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Abstract 

 

The last few years, the ability to tune structural and mechanical properties of soft matter 

through processing has great interest at industries related to food, personal care products or 

ceramics etc. A suspension of colloidal hard spheres is a model soft matter system that can 

be used to investigate such structural changes occurring during processing. In particular, the 

system we study here, is a depletion gel of nearly monodisperse Poly-methyl methacrylate 

(PMMA) particles at large volume fraction (44%). We use rheology in combination with 

confocal microscopy to probe the changes in the mechanical properties and the structure 

under oscillatory shear at various strain amplitudes and frequencies for different durations of 

pre-shear. We find that such colloidal gels exhibit a drop in their elastic modulus, after 

shearing, that depends on the applied strain amplitude (𝛾0 ), the shearing time and the 

frequency (𝜔) and it seems to be related with the crystallization of the gel and possibly with 

their approach to phase separation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

 

TABLE OF CONTENTS 

1 Introduction 5 

 1.1 Hard sphere colloids 5 

 1.2 Depletion attractions 6 

 1.3 Hard sphere colloidal gel 7 

 1.4 Tuning colloidal gels 7 

2 System and techniques 10 

 2.1 Sample preparation 10 

 2.2 Rheology Background 11 

 2.3 Confocal microscopy 13 

 2.4 Experimental Setup  13 

3 Results 16 

 3.1 Linear viscoelasticity 16 

 3.2 Nonlinear dynamic response 16 

 3.3 Steady shear response and yield stress 17 

 3.4 Response to pre-shear 18 

 3.5 Conclusions 24 

  Appendix 1 25 

  Appendix 2 26 

 References 27 

 

 

 

 

 

 

 

 

 



5 
 

CHAPTER 1 

INTRODUCTION 

Colloidal systems are mixtures of two insoluble phases in which the first consists of particles, 
with diameter of 10 nanometer to 10 micrometer, that are suspended in the second 
substance. The phase transitions of colloids are similar with atom’s and molecule’s, making 
them an interesting system for investigation as they can also be visible in an optical 
microscope. Moreover, colloids have various applications in many fields, such as food 
industries, medicinal field etc.  

An interesting property of colloidal particles is their Brownian motion which arises from the 
random thermal collisions of the suspending medium molecules with the particles and leads 
to diffusive motion of the latter. The Stokes-Einstein1 relation gives the diffusion coefficient 

𝐷0 for a colloidal particle with radius 𝑎 dispersed in a solvent of viscosity 𝜂𝑚: 

𝐷0 = 𝑘𝐵𝑇 6𝜋𝜂𝑚𝑎⁄  

Furthermore, colloidal particles suspended in a liquid, have a short-ranged attractive 
interaction due to Van der Waals interaction. Therefore, in order to avoid particle aggregation, 
it is necessary colloidal suspensions to be stabilized electrostatically or sterically. 
Electrostatic stabilization creates repulsion between particles when they are charged by the 
repulsive Coulomb forces that may prohibit aggregation. Aggregation can then occur if salt is 
added in the suspension, therefore screening electrostatic repulsions or by altering pH. Steric 
stabilization of colloids is achieved by polymer attached to the particle surface and chains 
forming a coating, which creates a repulsive force when particles are suspended in good 
solvent for the polymers and separates the particle from another particle. 

 

1.1 Hard sphere colloids 

Colloidal hard spheres are ideally microscopic particles moving within a medium with 

Brownian motion that interact with an infinite repulsive potential when they touch. In 

particular, the interparticle potential of two hard sphere colloids is: 

𝑉(𝑟) = {
∞            0 < 𝑟 < 2𝑅
0                    𝑟 > 2𝑅

 , 

where R is the particle radius. 

The phase behavior of hard spheres is independent of temperature. Therefore, considering 

only the entropy, the parameter to determine the phase behavior is the particle volume 

fraction 𝛷:  

𝛷 =
4

3
𝜋𝑅3

𝑁

𝑉
 

Where 𝑁 is the number of particles and 𝑉 the total volume fraction. 
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Fig. 1.1 depicts the phase diagram of colloidal hard spheres. At volume fractions lower than 

0.494, due to the Brownian motion, particles have a random distribution in the suspending 

fluid, resulting in a fluid state. A two-phase coexistence of fluid and crystal is observed at 

volume fraction ranging from 0.494 to 0.58 and a fully crystalline structure from 0.545 to 0.582. 

The glass transition is around ~0.58 and can persist until a maximum packing fraction ~0.64, 

the random close packing3. The crystalline structure achieves a maximum packing as a face-

centered crystal (FCC) at  𝛷𝑓𝑐𝑐 =0.74. 

