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Synopsis

Shear thickening (ST) is a well-known phenomenon observed in suspensions, charac-
terized by an increase in viscosity with applied shear stress. Recent advancement in
our understanding indicates the role of inter-particle surface contact friction in ST of
dense suspensions. In such suspensions with an increase in volume fraction of particles,
ST also increases and transits from continuous shear thickening (CST) to discontin-
uous shear thickening(DST). In the DST regime, the presence of a negative slope in
shear-stress versus shear-rate plot indicates the presence of flow instability. No such
instability is expected or observed in the CST regime. In this thesis, we study whether
surface friction of the particles plays any role in ST, and are flow instabilities present
in suspensions of anisotropic particles in the CST regime.

This thesis consists of four chapters. Chapter 1 provides a brief introduction to two
different models which try to explain ST in suspensions. The first model is the hydro-
dynamic model and the second one is the inter-particle frictional model. In the latter
part of this chapter, various strategies for tuning ST are discussed. Chapter 2 provides
details of the experimental setup and synthesis protocols followed to synthesize silica
colloidal rods and coat them with temperature-sensitive polymers. Chapter 3 discusses
the findings from our studies which can be subdivided into two different sections. In the
first section, temperature-sensitive polymer-coated colloidal rods are used to tune the
surface friction and their flow behavior as a function of temperature is studied by sus-
pending them in aqueous medium. In the second section, flow instabilities are explored

in the CST regime in the suspensions of silica colloidal rods and water-glycerol mixture.



To do so, stress relaxation measurements are performed at different volume fractions
for two different measuring system geometries. Chapter 4 concludes our findings and

provides insight into our understanding of the subject so far.
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Chapter 1

INTRODUCTION

1.1 Fluids

Fluids are defined as materials that are unable to withstand shearing forces and undergo
a continuous and unrecoverable change once sheared [I]. All fluids in response to an
externally applied shear force provide resistance to flow, which is quantified by a term
called viscosity (n), defined as proportionality constant in Newton’s law of viscosity
(equation 1.1).

o =ny (1.1)

where o is the shear-stress and 7 is the shear-rate which is defined as the first time
derivative of shear-strain. Based on the above definition, fluids can be classified into

two different categories:

1. Newtonian fluids
These are the fluids in which the viscosity remains constant with applied shear-
stress or shear-rate and is represented as green curve in Figure[l.1] Examples are

water, alcohol, hexane, etc.

2. Non-Newtonian fluids
These are the fluids that show deviation from Newton’s law of viscosity. Viscosity
of such fluids changes as a function of o or 7. If  decreases with o, we call such
fluids as shear thinning, and if n increases with o, we call them shear thickening
fluids as represented in Figure by the yellow and red curves respectively.
Examples of shear thinning fluids are toothpaste, blood, quicksand, etc., whereas,

for shear thickening, we have oobleck, slurries, silly-putty, etc.

The general behavior of such fluids can be captured by the modified form of Newton’s
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Figure 1.1: Flow behavior of different types of fluids. Green curve corresponds to
Newtonian fluid while the yellow and red curves corresponds to non-Newtonian behavior
called shear thinning and shear shear thickening fluids respectively.

law of viscosity also called Herschel-Bulkley model defined as

azao—i—k(%)n (1.2)

where
‘0, - yield stress;

‘k’ - flow consistency index;

‘n’ - flow behavior index;

‘dv/dy’ - velocity gradient.

In this model, for shear thickening fluids £ > 0 and n > 1, and for shear thinning fluids
k>0and 0 <n < 1. Forn=1and 0,=0, equation 1.1 is recovered with £ = n. This
model is good for describing flow in materials such as fresh concrete, mud suspension,

lava, etc. [3], 4], B].

1.2 Suspensions

A suspension is a heterogeneous mixture of solid particles suspended freely in a contin-
uous fluid medium. Common examples include cornstarch and water mixture, paint,
milk, blood, etc. The stability of such suspensions depends on their ability to counter

aggregation and phase separation, which depends on parameters such as inter-particle
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Figure 1.2: Potential around a particle with distance resulting from electrostatic sta-
bilization method. The blue curve corresponds to the repulsive interaction due to the
presence of an electric double layer, the red curve corresponds to van der Waals inter-
action between the particles, and the black curve corresponds to effective potential felt

by the particles.

interactions, the magnitude of Brownian and gravitation forces on particles. If par-
ticles interact via attractive dispersion forces such as van der Waals interactions, the
suspension is more likely to be unstable [0l [7, §]. Experimentally, the stability of such

suspensions is ensured by two methods.

e Steric stabilization: This mechanism involves adsorption of large molecules or
polymeric chains on the surface of the particles. This coating creates a repulsive

force ensuring finite surface separation [9, 10} TT].

e Electrostatic stabilization: In this method repulsive Coulomb forces are uti-
lized to counterbalance attractive van der Waals forces [12, [I3]. The presence of
surface charge on the particle leads to an electric double layer formation: Stern
layer and diffusive layer [14]. Potential in the double layer is maximum on the
particle’s surface and reduces to zero at the boundary of the double layer. The

resulting potential is the total contribution due to van der Waals and electrostatic
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potential terms and can be expressed as:

‘/total = V;)w + ‘/e

" (1.3)
‘/total = _m + 27T€50g26_kx

where

‘r’ - radius of the particle;

‘A’ - Hamaker constant;

‘x’ - distance from the surface;

‘¢’ - zeta potential;

‘k’ - Debye-Huckel parameter.

The resulting effective potential term is represented in Figure by the grey
curve which depends on Debye length given by k~!. With increase in ionic con-
centration, particle surface becomes more shielded resulting in decreased Debye

length.

1.2.1 Dilute suspensions

For a fluid consisting of particles suspended in the dilute limit, flow profile remains
closely Newtonian with n higher than that of the fluid alone. For dilute suspensions,
total viscosity can be written as the sum of two different contributions: 7, and 7/, where
7o is the suspending medium viscosity, and 7/ is the contribution to viscosity due to

suspended particles. For spherical particles, 7 can be expressed as

nzmﬂ+g@ (1.4)

where ¢ is the particle volume fraction [15]. For a spheroidal particle with semi-axes as

a and b = ¢, resulting viscosity can be expressed as

n=1n(1+ Ag) (1.5)

where values of A are written in table [16].

a/b 0.1 0.2 0.5 1.0 2 ) 10
A 8.04 4.71 2.85 2.5 291 5.81 13.6

Table 1.1: Values of A for a spheroidal particle suspensions of different aspect ratios.

Equation 1.4 is known as the Einstein relation. It holds well when ¢ < 0.02 [17],
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but severely underestimates the viscosity at higher ¢ because of the inter-particle inter-
actions contribution to n. By taking Brownian diffusion and hydrodynamic interactions

into account, Batchelor extended Einstein’s work further and derived
n=n.(1+2.5¢ + K¢ (1.6)

where K = 6.2 [18]. The above relation holds well for ¢ below 0.15-0.20 [19].

a b ¢' — Vparticle
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| Tt = S
]
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[~ 0
- 10
= i log(a)
®) h=0.
% 10_1 ¥ = 043 C B=0, Newtoni_an _ .
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B =1, Discontinuous Shear thickening
102 F Vv 0=034 1 | =
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Figure 1.3: General behavior observed in concentrated suspensions. (a) n vs o plot
for colloidal latex dispersion for different ¢. At lower values of ¢, viscosity is almost
constant. While at higher ¢, shear thinning and shear thickening can be observed.
Reproduced from [20], with the permission of the American Institute of Physics. (b)
and (c) are schematics to understand role of 5 in quantifying the extent of shear thick-
ening and to differentiate between continuous shear thickening and discontinuous shear
thickening.

1.2.2 Concentrated suspensions

At higher values of ¢, n displays non-monotonic behavior as a function of both ¢ and +
in suspensions(Figure (a)). Many-body interactions, lubrication forces, and inter-
particle contact forces come into play, and suspension viscosity no more remains a
constant. All forms of non-Newtonian behaviors such as yield stress, shear thinning,
shear thickening can be observed in the same sample. At lower stresses, one needs
to overcome yield stress to generate flow in the sample which is followed by the first

Newtonian plateau. Shear thinning is observed on further increasing o followed by
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the second Newtonian plateau, also called high-shear Newtonian plateau. At higher
stresses, suspension starts shear thickening (ST) until n saturates to a constant value
depending on ¢. With ¢, the increase and decrease in n with ¢ in the shear thickening
and the shear thinning stress window becomes more prominent and highly depends on
the inter-particle interactions and the shape of particles. For example, shear thickening
occurs at lower volume fractions in suspensions of anisotropic particles such as rods
and ellipsoids than in isotropic particles such as spheres. It is because anisotropic
particles tend to have more excluded volume and higher solvent deflection around the
particles [21, 22] 23].

