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Preface

Soft matter physics is an emerging area of science that involves the study of materials
which are intermediate between a Newtonian liquid and a crystalline solid. These materi-
als can be easily deformed by an external force and show viscoelasticity. Examples of such
materials include: emulsions, gels, surfactants, liquid crystals, polymers, suspensions, etc.
In day to day life, such materials are all around us. Soft materials are characterized by
the mesoscopic sizes of the constituents and weak interactions between the constituents,
hence entropic effects are often important. This results in many interesting features
like large response functions, slow relaxation dynamics and self-organization. Many of
these properties have made soft materials a testing ground for non-equilibrium statisti-
cal physics. These materials also show striking non-linear flow behaviours that include
shear-thinning, shear-thickening and strain-localization/shear-banding. Aside from their
ubiquity, soft materials find wide range of industrial applications in food and polymer
processing, oil recovery, cosmetics and pharmaceuticals, etc.

Dense suspensions, formed by dispersing solid particles in Newtonian fluids in high
proportion, are one such important class of soft materials that has drawn significant
research attention in recent years. Apart from the general applications mentioned above,
these systems also have application-potential in designing smart and adaptive materials.
Importantly, dense suspensions are model systems for complex jammed materials, which
can be used to study material failures in connection to catastrophic natural phenomena
like landslides and earthquakes.

In this thesis, I study the flow and deformation properties of athermal dense suspen-
sions of granular particles by using rheology combined with in-situ optical imaging. I
explore an array of important non-linear flow properties including yielding, energy dissi-
pation, shear banding, memory formation, shear-thickening and shear-induced jamming.

By tuning the interparticle interactions, I try to understand the underlying mechanisms
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behind such striking response and ways to control them over a large range of spatio-

temporal scales.
The thesis is divided into the following chapters:
Chapter-1: This chapter gives a general introduction to the field of soft matter

physics. I explain, in detail, the various features of soft matter systems that make them
interesting to study and important as model systems for many scientific areas. I also give

some overview of the important topics related to the chapters of this thesis.

Chapter-2: In this chapter, I discuss the experimental techniques and the various

sample preparation techniques used in the thesis.

Chapter-3: In this chapter, I discuss the yielding and energy dissipation in adhesive
dense granular suspensions formed by dispersing Cornstarch (CS) particles in Paraffin
oil (PO). CS particles are hydrophilic, so they experience a solvent-mediated adhesion
when dispersed in the non-polar oil. As a result, the particles form fractal aggregates
that give rise to a yield stress in the system beyond a critical volume fraction called
the adhesive loose packing fraction. I use Large Amplitude Oscillatory Shear (LAOS)
protocol, with an amplitude spanning a range of over 3 orders of magnitude, to study
the yielding behaviour of this system over a wide range of volume fraction. I find that
the adhesive interaction imparts a significantly higher energy dissipation to the system as
compared to well-dispersed suspensions (where the inter-particle interactions are primarily
steric repulsive and frictional) of CS in glycerol/glycerol-water mixtures, over the whole
range of applied strain amplitudes. I introduce a parameter called the normalized energy
dissipation (Ey) to characterize the yielding behaviour of the system. I find that Ey
shows a non-monotonic variation with both applied strain amplitude and volume fraction
of the suspensions. This system also shows strain stiffening behaviour for intermediate
applied strain values, which causes the non-monotonicity in Fy as a function of applied
strain amplitude. Further, using in-situ optical boundary imaging and particle tracking,
I map out the difference in the flow of the system below and above yielding. I also
characterize the plasticity in the system using stroboscopic analysis. Interestingly, I find
that the system flows in a shear banded manner both below as well as above yielding.
However, the velocity profiles are spatio-temporally erratic below yielding while above
yielding, the profiles are more well-behaved and self-similar. Additionally, the plastic
particle rearrangements happen throughout the bulk below yielding but above yielding,
they are mostly restricted to the shearing boundaries (within the shear bands). Next, to
understand the non-monotonic variation of Fy with volume fraction, I use particle settling

experiments. This study is the first instance of using such experiments for adhesive
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granular systems to determine the critical jamming volume fractions. Finally, I use a
non-ionic surfactant (Span-60) to vary the inter-particle adhesion and I find that the non-
monotonicity of Fy goes away when the adhesion is significantly nullified. Moreover, the
flow behaviour of the system changes from shear banded to a quasi-linear flow and the
system no longer strain stiffens. I summarize the results into a detailed phase diagram

describing the behaviour of the system over a wide parameter space.

Chapter-4: In this chapter, I explore memory formation in adhesive granular gels
formed by Cornstarch particles dispersed in Paraffin oil, as also mentioned in the previous
chapter. It is known in literature that repeated/cyclic shearing can drive amorphous
solids to a steady state, encoding a memory of the applied strain amplitude. However,
recent experiments found that the effect of such memory formation on the mechanical
properties of the bulk material is rather weak. I find that under cyclic shear, our system
evolves toward a steady state showing training-induced strain stiffening and plasticity. A
readout reveals that the system encodes a strong memory of the training amplitude v as
indicated by a large change in the differential shear modulus. I observe that memory can
be encoded for a wide range of yr values both above and below the yielding, albeit the
strength of the memory decreases with increasing ~7. In situ boundary imaging shows
strain localization close to the shearing boundaries, while the bulk of the sample moves
like a solid plug. In the steady state, the average particle velocity < v > inside the solid-
like region slows down with respect to the moving plate as v approaches ~v7; however, as
the readout strain crosses v, < v > suddenly increases. I demonstrate that inter-particle
adhesive interaction is crucial for such a strong memory effect. Interestingly, our system
can also remember more than one input only if the training strain with smaller amplitude

is applied last.

Chapter-5: This chapter is a continuation of the previous one and primarily deals
with the multiple memory formation in adhesive granular systems. The main focus of
this chapter is how the encoded memory of a larger strain amplitude gets affected due
to repeated application of a lower strain amplitude. Here, after training the system up
to a certain strain amplitude, I apply N cycles of smaller strain amplitude before taking
a readout. For disordered solids (particularly glasses), simulation studies have predicted
that applying a smaller amplitude to a trained system can weaken the encoded memory
of the larger amplitude but both memories survive indefinitely. However, systematic
experimental studies probing such effects remains missing. I show experimentally that for
disordered solids formed by adhesive granular suspensions, applying a smaller amplitude

(7) to a system trained at a larger amplitude (v7) can progressively decay the encoded
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memory of v7 to the point of destruction. Interestingly, in our system, this happens
as a result of a systematic shift of the encoded amplitude vy towards v with increasing
N. Such shifting of encoded memory has not been reported previously. Moreover, I find
that this shift is more pronounced if the system is trained at higher shearing rates. By
analysing the energy dissipation in the system at various shear rates, I propose a possible
mechanism for this interesting phenomenon.

Chapter-6: This chapter deals with dense suspensions of well dispersed frictional
particles that show shear-thickening and shear induced jamming. It is well-known that
under an increasing applied shear stress, the viscosity of dense well-dispersed suspensions
of frictional particles increases drastically beyond a stress onset, a phenomenon known
as discontinuous shear-thickening. Recent studies point out that some suspensions can
transform into a stress-induced solid-like shear jammed (SJ) state at high particle volume
fraction. SJ state develops a finite yield stress and hence is distinct from a shear-thickened
state. Here, I study the steady-state shear-thickening behaviour of dense suspensions
formed by dispersing colloidal Polystyrene particles (PS) in polyethylene glycol (PEG). I
find that for small stress values, the viscosity of the suspensions as a function of volume
fraction can be well described by Krieger-Dougherty (KD) relation. However, beyond
the onset stress, KD relation systematically overestimates the measured viscosity, par-
ticularly for higher volume fractions. This systematic deviation can be rationalized by
the weakening of the sample due to flow-induced failures of the solid-like SJ state. Using
Wyart—Cates model, I propose a method to predict the SJ onset from the steady state
rheology measurements.

Chapter-7: In this chapter, I explore the effects of applied orthogonal vibration on
the rheology of dense particulate suspensions with different inter-particle interactions.
Such superimposed vibrations have been used to reduce frictional yield stress as reported
in the earlier studies. However, in the case of adhesion-induced yield stress, the effects of
such vibration have not been explored. I find that the adhesive yield stress can also be
significantly tuned using such orthogonal perturbations. Additionally, I also inspect the
effects of such vibrations on shear-thickening dense suspensions.

Chapter-8: This chapter summarizes the main results of the thesis and highlights

the open questions that remain to be explored in future.

Dr. Sayantan Majumdar Sebanti Chattopadhyay

Thesis supervisor
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CHAPTER 1. INTRODUCTION

1.1 Soft matter physics: A general introduction

Soft matter is the term broadly used to characterise materials that are intermediate in
behaviour to that of crystalline solids and viscous liquids [1, 2, 3, 4, 5, 6, 7, 8, 9, 10].
In typical soft matter systems, the presence of important mesoscopic hierarchical length-
scales, weak interactions and long relaxation timescales, gives rise to many interesting
and complex phenomena such as linear and non-linear viscoelasticity, self-organization,
memory formation, etc. This field encompasses a wide variety of materials including, but
not limited to, gels, emulsions, foams, suspensions, bio-polymers, surfactants and liquid
crystals. Consequently, soft materials are ubiquitous in nature with many important ap-
plications in food and polymer processing, industries, oil recovery, drug delivery, cosmetics

and regenerative medicine, to name a few.

Soft matter systems are also important testing ground for non-equilibrium statistical
physics [11, 12] due to slow relaxation processes. In fact, the presence of important meso-
scopic lengthscales ensures that many macroscopic properties can be predicted without
complete knowledge of the atomic/molecular level details. Soft matter systems are gener-
ally disordered with significantly low energy scales for deformation. A fascinating aspect
of these systems is their ability to adapt to applied external perturbations. The bulk be-
havior of many soft matter systems can show interesting stimuli responsive behavior, an
example of which is the reversible shear-jamming of dense particulate suspensions [13, 14].
Such stimuli adaptability makes soft matter systems a good candidate for designing smart
and adaptive materials with applications such as developing flexible body armors, shock
absorbing materials, soft robotics and shape memory polymers [15, 16]. Soft materials are
also important systems for understanding catastrophic natural phenomena like landslides

and earthquakes.

In this thesis, I have primarily studied a model soft matter system: dense particu-
late suspensions [17] formed by dispersing solid particles in a Newtonian fluid at high
volume fractions. Depending on factors like the size and shape of the particles, particle-
poly-dispersity, inter- particle interactions and viscosity of the suspending fluid, such sus-
pensions can have widely varying flow behavior under applied shear. These suspensions
are one of the most versatile soft matter systems because not only do they exhibit inter-
esting adaptability to applied perturbations, their bulk behavior can also be tuned very
easily. Additionally as athermal dense suspensions are inherently out of equilibrium, they

show many surprising collective response which are beyond equilibrium thermodynamics.



1.2. CHARACTERISTICS OF SOFT MATTER SYSTEMS

1.2 Characteristics of soft matter systems

1.2.1 Mesoscopic sizes

The constituents of common soft matter systems have sizes that are in the range of a
few nanometers (nm) (for example polymer chains, surfactant molecules, etc) to a few
micrometers (um)(for example, colloidal particles). More recently, granular systems with
particles in the size range of a few microns to hundreds of micron are also categorized
as soft materials. In general, systems for which many of the properties can be described
using mesoscopic lengthscales are generally studied under the formulation of soft matter
physics. At these length scales, quantum effects are unimportant but thermal energy
is relevant. These length scales, being much larger than atomic/molecular lengthscales,
can be probed easily using different types of techniques like optical [18] and electron
microscopy, X-ray diffraction, etc [19]. These properties of soft materials enable us to

visually probe them under static as well as dynamic conditions.

1.2.2 Weak inter- constituent interactions

While inter-atomic interactions are extremely strong, with strengths of the order of elec-
tron volts, the interactions at the mesoscopic lengthscales (inter-constituent interactions)
of soft matter systems are generally much weaker. Consequently, thermal energy plays a
significant role. Some of the most common interactions in soft matter systems [20] are

given below:

e Van der Waals interaction: This is a long range attractive interaction between
molecules that can have broadly three types of origins: the Keesom interaction
happens between permanent dipolar molecules, Debye interaction happens between
a permanent and a temporary dipole and London dispersion interaction happens
between two temporary or induced dipoles. Temporary or induced dipoles happen
when a non-polar molecule (which can be polarized) develops a transient dipole
due to fluctuations. All three interaction potentials have a 1/r% variation with the

separation (r) between the two point particles.

e Hard-core (excluded volume) repulsive interaction: This is a short ranged
repulsive interaction between two solid bodies. Following from Pauli’s exclusion
principle, solid bodies cannot inter-penetrate. This interaction, thus, only comes

into picture when the particle surfaces approach very close to each other. The
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CHAPTER 1. INTRODUCTION

typical form of the interaction potential from a hard core repulsion between two

spherical particles of radius R is as follows:

V(r)=o0forr <R
V(r)=0forr >R

e Electrostatic repulsive interaction: This is a repulsive interaction experienced
by particles having similar charges on their surfaces. This type of repulsion is often
used to stabilize colloidal dispersions and prevents the particles from agglomerat-
ing. Adding salt to the dispersing medium can modify the Debye layer around the
particles, and in turn modify the repulsion between the particles in the suspension.

[21]

Origin of the softness of soft materials: The mechanical modulus of a system, that
defines its degree of rigidity, is given by the ratio of the interaction potential and the
typical lengthscale of the system. The combination of mesoscopic lengthscales and weak
interactions results in a much smaller modulus for soft matter systems as compared to
conventional solids like metals (where the typical lengthscales are in angstrom and the
interactions are much stronger). The smaller modulus makes soft materials to deform

significantly, even under weak perturbations.

1.2.3 Long relaxation timescales

When a system is perturbed by an external stimulus, it triggers a relaxation in the system.
The purpose of this relaxation mechanism is to equilibrate the system by relaxing the
excess stress in the system. Typical relaxation mechanisms involve rearrangement and
local restructuring of the system. The timescale of such relaxation processes depends on
the microscopic details of the system. Due to the large particle sizes, soft matter systems
have longer relaxation timescales (of the order of milliseconds to seconds) which allows

us to easily probe various non-equilibrium phenomena and evolution in these systems.

1.3 Viscoelasticity

As mentioned earlier, soft matter systems are intermediate to that of conventional solids
and fluids. This intermediate mechanical behavior is termed as viscoelasticity. When

a solid is deformed, it stores the energy while a liquid under deformation dissipates the

4



1.3. VISCOELASTICITY

energy. Thus, on removing the applied load, a solid can regain its shape, while a liquid
remains in the deformed state. Viscoelastic behavior involves an interplay between the
two types of behavior that is crucially determined by the nature of applied deformation
such as the rate of deformation, degree of deformation, etc. Rheology (the study of flow
and deformation of systems) is used to characterize such viscoelastic flow behavior.

It is well known that elastic solids deform according to the Hooke’s law of elasticity

for small deformation (linear regime):
o=Gvy

where o is the stress response of the system, v is the applied strain and G is the modulus
of elasticity. The system is reversible under a deformation cycle and regains it’s original
state after the force is removed. Beyond the linear regime, plasticity sets in and the
system gets permanently deformed. On the other hand, Newton’s law of viscosity defines

the flow behavior of a purely viscous liquid:

o =1y

where n is the viscosity of the liquid and # is the applied shear rate. For Newtonian
liquids, 7 is only a function of temperature and pressure.

To model the behavior of viscoelastic systems, a spring and a dashpot are used to
represent the elastic and viscous components respectively[22]. The simplest model with
both elements in series is the Maxwell model (see Fig. 1.1(a)) where both elements are
under the same stress during deformation. The net deformation rate in the system can

be written as:

The other basic model with the elements in parallel is the Kelvin-Voight (KV) model
(see Fig. 1.1(b)) where both elements deform together and the net stress in the system

is given by the following differential equation:
o=ny+Gy

In the Maxwell model, after removal of the load, the stress goes to zero after a long
time. Thus, the longtime behavior of the system is liquid-like. On the other hand, in the
KV model, there is a residual stress in the system even after a long time. Thus, the long

time response of the system is solid-like. More realistic linear viscoelastic material models
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Figure 1.1: Linear viscoelastic models: (a) Maxwell model for viscoelastic liquids. (b)
Kelvin-Voight model for viscoelastic solids.

are obtained by adding more spring/dashpot elements or combining a number of Maxwell
and Kelvin-Voight elements. These models are useful when the applied stress/strain is
small and the system’s behavior is linear (reversible). In the non-linear regime, these
models are no longer applicable.

To study the flow behavior of soft materials, commonly used protocols are steady
shear and oscillatory rheology. In steady shear ramp protocol, the system is subjected
to increasing perturbation in the form of shear stress or shear rate while the conjugate
quantity (shear rate/stress) is measured. For a Newtonian liquid, the viscosity remains
constant with changing stress/rate. Non-Newtonian systems, however, have a rate depen-
dent viscosity and often show shear induced thinning and thickening behavior, as shown
in the Fig. 1.2.

For studying the viscoelastic nature, oscillatory protocols are much better suited where
the deformation as well as rate dependence can be studied simultaneously. For this, the

system is subjected to sinusoidal perturbation:
v = 7o sin(wt)

Here, 7 is the amplitude of the applied sinusoidal strain + with a frequency w. The

corresponding shear rate is,
4 = wyp cos(wt)

The elastic component of the stress response will be in phase with + while the viscous
component will be in phase with 7, giving a resultant stress response that is phase shifted
with 7 as given below (also see Fig. 1.3) [23, 24, 25]:
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Figure 1.2: (a) A typical steady shear ramp protocol where the shear rate ¥ is increas-
ing with time. The corresponding stress response and viscosity for Newtonian, Shear-
thinning and thickening systems are shown in (b) and (c), respectively.
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Figure 1.3: Typical stress response for an input sinusoidal oscillatory perturbation.
indicates the phase shift in the response.
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o = ogsin(wt + 0)

The applied strain amplitude () is increased progressively from small to large values
and the stress response is noted. Typically, the response of a viscoelastic material under
applied oscillatory protocol with increasing strain amplitude is as shown in the Fig. 1.4.
The elastic (G") and viscous moduli (G”) are characterizing the in-phase and out of
phase components of the response. For a viscoelastic solid, G’ > G”. Following a linear
viscoelastic region, where the moduli are independent of vy, the G’ starts to drop at
an amplitude that is defined as the yield strain of the system. Soon after the yield
point, a crossover of the moduli indicates that the system is now predominantly viscous
(fluid-like) with G” > G’. The Large Amplitude Oscillatory Shear (LAOS) protocol is
a useful technique to study the yielding behavior of soft matter systems. Additionally,
the intra cycle stress-strain plots (Lissajous plots) can give information about the intra-
cycle energy dissipation and non-linear effects such as strain stiffening or weakening of
the system. [26, 27]

In &

In G”

].I’IVYO

Figure 1.4: Typical LAOS (Large Amplitude Oscillatory Shear) response of a viscoelas-
tic system.

1.4 Related special topics

In this section, we give a brief account of some important topics related to soft materials

that we explore in this thesis.

1.4.1 The Jamming transition

Jamming is the phenomena where a fluid undergoes a transition to an arrested solid- like
state with a finite yield stress [28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38]. Many soft matter

8
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Figure 1.5: (a) Force chains observed in photo-elastic disks (figure is adapted from [28])
(b)The Jamming phase diagram given by Liu and Nagel [29].

systems such as foams, emulsions, suspensions, granular media and glasses exhibit the
formation of disordered jammed solids but with distinct underlying mechanisms. Aside
from the obvious similarities with conventional solids (for example, load bearing ability),
jammed solids have some very unique characteristics. It has been found that in jammed
systems, stress propagates through the network of particles called force chains (depicted
in Fig. 1.5(a)). Consequently, under an applied load, there is significant stress hetero-
geneity in the system, with some particles undergoing a lot more stress and some barely
experiencing any stress. Another feature of jammed solids is their anisotropic load bear-
ing capacity. While the system is jammed under shear along one direction, a reversal of
the shear direction can unjam the solid-like state. Hence jammed solids are referred to as
fragile matter[30]. Onset of plasticity and failure under applied load is difficult to predict

in these solids, owing to the absence of identifiable defects as the structure is disordered.

A jamming phase diagram was proposed by Liu and Nagel (see Fig. 1.5(b)) to general-
ize the jamming behavior across different systems based on only a few key parameters. The
phase diagram indicated that the jamming transition is accessible through an interplay
of three parameters: density of the system, the applied load/stress and the temperature.
Trappe et al further generalize the phase diagram [31] by incorporating inter-particle in-
teractions (see Fig. 1.6). In essence, the presence of additional interactions increases the
constraints on the flowing state of the system, consequently the system can get jammed

more easily. Thus, inter-particle interactions are a crucial parameter to predict the jam-

9
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Hard spheres

Sintered
solid

Irreversible
aggregation

Figure 1.6: Jamming phase diagram proposed by [31] incorporating inter-particle inter-
actions as a general parameter for jamming across attractive systems.

ming behavior of a wide class of soft matter systems. For instance, gels have attractive
inter-particle interactions and can form jammed solids at very low volume fractions [31].
On the other hand, hard-sphere suspensions require very high volume fraction of particles
(close to random close packing) to form a jammed solid [39, 40].

A lot of recent interest has been on the shear-induced jamming in frictional dense
particulate suspensions. The phase diagram for these systems in the parameter plane of
stress and particle volume fraction is shown in Fig. 1.7. This phase diagram significantly
differs from those shown in Fig. 1.5 and 1.6. In Fig. 1.8, we show the work by Singh
et al, establishing the dependence of ¢; (the jamming volume fraction) on the nature of
inter-particle interactions, thus highlighting the importance of inter-particle interactions

in controlling the jamming transition.

1.4.2 Yielding in disordered materials

Yielding is the phenomena where a solid-like material, under applied stress, starts flowing
like a viscous liquid. Diverse disordered materials close to jamming show a finite elas-
ticity under small perturbations. When the applied perturbations become large enough,
plasticity and irreversible deformations take place as the material yields [41, 42, 43, 44].
An example of shear induced yielding of a colloidal gel is shown in the Fig. 1.9(]43]).
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Figure 1.7: The jamming phase diagram for dense suspensions of Cornstarch particles
in water with the critical jamming volume fraction ¢; indicated in the figure. The fig-
ure is adapted from [39].
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Figure 1.8: Figure shows the lowering of the jamming volume fraction ¢; due to con-
straints imposed by the presence of additional inter-particle interactions such as friction
and adhesion. The figure is adapted from [40]. The colors on the right panel correspond
to the three types of constraints depicted on the left panel as follows: black diamonds
for (i), blue circles for (ii), and red squares for (iii).
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COLLOIDAL GEL AT REST COLLOIDAL GEL AFTER FLOW

(@) (b)

Figure 1.9: Shear-induced yielding of a colloidal gel network indicated by the disinte-
gration of the particle networks that give rise to yield stress in the system. Figure is
adapted from [43].

As opposed to crystalline systems, due to lack of translational symmetry there is no
obvious structural precursor (similar to crystalline defects) of yielding in disordered ma-
terials [45, 46] as also mentioned earlier. This makes the understanding of the yielding
phenomena in amorphous solids particularly challenging.