1.2 Depletion attractions 

By the addition of non-adsorbing linear polymer, the repulsive potential of hard sphere 
colloids may be modified, resulting in a short-range attraction potential. In particular, the 
center of a polymer coil is excluded from a region around the hard 
sphere colloid at a range of approximately 𝑅𝑔 , the polymer radius of 

gyration, leading to the increase of the free volume available to the polymer chains. According 
to the ideal model of Asakura and Oosawa4, the attractive potential is proportional to the 
osmotic pressure of the polymer in solution and to the volume of the region between the 
particles from which polymer is excluded. Specifically, it depends on the concentration 𝑐𝑝 of 

polymer in solution relative to the overlap concentration 𝑐𝑝
∗, and on the radius of gyration 𝑅𝑔 

relative to the radius of colloid 𝑅, as: 

 

𝑈𝑑𝑒𝑝(𝑟)

𝑘𝐵𝑇
=

{
 
 

 
 

∞, 𝑓𝑜𝑟 𝑟 < 2𝑎

𝑐𝑝

𝑎𝑐𝑝∗
(1 +

𝑎

𝑅𝑔
)

3

[1 −
3𝑟

4(𝑎 + 𝑅𝑔)
+

𝑟3

16(𝑎 + 𝑅𝑔)3
] , 𝑓𝑜𝑟 2𝑎 < 𝑟 < 𝑎 + 2𝑅𝑔

0, 𝑓𝑜𝑟 𝑟 > 2𝑎 + 2𝑅𝑔

 

 

 

 

 

Figure 1.1 Hard sphere dispersion phase diagram 
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1.3 Hard sphere colloidal gels 

Altering the volume fraction 𝜑 or the interparticle potential 𝑈(𝑟) leads to a nonequilibrium 

dynamic arrest transition of the dispersed phase, resulting to a liquid to solid-like transition. 

At low volume fractions, particles are locally trapped by their attractive potential, leading to 

cluster formation, which, however, do not fill enough space and are free to diffuse. In order 

to exhibit solid-like properties, clusters must be trapped in a cage of neighboring cluster or 

directly connect to form a space-spanning network, where particles can reconfigure neither 

with respect to their nearest neighbors nor relative to any other particle within the network. 

The systems that fulfill both conditions for solid-like behavior, are the colloidal gels5.  

 

Gel formation occurs in the presence of attractive forces. There are two mechanisms to 

induce gelation: by ‘’strong’’ and by ‘’weak’’ interactions5. The ‘’strong’’ interactions refer to 

attractive Van der Waals forces, which are the forces that act between induced dipoles. In 

this work, the mechanism we use to form a gel is by ‘’weak’’ interactions: namely by depletion 

forces. Depletion gels are the most common model system that form gels via arrested phase 

separation, both at low and high densities. One main characteristic of those “nonequilibrium” 

gels is their coarsening via Brownian motion leading to aging that can be accelerated by 

shear or gravitational settling1.  

 

1.4 Tuning of colloidal gels 

Tuning the properties of a colloidal gel is important to a wide range of industrial applications. 

This processing can occur by altering the concentration or the properties of particles or by 

changing the range or the strength of the inter-particle potential or other external conditions 

like temperature or pH. In this work, the mechanism we use to tune a gel is by shearing the 

system, which can produce a great variety of structures with different mechanical properties. 

Depending on the shear rate, various structural changes can occur such as clusters or strong 

bond breaking, not only in bulk, but also in two-dimensional6 and microchannel flows7. 

Furthermore, recently, there have been done experiments of tuning of complex yield stress 

fluids induced by shear, described as a phenomenon of ‘’memory’’, as the system is believed 

to have retained a memory of its previous pre-shear history8. 

One method to shear a colloidal gel is by applying steady pre-shear. In this case, for an 

intermediate volume fraction depletion gel, it was found that at high shear rates the structure 

fully breaks into individual particles and after shear cessation leads to strong solid with 

homogeneous structure. At low shear rates, a largely inhomogeneous structure is created 

which remains stable after shear cessation and gives a weaker solid9. Fig. 1.2 shows the 

results of a previous work of tuning colloidal gels by steady shear with rheo-confocal 

microscopy experiments, that enabled the microstructural changes to be captured.    
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Figure 1.2. (a) Rheo-confocal experiments: time evolution of the linear viscoelastic moduli of a 

colloidal gel, with sphere radius 𝑅 = 830 𝑛𝑚, at 𝜔 = 1 𝑟𝑎𝑑 𝑠−1  , after cessation of shear rejuvenation 

at high and low shear rates, as indicated: 𝐺′ (solid symbols) and 𝐺′′ (open symbols); (b) the 

corresponding confocal images at 𝑡 = 10𝑡𝐵. (c) Rheological measurements of a similar colloidal gel 

at 𝜔 = 10 𝑟𝑎𝑑 𝑠−1  with smaller spheres (𝑅 =  400 𝑛𝑚 ) allowing the determination of long time 

behavior9. 

 

Shearing the same system oscillatory at large strain amplitudes leads to a stronger 

homogeneous gel because of the complete breakup of clusters, whereas at intermediate 

strain amplitudes a high heterogeneity occurs, resulting in a weak gel. This heterogeneity 

becomes weaker at lower strain amplitudes, where the depletion forces dominate related to 

the shear forces, and leads to a stronger gel10. The results of rheological experiments and 

BD simulations that occur by tuning colloidal gels by oscillatory shear are shown in Fig. 1.3.  

