impose a high
shear rejuvenation at 4 = 1000s™' for at least 1min. Such treatment was

chosen to ensure a well-dispersed initial state, as shown in Figure [£.7A.

To study a well-developed gel, the rejuvenated sample is then left at rest for
30 min. Compared with our experimental timescale (~ 6h), this waiting time is
not unacceptably long. Meanwhile, it ensures consistent gel property during the
measurement. For the ¢ = 10 % sample, the evolution of G’ becomes exceedingly
slow after 30min (G’ ~ t*18, see the dotted line in Figure [4.7C). Such evolution
becomes even slower as time goes on, giving the real exponent lower than 0.18.
After waiting for 30 min, therefore, the variation in gel is almost neglectable

within the experimental timescale.
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Figure 4.8 Steady shear rheology of ¢ = 10% sample. A. o-¥ flow curve in
log-log plot. We ramped down the shear rate % and measured
the shear stress ¢ for 5min at each data point. The solid line is
Herschel-Bulkley fit: o, = 0.76 Pa, £ = 0.40Pas™ and n = 0.81.
The dashed line indicates a slope of 1. B. Strain « versus time ¢
for creep test performed at different stresses. After rejuvenation,
we imposed shear stress o which increases in a stepwise manner and
measured the transient strain -« for 100s. The stresses are annotated
on each curve. The dashed line indicates a slope of 1.

We performed extensive rheological studies on a ¢ = 10 % gel. We start with the
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steady shear flow curve, Figure [4.8A, where the shear stress o is plotted versus
the shear rate 4. As the slope is always below one (compared with the dashed line
in Fig. [£.8A), the sample constantly shears thin within the 4 range we probed. As
7 decreases, the stress o appears to approach a low-shear plateau. This implies a
finite yield stress o, which is consistent with the fact that G’ > G” (Fig. [£.7C).
Hershey-Buckley fit (0 = o, + k3™) gives a specific value for the yield stress
oy, = 0.76 Pa, with other parameters k = 0.40 Pas”™ and n = 0.81 (Fig.[4.8A, solid

line).

We then applied a stepwise increase in the shear stress o and monitored the
evolution of strain v, Figure . Under small loads (¢ < 0.7Pa), the sample
progressively stops flowing as « reaches a plateau. Flow occurs when sheared
at 0 = 1Pa, since the strain v constantly increases over time in a power-law
manner. Yet the exponent is below 1, implying a creeping gel. Under higher
stresses (o > 1Pa), the exponent approaches 1 and the sample thereby flows
with a steady shear rate. The creep test result indicates that our gel has a yield
stress o, between 0.7 Pa and 2 Pa, which roughly agrees with the Herschel-Bulkley
fit above (o, = 0.76 Pa).
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Figure 4.9 Oscillatory rheology of a ¢ = 10 % gel, where the elastic modulus G’
and the viscous modulus G” are represented by filled and open circles
respectively. A. Dynamic frequency sweep at v = 0.1%. After
rejuvenation and subsequent waiting, the frequency w was ramped
down and each data point was measured over 2 10 oscillation cycles.
B. Dynamic strain sweep at w = 10rads™'. The strain amplitude
~v was ramped up and each data point was measured for 100s. The
dashed lines are drawn to guide the eye through the data in the
linear regime at small strain and the thinning regime at large strain.
The slopes of G’ and G” are annotated in the graph respectively.

Oscillatory rheology also suggests that the ¢ = 10 % sample is a yield-stress solid.
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The dynamic frequency sweep in Figure 4.9A shows that, over the whole range
of frequency w that we probed, the elastic modulus G’ is always higher than
the viscous modulus G”. In particular, G’(w) slightly increases with w, whereas
G"(w) presents a broad minimum at w ~ 1rads™!. These behaviours have been

reported in a diverse array of colloidal gels [7), 46], 127].

In addition, we performed dynamic strain sweep at frequency w = 10rads—!.
The two moduli, G’ and G”, are nearly constant at small strains (v < 0.1 %),
suggesting a linear response. As the strain amplitude 7 increases, G’ starts to
deviate from the plateau and quickly drops. Compared with G’, the decrease
in G” appears to occur from a larger strain and is less rapid. At large strains,
G x vy ' and G” o« y7%%, annotated in Figure [£.9B. Similar scaling has been

observed in various systems [179] [180].

As the strain v becomes larger, G’ falls below G” at v ~ 5%, indicating a
solid-to-liquid transition (i.e. yielding). By extrapolating the linear plateau at
small strain and thinning behaviour at large strain, as indicated by the dashed
lines in Figure , we determine the yield point at v, ~ 1%. The small yield
strain agrees with the short-ranged hydrophobic attraction. Quantitatively, since
vy ~ &/dg [IT9], we estimate the attraction range & ~ 5nm. Around the yielding
point, we did not observe the generic peak in G”(7) that has been reported in
many soft glassy materials 7, 49, [I54]. This may imply gravitational effect (see
discussion in Sec. .

History dependence

Similar to other colloidal gels |21} 46|, the rheology of our ¢ = 10 % gel is history-
dependent. To demonstrate this, we designed a measuring protocol to investigate
the preshear effect, Figure [f.10A. Several rounds of experiment were applied to
measure the gel after different preshears. In each round, we first rejuvenated the
sample at J,,; = 1000s™! for 100s to ensure a reproducible initial state. The
rejuvenated sample was then presheared at stress oy, until a constant viscosity
was recorded, followed by a sudden shear cessation (¥ = 0s™!). We then waited

up to 30 min at rest to obtain an intact gel after preshear.

For the gel formed after the preshear at stress op,e, we recorded its structure by in-
situ confocal imaging and then applied non-destructive rheological measurements.

Specifically, confocal imaging was performed within the depth of 70 pm from the
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Figure 4.10 A. Measurement protocol of preshear effect. B. Preshear effect
on gel rheology. The yield stress o, (black squares) and dynamic
modulus (the elastic component G’ — blue filled circles; the viscous
component G” — blue open circles) vary as functions of preshear
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stress opre.

The yield stress was measured by creep test, while

the two moduli were measured at v = 0.1% and w = 10rads™!.
C. Preshear effect on gel structure. The confocal snapshots were
taken at height of 20 pm after different preshears (oppe noted on

the top).



bottom. Oscillatory rheology was then measured in the linear regime. Finally,
we measured the yield stress o, by creep tests, where the imposed stress o was
increased from 0.1 Pa in a stepwise manner until o 2 o,. This protocol, repeated
for various ope, enables us to measure the intact gel formed after different

preshears.

We found that the rheology of ¢ = 10 % gel does depend on the preshear strength.
To a certain extent, the elastic modulus G’ and yield stress o, increase with the
preshear stress op,e, Figure . In contrast, the viscous modulus G” remains
almost constant. This means that a more vigorous preshear leads to a stronger

gel.

Such preshear dependence is not just confined to the macroscopic rheology. Figure
displays confocal images after different preshears. Visually, the strongest
preshear (o, = 100Pa) results in the most homogeneous network. As the
preshear strength decreases, large voids appear and the microstructure becomes
increasingly heterogeneous. This structural behaviour explains the preshear-
dependent rheology in some respects. As the preshear increases, the gel structure
becomes more homogeneous and the bond density becomes higher, which in turn

gives rise to a stronger gel [21].

Such tendency, discovered in various colloidal gels |21, [159], enables one to tune
gels. However, the tuneability is limited: a gel will always recover to a solid
regardless of flow history. In the next chapter, we will demonstrate that this is

not the case for our binary suspensions.

Other concentrations

Our small-particle gels were further studied at different volume fractions ¢.
Using the same protocol as the ¢ = 10% gel, we preformed regular rheological

measurements including flow curve, dynamic frequency sweep and strain sweep.

Figure shows the o-% flow curves. For all the samples with ¢ > 6.7 %,
the stress o appears to approach a plateau at low shear, indicating a finite yield
stress 0,. Determined by Herschel-Bulkley fitting (Fig. [4.11]A, solid lines), the
yield stress o, increases with the volume fraction ¢ in a power-law manner (i.e.
oy = 00¢”), Figure £.11B. Linear fit to the data (solid line) gives the exponent
v = 3.3, which is comparable to that of other gels [I81] [182]. According to the
fitted slope o9 = 1870 Pa, we can estimate the attraction strength U,y by the
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Figure 4.11 Regular rheology at different volume fractions ¢. A. o-§ flow
curves. The solid lines are Herschel-Bulkley fits to the data. B.
Yield stress o, (determined from the Herschel-Bulkley fits in A)
varies as a function of volume fraction ¢. The solid line is power-
law fit (o, = 0¢¢”) to the data, giving o¢p = 1870 Pa and v = 3.3.
C. Dynamic frequency sweep at v = 0.1 %. Filled circles: elastic
modulus G’. Open circles: viscous modulus G”. The dotted line
indicates a slope of 1. The dashed lines are drawn to guide the eye.
D. The two components of dynamic modulus (at w = 10rads™!
and v = 0.1 %) vary as functions of volume fraction ¢. The solid
and dashed lines are power-law fits to the G’ data and G” data

respectively.
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relation oy ~ Uy /Ed? (see Eq. in Chapter . Our previous discussion on
Figure estimates the attraction range £ ~ 5nm, which gives U,y ~ 500kpT.

Such magnitude is consistent with our previous estimate in Sec. [4.1.2]

In addition, Figure does not exhibit a clear gel boundary ¢ge below which
yield stress vanishes. Although the sample at ¢ = 3.1 % does not present a
noticeable sign of yield stress in Figure (black filled circles), this may be
because its yield stress is unmeasurably low. By extrapolating the fitted power
law in Figure (solid line) to ¢ = 3.1 %, we expect a yield stress o, ~ 0.02 Pa
at ¢ = 3.1 %, which is below the rheometer resolution (~ 0.1 Pa). That is, our
sample is still a gel at a such low concentration ¢ = 3.1%. The absence of
gel boundary differentiates our small-particle gels and depletion gels which are
formed via arrested spinodal decomposition [127, 153]. We thus infer that our
small particles are adhesive particles where bond rigidity applies. Our small-

particle gels are therefore fractal gels.

Figure shows dynamic frequency sweep at v = 0.1 %. For the ¢ = 3.1%
sample, G’ and G” are comparable at low frequencies (w < 10rads™!) and both
grow with frequency w. As w increases, G exceeds G’ and approaches a slope
of 1 at high frequencies. This corresponds to the Cox-Merz rule [I83], where
high frequency oscillatory rheology corresponds to high-shear-rate steady flow.
Quantitatively, the deduced viscosity (n ~ G”/w) agrees with the measured high-
shear viscosity (n ~ 0.1 Pas) in Figure (black filled circles).

This limit has not been reached for all the other concentrations. As ¢ increases to
¢ = 6.7%, G’ and G” both scale with w as power law (Fig. , red filled circles),

0.32 and G (,4)0’44.

while the former exhibits a slightly smaller exponent: G" o w
Extrapolating the power law to the zero-frequency limit gives G’ > G”: such

scaling indicates a gel. This is consistent with the yield-stress flow curve in

Figure (red filled circles).

With ¢ increasing, the frequency dependence becomes progressively weak and

G' > G" applies within the whole w range we probed, Figure . A broad

! consistent with other gel

minimum in G”(w) generically occurs at w ~ lrads™
systems [21], [46]. At a fixed w = 10rads™!, both the two moduli grow with
volume fraction ¢, Figure [£.11D. Power-law fits show that G’ ~ ¢>7 (solid line)
increases more rapidly than G” ~ ¢*3 (dashed line). In particular, the G’ scaling

is comparable to that in other gels with short-range attraction [184] [I85].

We also explored the yielding behaviour by dynamic strain sweep, Figure [4.12]
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Figure 4.12 Dynamic strain sweep at w = 10rads™!' with different volume
fractions ¢ (see legend). Filled circles: the elastic modulus G’
Open circles: the viscous modulus G”. Dashed lines are drawn to
guide the eye.

At all concentrations, linear response confines to small strains (v < 0.1 %) beyond
which the elastic modulus G’ drops rapidly and until falling below the viscous
modulus G”. The crossover corresponds to the yielding point, while the yield
strain +,, ranging between 0.5% and 5%, varies from sample to sample. The

small yield strain is consistent with the short-ranged hydrophobic attraction [186].

A generic peak in G”(v) has been widely reported in glassy materials [154. [179].
Though not fully understood, it is in general related with modes of energy
dissipation and occurs together with yielding [179]. For our gels, however, such
peak was only observed at intermediate volume fractions ¢ = 15 %, Figure m

We attribute the absence of G” peak in dilute samples to gravitation.

As discussed in Chapter [3] the size of gel cluster becomes larger with decreasing
¢. As the gravitational Péclet number Pe, scales with d* (Eq. in Chapter (3)),
gravitational effect is more significant at lower concentration ¢. In dilute gels,
the density variation in the vertical direction gives rise to various length scales

so that energy dissipation no longer manifests at a sole strain amplitude and the

76



G" peak is thereby ‘flattened’.

At high concentrations ¢ 2 15%, G” peak and deviation from linear response
approximately occur at the same strain, ranging between 0.1 % and 1%. Such
strain scale indicates a short attraction range £ between 0.5 nm and 5 nm, which is
consistent with other work on hydrophobic attraction [89]. As the strain increases
up to v ~ 100 %, both G’ and G” appear to exhibit shoulders in concentrated
gels (¢ 2 20%). Such behaviour, widely observed in dense attractive systems

[7, 179], has been attributed to a two-step yielding.

All these results establish that our small-particle gel behaves similarly to other
model gels with short-range attraction. Based on the yield stress scaling
(Fig. 4.11B), we roughly estimate the magnitude of attraction strength U,y ~
500 kgT. Though we cannot precisely determine the attraction range £, the
dynamic strain sweep result (Fig. [4.12)) gives an estimate between 0.5nm and
5nm. According to the absence of gel boundary ¢4 in Fig. [4.11]B, we suspect
that our small-particle gel is fractal and our small attractive particles thereby

have bond rigidity. Yet this requires further verification.

4.1.4 Tuneability

Notably, our attractive colloids are of great Tuneability. Tuneability is important
for industrial suspensions as it enables process control. The property of
suspensions highly depends on that of constituent particles, such as size d,
concentration ¢ and pair interaction. For example, stronger colloidal gels are
formed with smaller d or higher ¢ or stronger attraction Uy, [127, [184], 187].

For our small attractive particles, all the three parameters can be tuned.
According to the preparation protocol described in Figure 4.4 we can control
the particle concentration ¢ when making the sample. And we have shown gel
rheology at various ¢ in the previous section. The particle size dg is tunable by
changing the synthesis recipe [164]. However, since the surface chemistry varies
from batch to batch, it is almost impossible to synthesise particles of different dg
yet with identical surface wetting. Thus we did not quantitatively study the size

effect in this work.
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Tuning hydrophobic attraction

The attraction strength U, between our small particles directly depends on the
degree of hydrophobicity. Therefore, tunable hydrophobicity enables tunable Uyyy.
By using different recipe to functionalise the same batch of silica colloids, we can

fabricate particles of different hydrophobicity with otherwise identical properties.
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Figure 4.13 A. Contact angle measurement on layers of particles functionalised
by different recipe. We used water as the liquid and dried slabs of
particles as the substrates. Higher drying temperature: T'= 170°C
(compared with 7" = 120°C). More HMDS: additional 100 %
HMDS. Longer reaction time: 3 days (compared with 1 day). The
dashed lines are to guide the eye. B. Flow curves at ¢ = 10 % with
different particle hydrophobicity. The degree of hydrophobicity was
tuned by the amount of HMDS during functionalisation, indicated
by the red arrow.

The degree of hydrophobicity can be quantified by contact angle 6.. Here we
measured the contact angle of water on a dried slab of particles by sessile drop
method [I88]. The particle slab was prepared on a round glass slide (r = 25 mm)
using spin-coating. Specifically, the slide was hold on a Cammax Precima
spin-coater by a vacuum and spun at around 2 kRPM, while a suspension of
hydrophobic silica in ethanol (¢ = 20 %) was dripped on the slide at the same
time. The particle-coated slide was then left to dry for 1 h, after which the contact
angle measurement was performed. For the hydrophobic silica from the standard
functionalisation protocol described in Sec. [1.1.2] 6. ~ 85°, Figure [L.13A.

Note that the measurement above is crude, as we ignored many factors such as
surface roughness which affect the result [I88]. Yet this is sufficient to compare

the hydrophobicity from different functionalisation recipe. In this way, we found
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that more HMDS, longer reaction time and higher drying temperature all lead
to larger contact angles 6. and thereby greater hydrophobicity, Figure [£.13A.
Through controlling the amount of HMDS, we fabricate particles with various
hydrophobicity. Their flow curves at ¢ = 10 % show that the yield stress increases
with the hydrophobicity. We thus infer that higher hydrophobicity leads to

stronger attraction.

Likewise, the attraction strength Uy also varies with the sample age t,q.. This is
confirmed by the decay in yield stress o,. We prepared a gel sample at ¢ = 20 %
and kept it well sealed for 2 months. At different ages ¢z, we transferred an
amount of the sample to rheometer and measured its flow curve, Figure [£.14A.
As the sample ages, the stress at low shear rate decreases by almost two orders of
magnitude, whereas the viscosity at high shear rate is roughly constant, indicating

little variation in the sample composition over 2 months.
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Figure 4.14 A. Flow curves of ¢ = 20% gel at different sample ages tage. B.
Yield stress o, decays as a function of sample ages tag.. The yield
stresses are determined by Herschel-Bulkley fit to the data in A.

The yield stress oy, determined by Herschel-Bulkley fit to the data in Fig. [f.T4A,
decreases from ~10Pa to ~0.1 Pa with the sample age t,4., Figure . Given
the little variation in other properties, we infer that our small particles become
less attractive over time after dispersed in the solvent. Despite of the unknown
mechanism, such ageing is not a problem for our experiments since the decay
timescale (~ weeks) is far longer than the experimental timescale (~ hours).
However, precautions should be taken to ensure identical attraction strength Uy
in different samples. To prevent possible inconsistency, therefore, all fresh-made
samples were aged on roller bank for exactly 3 days (unless otherwise noted)

before measurement.
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4.2 Large repulsive particles (L)

4.2.1 Materials and methods

Sample preparation

We used silica microspheres (from AngstromSphere®) with diameter dj, = 4.0 pm
as the Large repulsive particles in our binary suspension. Before being dispersed
in suspension, the dry particles were firstly washed in sodium hydroxide solution
(pH = 9.5) for several times, during which prolonged sonication (probe and bath
in turn) was applied. This treatment is to fully induce surface charge and break
compact aggregates. When there exists no visible aggregates (judged by eye), we

transferred the particles to our solvent by several rounds of washing.

For convenience, we prepared a stock concentrated suspension with known
weight fraction (¢wt = 63.4%) in advance. Such high concentration was
achieved by centrifuge and supernatant removal. In this way, samples with lower
concentrations can be prepared by simple dilution. Through the same methods
as used in small particles, we measured the density p;, = 2.0gcm™ and the

refractive index ny ~ 1.45 of the large particles.

Basic characterisation

Large silica particles are charge stabilised in aqueous solvent. Hence we expect a
DLVO interaction between them. We measured the (-potential of large repulsive
particles in water-glycerol mixture, giving —87mV. Taking the ions from sodium
hydroxide and fluorescein (sodium salt) into consideration and using A ~ 0.5kpT
[77], we estimate the DLVO potential based on Eq. in Chapter [3
Theoretical calculation shows that van der Waals attraction only manifests at
very small separations (r < 1nm), beyond which a repulsive barrier with height
Uwep ~ 70 kT is presented. The Debye length ™' ~ 10nm, indicating that
the interaction between our large particles is short-ranged repulsion. This is

confirmed by the shear thickening behaviour in the next section.

Compared with small attractive particles, large repulsive particles are considered
non-Brownian because of the slow diffusion (75 &~ 1h). Because Ti,q = 74s,

sedimentation may be important for the large particles during experiments.
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4.2.2 Shear thickening rheology
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Figure 4.15 A. Relative viscosity 7, versus shear stress o for 4.0pm large
particles at different volume fractions ¢. We ramped up the shear
stress o and measured the viscosity n at a steady state. The solid

lines are Wyart-Cates fits (see Eq. in Ch. [3)), giving the
prefactor A = 0.63, the stretch exponent § = 0.87 and the onset

stress o* = 7.3Pa. B. Two viscosity branches (frictionless ng —
black; frictional np — red) vary as functions of volume fraction ¢.
The solid lines are Wyart-Cates fits (see Eq. in Ch. , giving
¢rip = 0.54 and ¢rcp = 0.63.

We measured the flow curve of large particle suspensions at various volume
fractions ¢, Figure [f.15]A. While the ¢ = 30 % sample is nearly Newtonian with
the viscosity 7 slightly increases at high shear stress o, shear thickening manifests
in dense suspensions (¢ 2 35%). In these samples, the viscosity 1 increases from a
lower plateau g to a higher one np as the shear stress o increases. At the highest
concentration we achieved (¢ = 53.3 %, open diamonds in Fig. [4.15/A), the slope

of the n,-o curve approaches 1, indicating a discontinuous shear thickening [189].

Suspensions of our large particles appear to shear thicken at a similar stress scale
o ~ 10 Pa. Quantitatively, Wyart-Cates fits to the flow curve data (Fig. ,
solid lines) gives the onset stress o* = 7.3Pa. The shear thickening behaviour
suggests repulsive large particles, which form frictional contacts when sheared
beyond o*. We therefore deduce a repulsive barrier F* ~ ¢*d? ~ 30 kT /nm
in force units. Such magnitude is approximately consistent with our previous
estimate on the DLVO interaction: Uyepk ~ 10 kgT'/nm.