Yielding is also accompanied by an enhanced energy dissipation [43, 47| that even-
tually leads to fluidization/fracture of the material. Studies have reported that systems
often accumulate minor failures and cracks before a system wide catastrophic failure oc-
curs [48, 49]. Identifying these micro-failures in materials are crucial for many practical
applications. Yielding in amorphous solids plays an important role in material processing
industries, as well as, in catastrophic natural phenomena like landslides and earthquakes
[50, 51, 52].

1.4.3 Out of equilibrium behavior: Memory formation

Athermal systems are inherently out of equilibrium. If left undisturbed, these systems
have no means of exploring their phase space and are stuck in their prepared configuration.
Thus, they can retain a memory of their preparation and past perturbations. Interestingly,
these systems can also be trained to remember an external stimulus/perturbation, which
can be read out later using suitable protocols. The system encodes a memory of the
applied perturbation as an imprint in its material structure.

Repeated cyclic perturbation protocols have been widely used to encode memories in

many of these systems. Such perturbations in the form of shear, temperature change, elec-
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Figure 1.10: Schematic shows the random organization under applied shear for particles
in a suspension. Bottom row indicates the two types of steady states that are formed
by the system as explained in [53]. Figures are adapted from [53].

trical /magnetic fields [54] have been encoded into dilute granular suspensions [53, 55, 56],
glasses [57, 58] and charge density wave conductors [59, 60|, respectively. As a result of
the repeated driving, the system undergoes random organization and reaches a reversible
state that remains undisturbed/unperturbed under further cycling at the same drive.
Stroboscopic imaging of the system and subsequent mean squared displacement (MSD)
calculations have been used to establish these reversible states (commonly known as the
absorbing states) in simulations, as well as, experimental studies on dilute granular sus-
pensions (see Fig. 1.10 and 1.11). In these systems, once an absorbing state is developed
for a training strain (v7), the system is reversible for all strain values v < ~p (This is
known as ordering of states). Further driving up to this strain will not cause any new
collisions/dissipation in the system. Hence, the system’s state is reversible. The underly-
ing dynamics is overdamped and there is no storage of elastic energy in the system. Note
that the system is reversible in the sense of reversibility of particle trajectories and not
in terms of storing energy. When driven beyond v, there is a sudden onset of particle
collisions in the system, thus exhibiting a reversible to irreversible transition (RIT) across
~vr. So, under a sequence of increasing strain values, the trained system’s stroboscopic

MSD will show a kink at y7 indicating a memory in the system as shown in Fig. 1.11.

Similar reversible states are also formed by jammed disordered systems (like glasses,
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Figure 1.11: (a) Figure shows the development of a memory signature corresponding

to the training strain of 3. The fraction of moving particles (f00) goes to zero with in-
creasing cycles of training, indicating that an absorbing state is formed upto a strain of
3. When the system is subjected to cycles of increasing strain to read out the encoded
memory, it remains reversible upto 3 due to the training induced absorbing state, be-
yond which a sharp rise in f,,,, indicates that the system has undergone irreversible
collisions. This reversible to irreversible transition beyond the training strain is a signa-
ture of encoded memory in the system. Figure is adapted from [55]. (b) Experimental
observation of memory formation in dilute suspensions. Figure is adapted from [56].
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Figure 1.12: Figure adapted from [62] shows MSD of a disordered being trained at a
strain of 0.06 with increasing number of cycles as indicated by the color scheme.

gels, etc.). However, in these cases, particles are in enduring contact throughout the
perturbation cycles so the reversible states are not collision free. Also, it has been reported
that these systems do not obey the ordering of states, rather their trained state exhibits
a loop reversibility. This difference in the nature of the reversible state has the following
important consequence: In case of dilute suspensions, once an absorbing state is formed
at an amplitude, the system is reversible for all smaller amplitudes as well (see Fig. 1.11).
But in disordered solids, the system is loop reversible at the training strain, so, for smaller
applied strain values, the system need not be reversible (see Fig. 1.12). This difference is
evident in the MSD plots for both cases as shown in Fig. 1.11(a) and 1.12. Simulations
have proposed an energy landscape based picture for the reversibility in disordered solids,
as explained in [61, 62, 63]. Recent reports have also explored memory formation across
the yield point of disordered solids [64, 65].

1.4.4 Discontinuous shear thickening in dense suspensions

Dense suspensions show an array of interesting non-linear stress response [66, 67, 68].
Under shear, the viscosity of the suspension can either decrease (a phenomena called
shear-thinning) or increase (a phenomena called shear thickening [69]). At sufficiently
large volume fraction ¢, many dense suspensions show discontinuous shear-thickening
(DST) [70, 71, 72, 73, 74, 75] when the suspension viscosity rapidly increases by more

than an order of magnitude under an applied stress (o) larger than a stress onset (o)
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Figure 1.13: Figure depicts continuous and discontinuous shear-thickening with increas-
ing volume fraction. Figure is adapted from [83].

[76] (see Fig. 1.13). Upon removal of the applied stress, the viscosity quickly drops and
approaches the initial value. This striking effect has triggered a lot of recent interest in
the study dense suspensions [13, 77, 78, 79, 80]. Such control of suspension viscosity by
an external stress has made these systems potential candidates for designing smart and

stimuli responsive materials that can find wide range of applications [81, 82].

1.4.5 Orthogonal vibration and jammed systems

Athermal jammed systems are structurally arrested with limited phase space accessibility.
Apart from applying external shear to these systems, it has been found that applying or-
thogonal vibration is an useful technique to tune the effective inter-particle interactions in
these far from equilibrium systems. Vibrated dry granular media has been widely studied
but the flow of athermal dense suspensions under superimposed orthogonal vibrations is
the subject of current interest [84, 85, 86, 87]. Such a setup has been used, so far, to
tune the Discontinuous Shear Thickening properties in dense granular suspensions (see
Fig. 1.14), as well as, frictional yield stress (see Fig. 1.15). Thus, orthogonal vibration

provides an external handle to control the flow behavior of jammed systems.
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Figure 1.14: Figure adapted from [86] shows a representation of orthogonal vibration
applied to a system in (a) and in (b) depicts the reduction in the viscosity of the sus-
pension as a result of applied vibration.
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Figure 1.15: Figure adapted from [84] shows the reduction of frictional yield stress un-
der applied vibration.
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1.5 Thesis Overview

The construction of this thesis is in the following manner:

Chapter 2: This chapter discusses the main experimental techniques used in this
thesis, including Rheology with in-situ optical imaging, Scanning Electron and Confo-
cal Microscopy. It also covers details of the sample preparation techniques used in the
subsequent chapters.

Chapters 3-7: These chapters elaborate the different problems studied in this thesis.
A brief summary of these chapters is included in the Preface.

Chapter 8: This chapter concludes the thesis with a brief summary of the work done,

followed by an outlook to the possible future research directions.
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CHAPTER 2. EXPERIMENTAL TECHNIQUES

2.1 Introduction

In this thesis I experimentally examine some of the interesting phenomena exhibited by
jammed systems (see section 1.4) formed by dense particulate suspensions. I primarily use
rheology to obtain the bulk flow behavior of different dense suspensions. Further, I use in-
situ optical imaging with rheology to understand the particle/ aggregate level dynamics
that generates the observed bulk flow behavior. Additionally, I use Scanning Electron
Microscopy (SEM) and Confocal Microscopy techniques to characterize the particles used
to form the dense suspensions studied in this thesis.

This chapter gives the relevant details of the above mentioned experimental techniques.

I also discuss the sample preparation techniques used in the upcoming chapters.

2.2 Experimental Techniques

2.2.1 Rheology with in-situ optical boundary imaging

For all our rheological measurements, I use a stress controlled rheometer MCR-702 (Anton
Paar, Austria). Below are some details regarding the mode of operation of the rheometer
and geometries used during measurements. In the subsequent chapters, I refer back to

these details wherever necessary.

e Modes of operation of the rheometer: The MCR-702 has two motors driving
the geometries with the functionality to operate in two modes: counter rotation and
separate motor transducer. In the counter rotation (CR) mode, the motors rotate
the geometries in opposite directions and the set rotation/perturbation is divided
between the two geometries. For example, a 50-50 CR mode will counter rotate
both the geometries with the same speed, generating the overall net shear that is

set by the user.

In the separate motor-transducer (SMT) mode, the geometry connected to the top
motor is held stationary throughout the measurement and acts as the transducer,
whereas the geometry connected to the bottom motor applies the entire set pertur-
bation. For most of our measurements, I use the SMT mode of operation unless

specified otherwise.

e Different geometries used for measurements: [ have extensively used the

cone-plate geometry in our measurements (Chapter- 3 to 6). In cone and plate
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Figure 2.1: Schematic of the rheometer along with the boundary imaging setup. Along-
side the setup is an actual boundary image of a dense suspension of Cornstarch parti-
cles dispersed in Paraffin oil and loaded in the Cone and Plate geometry. The speckles
seen in the image are from the particles.

(C-P), the shear rate remains constant throughout the gap, which ensures that the
entire sample is being deformed with a homogeneous stress field. I ensure that the
truncation distance of the cone is significantly larger than the average particle size

in all the systems studied.

I have also used the Couette (Anton Paar, Austria) geometry for some of our mea-
surements (Chapter-7). I use a profiled surface for the bob to minimize wall slip-
page. In the subsequent chapters, the Materials and methods sections mention the

particular geometry used for the measurements.

e Sandblasted geometry: All geometries that I use in the experiments are sand-
blasted to minimize the slippage at the sample boundaries. Our sandblasted geome-

tries have a roughness scale of about 50 microns.

The schematic of our boundary imaging setup combined with the rheometer is shown
in Fig. 2.1. The imaging setup consists of a CCD camera (Lumenera, Lt545R) with
a suitable long working distance objective (Mitutoyo). An LED light source is used
to illuminate the sample surface. I do a non-standard boundary imaging of our systems.

Since our samples are optically opaque, it is difficult to image the system in 3D. Boundary

29



CHAPTER 2. EXPERIMENTAL TECHNIQUES

imaging tracks the features on the sample-air interface which can then be analysed using
particle tracking codes to measure the flow field. Generally, I use cone and plate setup
for our measurements which has a homogeneous stress field everywhere in the shear gap.
Thus, the particle/aggregate level flow fields obtained from the outer surface of the sample
are expected to give a good estimate of the behavior in the bulk.

[ use Particle imaging velocimetry (PIV) and Kymograph analysis techniques to map
out the flow behavior of the system, along with the plasticity and local particle rear-
rangements under different forcing conditions. More details are provided in the relevant

chapters.

2.2.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy is an imaging technique that is broadly used to resolve
sub micron features in the sample that cannot be resolved by the conventional optical
microscopy techniques. The de-Broglie wavelength for energetic electrons is much smaller
than the visible region of the electromagnetic radiation. SEM uses this principle to achieve
a much superior resolution.

In the SEM technique, an electron gun, which can be of either thermoionic or field
emission type, is used to generate electrons. Using condenser lenses and other supporting
optics, a well collimated electron beam is incident on the sample. This electron beam
interacts with the sample and generates different types of scattered radiation which is
collected using suitable detectors and studied in order to capture various attributes of the
sample under study (see Fig. 2.2). SEM can be used to study the particle shapes, size,
surface properties, aggregation, porosity, etc.

Alongwith SEM, a technique called cryo-SEM is also used to study samples, generally
in presence of a solvent where the sample structure needs to be studied as is. Cryo-SEM
uses cryogenic freezing of the samples to be studied, thus allowing a preservation of the
structure. This technique is commonly used for biological samples. In our case, I found it
difficult to image the micro-structure of the suspensions (Cornstarch particles dispersed
in Paraffin oil, see 2.3) using cryo-SEM due to the structures arising from the freezing of
the suspending fluid. Hence all our particle characterization is done using SEM.

For characterizing particles in this thesis, I use a Carl-Zeiss Field emission Scanning
Electron Microscopy (FESEM). I determine the average particle size, polydispersity and
surface properties using FESEM. For this, I prepare a dilute suspension with the particles

dispersed in water or ethanol. A drop of this suspension is put on an I'TO coated glass plate
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Figure 2.2: Electron beam interaction with a sample [1].

and left to dry overnight. Before loading into the sample stage for FESEM, the sample
is first sputter coated with a very thin (&~ 5nm) layer of gold or platinum to ensure a
conducting surface. Then the sample is loaded into the instrument for characterization.
I use the secondary electron detector to study the surface properties of the sample. (see

Fig. 2.2). I show a typical SEM image of Cornstarch particles (Sigma Aldrich) in Fig.2.3.

L WD = 23 mm Mag= 5.03 KX Time :15:04:06

2m EHT = 500 kv Signal A= InLens Date 27 Feb 2018 w

Figure 2.3: Scanning Electron Microscopy (SEM) image of Cornstarch particles (Sigma
Aldrich).
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Figure 2.4: Schematic of a Confocal Microscope adapted from [2].

2.2.3 Confocal Microscopy

Another popular technique used in soft matter is Confocal Microscopy. Axial resolution
(imaging inside the samples) in conventional optical microscopy techniques is limited
by scattering of light from the out of focus planes. In an imaging setup, the sample
and the image plane are in conjugate focus. By using a pinhole at the image plane,
Confocal Microscopy allows light from only a very small, point-like region of the sample
to be focused by the objective, thus eliminating stray light scattered from other areas of
the sample (see Fig. 2.4). By scanning the sample in a point by point manner, a 3D
reconstruction of the sample can be obtained.

One of the systems that I have widely studied in this thesis is adhesive granular
suspensions formed by Cornstarch particles (CS) dispersed in Paraffin oil (PO) (refer to
the section 2.3.1 for details of this system). The particles form fractal aggregates due to a
solvent mediated adhesion. To verify the fractal nature of the system, I perform confocal
imaging of the suspension.

For this, I use the fluorescent ink extracted from Faber Castell Textliner Supefluores-

cent markers as the dye. The excitation and emission wavelengths are 435 nm and 570
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nm, respectively, as obtained from the absorption (using UV-Visible Spectroscopy, Perkin
Elmer Lambda 35) and the emission spectrum (using Photoluminescence spectroscopy,
Horiba Jobin Yvon — Edison, NJ USA). I use a Leica DMI6000 microscope and a Confo-
cal scanner (Sp8 Germany) for the microscopy. The z-stack images are obtained with a
z-spacing of 0.68 pm.

Sample preparation for Confocal Microscopy involves adding the CS particles to a
petri dish containing the dye dissolved in ethanol. The solvent is then evaporated at
room temperature to get the dyed CS particles. The particles are dried further in a
vacuum oven. For making dense suspensions using these dyed CS particles dispersed in

oil (with/without surfactant) I follow the mixing protocol described in section 2.3.1.

(a) (b)

Figure 2.5: Maximum intensity projection of typical confocal z-stack images inside the
gravitationally settled bed of Cornstarch particles in Paraffin oil. The magnification is
20X in (a) and 40X in (b).

The XY projection of the 3D stack is showed in the Fig. 2.5 under 20X and 40X
magnification. The presence of voids in the structure confirms the fractal nature of the
aggregates. The individual confocal images are used to determine the fractal dimension
of the CS - Paraffin oil system in Chapter-3.

2.2.4 Particle synthesis

For the study of shear-induced thickening and jamming, I synthesized Polystyrene parti-
cles in our lab. The monodisperse Polystyrene (PS) microspheres are synthesized by dis-

persion polymerization method [3, 4, 5]. Polyvinylpyrrolidone (PVP K-30, Spectrochem,
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India) is mixed with a solvent (ethanol/ethanol-water/ethanol with 2-methoxyethanol) in-
side a 250 ml round bottom flask under continuous stirring at 300 rpm. In another beaker,
styrene monomers (TCI, Japan), are mixed with the initiator AIBN (Spectrochem, India).
The mixture containing the monomers is poured into the flask maintained at 70 °C under
a constant nitrogen environment. The reaction is carried out for 24 h. The amount of
different reactants controls the particle size [4, 5|, as summarized in Table 2.1. The PS
microspheres formed are cleaned repeatedly using ethanol and water mixture to get rid of
chemical impurities/unreacted components from the surface of the particles and are dried

and stored for further use. [6]

Size distributions of PS microspheres are characterized by Scanning Electron Mi-
croscopy (SEM) technique, using a Ultra Plus FESEM (Zeiss, Germany ) (see section 2.2.2).
First, a small amount of dried PS microspheres is dispersed in water to form a very dilute
suspension. The suspension is then ultrasonicated to break particle clusters, if present.
A small drop of this suspension is put on top of an ITO coated glass plate using a micro-
pipette and is left to dry overnight in a covered petri dish to prevent dust accumulation.
The slow drying of the dilute suspension ensures formation of mono-layers of particles
over a few localized regions on the ITO plate. Since, PS particles are non-conducting, the
ITO plate containing the dried suspension droplet is coated with a thin layer of platinum
(2 - 3 nm) to increase the conductivity of the sample, as required for SEM imaging. This
platinum coated sample is then mounted in the sample chamber of the SEM and is imaged

under vacuum.

PS (g) | PVP (g) | AIBN (g) | Ethanol (g) | Water (g) | 2-methoxyethanol (g) | d (um)
14.7 1.44 0.4 78.56 - - 2.76
15.13 1.75 0.24 27.48 - 62.73 1.21

8 2 0.114 62.82 19.94 - 0.59

Table 2.1: Effect of the amount of reactants and solvent type on particle size. Details of
polydispersity are given in Fig. 6.1.

2.3 Sample preparation

In this section, I give the detailed sample preparation methods used in this thesis.
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2.3.1 Dense suspensions with adhesive inter-particle interac-

tions
I disperse Cornstarch (CS) particles (Sigma Aldrich) in a non-polar solvent Paraffin oil
(PO) (SDFCL). The CS particles are amorphous, having a mean-diameter ~ 15 pm

and a polydispersity of 30% . I use SEM images to characterize the CS particle size
polydispersity (see Fig. 2.6).

0.15 T T T T T T

LA ..Wﬂ$m%%A

5 10 15 20 25 30 35 40
d (um)

Figure 2.6: (a) A typical SEM image of dry CS particles. The scalebar is 40 pym. (b)
Histogram shows the particle size distribution estimated from the SEM images using
ImageJ software. 1 first suitably threshold the grayscale image and convert it into a
binary image without introducing any distortion in the image of individual particles.
From the binary image, I calculate the area (A) of the individual particles. Due to the
non-spherical nature of the particles, for our system I define an effective radius of the
particle, 7 = /A and the diameter d = 2v/A.I get mean diameter d = 15 pm and
polydispersity (standard deviation / mean) = 30 %. Error bars indicate the standard
deviation of the four different histograms obtained from different SEM images.

The particles are hydrophilic in nature due to the presence of -OH groups on the surface
[7, 8] and hence they are well dispersed in polar solvents like water. In the absence of
external stress, hard-core repulsion is the only interaction present in the systems like CS in
water (neglecting van der Waals interaction which is always present at very short range).
Under this condition, the system is referred to as a repulsive system. However, when
dispersed in a non-polar solvent like Paraffin oil, the particles form clusters to minimize
the interactions between the surface -OH groups and the hydrophobic solvent, giving rise

to a solvent mediated attractive/adhesive interaction between the particles. This adhesion
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gives rise to a yield stress in the system [9]. The density of CS particles is ~ 1.6 g/cc and
that for the Paraffin oil (PO) is &~ 0.89 g/cc at room temperature. Despite this density
mismatch, for ¢ > 0.22 (which is the adhesive loose packing limit for this system [10]),
the system develops a yield stress and no particle settling is observed over few days in
this volume fraction range.

To prepare the samples, the particles are weighed out and added to the oil in small
quantities. For volume fraction ¢ < 0.3, CS powder is gradually added to the oil and mixed
thoroughly using a magnetic stirrer. For samples with higher ¢ values, a combination of
hand mixing and magnetic stirring is employed to ensure homogeneity of the sample.

I have also studied the following variations in the Cornstarch - Paraffin oil system:

e Cornstarch in Paraffin oil with added surfactant : In order to vary the inter-
particle adhesive interactions in this system, I use a non-ionic surfactant Span®
60 (Sigma Aldrich). By adding controlled quantities of the surfactant, I are able
to systematically tune the adhesion in the system and subsequently study how it

affects the flow properties of the suspensions.

To make the CS suspensions in Paraffin oil with added surfactant, I first weigh
out the required amount of surfactant (in powder form) and then crush it in a
mortar pestle to get rid of big clusters, if any. Next, CS particles are added and
dry mixed thoroughly with the surfactant. After that, the oil is added to the dry
mixture and then the sample is mixed well in the mortar pestle followed by mixing
with a magnetic stirrer till homogenized. All the samples are degassed overnight
under vacuum at room temperature in a desiccator (Borosil)/vacuum oven (Allied

Scientific) before rheology.

Rheological studies verify the effects of adding surfactant on the inter-particle ad-
hesion as shown in Chapter 3 of this thesis. Additionally, I also performed Confocal
Microscopy of the system at high surfactant concentrations as shown in Fig. 2.7.
Details of sample preparation techniques for Confocal Microscopy are provided in
section 2.2.3. When compared with Fig. 2.5, I can clearly see the absence of voids

and a significantly well dispersed particle distribution in this case.

e Cornstarch in Organic oil : Another adhesive suspension studied in this thesis is
formed by dispersing CS particles in a density matched hydrophobic organic liquid
(Cargille labs heavy liquid organic series, Cat. No.: 12410, density = 1.6 £ 0.005

g/cc at room temperature). In this case, both the particles and the liquid have the
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(a) (b)

Figure 2.7: Maximum intensity projection of typical confocal z-stack images inside the
gravitationally settled bed of Cornstarch particles in Paraffin oil with 0.3% (by mass)
added surfactant (Span®60). The magnification is 20X in (a) and 40X in (b).

same density as opposed to the case of CS in Paraffin oil. As explained already,
despite the density mismatch in the CS-PO system, the development of yield stress
prevents any considerable settling for days after sample is left undisturbed. However,
density mismatch could play a role in the flow behavior of the suspension. The
sample preparation method is same as that used for CS in Paraffin oil described

earlier.

2.3.2 Dense suspensions with repulsive inter-particle interac-

tions

For this thesis, I have studied two types of dense suspensions which have primarily repul-

sive inter-particle interactions.

e Cornstarch particles in water and water-glycerol: CS particles are hydrophilic
(as mentioned in section 2.3.1), so when dispersed in either water or water-glycerol
mixtures, I get a well dispersed suspension with inter-particle interactions that are
predominantly repulsive. Water-glycerol mixtures have the added advantage that
the mixture can be prepared to have any desired viscosity in the range Myeer <
Nsolvent < TMGiycerol- Since Viscosity of the solvent in a suspension is a major con-
tributor to the energy dissipated by the system, by varying the solvent viscosity, I
can vary the energy dissipation in the system. I disperse the CS particles in the

desired solvent (water or a water-glycerol mixture) at room temperature (25 °C).
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The suspensions prepared using water-glycerol mixture are sonicated for 20 to 30
minutes after hand mixing to ensure homogeneity. Cornstarch particles undergo
swelling when dispersed in water and water-glycerol mixtures ([11] and the refer-
ences within). I ensured that the time between sample preparation to loading of the
samples for measurements into the rheometer is kept same for all independent runs

to minimize artifacts.