Therefore, the oscillatory shear seems to be more efficient way to tune the mechanical 

properties of a colloidal gel as the steady shear does not produce as large heterogeneities in 

the structure as oscillatory shear does.  On account of this, in this work we use oscillatory 

pre-shear to tune our sample. 



9 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. (a) Time evolution of the elastic modulus,𝐺′, measured in the linear viscoelastic regime 

from the experimental dynamic time sweep after oscillatory shear rejuvenation at different strain 

amplitudes as indicated, (b) 𝐺′versus the pre-shear strain amplitude at different times after flow 

cessation as indicated by both experiments and BD simulations. Images at the right depict structures 

produced by BD simulations at 100𝑡𝑏 after flow cessation.10 
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CHAPTER 2 

SYSTEM AND TECHNIQUES 

2.1 Sample preparation  

The hard sphere particles used in this work consist of polymethylmethacrylate (PMMA) cores 

sterically stabilized by thin (≈10 nm) chemically grafted layers of poly-12-hydroxystearic acid 

(PHSA) chains. They are nearly monodispersed particles with hydrodynamic radius 𝑅 =

412 𝑛𝑚 .The particles are dispersed in squalene, a high boiling point solvent  

(b.p. 421.3℃) in order to avoid evaporation. Depletion attractions were implemented between 

the particles by adding non-adsorbing linear polybutadiene (1,4-addition) (PB) chains with a 

molecular weight, 𝑀𝑤 = 1243300 𝑔 𝑚𝑜𝑙
−1, a polydispersity index 𝑀𝑤 𝑀𝑛⁄ = 1.13 and a radius 

of gyration, 𝑅𝑔 = 34 𝑛𝑚 ,measured by static light scattering. This implies a polymer–colloid 

size ratio 𝜉 = 𝑅𝑔 𝑅⁄ = 0.08  in dilute solution. We prepared the gel with an intermediate 

particle volume fraction 𝜑 = 0.44, and a polymer concentration 𝑐𝑝 𝑐𝑝
∗⁄ = 0.65, which gives an 

attraction strength at contact 𝑈𝑑𝑒𝑝(2𝑅) = −20𝑘𝐵𝑇  according to the modified Asakura-

Oosawa model4. 

Colloidal gel preparation 

The first step for sample preparation was to achieve random close packing at the colloidal 

suspension. To accomplish that, the sample was centrifuged until all colloids sedimented to 

the bottom and the sample was separated to the randomly close packed colloid and the 

floating solvent.  

Polymer solution preparation 

The next step was the preparation of the polymer solution. To achieve that, we first used the 

following equation to calculate the ratio of the mass of polymer solution 𝑚𝑝𝑜𝑙𝑠𝑜𝑙 over the mass 

of colloidal suspension  𝑚𝑐𝑜𝑙𝑠𝑢𝑠𝑝: 

𝜑 = 𝜑0 [1 +
𝑚𝑝𝑜𝑙𝑠𝑜𝑙

𝑚𝑐𝑜𝑙𝑠𝑢𝑠𝑝
(1 +

(𝑥 − 1)𝜑0
1 + 𝑎𝑥

)],  

where 𝑥 =
𝜌𝑐

𝜌𝑠
,  𝜑 as the new volume fraction, 𝜑0 the old volume fraction, 𝜌𝑐 the density of the 

colloid and 𝜌𝑠 the density of the solvent. The parameter 𝑎 is used to counterbalance the fact 

that the spheres have an increased radius when in solvent due to stabilizing layer. Here, the 

new volume fraction is 𝜑 = 0.44 and the old one is the volume fraction at random closed 

packing 𝜑𝑟𝑐𝑝 = 0.64. For the colloid 𝜌𝑐 = 1.118 𝑔𝑟/𝑐𝑚
3 for squalene, 𝜌𝑠𝑞 = 0.8580 𝑔𝑟/𝑐𝑚3. 

For 𝑎 we used a typical value of 𝑎 = 0.12. 

We then used the following equation to calculate the concentration of polymers 𝑐 at the 

polymer solution: 
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𝑐𝑝 = 𝑐 [1 +
𝑚𝑐𝑜𝑙𝑠𝑢𝑠𝑝

𝑚𝑝𝑜𝑙𝑠𝑜𝑙
(1 +

(𝑥 − 1)𝜑0
1 + 𝑎𝑥

)

−1

]

−1

 

For the parameter 𝑐𝑝 ,the modified Asakura-Oosawa model was used, which gave us the 

concentration of polymers needed for the attraction strength of −20𝑘𝐵𝑇.  

Depletion gel preparation  

Finally, the mix of the polymer solution with polymer concentration 𝑐  and the colloidal 

suspension at volume fraction 𝜑𝑟𝑐𝑝 results to the depletion gel at volume fraction 𝜑 = 0.44 

and attraction strength of−20𝑘𝐵𝑇. 

 

2.2 Rheology - Background   

Rheology is a science studying the deformation and the flow behavior of materials. The term 

originates from the Greek word “ροή” meaning “flow”. Rheology has a wide range of 

applications to substances with complex microstructures such as polymers, suspensions, 

nanocomposites and to many materials of daily use such as foodstuffs, paints, additives, etc. 

