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Preface

Soft matter encompasses materials that show flow and deformation properties interme-

diate between Newtonian liquids and crystalline solids. This broad category includes

diverse systems like suspensions, polymers, paints, surfactants, food and cosmetic prod-

ucts, granular materials, and biological substances, etc. These materials play a crucial

role in our daily lives. What makes these materials particularly fascinating is the fact that

the mesoscopic length scales and the relatively weak entropic forces govern their behavior.

Because of these weak interactions and the involvement of longer length scales, soft ma-

terials exhibit easy deformability and long relaxation time scales. These properties make

them suitable candidates for studying non-equilibrium physics and understanding various

catastrophic natural phenomena by using them as model systems. Thus, from both the

fundamental scientific and industrial application perspectives, the study of these systems

is crucial.

This thesis focuses on the flow properties of dense particulate suspensions that form

an important class of soft materials. Dense suspensions are formed by dispersing solid

particles in a Newtonian liquid at a high volume fractions. Dense suspensions exhibit

striking non-Newtonian behaviors, in particular, the phenomena of shear thickening and

shear-induced jamming. Many dense particulate suspensions show a stress-induced in-

crease in viscosity known as shear thickening (ST). Depending on the particle volume

fraction, applied stress, and nature of interparticle interactions, dense suspensions show a

mild or, drastic shear thickening known as continuous shear thickening (CST) or discon-

tinuous shear thickening (DST), respectively. For high enough particle volume fraction

and applied stress, many of these systems show a remarkable transformation from a liquid-

like state to a solid-like shear jammed (SJ) state. Apart from a fundamental scientific

standpoint, these phenomena hold significant potential applications, such as in the de-

velopment of adaptive materials, liquid body armor, shock absorbers, sensors, and more.
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Throughout this thesis, using various model systems, we delve deeply into critical as-

pects of shear thickening and shear jamming phenomena, including relaxation dynamics,

memory effects, shear-induced flow and deformation behavior, the effects of solvent and

particle properties, etc. Using shear rheology, in-situ boundary imaging, Particle Imaging

Velocimetry (PIV), and various other techniques, we explore the microscopic particle scale

dynamics that control the properties of shear thickening systems.

Chapter 1 of this thesis serves as a general introduction to soft matter physics. We

particularly focus on what makes soft matter systems unique and why they are so im-

portant to study. We also explain some fundamental physics that controls the interesting

behavior of these systems. Additionally, we touch upon some essential models that help

us grasp the fundamentals of soft matter systems. Lastly, we provide an overview of some

important topics related to this thesis.

Chapter 2 is dedicated to the various experimental techniques, particle synthesis pro-

tocols, and sample preparation processes used in the thesis.

In Chapter 3, we explore the transient stress relaxation behavior of shear jammed (SJ)

dense suspension. For high enough particle volume fraction and applied stresses, many ST

dense suspensions show a remarkable transformation from a liquid-like state to a solid-like

shear jammed (SJ) state. Interestingly, such solid-like shear jammed state again goes back

to the liquid-like state under removal of applied stress or shear rate. However, the un-

derlying particle-scale dynamics leading to such striking, reversible transition of the bulk

remains unknown. Here, we study the transient stress relaxation behavior of SJ states

formed by a well-characterized dense suspension under a step strain perturbation. We

use dense suspension of polystyrene microspheres with polyethylene glycol (PEG) as the

solvent. We observe a dramatic transition in stress relaxation behavior that depends on

the peak stress developed due to transient step strain perturbation. The stress relaxation

behavior changes from a smooth single-step relaxation following a power law cutoff by

stretched exponential behavior to a two-step relaxation behavior that develops a sharp

discontinuous stress drop at a short time for high enough peak-stress values. Additionally,

we observe an interesting behavior of normal stress during the stress relaxation process,

which is significantly different from the steady state measurement. We use high-resolution

in-situ boundary imaging techniques to understand the particle scale dynamics that con-

trol such interesting stress relaxation behavior. High resolution boundary imaging and

normal stress measurements confirm that such stress discontinuity originates from the

localized plastic events, whereas system spanning dilation controls the slower relaxation

process. We also find an intriguing correlation between the nature of transient relaxation
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and the steady-state shear jamming phase diagram obtained from the Wyart-Cates model.

In Chapter 4, we investigate the structural memory in the shear jammed system. In

Chapter 3 we find that such shear jammed systems show very fast relaxation dynam-

ics where the stress in the system relaxes quickly, so that, the solid like jammed state

comes back to the liquid like state when no shear is applied. Here we study the effect of

such drastic stress relaxation on the structural relaxation of the particles. Using shear

rheology, a step strain of a certain magnitude is applied and the strain is maintained

for a time scale much larger than the stress relaxation time-scales. After the complete

stress relaxation, we again apply the step strain of the same magnitude and repeat the

same process. We observe that under a series of unidirectional step strain perturbation,

there is an enhancement in the mechanical response, whereas, under step strain pertur-

bation in the alternative directions, the mechanical response becomes gradually weaker.

This is suggestive of the structural memory in the system despite the dramatic stress

relaxation process where the stress changes over a few orders of magnitude. We further

find that this structural memory is significant only for the volume fractions larger than

the minimum volume fraction required for the shear jamming. Using in-situ boundary

imaging, shear reversal experiments, and numerical simulations, we explore the possible

microscopic mechanism and propose a model that can explain such structural memory in

SJ dense suspensions.

Chapter 5 deals with the study of shear thickening behavior in fractal particulate sys-

tems. Recent studies indicate that ST systems formed by fractal particles are promising

candidates for various practical applications. However, ST in fractal systems remains

poorly explored. Here, we experimentally study the ST behavior in suspensions of hy-

drophilic fumed silica (FS) particles in glycerol. Such a fractal system shows ST behavior

at a significantly smaller volume fraction compared to the non-fractal particulate sys-

tem. Remarkably, unlike nonfractal systems, we observe a strong dependence of the

onset stress for ST on the volume fraction of fractal objects. Additionally, we observe

a reversible weakening of the ST response that depends strongly on the particle volume

fraction as well as the properties of the FS system. Using in-situ boundary imaging, we

map out the spatio-temporal flow properties during ST for different FS systems. Using

six different types of hydrophilic fumed silica systems of different structural properties,

we find that the fractal nature and structural properties, like the internal branching of

the fractal aggregates, can qualitatively explain the complex ST behavior of fumed silica

systems. We summarized the results by showing the difference in the phase diagram for

two different FS systems of completely different structural properties.
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In chapter 6, we study the spatio-temporal flow behavior of two well-studied shear-

thickening granular suspensions, in the context of the recently reported universal scaling

behavior in shear-thickening systems. A phenomenological model proposed by Wyart and

Cates shows that the proliferation of stress-activated interparticle frictional contacts can

give rise to the phenomena of DST and SJ. Building on this model, recent work proposes

and verifies a universal scaling relation for ST systems where two different power-law

regimes with a well-defined crossover point are obtained. Nonetheless, the difference in

the nature of the flow in these two scaling regimes remains unexplored. Here, using

rheology in conjugation with high-speed optical imaging, we study the flow and local

deformations in various ST systems. Here we use two standard shear thickening dense

suspensions:(i) Cornstarch particles dispersed in glycerol and (ii) Polystyrene particles

dispersed in polyethylene glycol (PEG) 400. We observe that with increasing applied

stress, the smooth flow changes into a spatio-temporally varying flow across the scaling

crossover. We show that such fluctuating flow is associated with intermittent dilatancy,

shear-band plasticity, and fracture induced by system-spanning frictional contacts.

Chapter 7 summarizes the critical findings of the thesis. Additionally, the possible

open directions and questions that remain to be explored in the future are also highlighted.

Dr. Sayantan Majumdar

(Thesis supervisor)

Raman Research Institute

Bengaluru 560080, INDIA

Sachidananda Barik
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CHAPTER

ONE
Introduction

“The scientist does not study nature

because it is useful; he studies it because

he delights in it, and he delights in it

because it is beautiful.”

- Henri Poincare -
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CHAPTER 1. INTRODUCTION

1.1 General introduction to soft matter

The term “Soft Condensed Matter” indicates a wide variety of materials that possess in-

termediate properties between simple Newtonian liquids and crystalline solids. Materials

like polymers, colloids, gels, liquid crystals, foams, emulsions, and bio-materials are few

examples of Soft matter [1, 2, 3]. These materials are viscoelastic in nature as they exhibit

both viscous and elastic characteristics. As a matter of fact, these are the essential part of

our daily life. Soft matter science brings together the principles from physics, chemistry,

biology, and material engineering [4, 5, 6]. Such interdisciplinary nature broadens the

expertise and also fosters collaborative approaches to problem-solving. The study of soft

materials is crucial in various processes of industries like food, cosmetics, pharmaceuti-

cals, and bio-medical industries, or the development of eco-friendly smart and adaptive

materials, or addressing the critical environmental concerns.

In soft matter systems, the important length scale occupies a middle ground, bridging

atomic dimensions and macroscopic scales. The energy associated with the structural

reorganization is comparable to the thermal energy levels in these systems. This conflu-

ence of a mesoscopic length scale and the interplay between energy and entropy propels

soft materials towards the spontaneous formation of hierarchical, self-assembled struc-

tures. Such low energy scales make the system flexible which can be easily deformed

through the external stresses induced by electric and magnetic fields, as well as thermal

fluctuations. Thus, the influence of Brownian motion emerges as a pivotal factor in these

systems. Consequently, the structural relaxation time in typical soft materials is consider-

ably longer compared to that of atomic systems, spanning a range from 10−3 to 1 second.

Due to such low energy scale and the longer relaxation time, soft materials can be easily

driven into the out of equilibrium state. Thus, these systems are the ideal candidates to

study the non-equilibrium phenomena.

1.2 Interactions in soft matter

1.2.1 van der Waals interaction

The van der Waals force is a fundamental interaction between any pairs of atoms or

molecules even when the atoms have no net charge or permanent dipole moment. Such

interaction arises from the interaction between the fluctuating dipoles originating from

the fluctuations in their electron distributions [7, 2].
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1.2. INTERACTIONS IN SOFT MATTER

There are three major contributing term to the total van der Waals interaction each

of which varies as the inverse sixth power of the distance (r) between two interacting par-

ticles (1/r6). These are (i) Keesom interaction: This represents the interaction between

two permanent dipoles of polar molecules. (ii) Debye interaction: This is the dipole-dipole

interaction between the permanent dipole present in a polar molecule and the induced

dipole developed in a non-polar molecule. (iii) London dispersion interaction: The fluc-

tuation in the electron distribution of a non-polar molecule give rise to an instantaneous

dipole which can further induce dipole in the neighbouring molecule. The interaction

between such transient dipoles refers to London dispersion interaction.

1.2.2 Electrostatic double layer interactions

When the macromolecules are suspended in the liquid with dissolved ions, the surfaces

of the macromolecules get charged due to the ionization of the surface group or the ab-

sorption of ions to the uncharged surface. As a result, a layer of counter ions will be

attracted towards the charged surface. Some of them will form a tight layer of counter

ions which are bound to the surface called the Stern layer while others will form a diffused

layer of ions close to the surface known as diffuse electric double layer. The presence of

such a double layer essentially screens the electrostatic interactions between the macro-

molecules. Incorporating the Debye-Huckel approximation the electrostatic potential ψ(r)

at a distance r from the surface can be expressed as

ψ(r) = ψ0exp(−κr) (1.1)

where κ =
(

2e2z2n0

ϵϵ0kBT

)1/2

, n0 = ionic concentration in the bulk solution, ze = charge of

the ions [2].

Here, the characteristic length scale κ−1 is known as the Debye screening length, which

is inversely proportional to the square root of the concentration of the electrolyte. The

electrostatic interaction between the charged objects drastically drops to negligible value

at a distance greater than the Debye screening length.

1.2.3 Steric repulsion

When two particles, grafted with a polymer layer, approach one another in very close prox-

imity, the concentration of the polymers inside the gap increases (Figure 1.1).
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CHAPTER 1. INTRODUCTION

Figure 1.1:
Colloids stabilized with grafted polymers

experience a repulsive force in close prox-

imity (figure adapted from [2]).

The reduction of entropy of the polymer

chains increases the osmotic pressure that

leads to a repulsive force. For better col-

loidal stabilization, the strength of the bond

between the polymer and the particle sur-

face needs to be greater than kBT , and there

should not be any significant net attractive

interaction between polymers. Here, the in-

teraction strength is influenced by factors

such as the length of the polymer chains, the

density of the grafted polymers on the parti-

cle surface, and the interaction strength be-

tween polymer segments and the solvent [2].

1.2.4 Depletion interaction

Figure 1.2: Polymer coils of

smaller size along with sus-

pended bigger particle result

in the depletion attractive

force (figure adapted from [2]).

This is an attractive interaction that arises due to os-

motic pressure. In addition to the suspended particles,

if the solution contains any other particles of interme-

diate size between suspended particles and the size of

the solvent molecules, the depletion interaction becomes

important. A classic example is the suspension with dis-

solved polymers, which do not adsorb to the surface of

the particles (Figure 1.2). Around each particle, a re-

gion is impassable to the center of the smaller polymeric

coils due to the particle and polymeric coil interaction.

Whenever two suspended bigger particles come close to

each other, the region between the bigger particles be-

comes inaccessible to the smaller particles. So that the

concentration of the smaller particles in this region is

less compared to the bulk solution. As a result, the dif-

ference in osmotic pressure pushes the particles together

[2]. Depletion interaction is always attractive in nature,

and its strength primarily depends on the size of the

depleting agents (such as polymers or smaller particles) relative to the larger particles,
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their concentration, and temperature. These factors influence the osmotic pressure and

the excluded volume between the particles, which together determine the strength of the

depletion interaction.

1.2.5 Hydrogen bonding

Figure 1.3: Electronegative oxy-

gen atom of a water molecule

makes a hydrogen bond with the

hydrogen atom of another water

molecule (figure adapted from [2]).

Hydrogen bonds exist between electronegative

atoms (Oxygen, Nitrogen, Fluorine, and Chlorine)

and hydrogen (H) atoms covalently bound with

similar electronegative atoms. As the hydrogen

atoms get positively polarized and due to their small

size, they can strongly interact with the nearby

electronegative atom, which results in a hydrogen-

mediated bond between two electronegative atoms.

The best example is water, where the oxygen atom

with its two hydrogens, participates in forming hy-

drogen bonds with other water molecules (Figure

1.3). The typical strength of hydrogen bonds (10

to 40kJmol−1) are typically stronger than the van

der Waals bond (∼ 1kJmol−1) and weaker than the

covalent or ionic bonds (∼ 500kJmol−1) [7].

1.2.6 Hydrophobic interactions

Such interaction originates due to the entropic effects. The immiscibility or the incom-

patibility of some inert substances with water is known as the hydrophobic effect. Hydro-

carbons and fluorocarbons are some classic examples of hydrophobic substances. Now the

significantly strong interactions between these hydrophobic substances in water, which is

stronger than their interactions in free space, is considered as the hydrophobic interaction.

This interaction plays a crucial role in a wide variety of phenomena such as molecular

self-assembly, micelle formation, formation of biological membrane structure, etc.

1.3 Viscoelasticity

Solid and liquid are two common forms of matter. When subjected to an external force

or stress, a solid deforms, but it exhibits a remarkable ability to return to its original
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shape once the stress is removed, known as elasticity, which arises from the restoring

forces within the material. Whereas a key characteristic of liquids is viscosity. It is the

measure of a liquid’s resistance to flow, which also involves an inherent dissipation of

energy. High-viscosity liquids, like honey, resist flow more strongly, while low-viscosity

liquids flow more easily, akin to water. But many materials, called viscoelastic materials,

exhibit both viscous (liquid-like) and elastic (solid-like) properties, depending on the

applied stress or strain and the deformation rate. This dual nature is a consequence of

the material’s internal structure and molecular interactions [8, 9, 10, 11]. Pitch, gum

rubber, silk, and glass are a few examples of viscoelastic materials [9].

1.3.1 Linear viscoelastic models

The stress (σ) applied to a solid is directly proportional to the resulting strain (γ) within

the material, as long as the material remains within its elastic limit, known as Hooke’s

law for solids.

σ = Gγ (1.2)

where G is the elastic modulus of the material.

Similarly for a liquid, the applied stress is proportional to the strain rate (γ̇), within

the fluid, known as Newton’s law of liquids.

σ = ηγ̇ (1.3)

where η is the dynamic viscosity of the liquid.

But for a viscoelastic materials both σ and γ could be function of time. In general

one can express it as(
1 + α1

∂

∂t
+ α2

∂2

∂t2
+ ...+ αn

∂n

∂tn

)
σ =

(
β0 + β1

∂

∂t
+ β2

∂2

∂t2
+ ...+ βn

∂m

∂tm

)
γ (1.4)

In some special case, if β0 is the only non-zero coefficient and β0 = G, then we have

the Hooke’s law for linear solid behavior ( σ = Gγ). Similarly if β1 is the only non-zero

coefficient and β1 = η, then we have the Newton’s law of liquids ( σ = ηγ̇).

Now, taking both β0(= G) and β1(= η) as non-zero and other coefficients to be zero,

we have

σ = Gγ + ηγ̇ (1.5)

which is a simple viscoelastic model called “Kelvin-Voigt (KV) model”. For a constant
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stress σ̄ at t = 0, from KV model we can have the growth of strain γ as

γ = (σ̄/G) [1− exp(−t/τk)] (1.6)

where τk = η/G is called the “retardation time”. In a simplified term one can express the

KV model as the parallel combination of a spring and a dashpot (Figure 1.4(a)), where

the spring and dashpot represent the elastic and viscous components, respectively.

Figure 1.4: Simple linear viscoelastic models: (a) The Kelvin-Voigt model (b) The
Maxwell model.

Another simple viscoelastic model is the “Maxwell model”, which can be obtained

from the general viscoelastic equation if α1 and β1 become the only non-zero coefficient.

Taking α1 = τm and β1(= η) as before, we have

σ + τmσ̇ = ηγ̇ (1.7)

For a constant strain rate (¯̇γ) at t = 0, we can have the stress growth as

σ = η¯̇γ [1− exp(−t/τm)] (1.8)

If γ̇ is constant for t < 0 and γ̇ = 0 at t = 0, then for t ≥ 0 we have

σ = η¯̇γexp(−t/τm). (1.9)

This indicates the stress relaxation behavior from its equilibrium value where τm is the

“relaxation time”. One can express the Maxwell model as the series combination of a

spring and a dashpot (Figure 1.4(b)) [8].
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1.3.2 Measurement of linear viscoelasticity

To gain insight into the viscoelastic properties exhibited by materials, one must delve into

the field of rheology, the study of the flow and deformation behavior of the systems. Mostly

two different rheological methods are used to study the linear viscoelastic properties of

the system: static and dynamic [8].

In the static method, a step stress or strain is applied and the variation of subsequent

strain or stress is observed. The constant stress measurements are known as the “creep”

tests and the constant strain measurements are known as relaxation tests.

In dynamic testing, an oscillatory strain is employed, which enables coverage across

an extensive frequency range and indeed particularly beneficial for materials with a broad

spectrum of relaxation times. When a small amplitude sinusoidal strain is applied to the

system the stress in the system will also oscillate sinusoidally at the same frequency but

with a phase shift of δ (Figure 1.5).

γ = γ0 sinωt (1.10)

σ = σ0 sin(ωt+ δ) (1.11)

Figure 1.5: Oscillatory input strain γ and corresponding stress σ with a phase shift δ.

The stress can be decomposed into two parts with the same frequency. One part

is in phase with the strain wave and other is 90◦ out of phase with strain. In general

sinusoidally varying stress can be written as

σ = γ0 [G
′(ω) sin(ωt) +G′′(ω) cos(ωt)] (1.12)
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where G′ is known as “storage” modulus which represents the storage of elastic energy

and G′′ is called as “loss modulus” which represents the viscous dissipation of energy

[8, 9, 11].

1.4 Nonlinear Phenomena

While the linear viscoelastic framework can accommodate a diverse array of rheological

behaviors, the range of stress or strain over which the material behaves linearly is very

limited. Beyond this range, material properties can undergo changes under applied stress

or strain and can also exhibit time dependence. Beyond the linear regime, significant

nonlinear effects may arise, such as the development of normal stress differences, shear

thinning, and shear thickening.

1.4.1 Normal stress difference

When a viscoelastic material undergoes shear, it experiences a shear stress component and

a normal stress component [8, 9]. Under small deformations within the linear viscoelastic

regime, the three normal stress components have the same value, equivalent to isotropic

ambient pressure. In the case of simple shear flow in the x-direction with a velocity

gradient in the y-direction, the three normal stress components can be denoted as σxx, σyy,

and σzz. As deformation increases, the generation of unequal normal stress components

gives rise to a non-zero normal stress difference, denoted as N1 = σxx − σyy and N2 =

σyy−σzz. While for Newtonian fluids like water, the values of N1 and N2 are typically zero,

for non-Newtonian fluids, N1 is often larger than N2. One notable example of a non-zero

normal stress difference is the rod-climbing phenomenon, also known as the Weissenberg

effect, where an elastic solution gravitates towards the axis of rotation under stirring,

unlike in Newtonian fluids.

1.4.2 Non-Newtonian behavior

As discussed earlier, viscosity in a fluid signifies the extent of energy dissipation under

shear, defined as the ratio of shear stress to the corresponding shear rate. For a Newtonian

fluid, it is an inherent material property that is independent of the shear rate. Dispersing

small particles or polymers in a Newtonian liquid can induce non-Newtonian behavior,

wherein viscosity becomes a function of applied shear rate [11, 10].
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Figure 1.6: Variation of viscosity with shear rate (e) and stress (f) reflects the CST to
DST transition with increasing volume fraction ϕ for the suspension of calcium carbon-
ate in poly-ethylene glycol (PEG) (figure adapted from [12]).