Polystyrene particles in Polyethylene glycol: Suspensions are formed by dis-
persing PS particles (synthesized in our lab) in polyethylene glycol (PEG-400) [12] at
different volume fractions ¢ ranging from 0.4 - 0.6. Details of the particle synthesis
are given in section 2.2.4. Just before loading the sample for rheology measurements,

the suspensions are ultrasonicated for 5 minutes to ensure uniform dispersion. [6]
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CHAPTER 3. YIELDING AND DISSIPATION IN ADHESIVE DENSE GRANULAR
SUSPENSIONS

The results covered in this chapter are published in the article Chattopadhyay et al.,
Communications Physics 5, 126 (2022) [1].

3.1 Introduction

In recent years there have been extensive studies, both experimental and theoretical, to
understand failures in amorphous materials [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23]. Many of these studies are motivated by the generalized
jamming phase diagram describing yielding in a variety of disordered materials based on
only a few control parameters [24]. Dense particulate suspensions have been widely used
as model systems for studying the yielding behavior. Depending on the inter-particle
interactions, these systems show striking non-linear flow properties like, yielding, shear-
thinning, shear-thickening, shear induced jamming [25, 26, 27, 28, 29, 30].

Although, yielding and failure in glassy and gel-like materials formed by Brownian
particles have been widely studied, experiments probing the same in non-Brownian gran-
ular suspensions of rigid particles are very few [31, 32, 33]. Besides being inherently out
of equilibrium, the main complexity arises from the fact that due to the large size of the
constituent particles, flow of granular materials are dominated by contact interactions,
since the stress scale for contact formation (critical onset stress) between two repulsive
particles, ox oc 1/d?® (d: particle diameter) [34] (see Chapter-6 for more details on this).
Moreover, close to jamming, the average surface to surface separation between two par-
ticles becomes negligible compared to the particle size. As a result, van der Waals and
other short-ranged attractive/adhesive interactions become very important for granular
systems [35]. All these contributions make the flow behavior of these systems extremely
complicated.

To cut through the complexity arising due to the frictional and adhesive/attractive in-
teractions between non-Brownian particles, recently proposed constraint rheology models
have been quite successful [36, 37, 38, 39]. In these models, all the interactions are encoded
in the jamming packing fraction for the system, which gradually decreases from the value
obtained in the limit of hard-core steric repulsion as the sliding and rolling degrees of free-
dom for the particles become more and more constrained due to enhanced inter-particle
interactions. Measuring the jamming packing fractions from numerical simulations and
using a generalized version of Wyart-Cates model [40], the framework of constraint rheol-
ogy successfully captures many experimental aspects of yielding in granular systems. The

complex interplay between inter-particle adhesion and friction demonstrated in recent
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experimental studies [37, 38] emphasizes the difference in yielding mechanism in adhe-
sive granular and Brownian systems, despite some superficial similarities in rheological
response. Such difference mainly originates from the inter-particle friction that plays a
far more important role in case of granular systems as compared to their Brownian coun-
terparts. It is also evident from these studies that the existing framework of Brownian
systems is not sufficient to describe yielding in adhesive non-Brownian systems and a fresh

perspective is required.

In adhesive systems, stress induced viscoelastic deformation of fractal clusters can also
play a key role in determining the mechanical properties. Such deformations can reflect
as quasi-reversible strain stiffening response in bulk rheological measurements as has also
been observed in colloidal gels [41, 42, 43]. Importantly, in granular systems, deforma-
tions of fractal particle clusters involve both adhesive and frictional contacts between the
particles. Since, the number of these contacts depends on both applied perturbation and
particle volume fraction, the strain stiffening response should also depend on these param-
eters. However, a detailed study of strain stiffening and its correlation with inter-particle
interactions in the context of yielding in adhesive granular systems is currently lacking.
The origin of such non-linearities also remains beyond the existing theoretical models for
these systems. Such understanding is particularly crucial in the light of the difference in
microscopic mechanism of yielding in colloidal and granular systems as mentioned above.
All these points further signify that the nature of strain stiffening in granular systems
can be quite distinct and the existing studies on colloidal systems are not sufficient to
capture the detailed strain stiffening phenomena in adhesive granular systems. Further-
more, both thermal and athermal systems of attractive/adhesive particles show significant
strain-localization which gets enhanced with increasing strength of interaction, as shown
by recent experimental and simulation studies [44, 45, 46, 47, 48, 49, 50, 51]. However,
any possible connection between strain-stiffening and spatio-temporal variation of veloc-
ity gradients in the system has not been highlighted in these studies. Thus, a complete
picture of the yielding behavior requires the bulk non-linearity and energy dissipation to
be connected to the local strain distribution, particle-scale interactions and irreversibility

in these systems.

In this chapter, I study non-linear mechanics, energy dissipation, and plasticity in
soft solids formed by dense suspensions of Cornstarch particles in Paraffin oil over a wide
range of particle volume fractions and applied strain amplitudes. I show that the normal-
ized energy dissipation and intra-cycle strain stiffening show a remarkable non-monotonic

variation that depends on both strain amplitude and particle volume fractions. To our
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knowledge, such complex behavior has never been reported in the context of yielding in
granular or, colloidal gels. To gain a microscopic insight I experimentally determine, for
the first time, critical jamming packing fractions for the adhesive granular system. These
critical parameters encode complex, many-body inter-particle interactions in the system
and also automatically take into account the amorphous shape of the particles. 1 further
show that these critical parameters can explain the complete flow behavior of the system,

as described in the detailed phase diagram.

3.2 Materials and methods

For our measurements, dense suspensions are prepared by dispersing Cornstarch (CS)
particles in Paraffin oil (PO) at different volume fractions ¢ ranging from 0.15 to 0.44.
Details of the CS particles and sample preparation techniques are given in section 2.3.1.
The Young’s modulus of CS particles is ~ 5 GPa ([52] and references within), so for

the maximum stress scales probed in our experiments (=~ 150 Pa, refer to Appendix of

this chapter), the strain deformation produced in the particle: ~ 1552955 ~ 1078 which is
negligibly small. Thus, the particles can be considered to be rigid.

For density matched adhesive suspensions, I disperse CS particles in a hydrophobic
organic liquid (Cargille labs). I vary the inter-particle adhesion in the CS-PO suspensions
by adding a non-ionic surfactant Span® 60 (Sigma Aldrich) in varying quantities. For well
dispersed suspensions with repulsive inter-particle interactions, I disperse CS particles in
either water or in a water-glycerol mixture having viscosity matched with Paraffin oil at
room temperature (25 °C). In section 2.3, I give the detailed sample preparation techniques
for all these cases and also explain the different inter-particle interactions present in these
systems. Details of the Confocal imaging of CS particles dispersed in Paraffin oil can be
found in section 2.2.3.

Rheological measurements are performed using a stress controlled rheometer (MCR-
702 Anton Paar, Austria). I use sandblasted cone-plate geometry with diameter of 50
mm and cone angle of 2°. The in-situ imaging is done using a Lumenera Lt545R camera
fitted with a 5X Mitutoyo objective. For image analysis, the images are taken at discrete
values of strain amplitude vy with frame rate varying between 1 Hz - 40 Hz. Refer to
section 2.2.1 and [1] for additional details of the experimental setup and geometry used.

I use Large amplitude oscillatory shear (LAOS) protocol for all our rheological mea-
surements in the separate motor transducer (SMT) mode (see section 2.2.1). LAOS

measurements are done at an angular frequency (w) of 0.1 rad/s. The rheometer mea-
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sures the intra-cycle stress and strain to measure the G’ and G” values (first harmonics)
for each data point of the measurement over a strain amplitude range of 0.001 to 2 (I
have also checked over a range 0.0001 to 2 which I show in Fig. 3.2 in the next section).
I acquire 15 data points per decade of strain variation for the strain range of 0.001 to
2 and 12 points per decade for the strain range of 0.0001 to 2. LAOS measurements
also provide higher harmonic values of the moduli. For the rheological measurements on
repulsive systems (using water-glycerol mixture as solvent, see section 2.3.2), an in-house
built humidity chamber is used to prevent solvent evaporation. For LAOS measurements,
after loading the sample in the cone-plate geometry, I wait for the normal force response
from the loaded sample to reach zero before starting the measurements. I observe that
for ¢ < 0.3, the normal force almost immediately goes to zero, but for higher ¢ values, I
have to wait for a few minutes before the normal force vanishes. I find that this protocol
provides a fairly good reproducibility, as seen from the multiple independent experimental
runs (Fig. 3.18(a) and 3.18(b)). Although I did not apply any pre-shear to our samples,
I verified that applying a pre-shear before the measurements does not significantly alter
the results (Fig. 3.18(c)).

Finally, for particle settling experiments, I degas the sample (CS dispersed in Paraffin
oil) and transfer them to 15 mL graduated Falcon tubes very gently. Next, the tubes
are either kept in a vertical position and left undisturbed for 3 weeks (for settling under
gravity) or, centrifuged (Remi, R-8C BL) in a swinging-bucket type holder with rotation
speed varying between 1000 - 2500 rpm for 2 hours. For this range of rotation speeds
and considering slight sample to sample variation in bed heights, I find that the average
acceleration approximately varies between 114g - 711g (g: acceleration due to gravity). I

confirm that in all cases the waiting time is sufficient to get a stable bed formation.

3.3 Results and discussion

For rheological measurements, I perform oscillatory amplitude sweep at a constant fre-
quency (see Materials and methods). I show the variation of Elastic (G’) and Viscous
(G") moduli as a function of strain amplitude (7y) for ¢ = 0.4 in Fig. 3.1(a). The system
remains predominantly elastic (G’ > G”) till intermediate . However, for larger strain
amplitudes, a crossover to fluidization is observed with G” > G’. Interestingly, I do not
find any linear visco-elastic region (where G’ and G” become independent of ;) even for
Yo values as low as 0.0001 (see Fig. 3.2(a)). This implies that some rearrangements are

always present in the system. In fact, I also find an absence of linear response regime
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Figure 3.1: (a) Elastic (G’) and viscous (G”) moduli as a function of applied strain
amplitude vy for Cornstarch particles (CS) dispersed in Paraffin oil for a volume frac-
tion (¢) = 0.4. (b) G’ vs. ¢ for CS in water (black circles) and CS in Paraffin oil (red
squares). The error bars represent the standard deviation of G’ values over the range of
7o indicated by the shaded region in panel (a). The solid lines are fits to the empirical
relation G' = Gy4(¢p — ¢,)* with a = 5.1, ¢; = 0.02 for CS in Paraffin oil and o = 4.6,
¢; = 0.44 for CS in water. Inset shows maximum intensity projection of typical Con-
focal z-stack images for CS in Paraffin oil system inside a gravitationally settled bed.
Scale bar: 150 um. (c) A typical elastic Lissajous plot (orange curve) showing intra-
cycle strain stiffening. The peak stress oy and strain amplitude 7, for the Lissajous plot
are also indicated. Blue bounding box denotes the Lissajous plot for an ideal plastic
material for the same oy and 7y. (d) Variation of dissipated energy density (E) as a
function of g for CS in Paraffin oil (¢ = 0.42), CS in water-glycerol mixture (¢ = 0.48)
and pure solvent (Paraffin oil) as indicated by different symbols. The solid lines indi-
cate £ = m~2 G” and the error bars are the standard deviation from two independent
measurements. (e) Normalized energy dissipation (Ey) as a function of 7 for different
¢ values indicated in the figure. Data points represent the mean values and error bars
represent the standard deviations of at least three independent experimental runs (ex-
cept for ¢ = 0.15, where only two runs are considered).
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for suspensions of CS particles dispersed in a density matched hydrophobic organic liquid
(see Materials and methods, section 2.3.1 and Fig. 3.2 (b)). This indicates that such be-
havior is not caused by density mismatch. This non-linear response is further confirmed
by significant contribution of the higher harmonics of G’ (Fig. 3.3). Interestingly, in some
cases, | observe noticeable even harmonic values, as also reported for highly non-linear
polymeric systems [53]. However, I find that for repeated experimental runs, the average

even harmonic contributions remain negligible compared to the odd harmonics (Fig. 3.3).

To study the effect of inter-particle interactions in controlling the mechanical prop-
erties of the system under small perturbations, I plot G’ values averaged over strain
amplitude range 0.001 < vy < 0.005 (shown by the shaded region in Fig. 3.1(a)) for
different ¢ values in case of both adhesive (CS in Paraffin oil) and repulsive (CS in water)
suspensions in Fig. 3.1(b). I find that the adhesive interactions give rise to significant
elasticity at ¢ values much lower compared to that required for the repulsive suspension
to have a similar elasticity, as has been observed in numerical simulations [47] and other
experimental studies [54] as well. For adhesive inter-particle interactions, contact net-
works comprising of fractal aggregates (see Fig. 3.4 and refer to the Appendix of this
chapter) impart stability to the system for average coordination numbers well below the
Maxwell isostaticity criterion [55]. Using Confocal imaging (section 2.2.3) I indeed ob-
serve such a system spanning porous structure inside a stable bed settled under gravity
(Inset of Fig. 3.1(b)) (See the movies at https://drive.google.com/drive/folders/
1tBpH4at94DK27DMF_6LuBWfIxBLZtDla?usp=sharing and refer to Appendix for movie
description). These porous structures are stabilized by the adhesive interactions to sup-
port their own weight which also explains the origin of bulk elasticity in the system for
volume fractions far below the random close packing limit (=~ 0.56) obtained in the pres-
ence of steric repulsion alone [56]. As expected, I see that such porous structures are not
stable under gravity in presence of steric-repulsive inter-particle interactions alone (Re-
fer to the movies at https://drive.google.com/drive/folders/1tBpH4at94DK27DMF_
6LuBWfIxBLZtDla?usp=sharing and to Appendix for movie description). I observe that
the variation of G’ as a function of ¢ is compatible with a proposed empirical law [54]:
G = Gy(¢ — ¢s)* for both adhesive and repulsive suspensions (Fig. 3.1(b)). However,
I find that the exponent v and the parameter ¢; are different for these two suspensions.
This is not surprising, since, these parameters depend on detailed inter-particle interac-

tions, as also observed earlier [54].

For different ¢ values, I also record intra-cycle stress (o) vs strain () for each data

point of G', G"” vs vy to obtain Lissajous plots. One such plot is depicted in Fig. 3.1(c)
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Figure 3.2: (a) Elastic G" and viscous moduli G” vs strain amplitude -, for Cornstarch
(CS) particles dispersed in Paraffin oil averaged over three independent measurements
(to see the trend clearly at small values of 7y) over 7y range of 0.0001 to 2. The error
bars are the standard deviations. Absence of a linear region for v, values as low as one
order below the range shown in Fig. 3.1 implies that some rearrangements are always
happening in the system, even at very low strains. Right panel shows the typical Lis-
sajous plots (obtained from one of the three experimental runs) at four well spaced g
values indicated by dotted lines. (b) Typical variation of Elastic (G’) and Viscous(G")
moduli as a function of vy for CS particles dispersed in density matched organic lig-
uid (see Materials and methods and section 2.3.1). Right panel shows elastic Lissajous
plots at four well spaced -, values indicated by the dotted lines in G', G” vs 7 plot. 1
see similar non-linear features (strain stiffening and absence of linear region for small
strain amplitudes) for this system as I see for CS in Paraffin oil (Fig. 3.1 and Fig. 3.6).
This indicates that absence of linear region for very small 7, values is a general fea-
ture of such adhesive systems. I would like to also point out that at large strain values,
Lissajous plots look similar in both cases. This is due to the fact that in the fluidized
state, the response is dominated by the instrument’s inertia rather than from the sys-
tem itself. In both cases, volume fraction ¢=0.4.
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Figure 3.3: (a) Relative contribution of the higher harmonics of elastic modulus (G”)
with respect to the fundamental (I,,/I;) as a function of strain amplitude 7, averaged
over 3 independent measurements for Cornstarch (CS) particles dispersed in Paraffin oil
(panel (a)) and in density matched organic liquid(panel (b)) . In both cases, I,,/I; =
|G, /G'| and volume fraction ¢ = 0.4.
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Figure 3.4: (a) A typical Confocal slice of the settled bed of Cornstarch (CS) particles
in Paraffin oil. The boundaries of the 2-D projected particle-clusters (having different
sizes) are marked in yellow. Scalebar: 75 pm. (b) Variation of the projected area (A) of
CS particle clusters obtained from many of such Confocal slices as a function of perime-
ter (P). By plotting the A vs P in log-log scale (refer to the Appendix of this chapter),
I obtain the 2D fractal dimension d; ~ 1.2 from the slope as shown in the figure.
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Figure 3.5: Variation of dissipated energy density (F) as a function of strain amplitude
7o for Cornstarch (CS) particles dispersed in Paraffin oil for volume fraction ¢ ranging
from 0.15 to 0.44.

showing a clear signature of non-linear strain stiffening, when the differential shear mod-
ulus K = 3—3 increases with increasing strain. The area enclosed by the Lissajous
plot gives the intra-cycle energy dissipation per unit volume (dissipated energy density):
E = § o(v)dy. 1 compare the variation of £ as a function of 7, for both adhesive (CS
in Paraffin oil) and repulsive suspensions (CS in water-glycerol mixture) in Fig. 3.1(d).
I observe that E increases monotonically with increasing 7o as well as ¢ values (see Fig.
3.5). Importantly, I see that the dissipated energy for the adhesive system remains several
orders of magnitude higher than that for the repulsive system over the entire strain range.
CS particles are hydrophilic, so when dispersed in Paraffin oil, they form an adhesive sus-
pension (see section 2.3.1). I should note that in both repulsive (CS in water, see section
2.3.2) and attractive/adhesive (CS in Paraffin oil) suspensions, steric repulsion is present
but additionally in case of attractive/adhesive suspensions, the particles stick together
on contact and there is an energy cost to break such contacts. This explains the hugely
enhanced dissipation in the attractive/adhesive system compared to the repulsive one. In
all cases, I find that the analytical expression £ = 7wG"~2 captures the variation of the
dissipated energy accurately (Fig. 3.1(d)). However, I have fitted the corresponding G”
for each 7y. Since for our system, G” is not a constant but decreases with vy roughly as
a power law over the entire range of strain amplitudes (Fig. 3.1(a)), the point by point
fitting is actually using a dependence of E ~ 7 with the exponent o < 2, unlike the case

of pure viscous or linear visco-elastic materials [57] where o = 2.
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Figure 3.6: (a): Normalized energy dissipation Ey vs strain amplitude 7o for volume
fraction ¢ = 0.4. The horizontal black line indicates Ey = EY%, the average small strain
value of Ey. The points for which Ey < E% and Ey > E% are marked with red stars
and blue circles, respectively. The arrows indicate the = values for which the velocity
profiles are shown in (b) and (c). The yield strain value (v,) is also indicated in the fig-
ure. Velocity profiles across the gap between the edge of the top cone and the bottom
plate normalized by the instantaneous maximum velocity (vy) of the moving bottom
plate for vy = 0.04 (panel (b)) and 79 = 0.5 (panel (c¢)). The color gradients indicate
the instantaneous maximum velocity in the sample (approximately equal to the bottom
plate velocity at that instant) during one quarter of an oscillatory applied strain cycle.
The bottom row indicates typical Lissajous plots corresponding to different regions of
the Ey vs 7o curve (marked by vertical dashed lines) shown in panel (a). The corre-
sponding 7y values are also indicated. The error bars in panel (a) indicate the standard
deviations from three independent measurements.
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Figure 3.7: Variation of the yield strain 7, (defined using the normalized energy dissi-
pation Ey, as mentioned in the Results and discussion) and the cross-over strain am-
plitude of elastic (G’) and viscous(G"”) moduli over that range of volume fraction ¢
where En shows a non-monotonic variation with strain amplitude ~y. Error bars in-
dicate standard deviations over three independent measurements. I get very similar
trends (except for ¢ = 0.25), in both the cases. This observation rationalizes our defi-
nition of yield strain in terms of the normalized energy dissipation in the system.

I find that dissipated energy FE, which has a monotonic dependence on both =, and
¢, does not provide much information about the non-linearity in the system, as indicated
by the similar nature of the curves in Fig. 3.5. Thus, to capture the non-linearity and

dissipation in the system over a wide range of parameters, I define normalized energy

dissipation ([58] and references therein), Ey = where o0 is the peak stress corre-

sponding to an applied strain amplitude 7. Phy(;;gally, the quantity 40¢7, denotes the
dissipation for an ideal plastic material as indicated by the blue bounding box in Fig.
3.1(c). I show the variation of Ey as a function of v, over a range of ¢ values (Fig.
3.1(e)). Interestingly, I find a non-monotonic variation of Ey as a function of both ~,
as well as ¢. The decrease in Fy with increasing =, arises due to the strain stiffening
behavior shown by the system (Fig. 3.1(c)). Similar strain stiffening and plasticity is
also observed for the density matched system (Fig. 3.2 (b)) mentioned earlier. These
observations demonstrate that our experimental results for adhesive granular suspensions

are independent of gravity induced effects.

I now take a closer look at the non-monotonicity of EFy to understand the yielding

behavior of the system. Fig. 3.6(a) shows the typical variation of Ey as a function of
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Figure 3.8: (a) and (b) show the space-time plot (in y-t plane) of dimensionless velocity
gradient (indicated by the colourbar) across the shear gap in the system (volume frac-
tion ¢ = 0.4) over a complete cycle of oscillation for strain amplitude vy = 0.04 and
= 0.5, respectively. Here, time ¢ varies from 0 to T (time period of the applied oscilla-
tory strain). For our measurements, 7' ~ 63s. The system undergoes two strain rever-
sals at &~ 16s and & 47s, respectively. (c¢) and (d) indicates the stroboscopic difference
between images captured at v(¢) and y(t + T') for o = 0.04 and ~y = 0.5, respectively.
These results are obtained from the boundary imaging that probes a thin sample layer
near the suspension-air interface.
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7o for the CS - Paraffin oil system (¢ = 0.4). For small 7y , the average value Ey is
denoted by EY%. With increasing 7y, the value of Ey first decreases from EY and reaches
a minimum. At intermediate values of 7y, Ex increases and becomes larger than EY,
finally saturating beyond vy > 0.2 for the higher 7o values (Fig. 3.6(a)). In the region
where Ey < EY,, the system displays a strain stiffening response which disappears in the
region with Ey > EY;, where the mechanical response shows strain-weakening/plasticity
as indicated by the Lissajous plots in Fig. 3.6. For soft visco-elastic solids under an
oscillatory shear, the yield strain is defined by the critical strain amplitude beyond which
the elastic modulus G’ starts to drop from its constant (linear response) value [59]. This
yield point is usually close to the crossover point of G’ and G” (flow point). Since in
our system I do not find a linear response regime even for strain values far below the
flow point as seen in Fig. 3.1(a) (also, Fig. 3.2 (a)), the yield strain in our case cannot
be defined by the conventional manner. Also, as our system is highly non-linear, the
fundamental harmonics (G" and G”) alone are not sufficient to capture the flow behavior
accurately. Hence, I define the yield strain as the strain amplitude (v,) beyond which the
normalized dissipation Ey exceeds E% as indicated by the solid line in Fig. 3.6(a). I find
that ~, comes fairly close to the flow point (Fig. 3.7). Beyond v,, the dissipation in the
system shows a significant increase as shown by the Lissajous plots in Fig. 3.6. Similar
enhancement of dissipation beyond the yielding transition has also been observed earlier

8]

Next, I look at the flow behavior of the system by mapping out the velocity profiles
across the shear gap using boundary imaging during the applied oscillatory deformations.
The schematic of rheology and in-situ optical imaging set-up of the sample boundary
is shown in Fig. 2.1 in Chapter-2. Due to the opaque nature of particles, I can image
only a thin layer of sample near the suspension-air interface. Since I apply an oscillatory
strain, instantaneous velocity of the moving bottom plate vy continuously increases from
0 tO Upmae Over one quarter of a sinusoidal cycle of strain deformation (measured from a
turning point). Here, v,,4, is the maximum plate velocity for a given strain amplitude
V0! Umaz = wYod (d: shear gap, w: angular frequency). I show the velocity profiles across
the shear gap obtained from a single measurement for few discrete values of vy varying
between 0 t0 v,,q, for two different vy values in Fig. 3.6(b) (70 = 0.04) and 3.6(c) (v =
0.5), corresponding to the two phases identified in Fig. 3.6(a). Here, the plane of imaging
is x-y with the flow direction along ‘x’ and velocity gradient along ‘y’ (see Fig. 2.1).
Different vy values are colour-coded as indicated by the colorbars in the figure. Also, as

the variation of vy is significant (0 to Uy,,) it is difficult to show the absolute velocity
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Figure 3.9: Top panel shows a typical sinusoidal strain input from the LAOS (Large
Amplitude Oscillatory Shear) measurements. Points indicated in red and blue are at
the same part of the cycles (here chosen at the turning points) but, separated by one
time period (T) as indicated. The panels (a) and (b) show the images taken at the in-
dicated points (image frame colours correspond to the points on the sinusoidal curve).
Image (c) represents the stroboscopic image which is obtained by taking a difference be-
tween the images shown in (a) and (b). Scale bar represents 150 pm.
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profiles in the same plot for all vy values. Thus, in Figs. 3.6(b) and 3.6(c) the profiles are
normalized using the corresponding vy values. In both the cases I observe strong shear-
banding as also reported for other adhesive/attractive systems [44, 46, 47]. Interestingly,
I also observe that for 79 = 0.04, the velocity fluctuations are neither systematic in space
nor in time (Fig. 3.6(b)), whereas, for 79 = 0.5 such fluctuations are absent and the

velocity profiles become much more self similar, particularly, for the higher vy values (Fig.
3.6(c)).