The rheological properties of a material are measured by using rheometers. They measure 

the torque and the deflection angle of the measuring tool, while the rheological quantities, 

such as shear stress 𝜎 , deformation 𝛾 , shear rate 𝛾̇ , are calculated from the measured 

values.  

 

Fig. 2.1 shows the deformation geometry of simple shear. The area between the two flat rigid 
surfaces contains the material that is sheared. The ratio of the applied force 𝐹 and the cross-
sectional area of the surfaces 𝐴 defines the shear stress 𝜎: 
 

𝜎 =
𝐹

𝐴
 

 
Shear strain 𝛾 is defined as the displacement of the top plate 𝛥𝑥 over the thickness of the 

sample ℎ: 

𝛾 =
𝛥𝑥

ℎ
 

 
 

 

h 

Δx 

v 

Figure 2.1 Two-dimensional representation of deformation in simple shear. 
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In the case where the material is perfectly elastic solid, the shear stress and the shear strain 
are proportional with a constant, known as the elastic modulus 𝐺: 
 

𝜎 = 𝐺 ∙ 𝛾 
 
Οn the other hand, if the material is a simple liquid, at any constant strain, the stress is zero. 
Thus, the stress is determined by the shear rate which, if the top plate moves with constant 
velocity, is the ratio of velocity 𝑣 and the thickness of the sample ℎ: 
 

𝛾̇ =
𝑑𝛾

𝑑𝑡
=
𝑣

ℎ
 

 
In the case of simple liquids, the shear stress and the shear rate are proportional with another 
constant, defining the shear viscosity 𝜂: 
 

𝜎 = 𝜂 ∙ 𝛾̇ 
 
The materials that behave like liquids at certain rates and as solids at others are known as 
viscoelastic materials.   
  
Rheological measurements are divided in two categories: the steady shear flow and the 
oscillatory shear flow. In steady shear, a constant shear rate is applied to deform the material. 
It is a useful method in order to determine the yield stress of the sample, which is the stress 
above which the material flows. In oscillatory shear, instead of constant shear rate, a 
sinusoidal strain with angular frequency 𝜔 is applied at the sample: 

𝛾(𝑡) = 𝛾0sin (𝜔𝑡) 

At low strain amplitudes (SAOS), the linear response of the material in terms of stress is given 

by the equation: 

𝜎 = 𝜎0sin (𝜔𝑡 + 𝛿) 

where 𝛿 is the phase lag. Τhe storage modulus (𝐺’) and loss modulus (𝐺’’) are defined as 

ratios of stress and strain amplitudes.  In particular, the storage modulus is based on 

amplitude of the in-phase stress and represents the solid-like response of the material. Loss 

modulus is based on the out-of-phase stress and represents the liquid-like response of the 

material. Thus, the linear response of the material can be represented by: 

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

The ratio of storage and loss moduli is the tangent of the phase angle: 

tan 𝛿 =
𝐺′′

𝐺′
 

At larger strain amplitudes (LAOS) the response of the material is nonlinear leading to large 

deformations, structural changes and possibly phase transitions (solid to liquid).  

 

 

(Newton’s Law of viscosity) 

(Hooke’s Law of elasticity) 
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2.3 Confocal microscopy 

Conventional optical microscopy can resolve individual colloidal particles of size ∼1 μm, 

which is of order the wavelength of visible light, by using different techniques, such as bright 

field microscopy, dark field microscopy or differential interference contrast (DIC) microscopy. 

However, all those techniques are not ideal in the case of dense colloidal suspensions. 

Confocal microscopy is a useful technique for understanding colloidal dynamics and 

microstructure as it provides accurate information for the local structure and the dynamics in 

dense colloidal suspensions. Fig. 2.2 demonstrates the working principle of a laser confocal 

scanning microscope (LCDM). There are two principal ideas: point by point illumination of the 

sample and rejection of out of focus light. The light from the laser is directed by a dichroic 

mirror towards a pair of mirrors that scan the light in x and y. Then it passes through the 

microscope objective causing excitation of the fluorescent sample. The light from the 

fluoresced sample then passes back through the objective and the pair of mirrors towards 

the dichroic mirror. The fluoresced light is followed by a pinhole placed in the conjugated focal 

(hence the name confocal) plane of the sample. The role of pinhole is to reject all the light 

coming from the out-of-focus planes. Finally, the light coming out of the pinhole is detected 

using a photomultiplier tube (PMT) detector11. 

Figure 2.2: Working principle of a laser confocal scanning microscope (LCDM). 

 

2.4 Experimental Setup 

Sample Characterization  

Rheology was measured at three different stress-controlled rheometers using various 

geometries. In all cases, the geometry was rough enough in order to avoid slip. More 

specifically, we used a) a MCR 501 Anton Paar rheometer with a geometry of homemade 

plastic cone-plate of diameter 25 𝑚𝑚, cone angle 2.79° and truncation 115 𝜇𝑚, b) a MCR702 

Anton Paar rheometer with geometry of homemade cone-plate of diameter 40 𝑚𝑚, cone 

angle 2.3° and truncation 95 𝜇𝑚 and c) a MCR302 Anton Paar rheometer with geometry of 
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homemade cone-plate of diameter 40 𝑚𝑚 , cone angle 2.54°  and truncation 125 𝜇𝑚 . 

