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Introduction 

 

Significant amounts of radioactive sludge wastes from defence and civil 

reactors has accumulated at Sellafield, UK (1) and Hanford, USA (2, 3). The 

nuclear reactors used metallic uranium fuel with either an aluminium or 

magnesium alloy cladding, which when stored wet for long periods of time has 

led to the alloy corroding to form the sludge waste (4, 5). Today, this waste is 

stored in open air ponds and large storage tanks which are highly undesirable 

for long term storage (6). In the past several years there has been increasing 

government pressure to address the storage of intermediate level wastes, with 

a requirement to recover, treat and suitably prepare the waste for long-term 

interim storage.  

 

In the UK, used Magnox fuel has been stored in open air ponds since the 

1950s, and in the 1960s, delays in the reprocessing of Magnox fuel led to the 

fuel being held in the cooling ponds (Fig. 1.1a-b) for a longer time than desired, 

thus leading to the corrosion of the fuel cladding (1, 7). In 1964, the Magnox 

Swarf Storage Silos (MSSS) shown in Fig 1.1c were commissioned and 

constructed to temporarily store contaminated solid waste, exposed 

equipment, debris and metallic cladding produced in the decanning process 

of FGMSP.  MSSS has 22 compartments, each with a storage capacity of 600 
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m3, and a total amount of material stored between 9700 m3 (8) and 11000 m3 

(9). In addition to intermediate level waste, high level waste from the 

reprocessing of the nuclear fuel is stored in the Highly Active Storage Tanks 

(HAST) (10) (Fig. 1.1d) for cooling prior to vitrification.  

 

Corroded fuel cladding (sludge) has complex chemical and physical 

properties, with particles of varying size, density, shape, settled and dispersed 

in an aqueous medium which is maintained at pH 11 but includes many 

cationic species (7). At Sellafield, approximately 1200-1500 m3 of radioactive 

sludge composed of primarily Mg(OH)2 is stored in the First-Generation 

Magnox Storage Pond (FGMSP) (Fig. 1.1a-b) (1, 7, 11). With limited land 

availability and FGMSP being located in the centre of the Sellafield site, 

challenges to empty these ponds and treat the sludge for suitable long term 

storage have been encountered over several decades. Some of the 

challenges relate to the remobilization of settled sediment which exhibits very 

high yield stresses, settled sediments which hide uncorroded disposed items 

(tools), and overturned skips which may contain hydrogen.  
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Figure 1-1. The main legacy waste storage buildings at Sellafield UK (1), 
(a-b)The First Generation Magnox Storage Ponds (FGMSP), (c) Magnox 
swarf storage silos (MSSS) (12) (d) Highly Active Storage Tank (HAST) 
(13). 

 

 

In order to understand the rheology of the settled sludge and determine how 

the sludge can be processed for long-term interim storage, many attempts to 

measure the rheology of the sludge have been made, showing a wide range 

of rheological properties, with sediments exhibiting yield stresses > 1000 Pa 

(14).  The potential to process yield stress fluids is undesirable, along with the 

potential for high yield stress sludges to re-develop when stored in the interim 

containers. Therefore, a need to prepare sludges such that the undesirable 

properties do not develop is highly sought.  

 

(a) 

(b) 

(c) 

(d) 
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The estimated cost to clean up the Sellafield site by 2120 is now $121 billion 

(15). A substantial proportion of this cost is due to the short-to-medium phase 

of the legacy waste clean-up that is comprised of three stages: (i) the retrieval 

of the legacy nuclear wastes from ponds and silos (which has been earmarked 

to be completed by 2036); (ii) the treatment of the retrieved effluent, and; (iii) 

the Post Operational Clean Out phase of THORP (the fuel reprocessing 

facility).  

 

Similar to the UK, the US has challenges with the recovery and long-term 

storage of legacy waste sludge. Unlike the UK, the sludge is alumina due to 

the aluminium fuel cladding (Fig. 1-2). The legacy waste is mainly stored in 

tanks adjacent to K-basins reactors (4, 16), while secondary waste streams 

from historic reprocessing activities are stored in large underground single and 

double-shell tanks. 
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Figure 1-2. Spent nuclear fuel assembly of aluminium-base cladding 
stored in water (A). Corroded spent nuclear fuel assembly (B and C). 
Pictures were taken from Vinson et al. (17). 

 

 

From the two reactors on the Hanford site, 60000 metric tons of spent HLW 

containing aluminium clad uranium metal fuel was received at the two K-

basins (18). The sludge is composed of aluminium base corrosion products 

accounting for almost 77% of total waste (18), uncorroded uranium, ferrous 

corrosion products and chromium (~ 3%) products, spalled concrete and 

windblown sand (19) contaminated with transuranics and fission products 

(16). In 2007, a significant volume of this sludge was recovered (20) with 

further treatment of the sludge still on hold at a waste isolation pilot plant 

(WIPP) in New Mexico (21). 

(A) 

(B) (C) 
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The underground storage tanks at Hanford contain huge quantities of sludge 

and hydrogen, which is stored at a great safety risk. Within 149 single and 28 

double-shell tanks (22), approximately 200000-250000 m3 (23) of sludge 

waste is stored. These underground tanks are up to 23 m in diameter with a 

capacity of 3800 m3 (22), indicating their much larger size than the MSSS 

tanks. The contained waste has two distinct phases namely: a sludge of 

oxides, aluminates, silicates; and a supernatant layer of contaminated water 

containing soluble caesium, strontium, and technetium (24, 25). Some of the 

salts in the water have cemented the sludge material through precipitation 

reactions, and a carbonate rich mineral crust is observed on top of the waste 

(26). 

 

There exists variation between the contents in the four tank farms which 

includes uncertainties in concentration and composition of the waste (25). For 

example, the U-farm contains bismuth, sodium and nitrate rich secondary 

reprocessing wastes from lanthanum fluoride decontamination (27), the S and 

SX-farms contain wastes from early REDOX reprocessing operations, with 

higher activity waste in the SX-farm tanks, and the BY-farms contain metal 

and caesium scavenging wastes (27). It has been reported that 67 of the 

single-shell tanks have leaked, causing a radionuclide plume to develop under 

the site. As such, these wastes have been transferred to the larger double 

shell tanks (28, 29). Besides the chemical variation, the wastes are also 

physically diverse, with yield stresses varying from 30 Pa to 6000 Pa (27, 30). 
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Based on the similar issues encountered in the UK and US, the current study 

has focused on modifying the rheology of alumina based systems. While being 

more relevant to the US sludge problem, the study of alumina systems allows 

for conditions away from the particle iso-electric point to be considered, 

something which is not easily achieved with Mg(OH)2, due to its buffering 

potential to the pH iso-electric point.  

 

The research will seek to elucidate the physical and chemical properties that 

govern the flowability and stability of nuclear waste sludges. The specifics of 

this study is to better understand the particle-particle interactions that occur in 

heterogeneous colloidal systems and manipulate those interactions so the 

sludge properties can be tuned for favourable flow and stability properties. 

The colloid species used throughout the study are aluminium oxide and silica, 

with alumina mimicking the main particle species encountered in the US 

legacy wastes and the silica being the flow modifier. A focus is given to 

measuring the rheology of the concentrated particulate suspensions and 

understanding the potential to modify the suspension yield stress.   

 

It is commonly known in a shear flow that the mobility of spheres is much 

easier (i.e. lower viscosity at an equivalent solids concentration) than that of 

rods and plates, or irregular-shaped particles, a consequence of the greater 

apparent volume fraction induced by the rotation of irregular-shaped particles.  

As such, the research hypothesis relates to the modification of the flow of 
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irregular-shaped particles by blending with smooth, spherical particles, in 

principle lowering the yield stress of concentrated solid suspensions. Such 

flow modification would be beneficial to the transport of legacy waste and the 

safe storage of waste in long-term interim storage containers. It is worth noting 

that the flowability of high solids content suspensions is of great practical 

applicability to many industries such as mining (transport, separation settling, 

separation flotation), pharmaceutical manufacturing (powder flowability and 

compaction), paints and pigment manufacturing (flowability and film 

formation) and water treatment (sludge processing and dewatering).   

 

1.1 Research Hypothesis 

 

The flowability and stability of a suspension of irregular-shaped particles 

(alumina) can be manipulated by dilute blending with colloidal spherical 

particles. 

1.2 Research Objectives 

 

➢ Develop a robust experimental test method to measure the yield stress 

of heterogeneous suspensions;  

➢ Demonstrate behavioral modification of Al2O3 sludges by blending with 

silica nanospheres. Identify critical conditions to remove the sludge 

yield stress;  

➢ Determine the effect of sample aging on the measured yield stress.  
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1.3 Thesis layout 

  

➢ Chapter 2 covers some of the fundamental science underpinning the 

study, as well as providing a brief overview some of the key literature 

which has inspired to work.  

➢ Chapter 3 provides a detailed description of the materials and 

experimental techniques used throughout the study. 

➢ Chapter 4 provides a comprehensive discussion on developing a 

reproducible an accurate method to measure the yield stress high 

solids content suspensions. 

➢ Chapter 5 discusses the main findings of the research wherein the 

rheology of high solids content suspensions is successfully modified by 

blending a minor component of colloidal silica to a major component of 

colloidal alumina. 

➢ Chapter 6 highlights the findings of a gelling phenomenon which was 

observed in a no yield stress blended suspension with a relatively high 

colloidal silica content. 

➢ Chapter 7 brings together the main findings of the research and 

provides three options for further work which will provide greater clarity 

on optimizing the system for industrial application. 
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Figure 1-3. Thesis layout. 
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Literature Review 

 

Synopsis 

 

The rheology of particle suspensions is strongly governed by several 

parameters including particle size, particle shape, solids concentration, and 

for colloidal particles, those of which are influenced by the thermal energy of 

the system, the strength of the particle-particle interaction energy.  This 

chapter provides an overview of the fundamental theory that describes 

colloidal particle behavior and how the interaction forces between particles 

can be tuned by modifying the water chemistry.  The interaction strength 

between colloidal particles is explored in the following chapters to determine 

if modifying the flow of concentrated particle suspensions critically depends 

on either weakly attractive or weakly dispersive interactions between the two 

particle species. 
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2.1 Introduction to Colloids  

A colloidal system is practically defined as a dispersion of small particles in a 

continuous phase. The dispersed species have at least one dimension in the 

sub-micron range. Colloids are now used widely in nano-medicines, health 

care products, food products and even in energy conservation (1, 2). Colloidal 

dispersions are not only used in industrial processes such as fast moving 

consumer goods, pharmaceuticals and mineral processing, but colloidal 

dispersions can also be found in nature.  

 

Interaction between colloidal particles is governed by random collisions 

caused by (i) intrinsic Brownian motion; (ii) external forces such as shear and 

hydrodynamic forces as well as thermal energy; and (iii) gravitational forces 

(3-5). There are only two outcomes from the particle collisions; either the 

particles simply rebound off one another or the particles aggregate together, 

with the aggregation being either irreversible or reversible.  The formation of 

aggregates in a colloidal system makes the system unstable, due to an 

increase in the effective particle diameter (increased mass) (2). 
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2.2 Brownian Motion 

In 1827, Robert Brown observed the random motion of pollen grain dispersed 

in water under a microscope. This phenomenon of random motion of solid 

particles is called Brownian motion. The molecules of the liquid medium are 

subjected to thermal and kinetic motions, and begin to vibrate, which results 

in the collision between each other as well as the solid particles. The random 

nature of the collisions initiate the solid particles to move in an arbitrary path 

(6, 7). Figure 2-1 shows the random walk of a Brownian particle. 

 

Figure 2-1. Illustrates the random movement of Brownian particle. L is 
shown as the travel distance of the particle between two points over the 
time. Redrawn from ref. (6). 

 

 

Further studies on Brownian motion by Einstein and Smoluchowski proposed 

the diffusion of particles from a high to a low concentrated region. Einstein 

describes the mathematical equation to determine the average distance (L) 

travelled by the Brownian particle over a fixed period of time (t) (8, 9) and is 

given by: 
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𝑳 =  √
𝟐𝒌𝑻

𝟑𝝅𝒙𝝁
𝒕        Eq. 2.1 

 

where k is the Boltzmann constant = 1.381 x 10-23 J/K, T is the temperature in 

K, x is the particle diameter and µ is the viscosity of the fluid. It can be seen 

from Eq. 2.1 that distance travelled by the colloidal particle is proportional to 

temperature and inversely proportional to the particle size and viscosity of the 

fluid.  

 

2.3 Van der Waals Forces 

Electrodynamic interactions which include Keesom, Debye and London 

dispersion forces are often described as van der Waals forces. These forces 

arise between polar and non-polar molecules. 

 

An atom consists of a positive nucleus and negative electrons evenly 

distributed in the orbit of an atom. At any moment in time, there can be an 

uneven distribution of electrons which causes the formation of a temporary 

dipole. These dipoles can induce temporary dipoles in neighbouring atoms 

inducing attraction. This attractive force is illustrated in Fig. 2-2. The overall 

attractive energy between two particles is the sum of all dipoles of all the 

atoms in each particle (6, 10). 
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Figure 2-2. Schematic illustration between two atoms of two particles, 
which are under the influence of instantaneous induce dipole-dipole 
(Van der Walls) attraction. The blue circle in the atom is shown as a 
nucleus with a positive charge (+). The red circle in the atom is shown 
as a cloud density of electrons with obtaining a negative charge(-). A 
dipole moment forms within an atom as positive charge nucleus and 
negative charge of electrons do not interact with each other, however 
when a neighbouring atom approaches then negative and positive 
charges attract between both atoms due to Coulomb’s law. 

 

 

The total van der Waals interaction energy (Vvdw) or force (Fvdw) between two 

spherical particles is described by Eqs. 2.2 and 2.3, respectively  

 

𝑽𝒗𝒅𝒘 = −
𝑨𝑯𝒅

𝟐𝟒𝒙
       Eq. 2.2 

𝑭𝒗𝒅𝒘 = −
𝑨𝑯𝒅

𝟐𝟒𝒙𝟐
       Eq. 2.3 

 

where (d) is the separated distance between two particles, x is the particle 

diameter and (AH) is the Hamaker constant, which is material specific.  The 

sign and magnitude of the Hamaker strongly influences the nature of the van 

der Waals forces. If the Hamaker constant is positive then the interaction van 

der Waals forces are attractive, and repulsive for a negative Hamaker 

constant. Hamaker constants for alumina and silica with intervening medium 

of water are shown in Table 2-1. 
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Table 2-1. Hamaker constant of two material oxides with suspending 
fluid (6). 

 

 

 

 

2.4 Surface Charge  

Introducing colloidal particles into an aqueous environment causes the 

formation of surface charges. There are a number of mechanisms by which 

surface charge can be obtained; (11-14) 

 

1. Ionisation – one of the surface chemical species of the particle 

dissociates into the aqueous environment; 

2. Ion adsorption – the unequal adsorption of cations and anions;  

3. Ion dissolution – one of the chemical species on the surface of the 

particle dissolves into the aqueous environment. 

 

Ion dissolution is the underlying mechanism of surface charge for the particles 

considered in the current study. The surface ion dissolution mechanism of an 

oxide material (M) is shown by Eqs. 2.4 and 2.5:  

 

𝐌−𝐎𝐇+ 𝐇+  
𝐊𝐚
→  𝐌 − 𝐎𝐇𝟐

+     Eq. 2.4 

𝐌−𝐎𝐇+ 𝐎𝐇−  
𝐊𝐛
→ 𝐌−𝐎− + 𝐇𝟐𝐎    Eq. 2.5 
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Where 𝐻+and 𝑂𝐻− are potential-determining ions and M represents metal 

oxide particle (11-14). 

 

Alumina (Al2O3) is the primary metal oxide particle used throughout the study. 

When alumina is submerged in water it forms hydroxyl groups as Al-OH. The 

magnitude of surface ion dissolution depends on the pH of the medium. 

Alumina surface is highly negative at high pH as it forms Al-O- bonds while at 

low pH, alumina surface is highly positive due to the formation of Al-OH2
+ (12). 

Equations 2.4 and 2.5 suggest there is a distinctive pH where a particle 

surface has equal number of positive and negative charges, and the particle 

has a net zero charge. This value of pH is called the isoelectric point (IEP) 

(10, 12, 14). 

 

2.5 Electrostatic Double Layer Forces  

In 1853, Helmholtz proposed the electrostatic double layer as a simple 

capacitor. This model indicates that counter ions are attracted to a charged 

surface while co-ions are repelled (15, 16). The Gouy-Chapman model 

introduced a diffuse layer where the electrical charge potential decreases 

exponentially with distance away from the charged surface (17). Further 

development by Otto Stern in 1924 (18) suggested that some ions adsorb to 

the surface, while some ions form the diffuse layer. This was adapted by 

Grahame who divided the Stern layer into two layers: an inner layer (inner 

Helmholtz layer) and an outer layer (outer Helmholtz layer). Grahame also 

introduced the idea of “specifically adsorbed ions”. These ions can enter the 
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Stern layer and adsorb to the solid surface due dehydration pf the solvation 

shell (16, 19). 