When the energy dissipation rate or the viscosity of the system decreases with in-

creasing shear rate, the process is known as shear thinning. A notable example of a

shear-thinning sample is a common household product: paint. When the paint is at rest,

it has a certain viscosity, but the viscosity decreases as shear is applied during stirring or

brushing. This shear-thinning behavior allows the paint to flow more easily, facilitating

smooth application on surfaces.

Conversely, the increase in energy dissipation rate with the applied shear rate is con-

sidered as shear thickening. In other words, the viscosity increases with an increase in

shear rate or shear stress for a shear thickening suspension. A widespread example is the

dense suspension of cornstarch particles in water. It behaves like a liquid at rest, but

its resistance to flow increases significantly under shear and can exhibit properties like a

solid.

1.5 Introduction to some special topics

1.5.1 Shear thickening

As discussed earlier, the shear-induced enhancement of the viscosity is considered as shear

thickening. The increase in viscosity with shear rate or stress significantly depends on the

volume fraction of the suspension, representing the fraction of solid particles in the liquid.
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Above a minimum volume fraction, shear thickening begins to develop gradually with

increasing shear rate. When the rise in viscosity is relatively modest, typically several

tens of percentage points over a few decades of shear rate, it is considered continuous

shear thickening (CST) [13, 14, 15].

In many shear-thickening systems, as the sample’s volume fraction increases, the rise

in viscosity becomes more prominent and pronounced. Above a specific volume fraction

and beyond a certain shear rate, the viscosity and shear stress exhibit a discontinuous

jump by orders of magnitude. This abrupt increase in viscosity under shear is known

as discontinuous shear thickening (DST). Although this dramatic increase in viscosity

distinguishes DST from continuous shear thickening (CST), the minimum stress required

for the onset of shear thickening remains more or less independent of the volume fraction

for both CST and DST regimes (Figure 1.6) [12, 16, 17, 18, 19, 20].

1.5.2 Proposed mechanisms for shear thickening

Flow-induced Hydroclustering

Figure 1.7: Lubrication force variation

with the distance between the particles sur-

face. Inset: trajectory of a particle around

a reference particle under shear flow (figure

adapted from [13]).

When two colloidal particles come into

proximity, increasing hydrodynamic pres-

sure between them results in the expul-

sion of fluid from the intervening gap. At

short distances, the hydrodynamic force

rises inversely with the separation between

the surfaces of the particles. Therefore,

when external shear stresses drive the par-

ticles close together, lubrication hydrody-

namics strongly couple the relative motion

of the particles (Figure 1.7). This robust

hydrodynamic coupling leads to the for-

mation of hydroclusters, which are noth-

ing but flow-induced density fluctuations

driven and sustained by the applied shear

stress [21, 13].

As the particle concentration is higher

in the hydrocluster, they are capable of dis-

sipating significant energy. When a signif-
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icant number of hydroclusters are formed under shear, the flow can be significantly dis-

rupted. This results in an enhancement of the viscosity of the system. [22].

These transient hydroclusters stand out as the distinctive characteristic of the shear-

thickening state. The formation of hydroclusters, as it turns out, is reversible in nature.

Consequently, by reducing the applied shear rate, one can restore the suspension to a

stable state with lower viscosity.

In principle, an increase in volume fraction should allow particle clusters to grow

larger and become system-spanning, potentially leading to Discontinuous Shear Thicken-

ing (DST). However, it is observed that the hydrocluster model can only explain a mild

increase in viscosity, approximately a factor of 2, and it fails to reproduce the order of

magnitude increase in viscosity as observed in experiments. Nevertheless, the model suc-

cessfully reproduces the onset stress for shear thickening [23, 24, 25].

Order–disorder transition

In some studies, it has been observed that the transition to DST results from a change in

microstructure – specifically, a transition from ordered layers to a disordered state as the

shear rate increases from a lower to a higher value [26, 27]. In other words, the interaction

between the shear force and the interparticle force leads to the formation of layers of

surfaces that glide over each other in the flow direction. When the relative velocity

between these neighboring surfaces increases, this results in an increase in the shear

stress transmitted from one surface to the next through the interstitial fluid. At a critical

shear stress, the coupling of shear stress between the different layers of surfaces becomes

just enough to overcome the forces between the spheres in a single layer, which initially

held them in place. As a result, some sections of the ordered surfaces move into eddies

and cause the onset of disordered flow. The additional energy these disordered spheres

require when they interact during flow causes them to jam into each other, resulting in a

discontinuous jump in the apparent viscosity at the instability point.

However, in many cases, DST is observed without a clear order-disorder transition in

microstructure [12, 28, 29]. This suggests that while the order-disorder transition is a

plausible explanation for DST, it is not a necessary condition. Nevertheless, the model

also successfully predicts the onset of shear thickening.
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Dilatancy

Dilatancy is a shear-induced mechanism frequently observed in granular systems. When a

densely packed granular system experiences shear forces, the particles cannot easily take a

direct path and attempt to navigate around each other. This results in an overall increase

in the volume of the granular packing, a phenomenon referred to as dilation.

In the case of dense particulate suspensions, when the particle packing dilates under

shear, it creates additional space within the packing. This dilation causes the liquid from

the boundary to be drawn into the interparticle voids. Visually, this transformation can

be observed as the surface of the suspension shifts from being wet and shiny to becoming

rough.

Such dilatancy is often observed in conjunction with DST. However, it has been noted

through various observations that not all dilatant systems necessarily exhibit shear thick-

ening. Subsequent studies have revealed that while dilation is a necessary condition, it

alone is not sufficient for the occurrence of DST.

According to more recent studies [30, 17], during shear flow, when a particulate system

undergoes dilation, it imparts normal stress on the confining boundary. This confinement,

in turn, applies a restoring stress to the system, transmitted through the particle contact

network spanning the entire system. As the shear rate increases, this frictional contact

network supports the rise in shear stress, which is proportional to the normal stress, ulti-

mately causing DST. While this picture successfully explains the normal stress behavior

and the influence of boundary conditions on shear thickening, it could not predict the

slope of the viscosity curve.

Lubrication to frictional contact

As discussed previously, although the hydrocluster mechanism can successfully explain

the onset of shear thickening and mild increase in viscosity, such model is not sufficient

to capture the drastic increase in viscosity experimentally observed during DST. Incorpo-

rating both hydrodynamic and frictional interactions between particles, Seto et al. [18]

introduced a numerical model that successfully captures the strong shear thickening, in-

cluding the drastic increase in viscosity during DST in dense suspension. They observed

that the DST is completely absent if the particles become frictionless, even at high volume

fractions approaching the jamming point. The essential feature of their model is the stress

induced transition from a lubrication dominated regime to friction dominated regime. It

further highlights the importance of critical stress that separates the low viscosity, fric-
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tionless state from the high viscosity, frictional DST/shear jammed state. Remarkably,

the critical stress encompasses the repulsive interaction strength between the particles

ensuring the homogeneity of the dense suspension. The role of friction becomes more

pronounced as the volume fraction increases. They further show that friction leads to the

formation of a percolating network of frictional contacts among particles when subjected

to shear (Figure 1.8). This network is essential for the system to sustain applied stress,

which is a characteristic feature of DST. The presence of frictional contacts enhances the

mechanical properties of the suspension, allowing it to transition from a low-viscosity to

a high-viscosity state.

Figure 1.8: Frictional contacts represented as bonds at the two different shear rate (fig-
ure adapted from [18]).

Apart from this study, incorporating the frictional contacts into consideration, the

Wyart-Cates (W-C) model also gives a microscopic insight into the shear-induced increase

in viscosity for the steady-state flow that we will discuss in chapters 3 and 6 [19].

1.5.3 Jamming

When the system can bear any significant applied stress without showing any structural

deformation, then the system is said to be in jammed condition. More precisely, jamming

refers to the emergence of mechanical rigidity in a disordered system due to the forma-

tion of stress-bearing contact networks under applied load. A wide variety of systems

comes under the category of ‘jammed system,’ which includes foams, dense granular mat-

ter, colloids, etc [31, 32, 33, 34, 35, 36, 37, 38, 39]. Most of these systems are inherently
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jammed and possess a well-defined yield stress. In general, there are two basic parameters

that control the jamming transition: (1) Density of the system, (2) Applied stress/load.

Depending on the value of these parameters, a system can be found in the jammed or

unjammed state. The jamming phase diagram proposed by Liu and Nagel beautifully

represents this picture of the jamming transition (Figure 1.9) [32]. Such jamming transi-

tion is often associated with increased correlation length and relaxation time scales [40].

This type of jamming, which occurs at zero stress ( on the density axis of Figure. 1.9) is

a purely geometric phenomenon.

Figure 1.9: The general jamming phase diagram proposed by Liu and Nagel (figure
adapted from [32]).

From the Liu and Nagel jamming phase diagram, it is known that for a system to

be in a jammed state the density of the system must be above a critical value. Such a

jammed state is known as an isotropic jammed state. In the Liu and Nagel jamming phase

diagram, LOAD always leads to “flow”. If we increase the load at a fixed density, jammed

solids can become loose. But in certain cases, even if the density of the system is below

the critical density for isotropic jamming, the system can be driven into the jammed state

under applied shear stress known as the shear jamming (SJ) [41, 42, 43, 44, 45]. Such

a shear jammed state is apparent within two critical densities. Below the lower critical

density, there will be no shear jamming, and at the higher critical density, the system

will be in the isotropic jammed state (Figure 1.10). Such shear jammed state sometimes

referred as a fragile state, as it is highly sensitive to the direction of the shear [46].
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Figure 1.10: (a)The Liu– Nagel jamming phase diagram in the load-density plane (b)
Modified jamming phase diagram showing shear jammed (SJ) and fragile (F) regime.
ϕS and ϕJ are the lower and upper critical densities, respectively (figure adapted from
[41]).

In the case of dense particulate suspensions showing DST, the system can also trans-

formed into the solid-like jammed state under appropriate conditions of the density of the

solid particles and applied shear stress (Figure 1.11) [47, 48, 49, 50, 51]. However, un-

like static jammed systems and dry granular systems, the shear jammed state of a dense

particulate suspension shows rapid relaxation dynamics upon shear cessation [52, 53].

This makes the shear jamming in dense particulate systems very special. Such systems

show a dramatic transition from a liquid-like state to a solid-like state under shear, but

once the applied shear rate or stress is removed, they immediately return to the liquid-

like state—and this is what makes shear jamming in dense suspensions so exciting and

interesting [47].

So far, the microscopic mechanism governing the transition from DST to SJ is not un-

derstood properly and has been an intense topic of research. Recent simulation pictures

highlight that the shear-induced constraints on sliding and rolling degrees of freedom can

induce shear jamming in dense particulate suspension (Figure 1.12) [51]. Such constraints

can arise from various properties of the particle such as particle shape, surface roughness,

and surface chemistry [54, 55, 48]. Experimental observation also highlights the impor-

tance of surface chemistry, which shows that inter-particle hydrogen bonding can play an

important role in controlling shear jamming [48].
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Figure 1.11: State diagram for the shear thickening dense suspension of cornstarch in
water, showing DST and shear jamming (SJ) (figure adapted from [47]).

Figure 1.12: (a) Cartoon representation of different types of constraints. (i) hard
sphere, (ii) sliding friction, (iii) both sliding and rolling friction. (b) Relative viscosity
and (c) contact number as a function of volume fraction (figure adapted from [51]).

1.5.4 Memory formation in disordered system

Disordered, out-of-equilibrium materials can retain information about their perturba-

tion/structural history. Understanding how memory is encoded, stored, and retrieved

in these disordered systems can uncover underlying mechanisms related to structural

rearrangements, energy landscapes, dynamical processes, and the fundamental principles
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governing the complex behavior of these materials. In addition, this knowledge can be the

backbone of the design and development of stimuli-responsive materials with optimized

performance and tailored properties [56].

Figure 1.13: Experimental protocol and corresponding result for encoding memory in
SJ system. The variation of stress σ, acoustic power P (W ), and viscosity η with time is
shown in the top, middle, and bottom panels respectively. A constant shear stress σapp
= 380 Pa was applied to make the system shear jammed. The acoustic perturbation of
different powers P (W ), as marked in the legend, was applied for 50 s as the training
( grey patch) and then a constant acoustic power of 4 W was applied from 60 to 90 s
(yellow patch) in all case as the probing (figure adapted from [57]).

In nature, we find these disordered out-of-equilibrium systems sometimes remember

the most recent direction in which it was driven by some external influence [58, 59],

and sometimes the magnitude of the specific stimulus it has experienced [60, 61]. Under

repeated or cyclic deformation, these systems can remember the amplitude of the defor-

mation applied to it [62, 63, 64, 65]. Apart from this simplest form of memory, systems

can also exhibit the return point memory where the system retains the information of its

previous configuration when subjected to cyclic loading [66, 67]. In many cases, one can

also store and retrieve multiple memories in the system [67, 68, 65].

Often these interesting memory phenomena are observed in slowly relaxing systems

such as yield stress or glassy systems [59, 69, 70, 63, 64, 65]. Recent studies also focus on
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the memory effect in the fast-relaxing systems, such as shear thickening or shear jammed

dense suspension [57, 71, 72, 73]. In shear thickening system, a recent study observed

the formation of heterogeneous high-stress regions that retain their shape under cyclic

perturbation [72]. It is also observed that the speed of the jamming front propagation

is quite sensitive to the pre-shear applied to the shear-jammed system [73]. A very re-

cent work nicely encoded structural memory in the shear-jammed state through acoustic

perturbations [57]. Here, the shear-jammed state is formed under constant stress appli-

cation, and the evolution of the force chain network is observed under acoustic training

of different powers (Figure 1.13). They demonstrate that the shear jammed state trained

with high-power acoustic perturbation does not get affected by the further perturbation

of lower power. In addition to the primary force chain network in the compressive axis,

which is primarily responsible for shear jamming, the high-power acoustic perturbation

in training can generate many secondary force chain networks along the maximum exten-

sional axis. The presence of these secondary force chain networks plays a crucial role in

maintaining the shear-jammed state during the external acoustic perturbation of lesser

power than the training power.

1.6 Thesis Overview

In this section, we are giving a brief description of the construction of this thesis.

Chapter 2: In this chapter, we discuss the details of the experimental techniques like

Rheology and different microscopic techniques that we used in this thesis work. We also

discuss the synthesis protocol for polystyrene microspheres, and silica microspheres in this

chapter. Furthermore, It also covers the preparation protocols for the samples used for

this thesis work.

Chapter 3: In this chapter, we study the transient stress relaxation phenomena in

SJ dense suspensions and explore the particle scale dynamics controlling its behavior.

Chapter 4: Here we explore the effect of stress relaxation on structural relaxation of

the shear jammed state where we investigate the microscopic origin of a novel structural

memory.

Chapter 5: In chapter 5, we study the shear thickening behavior of the fractal system.

Here, we use fumed silica samples of different structural properties and explore the effect

of complex internal structure of the particles on shear thickening phenomena.

Chapter 6: In this chapter, we investigate the spatiotemporal fluctuation in the flow

profile during shear thickening phenomena and establish its correlation with the universal
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scaling relation proposed for such systems.

Chapter 7: The thesis concludes with this chapter which also gives the outlook for

the possible future direction related to this thesis work.
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CHAPTER

TWO
Experimental Techniques

“An experiment is a question which science

poses to Nature and a measurement is the

recording of Nature’s answer.”

- Max Planck -
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CHAPTER 2. EXPERIMENTAL TECHNIQUES

2.1 Introduction

The primary focus of this thesis is to experimentally explore various non-equilibrium

properties of shear thickening and shear jammed dense suspensions, such as stress relax-

ation, memory formation, flow-induced plasticity, and failure, using shear rheology and

optical imaging techniques. The bulk rheological properties are measured using a com-

mercial stress-controlled rheometer. The in-situ optical imaging setup is used to probe

microscopic aspects governing the bulk flow properties of the sample. Various particulate

systems are used to get a generalized understanding of these phenomena. Apart from com-

mercially available systems, we also synthesize various colloidal particles of different sizes

and shapes, which helps us to expand our scope of research. The characterization of the

systems is mostly done using the Scanning Electron Microscopy (SEM), and Cryo-SEM

techniques.

This chapter provides the relevant details of these experimental techniques, synthesis

protocol, and sample preparation methods.

2.2 Experimental Techniques

2.2.1 Rheological measurements

One of the most commonly used instrument for studying the bulk flow and deformation

behavior of materials is a rotational rheometer [1, 2]. Based on operational principles

there are two broad classes of rotational rheometers: strain-controlled rheometers

and stress-controlled rheometers.

• In a strain-controlled rheometer, the motor applies a controlled displacement or

speed (related to the strain or strain rate) to the sample. The resulting torque

(related to stress) is measured using an additional torque transducer. In this con-

figuration, electrical current is used to generate the motor’s displacement or speed.

It is particularly well-suited for high-frequency applications [2].

• In stress-controlled rheometers, a specific electrical current is applied to the motor

assembly, generating a magnetic field that produces an electrical torque, causing

the drive shaft to rotate. Thus, the torque signal is directly inferred from the motor

current, eliminating the need for a separate torque transducer. The movement of

the motor shaft is precisely monitored using an optical encoder. Stress-controlled
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rheometers typically offer superior torque sensitivity but are generally less effective

in high-frequency measurements due to the impact of inertial effects of the motor

[2].

In recent times, using high-speed feedback circuits the stress-controlled rheometer

can also perform reliable strain-controlled measurements and vice versa. The use of an

advanced electronic circuit for the feedback loop can precisely control the shear stress as

well as the shear rate, irrespective of the primary controlling parameter of the instrument.

2.2.2 The MCR 702 Rheometer

In all our experiments, we use a commercial stress-controlled rheometer MCR 702 from

Anton Paar (Austria) (Figure 2.1). This is a rheometer based on twin-drive technology

where two air bearings supported electrically commuted (EC) motors can work together[3].

Like many other rheometers, using the EC motor the electromagnetic torque can be

adjusted linearly with the stator current, allowing for instantaneous changes in torque

when the current changes. This setup enables quick and precise control of strain or shear

rate without overshoots. With a high-resolution optical encoder, accurate strain and

strain rate control is possible. Unlike a traditional controlled strain (CR) rheometer, a

separate torque transducer is not required; instead, the electrical current of the motor

serves as the measure of torque. Similar to a controlled stress (CS) rheometer, both the

input and measurement of the relevant properties are conducted from the same side of

the rheometer.

The use of two rheometer motors allows the instrument to operate with high flexibil-

ity and in various operating modes like (i) Counter Rotation mode (ii) Separate Motor

Transducer (SMT) mode, (iii) Combined Motor Transducer (CMT) mode.

• Counter Rotation mode is a special mode of operation possible in the twin drive

rheometer. Here both the motors are used as the drive units and torque transduc-

ers. Here the motors are configured to rotate opposite to each other (left panel

of Figure 2.2). The rheological parameters are determined from the difference in

speed between the two individual motors and the measured torque on the upper

drive. This counter-rotation mode is particularly helpful for in-situ imaging at a

high shear rate as the total speed is distributed between the two motors. This mode

enables the formation of a stagnation plane in the sample during shear measurement

and makes it easier to examine microscopically. Ideally, one can adjust the position
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Figure 2.1: Image of Twin drive MCR 702 rheometer used for this thesis work (left)
and the corresponding schematics showing the simultaneous arrangement of two fully
functional rheometer drives in a single instrument (right) (figure adapted from [3]).

of the stagnation plane by adjusting the speed of the individual motor while keeping

the differential speed between the two motors constant.

• In the Separate Motor Transducer (SMT) mode, both motors are utilized in a syn-

chronized manner. One motor remains fixed and serves particularly as a torque

transducer, while the other motor acts as a drive unit (middle panel of Figure 2.2).

Both the driving unit and torque transducer are in constant communication as they

are operated by the same controller electronics. In this configuration, the MCR 702

rheometer can perform rotational and oscillatory tests under SMT mode.

• In Combined Motor Transducer (CMT) mode only the upper motor is used both as

a driving unit and torque transducer unit. Here the lower motor is removed and the

upper motor simultaneously measures and controls the necessary parameters (right

panel of Figure 2.2).

A Peltier unit at the bottom plate is used to control the sample temperature dur-
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Figure 2.2: Schematics of different possible modes of operation in the twin drive MCR
702 rheometer. Counter rotation mode (left), Separate motor transducer (SMT) mode
(middle), and Combined motor transducer (CMT) mode (right) (figure adapted from
[3]).

ing the rheological measurements in the single-drive CMT mode. In this thesis, all the

temperature-controlled experiments and basic flow curve measurements are done using

the single-drive CMT mode, and we use the twin-drive counter-rotation mode for other

rheological measurements with in-situ imaging.

Depending on the particle size, we use both parallel plate (PP) and cone-plate (CP)

geometries for our measurements (Figure 2.3). In all our cases, the diameter of the cone

or the plate is 25 mm, and the surfaces of the geometries are sandblasted to minimize slip-

page. The CP geometry is helpful in maintaining a constant applied shear rate throughout

the sample. Here, the distance between the cone truncation and the plate is fixed, and

it should be sufficiently greater than the typical size of the particles. The PP geometry

allows the variation of the gap between the plates, which is particularly helpful for the

bigger-sized particles.
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Figure 2.3: Schematics of (a) parallel plate and (b) cone-plate geometry used for rheo-
logical measurements.

2.2.3 In-situ optical boundary imaging

We set up in-situ imaging to probe the flow gradient plane during the rheological mea-

surements (Figure 2.4). The imaging setup comprises a camera, a long working distance

objective, and an LED light source. Depending on the requirement, we use two different

cameras: (1) Lumenera Lt545R and (2) Phantom Miro C210. Lumenera Lt545R camera

has a better resolution, which is helpful for studying the micron-sized particle level dy-

namics, but the frame rate of the camera is around 40 fps at a full resolution of 2464 x

2056. For a higher frame rate, we use the Phantom Miro C210 camera, which is a high-

speed monochrome CMOS camera with a maximum frame rate of 1800 fps at a maximum

resolution of 1280 x 1024. The suitable camera is coupled with a long working distance

objective (Mitutoyo) of appropriate magnification. We use objectives of three different

magnifications: 5X, 10X, and 20X. The sample boundary image (Figure 2.4) is taken un-

der reflection mode, where the sample boundary is illuminated using an LED light source

(Dolan-Jenner Industries) and image the diffused scattering in the flow gradient plane.