The extent of shear thickening is quantified by an exponent [, also shown in Figure
(b), which is zero for Newtonian fluids, 0 < § < 1 during continuous shear thicken-
ing (CST) (red and brown curve in Figure[l.3[(c)) and 5 > 1 during discontinuous shear
thickening (DST) (green curve in Figure (c)). For most of the stable particulate
suspensions, the transition from CST to DST is achieved by increasing ¢. On further

increasing ¢, suspension shear jams and stable flow is not expected.

@) ®os———F—————————

Figure 1.4: (a) Reference coordinate system. (b-e) g(r) for a sample containing
monodispersed spherical silica particles of diameter 0.96um in water-glycerin mixture
at ¢ = 0.34 and Pe = 0.036. (b-d) shows ¢(r) in xz, xy and zy planes. (f) Plot of
particle density along flow gradient direction for different Pe. All panels are from [24].
Reprinted with permission from AAAS.
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1.3 Shear thinning in concentrated suspensions

The shear thinning regime in concentrated suspensions is observed at lower values of
o and is caused by a flow induced transition from an entropically favored state to an
ordered state. This behavior is observed when the 4 > (7,) ™!, where 7, is the relaxation
time, defined as the time taken by particle to move its own diameter. For 4 < (7,)7},
flow is sufficiently slow to counter relaxation of the microstructures to entropically
favored configuration. Light scattering experiments on suspensions have indicated that
shear thinning transition is related to rearrangements of particles into layers, which
decreases the total dissipation of energy under shear. For monodispersed particles, such
experiments revealed the formation of hexagonally packed layered-like structures [25]
20]. Single-particle resolution fast confocal microscopy also fetched out similar results
[24] as shown in Figure (f), which clearly points towards the presence of periodic
narrow dense regions along the y-axis. The pair-correlation function g(r) plotted with
respect to reference coordinate system shown in Figure (a), displays anisotropy
in the plane having normal along the vorticity (xy plane) and velocity direction (yz
plane) (Figure (b)-(d)). Higher intensity of the horizontal bands in ¢(z,y) and
g(y, z) plots indicates increased layering, thereby reducing 7 by lowering dissipation
through inter-particle collisions [27, 2§].

Stokesian dynamics simulations yielded similar results for spherical particles under
shear [29]. Detailed structural analysis of the layers indicated a weak stringy config-
uration of particles for moderate values of ¢ and distorted hexatic for ¢ close to bulk

crystallization density for hard spheres.

1.4 Shear thickening in concentrated suspensions

Shear thickening in dense suspensions can be observed at higher stresses. In a flow curve,
this regime happens to be adjacent to the second Newtonian plateau. A good example
of such a fluid is Oobleck, a concentrated mixture of cornstarch and water roughly in
2-to-1 by volume, on which people can run across with ease only to sink when they stop.
Although most of the applications depict entertainment, the study of such fluids is of
great importance to enhance the efficiency of industrial processes, a significant example
being the clogging of slurry pipelines during hydraulic transportation [30]. Such fluids
also find wide range of potential applications in absorbing shocks and vibrations [311 [32].

As shown in Figure (a), concentrated suspensions have a finite yield stress and
shear thin on increasing o similar to solids. But unlike solids, concentrated suspensions

display an abrupt or discontinuous rise in 77 above a threshold o. Even though this rise in
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7 in suspensions is observed to depend on parameters which can be controlled with ease
experimentally, the mechanism resulting in ST behavior of suspensions as a function of
these parameters remains unclear. As of now, two different theories try to explain the
underlying mechanism of shear thickening through entirely different approaches. The
first theory considers many-body hydrodynamic interactions, while the second theory
adopts ideas from granular flow and applies it to concentrated suspensions. Both the

theories are discussed in the following subsections.

1.4.1 Hydrodynamic model of shear thickening

For a single spherical particle undergoing Brownian motion, diffusion is given by

KT
~ 6mna

D, (1.7)
Hence on an average particle takes a?/D, to diffuse distance equal to its radius. For
a suspension this time scale is important because it sets a time scale for low and high
shear-rate. Relevant dimensionless number which relates v to thermal diffusion of the

particle is called Peclet number and can be written as

2 3
Ya oa
P — —_ ——— 1.
‘=D, T kT (1.8)

Shear thickening is observed for Pe > 10 when shear dominates particle diffusion.
The presence of one particle creates displacement in a liquid, which other particles can
experience. This leads to fluid mediated many-particle interactions which alters the
Brownian motion. Such fluid mediated interactions are called hydrodynamic interac-
tions. In atomic or molecular fluids these interactions do not exist since intervening
medium is vacuum. Hence on ignoring particle hydrodynamic coupling, viscosity should
remain unchanged even when Pe — oco. For higher values of Pe, particles tend to come
close to each other, and lubrication dynamics couple the particles. Since lubrication
force (Fr) diverges as r~', the particle surfaces do not touch each other and because
of the time reversibility of the Navier-Stokes equation, the force needed to separate the
particles apart is the same as the force required to bring them together. Hence, if such
a system is kept undisturbed, the particles will stay in close configuration.

For a single particle in shear-flow, test particle traces two different trajectories:
trajectories extending to infinity and closed circuits (Figure [1.5] (a)) [33]. So if another
particle comes in close vicinity, they orbit each other indefinitely. For a semi-dilute

or a concentrated system, similar dynamics lead to the formation of large particle
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clusters called hydroclusters, which are stabilized by the shear field (Figure (c)).
Such densely packed regions of particles result in higher energy dissipation, resulting in

increase in 7.

(c)

gradient (y)

Figure 1.5: (a) Streamlines around a spherical particle in a simple shear flow in particle
frame of reference. Reprinted with permission from [34].Copyright 2008, The Society
of Rheology. (b) Probability distribution of clusters having N number of particles at
different Pe. (c) Real time image of hydroclusters in a suspension under shear. Different
hydroclusters are marked with different colours. (b) and (c) are adopted from [24].
Reprinted with permission from AAAS.

As o is increased, the probability of finding clusters with larger number of particles
also increases (Figure[L.5](b)). As particle cluster size grows with Pe, the viscosity of the
suspension also increases. But this phenomenon only gives rise to CST [35]. Stokesian
dynamic simulation performed by taking only hydrodynamic interactions into account
results in severe underestimation of 1 in concentrated regime [36], [37]. Hence this model
provide no insight of the transition from CST to DST in suspensions with ¢. The
issue which is largely unconsidered in the simulations are the inter-particle contacts.
All particles have some extent of surface roughness by which they can come in contact
despite there being a lubrication force, thereby changing the expected response of the

suspensions. Lowering of threshold 4 and CST to DST transition at a lower ¢ is
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observed in suspensions when particle surfaces are made more rough [38] and inter-

particle contacts are taken into account.

1.4.2 Granular and suspension rheology

This model explains the divergence in viscosity in a suspension containing spherical
particles by adopting concepts from the granular flow. Pressure-induced shear flow for
granular particles and suspensions is depicted in Figure (a). Unlike solid confining
walls in granular particle apparatus, for suspension apparatus, walls are porous such
that only the suspending medium is allowed to pass through (Figure (b)). On
imposing 4 at some constant confining pressure ‘P,’, such that if ‘F’ is the normal
force and ‘A’ is the area of plate, P, = Fiy/A, the medium under confinement is free to
compact or dilate (Figure|l.6|(c)). For such a system, dimensionless control parameter
is defined as a ratio of internal time of rearrangement t,,;cro = 1y/F,, where 7y is the
suspending medium viscosity, and time of strain t,,..o = 1/7, also called the viscous

number

ure
[l/ = — 1
P, (1.9)

and the friction coefficient ¢ and volume fraction ¢ becomes a simple function of I,,.

o= pu(l,)F, ¢ =9¢(l,) (1.10)

When I, — 0, & ~ 0.3 (¢1) which is same for particles in dry medium (granular system)
or viscous medium (Figure(1.6/(d)). Depending on the value of P, and %, the suspension
either expands or compresses until the force balance between P, and particle pressure is
achieved. On increasing P, the yield stress also increases. It is mainly because increase
in externally applied confinement force will lead to more fluid getting squeezed out of

the plates, thereby increasing ¢.