Rheological measurements were performed at the suspension after a steady shear 

rejuvenation at 𝛾̇ = 500 𝑠−1 for 200 𝑠𝑒𝑐 after sample loading. Rejuvenation was followed by 

dynamic time sweep (DTS) test at 𝛾 = 0.2%, 𝜔 = 1 𝑟𝑎𝑑 𝑠−1  then a dynamic frequency sweep 

(DFS) at 𝛾 = 0.2% and 𝜔 = 100 − 0.1 𝑟𝑎𝑑 𝑠−1 and finally a dynamic strain sweep (DSS) at 

𝛾 = 0.1 − 1000% and 𝜔 = 1 𝑟𝑎𝑑 𝑠−1. Furthermore, we performed high to low steady shear 

sweep to obtain a flow curve for the sample. 

 

Pre-shear protocol 

Here, all the measurements were performed at the rheometer MCR302 Anton Paar using 

rough geometry. The protocol we used to tune the gel is shown at Fig. 2.3. First, we 

performed a rejuvenation at 𝛾̇ = 500 𝑠−1  for 200 𝑠𝑒𝑐 , stopping for 5 𝑠𝑒𝑐  ( 𝛾̇ = 0) and then 

applying a DTS at 𝛾 = 0.2%, 𝜔 = 1 𝑟𝑎𝑑 𝑠−1 for 2000 𝑠𝑒𝑐 in order to achieve steady state. 

Subsequently, oscillatory pre-shears were performed at various strain amplitudes for different 

durations of time. The pre-shear was followed by DTS, DFS and DSS measurements. 

 

 

 

 

 

 

 

Figure 2.3: Tuning protocol of colloidal gel. 

 

Furthermore, rheological measurements were performed using the same protocol but this 

time we directly sheared the sample after rejuvenation without performing the DTS of 2000 

sec which serves as aging of the sample. This allows us to compare those two protocols and 

investigate the case where it may result in different microstructures and mechanical 

properties. The two protocols are compared in Fig. 2.4 and the results will be presented in 

Chapter 3.  

 

𝛾̇=0 
5 sec 

Aging 
2000 
sec 

Dynamic 
Frequency Sweep  

Rejuvenation 

500 𝑠−1 
200 sec 

  

Dynamic strain sweep  
(ω=1 rad/s) 

Oscillatory  
Pre-shear 

(ω=1 rad/s) 

Aging 
2000 sec 

𝛾̇=0 
5 sec 

Step 1 Step 2 

Step 4 Step 3 
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Figure 2.4: Two different protocols of tuning of colloidal gels.  

 

Imaging protocol 

In order to observe the microstructural changes of the gel under flow, we used a combination 

of confocal microscopy and rheometry. The microstructure was captured using an inverted 

microscope (TE Eclipse 300, Nikon) with a Confocal Scan Head (VTEye, Visitech) using a 

diode laser (λ=488 nm) scanning and piezo mounted objective (oil immersed, 100×, W. D. = 

130 μm, Nikon). Furthermore, the rough bottom plate was replaced by a coverslip window 

coated with glass powder and we ensured that the new bottom plate did not affect the 

rheological measurements but allow direct observation of the sample.  
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CHAPTER 3 

RESULTS 

3.1 Linear viscoelasticity  

The frequency dependence of 𝐺′ and 𝐺′′ in the linear regime is shown is Fig. 3.1a. DFS 

measurements show that the suspension exhibits solid-like behavior, when a slight increase 

with frequency of 𝐺′ is observed. Furthermore, 𝐺′′ shows a minimum that is related with the 

transition from 𝛼 to 𝛽 relaxation, within the Mode Coupling Theory (MCT) approach12, or the 

characteristic time for the particle to explore its cage.  

3.2 Nonlinear dynamic response 

With the respect to the nonlinear dynamic response, the steady state values of the storage 

and loss moduli, 𝐺′ and 𝐺′′ as a function of the strain amplitude, 𝛾, are shown in Fig. 3.1b. 

The dynamic strain sweep tests (DSS) were performed at three different frequencies (𝜔 =

0.1, 1, 10 𝑟𝑎𝑑 ∙ 𝑠−1). First observation from our data is the appearance of a maximum of 𝐺′′ 

which reflects the first yielding process and it is related to an inter-cluster bond-breaking13. 

We observe that the value of this maximum of 𝐺′′ increases with frequency. However, a 

second yielding process is not detected at any of the three strain sweeps in contrast to 

previous findings in similar colloidal gels. A second observation is that by increasing the strain 

amplitude, a crossover of 𝐺′ and 𝐺′′  appears, beyond which the sample exhibits liquid-like 

response (𝐺′′ > 𝐺′). We notice that as the frequency increases the strain-crossover value 

decreases.  