In the case of a transparent sample, the system is seeded with a very small amount of

polystyrene tracer particles to obtain a clear speckle pattern.

2.2.4 Scanning Electron Microscope

In a scanning electron microscope (SEM), a high energy electron beam is used to study

the different surface morphology of the system at the sub-micron and nano-scale level

where the sample features can not be resolved in the optical microscope [4, 5].
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Figure 2.4: Schematic of sample boundary imaging setup. Alongside the actual imag-
ing setup used for in-situ sample boundary imaging.

In general, a beam of electrons is produced by a thermionic or field emission-type

electron gun. The interaction of this electron beam and the atoms of the sample can

generate various types of signals, including secondary electrons, backscattered electrons,

characteristic X-rays, etc. Out of all these signals, secondary electrons have very low

energies, and they are produced from a few nanometers on the top at the surface. These

highly localized secondary electrons are collected by the secondary electron detector and,

depending on the signal intensity or the number of secondary electrons detected can be

converted into the image. The electron beam is focused by condenser lenses, and using

the scanning coils, the electron beam is deflected to scan the sample surface (Figure 2.5).

In our case, a Carl-Zeiss Field Emission Scanning Electron Microscope (FESEM) is

used to characterize the particle size distribution and surface morphology of polystyrene

microspheres, silica microspheres, fumed silica particles, and cornstarch particles (Figure

2.5). To prepare the sample for the SEM imaging, we first prepare a dilute suspension

by dispersing the particles in water or water-ethanol mixture. Then we put a drop of

this suspension on an ITO-coated glass plate and left it overnight to dry. For polystyrene

microspheres and cornstarch particles, as the sample is non-conducting, a thin layer of

platinum coating is added using the Sputter Coater (Quorum Q150R S) (Figure 2.6 (a)).

Then the ITO glass plate is now kept over the sample holder (Figure 2.6 (b)) and then

loaded into the instrument for imaging.

In order to image the sample in the presence of solvent, the Cryogenic SEM (Cryo-

SEM) technique is used [6]. In this technique, the sample structure is frozen by plunging
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Figure 2.5: Schematic of Field Emission Scanning Electron Microscope (FESEM)
(adapted from ref.[5]). Alongside the actual Carl-Zeiss FESEM used in this thesis work
is shown.

it into the liquid nitrogen. This will help to retain the structure inside the solvent before

imaging.

2.3 Particle Synthesis

2.3.1 Polystyrene microsphere

We synthesize polystyrene micro-spheres of different sizes using the dispersion polymer-

ization technique [7, 8, 9].

In this synthesis procedure, we use styrene as the monomer, Polyvinylpyrrolidone

(PVP K-30) as the stabilizer, AIBN as the initiator, and ethanol or water-ethanol mix-

ture as the dispersion medium. The required amount of PVP and ethanol or ethanol-

water mixture are added to the three-necked 250 ml round bottom flask. This flask is

dipped/fitted into a silicon oil bath over a magnetic stirrer to make the temperature uni-

form at 70◦C and mixed properly under stirring. The required amount of styrene and

AIBN are mixed separately in a beaker using a glass rod. This solution of styrene and
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Figure 2.6: (a) Quorum Q150R S Sputter Coater unit (b) Sample holder for SEM
imaging.

AIBN is added to the reaction solution in the round bottom flask when the temperature is

stabilized at 65◦C−70◦C depending on the requirement. The complete reaction is carried

out for 24 hours in a nitrogen atmosphere supplied using nitrogen balloons (Figure 2.7).

We synthesized polystyrene particles of different sizes (Figure 2.8(a), (b), and (c)).

The controlling parameters and reactant amounts are summarized in Table 2.1. The

effect of controlling parameters over particle size is summarized in Table 2.2.

2.3.2 Silica microsphere

Using the Stober process we synthesized spherical silica particles of average size ≈ 800nm

(Figure 2.8(d)) [10].

Materials: ammonia (25% aqueous solution), Milli-Q water, isopropanol and tetra-

ethyl-ortho-silicate (TEOS).

In a 100ml volumetric flask, we take 10.2ml of Milli-Q water, then 3.8ml of ammonia

solution(25%) was added to the same flask. Now isopropanol was added to the flask

till the graduation mark. This mixture was shaken properly and then transferred into a

double-necked round bottom flask. Using the magnetic stirrer the solution was mixed for

10 minutes at 300 rpm. Using a syringe 20.08ml of TEOS was measured out and drop

wise added to the round bottom flask. The complete reaction was carried out for 5 hours

at 18◦C. After 5 hours the mixture was centrifuged two times with ethanol and water

each. Then two times with a mixture of water and ethanol. The collected particles were

dried using a vacuum oven.
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Size
of the
particle

AIBN PVP Styrene Ethanol Water Tempera-
ture

R.P.M

∼ 7 ±
3µm

0.2745
gm or
0.2495
ml(1
wt%
styrene)

1.920
gm or
1.536 ml
(6.6 wt%
styrene)

27.18gm
Or 30 ml

54 ml 0 ml 70◦C 300

∼ 2.8µm 0.30 gm
(2 wt%
w.r.t.
Styrene)

1.44 gm
(8.922
wt%
w.r.t.
Styrene)

14.7gm
Or
16.225
ml

78.56 gm
Or 99.56
ml

0 ml 70◦C 300

∼
700nm

0.114 gm
(1.4 wt%
w.r.t.
Styrene)

2.00 gm
(20 wt%
w.r.t.
Styrene)

8.00gm
Or 8.83
ml

80 ml 20 ml 65◦C 200

Table 2.1: Controlling parameters and reactant amounts for the synthesis of polystyrene
particles.

Parameters name Changes in param-
eter

Effect on particle
size

Styrene decrease decrease
PVP increase decrease
AIBN decrease decrease
Time decrease decrease
Water to ethanol ratio increase decrease
Temperature decrease decrease

Table 2.2: The effect of controlling parameters over particle size
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Figure 2.7: Setup for polystyrene microsphere synthesis

I also synthesized rod-like silica particles using one pot method [11].

2.4 Sample preparation

In this thesis, we use different types of dense particulate suspensions that show shear

thickening or shear jamming properties. We use dense suspensions of polystyrene (PS)

particles of different sizes dispersed in polyethylene glycol(PEG) 400 or PEG 200, corn-

starch particles dispersed in glycerol or water, silica particles dispersed in glycerol, and

different hydrophilic fumed silica particles dispersed in glycerol.

The samples of different volume fractions (ϕ) are prepared by gradually adding the

required amount of dry particles into the solvent and thoroughly mixing at each step using

a spatula. The CS suspensions are then immediately used for rheological measurements.

In the case of PS particles, the suspensions are desiccated overnight to remove air bubbles

trapped inside. To ensure uniform dispersion, the samples are ultrasonicated for 5 minutes

(at room temperature) just before loading for rheological measurements.

In the case of fumed silica system, hydrophilic Aerosil fumed silica (FS) of six different

grades (OX50, A90, A150, A200, A300, A380) from Evonik Industries are used for the
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Figure 2.8: SEM image of polystyrene particles of size (a) 700±50nm, (b) 2.8±0.08µm
and (c) ≈ 7± 3µm. (d) SEM image of nano-silica particles (≈ 800nm).

preparation of dense particulate suspensions with glycerol as the solvent. The suspensions

are prepared by gradually adding the required amount of fumed silica particles into the

solvent and dispersing at each step thoroughly using a spatula. After dispersing the

powder completely, the air-sealed sample is kept in the oven at 60◦ to remove air bubbles.

For higher volume fraction samples, as complete mixing of dry powder is difficult, we

prepared the sample in two steps. First, we prepare a lower volume fraction sample and

remove the air bubbles completely. Then we add the additional amount of FS powder

to get desired ϕ. Again this sample is kept in the oven to remove bubbles before the

transparent sample is used for rheological measurements.
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CHAPTER

THREE
Origin of two distinct stress relaxation

regimes in shear jammed dense suspensions

“Look deep into nature, and then you will

understand everything better.”

- Albert Einstein -
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CHAPTER 3. ORIGIN OF TWO DISTINCT STRESS RELAXATION REGIMES IN
SHEAR JAMMED DENSE SUSPENSIONS

The results covered in this chapter are published in the article, Phys. Rev. Lett.,

128:258002, Jun 2022 [1].

3.1 Introduction

Stress induced enhancement of viscosity in dense particulate suspensions, commonly

known as shear-thickening [2, 3, 4, 5], has attracted significant recent interests both

from the fundamental points of view and materials design [6, 7, 8, 9, 10, 11, 12]. For

high enough particle volume fraction and applied stress, many of these systems show a

remarkable transition to a shear jammed (SJ) state showing stress-activated solid-like

yield stress [13, 14, 15]. Although, the phenomenon of shear-thickening is well-known

since past few decades, the difference between SJ state and strong/discontinuous shear-

thickened (DST) state has been demonstrated only recently and remains a topic of intense

research [13, 16, 17, 18, 19]. SJ results from the stress induced constraints on sliding and

rolling degrees of freedom of particles [17, 16, 20]. Such constraints can originate from

frictional, hydrodynamic and other short-range inter-particle interactions [18, 16, 21]. For

steady state flow of frictional systems, Wyart-Cates (W-C) Model provides microscopic

insight into the stress (σ) induced increase in viscosity in terms of a single order parameter

f = f(σ): the fraction of frictional contacts in the system [7]. A recent continuum model

[22] that treats the parameter ‘f ’ as a spatially varying field with specific time-evolution

can quantitatively describe a range of striking flow behaviors in these systems. Once the

applied perturbation is removed, SJ state quickly relaxes back to the unperturbed fluid-

like state. Such fast reversibility coupled with high stress bearing ability of SJ systems

[5], remain at the heart of many potential applications.

The nature of relaxation in dense suspensions close to jamming is complex and is

sparsely explored in the context of systems showing DST and SJ: Above a critical de-

formation rate, dense suspensions of PMMA nano-paricles show two distinct relaxation

processes [23], in dense cornstarch suspensions the relaxation behavior deviates signifi-

cantly from a generalized Newtonian model [24] and many aspects of the relaxation can

be captured by a continuum theoretical model [25, 22]. In dense PSt-EA nano-particle

suspensions, a multi-element viscoelastic model consistent with the expected force chain

structure fits the relaxation behavior well [26]. Two-step relaxation have also been ob-

served in glassy and static-jammed materials [27, 28]. However, extremely slow nature

of relaxation and the existence of residual stresses in these systems highlight the widely

different underlying microscopic dynamics as compared to the dense suspensions showing
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DST and SJ.

Despite these detailed studies, the role of microscopic particle scale dynamics in con-

trolling the bulk relaxation of SJ state is not understood. Importantly, due to its solid-like

nature, a sustained steady state flow is not possible in SJ systems [19]. Thus, in earlier

studies the mechanical state of the SJ sample just prior to relaxation remains poorly char-

acterized. Recent experiments suggest that the mechanical properties of SJ states can be

probed reliably under transient perturbations [29, 13, 14, 18]. Numerical simulations

probing transient relaxation in over-damped, athermal dense suspensions of frictionless

spheres found a power-law cut-off by an exponential relaxation close to the isotropic jam-

ming point (ϕ0) with the relaxation time diverging at ϕ = ϕ0 [30, 31]. Although, the

relevance of such findings for SJ systems remains unclear due to the difference in stress

dependence of the constraints in frictionless and frictional systems [17].

In this chapter, We address these issues by studying the transient stress relaxation

behavior of SJ states in dense suspensions of colloidal polystyrene particles (PS) dispersed

in polyethylene glycol (PEG) using shear rheology in conjugation with high resolution

boundary imaging. We observe a power-law cut-off by a stretched-exponential relaxation

for moderate stress values, however, a sharp discontinuous relaxation after the power-

law regime is observed for large stresses. We directly correlate plasticity and dilation in

the system with the time scales associated with the bulk relaxation dynamics. We also

uncover an interesting connection between the transient relaxation phenomena and the

steady state SJ (SSSJ) phase diagram obtained using the W-C model.

3.2 Materials and methods

The shear thickening dense suspension is prepared by dispersing mono-disperse polystyrene

(PS) particles (diameter: 2.65 ± 0.13 µm) in a Newtonian solvent polyethylene glycol

(PEG) over a wide range of volume fractions 40% ≤ ϕ ≤ 61% as described in chapter 2.

We use both PEG 400 and PEG 200 to vary the viscosity of the solvent. The viscosity can

also be varied significantly by changing the temperature. We observe that above ϕ = 61%

the particles are difficult to disperse in the solvent due to almost solid-like nature of the

suspension.

The polystyrene micro-spheres are synthesized using dispersion polymerization in

ethanol with styrene (TCI, Japan) as monomer, polyvinylpyrrolidone (PVP K-30, Spec-

trochem, India) as stabiliser and AIBN (Spectrochem, India) as initiator [32] as described

in detail in chapter 2.
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All the rheological measurements are carried out on a stress control rheometer (MCR-

702, Anton Paar, Austria) with 12.5 mm radius cone and plate geometry. The steady

state measurements are performed in single drive and the transient measurements are

done in twin drive under 50-50 counter movement mode. In order to remove the loading

history and ensure that the sample condition remains unaltered after the experiment,

we conduct large amplitude oscillatory shear (LAOS) measurement at a frequency 1 Hz,

before and after the stress relaxation experiment. For LAOS measurement we first increase

the strain amplitude (γ) logarithmically from a lower to a maximum value and then we

perform a reverse run where the amplitude is again gradually decreased to the initial

value. We observe the variation of storage (G′) and loss (G′′) moduli. We observe that

the value of G′ and G′′ as a function of γ do not change significantly before and after the

stress relaxation experiment. This also gives an idea of shear strain amplitude required to

observe shear thickening in the sample. For stress relaxation experiment under a transient

perturbation, the sample is subjected to a step shear strain of a certain magnitude for

25 s. We record the resulting stress response of the sample over the same period of time.

We increase the amplitude of the applied shear strain systematically, from lower to higher

value, to drive the system into higher peak-stress levels gradually.

Since the particles are optically opaque, the in-situ imaging of the sample boundary is

possible only under reflection mode. We use a Lumenera Lt545R camera with a 5X and

20X long working distance objective (Mitutoyo). During rheological measurements, the

sample boundary is illuminated using a LED light source (Dolan-Jenner Industries) and

we image the diffused scattering in the flow gradient plane [33] with frame rates varying

between 60 Hz - 70 Hz.

3.3 Results and discussion

As a transient perturbation, a step shear strain of a certain magnitude (γ) is applied

to the sample for 25 s. We record the resulting stress response. Due to instrumental

limitation, the applied strain reaches the set value after a time t0 ≈ 0.06 s as shown in

Figure 3.1(a). Shear stress in the system quickly reaches a maximum (σp) and then starts

to relax. We find that the nature of stress relaxation is determined by the magnitude

of σp that depends on both ϕ and γ. We observe that for 57% ≤ ϕ ≤ 61% (ϕ range

corresponds to Steady State Shear Jamming (SSSJ), see Figure 3.2 and appendix-2), the

stress relaxation is given by σ(t) ∼ t−α e−(t/τ)β for values of σp up to ∼ 16 kPa.

Remarkably, for σp > 16 kPa, we find a discontinuous stress drop soon after the power-
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Figure 3.1: (a) Shear stress σ as a function of time t (symbols) under different applied
step strains γ (thin lines). Solid lines are the fits to the power-law cut-off by a stretched
exponential function (main text). The arrow indicates peak stress (σp) for γ = 130%.
(b) Plots of σ vs t for γ ≥ 100% showing a self similarity. Power-law decay with slope
0.5 is also indicated. Solid-lines show typical stretched exponential fits after the discon-
tinuous stress drop. The fast τf (yellow shade) and slow τs (brown shade) relaxation
time scales are marked. (c) Evolution of first normal stress difference N1 correspond-
ing to the data shown in panel (b). In all cases ϕ = 58% and solvent viscosity ηl = 80
mPa.s.

law decay regime by almost an order of magnitude (Figure 3.1(a) and 3.1(b)). After

this, the stretched exponential function still captures the long-time relaxation fairly well.

Similar trends are also observed for other ϕ values in SSSJ regime but, the magnitude of

the discontinuous stress drop increases for larger ϕ values (Figure 3.3(a) and 3.3(b)).

In all cases, the magnitude of power law exponent (α) decreases with increasing σp

and finally saturates at α ≈ 0.5 except for ϕ = 57%, where we get a higher saturation

value (Figure 3.4(a)). Just below SJ (ϕ < 57%), the power-law regime disappears and

a stretched exponential relaxation is observed for a wide range of σp (Figure 3.4(b)).
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Figure 3.2: Results from the steady state measurements. (a) Variation of relative vis-
cosity ηr with shear stress σ for volume fraction 40% ≤ ϕ ≤ 61% as shown in the leg-
end. The black dashed line represents a slope of 1. Error bars represent the standard
deviation over three independent measurements. Inset shows shear stress σ as a func-
tion of shear rate γ̇ for volume fraction 60% and 57% as shown in the legend. The dot-
ted arrows indicate the critical shear rate γ̇c for the corresponding volume fractions.
(b) Variation of the first normal stress difference N1 with shear stress σ during the
steady state measurements shown in (a). (c) Variation of log(ηr) with ϕ (symbols) for
σ = 20 Pa as obtained from (a). The red solid line in (c) indicates the fit to the Krieger
Dougherty (KD) relation (Eq. 3.1) with β = 1.9. Vertical dashed line corresponds to
jamming volume fraction without frictional contact ϕ0 = 62.18% determined from the
KD equation fitting. (d) Variation of jamming volume fraction ϕJ with σ (symbols).
The red solid line indicates the fit to the Wyart-Cates (WC) model (Eq. 3.2). Top and
bottom horizontal dashed lines indicate the ϕ0 = 62.18% and ϕm = 56.6%, obtained
from the WC model fitting. The WC model fitting to the flow curve is shown later in
Chapter 6.

Interestingly, we observe similar relaxation dynamics for a variety of dense suspensions

showing SJ (Figure 3.4(c)) indicating an universal behavior. For quantification, we define

two time-scales for such discontinuous stress relaxation: a fast time scale τf (after t0) at
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Figure 3.3: Variation of shear stress σ and first normal stress difference N1 (similar to
that shown in Figure 3.1 ) for volume fraction ϕ = 59% (panel (a)) and ϕ = 60% (panel
(b)).

which the discontinuous stress drop takes place and a slower one τs indicating the time

(after τf ) for the stress to drop to σd = 0.05 Γ/a [34] (Γ: surface tension of solvent-air

interface, a: particle diameter). Notably, most of the stress in the system relaxes within

t = τf . In Figure 3.1(c) we show the variation of first normal stress difference N1 =
2FN

π r2

(for cone-plate geometry where, FN is the normal force on the plate/cone) corresponding

to the stress relaxation data shown in Figure 3.1(b). In all cases we find that N1 shows

a clear positive peak at a longer time near σ = σd, with the instantaneous shear stress

σ(t) ≈ N1 near the peak. On the other hand, the behavior of N1 remains arbitrary (Figure

3.1(c) and also Figure 3.3(a) and 3.3(b)) for t < τf and σ(t) >> N1 in this regime. Such

interesting decoupling of the shear and the normal stress response is not observed for SSSJ

(Figure 3.2(b)) [35]. For smaller σp values (smooth relaxation regime) we find that the

magnitude of the peak in N1 monotonically decreases with decreasing σp. Also, the peak

gradually shifts towards the smaller time scales and completely disappears for sufficiently

small values of σp (Figure 3.5).

To correlate the complex relaxation process with the particle scale dynamics, we use

high-resolution in-situ optical imaging of the sample boundary in the flow-gradient plane
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Figure 3.4: (a) Variation of power-law exponent α with peak stress σp for different ϕ
indicated in the legend. We find that α decreases from higher value with increasing σp
and saturates around 0.5 (except for ϕ = 57% showing saturation around α = 1.5), as
indicated by the horizontal dashed line. (b) Shear stress σ as a function of time t (sym-
bols with dotted line) for ϕ = 56%. Here the initial power-law behavior disappears and
a stretched exponential function (exp(−( t

τ
)β)) fits the data well (solid line). (c) σ as a

function of t (symbols) for two well known shear jamming systems, the dense suspen-
sion of corn starch in water for ϕ = 50.1% with swelling corrections (green) and silica
spheres in water glycerol mixture for ϕ = 55% (red). Both the systems show the discon-
tinuity during stress relaxation for sufficiently high value of σp where the second part
of relaxation can be fitted well with a stretched exponential function (solid line). On
the other hand, for the continuous stress relaxation, a power-law cut-off by a stretched
exponential function fits reasonably well (dotted line). The dashed line corresponds to
α = 0.5.

[33]. For sufficiently high σp, we see an enhanced brightness of the sample boundary across

the entire shear-gap (Movie S1 [36]) due to dilation [34]. The boundary intensity returns

back to the initial unperturbed value once the shear stress relaxes below σd. Surprisingly,

for high σp values, where the stress relaxation becomes discontinuous (beyond a critical

magnitude of γ), we find randomly distributed bright spots (width: 1 - 2 particle diameter)

[Figure 3.6(b) and Figure 3.6(c) also, Movies S1 and S2 [36]] on the sample boundary.