 

The electrical double layer is shown in Fig. 2-3, where a solid particle is 

immersed in the aqueous solution to form a negative surface charge.  

 

 

Figure 2-3. Schematic of Gouy-Chapman-Stern model of electrical 
double layer in a dispersed medium around a negatively charged solid 
surface. Stern plane occupied with counter positively charge ions. 
Diffuse layer is having slightly more positive ions than negative ions. 
Even positive and negative number of ions are showing in the bulk can 
also be observed. 

 

 

The zeta potential is the potential at the slipping plane relative to the bulk fluid. 

Even though the zeta potential cannot be directly measured it can be 

determined via the electrophoretic mobility. When considering the stability of 
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colloidal suspensions, the general “rule of thumb” is that when the zeta 

potential value is less than ±30mV the colloidal system is unstable, and when 

the zeta potential value is greater than ±30mV then the measured dispersion 

is stable. The stability can be controlled by manipulating the zeta potential by 

varying the i) suspension pH and ii) the ionic concentration of the dispersion 

medium(20). 

 

Johnson et al. added a monovalent salt, KCl, of different concentrations to 

alumina suspensions (Fig. 2.4) (21), finding that the magnitude of zeta 

potential decreases with increasing the salt concentration. The electrical 

double layer is reduced due to a high number of ionic species which increases 

the Debye length (κ-1).  
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Figure 2-4. Data of zeta potential of α-alumina particles as the function 
of pH. Monovalent salt, KCl was varied as a background electrolyte. Zeta 
potential decreased with increasing the salt concentration (M) due to 
screening or compression of the EDL (taken from ref. (Johnson, Franks 
et al. 2000)) 

 

 

2.6 DLVO Theory  

The DLVO theory as described by Derjaguin and Landau (22) and Verwey 

and Overbeek (23) describes the total interaction energy (VT) between two 

surfaces: 

 

𝑽𝑻 = 𝑽𝑨 + 𝑽𝑹        Eq. 2.6  
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where (𝑉𝐴) is the energy associated to the van der Waals forces and (𝑉𝑅) the 

energy associated to the electrostatic repulsive forces. Equation 2.7 describes 

the repulsive energy arising from the electric double layer forces: 

 

𝑽𝑹 = 𝟐𝝅𝜺𝒓𝜻
𝟐𝐞𝐱𝐩 (−𝜿𝒅)     Eq. 2.7  

 

where the dielectric constant of the solvent is represented by 𝜀, the particle 

radius is represented by 𝑟, the zeta potential is represented by 𝜁, Debye-

Hückel screening parameter which is related to concentration of electrolyte is 

represented by 𝜅, which is given by (24, 25) 

 

𝜿 = (
𝟐𝒆𝟐𝑵𝑨𝒄𝒛

𝟐

𝝐𝒌𝑻
)
𝟏/𝟐

      Eq. 2.8  

 

where 𝑒 is the elementary charge, 𝑁𝐴 the Avogadro’s number, 𝑐 the electrolyte 

concentration, 𝑧 the valencey, 𝜖 the permittivity of a material, 𝑘 the Boltzmann 

constant, 𝑇 the absolute temperature in K, and 𝜅 the Debye length. The 

electrical double layer thickness (m) is given by 1/𝜅. It can be seen from the 

above equations that an increase in the electrolyte concentration increases 𝜅 

and this results in a decrease of the electrical double layer thickness. Vice-

versa decreasing the electrolyte concentration decreases 𝜅 which then 

increases the magnitude of the electrical double layer, thus increasing the 

repulsive forces. Overlapping of the EDLs of two approaching particles causes 

the repulsive component of inter-particle interaction. The overlap of EDLs 
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creates localised areas of non-equilibrium counter-ions concentration which is 

osmotically unfavourable and hence leads to repulsion as the osmotic 

pressure is greater than the surrounding bulk fluid (26). 

 

The applicability of the classical DLVO theory is governed by five assumptions 

(10): 

• The surfaces involved must be flat and infinite (this is true for colloidal 

particles); 

• The surface charge must be uniform in density; 

• The surface charge must not become redistributed which results in the 

electric potential of the surface remaining constant; 

• The electric potential must also remain unchanged such the 

concentration profile of the ions and counter-ions that determine the 

surface charge must not change; 

• The only influence exerted by the solvent is via a constant dielectric. 
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Figure 2-5. A schematic representation of the overall potential energy 
profile and its contributing parts. VA (the sum of all energy caused by 
van der Waals attractive forces); VR (the sum of all energy from the 
repulsive interactions due to the EDL) ; VS is the energy resulting from 
solvent forces and VT is the total energy of interactions (adapted 
from(2)). 

 

 

Figure 2-5 is a schematic showing of the interaction potential as two particles 

approach contact. In the region labelled (A) the colloidal system is in a 

dispersed and stable state, the particles are non-interacting. When particles 

begin to approach one another both VA and VR increase as illustrated by their 

respective dashed lines in Fig. 2-5. Initially, the increase in VA is greater than 
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VR thus the attractive force dominates at these larger inter-particle 

separations, which is represented by region (B), and is a weak secondary 

minimum at the approximate inter-particle separation distance of 60 nm and 

this is called reversible coagulation (2). When the inter-particle distance has 

decreased to approximately 20 nm the effects of VR have now increased to 

the extent that a large energy barrier has formed to inhibit the continuing 

approach of the particles towards one another; which is represented by region 

(C). There is a critical distance that the approaching particles must reach 

(point D) where the VA is once again dominating VR such that irreversible 

aggregation occurs forming strong aggregates (2). The intrinsic kinetic energy 

of the approaching particles dictates the behaviour of the particles after they 

collide. If the resulting kinetic energy of the particle prior to the collusion is 

greater than that of the energy barrier to aggregate, then point (D) on the 

graph is attained; the primary minimum due to aggregation. However, if the 

kinetic energy was not sufficient to overcome the energy barrier then the 

particles return to the secondary minimum region; where a stable dispersions 

forms and/or weak particle associations are formed. In such cases the 

aggregates formed are usually easily redispersed by changing the solvent 

environment or gentle agitation (2). 

 

 

2.7 Non-DLVO Forces and Heteroaggregation 

Heteroaggregation is a term used to describe aggregation in a colloidal 

system that has more than one type of particle species (1, 27, 28). The nature 

of the hetero-aggregate can be influenced by; (i) particle size, (ii) particle 
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shape, (iii) surface potential (-ve or +ve), (iv) magnitude of surface potential 

(v) surface composition (non-DLVO forces) (29). In 1965, Hogg et al. (30) 

derived equations that satisfy the potential energy interactions that occurred 

when  a colloidal system contains dissimilar spherical particles. An 

approximation for low surface potentials was used. Thus it was possible to 

define an overall stability ratio that accounts for the interactions between like 

and unlike particles in the colloidal system. 

 

While the total potential energy is once again defined by the attractive and 

repulsive terms, the theory had to account for dissimilar particles. Therefore, 

the attractive force is given by (1, 30); 

 

𝑽𝒗𝒅𝑾 = −
𝑨𝟏𝟐𝟑

𝟔𝑯

𝒂𝟏𝒂𝟐
(𝒂𝟏+𝒂𝟐)

      Eq. 2.9 

 

The electrical double layer force between two dissimilar particles is: 

 

𝑽𝑹 = −
𝝅𝜺𝟎𝜺𝒓𝒂𝟏𝒂𝟐
(𝒂𝟏+𝒂𝟐)

(𝟐𝝍𝟏𝝍𝟐𝐥𝐧 [
𝟏+𝐞−𝝒𝑯

𝟏−𝐞−𝝒𝑯
] + (𝝍𝟏

𝟐 +𝝍𝟐
𝟐)𝐥𝐧[𝟏 − 𝐞−𝟐𝝒𝑯])   Eq. 2.10 

 

where 𝑎 is the radius of the particle, 𝜀0 is the permittivity of a vacuum, 𝜀 is the 

relative dieletric constant, 𝜅 is the inverse of the Debye length, 𝐻 is the 

separation distance and the Hamaker constant is given by 𝐴. The subscripts 

of 1 and 2 represent the two different particle types (1). Summation of the two 

interaction forces is known as the HHF theory. 
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2.8 Yield Stress of High Solids Content Suspensions 

Many researchers (31-33) have considered the shear yield stress of 

concentrated particle suspensions. Conventionally, the yield stress is 

described as ‘the minimum shear stress that must be applied to the material 

in order to produce a flow’ (34). Liddell and Boger considered shear stress to 

be the magnitude of stress at which the sludge tends to transform from elastic 

solid-like state to a viscous liquid-like state (31). As the particle concentration 

increases the gel point will be attained where the particles in the suspension 

interact with each other to form a three dimensional network structure (32-36). 

As such, the yield stress is the stress needed to rupture this network of 

particles and induce flow (32). 
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Figure 2-6. Schematic of classic shear stress response of a 
concentrated suspension against time in a rate controlled mode. 
Viscometer was used rotationally with vane geometry (adapted from 
(31)). Material behaves solid-like (elastic deformation) below the static 
yield stress. Static yield stress can be defined as the required stress to 
initiate the flow i.e. material does not recover fully once the stress is 
removed.  

 

 

Two yield stress categories, static and dynamic yield stress have been 

suggested by Zukoski et al., see Fig. 2-6 (31, 37). Static yield stress is termed 

as the stress at which the material deforms up to a fixed finite amount, 

however on removal of stress the strain in the material is fully recovered, i.e. 

the material undergoes elastic deformation. Beyond this point a further 

increase in stress results in the dynamic yield stress where the material is in 

viscoelastic region. In this region, plastic deformation occurs where the strain 

in the material continues to increase at a non-steady rate and upon removal 
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of stress, partial strain recovery is obtained (31, 37). Beyond the dynamic yield 

stress, i.e. the viscous region, the particle network is destroyed and the 

suspension behaves like a viscous fluid.  

 

Among the various methods for measuring the yield stress, the vane method 

is most relevant for sludge rheology. This method was initially developed by 

Boger, Nguyen and Keentok (32, 34, 38) to measure the shear yield stress of 

concentrated suspensions. The vane method is used in rate controlled mode 

which requires a slow and constant rotation of the vane, with the torque 

adjusted to maintain the rotational speed (Fig. 1-9) (32). 

 

Considering the vane as a cylinder of known diameter, the dynamic yield 

stress (𝜏𝑦) can be calculated from the maximum torque measured on the 

rotating vane (𝑇𝑚𝑎𝑥) using Eq. 2.11 (21, 31, 38, 39). 

 

𝝉𝒚 =
𝟔𝑻𝒎𝒂𝒙

(𝝅𝑫𝟐)(𝑳+𝑫)
               Eq. 2.11 

 

 

Where 𝐿 is length of submerged portion of the vane and 𝐷 represents vane 

blade diameter. It is assumed that shearing only takes place in the cylindrical 

volume produced by the vane, where the diameter of the cylinder is the 

diameter of the vane. Researchers (31, 34, 40) found that this assumption 

may be inaccurate because the diameter of the sheared cone can be up to 

5% larger than that of the vane. 
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2.9  Influence of Colloidal Forces on the Shear Yield Stress  

The effect of modifying the colloidal interaction force to change the rheology 

concentrated particle suspensions has been studied by many researchers. 

Yang et al. considered the relationship between zeta potential and yield stress 

for TiO2 suspensions, Figs. 2-7A and B (41). 

 

Figure 2-7. The influence of particle zeta potential (A) of TiO2 on the 
suspension yield stress (B). The highest shear yield stress of 23.8 vol% 
of TiO2 was found at the isoelectric point (B). Figure adapted from Yang 
et al. (42).  
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In this study the isoelectric point of TiO2 was pH 5.7 (Fig. 2-7A) and was similar 

to the pH at which the maximum yield stress was measured. Similar findings 

were reported by Mikulášek et al. (43), Leong et al. (44-46), Scales et al. (33), 

Johnson et al. (21, 47, 48) and Franks et al. (49) for TiO2, silica, α-alumina 

and zirconia suspensions. The mechanism responsible for changes in the bulk 

rheology of these suspensions was explained by the DVLO theory. It was 

shown that there is a decrease in the electrical double layer repulsive force as 

the system becomes dominated by the van der Waals forces of attraction, 

strengthening the overall inter-particle network and increasing the energy 

required to break the network, hence the increase in yield stress (Fig. 2-7B) 

(30).  In addition to changes in the yield stress with suspension pH, increasing 

the electrolyte concentration will screen the surface potential of the particle 

and this again will increase the colloidal interaction strength and thus the yield 

strength of the concentrated particle suspension. Changes in the particle zeta 

potential due to altering the electrolyte concentration has been reported by 

(50, 51).  

 

2.9.1 Effect of Solids Volume Fraction 

The suspension yield stress can be increased by increasing the solids 

concentration due to more particle-particle contacts (21, 33, 44, 46), see Fig. 

2-8 showing examples for alumina and zirconia suspensions (33) (44-46).  
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Figure 2-8. The relationship between shear yield stress and solid 
volume fraction of alumina (A)(adapted from (33)) and zirconia (B) 
(adapted from (44-46). The maximum yield stress values were found at 
the isoelectric point for (A) and (B).  
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The response of the shear yield stress as a function of the solids volume 

fraction is very similar to the change in relative viscosity as a function of solid 

volume fraction as explained by the Krieger and Dougherty model. The slight 

differences in the correlation between yield stress and solids volume fraction 

as shown in Fig. 2-8 for the alumina and zirconium dioxide particles can be 

due to a number of factors as will be explained below. 

 

The influence of colloidal interaction strength on the shear yield stress of 

concentrated particle suspensions was studied by several researchers (52) 

(33) (48) (47).  A good example of this was by (52) who studied the effect of 

solids volume fraction, particle size, electrolyte concentration, and electrolyte 

type on the pH dependent yield stress of α-alumina. Figure 2-9A shows the 

influence of solids volume fraction on the shear yield stress of alumina 

suspensions as a function of pH. For all suspensions, a bell-shaped curve was 

observed with the maximum yield stress measured in the region of pH 9.2. 

Increasing the solids volume fraction increased the yield stress at pH 9.2. The 

reason for the maximum yield stress is that the alumina particle has an 

isoelectric point at pH 9.2, hence when the particles are in the most 

aggregated state, yield strength of the suspension is at a maximum. As the 

pH is adjusted away from the isoelectric point and the particles become more 

dispersed (through greater electrostatic repulsive forces), the yield strength of 

the particle network gradually reduces and eventually when the particles 

become strongly charged (7.5 > pH > 11.2), the suspension exhibits no yield 

stress and the suspension is free flowing. This condition relates to the general 

rule of thumb regarding stable and unstable colloids.  The authors also 
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showed that reducing the particle size increased the magnitude of the shear 

yield stress, see Fig. 2-9B.  For an equivalent volume fraction, reducing the 

particle size will increase the number of particles in the suspension and thus 

increase the number of particle-particle contacts which consequently has a 

great influence on modifying the yield stress of a concentrated particle 

suspension. The effect of electrolyte concentration was also considered and 

showed a broadening of the bell-shaped yield stress distribution as a function 

of pH when the electrolyte concentration was increased from 0.01 M to 1.0 M. 

Such behavior is associated to the flattening of the zeta potential curve when 

the electrolyte concentration is increased due to increased charge screening 

of the particle surface potential. As such, in very high electrolyte 

concentrations, concentrated colloidal suspensions often exhibit yield 

stresses over a wide pH range (Fig. 2-9C). For the same electrolyte the 

particle isoelectric point is not shifted, hence the maximum in yield stress is 

observed at the same pH. However, if different electrolytes are used there is 

potential to observe the effect of specific binding of the potential determining 

ion and shifting the particle isoelectric point, as seen by LiNO3 in Fig. 2-9D.  A 

number of other researchers such as Prestidge (53), Firth (54), Leong et al 

(45), Hunter et al (55), Friend et al (56) and Avramidis et al (57) have shown 

similar outcomes for different concentrated suspensions which contain 

colloidal solid particles.  
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Figure 2-9. (A-D) shows the shear yield stress profiles of α-alumina as a 
function of pH. (A) increasing the solid volume fraction (Ф) of almost 
spherical α-alumina (300nm), KCl was used as a back ground electrolyte 
as 10-2 M. (B) varying the size of α-alumina particles (close to spherical 
shape) and concentration of KCl was fixed at 10-2 M. (C) increasing the 
concentration of KCl, whereas volume fraction of α-alumina (300nm) 
was fixed as 25 vol%. (D) LiNO3, NaNO3, KNO3 and CsNO3 were used as 
monovalent electrolytes, whereas volume fraction of α-alumina (300nm) 
and concentration of KCl were used as 25 vol% and 1 M, respectively. 
Figure A and B are taken from ref. (Kapur, Scales et al. 1997) and (33), 
respectively. Figure C-D are taken from ref. (48) and (47), respectively. 

 

 

 



 
 

 

39 

 

2.9.2 Effect of Particle Shape  

Research has shown how particle shape influences the rheology of a 

suspension (58, 59). Figure 2-10 shows the relative viscosity (against water) 

for particle suspensions of increasing particle concentrations and as function 

of the particle aspect ratio (re = 5 ~ spheroids, re = 25 ~ cylinders).  