As it is mentioned at Experimental Setup (Chapter 2), we perform dynamic strain sweeps at 

frequency of 1 𝑟𝑎𝑑 𝑠−1. Thus, the value of crossover-strain at this frequency is useful for the 

comparison with our next results. The crossover-strain value is the point at which the gel 

Figure 3.1. (a) DFS measurements at 𝜸 = 𝟎. 𝟐% and (b) DSS measurements performed at 
frequencies of 𝝎 = 𝟎. 𝟏, 𝟏, 𝟏𝟎 𝒓𝒂𝒅/𝒔. 

10
-1

10
0

10
1

10
2

10
3

10
-2

10
-1

10
0

10
1

10
2

 

 

G
' 
G

'' 
(P

a
)



 0.1 

 1 

 10

rad s
-1
)

10
-1

10
0

10
1

10
2

10
0

10
1

10
2

10
3

 G'

 G''

 

 

G
',
 G

''
 [

P
a

]

 (rad s
-1
)

(a) (b) 



17 
 

starts to exhibit nonlinear behavior in response to applied stress In Fig. 3.1b, we observe the 

crossover of 𝐺′ and 𝐺′′  is at strain amplitude of about 3%. 

3.3 Steady shear response and yield stress 

Next, we show the flow curve of the colloidal gel measured by performing a reverse constant 

shear rate sweep and measuring the stress response (Fig. 3.2). The suspension exhibits a 

shear thinning behavior and at low shear rates the flow curve seems to tend to yield stress 

plateau which is typical for a soft matter solid14. Above the yield stress the sample exhibits 

plastic flow with the stress increasing weakly with the shear rate.  

In order to obtain the yield stress of the gel we fit our data with the expression: 

𝜎 = 𝜎𝑦 + 𝜂𝛾̇
𝛼 

where 𝜎𝑦 is the yield stress, 𝜂 is the viscosity and 𝛼 is a constant that can be lower or equal 

to 1. If 𝛼 < 1 the gel exhibit shear thinning behavior and the value of 𝛼 represents the degree 

of this behavior, whereas if 𝛼 = 1 the sample exhibits Newtonian behavior. The values we 

get are: yield stress 𝜎𝑦 = 1.022 𝑃𝑎, viscosity  𝜂 = 2.16 𝑃𝑎 ∙ 𝑠 and 𝛼 = 0.78 < 1. The last result 

confirms the shear thinning behavior of our sample, although the fitting is not excellent. We 

believe that deviations at low shear rates can be due to possible slip or the fact that the gel 

might need longer time in order to reach steady state. 
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Figure 3.2. Flow curve of colloidal gel. 
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3.4 Response to pre-shear 

After rejuvenation (500 𝑠−1 ) and aging for 2000 𝑠𝑒𝑐  until steady state was reached, we 

subjected the colloidal gel to pre-shear protocol (oscillatory) and then measured the linear 

viscoelastic response (DTS and DFS measurements). Afterwards, the non-linear oscillatory 

response of the sample was probed by DSS measurements. This protocol was carried out at 

various strain amplitudes and for different durations of time (5 min, 30 min, 180 min, 360 min).  

In Fig. 3.3, the DFS measurements after pre-shear at four strain amplitudes (3%, 10%, 70%, 

300%) are shown and compared with the DFS measurement after rejuvenation. We observe 

that as the duration of pre-shear increases, the colloidal gel becomes weaker. In particular, 

5 minutes shearing does not seem to affect efficiently the mechanical properties of the 

sample, whereas after increasing the duration at 30 minutes a slightly drop of moduli is 

observed which is more obvious at a pre-shear strain amplitude of 𝛾 = 70% . This drop 

Figure 3.3. DFS measurements performed at 𝛾=0.2%, after each pre-shear at strain amplitudes 

𝛾=3%, 10%, 70%, 300% compared with DFS measurement after rejuvenation. 
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becomes larger for shearing times of 180 and 360 minutes, suggesting that by altering the 

shearing time we observe changes in the structure and mechanical properties of the gel. 

The response of colloidal gel at frequency sweep after rejuvenation shows that it exhibits 

solid-like behavior. However, after applying the pre-shear protocol at strain amplitude of 𝛾 =

70%, a crossover of 𝐺′ and 𝐺′′ appears with the increase of the pre-shear duration. This 

means that at low shearing frequencies the sample’s behavior is solid-like (𝐺′ > 𝐺′′), while at 

higher frequencies, beyond the crossover, it exhibits liquid-like response (𝐺′′ > 𝐺′). This 

result indicates that a change in the microstructure may occur by pre-shear at this specific 

strain amplitude.  
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Figure 3.4. DSS measurements performed at 𝝎 = 𝟏 𝒓𝒂𝒅 𝒔−𝟏  after each pre-shear at various strain 
amplitudes 𝛾=3%, 10%, 70%, 300% compared with DSS measurement after rejuvenation. 
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After monitoring the linear response of the colloidal gel we probe the extent of linear 

viscoelastic regime and the non-linear response by performing DSS measurements at 𝜔 =

