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Abstract

In this dissertation we examine both linear and nonlinear response rheology

of concentrated colloidal suspensions with attractive interactions using a combi-

nation of experiments and Brownian Dynamics (BD) simulations with the view

towards understanding the link between microstructure and mechanical prop-

erties. The experimental model system is depletion colloid-polymer mixture

comprising of a hard sphere (PMMA particles) colloidal suspension with the

addition of non-adsorbing linear polymer chains as depletant. We study a range

of particle volume factions and attraction strengths exploring from a low parti-

cle volume fraction gel to highly dense attractive glassy state. We also perform

Brownian Dynamics (BD) simulations in order to get both rheological and de-

tailed structural information. We have studied four topics in this work: We first

examine yielding of attractive glasses during start-up shear flow. For a fixed

volume fraction of φ = 0.62, a wide range of attraction strengths and the ranges

of attraction is investigated. We second, examine both linear and nonlinear re-

sponse rheology of colloidal gels. A range of volume fractions, gel ages, and

bond strengths are investigated. In the third part, we study by rheology and

Brownian dynamics (BD) simulations the decay of stress over time after shear

cessation of a well-developed steady shear flow in an intermediate volume frac-

tion particle gel (φ = 0.44). In the last part, we interrogate both structural and

mechanical properties of the gel during flow and its time evolution after shear

cessation for both steady and oscillatory shear flow by a combination of exper-

iments and BD simulations providing a link between structural and mechanical

properties of the gel.
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Summary

In chapter 1, we give a general introduction about colloidal interactions,

phase diagram, gel microstructure, linear mechanical properties and the theories

which relate macroscopic properties to details of microstructure. Finally, we

present yielding and flow behavior of attractive suspensions.

In chapter 2, we present the details about materials used in this work, sam-

ple preparation and the methods including experimental rheometry and Brown-

ian Dynamics (BD) simulations. We end the chapter with discussion about the

analysis of the structure.

In chapter 3, we examine yielding of attractive glasses during start-up shear

flow. For a fixed volume fraction of φ = 0.62, various attraction strengths and

ranges of attraction are investigated. Two stress peaks are identified in start-

up shear flow of attractive glasses in both experiments and BD simulations.

The average number of bonds per particle exhibits a maximum where the first

stress peak is detected. The structural anisotropy caused by shear is character-

ized through calculating the pair distribution function in the velocity-gradient

plane. The maximum of pair distribution function in the extension axis reveals

a maximum where the second stress peak is detected similarly to findings for

HS glasses. This indicates that the second stress peak is due to breaking of

the cages. Decomposition of the stress into repulsive and attractive contribu-

tions indicates that both repulsive and attractive forces are contributing to the

first stress peak while the second stress peak is mainly originated from repulsive

forces. The transient dynamics exhibit a super-diffusive behavior approach-

ing first stress peak with the long-time diffusivity equal to repulsive glass. For

both glasses shear-induced cage deformation causes local constriction, reducing

short time in-cage diffusion. Finally, attractive glasses under steady state shear

behave dynamically as HS glass for the time scales above the 1st yield stress

peak indicating that the contribution of attractions diminishes beyond the 1st

yield stress peak.
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In chapter 4, we examine both linear and nonlinear rheology of colloidal

gels. A range of volume fractions, gel ages, and bond strengths are examined.

The linear response for both experiments and BD simulations show similar trend

while the absolute values of moduli in experiments are larger than BD simula-

tions as in the latter HI are missing. The nonlinear rheology is examined by

submitting the gel to a simple start-up shear flow. Both experiments and BD

simulations exhibit similar behavior at low Pe, where a single stress peak is

observed which is followed by the rise of stress at long times. Microscopic

imaging from BD simulations in this regime indicates cluster densification un-

der shear. In contrast at high Pe, in the experimental studies, we find two clear

peaks in the stress followed by long-time steady behavior while in dynamics

simulation only one stress peak is observed. The reason for discrepancy might

be due to missing HI in the latter.

In chapter 5, we examine by rheology and Brownian dynamics (BD) sim-

ulations the decay of stress over time after shear cessation of a well-developed

steady shear flow in an intermediate volume fraction particle gel (φ = 0.44). We

find two distinct patters of stress decay depending on the shear rate: after shear

cessation at high rates, where shear forces dominate over the attractive forces,

the shear-melted gel acts as a simple liquid and releases the stress to zero. For

low shear rates, however, stresses relax only partially, similarly to hard sphere

glasses and jammed soft particles. The balance between shear and attractive

forces which determines the intensity of structural distortion controls the ampli-

tude of the residual stresses through a universal scaling. The macroscopic stress

decay is related to the microscopic sub-diffusive particle motions which become

arrested at long times due to network formation.

In 6, we examine both structural and mechanical properties of the gel during

flow and its time evolution after shear cessation. We use a combination of exper-

iments and BD simulations providing a link between structural and mechanical

properties of the gel. We examine both steady and oscillatory shear flow. Large

shear strain amplitudes fully break the clusters and lead to a more homogeneous

and stronger gel after flow cessation. Intermediate strain amplitudes densify the
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clusters, which results in highly heterogeneous and weak gels. Shearing the

gel to even lower strain amplitudes creates a less heterogeneous stronger solid.

These three regimes of shear are connected to the microscopic shear-induced

structural heterogeneity. We find that oscillatory shear flow produces more het-

erogeneous/weaker gels compared to steady shear flow. Moreover, colloidal gels

presheared at large strain amplitudes exhibit a distinct nonlinear response char-

acterized by a single yielding process, while in those presheared at lower rates a

two-step yield process is promoted due to the creation of highly heterogeneous

structures.

In 7, we give a general conclusion about all the main findings in the thesis

and provide new ideas for future studies.
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Chapter 1

Introduction

1.1 Colloids

The word "Colloid" was derived from the Greek word, "κoλλα", meaning glue.

This term was first coined by Thomas Graham in 1861 to distinguish colloids

from crystalloids such as sugar and salt. Nowadays, colloid generally refers to

the dispersed phase of a two-component system in which the elements of the

dispersed phase are too small (typically 10 nm to 1000 nm in at least one di-

mension) to be easily observed by an optical microscope and whose motion is

affected by thermal forces. Colloidal particles, due to their small size, their

individual motion changes continually as a result of random collision with the

molecules of the dispersion medium. This random, zig-zagging movement is

called Brownian motion, after the man who discovered it in 1827. This mo-

tion helps keeping the particles in suspension. Colloidal dispersions are present

in many systems such as foods, pharmaceuticals, biological systems, personal

care products, cleaning products, paints, and inks. Therefore, understanding

the physical principles that describe them is important. Colloidal dispersions

can also be used as model systems, to address many fundamental phenom-

ena of condensed matter physics such as the equilibrium phase transitions and

frustrated out-of-equilibrium states such as glasses and gels transitions (Poon

(2004)). Colloidal dispersions have also played an important role in the early

history of rheology as it evolved into a defined branch of science and engineer-

ing (Mewis and Wagner (2012)).

The focus of this thesis is on attractive colloidal dispersions in which the

attraction is introduced between particles by adding non-adsorbing linear poly-

mer chains. Our goal is to address the mechanisms responsible for yielding and

flow of such out-of-equilibrium materials and providing a framework to link
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between the particle interactions, microstructure and the bulk rheology or in a

reverse case, the impact of shear flow on microstructural and mechanical prop-

erties of these materials.

This chapter provides a more detailed discussion about colloidal interac-

tions, phase diagram, gel microstructure and macroscopic properties including

linear mechanical properties as well as yielding and flow of attractive suspen-

sions.

1.2 Colloid Interactions and Colloidal Stability

The type of interactions between colloidal particles has a strong impact on the

structure and subsequently on the rheology of materials made of these particles.

For example, bonds formed by van der Waals interactions result in rigid and

strong bonds (Pantina and Furst (2005)). In contrast, a depletion attraction forms

floppy bonds which break and reform via thermal fluctuations. In this section,

we will discuss in detail different types of inter-particle interactions including

van der Waals, electrostatic and depletion interactions.

1.2.1 Dispersion/van der Waals interactions

The dispersion or van der Waals interactions are short-range attractive forces

which originate from the polarization of the atoms of one colloid by the atoms

of another (Mewis and Wagner (2012)). The strength of this interaction between

two particles having the radius of R with respect to a particle center to center

distance r is calculated as follows:

Uvdw(r) = − AR

(r − 2R)
(1.1)

where A is the Hamaker constant which is a material property and depends

on the polarizability of particles and solvent, and can be estimated as follows

Ph. D. Thesis 2
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(Israelachvili (2015); Larson (1999)):

A =
3

4
kBT (

εp − εs
εp + εs

)2 +
3hνe

16
√

2

(n2
p − n2

s)
2

(n2
p + n2

s)
3/2

(1.2)

where subscripts p and s denote the particle and solvent, respectively. ε is the

dielectric constant, n is the refractive index, h is Planck’s constant, and νe is the

ultraviolet absorption frequency. Such attractive potential results in the aggrega-

tion of particles and makes the colloidal suspension unstable, which is often an

undesirable phenomenon. Therefore, the particles need to be stabilized against

coagulation. This can be done through adding a repulsive component to a col-

loidal suspension that acts as a barrier to aggregation. This repulsive component

can be achieved either through electrostatic or steric stabilization, which rely on

electrical charges and polymer configurational entropy, respectively.

1.2.2 Electrostatic interactions

Colloidal particles in polar medium can gain charge by surface acids/bases,

through adsorption of free ions, or adsorption of surfactants. Far from the par-

ticle surface, the ions in the solution are uniformly distributed, but counterions

with the opposite charge of the particle accumulate at the surface. An immo-

bile monolayer of counterions accumulated at the surface forms the Stern layer.

Beyond the Stern layer a diffuse cloud of counterions exist where the concentra-

tion of the ions decreases with distance from the particle surface (diffuse layer).

These two layers together are known as the electrostatic double layer. When the

electric double layers of two particles overlap, it results in a repulsive interac-

tion. The electrostatic repulsion potential can be calculated as follows (Russel

et al. (1989)):

Uel(r) =
4πεrε0R

2ψ2
s

r
exp[−k(r − 2R)] (1.3)

where εr is the relative dielectric constant, ε0 is the permittivity of free space,

ψ0 is the surface potential and k is the inverse of Debye screening length which

3 University of Crete, Greece
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is calculated as follows:

k−1 =

√
εrε0kBT

2NAe2I
(1.4)

where kB is Boltzmann’s constant, T is the absolute temperature, NA is Avo-

gadro’s number, e is the elementary charge, and I is the ionic strength of the

electrolyte. The Debye screening length is a good approximation of the diffuse

layer thickness. Based on Eq. 1.4 the screening length is inversely proportional

to the square root of the ion concentration. Hence, the thickness of the diffuse

layer can be tuned by controlling the ion concentration.

1.2.3 DLVO Theory and Electrostatic Stabilization

A theory was developed by Derjaguin (1940) and independently by Verwey

et al. (1999) which describes the total interaction potential between two charged

particles as a linear combination of van der Waals attraction and electrostatic re-

pulsion from overlap of double layers, which is referred as DLVO theory. There-

fore, the overall DLVO potential is the sum of Eqs. 1.1 and 1.3. The sum of the

two potentials shows a positive barrier of height U (Fig. 1.1). If the barrier is

significantly greater than a few kBT , particles are prevented from approaching

to within a distance over which the attractive forces are felt and the dispersion

remains stable. The interaction can be tuned by adding salt or surfactant to the

suspension to screen the electrostatic interactions. By adding enough electrolyte

to the solution, the electrostatic repulsive barrier is reduced and van der Waals

attractions will dominate as shown in the inset of Fig. 1.1.

1.2.4 Steric stabilization

In case where the van der Waals attracions dominate, it is possible to stabilize

particles against aggregation through grafting a layer of polymer to the surface

of particles. When the grafted particles are dispersed in a good solvent for the

polymers, interactions between polymer segments and solvent molecules are

energetically favorable, causing polymer chains to swell and expand away from

Ph. D. Thesis 4
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Figure 1.1: Sketch of DLVO potential as a linear combination of van der Waals
attraction and electrostatic repulsion. Inset shows the effect of salt
concentration on DLVO potentional.

the particle surface. In this case, when two particles approach each other and

the polymer layers interpenetrate, a net repulsive force develops which repels

two particles away from each other due to two main reasons: (i) reduction of the

entropy of individual chains due to a decrease of the volume available for the

polymer chains (ii) creation of a large osmotic pressure in the overlap area due

to undesirable mixing of the polymer chains in a good solvent. The interaction

potential due to the steric brush in a theta solvent can be calculated as follows

(Russel et al. (1989)):

Ust(r) = npkBT [
π2Nl2

3(r − 2R)2
+ ln(

3(r − 2R)2

8πNl2
)] (1.5)

where np is the surface density of polymer chains, and N is the number of

segments of length l per chain. The range of this repulsive potential is equivalent

to the length of the polymer layer attached to the particle surface. Therefore, the

range of this interaction can be tuned by changing the molecular weight of the

polymer.

In the case of a poor solvent, polymer self-interactions are preferred, and

the polymer chains will contract. Therefore, it is possible that an attraction may

actually result from the polymer-polymer interaction, and so solvent selection

5 University of Crete, Greece
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is important. Block copolymers are a proper candidate for steric stabilization,

where one block can be chosen in a way that it has good interactions with the

solvent and the other component for the preferentially adsorption to the particle

surface. Steric stabilisation is equally effective in polar (high dielectric constant)

and non-polar (low dielectric constant) solvents, but it is typically used in non-

polar solvents as charge stabilisation tends to be more difficult to control in such

media. In this work, we used steric stabilization method to specifically stabilize

the particles.

1.2.5 Depletion interaction

Depletion interactions arise between colloidal particles when a smaller species

is added to the suspension (Asakura and Oosawa (1954)). The depletant can

be smaller hard/soft sphere particles or a non-adsorbing polymer. As shown

in Fig. 1.2 a, when the depletant is added to the suspension, an excluded vol-

ume with a range of approximately Rg, the depletant radius of gyration, around

each particle is created, where the mass center of the depletant cannot enter.

When two particles come closer to each other and the excluded volumes over-

lap, then the total free volume for the depletant increases which results in the

increase of the entropy of depletants. Therefore, configurations with the over-

lapping of the excluded volumes are entropically favored states and result in an

attraction between the particles. This effect can be also understood in terms of

osmotic pressure of depletants. When the particle is solely surrounded by the

polymer, then there will be an isotropic pressure from the depletants exerting on

the particle surface. However, when two or more particles are in close enough

where their excluded volumes overlap, there is a region between the particles

which the depletant cannot enter and therefore the concentration of depletant

surrounding the particles is much larger than between the particles. This leads

to an anisotropic osmotic pressure which gives rise to an attractive depletion

force which pushes the particles together (Fig. 1.2 a).

The attractive potential caused by the depletants can be calculated from the

ideal model of Asakura and Oosawa (Aarts et al. (2002); Asakura and Oosawa

Ph. D. Thesis 6
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(1954)). The model assumes that there are no direct interactions between parti-

cles or between particles and polymers. The model predicts an effective colloid-

colloid attractive potential as follows:

Udep(r)

kBT
=


+∞ r ≤ 2R

− Π

kBT
Voverlap(r) 2R < r ≤ 2R(1 + qs)

0 r > 2R(1 + qs)

(1.6)

where Π is the osmotic pressure of the polymer solution, qs is the range of

attraction where in the case of ideal theory is reduced to size ratio ξ = Rg/R

(ratio of the polymer to the colloid radius). Fig. 1.2 b shows the shape of

depletion potential. The overlap volume between the colloids is given by the

simple geometric overlap volume of two spheres as:

Voverlap(r) = [1− 3r

4R(1 + ξ)
+

1

2
(

r

2R(1 + ξ)
)3]
π

6
[2R(1 + ξ)]3 (1.7)

Pressure is calculated by assuming that the polymer behaves as an ideal gas. In

this case, the polymer pressure is a function of polymer concentration in the free

volume, cfreep , and is calculated as follows (Aarts et al. (2002)):

Π

kBT
= (

4

3
πR3)−1

∫ y

0

∂Π

∂y
dy (1.8)

with y =
cfreep

c∗p
= (cp/c

∗
p)/α, where cp is the polymer concentration (g/ml) and

c∗p =
3Mw

4πNAR3
g

, the overlap concentration of the polymer coils. The α parameter

is the ratio of free volume available for the polymer to the total volume (Vfree =

αV ) given by (Aarts et al. (2002)):

7 University of Crete, Greece
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α = (1− φ)exp[−(A
′
d+B

′
d2 + C

′
d3)] (1.9)

A
′
= 3qs + 3q2s + q3s (1.10)

B
′
= (

9

2
)q2s + 2q3s (1.11)

C
′
= 3q3s (1.12)

d =
φ

1− φ
(1.13)

For the case of ideal polymers and taking into account the polymer coil-

coil interactions, the range of attraction and the polymer pressure derivative are

calculated as (Aarts et al. (2002)):

qs =
(

1 +
6√
π
ξ + 3ξ2

)1/3
− 1 (1.14)

∂Π

∂y
= ξ−3 (1.15)

For semi-dilute regime, the generalized free volume theory (GFVT) (Fleer

and Tuinier (2007)) gives more accurate results by taking into account the com-

pression of the depletion zone around each particle in a semi-dilute solution

and by incorporating non-ideal contributions to the polymer osmotic pressure.

In this case, the theory calculates the changes in the range of interaction and

polymer pressure as (Fleer and Tuinier (2007)):

qs = 0.865
( ξ√

1 + 3.95y2γ

)0.88
(1.16)

∂Π

∂y
= ξ−3[1 + 3.77y3y−1] (1.17)

with γ being the de Gennes exponent, equal to 0.77.
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Figure 1.2: (a) Cartoon representative of excluded volume and osmotic pressure
inserted on the colloidal particles. (b) Asakura and Oosawa potential
as a function of the interparticle distance.

1.3 Phase Diagram

1.3.1 Hard-Sphere Suspensions

The simplest soft matter model system is suspensions of hard-spheres, where

the particles have Brownian motion and only interact with each other through a

hard-core excluded volume interaction (Pusey (1991)). The particles have no at-

traction or long-range repulsion and therefore the free energy and subsequently

the phase diagram is determined solely by the entropy which is a function of

the particle volume fraction, φ = 4
3
πR3ρ, with R as the particle radius, and

ρ the particle number density. For the volume fractions below 0.494, the sus-

pension of hard-spheres show liquid-like behavior. At 0.494 < φ < 0.545,

the system phase separates into coexisting fluid and crystalline phases. At

0.494 < φ < 0.545, the system optimizes its entropy by phase separating into a

disordered fluid of φ = 0.494 and a FCC crystal of φ = 0.545. As φ is increased

further, the crystallites become more and more compact until they reach a max-

imum close packed configuration at φ = 0.74. The crystallization of the hard

spheres is driven by the fact that an order structure increases the free volume of

individual particles which results in an increase of the particle movements and

increases the entropy relative to the disordered state at the same volume frac-

tion. The phases described above are the equilibrium phases. However, the hard
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sphere systems exhibit non-equilibrium behavior as well. When the particle vol-

ume fraction exceeds φ = 0.58, the crystallization is arrested and the particles

are caged by their neighbors and they just rattle within the cage while the long

range out of cage motions are frozen. This metastable kinetically trapped state is

known as the glass and φ = 0.58 known as the glass transition volume fraction.

This state persists until φ ' 0.64, which is the random close packed volume

fraction. This is the maximum volume fraction that hard sphere particles can

attain without crystalline order.

1.3.2 Attractive colloidal suspensions

Introducing attractions between colloidal particles modifies the hard-sphere po-

tential and leads to a much richer phase behavior (Ilett et al. (1995); Lekkerk-

erker et al. (1992)) than that normally observed for atomic or molecular systems

(Anderson and Lekkerkerker (2002)). In this work, we are mainly concerned

with attractive interactions, where the energy of interaction, Udep, is of order

kBT , so that thermal fluctuations are still important. As mentioned before, one

way to tune the interactions between colloids is by adding a depletant to the

colloidal suspension where the depth and range of attractions can be tuned by

concentration and radius gyration of the depletant, respectively (Asakura and

Oosawa (1954)). Changing both variables has a large impact on the microstruc-

ture and subsequently the bulk properties of the phases. Here, we explain the

phase behavior of these short-range attractive suspensions with particular focus

on explaining the origin of gelation and repulsive to attractive phase transitions.

Gelation:

For volume fractions below glass transition and sufficiently high polymer con-

centrations, these mixtures form gels, i.e. networks of interconnected particles

that span across the volume which can sustain their weights, despite the small

packing fraction of particles. In the limit of strong attractions and very small φ,

gelation is driven by the diffusion-limited cluster aggregation (DLCA) of fractal
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clusters of colloidal particles (Carpineti and Giglio (1992); Weitz et al. (1985)).

At low attraction strengths, a homogeneous fluid phase turns into coexisting gas

(poor colloid) and liquid (rich colloid) phases which the particles in each phase

are ergodic. However, as the attraction strength is increased further, the dense

phase arrests and reaches non-equilibrium glassy state. Several mechanisms

have been suggested for the gelation including percolation (Grant and Rus-

sel (1993); Shah et al. (2003b)), mode coupling theory (MCT) attractive glass

(Bergenholtz et al. (2003)), cluster MCT (Cates et al. (2004)), fluid-crystal tran-

sition (Pusey et al. (1993)), spinodal-induced gelation (Verhaegh et al. (1997)),

viscoelastic phase separation (Hajime (2000)) and bonidal arrested phase sepa-

ration (Lu et al. (2008)). Among those, two classes of colloidal gels have been

proposed. The first class is ’equilibrium gels’ which form without phase sep-

aration. The second is formed when the system phase separates through spin-

odal decomposition into arrested glass phase at high volume fractions (Lu et al.

(2008)). The mechanism by which these two classes of gels can be distinguished

has not yet completely understood (Harich et al. (2016)). To understand gelation

through arrested phase separation, one needs to know the position of binodal and

spinodal. The binodal is a function of the inter-particle interaction. To rule out

the effect of the shape of potential on the gel boundary, the reduced second virial

coefficient is used:

b2 = 1 + 3

∫ ∞
1

r̃2(1− e−
U(r̃)
kBT )dr̃ (1.18)

where r̃ =
r

2R
.

According to (Noro and Frenkel (2000)), the binodals of all short-range at-

tractive particles collapse into a universal curve in (φ, b2) space. Inside the

spinodal (dashed black, Fig. 1.3) the homogeneous state is unstable against

infinitesimal concentration fluctuations, and phase separates through spinodal

decomposition into a texture that spans space bicontinuously for compositions

to the right of the percolation line (purple, Fig. 1.3). This texture coarsens over

time. When the composition of liquid phase reaches the attractive glass tran-
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Figure 1.3: Universal phase diagram of non-crystallizing particles with short-
range attractions in reduced second virial coefficient (b2) - particle
volume fraction (φ) space. Adapted from Harich et al. (2016).

sition line (red, Fig. 1.3), the texture arrests into a gel (Pham et al. (2002)).

Hence, gelation is expected to occur above the ’onset tie line’ (cyan, Fig. 1.3)

where the binodal intersects the attractive glass boundary , and to the right of

the percolation line inside the spinodal (purple, Fig. 1.3), i.e., inside the shaded

region in Fig. 1.3.

Attractive and Repulsive Glass Transition:

As explained before, when the volume occupied by the hard spheres exceeds

58% of the total volume, structural arrest takes place. In this glassy state, par-

ticles are caged by their neighboring particles and they can only rattle within

their own cage with the displacements on average less than about 10 − 20% of

their size. This maximum displacement is named the localization length and is

referred to as the cage size. Now, we consider the effect of a short-range inter-

particle attractive interaction complementing the hard-core repulsion. Fig. 1.4

shows such effect. New unexpected features are detected as predicted by MCT

(Bergenholtz and Fuchs (1999); Dawson et al. (2000); Fabbian et al. (1999)),
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numerical simulations (Puertas et al. (2002); Zaccarelli et al. (2002)) and con-

firmed by experiments (Eckert and Bartsch (2002); Pham et al. (2002); Pontoni

et al. (2003)). At large particle volume fractions, two distinct glassy states are

detected. At high temperatures, where the attractions are not important, repul-

sive glass is identified. At low temperatures, a new glass named attractive glass

emerges. At intermediate temperatures, between these two glasses, there is a

reentrant pocket of liquid states, which exists at higher φ with respect to the HS

glass. This phenomenon is observed when the range of attraction is sufficiently

smaller than the typical localization length of a HS glass. In this case on cool-

ing, some particles will begin to stick together opening-up the empty space for

the rest of particles to diffuse and so the material starts to melt. If the tempera-

ture decreased further, most of particles are localized within the attraction range

which slows-down the dynamics of the system and results in another structural

arrest named attractive glass. Therefore, structural arrest in attractive glasses

is driven by energy, in contrast to the repulsive glass which is driven by en-

tropy. The competition between these two glasses determines the reentrance in

the glassy phase diagram. The glass-glass transition line moves to stronger at-

tractions with decreasing attraction range (Amann and Fuchs (2014); Priya and

Voigtmann (2014)). The reentrant phenomenon is not detected in atomic and

molecular systems as the range of attraction is always comparable to or larger

than the atom or molecule size.

Attractive and repulsive glasses can be distinguished by their non-ergodicity

factors and localization lengths (Pham et al. (2002); Zaccarelli et al. (2002)).

The particles in attractive glass are localized by short-range attractions which

results in non-ergodicity factor consistently higher than the repulsive one at all

wave-vectors. The MSD plateau (localization length) for attractive glass is of

order ξ2, much smaller than the (0.1R)2 for repulsive glass. Moreover, these

two glasses have different rheological properties (Narayanan et al. (2006); Pham

et al. (2008, 2006); Puertas et al. (2005); Sztucki et al. (2006); Zaccarelli et al.

(2002)). In chapter 3, we will investigate extensively rheological properties

of these two glasses by experimental rheometry and Brownian dynamics (BD)

simulations.
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Figure 1.4: Cartoon representative of the reentrant repulsive and attractive glass
transitions for short-range attractive colloidal suspensions. Adapted
from Sciortino (2002).

1.4 Gel microstructure

Before explaining rheology of colloidal gels one needs to understand the mi-

crostructur at quiescent state as the mechanical properties are directly connected

to the details of structure. Hence, here we explain the impact of inter-particle

potential on microstructure. Fig. 1.5 shows two-dimensional confocal images

of structure at various attraction strengths. For the lowest concentration (Fig.

1.5, cp/c∗p = 0.15), the suspension is consists of dispersed mobile particles.

As attraction is increased, mobile clusters are formed which coexist with free

particles (Fig. 1.5, cp/c∗p = 0.21). With increasing the polymer concentration

further, the clusters become less mobile until a network of clusters is formed

(Fig. 1.5, cp/c∗p = 0.31 − 0.41). In this regime, large length scale motions

are arrested and large voids/inhomogeneities are created. The structure with

largest clusters/voids is formed at cp/c∗p = 0.46. Above this polymer concen-

tration, heterogeneity decreases and more homogeneous structures are formed.

Analysis of the structure shows that the maximum heterogeneity is formed at

the gelation point (Dibble et al. (2006); Koumakis et al. (2015); Laurati et al.
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Figure 1.5: Confocal micrographs of colloidal suspension with particle volume
fraction φ =0.2 and varying depletant concentration of cp/c∗p = (a)
0.15, (b) 0.21, (c) 0.26, (d) 0.31, (e) 0.33, (f) 0.37, (g) 0.41, (h)
0.46, (i) 0.49, (j) 0.64, (k) 1.03, (l) 1.54. Adapted from Dibble et al.
(2006).

(2009)).

1.5 Rheology

1.5.1 Linear viscoelastic response

Linear viscoelastic response of colloidal gels formed by short-range attractions

is a function of particle volume fraction, attraction strength, range of attraction

and solvent quality as these parameters strongly affect the details of structure.

Besides these thermodynamic variables, the preshear history and also the wait-

ing time (aging) after shear cessation or after quenching the gel from the liquid

state are the key parameters determining the mechanical properties of such out-

of-equilibrium materials. In this section, we discuss in detail the experimental

works performed in literature and subsequently the theories which predict the

elasticity of colloidal gels.
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Effects of attraction strength:

Impact of attraction strength on the linear viscoelastic response of colloidal gels

can be reviewed in works of (Laurati et al. (2009); Ramakrishnan et al. (2005);

Shah et al. (2003b)). Here, we briefly discuss the main findings of the work of

Laurati et al. (2009), where they systematically investigated the effect of attrac-

tion strength on rheological properties of an intermediate volume fraction par-

ticle gel (φ = 0.4). The result of their work is shown in Fig. 1.6. For polymer

concentrations less than cp/c∗p < 0.2 (where cp is the polymer concentration and

c∗p is the overlap polymer concentration), a viscose response is detected where

viscous modulus , G′′, is larger than the elastic modulus, G′, over the whole fre-

quency range with low frequency terminal behavior of the moduli similar with

the simple hard sphere without interactions, i.e., G′′ ∼ ω and G′ ∼ ω2. With

increasing polymer concentration further, 0.25 < cp/c
∗
p < 0.4, a crossover of G′

and G′′ is observed which shifts to smaller frequencies with increasing cp. This

crossover indicates formation of a percolated network gel with the structural re-

laxation times in the experimental time window. This crossover frequency is

related to a characteristic time, the ”bond” lifetime, which particles need to es-

cape from their interparticle attraction. In the gel region (cp/c∗p ≥ 0.5), G′ is

larger than G′′ in the whole frequency regime, which indicates creation of the

network with the structural relaxation time out of the experimental time window.