 

 

Figure 2-10. a) Aspect ratio (𝑟𝑝). b) Low shear limit viscosity (µr) variation 

with solid volume fraction (ϕ) and aspect ratio (𝑟𝑝) for suspensions of 
spheroids and cylinders (58, 59). 

 

 

Figure 2-10B shows the effect of particle aspect ratio on the suspension 

relative viscosity as a function of the solids volume fraction. The particle 

aspect ratio is defined as the length scales of the major and minor axis (Fig. 

1-14A), with a low particle aspect ratio being more spherical and a high 

particle aspect ratio being more cylindrical or rod-shaped. For an equivalent 

solids volume fraction, increasing the particle aspect ratio increases the 
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relative viscosity of the suspension, thus the particle network attains a yield 

strength condition at a much lower solids volume fraction. Such differences 

result from the apparent volume occupied by the particle in flow, with the high 

aspect ratio particle occupying a greater apparent volume due to the volume 

occupied as the particle rotates, hence the apparent volume of this 

suspension is much greater than that of a spherical particle suspension. Such 

behavior underlines the challenge of the current research which is to explore 

the rheology modification of a suspension of irregular particles through the 

inclusion smaller spherical particles.   

 

2.10  Heteroaggregation 

Heteroaggregation can occur in mixed particle suspensions when the 

potential for attraction is dominant. The nature of the aggregates depends on 

the strength of attraction and the sizes of the two interacting particles. If the 

particles in the mixed particle suspension are of similar size then the dissimilar 

particles adsorb randomly to one another forming irregular clusters that begin 

to sediment. Alternatively, if the mixed particles in suspension have a wide 

range of particle sizes then the smaller particles will adsorb onto the surface 

of the large particles. In such a situation where the entire surface of the large 

particle is covered by the smaller particles, the surface become similar to the 

smaller particles, hence the nature of the interaction gradually changes (Fig. 

2-11) (2). 
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Figure 2-11. A schematic diagram of two different heteroaggregates. (A) 
shows the arrangement of small particles coated on the surface of large 
particle (i.e. different size ratios) (B): shows when two different particles 
with the same size ratio (adapted from ref. (2). 
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Jones and Pilpel (1965) derived Eq. 2.12 to calculate the “theoretical” 

maximum number of smaller particles able to deposit onto the surface of a 

larger particle (60):  

 

𝑵𝐡𝐞𝐱 =
𝟐𝝅

√𝟑
(
𝑫

𝒅
+ 𝟏)

𝟐
               Eq. 2.12 

 

where D and d represent the diameters of the large and small particles, 

respectively. Eq. 2.12 assumes that the small particles deposit on the surface 

of the large particle in a hexagonal close packing arrangement (60). 

 

Furusawa and Anzai (1992) studied the fractional surface coverage using 

latex particles (250nm diameter) to fully coat SiO2 particles. The particle size 

ratios (latex to silica) were (d/D) 0.157, 0.260, 0.543 and 1.042. The fractional 

surface coverage was calculated by;  

 

𝜽 =
𝒂𝒎𝒐𝒖𝒏𝒕 𝒂𝒅𝒔𝒐𝒓𝒃𝒆𝒅 𝒊𝒏 𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕

𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅 𝒂𝒎𝒐𝒖𝒏𝒕 𝒇𝒐𝒓 𝒕𝒐𝒕𝒂𝒍 𝒄𝒐𝒗𝒆𝒓𝒂𝒈𝒆
                      Eq. 2.13 

 

In their study the authors observed the latex particles adsorb onto the SiO2 

particle surface. It was also noted that the theoretical maximum surface 

coverage was not achievable when the size ratio was more than 0.18. When 

the particle size ratio was 1:1, the actual measured maximum surface 

coverage was only 30% of the theoretical coverage. The authors showed that 

the particle suspension was composed of discrete raspberry shaped hetero-
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aggregates at a particle size ratio less than or equal to 0.33, while for size 

ratios greater than 0.33 the observed result was large irregular aggregates 

which were caused by inter-particle bridging (61).  

 

Fisher et al. (2001) studied the stability of mixtures of alumina-silica 

suspensions using different silica particle sizes (5, 15, 25 and 300nm) and a 

fixed alumina particle size (250nm). The suspension pH was adjusted such 

that the surface potentials of the alumina and silica particles were opposite; 

alumina was positive and silica negative (62). It was noted that when the 

alumina and silica were of similar particle size (alumina 250nm and silica 

300nm) there was almost no coating but doublet formation occurred. Whereas 

when small silica particles were used in the slurry suspension, then at all 

volume fractions tested the alumina particles were coated.  

 

Silica nanoparticles (15 nm) were added to the alumina slurry at various 

volume fractions (0.9 vol%, 1.8 vol% and 2.7 vol%). It was observed that the 

isoelectric point (IEP) shifted from pH 9.1 to pH 3.1; confirming that the silica 

adsorbed onto the alumina particle surfaces. The maximum IEP shift was 

found at 1.8 vol%, after which there was no further shift in the IEP (2, 62). A 

similar effect on the IEP was noted when using the 25 nm silica nanoparticles.  
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Figure 2-12. SEM micrographs (right) at magnification was used as x 
100,000 of a coated alumina particle (or perhaps two particles) from a 
sample suspension that had 25nm silica at 3.6 vol% (left) length scale 
1µm of the surface of a large alumina fibre that has silica particles of 
85nm adsorbed onto it. The coverage of the silica particles is almost 
complete with only small regions uncovered and appears to be a 
monolayer (one particle thick). Picture taken from ref. (62). 

  

 

It was noted that by increasing the particle size ratio the viscosity of the particle 

network also increased. Fisher et al. (2001) used a stress controlled 

rheometer to measure the suspension viscosity (Fig. 1-17). The slurries 

containing the smaller sized silica nanoparticles (< 25nm) showed Newtonian 

behaviour, confirming the adsorption of silica onto the alumina. Whereas for 

the large silica particles (25 nm and 300nm), the slurry showed non-

Newtonian behaviour as the silica particles could not physically cover the 

alumina particle surfaces. Instead a network of attracted mixed particles of 

silica and alumina was formed which exhibited higher viscosity (62). 
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Figure 2-13. A graph of viscosity as a function of shear rate at pH 4 for 
10 vol% silica slurries (containing 300nm particles) and for 10 vol% 
alumina slurries (containing 4.5 vol% of silica powder consisting of 
particles of different sizes). Figure taken from ref. (62). 

 

 

2.10.1 Zeta Potential Distribution – Binary Systems 

Wu et al. (1) studied the inter-particle interaction of individual particles, binary 

(alumina–bubble) and tertiary (alumina-bubble-silica) mixtures. A 

Zetaphoremeter was used to measure the zeta potential distributions. Alumina 

and silica were used as either micron- or nano-sized, which was for alumina 

and silica to be 868 nm and 939 nm, respectively, and 15 nm each for the 

nano-sized particles. Sub-micron sized gas bubbles (350 nm) were generated 

using a vertical baffled cylindrical high intensity agitation cell (BHIA). KCl was 

used as the background electrolyte at 1 mM. Dodecylamine hydrochloride 

(DHA) and sodium dodecyl sulphate (SDS) and DF250 were used as 
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surfactants to stabilize as well as disperse the nano-sized particles and gas 

bubbles.  

 

Wu et al. (1) proposed different scenarios to interpret the complex interactions.  

For example, in a binary system, three different scenarios can occur: 1) if the 

two different solid particles do not interact then there will be two separate zeta 

potential distributions; 2) if the particles are strongly attracted to each other, 

then a single zeta potential distribution would be observed and the position of 

the peak will depend on the coverage (coating) of one particle to the other; 

and 3) if the particles are weakly attractive, then three different zeta potential 

distributions would be observed, indicating some partial coverage, but still 

dispersed particles.  

 

Figure 2-14 shows typical data which can be collected using this 

measurement technique. The first three rows represent the individual zeta 

potential distributions for the three individual species, confirming that the silica 

particles and the gas bubbles have a negative surface potential while the 

alumina particles have a positive surface potential. The next three rows 

represent the results of blending two species together. For the gas bubble and 

alumina mix, a single zeta potential distribution was measured with a peak at 

–30 mV, confirming strong interaction between the gas bubbles and alumina 

particles, with the gas bubbles strongly coating the larger alumina particles. 

For the gas bubble and silica mix, the two individual species were both 

negatively charged, and when blended together two distributions were seen, 

confirming negligible interaction between the two dispersed phases. For the 
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alumina and silica mix, the resultant zeta potential distribution showed a very 

broad distribution with two distinct peaks of opposite charge, thus confirming 

a weak interaction between the two particle species. For the tertiary system, 

two distinct peaks were once again observed, however the alumina zeta 

potential distribution was no longer observed and again confirms that the gas 

bubbles preferentially coated the alumina particles while the silica particles 

remain dispersed. 

 

 

Figure 2-14. Shows the zeta potential distributions of micron size 
alumina, silica and nano size gas bubble for mono, binary and tertiary 
mixture. 1 nM of KCl was used as a background electrolyte with 0.1 mM 
of DF250 in all the suspensions. Figure is taken from ref. (1). 
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2.10.2 Rheology of Blended Suspensions 

Wang and Guo studied the rheology of alumina and zirconia blended 

suspensions. The authors considered the influence of both volume and 

number fractions when modifying the yield stress and viscosity of the blended 

suspensions. Due to the differences in particle size and density, the volume 

and number fractions were different which led to differences in the behavior 

of the system. Fig. 2-15 shows how the yield stress of the suspension varied 

from an alumina suspension to a zirconia suspension. As the volume fraction 

of zirconia increased the yield stress of the suspension increased, with the 

increase in yield stress reflecting the increase in the solids volume fraction of 

zirconia. This gradual increase reflects that the two particle species are non-

interacting and the yield stress is a function of the volume fraction of zirconia. 

On a number basis the number fraction of zirconia has to be significantly 

greater in order to induce a change in the suspension yield stress and this 

reflects the difference in the two particle sizes (63).   
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Figure 2-15. Shows the yield stress behavior of the binary 
(alumina/zirconia) suspensions as a function of zirconia fraction at pH 
7.0, when using zirconia volume (closed circle) and number ratios (open 
circle). Figure is taken from ref. (63). 

 

 

Greenwood et al. (64) studied the influence of blending two different particles 

on the relative viscosity of the blended suspension. The two particle species 

were small PMMA latex and large polystyrene latex. Fig. 2-16 shows the 

relative viscosity of the two individual particle species showing that the smaller 

PMMA latex exhibits a rapid increase in the suspension viscosity at a much 

lower volume fraction than the larger polystyrene latex, again representing the 

influence of the particle size on the suspension relative viscosity. When 

blending the two particle species at different volume fractions of the small 

PMMA latex particles, an interesting behavior was observed when at a low 

blend ratio, the relative viscosity of the suspension was below the relative 

viscosity of the large polystyrene latex particles only, indicating some 

influence of the smaller particles on the flowability of the larger particles. With 
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increasing concentration of the small PMMA latex particles the relative 

viscosity curve shifted towards the system of small PMMA latex particles only 

and showed an apparent thickening of the suspension relative to the pure 

large polystyrene latex suspension.   

 

 

Figure 2-16. (Left) an illustration of the relative viscosity against volume 
fraction for a bimodal suspension, the chosen suspension in 25% small 
particles by volume at a diameter ratio of 7.83.  (Right) effect of 
composition on the relative viscosity by varying small particle by 
volume for bimodal suspension at a diameter ratio of 6.37. Figure is 
taken from ref. (64). 
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2.11  Summary 

While the concept of particle heteroaggregation has been extensively studied, 

much of the research to date has focused on very dilute and dilute 

suspensions, using heteroaggregation to modify the stability of the particle 

suspension. Few studies have considered the concept to modify the rheology 

of high solids content suspensions. The research discussed has provided 

insight on the critical blend ratio between the major and minor particle species 

to gradually change the behavior (stability or flow) of the particle suspension. 

It is evident a significant research gap exists whereby rheology modification 

of a high solids content particle suspension occurs by blending with another 

inorganic component that acts as a minor additive in the suspension. This 

contrasts the abundance of research in which organic modifiers such as 

polymers and surfactants have been used to modify the flow properties of 

concentrated particle suspensions. 
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Materials and Experimental Methods  

 

 

3.1 Materials 

3.1.1 Silica Surface Chemistry  

The abundance of silica around us (i.e. soils and sands) has led to a vast 

amount of research been done on it. As a mineral oxide silica is an important 

commodity that is manufactured for industrial and domestic application. A 

silica molecule ([SiO4]-4) is a tetrahedral shape (see Fig. 3-1) consisting of an 

atom of silicon that is bonded to four atoms of oxygen. The molecules of silica 

when assembled together can form the following structures; crystalline, 

amorphous, soluble or chemically combined (1). 

 

Figure 3-1. An illustration of the tetrahedral shape of a silica molecule 
([SiO4]-4). Figure is drawn using ChemSkecth modelling software. One 
silica atom (grey) bonds with four neighbouring oxygen (red) atoms.  
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Furthermore, the behaviour of these silica structures as colloidal dispersions 

do not readily conform to the DLVO theory, unlike most other mineral oxides 

(2-4). For example, at the isoelectric point the expected stability of a mineral 

oxide weakens whereas silica exhibits a significantly stable colloidal 

dispersion (5). It is thought this anomalous stability behaviour of silica colloids 

in solution is due to surface chemical properties, which are controlled by the 

how the surface of the silica colloids was prepared as well as the nature of the 

solution. 

 

With regards to the surface chemical properties of silica there are three main 

chemical groups and they are; siloxane groups (Si-O-Si), silanol groups (Si-

OH), and silicic acid groups (Si-O-) (see Fig. 3–2A-C). When in a solution the 

silanol groups (Si-OH) on the surface of a silica compound cause it to be 

hydrophilic when exposed. Contrastingly the siloxane groups (Si-O-Si) make 

the surface of silica to by hydrophobic. It is possible to change these surface 

properties by dehydroxylating a hydrophobic silica surface to make it 

hydrophilic and through rehydration the reverse is possible. These reversible 

changes that can be made to surface chemical properties of silica are 

ultimately governed by the silanol group density (silanol number). It has been 

found that for a complete hydrophilic surface of silica there is 4 – 8 OH groups 

per square nanometre (1, 6). The reason for the range is due to manufacturing 

processes and the surface area per colloid. During the manufacturing process 

the temperatures used in the heat treatment determine the 

hydrophilic/hydrophobic surface chemical properties of the silica colloids. 



 
 

 

60 

 

Figure 3-2. An illustration of the reversible nature of the three main 
chemical groups on the surface of silica. Siloxane groups (Si-O-Si), 
silanol groups (Si-OH), and silicic acid groups (Si-O-) are shown as (A), 
(B) and (C), respectively. Figures are drawn using ChemSketch 
modelling software, where surface of silica, oxygen and hydrogen are 
shown with dark grey, red and cyan colour, respectively. whereas bulk 
silica is displayed as light grey. 

 

 

3.1.2 Alumina Surface Chemistry 

Corundium, which is also known as alpha alumina (α-Al2O3) is the most 

thermodynamically stable crystalline form of aluminium oxide (7). Depending 

on different heat process, there are many more metastable polymorphs of 

alumina which can be produced from aluminium salt or aluminium oxides such 

as γ-alumina, η-alumina, δ-alumina, β-alumina etc. and each metastable 

phase has different crystalline structure and physical properties, for example 

γ-Al2O3 has cubic structure and it is commonly used in advanced technical 

application. Different arrangement of oxygen ions in the crystal structure 

determine the metastable phase of alumina (8, 9). Powder X-ray 

diffractometry (XRD) and selected-area electron diffraction (SAD) are some 

of the few techniques, which commonly used to determine the metastable 

phase of alumina (9). 

 

α-Al2O3 is the interest of this project, therefore its crystal structure and 

properties will be discussed only. In 1888, an Austrian chemist Carl Josef 

Si-O-Si Si-OH Si-O-

A B C
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Bayer, who developed and patented The Bayer process to produce α-Al2O3 

from bauxite ore (7). In α-Al2O3, anions of oxygen has valence number -2, 

whereas cations of aluminium has valence of +3, which means oxygen ions 

are in access in the lattice, therefore oxygen ions form a top layer of  

hexagonal close-packed (HCP) structure and aluminium ions form octahedral 

layer beneath it in the lattice as shown in Fig. 3-3.  

 

 

Figure 3-3. Schematic illustration of α-alumina as a balls and stick 
model, Al+3 ion and O-2 ion are displayed as black and grey balls. (a) 
Structure of α-Al2O3 also known as Corundum structure, (b) top view of 
the structure and (c) octahedral structure of alumina. Figure is taken 
from Shirai et al. (10). 

 

Tsganenko (10) developed a model, which shows three types of OH groups 

can attach to the nearest neighbouring transition aluminium cations (Al+) (see 

Fig. 3-4). Having a high boiling point, α-Al2O3 can be used in many application 

it can be used as fillers, glass, catalyst, gas purification and paint etc. (11). 
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Figure 3-4. Transition alumina can be hosted to three different hydroxyl 
groups. Figure is redrawn from Shirai et al. (10). 

