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1. Introduction 

 

 

1.1: Introduction 

 

 

 

Figure 1.1: Natural and Manmade examples of glasses 

 

Window glass and many other solids like acrylic and polycarbonate are not 

crystalline but disordered at the atomic scale–a lot like liquids frozen in time. Researchers 

have wondered whether they are just very viscous liquids, or whether they are liquids that 

go through some kind of phase transition as they cool and solidify. Window glass and hard 

plastics are the most familiar examples of a large class of solids called glasses. A few types 

of glasses are shown in Fig. 1.1. Many of these materials are very useful, but their atomic-

scale behavior is different from traditional crystalline materials and harder to understand. 

For example, when a glassblower cools molten glass into a solid, its viscosity rises 

dramatically. For decades, scientists have speculated about the origin of this rapid rise in 

viscosity–known as the glass transition–might hint that the atoms or molecules of a liquid 

are trying to take on a new arrangement through something like a phase transition. 

Researchers have only indirect evidence because available experiments can’t directly 
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observe how the glass’s atomic arrangement differs from that of a liquid. To gain more 

direct insight into the underlying mechanism, one can use models of glasses for which the 

motion of the constituent particles can be observed. A prominent model system consists 

of micron-sized particles suspended in a fluid called colloidal glass to model atoms or 

molecules in a glass-forming liquid. Since the beads are much bigger than individual 

atoms, they are visible under a microscope [2]. In this thesis we have performed 

experiments using colloidal glasses composed of hard and soft spheres to understand the 

flow and relaxation of such a glass. We directly observe particles in glasses - quiescent as 

well as under applied deformation, and we study the mechanical properties of these 

colloidal glasses by rheological measurement. 

 

 

1.2: Colloidal crystals and glasses  

 

A colloidal crystal is a highly ordered array of particles that can be formed over a 

very long range (typically on the order of a few millimeters to one centimeter) and that 

appears analogous to its atomic or molecular counterparts [3]. One of the 

finest natural examples of this ordering phenomenon can be found in precious opal, in 

which brilliant regions of pure spectral color result from close-packed domains 

of amorphous colloidal spheres of silicon dioxide (or silica, SiO2) [4,5]. These spherical 

particles precipitate in highly siliceous pools in Australia and elsewhere, and form these 

highly ordered arrays after years of sedimentation and compression under hydrostatic and 

gravitational forces [6]. In contrast to crystals, the structure of liquids and glasses is 

disordered and irregular. Fig. 1.2a and b shows images of the structure of colloidal crystal 

and glass, respectively. The structure can be characterised by the pair correlation function, 

a measure of the probability of finding a particle at a distance r away from a given 

reference particle, relative to that for an ideal gas. The pair correlation functions of 

colloidal crystal and glass are shown in Fig 1.2 c and d.  

 

http://en.wikipedia.org/wiki/Order_(crystal_lattice)
http://en.wikipedia.org/wiki/Analogous
http://en.wikipedia.org/wiki/Natural
http://en.wikipedia.org/wiki/Opal
http://en.wiktionary.org/wiki/spectrum
http://en.wikipedia.org/wiki/Color
http://en.wikipedia.org/wiki/Close-packed
http://en.wikipedia.org/wiki/Amorphous
http://en.wikipedia.org/wiki/Silicon_dioxide
http://en.wikipedia.org/wiki/Silica
http://en.wikipedia.org/wiki/Precipitate
http://en.wikipedia.org/wiki/Siliceous
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Figure 1.2: (a) Colloidal crystal [7]. (b) Colloidal glass. (C) Pair correlation function of 
crystal. (d) Pair correlation function of glass [8]. The inset of c and d are shown the way to 
find particle around reference particle, for crystal and glass respectively, where the red 
particle is our reference particle. 
 