1 𝑟𝑎𝑑 𝑠−1 from 𝛾 = 0.1% to 100% (Fig. 3.4). First key observation made from those data is 

again the drop of moduli which becomes more obvious as the shearing time is increased, 

especially at strain amplitude of 𝛾 = 70%. A second observation is related to the behavior of 

crossover-strain 𝛾𝑐 (𝐺
′ = 𝐺′′). Here, we focus on the weaker structure (𝛾 = 70%), observing 

that the 𝛾𝑐 is reduced as shearing time increases. As a third finding, focusing again on this 

strain amplitude, we observe that at shearing time of 30 minutes there is no peak of 𝐺′′ and 

after longer time the gel exhibits a weaker solid-like behavior, as the distance of 𝐺′ − 𝐺′′ 

becomes smaller. Thus, we believe that the absence of the 𝐺′′ peak is due to the fact that the 

gel is quite weak, with few interconnecting bonds between clusters that may smoothly break 

upon 𝛾 increase without much energy dissipation.  

For the examination of the influence of pre-shear on the elastic modulus 𝐺′, we normalize the 

values of 𝐺′ after different pre-shear protocols, by the value of 𝐺′ for the gel at quiescent state 

obtained after rejuvenation (𝐺𝑅𝑒𝑗
′ ). In Fig. 3.5a, we plot the normalized 𝐺′ with the different 

strain amplitudes, for four different durations of pre-shears. We observe that as the strain 

amplitude of pre-shear increases, the gel becomes stronger (𝐺′ > 𝐺𝑅𝑒𝑗
′ ), until a maximum 

value is reached. Shearing at intermediate strain amplitudes leads to a drop of normalized 

𝐺′, which becomes stronger as the shearing time increases. At high strain amplitudes, the 

gel shows a second maximum value and then again start decreasing. The weakest gel is 

created at strain amplitude of about 𝛾 = 70%. 

In order to better understand the relation of the gel microstructure with the mechanical 

properties, we follow the microstructure after shear cessation using combined rheology and 

confocal microscopy. Confocal images of the structure after different durations of pre-

shearing time at 𝛾 = 70% are presented in Fig. 3.5b. The images reveal an inhomogeneous 

gel with the creation of larger clusters and voids as the shearing time increases. An important 

observation, is that a possible crystallization of the gel at shearing time of 360 minutes may 

occur, as the last confocal image reveals in Fig. 3.5b. In Fig. 3.6, we highlight in this duration 

of shearing time, presenting confocal images taken after pre-shear at various strain 

amplitudes. On the right side of the figure, we see the percolated network that is formed when 

the gel is at quiescent state. At strain amplitudes of 𝛾 = 3%, 200%, 1000% we don’t observe 

any obvious structural changes on the gel’s microstructure, but only on mechanical 

properties, as we discussed before. Nevertheless, applying pre-shear at 𝛾 = 70% for 360 

minutes causes both structural and mechanical changes, leading to a structure with larger 

clusters and void, that can be related with crystallization of the gel, as the images show.    
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Figure 3.5. (a) G’ obtained after aging of colloidal gels that underwent oscillatory pre-shear. G’ 
here is normalized by G’ of gel after rejuvenation. (b) Confocal images of structure after pre-shear 
at 70% for different shearing time. The position of the image relative to bottom plate is also 
indicated. 
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Next, we focused on the strain amplitude of 𝛾 = 3%, where the crossover of 𝐺′ and 𝐺′′ was 

observed (Fig. 3.2). We applied pre-shear for further durations of time as is shown at the 

diagram in Fig 3.5a. We observe that the increase of shearing time leads to the increase of 

normalized 𝐺′. This is more obvious in Fig. 3.7, which shows the normalized 𝐺′ plotted with 

the pre-shearing time. These results reveal that at some point the increase of normalized 𝐺′  

with pre-shearing time stops and at this point the gel has obtained a certain structure which 

is stable for longer shearing times.  

Another parameter that may affect the tunability of the colloidal gel is the oscillatory frequency 

of pre-shear. We repeated the pre-shear protocol with shearing time of 180 minutes, at a 

frequency of 𝜔 = 10 𝑟𝑎𝑑/𝑠. In Fig. 3.8, we compare the rheological results of tuning in those 

two frequencies (𝜔1 = 1 𝑟𝑎𝑑/𝑠 and 𝜔2 = 10 𝑟𝑎𝑑/𝑠). At low strain amplitudes the frequency 

of 𝜔1 make a stronger gel while at high strain amplitudes the frequency 𝜔2 seems more 

efficient in strengthening of the gel. Furthermore, we observe that shearing at intermediate 

amplitudes causes a bigger drop of normalized 𝐺′  at lower frequencies (𝜔1 = 1𝑟𝑎𝑑 𝑠⁄ ) , 

resulting to a weaker gel. Here further investigation by rheo-confocal experiments is required 

to provide us with additional information about the microstructural changes induced at 

different frequencies and their link to the mechanical properties. 
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Figure 3.6. Confocal images of structure after applying pre-shear protocol for 360 minutes. 
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Figure 3.7. Storage modulus vs shearing time at 𝛾=3% 

 

 

Figure 3.8. Storage modulus vs frequency (180 min pre-shear) 

 