I now focus on the spatio-temporal distribution of velocity gradients in the system
over a complete cycle of strain deformation. I define a dimensionless gradient given by

the ratio of the local velocity gradient and the average velocity gradient across the shear
dv/dy
vo/d *
Fig. 3.8(a) and 3.8(b), I show space-time plots of the dimensionless velocity gradient over

In

gap (assuming an affine deformation) measured at the same instant of time:

an entire cycle of strain deformation. I consider discrete velocity profiles across the shear-
gap equally spaced in time over one full cycle of sinusoidal strain deformation for vy =
0.04 (Fig. 3.8(a)) and 0.5 (Fig. 3.8(b)), respectively. Here, the horizontal axis represents
the time and the vertical axis represents the position along the direction of the velocity
gradient (Fig. 2.1). The colour-coding represents the strength of the gradient. I observe
that strong local gradients appear in spatio-temporally random locations for vo = 0.04
(Fig. 3.8(a)), but, such gradient distribution remains smooth for 7o = 0.5 (Fig. 3.8(b)),
except for the regions near the boundaries at the turning points. For our experiments, the
time period of one cycle of oscillation T 63 seconds (corresponding to a frequency of 0.1
rad/s). Thus the two turning points (where strain reversals happen) occur at 16 seconds
and 47 seconds, respectively. Remarkably, both below and above yielding, the velocity
gradient over a significant portion of the sample (away from the shearing boundaries)
remains negligible. This is also evident from the slope of the velocity profiles shown in
Fig. 3.6(b) and 3.6(c). This indicates that across the fluidization/yielding transition,
there are coexisting solid-like and fluid-like regions inside the sample. Even deep inside
the fluidized phase at large 7, values, such coexistence remains, with the fluidized regions
confined near the shearing boundaries. It is interesting to note that particularly for higher
~o values beyond yielding, the velocity gradient near the top cone is stronger than that
near the bottom plate (Fig. 3.8(b)) as also observed for other ¢ values. Although, at
high volume fractions (¢ > 0.22) the system forms a yield stress solid, there can still be
a slight asymmetry in the strength of inter-particle contacts induced by the gravitational
stress due to the density mismatch between CS and Paraffin oil. Owing to the slightly

weaker contacts, the suspension near the top cone gets fluidized relatively easily under a
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significant applied shear strain.

Next, I look at the irreversible particle reorganizations in the system by calculat-
ing stroboscopic image difference as obtained from the boundary imaging. Basically, for
a given 7, I calculate the difference between two gray-scale images of the sample-air
boundary across the shear gap captured at time ¢ and ¢t + T (Fig. 3.9). If the strain
deformation inside the sample layer is completely reversible, such difference image should
show zero intensity (within the limits of noise such as dark noise, source intensity fluctua-
tions, etc.) everywhere. On the other hand, finite intensity in specific locations indicates
irreversible particle rearrangements (localized plastic deformations) in the system. I see
from Fig. 3.8(c) and (d) that irreversible rearrangements take place uniformly through-
out the sample below yielding, but such events get strongly localized near the shearing
boundaries for larger strain values above yielding. This behavior is strongly correlated
with the velocity gradient distribution in the system (Fig. 3.8(a) and (b)): the plastic
rearrangements predominantly take place at spatial positions where the local velocity

gradients are significant, as expected.

As mentioned earlier, inter-particle interactions in dense suspensions are extremely
complex and many body in nature, with an interesting dependence on the applied stress.
Recent studies [37, 39] show that jamming packing fractions (¢,) can be used to quantify
such inter-particle interactions. To directly measure the jamming packing fractions for
our system, I use particle settling experiments (see Materials and methods). Although,
to our knowledge, there are no reports of such experiments to understand inter-particle
interactions in adhesive granular suspensions, settling under centrifugation has been used
in earlier studies to obtain insights into the rheological behaviors in repulsive frictional
systems showing shear thickening [60, 61]. The basic principle of such settling experiments
involves an evolution of the system from an under-constrained initial state (a suspension
with relatively lower volume fraction of particles), so that, under a given forcing condi-
tion (gravity/centrifugation) the particle pack can get more and more compact and be
able to evolve towards the jamming packing fraction in the asymptotic/long-time limit.
The jamming packing fraction for a given forcing condition is solely determined by the
inter-particle interactions and is invariant for a given system. The details of the settling
dynamics depends on the initial volume fraction of the under-constraint state and is not
important in this work, as well as, the studies mentioned earlier [60, 61]. In our case, I
denote the average volume fraction inside a stable settled bed for a particular forcing con-
dition as ¢pq that indicates the corresponding jamming packing fraction. Essentially, ¢peq

is the minimum particle volume fraction required to constrain the sliding/rolling motion
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Figure 3.10: (a) Stable settled bed heights obtained under gravity for different surfac-
tant concentrations (c) as indicated in the figure. (b) Same obtained under centrifuga-
tion at a rotation rate of 2000 rpm (ge.ss = 455g, g: acceleration due to gravity). Vari-
ation of the packing fraction inside the settled bed (¢peq) under gravity (panel (c)) and
under centrifugation at 2000 rpm (panel (d)) with increasing surfactant concentrations.
In all cases the initial volume fraction of the sample is 0.2. The value of ¢4 at zero
surfactant concentration under gravitational settling gives ¢qy, as shown in (¢). @peq at
zero surfactant concentration for centrifugal settling gives ¢q, and for high surfactant
concentration at saturation gives ¢, as indicated in (d). In (c) and (d) the error bars
are the standard deviation for four independent measurements.
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Figure 3.11: Images of the settled beds as function of surfactant concentration (c) for
gravitational settling (panel (a)) and centrifugation at 2000 rpm (panel (b)). The pack-
ing fraction inside the beds (¢peq) are also indicated. In all cases the initial volume frac-
tion (¢) of the suspensions is 0.2. Scalebar ~ 6.5 mm.

29



CHAPTER 3. YIELDING AND DISSIPATION IN ADHESIVE DENSE GRANULAR
SUSPENSIONS

10° 10t 10

Time (min)

Figure 3.12: Variation of settled bed packing fraction ¢p.q with time under centrifuga-
tion at 2000 rpm for different starting volume fractions ¢ as indicated.

of the particles against the stress acting on the bed. I show the typical images of stable
settled beds formed under gravity (Fig. 3.10(a)) and centrifugation at 2000 rpm (Fig.
3.10(b)) for different inter-particle interactions tuned by addition of surfactant (also see
Fig. 3.11). I observe from Fig. 3.10(a) that for just CS in Paraffin oil, ¢p.q ~ 0.22 that
corresponds to the adhesive loose packing of the system (¢q,). This value of ¢g, is far
below the volume fraction for random close packing of CS particles having steric-repulsive
interaction [56]. This indicates a highly porous particle arrangement inside the settled bed
for the adhesive system. When I add the non-ionic surfactant (Span-60) to the system,
the hydrophilic part of the surfactant molecules gets adsorbed onto the surface of the par-
ticle while the hydrophobic part easily extends into the Paraffin oil. With the addition of
increasing amount of surfactant, the particle surface is expected to get gradually covered
with enough surfactant molecules so that it becomes hydrophobic (refer to the Appendix
of this chapter). This effectively reduces the solvent induced adhesive interaction between
the particles and makes them disperse better (see schematics in Fig. 3.13) which leads to
a disintegration of the fractal clusters resulting in a more efficient packing of the particles.
As a result, the settled bed height decreases due to more compact particle organization.
In Fig. 3.10(c) I show the variation of ¢4 as a function of surfactant concentration (c) for
gravitational settling. With increasing ¢, ¢peq increases from ¢, (for ¢ = 0) and saturates
beyond ¢ > 0.3 %. Similar trend of ¢peq vs ¢ is also observed under centrifugation (Fig.
3.10(d)), where the effective acceleration (g.ss) is much higher than the acceleration due to
gravity (g) (see Materials and methods). I choose the value of g.ss such that the resulting

inter-particle stress scale is much higher than that probed in the rheology measurements
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(refer to Appendix of this chapter). Under this condition, ¢pq (for ¢ = 0) gives the adhe-
sive close packing (¢,e,) and the saturation at higher values of ¢ > 0.6% gives the random
close packing (¢,¢p) of the system in the limit of hard-sphere repulsion. I find ¢, ~ 0.45
and ¢,., ~ 0.55. This value of ¢,, is close to that reported for CS particles with repulsive
interactions [56]. I also confirm that the obtained values of ¢,., and ¢,., are not sensitive
to the starting volume fractions (see Fig. 3.12) and the different g.rs values that I use.
Such invariance further indicates that jamming packing fractions are directly correlated
to the inter-particle interactions in the system, as mentioned above. From Fig. 3.10(c)
and (d), I find that the change in ¢peq as a function of surfactant concentration is much
more abrupt under gravitational settling as compared to settling under centrifugation.
A possible explanation can be that for the minimum amount of added surfactant, under
gravitational settling the average coordination number of particles inside the settled bed
(which depends on the jamming packing fraction, see for example, Ref. [39]) remains
much lower compared to that for settling under centrifugation. Thus, beyond the critical
surfactant concentration a sudden compaction is possible for gravitational settling due
to lack of constraints for particle rearrangements (due to lower coordination number).
However, owing to the higher coordination number, such sudden compaction is not pos-
sible for settling under centrifugation and compaction happens only gradually. However,

understanding the detailed microscopic dynamics needs future studies.

Our ability to tune the inter-particle interactions enables us to investigate the role
of adhesion on the observed non-linear strain stiffening and the energy dissipation in
the system. In Fig. 3.13, I show the schematics depicting how the fractal clusters of
the hydrophilic particles disintegrate and finally disperse in the hydrophobic solvent with
increasing surfactant concentration. From rheological measurements, I find that increasing
the amount of surfactant causes a dramatic reduction of the energy dissipation (F) in the
system (Fig. 3.14). I show the variation of Ey vs 7 for ¢ = 0.35, with different surfactant
concentrations (c¢) in Fig. 3.13. Remarkably, I find that the non-monotonic behavior of
En completely disappears with the addition of sufficient amount of surfactant (see Fig.
3.13) implying that strain stiffening also goes away under this condition (shown in Fig.
3.15). This observation further confirms that adhesive interactions give rise to the non-
linear strain stiffening in the system through the shear induced deformation of fractal
particle clusters. Moreover, with increasing values of ¢, the velocity across the shearing

gap also approaches a linear profile from a shear-banding one (Fig. 3.16).

Finally, I summarize our results for the CS in Paraffin oil system using a generalized

phase diagram in Fig. 3.17. For lower values of ¢ (below ¢y,), gravitational settling forms
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Figure 3.13: Schematics showing the gradual dispersion of fractal clusters with increas-
ing surfactant concentration (top row). The adsorption of the hydrophilic heads of the
surfactant molecules on the particle surface is also indicated. Variation of normalized
energy dissipation Ey as a function of strain amplitude ~, for volume fraction ¢ = 0.35
for increasing surfactant concentration as indicated (bottom left panel). Here, the error
bars indicate standard deviation for two independent experimental runs.
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Figure 3.14: Variation of dissipated energy density (F) as a function of strain ampli-
tude 7o for volume fraction ¢ = 0.35 with increasing concentration of surfactant (c).
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Figure 3.15: Elastic Lissajous plot at an intermediate value of strain amplitude 7 dur-
ing the LAOS (Large Amplitude Oscillatory Shear) measurement for volume fraction
¢ = 0.4 without surfactant (panel (a)) and with a surfactant concentration ¢ = 0.4 %
(panel (b)). I see that with the addition of sufficient amount of surfactant, the stress
values dramatically drop and also the strain stiffening behaviour completely disappears.
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Figure 3.16: Velocity profiles across the gap between the cone and the plate normalized
by the instantaneous maximum velocity of the sample (near the moving plate beyond
the plate roughness) for sample volume fraction ¢ = 0.4 with surfactant concentration
¢ = 0.4 % at strain amplitude (a) v = 0.1 and (b) 7y = 0.5. The colour gradient indi-
cates the instantaneous plate velocity vy during an oscillatory applied strain cycle.
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Figure 3.17: Schematics showing the configurations under gravity for different volume
fractions (¢) of CS in Paraffin oil during the rheology measurements. (a) For ¢ < ¢,
the adhesive particle contacts (red solid lines) cannot span the entire gap due to set-
tling. (b) dup < & < ¢aep contact networks span the gap. In this region, the system
forms load bearing chains under extension but not along the compression direction. For
even higher ¢ values (panel (c)), such compressive force chains (dashed black lines) sta-
bilized by inter-particle friction can also form. The shaded region midway from both
the plates (panels b and c) indicate the solid-like region inside the sample. These sce-
narios are summarized in a phase diagram in panel (d) in the parameter plane of ¢

and strain amplitude (7). Different regions are marked based on the rheological re-
sponse of the system. For ¢ < ¢4, I get a viscous behavior (light blue circles) over
the entire range of . For ¢y, < ¢ < e I observe a non-monotonic strain re-
sponse of Fy related to the stretching and breaking of particle chains. The data points
shown by green triangles indicate the region where Ey ~ EY; red stars indicate the
region where Ey < E% and strain stiffening is observed; light blue circles mark the
region of Ky > EY where the system shows progressively larger dissipation. Such non-
monotonicity disappears (dark blue diamonds) near ¢ — ¢, where Ey > EY; for all
values of vy. ¢ = ¢, indicates the random close packing for CS particles in the limit
of hard-sphere repulsion. For ¢ > ¢,.,, the system is isotropically jammed. The critical
volume fractions @up, Pacp and ¢, are obtained from the particle-settling experiments.
The error bars at the strain stiffening boundaries are estimated from the standard devi-
ation of three independent measurements indicating fuzziness associated with the strain
stiffening boundaries.
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a bed of particles near the bottom plate and a solvent layer is observed near the top cone
of the rheometer, as shown by the schematic Fig. 3.17(a). The contact networks formed
by the particles cannot span the entire gap between the shearing cone and plate, and
the system behavior remains viscous dominated over the entire range of strain amplitude
(Fig. 3.17(d)). However, for values of ¢ larger than ¢, the settled particle bed can span
the entire shear-gap (schematic Fig. 3.17(b)). The system develops a finite yield stress
like a soft visco-elastic solid. In the regime ¢ > ¢ (but well below @), the system
shows significant resistance in response to applied strain due to the stretching of adhesive
contacts, however, ¢ is still low enough to not support system spanning force chains along
the compression direction. Here, the system transforms from a quasi-linear visco-elastic
solid to a strain-stiffening solid (Fx < E<) and finally to a viscous/plastic material (Ey >
EY;) with increasing 7y, as shown in Fig. 3.17(d). I note that the strain stiffening does
not take place for 79 < 0.003 (Fig. 3.17(d)). This indicates that significant deformation of
the fractal clusters are required for the observed strain stiffening response. Interestingly,
the strain stiffening disappears for ¢ values close to ¢g,. For such high volume fractions,
the system spanning force chains can also form along the compression direction (Fig.
3.17(c)) [37, 56]. Thus, strain deformations give rise to considerable frictional interaction
between the particles. This results in an enhanced dissipation masking the strain stiffening
response. This explains the fact that despite significant adhesive interactions, Ey remains
higher than ES in this regime. Although, strain stiffening has been reported for colloidal
gels formed by Brownian particles [41, 43] such complex non-monotonic variation of strain
stiffening as a function of both strain amplitude and particle volume fraction have never
been observed for these systems. I also observe that close to ¢, sample mixing becomes
extremely difficult and sample appears almost dry. Due to this I can not experimentally
probe the regime ¢ue, < ¢ < ¢pep (Fig. 3.17(d)). Based on our present statistical accuracy,
the complex nature of the phase boundaries seems to be a genuine feature of the system.
Nonetheless, in future an improved statistical accuracy by considering much larger number
of independent experimental runs and varying system sizes can reveal the nature of the
phase boundaries more accurately. I want to reemphasize that the complex dynamics
originating from the stretching/breaking of adhesive contacts and formation of frictional
contacts take place near the shearing boundaries, while the bulk of the sample moves like
a solid-plug as pointed out in Fig. 3.17(b) and (c). This is a major new addition to the

recent physical picture of the flow behavior in similar systems [37].
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Figure 3.18: Variation of normalized energy dissipation (Ey) as a function of strain
amplitude ~, for six independent measurements (gray lines) along with the average of
these six measurements (thick red line) for Cornstarch (CS) in Paraffin oil with vol-
ume fraction ¢ = 0.35 (panel (a)) and ¢ = 0.4 (panel (b)). (c) Variation of Ey vs 7
in the presence and absence of pre-shearing. For the pre-sheared data, average is taken
between 3 independent measurements. For each measurement, I performed two LAOS
runs on the same loading of the sample with a 100s interval in between when the sam-
ple was left undisturbed (see Materials and methods). So, the second LAOS run gives
the pre-sheared data. The red curve (measurements with no pre-shearing) is obtained
from the measurements shown in panel (b). For both these data error bars indicate
standard deviations.

3.4 Conclusion

I study yielding and energy dissipation in granular suspensions of adhesive frictional parti-
cles. I find that the normalized energy dissipation Ey shows an interesting non-monotonic
dependence on both applied strain amplitude (79) and volume fraction (¢). I show that
such non-monotonic behavior is intimately linked to the interplay between interparticle
adhesion and friction in the system. From optical imaging, I observe strain localization
and random spatio-temporal fluctuations in local velocity gradients. Using stroboscopic
image sampling, I demonstrate a direct correlation between such fluctuations and irre-
versible particle rearrangements. Interestingly, the non-monotonic variation of Ey for
intermediate 7, values is similar to that observed for variation of system energy in poorly
annealed glasses [8, 62, 63], where the applied oscillatory strain can mechanically anneal
the system which can compete with the initial thermal annealing. However, contrary to
the numerical studies mentioned above, for our system I observe non-monotonicity in a
derived quantity Ey, but, the dissipated energy density (E) remains monotonic in g
(Fig. 3.1(d)). Furthermore, I do not observe any increase in the bulk rigidity of the sys-
tem for intermediate strain values as confirmed by the steady drop in G’ with increasing

70 (Fig. 3.1(a)). This indicates that the nature of non-monotonicity observed in Ey is
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different from that observed in numerical studies on poorly annealed glasses. I also find
that pre-shearing (mechanical annealing) does not have an effect on the non-monotonicity
of Ex (Fig. 3.18). However, possible connection between the observed non-monotonicity

in glassy and adhesive granular systems needs more detailed exploration in future.

A salient feature of our study is that I directly measure the critical jamming pack-
ing fractions using particle-settling experiments. Remarkably, I show that the critical
jamming packing fractions, estimated from these experiments, successfully capture the
essential physics behind the different flow regimes observed over a wide range of volume
fractions and applied strain amplitudes. For particle settling experiments, density mis-
match between the particles and the solvent is required. However, the striking rheological
response like, non-linear strain stiffening and plasticity is found to be quite a general

feature of adhesive granular suspensions which are unaffected by gravitational effects.

I find, using stroboscopic imaging, a clear difference between irreversible particle ar-
rangements above and below yielding: below yielding such events happen throughout the
system, whereas, above yielding they remain confined near the boundaries. To our knowl-
edge such difference has not been reported in the context of yielding in adhesive granular
suspensions. Furthermore, existing theoretical models generally assume a system-wide
fluidization beyond yielding which need not be true always, as I clearly demonstrate
from the coexisting solid- and fluid-like regions in these systems. Thus, our experiments
put additional constraints on the recently proposed models [36, 37] of yielding in adhesive
granular suspensions. As mentioned earlier, boundary imaging can probe only a thin layer
of the sample near the suspension-air interface. It will be interesting to extend similar
stroboscopic analysis for the entire system in three-dimension. For this, one can con-
sider techniques like ultrasound velocimetry as mentioned in [44]. However, this remains

outside the scope of the present study.

The non-linear strain stiffening observed for intermediate applied strain values is rem-
iniscent of similar phenomena in semiflexible biopolymer networks [64] and colloidal gels
forming strand-like structures [41, 43]. Using fluorescently labeled CS particles, I indeed
observe system-spanning network-like connected structures formed by fractal clusters of
adhesive particles. Thus, for intermediate packing fractions, the strain stiffening can take
place due to the stretching of these contacts for moderate strain values, but larger ap-
plied strains can break the contacts giving rise to enhanced plasticity and dissipation.
Addition of surfactant inhibits the adhesive interactions and thus disrupts the formation
of such system spanning connected structures. Consequently, no strain stiffening is ob-

served. Importantly, the nature of strain stiffening and its complex dependence on both
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strain amplitude and particle volume fractions, as observed here for the granular systems,
is distinct from that reported for colloidal gels. This is not surprising in view of the
difference in yielding mechanism in these two classes of systems as highlighted in recent
studies [37, 38]. However, a detailed phase diagram over a large parameter range similar
to our study is currently lacking for colloidal gels which remains an interesting future
direction. It is important to note that the presence of surfactant molecules on the particle
surface not only reduces the interparticle adhesion, but can also significantly modify the
interparticle friction coefficients. However, quantifying such effects in our system remains
an interesting future challenge.

Our study provides a complete picture of flow and yielding behavior in dense granular
suspensions of adhesive amorphous particles and can have important implications for both

theoretical as well as experimental studies in future.