At high enough σp these bright spots can combine to create a macroscopic fracture in

the sample (Figure 3.7). Using oscillatory rheology, we find that the appearance of these

bright spots is correlated with the onset of weakening/plasticity of SJ state, as marked by

the decrease in slope of G′ vs. γ0 (Figure 3.6(i) - 3.6(l) and Figure 3.8). This implies that

these spots indicate localized plasticity/micro-fracture over the particle length scales and

we term them as plastic centers (PCs). We find that the number of such PCs increases

with γ before fracture appears (Figure 3.9).

During stress relaxation, we find that PCs disappear quickly before a gradual decrease

of surface intensity takes place. To quantify the time dependence of intensity relaxation
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Figure 3.5: Variation of first normal stress difference N1 with time t for applied strain
values γ where continuous stress relaxation is observed. Here, volume fraction ϕ = 58%
(panel(a)) and ϕ = 59% (panel(b)). For comparison, only one discontinuous relaxation
data is shown for each volume fraction. We see that the magnitude and peak position of
N1 are controlled by the magnitude of the peak stress in the system.

we plot the variation of average intensity I(t) as a function of time over a small region

(∼ 13.6µm2) around each PC (Figure 3.6(a)), as well as, similar regions that do not

contain any PC (Figure 3.6(e)). For both of these regions, the intensity relaxation remains

self-similar as indicated by the mean curves in Figure 3.6(a) and Figure 3.6(e). For

PCs we observe that I(t) shows a two step relaxation similar to σ(t). Due to small

dynamic range of intensity relaxation, we define the associated timescales from the cross-

over points (Figure 3.6(a)). We denote the fast time scale as τp and the slower one as

τd. For regions without PCs, we find that the short-time drop in intensity is missing,

but the slower relaxation behavior is very similar to that obtained for PCs. Interestingly,

we find that the values of τp and τd are distributed with peaks around t ≈ 0.2 s and

2 s, respectively (inset of Figure 3.6(a)) showing a strong correlation with the stress

relaxation timescales τf and τs. This implies that the rapid stress relaxation of the SJ

state is related to the dynamics of PC, whereas, the slower relaxation is governed by the

dilation dynamics. Nonetheless, dilation is also present during the PC relaxation due to

high stress in the system. During the PC relaxation, there is stress injection in the system

due to fluidization of local jammed regions. This is reflected in sudden rearrangement

and slight enhancement of the surface intensity indicating a stronger dilation beyond

t = τp (Figure 3.6(e) and also Movie S2 [36]). This results in the peak in N1 (around
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Figure 3.6: Intensity I as a function of time t (gray lines) for different regions with
(panel (a)) and without (panel(e)) PCs with the average behaviors (thick red lines) are
also indicated. Here, the starting time for each graph corresponds to an absolute time
t = t0 as mentioned in Figure 3.1. Relaxation time for PC (τp) and dilation (τd) are
marked with vertical dash lines in (a). Inset: distribution of τp and τd (N = 130). (b)
and (c) Consecutive images of the sample boundary, during the fast relaxation and the
corresponding difference image is shown in (d). (f) and (g) Consecutive images of the
sample boundary, during slow relaxation and the corresponding difference image shown
in (h). (i) Elastic modulus (G′) vs. strain amplitude (γ0). Dashed lines represent the
slope in different γ0 regimes with the corresponding boundary images shown in panels
(j), (k) and (l). ϕ = 61% and ηl = 80 mPa.s in all cases.

t = 1 s in Figure 3.1(c)). Such dynamic local jammed regions have also been observed

in recent simulations [37]. To get a deeper insight into this striking intensity relaxation

dynamics, we calculate the intensity difference between two consecutive images ∆I =

|I(x, y, t) − I(x, y, t + ∆t)| (∆t = 0.016 s) during both PC (Figure 3.6(b) and 3.6(c))

and dilation (Figure 3.6(f) and 3.6(g)) relaxation. Appearance of a bright spot in ∆I

at a particular spatial position indicates a local particle rearrangement at that position

over a time ∆t. We find that during PC relaxation ∆I shows only a few isolated bright
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Figure 3.7: (a) Plastic center accumulation along a line (shear strain γ = 70%). Such
line of PC under high stress forms a macroscopic crack. Red box represents the region
of interest (ROI) for the velocity profile calculation around the line of PC with the ve-
locity profile shown in (b). In panel (b), blue solid line represents measured velocity
profile across the ROI which significantly deviates from the linear velocity profile (black
dashed line), indicating strong non-affine deformation across the line of plastic centers.
(c) Image of macroscopic fracture in the sample under large step strain deformation
(shear strain γ = 120%).
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Figure 3.8: (a) Variation of elastic modulus (G′) with strain amplitude (γ0). The
dashed lines represent the slope of the curves in different γ0 regimes. The surface im-
ages on the right panels correspond to three different points marked as (b),(c) and (d)
(also indicated by arrows) in (a). Image around point (b) shows no signature of plastic-
ity whereas significant bright spots start appearing around point (c) with the decrease
in slope of G′ as a function of γ0. These bright spots combined to form macroscopic
fractures that result in a decrease of G′ beyond point (d). The change in slope of G′

around point (c) represents the weakening of the system with the appearance of micro-
scopic plasticity in the form of bright spots which leads to macroscopic fracture in the
system.
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Figure 3.9: Number of plastic centers as a function of applied step strain γ for differ-
ent volume fraction ϕ, as shown in the legend. For each ϕ value the number of plastic
centers increases with increasing γ beyond a strain onset.

spots (Figure 3.6(d)), whereas, during dilation relaxation we obtain a large number of

bright spots uniformly distributed throughout the field of view (Figure 3.6(h)). This

indicates that PC relaxation is governed by abrupt localized rearrangements, whereas,

dilation relaxation happens by more gradual rearrangements throughout the system. We

conjecture that since the PCs are sensitive to only local constraints, PC relaxation is

much faster compared to dilation relaxation involving global constraints. Such picture

physically predicts the origin of the temporally distinct stress relaxation regimes. We do

not observe any significant change in average particle distribution before and after the PC

relaxation (Figure 3.10), further confirming the spatially localized nature of PC relaxation.

In our system, the interparticle contact formation time scale ηl γ/σ∗ ∼ 4 × 10−4 s (σ∗:
onset stress for contact formation) is negligible compared to the relaxation time scales,

implying that the relaxation is governed by the relaxation dynamics of contact networks

[38, 25]. Importantly, such contact networks not only get stronger with increasing applied

stress, but beyond a critical value significant stress induced reorganizations can happen

through buckling and eventual breaking of the force chains [39, 22] close to jamming. For

rigid particle systems such buckling can take place even at moderate stress values due to

small area of contact (see Appendix-3). We also correlate the local plastic rearrangements

with the discontinuous stress relaxation. We find an enhancement of the number of such

rearrangements at the point of sharp stress drop (Figure 3.11). Such correspondence has
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Figure 3.10: Boundary images before (panel (a)) and after (panel (b)) the PC relax-
ation. The corresponding radial distribution function g(r) as a function of r/a where a
is the diameter of the particle. Similar peak positions indicate that there is no signifi-
cant difference in particle arrangements before and after the PC relaxation. In both the
cases the g(r) shows a short-range correlation that decays over a few particle diameters
indicating the absence of any crystalline order in the system.

also been observed in the context of granular plasticity [40, 41]. In dry granular systems,

X-ray tomography reveals that equivalent to nearest neighbour exchange (T1 events) in

2-D, particle-pair exchange neighbours resulting in defects of poly-tetrahedral order in

3-D [42]. However, we do not observe any T1 event from our 2-D imaging.

To test our conjecture regarding the fast and slow time-scales, we probe the effect of

solvent viscosity (ηl) and particle volume fraction (ϕ) on the stress/intensity relaxation

time scales. We see from Figure 3.12(a) that the average value of fast time-scales obtained

from the stress relaxation (τf ) and boundary imaging (τp) remain almost independent of

ϕ. However, the slow time scales τs and τd show an increasing trend with the increase

in ϕ before saturating for ϕ ≥ 59%. Similar trend is also observed for the change in

solvent viscosity (Figure 3.12(a), inset): τf remains independent of ηl but, τs increases

with the increase in ηl. These results imply that fast relaxation time-scales are governed

by the local plasticity of the contact networks through the particle scale parameters, such

as, surface roughness, rigidity, adhesion. On the other hand, slow time scales involving

large scale rearrangements in the system should increase due to increase in drag (due to
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Figure 3.11: (a) Relaxation of shear stress σ with time t for a transient step strain ex-
periment. (b) The stroboscopic difference images obtained from two consecutive images
(time separation ≈ 16 ms) at different points during fast relaxation process (indicated
by the different arrows in (a)). The increased number of isolated bright spots for image
number 4, 5 & 6 (indicated by the red box) indicate an enhancement of plastic rear-
rangements near the sharp stress drop (indicated by the red arrows in (a)).
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increase in ηl) or increase in the average coordination number (due to increase in ϕ). Such

behavior of longer timescale is also observed in simulation [25]. We find that the time

scale obtained from the inverse of onset shear rate for shear-thickening under steady shear

(τi = 1/γ̇c) shows a good agreement with the slow timescales (Figure 3.12(a)), similar to

flow cessation experiments [24]. These observations further confirm our conjecture about

the origin of fast and slow time scales.

Finally, we construct a state diagram summarizing the results of transient stress re-

laxation in the σ − ϕ parameter plane (Figure 3.12(b)). The onset of SSSJ is obtained

from the steady state flow curves (Figure 3.2). As indicated in the diagram, sharp dis-

continuous stress relaxation (red region) over short time in the SJ regime is observed for

high peak stress values σp > 16 kPa. PCs also appear in this regime showing a strong cor-

relation with the discontinuous stress relaxation. The capillary stresses at the solvent-air

interface provide the confining stress over a wide range during shear-induced dilation in

dense suspensions [43, 34, 5]. Since PC indicates abrupt local curvature due to significant

protrusion of isolated particles/small clusters, the local confining stress at the PC can be

approximated as the maximum capillary stress ∼ Γ/a ≈ 16 kPa. Such capillary stress

drives the protruding particle inside the bulk during the discontinuous stress relaxation

over a time scale ηt a/Γ ∼ 0.1 s (ηt = σp/γ̇p, see Appendix-4 and Figure 3.13). This

time scale is close to the fast relaxation time scale observed in our system. Intriguingly,

in-between the discontinuous stress relaxation regime and onset of SSSJ (green region),

we obtain a smooth relaxation regime (Figure 3.12(b)) where σ(t) ∼ t−α e−(t/τ)β . Below

SSSJ, the initial power-law relaxation regime disappears.

3.4 Conclusion

In conclusion, we identify two distinct transient stress relaxation regimes in SJ dense

suspensions originating from the dynamics of localized plasticity and system spanning di-

lation. Recently, an intrinsic contact-relaxation time-scales have been extracted from the

coupling of relaxation with the instrument inertia [38]. Also, considering plasticity in the

system, recent theoretical models [25] capture the short-time stress relaxation behavior.

Although, the relaxation time scales in our system are within the range predicted in [38],

the robust initial power-law decay, presumably coming from stress induced force chain

buckling/breaking can not be predicted from these models. We find that the fast and

slow relaxation time scales are almost independent of step-strain magnitude (Figure 3.14)

and the estimated diffusion time-scales are inadequate to quantitatively capture them
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Figure 3.12: (a) Dependance of fast (τp and τf ) and slow (τd and τs) time scales as a
function of volume fraction ϕ. τi = 1/γ̇c obtained from the steady state measurements.
Inset shows τf and τs as a function of ηl. Error bars indicate standard deviation over
three independent measurements. Grey dashed lines are guides to the eye. (b) State
diagram in σ − ϕ parameter plane. Thick green line indicates SSSJ onset. In the pink
shaded region discontinuous stress relaxation (red triangles) and PCs (yellow dots) are
observed, whereas, in green region (with dark-green triangles), a continuous relaxation
(power-law cut-off by a stretched exponential) is found. Below SSSJ regime (purple re-
gion with blue triangles) initial power-law relaxation behavior disappears. Grey shaded
region indicates isotropic jamming. In all cases symbols are the peak stress σp obtained
from the transient relaxation experiments.
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the timescale of 0.1 s. (b) Transient viscosity (ηt) obtained during the step stain mea-
surements as a function of solvent viscosity ηl. We see that ηt weakly depends on ηl.

(Appendix-5). Our preliminary data for larger polystyrene particles (mean diameter: 6.5

µm) also show similar relaxation dynamics. However, these directions including a possi-

ble extension into Brownian regime, require further exploration using more sophisticated

experimental techniques [44]. We find an interesting correlation between the transient

stress relaxation and the steady-state shear jamming. The continuous stress relaxation

showing a power-law cut-off by stretched-exponential behavior is reminiscent of relaxation

in frictionless systems close to jamming, implying that for well-constraint systems, the

relaxation dynamics is not sensitive to the exact origin of the constraints. Such functional

form indicates a wide range of underlying relaxation modes in the system [45]. We also

observe similar relaxation behavior including the discontinuous stress relaxation for other

SJ dense suspensions, indicating an universal behavior. Although, our study underscores

the importance of local-plasticity in controlling the mechanical behavior of SJ systems, de-

ciphering the microscopic nature and dynamics of such plasticity, together with a possible

connection to the more general framework of soft glassy rheology [46, 41, 27, 28] poten-

tially unifying the relaxation behavior in SJ and glassy systems, remains an important

future direction.
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Figure 3.14: Variation of fast (circles) and slow(triangles) relaxation time scales with
step strain magnitude (panel (a)) and the peak strain rate (panel (b)) for volume frac-
tions as indicated. The horizontal dashed lines represent the fast and the slow relax-
ation time for ϕ = 59 %. The relaxation time scales are almost independent of step
strain magnitude, as well as, peak strain rate.

3.5 Appendix

3.5.1 Appendix-1: Movie description

Movie S1: This video depicts the formation of plastic center (PC) along with the en-

hancement of the sample surface intensity due to dilation under transient step strain per-

turbation and the corresponding intensity relaxation obtained during the stress relaxation

process. Here, a 70% step strain is applied under counter-movement mode, where both

the plates move equally in opposite directions. The images are captured using Lumenera

Lt545R camera with a 5X long working distance objective (Mitutoyo) at a frame rate of 60

Hz, with resolution 1000× 1200 pixels, in flow gradient plane. Here we notice that before

the application of shear strain, the sample surface looks liquid-like, but just after the step

strain application the overall intensity of the sample boundary surface increases due to

dilation. Additionally, we find many tiny bright spots distributed throughout the surface.

These tiny bright spots are called plastic centers (PCs) as described before. During the

stress relaxation process, we notice that these PCs are relaxing within a very short time

scale, whereas, the overall intensity of the sample surface decreases to the initial value

with a comparatively longer time scale. Here, the sample volume fraction ϕ = 61% and

the movie is played at 10 frames per second [36].
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Movie S2: This video shows the formation of the PC along with dilation under step-

strain perturbation and the corresponding intensity relaxation during stress relaxation

process using a higher magnification. Here, we use a 20X long working distance objective

(Mitutoyo) coupled to the camera. The images are captured at a frequency 60 Hz with a

resolution of 800× 1000 pixels. Higher magnification allows us to observe the individual

particles undergoing dilation/forming PCs. We can clearly see that particle protrusions

are more in PC regions as compared to dilation regions. In this case also the movie is

played at 10 frames per second [36].

3.5.2 Appendix-2: Shear Jamming Boundary fromWyart-Cates

Model:

The viscosity (η) of dense suspension can be expressed by Krieger-Dougherty (KD) equa-

tion as

η = ηl

(
1− ϕ

ϕJ

)−β

(3.1)

Where ϕJ is the jamming volume fraction, ϕ is the volume fraction of the sample, ηl is

the solvent viscosity and β ≈ 2 for spherical particles [47].

From Wyart and Cates model (WC model) the jamming volume fraction (ϕJ) can be

written as

ϕJ = f(σ)ϕm + [1− f(σ)]ϕ0 (3.2)

Where f(σ) = e−(σ∗/σ) denotes the fraction of frictional contacts, σ∗ is the onset stress for

the frictional interaction, ϕ0 and ϕm represent the jamming volume fraction without any

frictional contacts (f = 0) and when all the contacts are frictional (f = 1) respectively.

From KD equation and WC model we find that ϕ0 = 62.18% and ϕm = 56.6% as shown

in Figure 3.2(c) and Figure 3.2(d) respectively.

Now, using η = σ/γ̇ in Eq. 3.1, we can write

γ̇ =
σ

ηl

(
1− ϕ

ϕJ

)β

(3.3)

Considering the non-trivial solution (σ ̸= 0) for γ̇ = 0 as the condition for shear
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jammed state and using Eq. 3.2, we can get

ϕ = f(σ)ϕm + [1− f(σ)]ϕ0 (3.4)

so,

f(σ) =
ϕ0 − ϕ

ϕ0 − ϕm

(3.5)

Using f(σ) = e−(σ∗/σ), we get

σ =
σ∗

ln
(

ϕ0−ϕm

ϕ0−ϕ

) (3.6)

So, using Eq. 3.6 we can find the required stress (σ) for different volume fraction (ϕ) to

enter into the shear jammed state.

Similarly, we can obtained the DST boundary using the condition dlog(γ̇)
dlog(σ)

= 0, which

is shown in Chapter 4.

3.5.3 Appendix-3: Estimation of area of contact between the

particles:

For a system of particles with particle stiffness Gp the critical buckling load τc is given by

[22]

τc ∼ Gp.
A2

c

d4
(3.7)

Where Ac is the area of contact and d is the particle diameter.

Now assuming the critical stress for chain buckling to be equal to the onset for

discontinuous stress relaxation in our case, we have τc ∼ 16000Pa and diameter d =

2.65µm. For polystyrene particles considering Young’s modulus ∼ 3GPa [48] we get

Ac ∼ 16.2× 10−15m2. Again,

A2
c

d4
=

τc
Gp.

(3.8)
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Ac

d2
= 2.3× 10−3

Thus, we find that the area of contact is negligible compared to the surface area of

the particles, as expected for rigid particles.

3.5.4 Appendix-4: Estimation of plastic center relaxation time:

From the imaging, we can clearly notice a significant protrusion of the particles at the

PC regions in comparison to the surrounding. This indicates that the local stress (σL) at

the PC approaches the maximum confining stress due to the solvent-air surface tension:

Γ/a (a: particle diameter , Γ: surface tension) [34].

When the particle is going back into the bulk it gives rise to an average local shear

rate (⟨γ̇L⟩). Thus, the local stress around the particle (assuming overdamped dynamics)

is given by,

σL = ηt⟨γ̇L⟩ (3.9)

Since PCs appear around the peak-stress (σp), we consider the transient viscosity (ηt)

estimated from the ratio of peak stress (σp) developed in the system and the maximum

shear rate (γ̇p) associated with the applied step strain.

During stress relaxation, the local stress around the particle should comparable to

confining stress. Assuming the dynamics to be overdamped we can write:

σL = ηt⟨γ̇L⟩ ∼
Γ

a
1

⟨γ̇L⟩
∼ ηt(

Γ
a

)
t ∼ ηta

Γ
(3.10)

For our system, Γ ≈ 44 mN/m, a = 2.65 µm. The time scales estimated from Eq. 3.10

is shown in Figure 3.13(a) for different ϕ values. Also, as shown in Figure 3.13(b), ηt

depends very weakly on solvent viscosity.

For comparison we also estimate τp using maximum viscosity (ηmax) obtained from steady
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state measurements (Figure 3.13(a)).

When we replace ηt in Eq. 3.10 with the solvent viscosity ηl, we get τp ∼ 5×10−6 s which

is far below the experimental observation.

We want to point out that the fast relaxation time scales observed in our case also have

some contributions from stress induced reorganization in the system close to jamming

(presumably through buckling/breaking of force chains). However, in the estimate men-

tioned above, we ignore such contributions which are currently unknown in our case.

3.5.5 Appendix-5: Diffusion time scales for the system

We show the variation of the fast and slow relaxation time scales for a range of particle

volume fractions and applied step-strain magnitudes in Figure 3.14(a). We find that both

the time scales remain almost independent of applied step strain magnitude.

Since our system is weakly Brownian (mean particle diameter 2r = 2.65 µm), the in-

trinsic diffusion coefficient (D) at room temperature is very small: D = kBT
6πηr

∼ 10−15m2/s.

Here we have assumed the value of η to be the solvent ∼ 0.1 Pa.s. If we assume the η

to be the transient viscosity of the suspensions (Figure 3.13), D ∼ 10−18m2/s. Thus,

intrinsic diffusion time-scale (in 3-D) tD ∼ r2

6D
is orders of magnitude greater than the

slower time scale of the system. For soft glassy systems, it is observed that the particle

diffusion coefficient under shear has a dependence on associated strain rate and particle

diameter (d) as D ∼ d2γ̇ [49]. Other studies have also found similar relation D ∼ γ̇0.8

[50] for higher shear rate and D ∼ γ̇0.78 at the jamming transition [51]. However, for our

case, as the stress relaxation takes place at constant strain, the strain rate is zero during

stress relaxation process.

Using a similar formulation as that mentioned in [52], we have also checked the particle

diffusivity in our system by replacing the thermal energy with the shear energy. Replacing

the thermal energy term kBT with the shear energy 4πr3ηγ̇
3

with the assumption that

the characteristic volume is equal to that of a particle, we can write the diffusivity as,

D =
4πr3ηγ̇

3

6πηr
= 2r2γ̇

9
.

Now, the diffusion time scale (in 3-D) will be tD = r2/6D = 3
4γ̇

From this expression, it is clear that the diffusion time scale is only depends on strain

rate. The suspension viscosity and particle diameter play no role.

Although, in our case the strain rate remains zero during the relaxation process, we

have considered the peak strain rate (γ̇p) associated with the applied step-strain. However,

as we see from Figure 3.14(b), both the fast and slow relaxation time scales are almost
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independent of the peak strain rate. Also, the values of the diffusion time-scales obtained

for the range of peak strain rate values probed in our experiments (∼ 10 to 50 s−1, see

Figure 3.14(b)) come out to be in the range 0.015 to 0.075 s which is significantly smaller

than the time-scales observed in our experiments. This indicates that the colloidal time

scales are not quantitatively capturing the observed relaxation time scales for the shear

jammed state.
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CHAPTER

FOUR
Signature of structural memory in shear

jammed dense suspension

“Memory is deceptive

because it is colored by today’s events.”