The two viscosity branches, ng and ng, both increase rapidly with ¢ and appear
to possess different jamming volume fractions, Figure 4.15B. According to the
Wyart-Cates fits (solid lines), the frictionless branch ny diverges at ¢y, = 0.63
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while the frictional branch np diverges at a lower ¢y, = 0.54. The two jamming

volume fractions here are comparable to those in other literature [10, [71].

Other sizes d;,

We also studied silica particles with different sizes dy. Suspensions of silica
particles with d, = 0.5pm and 1.5pm (from Amstrongsphere®) were prepared
and measured in the same way as 4-um silica particles. Shear thinning occurs
at low shear as dj becomes smaller, Figure (dp = 1.5pm) and
(dr, = 0.5nm), indicating that particles are Brownian colloids [19]. In particular,

the 0.5-pm silica even develop a yield stress o, ~ 1Pa at ¢ = 51.2%, Figure
(red open squares).

Moreover, shear thickening was observed in both cases, Figure and [£.16]B,
indicating repulsions between these particles. Compared with d; = 4 um, smaller
particles appear to shear thickening at a higher stress. The onset stress o*
decreases with dj, roughly in a power-law manner: ¢* ~ d;?, Figure MC

Such scaling is consistent with other shear thickening suspensions [71].

Figure adds the data of 0.5-pm silica and 1.5-um silica to the 7,—¢
plot in Figure [£.I5B. Although data points are scattered to a certain extent,
approximately, the two viscosity branches do not vary much with d; despite of
the small shifts in the two jamming volume fractions (¢, and ¢.p). These
rheological results establish that our large particles are similar to other repulsive
hard-particles [71].

4.3 Establishing model binary suspension

We establish our model binary system by mixing the two species of particles
- small attractive particles and large repulsive particles. Analogous to single-
component suspensions, such binary mixture is characterised by the concentration
of each species of particles. Here we use ¢g and ¢, to respectively denote the

volume fraction of small attractive particles and large repulsive particles:

b5 = e
s V5+VL+Vf (48)
b= it |
L VA VAV
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Throughout the thesis, we use ¢ to denote the volume fraction in single-
component suspensions, whereas ¢g and ¢ are only applied to binary suspen-

sions.

4.3.1 Determining ¢gs and ¢,

Given the densities of particles and solvent, both ¢g and ¢, can be deduced from
weight fractions. To prepare a binary suspension, small hydrophobic silica of
weight mg are firstly wetted and dispersed in ethanol of weight m, by sonication.
We then add the stock large-particle suspension (¢ = 63.4%) of weight mp,
to the silica-ethanol mixture, followed by the water-glycerol mixture (1:9 by
mass) of weight m,,. Again, we fix m,, = 10m, to ensure consistent solvent

composition. Finally, sonication (probe and bath) and subsequent bubble removal
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are performed. Figure shows a schematic protocol of preparing binary
suspensions.

For samples prepared by such protocol, ¢g and ¢, are expressed as follow:

ms
¢ — PS
S ms + Me+Muwg + mpsPwt + mLs( ¢wt)
Ps Pf PL Pf 49
mLs¢wt ( N )
oL = LE
ms | MetMuwg MLsPwt mrs(1—¢wt)
Ps T Pf ™ P L + Pf

In this way, we can prepare a binary sample at designed ¢g and ¢y.

4.3.2 New interactions

Following the protocol above, we first prepared a binary suspension at ¢g = 10 %
and ¢, = 20% as a trial experiment. Even though the refractive index was not
perfectly matched, our sample still presents clear confocal image, Figure 4.18/A.
Large particles (green, resolved as single particles) and small particles (red) were

imaged by individual channels, and Figure [4.18A merges them together.
Because of the distinct mechanisms, we expect the hydrophobic attraction
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between small particles and the charge repulsion between large particles to do
not interfere with each other. The microstructure in Figure is consistent
with our expectation. In the presence of large particles, small attractive particles
attract each other and form clusters. Meanwhile, aggregation between large

particles was not observed, implying their repulsive interaction.

Figure 4.18 A. Confocal image of a binary suspension at ¢g = 10% and
¢, = 20%. The refractive index is nearly matched by using our
solvent (ny = 1.444). Large and small particles are labelled by
green and red respectively. B. Zoomed confocal image of index-
mismatched system where ny = 1.375. Here we used solvent with
ethanol: water: glycerol = 1:5:5 by mass. Small-particle halos are
highlighted, implying small-large attraction [190].

Mixing the two species of particles may introduce inter-species interactions. An
apriori prediction on the nature of these interactions is difficult. Confocal imaging
(Fig. [£.18A) does not show evidence of ‘halos’ of small particles around the large
ones, as one would expect if the two species attract each other. Thus we infer
that any small-large attraction is either extremely weak or completely absent.
Here we list three potential mechanisms that may reduce or eliminate small-large

attraction:
1. The grafted hydrophobic TMS groups on small silica repel the hydrophilic
silanol groups on large silica.

2. The remaining silanol groups on hydrophobic silica present negative charge

and thereby repel the negatively-charged large silica|

3The charge repulsion is weaker than hydrophobic attraction so that hydrophobic particles
still attract each other.
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3. The Van der Waals attraction is weakened by the nearly-matched index.

Confocal microscopy demonstrates that small-large attraction is possible if the
index is intentionally mismatched, evident in the small-particle halos around large
particles in Figure [4.18B. Since precise characterisation on these interactions
may require complex apparatus like colloidal-probe atomic force microscope, here
we simply classify the small-large interaction as non-sticky in our nearly-index-

matched solvent.

Another possible interaction is the depletion force between large particles. Our
binary suspension is size-bidispersed, so that the small colloidal particles may
work as depletants. However, even if the small particles were well-dispersed, the
depletion attraction between large particles would be fairly weak. For a binary
mixture at ¢g = 10% and ¢ = 20%, we estimate the depletion potential at
contact Ugep ~ 5 kT (see Sec. in Ch. , which is an order of magnitude
lower than the repulsive barrier that we previously estimate (Uyep ~ 70 kgT', see
Sec. . Since small particles usually exist in the form of aggregates, the real
depletion force is significantly weaker and thereby neglectable. This agrees with

our visual observation that large particles do not stick to each other.

4.4 Conclusions

To conclude, we have developed a model binary suspension consisting of large
repulsive particles and small attractive particles. We suspended bare silica
microspheres (large particles) and hydrophobic silica colloids (small particles) in
an aqueous mixture of ethanol, water and glycerol. On their own, the small
particles attract each other and form yield-stress gels at low concentrations,
whereas the large particles are repulsive and exhibit shear thickening in dense
suspensions. We then proposed a standardised protocol to prepare binary
suspensions, in which basic properties are more or less characterised (see Tab.

as a summary).

Compared with other suspensions disparate in size and interaction [T9THI93], our
model system is well-characterised, tunable and transparent (imageable). Our
silica particles are easy to be customised by functionalisation, leading to great
Tuneability which enables exploration on the parameter space. Together with

rheo-imaging technique, the matched index allows us to probe the relation be-

86



Table 4.1 Summary of characterisations in binary system

‘ Small particles Large particles Solvent
Materials hydrophobic silica silica etha(ri)i{ S;N ?);eir/lils}:):eml
Density | ps=207gcm™? pr=20gcm™3 pr=123gcm™
Refractive index ‘ ng ~ 1.42 nr ~ 1.45 ny = 1.444
Size ‘ ds = 482 nm d;, = 4pm
hydrophobic attraction electrostatic repulsion
Interaction Une ~ 10° kT Usep ~ 70 kT
0.5nm < € < 5nm k=t~ 10nm
Viscosity | n; = 0.13Pas
Brownian T = 6.45s T~ 1lh
(Brownian) (non-Brownian)
Sedimentation ‘ Teed = 3968 Teed = (48
Others ‘ Small-large interaction: non-sticky

tween macroscopic rheology and microscopic structure in our binary suspension.
Moreover, the materials we used (silica and aqueous solvent) are relatively cheap
and easily accessible. All these advantages makes our binary suspension promising

as a model system.
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Chapter 5

Flow-switched transition

Due to their non-equilibrium nature, colloidal gels are sensitive to flow history.
In the last chapter, we revealed history dependence in our gel of small attractive
colloids. Upon flow cessation, preshear at higher stress produces a stronger
gel with greater homogeneity, whereas lower-stress preshear leads to a more
heterogeneous gel structure with reduced strength. Such behaviour, widely
reported in gel systems [21) 46], enables one to tune a gel and thereby sheds
new light on applications in industry and material design. However, our gel,
like other gels [21], [194], is tunable only to a certain extent as it always tends to

recover to a yield-stress solid regardless of previous flow.

This is not the case for our binary suspension. In the presence of large particles,
we found that moderate flow can result in permanent fluidisation. Through
laboratory mixing operations, we demonstrate a solid-liquid transition triggered
by flow. Specifically, while vigorous vortex mixing produces a solid-like gel after
flow cessation, gentle roller mixing gives rise to a flowable liquid which persists
when left undisturbed. The sample is switchable between solid and liquid states,
and remembers the state into which it has been switched upon the removal of

flow. In other words, the transition is reversible and has memory.

We quantitatively characterised the transition by performing rheo-imaging
experiments at a specific composition: ¢g = 10% and ¢;, = 20%. Consistent
with the lab demonstration, preshear with high stress leads to a yield-stress solid
and that with lower stress eliminates the yield stress. For the solid and liquid
states, in-situ rtheo-imaging revealed differences in microstructure. To distinguish

different structural states, we defined a quantitative criterion, based on which
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two states and three flow regimes were identified. Finally, we mapped out an
non-equilibrium state diagram. Given the full history of a binary suspension, the

state diagram allows us to predict whether it is a solid or a liquid.

5.1 Lab demonstration

We followed the protocol in Chapter [4] to prepare a binary sample at ¢g = 12.5%
and ¢, = 30%. An striking flow-switchable bistability, illustrated in Figure [5.1],
was observed during routine preparation. The sample coming off the roller bank
was initially a flowable liquid that, upon brief vortex mixing (~ 30s), switched
into a solid able to support its own weight in an inverted vial. Subsequent roller
mixing (~ 20min) of the solid-like sample led to re-fluidisation. In short, upon
flow cessation, brief vigorous vortex mixing results in a solid, whereas prolonged

gentle roller mixing results in a liquid. This solid-liquid transition is reversible.

Solid-liquid transitions are ubiquitous in suspensions. For example, yielding in
colloidal gels can be interpreted as a solid-to-liquid transition under load [7].
However, such fluidisation cannot persist, since a yielding gel will recover to a solid
after flow ceases [2I]. In our binary sample, by contrast, both states remained
stable when left undisturbed. We prepared a solid-like sample by vortex mixing
and then inverted the vial. As shown in Figure (bottom left), at quiescence,
the self-supportive sample persists for a week except for a little creep. Similarly,
a liquid-like sample (prepared by roller mixing) remained flowable after a week
at rest, Figure (bottom right). This establishes that our binary sample is
bistable and can ‘remember’ [I95] the state into which it has previously been

switched. This solid-liquid transition has memory.

Further study revealed that the transition generically occurs in binary suspen-
sions. In the rest of this chapter, for simplicity, we study this transition in detail

at a specific composition (¢s = 10 % and ¢, = 20 %) unless otherwise stated.

5.2 Rheology

Not surprisingly, the state transition plays a role when measuring the rheology.
In this section, we manifest the transition in rheology experiments by designing

several measurement protocols.
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Figure 5.1 Lab demonstration of solid-liquid transition using roller mixer
(Stuart Rollermixer SRT9) and vortex mixer (Ika Vortex Genius
3). The sample shown was composed of ¢pg = 12.5 % small particles
and ¢, = 30 % large particles.

5.2.1 Methods

To highlight the two states in steady-state rheology, we designed two protocols:
ramp-down protocol and step-down protocol. The first protocol follows the
typical method by ramping the shear rate down after initial rejuvenation, while
stress at steady state is measured simultaneously. The step-down protocol, by
contrast, measure the transient stress just after rejuvenation, which is applied
between each measurement. The second method offers a way to characterise the

steady-state rheology of solid state.

We also design a protocol to precisely measure the yield stress of gelled sample
formed after various preshears. This has already been mentioned in Figure [£.10}

We first rejuvenate a sample by high shear to remove history effect, and then
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apply a preshear at a specific oy until reaching a steady state. We then stop
the preshear and wait at rest for 30 min to enable intact gelation, and then apply

stepwise-increasing stress and examine the evolution of strain, i.e. creep test.

For these protocols, detailed values we used can be found in the corresponding

sections.

5.2.2 Protocol dependence

Extensive rheological studies were performed on the sample of ¢g = 10% and
¢, = 20%. When measuring its flow curve, we noticed a remarkable protocol

dependence which is absent in the pure colloidal gel (¢ = 0).
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Figure 5.2 Protocol-dependent rheology in the sample of ¢ = 10% and ¢y, =
20%. A. Flow curves measured by different protocols. Red: step-
down shear. After rejuvenation at 4ye; = 1000s~! for 100s, a lower
shear rate 4 was applied and the responding stress ¢ was measured
over 30s. Such procedure was repeated for various <, indicated
by red arrows. The red dotted line is Herschel-Bulkley fit with
oy = 2.6Pa, k = 1.8Pas" and n = 0.7. Blue: ramp-down shear.
With descending shear rate 4 (indicated by blue arrows), the steady-
state stress ¢ was measured for 5 min at each data point. Gray: flow
curves of a ¢ = 10 % gel measured by different protocols. The lines
are to guide the eye. B. Creep tests after flow curve measurements
in A. The imposed shear stresses o are annotated in the graph.

We used two different protocols in the flow curve measurement. The first protocol
follows the typical method by rejuvenating at 4 = 1000s™! and then ramping

down and measuring the shear stress o at steady state. This regular protocol
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shows no visible sign of yield stress, Figure (blue). As the shear rate ¥
decreases, the stress o constantly decreases as o ~ 4™ with the exponent n < 1.

This suggests that the sample is a shear-thinning liquid.

However, using another measuring protocol comes to the opposite conclusion. The
second protocol resembles the step-down shear test [41]. We first rejuvenated the

1 and then abruptly decreased the shear rate to a new

sample at Ypej = 10005~
value 4 and measured the stress o for 30s. The same experiment was repeated
for various 7 values. With decreasing +, the stress o seems to approach a low-
shear plateau, Figure (red). The sample is thereby a yield-stress solid with
o, = 2.6 Pa from Herschel-Bulkley fit (red dotted line). Intriguingly, whether the

sample is a solid or a liquid depends on the measuring protocol.

Such protocol dependence only manifests at low shear. In Figure 5.2A, the two
series of data overlap at high shear and diverge from each other when the stress o
drops below o5 ~ 10 Pa. Moreover, it only occurs in binary suspension. In a ¢ =

10% gel, we did not observe obvious difference when using different measuring

protocols, Figure (gray).

Since the two protocols disagree in the binary system with each other, we
performed creep test after each measurement to further examine the rheology.
After the ramp-down protocol, the sample flows under a small load ¢ = 0.1 Pa
with a steady shear rate 4 ~ 0.01s7!, Figure (blue). This is consistent
with the liquid-like response in Figure (blue). After step-down protocol,
by contrast, the sample creeps to a finite strain under stresses ¢ < 2Pa and
flows when sheared at 0 = 3 Pa, Figure |5.2B (red). This suggests a yield stress
oy = 2.5 £ 0.5 Pa, which quantitatively agrees with the Herschel-Bulkley fit in
Figure (0, = 2.6 Pa, red dotted line).

This protocol-dependent rheology is consistent with the solid-liquid transition
reported earlier. Specifically, the high-shear rejuvenation in the step-down
protocol works as the vigorous vortex mixing in the lab demonstration so that
the sample solidifies upon shear cessation. By recording the transient data after
rejuvenation, we measured the response of solid state. In contrast, ramping down
the shear rate inevitably fluidises the sample in the moderate shear regime, which

corresponds to the gentle roller mixing.

In the colloidal gel where the solid-liquid transition is absent, we did not
observe protocol dependence either. These observations imply that the protocol

dependence is a manifestation of the solid-liquid transition. There exists new
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effects under flow caused by the presence of large particles.

5.2.3 Preshear effect

To precisely demarcate the high shear regime (resulting in the solid state) and
the moderate shear regime (resulting in the liquid state), we studied the preshear
effect in the binary sample of ¢g = 10% and ¢; = 20%. We used the same
protocol illustrated in Figure from Chapter [4] and compared the rheology
result with that of a ¢ = 10% gel. As previously shown, the ¢ = 10% gel is
history dependent and its strength (including the yield stress o, and the elastic
modulus G’) increases with the magnitude of preshear, Figure . However, it
always tends to recover to a yield-stress solid with G’ > G” regardless of the flow

history. This is not the case in the binary suspension.

In the binary sample, the yield stress o, and the elastic modulus G’ vary as
functions of preshear as well, Figure . As the preshear stress o, decreases,
however, the yield stress o, constantly decreases until becomes unmeasurably low
below a critical preshear stress oo = 11 Pa (dotted line). At the same time, the
elastic modulus G’ constantly drops until it falls below the viscous modulus G”

below o9 = 11 Pa.

This result indicates solid-liquid transition, which has been demonstrated in the
lab (Fig. |5.1)). Here we classify the preshear that induces solidification as high
shear, whereas that producing flowable liquids as medium shear, noted in Figure
[5.3B. In this definition, the vigorous flow from vortex mixer is high shear and
the gentle flow from roller bank is medium shear. Similarly, the solid-liquid
transition is reversible in the rheometer, and each state can be considered as
stable at rest since we performed measurement after preshear had ceased for
30min. The critical stress 0o = 11 Pa demarcates the two shear regimes. This
value is almost identical to the stress at which the two curves diverge in Figure
[.2)A. We therefore attribute the protocol-dependent rheology to the solid-liquid

transition.

The solid states induced by different high preshears are not identical. In this
high shear regime (ope > 02), the strength of the binary sample increases with
preshear, Figure [5.3B. This tendency resembles that in colloidal gels, either as
shown in Figure or in other literature [21], [159]. In the medium shear regime

(0pre < 02), the yield stress o, is constantly below the rheometer resolution
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We used the same protocol for consistency. After rejuvenation at
4 = 1000s~! for 100s, the sample was presheared at Opre until the

viscosity 7 reaches a steady state.

Upon preshear cessation, we

waited for 30 min and measured the dynamic modulus at v = 0.1%
and w = 10rads~! and the yield stress oy via creep test. The dotted
vertical line (o2 = 11Pa) demarcates the high shear and medium

shear regimes.
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(~ 0.1Pa), whereas the viscous modulus G”, constantly higher than the elastic

modulus G’, exhibits little variation.

Stress overshoot?

Next we imposed various shear rates 7 immediately after rejuvenation and
examined the stress evolution for 10 min. In the pure gel, the stress ¢ quickly
equilibrates at high-rate shear, whereas that under lower 4 increases over time
until finally reaching the steady state, Figure [5.4/A. Such behaviour is expected
in thixotropic gels, corresponding to the build-up of gel structure [196].

Under high-rate shears, the stress ¢ in the binary sample also stabilises rapidly.
However, under shear rate v < 10s™!, the stress o overshoots before decaying to
a plateau, Figure [5.4]B. This is reminiscent of the stress overshoot in yielding gels
[7, [156]. Nevertheless, we did not observe such behaviour in our gel (Fig. [5.4A),
presumably because shears were imposed before the gel structure formed after
rejuvenation. In addition, the stress overshoot in yielding gels typically occurs
at small strains v < 1 [7) [I56], whereas the stress peaks in Figure are at
v ~ 20 (solid line) which is an order of magnitude higher. This indicates different
physics.

The dashed line in Figure [5.4B, below which the ‘stress overshoot’ occurs, is again
comparable to the critical stress 0o = 11 Pa at which we see the solid-liquid transit
on (Fig.[5.3B). Hence we infer that the ‘stress overshoot’ is another manifestation
of the state transition. The subsequent decay implies the transition from a solid
state to a less dissipative liquid state. The long duration (2 10 min) is consistent
with the lab demonstration where complete fluidisation requires prolonged roller

mixing.

5.2.4 Comparing with thixotropy

The stress decay is reminiscent of thixotropy. As shear proceeds, the structure is
progressively broken and the dissipation thereby decreases. Thixotropy may also
give rise to temporary fluidisation upon preshear cessation [I197]. Here we stress
that the solid-liquid transition in our binary suspension is not simple thixotropy.
First and foremost, our state transition is bistable, i.e. each state persists for a

long time after flow stops. Thixotropic gels, by contrast, will recover to a solid
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Figure 5.4 Stress evolution in a ¢ = 10% gel (A) and a binary suspension at
¢s = 10% and ¢, = 20 % (B). Following the high-shear rejuvenation
at Jrej = 1000 s, the imposed shear rates 7 are (from top to
bottom) 100, 31.6, 10, 3.16, 1, 0.316, 0.1 s~ 1. The solid line indicates

a constant strain v = 20. The dashed line denotes the critical stress
g9 = 11 Pa.
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at rest.

We compare our binary suspension with general thixotropy in two aspects:
hysteresis loop and step-down test. When measuring the flow curve of a
thixotropic material, hysteresis loop (Fig. ) appears as a result of stress
lag [41]. Such hysteresis is more or less reproducible if using the same measuring
protocol. However, when we measured the flow curve in several cycles, our sample
only exhibits visible hysteresis in the first round, Figure [5.5B. The 1st ramp-up
(open red squares) gives higher stress than the 1st ramp-down (filled blue circles)

at low shears, while subsequent loops simply reproduce the lower branch.