3.5 Appendix

3.5.1 Appendix-1: Movie description

20X: In this movie, I show an animation of the reconstructed 3D images (obtained from
the maximum intensity projection for each image in the z-stack) of CS in Paraffin oil
without (left panel) and with 0.2 % surfactant (right panel) under 20X magnification. In
both the cases, the initial volume fraction of CS is 0.05. The z-stack images were captured
using a confocal microscope with a z-spacing of 0.68 pum once the particles are settled to
form a stable bed. Since the intensity of the images gets reduced with increasing depth
due to the opaque nature of the particles, gamma and brightness/contrast correction was
applied to the images before the 3D reconstruction. It can be seen that the thickness
of the 3D volume is more for the adhesive system (without surfactant) as compared to
that for the repulsive system (with added surfactant). This confirms our hypothesis that
once the inter-particle adhesive interaction is removed, the particle strands can no longer
sustain their weight and hence collapse to form a more uniformly distributed bed. The
2D distribution of the particles in the x-y plane (as seen from the starting images in the
animation) shows a very uniform distribution in the repulsive case (with surfactant) as
compared to the adhesive case (without surfactant) where clear particle aggregation and
void formation can be observed.

40X: In this movie, I show an animation of the reconstructed 3D images of CS in oil

system without (left panel) and with surfactant (right panel) under 40X magnification.
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Other parameters are same as for the movie 20X. Once again the thickness of the 3D
volume is more in the case without surfactant (the adhesive system) as compared to the
surfactant case (the repulsive system). The 2D image of the particle distribution in x-y
plane with the higher magnification shows the structural heterogeneity in the adhesive

case even more clearly than that observed with 20X.

3.5.2 Appendix-2: Calculation of fractal dimension

Due to the large refractive index mismatch between the Cornstarch particles and Paraffin
oil, T cannot look deep inside the 3-D particle packing (inside the settled bed) using
Confocal imaging. Also, due to the large size of the particles (avg. diameter ~ 15 pm),
standard light scattering techniques are not feasible to determine 3-D fractal dimension
in our system. As mentioned in [65], the fractal morphology in 3D systems only extends
upto a microscopic cutoff length scale, beyond which the system follows a R?* dependence.
To quantify the fractal nature of the system keeping the above mentioned constraints in
mind, I use Confocal imaging to determine the 2-D fractal dimension. From the Confocal
slices obtained from z-stack I find out relation between the projected area (A) and the
perimeter (P) for many different cluster sizes. For non-fractal assemblies A ~ P? whereas
for fractal systems A ~ P% with d; < 2. I show the log-log plot of A vs P in Fig. 3.4
where I observe a power-law behaviour. The slope of the curve gives the fractal dimension

dy. From Fig. 3.4 I get dy ~ 1.2, indicating the fractal nature of the system.

3.5.3 Appendix-3: Calculation of average stress scale inside the
settled bed

To estimate the average inter-particle stress inside a stable settled bed, I consider the total
stress acting on a Cornstarch (CS) particle at the mid-point (point ‘O’) of the settled bed
(along the length of the tube). Here, I assume a uniform distribution of CS particles
inside the settled bed. The total stress on a particle at ‘O’ has two contributions: stress
acting on a particle at this point assuming the particle to be isolated and the stress due
to part of the bed above it (for gravitational settling) or, the part towards the axis of
rotation (for settling under centrifugation).

Considering a typical case of centrifugation, the distance of the mid-point of bed from
the axis of rotation is R = 15.17 cm. The length of half of the settled bed is [ = 1.77 cm.
The distance of the center of mass of the part closer to the axis of rotation compared to
the point ‘O’ is Ry = R—1/2 = 14.3 cm. T use Rog = 7.5 um (refer to section 2.3.1) as
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the average particle radius, and the rotation speed w ~ 209 rad/s (converted from 2000
rpm). The density of CS and Paraffin oil (PO) is 1.6 g/cc and 0.89 g/cc respectively. The
volume fraction of the starting sample is 0.2, however, after centrifugation the volume
fraction inside the bed is found to be ¢p.q = 0.44.

So, the stress on the free particle is jsoiated = %Rcs(pcs — pPpPO) w?R and that due
to half of the bed above is oyeq = [ (pos — ppo) w?Ridpeq. The total stress value T get
is 35 kPa which is much higher than the maximum stress I observe in our rheological
measurements (= 150 Pa) for the sample with the highest volume fraction (¢ = 0.44).

Similarly for gravitational settling, the stress on the isolated particle is Gisoiated =
%ch(p(;g — pro)g and stress from the half of the bed on top is 0avity = l(pcs — pro)g,
the sum of which comes out to be 123 Pa (I use g= 9.8m/s?).

In both the cases of settling under gravity and centrifugation, I find that the contri-
bution from the isolated particle is negligible in comparison to the contribution from the

part of the settled bed that comes into play.

3.5.4 Appendix-4: Estimation of the surface density of surfac-

tant molecules

As mentioned in the Results and discussion, with the addition of sufficient amount of sur-
factant, the adhesive interaction between the Cornstarch (CS) particles gets eliminated.
I use the non-ionic surfactant Span-60 which has a molar mass of 430.62 g. For simpli-
fication, I assume CS particles to be spherical with a radius (R¢g) of 7.5 um (see Fig.
2.6).

For a given volume of CS (Vig) and Paraffin oil (Vpo), volume fraction of the suspen-

sion (¢ = %) From Vg I calculate the number of CS particles: Ngg = gflggcs. Now,

using the surfactant concentration (c), I get the total mass of the surfactant molecules

mg
mgs+mcs

mes = p Vos and p = 1.6 gm/cc, the density of CS particles. From this I get the total,

(mg) from the relation ¢ = , where mcg is the total mass of CS particle. I note,

number of surfactant molecules (Ng) as ™$X84 (N4: Avogadro Number). So I calculate
the number of surfactant molecules per CS particle as N = NN—CZ and the average surface

density as ﬁ.

[ estimate N and the average surface density (I') of the surfactant molecules on the
particle surface in the following three cases: first when the surfactant concentration is
just enough to start reducing the adhesive interaction between the particles. From Fig.

3.10(d) I see that this happens at a surfactant concentration of 0.09% (where the settled
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bed packing fraction begins to increase from ¢, value). At this concentration of surfac-
tant, for a starting volume fraction of 0.2, I get N = 3.6 x 10° and T" = 5 x 10®/um?.
Next I calculate the surfactant density at a concentration of 0.6% (Fig. 3.10(d)) which is
the minimum c required for the settled bed packing fraction to just reach ¢,.,. This is the
minimum surface coverage of the surfactant molecules that is just enough to completely
suppress the adhesion between the particles. Under this condition, for a starting volume
fraction of 0.2, T get N = 2.4 x 10'° and I = 3.4 x 107 /um?.

Lastly, I calculate the surfactant coverage for volume fraction 0.35 at a surfactant concen-
tration of 0.18% (Fig. 3.13). At this coverage, I no longer get a non-monotonic variation
of Ey. This coverage should be somewhere in between the previous two cases described
above. T get N = 6.7 x 10° and T = 9.4 x 10°/um?, which is indeed between the two

limits as expected.
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CHAPTER 4. MECHANICAL MEMORY FORMATION IN ADHESIVE
GRANULAR GELS

All the results presented in this chapter are published in Chattopadhyay and Majum-
dar, J. Chem. Phys. 156, 241102 (2022) [1].

4.1 Introduction

Far-from-equilibrium systems can retain an imprint of past perturbations. Such memory
retention is a common feature of many soft matter systems as explained in section 1.4.3.
Significant recent interest has been on the memory formation in amorphous solids [2, 3,
4, 5]. Despite the diversity in microscopic details, presence of long-range correlations and
complex energy landscapes, these materials show very similar localized rearrangements
under stress. Each of such rearrangements can be thought of as a transition between two
local energy minima of the system [6, 7]. Interestingly, these systems can also reach a
steady state under cyclic deformations encoding a memory of the deformation amplitude.
The approach to a steady state and memory formation in amorphous solids under cyclic
shear has been demonstrated in numerical simulations of glassy and frictional granular
systems [2, 3, 8, 9, 10, 11, 12]. Experimental studies have explored memory formation in
soft glassy systems in both 2-D [4, 5, 13, 14] and 3-D [15], colloidal gels [16], cross-linked
biopolymer networks [17, 18] . Many of these systems also have the ability to remember
multiple inputs even in the absence of external noise.

The signature of the memory formed under cyclic shear is reflected as a sudden increase
in particle Mean Square Displacement (MSD) as the readout strain crosses the training
strain amplitude marking an onset of irreversibility in the system. However, the effect of
such reversible-irreversible transition on the mechanical properties of the bulk material
has rarely been explored. Experiments on dilute non-Brownian suspensions [19] and a
soft glassy system of 2-D bubble raft [5] reports that encoding memory induces only a
small change in shear modulus of the system. These observations indicate a limitation of
widely tuning the material properties using an imposed training.

In this chapter, I report strong memory formation in an amorphous solid formed by
dense granular suspensions of Cornstarch particles in Paraffin oil. I find that memory
can be encoded for a wide range of strain amplitudes both above and below yielding.
Remarkably, such memory effect is directly reflected as a sharp change in the differential
shear modulus of the system. I observe that in the case of consecutive training with the
strain amplitudes v; < 75 < ... < 7,, only the memory of largest amplitude 7, is retained.
However, if the system is trained with a smaller strain amplitude ~;(< ,) at the end of

the training sequence, then the memory of ~; can also be encoded. I show that such strong
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memory originates from a training-induced non-trivial coupling-decoupling dynamics of
the solid-like region inside bulk of the sample with the shearing plate via high shear rate
bands near the boundaries. I also demonstrate the crucial role played by the inter-particle

adhesion in forming such strong mechanical memory.

4.2 Materials and methods

For all our experiments, dense suspensions are prepared by dispersing Cornstarch (CS)
particles (Sigma Aldrich) in Paraffin oil at a volume fraction (¢) = 0.4. Details of the
particles and sample preparation are given in section 2.3.1. I use a MCR-702 stress
controlled rheometer (Anton Paar), in separate motor transducer (SMT) mode, with
sandblasted cone and plate geometry (C-P) for all our measurements (see section 2.2.1).
The diameter of both cone and plate = 50 mm and the cone angle ~ 2°. I do not pre-
shear the samples after loading as the pre-shearing can also encode some memory in the
system. I use the in-situ boundary imaging setup with a CCD camera (Lumenera) with
a 5X long working distance objective (Mitutoyo) to capture the particle dynamics during
the experiments (see section 2.2.1). Images are captured at a rate of 4 Hz with a resolution
of 1000 x 2000 pixels? for all the measurements. For varying the adhesive interaction in
the system, I use the non-ionic surfactant Span©60. More details about the system and

the experimental set-up can be found in section 2.2.1 and [20].

4.3 Results and discussion

To train the system, I apply 300 cycles of a triangular-wave strain deformation with
amplitude 7 at a constant strain rate of 0.01 s7!, as shown in Fig. 4.1(a). At this shear
rate, the Reynolds Number Re << 1, indicating that inertial effects can be neglected. I
use different colors to indicate the cycles in the beginning (magenta) and in the end (blue).
In Fig. 4.1(b) and (c), I show the resulting intra-cycle stress (o) as a function of number
of cycles (N) for yr = 0.02. I notice that the peak stress (opeqx) shows a systematic drop
in the beginning (Fig. 4.1(b)) whereas near the end, it saturates to a steady state value
of = 15 Pa (Fig. 4.1(c)). Similar behaviour is also observed for other yr values (Fig.
4.1(d)). From Fig. 4.1(d) I also see that ope. for any N value decreases with increasing
~v7. This is related to the strain softening behaviour of the system: shear moduli G’
and G” decrease with increasing strain amplitude as shown in Fig. 4.2. I note that the

nature of the stress waveform also evolves with N. This is more clearly observed from the
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Figure 4.1: (a) Triangular wave strain deformation applied to the system for 300 cy-
cles with a strain amplitude v as indicated in the figure. The magenta color indicates
cycles 1-6 and the blue color indicates cycles 295-300 as shown. (b) and (c) show intra-
cycle stress (o) vs number of cycles (N) corresponding to the regions mentioned in (a)
for vp = 0.02. The dotted lines correspond to the peak stress (0peqr) for N = 1 (panel
(b)) and N = 295 (panel (c)) showing that o,e; drops with increasing N in the begin-
ning of the training, but finally saturates. (d) Variation of o,e.; with N for different vz
values as indicated. The data is averaged over at least 3 independent measurements and
error bars are the standard deviations. (e) Lissajous plots showing normalized intra-
cycle stress (0/0pear) vs. strain (7y) for few discrete N values. The arrow indicates in-
creasing values of N.

variation of normalized o vs. 7 (Lissajous plot) in Fig. 4.1(e). Out of total 300 cycles,
I show the Lissajous plots for only a few discrete N values. I observe from Fig. 4.1(e)
that starting from a quasi-linear visco-elastic response for small values of N, the system
gradually shows a highly non-linear response for larger N values, approaching a steady
state. Also, as I go to larger N values, the slope of the Lissajous plots remains negligible
for v << v however, near 7, the slope increases sharply. This indicates the development
of plasticity and strain-stiffening behaviour under training. Similar behaviour has also
been observed for colloidal gels and cross-linked biopolymer networks under cyclic shear

17, 21].

Now, to see if the system encodes memory of the training amplitude, I apply a readout
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Figure 4.2: Variation of Elastic (G’) and Viscous (G”) moduli as a function of applied
oscillatory strain amplitude (). The dashed line indicates the strain value for the
crossover of G and G” (yield strain), implying an onset of fluidization of the system.
Here, I have used a sinusoidal waveform with angular frequency w = 0.1 rad/s. I found
that the value of yield strain remains independent of w (I have checked over the range
0.05 to 0.5 rad/s). The yielding onset obtained from the normalized energy dissipation
[20] using triangular wave is in the same range as the yield strain obtained from the
amplitude sweep data, as shown in this figure. Thus, in our case the nature of the im-
posed waveform does not affect yielding significantly (not shown).

after 300 cycles of training. The readout is a triangular wave pulse having the same strain
rate of 0.01s™! but with an amplitude vz = 277 as shown in Fig. 4.3(a) (top panel) for
vr = 0.02. I plot o vs 7 of the readout cycle for v = 0.02 in Fig. 4.3(b) (top panel, red
curve). I observe a sharp change in the slope of o as I cross v = 7. For comparison, I
apply the same readout to an untrained sample (Fig. 4.3(a), bottom panel) and plot the
corresponding o vs. v in Fig. 4.3(b) (top panel, black curve) where I do not observe any
such change. This difference is more clearly reflected in the differential shear modulus of
the system K (= %) vs. 7 as shown in Fig. 4.3(b) (bottom panel): the trained sample
shows a sharp peak in K with value K., at 7 = 7, indicating that the system encodes a
strong memory of the training amplitude which can change the differential shear modulus
of the system by a huge amount. In our case Kpear >> Kpaseline (With Kpgserine as the value
of K at strain values slightly away from ~r, where K varies relatively slowly), whereas
for earlier studies [5, 19] Kpear ~ Kpaseline, further highlighting that memory formation
is much stronger in our case. Additionally, I find that once the system is trained at a
particular v, any memory of v < 7p gets erased (Fig. 4.4). I discuss the possibility
of encoding multiple memories in our system later in this chapter and in more detail in
Chapter-5. I also find that the signature of encoded memory stays essentially the same,

even when the readout is taken after 1000 s, implying that the relaxation of the structures
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Figure 4.3: (a) Top: Training and readout protocol with v = 0.02 and vz = 0.04, re-
spectively. Bottom: Protocol of applying a single readout pulse (7 = 0.04) without any
training. (b) Top panel: Stress (o) vs strain(vy) plots obtained from the readouts shown

in (a) with training (in red) and without training (in black). Bottom panel: The cor-

responding differential shear moduli K = ?TU vs. v with same colour coding as the top
vy

panel. (c) Variation of K vs. 7 for a wide range of 7 values as indicated in the legend
with arrows indicating the position of the peak of K for different yr values. Each data
set is averaged over at least 4 independent measurements. Error bars are the standard
deviations.

supporting the memory is very slow. (see Appendix of this Chapter).

To inspect the effect of training amplitude on the strength of memory formation, I
encode and readout the memory for a range of yr values. For each v I use a fresh loading
of the sample. In Fig. 4.3(c), I plot average K vs. =y for various 7 values. I find a steady
drop in the strength of the memory (quantified by the peak values of K) as yr increases.
In fact, beyond yp = 0.1, Kpeqr is significantly lower, albeit still present. This value of
vr is close to the fluidization/yielding onset of the system (Fig. 4.2). Thus, in contrast
to 2-D soft glassy system [5], T do not find any enhancement of memory effect near the
yield point.

So far I have established that the encoded memory gets reflected as a large change in
the value of differential shear modulus of the system. In order to understand the mech-
anism behind this striking behaviour, I perform in-situ optical imaging (in the flow(X)-

gradient(Y) plane). Details of the set-up can be found in section 2.2.1 and also in [20]. A
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Figure 4.4: The system is first trained at strain amplitude vy = 0.07. Immediately after
this, the system is continued to be trained at v = 0.14 for a total of N = 20 cycles.

I plot the intra-cycle stress (o) vs. strain () obtained for N = 1 (orange curve) and

N = 20 (green curve) for y7 = 0.14 in (a). Corresponding K vs. «y plots are shown in
(b). I see that while N = 1 shows a signature of memory at v = 0.07, there is no such
signature for N = 20. Thus, the memory of the lower vy = 0.07 gets completely erased
within just 20 cycles of training at the larger strain vy = 0.14. Dashed vertical lines
indicate vz = 0.07.

typical image is shown in Fig. 4.5(a) where the bright speckles correspond to CS particles
which protrude out of the suspension-air interface. Internal connectivity of the fractal
network, giving rise to solid-like yield stress in the system, stabilizes such protruding
particles against the stress due to surface tension. I map out the velocity profile across
the shear-gap using Particle Imaging Velocimetry (PIV) during the training and readout
experiments as shown in Fig. 4.6. I observe that except for narrow regions of high shear
rate close to the shearing boundaries, the bulk of the sample moves like a solid plug with
negligible velocity gradient. I use Kymographs to map out the space-time variation of the
speckle distribution at different locations inside the sample acquired during training and
readout experiments. For this, I first consider a series of images equally spaced in time.
Then I choose a fixed line segment along the direction of shear (X-direction) (see Fig.
4.5). The velocity gradient is along the Y-direction. Thus the segment represents a fixed
value of y = yy. The 2-D representation of the intensity distribution I(x,yo,t) of the line
segment as a function of space and time gives the Kymograph. Interestingly, if a relatively
bright speckle (representing a protruding particle at the suspension-air interface) moves
along the chosen fixed line under shear and the line always contains the position of the

speckle , then the Kymograph can directly represent the particle trajectory (Fig. 4.7).
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Figure 4.5: (a) A typical boundary image of the sample with the X-axis along the di-
rection of flow and Y-axis along the gradient. Three points: A (on the plate), B and

C (inside the bulk of the sample) indicated by boxes denote the location of the bright
speckles for Kymograph analysis. The displacements of the bright speckles during the
course of training are contained in the corresponding dotted lines. Corresponding Ky-
mographs (for vy = 0.07) are shown in panel (b) for the first 10 (N: 1 - 10) and last 10
(N: 291 - 300) training cycles, as indicated. (¢) Kymographs corresponding to the last
training (N = 300) and the readout cycle for the point A (bottom panel) and B (top
panel). Dashed lines indicate a change in slope of the particle trajectory as the readout
strain crosses yr. Scale bar in (a) denotes 100 pm.

I consider Kymographs at three different locations: 1. on the moving plate (Region
A), 2. inside the solid-like region close to the moving plate (Region B), and 3. inside the
solid-like region close to the static cone (Region C) (see Fig. 4.5(a)). All these regions
contain atleast one dominant bright speckle (indicated in the figure by square boxes)
whose trajectory can be tracked during the training and readout. I show in Fig. 4.5(b)
the Kymographs corresponding to these regions for the first 10 (N = 1 - 10) and last 10 (N
= 291-300) training cycles. I find that the trajectory obtained for Region A (Fig. 4.5(b),
bottom panel) precisely mimics the motion of the shearing plate during training. The
self-similarity of the waveform establishes the robustness of the input shear. Interestingly,
Kymographs for Region 2 and 3 show more complex displacement waveforms involving
a gradual evolution in both amplitude and shape before reaching a steady state during

the course of training. However, except for the first cycle (involving start-up transients)
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Figure 4.6: (a) A typical boundary image with superposed vector profile obtained from
Particle Imaging Velocimetry (PIV) analysis (Materials and methods). (b) Velocity pro-
file across the shear gap corresponding to the vector image shown in (a). Here, the ve-
locity for each y value represents the average over all the velocity vectors at the same y
coordinate but, varying x coordinates. It is clear from the vector representation and the
velocity profile that the system has high shear rate bands near the shearing boundaries,
while the bulk of the sample is moving like a solid plug with almost a constant velocity.
The red dot on the velocity axis indicates the calculated plate velocity.

waveform in these regions remains very similar, further confirming the solid plug-like

motion of the bulk of the sample.

Interestingly, the displacement waveform inside the solid-like region of the sample
indicates a complex coupling-decoupling dynamics between the moving plate and the
bulk of the sample through the high shear rate bands near the boundaries. Clearly such
dynamics is developed through training as it is absent in the beginning (left panels of Fig.
4.5(b)). In the steady state, particle trajectories in the solid-like region of the sample settle
down to a waveform which is very different from the input, demonstrating a slowing down
of the bulk as the intra-cycle input strain () approaches the training amplitude (yr).
Now, I take a look at the readout by plotting Kymographs corresponding to the last
training cycle (N = 300) and the readout cycle in Fig. 4.5(c). For clarity, I show the data
only for Region A (bottom panel) and Region B (top panel) with expanded views. I find
that the speckle-displacement during readout follows the last training cycle up to v = ~r.
However, as 7 crosses 7, there is a sudden increase in the slope of the trajectory (marked
by dashed lines in Fig. 4.5(c), top panel). Similar change in slope is also observed for
other speckle trajectories inside the solid-like region (Fig. 4.7). This implies that beyond

~r, there is a sudden buildup of coupling between the solid-like region and the moving
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Figure 4.7: (a) A typical boundary image of the sample with lines depicting different
regions inside the sample at varying distance from the moving plate. The scale bar rep-
resents 100 ym. (b) Corresponding Kymographs taken along the lines shown in (a). For
clarity, only the last three training cycles (N: 298-300) and the readout is considered for
each region. The multiple particle trajectories depicted in each Kymograph are the dis-
placement waveforms for various speckles on the same line. The similarity of the wave-
forms, as well as, the discontinuity due to encoded memory indicates the solid plug-like
motion of the bulk of the sample. Here vy = 0.07.

plate. This sudden coupling will lead to an abrupt increase in velocity of a large number of
particles, which can explain the origin of the sharp peak of K around v = 7. Such abrupt
increase in velocity of the solid-like region inside the bulk of the sample also reflects in the
velocity profile obtained from the PIV analysis (Fig. 4.8). Difference images constructed
through stroboscopic sampling indicate a reversible to irreversible transition (RIT) in the

sample beyond v (Fig. 4.9) similar to earlier studies [3, 5, 19].