- Albert Einstein -
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CHAPTER 4. SIGNATURE OF STRUCTURAL MEMORY IN SHEAR JAMMED
DENSE SUSPENSION

4.1 Introduction

A broad range of systems are classified as soft jammed systems, encompassing glasses,

foams, dense granular materials, colloids, and more [1, 2, 3, 4]. Many of these systems are

inherently jammed and exhibit a yield stress. In addition, slow relaxation dynamics and

the existence of residual stress are also the major characteristics of these systems. Such

static jammed and glassy materials can store the information of their past deformation

and under suitable read-out protocol, this information can be retrieved. The training-

induced structural evolution is found to be the key to such memory formation in these

systems. However, in the case of dense particulate suspension showing discontinuous

shear thickening and shear jamming, the stress relaxation is very fast. As discussed before

these systems are liquid-like at rest and only get jammed under rapid perturbation due to

stress-induced system spanning frictional contacts. Once the perturbation is removed the

system goes back to its initial liquid-like state within just a few seconds. This highlights

the fundamental difference in interparticle interactions in these systems as compared to

the static jammed materials mentioned above.

In Chapter 3, we show that under transient step strain perturbation, the stress in a

shear jammed system attains a peak value and relaxes completely within just a couple

of seconds. Also, we find that such fast stress relaxation in shear-jammed suspensions is

correlated to the relaxation of the localized plasticity and system-spanning dilation [5].

Although it is expected that the stress relaxation is related to the relaxation of the system

spanning contact network [6, 7], it is not clear whether the liquid-like state obtained after

the removal of the perturbation is structurally similar to the initial liquid-like state before

the perturbation. This is a non-trivial point as the linear viscoelastic response in these

states is almost identical.

In the shear thickening systems, a recent study observed that under oscillatory mea-

surement, some high-stress regions start to appear above a critical shear rate, which

persists under subsequent cycles despite the fact that the system is going through a low

shear rate in each cycle [8]. Combining both shear reversal and cessation protocol with

oscillatory measurements the presence of residual microstructure was also predicted [9].

Using shear thicking suspension of piezoelectric nanoparticles, the existence of residual

contact stress was observed for the state where the system is not contact force dominated

[10]. In shear-jammed dense suspensions, the speed of jamming front propagation is found

to be sensitive to the previous direction of shear at a very slow rate [11]. Using acous-

tic perturbation, a very recent work demonstrates the encoding of structural memory
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4.2. MATERIALS AND METHODS

in shear jammed state of dense suspension formed under constant stress conditions [12]:

They demonstrate that if the system is trained with the acoustic perturbation of higher

power then the force chain structure in the shear-jammed state rearranges among itself

such that it does not get affected by the acoustic perturbation of lower power. However,

from these handfuls of studies, the effect of a structural memory in controlling the bulk

mechanical properties of shear-jammed state correlating with the microscopic force chain

structures remains unclear.

In this chapter, we explore the self-organization of a dense suspension showing DST

and SJ under a series of unidirectional step strain perturbations. Remarkably, we observe

an enhancement of the system response even if the waiting time between the successive

pulses is much larger than the bulk stress relaxation time scale. This indicates the for-

mation of a structural memory that relaxes over a much longer time scale compared to

the bulk stress relaxation time scale of the system. Interestingly, we observe that if the

perturbations are applied in the alternative direction, we do not observe any such en-

hancement. Using in-situ optical imaging, shear reversal measurements, and with the

help of numerical simulation we shed light on the microscopic mechanism giving rise to

such memory effect and highlight the role of shear-induced rigid clusters in controlling

such memory formation.

4.2 Materials and methods

The dense particulate suspension is prepared by dispersing mono-disperse polystyrene

(PS) particles (diameter: 2.8 ± 0.15 µm) in a Newtonian solvent polyethylene glycol

(PEG 400) over a wide range of volume fractions as described in chapter 2.

All the rheological measurements are carried out on a stress control Rheometer (MCR-

702, Anton Paar, Austria) in twin drive under 50-50 counter movement mode with 12.5

mm radius cone and plate geometry. After loading the sample we conduct a large ampli-

tude oscillatory shear (LAOS) measurement at a frequency 1 Hz, where we first increase

the strain amplitude (γ0) logarithmically from a lower to a maximum value and then we

perform a reverse run where the amplitude is again gradually decreased to the initial

value. We observe the variation of storage (G′) and loss (G′′) moduli and mark the on-

set strain value for shear thickening where the G′ and G′′ show an abrupt increase. To

study the effect of stress relaxation over structural relaxation, the sample is subjected to

multiple step shear strain perturbations. The magnitude of the step strain (γ) at each

step and the time interval between two consecutive steps remains constant. We keep the
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magnitude of the step strain around the onset strain for shear thickening obtained from

the LAOS measurement. The resulting stress response of the sample is recorded at each

step.

4.3 Results and discussion

In Chapter 3 we observed that, in a system exhibiting DST and SJ, applying a step

strain perturbation of a certain magnitude (γ) causes stress within the system to rapidly

reach a peak value (σp) and then fully relax within a few seconds [5]. Here, instead of

applying a single step perturbation, we apply multiple steps in a particular direction. The

magnitude of the step strain is chosen around that strain value where the G′ and G′′ show

an abrupt jump during the LAOS measurement (Figure 4.1(a)). As mentioned earlier, the
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Figure 4.1: (a) Variation of storage modulus (G′) and loss modulus (G′′) with strain
amplitude (γ0). The onset strain for shear thickening is indicated by the green arrow.
(b) The input protocol for unidirectional repetitive step strains of step magnitude 60%
and 5s waiting time between two consecutive steps. (c) Stress σ as a function of time
t, corresponds to the input shown in (b). (d) The magnified plot of the same data is
shown in (c), where the horizontal dashed line indicates stress σ=0. The volume frac-
tion ϕ = 61%.

strain magnitude of each step and the time interval between two consecutive steps remain

constant throughout the experiment. It is to be noted that, we choose the time interval
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between two consecutive steps to be sufficiently larger than the stress relaxation time

scale. Figure. 4.1(b) represents a typical input protocol for a train of unidirectional step

strain pulses of magnitude 60% with 5 seconds waiting time (tw) between the consecutive

steps. The corresponding stress response is shown in Figure 4.1(c). From Figure 4.1(c)

it is observed that the step strain perturbation drives the stress in the system to attain

a peak (σp) instantaneously and then relaxes quickly. Interestingly, after the complete

relaxation of the stress, if the system is again perturbed with the same magnitude of step

strain in the same direction, the stress in the system attains a higher peak value than that

in the previous step. Such increase in σp with step number (N) continues for a certain

number of steps until the σp reaches a saturation. It is to be noted that, before any step

strain perturbation, the stress in the system always relaxes to a negligible value (Figure

4.1(d)). This indicates that even after the relaxation of ∼4 orders of magnitude stress,

the system seems to remember the previous state of the sample. For a shear-thickening

dense suspension, as the system becomes liquid-like after the stress relaxation, such a

picture of memory is highly non-intuitive.
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Figure 4.2: (a) The variation of peak stress σp with step number N for a particular
volume fraction (ϕ = 60%) with three different waiting times tw between consecutive
steps, as shown in the legend. Inset: Stress response for ϕ = 61% with 5 minutes wait-
ing time between consecutive steps at step magnitude 100%. (b) The stress relaxation
behavior during the first step (black line) and seventh step (red line) for the data shown
in 4.1(c) with 5s waiting time between two consecutive steps. Inset: The stress relax-
ation behavior during the first step (black line) and seventh step (red line) for a data
set with tw = 60s. (c) The top panel shows the input protocol for repetitive step strains
alternatively changing the shear direction. Here, the step magnitude is 60% and the
waiting time between two consecutive steps is 5s. The corresponding stress response is
shown in the bottom panel.

We further explore such memory phenomena for longer waiting times between consec-

utive steps. Figure 4.2(a) represents the variation of σp for three different waiting times

(tw) (5s, 20s, 60s) at a particular volume fraction ϕ = 60%. This indicates that even

75



CHAPTER 4. SIGNATURE OF STRUCTURAL MEMORY IN SHEAR JAMMED
DENSE SUSPENSION

if the waiting time between the consecutive intervals increases to more than an order of

magnitude higher than the stress relaxation time scale (which is 2-3 seconds), where no

residual stress is observed, the system response gradually becomes stronger under subse-

quent unidirectional step strain perturbations. Such signature of memory is also observed

for tw = 5 minutes (Inset of Figure 4.2(a)) which is more than two orders of magnitude

higher than the stress relaxation time scale. Furthermore, such change in system response

is also reflected in the nature of stress relaxation. Figure 4.2(b) represents the stress re-

laxation behavior during the first step and the seventh step of the input perturbation,

as shown in Figure 4.1(c). During the initial steps, when the σp value is comparatively

small, we observe a smooth relaxation of stress (black line), whereas, at higher σp, the

nature of stress relaxation exhibits a two-step nature with an initial sharp discontinuity

(red line). Such transition from continuous to discontinuous relaxation behavior is also

evident for longer tw ( inset of Figure 4.2(b)). We already discussed this drastic change

in relaxation nature in Chapter 3, where two distinct relaxation natures were observed in

different stress regimes of shear jammed state.

Now, we explore the shear direction dependence of such memory effect. Instead of

applying a unidirectional series of step strain pulses we change the direction of the shear

alternatively as shown in the top panel of Figure 4.2(c). The corresponding stress response

is shown in the bottom panel of Figure 4.2(c). From Figure 4.2(c) we observe that if the

direction of the step strain changes alternatively, we do not observe any increase in σp

under repetitive perturbation. In fact, σp gradually decreases with increasing step number.

Next, we study the effect of particle volume fraction on the observed memory effect.

Interestingly, we observe that such increase in σp under unidirectional repetitive step strain

perturbation is observed only for ϕ ≥ 57%, but for ϕ = 56%, the σp does not show any

systematic increase and remains around a constant value (Figure 4.3(a)). This suggests

that such memory effect of shear thickening dense particulate system is closely related

to the particle concentration in the system. Turns out, for our system, the range of ϕ

over which such memory effect is observed is above the minimum shear jamming volume

fraction ϕm. As we go below the ϕm, we don’t observe such memory effect. Figure 4.3(b)

represents the state diagram for the dense suspension used in our case, where the shear

jamming and DST boundary are obtained using the Wyart-Cates model (see Appendix

2 in Chapter 3). From this, we observe that for any particular ϕ ≥ 57% the repetitive

perturbation drives the peak stress in the system to higher values, but for ϕ = 56%, the

peak stress does not vary much. This observation highlights a strong correlation between

shear jamming (SJ) and memory formation in dense particulate suspension.
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Figure 4.3: (a) Peak stress σp variation under repetitive unidirectional step strain per-
turbation for different volume fraction ϕ, as shown in the legend, with 20s waiting time
between two consecutive steps. (b) State diagram in σ − ϕ parameter plane. The thick
red line indicates steady state SJ boundary (pink shaded region) and the thick green
line indicates steady state DST boundary (green shaded region) obtained from Wyart
and Cates model (see appendix 2 in Chapter 3). For any particular ϕ value, the sym-
bols represent the peak stress evolution under repetitive step strain perturbation as
shown by different colors.

Figure 4.4: (a) Stress variation under unidirectional step strain perturbation of step
magnitude 70% at ϕ = 61%. The sample boundary images corresponding to the peak
stress for three different steps, as marked by magenta (i), green (ii), and red (iii) circles,
are shown on the right. (b) Stress variation under step strain perturbation in the alter-
native reverse direction with step magnitude 80% at ϕ = 61%. The sample boundary
images corresponding to the peak stress for three different steps, as marked by red (i),
green (ii), and magenta (iii) circles, are shown on the right.
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We further confirm such transition in mechanical properties using the in-situ optical

boundary imaging technique. We carefully observe the sample boundary images cor-

respond to the peak stress values. In Figure 4.4, panel (a) represents a typical stress

evolution under unidirectional step strain perturbation, and the sample boundary im-

ages, shown on the right (top panel), correspond to the peak stress for three different

steps as marked in the plot. For the first step, where the σp is comparatively small, the

sample boundary looks very smooth as it remains almost liquid-like and no change in

surface intensity is observed (image(i)). Under subsequent perturbation, when the σp in

the system attains a significantly higher peak, we observe the change in sample surface

intensity due to the mechanism called dilation where the particles protrude out from the

liquid-air interface (image (ii)). On further perturbation, many bright spots start appear-

ing in addition to the dilation (image(iii)). As described in Chapter 3, it is known that

such bright spots in this system are the localized plasticity formed due to high stress in

the system and reflect the solid-like property of the system. Thus the appearance of these

microscopic plasticities indicates the transition of system response from liquid-like to brit-

tle solid-like under unidirectional repetitive perturbations. Similarly, in Figure 4.4, panel

(b) represents a typical stress evolution under alternative reverse direction perturbation,

and the sample boundary images, shown on the right (bottom panel), correspond to the

peak stress for three different steps as marked in the plot. This indicates that although

the system gives a solid-like response at the first step, indicated by the appearance of mi-

croscopic plasticity (image(i)), the alternative reverse direction perturbation can change

the system response where only dilation is observed without plasticity (image(ii)) and

eventually, the system gives a liquid-like response, as shown in the image (iii). Thus the

change in the nature of the sample boundary surface in association with the correspond-

ing rheological signature indicates that the transformation of the sample response due to

encoded memory is intricately linked to the reorganization in the bulk sample.

Using a stress-controlled measurement protocol we further investigate such structural

memory aspects of the SJ system. As shown in Figure 4.5(a), a constant shear stress is

applied to the system for 1sec, during which the shear strain is measured. The system is

then allowed to relax for 30 seconds. Following this, the system undergoes multiple step-

strain perturbations of a specific strain magnitude, which serves as a training protocol.

After this training, the system is again subjected to the same constant shear stress for

the same duration as prior to the training. It is observed that, under identical conditions,

the shear strain developed in the system is higher for the untrained sample, compared

to a trained sample (Figure 4.5(b)). This indicates that although the system remains at
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Figure 4.5: (a) Experimental protocol to study the directional memory in the dense
particulate suspension using stress-controlled measurement. Here the strain evolution
in the system is observed at constant stress for 1s before and after the repetitive step
strain perturbation. (b) The maximum strain reached before and after the repetitive
step strain perturbation is shown for 5 independent measurements at 4 different stress
values, represented by different colors as shown in the legend. For a particular applied
stress value the maximum strain reached before and after the step strain perturbation is
presented by square and star respectively (represented by the same color).

zero stress conditions before and after the imposed training, the unidirectional repetitive

step strain perturbation optimize the particle rearrangement such that it can resist more

stress without much deformation.

To understand the microscopic mechanism giving rise to such an interesting mem-

ory effect we explore the response of the system in the reverse shear direction after the

different number of training steps in the forward direction. Figure 4.6(a) represents the

experimental protocol to study the reverse direction response. As shown in the figure, we

apply a certain number of step strain perturbations in the forward direction (Nf ), and

then a significant number of steps are applied in the reverse direction (Nr) to get a good

estimation of the saturation of the σp. Here we vary the Nf from 0 to 40 and for each Nf ,

we apply 100 steps in reverse direction (Nr = 100). In Figure 4.6(b) we have shown the σp

evolution during the reverse run for two cases. (1) Without any forward steps (Nf = 0),

(2) After 20 forward steps (Nf = 20). From Figure 4.6(b) we can observe that for Nf = 0

the σp attains saturation in comparatively more number of steps than the Nf = 20 case.

Here the negative sign of the σp indicates the fact that the step strain is in the reverse

direction and the saturation point is marked where the magnitude of the σp starts decreas-

ing from its previous value. The corresponding step number is considered the saturation

step number (Ns) (Figure 4.6(b)). These reversal experiments highlight the fact that, if

the system is trained with more steps in one direction, then it requires comparatively less

number of steps to attain saturation in σp in the opposite direction (Figure 4.6(c)). Our
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Figure 6    (Experimental)
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Figure 4.6: (a) Carton of an experimental protocol showing a certain number of step
strain (Nf ) applied in the forward direction and then a significant number of step
strains (Nr) are applied in the reverse direction. Both time t and γ are 0 at the be-
ginning and the magnitude of the step strain always remains constant. (b) Variation
of peak stress σp with Nr for Nf=0 (top panel) and Nr=20 (bottom panel). The satu-
ration of σp is indicated by the horizontal dashed lines and the saturation step number
(Ns) is marked by red arrows. (c) Variation of saturation step number in reverse direc-
tion Ns with number of training steps in the forward direction Nf for the volume frac-
tion ϕ as indicated in the legend.

repetitive step-strain experiments and the shear-reversal experiments suggest that due

to the forward training of the sample, there are residual contacts or structure formation

that remain even after the stress relaxes to zero. Such structures enable the formation of

system-spanning contacts during the shear reversal, more easily.

To test our conjecture about the formation of such residual contacts or structures,

we use numerical simulation (in collaboration with Dr. Vinutha H. A. from Georgetown

University, USA). We consider an SJ dense particulate system in 2-D, having a packing

fraction of 0.81 which is well above the minimum shear jamming packing fraction in 2-D.

The system is driven into the SJ state by applying a strain of 0.121, and then repeti-

tive step strain perturbations of step size 0.00186 are applied to observe the structural

evolution. It is to be noted that we do not consider hydrodynamics in our simulation

and only observe the shear-induced evolution of the particle configuration in the shear-

jammed state. Here, the rigid clusters are defined based on Maxwell’s criterion where

the number of constraints should equal the degrees of freedom of the structure. This

condition is known as the isostatic condition. When the number of constraints becomes

more than the net degrees of freedom then the system is considered as over-constrained

which can be sustained under stress. Figure 4.7(a) shows two different structures where

the 3-particle structure represents an isostatic configuration and the 4-particle structure

represents an over-constraint configuration. From this simulation, we observe that the

fraction of particles associated with the rigid cluster formation (fRC) and the average size
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Figure 4.7: (a) Cartoon of isostatic and over-constrained structures represented by
three and four-particle structure respectively. Fraction of particles associated with the
formation of the rigid clusters (fRC)(Black symbols) and the average size of rigid clus-
ters (sRC) (Red symbols) as a function of (b) shear stress σ

′
p, (c) step number N for a

2D shear jammed system with packing fraction 0.81. (d) fRC and sRC with step number
N for a system with packing fraction 0.79 which can not show shear jamming. In bot-
tom panel snapshots (i), (ii), (iii), and (iv) represent the rigid clusters (marked in red)
corresponding to step numbers 1, 60, 184, and 496 respectively, for the shear jammed
system shown in (c).
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of the rigid clusters (sRC) increases significantly with the increase of stress in the system

(Figure 4.7(b)). Again, as shown by Figure 4.7(c), both fRC and sRC shows a systematic

increase with step number N . In the bottom panel, images (i), (ii), (iii), and (iv) repre-

sent the rigid cluster snapshots at step number 1, 60, 184, and 496, respectively, where

these snapshots also reflect the growth of the average size and fraction of the rigid cluster.

From Figure 4.7(c), we observe that although the minimum rigid cluster size (number of

particles required for the rigid cluster formation) is 3, the repetitive shear perturbation

can cause significant growth in sRC which can span the whole system. Interestingly where

the fRC for the higher packing fraction (above the minimum SJ packing fraction) can

grow around 45% of the total particles, and for the lower packing fraction, below the

minimum SJ packing fraction, there is no significant growth in fRC . In this case, fRC

remains around 10%, and the average size of the cluster sRC does not grow much beyond

the minimum value 3 (Figure 4.7(d)).

A recent study demonstrates a rigidity percolation transition governed by Ising univer-

sality—with critical exponents β = 1/8 and γ = 7/4—in dense 2D suspensions subjected

to shear stress well above the DST threshold [13]. The authors interpret the sharp in-

crease in the fraction of rigid clusters and the divergence in the associated susceptibility as

signatures of a critical point preceding shear jamming. However, we did not observe any

evidence of structural memory for the volume fraction that shows DST but not shear jam-

ming. It is possible that the formation and persistence of rigid clusters require sustained,

high-magnitude shear stress, which transient perturbations may not provide.

Furthermore, to get a deeper insight into the microscopic mechanism, we follow the

shear reversal protocol similar to our experiment as shown in Figure 4.6(a). Here we apply

a certain number of steps in the forward direction (Nf ) and then change the direction

of the shear and apply a significantly large number of step strain perturbations in the

reverse direction (Nr). Figure 4.8(a) shows the variation of fRC with Nr during reversal

from different forward steps (Nf ) in training, as mentioned in the legend. Here we observe

that the application of step strain in the reverse direction initially decreases the fRC and

then increases it back to the higher saturating value. Similarly, Figures 4.8(b) and 4.8(c)

indicate the variation of sRC and Z respectively during reversal, which also shows a similar

trend. These results indicate that the extent of decrease in fRC , sRC and Z strongly

depends on the number of applied forward steps before reversal. Now we consider two

different configurations before applying the shear perturbation in the reverse direction:

(1) at the initial training step (Nf = 1), when there is a very less number of rigid clusters

present, and (2) after a large number of training steps (Nf = 185), when a large number
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Figure 4.8: (a) The fraction of particles forming rigid clusters fRC , (b) the average
size of the rigid cluster sRC , (c) the average coordination number (Z) as a function of
number of steps in reverse direction Nr after reversal from different numbers of forward
steps (Nf ) as mentioned in the legends. The bottom panel shows the rigid cluster snap-
shots during the reverse perturbation for the case Nf=1 and Nf=185. For Nf=1, the
images (i), (ii), (iii), and (iv) correspond to Nr = 0, 45, 100, and 300 respectively as
marked by red squares in (a) and for Nf=185, the images (i), (ii), (iii), and (iv) corre-
spond to Nr = 0, 130, 250, and 350 respectively as marked by orange circles in (a).
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of rigid clusters are formed. In the bottom panel, we have shown the snapshots of rigid

clusters for a minimally trained system (Nf = 1) and a well-trained system (Nf = 185) at

different Nr. We observe that when there are less numbers of rigid clusters present, the

continuous shear in the opposite direction initially destroys most of the existing clusters

and then starts forming new rigid clusters from the minimum possible size to the clusters

with a large number of particles (images corresponds to Nf = 1 ). Interestingly, when

we start with a configuration having a large fraction of rigid clusters, the continuous

shear in the opposite direction can not destroy the fraction of rigid clusters significantly

(images corresponds to Nf = 185). In this case, although the rigid clusters rearrange

among themselves, the average size, and the fraction of rigid clusters do not decrease much

(Figure 4.8(a),(b)). This is also reflected in the variation of the corresponding coordination

number Z where the decrease in Z significantly depends upon the training in the forward

direction. This indicates that, as also predicted from our experimental observation, the

characteristic of the shear-jammed state is sensitive to the initial perturbation it has gone

through implying a structural memory effect.