G′ exhibits a weak increase with frequency, while G′′ shows a minimum. This

minimum has been associated with a transition from α to β relaxation based on

the MCT approach or is the characteristic time which a particle needs to explore

its cage ( Koumakis and Petekidis (2011)). Increasing cp or decreasing particle

volume fraction, φ ( Koumakis and Petekidis (2011)), shifts the minimum to

lower frequencies and thus longer time scales. Approaching the gelation bound-

ary, 0.25 < cp/c
∗
p < 0.4, G′ increases rapidly with cp showing a power-law

dependence with the exponent ranging from 6.2 to about 8.3 with decreasing

frequency. However, inside the gel region, cp/c∗p ≥ 0.5, G′ increases linearly

with polymer concentration which demonstrates that the elasticity inside the gel

regime is governed by attraction strength.
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Figure 1.6: DFSs with elastic modulusG′ (filled symbols) and viscous modulus
G

′′ (open symbols) as a function of frequency. Samples (a) below
and (b) above the macroscopic gelation boundary (cp/c∗p = 0.4) are
shown with polymer concentrations cp/c∗p = 0 (�), 0.1 (H), 0.2 (�),
0.25 (N) , 0.32 (�), 0.4 (•), 0.5 (�), 0.7 (H), 0.8 (�), 1.0 (N), 1.5
(�) and 2 (•). Adapted from Laurati et al. (2011).
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Effects of particle volume fraction:

Koumakis and Petekidis (2011) have examined the linear viscoelastic properties

of attractive suspensions along the line of constant attraction strength varying

the particle volume fraction, φ, spanning the region from an attractive glass

(φ = 0.6) down to a low volume fraction (φ = 0.1) cluster fluid. Since the

attraction strength is constant, therefore their work provides information on the

direct impact of particle volume fraction on the viscoelastic properties of at-

tractive colloids. At low volume fractions, the response is similar with the one

observed at low polymer concentrations, i.e, detection of the crossover between

G′ and G′′ which indicates formation of a transient network gel with the struc-

tural relaxation times inside the experimental time window. For φ > 0.3, the

system exhibits a solid-like response with no relaxation time within the mea-

surement time window. In this regime, G′ shows a slow increase with frequency

and G′′ gives a minimum. The elastic modulus G′ increases with volume frac-

tion following two different patterns depending on φ. At low φ, the increase in

G′ is exponential as expected for cluster liquid or transient network gels (Lau-

rati et al. (2009)). For φ > 0.3, G′ is described by G′ = (φRCP − φ)ν as in

HS glasses where the power-law exponent, ν, is a weak function of frequency

varying from 2.4 at low frequencies to 2.1 at high ones, smaller than the value

of about 4 for hard sphere glasses (Koumakis et al. (2008)). For lower φ, elastic

modulus can be scaled as G′ = (φgel − φ)δ, with φgel, the gel transition volume

fraction (Trappe et al. (2001)).

Along the line of constant polymer concentration and varying particle vol-

ume fractions, elastic modulus is scaled with volume fraction as a power-law

with exponents varying from 9 near the gel boundary to 5 deeper in the gel

regime (Ramakrishnan et al. (2004)). In this case, they found that the elastic

modulus is not scaled with changes in microstructure on length scales larger

than a particle diameter. This indicates that the elastic response is dominated

by structural length scales much smaller than a particle diameter, perhaps on

the order of the range of attraction or the localization length. The effect of mi-

crostructure on the elastic properties of colloidal gels will be addressed in the
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section 1.5.1.

Effects of attraction range:

Experimental works on colloidal gels and attractive glasses show that increasing

attraction range results in decreasing both elastic G′ and viscous modulus G′′,

reflecting creation of weaker materials (Koumakis and Petekidis (2011); Shah

et al. (2003b)). This effect has been predicted by MCT-PRISM calculations for

colloidal gels (Chen and Schweizer (2004)). The theory predicts a scaling of

G′ with the localization length as G′ ∼ r−2loc (where rloc ∼ ξR). Therefore,

with increasing attraction range (ξ), particles become less localized and elastic

modulus decreases. Another way to explain this is that for a fixed attraction

strength, increasing range of attraction ξ results in decrease of attractive force

between particles (Fdep =
−dUdep

dr
).

Effects of solvent quality:

In a theta solvent for polymers, interpolymer repulsion and attraction cancel on

average, while in a good (athermal) solvent, polymers strongly repel each other.

The effect of solvent quality on gelation boundary is found to be controversial.

Experiments show that the gel boundaries shift to lower reduced polymer con-

centrations as the solvent quality changes from an ideal to athermal or good

(Shah et al. (2003b)). This trend is in contrast to the idea that stronger depletion

attraction leads to lower cp/c∗p gelation, as depletion attraction is expected to

be stronger in ideal solvents than in an athermal good solvent (Chatterjee and

Schweizer (1999); Chen and Schweizer (2002); Shah et al. (2003a)). Theory,

simulations, and free energy approaches all suggest that gelation takes place at a

lower reduced polymer concentration in an ideal solvent than in athermal good

solvents (Aarts et al. (2002); Bolhuis et al. (2002); Shah et al. (2003a)). The

dependence of elastic modulus on reduced polymer concentration is found to be

nearly identical in both theta and good solvents (Shah et al. (2003b)).
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Effects of aging:

The life cycle of a colloidal gel can be categorized into three steps (Zia et al.

(2014)): first is the gelation or birth of the gel, second aging of the gel which

is the mechanical and structural evolution, and finally failure or collapse of gel

network (death). After shear cessation or quenching the gel from an equilibrium

liquid state, there is strong structural evolution over time due to bond formation

which results in gel coarsening. Therefore, rheological properties of colloidal

gels expected to be time-dependent. The mechanism by which colloidal gels

age is a long-standing problem of materials science; although, it is generally

accepted that the aging is governed by exploring minimum energy landscapes

via thermal motion (Jabbari-Farouji et al. (2007); Royall et al. (2008)). In a

work by Zia et al. (2014), they showed that aging and coarsening occur via

migration of individual particles along the surface of the gel network. Coars-

ening takes place in a three-step process: particles travel along the network

surface until they become bonded to neighbors (cage building); they then mi-

grate from cage to cage along the surface (cage hopping); and finally, particles

become buried within network strands (cage trapping). This rich interplay be-

tween bond kinetics, particle dynamics, and structure at the microscopic level is

well connected to macroscopic mechanical properties of colloidal gels. Coars-

ening results in increase of elastic modulus over time as seen in experiments

(Ballesta et al. (2013); Koumakis et al. (2015); Koumakis and Petekidis (2011))

and simulations (Zia et al. (2014)). From Rouse model and its prior application

to reversibly networked polymer chains, Zia et al. (2014) obtained an analyti-

cal expression which connects the age-stiffening linear response rheology to the

microscopic structural property, dominant network size, as follows:

G′ ∼ G′′ ∼ (ωR2/D)0.5Ls(q) (1.19)

where Ls(q) is the dominant length scale of the network. Based on this

model, the dominant length scale is the only structural parameter which de-

termines the age-increase of elasticity. Hence, scaling both moduli, at arbitrary
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age, on the dominant length scale at that age results in collapse of all curves for

both the elastic and viscous modulus into a single universal curve, for all ages.

Effects of preshear:

One important parameter which strongly impacts the details of structure and

therefore aging and mechanical properties of colloidal gels is the preshear. It

was found that high shear rates fully break the structure into individual particles

and leads after shear cessation to strong solids with relatively homogeneous

structures which evolve strongly with time, whereas preshear at low shaer rates

create largely inhomogeneous structures which remain stable after shear cessa-

tion and exhibit a reduced elasticity of weaker solids (Koumakis et al. (2015)).

In chapter 6, we address the impact of preshear on both structural and mechani-

cal properties of colloidal gels.

Theories explaining scaling behavior of elastic modulus:

In this section, we explain the relation between elastic modulus and structural

properties of the gel. Based on the nature of the structure of the gel, different

scaling is used as will discussed below.

A: Fractal based models:

At high attraction strengths and low particle volume fractions, the structures

that tend to form are fractal which is a signature of irreversible diffusion-limited

aggregation (Weitz and Oliveria (1984)). The models which describe the elas-

tic properties of such systems are based on a fractal description of the gel mi-

crostructure. In this case, the gel network is considered to be a collection of

fractal flocs which are closely packed throughout the sample. Well inside the

gel regime, the elastic behavior of the colloidal gels is differentiated into two

regimes depending on the cluster size. When the clusters are large, the elas-

tic response is strongly dominated by the deformation of clusters (strong-link

regime) and therefore by the elastic constant of a cluster, Kξ. In this regime,

the elastic constant K and the limit of linearity γ0 with respect to the particle
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concentration φ is dictated by the fractal nature of the colloidal flocs as follows

(Shih et al. (1990)) :

K ∼ φ(d+x)/(d−D) (1.20)

γ0 ∼ φ−(1+x)/(d−D) (1.21)

where d is the Euclidean dimension, D is the fractal dimension of the flocs,

and x is the backbone fractal dimension of the floc. When clusters are small,

inter-cluster links will deform before clusters deform (weak-link regime), there-

fore elasticity is originated mainly from inter-cluster contribution:

K ∼ φ(d−2)/(d−D) (1.22)

γ0 ∼ φ1/(d−D) (1.23)

There are two main differences between two regimes: (i) the elastic con-

stant K increases stronger with volume fraction in the strong-link regime (low

volume fractions) than in the weak-link regime (high volume fractions). (ii)

γ0 increases with increasing particle concentration in the weak-link regime, but

decreases with increasing particle concentration in the strong-link regime.

B: Non-fractal based models:

For dense colloidal gels (φ > 0.2), the concept of fractal structures breaks

down. Although fractal based models are found to work for depletion gels at

intermediate volume fractions (φ = 0.4) as well (Laurati et al. (2009)), these

systems do not always fit the fractal model. In this case, an alternative model

is needed to predict the elasticity of colloidal gels. Zaccone et al. (2009) pro-

posed a model based on a hierarchical arrest scheme which discriminates the

microscopic (primary particle-level) from the mesoscopic (cluster-level) contri-

bution to the macroscopic elasticity. The model assumes the clusters as compact

spherical or quasispherical renormalized particles of diameter L, with effective

volume fraction φc . The elasticity originated from inter-cluster contribution is
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calculated as:

G′ = (2/5)π−1φcz(φc)k/L (1.24)

where z(φc) is the mean coordination number of the clusters, k is the stiff-

ness of the interaction between the clusters. In the case of attractive glasses, Eq.

1.24 can still be used, where φc, is reduced to particle volume fraction and L

will be the particle radius. The model predicts the experimental data by Laurati

et al. (2009) and Ramakrishnan et al. (2004) and demonstrates that for dense

gels (φ > 0.2), the elasticity is strongly dominated by inter-cluster contribution.

MCT-PRISM2 prediction of elastic modulus:

Mode-coupling theory (MCT) provides a means to calculate the shear mod-

ulusG′ for dense colloidal suspensions and predicts the existence of a glass tran-

sition through calculating the overlap of stress fluctuations with density fluctu-

ations (Fuchs and Cates (2002)). A simplified mode-coupling theory (MCT) of

ergodic-nonergodic transitions, in conjunction with a two-component polymer

reference interaction site model (PRISM) theory for equilibrium structural cor-

relations, has been systematically applied by Chen and Schweizer (2004) to in-

vestigate gelation, particle localization length and elasticity of colloid-polymer

mixtures. PRISM theory calculates the polymer-polymer, polymer-particle, and

particle-particle direct correlation functions and are then used to determine the

corresponding structure factors. The potential predicted from the PRISM is used

as an input for mode coupling theory (MCT) to predict the non-ergodic fluid to

gel transition. The simplified MCT-PRISM theory also captures the qualitative

aspects of the weak depletion-driven ”glass melting” phenomenon at high parti-

cle volume fractions. Theory predicts a power-law and nearly universal scaling

behavior for the localization length and zero-frequency elastic modulus as fol-

lows:

G′R3

kBT
=

2.32

8

φR2

r2loc
(1.25)
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where G′ is the zero-frequency elastic modulus and rloc is the localization

length of particles. Theory has been applied to different experimental systems

and shown to correctly reproduce the cp and φ-dependence of the elastic mod-

ulus over a range of cp and φ (Chen and Schweizer (2004); Koumakis and Pe-

tekidis (2011); Laurati et al. (2009); Ramakrishnan et al. (2004); Shah et al.

(2003b)). However, the theory overpredicts the absolute magnitude of the elas-

tic moduli by a factor of about∼ 100. This discrepancy has been associated with

the heterogeneous structure of the gel network which is not taken into account

in the theory. The theoretical elastic modulus can be reduced by the average

number of particles participating in a cluster as: G′
exp = G

′
MCT/Ncluster, where

Ncluster is the number of particles per cluster and based on the scattering exper-

iments, Ncluster = 64 − 125 (Chen and Schweizer (2004)). With this prefactor

correction, the MCT-PRISM predictions are in good agreement with experi-

ments. In chapter 4, we compare our experimental work for different particle

volume fractions and attraction strengths with the predictions of MCT-PRISM2

theory of Chen and Schweizer (2004), work of Zaccone et al. (2009) and large-

scale BD simulations.

1.5.2 Yielding and flow behavior

Colloidal glasses and gels are considered as soft-solid materials. However,

under high enough stresses (or strains), they yield and flow often in multiple

steps due to the existence of spatial heterogeneities (Chan and Mohraz (2012);

Kim et al. (2014); Koumakis and Petekidis (2011); Laurati et al. (2011, 2014);

Pham et al. (2008); Shao et al. (2013)) which results in flow-induced structural

anisotropy (Park and Ahn (2013); Park et al. (2015); Vermant and Solomon

(2005)), thixotropy, and aging (Bonn and Denn (2009); Ovarlez et al. (2013)).

In this section, we explain the transient and steady state shear flow response of

colloidal gels and attractive glasses in both start-up and oscillatory shear flow.

Additionally, we explain the wall-slip phenomenon in gels and the impact of

shear rate on wall-slip.
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Start-up shear flow response:

In start-up shear flow, a constant shear rate is imposed and the stress versus time

or accumulated strain is measured. As shown in Fig. 1.7, the hard sphere re-

pulsive glass shows a single stress overshoot in start-up shear flow, reflecting

one-step yielding. In the case of HS glasses, the stress response has been related

to an elastic energy storage mechanism which causes increase of stress before

the peak and a dissipative energy release mechanism after the peak leading to

shear-induced flow and structural anisotropy (Koumakis et al. (2012, 2016)).

The microstructural anisotropy is manifested in the extension axis where the

maximum of the pair-distribution function exhibits a minimum at the stress over-

shoot. In contrast to the HS repulsive glass, both the attractive glass (Koumakis

and Petekidis (2011)) and the gel (Koumakis and Petekidis (2011); Laurati et al.

(2011)) reveal two distinct peaks as indicated by the vertical arrows in start-up

shear flow of Fig. 1.7. For the attractive glass, first yield has been attributed to

the short length scale bond breaking, while the second breaking of the cages. In

the case of colloidal gels, the first yield has been associated to the breaking of

bonds which connects the clusters and the second yield breaking of the clusters

to the smaller pieces (Koumakis and Petekidis (2011); Laurati et al. (2011)).

However, to date, there are no direct observations confirming such microscopic

picture for yielding of attractive suspensions. Experimentally, direct imaging of

the transient response of colloidal gels in start-up shear flow by rheo-confocal

microscopy is problematic due to strong wall-slip (Ballesta et al. (2013)). Brow-

nian dynamics (BD) simulations also do not provide the complete picture as

just one yielding process is detected in simulations (Koumakis (2011); Park and

Ahn (2013), see also chapter 4). In contrast, for attractive glasses, as will be

explained in detail in chapter 3, BD simulations are able to successfully capture

two stress peaks as the one observed in experiments for a wide range of attrac-

tion strengths and shear rates. As colloidal gels have strongly heterogeneous

structure, therefore, shearing them results in a wide variety of structures with

different mechanical properties as have been observed by both experiments and

simulations (Koumakis et al. (2015)). Shearing the gel at high shear rates results
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Figure 1.7: Step rate experiments showing stress response versus strain/time
performed at shear rate of 0.5 s−1 for a repulsive glass of φ = 0.60,
an attractive glass at φ = 0.60 and a gel at φ = 0.44 with attrac-
tion strength at contact Udep(2R) = −23.5kBT . Arrows indicate
single and double yielding for repulsive and attractive glass/gel, re-
spectively. Adapted from Koumakis and Petekidis (2011).

in strong cluster break-up, while at low shear rates cluster densification under

shear takes place as seen in bulk (Ballesta et al. (2013); Chen et al. (2013); Hsiao

et al. (2012); Koumakis et al. (2015); Rajaram and Mohraz (2012); Sonntag and

Russel (1986); Wessel and Ball (1992); Zaccone et al. (2011)), two-dimensional

(Masschaele et al. (2009)) and microchannel flows (Conrad and Lewis (2008)).

Such distinct shear-induced structural changes has a strong impact on the yield

stress, viscoelastic moduli (Kanai and Amari (1993); Koumakis et al. (2015);

Osuji et al. (2008); Ovarlez et al. (2013); Raghavan and Khan (1995); Shao et al.

(2013); Yao et al. (2013)), delayed yielding (Lindstrom et al. (2012); Sprakel

et al. (2011)), slip (Ballesta et al. (2013)) and collapse of the gel network (Kamp

and Kilfoil (2009); Secchi et al. (2014)).

Oscillatory shear flow:

Similarly with start-up shear flow, also in dynamic strain sweep experiments col-

loidal gels and attractive glasses show two-step yielding as manifested by two
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distinct peaks in loss modulusG′′ as shown in Fig. 1.7 (Koumakis and Petekidis

(2011); Laurati et al. (2011, 2014); Pham et al. (2008); Shao et al. (2013)). It

should be noted that the HS glasses show complex response in oscillatory shear

flow depending on the frequency of oscillation. Under certain frequencies, a

HS glass also yields in two-step process where the first one is related to the

Brownian-motion-assisted cage escape while the second associated with the es-

cape through shear-induced collisions (Koumakis et al. (2013)). For monodis-

perse particles, oscillatory shear flow on HS glasses and colloidal gels under

certain conditions (specific range of frequency and strain amplitude) results in

shear-induced crystallization as shear helps the particles to find their minimum

energy landscapes (Koumakis et al. (2008); Smith et al. (2007)). Application

of oscillatory shear flow on attractive suspensions including silica suspensions

(Raghavan and Khan (1995)) and microgel particles (Shao et al. (2013)) are

found to strongly affect the elastic modulus G′ after shear cessation depending

on the strain amplitude of preshear. However, there is no microstructural evi-

dence supporting the reason behind such large variation in G′. In chapter 6, we

discuss extensively the impact of oscillatory shear flow on both structural and

mechanical properties of colloidal gels during and after shear cessation.

Slip in attractive suspensions:

Colloidal gels exhibit significant shear rate dependent wall-slip that cannot be

avoided unless using very rough serrated plates (Ballesta et al. (2013)). There-

fore, one needs to understand the microscopic origins of slip and more impor-

tantly its consequence on rheological measurements. Here, we briefly give an

overview on the impact of wall-slip in attractive suspensions on different rheo-

logical measurements including flow curve, Dynamic Strain Sweeps (DSS) and

also linear viscoelastic experiments:

Fig. 1.9 shows the steady state shear stress versus shear rate (flow curve)

measurements for rough and smooth boundary conditions. For the condition

where there is no wall-slip (when a very rough plate is used), flow curve (up and

down sweeps) has the typical response expected for soft-solid materials with
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Figure 1.8: Dynamic strain sweep experiments performed at ω = 10 rad/s for
different volume fractions as indicated with equal attraction strength
at contact Udep(2R) = −23.5kBT . The arrow shows the approxi-
mate shift of the second G′′ peak with decreasing volume fraction.
Adapted from Koumakis and Petekidis (2011).

shear-thinning behavior at high shear rates and the emergence of yield stress

plateau at low shear rates. In this case, the response has Herchel-Bulkley (HB)

form, σ = σy + kγ̇n, with σy the bulk yield stress and n an exponent typically

ranging between 0.4 and 0.7. In contrast, when smooth surfaces are used the

stress drops at low shear rates below the HB behavior which indicates wall-slip

(Ballesta et al. (2013)). Microscopic imaging under shear reveals a plug flow

response indicative of wall-slip at low shear rates, where compact clusters un-

der shear are detected. In contrast, at high shear rates where cluster break-up

under shear takes place and relatively homogeneous structures are created, a

linear flow profile is detected which reveals non-slip condition. Based on these

microscopic observations, Ballesta et al. (2013) concluded that the wall-slip ob-

served at low shear rates is a direct consequence of the reduction of the number

of bonds between wall and the sample surface due to an enhanced increase of

cluster size at low shear rates.

Fig. 1.10 shows dynamic strain sweeps (DSS) measurements for colloid-

polymer mixtures preformed with smooth and roughened geometries. For low
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Figure 1.9: Flow curves, stress (σ) versus Pe, with smooth (squares) and ser-
rated (circles) surfaces, going from high to low shear rates (open)
and from low to high (filled), for a colloid-polymer gel with φ =
0.45 and attraction strength at contact Udep = −24kBT . The bar
indicates the value of σ normalized by R3/(kBT ). Adapted from
Ballesta et al. (2013).

polymer concentration, there is no difference between two geometries. In con-

trast, for stronger gels, significant differences are detected. For smooth plates,

G′ is always smaller for all strain amplitudes. Another important difference is

that for smooth plates, G′ shows an unexpected minimum followed by a maxi-

mum. These features disappear when roughened geometries are used. As shown

in Fig. 1.10 b, with increasing frequency, quantitative and qualitative differ-

ences for different surfaces become less pronounced. Such discrepancies be-

tween the response using smooth and roughened geometries have been related

to slip at the smooth surfaces (Walls et al. (2003)). As will be demonstrated

in chapter 6, with decreasing frequency more compact clusters under shear are

formed similarly to what has been seen at low shear rates for steady shear flow

(Ballesta et al. (2013); Koumakis et al. (2015)). Therefore, one expects more

disconnections of bonds from the walls and so stronger wall-slip at lower fre-

quencies. Existence of even harmonics in the stress signal is another sign of

wall-slip. Light-scattering echo technique can also be used to detect wall-slip

Laurati et al. (2014); Petekidis et al. (2002a,b).
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Figure 1.10: DSS measurements performed with roughened (symbols) and
smooth (lines) cone-plate geometries. Full symbols and solid lines
represent the elastic modulus G′, while open symbols and dotted
lines represent the viscous modulus G′′. (a) Dependence on poly-
mer concentration with circles for cp/c∗p = 0.4 and triangle sym-
bols for cp/c∗p = 1 at a fixed frequency ω = 1 rad/s. (b) Depen-
dence on frequency with triangle symbols for ω = 1 rad/s and di-
amond symbols for ω = 100 rad/s at constant cp/c∗p = 1. Adapted
from Laurati et al. (2011).

Colloidal gels found to show slip even after shear cessation as a result of gel

coarsening (Ballesta et al. (2013)). As shown in Fig. 1.11, immediately after

rejuvenation a solid-like response is recovered (G′ > G′′) which is followed

by a weak increase of G′ and decrease of G′′ as a typical behavior of attractive

systems due to network restructuring. When the smooth plates are used, after

some time both G′ and G′′ show a sharp decrease by more than an order of mag-

nitude which is different from the expected aging behavior found for attractive

systems. Conversely, when the plates are serrated the usual time dependence

is recovered with G′ increasing and G′′ decreasing (Fig. 1.11). Therefore, one

must use tools with roughness orders of magnitude larger than the particle size

to effectively prevent wall-slip. This phenomenon is expected in every aggre-

gating system such as attractive colloidal suspensions and clearly highlights that

special care should be taken when interpreting rheological data from complex

multi-component fluids. As a final note, one can identify wall-slip in a reverse

case through doing above mentioned rheological experiments. In all experi-

ments reported in this thesis, serrated cone and plate geometries were used and
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Figure 1.11: Dynamic time sweep after shear cessation measured in the linear
viscoelastic regime with smooth (squares) and serrated (circles)
surfaces for a colloid-polymer gel with φ = 0.45 and attraction
strength at contact Udep = −24kBT . Solid symbols indicate G′,
while open symbols G′′. The bars indicate the values of moduli
normalized by R3/(kBT ). Adapted from Ballesta et al. (2013).

we did not detect any rheological sign of wall-slip.
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Chapter 2

Materials and Methods

2.1 Materials

We used polymethylmethacrylate (PMMA) nearly hard-sphere particles stabi-

lized by chemically grafted poly-hydro-stearic acid (PHSA) chains (∼ 10 nm).

Particles were dispersed in two different solvents Octadecene and Squalene.

There is refractive index mismatch between Octadecene and PMMA particles

which results in van der Waals interactions. In contrast, Squalene has the same

refractive index with PMMA particles. Squalene was used for the study of

glasses, while Octadecene for gels. Both solvents have high boiling points

which make long-time experiments possible. The depletion attractions imple-

mented between particles by adding non-adsorbing linear Polybutadiene (1, 4-

addition) (PB) chains.

2.2 Sample Preparation

To make a colloid polymer mixture with the specific particle volume fraction and

polymer concentration, we first make the colloid and polymer stock solutions,

separately and then mix them by appropriate amounts of colloid and polymer

stock solutions. The colloid stock solution is prepared by washing the sample in

desired solvent through centrifuging. To measure the colloid volume fraction,

we first go to random close packing by centrifugation the sample and removing

the supernatant. Then, by knowing the particle polydispersity, volume fraction

at random close packing is derived from computer simulations (Schaertl and

Sillescu (1994)). Finally, we use the following equation to go to specific volume
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fraction by adding appropriate amount of solvent:

φ = φ0

[
1 +

ms

mc

(
1 +

φ0(x− 1)

1 + ax

)]−1
where x =

ρc
ρs

(2.1)

with φ as the new particle volume fraction, φ0 previous particle volume frac-

tion, ms mass of the solvent which is needed to be added to reach the new vol-

ume fraction, mc is mass of the colloid stock at old volume fraction of φ0 , ρs is

the density of solvent, ρc is the density of dried colloid and α is a parameter used

to compensate for the fact that the spheres do not have the same density when in

solvent, but have an increased radius due to the stabilizing layer. For the colloid

ρc = 1.188 g/cm3 in all cases, and for the solvents ρoctadecene = 0.858 g/cm3

and ρsqualen = 0.788 g/cm3. For α we used a typical value of α = 0.12. If we

add a polymer solution with the mass of mps and polymer concentration of cps

to a colloidal suspension with the mass of mc and volume fraction φ0, then the

polymer concentration in the mixture is calculated as follows:

cp = cps

[
1 +

mc

mps

(
1 +

φ0(x− 1)

1 + ax

)−1]−1
(2.2)

and the particle volume fraction φ in the colloid-polymer mixture is calculated

from equation2.1 by replacing ms with mps. In the case of adding solvent

or evaporation in polymer-colloid mixture, the new polymer concentration cp

changes compared to the old one cp0 as follows:

cp = cp0

[
1 +

ms

mc

(
1 +

φ0(x− 1)

1 + ax

)]−1
(2.3)

and the new particle volume fraction is calculated from equation 2.1.

2.3 Introduction to Rheology

Rheology is the study of deformation and flow of materials in response to an ap-

plied stress or strain. Ideal solids store energy and provide a spring like, elastic
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Figure 2.1: Schematic representation of the sample shear deformation.

response, whereas ideal liquids dissipate energy through viscous flow. For more

complex viscoelastic materials, both solid-like and liquid-like behavior are de-

tected depending on the time scale of experiment and the structural relaxation

time of material.

Materials exhibit a displacement (D) in response to external force (Fig. 2.1).

If two plates (with areaA) separated by simple liquid of thicknessH , are moved

relative to each other (at velocity V by a force F ), Newton’s law states that the

shear stress (F/A) is proportional to the shear strain rate (V/H). The propor-

tionality constant is known as the dynamic viscosity η:

η ≡ σ

γ̇
(2.4)

In contrast, for an ideal solid a shear stress applied to the surface results in

an instantaneous deformation D/H . Once a specific strain (deformed state) is

reached there is no further movement, but the state reached persists as long as

the stress is applied. Based on Hooke’s law shear stress is proportional to the

strain (γ = D/H). The proportionality constant is known as the shear modulus

G:

G ≡ σ

γ
(2.5)

One way to characterize the rheological response of a system is to measure

the rate of deformation (steady measurements) or to measure the shear moduli

as a function of frequency (dynamic measurements). Another way to explore

the rates of structural rearrangements within a complex dispersion, that does
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not significantly deform the fluid’s microstructure, is to impose small amplitude

oscillatory shear. This kind of deformation can be achieved in a cone and plate

geometries by rotating one plate about its own axis with an angular velocity

that oscillates periodically in space Ω = Ω0sin(ωt), where ω is the frequency

of oscillations in units of radians per second. The shear rate γ̇ is a sinusoidal

function of time γ̇ = Ωr/H and so the shear strain is γ =
Ω0r

ωH
sin(ωt) =

γ0sin(ωt) where γ0 =
Ω0r

H
is the strain amplitude. We usually use cone and

plate geometries in order to have equal shear rate throughout the sample.

If the strain amplitude γ0 is small enough so that the structure is not disturbed

by the deformation, then the stress measured during the oscillatory deformation

is controlled by the rate of spontaneous rearrangements, or relaxations present in

the dispersion in the quiescent state. The shear stress σ(t) produced by a small

amplitude deformation is proportional to the amplitude of the applied strain γ0

and is itself sinusoidally varying in time. In general, the sinusoidally varying

stress can be represented as:

σ(t) = γ0[G
′(ω)sin(ωt) +G′′(ω)cos(ωt)] (2.6)

where G′ is the storage modulus and G′′ the loss modulus. G′ represents

the elastic properties of materials. In contrast, G′′ describes the ability of ma-

terials to dissipate energy. Hence, for G′ > G′′ solid-like response is detected.

Conversely, for G′ < G′′ liquid-like response is dominated. Soft solid ma-

terials typically indicate G′ > G′′ on the experimental time window with a

slow increase of storage modulus with frequency, while loss modulus exhibits

a minimum (Mason and Weitz (1995)). On the other hand, a liquid-like re-

sponse is characterized by a simple Maxwell model which describes well the

linear viscoelastic behavior with the frequency as G′ ∼ ω2, the loss modulus

scales with the frequency as G′′ ∼ ω, while the crossover frequency, ωc, where

G′ = G′′, signifies an internal long time relaxation process in the system. The

low-frequency liquid-like region in which G′ and G′′ obey these power law is

called the terminal regime.
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In order to quantify the effect of shear on colloidal systems, a dimension-

less number is introduced which describes the importance of applied shear rate

compared to Brownian motion. The Peclet number, Pe = γ̇tB = γ̇R2/D, is

defined as the product of shear rate (γ̇) and Brownian time (tB = R2/D ), i.e.,

the time needed for a particle to diffuse the distance of its own radius. For dilute

suspensions tB =
6πηR3

kBT
and Pe = γ̇

6πηR3

kBT
.