Our binary suspension
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Figure 5.5 Comparison of thixotropy (A and C) and our binary suspension
at o = 10% and ¢, = 20% (B and D). A. Schematic hysteresis
loop in the flow curve (linear-linear scale), taken from [41]. B. Flow
curves measured by three rounds of ramp-up and ramp-down. We
first rejuvenated the sample at 4y = 1000 s7!, and then ramped
up (red) and down (blue) shear rate % for three times. Each data
C. Schematic step-down shear test
for thixotropic materials, adapted from [41]. D. Step-down shear
in our binary suspension. After rejuvenation at ej = 1000 s, we
imposed 4; = 557! and subsequently 4, = 1s~!, with each shear
lasting for 10 min.
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In a step-down shear test, the stress evolution is tracked after a sudden decrease in
shear rate from 4; to 4.. Thixotropic materials usually present a decreasing stress
at 4; and an increasing stress at 4., Figure [0.5C. These respectively correspond
to the break-down and build-up process of microstructure [41]. Using 4; = 557!
and 4, = 1s~!, our binary suspension only presents stress decrease at the initial
higher shear rate, Figure . In the second stage with 4, = 157!, shear stress

o barely changes over time.

Based on these results, we conclude that the addition of large particles introduces
a unique state transition. It differs from typical thixotropy and occurs as a
new effect. The binary suspension can be freely switched between solid and
liquid states by different flows, and each state permanently persists when left
undisturbed. This transition not only manifests itself under routine laboratory
operations, but also has an impact on rheological measurements (such as the
protocol dependence in Fig. and the ‘stress overshoot’ in Fig. ) When
measuring our binary suspensions, therefore, special caution needs to be taken to

ensure reproducible results.

5.3 Microstructure

To better understand the state transition, we investigated the in-situ structure
under /after shear flow through rheo-confocal microscopy. We used two individual
channels to separately image the two species of particles. We verified that the
solid-liquid transition originates from a clear change in microstructure. To better

distinguish the system state, we proposed a quantitative structural criterion.

5.3.1 Methods

To image the binary suspension after various preshears, we used our confocal
rheo-imaging setup and again designed corresponding protocols. Similar to the
measurement of yield stress upon preshear cessation, we first rejuvenate a sample
and preshear it at a specific oy, until reaching a steady state. After 30 min at
rest so that the sample may be fully gelled, we scan the sample in situ in 3D
using confocal microscope. We use red to denote small particles (which are not

quite solvable as single particles) and green to denote large particles.
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Our suspension shows strong spatial heterogeneity in the microstructure. We
used Moran’s I, a popular tool in statistics and geography [198], to quantify
this heterogeneity as a scalar. It actually has been used in image analysis to
characterise spatial auto-correlation such as phase separation [199, 200]. Given
the spatial distribution of a set of features, it evaluates whether a pattern is
clustered, dispersed, or random. The higher Moran’s [ is, the more heterogeneous

the pattern is. Figure [5.6| shows three typical instances.

Dispersion Random Aggregation

Figure 5.6 Moran’s [ in three schematic cases.

The calculation of Moran’s I is based on feature locations and feature values

simultaneously, given by:

7= ﬁzzj wij(z; — T)(x; — T)
W > (@i =) 7

where N is the number of spatial units indexed by i and j; x is the feature of

(5.1)

interest and T is the mean; w;; is the spatial weight and W is the sum of all
elements. Since our small particles are not quite resolvable as single particles, we
use the pixels of confocal image as the features to calculate Moran’s I. Specifically,
we use the grayscale value of pixel element ¢ as z; in Eq. , and set w;; to be
1 if pixel ¢+ and pixel j are neighbours and 0 otherwise. See more comments and

details in the corresponding sections.

5.3.2 Structure in different states

For binary sample with ¢g = 10% and ¢ = 20 %, cessation after high preshear
Opre > 02 = 11Pa results in a solid state whereas medium preshear oy, < 09

results in a liquid state, Figure [5.3B, To probe the microstructure in different
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Figure 5.7

Solid State

Liquid State

Confocal imaging of different states in a sample at ¢g = 10 % and
o1, = 20%. The solid and liquid states were prepared by preshear at
opre = 100Pa and opre = 5Pa respectively, both lasting for 20 min.
A. Confocal slice of solid state at height of z ~ 30pm. Large and
small particles are labelled by green and red respectively. B is the
3D rendering of the confocal stack (small-particle channel). C and
D are confocal slice and 3D rendering of the liquid state respectively.
Velocity direction — z; vorticity direction — y; gradient direction — z.
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states, we prepared solid and liquid states by preshears at o, = 100Pa and
opre = O Pa respectively. Each preshear lasted for 20min to ensure a well-
developed state. Upon preshear cessation, confocal imaging was carried out in
three-dimensional space (148 um x 148 um x 60 pm), giving 3D stacks of images
at different heights (z step interval ~ 0.3 pm).

The two states present distinct microstructure. In the solid state, the small
particles (red) form a ramified network with the large particles (green) embedded
inside, Figure p.7A. The 3D rendering of small-particle channel indicates a
homogeneous gel matrix, Figure [5.7B. By contrast, the liquid state exhibits a
collection of isolated large particles and globular blobs of small particles, in which
large particles are occasionally trapped, Figure [5.7C. According to Figure [5.2A,
the The solid state exhibits a finite yield stress (o, = 2.6 Pa) while the liquid
state does not. We thus infer that the gel matrix in the solid state percolates
the whole sample, whereas the ‘droplets’ in the liquid state are disjoint from each
other.

Compared with the solid state in Figure [5.7B, the 3D rendering of the liquid
state (small-particle channel) in Figure suggests a relatively heterogeneous
structure. Visually, the blobs have a characteristic size of ~ 20 pm and are quite
globular without obvious anisotropy. Differing from the loose clusters in colloidal
gels [125], 201], these blobs are enclosed by sharp interfaces and appear to be more
compact. This is reminiscent of typical liquid droplets which are also globular
because of surface tension [202]. In this sense, we refer to our small-particle blobs
as ‘droplets’ in the rest of this thesis. However, the lack of coalescence suggests
that they are solid ‘droplets’. This will be discussed in depth in Chapter [6]

5.3.3 Structure after different preshears

Different preshears lead to different states. As previously reported in Figure[5.3B,
a critical stress o9 = 11 Pa demarcates high shear and medium shear, which result
in solid and liquid states respectively. The microstructure in the two states are

distinct, i.e. the structure of binary suspension is preshear-dependent.

We imaged the binary sample (¢g = 10% and ¢, = 20 %) upon cessation of
various preshears. Below the critical stress oy (Fig. , dotted line), i.e. in
the medium shear regime, preshear results in the liquid state where the yield

stress o, is unmeasurably low and ‘droplets’ with sharp interfaces are formed.
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Figure 5.8 Preshear effect on the sample of ¢ = 10% and ¢;, = 20%. A.
Yield stress o, varies as a function of preshear stress ope. The
critical stress o9 = 11Pa (dotted line) demarcates high shear and
medium shear regimes. Reproduced from Figure [5.3B. B. Confocal
images after different preshears, indicated by the arrows in A. The
preshear stress opre is annotated on the top of each image.
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The structure after preshears at three stresses, ope = 3.2, 5.6 and 10 Pa, appears
visually indistinguishable, Figure [5.8B(a-c). That is, the liquid state has similar

structure regardless of the preshear strength.

As preshear increases beyond oy, the sample responses like a solid after preshear
cessation. The yield stress o, increases as a function of the preshear stress opye,
Figure [5.8/A. This correlates with the microstructure. Preshear just above oy
(0pre = 13.1 Pa) produces a weak solid (o, = 0.3 Pa) where ‘droplets’ and tenuous
clusters coexist as shown in Figure (d) After preshear at oy, = 31.6 Pa, we
did not observe ‘droplets’ within the imaging volume; instead small particles
form a gel matrix and the yield stress increases to o, = 1.4 Pa, Figure (e).
For stronger preshear at o, = 100Pa, the gel matrix appears to be more
homogeneous and exhibits higher yield stress o, = 2.5 Pa, Figure (f) Such
preshear dependence has been observed in other colloidal gels [21], 159], and the

structural behaviour will be quantitatively confirmed later.

5.3.4 Distinguishing between different states

To better characterise the state transition, it is important to precisely determine
the state. In the previous discussion, we used the yield stress o, to distinguish
between the solid state (o, > 0.1Pa) and the liquid state (o, < 0.1Pa). Yet
in some cases, this method is insufficient. For example, in the case where
‘droplets’ and tenuous clusters coexist, Figure (d), a finite but small yield
stress 0, = 0.3Pa is presented. Simply labelling such case as the solid state
obscures important structural information. In addition, using the yield stress o,
may misjudge the state at small ¢g, where o, in solid state may be too low to be

measured.

Therefore, we use microstructure to distinguish between different states in this
work. Since the condensed ‘droplets’ in the liquid state resembles the structure
after phase separation, we thus define the structure with ‘droplets’ as the phase-
separated (PS) state. Compared with the ‘droplets’, the gel matrix in the
solid state is more spatially homogeneous. Based on the structural signature, we
define the structure consisting of gel matrix and embedded large particles as the

homogeneous (H) state.

In most cases shown in Figure [5.8] solid states have homogeneous structure and

are in the H state, while liquid states are composed of phase-separated ‘droplets’
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and thereby in the PS state. However, it is difficult to precisely classify an
intermediate state (such as the ‘droplet’-cluster coexistence in Fig. [5.8B(d)) by
direct visual observation. Under this context, we use a measure of spatial auto-

correlation, Moran’s I, to quantitatively distinguish different states.

We note that this method can be applied to both 2D slices and 3D stacks.
Since the major structural change occurs in small particles, we therefore calculate
Moran’s I only in the small-particle channel. Even for the same sample at the
same state, the I value varies from volume to volume. Hence for a specific sample
presheared at a specific stress, we perform several imaging at different sites and
use the average I. The standard deviation then gives a characteristic uncertainty
AT < 0.01. Note that the result is insensitive to the imaging condition (e.g.

overall brightness).

Test on Moran’s |

We first used two confocal slices of different states to test the validity of Moran’s
1. Visually, the structure of small particles in Figure is less heterogeneous
than that in Figure [5.9B. Since the small particles are attractive, the values of
Moran’s I are quite high in both cases. Compared with the homogeneous network
in Figure[5.91C, which has a Moran’s I of 0.87, the PS state in Figure[5.9D exhibits
higher Moran’s I = 0.98. This is consistent with our visual judgement, and the
difference is significant compared with the characteristic uncertainty Al < 0.01.

Therefore, it is feasible to distinguish structural states by Moran’s I.

Structural criterion I, = 0.95

Moran’s I was further tested in the binary sample at ¢g = 10% and ¢, = 20 %.
After cessation of preshears at various o,e, 3D confocal stacks were imaged within

a depth of 60 pm from the bottom, based on which Moran’s I was calculated.

Not surprisingly, Moran’s I varies as a function of preshear strength o, Figure
5.10| (red). As previously discussed, we defined the solid and liquid states based on
the yield stress o, (Fig. , black) and accordingly mapped out the medium and
high shear regimes. In the medium shear regime (o < 03), Moran’s I remains
relatively high with I ~ 0.97, suggesting heterogeneous structure in the liquid

state. As the preshear stress oy, increases beyond o2, Moran’s I progressively
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Solid:State-"* . . - Liguid State

Figure 5.9 Validity test of Moran’s I. A and B are confocal images (merged-
channel) of the solid and liquid states respectively. To calculate
Moran’s I, we extract the small-particle channels as presented in C
and D. The calculated Is are shown on the top of each image.
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Figure 5.10 Preshear effect on sample of ¢g = 10% and ¢, = 20%. Yield
stress o, (reproduced from Fig. [5.3B) and Moran’s I (calculated
from 3D stacks) vary as functions of preshear stress opre. The error
bars of Moran’s I (red) represent the standard deviation of I values
in at least four confocal stacks. The black dotted line denotes the
critical stress oo = 11 Pa determined from rheological criterion,
while the red dotted line denotes the critical stress o9 = 15Pa
determined from structural criterion (I, = 0.95, red dashed line).
Arrows indicate the sample which responses like a solid (o > 0.1 Pa
yet with a PS structure (I > I..).

decreases along with the increase in yield stress o,. This is consistent with
the confocal imaging in Figure [5.8B, where the structure becomes increasingly

homogeneous as o, increases.

Taking the rheology and the microstructure into consideration, here we define
a critical I, = 0.95, Figure (red dashed line). In this definition, structure
with [ < I, is classified as the H state, whereas that with I > I, is classified as
the PS state. As indicated by Figure m judgements from the yield stress o,
and Moran’s I mostly agree with each other: the H state (I < I.) is solid-like
(0, > 0.1Pa) and the PS state (I > I.) is liquid-like (o, < 0.1Pa). This verifies

the synchrony between structural transition and rheological transition.

One exception is the sample after preshear with stress o = 13.1 Pa, as indicated
by arrows in Figure[5.10| This sample exhibits a small yield stress (o, = 0.3 Pa)

yet a relatively heterogeneous structure (I > I.). The confocal imaging shows
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a coexistence of ‘droplets” and tenuous clusters in Figure [5.8B(d). To better
characterise the structural information, therefore, we use I, = 0.95 as the only
criterion to determine the system state (H: I < I.; PS: I > I..) in the rest of this
thesis. This will lead to a small shift in the critical stress oo = 15 Pa, Fig.
(red dotted line), which appears to better characterise the critical point above

which Moran’s I starts to decrease drastically.

5.4 State diagram

We now demonstrate that there is a third shear regime in addition to the two
that we have already described, and then construct a partial state diagram to

map out the extent of these regimes in the ¢;—o parameter space.

5.4.1 Three shear regimes

Bistable PS state . H state

>

Low shear o+, Medium shear 5, High shear

Figure 5.11 A sketch of three shear regimes. The confocal images are from
the sample at ¢ = 10% and ¢ = 20 %, where 01 = 3Pa and
o9 = 15 Pa.

For our binary suspension at ¢ = 10 % and ¢, = 20 %, the magnitude of preshear
determines its state. Accordingly, shear flow can be divided into different regimes.
In previous sections, we identified two shear regimes demarcated by a critical
stress oo = 15 Pa. Shear in the high shear regime (0 > 03) results in the H state
while that in the medium shear regime (o < 03) leads to the PS state. Moreover,
detailed observation identified a bistable low shear regime. The boundary between

low and medium shear regimes is denoted as o;. In this way, medium shear refers
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to the shear with stress o7 < 0 < 09, while low shear refers to the shear stress
below o;. Figure illustrates these three shear regimes.

High shear regime (o > 03)

°
@
"L AT

{

Viscosity "(Pa-s)
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T 0.80
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Figure 5.12 Different states under high shear (¢ = 100Pa). The sample
composition is ¢g = 10 % and ¢, = 20 %. A. Confocal snapshots of
an H state (prepared by preshear opr. = 100 Pa) under high shear.
Taken in the velocity-vorticity plane at a depth of 30 pm from the
bottom. B. Evolutions of viscosity n (black) and Moran’s I (red)
for the H state under high shear. The Moran’s I was calculated
from the 2D confocal snapshots. Similarly, C and D record the
evolution of a PS state (prepared by preshear ope = 5Pa) under
high shear.

Resulting in the solid-like H state, the high shear regime is history-independent
and thus monostable. The final steady state upon cessation of high shear is
always the H state regardless of history. We confirmed this using the sample of
¢s = 10% and ¢;, = 20%. Different initial states were prepared by different
preshears in advance. Upon preshear cessation, we imposed a shear with high
stress o = 100 Pa. Simultaneously, time-lapsed confocal snapshots were taken at

heightll] of 30 tm under shear flow.

If the binary sample is initially in H state, high shear firstly collapses the

gel matrix into small pieces and then drives them to flow. During the whole

IThis ensures that we are at least one ‘droplet’ diameter clear of the bottom plate.
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process, the structure remains homogeneous (Fig. [5.12A) and Moran’s I ~ 0.86
is constantly low (Fig. 5.12B, red). Consistent with the evolution of Moran’s I,
the viscosity n shows little variation?] under high shear, Figure [5.12B (black).

For an initial PS state, by contrast, high shear ruptures the ‘droplets’ in seconds
and the suspension is then rejuvenated into the H state, Figure [5.12C. The
evolution of Moran’s I records the structural change: from heterogeneous to
homogeneous (I from high to low), Figure (red). Meanwhile, the viscosity
71 increases rapidly and reaches the steady state almost together with Moran’s I,
Figure 5.12D. The PS — H transition takes around 10s, which is consistent with
the fast solidification by vortex mixer in Figure 5.1} Note that the final steady
states in Figure [5.12B and D have similar viscosity n ~ 0.33 Pas and Moran’s

I ~ 0.86, indicating the history-independence in the high shear regime.

Medium shear regime (0 < 0 < 03)

Leading to the PS state, the medium shear regime is history-independent and
monostable as well. Analogous to the experiment above, we studied different
states under a medium shear (¢ = 5Pa). As shear proceeds, the microstructure
in the velocity-vorticity plane was recorded by rheo-confocal microscopy, whereas

the evolution of viscosity 1 was measured simultaneously.

The H — PS transition, i.e. ‘droplets’ formation, resembles phase separation.
Under medium shear, the gel matrix in the H state yields and quickly collapses
into small pieces, which move with flow and gradually aggregate into ‘droplets’
with sharp interfaces, Figure [5.13A. Moran’s I, increasing from 0.87 to 0.97,
illustrates the structural evolution under medium shear, Figure [5.13B (red). At
the same time, the viscosity 7 decreases over time until reaching a steady state
after ~ 10min. The long duration is consistent with the prolonged fluidisation

on roller bank in the lab demonstration (Fig. |5.1]).

If the sample starts from a PS state, the medium shear simply drives ‘droplets’ to
flow without rupturing them, Figure [5.I3(C. In this way, the final state is exactly
the same as the initial state: PS state. The evolution of Moran’s I confirms that
the structural heterogeneity barely changes under medium shear, Figure [5.13D

(red). The viscosity 1 remains almost unchanged as well, Figure [5.13D (black).

2The H-state sample has already yielded by our first measurement, so that the viscosity 7
is finite.
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Figure 5.13 Different states under medium shear (¢ = 5Pa). The sample
composition is ¢g = 10% and ¢;, = 20%. A. Confocal snapshots
of an H state (prepared by preshear opye = 100 Pa) under medium
shear. Taken in the velocity-vorticity plane at a depth of 30 pm
from the bottom. B. Evolutions of viscosity n (black) and Moran’s
I (red) for the H state under medium shear. The Moran’s [
was calculated from the 2D confocal snapshots. Similarly, C
and D record the evolution of a PS state (prepared by preshear
opre = 5 Pa) under medium shear.

Again, regardless of the initial state, prolonged medium shear gives rise to PS
states with similar viscosity n ~ 0.65Pas and Moran’s I ~ 0.97. Medium shear

regime does not depend on history state either.

In both high and medium shear regimes, history is not important: the outcome
of shear does not depend on the starting state and there exists only one stable
state after infinitely long shear. This monostability leads to the reversibility in
the solid-liquid transition. Yet the two shear regimes are indeed time-dependent,

as state transitions (H — PS or vice versa) take time.

Low shear regime (o < o)

The system develops memory when the shear stress o drops below another critical
value 0. We therefore define a low shear regime (0 < ¢7) in which, unlike the

medium and high ones, the properties of a sample depends on history. Specifically,
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Figure 5.14 Different states under low shear (¢ = 1Pa). The sample

composition is ¢g = 10 % and ¢, = 20 %. A. Confocal snapshots of
an H state (prepared by preshear o, = 100 Pa) under low shear.
Taken in the velocity-vorticity plane at a depth of 30 pm from the
bottom. B. Evolutions of viscosity n (black) and Moran’s I (red)
for the H state under low shear. The Moran’s I was calculated
from the 2D confocal snapshots. Similarly, C and D record the
evolution of a PS state (prepared by preshear ope = 5Pa) under
low shear.

shear stress below o; can neither drive an H state to phase separate into a PS
state, nor rejuvenate a PS state into an H state. As long as the imposed shear
is in the low shear regime, the final state is exactly the same as the initial
state regardless of the duration. Since there exists two stable states in binary

suspensions, the low shear regime is bistable.

We confirmed the bistability by imposing a low shear (¢ = 1Pa) to an H state
and a PS state respectively, Figure [5.14, The sample in the H state is a solid
with yield stress o, ~ 2.5 Pa. Therefore, 1 Pa shear only drives it to creep without
collapsing the gel matrix. The apparent viscosity n remains high under low shear,
indicating that the sample is a creeping solid, Figure (black). Meanwhile,
Moran’s I is constantly at a low level (= 0.87), Figure (red). These results

illustrate that the H state persists under low shear.

By contrast, the sample in PS state is a flowable liquid without yield stress.

1

Under 1 Pa low shear, the PS state flows with a steady shear rate ¥ =~ 1s7" and

thereby a steady viscosity n ~ 1Pas, Figure [5.14D (black). Such shear is too
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weak to rupture the ‘droplets’ (Fig. [5.14(C), and the evolution of Moran’s I in
Figure[5.14D (red) confirms that the microstructure remains heterogeneous under
low shear. If comparing Figure [5.14B and D, we will notice that the consequent
steady states after low shear are different in both Moran’s [ and viscosity 7.
Unlike medium shear and high shear, the final state depends on the initial state
in the low shear regime. This regime is bistable since two stable states exist after
infinitely long shear. If viewing quiescence as a special low shear, the memory in

the solid-liquid transition (Fig. [5.1]) can then be explained by such bistability.