Figure 4.9: (a) Protocol to erase the structural memory formed during step strain per-
turbation. The red solid line represents the applied step strain of magnitude 60% and
the black solid line represents the gap between the plates which oscillates between 0.106
mm to 0.116 mm keeping the shear strain fixed at a constant value. The time interval
between two consecutive step strains is 60 s. For clarity, we only show up to 4 step-
strain perturbations. (b) Stress response corresponds to the step strain input shown in
(a).

We further explore the possible options to destroy the structural memory formed due

to unidirectional step-strain perturbation. We observe that the application of the small

amplitude (< 5%) oscillatory perturbation of different frequencies in the shear direction

can not destroy such structural memory. So, we investigate the effect of orthogonal
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Figure 4.10: (a) SEM image of nano-polystyrene particles used for rheological exper-
iment. (b) Stress response under unidirectional repetitive step strain perturbation of
step magnitude 50% for dense suspension of nano polystyrene particles (d ≈ 700 nm)
with volume fraction 59%.

perturbation over such structural memory. As shown in Figure 4.9(a), after each step of

shear perturbation, we increase the gap between the plates by 10µm and then bring it

back to the original measuring position. It corresponds to a very small extensional strain

of ϵ = 10µm
MinGap

. We repeat this process 5 times under a constant shear strain condition and

then apply the next step of shear perturbation. Figure 4.9(b) represents the stress response

corresponding to the input protocol shown in Figure 4.9(a). From Figure 4.9(b), we find

that although we apply a series of step shear-strain perturbations in the same direction,

the peak stress in the system does not increase. From this observation, we understand that

the small extensional shear experienced by the system due to the repetitive change of gap

can disturb the structure of particle arrangement formed by the step shear strain, which

in turn does not allow the systematic increase in peak stress. Again, we find that such

memory effect is not very conclusive for smaller-size particles (Figure 4.10). Although the

volume fraction of the system is high enough, still this might be due to the significant

effect of Brownian motion in the system.

4.4 Conclusion

In conclusion we study a novel memory effect in the SJ dense suspensions. We observe that

although the fast relaxation of shear stress changes the mechanical property of the system

significantly, the structural arrangement of the particles still remembers the previous
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perturbation. Under the unidirectional repetitive step strain perturbation there is an

enhancement of mechanical response even after the complete stress relaxation by orders

of magnitude stress after each step. Interestingly, under the step strain perturbation in the

alternative direction, the mechanical response becomes gradually weaker. Using in-situ

boundary imaging, we confirm such evolution in the system response from liquid-like to

brittle solid-like state under repetitive perturbation. We further find that this structural

memory is significant only for the volume fractions above the minimum volume fraction

required for the shear jamming which establishes a direct connection between structural

memory and shear jamming phenomena. Such memory effect is not observed for volume

fraction below shear jamming. Using a shear reversal experiment and numerical simulation

we explore the possible microscopic mechanism for such structural memory. We find

that the formation of shear-induced rigid clusters plays a crucial role in controlling such

memory effect. Furthermore, we show that the orthogonal perturbation can effectively

destroy the structural memory in the system. Although we observe that such memory

effect is not significant for smaller size particles, the effect of Brownian motion in highly

dense environments and generalization of such phenomena needs to be explored further

in the future. Also, incorporating hydrodynamics in our simulation will be important to

capture the fast stress relaxation in the system, and the associated memory formation

remains to be an interesting future direction.
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CHAPTER

FIVE
Shear thickening of dilute suspensions of

fractal silica aggregates

“In the history of science, we often find that the

study of some natural phenomenon has been the

starting point in the development of a new branch

of knowledge.”

- C. V. Raman -
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CHAPTER 5. SHEAR THICKENING OF DILUTE SUSPENSIONS OF FRACTAL
SILICA AGGREGATES

The results covered in this chapter are published in the article, Journal of Non-

Newtonian Fluid Mechanics, vol. 328, June 2024 [1].

5.1 Introduction

In the past few decades, as discussed before, the phenomena of shear thickening and shear

jamming have attracted considerable attention due to their enriching fundamental physics

and promising engineering applications [2, 3, 4, 5, 6, 7]. As a considerably high volume

fraction is a primary requirement for the observation of strong ST, from an application

perspective, this prerequisite poses a significant challenge regarding the cost-effectiveness

and stability of the suspension. Fumed silica (FS) particles - irreversible fractal aggregates

of nano-silica particles [8], turn out to be a reliable alternative to address these concerns

[9]. Recent literature has explored various aspects of ST in FS suspension, where strong

ST has been reported for significantly low volume fractions. The effect of particle size

distribution [10, 11], surface chemistry [12, 13], and solvent properties [14, 11] have been

explored in these systems. Additionally, the signature of hydro-cluster formation during

ST [15] and the nature of jamming front propagation have also been investigated [16].

Interestingly, a recent work observed that for hydrophilic FS suspension, the minimum

stress required for ST (onset stress) increases with increasing the particle volume fraction

(ϕ) [13], unlike the non-fractal ST systems where the onset stress (σonset) remains inde-

pendent of ϕ [17, 18, 19, 20]. Additionally, the increase in the onset stress was associated

with increased roughness of the FS particles, where the roughness was defined on the

basis of primary constituent particle diameter (dp) forming the fractal aggregates [13].

However, systematic roughness variation in non-fractal systems shows an opposite trend,

namely a decrease in onset stress with increasing particle roughness [21]. All these ob-

servations suggest that roughness may not be the only governing parameter in explaining

the complex ST behavior in FS systems.

In this chapter, we systematically study the shear thickening properties of fumed silica

suspensions using six different grades of hydrophilic FS particles having different structural

properties. We observe an exponential increase in the onset stress with increasing ϕ where

the exponent depends on the specific type of the FS. Interestingly, for a few types of the

FS systems, we see a reversible weakening of the ST response at higher stress values.

Such weakening is also sensitive to the volume fraction. We map out a detailed ST phase

diagram in the σ − ϕ plane for two types of FS systems. Using rheology and in-situ

boundary imaging experiments, we bring out the role of the structural parameters, such
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as fractality and internal branching of the FS aggregates in controlling the ST properties

in these systems.

5.2 Materials and Methods

Hydrophilic Aerosil fumed silica (FS) of six different grades (OX50, A90, A150, A200,

A300, A380) from Evonik Industries are used for the preparation of dense particulate

suspensions with glycerol as the solvent (The sample preparation procedure is described

in Chapter 2). These FS particles are formed using a flame aerosol synthesis process

where small primary particles are fused together to form hard fractal aggregates which

further agglomerate to form soft deformable objects [22, 23, 8]. The name of each FS

type is based on their corresponding specific surface area (surface to mass ratio), varying

from 50m2/g to 380m2/g depending on the primary constituent particle size (dp) [8].

All the rheological measurements are performed using a stress-controlled rheometer

(MCR-702, Anton Paar, Austria) with cone and plate geometry of a radius of 12.5 mm

and cone angle of 2◦. A pre-shear at constant stress (above onset stress for ST) is applied

for a certain amount of time (≈ 60minutes) to remove any loading history.

For in-situ boundary imaging during flow curve measurements, a high-speed imag-

ing setup is coupled with the rheometer operating in a 50-50 counter movement mode.

As the FS suspension in glycerol is optically transparent, the suspension is seeded with

polystyrene microspheres of diameter ∼ 3 µm for obtaining a clear speckle pattern. The

amount of the polystyrene sphere added is ∼ 1% of the solvent weight. We have verified

that such a small amount of tracer particles does not alter the rheological properties of

the FS system. During the rheological measurements, the sample boundary is illuminated

by an LED light source (Dolan-Jenner Industries), and the diffused scattering is imaged

in the flow gradient plane using a high-speed monochrome CMOS camera (Phantom Miro

C210) with a 10X, long working distance objective (Mitutoyo). All the images are cap-

tured at a frame rate of 100 Hz with resolution 1280 × 1024 pixels. From the sample

boundary image, we map out the flow profile through the Particle Image Velocimetry

(PIV) technique using a custom-written PIV code developed using MATLAB software.

5.3 Results and Discussion

We study the shear thickening (ST) behavior for six different types of fumed silica (FS)

samples. For each type of sample, we obtain the flow curves (viscosity (η) vs. applied
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stress(σ)) for a wide range of volume fractions (ϕ): starting from the minimum value of ϕ

required for the ST, up to the maximum ϕ value beyond which the sample mixing becomes

extremely difficult. Figures 5.1(a) and 5.1(b) represent the flow curves for OX50 and
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Figure 5.1: Viscosity η as a function of shear stress σ for fumed silica sample OX50 (a)
and A380 (b) for various volume fraction ϕ as shown in the legend. Variation of first
normal stress difference N1 with σ is shown for ϕ = 0.22 and 0.33 in the inset of (a)
and ϕ = 0.13 and 0.16 in the inset of (b). The onset stress σonset of shear thickening is
marked for ϕ = 0.16 in (b). (c) Variation of σonset with ϕ for different fumed silica sam-
ple as shown in the legend. The slope indicated by red and black solid lines represent
the difference in rate of exponential increase in σonset with ϕ for OX50 and A380 sample
respectively. Inset represent the σonset variation with ϕ for three standard shear thick-
ening systems; polystyrene sphere (PS), cornstarch (CS), silica sphere (Si) as shown in
legend.

A380 respectively. Flow curves for all other samples are shown in Figure 5.2. We observe

that the minimum value of ϕ required for ST (ϕmin) is ≈ 0.05. This value is significantly

lower compared to the standard non-fractal ST systems [24, 17, 18]. In all cases, we

obtain strong ST over a wide range of ϕ values, as shown in Figures 5.1(a), 5.1(b), and

Figure 5.2. The maximum value of ϕ (ϕ = ϕmax), which we can mix uniformly, varies

for different types of FS used. The ϕmax decreases significantly as we go from OX50 to

the A380 sample (Figure 5.3(a)). We find that, unlike standard ST systems, the range

of ϕ showing ST (ϕrange) is significantly broad for the FS system and the range decreases

significantly as we go from OX50 to the A380 sample (Figure 5.3(b)). Furthermore, in the

ST regime, the 1st normal stress difference N1 is positive, as expected for discontinuous

shear thickening, for all the FS samples (inset of Figures 5.1(a), 5.1(b) and 5.2). This

indicates that the frictional contacts between the FS particles are responsible for the ST

[24]. A notable feature of the ST in the FS systems is the ϕ-dependence of σonset which

is determined from our data using a simple intersection of extrapolated shear thinning

and shear thickening branches in η−σ plots (see Figure 5.4(a)). Figure 5.1(c) shows that

the onset stress σonset for ST increases exponentially with increasing ϕ, with the exponent
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Figure 5.2: Viscosity η as a function of shear stress σ for fumed silica sample (a) A90,
(b) A150, (c) A200 and (d) A300 for various volume fraction ϕ as shown in the legend.
Inset of each panel show the corresponding variation of first normal stress difference N1

with σ for only two ϕ as shown in legend.

depending on the type of FS used. This is in stark contrast to standard, non-fractal

ST systems, such as dense suspension of polystyrene, silica, and cornstarch particles

where the onset stress σonset remains almost constant with the volume fraction ϕ (inset

of Figure 5.1(C)). This highlights that the existing theoretical framework, such as the

empirical Krieger–Dougherty (KD) and Wyart-Cates (W-C) models will not be sufficient

in capturing the ST behavior in the FS system [3, 18, 13].

In a recent study [13], the roughness of the FS system is related to the primary

constituent particle size dp (smaller dp corresponds to larger roughness and vice versa).

Following this line of thinking and using the value of dp (Table 5.1) from the study by

Mulderig et al.[8], for a constant ϕ, the σonset decreases with decreasing roughness (i.e

increasing dp) of the particles as shown in Figure 5.5(a).

Notably, this trend of σonset as a function of roughness is counter intuitive and oppo-
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Figure 5.4: (a) Bending in flow curve during ST process. δ represents the initial slope
for the shear thickening regime. In the shear thickening regime the slope δ decreases
to ε at a crossover stress σbend indicated by the vertical blue dashed line. The vertical
red dashed line indicates the σmax, the maximum stress limit for ST before yielding. (b)
Variation of slope δ and ε with ϕ for different types of fumed silica sample as shown in
the legend. Increasing slope δ with ϕ indicates the transition from mild shear thickening
to strong shear thickening with increasing ϕ. For a particular ϕ the slope δ decreases
to ε after the bending point. This decrease in slope vanishes for ϕ close to ϕmax. The
decrease in slope is more prominent for high fractal systems like OX50 and A90 with a
wide ϕ range. Sample A300 and A380 do not show any decrease in slope.

site to the trend seen in a recent study on a non-fractal silica particle system where a

systematic increase in the particle roughness decreases the σonset [21]. Interestingly the
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Figure 5.5: (a) σonset variation with primary constituent particle diameter (dp) of dif-
ferent fumed silica sample for three different ϕ as shown in the legend. (b) Variation of
σonset with mass fractal dimension (df ) of different fumed silica samples for three differ-
ent ϕ as shown in the legend. The shaded regions in (a) and (b) are the guides to the
eye.

σonset increases with the increase in the 3-d mass fractal dimension (df ) of the system,

as shown in Figure 5.5(b). This suggests that the fractality and the complex internal

structures of the fumed silica can play a crucial role in controlling the ST properties.

Furthermore, we observe stress-softening response during shear-thickening for certain

types of FS systems. In general, for any standard ST sample, the typical flow curve

can be divided into three parts as a function of increasing applied stress: (1) an initial

shear-thinning regime (2) a shear-thickening regime beyond the σonset and (3) decrease in

viscosity at stress values much higher than σonset due to plasticity/stress-induced fracture

(sometimes referred [25] as the second shear-thinning regime). Region 3, in such cases,

is irreversible in nature and involves large dissipation. The power-law slope of Region 2

indicates the degree of ST [19, 17]. In our case, we observe that the power-law slope in

the ST regime is not constant for all values of σ > σonset but decreases to a smaller value

beyond a certain applied stress (defined as the bending point stress σbend) much below

yielding (Figure 5.6(a)). It is important to note that such a decrease in the ST slope is

reversible in nature as shown in Figure 5.7(a) which rules out plasticity/stress-induced
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Sample OX50 A90 A150 A200 A300 A380
Primary particle diameter (dp(nm)) 36 21 17 14 12 10

Mass fractal dimension (df ) 1.70 1.75 1.90 1.98 1.86 1.95
Number of internal branching (ni) 11 15 56 93 373 3125

Table 5.1: Important parameters controlling the ST behavior as obtained from [8].
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Figure 5.6: (a) Flow curves of OX50 sample at ϕ = 0.33 (circle) and ϕ = 0.48 (di-
amond) is shown. For ϕ = 0.33 (circle) the change in slope during the shear thick-
ening process is highlighted. The bending point is indicated by the red arrow and
the corresponding stress is σbend. The colors of the symbol represent the local slope
β = d ln(η)/d ln(σ) as shown by the color bar. (b) and (c) represent the phase diagram
for OX50 and A380 samples in σ vs ϕ plane. Differently, shaded regions represent dif-
ferent properties of the system as mentioned, depending on the corresponding β value
indicated by the color bar.

fracture. We find that this change in slope in the ST regime decreases with increasing ϕ

and is absent close to ϕmax (Figure 5.7(b)). We label the initial ST regime with a higher

slope (just beyond σonset) as the strong shear-thickening regime and the second ST regime

obtained at higher applied stresses with a lower slope as the weak shear-thickening regime.

Figure 5.6(b) shows the phase diagram of the OX50 sample in the σ−ϕ plane. Here we can

see that after the initial shear-thinning region at smaller stress, a strong shear-thickening

regime starts, and in between the strong shear-thickening and the yielding regime, there

is a weak shear-thickening region. We also see from Figure 5.6(b) that the width of the

weak shear-thickening region depends on ϕ. The boundary between the shear thinning

and strong ST regime represents σonset and the boundary between strong ST and weak ST

regime is marked by σbend. As we systematically increase the specific surface area of the

sample used (starting from OX50 towards the A380 sample), such a difference between

the ST slopes gradually decreases and vanishes completely for A300 and A380 samples

(Figure 5.4). Figure 5.6(c) represents a similar phase diagram for the A380 sample, where
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Figure 5.7: (a) Viscosity η as a function of shear stress σ for OX50 fumed silica sample
at ϕ = 0.29. Both forward and reverse runs for three consecutive readings are shown.
(b) Variation of normalized viscosity (viscosity normalized by minimum viscosity) with
normalized shear stress (shear stress normalized by onset stress) for OX50 at different
ϕ as shown in legend. This exhibits the evolution of bending in shear thickening flow
curves with increasing volume fraction.

the weak ST regime does not exist. The color of the symbols represents the local slope

(d ln(η)/d ln(σ)) as indicated by the parameter β.

In order to understand the novel rheological behaviors of fumed silica suspensions, we

now focus on the structural differences between the different types of FS systems used. A

comprehensive study of the structural properties of all these six hydrophilic FS samples

has been reported [8] using ultra-small angle X-ray scattering and numerical simulations.

A few of the relevant parameters are given in Table 5.1. As mentioned earlier, since the

ST is frictional contact dominated, we mainly focus on the internal branching of the FS

clusters which is expected to affect the nature of contact formation between them. It is

reported that although all these FS samples are fractal in nature, the internal branching

differs significantly across the sample types. As we go from OX50 to A380, in addition to

the decrease in dp, the number of internal branching (ni) increases significantly, thereby

making the structure more compact. The structure of the OX50 sample is more open

due to less number of internal branching, whereas, the A380 sample structure is more

closed due to a large number of internal branching. We have verified such structural

differences using SEM for two extreme cases (OX50 and A380) as shown in Figure 5.8(a).

These images also highlight the significant difference in primary particle diameter (dp)

and fractality depending on the sample type. For clarity, we also depict these structures

using cartoons in Figure 5.8(b). For a dense FS suspension with clusters having an
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Figure 5.8: (a) SEM image of OX50 and A380 aggregates reflect the wide difference in
their primary constituent particle diameter dp, mass fractal dimension df and internal
branching structure of the samples. (b) Cartoon representations of OX50 and A380 ag-
gregates reflect the open and closed structure respectively. (c) Cartoon representation
of high constraints on the aggregates motion under shear for open structured sample
(OX50) due to more entanglement. The zoomed-in part represents the highly entan-
gled structure and a larger number of interparticle contact points between aggregates
(red circles). (d) Cartoon representation of fewer constraints on aggregate motion un-
der shear for close structured sample (A380) due to less entanglement. The zoomed-in
part represents the less entangled structure and a smaller number of interparticle con-
tact points between aggregates (red circles).

open structure (e.g. OX50), the entanglement among the branches of different clusters

can be easily initiated under shear flow (Figure 5.8(c)). Such entanglement can provide

enough constraints to the particle motion and hence for such a system a smaller σonset is

expected. On the other hand, as the aggregates become more closed with increasing ni, the

probability of entanglement between the branches decreases (Figure 5.8(d)). Thus, such a

closed system requires higher stress to induce sufficient constraints to observe ST resulting

in higher σonset. Additionally, as suggested in the zoomed parts of Figures 5.8(c) and

5.8(d), the contact area among the particles of different aggregates is significantly greater

for open structure due to better entanglement and bigger primary particle size, whereas,

the system with high internal branching exhibits less contact area due to lower degree

of entanglement and smaller dp (particles from different clusters which are in contact are

marked by the red circles). This difference in contact area can result in a significant
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difference in σonset for different types of FS samples. Also, such enhanced entanglement

between the branches of different clusters allows significant interpenetration. Thus, FS

samples having more open structures can be packed more efficiently resulting in higher

ϕmax values as compared to more compact samples. This rationalizes the systematic

decrease in ϕmax and range of ϕ showing ST, as we gradually go from OX50 to A380.

Although the open structure allows entanglement among the aggregates easily, within

a cluster the branches are weaker individually due to lack of connectivity. This can

compromise the stress-bearing ability of the system during ST for ϕ values well below ϕmax.

In such cases, significant applied stress can also cause disentanglement of branches due to

bending. At high enough applied stress beyond σbend, such stress-induced disentanglement

can lower the propensity of stress-induced contact formation, thus decreasing the ST slope,

as mentioned in Figures 5.6(a) and 5.6(b). Interestingly, as ϕ approaches ϕmax, due to

the high density of the clusters, each branch can find support from the branches of other

clusters. This can suppress the stress-induced bending and disentanglement of the clusters

resulting in a single ST slope like conventional ST systems (Figures 5.6(a) and 5.6(b)).