In the case of concentrated suspensions due to hydrodynamic interactions

the short-time self diffusion is not equal to the diffusion in the dilute regime

and is reduced depending on the particle volume fraction (Sierou and Brady

(2001)). Since the actual Brownian time of the sample scales all other resulting

times, when examining the effects of shear, the hydrodynamic effects should be

taken into account. Therefore, we may distinguish between two Brownian times

and/or Peclet numbers. The first, which are called ”bare”, refers to the dilute

regime and its Brownian time can simply be calculated by the particle radius

and solvent viscosity. The second, called ”dressed”, which takes into account

the hydrodynamic interactions between particles and reflects the smaller short-

time self-diffusion coefficient, Ds(φ). While the bare Pe is relatively simple

to calculate, the calculation of the dressed Pe requires the knowledge of the φ

dependence of Ds(φ)/D0.

2.4 Experimental Set-ups

In our experiments, we used two rheometers: A Rheometric Scientific (TA)

strain-controlled ARES rheometer with dual transducer and stress-controlled

Anton Paar MCR-501 rheometer, with a very good strain control loop. All

measurements were performed at T = 20◦C using a Peltier system in both

rheometers. To avoid evaporation during experiments, a homemade solvent trap

was used.
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2.5 Brownian Dynamics (BD) Simulations

2.5.1 Simulation methods

Brownian Dynamics (BD) can be described as a simplification of Stokesian

Dynamics, where the hydrodynamic interactions between the particles are ig-

nored. For N rigid particles suspended in an incompressible Newtonian fluid

of viscosity η and density ρ, the motion of the fluid is governed by the Navier-

Stokes equations, while the particle motion is described by the coupled N -body

Langevin equation:

m.
dU

dt
= FH + FB + F P (2.7)

wherem is a generalized mass/moment matrix, U is the particle translational/rotational

velocity vector, FH is the hydrodynamic forces exerted on the particles due to

their motion relative to the fluid, FB is the stochastic forces which give rise to

Brownian motion and F P is the deterministic non-hydrodynamic forces which

can be either interparticle or external force.

In colloidal dispersions, the Reynolds number (the dimensionless ratio of

inertial forces ρU2/R to viscous forces ηU/R2) is Re << 1 and so inertia is

not important and the Eq. 2.7 is reduced to:

0 = FH + FB + F P (2.8)

Since in BD simulation, hydrodynamic interactions between particles are ig-

nored, FH only consists of Stokes drag on an isolated particle: FH = −6πηRU .

The stochastic or Brownian force FB arises from the thermal fluctuations in

the fluid and is given by the fluctuation-dissipation theorem:

〈
FB
〉

= 0,
〈
FB(0)FB(t)

〉
= 2kBT (6πηR)Iδ(t) (2.9)

where the angle brackets denote an ensemble average over the thermal fluctua-

tions in the fluid, kBT is the thermal energy, (6πηRI) is the hydrodynamic resis-
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tance tensor in the absence of hydrodynamic interactions, I is the unit isotropic

tensor, and δ(t) is the delta function.

F P can be of any form (inter-particle or external); In this study, it will be of

hard-sphere (HS) and depletion (attractive) forms as will be discussed below.

F P = FHS + FDep (2.10)

The total particle displacement is obtained by integrating Eq. 2.8 twice over

the time step of ∆t that is large compared to the inertial relaxation time (τp =

5m/6πηR ), but small compared with the time over which the configuration

changes:

∆x = Pe
〈
U
〉
∆t+X(∆t) + ∆xHS + ∆xDep (2.11)

with X = 0 and X(∆t)X(∆t) = 2DI∆t (2.12)

where ∆x is the particle displacement during the time step ∆t. Pe
〈
U
〉
∆t

is the displacement from the imposed shear, X(∆t) is the random Brownian

displacement that has zero mean and covariance given by the short-time self-

diffusion tensor, which in the absence of hydrodynamic interactions is 2DI ,

whereD = kBT/(6πηR) is the diffusion coefficient of a single isolated particle,

∆xHS and ∆xDep are the displacement due to inter-particle hard potential and

depletion forces, respectively. In Eq. 2.11, x has been non-dimensionalized

by the characteristic particle size R; the time by Brownian time tB =
R2

D
; the

imposed velocity 〈 U〉 by γ̇R , where γ̇ is the shear rate, the shear forces by

6πηγ̇R2; and the interparticle forces by kBT/R. The Peclet number, Pe = γ̇tB,

measures the relative importance of shear and Brownian forces.

For simple shear flow, the displacement in the x direction is ∆xshear =

Pe.y.∆t. The Brownian displacements are imposed by using a random vector

ψ which each element is selected from a uniform distribution of random num-
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bers ranging from −1 to 1 with a mean value of zero. This method produces a

Gaussian distribution of displacements after a few time steps. Therefore, Brow-

nian displacement for the time step of ∆t is:

X(∆t) =
√

2D∆tΨ
√

3 (2.13)

The hard-sphere interactions are implemented through a ”potential-free” al-

gorithm developed by (Heyes and Melrose (1993)). In this way, the Brownian

and affine displacements are made first, and then the simulation checks for par-

ticle overlaps and displaces the overlapping particles along their lines of centers

back to contact (∆xHS), and the stress resulted in the hard sphere displacements

during the course of a time step is determined as follows:

FHS = 6πηR(∆xHS/∆t) (2.14)

which is simply the average Stokes drag on the particle during the course of the

hard-sphere displacement. Attractions between particles are introduced with

the superposition of an Asakura-Osawa (AO) potential (Asakura and Oosawa

(1954)). The potential was modified for the particles of different sizes. It is

the product of the osmotic pressure and the overlap volume which changes

for each pair of particles. The depletion force between particles is given by

Fdep = −dUdep
dr

. Therefore, the displacements that arise for two particles due

to depletion attractions are calculated by counter balancing depletion force with

the Stokes drag on the particle during the course of its motion:

∆rdep = −dUdep
dr

∆t

6πηR
(2.15)

The bulk stress is defined as the average stress over the volume V containing

N particles and is given, in the absence of hydrodynamic interactions, by:

〈Σ〉 = −〈pf〉 I + 2η(1 + 2.5φ) 〈E〉 − nkBTI − n
〈
xF P

〉
(2.16)
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where n is the number density of particles and the angle brackets denote an

average over all particles in the simulation cell, 〈pf〉 is the average fluid pres-

sure, which is arbitrary for an incompressible fluid, −nkBTI is the isotropic

stress associated with the thermal energy of the Brownian particles, and F P is

determined by Eq. 2.10. The hydrodynamic contribution to the stress reduces

to the single-particle Newtonian Einstein correction, 2.5φ, and the Brownian

contribution to the stress is zero without hydrodynamic interactions. All rheo-

logically interesting behavior is contained in the
〈
xF P

〉
contribution; this is the

sole contribution reported in this work.

2.5.2 Analysis of the Structure

The suspension microstructure plays an important role in determining the rhe-

ological properties and therefore will be discussed first. Structural changes in

the colloidal systems are analyzed through the pair distribution function, g(~r).

The pair distribution function measures the normalized probability of finding a

particle center at relative position of ~r in real space. Here, the pair distribution

function is given by:

g(~r) =
N

V 2

〈∑
i=1

∑
j 6=i

δ(~r − ~rij)

〉
(2.17)

where N and V represent number of particles and the volume of simulation box

, respectively. For colloidal gels, however, the pair distribution function is not

sufficient to capture the structural heterogeneity due to statistical averaging es-

pecially for low Pe. Therefore, we use another quantity which measures the

empty space between particles. We define the void volume as the volume of

a sphere with the center in the empty space and the radius equal to the near-

est particle surface as shown schematically in Fig. 2.2. In this method, the

simulation box is divided into the small pieces in which dV << R3. Probing

all empty space gives the distribution of voids and provides information on the

structural heterogeneity at all length scales. In this method, a specific portion

of the space might be counted several times in its calculations which makes this
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Figure 2.2: A two dimensional representative of the void volume calculation as
discussed in the text.

method robust in the mapping of the heterogeneous distribution of void sizes.

Further analysis can be done by quantifying the average void volume from the

probability density function as < V V >=
∫∞
0
P (V )dV , where P (V ) is the

void volume distribution.

The Mean Square Displacement ( MSD ) gives a statistical measure of the

distance a particle has moved in a specific time. If ri is the position of the

particle i in the r direction and N is the total number of particles, then the MSD

is generally calculated by using the following equations:

〈
∆r2(τ)

〉
N,t

=

〈
1

N

N∑
i=1

[ri(t+ τ)− ri(t)]2
〉
t

(2.18)

In BD simulations, ri is the position of the particle calculated after the subtrac-

tion of the affine motion due to shear. It is important to note that by subtract-

ing the affine motion at every time step, the effect of Taylor dispersion (Taylor

(1954)) is eliminated. Note that in the case of the MSD in vorticity direction,

no correction for the affine motion is required. If the system is not in the steady

state, the conventional time averaged MSD cannot provide information on the

transient dynamics and the related microstructural changes. Thus, we calculate
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two-time particle displacements using the following equation:

〈
∆r2(t, tw)

〉
N

=
1

N

N∑
i=1

[ri(t+ tw)− ri(tw)]2 (2.19)

which gives the average displacement between two times, with the time

tw(> 0) elapsed from the beginning of shear to the beginning of the measure-

ment and t is the time elapsed since the beginning of shear. In this case, there

is no averaging over time but only over the number of particles N and multiple

measurements.
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Abstract

By a combination of experimental rheology and Brownian Dynamics simula-

tions we investigate the transient response of attractive glasses in start-up shear

flow providing a link between microstructure, dynamics, and stresses. Both ex-

periments and Brownian Dynamics (BD) simulations reveal two stress peaks

indicative of two-step yielding process. BD simulations give insight into mi-

croscopic origins of these two stress peaks. The average number of bonds per

particle exhibits maximum where the first stress peak takes place. The maxi-

mum of pair distribution function, g(r), in the extension axis shows a minimum

at the second stress peak similar to HS glasses. Decomposition of the stress into

a hard-sphere (HS) and an attractive (depletion) contribution reveals that there

are strong contributions of both stresses into the first stress peak. In contrast,

the second stress peak is mainly linked with HS contributions. Similar with HS

glasses, shear-induced cage deformation induces local constriction, reducing in-

cage diffusion. A super-diffusive behavior of particles is detected near the first

stress peak. Finally, under well-developed steady shear flow, attractive glasses

behave dynamically as HS glass for the time scales above the 1st yield stress

peak indicating that the contribution of the attractions diminishes beyond the

1st yield stress peak.

45 University of Crete, Greece



Chapter3: Yielding of Attractive Colloidal Glasses during Start-up Shear Flow

3.1 Introduction

Suspensions of colloidal hard spheres as the simplest soft matter model systems

(Pusey (1991)) have been attracting much scientific attention to study many fun-

damental phenomena of condensed matter physics such as the equilibrium phase

transitions and frustrated out-of-equilibrium states such as glasses and gels tran-

sitions (Poon (2004)).

Without attraction or long-range repulsion, the phase diagram of this sys-

tem is determined solely by particle volume fraction, φ, where at intermedi-

ate volume fractions it exhibits crystallization while at higher volume fractions

(φ > 0.58) they are kinetically trapped in a glassy metastable state where

individual particles are caged by their neighboring particles. In this regime,

although long-range diffusion is essentially frozen (Brambilla et al. (2009);

Van Megen and Underwood (1994)), dynamic heterogeneities may allow slow

non-diffusive relaxations related with activated hoping mechanisms (Kegel et al.

(2000); Saltzman and Schweizer (2006)).

Introducing a weakly short-range attraction in the glassy state results in melt-

ing of glass. In the presence of strong attractions, another glassy state named

attractive glass emerges which is driven by energy as predicted by MCT theory

(Bergenholtz and Fuchs (1999); Dawson et al. (2000); Fabbian et al. (1999)),

numerical simulations (Puertas et al. (2002); Zaccarelli et al. (2002)) and con-

firmed by experiments (Eckert and Bartsch (2002); Pham et al. (2002); Pontoni

et al. (2003)). Moreover, these two glasses have different rheological proper-

ties (Narayanan et al. (2006); Pham et al. (2008, 2006); Puertas et al. (2005);

Sztucki et al. (2006); Zaccarelli et al. (2002)).

The repulsive glass exhibits a single stress overshoot during start-up shear

flow reflecting one-step yielding. In the case of HS glasses the stress response

has been related to an elastic energy storage mechanism which causes increase

of stress before the peak and a dissipative energy release mechanism after the

peak leading to shear-induced flow and structural anisotropy (Koumakis et al.

(2012, 2016)). Experimental work on attractive glasses (Koumakis and Pe-
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tekidis (2011)) reports existence of two distinct stress peaks in start-up shear

flow, where the first stress peak has been attributed to the short length scale

bond breaking while the second breaking of the cages. On the other hand, MCT

theory predicts only a single stress overshoot similar with HS glasses for a wide

range of both attraction strength and attraction range (Amann and Fuchs (2014);

Priya and Voigtmann (2014)).

For the HS glass during start-up shear flow a super-diffusive particle motion

is detected for strains before stress peak, where nonlinearity starts to begin.

While stress peak has been associated to the maximum of structural distortion

in the extension axis Koumakis et al. (2012, 2016). However, the microscopic

origin of two stress peaks detected during start-up shear flow of attractive glasses

and both the transient and steady-state particle dynamics for such systems have

not yet been explored.

In this chapter, we examine the transient response of short-range attrac-

tive glasses in start-up shear flow using experimental rheology and Brownian

dynamics (BD) simulations over an extended range of shear rates, attraction

strengths and attraction ranges. The combination of these two techniques al-

lows for the rheological characterization of the system under shear, while di-

rectly providing information on the microstructure and particle dynamics.

3.1.1 Experimental methods

Samples

We used sterically stabilized polymethylmethacrylate (PMMA) model hard-

sphere particles sterically stabilized by chemically grafted poly-hydro-stearic

acid (PHSA) chains (∼ 10 nm) suspended in octadecene. Particles have hy-

drodynamic radius of Rh = 196 nm with the polydispersity of 12% to avoid

crystallization. The depletion attractions implemented between the particles

by adding non-adsorbing linear Polybutadiene (1, 4-addition) (PB) chains with

the molecular weight, Mw = 323, 300 g/mol and a radius of gyration, Rg =

19 nm (measured by light scattering). This gives a polymer-colloid size ra-
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tio ξ = Rg/R = 0.097 in dilute solution. We prepared the glass at particle

volume fractions of φ = 0.62 and varying attraction strengths at contact of

Udep(2R) = 0,−2.5,−5,−10 and −17kBT according to the generalized free

volume theory (GFVT) (Fleer and Tuinier (2007)) which gives more accurate re-

sults than modified Asakura-Oosawa (AO) model (Aarts et al. (2002); Asakura

and Oosawa (1954)).

Rheology

Rheological experiments were performed with ARES-HR strain controlled rheome-

ter with a force balance transducer using homemade cone-plate geometries of

diameter 25 mm, cone angle 2.3◦ and cone truncation 0.05 mm with serrated

surfaces to avoid wall-slip (Ballesta et al. (2013)). The temperature was set

to T = 20◦C using a standard Peltier plate and solvent evaporation was min-

imized by using a solvent saturation trap. As a standard protocol before each

experiment, the gel first was shear rejuvenated at shear rate of γ̇ = 2 s−1 until

reaching steady state values of shear stress. Subsequently, shear was stopped

and the sample let to age for 200s. In order to be able to compare experiments

with BD simulations, we made the strain rate, γ̇, dimensionless using the Péclet

number Pe = γ̇tB = γ̇(a2/D0) with tB the Brownian time and D0 the free dif-

fusion coefficient D0 = kT/6πηa. We also normalized the time and frequency

with the Brownian time, tB.

3.1.2 Simulation methods

We performed Brownian Dynamics (BD) simulations to get both rheological

and detailed structural information. Hard-sphere interactions in BD simulations

are conducted by implementing the potential-free algorithm for hard sphere in-

teractions (Foss and Brady, 2000). Affine shear was applied on typically 30000

particles (with 10% polydispersity to avoid crystallization) with periodic bound-

ary conditions. Attractions were implemented with the superposition of a simple

Asakura-Oosawa (AO) potential (Asakura and Oosawa, 1954) with various in-
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teraction ranges and attraction strengths. The time scales of the simulations and

experiments are expected to be different due to lack of hydrodynamic interac-

tions in the former. In the experiment, the clustering of particles is expected to

affect diffusion by increasing the time scales by about an order of magnitude,

which is approximate to what occurs in a dense glass (Sierou and Brady, 2001).

Thus, we multiply the non-dimensional experimental Brownian time scale tB,

Pe and Pedep by a factor of 10 throughout the figures.

3.2 Results and Discussion

3.2.1 Linear viscoelastic response

In Fig. 3.1, we present the experimental dynamic frequency sweep measured in

the linear regime for the glass with φ = 0.62 and varying attraction strengths

spanning from a repulsive to strongly attractive glass. The repulsive sample ex-

hibits a crossover ofG′ andG′′ at high frequency of ω = 40 rad/swhich above

that the response is liquid-like (G′ < G′′). This liquid-like response is due to

short-time in-cage motion of particles. However, for the frequencies smaller

than ω = 40 rad/s, G′ is larger than G′′ without any indication of second

crossover at lower frequencies within the range of investigation. This indicates

that the long-time out-of-cage motions are arrested and the sample is in the

glassy state. In contrast, for all attractive samples, G′ is always greater than G′′

within the frequency range explored (100 − 0.1 rad/s) which is indicative of

solid-like response. G′ is nearly independent of frequency while G′′ exhibits a

weak minimum as a typical response of soft glassy systems. For HS glasses, the

minimum in G′′ has been associated, within the MCT approach, with the tran-

sition from α to β relaxation (Mason and Weitz (1995)) or a time that particle

needs to explore its cage. For an attractive glass, however, this minimum should

be related to the time that the particle needs to explore its attractive range rather

than exploring the overall cage. With increasing attraction strength, the mini-

mum of G′′ exhibits a shift to higher frequencies reflecting a faster, short-time

motions in agreement with findings of BD simulations (see Fig. 3.3). However,
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Figure 3.1: Experimental dynamic frequency sweeps with storage modulus G′

(solid symbols) and loss modulus G′′ (open symbols) for the attrac-
tive glass with φ = 0.62, size ratio ξ = 0.1 and various attraction
strengths at contact as indicated.

our experiments do not show the re-entrance i. e., the melting of the glass to a

fluid, as the one which is observed for the weak attraction strengths in our BD

simulations (see Fig. 3.3) and in more monodisperse samples of Pham et al.

(2004, 2002). One reason for this could be due to large polydispersity of par-

ticles as similar phenomenon has been detected for the similar system (Pham

et al. (2008)). One should note that Pham et al. (2008) have observed signs of

softening of the glass at much smaller frequencies ω = 0.01 rad/s than what

we have explored here.

The magnitudes of both G′ and G′′ show a strong increase as the attraction

strength is introduced. In Fig. 3.2, we plot the values of G′ measured at differ-

ent frequencies, (ω = 0.1, 1, 10, and 100 rad/s), as a function of the attraction

strength at contact. We see that introducing a weak attraction of −2.5kBT re-

sults in an increase of the storage modulus G′ about 8 times larger than that of

the repulsive glass and for strong attractive glass of −17kBT , this increase is

about 200 times. This simply tells how strongly attractions modify the strength

of materials. With increasing the attraction strength, the frequency dependence
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Figure 3.2: Experimental storage modulus G′ as a function of attraction
strength at contact for the attractive glass with φ = 0.62, size ra-
tio ξ = 0.1. Data are collected from Fig. 3.1

of G′ decreases.

3.2.2 Simulations at quiescent state

Fig. 3.3 shows the mean squared displacements, MSD, from BD simulations

at rest for a constant volume fraction φ and attraction range of ξ = 0.1 with

different attraction strengths at contact. Without attraction, MSD exhibits signs

of glassy behavior where only short times displacements related to the motions

inside the ”cages” formed by neighboring particles (β relaxation) are detected

while the long times displacements (α relaxation) refer to heterogeneous out-

of-cage motions are frozen. MSD shows a plateau which refers to the particle

localization length (rloc) which here is ∼ 0.2R. This length is connected to

the so-called Lindemann length over which a particle explores its cage. The

plateau gradually disappears and long-time motions are detected as a weakly

short-range attraction is implemented between particles. This indicates that a

weak short-range attraction has melted the glass into a fluid. This has been as-

sociated with clustering of some particles which opens-up the empty space for
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Figure 3.3: Mean squared displacements MSDs at quiescent state as a function
of time taken from BD simulations for the glass with φ = 0.62,
constant attraction range of ξ = 0.1 and different attraction strengths
at contact as indicated.

the rest of particles to diffuse and results in melting of the glass (Pham et al.

(2002)). Increasing the attraction strength further, most of the particles are lo-

calized within the attraction range which slows-down the long-time dynamics

of the system and for strong attraction strengths of −10 and −20kBT , the long-

time motions are frozen which suggests that the system is again coming back to

a glass boundary named attractive glass which is driven by energy, in contrast

to repulsive glass which is driven by entropy. For attractive glass, the plateau

in MSD (rloc) is related to length scales much smaller than repulsive glass in

agreement with MCT predictions (Bergenholtz and Fuchs (1999); Dawson et al.

(2000); Fabbian et al. (1999)). Therefore, BD simulations exhibit expected be-

havior for glasses when a short-range attraction is introduced in agreement with

the MCT predictions (Bergenholtz and Fuchs (1999); Dawson et al. (2000); Fab-

bian et al. (1999)), numerical simulations (Puertas et al. (2002); Zaccarelli et al.

(2002)) as well as experiments (Eckert and Bartsch (2002); Pham et al. (2002);

Pontoni et al. (2003)). One should note that attraction strength has a monotonic

effect on short-time dynamics as it always slows-down short-time dynamics.
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3.2.3 Transient Stresses

Effect of attraction strength on yielding:

Fig. 3.4 shows the measured stress versus strain in start-up shear flow for the

glass with φ = 0.62 and various attraction strengths from both experiments and

BD simulations at a fixed shear rate corresponding to Pe = 1. For the repulsive

glass (Udep = 0), both experiments and BD simulations show an initial increase

starting from a finite value, a peak which takes place around strain ∼ 22%

and a steady state plateau for larger strains (γ > 50%). The initial increase

of stress has been associated to an energy storage mechanism related to the

entropic elasticity of the cage, while the peak is caused by a subsequent energy

dissipation mechanism through cage distortion that leads to plastic flow and the

plateau stress (Koumakis et al. (2012, 2016)).

Introducing attraction to both experiments and BD simulations results in an

additional stress peak which takes place at smaller strains compare to repulsive

glass depending on the attraction strength. In experiments, the position of sec-

ond stress peak moves to larger strains from ∼ 22% to ∼ 100% when attraction

is introduced. This is in agreement with previous experiments on similar system

(Koumakis and Petekidis (2011)). In contrast, in BD simulations the position

of second stress peak is fixed ( γ ∼ 22%) and does not change with attraction

strength. This discrepancy might be due to missing HI in BD simulations.

Effect of imposed shear rate on yielding:

Fig. 3.5 shows step-rate tests performed at different shear rates for the glass

with φ = 0.62 and constant attraction strength at contact from both experiments

and BD simulations. In experiments (Fig. 3.5a), an increase of shear rate causes

a rise of both first and second stress peaks and plateau stress as well. The po-

sition of first stress peak moves to larger strains with increasing Pe while the

position of second stress peak remains unchanged. The detailed microscopic

mechanisms responsible for such stress response and the corresponding parti-
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Figure 3.4: Transient stress versus accumulated strain during start up shear flow
of Pe = 1 on the glass with φ = 0.62, constant attraction range
of ξ = 0.1 and different attraction strengths as indicated for (a)
experiments and (b) BD simulations.

cle dynamics will be discussed below. This increase has been attributed to the

reduced probability for bond breaking at high shear rates, as Brownian mo-

tion becomes less effective in assisting particle escape (Koumakis and Petekidis

(2011); Laurati et al. (2011)). The strength of second stress peak becomes more

pronounced compared to the first one as shear rate is increased, possibly due

to the fact that the imposed shear becomes important and is able to break an

increasing amount of cages resulting an enhancement of the second peak over

the first (Koumakis and Petekidis (2011)).

BD simulations exhibit an increase of both first and second stress peaks and

plateau stress as the shear rate is increased in agreement with experiments (Fig.

3.5b). The strength of second stress peak becomes more pronounced compared

to the first one as shear rate is increased in agreement with experiments. How-

ever, in contrast to experiments, the position of both first and second stress peaks

in BD simulations does not change with shear rate.

Stress decomposition to HS and depletion contributions:

The stresses of Fig. 3.5b are decomposed into the hard sphere and attractive

(depletion) stresses (Fig. 3.6). These stresses represent the nature of the yielding

in terms of the two particle potentials, the hard sphere potential and the depletion

attractive potential. For comparison, the stress response for a repulsive glass of
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Figure 3.5: Transient stress versus accumulated strain during start-up shear flow
of varying Pe as indicated on the glass with φ = 0.62, constant
attraction range of ξ = 0.1 for (a) experiments with Udep(2R) =
−17kBT (b) BD simulations with Udep(2R) = −20kBT .

the same volume fraction (φ = 0.62) is shown as well. The hard sphere stresses

are dominant at high Pe regime showing similar stress values to the overall

stress. The depletion stresses keep the same order of magnitude for all applied

shear rates and thus become important for the lowest shear rates probed, where

they are comparable to the hard sphere stresses. One might expect that the first

peak of stress should originate from depletion forces but this is not the case

though as shown in the stress response of Fig. 3.6, the first stress peak at 2%

strain seems to originate from both the hard sphere and the depletion stresses

which with increasing shear rate, the contribution of the latter decreases. In

contrast, the second stress peak observed at 22% mainly originates from the hard

sphere stresses. A comparison between the hard sphere stresses for the attractive

glass and the stress for the repulsive glass shows that the former has much larger

values. This suggests that with application of shear in an attractive glass a larger

number of particle collisions compared to a repulsive glass takes place, which

causes a stronger increase in the repulsion stress. The only similarity is that

both exhibit stress overshot at the same strain which suggest that the origin of

the second peak observed in attractive glass should be similar with the one for

the repulsive glass. The correlation between the stresses and the structures as

will be examined in detail in this chapter confirms such picture.
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Figure 3.6: Decomposition of the stress into HS repulsion and depletion attrac-
tion contributions during start-up shear flow of (a) Pe = 0.1, (b)
Pe = 1 and (c) Pe = 10 taken from BD simulations of an attrac-
tive glass with φ = 0.62, attraction range of ξ = 0.1 and attraction
strength at contact of Udep(2R) = −20kBT . Blue curves represent
the stress response for a repulsive glass of same volume fraction
φ = 0.62.
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Figure 3.7: BD simulations of step-rate tests conducted at Pe = 1 on the at-
tractive glass with φ = 0.62, constant attraction strength at contact
of Udep(2R) = −20kBT and different attraction ranges as indicated.

Effect of attraction range on yielding

In order to better understand the mechanisms behind yielding and its relation to

attraction range, we varied the attraction range in BD simulations for attractive

glass while keeping the attraction strength at contact constant. We expect that

change in the range of attraction would affect the position of first and probably

the second stress peaks. Fig. 3.7 shows the transient response in step-rate tests

with Pe = 1 for the attractive glass with Udep(2R) = −20kBT and different at-

traction ranges. The position of first stress peak exhibits a clear change shifting

to larger strains with increasing attraction range, consistent with experimental

findings for colloidal gels (Koumakis and Petekidis (2011)). In contrast, the

position of second stress peak remains unchanged with attraction range, signi-

fying that the origin of second stress peak is unrelated to details of inter-particle

attractive potential.

The change in the position of first yield peak can be rationalized by change

in the localization length of individual particles as attraction range is varied.

As shown in Fig. 3.8, the particle localization length exhibits a linear increase
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with range of attraction (rloc ∼ ξR), in agreement with the predication of MCT

theory (Chen and Schweizer (2004); Priya and Voigtmann (2014)). Similarly

the first yield strain also shows a linear increase with attraction range similar to

MCT findings for strong attractive glass (Priya and Voigtmann (2014)). There-

fore, the increase of first yield strain with the range of attraction can be a conse-

quence of the increase of particle localization length with the attraction range.

However, the values of first yield strain in our BD simulations are smaller than

both particle localization length, rloc/R, and the range of attraction ξ. In con-

trast, MCT predicts larger values of yield strain compared to particle localization

length for strong attractive glasses. The stresses of both first and second peaks

as well as the steady state plateau exhibit an increase with decreasing attraction

range. Increase of the strength of stress peak with decreasing attraction range

can be explained by the fact that for a fixed attraction strength, decreasing the

range of attraction ξ results in an increase of attractive force between particles

Fdep =
−dUdep

dr
. MCT predicts almost no change of stress peak at high attraction

strengths while at low and intermediate attraction strengths, MCT predicts an

increase of stress peak with increasing attraction range in contrast with our BD

simulations (Priya and Voigtmann (2014)).

3.2.4 Transient structural properties

BD simulations exhibit two stress peaks during start-up shear flow of various

range of Pe, attraction strengths and ranges of attraction, quite similar with

findings of experiments. However, there are differences on the position of stress

peaks. This indicates that the absence of hydrodynamic interactions (HI) in

BD does not play an important role in the range of Pe studied here (0.1 − 10).

To understand in depth the mechanisms responsible for such stress overshoots,

we turn to the microscopic structure and particle dynamics deduced from BD

simulations. We first explain the microstructural changes during start-up shear

flow and secondly the corresponding changes for the particle dynamics.
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Figure 3.8: First yield strain γ1y (black squares) as a function of attraction range
taken from Fig. 3.7. The values of localization length rloc/R as a
function of attraction range also shown (red circles). Solid lines are
the linear fits to data.

Pair distribution function:

In order to understand the microscopic origin of the stress peaks we look into

the transient and steady state structural information of the particles under shear.

The average radial particle distribution function, g(r), does not provide informa-

tion about the structural anisotropy caused by shear. Instead by examination of

the pair distribution function in three different planes xy (velocity-gradient), xz

(velocity-vorticity), and zy (vorticity-gradient), one can get information about

components of the stress tensor. Here, we are interested in xy component

of stress tensor (σxy), therefore we look into pair distribution function in xy

(velocity-gradient) plane. In glasses, the structural heterogeneity is less than a

particle size or in other words, smaller than the cage size. Therefore our in-

terest here lies in the local structure (cage), rather than the whole projection of

g(r), so data are gathered at a maximum distance of 0.7 radii from the plane.