As ¥ — 0 or P, — oo, I, approaches zero and ¢ approaches its maximum value
$m=0.585 (Figure [1.6] (d)). Close to ¢,,, behavior of ¢ can expressed (¢, — ¢) oc 122,
which differs from the behavior observed in granular matter ie. (¢, — ¢) oc I, where
I is the inertial number [40]. When a suspension is sheared at constant ¢, one can

always write o o 147y or
o = ns(Q)nsy (1.11)

where 7, is a dimensionless effective shear-viscosity proportionality constant. Similarly
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Figure 1.6: (a) and (b) are basic diagram of pressure imposed shear-flow cell for a
granular suspension with dry and wet medium respectively. Plates are porous for sus-
pension allowing only fluid to exchange. (c) for ¢ = 150pa, response of 4 and ¢ with
time in response to change in Fi, where Fiy is P, times the surface area. (d) Friction
coefficient and volume fraction as a function of viscous number [1.1mm PMMA spheres
(0), 0.58mm PS spheres (O) at ¢, = 0.565, and for PS spheres at ¢, = 0.433 (o), where
¢, is the initially loaded volume fraction]. (c)-(d) adopted from [39] with permission.

for P, one can write similar relation as

By = nu(d)nsy (1.12)

Where 7, is again an effective dimensionless normal-viscosity constant. Rearranging
equation 1.9 and plugging the value of P, in equation 1.10, one can easily obtain

1 pn(ly)

Comparing equation 1.13 to 1.11 and 1.12, one can easily identify 7, and n,, as

(1.14)

Since 7 is fixed, and p — 0.32 as I, approaches zero, equation 1.14 implies both 7
and 7, should diverge when ¢ — ¢,,, and is found to diverge as (¢,, — ¢) ™2

Application of pressure imposed shear flow fixes both ¢ and ¢ /P, as a function of I,

and predicts divergence in viscosity only at ¢,,. Hence for a fixed value of ¢, relation be-
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tween o and  is linear. As ¢, is approached from below, inter-particle contacts rapidly
increases, leading to a divergence in n(¢). Above ¢,, homogeneous flow is not possible,
and one expects to see fractures or shear banding with particle migration [41], 42]. On
the contrary, flow curve measurements performed on concentrated suspensions under
fixed geometrical confinement and at constant ¢ display ST, while constant confining
pressure experiments display quasi-Newtonian behavior for a given ¢. It indicates that
ST in concentrated suspensions is related to an increase in confining pressure, which

largely depends on inter-particle repulsion.

1.4.3 Wpyart and Cates model of shear thickening

In the hydrodynamic model of ST, lubrication film between the particles mediates the
overall interaction. Inter-particle surfaces never come in contact with each other since
Fy, diverges as the surface separation approaches zero. In such a scenario, particles
can always smoothly slide past each other, and the viscosity should only diverge as ¢
approaches the maximum random closed packing volume fraction, which for spherical
particles is ¢ = 0.64 (¢5). But this is rarely the case and it is often observed that 7
diverges for ¢ < .

Figure 1.7: (a)-(b) Results from simulations representing frictional contacts as white
bonds corresponding to 4¥=0.05 (low viscosity state) and 4=0.1 (high viscosity state).
Adopted from [35] with permission.

Constant confinement pressure experiments described in the previous section indi-

cate that for a fixed value of ¢, ST is not observed. Instead, suspension behaves like
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a quasi-Newtonian liquid with viscosity diverging as (¢; — ¢) 2, where ¢; is jamming
volume fraction. The value of ¢; depends on the particle surface interactions, and its
value is lower for suspensions in which interactions are dominated by frictional contacts.
The absence of ST under such restrictive circumstances points out the importance of
confining pressure in observing this behavior. At the microscopic scale, keeping the con-
fining pressure fixed also means imposing an upper bound on maximum normal force
that two particles can experience to bring them together. In most of the rheological
experiments performed on ST suspensions, the confinement is kept constant instead
of P,. For concentrated suspensions in such a scenario, P, increase with . Now, if
a stress scale (o) is defined above which the lubrication film ruptures and particle
surfaces come in contact, we transit from a quasi-Newtonian curve corresponding to a
suspension in which particles can slide past each other to the one in which particles
can only role and form force chain networks (Figure Mathematically if we define

o* such that

o << o" : mostly frictionless contacts
(1.15)
o >> ¢" : mostly frictional contacts

We can define a function ‘f(5)’, where f represents the fraction of frictional contacts

and & = o/c*, such that

f( ):(1)When5:0 (1.16)

/()

when o — oo

So now we have a possibility of having both lubricated and frictional contacts between
particles in a suspension depending on the value of o. For such a system ¢; will also
change and with increase in ¢ will move from ¢; = ¢, = ¢; = ¢, Where ¢,, is
the jamming volume fraction when all particles interacts via frictional contacts. This

smooth transition in ¢; can be expressed as

¢ = omf(0) + ds(1 — f(9)) (1.17)

For updated value of ¢;, relation between o and 7 can now be expressed as
o=—""+-—213 (1.18)

where ) is a constant with dimensions of viscosity.
To obtain DST at ¢ < ¢,,, 1 — f(5) < O(67'/2). For the choice of f =1 —¢e77, flow
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Figure 1.8: log(d) vs. log(¥) for ¢, = 0.58 and ¢ = 0.64. X\ and o* are both taken as
one with f(5) = 1 — e?. With increase in ¢, transition from CST to DST is observed
with two regions separated by pink dashed curve corresponding to ¢ = 0.555 (pink
dashed curve). Yellow shaded region corresponds to unstable flow since 7 is negative in
this region. Remade from [43].

curves corresponding to different ¢ is shown Figure [I.8 With ¢, transition from CST
to DST occurs at ¢ = 0.55 which is less than ¢,, and on increasing ¢ further, the curve
starts bending backwards. For ¢ = ¢,,, stable flow is observed only for small values of

v, with viscosity diverging to infinity at higher o.

1.4.4 Decoupling hydrodynamic interactions and frictional con-
tacts contribution to ST in suspensions
In the previous subsections, two different mechanisms resulting in ST are explained.

The first model relies on hydrodynamic interactions between the particles resulting in
particle cluster formation, also observed experimentally (Figure[L.5](c)) [24][44]. While
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the second model very well explains the discontinuous jump in 1 with + at higher val-
ues of ¢ by taking inter-particle frictional contacts into account. In a suspension, both
mechanisms contributes to  and resulting viscosity can be written as 7. = Nnya + 0 fri-
To decouple individual contributions to 7, the time-reversal nature of the lubrication
interactions in particle clusters can be utilized. If the flow direction is reversed instantly,
only hydrodynamic contribution to n will remain and the frictional contribution will
vanish. Figure (a)-(b) displays results from an experiment that adopted instanta-
neous flow reversal strategy to decouple the hydrodynamic and frictional contribution
to . In there findings, hydrodynamic contribution to 7, which corresponds to the ob-
served viscosity at smaller values of strains (), remains almost constant with 4. The
major contribution to viscosity comes from the frictional contacts which grow with
even in the CST regime [45].

Simulations based on hydrodynamic interactions suggests, formation of hydroclus-

ters is accompanied by negative first normal stress difference (N;) defined as
Ny =045 — Oy (1.19)

where o;; is the stress tensor with flow along x-direction and gradient along y. N; be-
comes increasingly negative with ¢ if hydrodynamic interaction dominates and positive
when frictional force network dominates. Investigation of N; with o reveals its transi-
tion from negative to positive values with increase in particle concentration [46], even
though no CST to DST transition can be seen in the flow-curves (Figure (c)-(d)).
N; stays negative in moderately concentrated regime indicating masking of frictional
contribution by hydrodynamic interactions. But as ¢ increases, force chain network

dominates resulting in /N; changing its sign to positive.

1.5 Flow instabilities in DST

Suspensions that undergo DST often display an S-shaped curve in stress-controlled ex-
periments such that in the intermediate region do/d%y < 0, indicating the presence of
negative n [47]. In this region, 4 becomes a multivalued function of o, and shear-rate
controlled measurements display flow hysteresis in the forward and reverse sweep mea-
surements. The presence of negative slope indicates 4 decreases on increasing o and
vice-versa, which is not possible experimentally. Because of this contradiction, flow
instabilities are expected and already been well observed experimentally [47, 148]. Since
the homogeneous flow is mechanically impossible in this region, one expects flow to

be accompanied by the formation of steady shear-bands [49]. This possibility can be
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Figure 1.9: (a) Relative viscosity vs shear-rate measurement for PMMA particles for
¢ = 0.51. Grey line corresponds to shear-rate sweep measurements, red curve corre-
sponds to steady-state viscosity achieved while performing constant shear-rate reversal
experiments, green and blue curve corresponds to frictional and hydrodynamic contri-
bution to total viscosity. (b) Viscosity as a function of strain after the shear-reversal.
At lower strains, only hydrodynamic interaction contributes to 7, while both hydro-
dynamics and frictional interactions contribute to viscosity at higher strains. (c)-(d)
corresponds to relative viscosity vs. stress and first stress difference (N;) vs. stress for
different volume fractions for silica particles. For ¢ > 0.54, N; stays positive at higher
stresses indicating dominating frictional contribution. (a)-(b) are adopted from [45]
and (c)-(d) are adopted from [46] with permission

ruled out because of the requirement that solvent pressure and normal-normal particle
stress component at the interface of the two bands must be balanced separately to
avoid any unbalanced migration flux. Hence in DST, the flow is unsteady and exhibits
rheochaos [50], [5I]. These flow instabilities are accessed experimentally by performing
stress-relaxation measurements, in which behavior of 7 is observed with time (t) for a
fixed value of o. Flow is called steady if ¥ converges to a fixed value with time and
unsteady if temporal rich dynamics are observed. In Figure [I.10] flow curve and stress
relaxation measurements performed on a suspension of poly(methyl-methacrylate) par-
ticles (PMMA) of radius R=10pm suspended water mixture is shown [47]. For ¢ = 0.58,
an S-shaped curve can be seen, and the flow curve can be sub-divided into three dif-

ferent windows corresponding to Newtonian, intermediate, and shear-thickened states.
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Figure 1.10: (a) Flow curve for a suspension of PMMA particles at ¢ = 0.58. Horizontal
dashed lines corresponds to stresses in three different regions of the curve: Newtonian
(5, 10Pa), intermediate (15, 17, 20 Pa) and thickened state (30, 50Pa). (b) Stress-
relaxation measurements at stresses indicated by same colour horizontal dashed lines
in (a). (a) and (b) are Adopted from [47] with permission.