 

1.3: Jamming and the glass transition 

 

As a supercooled liquid is cooled to lower temperatures, its viscosity increases 

and the molecules which comprise it move more and more slowly. The molecules of the 

liquid try to rearrange to find the equilibrium state for that temperature. So, if we cooled 

a liquid fast enough, molecules do not have time to rearrange significantly to form a 

crystal, Fig. 1.3a. The liquid’s structure therefore appears ‘frozen’ on the laboratory 

timescale (for example, minutes). This falling out of equilibrium occurs across a narrow 

window where the characteristic molecular relaxation time becomes of the order of 100 

seconds, and the rate of change of volume or enthalpy with respect to temperature 

decreases abruptly (but continuously) to a value comparable to that of a crystalline solid. 

The resulting material is a glass.  
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Figure 1.3: (a) Temperature dependence of a liquid’s volume v or enthalpy h at constant 

pressure. Tm is the melting temperature. A slow cooling rate produces a glass transition at 

Tga; a faster cooling rate leads to a glass transition at Tgb [12]. (b) Tg-scaled Arrhenius 

representation of liquid viscosities showing Angell’s strong–fragile pattern. Strong liquids 

exhibit approximate linearity (Arrhenius behaviour); fragile liquids exhibit super-Arrhenius 

behaviour [12]. 

 

The intersection of the liquid and vitreous portions of the volume versus temperature 

curve provides one definition of Tg, which usually occurs at around 2Tm/3. The behaviour 

depicted in Fig. 1.3a is not a true phase transition, as it does not involve discontinuous 

changes in any physical property. The slower a liquid is cooled, the longer the time 

available for configurational sampling at each temperature, and hence the colder it can 

become before falling out of liquid-state equilibrium. Consequently, Tg increases with 

cooling rate [9, 10]. The properties of a glass, therefore, depend on the process by which it 

is formed. In practice, the dependence of Tg on the cooling rate is weak (Tg changes by 3–

5C when the cooling rate changes by an order of magnitude [11]), so that Tg is an 

important material characteristic. Another definition of Tg is the temperature at which the 

shear viscosity reaches 10
13

 poise or 10
12

 (pa.s). Close to Tg, the viscosity  is 

extraordinarily sensitive to temperature [12]. 
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Jamming occurs when a system develops a yield stress and behaves as a solid—in a 

disordered state. In practice, it is difficult to determine whether a system truly has a yield 

stress, or whether one has not yet waited long enough for the stress to relax. Thus, a more 

practical definition is that jamming occurs when the stress relaxation time of a system 

with no quenched disorder exceeds some fixed value, such as 10
3
 to 10

5
 seconds, in a 

`disordered state. According to these definitions, many systems are jammed. Granular 

materials can flow when they are shaken or poured through a hopper, but jam when the 

shaking intensity or pouring rate is lowered. Similarly, foams and emulsions (dense 

colloidal suspensions of deformable gas bubbles or liquid droplets) can flow when they are 

sheared, but are soft amorphous solids when the shear stress is lowered below the yield 

stress. These systems are athermal; random motions supplied by some driving force are 

necessary to induce any motion since thermal energy is insufficient to cause particle 

rearrangements. In colloidal suspensions of smaller particles, such jamming also occurs 

when the pressure or density is sufficiently large. At low packing fractions, particles are 

free to diffuse and explore different configurations. As the packing fraction increases, 

however, the space available for motion decreases and the system becomes a disordered 

solid with a yield stress [13]. 

 

1.4: The jamming phase diagram 

 

Glasses unjam as one raises the temperature, foams and emulsions unjam as one 

raises the shear stress, and colloidal glasses unjam as one lowers the packing density. 

These parameters are so different that it is difficult to see how one can compare the 

jamming transitions at a quantitative level. Much recent experimental and theoretical 

work pointed out that all three parameters are important to all systems, but the range 

over which they can be varied might be limited for a given system. In other words, these 

different parameters might be tied together by a "jamming phase diagram," Fig. 1.4. The 

choice of axes is dictated by the parameters that control the transition to jamming in the 

different systems, namely temperature T, density  , and shear stress σ. The ordinary state 

diagram for the glass transition would be in the (1/density)–T plane of the jamming phase 

diagram. At high density there is a transition between a super-cooled liquid and a glass 
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that occurs at Tg. As the density is lowered, Tg normally decreases. This glass-transition line 

is represented by the curve separating the jammed and unjammed regions in the 

(1/density)–T plane. There is, of course, considerable debate about whether the transition 

is a true thermodynamic one occurring at a nonzero temperature or whether the 

dynamics are completely arrested only at T=0.  