The resulting g(r) are 2D projections of the radial distribution function in the

respective planes of slices with finite width (1.4 radii) and an area of 10 ∗ 10
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particle radii. The values of the 2D g(r) are arbitrarily normalized to avoid

clipping, although g(r) shown in the same figures has been normalized by the

same factor. To achieve greater clarity for structural changes, for some g(r), the

grest(r) describing the state at rest was subtracted.

Fig. 3.9 shows 2D g(r) images in the xy plane for an attractive glass with

φ = 0.62, Udep(2R) = −20kBT at rest and under well-developed steady shear

flow of Pe = 1. At rest (Image (a) in Fig. 3.9) 2D image of g(r) in the xy plane

is isotropic, i. e., g(r) is just a function of r and not the direction. In contrast,

under steady-state shear flow, the 2D g(r) becomes highly anisotropic (Image

(b) in Fig. 3.9). In this case, the innermost ring of the pair distribution func-

tion in the xy plane, which corresponds to nearest neighbor structure, exhibits

a minor increase of intensity along the compression axis and a strong reduction

of intensity along the extension axis, similar with findings for repulsive glasses

(Koumakis et al. (2012, 2016)). This indicates that under shear particles are

accumulated in the compression axis, while there are fewer particles in the ex-

tension axis. In Fig. 3.9, the intensities are shown in more detail where the

g(r) along the compression and extensional axes are compared to the isotropic

condition at rest. Along the compression axis, g(r) exhibits a first peak that

is higher than that at rest, whereas it is weaker in the extension direction. In

contrast to the shifts of the positions of the first maxima, which are hardly dis-

cernible, the minima and higher order maxima do show a clear shift to smaller

r/R in the compression axis and to larger r/R in the extension axis which indi-

cates elongation of the cages in the extension and retraction in the compression

axis. The steady state g(r) under shear shows that along the compression axis a

large number of particle collisions takes place, indicated by the increased height

of the first peak and the positional shift of the subsequent minima and maxima

to smaller values of r/R. In the extension axis, however, there are fewer colli-

sions. Furthermore, the drop in the first maximum and the small positional shift

to larger distances indicate there is a larger flow of particles that are in transit

along the extension axis.

In Fig. 3.10, we examine the transient structural properties in the xy plane
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Figure 3.9: Projection of g(r) in the velocity-gradient (xy) plane along the com-
pression and the extension axes under well-developed steady shear
flow of Pe = 1 as obtained by BD simulations for an attractive glass
with φ = 0.62, attraction range of ξ = 0.1 and attraction strength
at contact of Udep(2R) = −20kBT . The results for quiescent state
are shown by black curve. Arrows indicate the position of the first
minimum of g(r) for the various directions. Images represent PDF
g(r) in the velocity-gradient (xy) plane with (a) at rest and (b) at the
steady state under shear of Pe = 1 with the compression axis shown
as a red line and the extension axis as a blue line. The direction of
shear field along with the color scale are shown.

with the grest(r) of the state at rest subtracted during a start-up shear flow of

Pe = 1 for both repulsive and attractive glass. Various points within the tran-

sient are examined, following the stress response in the linear regime at γ = 1%,

at the height of the first stress peak of attractive glass, γ = 3%, before second

stress peak γ = 10%, at the height of the second stress peak of attractive glass,

γ = 22% and at the steady state, γ = 90%.

At first glance, one can realize that both repulsive and attractive glass show

similar structural anisotropy during start-up shear flow. As strain is increased,

the anisotropy becomes more pronounced, starting from a small increase of the

first maximum of g(r) in the compression axis at γ = 1%. At γ = 3% where

the first stress peak for attractive glass takes place, the increase widens and

anisotropy appears in the second peak, while the first maximum in the extension

axis decreases and particle density increases at the first minimum. Increasing

strain to γ = 10% and γ = 22%, the compression axis shows an even wider

increase, with the extension axis showing a spread of particles reaching close to

61 University of Crete, Greece



Chapter3: Yielding of Attractive Colloidal Glasses during Start-up Shear Flow

M a x

R e p u l s i v e  g l a s s x

y

1 % 3 % 1 0 % 2 2 % 9 0 %

A t t r a c t i v e  g l a s s

- M a x 0

Figure 3.10: PDF g(r) in the velocity-gradient (xy) plane after subtraction of
the state at rest during start-up shear with Pe = 1 at different
strains as indicated for a repulsive glass with φ = 0.62 (first row
images) and an attractive glass with φ = 0.62, attraction range of
ξ = 0.1 and attraction strength at contact of Udep(2R) = −20kBT
(second row images).

the secondary peak, while the intensity in the whole axis becomes more diffuse.

In comparison to the peak stress at γ = 22%, the steady state (γ = 90%), reveals

a g(r) with stronger intensity ”lobes” in the x-axis of the first and second max-

ima, while the intensities of the first minima in the extension axis are reduced.

A measure of the structural anisotropy is the first maximum of the pair

distribution function, g(r)max. We determine the maximum of g(r) along the

compression and extension axes where the anisotropy is larger. In Fig. 3.11a

and b, we plot the maximum values of g(r) in both compression and extension

axes along with the corresponding stress response during start-up shear flow of

Pe = 1 for both repulsive and attractive glasses. The maximum of g(r) in the

compression axis does not show much change with the application of shear for

both repulsive and attractive glasses. There is a clear increase due to an accu-

mulation of particles in the compression axis, but the resulting effect is small,

since the state at rest is already at high particle density. However, the extension

axis shows substantial differences from the state at rest, with the maximum of
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g(r) decreasing in amplitude with the application of shear passing through a

minimum and reaching steady state values. Interestingly, the position of mini-

mum for both repulsive and attractive glasses takes place at the same strain of

22% where the second stress peak for attractive glass and the only stress peak

for repulsive glass take place. This indicates that the second stress peak for at-

tractive glass has the same origin as the repulsive glass. In the repulsive glass

this minimum has been associated to the breaking of cages by shear (Koumakis

et al. (2012, 2016)). Therefore, the second stress peak for attractive glass should

be due to breaking of the cages. As shown in Figs. 3.9 and 3.10, the decrease

of the g(r) maximum corresponds to the increase in probability of finding parti-

cles further away, toward the first minimum of g(r). The differences of g(r)max

along both directions, gcomp(rmax)−gext(rmax), closely resembles the stress evo-

lution (Fig. 3.11c and d), indicating a direct correlation of the microstructural

anisotropy with the transient macroscopic stress during yielding. Interestingly,

although counter-intuitively, both the increase of g(r) at contact in the compres-

sion axis and the decrease in the extension axis contribute positively to the shear

stress. This is understood by recalling that the departure from the equilibrium

of the relevant deviatoric stress is (Brady (1993)):

σxy = −n2kBTR(2R)2g0(2R)

∮
nxnyfdΩ (3.1)

where n is particle number density, g0(2R) the value at rest, dΩ is the solid

angle, nx and ny are the components in the x and y directions of the separation

vector. The values of σxy are positive in both the compression axis where f is

positive and nxny negative and in the extension axis where the signs of f and

nxny are reversed.

Average number of bonds per particle:

As shown above, the structural anisotropy caused by shear explains the origin

of the second stress peak, but it fails to explain the origin of the first stress peak

detected for attractive glass during start-up shear flow. Therefore instead we ex-
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Figure 3.11: Maximum values of g(r) measured in the compression (solid
squares) and extension (open squares) axes (xy plane) as a func-
tion of strain during start-up shear of Pe = 1 for (a) a repulsive
glass with φ = 0.62 and (b) an attractive glass with φ = 0.62 ,
attraction range of ξ = 0.1 and attraction strength at contact of
Udep(2R) = −20kBT . Black curves are the corresponding tran-
sient shear stress response. (c) and (d) are the difference of the
maxima in the PDFs in compression and extension directions,
gcomp(rmax) − gext(rmax) as a function of strain for (a) and (b) ,
respectively. The vertical black dashed lines specify the position
of the stress peaks.

Ph. D. Thesis 64



Section3.2: Results and Discussion

amine the change in the structural inhomogeneity caused by shear. As in dense

systems the length of structural heterogeneity is less than a particle size, we

characterize the length scales smaller than the attraction range. In this way, we

enumerate the average number of bonds or contacts for each particle within the

attraction range of ξ = 0.1. We define that a pair of particles is bonded when

the distance between them is less than 2R(1 + ξ). In Fig. 3.12, we plot the av-

erage number of bonds per particle and the corresponding stress response for a

repulsive and attractive glass during start-up shear flow with Pe = 1. Note that

the "bonds" determined in the repulsive glass are only apparent and correspond

to the pairs of particles with surface to surface distance smaller than 0.2R. For

both glasses, the change in the average number of bonds during start-up shear

flow is small as the volume fraction is sufficiently high. For the repulsive glass,

the average number of bonds per particle shows a monotonic decrease after a

strain of 2%, while also reaching a steady state at a strain of 30%. This is in

agreement with the variation of stresses for the same range of strains. This

apparent decrease in bonds number is due to a reduction of the particle concen-

tration in the extension axis (see Fig. 3.11a). However, the average number of

bonds per particle does not show any correlation to the stress peak. In contrast,

for the attractive glass, the average number of bonds exhibits a non-monotonic

response with strain during start-up shear flow. First it increases after a strain

of 1% before first stress peak and gives a maximum where the first stress peak

takes place. This increase might be due to shear-enhanced aggregation of par-

ticles. This is similar to findings for colloidal gels in dynamic strain sweep

test, where the average number of bonds per particle gives maximum around the

melting point (see chapter 6 and Park et al. (2015)). After the stress peak, the

bonds number decreases towards a plateau around strain of 30% similar with HS

glass. In attractive glass for the strains below 1% the average number of bonds

is constant while there is a significant increase of stress. This increase of stress

could be due to stretching of the bonds in response to shear while no significant

particle rearrangements take place.

In Fig. 3.13, we plot the variation of the bonds with strain during start-up

shear flow of different shear rates for an attractive glass with φ = 0.62 and
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Figure 3.12: The transient stress (black squares, left axis) and the average num-
ber of bonds per particle (red line, right axis) versus accumulated
strain during start-up shear flow with Pe = 1 taken from BD sim-
ulations of (a) a repulsive glass with φ = 0.62 and (b) an attractive
glass with φ = 0.62, attraction range of ξ = 0.1 and attraction
strength at contact of Udep(2R) = −20kBT .

attraction strength at contact −20kBT . The average number of bonds exhibits

similar non-monotonic response with strain during start-up shear flow for dif-

ferent Pe. We find that the number of bonds is similar and constant for all rates

at strains below 1%. For strains above 1%, it increases and reaches a maxi-

mum where the strength of the maximum increase with Pe, in agreement with

increase of the first stress peak with Pe (see Fig. 3.5). However, the strain

at which the maximum of the bonds takes place moves to larger values with

increasing Pe. Above the maximum, the average number of bonds decreases

toward a steady state value around strain of 30%. However, number of bonds at

steady state exhibits a decrease with Pe due to a larger decrease of neighboring

particles in the extension axis with increasing Pe (see Figs. 3.11a and b).

B. Microscopic dynamics

A complete picture of physical description of yielding is achieved by examin-

ing particle scale dynamics under shear. In Fig. 3.14, we examine the transient
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Figure 3.13: The average number of bonds per particle versus accumulated
strain during start-up shear flow of different Pe as indicated taken
from BD simulations of an attractive glass with φ = 0.62, at-
traction range of ξ = 0.1 and attraction strength at contact of
Udep(2R) = −20kBT .

and steady-state mean square displacements at Pe = 1 with the corresponding

particle displacements at rest for an attractive glass with φ = 0.62, attraction

range of ξ = 0.1 and attraction strength at contact of Udep(2R) = −20kBT ,

and we contrast it against a repulsive glass of same volume fraction allowing to

examine the direct impact of interparticle attractions on particle dynamics. In

Fig. 3.15a and Fig. 3.15b, we also show the corresponding effective diffusivity,

Deff = ∆z2/[2(t − tw)]. As mentioned earlier, the data under shear represent

an average over all particles, N , during a time window of ∆t = t − tw, or

equivalently an elapsed strain of ∆γ = γ − γw. Two states are examined: (a)

A transient state with γw = 0, revealing the evolution of the particle displace-

ments during the start-up test and (b) a steady state with γw > 0.5 where the

displacements are monitored during well-developed shear flow.

For the transient state, both repulsive and attractive glass, 〈∆z2〉 gener-

ally shows an initial increase which follows the response at rest, with a sub-

sequent transient super-diffusive behavior which eventually becomes diffusive
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(slope of unity) at longer t − tw. In the case of attractive glass, the devia-

tion from quiescent state occurs at shorter times compared to repulsive glass

as in attractive glass the nonlinear stress response is detected at much smaller

times/strains compared to repulsive glass (Fig. 3.4). The super-diffusive behav-

ior for repulsive glass has been associated to the escape of particles from the

cages (Koumakis et al. (2012, 2016)). For attractive glass, a ballistic motion

is detected just before first stress peak. Similarly, one can relate this ballistic

motion to escape of particles from their potential well. Interestingly, well above

the first stress peak and before second stress peak is reached, the attractive glass

shows displacements equal to repulsive glass which indicates that attractions do

not contribute in particle dynamics anymore. For both repulsive and attractive

glasses, at large tw (or γw > 0.5), corresponding to the steady state of well-

developed shear flow, 〈∆z2〉 matches the diffusive behavior for long t − tw,

whereas at short t − tw, it shows lower values compared to the displacements

at rest. Slowing-down of short-time particle displacements under shear for re-

pulsive glass has been associated to in-cage constriction of particles (Koumakis

et al. (2012, 2016)) which might be the origin for slowing-down of short-time

particle dynamics for attractive glass as well. However, at short times under

steady shear, attractive glass exhibits particle displacements much smaller than

the repulsive glass, as such small length scales are related to the attractive bond-

ing of particles which slows-down particle dynamics. In contrast, for displace-

ments above the first stress peak, both repulsive and attractive glasses show

equal particle displacements.

The slowing-down of the short-time diffusion and the super-diffusive behav-

ior are better seen by plotting an effective diffusivity Deff = (〈∆z2〉 /2∆t) (or

average slope of MSD), as shown in Fig. 3.15a and Fig. 3.15b for the tran-

sient regime (γw = 0) and the steady state (γw > 0.5), respectively. We follow

Deff from MSDs projected in the compression and extension axis, where the

most pronounced structural changes are detected (as seen in g(r) images of Fig.

3.10). A decreasing effective diffusivity represents sub-diffusive motion, a pos-

itive slope reflects super-diffusive motion, while a constant value shows simple

diffusion.
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Figure 3.14: Normalized MSDs from BD simulations in the vorticity (z) direc-
tion during transient start-up shear flow of Pe = 1 (solid lines,
correspond to γw = 0) and under well-developed steady shear
flow (short dotted lines, correspond to γw > 0.5) and at quies-
cent state (dot-dashed line) for an attractive glass with φ = 0.62,
attraction range of ξ = 0.1 and attraction strength at contact of
Udep(2R) = −20kBT (red curves). Blue curves represent the re-
sponse for a repulsive glass of same volume fraction. Vertical black
and green dashed lines represent the position of first and second
stress peaks, respectively for the attractive glass.

Fig. 3.15a shows the transient Deff determined immediately after shear is

imposed (γw = 0). For both repulsive and attractive glasses,Deff drops from its

zero-strain value at rest to that at long times, which corresponds to the steady-

state value, passing through a minimum. In the early elastic regime, Deff fol-

lows the quiescent state. In the case of attractive glass deviation of Deff from

quiescent state and also the minimum of Deff occurs at shorter times com-

pared to repulsive glass, as in attractive glass the first stress peak takes place

at much smaller times/strains compared to repulsive glass. For both glasses,

the super-diffusive particle motion is strongly pronounced along the compres-

sion axis where particle density is enhanced. Although it does not look clear,

long-time diffusivity at steady state are slightly, but clearly, different in vari-

ous directions: The highest being in the extension axis, followed by that in the

compression axis.

For both repulsive and attractive glass, the strain at the minimum of the

effective diffusivity representing the super-diffusive behavior does not coincide

with the position (strain) of the stress peak. Instead, the relevant strains of super-
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diffusivity are smaller than those where the stress overshoot is observed, ranging

from about the beginning of nonlinearity up to the stress peak. Therefore, for re-

pulsive glass the transient super-diffusion can be interpreted as a ballistic-like,

cooperative motion of the particles during yielding, as they are being pushed

toward the limit of the cage due to shear, prior to yielding while for attractive

glass it can be described as the escape of particles from their attractive bonds.

For repulsive glass, the transient displacements along the extension axis deviate

earlier from those at rest than the displacements along the compression axis.

This suggests that yielding is initiated in the extension axis as also seen in the

structural data of Fig. 3.10 and Fig. 3.11. In contrast, for the attractive glass,

transient displacements along both extension and compression axes deviate from

the quiescent state at almost same time/strain. At time scales around the second

stress peak, both repulsive and attractive glasses exhibit similar effective diffu-

sivity indicating that attractive forces are not important for long time particle

dynamics. However one needs to examine this for different Pe.

In Fig. 3.15b, we show Deff in the compression and extension axes mea-

sured in the steady state shear flow (γw > 0.5). Again, both glasses exhibit

super-diffusive behavior at different time scales. The repulsive glass shows

super-diffusive behavior for the length scales comparable to the cage size while

the attractive glass for the length scales smaller than the attraction range. Ob-

serving this super-diffusive behavior under shear indicates a continuous break-

ing and reforming of the cages for repulsive glass while for the attractive glass

indicates a continuous breaking/reforming of both bonds and cages under shear.

Both glasses show a reduction of short-time diffusivity due to cage constriction

effect caused by shear (Koumakis et al. (2012, 2016)). It is noteworthy that

such a slowing-down is more pronounced in the compression axis and weaker

in the extension axis, in support of our interpretation that particles under shear

are pushed together in the compression axis, creating a denser cage while they

diffuse out of their cages mainly along the extension axis. A further interesting

observation is that, at long times, Deff in the compression and extension axis

for both glasses approach each other.
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Figure 3.15: Effective diffusivity, Deff , from BD simulations measured in the
compression (dotted lines) and extension axes (solid lines) direc-
tions (a) during transient start-up shear flow of Pe = 1 correspond
to γw = 0 and (b) under well-developed steady shear flow cor-
responding to γw > 0.5 for an attractive glass with φ = 0.62,
attraction range of ξ = 0.1 and attraction strength at contact of
Udep(2R) = −20kBT (red lines). Blue curves represent the re-
sponse for a repulsive glass of same volume fraction. The results
for quiescent state are shown by dot-dashed lines. Vertical black
and green dashed lines represent the position of first and second
stress peaks, respectively, for the attractive glass.
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3.3 Conclusions

We have examined transient stresses, structures, and particle displacements dur-

ing a start-up shear flow in colloidal glasses with short-range attractions using

experimental rheology and BD simulations. With no attraction, a single stress

overshoot is detected in both experiments and BD simulations reflecting one-

step yielding related to breaking of cages. However, introducing short-range

attractions between particles results in appearance of the second stress peaks

for a wide range of attraction strengths and Pe, revealing two-step yielding. In

experiments, the position of first stress peak moves to larger strains with increas-

ing Pe while position of second peak remains unchanged. In contrast, in BD

simulations positions of first and second stress peaks do not change with Pe.

In both experiments and BD simulations, first yield strain moves to smaller val-

ues with increasing attraction strength while the second strain yielding does not

change. Increasing range of attractions results in an increase of first yield strain

due to increase of particle localization length. Decomposition of the stress into

a hard-sphere (HS) and an attractive (depletion) contribution reveals that there

are strong contributions of both stresses into the first stress peak. In contrast,

the second peak is mainly linked with HS contributions.

The transient structure in BD simulations is characterized by the average

number of neighboring particles within the attraction range (defined as bonds)

and pair distribution function in the xy (velocity-gradient) plane. The average

number of bonds per particle exhibits maximum around first stress peak while

the maximum of pair distribution function in the extension axis shows a min-

imum where second stress peak takes place similar with HS glasses. This in-

dicates that the second stress peak is originated form breaking of the cages by

shear.

Analysis of particle displacements indicates that for both repulsive and at-

tractive glasses, the transient state, 〈∆z2〉, generally shows an initial increase

which follows the response at rest, with a subsequent transient super-diffusive

behavior which eventually becomes diffusive (slope of unity) at longer t − tw.
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In the case of repulsive glass, this supper-diffusive behavior is related to the

breaking of the cages while for attractive glass related to breaking of length

scales smaller than the attraction range. Both glasses exhibit identical long-time

displacements, indicating that at long times dynamics is not affected by inter-

particle attractions. For both glasses shear-induced cage deformation causes

local constriction, reducing short times in-cage diffusion. Finally, attractive

glasses under steady state shear behave dynamically as HS glass above the 1st

yield stress peak indicating that the contribution of the attractions diminishes be-

yond the 1st yield stress peak. Both glasses show super-diffusive behavior under

steady shear which indicates a continuous breakage/reformation of bonds/cages

under shear. For both glasses, a minimum of effective diffusivity takes place

at strains before stress peak where the nonlinear response begins, which fol-

lowed by super-diffusive particle motions which is strongly pronounced on the

compression axis where particle density is enhanced.
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Abstract

We examine both linear and nonlinear response rheology of colloidal gels via

a combination of experiments and BD simulations, with a view toward under-

standing the link between microstructure and bulk rheology. A range of volume

fractions, gel ages, and bond strengths are examined. Trends in experimental

linear response rheology agree with simulations. The nonlinear response rheol-

ogy is examined through a start-up of a simple shear flow. The strain at which

the overshoots occur vary with the magnitude of the imposed strain rate, as well

as with the age, volume fraction, and particle bond strength. The simulation

studies reveal similarities and differences to the experimentally observed be-

havior. Both experiments and BD simulations exhibit similar behavior at low

Pe where a single stress peak is observed which is followed by the rise of stress

at long times. Microscopic imaging from BD simulations in this regime indi-

cates cluster densification under shear. In contrast, at high Pe, in experimental

studies, we find two clear peaks in the stress followed by long-time steady be-

havior, while in dynamic simulations only one stress overshoot is observed. One

potential reason for such discrepancy between experiments and BD simulations

observed at high Pe is missing hydrodynamics interactions (HI) in BD simula-

tions.
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4.1 Introduction

Gels are present in many applications ranging from foods, pharmaceuticals, bio-

logical systems, personal care products, cleaning products, paints, and inks due

to their space-spanning network and tunable viscoelastic response. Much effort

has been placed on understanding the phase diagram of attractive colloids, par-

ticularly to identify regions or boundaries where non-equilibrium materials exist

(Grant and Russel (1993); Hajime (2000); Lu et al. (2008); Shah et al. (2003b)).

Typically, two types of gels are present: strong, fractal gels at low volume

fractions and high attraction strengths which their mechanical properties are

described by fractal scaling (Krall and Weitz (1998); Rueb and Zukoski (1997))

or poroelastic theory (Buscall and White (1987); Kim et al. (2007)), whereas

reversible gels with higher volume fractions and lower attraction strengths that

lead the structure and mechanical properties to exhibit time dependence (Zia

et al. (2014)).

As explained in detail in chapter 1, the viscoelastic response of colloidal

gels depends on parameters such as particle volume fraction, attraction strength,

attraction range and to some extend solvent quality, as these parameters strongly

affect the microstructure. Besides these thermodynamic variables, the preshear

history (see chapter 6) and also the waiting time (aging) after shear cessation or

after quenching the gel from the liquid state are the key parameters determining

the mechanical properties of such out-of-equilibrium materials.

Although experiments (Koumakis and Petekidis (2011); Laurati et al. (2009);

Ramakrishnan et al. (2005); Shah et al. (2003b)), particle dynamics simulations

(Zia et al. (2014)) and theories (Chen and Schweizer (2004); Zaccone et al.

(2009)) have independently studied the impact of particle volume fraction and

attraction strength on mechanical properties of gels, a direct comparison of these

three methods is missing in the literature.

Colloidal glasses and gels are soft solids which under high enough stresses

(or strains), they will yield and flow often in multiple steps due to the exis-

tence of spatial heterogeneities (Chan and Mohraz (2012); Kim et al. (2014);
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Koumakis and Petekidis (2011); Laurati et al. (2011, 2014); Pham et al. (2008);

Shao et al. (2013)) results in flow-induced structural anisotropy (Park and Ahn

(2013); Park et al. (2015); Vermant and Solomon (2005)) while they may also

show significant thixotropy, and aging (Bonn and Denn (2009); Ovarlez et al.

(2013)).

Colloidal gels (Koumakis and Petekidis (2011); Laurati et al. (2011)) and at-

tractive glasses (Koumakis and Petekidis (2011)) reveal two distinct stress peaks

in start-up shear flow reflecting two-step yielding. For the attractive glass first

yield has been attributed to the short length scale bond breaking while the second

breaking of the cages (Koumakis and Petekidis (2011)). In the case of colloidal

gels, the first yield has been associated to the breaking of bonds which con-

nect the clusters and the second yield related to breaking of clusters to smaller

pieces (Koumakis and Petekidis (2011); Laurati et al. (2011)). Experimentally,

direct imaging of the transient response of colloidal gels in start-up shear flow

by rheo-confocal microscopy is problematic due to strong wall slip (Ballesta

et al. (2013)). As colloidal gels have strongly heterogeneous structure, shearing

them results in a wide variety of structures with different mechanical properties,

as has been observed with both experiments and simulations (Koumakis et al.

(2015)). Shearing the gel at high shear rates results in strong cluster break-up

while at low rates, cluster densification under shear takes place as seen in bulk

(Ballesta et al. (2013); Chen et al. (2013); Hsiao et al. (2012); Koumakis et al.

(2015); Rajaram and Mohraz (2012); Sonntag and Russel (1986); Wessel and

Ball (1992); Zaccone et al. (2011)), two-dimensional (Masschaele et al. (2009))

and microchannel flows (Conrad and Lewis (2008)).

In this chapter, we first study the linear response rheology of colloidal gels

for a range of volume fractions, gel ages, and bond strengths and make a direct

comparison between experiments, BD simulations, MCT-PRISM theory and the

theory of Zaccone et al. (2009). Then, we examine the nonlinear rheology of

colloidal gels during start-up of simple shear flow via a combination of experi-

ments and BD simulations providing a link between, stresses and structure.
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4.1.1 Experimental methods

Samples

We used sterically stabilized polymethylmethacrylate (PMMA) model hard-

sphere particles sterically stabilized by chemically grafted poly-hydro-stearic

acid (PHSA) chains (∼ 10 nm) suspended in octadecene. Particles have hydro-

dynamic radius ofR = 196 nmwith the polydispersity of 12% to avoid crystal-

lization. The depletion attractions implemented between the particles by adding

non-adsorbing linear Polybutadiene (1, 4-addition) (PB) chains with the molec-

ular weight, Mw = 323, 300 g/mol and a radius of gyration, Rg = 19 nm

(measured by light scattering). This gives a polymer-colloid size ratio ξ =

Rg/R = 0.097 in dilute solution. We prepared the gel at particle volume frac-

tions of φ = 0.2, 0.3 and 0.44 with two different attraction strengths at contact

of Udep(2R) = −6kBT and −15kBT according to modified Asakura-Oosawa

(AO) model (Aarts et al. (2002); Asakura and Oosawa (1954)).

Rheology

Rheological experiments were performed with ARES-HR strain controlled rheome-

ter with a force balance transducer, using homemade cone-plate geometries of

diameter 40 mm, cone angle 2.3◦ and cone truncation 0.04 mm with serrated

surfaces to avoid wall-slip (Ballesta et al. (2013)). The temperature was set to

T = 20◦C using a standard Peltier plate and solvent evaporation was minimized

by using a solvent saturation trap. As a standard protocol before each experi-

ment, the gel first was shear-rejuvenated at large strain amplitude of γ0 = 800%

with frequency ω = 10 rad/s until reaching steady state values of G′ and G′′

under shear. Subsequently, shear was stopped and the gel let to age. Dynamic

frequency sweep experiments in the linear viscoelastic regime and also start-up

experiments were preformed at different aging times. In order to compare ex-

periments with BD simulations, we made the strain rate, γ̇, dimensionless using

the Péclet number Pe = γ̇tB = γ̇(a2/D0) with tB the Brownian time and D0

the free diffusion coefficient D0 = kT/6πηa. We also normalized the time and
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frequency with the Brownian time, tB.

4.1.2 Simulation methods

We performed Brownian Dynamics (BD) simulations to get both rheological

and detailed structural information. Hard-sphere interactions in BD simulations

are conducted by implementing the potential-free algorithm for hard sphere in-

teractions (Foss and Brady, 2000). Affine shear was applied on typically 30000

particles (with 10% polydispersity to avoid crystallization) with periodic bound-

ary conditions. Attractions were implemented with the superposition of a simple

Asakura-Oosawa (AO) potential (Asakura and Oosawa, 1954) with an interac-

tion range of ξ = 0.1 and various attraction strengths.

4.2 Linear viscoelastic response

4.2.1 Effects of gel age

It has been observed by both experiments (Koumakis and Petekidis (2011)) and

simulations (Zia et al. (2014)) that time scales and viscoelastic properties of at-

tractive suspensions evolve with waiting time. In this section, we discuss the

time dependence of both linear and the nonlinear response of colloidal gels for

various particle volume fractions and attraction strengths. Fig. 4.1 shows the

experimental time dependence of elastic G′ and viscous G′′ moduli measured

in the linear viscoelastic regime after shear cessation of the gel with different

particle volume fractions and attraction strengths. As shown in all cases, im-

mediately after shear rejuvenation a solid-like response is recovered (G′ > G′′)

which is followed by a strong increase of G′ and a constant G′′ as a typical be-

havior of attractive systems due to network restructuring. Increase of G′ with

time has been associated to increase of dominant length scale (Zia et al. (2014))

and average number of bonds (Koumakis et al. (2015)). For lower volume frac-

tion φ = 0.2 and weaker gel Udep(2R) = −6kBT , after 20000tB, we find a
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decrease of G′ and an increase of G′′ with time (Fig. 4.1 a). This might be due

to gradual collapse of the gel network as it is expected for such low volume frac-

tion particle gel (Harich et al. (2016)). The results presented here, are after shear

cessation of the gel presheared at strain amplitude γ0 = 800% with frequency

ω = 10 rad/s. As will be examined in chapter 6, the details of preshear have

large impact on both time evolution and strength of the gel after shear cessation.