On imposing constant ¢ in either Newtonian or shear-thickened state, n remains almost
constant for 600s. It suggests flow is stable in both of these regions. While in the in-
termediate state, n varies between 1.3 Pa.s and 2.5 Pa.s, indicating the coexistence of
Newtonian and shear-thickened states.

Experiments performed on suspension of cornstarch at ¢ > ¢,,, where ¢,, is the
jamming density defined in the Wyart and Cates model, display similar flow behavior
except that there is no steady shear-thickened region (higher stress quasi-Newtonian
region). For ¢ < 0.1P*, where P* is the onset pressure for the formation of frictional
contacts, 4 remains largely constant (Figure m (a)). On increasing o further towards
the discontinuity, jammed states start occurring rarely. This can be observed as a dip
in 4 with time in Figure m (b). For o > 0.2P*, the frequency of the jammed state
becomes well defined. The frequency increases linearly with ¢ and at higher stresses
transits from oscillatory to chaotic flow profile (Figure [1.11] (c)-(e)). Interestingly the
normal force plotted as black curves in Figure [1.11] (b)-(e) also peaks whenever there is
a decrease in ¥ indicating frictional interaction contribution to 7.

In the CST regime, one does not expect flow instabilities since the slope of the flow
curve always remains positive. But for anisotropic particulate suspensions, an extra

degree of freedom may give rise to exotic flow behavior.
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Figure 1.11: (a)-(e) Stress-relaxation curves for a suspension of cornstarch and water
mixture at ¢ > ¢,,,. All five curves corresponds to the different stress regime in the flow
curve shown in (f). All panels are adopted from [48] with permission.

1.6 Tuning shear thickening in suspensions

Owing to such fascinating flow behavior of shear thickening suspensions, these fluids are
not only of interest in science and technology, but also in everyday life. These fluids are
widely used for entertainment purposes, which involves people running and cycling on a
pool filled with concentrated cornstarch and water mixture without sinking, and placing
of such fluids on a sound emitting speaker only to see forming of complex structures, but
also find a wide range of applications in shock or vibration absorbing machinery such
as designing of flexible and efficient body armor, rotational break, vibration isolation
in devices and impact resistance electrolyte for batteries [52] 53, 54} 55]. These fluids
also give rise to unwanted effects, which involves decrease in efficiency of the industrial
processes while handling such suspensions, for example, jamming of slurries during
transportation via pipelines and mixing processes in food and cosmetic industries. Be-
cause of such a wide range of interests and applications, tuning ST in suspensions as

per the need becomes essential. Our understanding of the ST mechanism suggests flow
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behavior of ST fluid depends on ¢, particle shape, and interparticle interactions. Hence

by changing these parameters, one can tune suspension behavior.
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Figure 1.12: (a) Basic setup of an acoustic rheometer. The top plate is coupled to an
external drive and is free to rotate while the bottom plate is fixed to a piezoelectric
element. (b) Instantaneous value of 7 with time for a constant 4. Confined sample
consists to 2um silica particles in dipropylene glycol and ¢ = 0.53. Piezoelectric element
vibrates at f, = 1.15M H z and amplitude modulated acoustic perturbation of frequency
0.2hz is applied at t = 60s. (a)-(b) are adopted from [56] with permission.

Suspensions containing anisotropic particles such as rods tend to show ST behav-
ior at lower ¢ as compared to spherical particle suspensions. Since excluded volume
increases with particle aspect ratio, both ST and shear-jamming volume fraction value
also drops down considerably [23]. This may have significant implications in reducing
the overall weight of ST based body armor. In industrial processes, changing the com-
position of the suspension is not feasible. Hence in such a scenario, tuning needs to
be achieved by changing the external environment. According to the frictional model
of shear thickening, force chain networks formation occurs at higher ¢, resulting in
shear-jamming or complete flow arrest (jamming of slurries). So if one could break the

force chains network, lowering of 1 can be achieved. It can be done by providing ex-
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ternal acoustic perturbation in the direction normal to the flow. Figure[1.12 (a) shows
a method to provide acoustic amplitude-modulated perturbation in the flow-gradient
direction using a piezoelectric crystal, and the corresponding plot shows n with time
for different 4. n oscillates at amplitude modulated wave frequency with the lowest
value corresponding to the maximum amplitude (Figure [1.12] (b)). For this method
to work, relative displacement generated by the perturbation should be greater than
particle surface roughness scale and time scale faster than 1/4 which is the turnover

rate of the force chain network [56].
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Figure 1.13: Frictional force vs temperature plot for a surface coated with PNIPAM
polymer. Adopted from [58] with permission.

Another strategy to tune ST is by changing the inter-particle interactions. ST is
not observed when particles have attractive interactions since frictional contacts are
never absent, leading to a high value of yield stress. A good example is non-Brownian
suspension of calcite particles suspended in glycerol-water mixture, which can be tuned
from yield-stress suspension to ST suspension by the addition of surfactants such as
polyacrylic acid sodium (PAA), Alkyl-naphthalene sulphonate condensate sodium salt
(ANS), and Polycarboxylate ether (PCE) [57]. These attractive interactions arises due
to finite residual van der Waals attraction, resulting from poor stabilization of the sus-
pension. Such particles can form bonds with each other, and even for smaller values

of o can give rise to force bearing network resulting in higher than expected yield
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stresses. Since inter-particle friction plays a role in ST, one can tune the ST exponent
(8) just by making the particle surface either more rough or smooth, which can be
achieved by chemically changing the surface tribology of the particles. One way to
achieve it is by grafting stimulus-responsive polymer on the particles such as Poly(N-
isopropylacrylamide) (PNIPAM), which is a temperature-sensitive polymer. Below the
lower critical solvent temperature (Tpcsr), polymer stays in the swollen form in an
aqueous medium and switches to collapsed state above the lower critical solvent tem-
perature. Near Trcsr, the partial collapse of the polymer results in stiffer surface
asperities causing enhancement of surface friction (Figure [58]. This transition
of the polymer with temperature allows us to alter surface tribology in situ, and in
our experiments, we have utilized this strategy to tune shear thickening in a suspen-
sion of PNIPAM coated colloidal silica rods suspended in water. The findings of our

experiments are discussed in chapter 3.
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Chapter 2
Experimental details

This chapter describes experimental details and techniques used to investigate the flow
properties of the colloidal suspension and is divided into three sections. The first sec-
tion provides details of the rheometer, the measuring geometries used to carry out
flow measurements, and the inverted microscope, which is coupled to optical tweez-
ers to investigate inter—particle surface friction with temperature. The second section
describes protocols followed to synthesize colloidal silica particles and coat them with
temperature-sensitive polymer brushes via well-established routes. The last section

describes step-wise methods and procedures followed to perform the experiments.

Rheology is a science which deals with the deformation of materials, both solid or
liquid, and a rheometer is a device used to obtain these insights. Rheometer consists
of an external drive to which various measuring geometries can be attached as per the
requirement. The confinement of the sample and the flow profile in the gap depends on
measuring geometry selection. The rheological properties of the sample are determined
by providing torque using an external drive and analyzing the response of the coupled
measuring system. In our case, we have used an MCR-702 rheometer with parallel-plate

(PP) and cone-plate (CP) as measuring geometries [].

Synthesis of silica colloidal rods was carried out using a single pot method followed
by few cycles of cleaning of obtained particles in ethanol and then in water. The poly-
dispersity was improved by letting the particles sediment overnight to separate smaller
particles from larger ones. These rods were then used for flow-instability measurements.
For the second part of the project, the same protocols were followed to obtain a new
batch of colloidal rods, which were then coated with temperature-sensitive PNIPAM
brushes by a two-step method: functionalization of particle surface and growing PNI-
PAM brushes on them. These particles were later on used for temperature-sensitive

flow measurements.
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Figure 2.1: Image of Anton Paar MCR 702 rheometer used for all flow measurements.