Next, I address the role of inter-particle adhesive interaction on the strong memory
formation in our system. In the previous chapter, I reported that addition of a small
amount of surfactant to the Cornstarch-Paraffin oil system can reduce the adhesive inter-
action between the particles as quantified by the systematic change in jamming volume
fraction [20]. With sufficient amount of surfactant, the system completely transforms into
a steric-repulsive one. Physically, as I increase the surfactant concentration (c), the large
fractal clusters initially stabilized by inter-particle adhesion gradually disintegrate and

finally form a well dispersed suspension as shown in the schematic Fig. 4.10(a). I prepare
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Figure 4.8: (a) A schematic showing the last training cycle (N = 300) and the readout
cycle with horizontal lines marking the training strain amplitude v and the readout
strain amplitude vg. Here vy = 0.07 and vz = 0.14. Vertical lines indicate different
strain values (both above and below ~y7) during the readout for which the instantaneous
velocity profiles are shown in panel (b). (b) Corresponding velocity profiles across the
shear gap obtained through PIV analysis (see Fig. 4.6). Solid lines are profiles just be-
low v7 and dashed lines are those just above 7. The colour coding is same as that in
(a). I see that as the readout strain just crosses 7, the velocity of the solid plug-like
region suddenly increases. This indicates a sudden buildup of contact between the solid
plug and the moving plate. The red dot on the velocity axis indicates the calculated
plate velocity.

samples with increasing ¢ and subject them to the similar training and readout protocols
mentioned earlier for different y7 values. In Fig. 4.10(b), I plot the average peak values
of K for different vy values obtained from the readouts for a range of ¢ values. I see
that the strength of memory (K ,c.;) decreases with increasing ¢ and the system loses
ability to form strong memory beyond sufficiently high concentration of surfactant (¢ >
0.3 %). However, even at the highest surfactant concentration, the memory signature is
not totally absent, as can be seen from the log-log plot (inset of Fig. 4.10(b)) and also
Fig. 4.11.

I find that for the same range of ¢, the training induced strain stiffening also becomes
significantly weaker (Fig. 4.12). Thus, the memory formation in our system is intimately
related to the strain stiffening response of the system. From the Kymograph analysis I do
not find any discontinuity in the particle trajectory across vz in the readout for sufficiently

high surfactant concentrations (Fig. 4.13).

Lastly, T address the possibility of encoding multiple memories in our system. As
mentioned earlier, if the system is trained at vr, it erases all memory of v < 7. Inter-

estingly, I find that if the sample is trained with the smaller strain amplitude just before
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Readout

Figure 4.9: Stroboscopic difference between images of the system taken at the start and
at the end of each cycle during the training and readout as shown in the schematic in
the top panel. All images are cropped till the edges (including roughness) of the cone
and plate. (a)-(e) Stroboscopic difference for different cycle number (N) indicated in
the figure obtained during training. The bright spots in the difference images indicate
the location of irreversible particle displacements that take place over the course of the
N*" cycle. I see that the particle rearrangements systematically drop with increasing
number of training cycles and become almost negligible near the end of the training
sequence indicating essentially reversible particle trajectories. Panel (f) represents the
stroboscopic image corresponding to readout. The high intensity spots in (f) indicates
the irreversibility of the particle trajectories. Clearly, a reversible to irreversible transi-
tion (RIT) happens as the system crosses yr. The data shown here is for vy = 0.07 and

the readout, it can retain the memory of the smaller vz and more than one memory can
be encoded, as has also been reported earlier for other systems [4, 19]. T use the following
protocol: T apply 1 cycle of the larger training strain amplitude (yro = 0.04) followed by
20 cycles of the smaller training strain amplitude (y7; = 0.02). This whole sequence is
repeated 15 times and then I apply a readout strain vz = 0.06. The stress (o) vs. strain
(7) plot for the readout shows sharp changes at v = 0.02 and 0.04 (Fig. 4.14(a)), giving
two prominent peaks for the differential shear modulus K (Fig. 4.14(b)). This indicates
that the system has the ability to encode memories of more than one strain amplitude

under a suitable training protocol.
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Figure 4.10: (a) Schematic indicating the gradual dispersion of fractal clusters with in-
creasing surfactant concentration (¢). For a given sample, ¢ denotes the mass fraction
of surfactant w.r.t. Cornstarch particles. (b) Variation of the peak values of differential
shear modulus K. as a function of training strain amplitude vz for a range of ¢ val-
ues indicated. Each data set is averaged over at least 3 independent measurements with
the error bars denoting the standard deviations. Inset shows a log-log plot of the same.

4.4 Conclusion

[ report strong memory formation in an adhesive dense particulate suspension under cyclic
shear. The differential shear modulus of the bulk system shows a huge enhancement near
the training strain amplitude (y7). A possible explanation for such striking effect is the
following: in the presence of adhesion, the fractal particle clusters can form strand-like
connected structures. Under cyclic shear deformations, such structures can reorganize
and develop a slack up to . The adhesive interaction maintains the contact between
the particles in these loose strand-like structures for strain values v < 7. Similar strand
plasticity has been reported in colloidal gels under cyclic shear [21]. For our case, such
reorganization dynamics predominantly takes place in the high shear rate bands close to
the shearing boundaries. Due to the slack in the particle strands, the plate can easily move
without significantly disturbing the solid-like bulk region inside the sample for v < .
This gives rise to an apparent decoupling between the plate and the bulk sample in
the steady state. However, when v crosses vy during the readout, the loose strands
suddenly get stretched and the coupling between the moving plate and the solid-like

91



CHAPTER 4. MECHANICAL MEMORY FORMATION IN ADHESIVE
GRANULAR GELS

0.0 0.1 0.2 0.3 0.4

Figure 4.11: Readout Lissajous plot for volume fraction ¢ = 0.4 with surfactant concen-
tration ¢ = 0.5% as indicated in the figure. Dashed vertical line indicates the training
strain amplitude. Green dashed lines along the curve indicate the change in slope across
the training strain amplitude, showing that there is still a weak signature of memory
even in the limit of negligible adhesion in the system. However, from the inset of Fig.
4.10(b), I see that the mean value of K. is very small with large error bars. This is
because in the limit of low adhesion, the absolute values of stress are quite low. This
makes the the differential shear modulus data quite noisy.

region builds up. This results in a strong stress response. Interestingly, such a picture
can also shed some light on the reduction in the strength of memory with increasing
~vr: for small yp values, a large number of clusters can contribute to strand formation,
however for large vy values, many small clusters can get completely disintegrated and
only large connected structures will contribute. Although, at present I cannot directly
visualize the strand dynamics, the connection between the strand formation/plasticity
and the observed memory effect is further supported by the role of adhesive interaction
in the system (also see Appendix of this chapter). Once the inter-particle adhesion gets
sufficiently weakened by addition of surfactant, the strand formation is no longer possible,
as a result the memory effect gets diminished. This weaker memory, in principle, is similar
to that observed earlier in dilute non-Brownian suspensions [19]. However, further work

is needed to understand the exact correspondence.

Memory effect reported here is reminiscent of similar phenomena in transiently cross-
linked biopolymer networks [17] and Mullin’s effect in filled-polymeric systems [22]. Our
system also shows a connection between the memory formation and reversible-irreversible
transition like many repulsive particulate systems. Thus, adhesive particulate system

can be thought of as an intermediate between repulsive dense suspensions and polymeric
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Figure 4.12: (a) Intra-cycle stress (o) vs. strain () corresponding to the first (N = 1,
panel(a)) and the last training cycle (N = 300, panel (b)) for samples with different
concentrations of surfactant (¢) as indicated. The training induced strain stiffening be-
haviour gradually disappears with increasing surfactant concentration.

materials. Remarkably, our system presents a distinct advantage: since the particles are
very robust and the adhesive particle-bonds are reversible, training and readout for a wide
range of strain values does not cause any permanent damage to the system. The sample
can be reloaded and reprogrammed arbitrarily. On the other hand, polymeric materials are
prone to permanent damage due to breakage of filaments or chemical bonds. Interestingly,
the strand picture together with the reversibility of adhesive bonds can explain the origin
of multiple memories in our case. After encoding a memory at a smaller strain amplitude,
application of a larger training strain can destroy the strands supporting the memory
at smaller amplitude. However, after this, if the system is again trained at the smaller
amplitude, the reversibility of the adhesive bonds ensures that some local connectivity

can build up once more (Fig. 4.15), thus re-encoding the memory of smaller amplitude.

Due to the opaque nature of the particles, I can only probe the particle-dynamics on
the sample surface. However, as our system is very dense (Fig. 4.5(a)), it is hard to di-

rectly probe training induced changes in the nodes or connectivity between the particles
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Figure 4.13: Kymographs of the last few training cycles (N: 295-300) and the readout
cycle for the samples with a surfactant concentration ¢ = 0.5%. Kymographs cor-
responding to a point on the moving plate (panel (a)), at a point inside the bulk but
near the moving plate (panel (b)), at a point inside the bulk but near to the stationary
cone (panel (c)). I see that there is no kink in the particle displacement waveform as
the readout strain crosses the training strain amplitude (compare with Fig. 4.5(c)). As
already established, the memory encoded in the system for this concentration of surfac-
tant is extremely weak. So, it is not surprising that we do not see any signature of it in
the kymograph data.Here vy = 0.07, and vz = 0.14.
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Figure 4.14: (a) Intra-cycle stress (o) vs strain () obtained from the readout for a
sample trained at yr; = 0.02 and o = 0.04. (b) Corresponding K vs 7 showing the

signature of multiple memory formation.
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Figure 4.15: (a) The development of strain stiffening with repeated application of strain
amplitude ~v71=0.02 for N=20 cycles. The curves are plotted at discrete values of N as
indicated by the colorbar. (b) Following the 20 cycles shown in (a), I apply one cycle
of v79=0.04. After this, I apply the triangular wave with y7;=0.02 for 20 cycles once
again. I see that while the initial curves show a very plastic behavior, by the 20" cycle,
the system has developed strain stiffening once again. On applying the larger ampli-
tude of v79=0.04, the encoded memory of 7, gets destroyed as evidenced by the ini-
tial few curves of (b). However, on repeatedly applying ~vr;, the local structures are re-
established and the system is able to strain stiffen at this amplitude once again, thus
re-encoding the memory at ;. This is possible because our system has inter-particle
adhesive contacts that are physical bonds between the particles and thus, are reversible
under breakage.

using boundary imaging alone. Mapping out the system dynamics in 3-D using opti-
cal/acoustic techniques remains a future challenge. Further theoretical insights regarding
the mechanism of such strong memory effect in adhesive systems, including the formation
of multiple memories can open up new avenues to explore. Our study can have important

implications in designing programmable materials.

4.5 Appendix

4.5.1 Appendix 1: Effect of waiting time on the encoded mem-

ory in the system.

An important aspect of memory formation is the effect of the system’s relaxation on the
encoded memory signature in the system. To check that, I left the system undisturbed,

after training, for different waiting times before taking readouts to see whether the re-
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Figure 4.16: Effect of waiting time on the memory signature (black curve) when the
system is left undisturbed for 1000 seconds after training, shown by the red curve. The
system is trained at vy = 0.04 as indicated by the vertical dashed line.

0.00

laxation of the system affects the encoded memory. So far, I have only probed for a
maximum of 1000 s waiting time, the data for which is shown in the Fig. 4.16. I find that
the encoded memory signature is still significant after waiting for 1000s, albeit with a
slight shift in the strain value corresponding to the peak of the differential shear modulus
(K). This implies that the timescale for any relaxation of the particle networks is much
longer. In our case, the timescale set by the shear rate of 0.01 s=! (that I have used for
our experiments) is 100s (%), which is small enough to prevent any significant relaxation
of the contact networks and affect the memory formation in the system.

4.5.2 Appendix 2: Imaging of shear induced aggregation in the

system

As mentioned in the conclusion, direct observation inside the bulk of the system is difficult,
given the optical opacity of the system. Here I show an alternate imaging of this system
using transparent geometry. The setup consists of two glass plates (PP43, Anton Paar)
with the sample loaded between them. Using the same camera and objective as described
in section 2.2.1 with a prism, I image the system from the bottom as depicted by the
schematic in Fig. 4.17. The system is illuminated by a light source from the top and the
transmitted light is captured by the imaging setup (see schematic).

I prepare the Cornstarch-Paraffin oil suspension at a volume fraction ¢ = 0.2 and
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Figure 4.17: Schematic of the setup for transparent plate imaging of Cornstarch (CS)
particles dispersed in Paraffin oil under applied shear.

apply an absolute strain of 2 repeatedly for 50 cycles using the triangular wave strain
deformation described in the Results and discussion of this chapter. In Fig. 4.18, I show
images of the system taken after a cycle. Top row indicates images taken in the beginning
cycles while bottom row has images taken towards the end of the training sequence (as
indicated in the image). While the particle distribution is roughly homogeneous in the
beginning, I observe porosity buildup (indicated by the gaps and aggregates in the bottom
row images) with repeated shearing of the system. I also imaged the system under static
conditions (no shear) and as expected, I did not observe any aggregation, thus confirming

that the observed structures/aggregates are shear-induced.
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CHAPTER 5. PERTURBATION INDUCED MEMORY SHIFTING IN A
DISORDERED SOLID

5.1 Introduction

In the previous chapter (Chapter-4), I have shown that granular gels formed by dispersing
Cornstarch (CS) particles in paraffin oil (PO) can retain memories of repeated cyclic
perturbation. More importantly, the bulk mechanical properties of this system show clear
signatures of such encoded memory. At the end of the chapter, I showed that this system
can also encode more than one memory, which can be read out as distinct mechanical
signatures. In this chapter, I explore this multiple memory formation in a more systematic

manner.

As already mentioned, memory formation has been studied in many soft matter sys-
tems. While the encoding of a memory is a result of the system’s self organization into a
reversible steady state, formation of multiple memories often has a more intricate mech-
anism at play. For instance, in dilute suspensions, where under training the system can
evolve to a collision-less absorbing state [1, 2, 3, 4, 5] (also see Chapter-1 section 1.4.3),
multiple memories can be encoded only transiently [3, 4, 5, 6]. At long times, the system
retains only the largest applied amplitude, implying an ordering of states in these systems.
Interestingly, the presence of a persistent noise in the system can stabilise the multiple
memories as shown by both simulations and experiments. On the other hand, disordered
solids, with their non-trivial energy landscape and enduring particle contacts, can encode
more than one memory even in the absence of external noise [7, 8, 9, 10, 11]. Such dis-
tinction in the formation of multiple memories essentially stems from the attributes of

the training induced reversible states.

Current research on disordered solids and glassy systems is strongly focusing on rec-
onciling the aspects of multiple memory formation in these systems with return point
memory (RPM) of magnetic systems [11, 12, 13, 14, 15]. Such efforts can help in the
unification of memory retention across a wide range of systems. However many of these
dense systems are often limited by the accessibility of the micro-structures, making it a
challenge to understand the effects of encoding more than one memory. In this regard,

having bulk signatures of encoded memories can be useful [16, 17].

Protocols to encode multiple memories employ a combination of the two (or more)
strain amplitudes applied repeatedly, often with variations such as a protocol bias towards
smaller amplitude to ensure its survival (for instance, applying more cycles of the smaller
amplitudes for every cycle of the larger amplitude), applying the smaller amplitude last
before readout, etc [3, 4, 5, 10, 11, 16]. In case of both dilute suspensions as well as

disordered solids, applying a larger amplitude destroys the memory of a smaller amplitude.
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Additionally, for dilute suspensions, once the system reaches the absorbing state for a
particular amplitude, applying a smaller strain will not have any effect. Interestingly,
disordered solids exhibit periodic rearrangements of particles in the reversible state and
ordering of states does not hold for these systems [10, 16]. In this case, after the formation
of a reversible state at an amplitude, the effects of applying a smaller amplitude is not
clear.

Here, I explore multiple memory formation in an adhesive granular gel. I first encode
the memory of an amplitude (primary memory) in the system and then subject it to
training at a smaller amplitude. I find that the process of encoding the second memory
destroys the memory signature at the first amplitude. Interestingly, this is the consequence
of a memory shifting phenomena: the position of the primary memory gradually shifts
towards the second memory. Additionally, due to the shifted position of the primary
memory, the system develops a phantom memory that was not encoded into it. I also
find that the memory shifting becomes more dramatic when trained at a higher shear
rate. I use energy dissipation analysis to propose a possible mechanism for the observed

phenomena.

5.2 Materials and Methods

Dense suspensions are prepared by dispersing Cornstarch (CS) particles (Sigma Aldrich)
in Paraffin oil (SDFCL) at a volume fraction ¢ = 0.4 for all our measurements. Details
of the sample preparation technique are same as Chapter-4 (also given in section 2.3.1).
Experiments are performed on a stress controlled rheometer (MCR-702, Anton Paar Aus-
tria) using a cone and plate geometry in the separate motor-transducer mode. Both the
cone and the plate have a diameter of 50 mm and are sandblasted with a cone angle of

~ 2deg (see section 2.2.1 and [18] for more details).

5.3 Results and Discussion

I use a triangular wave shear deformation protocol [16] to train the system. I first apply
N7 = 200 cycles of the triangular wave with an amplitude of 77, thus encoding a memory
at yr. Next, I apply IV cycles of the same deformation but with an amplitude of vy < 7.
In the previous chapter (Chapter-4), I have already shown that applying a strain of 7 > ~r
immediately erases the encoded memory signature of v (see [16] and also the Appendix

of this Chapter). In this chapter, I apply only smaller amplitudes to the system in order
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Figure 5.1: (a) Schematic showing the triangular wave shear deformation protocol used
to train the system at 7 (depicted in violet), followed by a second training at vy <
vr for number of cycles N (depicted in red). Finally a readout is taken at vg > ~r
(depicted in blue). (b) A readout Lissajous curve taken for v = 0.06 (indicated in the
figure by blue dashed line) and «y = 0.04 (indicated in the figure by red dashed line)
for the case of N = 10. Inset shows a magnified view of the same curve around vy =
0.04 (indicated by the red dashed line). (c¢) Variation of the readout differential shear
modulus (K) at yr (in green) and vy (in red) as a function of N for yr = 0.06 and
vy = 0.04. The points shown here are averaged over three independent experimental
runs. Error bars are not shown for the purpose of clarity.

to encode a second memory. After the N cycles of vy, I take a readout as shown in
Fig. 5.1(a). Our readout consists of a single pulse of the triangular wave but with an
amplitude v > 7 [16]. Throughout the entire protocol, I maintain the same shear rate
of 0.01 s7'. For each set of 47 and 7y, I vary N from 1 to 60 in discrete steps. In Fig.
5.1(b), I show a typical readout Lissajous plot for N = 10 with v = 0.06 and yx = 0.04
(indicated in the figure by dashed lines). I observe a sharp change in stress at v = 0.06
which corresponds to the encoded memory at that amplitude [16]. There is also a mild

change at vy (inset of Fig. 5.1(b)), indicating a second memory formation at .

I characterize strength of the encoded memory by the differential shear modulus (K)
[16]. As discussed in the previous chapter, K, is a good measure of any memory signature
present in the system at strain amplitude . Thus, for readouts taken at different number

of cycles (N), I look at the value of K corresponding to the two amplitudes that were
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Figure 5.2: (a) Differential shear modulus (K') plotted against strain amplitude v for
readouts taken at different number of cycles () as indicated by the color bars. For
each N here, I show a single independent run. Dashed vertical lines indicate the two
training strain amplitudes vy = 0.06 and vy = 0.04. The shear rate is 0.01s™'. (b) The
peak position (7,eqr) (corresponding to the strongest peak in K') of the readout plotted
as a function of N. (¢) The peak shift parameter (A) defined as A = 7 — Ypear 18
plotted as a function of N for different values of the two training strain amplitudes 7
and vy indicated by the color panel.

encoded into the system. In Fig. 5.1(c), I plot K., and K, as a function of N for the
case of yp = 0.06 and vy = 0.04. While K, starts from a high value at N = 1, with
increasing N, it rapidly drops to a negligible value, indicating a progressive weakening
and eventual elimination of the memory at vp. Simultaneously, the second memory at
7~ gets strengthened (with eventual saturation) as indicated by the increase in K., with
N. This is in sharp contrast to what has been observed in numerical studies by Adhikari
and Sastry [9]. Under a similar protocol, the memory of the first amplitude, in their
case, merely suffers a mild weakening as a result of applying a second amplitude (the
mean square displacement (MSD) goes from zero to a non-zero value but both memory
signatures survive). While they do not observe any progressive effects of applying a
smaller amplitude to the trained system, for our system the effect appears in a systematic
manner. Also, they report that a single strain cycle of the smaller amplitude was able
to encode a memory [9] but in our case it takes a few cycles to establish a discernible

memory corresponding to the smaller strain amplitude ~y.
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The gradual decay and loss of memory at 7 has an interesting consequence. I note
that for our system, v is the largest applied amplitude of deformation until the readout.
Now, in systems that show Mullins or Kaiser type memory behavior, studies have reported
that largest applied amplitude of deformation gets affected only when the system is driven
to an even larger amplitude (a process that I will, henceforth, refer to as over-driving)
(6, 16, 19]. This is the first instance where I report that the largest applied deformation

is affected without the system being over-driven.

Further, to investigate the loss of memory, I plot the individual readouts taken after
different number of cycles (N) in Fig. 5.2(a) with dashed vertical lines indicating yr =
0.06 and vy = 0.04. As explained before, a peak in the differential shear modulus K
indicates the memory at the corresponding strain + [16]. Also, the first encoded memory
(at y7) is much stronger than that of the second memory (at vy ) hence the dominant peak
is due to the memory at 7. I observe a systematic shift in the position of the dominant
peak in K towards y. This is further highlighted in Fig. 5.2(b), where the strongest peak
position (Ypeqx) is plotted as a function of N. Clearly, the shifting of the peak position is
responsible for the loss of the memory at 7 that I see in Fig. 5.1(c). Thus, the loss of
memory is not absolute, rather, the memory simply appears at a different strain amplitude
that is intermediate to both the amplitudes encoded in the system. Thus, the memory
signatures at these intermediate amplitudes are phantom memories, as these amplitudes

were not encoded into the system through training.

I define a peak shift parameter A as A = yp —Ypeqr. For different values of yp and vy,
in the range of 0.01 to 0.08, I plot the corresponding A vs number of cycles of perturbation
(N) in Fig. 5.2(c). The collapse of A vs N for all pairs of v and ~y indicates that the
memory shifting behaviour is, in fact, a general phenomena in this strain range and, more
importantly, the underlying mechanism remains the same. In some cases, where 0y = 7
- v is small (for example for 6y = 1), I observe a merging of the two peaks by N = 60
cycles (see Fig. 5.3). For those cases, I have plotted A vs N only till the peaks merge.

Next, I study the effect of shear rate on the shifting of the encoded memory. In Fig.
5.4(a) and (b), I show K vs v (similar to Fig. 5.2(a)) at different N for shear rates of
0.025! and 0.04s71, respectively, for 4 = 0.06 and vy = 0.04. Interestingly, I find that
the shifting of memory becomes much more dramatic, particularly at the highest shear
rate where I observe merging of the two memories (see the last two panels of Fig. 5.4(b)),
indicating that the system now remembers only one amplitude and the other memory
is entirely lost. In Fig. 5.5, I plot the v,cqr (indicating the shifted peak position of the
encoded memory at y7) as a function of N to highlight the peak position shifting at the
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Figure 5.3: Figure shows three independent runs (shown by different colors) for training
strain amplitudes v = 0.04 and vy = 0.03 after (a) N = 40 and (b) N = 60 cycles
of applying the smaller strain amplitude. I observe that while the two peaks in each run
are very close for N = 40 cycles, they have clearly merged by N = 60 cycles.

higher shear rates.