Two transition boundaries

There are therefore three different regimes and two transition boundaries: from
bistability to phase separation at oy, and from phase separation to homogenisation
at 0g9. We now attempt to understand the position of these two transition

boundaries.
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Figure 5.15 Strain evolution of sample at ¢g = 10% and ¢y = 20% under
low and medium shears. A. H states (prepared by preshear ope =
100 Pa) under shear stresses (from bottom to up) ¢ = 1, 2 and
3 Pa. B. PS states (prepared by preshear oy, = 5Pa) under shear
stresses (from bottom to up) o = 1, 2 and 3Pa. The initial and
final values of Moran’s I are noted for each shear stress.

Shears at three different stresses o were successively imposed on an H-state sample
at ¢s = 10% and ¢, = 20% , Figure[5.15A. At 0 = 1 and 2 Pa, which are below
the H-state yield stress o,, the sample creeps to a finite strain without yielding.
The structure barely changes under shear and the final Moran’s [ is almost the
same as the initial value, Figure [5.15/A. When sheared at ¢ = 3 Pa, the sample

yields and continuous flow occurs with the shear rate 4 increasing from 0.1s7! to
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1s~!. After around 1000s, Moran’s I increases from 0.86 to 0.97, indicating an H
— PS transition. By contrast, shearing a PS state at these shear stresses produces
only PS state, Figure [5.15B. This suggests that 0 = 1 and 2 Pa are low shear and
o = 3Pa is medium shear. The lower transition boundary o; = 2.5 £ 0.5 Pa is
comparable to the yield stress o, = 2.6 Pa of the solid state (Fig.[5.2A).

The upper transition boundary o, demarcates medium and high shears. In the
medium shear regime (o < 0y), ‘droplets’ are formed in the PS state which can be
rejuvenated back into the H state if sheared above os. In this sense, o5 represents
the shear stress beyond which ‘droplets’ are broken, i.e. the breaking stress oy.

This agrees with our observation in Figure [5.8B.

These considerations suggest that the lower boundary, o1, should be identified
with the yield stress of the H state o,, and the upper boundary, o9, should
be identified with the breaking strength of the ‘droplets’ o,. Hereafter, we will

therefore use o, and o} to refer to these boundaries.

5.4.2 State diagrams

Given the bistable state transition, a binary suspension is characterised by the
two transition boundaries o, and o3. Previous results were mostly from the
sample at ¢g = 10% and ¢, = 20%, where 0, = 2.5Pa and o, = 15Pa.
Further investigation reveals that the flow-switched transition occurs at a wide
spectrum of ¢g and ¢. Studying how the state boundaries vary with particle
concentrations would improve fundamental understanding on binary systems. In
this section, we illustrate the structural behaviour of binary suspensions by means

of state diagram.

os = 10%

Following the protocol in Chapter 4, we prepared binary samples at ¢s = 10%
with various ¢r. Through rheo-confocal microscopy, three shear regimes were
mapped out for each sample. We summarise the results in the form of state
diagram in Figure [5.I6A. Since we controlled the shear stress o and varied the
large particle volume fraction ¢ during experiments, the diagram has o and ¢,

as axes.

At ¢;, = 0, the binary suspension reduces to a ¢ = 10% gel. Though the gel
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structure does depend on shear strength o, we did not observe phase-separated
‘droplets’ in the gel regardless of shear stress. The microstructure is always
homogeneous with Moran’s I < 0.95. In this sense, the gel has one stable state
with a finite yield stress o, ~ 1Pa. Shear above o, results in a homogeneous
state (M in Fig. [5.16)) which re-gels upon shear cessation. When sheared below
oy, no flow (X in Fig. takes place. The sample remains monostable up to

¢ =10%.

Bistability occurs from ¢, = 10 % to 40 %. For a specific point 4 in the diagram,
after shear with stress ¢ = o;, the binary sample at ¢, = ¢r; is either in the
H state (W), the PS state (®) or bistable (X). As ¢ increases, both transition
boundaries o, and oy, increases. Compared with the upper boundary o3, the lower
one o, grows faster with ¢r. The two boundaries meet each other at ¢, ~ 40 %,

above which the sample again becomes monostable.
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Figure 5.16 State diagram at ¢g = 10%. A. o0—¢; diagram. For each data
point, we first rejuvenated the sample at 100 Pa and then imposed
the corresponding shear stress o for sufficiently long until reaching

the steady state.

Upon flow cessation, confocal imaging was

performed in 3D and Moran’s I was calculated from the 3D stacks
to determine the state. B. 4—¢; diagram converted from A. We
replot the H (M) and PS (®) states in A using the steady state

shear rate  versus ¢r,.

The absence of PS state at high concentration ¢, = 45% can be interpreted as
oy, exceeding oy, i.e. putative ‘droplets’ cannot survive a stress needed to yield
the gel in the first place. This may also explains the monostability at low ¢p.
In this way, the state diagram (Fig. |5.16/A) is mainly characterised by the two

boundaries, which vary as functions of the large particle concentration ¢y
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Stress o or rate 47

So far, we have reported our results in terms of stresses. This was partly in
anticipation of our identification of the lower boundary as the yield stress o,,.
However, using stress o as the control variable introduces complications in the
bistable regime of low shear. In principle, this regime can be skipped by using
shear rate 7, since any non-zero % induces stress o > o,. In this way, only the
two monostable shear regimes are left, and the two stress boundaries o, and o,
reduce to one rate boundary 7, which demarcates medium and high shears. We

expect the Y—¢ state diagram to be like Figure [5.16B.
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Figure 5.17 A.A—¢y state diagram, determined by controlling the shear rate +.
We prepared an H state by preshear ope = 100Pa in the sample
of pg = 10% and ¢, = 20 %, and then imposed a low shear rate
¥ = 0.1s7!. B. Confocal snapshot in the velocity-gradient plane
taken after 1min shear. C. Velocity profile under % = 0.1s7!
shear. Through particle image velocimetry (PIV) on MATLAB,
the velocity of each data point was determined from the time-
lapsed confocal images in the velocity-vorticity plane. The dashed
line indicates a local shear rate Yioca1 & 1% in the particle layer.

In practice, however, we still observed the bistable low shear regime when
controlling the shear rate 4, Figure[5.I7A. At low-rate shear, the ‘droplets’ in the
PS state persist, whereas the homogeneous gel in the H state can also ‘survive’
by means of slipping. Such slipping results from large particle segregation. When
the gel matrix of an H state is sheared at low rate ( = 0.1s71), one or a few layers
of large particles quickly form at the bottom, Figure [5.17B. While most of the

applied shear is localised in the particle layer, the binary composite on the top is
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barely sheared, Figure . By ‘sacrificing’ a small fraction of large particles, the
bulk homogeneous structure could persist under low-rate shear. This slipping, or

equivalently the low shear rate regime, usually occurs at 4 < 1571, Figure .

In this way, reporting in either stress o or rate 7 results in three shear regimes
with the lowest one being bistable. Compared with the two rate boundaries, the
physical meaning of o, and 03, corresponding to the yield stress and breaking
stress respectively (see Sec. , are more clear. In addition, by changing the
environment temperature, we found that the stress boundaries are more robust

than the rate boundaries.
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Figure 5.18 Transition boundaries in the sample of ¢g = 10% and ¢ = 20%
at different temperatures. A. Two critical shear rates vary as
functions of temperature. Inset: relation of temperature and
solvent viscosity 1. B. Two critical shear stresses vary as functions
of temperature.

When we changed the environment temperature ranging from 1.5 °C to 30 °C, the
solvent viscosity 7y varies by almost an order of magnitude, Figure (inset).
At different temperaturesﬂ7 we probed the three shear regimes at ¢g = 10%
and ¢, = 20 %. Both the two critical rates strongly depend on the environment
temperature, Figure . By contrast, the critical stresses o, ~ 2.5Pa and
op ~ 10 Pa remain almost constant, Figure [5.18B.

Throughout the thesis, therefore, we control either stress o or rate 4 in
experiments according to the specific situation, but only report in stress ¢ unless

otherwise stated.

3Theoretically, hydrophobic interaction is an entropic effect and thereby depends on the
temperature. Yet here the temperature change in Kelvin unit K is sufficiently small (AT /T ~
5%) so that the impact on the hydrophobic interaction between small particles is neglectable.
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Other ¢g

The state diagram was further explored at four different small particle volume
fraction ¢g, Figure |5.19, For the ease of comparison, we still report the diagram

in ¢—o plot, with different symbols representing different states.
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Figure 5.19 Slices of state diagram at four different ¢g. A. ¢g = 5%. B.
o5 = 10%, reproduced from Figure C. o5 = 15%. D.
os = 20%.

In each diagram, both o, and oy, increases with ¢,. In the diagrams at ¢g = 10 %,
15% and 20 %, the sample presents a re-entrant transition as ¢ increases: it
switches from a monostable gel to a bistable suspension and finally turns back

into a monostable gel. This indicates that o, increases more rapidly than o}, with

oL

If we consider a fixed ¢ (e.g. ¢ = 20%), we will find that o, and o, both

increases with ¢g and o, appears to increase more rapidly. As ¢g increases, the

118



medium shear regime progressively narrows down. In the ¢g = 20 % diagram,
Figure |5.19ID, there is only one data point exhibiting phase-separated ‘droplets’.
So there may be a critical ¢§* 2 20 % at which o, catches up o,. No phase

separation is expected with ¢g > @§**.

5.5 Conclusions

In this chapter, we explored our binary suspension in depth and demonstrated
a unique flow-switched transition. We showed that the rheology of a binary
suspension is bistable and can be switched from a solid state to a liquid state (or
vice versa) by external shear flow. We designed a series of measuring protocol to
quantitatively demarcate different flow regimes and identify the physical meaning

of regime boundaries.

Differing from thixotropy in general gels, this transition indicates a new effect
from the additional large particles. Rheo-confocal microscopy reveals a clear
structural difference between the solid and liquid states. To better determine the
system state, we quantified the structural heterogeneity by means of Moran’s [
and propose a critical I. to distinguish H and PS state. In the end, we mapped
out the shear regimes at different particle compositions and thereby constructed

a state diagram which enables dynamical control on the binary suspensions.

However, the fundamental understanding on the flow-switched transition is
hitherto poor. For example, we have no clue about why the transition boundaries
(0, and o,) vary with particle compositions (¢s and ¢r). According to the
physical meanings of the two boundaries, o, and o, are closely related to the
property of H and PS state. In the next chapter, we will further explore the

macroscopic properties of different states.
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Chapter 6

Macroscopic Properties of the Two
States

In our binary suspensions, a unique solid-liquid transition, exhibiting both
reversibility and memory, is triggered by shear flow. In the last chapter, we
demonstrated that this transition in the rheology could be attributed to a clear
change in the microstructure. Applying a shear with high stress (or rate)
homogenises the suspension, so that upon shear cessation the system quickly
re-gels into a solid with the small particles forming a ramified network with large
particles embedded inside. In contrast, flow at moderate shear stresses/rates
causes the small particles to collapse into disjoint ‘droplets’ surrounded by the
large particles. Without the gel network, the system instead flows like a liquid.
These changes in the microstructure define two distinct states for our system:
a homogeneous (H) state and a phase-separated (PS) state. In the previous
chapter we mapped out the state behaviour, varying the applied shear and particle
concentrations. We found three distinct three shear regimes. They correspond to
high and medium shear regimes where the system ultimately evolves into either
the H or PS state given sufficient time, as well as a bistable low-shear regime

where the suspension remains in its initial state.

In this chapter, we examine the characteristics of the two different states in more
depth. In particular, for the H state we focus on the how the composite rheology
(e.g. yield stress and viscoelasticity) varies with the presence of large particles.
For the PS state, we explore the microstructure, packing density and morphology

of the small-particle ‘droplets’ which form under medium shear, as well as how
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these ‘droplets’ fail and rupture at high shear. From a better understanding the
nature of these two different states, we can begin to unravel the factors controlling

the state boundaries in the diagram.

6.0.1 Methods

Here we briefly discuss the methods we used when investigating the two states. To
prepare a well-developed state before measurement, we applied high and medium
shears on samples, both lasting for sufficiently long until reaching a steady state.
For H-state samples, we then waited at rest for 30 min so that the small particles
have time to diffuse and aggregate and finally form a gel matrix. To prevent
possible sedimentation, we did not do so for PS-state samples from medium

preshear; instead we measured them immediately after preshear.

We mainly study the rheology of H state and the structure of PS state.
Measurement on the H-state samples, i.e. particle-filled gels, has been introduced
in previous chapters. We used creep test to measure the yield stress and small-

amplitude oscillatory shear to explore the linear viscoelasticity.

As for the PS state, we mainly used dual-channel confocal imaging to study
the structure, as well as cryo-SEM as a supplement to explore the interior of
‘droplets’. Besides Moran’s I which has been introduced in the last chapter,
we also used other methods to quantify our observations. Image processing on
3D confocal stacks enables us to identify individual ‘droplets’ and measure their
properties one by one. Specifically, we used mean-shift clustering to characterise
each ‘droplets’ in terms of size and shape and thereby did the statistics. We
also proposed a method to estimate the internal volume fraction of ‘droplets’ by

simply thresholding and dilating/eroding.

Details of these methods we used can be found in the corresponding sections.

6.1 H state: particle-filled gel

From the structural perspective, an H state can be decomposed into isolated
large particles of size d;, = 4 pm and a ramified network of small particles (dg =
482nm), Figure [0.1A-C. Both qualitative visual demonstration and rheological

measurement, confirm the yield stress in our binary suspensions when prepared
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B Large-particle chanriel )

C Small-particle channel ¢ =10% gel

Figure 6.1 Comparison of an H state (particle-filled gel) and a colloidal gel
(unfilled gel). After high-shear rejuvenation at 4 = 1000871, the
H state was prepared in binary suspension at ¢g = 10% and ¢ =
20%. Confocal images were then taken at a height of ~ 30pm.
A. Two-channel confocal image of the binary sample, which can
be decomposed into large-particle channel (B) and small-particle
channel (C). D. Confocal image of colloidal gel at ¢ = 10 %, taken
from Figure in Chapter [} Calculated Moran’s Is (based on

2D slices) were shown in the bottom-left corner.
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in the H state. From the solid-like response, we infer that the small-particle
network therein, which can carry stresses, percolates the entire system. So an H
state is composed of a gel matrix and dispersed large particles as fillers, i.e. a

particle-filled gel.

After high-shear homogenisation, the small particles re-gel with the large particles
embedded inside. Compared with the PS state, either the gel matrix or the
configuration of large particles in H state is relatively homogeneous, Figure [6.1B
and C. Visually, the gel matrix of H state resembles that in an unfilled gel. Figure
and D compare their confocal snapshots at an identical ¢g = 10 %, which
are hard to distinguish visually. The calculation of Moran’s I (Fig. —D,
bottom-left corner) indicates comparable degree of spatial heterogeneity as well.
Therefore, we may expect a binary suspension in H state and a colloidal gel to
have similar rheology. At least, the measurement on yield stress suggests that
they are both soft solids.

We compared a binary sample and a colloidal gel at ¢g = 10%. They consist
of the same amount of small particles while the former additionally includes
o, = 20% large particles. We first measured the flow curve of the binary
sample by step-down shear protocol (see caption in Fig. [6.2)A), which enables us
to measure the response of H state before the gel matrix collapses into ‘droplets’.

For consistency, we used the same protocol to measure the colloidal gel.

The two flow curves in Figure have similar shape, yet at the same shear rate
¥, the binary sample always exhibits higher stress ¢ than the colloidal gel. Since
the total solid volume fraction is higher in the binary sample (¢ = ¢s + ¢ =
30 %), such behaviour is expected at high shear. As shear rate decreases, the
stress appears to approach a low-shear plateau in both cases. Herschel-Bulkley
fitting (Fig. , solid lines) suggests that the binary sample has a higher yield
stress (0, = 2.6Pa) than the unfilled gel (0, = 0.8Pa). Even though the gel
network is composed of the same amount of attractive colloids (¢s = 10 %), a
particle-filled gel is stronger than an unfilled gel: the addition of large particles

seems to strengthen the whole system.

Such strengthening also manifests in oscillatory rheology. The result of dynamic
frequency sweep at small strain v = 0.1 % shows that the binary sample has
higher dynamic modulus, Figure [6.2B. In the two samples, the modulus scales
with frequency w in a similar manner. The elastic modulus G’ slowly increases

with frequency w, whereas the viscous modulus G” presents a broad minimum at
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Figure 6.2 Comparison of rheology between an unfilled gel (¢ = 10 %, black)
and a binary suspension in H state (¢g = 10% and ¢ = 20%,
red). A. Flow curves measured by step-down shear protocol. After
rejuvenation at e = 1000 s~!, a lower shear rate 4 was applied
and the transient stress ¢ was measured for 30s. Such procedure
was repeated for various shear rates 4. The solid lines are Herschel-
Buckley fits. Red: o, = 2.6 Pa, k = 1.8 Pas™ and n = 0.7; Black:
oy = 0.8Pa, £ = 0.4Pas" and n = 0.8. B. Dynamic frequency
sweep at small strain amplitude v = 0.1 %. After rejuvenation at
Yrej = 1000 s~! and waiting for 30 min, the frequency w was ramped
down and each data point was measured for 2 10 cycles of oscillation.

w = lrads™! and then increases with w more rapidly than G’ at high frequency.
Both moduli are higher in binary sample than they are in gel, approximately by
a factor of 5. Despite having the same ¢g = 10%, the binary sample exhibits
higher elasticity. This is consistent with its higher yield stress as shown in Figure

6.2A.

6.1.1 Yield stress o,

The results above imply that the addition of large particles reinforces the gel
strength. To better understand the relation between yield strength and large
particles, we prepared binary suspensions at various compositions. In particular,
we grouped these sample into four different ¢g (5%, 10 %, 15 %, 20 %) with ¢,
varying from 0 to 45 %. Figure summarises their yield stresses in a oy-¢p,
plot, where different ¢g groups are labelled by different symbols.

At ¢, = 0, ie. unfilled gels, the yield stress o, increases with ¢g as

previously reported in Chapter 4. For each ¢g group, the yield stress o,
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Figure 6.3 Yield strength of binary suspensions (H state) at various
compositions. Unless otherwise stated, the large particle size dj =
4 pm. We also prepared three samples at ¢g = 10% and ¢, = 30 %
using silica with other dy,. For each sample, the yield stress o, was
determined by creep test, before which the sample was rejuvenated
at high shear stress ope = 100Pa. A. Yield stress o, varies as a
function of large particle concentration ¢y. For each ¢g group, we
normalised the yield stress o, by that of unfilled gel (¢, = 0), see
Eq. B. Normalised yield stress O'ZIJ varies as a function of large

particle concentration ¢;. The dashed line denotes U; =1.

monotonically increases with the large particle concentration ¢; in a similar
manner. Significantly, at ¢g = 5% and ¢g = 10%, the addition of ¢; =
40 % large particles can increase the yield stress o, by almost an order of
magnitude. The strengthening effect by large particles generically occurs in
binary suspensions regardless of ¢g and ¢;. This is consistent with the state
diagrams (Figure in Chapter |5|), where the lower shear boundary o, increases

with ¢ in each diagram.

Such strengthening is size-dependent. While the results presented so far are from
samples using d;, = 4 pm silica as large particles, we also used silica with different
d;, to prepare samples at ¢g = 10% and ¢; = 30%. At fixed composition,
the yield stress o, monotonically increases with the large particle size dp,, from
oy =0.3Pa (dy = 1.5um) to o, = 25.3Pa (d; = 9.8 pm), Figure [6.3A.

The result above shows that the yield stress of a particle-filled gel is a function

of concentrations of both species of particles:

oy =0y (¢s,01) - (6.1)
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To quantitatively study their relation, we normalised the yield stress o, by that

of unfilled gel for each ¢g group:

O'/ _ 0y(¢$,¢L)
O'y(QbSa oL = O)’

(6.2)

where o, is the normalised yield stress, and o,(ds, @1 = 0) is the yield stress of
gel at ¢s. We then plot oy versus ¢r, in Figure|6.3B. Such normalisation appears
to collapse the data from Figure (except those at different d) on a master

curve.

Not surprisingly, the normalised yield stresses of different ¢g groups converge
to o, = 1 at ¢, = 0, Figure [6.3B (dashed line). For each group, o} increases
with ¢, in an almost identical manner, Figure [6.3B. The collapsed data implies

a universal law for the relation of o}, and ¢p:

oy = f(o1), (6.3)

where f(¢7) is a monotone increasing function with f(0) = 1. Combining Eq.
and Eq.[6.3] we can decompose the contribution to the yield stress of particle-filled

gel (or equivalently binary suspension in H state) in the form of:

oy(¢s, 1) = 0561(055) - flor), (6.4)

gel
Y

law (see Figure 11B in Chapter 4). For a colloidal gel at ¢g, the addition of
¢r, large particles amplifies its yield stress 0§e1<¢s) by a factor of f(¢r). Yet

where 08% refers to the yield stress of unfilled gel, scaling with ¢g as power

again, data from samples using different d; do not collapse on the master curve
of d, = 4 pm samples, Figure [6.3B. Remarkably, adding d;, = 1.5 pm silica to a
gel causes weakening rather than strengthening, as the normalised yield stress o7,
falls below 1, Figure [6.3B.