2.1 Experimental setup

2.1.1 Rheometer and measuring geometries

For our experiments, we have used Anton Par MCR 702 rheometer (Figure 2.1). It
comes equipped with an upper drive but can also be equipped with an additional lower
drive that can rotate in a counterclockwise direction, allowing a stagnant plane for-
mation, where particle dynamics can be imaged even at low frame rates. The motors
are supported by two air bearings: a radial air bearing for center correction and stabi-
lization and an axial bearing to hold the weight of rotating part. Sensors to measure
normal forces are integrated with the air bearings and in addition, can be utilized for
materials penetration tests. The drive features a linear relationship between torque and
current, with the lowest possible torque being 0.5 nNm, the highest being 230 mNm,
and the smallest possible angular deflection being 50 nrad. Three piezo elements are
located in the measuring chamber reception to compensate for changes as low as 10nm

in the gap because of fluctuations in temperature or other external factors. The device
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is operated using Rheocompass, user-friendly software that provides predefined mea-
surement templates and real-time data plotting, automation of tasks, and analysis.

To investigate the flow behavior of our sample, we have used two different geometries.

e Cone-plate geometry:
In a cone-plate geometry (CP), sample is confined between a cone and a plate as
illustrated in Figure 2.2 (a). To study the flow behavior, an external torque(M)
is applied to the cone to make it rotate along a fixed axis while the other plate
is kept stationary. The cone is truncated at the vertex for two reasons: to avoid
contact friction between the cone tip and the plate, and to avoid damage to the
cone during initial calibration and zero gapping. Cone angle is generally kept less
than 4° which ensures that shear-rate is constant throughout the shearing gap [2].
The stress tensor, shear-rate and velocity profile in spherical polar coordinates for

this geometry are expressed as:

o 0 0 Q
5 = 0 Opo Oggp ; ’7 = E ) U¢ = 0 (2.1)
0 gg0 T %(% - 9)

where ‘r’ is the radial distance measured from the bottom plate center .
First normal stress difference defined as Ny = 04, — 0gg for CP configuration is

given by
_ 2Fy

T TR?

where F), is the normal force which can be directly measured by the rheometer.

N (2.2)

For our experiments we have used Quartz cone 25 mm diameter with cone angle as

0.979 deg and truncation of 48 pum. The bottom plate is of stainless steel (Figure

2.2 (c)).

e Parallel-plate geometry:
In a parallel-plate geometry (PP), sample is confined between two circular parallel
plates and torque is applied to one of the plate while the other plate is kept
stationary (Figure 2.2 (b)). Relevant choice of coordinates for the geometry is
cylindrical polar, with z-axis lying along the axis of rotation. Velocity is directed

along the ngﬁ with gradient along both the z and the radial direction. Stress tenor,



32

Chapter 2

Torque (M)

(a)

Angular velocity
)
Truncation

Cone
Sample \

\ B .
Plate . /
\.

|- .

Cone-plate geometry

Torque (M)
( ) Angular velocity A N
) N L

= R >
Plate 77 /
h
\ |

Parallel-plate geometry

Quartz CP25

" Steel PP25

Figure 2.2: (a) and (b) are schematics of cone-plate and parallel-plate measuring sys-
tems. (c) and (d) are actual images of the quartz-cone and the steel top plate used in

experiments.

shear-rate and velocity profile for a PP can be written as:

o 0 0 O 0

— . T

0=10 o4 0p.| ;7= T 3 Vg = % (2.3)
0 020 Oz 0

In PP configuration total thrust depends on both first and seconds normal stress

differences. Ny — N, is given by

F, (2 n dln(Fz))

(N1 — Na)lsy, = e

2.4
For accurate evaluation of Ny — N, F), along with its derivative with respect to ~
needs to be determined. In general practice, Nj is obtained using CP, and Nj is

determined using equation 2.4. In our experiments, we have used stainless steel
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Figure 2.3: Schematic of the apparatus used for microscopic investigation of inter-
particle surface interactions of a dimer with temperature.

plates of 25mm diameter (Figure 2.2 (d)).

A Peltier system is utilized to control the temperature in confinement, which is coupled
to external water circulating chiller. The temperature of the circulating water is always

set 5° below the desired temperature of the sample.

2.1.2 Inverted microscope and optical tweezers

To check particles after synthesis and obtain microscopic insight into the role of inter-
particle surface frictions in ST, we used an inverted microscope by Leica (DM13000B)
coupled to a 5 W laser (ALS-IR-5-SF) of wavelength A =1065 nm. The power of the
laser is set to 0.65 W, which is focused by the microscope’s objective. This focused
beam is then utilized for trapping and manipulating colloidal rods [3]. For all such
experiments, we have used custom-made cells constructed out of sliced pipette tips
pasted on a glass slide using UV curable glue (NOAS81). For inter-particle friction-
related experiments, sample (Polymer coated silica particles) is taken in a very dilute

limit in Milli-Q water such that only a few particles are present in the field of view at
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Figure 2.4: Image of synthesized colloidal silica rods under the microscope

a time. Silicone oil is added on top to avoid contamination of the sample and water

evaporation during measurements (Figure 2.3).

2.2 Synthesis

2.2.1 Synthesis of colloidal silica rods

To synthesize colloidal rods, 30 gms of Polyvinylpyrrolidone (PVP) was measured and
dissolved in 300ml of pentanol by sonicating the contents for at least 2 hours. Once
all the PVP was dissolved, 30ml of ethanol, 8.4ml of Milli-Q water, and 2 ml of 0.18M
solution of sodium citrate were added. The contents were mixed using the vortex
method followed by sonication for 8 minutes. 6.75 ml of 25% ammonia solution was
added, and the contents were mixed again. Finally, 3 ml of TEOS was added and
remixed before keeping the flask in the oven overnight at 30°C. Once the reaction was
complete, contents were centrifuged at 6000rpm to separate the rods. Lastly, rods were
cleaned multiple times with ethanol to get rid of pentanol and then with water to replace
ethanol. Obtained rods were then analyzed under a microscope, and their diameters
were found to be between = 0.6 and 0.8um and length ~ 3 to 6um (Figure 2.4) [4].
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2.2.2 Synthesis of P-NIPAM coated silica colloidal rods

Coating temperature-sensitive PNIPAM brushes on colloidal silica rods is a two-step
process. About 250 ul of pure silica rods were taken in a 50ml vial and cleaned with
Milli-Q water followed by ethanol 3-4 times. Excess ethanol was removed before start-
ing the functionalization process, and the overall sample volume (ethanol + silica rods)
was reduced to 20 ml. This sample was then transferred to a conical flask and 5 ml of
Milli-Q water, 1 ml of 25% ammonia and 10 ul of 3-methacryloxypropyltrimethoxysilane
(MPS) were added to the flask in sequence. The amount of MPS added is such that
~40ul is available for functionalization per square meter surface area of silica particles.
The mixture was stirred continuously at 250rpm using a magnetic stirrer while main-
taining the temperature at 27°C for 17 hours. The functionalized particles were then
transferred back to 50 pl vial, cleaned with ethanol, and then with water 3-4 times.
The total volume of functionalized particles + water was made to be 47.5 ml, and the
mixture was taken in a round bottom flask placed on an oil bath. To maintain the
inert environment inside the flask, nitrogen gas is made continuously bubble through
the mixture. 0.3425 gms of N-isopropylacrylamide (NIPAM) and 0.0085 gms of N,N’-
methylenebisacrylamide (BIS) were then added to the RB flask, and the mixture was
heated to 70°C while stirring it continuously at 200rpm. Another magnetic stirrer was
placed inside the oil bath to homogenize the oil temperature. Once the mixture tem-
perature reached 70°C, polymerization initiator potassium persulfate (KPS) was added
after an hour to the flask. The reaction was made to take place for 4 hours, after which
the contents of the flask were transferred to a vial and were cleaned 5-6 times with
Milli-Q water to separate surface-modified PNIPAM coated silica rods [5, [6]. These

rods were then used for temperature-controlled rheology.

2.3

2.3.1 Cleaning of particles

To clean the silica particles after synthesis or during intermediate steps, particles were
taken in a 50 ml centrifuge vial. The contents were then centrifuged at ~6000 rpm for
half an hour or longer. Once all the particles settled down at the bottom of the vial,
the supernatant was removed carefully using a pipette without disturbing the particles
at the bottom and is replaced with either fresh ethanol or Milli-Q water. The particles
are then resuspended in a new medium by vortexing and sonicating the sample. Once

all particles have resuspended, contents are again centrifuged, and the cycle is repeated
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3-4 times or as required. For PNIPAM coated particles, cleaning is carried out only
with water, and the vortex method is used for resuspending particles as sonication may
cause the breaking of bonds, thereby damaging the polymer layer. Also, the centrifuge

is carried out at less than 1500 rpm.