 

 

3.2 Methods  

3.2.1 Zeta Potential Measurements 

The magnitude of electrostatic repulsion or attraction between the particles is 

measured as Zeta potential which is helpful in ascertaining the stability of the 

colloidal suspensions (12). In a stationary solution, it is described by the 

potential at the surface of a moving charged particle. The continuous phase 

can be distinguished from the stationary layer of the fluid attached to colloid 

using the surface potential which is influenced by the surrounding 

environment. The EDL region possesses greater ionic charge as compared to 

the bulk. Increase in concentration of the anions occurs since an adjacent 

layer of counter anions is provided by the EDL. Overall surface potential of the 

particle is therefore reduced. Zeta potential of the charged particle is illustrated 

in Fig. 3-5. 
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Figure 3-5. A schematic displays the zeta potential according to DLVO 
theory. Figure redrawn from ref. (13). 

 

 

The stability of dispersion is greatly augmented by these fundamental 

parameters. The Zetasizer Nano uses electrophoretic light scattering to 

measure the zeta potential and the electrophoretic mobility (Malvern, 2004). 

The solution comprising dispersed particles is applied with an electric field. 

Migration of the charged particles towards the opposite charged electrode is 

described by the process of electrophoresis.  These moving particles face 

resistance due to viscous forces of the medium. The particles move at a 
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constant velocity when equilibrium is maintained between the electric and 

viscous forces in the medium. This movement of particles is termed as 

electrophoretic mobility. The velocity of particles in such state is influenced by 

various factors such as: 

 

• Strength of the applied force 

• Zeta potential of the particle 

• Viscosity of the medium 

• Dielectric constant of the medium 

 

The zeta potential of a particle can be obtained by directly measuring the 

electrophoretic mobility (UE) and using the Henry equation as expressed in 

Eq. 3.1 below: 

 

𝑼𝑬 =
𝟐𝜺𝜻𝒇(𝑲𝒂)

𝟑𝝁
        Eq. 3.1 

 

where; 𝜀 is the dielectric constant, ζ is the zeta potential, 𝑓(𝜅𝑎) is the Henry’s 

function and µ is the viscosity of the medium. Henry’s constant can take a 

value of either 1.5 or 1.0. For aqueous solutions of moderate electrolyte 

concentrations the Smoluchowski approximation is used, where f(Ka) is set to 

1.5. For non-polar solvents the Huckel approximation is used, where 𝑓(𝜅𝑎) is 

set to 1.0. 
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3.2.2 Sample Preparation for Zeta Potential Measurements 

Alumina and silica were used throughout the study as primary and secondary 

particles, respectively. The particle information provided by the manufacturer 

is shown in Table 3-1. 

 

Table 3-1. Illustrates the manufacturer quoted size of all the particles 
and their relative information. 

 

Particle d50 (µm) Shape Density 
(g/cm3) 

Supplier Refractive 
index 

Adsorption 

Alumina 
(alpha) 

0.52 
Irregu-

lar 
3.88 

AL-160SG-4, 
Showa 
Denko, 
Japan 

1.766 0.001 

Silica 0.1 
Spher

e 
1.88 

SIOP010-01, 
AngstromSph
-ere, Fiber 
Optic Center, 
USA 

1.544 0.001 

 

 

Sodium chloride (NaCl) of average molecular weight 58.44g/mol was obtained 

from Fisher Scientific (product number: 10616082; Lot: 1721643). 

Hydrochloric acid (HCl) of average molecular weight 36.46 g/mol and weight 

concentration 37% wt/wt (product number: 10499360; Lot: 1563302) was 

obtained from Fisher Scientific. Sodium hydroxide (NaOH) solution of average 

molecular weight 40 g/mol and concentration of  50% wt/wt ( product number: 

415413) was obtained from Sigma-Aldrich. All the material were used to make 

stock solutions as received.  
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A zetasizer nano system (NS) is used to measure particles sizes and zeta 

potential of mono systems. Prior to the experiment all glassware was washed 

with 1 wt% Decon 90 solution and rinsed with Milli-Q water thoroughly to 

prevent contamination, then all glassware were placed in the oven for 5 

minutes to dry.  

 

Mostly 0.1 wt% (otherwise stated) concentration of the particles was used with 

10-3 M (otherwise stated) background electrolyte of NaCl. Diluted HCl and 

NaOH were used for titration process. 

 

Initially, 2 x 40 mL glass vials were used to measure the zeta potential of 

alumina or silica. Each vial was used separately for varying low and high pH. 

0.1 wt% particular powered was weighted in each vial, then 30 mL of 10-3 M, 

NaCl was added. Ultra-sonication was allowed for 5 minutes to each vial to 

ensure the particles are dispersed fully, then magnetic stirrer was added, and 

vials were left on the stirrer for overnight to reach charge equilibrium. Zeta 

potential was measured using the Malvern Zetasizer Nano. A Mettler Toledo 

pH meter (MP225, UK) was used varying pH 2, 4, 6, 8 and 10. Prior to the 

measurements, it was made sure that there is no air bubble trapped in the 

capillary cell and electrodes of the capillary cell were dried. Again, 5 

experimental runs were conducted for each type of powder and mean value 

was taken. All the data was analysed using Origin lab pro (version 9.0). 

 

 

 



 
 

 

67 

3.3 Dynamic Light Scattering 

When a light source, such as a laser, illuminates a small particle, the light will 

be scattered in all directions by the surface of the particle. So when the 

incident light is scattered by thousands of particles in a solution the pattern 

seen on a screen that is close enough to the particles is speckled (as shown 

in Fig. 3-6 a). The speckles pattern consists of areas of bright light (i.e. where 

light waves reaching the screen interfere constructively with one) and dark 

areas (i.e. where the light waves reaching the screen interfere destructively 

with one) (14). 

 

 

Figure 3-6. A is the speckled pattern is shown in (a), whereas (b) shows 
how dynamic laser scattering (DLS) theory works. In order to construct 
a speckled, light waves that have been scattered by particles in the 
solution and are been detected by the detector; two of the three wave 
would interfere constructively and one of them would interfere 
destructively with the other two. Images are taken from ref. (14). 

 

 

 

The particles in solution or slurry are not stationary when there is some 

thermal energy in the medium. The thermal energy causes the particles to 
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move through solution and this is known as Brownian motion. The resulting 

constant motion of the particle at any time causes the scattering pattern of 

light from the particle to be changing (15). The size of the particle is related to 

the rate of fluctuating intensity from the scattered light. The DLS working 

principle is based upon the knowledge that the small particles move faster, in 

other word small particles diffuse in the solution quicker than the large 

particles. Stokes and Einstein derived a fundamental equation to represent 

this relationship as (14): 

 

𝑫𝑯 =
𝒌𝑻

𝟑𝝅𝜼𝑫
       Eq. 3.2 

 

where the hydrodynamic diameter of the particle is given by 𝐷𝐻, the Boltzmann 

constant is represented by 𝑘, the absolute temperature is represented by 𝑇, 

the viscosity is given by 𝜂 and 𝐷 is the translation diffusion coefficient.  

 

There are a few factors that affect the diffusion speed on a particle and these 

are; (i) electrolyte(ionic) concentration, (ii) temperature, (iii) surface structure, 

(iv) non-spherical particle shapes (14). There have been number of different 

theories proposed for light scattering such as the Rayleigh scattering theory 

and the Mie theory. Mia theory is a complex theory derived by Gustav Mie in 

1908 from the Maxwell’s equation to obtain the incident, scattered and internal 

fields (16). To implement this theory, one should have the knowledge of optical 

properties like the refractive index and the imaginary component of both the 

fluid and the dispersant. Rayleigh scattering theory is also a complex theory, 
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which is named after British scientist Lord Rayleigh, who was the first person 

to described this theory in 19th century (17). According to this theory, charge 

particle becomes polarized when light struck on the surface of the particle, 

thus particle moves with the same frequency and particle becomes radiating 

dipole and its radiation can be seen as scattered light.(17). The Rayleigh 

scattering-probability is described as: 

 

𝒑 ∽
𝟏

𝝀𝟒
        Eq. 3.3 

 

where p and λ are the scattering probability and the wavelength of radiation, 

respectively. 

 

To describe the non-spherical particles, comparison of such particles should 

be drawn to an imaginary spherical particle. In such cases, a single unique 

number should be defined to describe the size of non-spherical particle. The 

methods of such comparisons include: 

 

• Equivalent surface area: A theoretical sphere having the same surface 

area as that of the actual non-spherical particle is assumed. 

• Equivalent length: A theoretical sphere having the same diameter as 

the maximum or minimum length of the actual particle is assumed. 

 



 
 

 

70 

 

Figure 3-7. Illustrates the key components of dynamic laser scattering 
(DLS) set-up. Image is taken from ref. (14). 

 

 

A zetasizer nano system (NS) is used to measure particles sizes in this 

research project, therefore it is important to describe its key components. 

There are six main components in the zetasizer measurement system as 

illustrated in Fig. 3-7. The measurement system begins with the laser at point 

1. The laser light is the source used to illuminate the particles within the 

sample under test. Before the light reaches the sample it is split in two to 

provide an incident and a reference beam. The incident beam is directed 

towards the sample cell and such that it passes through the sample centre (as 

shown at point 2). The light scattered by the sample at an angle of 13° is 

detected at point 3 on Fig. 3-7. For the detector to function successfully the 

intensity of the scatter light it detects needs to be within a specific frequency 

range. To aid with the scattered light intensity range an attenuator (given at 

point 6) is used to adjust the right prior to it reaching the sample cell (14).  
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The working principle of electrophoresis is used to cause fluctuations in the 

scattered light intensity to give more information on the particles in the 

suspension. The electrophoresis phenomenon is when an electric field is 

applied to a colloidal sample causing the suspended particles to begin to 

move. The frequency of the fluctuations in the scattered light intensity are 

proportional to the speed of the moving particles. The digital processor at point 

4 collects this information and then passes it on to the computer (at point 5). 

For specific case of the Zetasizer Nano the computer software it uses presents 

the measurements data as a frequency spectrum from which the zeta potential 

can be calculated after calculating the electrophoretic mobility. And lastly, at 

point 7 of Fig. 3-7 is the compensation optics unit which corrects for any 

differences in the cell wall thickness and dispersant refraction in order to 

maintain optimum alignment (14). 

 

3.3.1 Particle Size Distribution  

Initially, a 40 mL glass vial was used. 1 wt% (104 ppm) i.e. silica or alumina 

powder was weighted, then 30 mL of 10-3 M NaCl was added in the vial. Ultra 

sonication was allowed for 5 minutes, followed by tip sonication for 3 minutes 

to ensure that the particles are dispersed completely, then magnetic stirrer 

and left the vial on the stirrer plate. PH of the sample was adjusted to 10 using 

a Mettler Toledo pH meter (MP225, UK) as particles should be highly charged 

and well away from isoelectric point (IEP) at this environment, which keep 

dispersed particles in the solution. Prior to the measurements using zetasizer 

for sizing, it was made sure that there is no air bubbles trapped in the 12 mm 

square polystyrene cuvettes. 5 experimental runs were conducted for each 
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type of powder and mean value was taken. All the data was analysed using 

Origin lab pro (version 9.0).  

 

3.4 Rheometer 

A rheometer is an important instrumental device, which is mostly used to 

measure the deformation and the rheological flow properties of the material, 

when material undergoes applied forces. It is also very useful for handling 

complex fluids, whose flow or viscoelastic behaviour cannot be studied by a 

single parameter. Therefore rheometer is more preferable to use by most 

researchers than viscometer (18). 

 

Therefore, it is necessary to describe how rheometer works. Primarily 

rheometer measures or applies three fundamental parameters, which are 

torque, angular displacement and angular velocity. All rheological parameters 

such as shear stress, shear rate, shear strain, viscosity and complex modulus 

can be calculated using those three parameters (19). For example:  

 

𝑺𝒉𝒆𝒂𝒓 𝒔𝒕𝒓𝒆𝒔𝒔, 𝝈 (𝑷𝒂) = 𝑴 .𝑲𝝈   Eq. 3.4 

 

where torque is represented by M (Nm). Kσ is a stress constant and it is a 

geometry dependant: 

𝑺𝒉𝒆𝒂𝒓 𝒔𝒕𝒓𝒂𝒊𝒏 , 𝜸 =  𝑲𝜸 . 𝜽    Eq. 3.5 
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where θ is angular motor deflection in radians and Kγ is a strain constant, 

which is also geometry dependant: 

 

𝑺𝒉𝒆𝒂𝒓 𝒓𝒂𝒕𝒆, 𝜸 (𝒔−𝟏) =  𝑲𝜸 . 𝛀     Eq. 3.6 

 

where Ω (rad s-1) is angular velocity and Kγ is strain constant, which is 

geometry dependant. From above all three equations, it is noticed selecting a 

right geometry for a particular material or suspension is very important. 

 

 

Figure 3-8. (A) A stress-controlled TA Discovery HR-2 rheometer (B) 
Schematic illustration of key components of a stress-controlled 
rheometer. Rheometer measures strain or rotation when torque is 
applied to the sample. Figures are adapted from Ewoldt (19). 

 

 

A stress-controlled TA Discovery HR-2 rheometer (see Fig. 3-8) was used in 

this project. Vane (diameter 15mm, length 38 mm) was applied for solid-like 

suspensions. Loading gap and operating gap were allowed as 90000 µm and 
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8800 µm, respectively. Whereas bob (diameter 28.02 mm, length 41.94 mm) 

geometry was applied with Peltier concentric cylinder (30.4 mm) for liquid-like 

suspensions as shown in Fig. 3-9. Loading gap of 90000 µm was allowed. A 

Solvent Trap was used to offer a vapour barrier to seal the samples. All 

rheological tests were conducted at 25°C. 

 

 

Figure 3-9. Rheometer geometries, (A) a schematic illustration of cup 
and bob with a Solvent Trap, (B) a schematic diagram of cross section 
of bob (Din rotor)(C) Vane. Figures are adapted from TA Instruments 
(20). 

 

 

3.5 Suspension viscoelasticity  

To determine the rheological properties i.e. Viscosity and viscoelasticity in 

fluids, solids or semi solids, rheometer is the device which has conventionally 

been employed (21-23). This work involved drawing comparisons between the 

rheological properties of concentrated particulate solutions using different 

experimental frequency amplitude sweep and shear strains amplitude sweep 

experiments. It was revealed that the G’ (viscoelastic storage modulus) and 
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G” (the loss modulus) of soft materials can change over broad experimental 

frequency ranges (24). This indicates the fact that while drawing such 

comparisons, it is of significant importance to ascertain the frequency 

dependent behaviour of concentrated suspensions. The viscoelastic 

behaviour of concentrated suspensions can be directly measured by using the 

devices which have integral software for this purpose e.g. Discovery HR-2 

rheometer (TA Instruments, UK). The region of linear viscoelasticity range 

(LVR) needs to be identified prior to taking frequency sweep measurements 

for a particular sample (21). To do that, the viscoelastic properties of the 

sample are measured by undertaking an amplitude sweep which involves 

varying strain i.e. amplitude of oscillation as indicated in Fig. 3-10. The set up 

for this test is shown in Fig. 3-9, which indicates that a 4-bladed vane having 

length of 42 mm and diameter of 28 mm is gently inserted into the suspension 

after placing the sample in a cup of 30.4mm diameter. It was ensured that a 

van was fixed at a constant height of 9.6 mm above the bottom of the cup. To 

guard against the phenomenon of thixotropy i.e. any history effects on the 

specimen, a pre-shear was applied to the suspension which helped to re-form 

the experimental conditions for the intended test. Selecting a reasonably low 

frequency, the amplitude test was then performed on the specimen which 

yielded a response identical to the one shown in Fig. 3-10. 
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Figure 3-10. Illustrates a typical measurement from oscillation shear 
strain sweep with a constant angular frequency of a concentrated 
suspension. Stored modulus (G’) and loss modulus (G”) are shown as 
a function of shear strain. Rheometer measures expected response 
from the material with changing oscillation shear strain. Linear 
viscoelastic region (LVR) can be observed, when shear strain value is 
lower than linear viscoelasticity (γL). In LVR, Sample behaves solid-like 
material and G’ is independent of oscillation shear strain and shows 
linear response. Figure is redrawn from Ferry (25). 

 

 

The equilibrium is generally maintained resulting in insignificant stretching or 

bond breaking of the particle-particle links, once the test is performed while 

remaining within the LVR of the suspension (25, 26). The material’s behaviour 

in such test can be described to be a single function of time since the kinematic 

i.e. magnitudes of stress and strain are seen to vary linearly (26). 
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Figure 3-11. In Oscillation rheology, viscoelastic properties are 
measured by rheometer, when stress (A) is applied to the material and 
material shows response (B) accordingly. Phase angle (δ) can be 

calculated, which is the difference between applied stress curve and 
material response curve. Figure is redrawn from Ferry (25). 