I note here that at higher shear rates, the memory at vy is comparatively stronger than
that at shear rate of 0.01s™!, consequently the two peaks (indicative of the two memories
in the system) become comparable in some cases. In Fig. 5.6, I show the comparison of A
vs N at the three shear rates. While the behavior at 0.02s7! still remains linear but with
a higher slope (indicating the faster shift in the position of the memory formed initially

1 This deviation

at yr), I observe a deviation from linearity at larger N in case of 0.04s~
is due to the merging of the peaks and the uncertainty in defining the stronger peak (see
Fig. 5.5). I checked the peak values (K,.q.;) at all three rates but did not find a clear

trend with increasing N as shown in Fig. 5.7.

The progressive shifting indicates that the number of cycles of perturbation (N) plays
a crucial role. So, I characterize the response of the system during the process of encoding
of the second memory (at the smaller strain amplitude) by plotting the stress vs. strain
(Lissajous plot) for different cycles. In Fig. 5.8, I show Lissajous plots for the lowest
and highest shear rates of 0.01s™! (in Fig. 5.8(a) to (c)) and 0.04s~! (in Fig. 5.8(d) to
(f)). For each shear rate, I show the Lissajous plot for N = 1 (Fig.5.8(a) and (d)) and
N =60 (Fig. 5.8(b) and (e)) (indicated by the shaded cycles in the schematic shown in
Fig. 5.8).The response of the system just before applying the smaller strain amplitude is
similar in nature, for both the shear rates, showing a strong strain stiffening response near
vr (as shown in purple Lissajous plots in 5.8). However, the system’s evolution during
the cycles encoding the second memory depends on the applied shear rate. At both

these shear rates, the first cycle of encoding the second amplitude is contained within
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Figure 5.4: Differential shear modulus (K') plotted against « for readouts taken at dif-
ferent number of cycles N as indicated by the color bars. For each N here, I show a
single independent run. The shear rate is 0.02s! in (a) and 0.04s~! in (b). For both
(a) and (b), dashed vertical lines indicate the training strain amplitudes vz = 0.06 and
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Figure 5.5: Variation of the strongest peak position 7, as a function of number of
cycles N for shear rate 0.02s7! in (a) and 0.04s7! in (b). The data points are averaged
over three independent measurements. Data shown here is for vz = 0.06 and vy = 0.04.
The large error bar for 0.04s™! at larger N is due to similar strength of the peaks at the
two amplitudes that the system remembers, making it difficult to define a clear stronger
peak.
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Figure 5.6: Shear rate dependence of the peak shift parameter A defined as A =

Y1 — Vpeak Plotted as a function of N. The slope for the linear range with N increases
with increasing shear rate. At the highest shear rate, a deviation from linear behavior is
observed as a result of merging of the two memories and uncertainty in determining the
stronger peak position.

the Lissajous plots corresponding to the memory at y7 (Fig. 5.8(a) and (d)), but after
60 cycles, the degree of strain stiffening at the second amplitude (yy) is dramatically
enhanced for higher shear rates as highlighted in Fig. 5.8(c) and (f). However, I observe
that in both cases, the Lissajous figures undergo maximum evolution for the strain values
close to vy (see Fig. 5.8(c) and (f)).

Based on the reversible contact formation in this system, as explained in the last
chapter, I propose a coherent picture to explain our data: during the encoding of the
second memory, there is a direction reversal of the input strain at -y, which allows

structure buildup, resulting in strain stiffening at . Also, during this process, the system
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Figure 5.7: Variation of peak strengths (Kpc.x) with number of cycles N averaged
over three independent measurements for shear rate 0.01s™! in (a), 0.02s7! in (b) and
0.04s7! in (c)
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Figure 5.8: Top panel is a schematic of the entire protocol with the shaded cycles indi-
cating those cycles for which I analyse the system’s behavior as Lissajous plots in (a)-
(f). Here, the first training strain amplitude is v = 0.06 and the second smaller ampli-
tude is vy = 0.04. Shear rate is 0.01s™! for (a)-(c) and 0.04s~! for (d)-(f). I show the
Lissajous plot of the system after N = 200 cycles of yr alongwith the Lissajous plots
after N = 1 at v (in (a) and (d)) and after N = 60 at vy (in (b) and (e)). In (c) and
(f), I show the just the evolution during the N = 60 cycles at yy at the two shear rates
for some discrete N values. Color scheme is as indicated in the schematic at the top.
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is not over-driven beyond vy, allowing the rejoined contacts to survive and get gradually
reinforced. This structural reorganization should reflect in the energy dissipation in the
system. The area enclosed by the Lissajous plots (shown in Fig. 5.8(c) and (f)) gives
the energy dissipated over a cycle of perturbation [18]. I divide each Lissajous plot into 4
quadrants as shown in Fig. 5.9(a). Over N = 60 cycles, I plot the variation of normalized
dissipation (%V) in each of the quadrants for the shear rate of 0.04s™! in Fig. 5.9(b) (Here,
Ey is the dissipation in the N** cycle and E is that for N = 1). The normalization takes
care of any load to load variation in the absolute values of stress/dissipation. I find that
the normalized dissipation monotonically rises in quadrant IV while in the other three,
the evolution is minimal with increasing N, as also seen from the Lissajous plots in Fig.
5.8. Such enchanted dissipation in quadrant IV indicates the large restructuring around
vn- Finally, in Fig. 5.9(c), I compare the normalized dissipation for the three shear rates
in quadrant I(left panel) and IV (right panel). The other two quadrants are shown in Fig.
5.10. T observe the dissipation remains higher in quadrant IV for all shear rates and has

a systematic dependence on shear rate.

5.4 Conclusion

In this work, I study the effects of encoding a second memory in an adhesive granular
gel that is already trained upto a larger amplitude. I find that with increasing number
of cycles (N) of the smaller amplitude vy, the memory signature at the first training
amplitude v drops to zero, indicating a destruction of the memory at yp. Interestingly,
this memory loss is not absolute but is a result of a memory shift in the system. The
memory signature corresponding to yr shifts systematically towards the second memory
at yy. Such memory shift has never been reported or predicted for any system to the
best of our knowledge. Additionally, this memory shifting causes the system to have a
phantom memory that was not encoded/written into it. I find that this memory shift is
much faster for higher shear rates. I use energy dissipation analysis of the system during
the encoding of the second memory to explain this phenomena.

The phantom memory, that was not encoded/written into the system, is an interesting
result and needs to be explored in more detail. So far, memory formation in physical
systems was limited to only those memories that were explicitly encoded into the system.
Moreover, the memory shifting phenomena offers us an external handle on what the
system remembers. I would also like to highlight that this is the first instance where I

find loss of memory from the system without applying a larger strain amplitude. Also, as
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Figure 5.9: (a) A typical Lissajous plot for applied smaller amplitude vy = 0.04 at
shear rate of 0.04s~!. The area enclosed by the Lissajous is divided into four quadrants
as indicated in the figure. (b) Quadrant wise evolution of normalized energy dissipation

(%V) with number of cycles N. Here, the system is first trained at v = 0.06 and then

a smaller amplitude vy = 0.04 is applied. The color scheme follows the quadrant wise
division shown in (a) (also indicated in the legend). (c¢) Evolution of normalized energy
dissipation as a function of N for quadrant I(top panel) and IV(bottom panel) at the
three shear rates indicated in the figure. Box colors are coded according to the color
scheme of (a).

a result of the memory shift, the memory at vz is not lost but merely stored at a different

strain amplitude in the system.

5.5 Appendix: Applying a larger amplitude to an

encoded memory

As mentioned in the Results and discussion and also depicted in Chapter-4, applying
a larger amplitude destroys the existing memory signatures in the system. In fact this

destruction is nearly catastrophic as shown in the Fig. 5.11. I train the system at
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Figure 5.10: Evolution of normalized energy dissipation (£ 2 M) with number of cycles N
for quadrant II in (a) and III in (b) at the three shear rates indicated in the figure. The
system is trained at vy = 0.06, followed by at vy = 0.04. The box colors follow the
quadrant wise color scheme depicted in Fig. 5.9(a).

~vr = 0.04 and apply vy = 0.08 for N = 3 cycles here, as indicated by the schematic. I
note that while the first cycle of 0.08 shows a clear signature at 0.04, the Lissajous plots
for the 2nd and 3rd cycle hardly show any variation across 0.04. Clearly the memory of

~vr = 0.04 is lost within one cycle.
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Figure 5.11: Bottom panel shows the system’s response when a training at an ampli-
tude v = 0.04 is followed by a second set of training at a larger amplitude (v = 0.08).
Top panel is a schematic of such a protocol. I show the data here for 3 cycles (N) of
the larger amplitude vy as indicated by the schematic. Notice that while N = 1 has a
clear signature of the encoded memory of v at 0.04, N = 2 onwards there is essentially
no signature. This indicates that the larger amplitude catastrophically erases the mem-
ory of the smaller amplitude in the system.
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CHAPTER 6. PROBING SHEAR JAMMING IN DENSE PARTICULATE
SUSPENSIONS USING STEADY SHEAR RHEOLOGY

The results of this chapter are published in [1].

6.1 Introduction

Dense particulate suspensions show a range of non-linear flow behavior under shear, as [
explained in section 1.4.4. One of them is the dramatic increase in viscosity during Dis-
continuous Shear Thickening (DST) and eventual jamming of the system. Hydrodynamic
lubrication based models alone are not sufficient to understand strong shear-thickening
in dense suspensions [2], as the inter-particle friction also plays a key role [3, 4, 5]. Re-
cent numerical studies [6, 7] demonstrate that DST originates from stress induced rapid
build-up of frictional contacts when lubrication layers between the particles break down
due to enhanced inter-particle pressure at high stress (o) values. For a wide range of
suspensions, it has been found that the critical applied stress (o¢) required to overcome
the lubrication barrier between the particles and establish frictional contacts exhibits an
inverse square dependence on the particle diameter (¢ oc d™2) [8].

In recent years, experiments reveal that at very large values of volume fraction (¢),
approaching the random close packing fraction (¢,.,), many of these systems get into a
shear induced solid-like state known as shear jammed (SJ) state having a finite yield stress
9, 10, 11, 12, 13, 14]. The existence of such solid-like SJ state has been predicted earlier
by a phenomenological model by Wyart and Cates (WC) [15] based on stress induced
enhancement of the number of frictional contacts in the system as a function of increasing
applied stress beyond a threshold. WC model predicts that for frictional particles, the
viscosity of the system will diverge at a stress dependent jamming packing fraction ¢ (o)
given by,

65(0) = F(0) 6+ [1 — f(0)]6r (6.1)

where, f(0) is the fraction of particles making frictional contacts with friction coefficient
>0, ¢g and ¢, represent jamming packing fractions for f = 0 (when all the contacts
are lubricated) and f = 1 (when all the contacts are frictional), respectively. Dense
suspensions are extremely complex due to the presence of large number of degrees of
freedom and microscopic interactions. WC model provides microscopic insights of shear-
thickening and jamming behaviour in these systems, based on a single stress dependent
parameter f(o). Remarkably, wide range of dense suspensions of frictional particles agrees
with WC model despite having very different microscopic details [16].

While steady state viscosity measurements successfully describe the shear-thickening
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behaviour, they cannot capture signatures of SJ state [11]. The main difficulty to probe
shear-induced jamming by steady state rheology measurement originates from the fact
that in a rigid solid-like SJ state, it is not possible to produce steady-velocity gradients.
In this state, the sample can only flow by producing various failures. Such failures give
rise to a finite apparent viscosity of a shear jammed state when the real viscosity should
tend to infinity. The experimental studies that distinguish the shear-jammed state from
a shear-thickened state [11, 13, 14] measure transient stress response of the suspension.
However, studies in references [11, 13] also point out that the steady state flow curves
do not directly show any signature of the Shear Jamming transition. To our knowledge,
there are no studies that experimentally distinguish a SJ state from a shear-thickened
state based only on steady state flow curves.

In this chapter, I study the shear-thickening behaviour of suspensions formed by
Polystyrene (PS) particles over a wide range of ¢ and o values. From the steady state
flow-curves I obtain systematic deviations of viscosity from the KD relation (an empirical
relation that gives the dependence of relative viscosity of a suspension as a function of
volume fraction of the suspension, see [17]) for large o and ¢ values. Using such deviations
together with WC model (Eq. 6.1), I predict the onset stress for Shear Jamming (og;)
for a given packing fraction. Our conclusion of weakening of the sample at high stress
and volume fractions (as concluded from the deviations from KD relation) is consistent
with the expected failures caused due to the flow of solid-like SJ state. Furthermore, the
agreement of our data with WC model brings out the importance of frictional contacts
to observe shear-jamming. Although, both KD relation and WC model have been widely
studied in the context of dense suspensions, to our knowledge, they have not been used to
determine og;. Thus, our experiments propose a novel method to distinguish a SJ state

from a shear-thickened state, entirely from the steady state measurements.

6.2 Materials and methods

Suspensions are formed by dispersing PS particles in polyethylene glycol (PEG-400) [18]
at different volume fractions ¢ ranging from 0.4 - 0.6. Details of particle synthesis, SEM
imaging and sample preparation, are mentioned in section 2.2.4 and 2.3.2 respectively.
Rheology measurements are carried out using a stress controlled Rheometer (see section
2.2.1) with parallel plate (plate diameter of 25 mm and a gap of 300 ym) and cone-plate
(cone diameter of 25 mm and cone angle &~ 2°) geometries at a temperature of 25°C.

To obtain steady state flow-curves (shown in Fig. 6.2(e)), I vary the applied shear
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Figure 6.1: Reversibility and waiting-time dependence of shear-thickening of PS in
PEG system (¢ = 0.58, d = 1.21 um). (a), (b) and (c) indicates suspension viscosity
(Nsuspension) as a function of applied stress (o) for both increasing and decreasing stress
values for different waiting-time per data point, as indicated. These measurements are
done with a parallel-plate (P-P) geometry. (d) and (e) indicate the same measurements
with a cone and plate (C-P) geometry. I observe that the shear-thickening behaviour is
very similar (in both the geometries) for increasing and decreasing stress values, indi-
cating negligible hysteresis effect for this system. Further, the shear-thickening response
does not show any waiting time-dependence, signifying a steady state behaviour of the
system. In all cases, the Nsyspension Vs 0 curves for increasing stress values are averaged
over three experimental runs. Similarly, for decreasing stress values the curves are also
averaged over the three runs. The error bars are the corresponding standard deviations.
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stress on the sample with a waiting time per data point varying logarithmically from 20
s (at the lowest stress) to 1 s (at the highest stress). I choose such protocol, because,
for lower applied stress values, the shear rate produced in the sample is very small. To
measure the viscosity reliably, I need to wait for a sufficient time for the sample to undergo
appreciable strain deformation. On the other hand, higher values of applied stress (deep
inside the shear-thickening regime) produce high shear rate. So, the sample already
undergoes significant strain deformation within a very short time. Under high shear rate,
I find that there is a tendency of the sample to gradually protrude out of the rheometer
plates that can result in measurement artefacts. I also vary the waiting time per data
point over a range as shown in the Fig. 6.1. I obtain almost the same flow-curves for
all the waiting times, signifying that waiting time per data point for our experiment is
sufficient for the system to reach a steady state.

While, many recent studies find that shear-thickening in dense particulate suspensions
are reversible [18, 19, 20|, few others report significant hysteresis effects [9, 21]. For our
system (PS particles in PEG), I find that hysteresis effects are negligible for both parallel-
plate as well as cone-plate geometries as shown in figure (Fig. 6.1). Such reversibility and

instantaneous shear-thickening response is also reported earlier for a similar system [18].

6.3 Results and discussions

Typical Scanning Electron Microscopy (SEM) images of the synthesized particles (Fig.
6.2(a) - (c)) along with the size distributions (Fig. 6.2(d)) are shown. Flow curves, show-

TNsuspension )

ing the relative viscosity (1, = as a function of applied shear-stress (o) at dif-

ferent packing fractions (¢) are plﬁgggg in Fig. 6.2(e) for almost six orders of magnitude of
stress variation for mean particle diameter d = 1.21 ym. After an initial Newtonian /shear-
thinning region, there is a shear-thickening region at higher values of ¢ beyond a stress
onset g, when 7, increases strongly for ¢ >0.55. The onset stress (o) is given by the
minimum applied stress for which leoo gg((";)) > 0 (indicated in Fig.6.2(e) with a bold arrow).
Physically, o( indicates the minimum stress scale for inducing frictional contacts between

two particles in the suspension, overcoming the residual inter-particle interactions [2].

I see from Fig. 6.2(f) that 7, increases monotonically with increasing ¢ values at a
particular value of o ( = 28 Pa, as indicated by the vertical dashed-line in Fig. 6.2(e)).
Such non-linear increase in viscosity as a function of volume fraction can be described
by the empirical Krieger-Dougherty (KD) model for spherical particles: 7, = (1 — £)~2

¥}
[15, 17]. This model predicts that as the particle volume fraction (¢) gradually increases,
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Figure 6.2: (a) - (c¢), SEM images of synthesized PS microspheres for three different
sizes. (d) Histograms indicating the distribution of particle size with mean diameter (d)
and standard deviation indicated in the figure. (e) Relative viscosity (7.) as a function
of applied shear stress (o) for particles with d = 1.21 um for different volume fractions
¢. The onset stress (og) for ¢ = 0.58 is marked with a bold arrow. The error bars are
the standard deviations of viscosity for two independent measurements. (f) 7, vs ¢ for
the value of ¢ indicated by the dashed line in panel (e). The solid-line in (f) indicates
a fit of KD relation to the three data points for ¢ = 0.45, 0.5 and 0.55 (shaded region).
The vertical dashed-line indicates the value of ¢; (described in the text).
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the viscosity (7,) also increases and finally diverges when ¢ closely approaches ¢, the
jamming packing fraction. To avoid the complications due to material failures (such as
those arising from plasticity and sample fractures) originating from the flow of the solid-
like SJ state, I restrict our fitting up to the random loose packing ¢, (~ 0.55) of the
system, below which shear induced jamming is not expected [22]. So, I fit the data only
over the range of packing fractions 0.45 < ¢ < 0.55 (shaded region) in Fig. 6.2(f). I also
compare the ¢; values obtained from this fitting range to that obtained from a slightly
larger range 0.4 < ¢ < 0.55 for different o values (Fig. 6.3). I get identical values of ¢,
in all cases. Importantly, for smaller values of ¢, the shear rate produced in the sample
becomes very high at higher values of applied stress and the sample tends to come out
of the rheometer plates. For this reason, I cannot extend the range down to ¢ = 0.4 for
very high stress values (see Fig. 6.3). For the rest of the chapter, I will stick to the range
0.45 < ¢ < 0.55 for fitting KD model. 7, vs ¢ shows a very good agreement with KD
model as shown by the fitted solid-line in Fig. 6.2(f), with ¢, = 0.619.

Next, using the flow curve data (n, vs o) for different ¢ values, I show the varia-
tion of 7, as a function of ¢ for different ¢ values in Fig. 6.4. For simplicity, I have
shown such flow curve data only for d = 1.21 pm in Fig. 6.2(e). In Fig. 6.5, I explain
the detailed procedure to obtain 7, vs ¢ for different o values from the flow-curves. In
Fig. 6.4(a), I show 7, vs ¢ for d = 0.59 pm when o is gradually increased from the left
most to the right most panel. For a given value of o I fit KD model to the data over
the shaded region (0.45 < ¢ < 0.55). I obtain very good agreement for lower o values,
however, with increasing o, the fits systematically deviate from the experimentally mea-
sured data points for higher values of ¢. Similar trends are also observed for d = 1.21
pm (Fig. 6.4(b)) and d = 2.76 pm (Fig. 6.4(c)) particles, albeit, over different stress
ranges. This indicates that for large o and ¢ values, the experimentally measured 7, is
much lower compared to the KD predictions. I interpret that these deviations indicate
shear-induced solidification of the suspension where steady velocity gradient cannot be
maintained without failures in the sample. Here, I use the term ‘failure’ in a very general
sense. In disordered materials, brittle-fracture, shear band plasticity, localized non-affine
deformations are the most likely mechanism for yielding/failure [23]. However, with our
present imaging set-up (resolution of ~ 50 pixels/mm), I can only observe extreme fail-
ures like macroscopic crack formation due to brittle failure at very high applied stress
values (see Fig. 6.6(e), (f) and movie https://drive.google.com/drive/folders/
13rkUmYf JVYzJgmbzUYP_ojKfMj3F7I2e?usp=sharing (refer to Appendix for movie de-

scription) ) and not the more subtle ones. Such failures weaken the stress response of the
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Figure 6.3: Comparison of the value of jamming packing fraction ¢; for different range
of fitting. (a), (b) and (c) show the fits to KD equation (described in the text) for o
values obtained over the range 0.45 < ¢ < 0.55. Same fitting is shown over the range
0.4 < ¢ < 0.551in (d), (e) and (f). The fitting parameters (¢ ;) obtained for a given

o value are same (up to at least 3 decimal places) for both the fitting ranges (as indi-
cated in the figure). Importantly, for ¢ = 0.4, the suspension viscosity being relatively
low, very high applied stress (o > 1000 Pa) produces high shear rates. Under such high
shear rates, the sample tends to protrude out of the rheometer plates. For this reason, I
cannot get a reliable viscosity value for ¢ = 0.4 for ¢ > 1000 Pa. So, I can not compare
the data for o = 2000 Pa (shown in Fig. 6.4(b) for 0.45 < ¢ < 0.55).

124



6.3. RESULTS AND DISCUSSIONS

 6=1252 Pa

r a 1
r i
s , 0 =2000 Pa-;

1 i 1 i r. IG:.1613I Pa.;
05 0.6 05 0.6 05 0.6 05 0.6

¢

Figure 6.4: Relative viscosity (7,) as a function of volume fraction (¢) for different ap-
plied stress (o) values as indicated. Each row represents a particular mean size of the
particles; (a) d = 0.59 pum, (b) d = 1.21 pm, (¢) d = 2.76 pm. The solid line is a fit
to KD relation based on the values of ¢ in the shaded region. For all three sizes of the
particles, I obtain significant deviation (indicated by solid symbols) from KD fits for
large o and ¢ values. The error bars are the standard deviations of viscosity for two
independent measurements and are small compared to the size of the symbols in most
cases.
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sample that translates into a lower value of the measured viscosity.