 

 

Figure 1.4: "Jamming phase diagram" [22]. The jammed region, near the origin, is enclosed 

by the depicted surface [21].  

 

For the purpose of this discussion, the line separating the jammed (glassy) phase from the 

liquid state corresponds to a relaxation time that has increased to some fixed value, such 

as 10
3
 seconds as is sometimes used to define Tg in super-cooled liquids. The ordinary 

phase diagram for a foam or emulsion would be in the (1/density)–load plane of the 

jamming phase diagram. At fixed density, one must apply a shear stress higher than the 

yield stress in order for the system to flow. Thus, the yield stress as a function of density is 

the curve that separates the jammed and unjammed regions in this plane. As the density 

decreases towards close-packing, the yield stress decreases, as has been shown 

experimentally for emulsions and foams. We note again that it is impossible to tell 

whether the yield stress is truly nonzero or if it is only nonzero on the time scale of a 

rheological measurement. The same caveat that holds for the glass transition—that the 
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transition corresponds to a relaxation time that has reached some fixed value—therefore 

holds for the entire surface of the jammed region.  

 Mode-coupling theory suggested a few years ago that the colloidal glass transition and 

molecular glass transition are analogous despite the fact that the control variables are 

different. The jamming phase diagram suggests a reason why the different jamming 

transitions might be related, independent of the accuracy of the mode-coupling 

approximation [14-21]. 

 

 

1.5: Dynamic heterogeneity  

 

 

Figure 1.5: Dynamic heterogeneity for Weeks-Chandler-Anderson mixture in two 

dimensions. The pictures are renderings of the mobility field for typical equilibrium 

trajectories particles. The rendering shades each particle according to the size of the 

particle's displacement from its initial position. If the ith particle's displacement is nil, i.e., 

|ri(△t) – ri(0)|= 0, the particle is pictured as white. As the particle displacement grows, the 

particle acquires an increasing shade of gray, becoming completely black when |ri(△t) – 

ri(0) | > d [24]. 

 

Due to the long relaxation time of glasses, a part of the density fluctuations are 

frozen. Understanding these fluctuations has been a central difficulty for making 

theoretical advances. Both the liquid and the glass have disordered structure, so even if all 

molecules in the system are identical, they experience different local environments [23]. 
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In the liquid, these differences can be neglected to a large extent: every particle has on 

average a similar environment. So, the behavior of the system could be inferred from that 

of a typical particle in a typical environment. Thus, for example, microscopic properties, 

such as the rate with which particles diffuse in the liquid, are directly related to bulk 

properties, such as the viscosity. However, as the glass transition is approached, it 

becomes increasingly difficult to characterize 'typical' particles and 'typical' environments 

because the dynamics of the system become spatially heterogeneous. Within a given 

interval of time, some particles may move distances comparable to their size, while others 

remain localized near their original positions. Thus, on these time scales, we can refer to 

these as 'mobile' and 'immobile' particles. Of course, on long enough time scales, 

ergodicity ensures that particles become statistically identical. The dynamic heterogeneity 

is illustrated beautifully in Fig. 1.5, where the authors have studied the time evolution of 

the mobilities of the particles interacting through the Weeks-Chandler-Anderson potential 

[24]. The mobility is obtained from the displacements, |ri(△t ) - ri(0)|, of individual 

particles. These particle displacements are represented by different grey levels. 