 

 

Figure 3-11A indicates the application of stress in the form of a sinusoidal or 

oscillatory deformation. The material response obtained as a result of such 

oscillatory application of stress is shown in Fig. 3-11B (25). Variation between 

the material response and the applied stress in the form of deformation is 

measured in terms of a phase angle (δ) as indicated in Fig. 3-11C. 
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Figure 3-12. Illustrates a vector diagram of the complex modulus G*, 
where its real part corresponds to the elastic modulus G' and its 
imaginary part corresponds to the viscous modulus G". Therefore, 
viscoelastic properties can be calculated mathematically using phase 
angle (δ) value. Figure is redrawn from Ferry (25). 

 

 

A vector diagram as shown in Fig. 3-12 can then be used to manifest the G’ 

and G” (viscoelastic properties) of the material. In this representation, the 

complex shear (G*) modulus is taken as equivalent to the stress strain ratio 

i.e. 𝐺∗=𝜏/𝛾. 

 

It is also possible to represent δ in the form of tan (δ) and here δ = 0֯ indicates 

a fully elastic medium whereas, δ = 90֯ indicates a fully viscous medium (25). 

The tan (δ) can be termed as a damping or loss factor here. Having obtained 

δ

G’

G”

G*
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the viscoelastic properties at variable strains, a frequency sweep can then be 

undertaken. The frequency of the oscillating stress curve (as given in Fig. 3-

11A) is varied (generally within the range of 0.1-100 rad/s) while keeping the 

strain on the sample constant having a value within the LVR of suspension. 

For every selected frequency point, the corresponding G’ and G” values are 

measured as indicated in Fig. 3-13 (25). 

 

 

Figure 3-13. Illustrates a typical measurement from frequency amplitude 
sweep with a constant shear strain. G’ and G” are shown as a function 
of angular frequency. Frequency dependant response from the material 
is observed. Figure is redrawn from Rudraraju and Wyandt (21). 
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In order to draw comparisons between mono and binary concentrated 

suspensions, the viscoelastic behaviour of the suspensions at varying shear 

strains and frequencies is therefore obtained. 

 

3.6 Scanning Electron Microscopy 

In this technique, high energy electron beam is fired on to the sample using a 

scanning electron microscope model FE-SEM SU8230 (Hitachi, UK). 

Electrons are bombarded on to the sample which cause emission of 

secondary electrons and X-rays (27). Schematic illustration of the key 

components of the SEM technique is provided in Fig. 3-14 which depicts the 

electron beam generation, electron beam manipulation and the beam-sample 

interaction. The primary electron beam is generated by the electron beam gun 

located at the top of microscope. Characteristics like size, shape and position 

of the electron beam are controlled through electron beam manipulation. 

Beam-sample interaction implies the contact of electron beam with the sample 

resulting in release of various types of signals. Main components of the 

electron gun includes a filament, grid gap which controls the flow of electrons, 

and a positively charged anode to attract and accelerate electrons down the 

microscope. The microscope coil houses the electromagnetic lenses and 

coils. 

 

The electron beam tries to diverge as it passes through the column but the 

electromagnetic lens converges it and is thus directed onto the sample. 

Electric and magnetic fields influence the moving electrons. The converging 

lenses are controlled by the magnetic fields which are generated by passing 
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an electric current through the copper wire (hence calling them 

electromagnetic lenses), whereas the electron gun itself is controlled by the 

electrostatic fields. Once a primary electron enters the sample, the signal 

detection is indicated. The electrons, upon interaction with sample, form a new 

trajectory and this phenomenon is termed as scattering. These electrons can 

then be detected as secondary or backscattered. When a new electron is 

emitted from an atomic orbital, the secondary electrons are detected and 

resultantly the energy from the electron emitted by the focus beam is lost to 

the atom from which electron is ejected and this phenomenon is termed as 

inelastic scattering. Whereas when an electron coming from the electron gun 

rebounds, the backscattering of electron is said to occur and it is a form of 

elastic scattering. A plot of secondary electron is viewed at a typical SEM 

image where the detected intensity is plotted against the detector position. 

The image thus generated depends primarily on the surface of the particles. 
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Figure 3-14. A schematic demonstrates the key mechanisms of SEM. 
The electron beam is displayed by a red dotted line. Once the electron 
beams hit the sample, then scattered beams are detected by various 
detectors. Figure is taken from ref. (28). 

 

3.6.1 Energy Dispersive X-ray Analyser (EDX) 

Radiations in the form of x-rays are released once the ejection of electrons 

from specific orbits of an atom in the sample takes place (29). The x-rays thus 

generated can provide elemental information. The detection unit for the x-rays 

is also contained in the SEM. The mechanism of x-rays generation is depicted 

in Fig. 3-15. As described in the phenomenon of generation of secondary 

electrons, the emission of x-rays takes place when the high energy electron 
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beam is focused on to the sample. The atom within the sample, while at rest, 

contains ground state electron which exists in the discrete energy orbital 

bound to the nucleus. This electron is excited due to the electron beam and is 

ejected from the discrete orbital thus becoming secondary electrons and an 

electron hole gets created. The electron released in this manner from the atom 

gets replaced by another electron from higher energy orbital. Due to the 

difference between the energy levels of higher and lower energy orbital, the 

x-rays are formed. It becomes difficult to classify the x-rays as being emitted 

from the originating element because they will not have sufficient energy when 

the number of hits increases. In such conditions these are known as 

background x-rays. The EDX measures the number and energy level of x-rays 

emitted from the sample. 



 
 

 

84 

 

Figure 3-15. A schematic shows the atomic structure with electron 
shells of an atom. When high energy electrons beam ejected the 
electron and another electron replaced from high orbit, x-rays can be 
formed in this process, which holds the information of the element. 
Therefore this technique (EDX) is widely used in SEMs. 

 

 

3.7 Cryo-SEM  

A sample of binary suspension of alumina (33 vol%) and silica (2 vol%) was 

prepared at pH 9 using standard protocol for oscillation rheology (see Chapter 

4). Cryo-SEM (from Quorum Technologies, UK) was used (see Fig. 3-16a) to 

study the particle-particle interaction between same charged particles as 

alumina and silica particles have negative surface charge at pH 9. Two rivets 

(328116510), were used and approximately 0.5 mL of the sample pipetted on 
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to the each rivet which were connected (see Fig. 3-16b) with a specimen 

shuttle (20530). Then specimen shuttle was connected with the Cryo transfer 

device (see Fig. 3-16c) and samples (included shuttle) were transferred into 

slushed nitrogen (PP3010, Prepdek™). Vacuum was created by pump which 

was attached with Prepdek™ and then just before N2 turned solid again, the 

samples were placed into vacuum pot. Sublimation process was applied to 

samples for 2 minutes to remove the subliming ice from the surface of the 

samples (T = -90 °C). Once ice is removed, temperature was reduced to -140 

°C. after that a coating of iridium was applied for 45 s At 10 mA. Then the Cryo 

transferred device was used to transfer the samples to a Quilo cryo 

preparation chamber (see Fig. 3-16d), where it was ensured that samples are 

frost free. This process takes time between 5-10 minutes. Cryo preparation 

chamber is also installed with twin fracturing tools manipulators (see Fig. 3-

16e), which were used to form a cracked onto the surface of the samples. 

Then samples were transferred into SEM (Hitachi, UK) for further 

observations. 
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Figure 3-16. Digital images of (a) Cryo-SEM system (b) samples were 
pipetted on the rivets, which was attached with a shuttle (c) The cryo 
transfer device with shuttle and rivets (d) a cryo preparation chamber 
(Quilo) and (e) Twin fracturing tools manipulators. 

 

 

 

3.8 Centrifuge 

Primarily, a centrifugation process is commonly used to separate mixtures 

using the principles of sedimentation. A gravitational force (g-force) is applied 

to the samples and therefore, due to difference in density gradient between 

medium and particles, heavy particles form a sediment bed at the bottom of a 

centrifuge tube and light particles or liquid stay above, which is called 

supernatant (see Fig. 3-17c) and can be pipetted out. The rate of 

sedimentation can be calculated by Stoke’s law (30, 31) as:  
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𝒗 =  
𝒅𝟐(𝝆𝒑−𝝆𝑳)  𝒈

𝟏𝟖𝜼
       Eq. 3.7 

 

where v is rate of sedimentation or velocity, d is a diameter of the sphere 

particle, ρp is a particle density, ρL is a medium density, g is a gravitational 

force and η is a viscosity of medium. 

 

It can be seen from the equation 3.7 that the rate of sedimentation can be 

influenced by particle size, particle density and viscosity of the medium. it 

should be noted that Stoke’s law applies on spherical particles (32). 

 

RCF is reliant on the rotational speed (rpm) of the rotor (mechanical motor) in 

minute. RCF can be calculated as:  

 

𝑹𝑪𝑭 = 𝟏𝟏. 𝟏𝟖 (𝒓) (
𝒓𝒑𝒎

𝟏𝟎𝟎𝟎
)𝟐     Eq. 3.8 

 

where r is the rotational radius in centimetre (cm) and rpm is revolutions per 

minute (32). 

 

Centrifuge device, Heraeus™ Megafuge™ 16 R (75004270) from Thermo 

Fisher Scientific, UK (see Fig. 3-17a) was used to study consolidation of 

binary suspensions (see Chapter 5). This device (see Fig. 3-17a) has a 

maximum speed of 13000 rpm and a maximum Relative Centrifuge Force 

(RCF) is 15777. Minimum and maximum rotor radius is 25 mm and 98 mm 

(see Fig. 3-17b), respectively.  
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Figure 3-17. Photo of (a) Heraeus™ Megafuge™ 16 R Centrifuge device 
from Thermo Fisher Scientific, UK, (b) a schematic diagram of rotor with 
centrifuge tubes, (c) schematic illustration of centrifuge tube, where 
heavy particles are shown at the bottom and supernatant are shown at 
the top of the centrifuge tube. Figures are taken from Frei (32). 
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Method Development 

 

4.1 Synopsis 

 

This chapter provides a comprehensive discussion assessing different 

methods to measure the yield stress of high solid content suspensions. 

Several challenges associated with repeatability and accurate measurements 

of yield stress are highlighted considering the different methods to measure 

yield stress as well as different rheometer geometries.  The chapter focuses 

on single component (alumina), highly concentrated colloidal suspensions, 

and concludes with the recommendation on the method that was used 

throughout the research to study the blended colloidal systems. 
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4.2 Literature Review 

Concentrated suspensions are widely found in many industrial processes, and 

their behavior is often dominated by their flow properties, or rheology. A large 

number of consumer products, especially food and personal care products 

depend on structured fluids (multiphase systems) (1, 2). The mixing, casting 

and forming, of these fluids requires basic knowledge of their rheological 

behaviour, i.e. fluid viscosity as a function of shear stress, which is highly 

dependent on the solids concentration and particle size (3). 

 

Complex fluids or highly structured fluids often exhibit a yield stress and do 

not flow unless a certain force (stress) is exceeded, with yielding leading to 

deformation and breakdown of the microstructure (1, 2, 4). For example, 

squeezing toothpaste from a tube is demonstration of a yield stress.  

 

The idea of yield stress is highly debated and by far the most controversial 

subject for more than 3 decades in the rheological literature. In 1985, Barnes 

and Walters started this debate with their paper “ The yield stress myth?” (5) 

and tried to explain that if accurate measurements and precise experimental 

protocol was followed then there would be no yield stress (5, 6). Many 

researchers have taken up this challenge to validate the yield stress of various 

systems using different measurements techniques (1, 6-9). Barnes published 

a follow-on paper “The yield stress—a review or ‘παντα ρει’—everything 

flows?” in 1999 (10), where he reviewed many authors work and quoted their 

thoughts about the yield stress whether they are agreed or disagreed with the 

existence of yield stress. The common understanding of yield stress is a 
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minimum stress required to initiate flow. Below the yield stress a material can 

behave elastically, (with yielding promoting flow, and rheology is described by 

its viscous properties (1, 2, 10). 

 

A first rheological model to account for yield stress was introduced by Eugene 

Cook Bingham in his book named Fluidity and Plasticity in 1922, although 

Bingham published his model equation in 1916 (11), which is as follows  

 

𝝈 =  𝝈𝒚 +  𝜼𝜸̇        Eq. 4.1 

 

where 𝜎 is the shear stress, 𝜎𝑦 the yield stress, 𝜂 the viscosity and 𝛾̇ the shear 

rate. Bingham’s law describes the elastic and viscous behaviour of yield stress 

fluids when applying stress.  

 

In 1927, Professor Thomas Parnell from University of Queensland, Brisbane, 

conducted an experiment to measure the viscosity of a high yield stress 

material. He poured a sample of warm pitch into a glass funnel, which was 

attached to a sealed stem. 3 years were allowed for the pitch to obtain an 

equilibrium state. The bottom of the stem was cut in 1930 to allow the pitch to 

flow. 9 drops of the pitch were formed since then and the 10th drop is supposed 

to be due in 2020. The viscosity of the pitch is calculated and found to be 

about 20 billion times greater than viscosity of water. This experiment proves 

that flow can be achieved if enough time is given to any system. This is the 

longest experiment in history and is called a “Pitch drop experiment”, which is 

illustrated in Fig. 4-1 (12). 
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Figure 4-1. Apparatus of the pitch drop experiment with the recorded 
dates of first 5 drops (image taken from ref. (12)). 

 

 

Measuring the yield stress of concentrated suspensions is extremely difficult. 

According to a classic definition, yield stress is the critical stress at which the 

fluid starts to move. In other words the fluid viscosity is infinitely large (2, 10, 

13-15). Since this  cannot be measured, it is generally accepted that the yield 

stress is the highest stress at which no flow is observed during the 

experimental time. Hence, the measured yield stress may change because it 

depends on the experimental protocol (2). 

 

James et al. studied the yield stress of illitic (clay) suspensions using two 

different devices, the pulse shearometer and the constant stress rheometer 

using a vane and bob geometry. The authors showed that a yield stress 
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variation of more than 1 order of magnitude can result just by using different 

measurement techniques (16). 

 

Mujumdar et al. (17) developed a model to describe the flow behaviour of yield 

stress fluids. Instead of using one yield stress value, two yield stress values 

describing the static and dynamic yield stress were used to describe the 

elastic and viscous responses. This work certainly contradicted the classical 

definition of yield stress (17). Despite the difficulties to accurately measure 

yield stress fluids, it is a commonly reported property that is used by engineers 

in design calculations. While values can vary, trends are consistent, 

independent of the measurement technique. 

 

Figure 4-2(a) shows the increase in shear stress as a function of time for 

varying constant shear rates. The yield stress point can be described in three 

different regions, which are the linear elastic region, the maximum shear 

stress region and plateau region. All these regions satisfy the classic definition 

of yield stress. Figure 4-2(b) shows the time evolution fluid shear stress at 

different constant shear rates measured on two instruments, as rotational 

rheometer and a strain-controlled Haake viscometer. Again the lack of 

consistency underlines the challenge in making accurate yield stress 

measurements. Many experiments insufficiently define experimental 
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conditions when making yield stress measurements and fail to explain how 

the structured fluid flows under those conditions (2, 10, 13-15, 18). 

 

 

Figure 4-2. (a) Schematic showing the different definition of yield stress 
at different shear rates (image taken from ref. (18)). (b) Data showing the 
time evolution of stress at different shear rates measured using 
different instruments (image taken from ref. (1)). 

(a)

(b)
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One of the challenges in making reliable yield stress measurements is 

understanding the shear history of the sample. Since yield stress signifies the 

breaking of a structure, if a structure has been broken and then allowed to 

rest, the sample may exhibit some recovery, as described by a thixotropic 

fluid. If the start condition is not equivalent then it is hard to ensure the 

measured yield stress will be consistent (3, 19, 20). 

 

A number of methods and techniques have been developed to determine yield 

stress. A review of those common approaches is described below. 

 

4.2.1 Stress Ramp 

A stress ramp is the most common and simplest method to measure yield 

stress. A stress controlled rheometer is required to perform this test. A linear 

shear stress ramp is applied and the fluid viscosity measured. The shear 

viscosity as a function of time or stress shows a maximum in fluid viscosity. 

The stress at which the viscosity is a maximum is taken to be the yield stress. 

Prior to the viscosity maximum in the low shear stress region, the material 

behaves solid-like and experiences elastic deformation. Elastic deformation 

of the microstructure eventually leads to plastic deformation and the material 

starts to flow (3, 4, 10, 19). A schematic of this test protocol is shown in Fig. 