To understand the microscopic origin of the increase of G′ with gel age

observed in Fig. 4.1, we turn into the structural evolution of the gel as ages with

the help of BD simulations. Fig. 4.2 shows snapshots of the structure for the gel

with φ = 0.3 and Udep(2R) = −6kBT , as it evolves under quiescent conditions.

As the gel ages, the strands get progressively thicker and more heterogeneous

structures with larger number of bonds being created. Therefore, increasing

of G′ with sample age as observed in Fig. 4.1 is a direct consequence of the

increase of number of bonds when the gel reforms. Below, we explain how the

details of microstructure affect the linear viscoelastic response of colloidal gels

using the theory of Zaccone et al. (2009) and MCT-PRISM2 theory (Chen and

Schweizer (2004)).

Fig. 4.3 shows the full linear viscoelastic response of the gel with φ = 0.3 at

different ages from both experiments and large-scale BD simulations. For both

experiments and BD simulations, the response is elastic (G′ > G′′) over whole

frequency window. In both experiments and BD simulations, G′ increases with

sample age and shows a weakly increase with frequency. G′′ in experiments

shows a small increase with sample age and a weak minimum with frequency

as the characteristic response of colloidal glasses and gels. In BD simulations,

however, the change in G′′ with sample age depends on the frequency (Peω). At

low frequencies (Peω < 20), G′′ shows a decrease with sample age in contrast

with experiments. For high frequencies (Peω > 20), however, G′′ exhibits

a small increase with sample age, in agreement with experiments. However,

for this volume fraction gel, φ = 0.3 , and the range of frequency explored,

0.1 < Peω < 100, G′′ does not show a minimum with frequency which has
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Figure 4.1: Time evolution of G′ and G′′ after shear cessation measured in the
linear viscoelastic regime for the gel with particle volume fraction
(a) φ = 0.2, (b) φ = 0.3 and (c) φ = 0.44 and different attraction
strengths as indicated.
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(a)

(b)

(c)

400 a2/D

4,000 a2/D

20,000 a2/D

Figure 4.2: 2D images of the structure for the gel with φ = 0.3 and Udep(2R) =
−6kBT as it evolves under quiescent conditions for different ageing
times of (a) 400tB (b) 4000tB and (c) 20000tB taken from BD sim-
ulations with 750,000 particles from collaboration with Zia group (
Johnson et al. (2017)). Particles are colored by the number of bonds,
where Blue refers to largest and red to least number of bonds.
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Figure 4.3: Effect of gel age on the linear viscoelastic properties of the gel with
particle volume fraction φ = 0.3 and attraction strength at contact
Udep(2R) = −6kBT for (a) experiments and (b) BD simulations
with 750,000 particles. Solid symbols represent elastic modulus G′

while open symbols loss modulus G′′ . The data from BD simula-
tions are from collaboration with Zia group ( Johnson et al. (2017)).

been detected in experiments. As will be seen in Fig. 4.5, for higher volume

fraction gel φ = 0.44, such minimum is detected in BD simulations as well.

4.2.2 Effects of attraction strength

Fig. 4.4 shows effect of attraction strength on the linear viscoelastic response

of an intermediate particle gel with φ = 0.3 from both experiments and large-

scale BD simulations. In both experiments and BD simulations, an increase

of attraction strength results in an increase of both G′ and G′′, in agreement

with previous findings from experiments (Laurati et al. (2009)) and BD simu-

lations for lower particle volume fraction of φ = 0.2 (Zia et al. (2014)). To

understand how attraction strength affects the elastic modulus, we use the the-

ory proposed by Zaccone et al. (2009). As explained extensively in chapter 1,

for such intermediate particle volume fraction gel, elasticity mainly originates

from inter-cluster bonds:

G′ = (2/5)π−1φcz(φc)k/L (4.1)

where φc is the effective volume fraction of clusters, z(φc) is the number of

bonds between clusters, k is the bond stiffness and L is the diameter of clusters.

Ph. D. Thesis 84



Section4.2: Linear viscoelastic response

1 0 - 2 1 0 - 1 1 0 0 1 0 11 0 0

1 0 1

1 0 2

1 0 - 1 1 0 0 1 0 1 1 0 2

1 0 0

1 0 1

1 0 2

1 0 - 2 1 0 - 1 1 0 0 1 0 1

1 0 0

1 0 1

1 0 0 1 0 1 1 0 2

1 0 0

1 0 1

U d e p ( 2 R )
 G '
 G ' '

 

G',
 G

'' R
3 /(k

BT)

 - 6 k B T
 - 1 5 k B T

( a ) E x p .

 

( b ) B D  S i m .

 

 

G',
 G

'' R
3 /(k

BT)
/U de

p(2
R)

P e ω=ω t B

( c ) E x p .

 

 

P e ω=ω t B

( d ) B D  S i m .

Figure 4.4: (a) Effect of attraction strength on the linear viscoelastic proper-
ties of the gel with φ=0.3 at the age of 4000tB for (a) experiments
and (b) BD simulations with 750,000 particles. Solid symbols rep-
resent elastic modulus G′ while open symbols loss modulus G′′. (c)
and (d) are the corresponding G′ and G′′ from (a) and (b) respec-
tively, normalized by attraction strength at contact. The data from
BD simulations are from collaboration with Zia group ( Johnson
et al. (2017)).

For such intermediate volume fraction and inside the gel regime, the cluster size

does not vary with attraction strength (Dibble et al. (2006); Koumakis et al.

(2015); Laurati et al. (2009)). Therefore, the number of bonds between clusters

should not change with attraction strength as well. Hence, Eq. 4.1 is reduced to

G′ ∼ k ∼ Udep(2R). In Fig. 4.4 c and d, we plot both G′ and G′ normalized

by their attraction strength at contact, Udep(2R). We should note that theory

just predicts the elastic modulus. However, here we additionally plotted the

viscous modulus as well to see how it relates to the attraction strength. For

experiments (Figs. 4.4 c), both G′ and G′′ for two different attraction strengths

almost collapse onto each other for whole frequency range studied. Therefore,

an increase of bothG′ andG′′ is a direct consequence of increasing inter-particle

attraction strength. For BD simulations, however, the collapse is detected for

low frequencies and only for G′ (Fig. 4.4 d).
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Figure 4.5: Effect of particle volume fraction on the linear viscoelastic proper-
ties of colloidal gels with attraction strength at contact Udep(2R) =
−6kBT at the age of 4000tB for (a) experiments and (b) BD simu-
lations with 750,000 particles. Solid symbols represent elastic mod-
ulus G′ while open symbols loss modulus G′′. The data from BD
simulations are from collaboration with Zia group ( Johnson et al.
(2017)).

4.2.3 Effects of particle volume fraction

Fig. 4.5 shows the frequency dependence of G′ and G′′ in the linear regime for

different volume fractions from both experiments and BD simulations. First,

we note that both experiments and simulations indicate a predominately elastic

response (G′ > G′′) for the range of frequencies studied. Second, both experi-

ments and simulations exhibit higher values of G′ and G′′ for gels of increasing

φ over the frequency range as well. The difference between experiments and

simulations in terms of the values of G′ and G′′ becomes more pronounced

with increasing volume fraction. In contrast, G′ and G′′ versus frequency ex-

hibits qualitatively the same trend with G′ showing a minimum and G′′ almost

a plateau for the range of φ shown. The volume fraction greatly impacts the

strength of the viscoelastic moduli. A change from φ = 0.2 to φ = 0.44 leads

to an increases of G′ in experiments by ∼ 100 times and in BD simulations

by ∼ 14. Increase of G′ with φ can be rationalized by the theory proposed by

Zaccone et al. (2009). As the volume fraction is increased, the cluster size is re-

duced and consequently the number of bonds between clusters increases, which

based on Eq. 4.1 suggests an increase of G′. As will be discussed below based

on MCT-PISM2 theory (Chen and Schweizer (2004)), increase of G′ with φ is a

result of the decrease of particle localization length with φ.
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4.2.4 Comparison between experiments, BD simulations and

MCT-PRISM2 theory

Fig. 4.6 shows the direct comparison between experiments, MCT-PRISM2 the-

ory and BD simulations. The details of MCT-PRISM2 theory have already been

explained in chapter 1. For each volume fraction and attraction strength (poly-

mer concentration), the particle localization length (rloc) is taken from the data

of Chen and Schweizer (2004) and then through Eq. 1.25, G′ is extracted. G′

from BD simulations is smaller than that form experiments for all volume frac-

tions and attraction strengths due to missing hydrodynamic interactions (HI) in

BD. For lower attraction strength of Udep(2R) = −6kBT (Fig. 4.6 a), MCT-

PRISM2 theory shows a stronger increase of elastic modulus with particle vol-

ume fraction compared to experiments and BD simulations. However, theory

underestimate elastic modulus for φ = 0.2 and overestimate for φ = 0.44 by a

factor of 2. For stronger attraction strength ofUdep(2R) = −15kBT (Fig. 4.6 b),

theory shows similar increase of elastic modulus with particle volume fraction

compared to experiments, but the theory largely overpredicts elastic modulus

by a factor of 30 for all volume fractions. This discrepancy has been associ-

ated with the heterogeneous structure of the gel network which is not taken into

account in the theory (Chen and Schweizer (2004); Koumakis and Petekidis

(2011); Laurati et al. (2009); Ramakrishnan et al. (2004); Shah et al. (2003b)).

The theoretical elastic modulus can be reduced by the average number of par-

ticles participating in a cluster as: G′
exp = G

′
MCT/Ncluster where Ncluster is the

number of particles per cluster (here Ncluster = 30). With this prefactor correc-

tion, the MCT-PRISM predictions are in good agreement with experiments.

4.3 Yielding and flow behavior

Next we examine the nonlinear transient response of colloidal gels submitted

to start-up shear flow. We first explain the experimental results for three vol-

ume fractions of φ = 0.2, 0.3 and 0.44 with two different attraction strengths

at contact −6kBT and −15kBT and varying shear rates and ages. This helps

87 University of Crete, Greece



Chapter4: Aging and Yielding of Colloidal Gels during Start-up Shear Flow

0 . 2 0 . 2 5 0 . 3 0 . 3 5 0 . 41 0 0

1 0 1

1 0 2

0 . 2 0 . 2 5 0 . 3 0 . 3 5 0 . 41 0 0

1 0 1

1 0 2

1 0 3

1 0 4

 

 E x p e r i m e n t s
 M C T - P R I S M 2
 B D   S i m u l a t i o n s

G' 
(R

3 /k BT)

φ

U d e p ( 2 R ) = - 6 k B T( a ) U d e p ( 2 R ) = - 1 5 k B T

 E x p e r i m e n t s
 M C T - P R I S M 2
 M C T - P R I S M 2  w i t h  p r e f a c t o r
 B D

G' 
(R

3 /k BT)

φ

( b )

Figure 4.6: Comparison of the elastic modulus between experiments, MCT-
PRISM2 theory and BD simulations for the gel with attraction
strength at contact Udep(2R) (a) −6kBT and (b) −15kBT . G′ in
experiments and BD simulations are taken for the Peω = 0.1 at the
age of 4000tB. The data from BD simulations are from collabora-
tion with Zia group ( Johnson et al. (2017))

us to get a broader range of parameters which affect yielding of colloidal gels.

Afterwards, we investigate the results obtained from BD simulations on a gel

with φ = 0.44 and attraction strength at contact −20kBT at the fixed age and

varying shear rates.

4.3.1 Rheological experiments

Fig. 4.7 shows start-up experiments performed at different shear rates for three

volume fractions of φ = 0.2, 0.3 and 0.44, constant attraction strength at con-

tact −6kBT and for two different ages. First, we discuss the results for young

and low-particle volume fraction gel of φ = 0.2 (Fig. 4.7a). For the range of

shear rates studied here, with imposing shear rate, stress versus strain exhibits

a peak which is referred to as the yielding point that has been related to the

disconnection of the links between clusters (Koumakis and Petekidis (2011);

Laurati et al. (2011)). The long-time behavior after the stress overshoot indi-

cates two regimes of shear. At low shear rates (0.025 < γ̇ < 0.1) after the

stress peak, a rise of stress for strains above ∼ 100% is detected. As will be

proven by BD simulations in the following section, this rise of stress at large

strains is due to cluster densification under shear. As clusters become larger

under shear, they resist more against flow, which results in rise of stress. With

increasing shear rate (γ̇ > 0.1), however, this rise of stress observed at large
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strains is suppressed and a stress plateau emerges. However, two-step yielding

process reflected by two stress peaks is not detected for such young low volume

fraction gel. For the older gel (Fig. 4.7 b), however, the long-time rise of stress

after stress peak is suppressed and at higher shear rates (γ̇ > 0.1), after the first

stress peak, a shoulder appears indicative of second yielding process. As men-

tioned before, a second yield process has been attributed to breaking of clusters

to smaller pieces or, in the case of high shear rates, breaking into individual

particles (Koumakis and Petekidis (2011); Laurati et al. (2011)). Emergence of

a second peak/shoulder with the gel age has also been observed for more con-

centrated and stronger gel of 0.44 ( Koumakis and Petekidis (2011)). For more

concentrated and younger gel of φ = 0.3 (Fig. 4.7 c), the increase of stress

at long times is reduced, and for larger volume fraction of φ = 0.44 (Fig. 4.7

e), it totally is suppressed. However, a second stress peak is detected at higher

shear rates (γ̇ > 0.1). Similarly to lower volume fraction of φ = 0.2, for more

concentrated gels of φ = 0.3 and 0.44, with increasing the gel age, the increase

of stress at long times is suppressed (Figs. 4.7 d and f). However, interestingly

a merging of both stress peaks is observed with both increasing shear rate and

waiting time (Figs. 4.7 d and f). The position of first stress peak, shows a shift

to larger strains with increasing shear rate. This increase has been attributed to

the reduced probability for bond breaking at high shear rates, as Brownian mo-

tion becomes less effective in assisting particle escape (Laurati et al. (2011)). In

contrast, the second stress peak/shoulder moves to smaller values as shear rate

is increased and for sufficiently high rates it merges with first stress peak and

so just one stress peak is detected (Fig. 4.7 d and f). This is due to the fact

that the size of free clusters which are remaining after the first network rupture

decreases with increasing shear rate (Laurati et al. (2011)).

These results indicate that the strength of flow, particle volume fraction and

the gel age have strong impact on the way a gel yields and flows. Another

important factor which strongly affects the yielding behavior of colloidal gels is

the shear history. In chapter 6, we address this issue.

Next, we focus on the direct impact of the gel age on yielding while keeping
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Figure 4.7: Start-up shear flow experiments performed at different shear rates
as indicated for the gel with Udep(2R) = −6kBT and (a) φ = 0.2 at
the age of 40s (b) φ = 0.2 at the age of 400s, (c) φ = 0.3 at the age
of 40s (d) φ = 0.3 at the age of 400s (e) φ = 0.44 at the age of 40s
(f) φ = 0.44 at the age of 400s.
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the flow strength constant. In Fig. 4.8, we show step rate experiments per-

formed at fixed shear rate of 0.5s−1 for three volume fractions of φ = 0.2, 0.3

and 0.44 and varying sample age. For all three volume fractions, as the gel

ages the strength of the first stress peak increases as a result of gel strengthen-

ing with sample age (Fig. 4.1). The strain at which the first stress peak takes

place moves to larger values of strain with sample age. The reason for this

is that as the gel ages more particles are buried within the clusters (Zia et al.

(2014)), which leads to a decrease of Brownian time. Therefore, Brownian mo-

tion becomes less effective in assisting particles to escape bonds. In contrast,

the second stress peak/shoulder moves to smaller values as the gel ages which

indicates that stiffer gels (older gels) have smaller free clusters left after the first

stress peak. However, at long ages, both first and second stress peaks merge. As

the particle volume fraction increases, this merging takes place at shorter ages.

One should notice that both shear rate and gel age have similar impact on

yielding as in both cases we observe a shift of first stress peak to larger strains

and a decrease of second peak to smaller values.

Another finding is that whereas preshearing the gel at different strain am-

plitudes results in a strongly different transient response in start-up shear, the

final steady state reached has an almost identical stress especially for young

gels, indicative of shear-melted state where the structures that had been created

at different ages have been annealed by steady shear.

We also examine the impact of inter-particle attraction on yielding behavior.

Fig. 4.9 shows the start-up experiments performed at different shear rates for an

intermediate volume fraction gel of φ = 0.3 at two different attraction strengths

and ages. As the attraction strength is increased from −6kBT to −15kBT , both

first and second stress peaks as well as stress plateau increase. For stronger

gel of −15kBT , the rise of stress at long times observed at low shear rates is

suppressed and turns into a second peak and as the gel gets older the second

peak becomes weaker and turns into a shoulder with its position moving towards

lower strains similar with the weaker gel of −6kBT .
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Figure 4.8: Start-up shear flow experiments performed at shear rate 0.5s−1

and different aging times as indicated for the gel with Udep(2R) =
−6kBT and (a) φ = 0.2 (b) φ = 0.3 (c) φ = 0.44.
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4.3.2 BD simulations

Stresses:

To complement the experimental rheological findings, we performed BD sim-

ulations at constant volume fraction of φ = 0.44, with attraction strength at

contact Udep(2R) = −20kBT , range of attraction ξ = 0.1 and varying shear

rates probing the stress and structure during start-up shear flow. We first present

the stress response (Fig. 4.10) for a start-up shear with different Pe.

The gel before is sheared has been aged for 100tB by switching on the at-

traction in an equilibrated liquid. As has been shown by Koumakis et al. (2015),

the gel produced by this way is equivalent with the gel obtained by shear cessa-

tion at high shear rates. Therefore, the different procedures in gel preparation in

our experiments and BD simulations should not be important, as in experiments

gel is obtained by shear cessation at high rates (see 4.1.1). BD simulations were

performed in a range of Pe from 0.1 to 1000 while in experiments the range of

Pe is 0.0025 to 0.1 corresponding to 0.025 < γ̇ < 1. Fig. 4.10 shows stresses

from BD simulations during start-up shear of different Pe for a gel with volume

fraction of φ = 0.44, attraction strength at contact Udep(2R) = −20kBT , range

of attraction ξ = 0.1. At low Pe, BD simulations show similar stress response

with experiments where a single stress overshoot and an increase of stress at

large strains are detected. However at high Pe, BD simulations exhibit only a

single stress overshoot, in contrast to the experiments where two clear peaks are

detected. The similarity between BD simulations and experiments observed at

low Pe promotes the idea that missing HI in BD simulations might be the rea-

son for the absence of second stress peak in simulations as HI are expected to

be important at high Pe. Recent simulations including full HI for low particle

volume fraction of φ = 0.2 reveal two stress peaks (Boromand et al. (2017)).

However, as will be observed in chapter 3 for the attractive glass two stress

peaks are detected although there are no HI included.

Now we examine the change in yield strain with Pe. Both experiments and

BD simulations indicate an increase in the position of first stress peak with Pe.
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Figure 4.10: BD simulations of step rate tests conducted at various Pe as in-
dicated, for the gel with φ = 0.44, ξ = 0.1 and Udep(2R) =
−20kBT .

However, the values of yield strain in BD simulation and experiments are dif-

ferent, as in simulations it is smaller and ranges from 2% to 5% strain for the

Pe range of 0.1 to 1000, while experiments show peaks at about 6% to 10% for

0.0025 < Pe < 0.1. One reason for the smaller values of yield strain in BD

compared to experiments is that in BD, the HS potential is sharp while in exper-

iments since particles have brushes, the repulsive potential is softer (Koumakis

(2011); Park and Ahn (2013)).

Stress decomposition to HS and depletion contributions:

The stresses of Fig. 4.10 are decomposed into the hard sphere and the attractive

stresses (Fig. 4.11a and b). One might expect that the HS stresses should not be

important and therefore, the total stress should be mainly originate from attrac-

tive stresses. However, based on the stress response shown in (Fig. 4.11a and

b), this is not the case and HS stresses seem to have a stronger contribution to

the total stress, especially at high Pe, compared to attractive stresses. The rea-

son for this is that due to attractions, particles are close to each other. Therefore,

application of shear results in a large number of particle collisions which leads

to HS stresses. Next, we discuss both the HS and attractive stresses response at

different Pe. The hard sphere stresses are dominant at high Pe regime show-
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Figure 4.11: Decomposition of the stress of Fig. 4.10 into (a) HS repulsion and
(b) depletion attraction contributions during start-up shear flow of
various Pe as indicated. Arrows in (b) indicate the position of
stress peaks.

ing similar stress values to the total stress. The depletion stresses also show an

increase with Pe but the increase is weaker compared to HS stresses and thus

becomes important for the lowest rates probed, where they are comparable to

the hard sphere stresses. The position of HS stress peak shifts to larger values

from γy = 2% to 5% with increasing Pe similar to overall stresses. In contrast,

for attractive stresses the position of stress peak remains unchanged with Pe

and is about γ1y = 2%. Al low Pe, HS stresses show similar response as overall

stresses exhibiting a single stress peak and a rise of stress at long times. On the

other hand, attractive stresses show two stress peaks with the first at γ1y = 2%

and the second peak at γ2y = 40%. With increasing Pe, however, the rise of HS

stresses observed after the stress peak and the second peak of depletion stresses

are diminished and both stresses exhibit steady state values. The steady sate

values of attractive stresses show a non-monotonic behavior with Pe. They in-

crease till Pe = 100 and then decrease for Pe = 1000. As will be shown later,

for high Pe, particles are accumulated in the compression axis rather than exten-

sion axis which results in decrease of attractive forces. The correlation between

the stresses and the structures will be examined in detail below.
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Figure 4.12: 2D images of the structure in the velocity-gradient plane with a
thickness of 4R during start-up shear flow of different Pe as indi-
cated taken from BD simulations for the gel with φ = 0.44, ξ = 0.1
and Udep(2R) = −20kBT . Particles are colored by the number of
neighboring particles within the attraction range of ξ = 0.1.

Transient structural properties:

In order to elucidate the microscopic origin of stress peaks in Fig. 4.10, we

examine the transient and steady state structural properties during start-up shear

of different Pe. Fig. 4.12 shows 2D images of microstructure during transient

start-up shear flow of various Pe. The colors of particles in these slices indicate

the number of bonded neighboring particles within the attraction range of ξ =

0.1 which varies from least bonded, blue, to highly bonded, red. Around the

first stress peak, no obvious structural changes are observed as the structure

looks similar with that at quiescent state. For sufficiently larger strains above

the stress peak, different structural changes are detected, depending on the Pe.

At low Pe, more compact clusters with the larger average number of bonds

compared to quiescent state are formed. For high Pe, however, a breakage of

clusters into smaller pieces is detected which results into formation of relatively

homogeneous structures with less number of bonds.

Next, we examine quantitatively the microstructural changes observed in

Fig. 4.12 during start-up shear flow using the average void volume and the av-

erage number of bonds per particle. The void volume is defined as the volume
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of a sphere with a center in the empty space and the radius equals to the closet

particle distance. Mapping the empty space will provide information on the dis-

tribution of void volumes. The calculation of void volume has been explained

in details in chapter 2. Fig. 4.13 shows the time evolution of the average void

volume, 〈V V 〉 during star-up shear flow of different Pe. Again, as expected

from the images of the structure in Fig. 4.12, the 〈V V 〉 does not change around

the first stress peak. In contrast, for the strains well above the stress peak, sub-

stantial change in 〈V V 〉 is observed which shows different behavior depending

on the Pe. Start-up shear at high Pe results in a decrease of 〈V V 〉 over time.

In contrast, shearing the gel at low Pe leads to increase of 〈V V 〉 due to cluster

densification under shear. Therefore, one can relate the increase of stress at large

strains (observed at low Pe, see Fig. 4.10 ) to an increase of cluster size which

results in larger resistance of clusters against flow. To rationalize such shear-

induced structural changes, we use a modified Peclect number.called Pedep as

follows:

Pedep =
Fshear
Fdep

=
6πηR(2ξR)γ̇

Udep(2R)/(2ξR)
=

12πηξR3γ̇

Udep(2R)
(4.2)

For the values of Pedep > 1 the shear forces are stronger than attractive

forces and bond breaking under shear is expected to take place. However, for

Pedep < 1 attractive forces are dominant over viscous forces and in this case

shear helps the particles to find minimum energy landscapes. For the gel with

Udep(2R) = −20kBT and ξ = 0.1, Pe = 100 is where Pedep = 1. This

is in agreement with the change in 〈V V 〉 at various Pe (Fig. 4.13). As for

Pe > 100, P edep > 1 cluster break-up under shear takes place while for Pe <

100, P edep < 1 clusters densification.

A more local measure of structural heterogeneity is achieved by enumerating

the number of neighboring particles within the attraction range of ξ = 0.1. Fig.

4.14 shows the change in the average number of bonds per particle during start-

up shear. Again, similarly to 〈V V 〉, for strains around stress peak no obvious

change in the average number of bonds is observed. A substantial change in

number of bonds is detected for strains above ∼ 10% depending on the Pe. For

Ph. D. Thesis 98



Section4.3: Yielding and flow behavior

1 0 - 2 1 0 - 1 1 0 01 0 0

1 0 1

1 0 2

 

 

<V
V>

 (t)
/R3

γ

 0 , 1
 1
 1 0
 1 0 0
 1 0 0 0

.

P e

Figure 4.13: The average void volume, 〈V V 〉, versus the accumulated strain
during start-up shear flow of different Pe as indicated taken from
BD simulations for the gel with φ = 0.44, ξ = 0.1 and Udep(2R) =
−20kBT . The vertical dashed black line indicates the approximate
position of stress peak in Fig. 4.10 which varies from 2− 5%.

low Pe (= 0.1), number of bonds shows a monotonic increase without reaching

a clear steady state values at large strains. For intermediate Pe (1−10), however,

number of bonds first shows a decrease due to bond breaking in the compression

axis (this will be discussed later) and then it again increases towards a steady

sate at large strains. For sufficiently high Pe (> 10) where shear forces are

strong enough to overcome the attractive forces, a monotonic decrease of the

average number of bonds towards a steady state at large strains is detected.

Although both the 〈V V 〉, and average number of bonds per particle give in-

formation about the structural heterogeneity caused by shear, but they do not

provide any information about structural anisotropy caused by shear and con-

sequently the microscopic origin of the stress peak. To this end, we calculate

the average number of bonds in the velocity-gradient plane in the extension

and compression axes where maximum structural changes are expected to take

place. This is similar with the calculation of pair distribution function in the

extension and compression axes as described in chapter 3. We explore two

regimes, one for Pe < 100, P edep < 1 where bond formation under shear is

expected to take place and second for the situation where there is bond break-up

under shear, i.e., Pe > 100, P edep > 1. Fig. 4.15 shows the average number of
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Figure 4.14: The average number of bonds per particle versus the accumulated
strain during start-up shear flow of different Pe as indicated taken
from BD simulations for the gel with φ = 0.44, ξ = 0.1 and
Udep(2R) = −20kBT . The vertical dashed black line indicates
the approximate position of stress peak in Fig. 4.10 which varies
from 2− 5%.

bonds measured in velocity-gradient plane in compression and extension axes

for Pe = 1 and Pe = 200. For start-up shear with Pe = 1 (4.15a), structural

anisotropy is produced before stress peak where the nonlinearity begins with

an increase of the number of bonds in the extension axis and a decrease in the

compression axis which leads to a negligible increase of the total number of

bonds with strain before stress peak. Above the stress peak, however, a substan-

tial decrease of bonds number in the compression axis takes place while in the

extension axis little change occurs. This results to decrease of the total number

of bonds until strain of 20%, above which an strong increase of the number of

bonds in both extension and compression axes is detected. Therefore, the total

number of bonds exhibits an increase as well. This increase of bonds in both

axes is a direct consequence of cluster densifcation under shear (see increase

of 〈V V 〉 in Fig. 4.13). For Pe = 200 related to Pedep = 2, a different pic-

ture emerges. Similarly to low Pe, the structural anisotropy is produced before

stress peak with a decrease of the number of bonds in the compression axis

and an slight increase in the extension axis. This leads to an almost constant

total number of bonds. Well above the stress peak (6%), the average number

of bonds in extension axis also shows a strong decrease and crosses below the
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Figure 4.15: The average number of bonds per particle calculated in the com-
pression (blue lines, right axis) and extension (red lies, right axis)
axes (xy plane) together with the total average number of bonds
(black lines, left axis) as a function of strain during start-up shear
of (a) Pe = 1 and (b) Pe = 200 for the gel with φ = 0.44, ξ = 0.1
and Udep(2R) = −20kBT . The vertical dashed lines in (a) and (b)
represent the position of yield stress peak.

number of bonds in the compression axis towards a steady sate value at large

strains. Therefore, the total number of bonds also exhibit a decrease with strain.

The structural anisotropy caused by shear at the steady state for low and high

Pe are different. At low Pe (= 1) the average number of bonds are slightly

different in various directions with the highest in the extension axis, followed

by the compression. In contrast, at hight Pe (= 200), there is a larger number of

particles in the compression axis similarly to the findings for the concentrated

suspensions of hard spheres (Koumakis et al. (2012, 2016)).
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4.4 Conclusions

We have investigated both linear and nonlinear rheology of colloidal gels us-

ing both experiments and BD simulations, providing a link between structure

and mechanical properties. A range of particle volume fractions, attraction

strengths, gel ages have been examined. Both experiments and BD simula-

tions exhibit a qualitatively similar trend for linear viscoelastic properties. How-

ever, quantitatively there are differences. Elastic modulus G′ in experiments has

larger value compared to simulations due to missing HI in the latter. We have

investigated the nonlinear rheology of colloidal gels during start-up shear flow.

BD simulations provides insight into microscopic origin of the transient and

steady state stress response. The strains at which the overshoots occur vary with

the magnitude of the imposed strain rate, as well as with the ages, volume frac-

tions, and particle bond strengths. Both experiments and BD simulations exhibit

similar behavior at low Pe where a single stress peak is observed which is fol-

lowed by the rise of stress at long times. In contrast, at high Pe, experiments

show two stress peaks while BD simulations exhibit one. Since the discrepancy

is detected at high Pe, therefore missing HI in BD might be the origin of such

discrepancy.