 

 

Figure 1.6: Three examples of dynamical heterogeneity [25]. In all cases, the figures high-

light the clustering of particles with similar mobility. (Left) Granular fluid of ball bearings, 

with a colour scale showing a range of mobility increasing from blue to red [29]. (Centre) 

Colloidal hard sphere suspension, with most mobile particles highlighted [26]. (Right) 

Computer simulation of a two-dimensional system of repulsive disks. The colour scheme 

indicates the presence of particles for which motion is reproducibly immobile or mobile, 

respectively from blue to red [27]. 
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The figures show that regions of higher activity coexist with regions of lower activity. 

Dynamic heterogeneity occurs in a wide range of systems. The appearance of dynamical 

heterogeneity in vibrated granular systems, colloids, and computer simulations of 

repulsive disks is compared in Fig. 1.6 [25]. 

The most striking feature of all these images is that the particles with different mobilities 

appear to form clusters. This observation suggests that structural relaxation in disordered 

systems is a nontrivial dynamical process. Over the last decade, it has become clear from 

experiments and computer simulations that a variety of glassy systems display the kind of 

clusters shown in Fig.1.6. The origin of the heterogeneous dynamics in glasses remains to 

be understood. 

 

1.6: Rheology  

 

For many of us, we start the day by squeezing tooth paste onto a toothbrush, 

spreading chocolate paste onto bread. These materials belong to a group of materials 

named soft glassy materials (SGMs). The characteristic property of these soft glassy 

materials is that they have an amorphous microscopic structure just like a liquid but 

macroscopically, they behave like a solid at low stresses [26]. Above a certain stress, called 

yield stress, they will flow. It costs little energy to spread the chocolate paste but it does 

not flow from your sandwich. We study the properties of materials via their rheology [28]. 

Colloidal dispersions play an important role in many different applications as e.g., paints 

or pharmaceutical formulations. Since the rheological behavior is relevant for processing 

of these materials, many studies on flow properties of hard and soft colloidal suspensions 

have been reported in the literature [2-35]. In chapter 4 we report rheological 

experiments to compare behaviour of soft and hard- sphere colloidal glasses. 

 

1.7: Connecting micro to macro scale   

 

Jammed systems are widely used; they have been studied intensively by 

engineers and rheologists over the past few decades, leading to a wide variety of 
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phenomenological rheological models. While these phenomenological models have been 

quite powerful in capturing the coarse features of a broad range of materials and 

describing real yield stress fluids, there are important shortcomings, for example, we don’t 

have satisfactory micro-rheological models for real yield-stress fluids yet. For some 

complex fluids (e.g. polymer solutions, polymer melts and dilute and semi-dilute particle 

suspensions) micro-rheological models have been developed that link the macroscopic 

mechanical behavior of the material to its microstructural properties. Furthermore, in 

many situations the yield stress is in fact not a material property, as is often assumed, but 

depends on the deformation history of the system and evolves in time [36–39]. In 

particular, when left at rest, many of these materials age and become more rigid, while 

shearing leads to rejuvenation making them softer — these materials never reach 

equilibrium. This makes it hard, if not impossible, to measure a well-defined yield stress 

for a given material. And also, when a homogenous stress is applied, classical rheology 

predicts a homogeneous flow. Most jammed systems, however, form shear bands, i.e., 

inhomogeneous states where only a part of the system flows. While shear bands can arise 

from stress inhomogeneity, shear banding has recently been observed in number of 

systems for which the stress is homogeneous, such as in cone-plate cells [36, 39-40], in 

linearly sheared colloidal glasses [41] and in simulations of linearly sheared foams [42].  

To make progress, one can look at the interplay between flow and structure of the fluid. In 

this picture, flow leads to changes in the microstructure of the flowing material, which in 

turn influences its local rheological properties. The measured global rheological features 

are then an emerging property of materials. Thus by looking at the microstructure, we will 

find out why some materials show shear thickening behavior, while most are shear 

thinning. Some recent work has addressed the connection between dynamic 

heterogeneity, aging, shear banding and structure [36-38, 43, 44]. To make progress we 

should link the macroscopic rheology to the microscopic properties. Then, we hope to be 

able to answer questions as: “What is the microscopic origin of the yielding transition of 

fluids?  And why do some materials by applying shear exhibit a transition into a jammed 

state, while others flow more easily?”. For this propose we try to make connection 

between rheology and the suspension microstructure in two ways. First, we combine 
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rheology with direct real-space imaging of the suspension by microscopy in chapter 4. We 

record rheological data together with microstructure data obtained by confocal 

microscopy at the same time. Second, we probe a colloidal glass by indentation and take 

3D images with a confocal microscope in chapter 6. This allows us to elucidate in detail 

how a glass starts to flow. 