4-3(a) for yield stress and no yield stress fluids (4). Derakhshandeh et al. (21) 

measured the yield stress of 1 wt% bleached softwood kraft pulp suspension 

(SBK) using a linear stress ramp at 23°C, see Fig. 4-3(b). In order to obtain 

reproducibility, all measurements were conducted a minimum of 5 times. 
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Figure 4-3. (a) Schematic of a yield stress and no yield stress materials 
undergoing a linear stress ramp. A peak viscosity is characteristic of a 
yield stress material (image taken from ref. (4)). (b) Multiple yield stress 
measurements of 1 wt% SBK suspension at 23°C using a linear stress 
ramp (image taken from ref. (21)). 
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4.2.2 Stress Growth  

Using a stress control rheometer or viscometer to shear a fluid at a constant 

shear rate (constant increasingly strain), the shear stress is measured as a 

function of time, see Fig. 4-4. Three different regions are observed including 

i) linear region, ii) nonlinear region and iii) stress decline region. Once shear 

is initiated, the solid-like structure undergoes gradual 

deformation/compression, as shown by the linear increase in stress, where 

the particle network is able to retain the increasing stress.  Eventually the 

stress can no longer be retained in the particle network and the system begins 

to flow, signified by point (A) which is often taken to be the fluid yield stress 

(3, 10, 18, 19, 22). However some researchers (13, 23) have suggested that 

the yield stress is at point (B), where the stress profile begins to deviate from 

non-linearity, and is the incipient point of yielding.  Another cause of error 

when conducting rotational measurements is the potential for wall slip, where 

the sample first yields at the geometry wall prior to yielding itself. To overcome 

this issue it is advisable to used roughened geometries, or change the gap 

size (8, 21, 24, 25).  
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Figure 4-4. Schematic of a stress growth experiment showing the stress 
response with overshoot (image taken from ref. (13)). 

 

 

James et al. (25) used a bob geometry to measure the yield stress of a 2.5 

vol% illite suspension using the stress growth method in controlled strain. A 

constant shear rate of 6.63×10-3 s-1 was applied for 50 s and the stress 

response was measured as shown in Fig. 4-5. Between points A and B the 

stress increased linearly with time, which describes the intrinsic mechanical 

response of the particle network below the yield point. Here the particle 

network is slightly stretched and corresponds to the elastic deformation of the 

suspension. At Point C, the maximum stress is measured and corresponds to 

the yield stress of the suspension. Here the network is broken as the particle-

particle contacts are disrupted and the material starts to flow.  This is seen as 

a reduction in the stress to a new steady state which depends on the applied 

share rate.  
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Figure 4-5. Experimental data of 2.5 vol% illite suspension was 
conducted using stress growth method at constant shear rate of 6.6 × 
10-3 s-1 (image is taken from ref. (25)).  

 

4.2.3 Creep and Creep Recovery 

Creep is a more accurate method to measure yield stress of complex fluids. 

A constant stress is applied in a series of incremental stresses and the strain 

(creep) of the material measured as a function of time, see Fig. 4-6(a) (26). 

When the strain increases linearly with time the material is said to have yielded 

(Fig. 4-6(b)) (26). 
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Figure 4-6. For a step-change in stress a material behaves elastically (a) 
or as a viscous fluid (b) (image taken from ref. (26)). 

 

 

Since the applied stress governs the strain, the relationship between stress 

and strain is described by the creep compliance (J):  

 

𝑱(𝒕) =  
𝜸(𝒕)

𝝈
        Eq. 4-1 

 

where J is the compliance, 𝛾 the strain (deformation) and 𝜎 the shear stress. 

The creep compliance (J) vs. time can be compared for different applied 

stress. If the applied stress is below the yield stress, then creep compliance 

curve should collapse on each other (Fig. 4-7(a)) because strain should be 

independent of the applied stress and constant within the viscoelastic region, 

therefore material is said to be elastic solid. If the applied stress is higher than 
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the yield stress the creep compliance would increase linearly (Fig. 4-7(b)) and 

the material behaves as a viscous fluid (10, 13, 26, 27). 

 

 

Figure 4-7. Creep compliance for (a) an elastic solid, (b) a viscous fluid 
and (c) a characteristic viscoelastic fluid (image is taken from ref. (26)). 

 

 

Creep recovery is another method to determine yield stress and viscoelastic 

properties of complex fluids. A constant stress is applied to a material for a 

period of time before the stress is rapidly removed and the material left 

undisturbed for a fixed time (usually applied stress time = undisturbed time). 

The resultant strain (deformation) is measured under applied stress and after 

stress removal (Fig. 4-8(a)). The process is repeated several times with the 

constant applied stress being slightly increased at each step to study the 

elastic and viscous responses of the material. If the material strain 

(deformation) is fully recovered (𝛾 = 0), then the material is said to be elastic 

(Fig. 4-8(b)). If the strain value is constant (permanent plastic) then the 

material is said to be viscous (Fig. 4-7(c)). If the material exhibits partial 

recovery it is described as a viscoelastic solid. If there is almost no decrease 

in strain, the material is said to be a viscoelastic fluid (Fig. 4- 8(e)) (16, 28, 

29). 
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Figure 4-8. (a) Stress decrease for creep recovery assessment. 
Characteristic behavior of (b) an elastic solid, (c) a viscous liquid, (d) a 
viscoelastic solid, (e) a viscoelastic liquid (image taken from ref. (28)). 

 

 

In creep recovery, applied stress is described by the creep compliance (J). 

James et al. (28) measured the yield stress of 2.5 vol% and 5 vol% illite 

suspensions using the creep recovery method. Figure 4-9 shows the viscosity 
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and yield stress to be lower for 2.5 vol% solids compared to 5 vol% solids. 

Figure 4-9(a) shows both suspensions exhibit elastic behaviour at low 

constant stress, as shown by an independence in the creep compliance with 

stress. When the constant stress is increased beyond the yield stress the 

creep compliance increases, and the yield stress is taken to be the stress at 

which the creep compliance significantly deviates from the constant 

compliance behavior. Deviation in the creep compliance corresponds with a 

sharp decrease in the fluid viscosity, as shown by orders of magnitude 

decrease in suspension viscosity. There is only one drawback of the creep 

and creep recovery methods which relates to the lengthy experimental time 

associated with the measurement itself, and identifying the stress region of 

interest. The long experimental time may cause issues of sample drying, and 

therefore the user must be aware that the sample is not changing during the 

experiment (13, 16). 
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Figure 4-9. Experimental data of creep compliance (J) and viscosity (η) 
as a function of applied stress (σ) for a 2.5 and 5 vol% illite (clay) 
suspension (image taken from ref. (16)). 

 

 

4.2.4 Oscillation Amplitude Sweep 

Oscillation amplitude sweep is another method to measure yield stress, and 

shows good data reproducibility (30). This method includes increasing the 

oscillatory strain or stress at a constant frequency and measuring the storage 

modulus (G’). Figure 1-10(a) shows a schematic of typical oscillatory behavior 

of a complex fluid. The elastic (G’) and viscous (G”) moduli as a function of 
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the oscillation strain (ε) shows three regions. At low strain, region (I), G’ > G 

the material is considered solid-like. The independence with strain confirms 

that the material is in the linear viscoelastic region (LVR). Region (II) occurs 

at intermediate strain and both G’ and G” begin to fluctuate. A crossover with 

G’ = G” occurs and signifies structural yielding. The increase in G” reflects the 

internal re-ordering of the structure prior to yielding, and is common with the 

build-up of stress in a constant shear rate test.  At a high strain, region (III) G” 

> G’ and the material is now considered liquid-like. Determination of yield 

stress is again assessed differently. Some researchers identify the first 

decrease in elastic modulus (G’) as a yield stress value (dotted line at the 

edge of LVR in Fig. 4-10(a)), as this identifies the condition of non-linearity (4, 

8, 13), while others (30, 31) consider the crossover point of G’ and G” as a 

yield stress point (region (II) in Fig. 4-10(a)). For example, Shih et al. used 

Rheometrics Fluids Spectrometer (RFS-8400) with parallel plates to measure 

the elastic and viscous moduli of a 4.5 vol% alumina (spherical) suspension 

(Dispal) at pH 3.5 as a function of strain amplitude, and the authors 

determined the yield stress by the crossover point as shown in Fig. 4-10(b) 

(31).  
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Figure 4-10. (a) Schematic showing an oscillation amplitude sweep. 
Elastic modulus (G’) and viscous modulus (G”) are shown as a function 
of the strain (ε). Region (I) is the linear viscoelastic region (LVR), where 
elastic modulus is greater than viscous modulus (G’ > G”). Region (II) is 
the solid-liquid transition region, where G’ decreases abruptly and G” 
goes through a maximum. Region (III) is the liquid region, where the 
viscous modulus is greater than the elastic modulus (G” > G’) (Figure is 
taken from ref. (30)). (b) G’ and G” viscoelasticity of a 4.5 vol% Dispal 
boehmite alumina gel as a function of strain amplitude at constant 
frequency of 1.0 rad s-1. 0.244 M KCl electrolyte was used (image taken 
from ref. (31)). 

 

 

More recently researchers developed an alternative method to determine the 

yield stress using oscillatory amplitude sweep. The maximum (peak) in the 

elastic stress is considered to be a yield stress point on an elastic stress-strain 

curve, as structure deformation occurs beyond that point and elastic stress 

decreases (32, 33). Elastic stress is defined as  

 

𝑬𝒍𝒂𝒔𝒕𝒊𝒄 𝒔𝒕𝒓𝒆𝒔𝒔 = 𝑮′𝜸      Eq. 4-2  

 

where G’ is the storage modulus and 𝛾 the strain. 
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Walls et al. (33) measured the yield stress of 0.051 vol% of hydrophobic fumed 

silica (Aerosil R805) suspension conducting oscillatory stress amplitude using 

a Rheometrics Dynamic Stress Rheometer (DSR II). G’ and G” values are 

shown in Fig. 4-11(a) as a function of increasing stress amplitude. At low 

shear stress, G’ is approximately constant in the LVR with the corresponding 

elastic stress increasing with strain. As G’ decreases and goes through the 

crossover point, the elastic stress plateaus begins to decrease Fig. 4-11(b). 

The maximum in elastic stress corresponds to  the yield stress.  

 

 

Figure 4-11. (a) Viscoelasticity of  hydrophobic fumed silica (12 nm) 
suspension containing 1.07 M lithuum 
bis(trifluoromethanesulfonyl)imide (LiTFSI) in Poly (ethylene glycol) 
dimethyl ether (PEGdm 250). Classical yielding is shown by the 
decrease in G’ and the crossover of G’ and G”. (b) Elastic stress (𝑮′𝜸) 
as a function of strain (𝜸), where the yield stress is taken as the 
maximum value of elastic stress (image taken from ref. (33)). 
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4.2.5 Tangent Analysis Method 

Tangent analysis is another method of interpreting data to determine the yield 

stress. This method is suitable for steady state (Figs. 4-12(a) and (b)) and 

oscillatory amplitude tests (Fig. 4-12(c)). In oscillatory amplitude tests, a 

tangent is drawn to the G’ plateau of the linear viscoelastic region (LVR) and 

the initial slope in G’, with the intersect of both tangent lines considered to be 

the yield stress (3, 4, 8, 13, 19, 34). Using the tangent method, a logarithmic 

scale should be used to provide clear fits of the tangents. 

 

 

Figure 4-12. Tangent analysis method to determine the yield stress of 
materials by rotational (a and b) and oscillatory (c) measurements 
(image taken from ref. (4)). 

 

 

Yanez et al. (34) used the oscillatory strain amplitude method to determine 

the yield stress of 20 vol% alumina suspension at pH 4. Figure 4-13 shows 

the G’ and G” response as a function of strain. Using the tangent method, with 

a line fitted to the LVR (line d) and the flow region (line e), point (J), identifies 

the intersect of the two lines which is called the yield strain. The yield stress 

is the determined by: (34)  
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𝝈𝒚 = 𝜸𝒚𝑮
′        Eq. 4-3 

 

where 𝜎𝑦 is the yield stress, G’ the elastic modulus and 𝛾𝑦 the yield strain. 

 

 

Figure 4-13. Viscoelastic behavior of 20 vol% alumina in 2.5 M NH4Cl at 
pH 4. Tangent analysis method was used to determine the yield stress 
as the intercept of the two tangent lines (image taken from ref. (34)). 
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4.3 Materials and Methods 

4.3.1 Materials 

Alumina powder (Al2O3) (product number: AL-160SG-3) with average particle 

size of 0.52 µm was obtained from Showa Denko, Japan . Angstromsphere 

silica (SiO2) powder of average size 0.1 µm was obtained from Fibre Optic 

Centre. Scanning electron microscope (SEM) images confirmed the alumina 

particles to be irregularly shaped (plate-like) and the silica particles to be 

spherical.  Ultrapure Milli-Q water (Merck Millipore, USA) with a conductivity 

of 0.055 µS cm-1 and resistivity of 18.2 MΩ cm at 25°C was used throughout 

the study. Sodium chloride (NaCl) and hydrochloric acid (HCl) (37% wt/wt) 

were obtained from Fisher Scientific. Sodium hydroxide (NaOH) (50% wt/wt) 

was obtained from Sigma-Aldrich. All chemicals were used without further 

purification.  

 

To prepare all suspensions, a 4 blade impeller (d = 30mm) with overhead 

stirrer (Cole-Parmer) was used. With samples prepared, samples were sealed 

in plastic containers and placed on a tube roller for sample aging. Further 

details on sample preparation and measurement are provided in Section 

4.3.2.   
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4.3.2 Experimental Methods 

4.3.2.1 Experimental Protocol: Stress Ramp 

This section describes the experimental method to prepare high concentrated 

alumina suspensions (35 vol%) at pH 8. 1 mM NaCl solution was prepared as 

a background electrolyte and used for all samples. Firstly (day 0, t = 0 h), 89 

g of alumina (0.52 µm) was added slowly to 39 mL of 1 mM NaCl solution 

under gentle stirring at 500 rpm. With all the alumina added, the pH of the 

suspension was checked (in general, pH of alumina suspension is around 8.5) 

and adjusted to the desired pH using 5 M HCl to avoid any dilution effects. 

One drop of 5 M HCl was added to the suspension and then manually mixed 

by hand for 3 min. The pH adjustment protocol was optimized and found to 

shift the suspension pH to pH 8. The prepared samples  were then left on the 

roller overnight to ensure homogeneous ionic concentration had been 

attained. It is worth noting that the suspension conditions were mostly 

determined from preliminary laboratory work. Since the overall objective of the 

study was to modify the yield stress of high solids content suspensions, the 

initial condition was set so that the suspension yield stress was approximately 

100 Pa at the different pH conditions to be tested.  The solids concentration 

of 35 vol% was found to meet this criterion, and when the solids concentration 

was increased to 40 vol%, the torsional limit of the rheometer was approached 

thus limiting the reliability of the measured data.  Two pH conditions were 

considered at pH 8 and pH 9 to vary the strength of the colloidal interaction 

between the major and minor component particle species.  Further details 

regarding this are provided in Chapter 5. 
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Day 1, t = 24 h, the pH of the suspension was rechecked and readjusted by 

adding one drop of 5 M HCl if required, and mixed manually for 3 min.  With 

the alumina suspensions prepared to pH 8, 40 mL of sample was gently 

transferred to the concentric cylinder geometry of the rheometer (DHR-2, TA 

Instruments), and the stress ramp run following the protocol, which is 

described in Section 4.3.2.4. Calibration of the rheometer is described in 

Section 4.3.2.3.  

 

The experimental protocol to prepare the Al2O3 suspensions is shown in Fig. 

4-14 for the stress controlled measurements. While not discussed in the 

current chapter, the sample preparation protocol over 2 days became the 

standard when testing both single and dual component suspensions.  As 

discussed in Chapter 5, Section 5.3.3, the blending time to strongly modify the 

suspension rheology was found to be 2 days. The mechanism for the flow 

modification is discussed in Chapter 5 and describes the improved distribution 

(dispersion) of the minor component throughout the high solid content alumina 

suspension. For comparison, the blending protocol over 2 days was used for 

all samples. 
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Figure 4-14. Experimental protocol used to prepare mono-system 
(alumina only) and binary system (alumina and silica) suspensions for 
stress-controlled rheology measurements.  

 

4.3.2.2 Experimental Protocol: Oscillatory Rheology 

This section describes the experimental method for the oscillatory 

measurement of Al2O3 suspensions. The sample preparation protocol for Day 

0 and Day 1 was followed as described in Section 4.3.2.1. However, rather 

than applying manual mixing, a 4 blade overhead stirrer was used to improve 

the blending process. The blending time was 5 min at 1500 rpm.  For samples 

studied on Day 2 the blending time was 3 min at 1500 rpm.  The alumina 

suspension was transferred to the concentric cylinder using spatula then the 

concentric cylinder was placed on the vortex (from SciQuip) for 1 min at 

maximum vibration speed (2500 rpm) to ensure that no air bubble was left in 
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the system, otherwise it could be challenging to produce good rheology data. 

Finally, the concentric cylinder attached to rheometer. The experimental 

protocol to prepare the Al2O3 suspensions is shown in Fig. 4-15 for oscillatory 

rheology measurements. 

 

 

Figure 4-15. Experimental protocol used to prepare mono-system 
(alumina only) and binary system (alumina and silica)  suspensions for 
oscillatory rheology measurements. 