Effective volume fraction

We attempt to explain the variation in yield stress in terms of reduced free volume
available to the small particles. On their own, attractive colloids diffuse and
stick to each other and finally form a spanning network whose yield strength is
determined by the volume fraction ¢ [126]. The volume fraction is defined as ¢ =

Vparticle/ Viotal since the total system volume is accessible. In binary suspensions,
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the small particles still form a percolated gel matrix as shown in Figure [6.1C, yet
the accessible volume, i.e. the free volume ¢y.., decreases with the presence of

large particles. This effectively drives up the concentration of small particles.

A simple way to account for the free volume reduction is to directly deduct the
large particle volume. In this way, the small particle concentration increases from
¢s to ¢s/(1 — ¢r) in a binary suspension. We replot the yield stress data from
Figure against ¢g/(1 — ¢) in Figure [6.4A. For samples using 4-pm silica,
data points are quite scattered and do not collapse on the power-law fit of yield
stress of colloidal gels (Fig. , dashed line). In particular, for each ¢g group,
the deviation becomes more significant at higher ¢;. Data of different d; are

even more scattered.
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Figure 6.4 Yield stress varies as a function of effective volume fraction
estimated by two different approach. Raw data are from Figure
[6.3A. A. Yield stress o, versus ¢g/(1 — ¢). The free volume
reduction is considered by directly deducting the large particle
volume. The dashed line is the power-law fit (o, = 0¢¢”) on data of
colloidal gels: o¢g = 1870 Pa and v = 3.3. B. Yield stress o, versus
esﬂ, where the effective volume fraction is determined by Eq.
and Eq. . The solid line is the power-law fit (o, = 00(¢H)”) on
the data of samples using d;, = 4 nm silica, giving oy = 2089 Pa and
v=34.

The failure of this estimation is expected as it neglects the depletion shell (with
thickness dg/2) around large particles. Here we adapt an analytic expression,
originally used to estimate the free volume of non-absorbing polymers in polymer-

colloids mixtures [63], to estimate the effective volume fraction ¢4 in our binary

suspensions:
¢free = (1 - ¢L) : e_A’Y_B’YQ_C’Y?)
o _ s (6.5)
s ¢free
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with
v=¢1/(1—¢r)
A=3a+3a*+a?
B = 9a°/2 + 3a°
C = 3a?,

(6.6)

where a = dg/d, =~ 0.12 is the size ratio. Given a specific composition (¢g and
¢1), we can estimate the effective volume fraction ¢4 by Eq. and Eq. .

We replot the yield stress data from Figure against ¢% in Figure .
For samples using d;, = 4 m silica, data points, of either binary suspensions or
colloidal gels, all collapse on an identical curve. We used power law o, = oo(paty”
to fit these data, giving oy = 2089 Pa and v = 3.4. The fitting result is comparable
to the power-law fit on gel samples (0o = 1870 Pa and v = 3.3).

For binary samples with d; = 4 m, the effective volume fraction enables us to
predict the yield stress of particle-filled gels. In this way, we may treat a binary
system at ¢g and ¢y, (H state) as a colloidal gel with ¢&f determined by Eq.

and Eq. [6.6]

Inconsistency

We now explore whether the treatment using effective volume fraction ¢ applies
to all binary suspensions with different d;. While such treatment appears to work
for d;, = 4 um large particles, the data of other sizes d;, deviates from that of 4-
pm silica, Figure [.4B. At the same composition (¢s = 10% and ¢, = 30 %),
the yield stress o, increases with d,, which is in conflict with the prediction from

<t Figure . Specifically, according to Eq. and Eq. , the di, = 1.51m
sample has an effective volume fraction ¢ = 30 %, yet its yield stress o, ~ 0.3 Pa
is around two orders of magnitude lower than that of d; = 9.8 pm sample whose

effective volume fraction ¢ = 16 %.

So far we do not understand such deviations. However, they are not a total
surprise since the approach we used (Eq. and Eq. relies on several
assumptions. As described in [63, 203], Eq. is derived by comparing the
chemical potential of a dilute gas of non-interacting ’test spheres’ [204] to
expressions for the chemical potential of hard sphere mixtures [205]. While
these assumptions may be appropriate for colloid-polymer mixtures, applying this

equilibrium calculation using solid attractive colloids in a sea of non-Brownian
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particles is less justified, particularly at higher values of ¢g and ¢y..

A plausible explanation on the size dependence regards a particle-filled gel as a
defective gel [193]. When non-sticky large particles are introduced into small-
particle gel, some of them are kinetically trapped in the gel network and act as
defects to weaken the gel strength. This may explain why the particle-filled gel
with d; = 1.5 nm is even weaker than the unfilled gel. The size of large particles
dy;, may play a role in this scenario, as it controls the area of non-sticky surface

at fixed ¢. However, this interpretation needs to be further verified.

6.1.2 Elastic modulus G’

Oscillatory rheology reveals further differences between binary samples and

unfilled gels. Again, we prepared samples at various compositions and different

dy,, and measured the elastic modulus G at v = 0.1% and w = 10rads™.

A 104 B 102
<U m 05 = 5%
. S » bs =10%
© = v 05 = 15%
L ¢ 3 & 65 =20%
O 1034 v vo § 10"+ dr, = 1.5um
%) v dp = 6.7um ™
= N 2 = 9.8um
o B 2 -
§ ] i B = u
0 1074 "om = § 10040 -2 - - - - - VoI
@ u B ¢s =5% = <o
3 dp, = 1.5um og = 10% g v
dp=6.Tum v ¢g=15% B
10" 4 . = 9%m QO ¢és = 20% Z 104 . . . .
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Large Particle Volume Fraction ¢1 Large Particle Volume Fraction ¢r.

Figure 6.5 Elastic modulus G’ of binary suspensions at various compositions.
Unless otherwise stated, the large particle size dj = 4pum. We
also prepared three additional samples using silica with other dj,
with ¢g = 10% and ¢ = 30%. The elastic modulus G’ was
measured at v = 0.1% and w = 10rads~!, before which the sample
was rejuvenated at high shear stress o, = 100Pa and then left
undisturbed for 30 min. A. Elastic modulus G’ varies as a function of
large particle concentration ¢y,. For each ¢g group, we normalised G’
by that of unfilled gel (¢7, = 0). B. The normalised elastic modulus
G:’ versus large particle concentration ¢;. The dashed line denotes
G' =1.

For colloidal gels (¢ = 0), the elastic modulus G’ increases with ¢g as indicated

in Figure [6.5A. As ¢, increases, however, G’ does not always exhibit monotonic
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increase like yield stress o, does in Figure . At ¢s = 5%, G’ generally
increases with ¢r. By contrast, for the ¢ = 10% group, G’ initially increases
and then starts to decrease above ¢; = 30%. At ¢g = 15% and 20 %, binary

samples even exhibit G’ lower than that of unfilled gels.

Similar to the treatment on yield stress o,, we normalised the elastic modulus
G’ by that of unfilled gels at the same ¢g. For samples using d;, = 4 pm silica,
while the normalised yield stresses o; collapse on the same curve when plotting
o, versus ¢r, the data points of normalised G’ are greatly scattered in Figure
. Some data points at ¢g = 15% and ¢g = 20% even fall below G/ = 1
(Fig. , dashed line). Consistent with the size dependence in o, the elastic

modulus G’ increases with dy, at ¢g = 10 % and ¢, = 30 %.

Our previous result shows that the denser colloidal gels are, the higher elastic
modulus G’ they have. If a binary system can be treated as a gel by means of
effective volume fraction ¢4, as indicated by the data collapse in Figure ,
we also expect the elastic modulus G’ monotonically increases with ¢4 and fall
on an identical curve. When plotted against ¢& (determined by Eq. and
Eq. , the elastic modulus G’ of different samples only collapses on a master
curve at low ¢& (< 15%). As ¢ increases, the elastic modulus G’ even drops
at high ¢4, Figure (dashed lines). Not surprisingly, samples with other dj,

deviate from those with d; = 4 pm.

The scattered G’ data (including the modulus drop) and the failure of data
collapse for different d; both demonstrate the limitation of an effective volume
fraction approach. Here we examine the case at ¢g = 10% in depth. At
¢s = 10 %, the yield stress o, shows monotonic increase with ¢, in Figure .
By contrast, the elastic modulus G’ initially grows and then decreases with ¢y,
beyond 30 %, Figure[6.5A. Weakening and strengthening occur at the same time.
Such conflict cannot be simply explained by the problematic ¢4 estimation, since
adding large particles definitely increases ¢ and is supposed to enhance the
elasticity. The failure of data collapse in G’ invalidates the treatment using ¢,
indicating a more interesting role for the large particles than merely confining the

small-particle gel to a smaller volume.
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Figure 6.6 Elastic modulus G’ versus effective volume fraction qb%ﬁ estimated

by Eq. and Eq. Raw data are taken from Figure [6.5A. The
dashed lines indicate modulus drop in the dense regime.

6.1.3 Yielding behaviour

The difference between filled gels and unfilled gels manifests during yielding. We
have already known that adding large particles can effectively increase the yield
strength (Fig.|6.3/A). To better understand the yielding behaviour, we performed
dynamic strain sweep on various samples. We fixed the concentration of small
particles at ¢g = 10 % and varied that of large particles ¢, from 0 to 45 %. Figure
compares the strain sweep result by plotting the moduli (A — elastic modulus

G’; B — viscous modulus G”) versus oscillation strain +.

In all samples, the linear viscoelasticity (i.e. modulus plateau) is confined to
small strains and the elastic modulus G’ starts to deviate from the linear response
beyond about 0.1 %, Figure [6.7/A. This indicates yielding, with the small strain
implying the short range of hydrophobic attraction between small particles.
Below ¢, = 30 %, both G’ and G” increase with the amount of large particles ¢y.
Consistent with our result in Figure [6.5]A, both moduli reach their maximum at
o1, = 30 %, beyond which G’ and G” decreases with ¢r..

As ¢ increases, the two moduli G’ and G” start to exhibit ‘bulges’ at large strain
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Figure 6.7 Dynamic strain sweep at frequency w = 10rads™'. We fixed ¢g =
10 % and varied ¢y, from 0 to 45 %. Before each measurement, high-
stress rejuvenation (opre = 100Pa) was applied and followed by
waiting for 30 min. The strain v was ramped up from v = 0.01 %
to 1000 %, while each data point was measured for 100s. The plots
of elastic modulus G’ and viscous modulus G” versus strain ~ are
shown in A and B separately. Lines are drawn to guide the eye.

v ~ 100 %. The higher ¢, is, the more significant the ‘bulges’ are. In particular,
at ¢r = 45 %, the elastic modulus G’ drops with ~ after initial yielding until
reaching a second plateau at v ~ 100 %, and then continue to decrease with ~.
At o = 30%, 40 % and 45 %, the viscous modulus G” even present a peak at
~v ~ 200 %. This G” peak, typically presented during yielding, is absent when the
two moduli first deviate from linear response at smaller strain. Such behaviour
was not observed in the unfilled gel (Fig. 7 black), implying that a particle-filled

gel yields in a different manner from a colloidal gel.

To better illustrate the yielding behaviour, we plot the elastic stress o/ = G’y
versus strain v in Figure [6.8)A. The elastic stress o’ was determined from the
data in Figure [6.7A. As the strain v increases, the elastic stress first o’ linearly
increases and reaches a maximum (Fig. , large filled circles) at v ~ 1 % strain
unit. While the colloidal gel only presents one peak, we observed a second peak at
large strains v ~ 500 % in other binary samples. As ¢ becomes higher, the peak
becomes less prominent and then turns into a point of inflection at ¢g = 40 %
and 45 %.

From the dynamic strain sweep result, we can identify two yielding points in
particle-filled gels, denoted by the large filled circles as well as the gray areas in
Figure [6.7A. The first yielding, corresponding to the peak (or inflection) in o'~y

plot, occurs in all samples and is confined to small strains v < 1%. The second
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Figure 6.8 A. Elastic stress ¢/ = G’y versus oscillation strain ~, for the

same data in Figure [6.7]A. Large filled circles within the gray areas
represent the yield points. Lines are drawn to guide the eye. B. Yield
stresses vary as functions of large particle concentration ¢y. Black
squares are yield stresses o, from creep test (taken from Figure
6.3IA). Red filled circles and open circles are yield stresses under
oscillatory shear, respectively corresponding to the first yield point

(0y1) and the second yield point (oy5) in A.

yielding is indicated by the second peak (or inflection) in elastic stress o', which
occurs only in binary suspensions at large strains. From Figure [6.7A, we can
extract two oscillatory shear yield stresses, og; (the first yield point) and oy (the

second yield point).

There exists two concentration regimes, Figure . Below ¢;, = 30 %, the three
yield stresses agree with each other and all increase with ¢;. As ¢ increases
above 30 %, the second peak in Figure becomes higher than the first peak.
Accordingly, the second yield stress oy3 remains comparable to the steady shear
yield stress o, and monotonically increases with ¢. By contrast, the first yield
stress 0,7 deviates from o, and oy5 and exhibits slight decrease instead, Figure

y2
6.8B.

For colloidal gels, it is typically the first yielding corresponding to the mechanical
yielding [7, 127]. If the same applies here, we may expect that opj should be
comparable to o,. However, our result in Figure suggests that, with the
presence of large particles, the second yielding manifests and determines the
yielding under steady shear at high ¢;. Moreover, the critical volume fraction
o1, = 30 %, demarcating two concentration regimes, is consistent with the point
above which elastic modulus G’ decreases with ¢. This implies different physics

behind the yielding of particle-filled gels.
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Figure 6.9 Dynamic strain sweep of binary suspension (red) and large particle
suspension (gray), with compositions noted in legend. The data of
binary sample are from Figure For the large particle suspension,
we performed strain sweep by ramping up strain « at frequency
w = 10rads~!. Each data point was measured for 10s.

The monotonic increase in o, (Fig. |6.3)A) occurs as a result of the rise in the
second peak in o'~y plot (Fig. ), which in turn results from the addition
of large particles. Our large particles shear thicken on their own, and ¢ = 30 %
suspension of large particles presents a abrupt increase in G’ at v ~ 100 %, Figure
(gray). Such strain scale is comparable to strain where the modulus ‘bulge’,
i.e. the second yielding, occurs in binary suspensions, Figure (red). Moreover,
both the second yield stress 0,3 and shear thickening manifest at high ¢,. These
results suggest a possible relation between the second yielding in particle-filled

gels and the shear thickening in large particles.

As discussed in Chapter 3, shear thickening results from interparticle friction. In
this sense, the agreement between o, and 0,5 in Figure implies the role of
friction in yield resistance. A recent study has revealed the connection between
friction and yield stress in adhesive non-Brownian suspensions [12]. Combining
the modulus drop above ¢, = 30% (Fig. [6.6), we infer that large particles
may contribute to the yield resistance under steady shear without increasing

the viscoelasticity under oscillatory shear.

Here we propose a conjecture. The hard particles start to percolate at

intermediate volume fractions [206]. However, such percolation is so transient
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that it has little effect on rheology. In our binary suspension, the percolation of
large particles may be reinforced by the gel matrix and thereby resists yielding.
Such resistance mainly manifests under steady shear, where system-spanning
force chains develop in the compressive direction. Under oscillatory shear,
the contact percolation is broken upon reversal in each oscillation and thereby
contributes little to the modulus. Remarkably, the percolation of non-Brownian
particles in [206], as well as the modulus drop (Fig. and the discrepancy in
yield stresses (Fig. [6.8B), all start to occur at ¢, ~ 30 %.

Understanding the macroscopic property of H state in our binary suspensions is
important, as it closely relates to the lower shear boundary which demarcates
bistable low shear and monostable medium shear. So far, we have shown that
particle-filled gels behave differently from unfilled colloidal gels. Such difference
cannot be simply captured by the reduction in free volume. The results from
oscillatory rheology revealed a second yielding, which may occur as a result of
interparticle friction. In addition, the size dependence on either yield stress or
dynamic modulus still remains unclear. There exists tremendous scope for future

research based on our findings above.

6.1.4 Conclusions

In this section, we studied colloidal gels with granular fillers, i.e. our binary
suspensions in the H state. In the presence of large particles, attractive colloids
still form a gel network which is visually indistinguishable from a pure colloidal
gel. Rheology measurement shows that both particle-filled gel and pure colloidal
gel are solid-like. Compared with unfilled gel, however, filled gel seems to
possess higher yield stress o, and modulus G’. Such strengthening effect is then
systematically investigated, yet so far we do not understand the physics behind
it. We exclude the reduction in the free volume as a strengthening mechanism,
and suspect that the interparticle friction may somehow contribute to the yield

strength. Potential research lines are listed in Chapter [§]
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6.2 PS state: Phase-separated ‘droplets’

An H state yields when sheared beyond its yield stress o,. As we described in the
previous chapter, if the applied stress happens to be in the intermediate regime
(0, < 0 < 0y), the gel component will collapse and finally phase separate into
disjoint ‘droplets’. While these ‘droplets’ occasionally trap a few large particles,
the vast majority of large particles are dispersed outside the ‘droplets’. We define
this phase-separated (PS) state by this change in the microstructure. Without

the percolated gel network, binary suspensions in the PS state lack a yield stress

and flow like a liquid.

"9 .

3D rendering

Figure 6.10 Confocal image of binary sample in PS state. The sample
composition is ¢g = 10% and ¢, = 20%. The PS state was
prepared by prolonged preshear at stress opre = 5 Pa, after which
imaging was carried out in 3D (148 pm x 148 pm x 60 pm). A. 2D
slice on the velocity-vorticity plane at depth of 30 pm from bottom.
B. 3D rendering of the small-particle channel.

Figure shows an example confocal image of a binary suspension in the PS
state. We confirm the disjoint and compact nature of the ‘droplets’ evident in
the 2D confocal slices using a 3D rendering of the small-particle channel for the
full confocal stack. Visually, the PS state resembles a a collection of isolated
large particles and polydispersed ‘droplets’. While the large particles have been
characterised in detail in Chapter |4, the property of phase-separated ‘droplets’
hitherto remains unclear. In this section, we mainly characterise the external

morphology and internal structure of ‘droplets’.
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6.2.1 External morphology

At first glance, the ‘droplets’ in PS state are globules with similar sizes. To
quantitatively measure the ‘droplets’, we segmented 3D confocal stacks using
binary thresholding and the mean shift clustering algorithm to identify individual
‘droplets’ (see Appendix B for further processing details). Figure shows a
demonstration using 2D confocal slice, in which clusters of pixels are labelled by
different colours. Visually, this method can effectively identify the ‘droplets’ in
PS state.

Original ——— > Thresholding — Meanshift clustering

Figure 6.11 A 2D demonstration of mean shift clustering algorithm. The
original confocal image (small-particle channel) was taken in
sample of ¢pg = 10 % and ¢, = 20 % after ope = 5 Pa preshear. We
binarised the original image by thresholding (threshold: 100), and
then applied mean shift clustering (bandwith: 30 pixels). Non-zero
pixels in the binarised image were classified into different regions,
which are labelled by different colours.

From the regions identified using this method, we can extract a ‘droplet’ size

darop for each region. Due to the globular shape, we use the sphere of equivalent

1
Vro 3
darop = <6d—p) , (6.7)

volume to define dgyop:

™

where Vi,op is the ‘droplet’ volume, derived from the number of non-zero pixels

within a region (voxel size: 0.3 x 0.3 x 0.3pm?).

The distribution of dg,p is shown for a sample at ¢pg = 10% and ¢, = 20%,
Figure [6.12A, where the PS state was prepared by prolonged preshear at op,e =
5Pa. We find that the distribution resembles a normal distribution with a well-
defined mean size (daop) = 22.7+ 3.7 um, Figure[6.12A. This roughly agrees with

the confocal image shown in Figure [6.10]
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Figure 6.12 External morphology of ‘droplets’ in PS state. Here we used sample
at ¢g = 10% and ¢ = 20 %, where the PS state was prepared by
prolong medium preshear (opre = 5Pa). We counted 116 ‘droplets’
in four confocal 3D stacks, identified by the mean shift clustering
described in Figure A. ‘Droplet’ size distribution. Normal
distribution fitting (red dashed line) gives the mean size (dgrop) =
22.7pm and standard deviation Adgyop, = 3.7nm. B. Scatter plot
of the aspect ratios dy/dy and d,/dy. Bar plots above and to the
right show histograms of the same data. The average values are
shown by the red filled circle, giving dx ~ dy = d,.

Based on the clustering result, we can also determine the characteristic length
along different directions for each ‘droplet’. Here we denote the lengths in
flow, vorticity and gradient directions as d, dy and d, respectively. For better
presentation, we normalised d, and d, by dy, giving the aspect ratios d,/dy and
dy/dy. Figure shows the scatter plot of the two aspect ratios, where the data
are quite scattered around the centre (1,1). This is confirmed by the histograms
in Figure (top and right). On average, ‘droplets’ do not show obvious
elongation along any specific direction, since the mean aspect ratios are both
close to unity, Figure|6.12B (red filled circles). This is consistent with the globular

shape that we observed in confocal images (Fig. [6.10)).

6.2.2 Internal structure

Apart from the external morphology, we also explored the internal structure of
phase-separated ‘droplets’. Since we cannot fully resolve individual small particles
using confocal microscopy, we used cryo-SEM to image the ‘droplets’ at higher

resolution. Before imaging, the PS state was prepared by prolonged roller mixing
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Figure 6.13 Cryo-SEM image of ‘droplet’ in binary sample of ¢g = 10% and
o1, = 20 %. Before loading, the sample was put on roller mixer for
1h to achieve the PS state. Basic imaging parameters and a scale
bar are shown at the bottom of the image.

in a binary sample with ¢g5 = 10 % and ¢; = 20 %. The sample was then slowly
loaded on the cryo-SEM sample holder via pipette, and then rapidly frozen in
liquid nitrogen and cleaved by a cold blade in the cryo chamber. The ice was
then sublimed by brief heating at 7' = —90 °C.