2.3.2 Determination of suspension volume fraction

To determine the total volume occupied by the particles, density of the supernatant
(ps), density of silica particles (p,) and total volume of the suspension (V') needs to be
determined. Density of the suspending medium and particles can be obtained directly
from the literature and total volume can be determined either by using measuring
cylinder or any other methods. In our experiements, we have used density of silica as
2.06 gms/ml. Now if V,, and V; are the supernatant and total particle volume, then we

have:

Vot Vi=V

(2.5)
pp‘/p—i_ps‘/s =W

where W is the total weight of the suspension which can be directly determined using

a weighing balance. Simplifying equation 2.5, one can rewrite V), as:

- W—=pV

v
P Pp — Ps

(2.6)
Once V), is known, V; can be determined using equation 2.5. Depending on the desired
volume fraction ¢, the amount of supernatant to be removed or added can be calculated
as:

V

AV,=V -2 .
5 (2.7)

where AV} is +ve if supernatant needs to be removed and -ve if it needs to be added.
This calculation cannot be used for NIPAM coated particles since the effective volume,
and density of particles changes because of the polymer layer and become a function of

temperature and suspending medium.

2.3.3 Operation protocols for rheometer

An external compressor is turned on first for the functioning of air bearings in the
rheometer (pressure >5 bar). Once the rheometer has turned on and initialized suc-

cessfully using rheocompass software, calibration for the upper drive inertia is performed
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Figure 2.5: Image of PNIPAM coated rods suspension in water confined in a quartz
cone and a glass plate geometry. The bottom plate is of glass customized by fixing a
plastic boundary so that it can hold silicone oil. The white coloured sample can be seen
seeping out of the gap signifying proper loading.

repeatedly unless no significant changes in initial and updated inertia are observed. Af-
ter successful calibration of upper drive inertia, measuring geometry is attached to the
drive, and zero gaping is performed. The calibration of measuring system inertia is
performed multiple times at a 1 mm gap. The whole calibration procedure takes at
least 1 hour and is essential to perform every time the rheometer is turned on, or new
sets of measurements are performed. Lastly, motor adjustment is performed 2-3 times,
and then the geometry is lifted so that the sample can be loaded. The amount of sample
to be loaded depends on the attached geometry. For quartz CP-25, we loaded 85 pul,
and for PP-25, we used 45 pul of sample for 65 pum gap, which was later lowered to 35
pm for another set of measurements. To ensure uniform spreading of the sample in
the gap, geometry was lowered carefully in small discrete steps. The final investigation
of the proper loading was ensured by visual inspection [7]. Silicone oil was used to
confine the sample to avoid evaporation, and the region around the sample and the
measuring geometry were enclosed in a Peltier-controlled hood (Figure 2.5). All the

flow measurements are performed in this configuration.

2.3.4 Inter-particle surface friction experiments

For these experiments, a dilute sample of PNIPAM coated silica rods in water was
taken in a vial, and sodium carboxymethyl cellulose (NaCMC) was added, thereby
introducing attractive depletion interaction between the rods. The amount of NaCMC

added was such that its final concentration in suspension is 0.05mg/ml. 50 ul of this
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sample was carefully loaded in a cell and then confined with silicone oil from above.
After an hour, few particles sedimented and aligned to the glass-slide plane because
of the depletion interactions between the particles and the glass surface. Once enough
particles settled down, we turned on the tweezers and brought rods of similar lengths
together to form a dimer. The temperature of the cell was varied from 30°C to 34°
using a temperature probe connected to the microscope objective (Figure 2.3). Lastly,
an image sensor attached to a microscope was utilized to capture and record dimer

dynamics, and further analysis was carried out using ImageJ and Matlab.
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Chapter 3
Results and discussion

This chapter discusses the results and findings of our experiments with colloidal silica
rods and PNIPAM coated silica rods suspensions. The chapter is divided into two
subsections. In the first section, we have utilized a strategy to tune shear thickening
(ST) by changing the surface tribology of the suspending particles. For this purpose,
particles are coated with a temperature-sensitive polymer and suspended in water.
Results from the rheological studies carried out on this sample followed by a microscopic
investigation of dynamics of rods with temperature are presented in this section. In
the second section, the suspension of colloidal silica rods in a 15:85 glycerol mixture
is investigated in the continuous shear thickening (CST) regime. Stress relaxation
measurements are performed to investigate the flow characteristics and to uncover any

instabilities.

3.1 Flow behavior of PNIPAM coated silica rods

suspension

Recent advancements in our understanding of the underlying mechanism resulting in
ST indicate the importance of inter-particle frictional contacts in a suspension under
shear [I], 2, B]. To isolate the effect of friction during ST, the surface tribology of
the suspending particles needs to be altered as a response to an easily controllable
external stimulus. One such way is by grafting stimulus-responsive polymers on the
surface of the particles such as Poly(N-isopropyl acrylamide) (PNIPAM). PNIPAM is
a temperature-sensitive polymer that switches from an expanded state in an aqueous
medium below lower critical solution temperature (LCST) to a collapsed state above
LCST and can be further tuned by changing the pH or the solvent composition [4].

In our experiments, we restrict our attention to situations where external temperature
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Figure 3.1: n as a function of T for ¢ = 20 Pa. With increase in T', i decreases
because of collapse of PNIPAM brushes thereby decreasing the volume fraction of the
suspension.

(T') is the stimuli. Along with the change in volume, the transition with temperature
is followed by a non-monotonic change in friction p [5], 6]. On approaching Tycgr from
below, partial collapse of the brushes leads to the formation of stiffer surface asperities,
resulting in enhancement of p by an order of magnitude [5]. Beyond Trcsr, surfaces
interact via hydrophobic interaction and adhere to each other. For our experiments, we
have synthesized colloidal silica rods of diameter 0.6-0.8 pm, length 3-6 um and grafted
polymer brushes on them using established routes [7, 8, 9]. Surface-modified rods
were taken in a vial and suspended in an aqueous medium. The vial was centrifuged,
and excess water was removed using a pipette to obtain a concentrated suspension.
Temperature ramp experiments at ¢ = 20 Pa were performed using Quartz cone with
bottom plate made up of glass, and the corresponding results are shown in Figure [3.1]

With T, the collapse of the polymer brushes results in lowering the effective volume
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occupied by the particles. This decrease in ¢ causes 1 to decrease by about seven orders
of magnitude when temperature is raised from 25°C to 34°C in steps of 1°C (Figure
3.1)), verifying the success of PNIPAM grafting procedure.

3.1.1 Effect of temperature on shear thickening

For the flow curve (FC) measurements, we started with a highly concentrated sample
(¢6),which is prepared be centrifuging the vial containing sample at 1500 rpm and
removing the excess supernatant using a pipette. The grafting of PNIPAM polymers
on the particles makes their surfaces soft, which makes determination of volume fraction

challenging.
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Figure 3.2: (a) n vs o plots for ¢¢ at different temperatures. (b) Zoomed in plot of the
shaded region in (a). (¢) 8 vs T plot, where g is the shear-thickening exponent. With
T, B also increase but saturates to a non-positive value indicating suspension is shear
thinning at all measured temperatures.
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Figure 3.3: n vs. o plots for four different volume fractions such that ¢5 > ¢4 > ¢35 > @9
in the temperature range of 29°C and 35°C. Similar to ¢g, an extra Newtonian plateau
can be seen for all ¢s and the overall curves shift downwards with temperature. For ¢4
and ¢3, weak ST is observed at T' = 32.25°C and T = 32°C respectively and for ¢, ST
is observed in the temperature range of 31.5°C and 32.25°C.

Hence, for the FC measurements of the PNIPAM coated particles, we started with
®¢ and diluted the sample for the consecutive measurements at lower volume fractions.
n vs o plot for ¢g at different temperatures is shown in Figure 3.2 (a). For all tem-
peratures, there appears an extra Newtonian plateau with 7 in the range of 1 Pa.s to
10 Pa.s, which is normally observed in the suspension of particles in a polymeric liquid
and colloidal gels [10} [11]. At lower temperatures where the surface polymers are in the
swollen state, the high yield stress arises because of the squeezing of different polymer

coatings against each other, which needs to be overcome to produce any flow. It is
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followed by the shear thinning behavior with o, which ends on a second Newtonian
plateau. In this region we expect shear-rates to be low enough to cause any noticeable
changes in the underlying micro-structures. On further increasing stress, we expect
shear-rate to dominate, resulting in rearrangement of the particles into more favorable
configuration which causes another decrease in 1. With increase in 7', second Newto-
nian plateau broadens and while the high yield stress almost vanishes pointing towards

role of polymer brushes for it to be present. At low temperatures prior to the appear-
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Figure 3.4: FC for ¢; (lowest volume fraction) at different temperatures. For 30.5°C
to 32.75° temperature range, ST is observed. Above 32.75°C, suspension transits back
from ST to shear thinning. Inset is the zoomed in plot of the shaded region showing
clear signatures of ST in intermediate temperature range.