Analysis of the microstructure in BD simulations is performed by determin-

ing the average void volume, a quantitative measure of spatial heterogeneities

and the average number of inter-particle bonds. A relevant Peclect number,

Pedep, the ratio of shear forces to attractive forces is used to explain the transi-

tion from low to high shear rates. BD simulations identify two Pe regimes. At

low Pe, where both experiments and BD simulations agree, both average void

volume and number of bonds exhibit an increase after stress peak, signifying

shear-induced structural heterogeneity. In contrast, at high Pe both void vol-

ume and number of bonds show a decease after stress peak toward a steady state

value at long times. Although the number of bonds shows a change just after

stress peak, but neither number of bonds nor average void volumes give insight

into microscopic origin of stress peak. Therefore, one needs to apply more rig-

orous structural characterization. For example identifying the bonds between

Ph. D. Thesis 102



Section4.4: Conclusions

clusters and then probing how they rearrange during start-up shear.

We have investigated the structural anisotropy caused by shear by measuring

the average number of bonds in extension and compression axes where maxi-

mum structural changes expected to take place. The structural anisotropy ap-

pears before the stress peak, where nonlinearity starts to begin which is followed

by an increase of average number of bonds in the extension axis and a decrease

in the compression axis. However, the long-time anisotropy after the stress peak

depends on Pe. For low Pe, where Pedep < 1, a larger number of bonds is de-

tected in the extension axis. In contrast for high Pe, where Pedep > 1, particles

are more accumulated in the compression axis similar with HS glasses.
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Abstract

We examine by rheology and Brownian dynamics (BD) simulations internal

stresses in colloidal gels brought to the rest state from steady shear at different

shear rates . A model colloidal gel with intermediate particle volume fraction

is chosen where the attractions between particles were introduced by adding

non-adsorbing linear polymer chains. After flow cessation, the gel releases the

stress in two distinct patterns : At high shear rates where shear forces dominate

over attractive forces, the shear-melted gel behaves as a liquid and releases the

stress to zero after flow cessation. For low shear rates, however, stresses relax

only partially, similar to the response of hard sphere glasses and jammed soft

particles. The balance between shear and attractive forces which determines the

intensity of structural distortion controls the amplitude of the residual stresses

through a universal scaling. The macroscopic stress decay is related to the mi-

croscopic sub-diffusive particle motions which become arrested at long times

due to network formation.
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5.1 Introduction

Colloidal dispersions are widely present in daily life products such as milk, inks,

paints, mayonnaise and also biological systems (Mewis and Wagner, 2012).

These materials often are soft yield-stress viscoelastic fluids, i.e., they exhibit

solid-like response at low stresses. However, they may yield and flow when

large enough stresses (or strains) are imposed. After quenching the material

from a flowing liquid state to the solid state at rest, a part of the stress stored

during flow (or shear) will remain since the structure is not able to relax in-

stantaneously. These stresses are referred to as residual stresses. In general,

residual stresses have been observed during cooling of polymer melts (Struik,

1990), temperature jumps in multilamellar vesicle suspensions (Mazoyer et al.,

2006; Ramos and Cipelletti, 2001, 2005), reconstitution of actin networks (Lie-

leg et al., 2011), dewetting of thin polymeric films (Reiter et al., 2005), drying

of concentrated colloidal suspensions (Narita et al., 2004) and after flow ces-

sation of colloidal systems such as hard sphere glasses (Ballauff et al., 2013),

jammed soft particle suspensions (Mohan et al., 2013, 2015), dilute dispersions

of fumed colloidal particles with attractive interactions (Negi and Osuji, 2009;

Osuji et al., 2008), and suspensions of laponite particles (Negi and Osuji, 2010).

Moreover, the relaxation of residual stresses built-up during quenching from liq-

uid to the solid state have been invoked to explain the slow dynamics and ag-

ing of disordered soft solids (Lieleg et al., 2011; Mazoyer et al., 2006; Ramos

and Cipelletti, 2001, 2005). Internal stresses were also found to be responsible

for undesirable rupture of thin polymeric films although such systems were ex-

pected to be energetically stable (Reiter et al., 2005). Nonetheless, if internal

stresses are tuned properly, they can improve mechanical properties of material

as found in silicate (Green et al., 1999) and metallic glasses (Cao et al., 2015;

Zhang et al., 2006). Similarly, residual stresses in suspensions of colloidal hard

spheres can be tuned by the particle volume fraction and the preshear history

(Ballauff et al., 2013). The larger the preshear rate, the smaller the ratio of in-

ternal stress to that developed before shear cessation. A similar finding has also

been reported in suspensions of jammed soft particles where the persistence of
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the asymmetric angular distortions which characterize the pair distribution func-

tion during flow were identified as their microscopic origin (Mohan et al., 2013,

2015).

However, little is known about the microscopic details of residual stress in

model soft matter systems where concentrated particles also experience inter-

particle attractions. One such model system is a mixture of hard sphere colloids

with nonadsorbing linear polymer chains as depletants where the strength and

range of interparticle attraction are tuned by the concentration and size of the

polymer chains respectively (Asakura and Oosawa, 1954; Poon, 2002).

Colloidal gels at intermediate volume fraction (0.2 < φ < 0.5) and attrac-

tive glasses show complex response to shear with yielding in two-step process

related to an initial short scale bond breaking and larger scale cage/cluster melt-

ing (Koumakis et al., 2012; Laurati et al., 2011, 2014; Pham et al., 2008; Shao

et al., 2013). The application of shear in such colloidal gels has been demon-

strated to strongly alter the structure and mechanical properties during and after

flow cessation (Koumakis et al., 2015). Depending on shear rate, bond breaking

or cluster formation/densification under shear takes place (Ballesta et al., 2013;

Chen et al., 2013; Conrad and Lewis, 2008; Hsiao et al., 2012; Koumakis et al.,

2015; Masschaele et al., 2009; Rajaram and Mohraz, 2012; Sonntag and Russel,

1987).

In this chapter, we use a combination of rheological experiments and BD

simulations in order to understand the link among stresses, structure and dynam-

ics after flow cessation of steady state shear flow in a model system of colloidal

depletion gel at intermediate volume fraction (φ = 0.44). We demonstrate that

depending on the applied shear rate, such depletion gels release the stress in two

distinct patterns after flow cessation: At high shear rates, the stress is released

fast similarly to what is seen in liquids as particles can easily move to release

the stress, while at low shear rates, stress decays only partially as in hard sphere

colloidal glasses. The balance between shear and attractive forces which deter-

mines the intensity of structural distortion under shear controls the amount of

the residual stress through a universal scaling.
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The chapter is structured as follows: In section 5.2 we present the materials

used in the study and the techniques of experimental rheology and BD sim-

ulations. In the results and discussion section 5.3, we first present the linear

viscoelastic response of the gel (5.3.1) and then stresses and structures under

steady shear flow and after shear cessation are discussed in sections 5.3.2 and

5.3.3, respectively. We explain particle dynamics in section 5.3.4 and scaling of

residual stresses in section 5.3.5. We finally end in section 5.4 with the conclu-

sion.

5.2 Materials and methods

We used nearly hard-sphere polymethylmethacrylate (PMMA) particles steri-

cally stabilized by chemically grafted poly-hydro-stearic acid (PHSA) chains (∼

10 nm) dispersed in Octadecene. Particles have hydrodynamic radius of R =

400 nm (measured in dilute suspensions by dynamic light scattering). The de-

pletion attractions implemented between the particles by adding non-adsorbing

linear (1, 4-addition) chains with molecular weight, Mw = 1243300 g/mol and

a radius of gyration, Rg = 34 nm (measured by static light scattering). This

implies a polymer-colloid size ratio ξ = Rg/R = 0.09 in dilute solution. We

prepared the gel with the intermediate particle volume fraction, φ = 0.44 and

polymer concentration, cp = 0.0046 g/cm3. This gives the attraction strength

at contact Udep(2R) = −20kBT according to the modified Asakura-Oosawa

(AO) model (Asakura and Oosawa, 1954; Fleer and Tuinier, 2007).

Rheological experiments were performed on an Anton-Paar MCR 501 rheome-

ter with homemade cone-plate geometries of diameter 25 mm, cone angle 2.7◦

and cone truncation 0.05 mmwith roughened surfaces to avoid wall-slip (Ballesta

et al., 2013). Temperature was set to T = 20 ◦C using a standard Peltier plate

with a solvent saturation trap to minimize evaporation, although Octadecene due

to high boiling point does not evaporate for several days at room temperature.

We also performed Brownian Dynamics (BD) simulations to get both rheo-

logical and detailed structural information. Hard-sphere interactions in BD sim-
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ulations are implementing through the potential-free algorithm for hard sphere

interactions (Foss and Brady, 2000). Affine shear was applied on typically

30000 particles (with 10% polydispersity to avoid crystallization) with periodic

boundary conditions. Attractions were implemented with the superposition of

a simple Asakura-Oosawa (AO) potential (Asakura and Oosawa, 1954) with an

interaction range of ξ = 0.1 and various attraction strengths. The time scales

of simulations and experiments are expected to be different due to lack of hy-

drodynamic interactions in the former. In the experiment, clustering of particles

is expected to affect the particle diffusion increasing the relevant time scales by

about an order of magnitude, which is approximate to what occurs in a dense

glass (Sierou and Brady, 2001). Thus, we multiply the non-dimensional experi-

mental Brownian time scale tB, Pe and Pedep by a factor of 10 in all figures.

5.3 Results and Discussion

5.3.1 Linear viscoelasticity

The linear dynamic frequency sweep shows G′ > G′′ over the whole frequency

window, indicative of solid-like response (Fig. 5.1) at particle volume fraction

0.44 and attraction strength at contact of Udep(2R) = −20kBT . G′ increases

weakly with frequency and G′′ shows a minimum reflecting the typical linear

viscoelastic response of colloidal gels (Koumakis and Petekidis (2011); Laurati

et al. (2009)). The minimum inG′′ is related to the transition from short-to long-

time relaxation (Mason and Weitz (1995)) and depends on the particle volume

fraction and attraction strength (Koumakis and Petekidis (2011); Laurati et al.

(2009)).

5.3.2 Steady state shear flow

In order to explain the different macromechanical and microstructural responses

detected under shear and also the transition from low to high shear rates, we use

Ph. D. Thesis 110



Section5.3: Results and Discussion

1 0 - 1 1 0 0 1 0 1 1 0 2
1 0 0

1 0 1

1 0 2

 

 

G',
 G

'' (P
a)

ω ( r a d / s )

 G '
 G ' '

Figure 5.1: Storage modulus G′ (black squares) and loss modulus G′′ (red cir-
cles) as functions of frequency ω in the linear viscoelastic regime
for the gel with φ = 0.44, Udep(2R) = −20kBT , ξ = 0.09.

a dimensionless number, Pedep, as follows (Koumakis et al., 2015):

Pedep =
Fshear
Fdep

=
6πηR(2ξR)γ̇

Udep(2R)/(2ξR)
=

12πηξR3γ̇

Udep(2R)
(5.1)

For values of Pedep > 1 shear forces are stronger than attractive forces and

bond breaking under shear is expected to take place. However, for Pedep < 1

attractive forces dominate over shear forces and in this case shear helps the

particles to rearrange locally and find a lower minimum in the energy landscape.

In Fig. 5.2 we present the steady state shear stress as a function of shear

rate (flow curve) from both experiments and BD simulations. It exhibits the

expected typical response of colloidal gels. For values of Pedep >> 1 (Pe

>> 100), there is a linear relation between stress and shear rate indicative of

viscous response. For Pedep < 1, there is a sub-linear relation which indicates

shear-thinning behavior and at very low Pedep, a yield stress plateau emerges.

Such macromechanical response is directly connected to shear-induced struc-

tural changes at microscopic level. The 2D images of the structure under shear

from BD simulations are shown in Fig. 5.2. The particles are colored accord-
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Figure 5.2: Normalized stresses as a function of Pe (flow curve) from experi-
ments (solid black squares) and BD simulations (solid red circles).
Residual stresses at 10tB after flow cessation are indicated from ex-
periments (open black squares) and BD simulations (open red cir-
cles). Vertical dashed line represents Pedep = 1. Bottom images are
structures under shear taken from BD simulations (rates indicated
by arrows). Particles are colored by the number of bonds. For ex-
periments, Udep(2R) = −20kBT , ξ = 0.09, Pe/Pedep = 110 and
for simulations, Udep(2R) = −20kBT , ξ = 0.1, Pe/Pedep = 100.

ing to the number of neighboring particles in the attraction range which define

bonds. Shearing at high rates (Pedep > 1) breaks the bonds between the par-

ticles and results into formation of relatively homogeneous structures similar

to a HS liquid with similar volume fraction, which leads to a simple viscous

response under shear. Conversely, shearing at low rates with Pedep < 1 leads

to formation of highly heterogeneous structures with dense clusters where the

size of clusters/voids decreases with shear rate which subsequently leads to less

resistance against flow and thus a decrease of effective viscosity (shear-thinning

response). Therefore, depending on Pe, two distinct regimes are detected under

shear as has been presented before (Koumakis et al., 2015). One where clusters

break-up at high shear rates (Pedep > 1) and the another where clusters densify

at low shear rates (Pedep < 1). It is therefore interesting to investigate how the

gel will release stresses in these two regimes of shear when flow is stopped.
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5.3.3 Flow cessation

Fig. 5.3 shows the stress decay with time after flow cessation of the steady shear

at different rates from both experiments and BD simulations. In order to com-

pare experiments with simulations, we scaled the time with Brownian diffusion

time (tB) and the stress with R3/(kBT ). Two distinct patterns of stress decay

are observed. After flow cessation at high shear rates, the stress is released

quickly and relaxes completely to zero similarly to what has been observed in

HS liquids (Ballauff et al., 2013). For low shear rates, however, stress relaxes

partially as in HS colloidal glasses and jammed soft particles (Ballauff et al.,

2013; Mohan et al., 2013). With increasing shear rate, the amount of residual

stresses decreases in absolute values (Fig. 5.3 a and b). This is the opposite

of what is observed in dilute dispersions of fumed colloidal particles with at-

tractive interactions where the residual stresses increase with increasing shear

rate (Negi and Osuji, 2009). Here for intermediate volume fraction φ = 0.44

gels, we do not have any indication of such shear thickening (see Fig. 5.2). In

Fig. 5.3b, we present the results from BD simulations. There is a qualitative

agreement between experiments and BD simulations: At high Pe, there is a

complete relaxation of stress while at low Pe the stress relaxes to a plateau or

is slowly decreasing towards zero (or to a finite lower frozen stress). However,

there seems to be a quantitative difference between experiments and simula-

tions: in experiments the transition from fully to partially relaxing seems to

be more abrupt (between Pe = 10 and 50) while in BD simulations there is a

power law decrease of the stress for Pe = 10 to 100 with no clear transition. The

close similarity between BD simulations and rheological experiments provides

justification to use BD simulations in order to get valuable detailed structural

information at the microscopic level, revealing the underlying mechanisms of

such stress decay after shear cessation. In both experiments and BD simulations

the stress decays slowly over time. Therefore, it would be interesting to see if

after very long times the stress completely relaxes as has found in jammed mi-

crogel suspensions (Mohan et al., 2015), although this calls for more extensive

experiments and BD simulations which both are technically quite demanding.

113 University of Crete, Greece



Chapter5: Residual Stresses in Colloidal Gels

The two distinct patterns of stress decay after shear cessation, i.e., the liquid-

like response after high rates and solid-like response observed after flow cessa-

tion of low shear rates should result from different microstructural mechanisms,

i. e., with the cluster break-up at high shear rates and cluster densification at low

shear rates (Koumakis et al., 2015). In Fig. 5.2, we plot the residual stresses at

10tB after flow cessation of different rates together with flow curve. Remark-

ably, the transition from liquid-like to solid-like response occurs around Pedep

= 1. For Pedep > 1, where shear forces are stronger than attractive forces and

cluster break-up under shear takes place, there is no residual stresses after flow

cessation in both experiments and BD simulations, as the system immediately

after shear cessation is found in a liquid state with particles dispersed homo-

geneously. In contrast, for Pedep < 1 where cluster densification under shear

occurs, there is residual stress after shear cessation which decays over time.

As we are getting closer to yield stress plateau, the residual stress increases.

These results emphasize the importance of performing a shear rejuvenation at

high shear rates where Pedep >> 1 in order to completely release the internal

stresses and erasing the history effects. For more complex attractive systems,

one way to find the shear rate at which Pedep = 1 could be achieved by do-

ing stress relaxation experiments at different shear rates and finding the shear

rate at which transition from liquid-like to solid-like response takes place. If

we normalize the stress by the steady shear value before flow cessation and also

scaling the time with the shear rate, for both experiments and BD simulations

all relaxation curves at intermediate times collapse (Fig. 5.3c and d) similarly

to HS colloidal glasses (Ballauff et al., 2013). In the case of glasses, this scaling

is attributed to the slow decay of structural anisotropy in the pair distribution

function (Ballauff et al., 2013). To understand the microscopic mechanisms re-

sponsible for such stress decay, we look into the structural changes occurring

during steady shear and after flow cessation using BD simulations.

We characterize the structure using the void volume, 〈V V 〉, and the average

number of bonds per particle, as has been used in previous study (Koumakis

et al., 2015). The void volume is defined as the volume of the sphere with

the center in the empty space and the radius equals to the closet particle dis-
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Figure 5.3: Stress relaxation after flow cessation at different steady shear rates
as indicated for (a) experiments and (b) BD simulations. (c) and
(d) correspond to data from (a) and (b), respectively, with the stress
normalized with the steady state value and the time scaled with the
shear rate prior to shear cessation with (c) experiments and (d) BD
simulations. For experiments, φ = 0.44, Udep(2R) = −20kBT ,
ξ = 0.09, Pe/Pedep = 110 and simulations, φ = 0.44, Udep(2R) =
−20kBT , ξ = 0.1, Pe/Pedep = 100.
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tance. Mapping the V V will provide information on the distribution of void

volumes. Fig. 5.4a shows the void volume distribution under shear. The gel

under sufficiently large shear rates (Pedep > 1) reveals single and rather narrow

distributions of V V with the peak occurring at short length scales smaller than

one particle size. This reflects a homogeneous distribution of particles with an

average distance of the order of or smaller than 2R, as expected from a liquid

suspension of HS with similar volume fraction (φ = 0.44). In contrast, at low

Pe (Pedep < 1), the V V distribution shows two broad peaks/shoulders indi-

cating the bimodal distributions of length scales with the first peak happening

around the attraction range of ξ = 0.1 and the second at large length scales

related to the cluster size. Fig. 5.4a shows the decrease in the probability of

finding larger void volumes for shearing at high Pe (Pedep > 1) which indi-

cates the creation of more homogeneous structures under high shear rates. On

the other hand, the increase of V V at low Pe (Pedep < 1) shows that clusters

densify, creating in this way large free volumes between them. This results in

the decrease of average void volume, 〈V V 〉, with increasing Pe (Fig. 5.4b).

A more local structural analysis is achieved by counting the neighboring

particles within the attraction range of ξ = 0.1 (defined as the number of bonded

particles). Fig. 5.4c shows the distribution of bonds under shear. Shearing at

high rates results in an increase in the number fraction of particles with the

number of bonds smaller than 6, leading to a decrease in number fraction of

particles having bonds greater than 6. This leads to decrease of the average

number of bonds per particle with increasing shear rate (Fig. 5.4d).

The average void volume and the average number of bonds per particle show

strong changes after flow cessation at high shear rates. In contrast, after flow

cessation of low shear rates almost no change in 〈V V 〉 and the average number

of bonds per particle with time is observed. Therefore, the faster decay of stress

after flow cessation of high shear rates could be attributed to the larger structural

changes.
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Figure 5.4: (a) Void volume distribution under shear for different Pe as indi-
cated (b) Average void volume, 〈V V 〉 as a function of Pe under
steady shear (black line squares) and 10tB after flow cessation (red
line circles) (c) Bonds distribution under shear for different Pe as
indicated (d) Average number of bonds per particle as a function of
Pe under steady shear (black line squares) and 10tB after flow ces-
sation (red line circles) taken from BD simulations with φ = 0.44,
Udep(2R) = −20kBT , ξ = 0.1, Pe/Pedep = 100. Pe = 0 in (a) and
(c) denotes the quiescent state. The dark green dash-dot lines in (b)
and (d) show the results for the φ = 0.44 with Udep(2R) = 0kBT .
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5.3.4 Dynamics

A further understanding of the microscopic mechanisms responsible during stress

relaxation is achieved by calculating the mean square displacements 〈MSD〉 of

individual particles. Here, we evaluate two-time mean-square displacement as a

function of (t− tw) with tw the waiting time from the onset of flow cessation:

〈
∆r2(t, tw)

〉
N

=
1

N

N∑
i=1

[ri(t+ tw)− ri(tw)]2 (5.2)

Fig. 5.5 shows such two-time MSDs calculated in the vorticity direction.

The tw independent MSD at rest and also under shear are shown as a reference.

The MSD at rest exhibits a sub-diffusive response at short times and long-time

diffusion is arrested due to progressive particle trapping in the network with

the localization length smaller than attraction range. Long-time diffusion un-

der shear is enhanced similarly to HS glasses (Koumakis et al., 2012). The

MSD immediately after shear cessation, tw = 0, shows an intermediate re-

sponse between that under shear and the quiescent state. Dynamics at interme-

diate times is sub-diffusive, suggesting that particles are getting bonded to each

other. This sub-diffusive response is similar with HS glasses (Ballauff et al.,

2013) and in contrast to jammed microgels where ballistic motion is detected

during stress decay (Mohan et al., 2013, 2015). However, long-time diffusion

becomes arrested due to network formation with the localization length larger

than its equilibrium value. In HS glasses this localization length is described as

the microscopic supracaging length-scale induced as a result of the competition

between shear-melting and solidification after flow cessation (Ballauff et al.,

2013). MSD as a reference to the cessation point, tw = 0, at different shear

rates is shown in Fig. 5.5b. Dynamics at intermediate time is sub-diffusive irre-

spective of the shear rate. Both slope and localization length in theMSD curves

increase with Pe, indicating larger and faster particle motions after flow cessa-

tion from higher shear rates, hence explaining findings in Fig. 5.3 where the

larger and faster stress decay takes place after flow cessation from higher rates.

However, particles still only move max. 20% of their radius. The largest slope is

Ph. D. Thesis 118



Section5.3: Results and Discussion

1 0 - 3

1 0 - 2

1 0 - 3 1 0 - 2 1 0 - 1 1 0 0

1 0 - 3

1 0 - 2

 

 

<∆
z2 >

/R2
 R e s t
 R e l a x a t i o n
 U n d e r  s h e a r

P e = 1( a )

P e

 

 

<∆
z2 >

/R2

( t - t ω) / t B

 0     1 0 0
 1     1 0 0 0
 1 0

0 . 7 3
( b )

Figure 5.5: Mean-square displacement MSD in the vorticity direction starting
at the waiting time tw = 0 after onset of flow cessation taken from
BD simulations with φ = 0.44, Udep(2R) = −20kBT and ξ = 0.1.
(a) MSD after flow cessation of Pe = 1 together with the steady-
state shear and quiescent state result, as indicated. (b) MSD upon
flow cessation at different shear rates, as indicated. Pe = 0 denotes
the quiescent state.

0.73 well in agreement with the value of 0.75 obtained by confocal microscopy

(Hsiao et al., 2014).

5.3.5 Scaling of residual stresses

Residual stresses at 10tB after flow cessation of different Pe, varying attraction

strengths from both BD simulations and experiments are shown in Fig. 5.6a. At

a fixed Pe the gel with the higher attraction strength results in larger residual

stresses after flow cessation. On the other hand, there is less bond breaking

under shear for the gel with higher attraction strength (Koumakis et al., 2015).

This means that residual stresses are controlled by how shear is able to break

the bonds between the particles. Therefore, plotting residual stresses versus

Pedep which takes into account the competition between shear and attractive

forces should lead to a universal curve for different attraction strengths. Fig.

5.6b shows such scaling with Pedep. All curves collapse into a mastercurve,
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Figure 5.6: Residual stresses at t = 10tB after shear cessation as a function
of (a) Pe and (b) Pedep. For experiments, Udep(2R) = −20kBT ,
ξ = 0.09 and for simulations, Udep(2R) = −10,−20,−50kBT as
indicated with ξ = 0.1.

indicating that the amount of residual stresses in the colloidal gels is a unique

function of the ratio of shear to the attractive forces. Interestingly, experimental

data shows almost equal value of residual stresses with simulation for each Pe

and so collapse on the simulation data as well.

5.4 Conclusions

The stress decay after flow cessation of well-defined steady shear flow for an

intermediate volume fraction colloidal gel has been examined by means of ex-

perimental rheometry and BD simulations. A modified Peclect number, Pedep,

is defined as the ratio of shear forces to attractive forces is used to explain the

transition from low to high shear rates. Analysis of the structure under shear

reveals two distinct regimes of shear. Under strong shear rate, Pedep > 1,

where the shear forces are stronger than attractive forces, cluster break-up un-

der shear takes place and the shear-melted gel behaves as a viscoelastic liquid.

Conversely, for weak shear rates (Pedep < 1) cluster densifiction under shear oc-

curs. These two distinct regimes of shearing result in two well-defined patterns

of stress decay after flow cessation: For high shear rates (Pedep > 1) all struc-

tural information is expected to be erased by shear and remove residual stresses,

reforming into an isotropic gel and showing stress relaxation behavior qualita-

tively similar to the liquids. On the other hand, for low sear rates (Pedep < 1)
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from the lack of structural changes with time after flow cessation, the stresses

actually don’t decay much in time and release partially, similarly to HS glasses.

Dynamics of particles after shear cessation is followed by calculating two-time

mean square displacements. Particles show sub-diffusive motions at intermedi-

ate times due to bond reformation after shear cessation. The larger the preshear

rate, the larger and faster particle motions will be after flow cessation which

turns into the larger and faster decay of stress after flow cessation.

Our results demonstrate that the inter-particle attraction strength and the

shear rate are the decisive factors controlling internal stresses in colloidal gels.

A larger preshear rate and/or the weaker the inter-particle attraction strength re-

sult into smaller residual stresses after shear cessation due to less structural dis-

tortion under shear. Remarkably, these two factors are unified in Pedep which

leads to a universal scaling for internal stresses in colloidal gels. Observing

residual stresses after quenching from a shear-melted state to an arrested solid

state in colloidal gels, HS glasses and also suspensions of soft jammed particles

promotes the idea that residual stress should be a generic feature of soft solid

materials. It would be interesting to investigate residual stresses in attractive

glasses where there are two well-defined separate length scales of bonds and

cages. Our results provide a furtherer understanding of residual stresses and the

way that they can be manipulated in a well-defined model soft matter system

with tunable isotropic short-range attractions and may be useful as a guidance

for predicting/understanding residual stresses build-up after shear cessation (or

equivalently after processing) in more complex attractive systems.
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Abstract

We examine microstructural and mechanical changes which occur during oscil-

latory shear flow and reformation after flow cessation of an intermediate vol-

ume fraction colloidal gel using rheometry and Brownian Dynamics (BD) sim-

ulations. A model depletion colloid-polymer mixture is used, comprising of

a hard sphere colloidal suspension with the addition of non-adsorbing linear

polymer chains. Results reveal three distinct regimes depending on the strain

amplitude of oscillatory shear. Large shear strain amplitudes fully break the

structure which results into a more homogenous and stronger gel after flow ces-

sation. Intermediate strain amplitudes densify the clusters and lead to highly

heterogeneous and weak gels. Shearing the gel to even lower strain amplitudes

creates a less heterogonous stronger solid. These three regimes of shearing are

connected to the microscopic shear-induced structural heterogeneity. A com-

parison with steady shear flow reveals that the latter does not produce structural

heterogeneities as large as oscillatory shear. Therefore, oscillatory shear is a

much more efficient way of tuning the mechanical properties of colloidal gels.

Moreover, colloidal gels presheared at large strain amplitudes exhibit a distinct

nonlinear response characterized largely by a single yielding process, while in

those presheared at lower rates a two-step yield process is promoted due to the

creation of highly heterogonous structures.
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6.1 Introduction

Industries related to food, ceramics, personal care products and tissue engi-

neering require specific end-products which are obtained through precision pro-

cessing techniques, employing significant resources. Hence, over the last few

years, the ability to engineer structural and mechanical properties of soft mat-

ter through processing has attracted a great amount of interest. A model soft

matter system can give valuable insights into the underlying mechanisms re-

lated with structural changes during processing. The simplest soft matter model

system is suspensions of colloidal hard spheres (Pusey (1991)) which can be

used as model systems, to address many fundamental phenomena of condensed

matter physics such as the equilibrium phase transitions and frustrated out-of-

equilibrium states such as glasses and gels transitions (Poon (2004)).

Colloids with repulsive or attractive interactions have a rich and well-studied

thermodynamic phase diagram involving ”gas”, liquid and crystal phases. In

addition to thermodynamic phases, kinetically arrested states start intervening

with thermodynamic equilibrium at highly concentrated or strongly attractive

systems (Pham et al. (2002); Pusey and Van Megen (1986)). Therefore, while at

high particle volume fractions particles are trapped entropically in cages formed

by their neighbors creating an amorphous glassy system (Pusey and Van Megen

(1986)), in the presence of strong interparticle attractions free-floating clusters,

fractal percolating particle networks, or more concentrated cluster-dominated

gels (Chen and Schweizer (2004); Laurati et al. (2009); Lu et al. (2008); Shah

et al. (2003b)) and attractive glasses (Pham et al. (2002); Pusey and Van Megen

(1986)) are formed as the particle volume fraction is increased. In both cases,

the system exhibits a transition from an ergodic liquid to non-ergodic solid,

either by increasing the volume fraction or the attraction strength. However,

the network will break under high-enough stresses (or strains) often in multiple

steps due to the existence of spatial heterogeneities (Chan and Mohraz (2012);

Kim et al. (2014); Koumakis and Petekidis (2011); Laurati et al. (2011, 2014);

Pham et al. (2008); Shao et al. (2013)) which result in flow-induced structural

anisotropy (Park and Ahn (2013); Park et al. (2015); Vermant and Solomon
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(2005)), significant thixotropy, and aging (Bonn and Denn (2009); Ovarlez et al.