While there is a risk of disrupting the PS state during the loading process, we
nevertheless found clear small-particle ‘droplets’ in the cryo-SEM images. Figure
shows a 2D profile of ‘droplet’ in sample of ¢g = 10 % and ¢, = 20 %. Large
particles are distributed outside the ‘droplet’, whereas small particles appear as
either dark craters or bright spots (see annotation in Fig. [6.13). The SEM image
suggests that ‘droplets’ are densely packed internally (3> ¢g), yet still far from
random close packing ¢, &~ 64 %. Visually, the interior of ‘droplet’ is amorphous

and plausibly homogeneous despite of few empty voids.
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Intra-droplet volume fraction ¢

To quantitatively characterise the interior of ‘droplets’, we developed a method
to estimate the concentration of small particles inside ‘droplets’, which we denote
as the intra-droplet volume fraction ¢¥*. While we initially considered using
cryo-SEM imaging for more precise analysis, we found the SEM images too
heterogeneous to robustly locate particle positions and the cryo samples too large

and unstable for 3D FIB sectioning.

Instead, we calculate ¢ by first estimating the total volume occupied by the
‘droplets’ Vi,op within a 3D confocal stack of volume V. Then, assuming all
small particles are contained within ‘droplets’ and that the concentration of small
particles within the stack is identical to the bulk value ¢g, we compute ¢ from

the number conservation of small particles:

. v,
int stack

= ¢ . 6.8
S S Vdrop ( )

Original

Thresholding ———— Dilation and erosion

Figure 6.14 A 2D demonstration of image processing. To measure the ‘droplet’
volume V,op, the confocal image is first binarised by thresholding
(threshold: 100). Dilation (kernel size: 7 pixels ~ 2pum) is then
applied to fill up the interstice within ‘droplets’, after which erosion
with the same kernel size is applied to eliminate the dilation on the
‘droplet’ interfaces.

To estimate Viyop, we first extract the small particle channel and binarise it by
thresholding. Using a sequence of dilation and erosion, we fill up the interstice
inside ‘droplets’ without changing the morphology much. Figure [6.14] shows an
example where the outlines of ‘droplets’ are clearly shown after image processing.
The ‘droplet” volume Vg,qp is then given by the total number of white voxels in
these 3D binary stacks, enabling us to compute ¢¥* by Eq. . This estimation
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of Varop depends slightly on the choice of threshold and size of dilation/erosion
kernel. We estimate our uncertainty in Vip, and hence ¢, by varying these
parameters until the processed image is far from the original image (by visual

inspection).

Using the above method, we compute ¢ = 50% + 5% in the sample of ¢g =
10 % and ¢;, = 20 %, where the PS state was prepared by prolonged preshear at

opre = D Pa. Visually, such an estimate does not appear to be inconsistent with
the cryo-SEM image (Fig. [6.13]).

Solid-like ‘droplets’

Liquid drops are spherical because of surface tension. For a collection of liquid
droplets, coalescence is favoured as it can lower the surface energy. Throughout
this thesis, we refer to the blobs of small particles as ‘droplets’ to connote the
globular shape. However, we note that our particulate ‘droplets’ are solid-like
rather than liquid-like, evident by the absence of ‘droplet’ coalescence. For a well-
developed PS state, the ‘droplet’ size does not increase after left undisturbed for
2h, Figure[6.14] The absence of coalescence at rest indicates solid-like ‘droplets’.

Apart from the absence of coalescence, the lack of deformation under flow (shown
in Sec. also suggests the solid-like nature of our ‘droplets’. Given the
amorphous microstructure (Fig. , the high packing volume fraction (¢* =
50 %=£5 %) and the solid-like dynamics (no coalescence in Fig.[6.15)), we speculate
that the small particles in ‘droplets’ are in the attractive glass regime; at least

they are kinetically arrested.

6.2.3 ‘Droplets’ under different conditions

Different preshears

Methods introduced above, mean shift clustering and ¢ estimation, enable us to
quantitatively characterise the ‘droplets’. As shown in the last chapter, PS states
containing phase-separated ‘droplets’ can be induced by preshears in the medium
shear regime. To study the impact of preshear on ‘droplets’, we measured several
PS states in the binary sample of ¢g = 10% and ¢, = 20 %.
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Figure 6.15 Absence of ‘droplet’ coalescence a sample of ¢g = 10% and
¢ = 20%. We first prepared a PS state by preshear ope = 5Pa
for 20min, and then left it undisturbed for 2h. Confocal images
of the initial stage and final stage were taken in 3D, while A
and B display 2D confocal slice before and after waiting at rest.
The corresponding size distributions (determined by mean shift
clustering results) were shown in C and D respectively.

Detailed analysis was based on four confocal stacks of PS states induced by
four preshear stresses. From the 3D renderings in Figure [6.16| we do not
identify significant differences between these PS states: globular ‘droplets’ with
darop ~ 20 pm are always presented. Quantitative analysis on the size distribution
(Fig. [6.16]-L), aspect ratios (Fig. [6.16M-P) and intra-droplet volume fraction
P (Fig.|6.17A) shows that the characters of ‘droplets’ barely vary with preshear
strength. This agrees with our visual observation: the PS states induced by
different preshears resemble each other. That is, in a specific binary sample, PS

states induced by different shear flows are essentially indistinguishable.

Different ¢,

At various ¢, we further explored the ‘droplets’ in PS states with ¢g fixed at
10%. As the state diagram (Fig. [5.16/A in Chapter [5)) indicates, the range of
medium shear varies with ¢;. Therefore, while the PS state in one sample was

prepared by a specific preshear, the imposed stress o, varies from sample to
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Figure 6.16 PS states prepared by different preshears in the sample of ¢g =
10% and ¢, = 20%. The imposed preshear stress opre is shown
on the top of each column. A-D: Confocal images at depth of
~ 30pm. E-H: 3D renderings of confocal stacks (small-particle
channel). Based on the confocal stacks, we counted ~ 50 ‘droplets’
for each opre, identified by the mean shift clustering algorithm. I-L:
Scatter plots of the aspect ratios dy/dx and d,/dx. The red filled
circle represents average values. M-P: ‘Droplet’ size distribution.
The mean sizes (dgrop) are noted on the top.
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Figure 6.17 A. Mean ‘droplet’ size (dgyop) (black) and intra-droplet volume
fraction quglt (red) as functions of preshear stress op in binary
sample of ¢g = 10 % and ¢, = 20 %. B. Mean ‘droplet’ size (dqrop)
(black) and intra-droplet volume fraction ¢ (red) as functions of
large particle volume fraction ¢r. The small particle concentration
¢s = 10 % was fixed. To induce PS states, the imposed stress opyc
varies from sample to sample to ensure a medium preshear in each
sample. The imposed oy are (¢r, from low to high): 3.2 Pa, 3.2 Pa,
5.6 Pa, 5.6 Pa, 10 Pa, 10 Pa, 17.8 Pa. Lines are drawn to guide the
eye.

sample to ensure a medium preshear.

In samples with different ¢, we did not observe significant variation in the
‘droplet’ size. The mean ‘droplet’ size (dgop), determined from the result of
mean shift clustering, fluctuates between 20 pm to 30 pm, Figure |6.17B (black).

But there is no obvious trend, and we conclude that (da,op) does not depend on

Pr.-

By contrast, the intra-droplet volume fraction ¢ increases with ¢, even though
the global ¢g = 10% is fixed, Figure (red). The addition of more large
particles leads to ‘droplets’ with denser internal packing, ranging from roughly
40 % to 54 %. This is consistent with the positive correlation between o, and
¢r, in the state diagrams (Fig. in Chapter . As ¢p, increases, ‘droplets’
become denser and thereby more rigid so that higher stress is required to break

them.

6.2.4 Formation and breakage

In the PS region of our state diagram, the attractive particles collapse into

globular ‘droplets’ with a characteristic size that seems to be independent of
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both the applied stress o and the large particle concentration ¢;. This implies
generic physics in the formation of ‘droplets’. Here investigation was carried out
on the ‘droplet’ formation and breakup dynamics as the system transitions back
and forth between the H and PS states.

Formation

The ‘droplet’ formation resembles phase separation: the sparse vapour phase of
attractive colloids condenses into ‘droplets’ of dense liquid phase. By imposing
moderate shears on an H state and simultaneously imaging the sample via rheo-

confocal, we studied such phase separation in a sample at ¢g = 10% and ¢ =

20 %.

We focus on the structural behaviour of small particles. After cessation of a
high preshear (o, = 100Pa), small particles form a homogeneous gel matrix,
Figure[6.I8A. The imposed medium shear yields such matrix and quickly ruptures
it into small pieced Figure [6.18B. These pieces move with the flow and re-
assemble into dense clusters which grows over time, Figure [6.18[C-F. During this
period, Moran’s [ increases as the structure becomes progressively heterogeneous.
Once growing up to a characteristic size ~ 20 pum, these clusters seem to stop
growing (Fig. [6.18F-H); instead they gradually rearrange themselves under flow
until turning into globular ‘droplets’, Figure [6.18]l.

After the accumulated strain v > 103, the driven binary suspension reaches a
steady PS state of ‘droplets’ with size dgyop ~ 20pm. Such structure does not
continue to evolve if subsequently sheared for another 20 min (a further strain
v ~ 5000), Figure —B. Since our ‘droplets’ are solid ‘droplets’, we do not
expect coalescence during shear. The comparison of size distribution confirms our

expectation, as the mean size (dq,op) barely changes before and after 20-minute

shear, Figure -D.

The formation of ‘droplets’ corresponds to the transition from the H to the PS
state, during which the viscosity 7 decreases over time under medium shears,
Figure . To further confirm the strain scale v ~ 10® beyond which a driven
binary system becomes steady, we imposed different shear stresses o, all in the
medium shear regime, on H states and studied the evolution of viscosity. We plot

viscosity 7 versus strain <y rather than time ¢. While the viscosity 7 decreases

IThis process (matrix — pieces) is more apparent in the movie.
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Figure 6.18 Confocal snapshots (small-particle channel) of phase separation at
different stages. Here we used a sample of ¢g = 10% and ¢ =
20 %, and prepared an initial H state by preshear opr. = 100 Pa.
We imposed a medium shear stress ¢ = 5Pa and simultaneously
imaged the sample at height of 30 pm from the bottom plate. The
axes of z, y and z in Figure A (bottom-left corner) refer to the
flow, vorticity, gradient directions respectively. The accumulated
strains v are shown on the top, while the calculated Moran’s Is are
shown in the bottom-left corner.

147



20 min

_
under shear
c=5Pa
0.3 0.3
C (ddmp) =21.1%£4.1 ym D (ddmp) =21.5+33 um
Iy Iy I
C C
2 0.2 ] 0.24
o o
g g
[T [T
(] (]
> >
£ 01 T 01
© ©
4 H 4
0.0 ﬂﬂ y m . 0.0 m ! . mm
10 15 20 25 30 35 10 15 20 25 30 35
‘Droplet’ Size darop(um) ‘Droplet’ Size ddrop(um)

Figure 6.19 Evolution of PS state under medium shear. We prepared a PS state
in sample of ¢g = 10% and ¢, = 20 % by preshear ope = 5 Pa for
20min. After confocal imaging, we continued to shear the sample
at ¢ = 5Pa for another 20min and again imaged the sample
upon shear cessation. A and B are confocal snapshots before
and after the second shear, while corresponding size distributions
(determined from 3D stacks) are shown below.
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from different initial values to different final values, they appear to reach plateaus
at similar strain scales v ~ 10? regardless of shear strength, Figure :

We also revealed the strain dependence in microstructure. At different medium
shear stresses, the evolution of Moran’s I roughly collapses on an identical curve
when plotted versus strain v, Figure [6.20B. Yet unlike viscosity n, Moran’s I
seems to stabilise at a smaller strain v ~ 200 and then slightly increase over time.
This is consistent with our visual observation in Figure|6.18| where heterogeneous
clusters are first formed within a small strain (v < 80), after which subtle

rearrangement occurs until irregular clusters turn into globular ‘droplets’ upon
v~ 103
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Figure 6.20 Evolutions of rheology and structure under medium shear. To
induce phase separation in the sample of ¢g = 10 % and ¢, = 20 %,
we sheared an H state (prepared by preshear op.. = 100Pa) at
different medium shear stresses. A. Viscosity 7 versus strain v. B.

Moran’s I versus strain v. Moran’s [ is determined from 2D slice
movies

The results above establish that the shear-induced phase separation is strain
dependent, and after a critical accumulated strain of 4 ~ 103, the driven system
turns into a steady PS state. We further compare the viscosity evolution in
samples with various ¢y. Due to the difference in the range of medium shear,
the imposed stress o varies from sample to sample. For each ¢, the viscosity n
decreases under shear until reaching a lower plateau as the accumulated strain

v 2 103, Figure m Despite of different stresses o and ¢, we did not observe
a significant change in the strain scale.

To summarise, we find that the steady state structure of the PS state seems to
depend solely on accumulated strain, and is independent on the applied stress

o and the large particle concentration ¢r. Since using Moran’s I to measure
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Figure 6.21 Evolutions of viscosity n in samples with different ¢;. For each
sample, we initially imposed a high preshear op.. = 100Pa to

prepare H states, and then sheared the sample with stress ¢ in
its medium shear regime. The imposed stresses are: ¢ = 3.2Pa
(pr, = 15%), 0 = 5.6Pa (¢, = 20%), 0 = 10Pa (¢, = 30%),
o = 17.8Pa (¢ = 40%). For better illustration, the viscosity
data of ¢, = 15% sample was shifted by a factor of 0.5.

the global structure obscures important local information (such as the subtle
rearrangement at the later stage under shear, Fig. |6.18F-I), further verification

may require detailed analysis at the single-particle level.

Breakage

We have shown that moderate shear stresses cause our binary suspensions to
phase separate into globular ‘droplets’ with a characteristic size. However, as the
shear stress is further increased beyond oy, these ‘droplets’ eventually rupture

and become re-dispersed into a homogeneous state.

We might expect this breakup stress o, to reflect the mechanical strength of
the ‘droplets’. However, extrapolating the colloidal gel yield stress out to our
measured ¢ at different ¢, Figure we find that the breaking stress oy is
almost always an order of magnitude lower than the gel yield stress o,. That is,
these ‘droplets’ can be readily ruptured by a stress which cannot even make them
yield. To attempt to understand this discrepancy, we investigate this breakup

process in more depth.
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Figure 6.22 Breaking stress o, varies as a function of intra-droplet volume
fraction (bis{‘t. Using the method described in Figure we
determined qﬁglt in samples with different ¢z (from low to high):
12.5%, 15 %, 17.5 %, 20 %, 30 %, 40 %. Black filled circles are yield
stresses of colloidal gel at volume fraction ¢ = gbglt. Solid line:
power-law fit (o, = gp¢”) of gel yield stress, giving og = 1870 Pa
and v = 3.3.

We imposed a high shear ¢ = 20Pa to a PS state and simultaneously imaged
the microstructure. To avoid motion blurring and distortions that result from
imaging fast moving objects with a line scanning sensor, we increased the solvent
viscosity 1y by reducing the temperature (7" = 5°C) so that the consequent rate
4 ~ 10s7! is sufficiently low. Figure displays confocal slices at different

accumulated strains during breakage.

For a liquid droplet under shear, the competition between surface tension and
viscous force stretches it into an oval-ish shape before breakage [207]. We have
previously shown that our ‘droplets’ are solid ‘droplets’ as they do not coalesce.
In Figure [6.23] we did not observe visible elongation in the flow direction until
complete rupture. This further confirms that the ‘droplets’ in PS state are solid-

like ‘droplets’, where surface tension plays no role.

Under high shear, the ‘droplets’ move with flow while their constituents, the small
particles, are gradually peeled off, Figure [6.23. Such ablation appear to starts
from the interfaces and the ‘droplet’ cores become smaller, Figure [6.23E-G. At

the same time, there are more isolated small particles and flocs as flow proceeds.
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Figure 6.23 Confocal snapshots (small-particle channel) of ‘droplet’ rupture
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at different stages. Here we used a sample of ¢g = 10% and
¢r, = 20%, and prepared an initial PS state by preshear ope =
5Pa. To prevent imaging distortion, we minimise the shear rate
by imposing a high shear stress ¢ = 20Pa at a low temperature
T = 5°C. Time-lapsed confocal images were taken at the height
of 30 um simultaneously. The axes of z, y and z in Figure A
(bottom-left corner) refer to the flow, vorticity, gradient directions
respectively. The accumulated strains + are shown on the top,
while the calculated Moran’s Is are shown in the bottom-left
corner.



Upon around 1000 strain units, ‘droplets’ are mostly ruptured and the driven
system reaches a steady H state. Such strain scale is roughly verified by the

evolutions of Moran’s I and viscosity n in Figure [6.24]B.
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Figure 6.24 A. Evolutions of viscosity n (black) and Moran’s I in a ¢ = 10%
gel under shear with stress o = 10Pa. The dashed line (v = 100)
denotes the strain scale after which the gel reaches a steady state
under shear. B. Evolutions of viscosity 1 (black) and Moran’s I in
a binary sample (¢g = 10 % and ¢7, = 20 %) under shear. We first
prepared a PS state by preshear at o, = 5Pa, and then imposed
shear stress o = 20 Pa at temperature 7' = 5°C. The dashed line
(v = 700) denotes the strain scale after which the binary sample
reaches a steady state under shear.

For a small-particle gel under shear, it starts to yields within 1 strain unit (see
dynamic strain sweep in Fig. |6.7)) while the bulk system reaches a steady state
within approximately 100 strain units, Figure [6.24]A. Compared with a sheared
gel, the breakage of ‘droplets’ appears to require much more strain units. For
an initial PS state, both the viscosity n and Moran’s I reach steady states upon
7y Z 700 under high shear, Figure[6.24B. The difference in the strain scale suggests
that the ‘droplets’ are ruptured in a peeling rather than yielding manner, which is
also consistent with our visual observation (Fig. . In this way, the dominance
of local shear force over attraction may be responsible to the ‘droplets’ breakage.
This plausibly explains the discrepancy between the extrapolated yield stress of
gel o, and the breaking stress o}, in Figure [6.22]

Breaking stress o

Apart from the interest in microscopic mechanism, the ‘droplet’ breakage also

correlates with macroscopic properties. As previously stated, the medium and
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high shear regimes are demarcated by the breaking stress o3, beyond which
‘droplets’ are ruptured. As an important parameter in the state diagram, o
varies as a function of both ¢g and ¢, Figure [6.25A.

A 102 B 12

© ©

o o

g 2 o g 'e

2 Yoo 2 1§

£ 101 £ 10" ’ ‘

n T 0 ’

é T og = 10% % % g = 10%
o v s =15% 0 v s =15%
m O s =20% m o s =20%

10° : : : . 10° . . : T
0.0 0.1 0.2 0.3 0.4 0.5 0.2 0.3 0.4 05 06
Large Particle Volume Fraction ¢r, Total volume fraction ®tot

Figure 6.25 Breaking stress o, (i.e. the upper shear boundary) in samples of
different compositions. A. Breaking stress o} versus large particle
concentration ¢r. Small particle concentrations ¢g are labelled by
different symbols (see legend). B. Breaking stress o, versus total
volume fraction ¢ror = ¢g + ¢r, for the same data in A. The solid
line indicates a slope of 3.

Analogous to the effective volume fraction ¢&f, we may expect a unified parameter
to collapse o;, data on a master curve just like the yield stress o, does in the o,-¢%
plot (Fig. ) A few attempts were made and we found that using the total solid
volume fraction ¢y = ¢, + ¢g produces the best result, Figure [6.25B. Plotted
versus ¢o¢. the breaking stress o, at different compositions roughly reduces to an
identical curve. As ¢ increases, the breaking stress o, first appears to increase
in a power-law manner with an exponent of 3 and then saturates at around 30 Pa
beyond ¢y, & 40 %, Figure[6.25B. We do not understand this collapse, yet it may

be used to predict the state transition at a specific composition.

6.2.5 Conclusions

In this section, we investigated the PS state of our binary system, with the focus
mostly on the compact ‘droplets’ of small particles. Through image processing, we
quantitatively studied the external morphology of these ‘droplets’ and confirmed
that they are mostly globular and have a size scale ~ 20 pm which barely varies
with the applied shear and large particle concentration. These ‘droplets’ are

solid-like as they do not coalesce either at rest or under moderate flow. This
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is consistent with the internal structure from SEM which plausibly indicates a
glassy state inside the ‘droplets’. We also recorded their formation and breakage
process under shear by rheo-imaging, and identified the important role of the

accumulated strain 7.

However, our understanding on the binary suspension is still poor. Both
the discrepancy between the ‘droplet’ yield stress and the breaking stress
(Fig. , and the microscopic mechanism of phase separation, the most
important phenomenology in this work, still remain open questions. To get
broader insights into fundamental physics, in the next chapter, we will further

explore the parameter space of our binary suspension.
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Chapter 7

Beginning to Explore Parameter
Space

Controlling parameters is an effective way to enhance understanding on a
phenomena or a system. For example, through tuning particle surface roughness,
a recent experimental study verified the role of interparticle friction in shear
thickening [145]. Hence to better understand our binary suspension, it is vital
to fully explore the parameter space. Although we have just begun to explore it,
the present results have already identified the importance of particle composition.
Further tuning other parameters, therefore, may contribute towards answering

fundamental questions like ‘how/why does phase separation occur under flow?’.