Finally, in Fig. 3.9 we compare the effects on the mechanical properties by applying pre-

shear using the two different protocols. The two protocols are presented on the right side of 

Fig. 10, (also more detailed in Fig. 2.4, Chapter 2). The protocol 1 is the one that we used in 

all our previous measurements. We first rejuvenate the sample at 𝛾̇ = 500 𝑠−1  for 200 
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seconds, then applying DTS for 2000 seconds until steady state is reached. Afterwards, the 

sample was pre-sheared for 300 seconds at various strain amplitudes and probed for 2000 

seconds. The difference in the second protocol (protocol 2) is the absence of DTS after 

rejuvenation, as we pre-shear the gel directly after rejuvenation. We observe that at low strain 

amplitudes protocol 1 creates a slightly stronger gel, when at higher pre-shear strain 

amplitudes the gel is weaker using protocol 1 than protocol 2. Thus, giving time to the gel to 

reach the steady state after rejuvenation results in quite different mechanical properties 

compared to what extent with the case of shearing directly after rejuvenation. In future 

studies, we can investigate if the application of those two different protocols lead also to 

different microstructural changes. 

 

 

 

 

 

 

 

 

 

 

 

 

3.5 Conclusions 

In summary, we have investigated the linear viscoelasticity and the nonlinear rheological 

response of colloidal gels subjected to two different oscillatory pre-shear protocols as well as 

the underlying changes in structure of the gel consisted of PMMA particles suspended in 

squalene with the addition of non-absorbing polymer. We show that after applying oscillatory 

pre-shear, a maximum drop of storage modulus (𝐺′) is observed at strain amplitude of 𝛾 =

70% , which depends on the pre-shearing time. As the shearing time increases, the drop 

becomes larger and by using rheo-confocal technique, we found that this drop is related to 

the crystallization of the gel’s clusters. Next, we observed that this protocol at the crossover-

strain 𝛾𝑐 = 3% induces strengthening effects that are also time-dependent. In addition, we 

found that there is also a frequency dependence on mechanical response after applying pre-

shear. Lastly, we observed that shearing the gel directly after rejuvenation results in different 

response compared with the first pre-shear protocol we used. The last two findings can be 
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Figure 3.9. Comparison of two different pre-shear protocols (5 min) : (1) with aging after 
rejuvenation and (2) without aging after rejuvenation. 
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further investigated in future measurements, using also rheo-confocal microscopy, in order 

to examine the structural changes that may occur.  

Appendix 1: Reproducibility check using different geometries 

Figure 3.10. Sample characterization measured by three different rheometers. (a) Shear 

stress as a function of shear rate starting from higher rates to lower. (b) Dynamic frequency 

sweep at strain amplitude γ = 0.2% .  (c) Storage modulus G′  (solid symbols) and loss 

modulus G′′(open symbols) as a function of shear strain at frequency ω = 1 rad/s. 

In order to ensure the reproducibility of the sample response, we carried out rheological 

measurements using three rheometers with different rough geometries, as is detailed in 

Experimental Setup, (Chapter 2). The rheological measurements we performed were flow 

curve, dynamic strain sweeps (DSS) and dynamic frequency sweeps (DFS) using the same 

protocol as discussed for the previous experiments. In Fig. 3.10, we compare the results we 

took from the three rheometers (MCR302, MCR501, MCR702). We observe that there is a 

slightly difference which is more obvious at MCR302 compared to the other two rheometers. 

We believe that those differences can be related to the calibration of each rheometer, 

because even minor differences in the calibration can affect the accuracy of our 

measurements. In addition, the use of cone-plate geometries with different angle and 

truncation can have a significant impact on our measurements. Thus, the combination of 

those two factors could be the reason of variations in our results. For the appliance of pre-
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shear protocol, we chose to use the MCR302, in order to be able to perform rheo-confocal 

measurements. 

 

Appendix 2: Searching for effective rejuvenation 
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Before the investigation of the effects that a pre-shear protocol can induce in a colloidal gel, 

it was important to search for the most effective rejuvenation protocol for our sample. The 

table in Fig. 3.11 shows the three different rejuvenations we tried, whereas the diagrams 

below are the time evolution of the gel after each rejuvenation. An effective rejuvenation 

protocol would be the one that gives the smallest deviation on moduli between consequtive 

measurements. As we observed,  the first protocol (𝛾̇ = 100 𝑠−1, 𝛥𝑡 = 400 𝑠𝑒𝑐) leads to large 

deviation of moduli (~20%). Thus, we increased the shear rate and decrease the duration of 

shearing (2nd protocol: 𝛾̇ = 200 𝑠−1, 𝛥𝑡 = 200 𝑠𝑒𝑐 ). The deviation, in this case, was 

smaller(~15%). The final rejuvenation protocol that turned out to be the most effective 

compared with the previous two and the one we used for our pre-shear protocol, was at shear 

rate of 𝛾̇ = 500 𝑠−1  for 𝛥𝑡 = 200 𝑠𝑒𝑐 , with deviation of moduli ~7%. 
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Figure 3.11. Time evolution of colloidal gel after different rejuvenation. 
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