(2013)).

Tuning the properties of these network gels is important in a wide range of

industrial applications (Aminlari et al. (2014); Forouzan et al. (2016); Hashemi

et al. (2014); Keshmiri et al. (2016); Majzoobi et al. (2012); Mozaffari et al.

(2015, 2016)). Such tuning is typically carried out by altering the properties

or concentrations of the particles, and by changing the characteristics of inter-

particle potential information (for example range and strength of attraction) or

external conditions such as temperature, pH. Another route to tune a gel is by ex-

ternal fields such as preshear which may provide access to microstructures that

cannot be achieved through thermodynamic variables (Koumakis et al. (2015)).

Shearing these colloidal systems can produce a wide variety of structures with

different mechanical properties. Depending on the shear rate enhanced clus-

ter formation or strong bond breaking may takes place in bulk (Ballesta et al.

(2013); Chen et al. (2013); Hsiao et al. (2012); Koumakis et al. (2015); Rajaram

and Mohraz (2012); Sonntag and Russel (1986); Wessel and Ball (1992); Zac-

cone et al. (2011)), two-dimensional (Masschaele et al. (2009)) and microchan-

nel flows (Conrad and Lewis (2008)). Such distinct shear-induced structural

changes have a strong impact on the yield stress, viscoelastic moduli (Kanai

and Amari (1993); Koumakis et al. (2015); Osuji et al. (2008); Ovarlez et al.

(2013); Raghavan and Khan (1995); Shao et al. (2013); Yao et al. (2013)), de-

layed yielding (Lindstrom et al. (2012); Sprakel et al. (2011)), and collapse of

the gel network (Kamp and Kilfoil (2009); Secchi et al. (2014)).

Understanding the detailed microscopic mechanisms involved in such flow

response can be achieved through examination of model systems with tunable

interactions by a combination of experimental techniques and computer simula-

tions.

In previous work, the effect of steady shear flow on both the structural and

mechanical properties was studied in a model colloid-polymer mixture where

the range and strength of depletion attraction was tuned by varying the size and

concentration of the polymer chain, respectively. The system was examined
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both during steady state shear and its evolution after shear cessation, both struc-

turally and mechanically (Koumakis et al. (2015)). There we found that high

shear rates fully break the structure into individual particles and lead after shear

cessation to strong solids with relatively homogeneous structures, whereas pres-

hear at low rates creates largely inhomogeneous structures which remain stable

after shear cessation and exhibit a reduced elasticity of weaker solids.

In this chapter, we explore the impact of oscillatory shear flow on both struc-

tural and mechanical properties for a similar intermediate volume fraction de-

pletion gel. The structure and mechanical properties are probed during and after

flow cessation using experimental rheometry and BD simulations. We demon-

strate that in comparison to steady shear flow, oscillatory shear can tune much

more efficiently, causing stronger variation in the structural and mechanical

properties of a colloidal gel.

The rest of the chapter is organized as follows: we first present the mechan-

ical and structural properties of the gel under shear and subsequently after flow

cessation. Afterwards the effect of quenching rate, types of preshear (oscillatory

or steady) and inter-particle attraction strength on the tuning of the mechanical

properties of the gel by shear is studied. Finally, we examine the impact of pres-

hear on the nonlinear rheology, yielding behavior of colloidal gels in start-up

shear flow.

6.2 Materials and methods

We used polymethylmethacrylate (PMMA) nearly hard-sphere particles stabi-

lized by chemically grafted poly-hydro-stearic acid (PHSA) chains (∼ 10 nm)

dispersed in Octadecene, a high boiling point solvent (b.p 315 ◦C) to avoid

evaporation. Particles have a hydrodynamic radius of R = 196 nm (measured

in dilute regime by dynamic light scattering) with the polydispersity around 12%

which suppress crystallization. The depletion attractions implemented between

the particles by adding non-adsorbing linear Polybutadiene (1, 4-addition) (PB)

chains with the molecular weight, Mw = 1243300 g/mol and a radius of gyra-
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tion,Rg = 34 nm (measured by static light scattering). This implies a polymer-

colloid size ratio ξ = Rg/R = 0.17 in dilute solution. We prepared the gel with

the intermediate particle volume fraction, φ = 0.44 and different polymer con-

centrations of cp/c∗p = 0.12, 0.25 and 0.5, where c∗p is the polymer overlap con-

centration. This gives the attraction strength at contact Udep(2R) = −20, −10

and −5kBT , respectively according to modified Asakura-Oosawa (AO) model

(Asakura and Oosawa (1954); Fleer and Tuinier (2007))

Rheological measurements were performed with an ARES-HR strain-controlled

instrument with a forced balance transducer using homemade cone-plate geome-

tries of diameter 25 mm, cone angle 2.7◦ and cone truncation 0.05 mm with

rough surfaces to avoid wall-slip (Ballesta et al. (2013)). Using these serrated

geometries, no wall-slip effects were observed, in agreement with previous re-

sults (Ballesta et al. (2013)). The temperature was set to T = 20◦C using a

standard Peltier plate and solvent evaporation was eliminated by using a solvent

saturation trap, which is designed to isolate the sample from the surrounding

atmosphere.

A specific shearing protocol was used to study the effect of preshear on the

mechanical properties of the colloidal gels. Two slightly different approaches

were followed. In the first one (termed fast quench) the gel is rejuvenated at

large strain amplitude of γ0 = 800% and frequency ω = 10 rad/s until reach-

ing steady state and then immediately is submitted to the specific strain ampli-

tude to be studied. In the second one (called slow quench) the gel is submitted

to a reverse dynamic strain sweep with the strain amplitude lowered from large

strain amplitudes (γ0 = 800%) to the desired one progressively. This allows

the gel to experience all the steady state strain amplitudes before shearing to the

particular strain amplitude.

We have also performed Brownian Dynamics (BD) simulations in order to

get both rheological and detailed structural information. Hard-sphere interac-

tions in BD simulations are conducted by implementing a potential-free algo-

rithm for hard sphere interactions (Foss and Brady (2000)). Attractions were

introduced with the superposition of a modified Asakura-Oosawa (AO) poten-

Ph. D. Thesis 128



Section6.3: Results and Discussion

tial (Asakura and Oosawa (1954)). The potential was calculated to be the prod-

uct of the osmotic pressure and the overlap volume which changes for each

pair of particles. The attraction range of ξ = 0.1 and attraction strength of

Udep(2R) = −20kBT was set as in previous work (Koumakis et al. (2015)).

Near the point of contact and for a distance of ξg = 0.01R, we modified the

classic AO potential as to introduce a constant potential of−20kBT . The choice

to implement this modification was motivated so as to approach the experimen-

tal conditions by introducing a small amount of interparticle flexibility, without

modifying the basic hard sphere algorithm. Affine shear with periodic boundary

conditions was applied with 30000 particles having 10% polydispersity to avoid

shear-induced crystallization as experimentally observed for a similar volume

fraction gel (Smith et al. (2007))

The time scales in the simulations and experiments are expected to be differ-

ent due to lack of Hydrodynamic Interactions (HI) in the former. In experiments,

particles inside clusters are expected to be slowed-down by about an order of

magnitude, similarly to what occurs in a dense glass (Sierou and Brady (2001)).

Thus, we scale the experimental Brownian time-scale tB (=
6πηR3

kBT
where R is

the radius of the particle and η is the solvent viscosity), and the non-dimensional

shear rate, Pe(= γ̇tB), Peω(= ωtB) and Pedep by a factor of 10 throughout the

figures. The gel was equilibrated at rest for 100tB before shear is applied, while

data under oscillatory shear were collected by averaging over one cycle of os-

cillation, after a waiting period of 100 cycles, which in most measurements is

enough to reach steady state. Similarly, in steady shear simulations data were

collected after reaching a total strain of 1000%.

6.3 Results and Discussion

6.3.1 Structure and stresses under shear:

The steady state values of the storage and loss modulus,G′ andG′′, are shown in

Fig. 6.1 as a function of the strain amplitude, γ0, for both experiments and BD
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simulations. The slices of the microstructure from BD simulations are also de-

picted to allow direct comparison between stresses and microstructural changes

under oscillatory shear. The color of the particles in these slices indicate the

number of bonded neighbouring particles which varies from least bonded, blue,

to highly bonded, red. In previous work it has been found that BD is able to

successfully capture qualitatively the fundamental microstructural changes un-

der steady shear flow and also after flow cessation, even though hydrodynamic

interactions (HI) are not included (Koumakis et al. (2015)). In both experiments

and BD simulations (Fig. 6.1) the first maxima of G′′ appears at strain ampli-

tude of about 2.5%. This maximum reflects the first yielding process and has

been related to the disconnection of large weakly bonded clusters (Koumakis

and Petekidis (2011); Laurati et al. (2011, 2014); Shao et al. (2013)). As the

strain amplitude increases further, a crossover of G′ and G′′ is observed in both

experiments and BD simulations beyond which the sample exhibits a liquid-like

response (G′′ > G′). The slice of the microstructure in this regime (γ0 = 10%)

which is beyond the yielding point, indicates formation of denser clusters with

larger voids under shear compared to that of the quiescent state. This cluster

densification under shear leads to a higher average number of bonds as is ob-

served from the image of microstructure (Fig. 6.1). The second peak of G′′

reflecting the second yielding process due to the intra-cluster bond breaking

(Koumakis and Petekidis (2011); Laurati et al. (2011)), occurs in experiments

around γ0 = 50%. However, this second peak is not detected in BD simulations,

although a small change of slope in G′ is seen in this regime. This might be due

to the lack of hydrodynamic interactions in BD simulations that may affect de-

tails in microstructural changes under shear as will be discussed in more detail

below. Note that such discrepancy from experiments is persistent, irrespectively

of the pre-shear protocol followed in BD simulations. The snapshot of the mi-

crostructure at the strain amplitude of γ0 = 50% where the second peak of G′′

is observed in the experiments indicates, as a gross finding, the creation of even

more heterogeneous structure with larger clusters/voids under shear compared

to those detected at the smaller strain amplitude of γ0 = 10%. However, as BD

images show, at much larger strain amplitudes (γ0 > 100%) cluster disintegra-
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tion under shear takes place. Such rich strain-dependent structural changes can

be quantified by a modified Peclet number, Pedep, which considers the competi-

tion between shear and attractive forces (Koumakis et al. (2015)); for oscillatory

shear this makes sense above the yield strain amplitude where we have:

Pedep =
Fshear
Fdep

=
6πηR(2ξR)

Udep(2R)/(2ξR)

γ0ω

2ξR
=

12πηξR3

Udep(2R)
γ0ω (6.1)

where Pe/Pedep = Udep(2R)/(2kBTξ) depends only on the details of the

attractive potential. For the values of Pedep > 1, bonds between particles are

expected to be disrupted by shear forces and attractive forces are essentially

inactive as the gel exhibits liquid-like behavior. For Pedep < 1, however, the

system is strongly affected by inter-particle attractions with shear-induced rear-

rangements in the presence of attraction, leading to the formation of compact

clusters, and hence increase the heterogeneity and voids (or clusters) compared

to the quiescent state (Koumakis et al. (2015)).

The structural heterogeneity under oscillatory shear is monitored in BD sim-

ulations using a real space variable measuring the size of the inhomogeneities,

called Void Volume (VV) and defined as the volume of empty space (voids) in

the gel similar to Haw (2006) (for details see chapter 2). Fig. 6.2a shows the

average void volume, 〈V V 〉, versus the strain amplitude of preshear at differ-

ent frequencies, thus different Peω. It shows a non-monotonic response with

strain amplitude for all Peω. At low strain amplitudes, the average void volume

first increases with γ0 indicating cluster densification under shear and reaches

its maximum value at strain amplitudes, between γ0 = 25% and γ0 = 100%

depending on Peω (first shear regime). As the strain amplitude is increased

further, 〈V V 〉 starts to decrease but remains still larger than the quiescent state

〈V V 〉 suggesting that cluster densification under shear still takes place (second

shear regime). Finally, at higher γ0, 〈V V 〉 crosses below the quiescent value

signifying the onset of shear induced cluster disintegration (third shear regime),

as seen by 2D images of microstructure in Fig. 6.1. Therefore, three regimes

of shearing are identified under oscillatory shear where in the first and second

regimes clusters densify under shear while in the third regime they start to break-
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Figure 6.1: Storage modulus G′ (solid symbols) and loss modulus G′′ (open
symbols) as functions of strain amplitude γ0 at Peω = 15 for ex-
periments (black squares) and Peω = 10 for BD simulations (red
circles). The corresponding images of structure with a thickness of
4R under shear taken from BD simulations are shown at the bot-
tom. Particles are colored by the number of bonds. The value of
Pedep = 1 is shown by the vertical black line. For experiments,
φ = 0.44, Udep(2R) = −20kBT , ξ = 0.17 (Pe/Pedep = 59)
and simulations, φ = 0.44, Udep(2R) = −20kBT , ξ = 0.1
(Pe/Pedep = 100).
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up to smaller pieces. Moreover, the creation of heterogeneous structures with

enhanced size of clusters/voids is favored at lower frequencies, where the size

of clusters increases by a factor of about 150 (at Peω = 1), as opposed to the

highest frequency (Peω = 100) where it increases only by 5 times (Fig. 6.2a).

The two first regimes can be distinguished from the third one by looking

at the 〈V V 〉 versus Pe (Fig. 6.2b). Here we also show for comparison 〈V V 〉

under steady shear flow. All curves collapse onto each other for Pedep > 1

where cluster break-up (third regime) starts to take place and for sufficiently

high shear rates (Pedep >> 1) the 〈V V 〉 approaches the one expected for a

liquid with the same volume fraction indicating that at such high shear rates

attractions do not determine structural properties. However for Pedep < 1,

where cluster compactification is observed, the structure under oscillatory shear

is strongly affected by Peω. This kind of restructuring occurs for Pedep < 1 due

to a competition between bond reformation and bond breaking, both affected

by frequency (or Peω) of oscillatory shear. In comparison, steady shear creates

structural heterogeneities that decrease monotonically with Pe and in general

are weaker than in oscillatory shear. Therefore, the wider variety of structures

can be obtained when Pedep < 1 depending on the strain amplitude, frequency

and also type of shear.

A complementary, more local measure of structural changes and heterogene-

ity is provided by counting the number of neighbouring particles within the at-

traction range, ξdefined as the bonds. The average number of bonds per particle

versus strain amplitude at different frequencies is shown in Fig. 6.2c. It ex-

hibits a similar non-monotonic response with the pre-shear strain amplitude as

〈V V 〉. This non-monotonic response has also been observed in lower volume

fraction gels under shear (Park et al. (2015)). However, in contrast to 〈V V 〉,

the maximum number of bonds under shear is detected at much smaller strain

amplitudes (at γ0 = 5−10% depend on Peω) where the melting of the gel takes

place (where G′ = G′′ see Fig. 6.1). This discrepancy occurs since bonds give

structural information on short length scales (smaller than ξ), while 〈V V 〉 repre-

sents structural information averaged on all length scales. This finding suggests
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that onset of melting in colloidal gels takes place at strain amplitudes where

the bond number exhibits a maximum representing a measure of local structural

heterogeneities, at length scales of the order of the bond range. Hence, the first

step of yielding is related to bond breaking or restructuring which leads to such

non-monotonic behavior of bond number with increasing strain amplitude.

The average number of bonds versus Pe for both steady and oscillatory shear

in the second and third regimes collapse onto each other and for sufficiently

high shear rates (Pedep >> 1) reach the value obtained in a liquid, similarly to

observation for the 〈V V 〉 (Fig. 6.2d). Note that the ”bonds” determined in a

liquid are only apparent and correspond to the pairs of particles with surface to

surface distance smaller than 0.2R. Those apparently increase slightly at high

Pe due to the build-up of a higher particle concentration in the compression

direction.

Another way to look at the structural changes under shear is plotting the

average number of bonds versus average void volume (Fig. 6.3). The data de-

termined under oscillatory shear exhibit a non-monotonic dependence that is

affected by the oscillation frequency (or Peω). By increasing the strain ampli-

tude the average bond number initially increases with 〈V V 〉 and then starts de-

creasing towards a maximum 〈V V 〉, beyond which both the average number of

bonds and 〈V V 〉 decrease together. For a constant average number of bonds, an

increase of 〈V V 〉 signifies the transition from a relatively homogenous structure

into a heterogeneous one with larger clusters/voids and a broader bond number

distribution (images 1 and 2 in Fig. 6.3). On the other hand, for constant 〈V V 〉,

an increase of average bonds is caused by short range particle rearrangements,

which lead to smaller larger scale void distribution changes (images 1 and 3 in

Fig. Fig. 6.3).

This representation reveals again three regimes where shear affects the struc-

ture at different length scales: (i) For strain amplitudes up to about 20% the weak

oscillatory shear causes short-range rearrangements that increase the number of

bonds but do not change the structure significantly. In this regime, the increase

of average bond number may be viewed also as shear-induced over-aging, i.e.,
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Figure 6.2: Data from BD simulations at φ = 0.44, Udep(2R) = −20kBT ,
ξ = 0.1 (Pe/Pedep = 100). The average void volume 〈V V 〉 under
oscillatory shear as a function of (a) strain amplitude (γ0) and (b)
Pe at different Peω as indicated. The average number of bonds per
particle under oscillatory shear as a function of (c) strain amplitude
(γ0) and (d) Pe at different Peω as indicated. The open symbols in
(b) and (d) represent the first regime of the shear. The dark green
curve in (b) and (d) represents results for steady shear flow. The
horizontal black dotted line is the result at rest for the gel produced
by quenching an equilibrated liquid. The pink curves in (b) and (d)
are the result for a liquid with φ = 0.44. The value of Pedep = 1 is
shown by the vertical black dashed line.
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Figure 6.3: Data from BD simulations at φ = 0.44, Udep(2R) = −20kBT ,
ξ = 0.1 (Pe/Pedep = 100). Average number of bonds per particle
versus average void volume 〈V V 〉 under oscillatory shear of differ-
ent frequencies as indicated. The results for steady shear flow are
shown by green dark curve. The arrows indicate the direction of
increasing strain amplitude and Pe. The corresponding images of
structure with a thickness of 4R under shear taken from BD simula-
tions are shown at the bottom.

shear helps the system to evolve faster than what it should under quiescent con-

ditions. (ii) For strain amplitudes around 20% − 100%, oscillations of inter-

mediate amplitude break more bonds from initial particle network causing it to

collapse and form larger clusters/voids. (iii) For even larger strain amplitudes

(> 100%) the strain becomes large enough to hinder large cluster formation

and starts breaking clusters into smaller pieces. Moreover, there is a clear fre-

quency dependence with higher frequencies limiting cluster sizes, or the max-

imum 〈V V 〉 to smaller values. In contrast, steady shear creates clusters which

are size-limited by the shear rate, i.e., high shear rates results in single particles.,

with no obvious non-monotonic behavior.
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6.3.2 Flow cessation:

Fig. 6.4a shows the evolution of the elastic modulus, G′, in rheometry exper-

iments after flow cessation of a gel presheared at different strain amplitudes.

There exists a strong correlation between the magnitude of preshear strain am-

plitude and the evolution of the mechanical properties of the gel after flow ces-

sation. Fig. 6.4b shows G′ at 5 and 600tB after flow cessation as a function

of preshear strain amplitude. After flow cessation at large strain amplitudes, G′

increases strongly with time and leads into the formation of a stronger solid.

Preshearing at intermediate strain amplitudes (25% < γ0 < 800%), creates

weaker gels which also evolves weakly with time. However, shearing the gel at

lower strain amplitudes (γ0 < 25%) leads to formation of an even stronger solid

which evolves even weaker with time. The weakest gel is created by preshear at

γ0 = 25%.

BD simulations can be contrasted with experimental findings providing in

additional valuable information on the microstructural evolution of the gel, al-

though HI are not included. In Fig. 6.4b we plot the elastic modulus deduced

from BD simulations by a low-amplitude oscillatory shear in the linear regime,

similarly to experiments at 1 and 150tB after flow cessation. Here, in contrast

to experiments, G′ seems to be essentially unaffected by the preshear amplitude

at all times after shear is stopped, although the microstructure is quite different

both during preshear and after its cessation. Microscopic images taken from

BD simulations at 100tB after shear cessation are shown in Fig. 6.4c. After

shear rejuvenation under large strain amplitudes, the gel shows a strong struc-

tural evolution from a relatively homogenous liquid-like system to an intercon-

nected gel network. However, for low preshear strain amplitudes, the gel keeps

the structure obtained under shear with the largest heterogeneity related to the

preshearing at intermediate strain amplitudes and less for the lower strains.

In light of the excellent agreement between shear rate dependence of the

microstructure deduced from confocal microscopy experiments and BD simula-

tions under steady shear (Koumakis et al. (2015)) we expect that the microstruc-

ture produced in BD under oscillatory shear represents well the experimental
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Figure 6.4: (a) Time evolution of the elastic modulus, G′ , measured in the lin-
ear viscoelastic regime with Peω = 15 from experimental dynamic
time sweep after oscillatory shear-rejuvenation at different strain
amplitudes as indicated, for a sample with φ = 0.44, Udep(2R) =
−20kBT , ξ = 0.17 (Pe/Pedep = 59) (b) G′ versus the preshear
strain amplitude at different times after flow cessation as indicated
from both experiments and BD simulations. For experiments data
are taken from (a). (c) BD simulation images depicting the struc-
tures at 100tB after flow cessation, for a system with φ = 0.44,
Udep(2R) = −20kBT , ξ = 0.1 (Pe/Pedep = 100). Particles are
colored by the number of bonds as before.

one. Moreover, as will be discussed below the general structural features of

the gel after different oscillatory preshear strains are congruent with the non-

monotonic dependence of the viscoelastic moduli found in experiments. Never-

theless the latter, surprisingly, is not captured by the elastic modulus determined

in BD simulations. The origin of such apparent contradiction will be discussed

where we compare findings from experiments and computer simulations.

In Fig. 6.5 we present the full experimental linear viscoelastic response

from dynamic frequency sweeps (DFS) at 600tB after shear rejuvenation of the

gel, presheared at different strain amplitudes. All samples show the typical

viscoelastic behavior expected for colloidal gels with G′ > G′′ in the whole

frequency regime indicative of solid-like response, with G′ increasing weakly

with frequency and G′′ exhibiting a minimum. The gel created by preshearing
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Figure 6.5: Experimental dynamic frequency sweeps (with G′ as solid and G′′

as open symbols) performed at 600tB after flow cessation of a gel
with φ = 0.44, Udep(2R) = −20kBT , ξ = 0.17 (Pe/Pedep = 59)
presheared at different strain amplitudes as indicated.

at strain amplitude of γ0 = 25% is almost 5 times weaker than the one produced

by preshearing at large strain amplitudes (or equivalently through instantaneous

thermal quench). As the gel elasticity was found to be a sub-linear function

of polymer concentration, G′ ∼ (cp/c
∗
p)

0.9 (Laurati et al. (2009)), preparing a

weaker gel with 5 times lower G′ would require a polymer concentration (and

thus attraction strength) almost 5 times smaller. This simply indicates how ef-

ficient preshear (or in general processing) is, in tuning the linear viscoelastic

properties of colloidal gels.

The effects of preshear on the experimental elastic modulus and its time evo-

lution (Fig. 6.4) can be rationalized by the impact of preshear on the structural

heterogeneity. Below we discuss the viscoelastic response measured by experi-

mental rheology in conjunction with the microstructure deduced from BD sim-

ulations. The elasticity for such intermediate volume fraction gel was found to

be strongly dominated by the inter-cluster contribution (Zaccone et al. (2009)).

There, it has been proven that the elasticity is inversely related to the size of clus-

ters and directly related to the number of bonds connecting the clusters together.

Therefore, gels with larger clusters and/or smaller number of inter-cluster con-
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nections will have smaller elasticity. As shown in Fig. 6.6a, for a gel with

φ = 0.44, Udep(2R) = −20kBT and ξ = 0.1 (Pe/Pedep = 100), the average

void volume, 〈V V 〉 after flow cessation has a qualitatively similar dependence

on preshear strain amplitude with that detected under shear (Fig. 6.2). However,

〈V V 〉 versus preshear strain amplitude shows an opposite trend compared to G′

(Fig. 6.4b) which as expected confirms that the elasticity should be inversely

related to the length of structural heterogeneity. For small preshear strain am-

plitudes, 〈V V 〉 increases with γ0 until a value of about 100% (for this Peω, Fig.

6.6a), due to cluster densification. Such distinct structural changes should also

have a clear signature in the mechanical properties. Therefore, based on what

has been explained before one would expect that the elasticity, as measured by

G′, after flow cessation would then exhibit a decrease with γ0 due to both an in-

crease of cluster size and reduction of inter-cluster connections (Zaccone et al.

(2009)). Therefore, the minimum elasticity observed in experiments can be

linked with a maximum of structural heterogeneities as indicated in BD simula-

tion by the void volume that peaks when the clusters attain their more compact

form at some preshear strain amplitude. This takes place around γ0 = 25% in

experiments and γ0 = 20−100% in BD simulations depending on Peω. Beyond

this critical γ0, 〈V V 〉 starts decreasing with increasing strain amplitude, while

the elasticity increases after flow cessation due to decreasing of the cluster size

and increasing of the intercluster bonds. The time evolution of 〈V V 〉 after flow

cessation exhibits a qualitatively similar trend with G′ measured in rheological

experiments (Fig. 6.4). After large γ0 preshear, 〈V V 〉 evolves faster with time,

as the gel quickly forms from the shear-melted liquid state, and reaches the

value obtained for the gel produced through instantaneous thermal quenching

achieved by switching-on attractions in an equilibrium liquid state, similarly to

the findings for steady shear flow at high Pe (Koumakis et al. (2015)). In con-

trast, after small γ0 preshear, there is almost no change of the 〈V V 〉 with time.

This is due to the fact that at low (still nonlinear) preshear strain amplitudes

may help the sample to approach equilibrium (liquid-gas phase separation here)

introducing weak and local restructuring of the gel structure, hence there is very

little evolution of the structure after shear is stopped. At large strain amplitudes
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Figure 6.6: BD simulations at φ = 0.44, Udep(2R) = −20kBT , ξ = 0.1
(Pe/Pedep = 100): (a) The average void volume 〈V V 〉 and (b)
the average number of bonds per particle as a function of preshear
strain amplitude (γ0) at Peω = 10 under shear (blue squares) and
100tB after flow cessation (red circles). The horizontal black dotted
line is the result at rest for the gel produced by quenching an equili-
brated liquid. The value of Pedep = 1 is shown by the vertical black
dashed line.

(Pedep > 1), however, the system is strongly disrupted by shear and the gel is

partly or fully shear-melted; hence a large length scale restructuring takes place

after flow cessation.

A qualitatively similar trend is observed in Fig. 6.6b for the average number

of bonds and their time evolution due to bond reformation after flow cessation.

However, there are significant quantitative differences, as the maximum aver-

age bond number is not detected at the same critical preshear γ0 where 〈V V 〉

exhibits a maximum. The former shows the peak at about γ0 = 5% which is

clearly lower than γ0 ∼ 100% where 〈V V 〉 is maximum. As explained be-

fore, this discrepancy arises from the fact that these two quantities reflect the

structural information on different length scales. Bonds give information on the

length scales smaller than the attraction range ξ while 〈V V 〉 provides informa-

tion averaged on all length scales.
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6.3.3 Effect of quenching rate:

Fig. 6.7a shows the effect of the quench rate on the linear mechanical properties

of the gel in experiments after flow cessation. Two types of shearing protocol

are used as described in section 6.2. Whereas in the fast quench we directly

take the sample to the desired preshear strain amplitude, in the slow one, the

gel is allowed to experience all steady states corresponding to higher oscillatory

strain amplitudes before it gets sheared at the particular strain amplitude. For

the gel presheared through the fast quench the elasticity exhibits a minimum,

decreasing until preshear strain amplitude of γ0 = 25% is reached and then

increases again at higher γ0. However, for the gel presheared through the slow

quench,G′ after flow cessation (at 600tB, Fig. 6.7a) shows a monotonic increase

with preshear γ0 and for strain amplitudes larger than γ0 = 25% coincides with

the data from fast quench. The discrepancy between two types of quenches arise

for strain amplitudes less than γ0 = 25%.

In order to elucidate the microscopic origin of such changes in the elastic

properties of the gel we look into the microstructural evolution taking place

during preshear of the gel with the help of BD simulations where we follow

the same protocol with experiments. Fig. 6.7b shows 〈V V 〉 as a function of

preshear γ0 for fast and slow quench in BD. The structural changes for the fast

quench have already been discussed above (Fig. 6.2). When the gel is pres-

heared through a slow quench, 〈V V 〉 monotonically decreases with γ0 provid-

ing a direct link with the response of the elasticity, which consequently increases

due to a decrease of cluster size and rise of the number of bonds between clus-

ters. Therefore, both experiments and simulations confirm that the first regime

of preshearing (γ0 < 25% in experiments and γ0 < 25 − 100% in BD simu-

lations, depending on Peω) is strongly affected by the exact shear history. The

reason for this is that at low preshear strain amplitudes (γ0 < 25%), but still

above the first yield strain, shear is not yet exerting vast particle rearrangements

and therefore the final structure (and elasticity) reached is strongly depending on

the starting structure. In the case of a fast quench, the starting structure is that of

a gel presheared at large strain amplitudes which is relatively homogenous and
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Figure 6.7: (a) Experimental G′ as a function of preshear strain amplitude at
600tB after flow cessation for fast (blue squares) and slow (red cir-
cles) quench for a sample with φ = 0.44, Udep(2R) = −20kBT ,
ξ = 0.17 (Pe/Pedep = 59) (b) The corresponding average void
volume 〈V V 〉 under shear taken from BD simulation for a sim-
ilar system with, φ = 0.44, Udep(2R) = −20kBT , ξ = 0.1
(Pe/Pedep = 100)

so it shows large elasticity after flow cessation. However, for a slow quench the

starting point is a highly heterogeneous gel which leads to the heterogeneous

weak gels after shear cessation. Based on the two protocols there seems to be

an optimum strain amplitude between the two yield strains (here around 100%)

where the gel reaches maximum heterogeneity (and minimum G′). If the gel is

sheared directly with lower strain amplitudes (as in the fast quench) the struc-

ture is not strongly perturbed and only small structural changes at local length

scales are taking place leading to a strengthening of the mechanical properties.