 

4.3.2.3 Rheometer Set-up and Calibration Protocol 

The rheometer was set up and calibrated following the standard method in the 

rheometer manual. Firstly, the instrument inertia was calibrated in the absence 

of a rheometer geometry and the instrument inertia was found to be 21.4548 

µN m s-2, with the acceptable range between 21 and 22 µN m s-2. It was then 
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important to calibrate the geometry used for each experiment, either bob or 

vane geometry.  With the geometry attached, the geometry inertia was 

calibrated with values of 1.59 µN m s-2 for the vane and 12.82 µN m s-2 for the 

bob. It also important that the geometry was mapped in the relevant mode of 

operation either rotational mode or oscillation mode. When mapping the mode 

of operation, the bearing mode was set to precision level and the number of 

iterations for the calibration was 5. With the instrument calibrated and 

mapped, the geometry was then calibrated with the measurement cylinder by 

zeroing the gap.  With the gap zeroed, the geometry could then be precisely 

positioned at the gap setting of the different geometries, which were 4 mm for 

the vane and 5.62 mm for the bob geometry. To minimize any solvent loss 

during the measurement all measurements were conducted with the solvent 

trap positioned on top of the measurement cylinder.   

 

4.3.2.4 Rheometer Protocol: Stress Controlled Measurement  

Figure 4-16 shows the basis for a stress-controlled rheology measurement. 

For a stress ramp, the user inputs the stress range, the rheometer executes 

this stress range and programs the shear rates based upon either linear or 

logarithmic ramping and the shear rate is measured.  

 

 

Figure 4-16. Steps for a stress-controlled measurement when 
conducting a continuous stress ramp.  
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All rheology measurements were conducted at T = 25°C using a Discovery 

HR-2 rheometer (TA Instruments) equipped with vane (diameter = 28 mm, 

length = 42 mm) and cup (diameter = 42 mm) geometry. 

 

Initially, a 35 vol% alumina suspension was prepared at pH 9 following the 

experimental protocol described in Section 4.3.2.1. With the sample 

transferred to the rheometer cup, the vane was immersed into the suspension 

to a gap height of 8800 µm. In order to minimise drying of the suspension, a 

solvent trap with wet tissue attached inside the solvent trap was placed on the 

measurement cup. 

 

Figure 4-17 shows the experimental protocol for conducting a stress ramp 

test. Four steps from (a) to (d) were run as follows: step (a), the suspension 

was pre-sheared at 500 s-1 for 1 min to ensure any sample history effects were 

removed (35); step (b), the sample was allowed to rest (0 s-1) for 3 min to 

reach a consistent structure prior to measurement (14, 36); step (c), a stress 

ramp between 0.01 and 1000 Pa was applied over 5 min, collecting 2000 data 

points with a linear increase in stress; step (d), a stress ramp between 1000 

and 0.01 Pa was applied over 5 min, collecting 2000 data points with a linear 

decrease in stress. Ascending and descending stress ramps are shown by the 

closed and open blue symbols in Fig. 4-17. Each test was repeated in triplicate 

to ensure any influence of batch variability was seen. 
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Figure 4-17. Procedure for conducting a stress-controlled 
measurement. Sample: 35 vol% of alumina slurry at pH 9. (a) pre-shear 
500 s-1 for 60 s, (b) rest time was applied for 180 s, (c) closed symbols 
represent the ascending stress ramp, (d) open symbols represent the 
descending stress ramp. 
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4.4 Results and Discussion 

4.4.1 Stress Ramp: Batch to Batch Variability  

Three separate alumina suspensions of 35 vol% were prepared at pH 9 to 

assess batch to batch variability. The shear stress profiles as a function of 

shear rate are shown in Fig. 4-18(A) and the corresponding linear transient 

stress ramp up and down is shown in Fig. 4-18(B). 

 

Even though samples were prepared following the same protocol, and the 

samples tested using the same experimental protocol, the three stress profiles 

do not exactly overlay one another. Interestingly, two samples (identified by 

the black and blue symbols) showed some degree of hysteresis between the 

shear rate ramp up and down. This behavior is usually described as thixotropy 

(37-43), with samples showing time-dependent shear thinning behavior. 

Hysteresis in high solids content suspensions is typical because the time to 

rebuild the structure is often longer than the structural breakdown under 

applied shear. Qualitatively the degree of thixotropy, as determined by the 

hysteresis loop area, usually increases with gel strength (44). Even though all 

samples exhibit a significant yield stress of a few hundred Pa, those small 

differences in yield stress values, as seen by the incipient point for non-linear 

stress build up, is not reflected in the degree of thixotropy. Since the rate of 

shear rate ramp up and down is constant for all three experiments, the loss of 

thixotropy (red symbols) cannot be attributed to an imposed rate effect.  

 

An attempt was made to fit Herschel-Bulkley and Bingham models to the 

experimental data, but the rapid jump in shear rate (inset Fig. 4-18(A)) after 
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yielding prohibited good fits. More reliable fits could be made by fitting the 

models to the shear rate ramp down data, but still a jump in shear rate close 

to the yield stress can lead to significant variability in the determined yield 

stress, when selecting those data points to fit. Taking the point at which the 

shear rate jumps from very small values, the yield stress on the up and down 

cycle is shown by the yellow and green symbols in the inset Fig. 4-18 (A). 

Taking this approach, the yield stress values of the 3 suspensions (using 

shear rate up data) were 525 Pa (sample 1), 480 Pa (sample 2) and 445 Pa 

(sample 3). For the shear rate down data the yield stress values were 380 Pa 

(sample 1), 265 Pa (sample 2) and 310 Pa (sample 3). The significant 

difference between yield stress values when ramping up and down is 

expected when samples exhibit thixotropy and the steady-state condition has 

not been recovered. As a result of these differences between yield stress 

values, the shear rate ramp measurement is sensitive to the ramp rate both 

upwards and downwards, and can introduce variability that reduces the 

reliability of the method. This observation is widely reported and is consistent 

with thixotropic effects that are observed in suspensions in the crystalline-

liquid coexistence phase (2, 19, 38, 45, 46). The significant differences 

between yield stress values of each sample proved that such a method could 

not be reliably used to measure high yield stress values.   
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Figure 4-18. Stress ramp up (full symbols) and down (empty symbols) 
for 35 vol% alumina suspension at pH 9. (a) Three samples are 
compared (black, red and blue symbols). All suspensions were 
prepared as small batches (batch to batch variability system). Inset 
highlights the suspension rheology at shear rate less than 100 s-1. The 
yield stress values for ascending and descending stress ramps are 
shown by the yellow and green symbols, respectively. (b) A linear 
transient stress ramp up (blue full symbols) and ramp down (blue empty 
symbols).  
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4.4.2 Stress Ramp: In-batch Variability (single large batch) 

4.4.2.1 Alumina Slurry Preparation 

To ensure the previous data was not influenced by the sample preparation 

method, a 200 mL batch (larger batch) of alumina suspension  was prepared 

at pH 9. Initially, 130 mL of 1 mM NaCl was poured into a 1 L glass beaker 

using a 10 mL Eppendorf pipette. 271.6 g of alumina powder was then added 

slowly to the NaCl solution using a stainless steel spatula, with the suspension 

gently stirred using an overhead stirrer (Cole-Parmer) at 500 rpm. Any 

adjustments in pH were made using 5 M NaOH to  avoid any dilution effects. 

The suspension was stirred for a further 10 min at 1500 rpm to  ensure the 

alumina powder was fully blended. 

 

The alumina suspension was divided into 3 equal smaller batches and left 

overnight gently rolling (Scilogex) to ensure the suspension reached had 

reached an ionic equilibrium between the solids and solvent. After 24 h the pH 

of each alumina suspension was re-checked and re-adjusted to pH 9 using 

one drop of 5 M NaOH if needed. The suspensions were manually mixed for 

5 min. Each alumina suspension (sample volume = 40 mL) was transferred to 

the concentric cylinder of the rheometer using a spatula. The vane geometry 

was lowered into the sample to a gap setting of 4000 µm (the operating gap 

for the vane geometry), and the standard experimental protocol run. 
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4.4.2.2 In Sample Assessment 

All rheology experiments were conducted at T = 25°C. The shear stress 

profiles as a function of shear rate for the three samples prepared from the 

same larger batch are shown in Fig. 4-19. Briefly, the experimental protocol 

involved a constant pre-shear at 500 s-1 for 5  min, followed by 3 min rest at 0 

s-1, then the shear stress was linearly increased between 0.01 to 1000 Pa over 

5 min, and then linearly decreased from 1000 to 0.01 Pa over the same time 

interval. 

 

Figure 4-19(A) shows a similar behavior to that shown in Fig. 4-18(A). For all 

samples, some degree of hysteresis is shown, but again the data is not 

consistent. For example, considering sample 1 (black symbols), the stress 

profile on the shear rate ramp up is greater than the stress profile on the shear 

rate ramp down. While for samples 2 and 3 (red and blue symbols), the 

opposite behavior is observed, and a higher stress is measured on the shear 

rate ramp down. A higher stress on the ramp down would indicate some 

structure building during the shear rate ramp up, which is commonly described 

as a rheopectic fluid.  The anti-thixotropic behaviour has previously been 

reported for alumina particles with the effect attributed to the formation of 

agglomerates and the possible onset of gelling which is more apparent at 

higher solids concentrations (47, 48). 

 

Taking the approach that the yield stress is the stress value when the shear 

rate significantly deviates from small shear rate values, the yield stress of the 

three samples during shear rate ramp up was 860 Pa (sample 1), 865 Pa 



 
 

 

126 

(sample 2), and 738 Pa (sample), while for the shear rate ramp down the 

values were 478 Pa (sample 1), 488 Pa (sample 2) and 422 Pa (sample 3). 

Again for the supposed same sample, prepared by the same protocol, the 

measured yield stress can vary by 15% which is far too large when looking for 

smaller changes in yield stress, see Chapter 2. 

 

Figure 4-19 (B) shows the shear stress as a function of time (ts) while a 

constant shear rate of 500 s-1 is applied (representing the pre-shear protocol).  

The black, red and blue symbols correspond to those in Fig. 4-19(A), and were 

conducted before any shear rate ramp experiments were performed. The 

green symbol represents a subsequent measurement following a pre-shear 

and stress ramp protocol in Fig. 4-19(A). The data corresponds with the blue 

symbols. Three things to note: i) a shear rate of 500 s-1 is sufficiently high that 

the shear stress generated exceeds the yield stress, hence the suspension 

will undergo structure breakdown and remove any history effects; ii) for the 

sample identified by the black symbols, a slight time dependence is observed 

and confirms a thixotropic behavior; and iii) the difference between the blue 

and green symbols is marginal suggesting there is a negligible effect of 

sample drying during the experimental protocol. If the sample had shown 

effects of drying, it would be expected that the green data set is above the 

blue data set, due to a higher solids concentration.  
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Figure 4-19. Three alumina suspensions (black, red and blue symbols) 
prepared by the in-batch-variability system (single large batch). All 
samples were 35 vol% alumina in 1 mM NaCl at pH 9. Closed symbols 
represent the shear stress ramp up and open symbols represent the 
shear stress ramp down.  Inset highlights the suspension rheology at 
shear rate less than 100 s-1. The yield stress values for ascending and 
descending stress ramps are shown by the yellow and green symbols, 
respectively. (B) Shear stress as a function of a step time at constant 
shear, 500 s-1 (pre-shear protocol). Green symbols represent stress 
profile following the shear stress ramp down of sample 3 (blue 
symbols). 
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4.4.2.3 Consecutive Repeats 

To assess any sample aging effects, three consecutive tests were performed 

on two alumina suspensions prepared to 35 vol% at pH 9. Figure 4-20 shows 

sample A (Figure A) and sample B (Figure B). Black, red and blue symbols 

represent the three consecutive shear rate ramp cycles. Closed symbols 

represent and increase and open symbols a decrease in shear rate. While 

behavior is very consistent with what has previously been described, it is 

important to note how the yield stress randomly changes from run to run for 

both samples. For sample A the yield stress increases with the number of 

cycles, but for sample B it increases and then decreases slightly. This again 

highlights the limitation of using such an approach to collect reliable yield 

stress data.  
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Figure 4-20. Consecutive cycling of a 35 vol% alumina suspension in 1 
mM NaCl and pH 9. First, second and third cycles are represented by 
black, red and blue symbols. Closed symbols are shear stress ramp up 
and open symbols are shear stress ramp down. (A) is sample 1 and (B) 
is sample 2. Both samples prepared by the in-batch variability  (single 
large batch) method. Inset highlights the suspension rheology at shear 
rate less than 100 s-1. The yield stress values for ascending and 
descending stress ramps are shown by the yellow and green symbols, 
respectively. 
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Figure 4-21 shows the suspension shear stress at a constant shear rate of 

500 s-1. Figures A and B correspond to samples A and B, and the black, red 

and blue symbols correspond to the pre-shear protocols for the three 

consecutive tests shown in Fig. 4-20. The green symbols represents a final 

pre-shear test following the 3rd shear rate ramp test (blue symbols).  Again, 

nothing unexpected was found and proves that the pre-shear protocol 

exceeds the yield stress of the sample. However, even with history removed 

it was difficult to achieve repeatable data using this method. 

 

 

 

 



 
 

 

131 

 

Figure 4-21. Shear stress as a function of a step time at constant shear, 
500 s-1 (pre-shear protocol). (A) is sample 1 and (B) is sample 2. Both 
samples prepared by the in-batch variability (single large batch) 
method. Data corresponds to that shown in Fig. 1-19. Green symbols 
represent stress profile following the shear rate ramp down of sample 3 
(blue symbols).   
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4.4.3 Blending Time Effect 

To ensure some of the differences were not a result of poor blending of 

alumina powder in the NaCl solution, two 35 vol% alumina suspensions 

prepared as separate small batches at pH 9 in 1 mM NaCl were mixed using 

an overhead stirrer for 10 min and 30 min. Following mixing the samples were 

left on the rollers overnight. Figure 4-22 shows the shear rate ramp data for 

sample 1 (black symbols) mixed for 10 min, and sample 2 (green symbols) 

mixed for 30 min. It was found that the yield stress decreased with increased 

mixing time, 740 Pa for 10 min mixing, and 620 Pa for 30 min mixing. The 

difference is ~16% and again falls within the measurement error previously 

reported. As such, it cannot be confidently stated that blending has a marked 

effect on preparing a more homogenous sample.   
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Figure 4-22. 35 vol% alumina suspensions prepared (as small batches) 
in 1 mM NaCl and pH 9. Closed symbols are shear stress ramp up and 
open symbols are shear stress ramp down. Black symbols represent 10 
min mixing time and green symbols represent 30 min mixing time (when 
t = 0).  

 

 

Using the stress ramp protocol both batch to batch (small repeated batches) 

and in-batch (single large batch) variability was considered. While the 

concentrated alumina suspensions exhibited high yield stress values, and 

generally showed some degree of thixotropy, the data collected demonstrated 

that the common stress ramp for measuring the yield stress of concentrated 

alumina suspensions was not appropriate, due to a lack of reproducibility and 

variation up to 16%. As such, an alternative method was considered wherein 

the rheological properties prior to yielding are well characterized along with 

the incipient point of yielding.  
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4.4.4 Oscillatory Rheology 

This section discusses two different methods of oscillation measurement (1) 

strain-controlled and (2) torque-controlled. 

 

4.4.4.1 Strain Control – Preliminary Testing  

Figure 4-23 describes the steps of operating a stress-controlled rheometer in 

continuous strain. For strain controlled, an strain level is inputted, however, 

because the rheometer is stress-controlled, a torque to deliver the desired 

stain is estimated. The torque is then optimized until the desired strain is 

attained. With the correct strain achieved the measurement is then made.  

 

 

Figure 4-23. Steps for a strain-controlled measurement using a stress-
controlled rheometer.  

 

 

The DHR-2 rheometer (TA Instruments) was used with a vane (diameter = 

15 mm, length = 38 mm) and cup (diameter = 42 mm) geometry. An alumina 

suspension of 35 vol% and prepared to pH 8 was tested following the 

experimental protocol for oscillatory rheology described in Section 4.3.2.2. All 

tests were performed at 25°C. With the suspension placed in the rheometer, 
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the vane geometry was lowered into the sample to a gap setting of 8800 µm 

and the solvent trap fitted, the suspension underwent a pre-shear of 800 s-1 

for 5 min followed by 3 min rest to remove any sample history.  

 

To conduct the oscillatory strain measurement, the strain amplitude was 

increased logarithmically from 0.0004 – 100%, at a fixed frequency of 10 rad/s 

and 5 points per decade. Continuous oscillation (direct strain) and soft motor 

mode were selected for the measurement to provide the highest measurement 

sensitivity. Correlation mode was selected for data acquisition, where the 

software assesses the torque and displacement data in real time and provides 

data that is only frequency dependant (36). A conditioning time of 30 s was 

chosen which reflects the time over which the oscillation torque is applied to 

the sample before measuring the sample. The number of oscillation cycles 

was set to 5, with the oscillation torque applied to the sample and data 

acquired (36). Number of points in a waveform was 1024, which is maximum 

number of data points that could be collected.   