As we approach more closed structures (e.g. in A300 and A380), they can completely

suppress any stress-induced bending due to high internal connectivity. Thus, for these

systems, the ST slope does not show a change for any value of ϕ (Figure 5.6(c)).

As mentioned earlier, nano-silica particles are fused together at high temperatures to

form these irreversible aggregates. Breaking such aggregates requires very high force and

can be considered stable clusters in our experiments. However, due to the fractal nature

of these aggregates, they can further assemble together (due to high effective roughness)

to form bigger, soft agglomerates which have also a fractal structure [8]. As these soft

agglomerates are stabilized by physical constraints, they can easily break and reform

under flow. The flow properties of the system are controlled by the breakage and refor-

mation dynamics of these agglomerates, whereas, the breakage of fractal aggregates can

be ignored due to their high stability as mentioned above. Such structural properties can

also rationalize the variation of the onset stress with ϕ. With increasing ϕ, more such

agglomerates are formed which break into small and more stable fractal aggregates as

the shear stress increases causing the initial shear-thinning regime below σonset. Strong

ST requires the formation of system-spanning frictional contacts between the rigid ag-

gregates capable of dynamically withstanding high stresses. This implies that all the

localized preformed agglomerates (which are usually weak) need to be broken to establish

a homogeneous velocity gradient across the system. With increasing ϕ the number of such

agglomerates increases, requiring more stress to break them before forming stress-induced
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system-spanning frictional contacts between the rigid aggregates. This can cause σonset

to increase with ϕ.

In order to verify our picture, we use in-situ boundary imaging during flow curve

measurements. We map out the spatio-temporal nature of the flow field using the particle

image velocimetry (PIV) technique. A typical PIV window is shown in Figure 5.9(a)

where the yellow arrows represent the velocity vectors. The averaged velocity along the

flow direction for a given y-position (measured from the top plate) is represented by vx and

the zero velocity plane (vx = 0) is marked by a blue dashed line near the middle of the gap

between the plates. We show the time evolution of the velocity profile (vx(y)) at a constant

applied stress in Figure 5.9(b) and 5.9(c) for σ = 2Pa and σ = 28Pa, respectively over a

time interval of 1 s. We find that vx shows significant temporal fluctuations as shown in

the insets of Figures 5.9(b) and 5.9(c) corresponding to a particular y-position as indicated

by the vertical dashed lines in the figures. We quantify these temporal fluctuations in vx

in terms of the ratio of standard deviation and mean of vx: δvx = std (vx)/mean (vx).

Figure 5.9(d) shows the variation of δvx with increasing applied σ for different ϕ values.

The temporal fluctuations are significantly higher for smaller applied stress values and

reach a minimum close to σonset. Similarly, we quantify the temporal fluctuation in the

position of the zero-velocity plane at constant σ as, δy = std (yvx=0)/mean (yvx=0) where

yvx=0 signifies the y-position of the zero velocity plane. Again we find that the δy is large

for smaller σ values and gradually decreases with increasing σ. Figure 5.9(e) shows that

δy reaches a minimum near σonset. Interestingly, we observe that for higher ϕ values, the

spatio-temporal fluctuations, quantified by δvx and δy significantly increase and it requires

much higher applied stress to reach the minimum as compared to that corresponding to

lower ϕ values (Figure 5.9(d) and 5.9(e)). This observation is in line with the variation

of σonset with ϕ (Figure 5.1(c)). Such spatio-temporal fluctuations in the velocity profile

are likely to come from the sample inhomogeneity arising from the preformed local stable

structures. As σ approaches σonset, the inter-layer shearing becomes more homogeneous

thereby reducing these fluctuations. This homogeneous shearing between layers is essential

for better frictional contacts among aggregates and thus for strong ST [26]. We note that

the δvx might increase well beyond σonset due to plasticity [26]. In comparison, for a non-

fractal system of suspensions of polystyrene particles, such a dependence of spatiotemporal

fluctuations (δvx and δy) on σ is absent (see orange squares in figure 5.9(d) and 5.9(e)).

This result supports our conjecture that the localized stable agglomerates formed due to

the branch-entanglement of fractal clusters play a crucial role in controlling the σonset

variation.
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Figure 5.9: (a) Typical PIV window over the sample boundary image with the ve-
locity vectors represented by the yellow arrows. The suspension is seeded with 3µm
polystyrene particles for obtaining the flow profile. The gap at the boundary between
two plates is represented by ‘d’. ±vp represents the top cone and bottom plate velocity
respectively. vx represents the velocity at a particular plane averaged along the flow di-
rection at a given time. The zero velocity plane (at vx = 0) is represented by the blue
horizontal dash line. The white dotted box near the top plate represents the plane at
which the temporal fluctuation in vx is calculated. (b) and (c) represent the velocity
profiles at constant stress σ = 2Pa and σ = 28Pa respectively for different instances
of time as indicated by the color bar for the A380 sample at ϕ = 0.13. Inset represents
the temporal variation in velocity vx at a distance y from the top plate, as marked by
the vertical dashed line. (d) Temporal fluctuation in the velocity (δvx) as a function of
σ, at a particular plane, for ϕ = 0.08 (black diamond) and ϕ = 0.13 (red circle) in the
A380 sample. (e) Fluctuation in the position of zero velocity plane (δy) as a function of
σ for ϕ = 0.08 (black diamond) and ϕ = 0.13 (red circle) in the A380 sample. For com-
parison δvx and δy variation is also shown for polystyrene sphere suspension (orange
square) at ϕ = 0.58 in (d) and (e) respectively. (f) Variation of δvx with σ at constant
ϕ = 0.13 for A90 (blue down triangle) and A380 (green up triangle) sample. The ver-
tical dashed lines of different colors (in panels (d), (e), (f)) represent the rheologically
measured σonset for the corresponding sample as marked by the arrows in panel (f).

Furthermore, we observe, for a constant ϕ, the minima in the spatiotemporal fluc-

tuations occur at larger stress with increasing internal branching of the system (Figure

5.9(f)). This again supports σonset variation for samples of different internal branching.

As discussed before, in addition to the difference in effective contact area due to the differ-

ence in entanglement and dp, the distance of ϕ from the ϕmax might also have a significant
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contribution. For a constant ϕ value, as the system with more internal branching is closer

to ϕmax than the system with less internal branching, the preformed rigid clusters require

more stress to be destroyed and initiate the frictional contacts.

5.4 Conclusion

To summarize, we study shear thickening (ST) behavior in fumed silica suspensions for

various particle types and volume fractions. These systems can show strong shear thick-

ening even for significantly low particle volume fractions compared to conventional non-

fractal ST systems. Additionally, we find other differences in the ST behavior in FS

systems that either remain unexplored or, are very limited explored. Some of these are:

(i) FS systems show ST over a much wider range of ϕ values, (ii) exponential variation

of σonset with ϕ where the rate of increase systematically depends on types of FS sample

used, (iii) decrease in shear thickening exponent which is reversible. These differences

highlight that the phenomenon of ST in the FS systems is not captured by the existing

models describing ST in non-fractal particulate systems and requires the incorporation of

additional complex structural information of fractal clusters.

Our systematic study presents a physical picture of the ST in terms of branch en-

tanglement and openness of the structure. This highlights the role of these geometrical

parameters in controlling the shear-thickening behavior despite the similarity of the sur-

face properties of primary nano silica particles forming the fractal aggregates. Future

studies should be carried out using in-situ x-ray scattering for more insights into the

shear-induced entanglement between the fractal aggregates having a wide range of fractal

dimensions. The different types of fumed silica used in this study are characterized by

the presence of silanol (Si-OH) groups on the particle surface that aid the formation of

hydrogen bonding. However, quantifying the interparticle interaction and its correlation

with the observed onset stress of shear-thickening requires more sophisticated experimen-

tal techniques like Atomic Force Microscopy (AFM) which remains an interesting future

direction to explore.

We hope that our study will motivate further experimental and theoretical studies on

the ST phenomena in suspensions of fractal objects.
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CHAPTER

SIX
Role of plasticity in the universal scaling of

shear thickening dense suspensions

“Man is unique not because he does science, and he

is unique not because he does art, but because

science and art equally are expressions of his

marvelous plasticity of mind.”

- Jacob Bronowski -
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CHAPTER 6. ROLE OF PLASTICITY IN THE UNIVERSAL SCALING OF SHEAR
THICKENING DENSE SUSPENSIONS

The results covered in this chapter are published in the article, Rheol Acta 63, 291–300

(2024) [1].

6.1 Introduction

As discussed before, a classic example of non-Newtonian flow behavior is the phenomenon

of shear thickening (ST) [2, 3] and many of these systems show a stress-induced trans-

formation to a solid-like shear jammed (SJ) state when ϕ approaches the random close

packing ϕrcp limit. As SJ involves a sudden increase in shear modulus as the material

transforms to a solid-like state from a liquid-like state, a natural question arises: Is SJ

transition a non-equilibrium phase transition? For granular systems, the increase in dy-

namic correlation reflected in growing length and time scales near the jamming transition

also suggests a connection to phase transition and critical phenomenon [4]. In the system

of soft frictionless spheres, the finite size scaling collapse of elastic moduli and number of

contacts further strengthen such idea [5, 6].

Recent numerical and theoretical studies indicate that with increasing shear stress, the

hydrodynamic lubrication layer between the particles breaks down beyond a stress onset

giving rise to frictional contacts. Such stress-induced proliferation of frictional contacts

captures almost all the essential features of DST and SJ phenomena [7, 8]. The increase

in suspension viscosity η with the particle volume fraction ϕ is well described by the

phenomenological Krieger-Dougherty (KD) relation given by η ∼
(
1− ϕ

ϕJ

)−β

, where ϕJ

is the jamming volume fraction and β ≈ 2 for spherical particles. This indicates that as

ϕ closely approaches ϕJ , the viscosity enhances rapidly and finally diverges at ϕ = ϕJ .

For shear-thickening dense suspensions, ϕJ depends on σ. For these systems, using the

concept of stress-induced proliferation of frictional contacts, Wyart-Cates model proposes

a functional form for stress-dependent jamming volume fraction ϕJ = f(σ)ϕm + [1 −
f(σ)]ϕ0, where f(σ) = e−(σ∗/σ) denotes the fraction of frictional contacts, σ∗ is the onset

stress for the frictional contact formation. f(σ) varies between 0 and 1 depending on the

applied shear stress. Here, ϕ0 represents the jamming volume fraction without frictional

contacts known as the isotropic jamming point (corresponding to f = 0). When all the

contacts are frictional we get the frictional jamming point ϕm (corresponding to f = 1).

For different ST and SJ systems, a very recent work [9] proposes a universal scaling of

viscosity over wide range of stress and volume fraction values. This study highlights the

importance of two fixed points, namely, isotropic jamming point (ϕ0) and frictional jam-

ming point (ϕm) in controlling such scaling behavior. Incorporating the concept of stress
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induced frictional interaction as proposed in the Wyart-Cates (WC) model [7, 8, 10], they

expressed the viscosity η of a shear thickening system as,

η(ϕ0 − ϕ)2 ∼
(

1

ϕ0 − ϕm

− f(σ)

ϕ0 − ϕ

)−2

(6.1)

Such functional form indicates that irrespective of the value of ϕ, η(ϕ0−ϕ)2 as function
of xWC = f(σ)

ϕ0−ϕ
should diverge at a single point xc = 1

ϕ0−ϕm
for ϕ < ϕ0. However, it

is observed that η(ϕ0 − ϕ)2 ∼ F
(

f(σ)
ϕ0−ϕ

)
shows a clear variation in diverging point for

different ϕ values [9]. Incorporating some careful modifications in Eq. 6.1, they overcome

such discrepancies and derive a universal scaling relation.

This scaling framework originally proposed by J. Cardy [11] is tested numerically for a

ST system of bidisperse particles where a good agreement has been obtained [12]. Further,

the scaling variable can also be modified to incorporate the effect of orthogonal shear

perturbations [13]. A similar scaling relation has also been used for fractal suspensions

showing a direct transition to SJ from a flowing state under increasing stress [14]. Such

universal scaling theory seems to be a promising approach in combining all the theoretical,

numerical and experimental works. The change in power-law slope in the observed scaling

curve [9] is attributed to the crossover between two fixed jamming points, ϕ0 and ϕm. This

suggest that the frictionless and frictional region belongs to two different universality

classes and the change in slope reflects a transition from frictionless to frictional regime.

Although such a picture of the stress-induced transition from a frictionless to a frictional

regime is interesting, a direct experimental manifestation of such transition on the flow

behavior, concerning the universal scaling behavior of ST system, is yet to be explored.

In this chapter, we study the steady state flow behavior of two well characterized

dense suspensions using shear rheology and in-situ high resolution boundary imaging.

Using particle imaging velocimetry (PIV) technique, we map out spatio-temporal flow and

deformation of the system across the crossover of the universal scaling curve. We observe

that the crossover in the scaling curve is associated with friction-dominated phenomena,

such as granular dilation and shear band plasticity which in turn play a major role in

changing the slope of the scaling curve.
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6.2 Materials and methods

The experiments are carried out for two standard shear thickening (ST) dense suspen-

sions,(i) Cornstarch (CS) particles (Sigma-Aldrich) with mean diameter d = 15 ± 5 µm

dispersed in glycerol and (ii) Polystyrene (PS) particles dispersed in polyethylene gly-

col(PEG) 400. We synthesize PS particles of two different size distributions (d = 8 ± 4

µm and d = 2.65 ± 0.13 µm) using the dispersion polymerization technique [15, 16]. As

described in Chapter 2, the samples of different volume fractions (ϕ) are prepared by

gradually adding the required amount of dry particles into the solvent and thoroughly

mixed at each step using a spatula. The volume fraction range used for CS system is

0.40 ≤ ϕ ≤ 0.54 and that for PS system is 0.50 ≤ ϕ ≤ 0.61.

All the rheological measurements are performed on a stress control Rheometer (MCR-

702, Anton Paar, Austria) in twin drive 50-50 counter movement mode. For the CS

particle suspension the measurements are carried out using parallel plate geometry of

plate diameter 25 mm with 1 mm gap between the plates and for PS particle suspensions

cone and plate geometry with the cone angle of 2°and cone/plate of 25 mm diameter is

used. In order to remove the loading history, if any, we conduct an oscillatory amplitude

sweep measurement at a frequency of 1 Hz just after loading the sample. For this, we

first increase the strain amplitude (γ) logarithmically from a lower to a maximum value

and then the amplitude is again gradually decreased to the initial value. For steady-

state flow curve measurements, we increase the applied shear stress (σ) from a smaller to

maximum value logarithmically with waiting time per data point varying between 20 s to

1 s between minimum and maximum stress, respectively, and then perform a reverse run.

Using a high-speed in-situ imaging set up we obtain the sample boundary images

during the flow curve measurement. Since the samples are optically opaque, the in-

situ imaging of the boundary is possible only under reflection mode [17]. The sample

boundary is illuminated using a LED light source (Dolan-Jenner Industries) and image

the flow gradient plane using a high-speed monochrome CMOS camera (Phantom Miro

C210) with 5X and 10X long working distance objective (Mitutoyo). All the images are

captured at a frame rate of 100 Hz with resolution 1280× 1024 and 1280× 720 pixels for

parallel plate and cone-plate geometries, respectively.

From the sample boundary images, we map out the flow profiles using particle imaging

velocimetry (PIV) technique. The PIV analysis is performed using custom-written PIV

codes developed in MATLAB software.
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6.3 Results and discussions
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Figure 6.1: (a) and (c) Variation of viscosity η with shear stress σ shows the ST prop-
erties of cornstarch particles dispersed in glycerol and polystyrene particles dispersed in
PEG 400 respectively for different volume fraction ϕ as shown in the legends. Slope 1 is
indicated by the solid black line. The corresponding particle image is represented in the
inset. (b) and (d) Variation of WC scaling function F with WC variable xWC for differ-
ent ϕ. Inset (magnified plot): F (xWC) does not diverge at a single point for different ϕ.
Dashed lines represent the expected point of divergence xc = 7.8 and 17.8 for cornstarch
and polystyrene systems respectively.

The flow curves are obtained for dense suspensions of cornstarch and polystyrene at

different volume fractions (ϕ) as shown in Figure 6.1(a) and 6.1(c) respectively. We ob-

serve an increase in viscosity (η) with increasing shear stress (σ) beyond an onset stress

indicating shear thickening. The degree of shear thickening enhances with increasing ϕ.

The black solid lines in Figure 6.1(a) and 6.1(c) having a power-law slope of 1 indicate that

CS and PS systems show DST for ϕ ≥ 0.48 and ϕ ≥ 0.58, respectively. The respective

onset stress values for CS and PS systems are close to 1 Pa and 10 Pa. Following a recent

work [15], using the Krieger-Dougherty (KD) equation and WC model we determine ϕ0,

ϕm, and σ
∗ from the flow curves for both of these systems, as shown in Figure 6.2, to esti-

mate the WC scaling variable and scaling function mentioned in [9] (Appendix-2). Here,
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Figure 6.2: (a) and (b) Determination of ϕo, as marked by vertical dashed lines, from
the Krieger Dougherty (KD) relation fitting for cornstarch (CS) and polystyrene (PS)
system respectively. (c) and (d) Variation of jamming volume fraction ϕJ with σ for CS
and PS system. The red solid line indicates the fit to the Wyart-Cates(WC) model to
get the parameters ϕm and σ∗. The top and bottom horizontal dashed lines indicate the
obtained ϕ0 and ϕm values. For CS system ϕ0 =0.644 , ϕm=0.516 and σ∗ = 4.5 Pa ; for
PS system ϕ0 = 0.654, ϕm = 0.598 and σ∗ = 59 Pa.

we note that the σ∗ value obtained from the WC model is higher than the onset stress

for shear thickening [15]. We also verify these system-dependent parameters by directly

fitting the flow curves using WC model (Figure 6.3). Figure 6.1(b) and 6.1(d) show the

variation of WC scaling function F = η(ϕ0−ϕ)2 with WC variable xWC = f(σ)
ϕ0−ϕ

. It shows

that for different ϕ, η(ϕ0 − ϕ)2 ∼ F
(

f(σ)
ϕ0−ϕ

)
diverges at different points (inset of Figure

6.1(b) and 6.1(d)), whereas, from equation 6.1, it is expected to diverge at xc =
1

ϕ0−ϕm
,

as marked by the dashed lines. To avoid this discrepancy, following [9], one can try mod-

ifying Wyart-Cates expression (Eq. 6.1) using a ϕ dependence in f(σ). So the Eq. 6.1

can be modified as,
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Figure 6.3: The flow curve data (η − σ plot) of cornstarch (a) and polystyrene (b) sys-
tem (symbols), same as the data shown in Figure 6.1(a) and 6.1(c) respectively. The
flow curves are fitted to the Wyart-Cates(WC) model (solid lines) using the parameters
ϕ0 and ϕm values obtained in Figure 6.2. The WC model fitting is reasonably good for
ϕ < ϕm, but for ϕ > ϕm the WC model can not be fitted well, constraining the pa-
rameters ϕ0, ϕm and the KD relation exponent β. For better fitting one can keep the
parameters ϕ0, ϕm, and β free, but then the values of these parameters become volume
fraction dependent, which is not physical. Such discrepancy in fitting for the high vol-
ume fraction data reflects the deviation of experimental results from the theoretical pre-
diction in the shear jammed regime.

η(ϕ0 − ϕ)2 ∼
(

1

ϕ0 − ϕm

− g(σ, ϕ)

ϕ0 − ϕ

)−2

(6.2)

where g(σ, ϕ) = C(ϕ)f(σ) and C(ϕ) is a volume fraction dependent parameter called the

anisotropy factor. Now plotting η(ϕ0 − ϕ)2 as function of x = g(σ,ϕ)
ϕ0−ϕ

gives an excellent

collapse at the diverging point xc =
1

ϕ0−ϕm
[Figure 6.4(a)]. It is to note that as the ϕ0 and

ϕm are system-dependent parameters, we get different diverging points xc for different

systems: xc = 7.8 and 17.8 for the cornstarch and polystyrene system, respectively. In

principle, one can choose a constant diverging point xc irrespective of system type [9].

However, we choose the diverging point that emerges from the system parameters. We

would like to point out that here, we incorporate only the essential modification required

to collapse the diverging points [9].

Eq.6.2 suggests that, η(ϕ0 − ϕ)2 ∼ F
(

g(σ,ϕ)
ϕ0−ϕ

)
should diverge with exponent -2. For

better visualization of the exponent, Eq.6.2 can be recast as (see Appendix-2),
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Figure 6.4: (a) Variation of WC scaling function F with modified WC variable x for
cornstarch and polystyrene systems at different ϕ as shown in legends. Two dashed
lines represent the divergence points xc for the corresponding system. (b) and (c) Mod-

ified scaling function H = η(g(σ, ϕ))2 as function of new scaling variable
∣∣∣ 1
xc

− 1
x

∣∣∣ for
cornstarch and polystyrene system respectively at different ϕ. The crossover between
the solid and dashed line (marked by the vertical dotted line) represents the change in
the magnitude of slope (β) from 2 to 1.5 and the arrow indicates the crossover point [9].