This emphasizes that not only the preshear rate is important but also the way

by which shear rates are changed and therefore the way the gel is quenched has

strong impact on the structure and elasticity of system after flow cessation.
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6.3.4 Comparison of steady and oscillatory shear rejuvena-

tion:

Fig. 6.8 shows a comparison of oscillatory and steady shear rejuvenation on

the elastic properties of the gel reformed after flow cessation. For both types of

rejuvenation the elastic modulus after 600tB from cessation of shear are plotted

versus the dimensionless Peclet number,Pe = γ0ωtB = γ̇tB, allowing compar-

ison between steady and oscillatory shear flow data. While qualitatively both

types of shear lead to a weakening of the gel (lower elasticity) after an inter-

mediate Pe preshear, quantitatively there is a large difference. A gel pre-shared

in an oscillatory way at intermediate Pe′s exhibits a much stronger drop in

elasticity after flow cessation compared to the one rejuvenated via steady shear

flow. This difference in the mechanical response is linked to the magnitude of

shear-induced cluster densification at the microstructural level. Fig. 6.2b indeed

shows that oscillatory shear is creating heterogeneous systems with structures

with larger voids than steady shear flow. Hence, the stronger drop in the elastic-

ity is a direct consequence of the creation of structures with larger clusters/voids

and consequently with less number of inter-cluster connections that provide the

elasticity in the network. In the high P e regime (Pedep > 1), however, both

steady and oscillatory preshear results into the same elasticity after flow cessa-

tion as in both cases similar structures in terms of the average void volume and

the average number of bonds per particle under shear are created (see Fig. 6.2b

and d). Furthermore for Pedep >> 1 a complete disintegration of clusters and

networks into individual particles is expected; therefore one may consider this

as the regime where a proper and full rejuvenation is achieved.

These results emphasize that tuning the structure in colloidal gels depends

not only on the intensity of preshear (Pe) but also strongly the way that the

gel is presheared. Therefore, controlling the details of shear (or stirring and

shaking in practical applications) is an important parameter to the final structure

and mechanical strength of such systems. Within this work oscillatory shear

provides a method of significantly lowering the viscoelasticity of the gel, while

other shear fields might be able to widen the range of properties even more.
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Figure 6.8: Experimental storage modulus G′ measured in the linear viscoelas-
tic regime at 600tB after flow cessation as a function of the Pe
of preshear for oscillatory (blue squares) and steady (red circles)
preshear. The oscillatory preshear was performed at a frequency
ω = 10 rad/s corresponding to a Peω = 15. The value of
Pedep = 1 is shown by the vertical black line. For experiments,
φ = 0.44, Udep(2R) = −20kBT , ξ = 0.17 (Pe/Pedep = 59).

6.3.5 Role of attraction strength:

We next discuss the effect of the attraction strength. Fig. 6.9 shows the de-

pendence of the storage modulus, G′, measured in experiments 600tB after flow

cessation, on preshear γ0 for three different attraction strengths, all with the

same range of attraction. G′ are normalized by their corresponding values after

a large strain amplitude (γ0 = 800%) preshear, allowing comparison of shear-

induced mechanical changes for different systems.

The low attraction strength (Udep(2R) = −5kBT ) gel nearly does not show

any reduction of its elasticity by preshear in contrast with the higher attraction

strength gels. This proves that bulk gels with stronger attractions are densified

more under shear as has been shown by direct microstructural observations in

two dimensional attractive systems (Hoekstra et al. (2003)).

The reason for this is that heterogeneity in quiescent gels depends on the

attraction strength and exhibiting a maximum around the gelation point and de-

creases with increasing attraction strength inside the gel state towards some
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Figure 6.9: Experimental storage modulus, G′ , measured in the linear vis-
coelastic regime at 600tB after flow cessation as a function of pres-
hear strain amplitude for different attraction strengths as indicated.
For all the gels φ = 0.44 and ξ = 0.17. G′ is normalized by its value
for the gel presheared at γ0 = 800%.

steady state value at high attractions (Dibble et al. (2006); Koumakis et al.

(2015); Laurati et al. (2009)). Therefore, clusters in relatively more homoge-

nous and stronger attractive gels are expected to be compactifed more when,

agitated by shear, larger heterogeneities are induced as the system is driven

towards the thermodynamic equilibrium, i.e., phase separation. On the other

hand lower attractive strength gels, already heterogeneous in nature, do not ex-

perience significant cluster compactification (or further increase in their het-

erogeneity) under shear and therefore their elasticity is not affected that much

after flow cessation. Moreover, lower-attraction gels are expected to exhibit

stronger aging due to Brownian activated microstructural coarsening under qui-

escent conditions (Dibble et al. (2006); Koumakis et al. (2015); Laurati et al.

(2009); Zia et al. (2014)) than strong gels in which Brownian motion is entirely

frozen; therefore, in the latter shear-induced microstructural changes are more

important (an effect of shear induced overaging) than in the former.
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6.3.6 Nonlinear dynamic response:

Finally we examine the nonlinear, transient yield of the colloidal gels that are

tuned by oscillatory shear according the procedures discussed above. As shear-

ing these gels at different rates affects details of their microstructure, such as

the length scale of clusters, voids and average bond number per particle (Fig.

6.2), it is reasonable to expect that not only the linear viscoelastic properties

are modified, as presented above, but also their nonlinear mechanical properties

are affected. Here, the key point is that we may create different level of hetero-

geneities not by changing the interparticle potential, for example the strength of

attraction (Dibble et al. (2006); Koumakis et al. (2015); Laurati et al. (2009); Zia

et al. (2014)) its range (Koumakis and Petekidis (2011); Videcoq et al. (2007))

or even the particle volume fraction (Koumakis and Petekidis (2011)), but sim-

ply by changing the preshear history. Hence, this allows us to directly study

the impact of structural heterogeneity on the yielding response of colloidal gels,

using the same samples, but simply changing the preparation protocol.

To study the nonlinear response, the gel is submitted to oscillatory shear of

different shear strain amplitudes at a frequency ω = 10 rad/s and after shear

is switched-off the gel is allowed to restructure for 600tB (see Fig. 6.4). Im-

mediately after, a step-rate experiment is applied. We performed different such

start-up shear rate experiments varying the applied shear rate, and monitoring

the shear stress as a function of time or accumulated strain (γ). Fig. 6.10 de-

picts start-up experiments conducted at different step rates for a gel that was

presheared at different oscillatory strain amplitudes, revealing a rich response

depending on the preshear conditions. In agreement with the general picture

deduced from existing studies so far in similar depletion gels in a range of vol-

ume fractions (Koumakis and Petekidis (2011); Laurati et al. (2011)), we see

here that the gel presheared at low and intermediate oscillatory strain ampli-

tudes (γ0 < 50%) exhibits a two-step yielding process with the first yielding

appearing either as a peak (after a preshear amplitude, γ0 = 50%) or reduced

to a shoulder (forγ0 = 10% and 25%). In contrast, the gel presheared at large

oscillatory strain amplitudes (γ0 > 100%) in general exhibits a simpler response
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typically with a single stress overshoot indicating one yielding process. This is

consistent with the physical picture of two-step yielding in attractive systems

related with two length scales, as its existence in start-up experiments is pro-

moted to be preshear history (here at low and intermediate oscillatory strain

amplitudes) that enhances spatial heterogeneities.

Another important finding is that whereas preshearing the gel at different

strain amplitudes results in a different transient response in start-up shear, the

final steady state reached has an almost identical stress, indicative of unique

shear-melted state where the structures that had been created during preshear at

different strain amplitudes have been annealed by steady shear.

The dependence of the yield points, as determined by the yield strain and

stress values associated with the single or double stress overshoots, on preshear

γ0 is shown in Fig. 6.11. The first yield strain, γ1, related typically to short-

length-scale bond breaking in colloidal gels (Koumakis and Petekidis (2011);

Laurati et al. (2011)), ranges from 5% to 15%. It increases with oscillatory

preshear strain amplitude and reaches a constant value depending on the steady

shear rate (Fig. 6.11a). In general, for all different preshear histories the first

yield strain is shifting to higher values with increasing shear rate of the start-

up test. This increase has been attributed to the reduced probability for bond

breaking at high rates (Laurati et al. (2011)), as Brownian motion becomes less

effective in assisting particle escape. The first yield stress, σ1, (Fig. 6.11c)

measured at the first peak of the start-up shear shows a non-monotonic response

with preshear as G′ (Fig. 6.4b).

The second stress overshoot mainly manifested in the gels presheared at low

strain amplitudes is comparable to the length scale of clusters and is related to

the breaking of clusters into smaller pieces, or individual particles (Koumakis

and Petekidis (2011); Laurati et al. (2011)). The detections of the second stress

overshoot mainly after low and intermediate preshear strain amplitudes indicates

that creating large-length-scale heterogeneities by preshearing at low rates (Fig.

6.2a) promotes two-step yielding.

The second yield strain, γ2, (Fig. 6.11b) has a non-monotonic response with
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Figure 6.10: Experimental step rate tests conducted on a colloidal gel at 600tB
after flow cessation of different oscillatory strain amplitudes as
indicated. The test performed on a sample with φ = 0.44,
Udep(2R) = −20kBT , ξ = 0.17 (Pe/Pedep = 59) at steady shear
rates of (a) 0.1 s−1 (b) 0.5 s−1 and (c) 0.5 s−1.
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oscillatory preshear γ0 similar to the trend observed for 〈V V 〉 (Fig. 6.2a). The

maximum value of γ2 is found for the gel presheared at strain amplitude of 25%

which suggests that the largest clusters (or voids) are created by preshearing

the gel at this strain amplitude. The second yield strain decreases with increas-

ing the imposed shear rate in start-up experiments due to decreasing the size of

free clusters which are remaining after the first network rupture (Koumakis and

Petekidis (2011); Laurati et al. (2011)). The corresponding stress at the sec-

ond overshoot, σ2, shows a small decrease with preshear strain amplitude (Fig.

6.11d) but a constant increase with steady shear rate similarly with σ2 (Fig.

6.11c-d) in agreement with previous studies (Koumakis and Petekidis (2011);

Laurati et al. (2011)).

One can explain these findings by the effect of preshear on the structural

heterogeneity (Fig. 6.2). As shown before, preshearing the gel at large strain

amplitudes leads to the formation of relatively homogenous structures with no

distinguishable clusters, at such intermediate to high volume fractions. This

leads to a single yielding process during start-up which is mainly related to

short length scale bond breaking. On the other hand, preshearing the gel at low

strain amplitudes leads to formation of highly heterogeneous structures with

large distinguishable voids and rather compact clusters. This gives rise to two

yielding process, one related to breaking of bonds connecting the clusters and

the second related to the melting of the larger clusters into smaller pieces.

The effects of preshear history on transient rheology and yielding of col-

loidal gels shown above, provide a new route to tune the nonlinear mechanical

properties of relevant products in addition to their linear viscoelasticity. There-

fore systems/ products comprising of similar attractive colloids, if properly pre-

pared can be more or less resistant to shear before they yield and flow.

6.3.7 Discrepancies between experiments and BD simulations

As a final point, we discuss the discrepancies observed between experimental

rheology and results from BD simulations and provide the possible origins for
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Figure 6.11: (a) First yield strain (b) second yield strain (c) first yield stress and

(d) second yield stress as a function of applied preshear strain am-
plitude, taken from Fig. 6.10 for different shear rates as indicated.

such differences. As mentioned earlier, there are two main deviations. Firstly

BD simulations do not capture the non-monotonic dependence of the linear elas-

ticity of the gel (Fig. 6.4b) as a function of preshear strain amplitude, detected

in experiments. Secondly, as has been seen in other studies (Koumakis (2011);

Park and Ahn (2013)), BD simulations cannot accurately produce, at such inter-

mediate and low particle volume fractions the two-step yielding that is widely

seen in experiments. For the latter, since hydrodynamic interactions are absent

in Brownian Dynamics simulations, they become the obvious possible origin

for such deviations. At intermediate and low volume fractions where spatial

heterogeneities are important, the absence of two-step yielding in BD could be

due to the lack of long-range HI that would affect flow, deformation and rup-

ture of clusters. To verify such mechanism though direct comparison between

BD and large scale Stokesian Dynamics simulations under nonlinear shear con-

ditions are required, something which is a quite challenging task. Note that

computer simulations accounting for HI already have demonstrated the impor-

tance of HI on the gelation of attractive colloids at rest (Furukawa and Tanaka

(2010); Varga and Swan (2016)). On the other hand, the possible origin for the

lack of the non-monotonic dependence of G′ after preshear in BD simulations
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(Fig. 6.4b) is still not clear. To this end, we provide some possible explanations

that need to require a further studies to be verified. A first potential cause might

be related with the details of the micromechanics and of the attractive potential

that is approximated in BD based on the AO potential. Yet in real experimen-

tal systems, the depletion attraction is induced by real polymer chains, whose

distribution inside a dense cluster of colloids is not clear. Therefore, in the real

experimental system, attractions within particle clusters might be different than

that postulated simply based on the polymer concentration and the AO poten-

tial, or expected of other attractive systems such as sticky spheres. Along these

lines, the range and depth of attractions might be reduced and eventually parti-

cles within clusters might in reality be more weakly bonded than expected. That

would result in weaker stresses in the experimental system (i.e. with lower G′),

specifically showing in the intermediate strain amplitude preshear where strong

cluster densification takes place.

Another possible source of this discrepancy is indeed HI. The presence of

full HI in the real system is expected to affect the flow of clusters past each other.

Therefore, some local structural details might be affected, although the general

findings provided by current BD are in agreement with experiments as proven

previously for gels under steady shear (Koumakis et al. (2015)). Moreover,

following shear cessation, the time evolution of the structures created at different

preshear amplitudes should be altered by HI in a non-trivial way depending on

the cluster size, or dominant length scales, which is present in each case (Zia

et al. (2014)).

The above speculations should be thoroughly tested by experiments that

are capable of providing detailed information on both at short and long length-

scales, such as simultaneous rheometry and confocal measurements and by com-

puter simulations where full HI are included.
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6.4 Conclusions

We have investigated the structural and mechanical properties of colloidal gels

at intermediate volume fraction during and after shear cessation as a function of

the oscillatory shear strain amplitude used during preshear. We used both exper-

imental rheometry and Brownian Dynamics simulations to gather comprehen-

sive information on the structural evolution and its relation with stress response

and compare the oscillatory with steady preshear. Analysis of microstructure

is performed by determining the average void volume, a quantitative measure

of spatial heterogeneities and the average number of inter-particle bonds. Mi-

crostructural analysis reveals that a variation in the applied strain amplitude in

oscillatory preshear introduces strong variations in the structure of the gel both

under shear and during gel reformation after flow cessation.

Structural heterogeneities (cluster/void size) show a non-monotonic depen-

dence with the oscillatory preshear strain amplitude. At low strain amplitudes,

where the attractive forces are dominating over shear forces (Pedep < 1), the

structural heterogeneity initially increases with the strain amplitude due to shear-

induced cluster compactification, until a strain amplitude where the maximum

cluster compactification under shear takes place (first regime). Beyond this

point, heterogeneities decrease with increasing preshear strain amplitude but

still remaining larger than those found at rest (second regime). Finally, shear-

ing the gel at large strain amplitudes, where Pedep > 1, produces homogenous

structures due to cluster disintegration under shear (third regime).

These distinct microstructures created under shear are of central importance

in the gel reformation after shear cessation, leading to materials with different

final microstructures and therefore mechanical properties at longer times. Gels

reform after large oscillatory strain amplitude preshearing into stronger solids

with a relatively homogeneous structure. Preshearing at intermediate strain

amplitudes creates gels with weaker elasticity and highly heterogeneous mi-

crostructures. Finally, under low strain amplitude preshear (still above the first

yield strain though) the system is again driven into a stronger gels with relatively
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less heterogeneous microstructure than those created at intermediate strain am-

plitudes, as the weak oscillation probably causes small scale bond restructuring

that promotes stronger configurations.

In comparison, BD simulations indicate that steady shear flow produces

weaker structural heterogeneities compared to oscillatory preshear. This is the

reason why colloidal gels may become weaker when presheared in an oscilla-

tory manner. Finally, we demonstrate that preshear has a strong impact on the

nonlinear, yielding behavior of colloidal gels. Gels that are presheared oscilla-

tory at large strain amplitudes exhibit a largely single-yielding response during

a start-up test. On the other hand, those that are rejuvenated at low and interme-

diate oscillatory strain amplitudes (and equivalently lower shear rates) exhibit a

two-step yielding process due to the increase of structural heterogeneity during

preshear.

This work provides further understanding of the way colloidal gels flow un-

der shear, especially regarding the link between the impact of preshear (or type

of rejuvenation) on microstructure and the mechanical properties of the system.

Therefore, it might be used as a predictive tool for processing of complex soft

materials with desired properties.
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Conclusions and Outlook

In this dissertation we have examined the response of concentrated colloidal

suspensions with tunable attractions to shear using experimental rheometry and

Brownian Dynamics (BD) simulations. The experimental model system was

depletion colloid-polymer mixture comprising of a hard sphere (PMMA par-

ticles) colloidal suspension with the addition of non-adsorbing linear polymer

chains as depletant. We have studied a range of particle volume factions and at-

traction strengths exploring from a low particle volume fraction gel to highly

dense attractive glassy state. We have also performed Brownian Dynamics

(BD) simulations in order to get both rheological and detailed structural in-

formation. Hard-sphere interactions in BD simulations are conducted by im-

plementing a potential-free algorithm for hard sphere interactions (Foss and

Brady (2000)). Attractions were introduced with the superposition of a mod-

ified Asakura-Oosawa (AO) potential (Asakura and Oosawa (1954)).

7.1 Chapter 3: Yielding of Attractive Colloidal Glasses

during Start-up Shear Flow

We have investigated yielding and flow of attractive glasses with short-range

attractions during start-up shear flow using experimental rheology and BD sim-

ulations with the view towards understanding the link between transient stress,

structure, and particle displacements.

Both experiments and BD simulations show qualitatively similar behavior

where at high attraction strengths two stress peaks are detected during start-up

shear flow. The first stress peak moves to smaller values as attraction strength is

increased, while the position of second peak remains unchained with attraction
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strength. The strength of second stress peak becomes stronger compare to the

first stress peak as shear rate is increased in both experiments and BD simu-

lations. Increasing the range of attraction, increases the position of first stress

peak while the position of second stress peak remains unchanged. The stress

decomposition into HS and attractive contributions show that both HS and at-

tractive forces are contributing into the first stress peak while the second stress

peak is mainly originated from HS forces.

We characterized the structural anisotropy by calculating the pair distribu-

tion function in the velocity - gradient plane. The maximum of pair distribution

function in the extension axis gives minimum where the second stress peak takes

place similar with repulsive glass. Therefore we conclude that the second stress

peak in attractive glass is due to breaking of cages. The average number of

bonds per particle follows the first stress peak and gives maximum where the

first stress peak takes place.

Analysis of particle displacements indicates that for both repulsive and at-

tractive glasses, the transient state, 〈∆z2〉, generally shows an initial increase

which follows the response at rest, with a subsequent transient super-diffusive

behavior which eventually becomes diffusive (slope of unity) at longer t−tw. In

the case of repulsive glass this super-diffusive behavior is related to the breaking

of the cages while for attractive glass related to breaking of smaller length scales

comparable to the attraction range. Both glasses exhibit identical long-time dis-

placements, indicating that at long times dynamics is not affected by inter par-

ticle attractions. For both glasses shear-induced cage deformation causes local

constriction, reducing short times in-cage diffusion. Finally, attractive glasses

under steady state shear behave dynamically as HS glass above the 1st yield

stress peak indicating that the contribution of the attractions diminishes beyond

the 1st yield stress peak.

Although, BD simulations capture qualitatively the main findings in exper-

iments, but as a complementary for future work one need to implement HI in

simulations or in experiments using confocal microscopy in conjunction with

rheometry.
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7.2 Chapter 4: Aging and Yielding of Colloidal Gels

during Start-up Shear Flow

We have examined both linear and nonlinear response rheology of colloidal gels

in start-up shear flow using both experiments and BD simulations. We explored

a range of particle volume fractions, attraction strengths, gel ages and shear

rates. For the linear response rheology, we see that simulations qualitatively cap-

ture the experiments although the values of elastic and loss moduli are smaller in

the former due to missing HI in BD simulations. The nonlinear response rheol-

ogy was examined by submitting the gel to the start-up shear flow. At low shear

rates, where HI are not important both experiments and BD simulations show

similar behavior with showing one stress peak and a rise of stress at long times

during start-up shear flow. At high shear rates, where HI becomes important

in experiments we see two stress peaks while BD simulations show one stress

peak.

For high shear rats where Pedep > 1, both the average number of bonds and

the average void volume show a decrease during start-up shear flow due to shear

forces breaking the bonds. For Pedep < 1, where attractive forces are stronger

than shear forces, we see an increase of both average number of bonds and void

volume due to cluster densification under shear. However, neither number of

bonds, nor void volume show a change in the value around the stress peak.

The analysis of structural anisotropy was performed by measuring the av-

erage number of bonds in the extension and compression axes. We see devel-

opment of structural anisotropy before stress peak with an increase of average

number of bonds in the extension axis and a decrease in the compression axis.

However the structural anisotropy under steady shear depends on Pe. For low

Pe, where Pedep < 1, a larger number of bonds is detected in the extension

axis. In contrast for high Pe, particles are more accumulated in the compression

axis similar with HS glasses.

As BD simulations fails to capture the second stress peak in start-up shear

flow, therefore for the future work one need to extend the simulations one step
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further making it closer to the experiments by implementing HI in simulations.

A more rigorous structural analysis are also required as both average number of

bonds and void volume do not show change when the stress peak takes place.

One might need to identify clusters and just probe the bonds which connect the

clusters together during start-up shear flow. For structural anisotropy, we cal-

culated the number of bonds, which is a short length scale quantity, in different

directions. One might need to look at the larger structural anisotropy in the scale

of cluster size.

7.3 Chapter 5: Residual Stresses in Colloidal Gels

We examined the decay of stress after shear cessation of well-developed steady

shear flow of different sher rates. We observed two distinct patterns of stress

decay: After shear cessation at high shear rates, the gel behaves as liquids and

releases the stresses to zero while after flow cessation of low shear rates, the

stress releases partially as in HS glasses. This transition from high to low shear

rates takes place at Pedep = 1.

Both average number of bonds and average void volume show an strong in-

crease after shear cessation at high Pe and almost no obvious structural changes

observed after shear cessation at low Pe. After shear cessation, particles show

sub-diffusive motions. The stronger the preshear rate, the larger and faster par-

ticle motions would be after shear cessation in agreement with larger and faster

decay of stress after flow cessation at higher shear rates.

We found that Pedep is the only parameter which determines the value of

internal stresses in colloidal gels.

For the future work, it would be interesting to investigate residual stresses in

attractive glasses. In this way, one can get a complete picture about the internal

stresses in suspensions of hard-spheres with tunable short-range attractions.
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7.4 Chapter 6: Tuning Colloidal Gels by Shear

By using a combination of experimental rheometry and Brownian Dynamics

simulations we examined the impact of both oscillatory and steady shear flow on

structural and mechanical properties of an intermediate volume fraction particle

gel (φ = 0.44) during and after shear cessation. In oscillatory preshear we found

three regimes of shear: (i) Large preshear strain amplitudes create stronger rel-

atively homogeneous gels. (ii) Intermediate strain amplitude preshear produces

highly heterogeneous weaker gels. (iii) Finally, low strain amplitude preshear

again drives the system into a stronger gels with relatively less heterogeneous

microstructure than those created at intermediate strain amplitudes,

A comparison between oscillatory and steady preshear indicate that the for-

mer produces larger heterogeneous weaker gels.

Finally we observed that two-step yielding observed during start-up shear

flow largely depends on the shear history. Gels that are presheared oscillatory

at large strain amplitudes exhibit a single yielding response while those that are

rejuvenated at low and intermediate oscillatory strain amplitudes show a two-

step yielding process.

We found two main deviations between experiments and BD simulations.

Firstly BD simulations do not capture the non-monotonic dependence of the

linear elasticity of the gel as a function of preshear strain amplitude, detected

in experiments. Secondly BD simulations can not accurately produce two step

yielding that is widely seen in experiments. Therefore for the future study would

be interesting for the experimental part to do simultaneous rheometry and con-

focal measurements and for the simulations implementing full HI.
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Appendix A

Delayed yield in colloidal gels

In this Appendix we examine the response of colloidal gels to a constant shear

stress. A wide range of shear stresses varying below and well above yield stress

is investigated while the deformation of the gel over time is probed and the

creep compliance is calculated. Fig. A.1 shows the creep compliance (
γ(t)

σ0
the

ratio of strain and shear stress) as a function of time for an intermediate volume

fraction gel of φ = 0.3 with attraction strength at contact Udep(2R) = −6kBT

and attraction range ξ = 0.1.

In all cases, we find that, the short-time (t < 1s) creep compliance is in-

dependent of the stress, and scales as the square of time (J(t) ∼ t2). In BD

simulations a slope of 0.5 is recovered regardless of gel age or bond strength

(Landrum et al. (2016)). This early-time deformation corresponds to the high-

frequency viscoelastic response, where little structural deformation takes place

(Landrum et al. (2016)). For low stresses (σ < 0.35), the short-time elastic

response is followed by resonant "creep ringing" behavior taking place around

t = 1s arising from rheometer inertia and the gel elasticity (Baravian et al.

(2007)) after which J(t) becomes nearly independent of time. A better way to

see long-time pre-yield is achieved by plotting the shear rate as a function of

time (Fig. A.2). Here, shear rate is calculated from the time evolution of the

strain (Fig. A.1). For shear stresses below 0.35 and times above 1s (above the

resonant "creep ringing" behavior) the shear rate exhibits a continuous decrease

over time which is a characteristic of solid-like response. The long-time re-

sponse exhibits a power-law fits (γ(t) ∼ t−β) with β = 0.92 in agreement with

prior experimental studies (Sprakel et al. (2011)).

For sufficiently high stresses (σ > 0.4), the initial response remains the same

but the time-independent of both compliance and shear rate persists only for a

finite time which after that both J(t) (Fig. A.1) and γ̇ (Fig. A.2) show an catas-

trophic increase signifying a transition from solid-like to liquid-like response.



1 0 - 1 1 0 0 1 0 1 1 0 2 1 0 3

1 0 0
1 0 1
1 0 2
1 0 3
1 0 4
1 0 5
1 0 6  0 , 2

 0 , 2 5
 0 , 3
 0 , 3 5
 0 . 3 8 5
 0 , 4
 0 , 4 2 5
 0 , 4 5
 0 , 5
 0 , 6
 0 , 7 5
 1
 1 . 5
 2
 2 , 5
 5

 

 

J(t
)=γ

(t)/
σ

t  ( s )

σ ( P a )

2

Figure A.1: Compliance as a function of time at different shear stresses for the
gel with φ = 0.3, Udep(2R) = −6kBT , ξ = 0.1. The gel has been
aged for 400s before stress is applied.

As stress is increased, this transition takes place at shorter times. For interme-

diate and a narrow range of shear stresses (0.35 − 0.385), however, we find an

interesting behavior on which after yielding and flow, the gel starts to re-solidify

under stress which is manifested by a nearly time independent of J(t) (Fig. A.1)

and a sharp decrease of γ̇ to zero value (Fig. A.2). This is in agreement with

recent BD simulations on low volume fraction particle gel of φ = 0.2 (Landrum

et al. (2016)).

To see the yielding better, we plot shear rate as a function of strain (Fig.

A.3). A negative slope with algebraic shear rate decay corresponds to solid-like

creep, a reversal from negative to positive slope marks the yield point, and a

plateau indicates viscous flow.

In Fig. A.4a we plot yield strain extracted from Fig. A.3 a as a function

of applied shear stress during creep experiment. It ranges between 130 − 60%

with a non-monotonic dependence on shear stress. First it shows a decrease

with applied stress till σ = 0.7 Pa and above that it shows an increase. These

large values of yield strain are related to breaking of large length scale structures

which in this case are the clusters. Therefore one can conclude that in colloidal
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Figure A.2: Shear rate as a function of time at different shear stresses for the
gel with φ = 0.3, Udep(2R) = −6kBT , ξ = 0.1. The gel has been
aged for 400s before stress is applied.
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Figure A.3: Shear rate as a function of strain at different shear stresses for the
gel with φ = 0.3, Udep(2R) = −6kBT , ξ = 0.1. The gel has
been aged for 400s before stress is applied. The arrows indicate the
direction of change in yield strain with increasing shear stress.

Ph. D. Thesis 162



0 . 5 1 1 . 5

6 0

9 0

1 2 0

1 5 0

0 . 5 1 1 . 5 2 2 . 5

1 0 1

1 0 2

 γ y(%
)

σ ( P a )

( a )

 τ d(s
)

σ ( P a )

( b )

Figure A.4: (a) The yield strain and (b) the delayed yield time as a function of
shear stress for the gel with φ = 0.3, Udep(2R) = −6kBT , ξ = 0.1.
The gel has been aged for 400s before stress is applied. The open
symboles are related to stresses where re-solidification under stress
takes place.

gels melting takes place where clusters begin to break. In contrast, BD simula-

tions show a much smaller yield strain around 3% which does not change with

the applied shear stress (Landrum et al. (2016)). This small yield strain is re-

lated to short-length scale bond breaking. The differences between experiments

and BD simulations might be due to missing HI in the latter.

In Fig. A.3 b we plot the time which above that yielding takes place as a

function of shear stress. The delayed yield, τd, shows a monotonic decrease

with increasing shear stress with two distinct exponential regimes differenti-

ated at σ = 0.5 Pa in agreement with the previous experiments (Sprakel et al.

(2011)). This behavior is explained based on bond rupture model. For high

shear stresses, the rate of bond breaking is larger than the rate of bond forma-

tion, therefore breaking of the entire network takes place approximately at the

same rate as the breaking of single bonds which based on single-bond rupture

model is a exponential function of stress. For low stresses, however, the rate

of bond breaking is smaller than the bond reformation and therefore we expect

cluster densification under stress which in the case of sufficiently low stresses

but above yield stress results in re-solidification of the gel. However this pro-

cess is expected to be again exponential but with different characteristic stress

(Sprakel et al. (2011)).
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