I now study stress dependence of jamming packing fraction ¢;(¢) obtained from the
fitted KD curves shown in Fig. 6.4. I find that, with increasing values of o, ¢ (o) decreases
as shown in Fig. 6.6(a) (d = 0.59 um), (b) (d = 1.21 pm) and (c) (d = 2.76 pm). Such
stress dependence of ¢; can be well described by WC model (Eq. 6.1). The exact form
for f(o) can not be determined experimentally. Motivated by earlier studies [24, 25],
an exponential form for f(o) is introduced [16]. However, it is found that a stretched
exponential form, f(o) = e/ o) gives better agreement with the experimental data
[16]. The exponent [ is a fitting parameter that gives the range of stress values over
which shear-thickening is observed. Higher the value of 3, lower will be the stress range
for shear-thickening. The solid lines in Fig. 6.6(a)-(c) indicate the fits of WC model to
the experimental data, where I get an excellent agreement. This observation reconfirms
the microscopic picture of stress induced conversion of the lubricated contacts into the
frictional ones. For d = 0.59 pm, 1.21 pm and 2.76 pum I get the respective 8 values of 1.19,
0.99 and 0.74. Such trend indicates that the range of stress values for shear-thickening
decreases with decreasing particle size. For a typical value of § ~ 1, an applied stress
o = o* gives f(0) = 1/e. Thus, o* gives a stress scale when the system develops sufficient
number of frictional contacts and is proportional (but not equal) to the average onset stress
(0¢) for shear-thickening [26]. Like the onset stress, o* also shows similar dependence on
particle size [16]: o* ~ 1/d?* (see Fig. 6.7).

Physically, WC model predicts the packing fraction of particles ¢ (o) for a given ap-
plied stress o at which the viscosity of the suspension 7,(¢) diverges. It implies that, for
a given o value, the suspension having packing fraction ¢ (> ¢ (o)) should behave like a
jammed solid with infinite viscosity. Thus, existence of finite viscosity for the parameter
range marked by the shaded regions in Fig. 6.6(a)-(c) is not expected. I conjecture that
such finite value of viscosity at high o and ¢ values can be observed (e.g. Fig. 6.2(e) and
Fig. 6.4) if the sample develops flow induced failures. For a given ¢, the onset stress for
Shear Jamming (og;) is determined from the stress value o for which, ¢ = ¢ (o) (shown
in Fig. 6.6(b) by dashed vertical lines for ¢ = 0.58 and 0.6). I show the SJ region (shaded
region) for d = 1.21 pm in Fig. 6.6(d) with og; values are indicated for ¢ = 0.58 and
0.6. I find that og; decreases for increasing ¢. Such trend has also been reported for SJ
under transient forcing [11, 14]. I perform in-situ optical imaging of the sample in the
flow-gradient (v, Vv) plane (see movie https://drive.google.com/drive/folders/
13rkUmYf JVYzJgmbzUYP_ojKfMj3F7I2e7usp=sharing and refer to Appendix for movie

description) while measuring the flow-curves. Since, the particles are optically opaque,
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Figure 6.5: Detailed protocol for obtaining relative viscosity 7, vs volume fraction ¢
(indicated in Fig. 6.2) from steady state flow curves. Panel (a) shows steady state

flow curves (7, vs o) for different ¢ values ranging from 0.45 to 0.6 (also shown in

Fig. 6.2(e)). I first draw a vertical line for a particular stress value (say, o = 28 Pa),

I find the intersection points for the corresponding vertical line (blue) with the flow
curves to get 0, vs ¢, for ¢ = 28 Pa as shown in the left-most panel in (b). I repeat
this procedure for different stress values in an increasing order (as indicated with dif-
ferent coloured vertical lines in (a)) to obtain the other panels in (b). In (b), 7, vs ¢
are shown for increasing o values from left to the right most panels. Here, d = 1.21 um
(Fig. 6.2(b)).
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Figure 6.6: Jamming packing fraction (¢;) as a function of applied stress (o) for differ-
ent particle sizes: (a) d = 0.59 um, (b) d = 1.21 pum, (¢) d = 2.76 um. The solid lines
are the fit to WC model. Shaded region predicts the parameter range for SJ (mentioned
in the text). (d) Steady state flow curves for d = 1.21 um. The shaded region indicates
the SJ regime with og; is indicated for ¢ = 0.58 (blue dashed-line) and ¢ = 0.6 (red
dashed-line), obtained from (b). (e) and (f) show optical images of the sample bound-
ary between the rheometer plates inside SJ regime, for ¢ = 0.58. For very high stress
values, partial detachment of the sample from the plate (due to brittle failure) is ob-
served (as indicated by the bold arrow). The aspect ratio is changed from the original
images for clarity.
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Figure 6.7: Variation of the parameter ¢* (mentioned in the text) with particle size. I

get a trend o* ~ d%. The values of the fitting parameters (indicated in the figure) A =

265.58 Pa.um? and B = 65.89 Pa.

I can only image the sample boundary. Deep inside the SJ regime, I indeed find de-
tachment and edge fracture of the sample (Fig. 6.6(e), (f) and movie https://drive.
google.com/drive/folders/13rkUnYfJVYzJgmbzUYP_ojKfMj3F7I2e?usp=sharing (re-
fer to Appendix for movie description)), reconfirming the formation of solid-like SJ state

under shear.

For d = 2.76 pym (Fig. 6.6(c)), I find that the value of ¢, (indicated in Eq. 6.1)
approaches the random close packing (¢,., ~ 0.64) for a system of monodisperse hard
spheres [15, 22]. I also observe that ¢, systematically drops from ¢,., value as the particle
size decreases (Fig. 6.6(a) and (b)). This indicates a deviation from ideal hard sphere
behaviour due to residual inter-particle interactions [27]. Although, I do not know the
exact nature of such interactions, the systematic drop from ¢,, value with decreasing par-
ticle size indicates that such interactions are predominantly induced by particle-surfaces
[28, 19], since, for a given packing fraction, the smaller particles will have a larger surface
to volume ratio. This observation is also consistent with the decrease in shear-thickening
range for smaller particle sizes (higher values of ) that indicates enhanced inter-particle
interactions [29]. The parameter ¢,, corresponds to the minimum volume fraction required
for shear induced jamming. I find that in our study ¢,, = 0.56 in all cases. This value
of ¢, is very close to random loose packing (¢, ~ 0.55) for monodisperse hard spheres
[22]. This observation also agrees with the reported lower-limit for observing jamming in
frictional systems [22]. Also, the similar values of ¢,, for all the particle sizes indicate that
despite differences in the residual inter-particle interactions, the stress-induced frictional

interactions between the particles are very similar.
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6.4 Conclusions

In conclusion, I propose a novel method to predict the onset of Shear Jamming in dense
particulate suspensions entirely based on steady state rheological measurements. I gen-
eralize our results for a range of particle sizes. In all cases, the predicted onset stress
values for Shear Jamming (0g;) are found to decrease with increasing ¢, a trend also
obtained from transient measurements [11, 14]. In our case, the optical imaging can not
detect any signature of sample failure for stress values just beyond og; (predicted from
our analysis) as shown in the movie (see https://drive.google.com/drive/folders/
13rkUmYf JVYzJgmbzUYP_ojKfMj3F7I2e?usp=sharing and refer to Appendix for movie
description). I believe that our analysis captures the weakening of the sample due to
microscopic failures in random locations of the sample. However, these failures are only
visible when they merge and grow to macroscopic length-scales under increasing stress.
This implies that our analysis is more sensitive in picking up the onset of SJ state as
compared to our optical imaging method probing failures in the sample. Since, the reso-
lution of our imaging is not very good, I can only see extreme failures (like brittle fracture,
macroscopic crack formation etc.) but not plastic shear bands and other subtler features.
Further, due to the opaque nature of the sample, the failures happening inside the bulk
of the sample (not on the surface) will not be optically visible. The generality of our
analysis for systems with different particle shapes and interactions needs to be verified.
Furthermore, comparison of the predicted value of og; from our steady state measure-
ments with that obtained from transient measurements or directly by more sophisticated
optical /non-optical imaging techniques probing sample failures, remain an interesting fu-
ture challenge. I hope that our experiments will motivate further studies on shear induced

jamming in dense suspensions.

6.5 Appendix: Movie description

In-situ deformation of the sample boundary in the flow-gradient (v, Vv) plane is captured
during the steady state flow-curve measurement (Fig. 6.6(d)) as shown in movie. The
movie is captured by a digital camera (iPhone X) with a resolution of 1920 X 1080 pixels
at frame rate of 60 Hz with a spatial resolution of ~ 50 pixels/mm. The optically opaque
nature of the sample enables us to track the boundary deformations as a function of
increasing applied stress values. At large values of applied stress (indicated in the movie),

there is a clear signature of detachment of the sample from the shearing plate. However,
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as the applied stress is removed such failure starts to recover when the sample is again

transformed back to a liquid like state from a shear jammed state.
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CHAPTER 7. ORTHOGONAL VIBRATION INDUCED CONTROL OF JAMMING
IN DENSE SUSPENSIONS

7.1 Introduction

In the previous chapters, I have mentioned that athermal systems (like jammed granular
suspensions) are stuck in their out of equilibrium state as the thermal energy at room
temperature is insufficient to allow these systems to evolve in any way. To trigger any
evolution in such systems requires externally applied perturbations/excitations with much
higher energy scales compared to the thermal fluctuations. So far in this thesis, I have
been using shear as the only controlled external drive to study how such systems evolve.
In this chapter, I will study shear response of the system in presence of controlled external
vibrations applied to the system.

Systematic studies have established the physics of dry grains under vibration. Effects
such as granular segregation, brazil-nut effect and granular compaction are well established
in the literature [1, 2, 3, 4, 5, 6, 7]. More recent interest has been in the physics of vibrated
wet granular media like dense suspensions of athermal particles [8, 9, 10, 11]. In these
studies typically the particles are heavier than the suspending fluid, thus gravitational
settling of the particles ensures frictional contact formation in the system, even under
static conditions, that results in the formation of a jammed bed having an yield stress.
Such yield stress has been measured using the Taylor-Couette geometry.

Studies on these systems have reported that the frictional yield stress can be tuned
by applying orthogonal vibrations to the system [9, 11, 12]. Flow curves (viscosity vs
applied shear stress) show that while at low shear stress vibration systematically reduces
the viscosity of the suspension, flow behavior at higher applied stress is hardly affected
by the vibrations. There is a crossover from a vibration dominated flow regime to a
shear dominated flow regime with increasing applied shear stress. Effects of particle size,
viscosity of the suspending fluid as well as the stress due to the applied vibration have

been studied in the context of frictional yield stress. The vibration stress is defined as:

oy = ;pAz(Qﬁf)z (7.1)

where p is the density of the suspension, A and f are the amplitude and frequency of
the applied vibrations respectively. However, it remains unclear whether superimposed
vibrations have similar effects for yield stress systems where the yield stress originates
from inter-particle adhesive/attractive interactions, as studied in the Chapter-3 of this
thesis.

Additionally, with increasing recent interest in shear-thickening and shear-jamming

of dense suspensions, there have been efforts to control Discontinuous Shear Thickening
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and Shear-Jamming by using orthogonal superimposed vibrations [13, 14, 15, 16, 17, 18].
Despite the promising results, this relatively new area of research still harbours many
open questions.

Here, 1 explore the effects an orthogonal vibration has on dense suspensions that
exhibit adhesion induced yield stress. In the latter part, I also explore the effects of
vibration on the shear-thickening behavior of dense suspensions formed by particles that

are density matched with the suspending fluid.

7.2 Materials and methods

Dense suspensions with adhesive inter-particle interactions were formed by dispersing
Cornstarch particles (CS) in Paraffin oil (PO) at a volume fraction of 0.4 and in density
matched Organic oil at a volume fraction of 0.46 (see section 2.3.1 for details of the system
and sample preparation techniques). For shear thickening suspensions, I use poly-disperse
Polystyrene (PS) particles in PEG 400 at a volume fraction of 0.67. Experiments were
performed in a Couette geometry with a profiled bob (Anton Paar) with a diameter of
19.6mm and a home made outer cup of diameter 30mm. The cup is mounted on an
electromagnetic shaker (LDS V201, Briiel & Kjeer, UK). Using this setup, the cup can be
made to vibrate orthogonal to the shear direction as shown in the schematic of the setup
in Fig. 7.1. T use a high speed camera (Phantom, MIRO C210) to capture in-situ images
of the vibrating cup. By tracking some markers on the surface of the cup and using image
analysis, I characterize the amplitude and frequency of the vibrations as shown in Fig.
7.2.

7.3 Results and Discussion

First, I study the flow behavior of the adhesive suspensions under steady shear (in the
absence of vibration). In Fig. 7.3(a) and (b), I plot the flow curves (stress vs shear rate)
for the Cornstarch-Paraffin oil system and Cornstarch-Organic oil system, respectively. [
observe non-monotonic flow behavior at low shear rates (particularly for the CS-Paraffin
oil system) as observed for other attractive/adhesive systems before [19, 20].

Now, I apply orthogonal vibrations to both these systems of different frequencies at two
different values of input current: 0.1A and 0.3A. The flow curves in presence of vibration

are plotted in Fig. 7.4 for CS-Paraffin oil and Fig. 7.5 for CS-Organic oil systems.
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Figure 7.2: (a) An image of the marker attached to the vibrating cup of our setup that
is used to calibrate the frequency and amplitude of the vibrations. Bottom panel shows
a typical amplitude profile of the shaker. Data shown is for 80 Hz over an interval of 1s.
(b) Fast Fourier Transform corresponding to the amplitude profile shown in (a) indicat-
ing the frequency of the vibrations.
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Figure 7.3: Flow curves of the density mismatched (Cornstarch particles dispersed in
Paraffin oil) and density matched (Cornstarch particles dispersed in density matched
Organic oil) systems without vibration in (a) and (b) respectively. The non-monotonic
behavior at low shear rates is similar to that observed in attractive/adhesive systems
before, as mentioned in the text. Error bars indicate averages taken over 3 increasing
and 3 decreasing shear rate runs.
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Figure 7.4: Flow curves for Cornstarch particles dispersed in Paraffin oil without and
with vibration at different frequencies indicated by the legend in the figures. The input
current value is 0.1A in (a) and 0.3A in (b). Error bars indicate averages taken over 2
increasing and 2 decreasing shear rate runs.
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Figure 7.5: Flow curves for Cornstarch particles dispersed in density matched Organic

oil without and with vibration at different frequencies as indicated by the legend in the
figures. The input current value is 0.1A in (a) and 0.3A in (b). Error bars indicate av-

erages taken over 2 increasing and 2 decreasing shear rate runs.

From Fig. 7.4 and 7.5, I observe that the sample no longer shows a yield stress and
the stress value obtained from the lowest shear rate (0.01s7!) is significantly reduced in
both cases. The flow curve becomes quasi-Newtonian at the low shear rate regime for all
frequencies. However, I observe that the lower frequencies f = 25Hz and f = 50H z show
a greater reduction of the adhesive yield stress in both systems. At large shear rates, I see
the behavior of both the systems is predominantly shear dominated, as the flow curves
under vibration overlap with that of the no-vibration case. This crossover from a vibration
dominated to a shear dominated regime is similar to that observed in frictional yield stress
systems [9, 11]. I do notice, however, that the overlap in the shear dominated region is
near perfect for the CS-Paraffin oil system (particle and solvent density mismatched)
but there is a spread in case of the CS-Organic oil system (particle and solvent density
matched).

Now, in order to gain more insight about the non-monotonic reduction of stress with
applied vibration frequency in Fig. 7.4 and 7.5, I calculate the vibration stress (o)
according to equation 7.1 for each of the frequencies. As mentioned earlier, I use the high
speed imaging to obtain the corresponding values of amplitudes for each frequency. In
Fig. 7.2, I show a typical image of the marker attached on to the vibrating cup that I
track for image analysis. I also show a typical amplitude profile during vibration and the

corresponding Fast Fourier transform that gives us the frequency of the vibration.
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Figure 7.6: Viscosity (1) as a function of stress (o) for the average data shown in Fig.
7.4(a). The flow curves are plotted at increasing values of vibration stress (oy) cali-
brated in terms of the frequency (indicated in brackets in the legend) and corresponding
amplitude of the applied vibrations according to equation 7.1. The input current value
is 0.1 A for each frequency.

In Fig. 7.6, I plot the viscosity as a function of shear stress (similar to [9]) for increasing
values of oy for the CS-Paraffin oil system at input current value of 0.1A. I observe a
monotonic drop in viscosity with increasing oy. This implies that our adhesive yield
stress system also follows the same trend as has been observed for the frictional yield

stress systems.

Finally, I explore the effects of vibration on a shear-thickening dense suspension formed
by dispersing Polystyrene particles in PEG-400. For this case, I varied the frequency in
the range of 1 Hz to 200 Hz and the input current was varied from 0.1A to 1A for each
frequency. In Fig. 7.7(a), I plot the viscosity vs shear rate for increasing current values
(proportionately increasing the amplitude of the vibration) at a constant frequency of 50
Hz. In Fig. 7.7(b), I plot the same for increasing values of frequency at a constant input
current of 0.4A.

[ find an increase in the viscosity of the suspensions for low shear rates (quasi- Newto-
nian regime) in both the cases. This effectively reduces the difference between the viscosity
in the shear thickening regime and the quasi-Newtonian regime. Further experiments are

ongoing to see the generality of these results.
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Figure 7.7: Viscosity (1) as a function of applied shear rate (¥) for Polystyrene particles
dispersed at PEG under different input conditions. In (a), at a constant frequency of
50 Hz, I increase the input current as indicated in the legend of the figure. In (b), for

a constant input current of 0.4A, the frequency is systematically increased from low to
high values. Errors bars are averaged over an increasing and a decreasing shear rate
run.

7.4 Conclusion

In this chapter, I study the effects of superimposed orthogonal vibration on the rheology
of jammed dense suspensions. For adhesive suspensions, I study two cases: i) Particles
and the suspending fluid are density mismatched and ii) Particles and the suspending fluid
are density matched. Previous works have reported a reduction of frictional yield stress
(originating from the settling of particles) under applied vibration. To our knowledge,
this is the first report of vibration induced reduction of adhesive yield stress. Similar to
earlier studies, I observe that the effects of vibration are predominantly in the regime of
low shear rate, while at high shear rates, the presence of vibration does not affect the flow
behavior of the system. However, I do observe a slight variation in the density matched
suspension where, at high shear rates, some deviation is observed between the cases with
and without the applied orthogonal vibration. Further experiments are needed to confirm
if density mismatch between the particles and the suspending fluid is a significant factor
in tuning the suspension viscosity using orthogonal vibration.

I also study shear-thickened suspensions formed by dispersing Polystyrene particles in
PEG. I see that the degree of relative shear thickening does get reduced under vibration.
However, this effect is a result of an increase in the hydrodynamic viscosity of the sus-

pension. Such an increase has not been reported previously. An important factor in our
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case is that the particles (PS) are density matched with PEG whereas previous works in

this regard have used density mismatched suspensions. At this point, I do not understand

whether the neutral buoyancy of the particles is responsible for the observed effects but

this is an interesting future direction.
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CHAPTER 8. SUMMARY AND OUTLOOK

This chapter summarizes the main results of the thesis and addresses possible future

research directions.

In this thesis, I study rheological properties of different athermal dense particulate
suspensions. Depending on the inter-particle interactions, the systems studied can be
broadly categorized into two classes: (i) Static jammed systems with particles having

adhesive inter-particle interactions, and (ii) Systems showing shear-induced jamming.

The static jammed systems that I study, are formed from dense suspensions of granular
particles having adhesive inter-particle interactions. 1 find that this system is highly
non-linear even far below the flow point (where the behavior of the system undergoes a
crossover from a predominantly elastic to viscous nature). I develop a framework to study
the yielding dynamics of these systems in terms of the normalized energy dissipation. I use
boundary imaging to map out the microscopic particle level rearrangements, flow behavior
and plasticity. This allows us to correlate local particle dynamics to the bulk energy
dissipation in the system. Further, I use particle settling experiments to independently
determine critical jamming volume fractions of the system. Using these, I explain the flow
behavior of the system over a wide parameter space of applied strain and particle volume
fraction. Finally, I use surfactants to tune the inter-particle adhesion to explain the
observed dissipation and non-linear effects in the system. In future, it will be interesting
to explore this energy dissipation based framework of yielding in other soft materials.
Further, I also use superimposed orthogonal vibration as an external handle to tune the
adhesive yield stress in this system. Although I have shown that both density matched and
density mismatched adhesive suspensions show similar yielding and non-linear behavior,
further investigation of whether density matching affects particle level dynamics is an

interesting future direction.

The data analysis scheme that I develop in this thesis to characterize the non-linear
rheological behaviour of the static jammed systems is based on bulk behavior of the
system. This framework does not take into account the strain localization and particle-
level plasticity observed in our system. From our imaging data, it is fair to assume that the
different shear banded regions will follow different constitutive equations. The interaction
between such regions remains unknown in our case. Although at this point, I do not
understand the origin of shear banding in our system, invoking non-local rheology for this
system could be a worthwhile effort. Large Amplitude Oscillatory Shear measurements
classify the system’s behavior into three different regimes: a quasi linear regime at very
low strain values, followed by an intermediate deformation regime where the system shows

strain-stiffening and plasticity; finally a fully plastic regime at large strains. Elasto-visco-
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plastic models with a non-linear elastic element are likely to be a good description for
some of the observed behaviour. However, establishing a suitable model that captures
such a rich phase behavior, particularly for the intermediate strain regime, remains an

interesting future direction to explore..

Next, I explore the out of equilibrium nature of disordered jammed solids by study-
ing memory formation in the static jammed system mentioned above. I report strong
signatures of the encoded memory in the mechanical properties of the bulk system. By
tuning the inter-particle interaction, I establish the importance of inter-particle adhesion
in the formation of such strong mechanical memory. Using optical boundary imaging
and subsequent velocity profile analysis, I propose a strand based mechanism behind the
observed memory signature. Further, I explore encoding of multiple memories in this
system. Interestingly, I observe a systematic shift in the position of the existing memory
by training the system at a different amplitude. This results in a phantom memory that
was not encoded in the system. Further, such memory shifting has a systematic depen-
dence on the shear rate associated with the training. Importantly, I are limited by the
optical opacity of our suspensions which has made it challenging to image the bulk of
the system. In this thesis, I primarily use boundary optical imaging to study the particle
level dynamics of the system. It will be interesting, in future, to explore better techniques
(both optical and non-optical) to probe the bulk structure of the system. This can help

in establishing the underlying physical mechanisms more robustly.

Finally, I study shear-jammed dense particulate suspensions. For this work, I synthe-
size polystyrene microspheres using the dispersion polymerization technique and use them
to make shear-thickening dense suspensions. I combine steady state measurements with
established phenomenological models to distinguish between the Discontinuously Shear-
Thickened state and the Shear-Jammed state of the suspensions. In future, it is important
to establish the validity/applicability of this approach to a broader, more general class
of suspensions with non-spherical particle shapes, poly-disperse size distributions, etc.
Additionally, the effects of orthogonal vibration on the shear-thickened as well as shear
jammed state of the suspensions requires further investigation. Our preliminary results
point towards an interesting role played by particle-fluid density matching, which remains
a promising future direction to explore.

Both inter-particle interactions as well as frictional interactions have a crucial role in
the observed macroscopic phenomena in this thesis. However, to correlate the observed
critical strain/stress values with such microscopic interactions, characterization techniques

like AFM are required, which will require future efforts and presently remain outside the
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scope of this thesis. Normal force data remained consistent with the existing knowledge
of shear-thickening granular systems, showing an increasing trend with increasing applied
stress in the shear thickening regime. However, for the strain stiffening systems where
in some cases we observe a negative normal stress, the trend remains inconclusive due
to small magnitude and noisy nature of the normal force data. Future work with more
precise measurement techniques should be able to decipher if any conclusive normal force

trend exists.
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