Apart from the intrinsic interest, exploring the parameter space also sets the stage
for improving structural and rheological control, which is of practical significance
[208]. Though the flow-switched transition enables one to tune the flow property
of binary suspensions, the tunability is somewhat limited. According to the state
diagrams from Chapter [f (Fig. [5.19), the solid states of bistable samples are soft:
the yield stress o, can only be tuned within a narrow range (0Pa to ~ 30Pa).
In industrial applications, however, greater tunability is favoured, such as the
transition from an adaptive liquid to a rigid solid (o, 2 1kPa) in mould casting
[209]. To improve the rheological performance of our system, it is instructive to

individually study the impact from different parameters.

The parameter space of our binary suspension is huge, and so far we have only
explored a small part of it. In Chapter [5] we mapped out slices of the state

diagram by tuning the mixture composition (¢s and ¢;) and imposed shear
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stress 0. To completely describe such binary mixture, one still needs to specify
three pair interactions (small-small, small-large and large-large) and two particle
sizes (ds and dp). In this chapter, we tune the pair interactions and particle
sizes, and investigate how the state transition varies with these parameters. We
summarise the relation between state boundaries and these parameters in the
end. Our results imply that the small-small attraction U, and the large particle
size dy, are two key factors. This finding may fill important gaps for fundamental

understanding on the shear-induced phase separation.

7.1 Tuning pair interactions

Three pair interactions exist in our binary system: small-small Usg, small-large
Ust, and large-large Upyr,. In this thesis so far, Usg is hydrophobic attraction
(denoted by Uu) and Uy, is electrostatic repulsion (denoted by Uep). The
mixed interactions Usgy, are not well characterised, but the lack of visible small-
large binding indicates repulsion, or at most attraction of the order of kgT.
Through changing the surface chemistry, here we probe the relation between phase
separation and these interactions. Since precise measurement on interparticle
force is challenging in practice, we only qualitatively discuss the influence of pair

interactions unless otherwise stated.

7.1.1 Making large particles attractive

We tuned Uy, and Ugp, by making large particles hydrophobic. The large silica
particles were functionalised by the same protocol as small particles (see Chapter
4), with the same mass ratio of silica: ethanol: HMDS: ammonia = 1: 40: 3: 7.
After functionalisation, both species of particles are hydrophobic and expected
to attract each other. In this way, our binary composite becomes a bidisperse

attractive suspension.

Confocal imaging shows that, in contrast to binary mixtures with bare large
particles, halos of small particles form around the hydrophobic silica spheres
(Fig. [7.1]A), indicating significantly increased small-large attraction. Though we
did not directly observe aggregation amongst large particles, we can confirm
large-large attraction by comparing the rheology of bare and hydrophobic large
particle suspensions (Fig. [7.1B). At a moderate volume fraction (¢ ~ 25 %), the
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Figure 7.1 Demonstration of attractions between small-small, small-large and
large-large. A. Confocal image of binary sample (¢g = 10%; ¢ =
20 %) using hydrophobic large silica. The red aggregates and ‘halo’
structure confirm the Ugg attraction and Ugy, attraction respectively.
B. Flow curves of suspensions of bare large silica (black) and
hydrophobic large silica (red) at a moderate concentration ¢ ~
25%. The shear thinning behaviour implies that Ury, is attractive
[210, 211].

suspension of bare large silica is nearly Newtonian. In contrast, the hydrophobic
large silica exhibits clear shear thinning at low applied stress (¢ < 1Pa), and
possibly even possesses a very weak yield stress. At high stress o > 10 Pa, the two
viscosities converge. Such a change from a Newtonian or thickening rheology to
shear thinning in non-Brownian suspensions has been shown in both experiments

[210] and simulations [211] to result from the addition of inter-particle attraction.

Using these hydrophobic particles, we can examine the behaviour of binary
suspensions where we know that all three interactions, Uss, Usy, and Upp,
are attractive. Though we can verify attraction, we cannot directly quantify
the absolute magnitude of these attractive interactions without more advanced

characterisation methods (e.g. colloidal probe AFM).

Though the hydrophobic coating alters both the rheology of large particle
suspensions (Fig. [7.1B) and the microstructure of the binary mixture (Fig. [7.1A),
we still observe the same shear-induced phase separation that we found with the
repulsive large particles. Figure compares the binary samples (with the same
composition) using bare large silica and hydrophobic large silica. A and B are
confocal images of each state, with the two transition boundaries (o, and oy)
noted on the top. Visually, there is no obvious difference in the microstructure.

In either sample, the H state consists of gel matrix of small particles with large
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Figure 7.2 Comparison of binary samples (¢s = 10% and ¢, = 20%) using
bare silica (A, C, E) and hydrophobic silica (B, D, F) as large
particles. A-B: Confocal images of H states (top) and PS states
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(bottom).

The shear boundaries are noted on the top of each

image. Based on the 3D confocal stacks, we counted ‘droplets’ in
PS states using the mean-shift clustering algorithm. C-D: Scatter
plots of the aspect ratios (d,/d, and d./d,). The red filled circles
represent average values. C is taken from Chapter [0 (Fig. [6.12B).
E-F: ‘Droplet’ size distributions. The mean sizes (dgrop) are shown

on the top. E is taken from Chapter |§| (Fig.|6.12A).



particles embedded inside, whereas the PS state consists of globular ‘droplets’
with a characteristic size ~ 20 pum. Apart from the similar microstructure, the

two transition boundaries remain almost unchanged as well.

Quantitative analysis based on 3D stacks confirms the globular shape and similar
size of ‘droplets’. The scatter plots of the aspect ratios d,/d, and d,/d,, Figure
C and D, show wide distributions with the average values = 1 (red filled circles)
in both cases. The size distributions, Figure and F, suggest similar mean
‘droplet’ sizes (darop) @s well. These results imply that making large particles
attractive appears to have little effect on our binary suspensions. The shear-
driven phase separation that we have discovered in this work is not restricted to

composites with repulsive large particles.

7.1.2 Tuning small-small attraction

Figure 7.3 Confocal images of a binary suspension without small-small
attraction U,i. We used unfunctionalised silica colloids as small
particles, and prepared the sample at ¢g = 10% and ¢, = 20 %.
We imposed different shear rates 4 (see the top of each image)
and imaged the sample upon shear cessation. The shear with rate
4 = 0.1s7! lasted for 30 min, whereas other shear rates were applied
up to the accumulated strain v 2 1000.

Not surprisingly, the small-small attraction plays an important role in the phase
separation. Without such attraction, our binary mixture becomes a bidisperse
suspension of hard particles, in which neither gelation nor phase separation is
observed [I5, 212]. We confirmed this by using unfunctionalised (hydrophilic)
silica colloids as small particles so that they do not hydrophobically attract each
other. Again, we prepared the binary sample at ¢g = 10% and ¢, = 20%.
Without small-small attraction, the yield stress is absent as expected in such

a collection of bidisperse hard-particles. Moreover, upon cessation of moderate
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1 we did not observe any visible

shear with rate 4 ranging from 0.1s7! to 10s~
aggregates or density variations in the small particle phase, Figure [7.3] The
absence of ‘droplets’ suggests that the small-small attraction is essential for phase

separation.

To further understand the role of attraction, we varied the attraction strength
Uate- For a small-particle gel, as previously shown in Chapter [4] its yield stress o,
slowly (over the course of weeks) decreases with time after the small particles are
dispersed into the solvent, Figure (black). Such ageing effect, also observed
in binary suspensions (Fig. [7.4/A), suggests that the hydrophobic attraction U,y
decreases over time. While the majority of measurements in this thesis were
taken at a fixed sample age (tage = 3d) to compensate for this, we can actually
exploit the ageing effect to vary Uy by simply letting samples age for different

time periods.
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Figure 7.4 A. Yield stress o decreases with time after sample preparation. Such
ageing effect was observed in a ¢ = 20% gel (black, taken from
Fig. 4.14B in Chapter {4]) as well as in binary samples with different
¢r. See legend for detailed composition. B. Relative attraction
Uatt, i.e. the scaled yield stress (see Eq. , varies as a function of
sample age t,g.. For the same data in A.

While, as noted before, we cannot directly measure U, we can indirectly infer
the relative change in U,y from the decrease in yield stress o, (tage) since we expect
oy o U [213]. Specifically, we first prepared a sample (either binary or pure gel)
and let it age in a well-sealed vial. After one day, we extracted a small portion
of the sample and measured its yield stress o,(t.ge = 1d) as a reference. For
the sample at age t,g, we normalise its yield stress o, (tage) to define the relative
attraction ﬁatt:

Unie = M- (7.1)
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In either colloidal gels or binary suspensions, the relative attraction U.ie decreases
with the sample age tag in a similar manner, Figure [7.4B. In this way, we can

vary and quantify the attraction strength Une in an arbitrary sample.

Fixing ¢ = 10 %, we prepared three binary samples at ¢, = 5%, 10 % and 20 %
and measured them at different ages (i.e. different attraction strength). Their
state diagrams as functions of the relative attraction strength U, are shown in
Figure —C, whereas the relation between the two shear boundaries and Uatt
is shown in Figure [7.5E-F.
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Figure 7.5 Varying the small-small attraction affects state diagrams. We fixed
¢s = 10% and prepared three binary samples with different ¢. A-
C. State diagrams vary as functions of relative attraction strength

A

Uatt at different ¢y (noted in the top-left corner). D-F. Two shear
boundaries (determined from A-C) vary as functions of relative
attraction Ujgt.

Consistent with the definition of Um (Eq. , the lower boundary o, between
low and medium shear regimes linearly increases with ﬁatt in each case, Figure
[7.5D-F. Meanwhile, the breaking stress o,, which demarcates medium and high
shear regimes, increases with Uatt as well. As the small-small attraction becomes
weaker, the medium shear regime progressively narrows down. In particular,
at ¢ = 5% and 10% (Fig. [7.5A and B), the phase separation region (red
filled circles) vanishes below a critical Uatt. By contrast, we still observed phase

separation in the ¢; = 20% sample even when Uatt drops by two orders of
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magnitude (Fig. [7.5(C). Though the medium shear regime appears to be still
broad in the log-log plot, the range of medium stress actually becomes quite

narrow on a linear scale.

In the state diagram at ¢g = 10 % (Fig. in Chapter [5)), phase separation is
completely absent below ¢, = 10 %. It seems like increasing attraction strength
can effectively lower this concentration threshold. At the strongest attraction we
achieved, the addition of 5 % large particles is sufficient to enable PS state, Figure
[7.5A. Broadening the medium shear regime as well as lowering the concentration
threshold, stronger attraction U,y between small particles makes their phase

separation more readily.

Even though varying the small-small attraction U, has a significant effect on the
state diagram, surprisingly, it has little impact on the phase-separated structure.
Figure compares the PS structure at different attraction strength Uatt. Here
we fixed ¢g = 10% and ¢, = 20 % and varied sample age tage. With ¢, ranging
from 1 day to 53 days, the ‘droplets’ with sharp interfaces, as shown in Figure
[7.6A-C, always occur under moderate shear.

Visually, the phase-separated ‘droplets’ are similar in all cases. We then
quantitatively analysed these ‘droplets’ based on 3D stacks. The scatter plots
of the aspect ratios all show that the length of ‘droplets’ in each direction is
comparable on average (dyx ~ dy, =~ d,), Figure —F. The size distributions in
Figure [7.6G-I indicate that these ‘droplets’ have similar sizes, except that the
weakest attraction U, = 0.01 exhibits slightly smaller ‘droplets’ (Fig. |7.6G).
Overall, while the two shear boundaries vary as functions of the small-small

attraction Uy, the microstructure in PS state exhibits little dependence on Uy .

7.2 Varying particle sizes

In our results presented thus far, regardless of the composition, shear strength and
pair interactions, the ‘droplets’ in PS state are globular with well-defined average
size darop ~ 20pm. This implies generic physics behind the phase separation.
Using silica with different sizes, we show that the size of large particles dj sets

the size of the resulting ‘droplets’.
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Figure 7.6 PS structure in a binary suspension (¢g = 10%; ¢ = 20%) with

varying attraction. We measured the same sample at different ages
(from old to young): 53 days (Unt = 0.01), 7 days (Unyy = 0.6) and
1 day (Uatt = 1). The relative attraction Uyt is noted on the top of
each column. A-C: Confocal images after cessation of medium shear.
The imposed stresses are (from left to right): 0.32Pa, 10Pa and
31.6 Pa. D-F: Scatter plots of the aspect ratios (dy/dx and d,/dy) of
the ‘droplets’. The red filled circles represent average values. G-I:
‘Droplet’ size distribution. The mean sizes (dgrop) are shown on the

top of each graph.
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7.2.1 Small particle size dg
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Figure 7.7 PS structure in a binary suspension (¢g = 10 %; ¢, = 20 %) with
different small particle size dg (noted on the top of each volume). A-
C: Confocal images after cessation of medium shear rate 4 = 5s71.
The two shear boundaries o, and o}, are shown on the top of each
image. D-F: Scatter plots of the aspect ratios (dy/dx and d,/dyx) of
the ‘droplets’. The red filled circles represent average values. G-I:
‘Droplet’ size distribution. The mean sizes (dgyop) are shown on the
top of each graph.

To vary the small particle size dg, we used different recipe to synthesise several
batches of silica colloids with the size ranging from approximately 300 to 800 nm.
After synthesis, these silica colloids were functionalised by the same protocol
described in Chapter {4 Using the same large particles (d = 4pm) and small
particles with various dg, we studied binary suspensions at ¢g = 10% and ¢y, =

20 % through rheo-confocal microscopy.
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Again, we observed phase separation in these samples. Figure [7.7A-C show PS
states of samples using small particles with dg = 354nm, dg = 482nm and
ds = 769nm (all determined by DLS) respectively. The PS states were prepared

L up to an accumulated strain of v > 1000.

by shearing at a fixed rate ¥ = 5s~
Visually, there are slight differences in the ‘droplet” morphology. The droplets
formed by the smallest particles (dg = 354 nm) are noticeably elongated on the
vorticity y-direction (Fig. and D). This slight anisotropy seems to occur in
all samples using the same batch of hydrophobic silica. Since we only examined
the PS microstructure at three different dg, we cannot confirm if this elongation
results from the reduced particle size or from surface chemistry. Besides, we also
observed a slight excess of smaller ‘droplets’ in samples with dg = 354 nm and
ds = 769 nm, Figure[7.7G and I. However, overall these variations in the ‘droplet’
size and shape are relatively minor considering that the small particle size has

been varied by over a factor of two.

Smaller particles lead to stronger gels [I87]. Hence we expect that smaller dg
leads to increases in both o, the H-state yield stress, and o3, the breaking
stress which correlates with the mechanical strength of ‘droplets’. Our results
do agree with this expectation (see the shear boundaries o, and o, on the top of
Fig. —C). However, direct measurements of the particle interactions would be
needed account for likely variations in the particle surface chemistry, and hence

interaction strength, to truly distinguish the role of small particle size dg.

Based on these results, we may conclude that the size dg of small particles,
the constituents of ‘droplets’, plays a minor role in the shear-induced phase

separation. At least, this applies within the size range we probed (300 ~ 800 nm).

7.2.2 Large particle size d;,

Using several batches of silica microspheres, we varied the size of repulsive
particles dy from 10pm down to 0.5pum. Specifically, the silica microspheres
with d;, =0.5pm, 1.5 pm and 4.0 pm are from Amstrongsphere®, whereas those
with dp =6.7 pm and 9.8 pm are from Whitehouse Scientific Ltd. Using the same
small attractive particles (dg = 482nm) and repulsive particles with different
dy,, we prepared binary samples at ¢g = 10% and ¢, = 30 % and studied their
structural behaviour via rheo-confocal microscopy. Note that we keep the same
notation as elsewhere in the thesis, using d; and ¢; to refer to the repulsive

particles, even though we approach dj, ~ dg.
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Remarkably, we did not observe phase separation or even significant aggregation
in the sample with d; = 0.5um ~ dg. To completely confirm the absence
of phase separation, we imposed shear rates 4 ranging from 0.1s7! to 100s7!.
After cessation of shear, the small particles exhibit homogeneous configuration
in all cases, Figure However, unlike binary suspensions with larger repulsive
particles, here we were unable to resolve a measurable yield stress (Fig. ,
indicating that the small particles were unable to form a gel even though the

suspensions appear homogeneous.
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Figure 7.8 Flow curve of a binary sample (¢s = 10%; ¢ = 30%) with
dr, = 0.5pm, along with confocal images (small-particle channel)
after cessation of shear with rates indicated using arrows in the
main figure. Before imaging, we performed the 0.1s7! shear (i) for
30 min, while the other shear rates (i-iv) were performed up to the
accumulated strain of v 2 1000.

2 1.5 pm exhibited the same

~Y

Holding the composition fixed, samples with dj,
shear-driven transition (between homogeneous gel and phase-separated ‘droplets’)
that we observed with the 4 pm repulsive particles, though the ‘droplets’ in the
1.5 pm case are noticeably smaller and less globular, Figure[7.9A. As dj, increases,
‘droplets’ with sharp interfaces are formed under moderate shear, and there is
a clear increase in the ‘droplets’ size (Figures and ) In particular, the
size of ‘droplets’ approaches 40 pm for the largest repulsive particles we used
(d, = 9.8um). In such case, we used a plate-plate geometry with a large gap
height (500 pm) so that the ‘droplet’ growth is not artificially limited. This result,
as well as the absence of phase separation when d; ~ dg, demonstrates that the

large particle size plays a key role controlling the microstructure.

In addition to setting the ‘droplet’ size, dj, also affects the stress boundaries for
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Figure 7.9 PS states of binary samples with different d;, (noted on the top of
each image). Here we fixed ¢g = 10 % and ¢, = 30 %, and prepared
the PS states by imposing prolonged medium shear (¥ = 5s~!) until
the accumulated strain v 2 1000.

169



the state diagram. Holding the composition (¢s = 10%, ¢ = 30 %) fixed, we
plot the state diagram as a function of dy, in Figure[7.I0/A. The H-state yield stress
oy, which sets the low bound for the PS region, increases with d;, drastically and
drops below our rheometer resolution (o, < 0.1Pa) for dy, ~ dg. As dj, increases
from 1.5pm to 9.8 um, the lower boundary o, increases by almost two orders
of magnitude. As discussed in Chapter [0 such correlation may offer important

insights into the yielding behaviour of particle-filled gels.

By contrast, the upper boundary oy, also referred to as the breaking stress beyond
which ‘droplets’ are ruptured, shows little dependence on d;. While the shear-
induced ‘droplets’ are ubiquitous at d;, 2 1.5 pm, the range of medium stress can
become quite narrow as dy, increases. Figure [7.10B summarises the influence of

large particle size dj,.

A X Bistable ® Phase separaton ® Homogeneous B
10 X X eam W 60 102
€ = _
3 1S ©
=9 s | ¢ =2 I -
~= =2 0 P
° X e XXeoom n 2 40 1 110" @
= o
N 6 = =
175} ~ (-] ©
o k]
o N 5
g 4+ X X X Xdee eoom m m EJJ { ) 18
®© o 20 107 =
o, o ® Mean 'droplet' size (darop) 2
(o)) =
S X e L ° e om = o % O Yield stress v n
— 1 | I | ] ] H ] ® Breaking stress 9
0 T T T 0 T T T T T 107
10" 10° 10" 10? 0 2 4 6 8 10
Shear Stress 0(Pa) Large Particle Size dz, (um)

Figure 7.10 Binary samples (¢s = 10%; ¢ = 30%) with varying dr. A.
State diagram as a function of large particle size dy. Since the PS
structure at dr, = 1.5% is not as heterogeneous as other samples
that exhibit clear phase separation (see Fig. , we determined
the state of the d;, = 1.5% sample by visual judgement. B. The
relation between large particle size dy, and microstructure and shear
boundaries. Black: mean ‘droplet’ size (darop), determined by the
mean-shift clustering. Red open circles: the lower shear boundary;,
i.e. yield stress oy. Red filled circles: the upper boundary, i.e.
breaking stress oyp.

7.3 Tuning state diagram and microstructure

The state diagram of our binary suspension is mainly characterised by the two

shear boundaries o, and o03. Our results in this chapter demonstrate that the
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Table 7.1 Dependence of shear boundaries on different parameters

‘ The lower boundary o, ‘ The upper boundary oy

Large particle concentration ¢, ‘ T ‘ T
| T
1 | —
J (to be verified) | J (to be verified)
T | T
No significant effect

Small particle concentration ¢g ‘ T

Large particle size d,

Small particle size dg

Small-small attraction Uyy

L-L and S-L interactions

shear-driven phase separation described in this thesis can be observed over a
wide range of both large and small particle sizes, and even when the large particle
interactions switch from repulsive to attractive. This ubiquity suggests that this
phenomenon is likely possible in other types of granular-gel composites, including
even real industrial materials. We have moreover demonstrated that the phase
separation boundaries and ‘droplet’ size can be tuned by varying the large and
small particle properties. Specifically, the small-small attraction U, and large
particle size dj, are two key factors. This suggests routes to exploit and manipulate
this phenomena in applications. Here we summarise the dependence of shear
boundaries on different parameters in Table [7.1] The upwards arrow 1 indicates
a positive correlation, whereas the downwards arrow | means the opposite. The
hyphen — refers to little dependence. These results not only enrich the empirical
paradigm for structural and rheological control, but also fill important gaps for

fundamental understanding on multi-component suspensions.