 

1.8: Indentation 

 

As mechanical systems in today's technology tend to decrease in size down to 

micro-and nanometers, it is becoming necessary to develop experimental and theoretical 

tools to investigate and characterise material properties at these scales. Among the most 

popular tools to probe material properties on a small scale is micro- or nanoindentation. It 

is almost a century that people perform indentation experiments on the macro scale to 

measure material properties. After down-scaling by orders of magnitude, nano and micro-

indentation have now become increasingly used tools to investigate the mechanical 

properties of the material in small volumes. In particular it is a useful tool for studying the 

onset of plastic flow in small volumes, a phenomenon that plays a significant role in large 

scale deformation processes such as fracture, adhesion and friction [45]. It is well known 

that the onset of plastic flow provides a key for understanding the origin of relaxation and 

aging that are central to the evolution of all glassy materials from metallic to polymer to 

soft glasses. Understanding its origin is crucial to the understanding of the amorphous 

state.  

 

Figure 1.7: (a) Load displacement curve, elastic regime and (b) load displacement curves, 

plastic regime [46].    
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A few years ago nanoindentation has been applied to atomic glasses to probe their 

mechanical behavior and to study incipient plasticity [46]. Such experiments indent the 

glass upon a certain load and measure the corresponding displacement. Fig 1.7 shows the 

indentation-load as a function of the displacement. The curves show that when loading 

upon a certain threshold and then unloading, the load-displacement curve is completely 

reversible (Fig. 1.7a). When indenting with a load above the threshold, sudden 

displacement jumps were observed (Fig. 1.7b). In this case, the displacement is not fully 

recovered upon unloading. This indicates a permanent deformation of the material. While 

these experiments give direct evidence of the occurrence of plastic events at stresses 

above a certain threshold, however, their direct observation has remained elusive because 

it is prohibitively difficult to image the atomic motion directly. We use an analogue of 

nanoindentation performed on a colloidal glass to obtain direct images of the incipient 

deformation in three dimensions and real time, allowing us to elucidate the very earliest 

stages of deformation. In chapter 6 we provide a comprehensive study of nanoindentation 

on a colloidal glass. 

 

1.9: Thesis outline 

The thesis is organized as follows: We give a general description of the 

experimental systems and measurement techniques used in this thesis in chapter 2. We 

then describe the particle synthesis, sample preparation and specific measurement 

protocols employed in this work in chapter 3. Chapters 4-6 present the experimental 

results and discussion: We first investigate the rheological behaviour of hard and soft 

spheres in chapter 4. Besides the standard measurement of the viscoelastic moduli, we 

include a new analysis of oscillatory rheology data providing insight into the mechanism of 

straining, yielding, and flow. We also include the measurement of the single-particle 

modulus, and its link to the macroscopic suspension modulus, which we establish via the 

imaged structure (pair correlation function) of the suspension. We provide a microscopic 

analysis of the relaxation in hard and soft-sphere suspensions in chapter 5. We apply 

dynamic correlation functions to investigate the long-range nature of relaxation modes, 

and we elucidate the difference between those of hard and soft spheres by direct imaging 
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and vectorial analysis of the displacement field. An important step in any relaxation is the 

onset of irreversible rearrangements. We directly probe this incipient plastic deformation 

by applying indentation in chapter 6. By direct three-dimensional imaging, we follow the 

surprising fractal nature of the onset of relaxation, and characterize its robust fractal 

dimension. The fractal deformation field gives evidence of the criticality of the glass at the 

onset of flow. 
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