ance of shear thinning, the sample displays high yield stress which decreased as Ty csr
is approached from below. The decrease in effective volume fraction with 7" causes the
overall curve to shift downwards while the ST exponent [ keeps increasing, attaining
maximum value at 32°C and stays nearly constant till 33.5°C before starting to become

more negative again (Figure 3.2 (b)-(c)). The negative value of 3 indicates that sus-
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pension only behaves like a shear-thinning fluid throughout the temperature range. On
diluting the suspension, a similar trend was observed in all flow curves with 7'(Figure
3.3). Suspension largely behaves like a shear thinning fluid, but weak shear thickening
was observed at ¢4 and ¢3 at T' = 32.5° and 32°C, respectively (Figure 3.3 (b) and (c)).
For ¢9, ST was observed in a narrow temperature window between 31.5°C and 32.25°C
(Figure 3.3 (d) and 3.5), which broadened further to 30.5°C and 32.75°C (Figure 3.4
and 3.5) for the most dilute sample ¢;. From the prior knowledge, with the decrease
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Figure 3.5: 3 vs. T plots for all ¢s. Volume fractions are in the order: ¢g > @5 > ¢4 >

O3 > P2 > O1.

in ¢, suspensions are expected to display a reduction in ST behavior. But in our ex-
periments, even though effective ¢ was decreasing with T', § was found to increase,
eventually becoming positive for ¢ < ¢4. We know that, as Trcgr is approached, the
collapse of polymer brushes causes the effective aspect ratio « of the rods to increase,
which is known to enhance ST behavior [12] 3], we expect only minor changes in «
in the temperature window where we observe positive 3. Hence we can rule out « as

a significant parameter causing ST in our suspension. The only possible parameter
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which can account for enhancement of the ST behavior with decrease in effective ¢
with temperature is the surface friction p [5]. At higher temperatures, the exponent /3
transits from positive to negative values indicating reemergence of the shear-thinning
behavior (Figure 3.5). This is caused by the complete collapse of the PNIPAM brushes
above Trcsr, resulting in adhesion between the particles due to hydrophobic surface
interactions. At higher ¢s (¢¢ and ¢5), although [ increases with temperature, it fails
to attain a positive value. One important criteria for the existence of shear thickening
window is that, yield stress should comparably be less than the threshold stress required
for the frictional network to take over, else yield stress can mask the shear-thickening
stress window and no shear thickening is observed in such cases [14]. For ¢ > ¢y, it is

very likely that this criterion is not fulfilled and causes 8 to remain less than.

3.1.2 Signature of surface friction enhancement

To solidify our claims that an increase in 8 with temperature results from the enhance-
ment of u, we designed an experiment to quantify inter-particle surface interaction at
the microscopic level. To do so, 95 ul of a dilute suspension of PNIPAM rods suspended
in water were taken in a vial, and 5 ul of 1 mg/ml solution of sodium carboxymethyl
cellulose (NaCMC) was added to it. The addition of NaCMC introduces depletion
interactions between the surfaces, because of which, when suspension is loaded to a
cell, particles settles down and align perfectly along the surface of the cell with time.
If the cell is left undisturbed, the rods eventually come in contact with each other to
form a dimer-like configuration [15]. Although dimer configuration corresponds to the

lowest energy state for the two rods in the presence of a depletion agent, sliding motion
kpT

2
This kind of sliding motion was clearly observed in our experiments and is shown in
Figure 3.6 (a).

To obtain a stable dimer, optical tweezers were used to trap the particles together, and

between the rods is expected because of the thermal energy per degree of freedom.

the dynamics of the dimer were captured using a camera at 5 fps at different tempera-
tures starting from 31°C to 34°C. To quantify the sliding motion of the particles in the
dimer, particles were individually tracked and identified using ImageJ and Matlab, and
all images were transformed to one of the particle’s frames of reference. In this new

frame of reference, MSD of the second particle given by

< 2(At) >= %i < (r(t + At) — i) > (3.1)

=1
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Figure 3.6: (a) Image of a dimer as observed under the microscope at different times.
At t = 0.8 s, displacement of the lower dimer can clearly be observed. (b) MSD vs time
(t) plot of a particle in a frame of reference fixed to the other particle of the dimer at
different T". (¢) MSD vs Temperature plot at at different times. Decrease in MSD as T'
is increased from 31°C to 31.5°C indicates lesser sliding motion between the particles
which is possible only if u gets enhanced.

is determined at different temperatures and is shown in Figure 3.6 (b) and (c). At
all temperatures, MSD saturates to constant values at longer times, which is expected
since the maximum sliding motion of the particles in dimer configuration has an upper
bound. With an increase in temperature, one would expect a more rapid and larger
sliding motion in the dimer. But in our case, as T is raised from 31°C to 31.5°C, the
sliding motion was observed to decrease. MSD at 31.5°C and 32°C is smaller than MSD
at 31°C at all times (Figure 3.6 (b) and (c)). Both of these temperatures correspond
to a partial collapse of the PNIPAM brushes, with 32°C being the temperature where
the maximum value of y is reported [5]. Hence, slowing down of sliding motion with an

increase in temperature is caused by the enhancement of interparticle surface friction,
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also explaining the increase in § with temperature in the flow curves. At 34°C, another
decrease in the overall value of MSD is observed. One explanation of this transition is
8-10% enhancement of refractive index on raising the temperature 33°C to 34°C, which
increases the trapping efficiency of the tweezers [16]. Another possible explanation is
the hydrophobic surface interaction between the particles causing them to adhere to
each other. Such interactions between the surfaces cause f to decrease again at higher
temperatures, as can be seen in Figure 3.5. Hence, our investigation clearly indicates

inter-particle surface friction as an important parameter to tune ST in suspensions.

3.2 Flow instabilities in colloidal rods suspension in

CST regime

In the DST regime, presence of intermediate region of negative slope in o vs %4 plot in-
dicate flow instabilities [I7, [I§]. Such instabilities are not expected in the CST regime
since § remains a single-valued function for all values of o. According to the frictional
model, ST arises because of the increase in frictional interactions between particles
with ¢ and DST region in the flow curves corresponds to the coexistence of low vis-
cosity Newtonian phase (lubricated interactions) and high viscosity Newtonian phase
(frictional interactions). Because of this coexistence, flow instabilities are observed in
DST. For anisotropic particles such as colloidal rods, alignment of the rods with respect
to each other and the flow direction can change the overall n of the suspension, and
unlike isotropic particle suspensions, the temporal variations in the DST regime can
have a period of the order of few minutes [19]. Such long variations seem restricted to
isotropic particles and are caused by additional rotational degrees of freedom. In our
experiments, we have investigated the flow behavior of colloidal rods suspended in a

15:85 water-glycerol mixture in the CST regime.

3.2.1 Suspension behavior under cone-plate confinement

For the cone-plate rheological investigation, a Quartz cone of 25 mm diameter was
used along with a steel as a reception plate. We started with ¢ = 0.33, which already
displayed a significant amount of ST. With ¢, 3 also increases but stays less than unity,
indicating we are still operating in the CST regime (Figure 3.7 (a)). For all ¢s, both
forward and reverse curves largely overlap, indicating the absence of both instabilities

and irreversibility in the flow behavior. For the highest volume fraction ¢ = 0.40, one
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Figure 3.7: (a) Flow curves performed under quartz cone and steel plate confinement of
diameter 25 mm. With ¢, 8 can be seen increasing as expected. The shaded region cor-
responds to the stress window in which stress relaxation measurements are performed.
(b) Forwards and reverse curve sweeps for ¢ = 0.40. Both the curves largely overlap
indicating absence of any irreversibilities and instabilities.

such forwards and reverse curve is shown in Figure 3.7 (b).

To unravel the presence of any flow instabilities if present, we performed stress re-
laxation measurements for all ¢s, in the stress window starting from 100 Pa to 3000
Pa (shaded region in Figure 3.7 (a)). For ¢ < 0.385, 4 was found to converge to a
fixed value with time for a constant o. But for ¢ = 0.40, temporal rich dynamics were
observed in a small stress window. Figure 3.8 (a) and (b) displays results from stress
relaxation measurements performed at ¢ = 0.385 and ¢ = 0.40 respectively and for
better comparison, only a small subset of o values are plotted. For ¢ = 0.40, oscilla-
tions of well defined periodicity were observed above ¢ = 2500 Pa. The time period
of such oscillations was as large as 300 s (0 = 2625 Pa), which decayed to zero along
with the amplitude of oscillations as o was increased, vanishing above 2900 Pa. This
feature is opposite to what has been observed in DST regime, where oscillation period
was found to diverge with o [19]. To unravel the major underlying contribution to such
oscillations, the magnitude of normal force was checked. In CP geometry, the first nor-

mal stress difference and the normal force (Fy) have a linear relationship (Equation 2.2).
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Figure 3.8: (a) and (b) are the stress relaxation curves corresponding to ¢ = 0.385 and
¢ = 0.4 respectively. For ¢ = 0.384, ¥ relaxes to a constant values, while instabilities
of well defined structure is observed for ¢ = 0.40.

This allows us to determine the major contribution between the hydrodynamic and
the frictional by checking the sign of Fiy [20]. Corresponding to all the local minimas
in 4, a direct correlation with Fy was observed (Figure 3.9). We found Fy to be -ve at
all times in the stress window where the instabilities were observed, and became even
more -ve with increase in o. Corresponding to a decrease in ¥ (or increase in 7), Fy
was also mostly found to abruptly decrease, indicating such oscillations are majorly

because of the inter-particle hydrodynamic interactions.
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Figure 3.9: (a)-(d) 4 and Fy plot with time for o = 2625, 2650, 2675 and 2700 Pa
respectively. Fly in all plots is always negative pointing towards hydrodynamic inter-
action as major contribution to oscillations.