η(g(σ, ϕ))2 ∼ (ϕ0 − ϕm)
2

(
1

x
− 1

xc

)−2

(6.3)

η(g(σ, ϕ))2 ∼ H

(∣∣∣∣ 1xc − 1

x

∣∣∣∣) (6.4)

Plotting the scaling function H = η(g(σ, ϕ))2 as a function of scaling variable
∣∣∣ 1
xc

− 1
x

∣∣∣,
we can see that the viscosity η over a wide range of σ and ϕ collapse into a single curve,

called universal scaling curve as shown in Figure 6.4(b) and Figure 6.4(c) for CS and PS

systems, respectively. Interestingly, we observe that magnitude of the slope of the scaling

curve (β) that represents the exponent of viscosity divergence, does not remain the same:

β decreases from 2 below a certain value of scaling variable and approaches 1.5. Here

we note that the smaller value of the scaling variable
∣∣∣ 1
xc

− 1
x

∣∣∣ corresponds to the larger

value of σ and vice versa. This suggests the change in the slope of the universal scaling

curve happens beyond a certain value of the σ called the crossover point stress (σc). The

crossover points, where the slope change starts, are marked by the red and green arrows

and the σc for the CS system (ϕ = 0.54) and PS system (ϕ = 0.61) are 11 Pa and 67 Pa,

respectively. The change in magnitude of the power-law slope from 2 to 1.5 is particularly

evident for higher ϕ values (Figure 6.4(b) and Figure 6.4(c)), for which the flow curves

can be obtained for larger stress values before the sample yields, as shown in Figure 6.1(a)

and 6.1(c).
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Figure 6.5: Sample boundary images for dense suspension of (a) CS at ϕ = 0.54 and
(b) PS (d = 8 ± 4 µm) at ϕ = 0.61 with increasing σ during the flow curve. The corre-
sponding σ values are mentioned inside the images.

In order to understand the physical origin of the change in slope in the universal scaling

curve, we use in-situ sample boundary imaging during the rheological measurements [18,

19, 20, 16]. Figure 6.5 represents the boundary images of the sample at different applied

σ (marked inside each panel) for CS (Figure 6.5(a)) and PS (Figure 6.5(b)) system for

ϕ = 0.54 and ϕ = 0.61, respectively. During the flow curve measurement, we observe no

change in surface intensity till σ < σc (panel (i) of Figure 6.5(a) and 6.5(b)). However, for

σ > σc significant increase in the surface intensity is observed (panel (ii) and (iii) of Figure

6.5(a) and 6.5(b)). Such change in intensity arises due to the shear-induced protrusion of

the particle at the suspension-air interface due to a mechanism called frustrated dilation

[21, 22]. Shear-induced dilation in dense granular suspensions is related to the shear-

induced proliferation of interparticle frictional contacts spanning the system [21, 22, 23,

16, 24, 25, 26]. The dilation starts at σ ≈ σc (panel (ii) of Figure 6.5(a) and 6.5(b), Movies

S4 and S5 [27]). A similar dilation effect has been reported earlier for granular systems in

the shear thickening regime [21, 22]. Here we should note that the particle protrusion at

the interface during dilation is distinct from the free surface deformation observed in the

flow of suspensions with intermediate particle volume fractions well below the jamming

point. The free surface deformation in particulate suspensions has been widely studied [28,

29, 30]. It has been reported that the degree of surface deformation depends on particle

size, particle concentration, viscosity and surface tension of the medium [30, 31, 32]. A

recent study found that such deformation is purely due to hydrodynamic fluctuations

resulting from the competing effects of fluctuation in particle motion and suppression
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of the same due to viscous dissipation. While fluctuations grow with the increase in the

particle concentration, the suspension viscosity also grows which eventually suppresses the

fluctuations [31]. Thus, the free surface fluctuations decrease with an increase in particle

volume fraction. On the contrary, the deformation of the air-suspension interface due to

dilation is observed at a much higher concentration of the particles (close to jamming)

where the stresses are transmitted through the frictional contacts. The signature of such

frictional interactions in shear-thickening dense granular suspensions is well established in

the literature from a combination of experimental and numerical studies [7, 33, 34, 35, 36].

We find from the imaging experiments that for σ ≈ σc the dilation is intermittent in nature

(Movie S3 [27]). However, as σ goes beyond σc the dilation becomes stable and system-

spanning. On further increase in σ, we observe the development of failures in the system

in the form of boundary fracture or shear-band plasticity (panel (iv) of Figure 6.5(a) and

6.5(b)). The connection of our observation with the shear-induced transient structure

formation and wall slippage in shear-thickening systems [37, 38, 39, 40, 41] need further

exploration.
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Figure 6.6: Variation of axial normal stress σN with shear stress σ during the flow
curve for (a) CS system at ϕ = 0.54 and (b) PS system ϕ = 0.61. The corresponding
crossover point stress σc is marked by the vertical dashed line.

To further characterize the flow regimes, we study the variation of the axial normal
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stress in the system under shear. For smaller applied stress values below σc the normal

stress (σN) remains negligible, however, after the crossover point (σ ≥ σc) a significant

positive σN starts to develop that increases with increasing σ (Figure 6.6(a) and 6.6(b)).

Here we observe that the onset of dilation and positive normal stress coincides with σc.

A very recent study experimentally demonstrates how the enhanced particle pressure

(related to the normal stress difference) can transform lubricated contacts into frictional

contacts during shear thickening [42]. The existence of such high, positive normal stresses

comparable to the applied shear stress in dense granular suspensions has been attributed

to the mechanism of frustrated dilation [21, 43]. We find that such positive normal

stress becomes negligible at ϕ <0.42 for cornstarch and ϕ <0.52 for polystyrene systems.

Interestingly, dense suspensions of smaller polystyrene particles (closer to the colloidal

regime) require very high stresses σ >> σc for the observation of dilation and positive

σN (Figure 6.7). This is due to the high values of confining stresses (proportional to the

Figure 6.7: (a) Scaling curves for dense suspension of small polystyrene particles of di-
ameter d = 2.65± 0.13 µm dispersed in PEG 400 at different volume fractions as shown
in the legend. The black solid line and red dashed line represent the slope −2 and −1.5
respectively. The crossover point is marked by the green arrow. (b) Variation of normal
stress σN with shear stress σ during flow curve for small polystyrene system (ϕ = 0.58).
The corresponding cross-over stress σc = 167Pa is marked by the vertical dashed line.
(c) Sample boundary images at four different stress values for ϕ = 0.58. Panel (iii) and
(iv) represents the onset of dilation (at σ = 5657 Pa ) and fracture (at σ = 13129 Pa)
respectively which are found deep inside the regime of slope −1.5 as shown in (a).
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inverse of particle diameter) [21].

Figure 6.8: Typical PIV window for sample boundary image with top and bottom
plate moving at velocity +vz and −vz respectively. Yellow arrows represent the velocity
vector parallel to the plate (obtained from PIV). “d” is the gap between the two plates.
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Figure 6.9: Velocity profiles at four different stress values, during the flow curve, for
dense suspensions of (a) CS particles at ϕ = 0.54 and (b) PS particles at ϕ = 0.61.
Each panel represents the velocity profiles for one second, as shown in the color bars,
and the corresponding stress values are mentioned inside the panels.

118



6.3. RESULTS AND DISCUSSIONS

Next, we quantify the flow dynamics in the different scaling regimes using Particle

Image Velocimetry (PIV) technique. For a given applied stress (σ) we measure the average

value of the velocity components (vz) parallel to the plate motion. The variation of vz

across the gap (y) between the shearing plates gives the velocity profiles in the flow-

gradient plane. Figure 6.8 shows a typical PIV window obtained from the in-situ boundary

imaging of the sample. Here, as per our convention for the twin drive 50-50 counter

movement mode, the vz close to the top plate (y = 0) is positive, and the bottom plate

is negative. Figure 6.9 represents the evolution of the velocity profile with increasing σ

for both corn starch (CS) and polystyrene (PS) suspensions (Figure 6.9(a) and 6.9(b))

for ϕ = 0.54 and ϕ = 0.61, respectively. For σ < σc, as shown in panel (i) of Figure

6.9(a) and 6.9(b), the velocity profiles remain stationary in time and the nature remains

close to a linear profile. The position of the zero velocity plane (vz = 0) appears near

the middle of the gap between the two plates. Interestingly, when σ approaches σc the

velocity profiles lose the stationary behavior showing random shifting in time (Panel (ii)

in Figure 6.9(a) and 6.9(b)). Here, the zero velocity plane starts shifting towards one of

the plates. Similar to the dilation event at σ ≈ σc, the velocity profiles are also spatio-

temporally fluctuating in this stress regime. At σ >> σc (Panel (iii) and (iv) in Figure

6.9(a) and 6.9(b)), we observe shear band plasticity and fracture in the system (Movies

S4 and S5 [27]). Here, we have used the term plasticity in a broad sense to describe shear-

induced failures in the sample. In the viscous scaling regime (at lower applied stresses),

the flow remains mostly uniform; however, at larger applied stresses, non-affinity develops

in the system. Such non-affinity is reflected as shear band formation, wall slippage, and

crack opening. For shear-jammed dense suspensions, the banding comes due to failure

in the system when it transforms to a solid-like shear-jammed state under high applied

stresses since such a state can not sustain a steady flow. A jammed state can only flow

heterogeneously by creating plasticity and fractures. Although the exact nature of flow

heterogeneity depends on system details, the appearance of plasticity/non-affinity is a

general feature of the flow of shear-jammed dense suspensions. At the crossover stress

value, the random orientation direction of the velocity vectors indicates the existence of

the significant velocity component in the y-direction. This is an additional signature of

spatial heterogeneity of the strain field or, non-affine deformation in the system (Movie S4

[27]) [44]. Such heterogeneous flow in shear jammed dense suspensions has been reported

earlier for polystyrene and cornstarch systems [16, 45]. In these systems, the onset of

non-affinity or plasticity in the shear jammed state is characterized by the appearance of

shear bands, and at the band interface, a crack opening takes place at higher stresses. We
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observe that for the CS system (Panel (iii) and (iv) in Figure 6.9(a)), the entire sample

moves in the direction opposite to the direction of motion of the top plate, whereas, the

PS system shows two band structures moving opposite to each other (Panel (iii) and (iv)

in Figure 6.9(b)). The density matching of the system (CS is not density matched with

the solvent but, PS is) might play a role in creating such differences.

Figure 6.10: Space-time plot (in the y-t plane) of dimensionless velocity gradient (mag-
nitude of the velocity gradient normalized by the maximum value of gradient magni-
tude as indicated by the color bar) across the shear gap at four different stress values,
as mentioned near each panel, for dense suspensions of (a) CS particles at ϕ = 0.54 and
(b) PS particles at ϕ = 0.61.

We now quantify the spatio-temporal fluctuations in the velocity profile with increasing

applied stress, as mentioned above. Figure 6.10 shows the space-time plot (STP) of

the magnitude of the normalized velocity gradient across the shear gap. The maximum

magnitude of the gradient corresponding to a particular applied stress (σ) is considered

to be the normalization factor. Thus, in our case the normalized gradient always remains

between 0 and 1. We find that for the lower value of σ (< σc), the spatio-temporal

fluctuations of velocity gradient are negligible, as evident from the uniform color in panel(i)

of Figure 6.10(a) and 6.10(b). For σ ≈ σc when σ approaches 11 Pa and 67 Pa in CS

and PS systems, respectively, the spatio-temporal fluctuations get significantly enhanced

as reflected by the appearance of patterns in the STP (panel(ii) of Figure 6.10(a) and

6.10(b)). Such enhancement of spatiotemporal fluctuations is reminiscent of the steady
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state stress fluctuations at a constant applied shear rate in strongly shear-thickening

systems [46, 47, 48]. Such fluctuations originate from the formation and breakage of

frictional contacts. In our case, we believe that the spatiotemporal fluctuations in the

velocity profile also originate from the local jamming unjamming dynamics. In principle,

one can compute a four-point correlation function of the velocity field, which could provide

a quantitative measure of dynamic length scales and the extent of correlated motion

in space and time—particularly near the crossover stress, where the onset of velocity

fluctuations is observed. However, we find that such dynamics are closely linked to the

plasticity and failures in the system. It will be interesting to further explore the role of

local plasticity in controlling the stress fluctuations reported in the earlier studies. For

sufficiently high σ (>> σc), the spatio-temporal fluctuation increases, further leading to

the shear band plasticity and fracture in the system (panel(iii) and (iv) of Figure 6.10(a)

and 6.10(b)). These observations point out that as the frictional contacts proliferate in

the system with increasing σ, the flow becomes more and more heterogeneous, leading to

material failure. As mentioned earlier, the details of the plasticity and failure depend on

the nature of the sample. We find that for the CS system, the enhancement of fluctuations

continues above σc. However, for the PS system, just above σc, we find a clear fracture

where two different regions inside the sample with totally different velocity gradients can

be identified, as shown in panels (iii) and (iv) of Figure 6.10(b). We observe that the

part near the top plate has a maximum gradient, whereas the other part near the bottom

plate has a negligible gradient. Such differences are more clearly visible in the Movies S4

and S5 [27].

6.4 Conclusions

In summary, we study the spatio-temporal flow behavior of two well-studied shear-thickening

granular suspensions, in the context of the recently reported universal scaling behavior

in shear-thickening systems. Similar to the earlier study, we also observe the power-law

scaling in these systems with a cross-over point marking different scaling regimes. Re-

markably, our in-situ boundary imaging reveals clear signatures of frictional flow, such

as dilation, and positive normal stress, above the critical applied stress corresponding

to the scaling cross-over. We observe a significant spatiotemporal fluctuation in the ve-

locity profile associated with the shear-induced plasticity above the stress corresponding

to cross-over point. Such spatiotemporal fluctuation in velocity profile might be asso-

ciated with the growth and dynamics of the rigid clusters as observed in recent studies
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[49, 50]. This is because, the local rigid clusters are the precursor of the formation of

the jammed state which in turn is essential to observed plasticity in the system. Thus,

our study experimentally verifies the transition from lubrication to frictional regime close

to the cross-over point as predicted by the universal scaling theory for shear-thickening

systems [9, 12]. Interestingly, we find that such one-to-one correlation exists only for

granular suspensions. Close to colloidal regime, significant dilation takes place for stress

values much beyond the onset stress for shear-thickening due to higher confining stresses

in these systems. Thus, from boundary imaging, the visible signature of plasticity and

scaling cross-over point do not match in this case (Figure 6.7). Deciphering the role of

plasticity in controlling the scaling cross-over point for colloidal systems remains an in-

teresting future direction to explore. Our observation highlights the role of plasticity in

changing the slope of the scaling curve from -2 to -1.5. Such change in slope may be

linked to the plasticity-induced softening of viscosity divergence in shear jammed dense

suspensions [15], where the viscosity-divergence exponent close to jamming is given by a

Krieger-Dougherty type relation. However, the generality of such connection needs to be

tested for a wider range of shear-thickening systems.

6.5 Appendix

6.5.1 Appendix-1: Movie description

Movie S3 explains the intermittent nature of the dilation around the crossover point stress

(σc ≈ 60 Pa) for polystyrene (d = 8 ± 4 µm) dense suspension at ϕ = 0.58 [27]. The

dilation phenomena are reflected in the increase in brightness of the sample boundary

image. As the dilation is intermittent in nature around σc, this brightness disappears

under shear and again reforms.

Movies S4 and S5 explain the flow and deformation behavior of cornstarch dense

particulate suspension at ϕ = 0.54 and polystyrene (d = 8 ± 4 µm) dense particulate

suspension at ϕ = 0.61 respectively [27]. In Movies S4 and S5, we have shown the

sample boundary images and corresponding velocity vector images simultaneously for

three different stress values at three different regimes of the scaling curve, (i) before the

crossover point (ii) during the crossover point (iii) after the crossover point. For the lower

stress, before the crossover point, the flow behavior of the sample is almost Newtonian

as observed from the velocity vector images, and no change in sample surface intensity

is observed. But during the crossover point stress (σc) the flow profile starts distorting
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in addition to the visible change in sample surface intensity due to dilation. At higher

stress, beyond the crossover point, plasticity starts dominating.

All the images are captured using a CMOS camera (Phantom Miro C210) with a 5X

long working distance objective (Mitutoyo). The images are captured at a frame rate of

100Hz with resolution 1280 × 720 pixels for Movies S3 and S5, and 1280 × 1024 pixels

for Movie S4.

6.5.2 Appendix-2: Scaling relation

Using the Wyart-Cates (W-C) model the viscosity η of a shear thickening system can be

expressed as

η(ϕ0 − ϕ)2 ∼
(

1

ϕ0 − ϕm

− f(σ)

ϕ0 − ϕ

)−2

(6.5)

where f(σ) = e−σ∗/σ denotes the fraction of frictional contacts, σ∗ is the onset stress for

frictional interaction, ϕ0 is the isotropic jamming point and ϕm is the frictional jamming

point representing the jamming volume fraction without and with the complete frictional

interaction, respectively.

After incorporating careful modifications, such as, multiplying f(σ) with C =

(
1

ϕ0−ϕm
f(σ)
ϕ0−ϕ

)
,

the equation (6.5) becomes:

η ∼ (ϕ0 − ϕ)−2

(
1

ϕ0 − ϕm

− Cf(σ)

ϕ0 − ϕ

)−2

(6.6)

η ∼
(
ϕ0 − ϕ

ϕ0 − ϕm

− Cf(σ)

)−2

(6.7)

Considering g(σ, ϕ) = Cf(σ)

η(g(σ, ϕ))2 ∼
(

1

Cf(σ)

ϕ0 − ϕ

ϕ0 − ϕm

− 1

)−2

(6.8)

Taking common 1
ϕ0−ϕm

η(g(σ, ϕ))2 ∼ (ϕ0 − ϕm)
2

(
ϕ0 − ϕ

Cf(σ)
− (ϕ0 − ϕm)

)−2

(6.9)
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∼ (ϕ0 − ϕm)
2

(
1

x
− 1

xc

)−2

(6.10)

η(g(σ, ϕ))2 ∼ H

(∣∣∣∣ 1xc − 1

x

∣∣∣∣) (6.11)
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CHAPTER

SEVEN
Summary and outlook

“Our reason cannot sound life’s mighty sea

And only counts its waves and scans its foam”

- Sri Aurobindo -
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CHAPTER 7. SUMMARY AND OUTLOOK

This chapter summarizes the key findings of this thesis and discusses the potential

open direction for future research.

In this thesis, we broadly explore three different aspects of shear thickening and shear

jamming phenomena using various dense particulate suspensions. (1) Stress relaxation

and its connection with the structural relaxation (Chapters 3 and 4), (2) The effect

of fractality and complex internal structure of the particle (Chapter 5), (3) Flow and

deformation behavior in connection to the universal scaling approach (Chapter 6).

First, we study the relaxation dynamics of the shear-jammed state formed under the

transient perturbation. We observed that the nature of stress relaxation strongly depends

on the magnitude of the shear stress developed in the system under step strain pertur-

bation. We find a transition in relaxation behavior from a smooth single-step relaxation

to a discontinuous two-step relaxation process, as the stress developed in the system goes

beyond a certain threshold. Using the in-situ boundary imaging technique we investi-

gate the microscopic mechanism controlling such discontinuous relaxation behavior. We

conclude that the sharp discontinuous stress drop is associated with the particle scale

plasticity formed due to the high stress in the system and the slow relaxation process is

governed by the relaxation of the internal force chain network as reflected in the relaxation

of the dilation in the system. We further establish a correlation between the transient

relaxation behavior with the steady-state shear jamming phase diagram obtained from

the Wyart-Cates model. In the future, it will be interesting to explore the dynamics of

such microscopic plasticity under different shearing conditions. We show that these local-

ized plastic centers combined together to create the macroscopic fracture in the system,

however, in a shear-jammed system, the exact mechanism of the fracture formation and

its relaxation remains open for a future exploration. Also, the importance of particle

shape and surface morphology on the relaxation behavior needs to be explored in detail.

Furthermore, we explore the effect of the drastic stress relaxation over the structural

relaxation of the shear-jammed state. We observe an enhancement in the mechanical

response under unidirectional repetitive step-strain perturbation; whereas the response

becomes weak under alternative reverse direction perturbation. This highlights that the

internal structure of the system retains the information of the previous shear-jammed state

even after the orders of magnitude stress relaxation. We find that such novel memory

effect is only observed for the volume fraction range required for shear jamming. Using

the shear reversal experiment and simulation we find that the formation of shear-induced

rigid clusters can potentially explain such novel memory effect in shear-jammed dense

suspension. Although we observed that such memory effect is not very prominent in
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smaller size particles, the effect of Brownian motion in a very dense environment and its

effects on the rigid cluster formation need to be explored in detail. In the future, it will

be interesting to explore various aspects that control the strength of memory and various

means to encode and erase structural memories in the system.

Next, we study the shear-thickening behavior in the dense suspension of hydrophilic

fumed silica particles of different fractality and internal structures. We find that, unlike

the non-fractal system, the shear thickening is observed at a significantly lower volume

fraction, and, the shear thickening onset stress increases exponentially with the volume

fraction. Furthermore, for certain types of fumed silica systems, we observe a reversible

weakening in the ST response at higher stress values which is again sensitive to the volume

fraction of the system. We explain the mechanism of these interesting observations based

on the complex internal structure and fractality of the fumed silica particles. In the future,

the reversible weakening of the ST response needs to be explored in detail by looking at

the flow and deformation behavior around that region. Due to the smaller particle size and

the transparent nature of the sample our optical boundary imaging technique is limited

to explore beyond the macroscopic flow field. So it will be interesting to investigate

the shear-induced structural change using more sophisticated techniques like small angle

X-ray scattering under shear.

Finally, we explored the recently proposed universal scaling theory for shear thicken-

ing or shear jamming systems. We study the flow and deformation behavior in different

scaling regimes using the in-situ boundary imaging technique. Beyond the stress corre-

sponding to the crossover point in the scaling curve, we observe that the flow behavior

is controlled by friction-dominated phenomena such as granular dilation and shear band

plasticity. Our experimental findings provide evidence that the crossover point on the

scaling curve indicates the transition from the frictionless to the frictional regime, as pre-

viously predicted in theoretical models. Although this one-to-one correlation exists well

for the granular system, for the colloidal system it does not. In a colloidal system, the

role of friction-dominated phenomena in controlling the change in the slope of the scaling

curve remains as a possible open direction to explore.

Additionally, it will also be interesting to explore the shear-induced annealing in the

shear-jammed system and its effect on the onset of shear thickening, granular dilation,

and plasticity. Again, understanding the microscopic mechanism of yielding in the shear-

jammed system, in comparison to the static-jammed system, also presents an intriguing

direction for future exploration.
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