So far, we have only begun to explore the parameter space of our binary
suspension. We do not yet understand the physics controlling the phase
separation process, but have empirically identified key factors controlling the
state diagram and ‘droplet’ size in the PS state. Our results here can at least
constrain and guide future experimental, computational and theoretical efforts
to understand this phenomena. In particular, the key role played by the large
particle size in setting the ‘droplet’ size suggests that local dynamics will be key
in any future models. There remains tremendous scope for future work exploring

this phase separation phenomena, and binary mixtures in general.
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Chapter 8

Conclusions, Applications and
Future Work

Suspensions containing large grains dispersed in a viscoelastic gel are widely
encountered in industry. However, due to the lack of proper model systems, there
are few studies on such class. We mixed two species of particles with disparate
sizes and interactions to establish a model system. Its rheology, as well as its

structural behaviour under flow, was investigated in this work.

In such binary suspensions, we highlighted a flow-switched state transition. While
a vigorous flow results in a yield-stress solid upon flow cessation, a gentle flow
can fluidise it into a liquid state which persists when left undisturbed. Rheo-
confocal microscopy correlated this solid-liquid transition with a clear change
in the microstructure. Based on the structural signature, we identified two
states (homogeneous — H; phase-separated — PS) and accordingly mapped out
a state diagram. We illustrated the physical meanings of state boundaries, and
by extension discussed the macroscopic property of each state. In the end, we

further explored the parameter space of our binary system.

8.0.1 Establishing a model system

Our model system is composed of two species of particles: large repulsive grains
and small attractive colloids. To achieve disparate interactions in one system,

we dispersed two batches of silica particles in the mixture of ethanol, water
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and glycerol (1:1:9 by mass). The first batch consists of charge-stabilised silica
microspheres with diameter d; = 4pm, corresponding to the large repulsive
grains. The second batch consists of hydrophobically-functionalised silica colloids
(ds = 482nm) which attract each other as a hydrophobic effect. The nearly-
matched refractive index as well as the fluorescence labelling (small particles —

rhodamine B; solvent — fluorescein sodium salt) enables confocal microscopy.

We individually characterised each species of particles in Chapter [l Physical
properties of particles (e.g. size, density and refractive index) were measured.
On their own, small particles attract each other (confirmed by confocal imaging)
and form yield-stress gels at low concentrations. By contrast, suspensions of
large particles exhibit shear thickening when ¢ 2> 40 %, suggesting interparticle

repulsions. The magnitude of interaction was roughly estimated in each species.

We developed a standardised procedure to prepare binary suspension samples,
from which the concentration of each species of particles can be derived. Based
on confocal images, we classified the small-large interaction as ‘non-sticky’, while
the small-small attraction and large-large repulsion appear to remain unchanged
in the mixture. Our model system is well-characterised, tunable and transparent.
It sets the stage for further study on suspensions disparate in particle size and

interaction.

8.0.2 A flow-switched transition

One of the most important findings of this thesis is the flow-switched transition.
For a binary suspension, moderate flow produces a liquid state that, upon brief
vigorous flow, switches into a solid state. Through laboratory mixing operations,

we demonstrated that this transition is reversible and has memory.

To quantitatively characterise the transition, extensive studies were performed
on a binary sample at ¢s = 10% and ¢; = 20%. Consistent with the lab
demonstration, the rheological result identified two shear regimes demarcated by a
critical stress. Respectively, high shear leads to solidification after shear cessation
while moderate shear leads to fluidisation. Detailed comparison differentiates this

novel phenomenology from generic thixotropy.

We examined the in-situ microstructure via rheo-confocal microscopy and

correlates the rheological transition with a structural change. After cessation
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of high preshear, small particles form a gel matrix with large particles embedded
inside. Such structure is referred to as the homogeneous (H) state. Upon lower
preshear, by contrast, small particles aggregate into large, disjoint ‘droplets’,
termed as the phase-separated (PS) state. To precisely determine the system

state, we proposed a quantifying method using Moran’s I.

While there exists two states, detailed observation identified three shear regimes.
The low, medium and high shear regimes are demarcated by two stress boundaries
o, and o3,. The high shear (¢ > 0,) and medium shear regimes (o, < 0 < 03),
leading to H and PS states respectively, are monostable. In contrast, the low
shear regime (o < o) is too weak to change the state and thereby bistable: two
stable states exist and the final state is the same as the initial state. Based on the

three-regimes scenario, slices of state diagram were mapped out at four different

Ps-

8.0.3 Macroscopic property of each state

Understanding the macroscopic property of each state, which correlates with the
state diagram, is important. For example, the H-state yield stress o, demarcates
the low and medium shear regimes, whereas the breaking stress of ‘droplets’ o,

represents the transition boundary between phase separation and homogenisation.

In binary suspensions, an H state consists of a gel matrix with embedded large
particles, i.e. a particle-filled gel. The gel network spans and thereby solidifies the
entire system. Compared with an unfilled gel with the same ¢g, a particles-filled
gel exhibits a higher strength. We demonstrate that this strengthening effect
cannot be simply interpreted by the reduction in free volume. In particular, the
large particle size d; plays a vital role. Oscillatory rheology implies different

yielding behaviours in binary composites and single-component gels.

A PS state resembles a collection of isolated large particles and globular ‘droplets’
with a characteristic size ~ 20 pm. Confirmed by the absence of coalescence, such
‘droplets’ are solid-like with the interior kinetically arrested. The SEM image
shows an amorphous and homogeneous internal structure of ‘droplets’. While
the ‘droplet’” morphology shows little dependence on both the applied stress o
and the large particle concentration ¢, we found that more large particles leads
to denser ‘droplets’. To a certain extent, this explains the positive correlation

between the breaking stress o, and ¢y, in the state diagram.
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8.0.4 Exploring parameter space

To better understand the phase separation in binary suspensions, we further
explored the parameter space by varying several parameters. Our results show
that the small-small attraction U,y and the large particle size dj are two key

factors.

The two transition boundaries were both found positively correlated with the
attraction strength U,;. By making small particles more attractive, one may
enable phase separation at ¢, = 5% or even lower concentrations. The large
particle size dj, greatly affects the lower boundary o,. Moreover, we revealed a
strong dependence between the ‘droplet’ size dg4,op and the large particle size dy..
As dj, decreases, the ‘droplets’ become smaller until completely absent when the

two particle sizes are comparable (dg = df.).

These results illuminate tunability in both macroscopic rheology and microscopic
structure, which is summarised in the final section of Chapter [{} Our binary
suspension has a huge parameter space. So far we have just begun to explore it.
Further exploration may fill important gaps for fundamental understanding and

is thereby expected.

8.1 Applications

8.1.1 Industrial slurries

Considerable progress has been made in describing single-component suspensions
in recent years. However, most realistic suspensions consist of multiple species
of particles which differ in size, shape and interaction. A generic class contains
large grains suspended in a gel background. Such multi-component slurries occur
widely in industry, e.g. lithium-ion batteries (LIB), concretes and toothpastes
[16-18].

Here we detail the case in LIB. A typical LIB electrode consists of active material
particles (e.g. LiFePO, and LiCoO,) and conductive additives (e.g. carbon
black nanoparticles) [60]. During manufacturing, the components are mixed in
a solvent and coated on the metal substrate through slot dies. Understanding

the slurry rheology and correlating it to the microstructure are important, since
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Figure 8.1 Comparison between a real battery slurry (A and C) and our
binary system (B and D). The battery slurry contains active
material (LiCoOg, ~ 10pm), conductive additive (carbon black,
~ 30nm) and polymeric binder (polyvinylidenefluoride) in a N-
methylpyrrolidone solvent [16]. The solid weight fraction in battery
slurry ¢wi = 70 % [16], whereas our binary system has ¢g = 10%
and ¢r, = 30%. A (adapted from [16]) and B are flow curves
measured after different agitations (or preshears). C. EDS mapping

of carbon before and after agitation at 4 = 5s~!. Taken from
[16]. D. Confocal images of the small-particle channel after different
preshears.
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the rheology controls the efficiency of slot-die coating and the microstructure

decisively influences the electrical performance of the final product.

The LIB slurry resembles our binary suspension: granular active material
(~ 10pm) dispersed in a conductive nanoparticle network. In Figure 8.1] we
compare a specific battery slurry [16] with our binary system. Similarities are
found in both rheology and microstructure. The flow curves of the two systems
exhibit dependence on the previous treatment. Moderate agitation (preshear) at

1 can effectively decrease the low-shear viscosity. As the shear rate 5

1

Y = Hs”
increases, the diverged branches of viscosity overlap at 4 2 10s™" in both cases.
In the battery slurry, the EDS mapping of carbon indicates a more heterogeneous
microstructure after moderate agitation. This is similar to the phase-separated

PS state in our binary suspension.

Understanding the flow in our system offers effective reference for LIB manufac-
ture. Apart from battery slurries, fresh concrete, a dispersion of coarse aggregates
in a cementicious background of smaller particulates [160], is another example of
binary suspensions. Similar effect of continuous agitation had also been reported
in concretes [I7]. In addition, silica particles are often added to thicken the
background matrix suspending large particulate abrasives in toothpastes [I§].
Our model system, as well as the results presented in this thesis, illustrates a

strong and extensive implication in industrial formulation and processing.

8.1.2 Mechano-rheological (McR) fluids

Smart fluids are of considerable interest in industry and applied research,
because their flow property can be manipulated via external stimuli [214].
Electrorheological (ER) and magnetorheological (MR) fluids are two prototypical
examples: switching on the relevant field causes transition into a solid state and
removal of the applied field refluidises the solid [215] 216]. Such field responsive
rheology has already been used in commercial applications like automotive
industry, dampers and shock absorbers [214]. Yet ER and MR fluids are
occasionally restricted by the environment, as external magnetic or electric fields
are not always applicable in practical processes. Meanwhile, as they do not have
‘memory’, the applied field has to be kept on to maintain the state, which is
costly and unsustainable. Therefore, new strategies to control smart fluids are

desired.
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Here we conceptually propose a new type of smart fluids named mechanorheolog-
ical (McR) fluids, whose rheology is tuneable by mechanical stimuli. Technically,
most complex fluids are McR fluids in this sense. They may shear thin or shear
thicken, i.e. the viscosity varies with the applied shear. Dry granular materials,
which can be fluidise when vibrated, can also be seen as a McR material [217].
However, these conventional McR fluids are without memory, so it is interesting

to develop memory in such smart fluids.

The solid-liquid transition we have demonstrated suggests that our binary
suspension is a memory McR material. It is switchable between solid and
liquid states, and ‘remembers’ the state into which it has been switched. The
memory could help maintain the state even after the removal of stimuli. Also,
compared with ER and MR fluids, the response to mechanical stimuli makes
it more convenient to manipulate the flow property in practice. Besides the
shear field from rheometers, other mechanical operations (e.g. shaking, stirring,

vibration and sonication) are all supposed to trigger the transition.

Memory McR materials open up the possibility of new applications. Mould
casting refers to a manufacturing process. Adaptive casting material is poured
into a mould with designed cavity, and then allowed to solidify. For our memory
McR suspension, the liquid state can fully adapt to the mould and then quickly
solidify by strong mechanical agitation. Such casting does not require extreme
temperature (e.g. metals [218]), prolonged ageing (e.g. concretes) and complex
procedures (e.g. plastic resins), and it applies to moulds with arbitrary shapes.
As a simple, safe and sustainable casting material, our memory McR suspension
may be preferably used in extreme situations such as outer space. Applications

in free form concrete [219] and 3D printing are also promising.

Soft robotics is another potential field for memory McR materials [220]. Rigid
underlying structure of traditional robots limits their interaction with environ-
ment. Hence they encounter difficulty when operating in an irregular or highly
congested or restricted room. Soft structure, by contrast, provides sufficient
degrees of freedom and enables robots to accomplish delicate tasks in complex
environment. Using memory McR material, the rigidity can be controlled by
simple mechanical stimuli. For instance, by embedding vibrators internally, the

robot (or part of it) can be either rigid or soft at will.
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8.2 Future work

In this work, we explored the rheology of a binary suspension and highlighted
a flow-switched transition. While some of questions raised have been answered,
there still remains several unanswered questions which suggest tremendous scope
for future study. Based on the presented results, here we detail three possible

lines for future work.

8.2.1 Understanding state transitions

The flow-switched transition is the most important phenomenon in this thesis.
Fundamentally understanding the state transition is not only of intrinsic interest
to statistical physics, but also opens up the possibility of manipulating the
transition boundaries. However, the mechanism of either the phase separation

under medium shear or the ‘droplet’ breakage under high shear is still unclear.

In the presence of large particles, small attractive colloids phase separate into
condensed ‘droplets’ under medium shear. As the accumulated strain increases
up to v ~ 103, such phase separation process reaches a steady PS state in which
the ‘droplets’ no longer grow if further sheared (Fig. [6.19). The strain scale
~ ~ 10% does not depend on the applied shear and the large particle concentration
(Fig. and [6.21)). The issue of what sets the strain scale and how it can be
tuned is an intriguing one. If the strain scale can be shortened by an order of
magnitude, we can then quickly fluidise the sample by roller mixing within 2 min

rather than 20 min.

Though polydispersed, the ‘droplets’ in the PS state always have a characteristic
size darop ~ 20pm. We have hinted in Chapter m that daop depends, and
only depends, on the large particle size d;. This naturally raises the question
that whether d4,,p, Will infinitely grow with dy or it will saturate at a specific
size. Together with another interesting fact that the breaking stress o, remains
constant at different d; (Fig. , we therefore propose to investigate the role
of large particles in the ‘droplet’ formation. In analogy with the size correlation
between ‘droplets’ and large particles, one may expect to find interesting results in
the shape correlation: will using cubic/ellipsoid large particles result in different

‘droplet” morphology?
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We have reminded the reader of the importance of small-small attraction in
Chapter[7] As the attraction strength U,y increases, we induced phase-separated
‘droplets’ at a pretty low concentration ¢, = 5% (Fig. . It is therefore of
great interest to see whether infinitely increasing U, will enable phase separation
at arbitrary low ¢;. Moreover, quantitatively studying the relation between the
attraction U,y and the phase separation, as well as the two boundaries o, and

oy, can improve fundamental understanding on binary systems.

The PS — H transition is essentially the breakage of ‘droplets’ at high shear
o > oy, where the breaking stress o, represents the mechanical strength of
‘droplets’. In chapter [0, we have shown that adding more large particles leads to
denser ‘droplets’ (Fig.[6.17B) and thereby higher o, (Fig.[6.22)). It is nevertheless
unclear how ¢, affects the ‘droplet’ formation. The data collapse in the o,—
G0t Dlot (Fig. implies the role of large particle compression, so that the
breaking stress o, may be quantitatively related to the particle pressure which
also scales with ¢y [221]. Another intriguing finding is that the breaking stress
op is always an order of magnitude lower than the extrapolated yield stress of
‘droplets’ (Fig.|6.22). This may result from the discrepancy between the imposed

bulk shear and the local shear, which is worth further verification.

8.2.2 New model systems

Another point of interest is to study the phase separation in various model
systems. If the globular ‘droplets’ with similar size occur in binary suspensions
regardless of the raw materials, we can then confirm the generic physics behind

the shear-driven phase separation.

In a more industrially-relevant system which uses Aerosil (primary aggregate size
~ 220nm, functionalised by TMS groups) as small particles and polyethylene
glycol (PEG, Mw = 200) as solvent, similar flow-switched transition was observed,
Figure This result has profound implications for practical applications
as Aecrosil are widely used as a industrial material [222]. However, in this
Aerosil system as well as our system, the small-small attractions are realised
by hydrophobicity. An alternative way to induce attraction is using microgel
colloids, which become attractive with increasing the temperature in water [223].
In addition, dispersing hydrophilic fumed silica and PMMA spheres in organic

solvents (such as decalin) also results in disparate interactions in one system.
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H state (6 > 0, = 50 Pa)

R N

Figure 8.2 Cryo-SEM images of a binary system using functionalised Areosil
as small particles (dg ~ 220nm and PEG (Mw = 200) as solvent.
As in this thesis, the large particles are 4-pm silica microspheres.
The particle composition is ¢g ~ 2% and ¢ = 30%. The H (left)
and PS (right) states were induced by shear stress ¢ = 100 Pa and
o = 10 Pa respectively. Provided by Soichiro Makino.

Despite of the great tunability, our system has limitations. Even though the
small-small attraction is important to the phase separation, it is still challenging
to precisely measure it. Besides, our small particles cannot be resolved as single
particles in practice, which greatly restricts the structure analysis. By developing
new model systems, we expect better characterisations (e.g. the calculable
depletion in colloids-polymer mixtures [224]) which can improve the fundamental

understanding.

8.2.3 Particles-filled gels

Another research line involves with the particles-filled gel. Following the results

in chapter [6] here we propose a whole series of possibilities for additional work.

The first line concerns about gelation dynamics. On one hand, adding large
particles effectively drives up the concentration of small particles, which, in
principle, should shorten the gelation time [225]. On the other hand, the presence
of large particles hinders the Brownian diffusion of small colloids and thereby
prolongs the gelation. Hence it is interesting to examine the gelation dynamics

in the binary mixture.

We also expect that the presence of large particles to have an effect on the gel

structure. During the gelation in a particle-filled gel, the small-particle network
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is constantly perturbed by the existence of large particles. Compared with an
unfilled gel, on one hand the addition of large particles leads to a higher effective
volume fraction, on the other it introduces defects to the gel matrix [193]. We
revealed a size dependence in Chapter @ Hold the composition fixed at ¢g = 10 %
and ¢; = 30%, 4-pm large particles strengthen the gel whereas 1.5-um large
particles weaken the gel (Fig. . We suspect that such deviation results from
the perturbed gel structure.

We regard the rheology of particle-filled gels as the third interesting line. In
Chapter [0, we have already pointed out the conflict between the increasing yield
stress o, and the decreasing elastic modulus G’ as ¢, increases to the dense
regime (¢r, 2 30%). The discrepancy between the yield stresses from oscillatory
rheology and steady shear rheology (Fig. ) also tells important physics in
the yielding behaviour. In addition, the second yielding peak in the dynamic
strain sweep (Fig. ) may imply the role of interparticle friction, which can be
further verified by experimental techniques like tuneable surface roughness [145].
We also suggest numerical simulation to study the local dynamics at the single

particle level.
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Appendix A

Estimating attraction strength U,

We use two approaches to individually estimate the attraction strength U,
between our hydrophobic silica. They consistently point to a magnitude U,y ~
100 kpT.

A.1 The first approach

We consider the finite binding energy as the potential depth U,. As a reference,
the work density required to separate two adhered hydrocarbon surfaces in water
is W ~ 100mJm~2 [74]. For a pair of hydrophobic spheres with diameter dg
in contact, as shown in Figure [A.T] the attraction only manifests in the shaded
dome with area S ~ wds&/2, where the separation is always shorter than the
interaction range £. Since the gap between spheres varies from 0 to £ within the
shaded region, we use W/2 as the average separating work density. The total

separation work is then the product of area S and average work density W/2:

w
Wh/w/h ~ S 7 = stfW/4 (Al)

The surface of our functionalised silica is not as hydrophobic as hydrocarbon
surfaces, since only part of silanol groups are coated by TMS groups. The
functionalisation recipe we used is comparable to that in [93]. Based on their

magic angle spinning nuclear magnetic resonance (MAS NMR) results, the
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Figure A.1 Two hydrophobic spheres in contact. Short-ranged hydrophobic
attraction only manifests within the shaded region.

coverage of TMS group []is around 3 %.

This coverage roughly agrees with the decrease in (-potential: from —80mV
(before functionalisation) to —72mV (after functionalisation). According to
the grahame equation [74], the electric potential is proportional to the surface
charge density o,. The 10% drop in (-potential thus implies that ~ 10 % silanol
groups, originally disassociated and charged, are replaced by TMS groups after
functionalisation. Since silanol groups take up around 20 % of total surface groups
[168], the TMS coverage is then approximately 2 %. Here we simply assume that
the separating work density between our functionalised silica is ~ 2% of that
of hydrocarbon surfaces. Given the attraction range £ ~ 1nm (see Sec. in
Chapter [4)), we then estimate Uyge ~ 2 % Wi w/n ~ 200 kpT.

A.2 The second approach

The attraction depth can also be estimated from the result of direct force
measurement in other literatures. Figure shows the force (measured by
atomic force microscope) between silanated glass sphere and silica plate with
different contact angles in water [90]. Based on the general relation F' = —dU/dr,

the force F'(r) as a function of spearation r can be converted into the potential

!The percentage of Si atoms in the colloid that have TMS groups attached.

186



depth Uatt .

>
o)

Force/Radius, F/R (mN/m)

_25 I N R N B B

Surface separation, D (nm)

Figure A.2 A. Contact angle measurement of a particle-laiden slide. Re-
produced from Figure [4.I3]A. B. Direct force measurement
between surfaces (a sphere and a plate) in water with different
hydrophobicity. Taken from [90]. The red line refers to the surfaces
with a contact angle similar to our particles.

According to Figure [A.2A, our small particles have a contact angle 6. ~ 85°.
Therefore, we assume their attraction to be comparable to the force curve with
83° contact angle in Figure (red). Based on these information and taking
the Derjaguin approximation [226] into consideration, we then give an estimation
of Uus ~ 500kgT for our hydrophobic silica. Since the roughness of the dried
slab of particles makes the measured 6. higher than the real contact angle, the
real attraction should be lower than this estimate: Uy < 500kgT.

Note that the two methods here are crude and quantitatively problematic, since
they rely on numerous assumptions and approximations. For example, the
surface roughness is not considered in both cases, despite that it can reduce the
separating work W as well as effectively increase the contact angle 6.. However,
the two methods here, as well as the estimate from yield stress (see Sec. [£.1.3]
in Chapter {4)), consistently point to a potential depth with similar magnitude
Uae ~ 102 kgT > kgT.
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