3.2.2 Suspension behavior under parallel-plate confinement

For parallel plate rheology, circular steel plates of 25 mm diameter were used. Flow
behavior was first studied at 65 um gap (h), which was further reduced to 35 pum for
another set of readings. For all the measurements S was mostly found to increase with
¢ and decrease with confinement (Figure 3.10 (a)-(b)). This phenomenon of decrease
in ST with confinement at a given ¢ is well reported and is mainly because of the
forced alignment of the rods with increase in confinement, pointing towards the role of
particle orientation in shear-thickening [21]. Forwards and reverse sweep measurement
for ¢ = 0.385 and ¢ = 0.40 largely overlap for both the gaps but slight enhancement
in hysteresis is observed for more confined sample (Figure 3.10 (c)-(f)). As the amount
of hysteresis is minimal, we again do not expect to observe any flow instabilities. We
performed stress relaxation measurement in the CST regime for both the gaps (Figure

3.10), and the results are shown in Figure 3.11.
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Figure 3.10: (a) and (b) corresponds to flow curves under PP-25 confinement for 65 um
and 35 um gap respectively. The ¢ and corresponding [ are mentioned in the respective

plots.

Shaded region indicates stress window where stress relaxation measurements

were performed.(c)-(f) are forward (red curve) and reverse (black curve) stress sweep
plots, corresponding to ¢s and gap size as mentioned in the plots. For all four curves,
both red and black curve largely overlap indicating absence of irreversibilities and flow-

instabilities.
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Figure 3.11: (a) and (b) display results from stress relaxation measurements for ¢ =
0.385 and ¢ = 0.40 for 65 pum gap. Since ¥ converges to a fixed value, flow is stable for
this gap. (c)-(d) are stress relaxation measurements corresponding to the same sample
show in (a)-(b), when the confinement is increase by lowering the gap to 35 pm.

For h = 65 um, 7 was found to converge to a fixed value with time for all the
four ¢s. But on increasing the confinement, rich temporal dynamics were observed,
which were previously absent (Figure 3.11 (c)-(d)). For ¢ = 0.33 and 0.36, no such
dynamics were observed at 35 um gap. The time period of the oscillations for ¢p=0.385
and ¢=0.40 was observed to be approximately 200 s and 400 s respectively, and was
found to diverge as o is increased. Oscillations observed in this case are very distinct as
they seem not to have a very well-defined period. Since instabilities were triggered only
when the confinement was increased, we can conclude that such instabilities are not
only a function of ¢ but also depends on the confinement as a parameter. As of now,
we do know that increase in 7 at a constant ¢ can only occur when the rods disorient
from the direction of flow, causing more streamline deviation. Still, such oscillation
also requires cooperative misalignment of the rods to produce any noticeable change in

bulk n. Above that, having such periodic variations in 4 also indicates the systematic
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nature of cooperative misalignment, which still needs more investigation.

Hence, from our experiments with suspension of colloidal rods, we have for the first
time showed that flow instabilities which were expected to exist only in DST regime, can
also exist in the CST regime. The origin of such fluctuations is purely hydrodynamic
as indicated by normal force measurements and can be triggered either by increasing

the ¢ or by increasing the confinement.
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Chapter 4
Conclusion

Understanding mechanisms giving rise to different types of non-Newtonian behavior in
dense suspension has been of great interest to researchers for the past many decades.
With the advancement in sophisticated techniques, such as high resolution fast confocal
methods, in situ scattering methods, and more versatile rheometers, it has become
possible to study the underlying structures and behavior of such fluids in great detail.
For small shear stress values, experiments have pointed out towards rearrangement
of particles into layers, resulting in lesser dissipation due to decrease in inter-particle
collisions, causing the suspension to shear thin [I, 2]. These results are backed by
fast confocal microscopy experiments, which indicated the presence of periodic dense
regions along the gradient direction [3]. At higher stresses, shear-thickening behavior
is observed. In this region, in situ imaging becomes tricky because of the higher shear
rates and is only possible at volume fractions close to DST, where shear rates are still
under experimental limitations. Few such experiments have confirmed the formation of
hydroclusters in the ST region [3], verifying the hydrodynamic theory of ST, but fails
to give any insight of transition from CST to DST.

An alternate theory called the inter-particle friction-based theory (Wyart and Cates
model) explained both CST and DST as a transition of interactions between particles
from lubricated to frictional and paved the way for all-new strategies to tune ST in
suspensions [4]. Inspired by the frictional-based model, we adopted an approach to
tune ST in the suspension of colloidal silica rods by grafting stimulus-responsive poly-
mer called PNIPAM on the surface of the particles. PNIPAM undergoes coil-globular
transition when the lower critical solvent temperature (LCST) is approached from be-
low [B, [6, [7, [§]. This transition causes effective volume occupied by the particles to
decrease while enhancing overall surface friction, which is maximum just below LCST.

A similar picture is depicted by our temperature ramp experiment results, in which 7
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decreases by approximately seven orders of magnitude on raising the temperature from
25°C to 34°C. In the temperature controlled flow curve measurements, [ increases with
temperature, only to become negative above Trcsr where the surface of the particles
adhere due to hydrophobic interactions. Enhancement in surface roughness was inves-
tigated by analyzing the sliding motion of two rods past each other while confining
them in dimer configuration using depletion interaction and optical tweezers. With
temperature, enhanced sliding motion is expected in principle due to increase in ther-
mal energy, but we observed a slowing down of the dynamics with a minor raise of
0.5°C in temperature. Another decrease in sliding motion at 34°C was observed, which
is either caused by enhancement of refractive index [9] or due to adhesion between par-
ticles, verifying non-monotonic behavior of g at higher temperatures. The collective
picture that emerges from our experiments points out towards inter-particle friction as
an essential variable to tune ST in suspensions of anisotropic particles such as rods.
Further fine-tuning of ST behavior can be performed by either changing the pH of the
solvent and by fine-tuning the thickness of the polymer coating. The initial choice of
suspended particle shape to be coated with PNIPAM may also enhance or diminish the
ST behavior of the final suspension with temperature.

Previous investigations on dense suspension of colloidal rods near DST confirmed
flow instabilities because of the strong coupling between particle orientations and the
flow, and underestimation of the shear thickening exponent with ¢ as predicted by
Wyart and Cates model [10]. To better understand the ST mechanism in suspensions
of anisotropic particles, it is essential to understand different contributions to ST in
such systems. These contributions include hydrodynamic clustering, surface to surface
inter-particle frictional interactions, and particle orientation with respect to the flow
direction. Through our experiments with colloidal rods suspended in a glycerol-water
mixture, we have tried to unravel flow instabilities in the CST regime. The presence
of such instabilities can be considered a good confirmation of particle orientation con-
tribution to ST. Our experiments were carried out under three different confinements:
cone-plate confinement with a diameter of 25 mm, parallel-plate confinement with a
diameter of 25 mm, and gap size of 0.065mm and 0.035 mm respectively. Stress sweeps
and stress relaxation measurements were carried in all three configurations for ¢ = 0.33,
0.36, 0.385, and 0.40. Under CP confinement, § is a monotonic increasing function of
¢ and is always less than unity signifying the CST regime. No temporal dynamics in 7
or n were observed until ¢ = 0.40, where well-defined periodic oscillations of the time
period as large as 300 s were observed. The presence of instabilities with increasing
¢ points out that even in CST, rotational degree of freedom of the particles starts

contributing to ST. The origin of such oscillations was dominatingly hydrodynamic
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as normal force (Fy) was always less than zero in all stress relaxation measurements.
Under parallel-plate confinement, § was again always less than unity. No such insta-
bilities were observed for the 0.065 mm gap for all values of ¢s. In contrast, for the
0.035 mm gap, clear variations in 4 were detected for ¢ = 0.385 and 0.40. Although
one expects rods alignment to be even greater when the gap size is reduced, such a
restrictive environment seems to trigger cooperative misalignment of rods resulting in
such well-defined and structured variation in bulk viscosity. For all the FCs in all three
geometries, even though instabilities were clearly observed, reverse and forward stress
sweep curves were largely overlapping, with slight enhancement in hysteresis when the
gap size was reduced in PP. This minor presence of hysteresis points towards the re-
versible nature of the FCs and, unlike in the DST regime, fails to predict the presence
of flow instabilities. Hence our experiments with colloidal rod suspension unraveled
the presence of flow instabilities in a very narrow stress window in the CST regime,
which were previously expected to exist only during DST, and also pointed out that
such instabilities are a function of ¢ as well as confinement. Dynamics of cooperative
misalignment of the rods to display periodic variations in 7 over time still need more

investigation and can be taken as future scope of work.
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