 

Figure 4-24 compares the storage (G’) and loss (G”) moduli as a function of 

strain (%) for the 35 vol% alumina suspension at pH 8. The storage (G’) and 

loss (G”) moduli are shown by blue and green symbols, respectively.  It is 

generally seen that at low strain (%) G’ is greater than G”, and reflects a solid-

like behavior, and at high strain (%) G” is greater than G’, and reflects a liquid-

liquid behavior. Prior to yielding, G’ is independent of the oscillation strain 

between 10-4-10-2 %, and is in the Linear Viscoelastic Region (LVR). After 

yielding the data becomes very noisy and the viscoelastic moduli are seen to 
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be very sporadic. This behavior is due to the stress-controlled operation of the 

rheometer, and the variability results from the need to optimize torque to 

achieve the next target strain value. Since the suspension exhibits high 

elasticity, a high torque value is required to initiate flow, thus when the 

suspension yields, optimization of strain from torque adjustments is difficult to 

achieve.  For example, when the suspension suddenly flows at high strain 

values, the rheometer records a low G’ and to compensate the rheometer then 

applies a low strain value which results in high values of G’.  

 

Figure 4-24. 35 vol% alumina suspension in 1 mM NaCl and pH 8. Strain-
controlled measurement. G’ and G” represented by blue and green 
symbols, respectively. Strain is increased logarithmically from 0.0004 to 
100 % strain at a constant angular frequency of 10 rad/s. 
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Table 4-1 shows the difference between the calculated (expected) strain and 

the strain values applied by the rheometer, with a large difference seen 

between both values. Two types of errors are illustrated in Table 1-1. An 

orange flag (cross) error indicates the applied strain is very low and is close 

to the machine limit, while the red flag error indicates that the target value was 

not achieved This red error (cross) means the rheometer struggles to apply 

the true strain value to the sample because (a) the rheometer is not strain-

controlled, and (b) the suspension is very stiff, therefore the instrument cannot 

accurately control torque adjustment to obtain target strains. 

 

Table 4-1. Comparison of expected strain and applied strain values 
using a stress-controlled rheometer. Sample: 35 vol% alumina 
suspension in 1 mM NaCl at pH 8. Strain-controlled method. 
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4.4.4.2 Torque Control – Preliminary Testing 

This section describes how the stress-controlled rheometer operates in 

continuous torque mode (Fig. 4-25). For the torque controlled method, a 

torque value is set and the rheometer applies the torque to the sample and 

the resultant strain is provided.  In this way there is no feedback or optimization 

to reach a desired strain value. 

 

 

Figure 4-25. Steps for a torque-controlled measurement using a stress-
controlled rheometer.  

 

 

A 35 vol% alumina suspension at pH 8 was prepared and loaded into the 

rheometer as previously described, using the vane and cylinder geometry, and 

applying the same pre-shear protocol. In the torque controlled method, a 

continuous torque is ramped up from 20  to 40000 µNm, using a logarithmic 

step increase.  Continuous oscillation was used and 10 data points per decade 

were collected. A sample conditioning time of 30 s was chosen and 5 cycles 

were averaged to provide the viscoelastic moduli at a particular stain (%). The 

angular frequency was set to 10 rad/s. Figure 4-26 shows typical viscoelastic 

data for a 35 vol% alumina suspension undergoing yielding with increasing 

strain. The elastic (G’) and viscous (G”) moduli are shown by the blue and 

green symbols, respectively. 
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Figure 4-26. 35 vol% alumina suspension in 1 mM NaCl and pH 8. 
Torque-controlled measurement. G’ and G” represented by blue and 
green symbols, respectively. Torque is increased logarithmically from 
20 to 40000 µNm at a constant angular frequency of 10 rad/s. 

 

 

When using the torque controlled method the data is less noisy and a clear 

yielding point is observed. Similar to the strain-controlled data, G’ is 

independent of strain (%) in the LVR and then decreases beyond the yield 

point. Also, the transition from solid-like to liquid-like behavior is seen and the 

crossover point can be estimated from simple fits of the viscoelastic moduli in 

the decay zone.  Unfortunately, for the torque controlled method, following 

initial yielding, there are no data points collected between strain values of 10-

1 and 101 % (as circled in Fig. 4-26). The missed data results from the inputted 

torque range for the measurement. However, the missing data can be 
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minimized by sub-dividing the torque range into two measurements. Figures 

4-27(a) and (b) show how sub-dividing the torque range can result in higher 

quality data. The sample was 35 vol% alumina suspension at pH 8 and the 

torque range was divided into i) 250 – 700 µNm collecting 10 points per 

decade, and ii) 700 – 20000 µNm collecting 40 points per decade. There was 

no time delay from transitioning from the first to the second torque range.  This 

approach of sub-dividing the torque range allowed for sufficient data to be 

collected within a reasonable time frame.  Plotting the two data sets together, 

Figure 4-27(c) shows a complete viscoelastic moduli response of the 

concentrated alumina suspension, and allows for accurate determination of 

the crossover point.  
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Figure 4-27. 35 vol% alumina suspension in 1 mM NaCl and pH 8. 
Torque-controlled measurement. G’ and G” represented by blue and 
green symbols, respectively. Torque is increased logarithmically from 
250 to 20000 µNm at a constant angular frequency of 10 rad/s. Figure (a) 
shows the first torque-step between 250 and 700 µNm with 10 data 
points per decade collected. Figure (b) shows the second torque-step 
between 700 and 20000 µNm with 40 data points per decade collected. 
Figure (c) is the combined data sets. 

 



 
 

 

142 

Table 4-2 compares the expected torque and the applied torque values when 

completing the two torque ramps shown in Fig. 4-27. Measurement errors are 

shown by the orange flags (crosses). Unlike the strain-controlled method 

which showed multiple errors and instrument sensitivity limits, the torque-

controlled method provides a much higher quality and reliable measurement 

with few errors reported, and only reported in the strongly-elastic region where 

the torque limits of the motor are reached.  

 

Table 4-2. Comparison of expected torque and applied torque values 
using a stress-controlled rheometer. Sample: 35 vol% alumina 
suspension in 1 mM NaCl at pH 8. Torque-controlled method. Torque-
controlled method. Step (a) and (b) reflect the two-step torque 
measurement.  

 

 

 

To verify that the oscillatory mode, torque-controlled method could provide 

repeatable and reliable yield stress data, 3 samples of 35 vol% alumina 
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suspensions were prepared at pH 8 following the protocol previously 

described. Figure 4-28 shows the viscoelastic moduli for the 3 suspensions, 

with the elastic and viscous moduli shown by blue and green symbols 

respectively. As shown, the 3 data sets show consistent behavior and appear 

to overlay. Using the tangent analysis method, the yield stress of the three 

samples was 128.51 Pa, 122.99 Pa and 124.73 Pa. The crossover modulus 

point (G’ = G”) was 9521.47 Pa, 9860.39 Pa and 9391.70 Pa, with the 

crossover occurring at strain values of 1.53 %, 1.70 % and 1.73 %. The 

quantitative assessment of the data in Figure 4-28 confirms that the oscillatory 

method is superior in measuring the yield stress of concentrated alumina 

suspensions and can provide very good batch-to-batch reproducibility. 

Therefore, this method was used for all yield stress measurements of binary 

suspensions.  
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Figure 4-28. 35 vol% alumina suspension in 1 mM NaCl and pH 8. 
Torque-controlled measurement. G’ and G” represented by blue and 
green symbols, respectively. Torque is increased logarithmically from 
250 to 20000 µNm at a constant angular frequency of 10 rad/s. A two-
step torque measurement was applied with the first-step adjusting 
torque between 250 and 700 µNm, and the second-step adjusting torque 
between 700 and 20000 µNm. The number of data points per decade was 
10 and 40 in the first and second-steps, respectively. Three samples are 
compared and shown by the different shaped symbols.   
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4.5 Conclusions 

The study considered different methods to accurately measure the shear yield 

stress of high solids content suspensions. There were many challenges in 

sample preparation and measurement, and through iteration of the method, 

an approach was successfully demonstrated to accurately and reproducibly 

measure the high yield stress values of high solids content alumina 

suspensions. In rotational mode, the stress ramp proved difficult to generate 

repeatable data, with consecutive cycles in the stress producing little 

consistency. In addition, the fitting of a flow curve to a standard yield stress 

model (for example the Herschel-Bulkley model) proved very challenging with 

small sensitivities in the fitting parameters strongly influencing the shear yield 

stress. While not extensively considered in the current chapter, creep rheology 

is another alternative rotational technique that can be used to measure the 

suspension yield stress.  Through preliminary testing (data not shown), there 

was concern that the duration of the measurement was too long and 

potentially led to slight sample drying which would modify the suspension 

rheology.  Hence, a more direct and faster method to measure the suspension 

yield stress was preferred.   

 

Operating the rheometer in oscillation mode proved to be more successful and 

the yield stress was first examined using strain control method. However, 

because the rheometer is stress controlled, the strain-stress feedback loop 

created several difficulties in smoothly executing the strain ramp, with the 

rheometer strain often overshooting the desired strain due to difficulties in 

ramping up the rheometer stress. To overcome this issue the method was 
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adapted to follow a torque ramp, thus eliminating the need for a feedback, with 

the torque being directly applied to the sample and the strain determined from 

the torque applied. This method is used throughout the study as described in 

the following Chapters. 
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Flow Modification of Concentrated Particle 

Suspensions 

 

Hypothesis: The flow of highly concentrated particle suspensions with 

particles that are colloidal in nature and irregular-shaped is very difficult. It is 

hypothesized that the yield stress and suspension viscosity can be 

dramatically reduced through the addition of small spherical particles, 

i.e. improved flow through a possible lubrication effect.  

 

 

Figure 5-1. Baseline experimental data used to underpin the research 
hypothesis. The yield stress of alumina increases rapidly as a function 
of the solids concentration, while the yield stress of silica remains low 
until very high solids concentrations close to the maximum packing 
fraction.   
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Results: Two particle systems were considered, the first being alumina which 

is the main component of the suspension and the second component being 

colloidal silica which is a minor component of the suspension. Two 

pH conditions were considered that were approximately one pH unit either 

side of the isoelectric point. This allowed for suspensions to be studied where 

the alumina and silica were colloidally attractive and repulsive. In the absence 

of colloidal silica, the alumina suspensions exhibited high yield 

stresses characteristic of high particle concentration suspensions. These 

yield stresses could be reduced through adding small quantities of colloidal 

silica. For the best case, the yield stress of the alumina suspension at pH 9 

could be reduced from over 100 Pa to 0 Pa by adding 1 vol% colloidal 

silica.  All suspensions were kept at 35 vol%, thus showing a dramatic 

reduction in the suspension yield stress through the addition of colloidal 

silica.  

 

Conclusions and Future Perspective: The contribution of colloidal 

silica to modify the rheology and eliminate yield stress in concentrated particle 

suspensions has been highlighted. It is hypothesized that the role of the 

colloidal silica is to act as a “ball bearing” and lubricate 

the contacts between the irregular shaped particles. Through greater 

dispersion of the colloidal silica throughout the alumina network, it may be 

possible to further reduce the concentration of the minor additive such that 

the levels of dosing are a fraction of a percent. The current study highlighted 

the presence of colloidal silica “islands” and it is thought that the effectiveness 
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of these islands to modify the flow rheology is negligible. Better dispersion 

should lead to better performance.   

5.1 Introduction  

Colloidal particles are encountered in a wide range of industrial environments 

from pharmaceuticals through to mining, with their presence often leading to 

challenges in handling if their properties are not controlled. In the nuclear 

industry, colloidal particles are often encountered in legacy wastes which have 

resulted from the corrosion of fuel and fuel cladding. In the UK (1-4), legacy 

waste is mostly a magnesium hydroxide-based material resulting from the 

corrosion of Magnox fuels, while in the US the legacy waste is mostly alumina-

based material resulting from the corrosion of the aluminum clad fuels (5-9). 

The corrosion and subsequent formation of colloidal particles which have 

settled over many years to form a sludge layer in tanks and silos is now 

creating challenges in the decommissioning of legacy facilities. 

Remobilization of the material is difficult and its subsequent preparation for 

interim storage is challenging because it is envisaged that the material will be 

required to readily flow many years from now when it is transferred to an 

ultimate storage facility for very long-term disposal. 

   

The viscosity of a suspension correlates to the ease of flow, with high viscosity 

suspensions exhibiting increased resistance to flow. The contribution of solids 

to modify the relative viscosity of a suspension was first considered by 

Einstein (10) who wrote a general equation for the changing relative viscosity 

dependent on the solid volume fraction. The relationship is valid for low solids 
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concentrations typically less than one volume percent. This general 

relationship was expanded by Batchelor (11, 12) to increase the validity of the 

model up to approximately 10 vol%.  These two theoretical correlations 

account for very dilute and dilute particle suspensions in which hydrodynamic 

interactions are weakly considered. However, beyond this concentration 

range, particle-particle interactions become important wherein confinement by 

neighboring particles severely inhibits flow, hence leading to a rapid rise in the 

relative viscosity of a suspension as the jamming point or the maximum 

packing fraction of the suspension is approached. Such characteristic 

behavior is described by the semi-empirical equation of Krieger and 

Dougherty (13). As show in Eq. 7.1, the relative viscosity is dependent on the 

solids volume fraction (), the maximum packing volume fraction (m) of the 

particle suspension and the intrinsic viscosity (B) which for hard spheres is 

taken to be 2.5. 

 

ƞ𝒓 = (𝟏 −
𝜱

𝜱𝒎
)
−𝑩𝜱𝒎

                         Eq. 5-1 

 

 

The importance of particle shape on the suspension viscosity has been 

highlighted by several researchers (14-17). Particles that exhibit an increasing 

aspect ratio are more problematic to flow because their rotational space in 

flow is much greater than a sphere of an equivalent volume. As such, the 

occupied volume per particle is greater and thus the apparent particle volume 

fraction is higher. This simple explanation partly justifies why the flow of 
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colloidal particles, which are irregularly shaped, is more challenging than 

colloidal spheres, with the increase in relative viscosity observed at much 

lower particle concentrations than those of spheres.   

 

Flow modification of concentrated particle suspensions has been considered 

by numerous researches (18-21), particularly focusing on preventing the rapid 

onset of shear thickening which occurs at a critical shear rate and is 

dependent on the solid volume fraction. The chemical additives which are 

used to modify the flow are mostly organic species such as surfactants and 

polymers.  

 

The addition of inorganic species to modify the flow of concentrated particle 

suspensions has received less attention, with more interest in controlling the 

stability of a colloidal suspension. For example, the use of heteroaggregation 

to modify the stability of dilute particle suspensions is widely reported (22-24). 

Mixing particles of opposite charge promotes particle-particle interaction with 

the smaller additive particle often surrounding the larger particle, lowering the 

apparent particle zeta potential and driving aggregation of the larger particles. 

Researchers have considered several properties including particle size and 

particle zeta potential to promote a change in the stability of the dilute 

suspension.   
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5.2 Materials and Methods  

Two particles were used throughout this study. Colloidal alumina was 

purchased from Showa Denko, Japan (AL160SG-3), with a density of 3.9 

g/cm3. Colloidal silica was purchased from Angstromsphere, USA, with a 

density of 1.9 g/cm3. All particles were used without further purification. All 

particle suspensions were prepared in 10-3 M NaCl. The electrolyte 

concentration was chosen to allow pH adjustments without influencing the 

ionic concentration of the suspension. A stock solution of 10-3 M NaCl was 

prepared and used within one month.   

 

5.2.1  Particle Sizing 

Suspensions of 10000 ppm were prepared at pH 10 and tip sonicated for 3 

min prior to measurement. The particle size distribution was measured 10 

times and averaged. The d50 measured particle sizes were in good agreement 

with those reported by the manufacturer. The alumina particles had a d50 of 

500 nm, and a d10 and d90 of 380 nm and 520 nm, see Fig. 5-2. The silica 

particles had a d50 of 100 nm, and a d10 and d90 of 90 nm and 100 nm, see 

Fig. 5-2. The two particle sizes are clearly distinct for the two particle types, 

with the alumina particles, which are the main component of the particle 

suspension, being larger than the minor component of silica.   
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Figure 5-2. Particle size distributions for the two particle species used 
throughout study. The alumina particle is the main component in the 
suspension and the silica particle is the additive to modify the rheology. 

 

 

5.2.2  Particle Shape 

The silica and alumina particles were imaged under SEM SU8230 (Hitachi, 

UK). Samples were prepared to 10000 ppm in Milli-Q water and one drop of 

the suspension was deposited onto a SEM stub and allowed to dry. Samples 

were imaged at several magnifications, with the images collected at 50000 

magnification shown in Fig. 5-3. The scale bar for each image is 2 µm. The 

spherical nature of the silica particles is clearly observed with very few 

fragments, very few fused particles and a very narrow particle size distribution. 

For the alumina particles, the particles appear to be agglomerated with the 

true particle size measured by the Malvern ZetaSizer Nano. Compared with 

silica, clearly there is a greater distribution in particle size and the particle 

shape is irregular and of higher aspect ratio.   
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Figure 5-3. SEM images of the colloidal silica and alumina. The silica 
particles are spherical with a low polydispersity. The alumina particles 
appear aggregated due to drying of the particles on the SEM stub. 

 

 

5.2.3 Particle Zeta Potential  

The particles zeta potential as a function of pH was measured using a Malvern 

ZetaSizer Nano. The zeta potential was measured in 10-3 M NaCl and the pH 

adjusted from pH 6.5 to either acidic or basic pH values. This practice was 

adopted to ensure the background electrolyte concentration did not change 

significantly during the measurement. To adjust the pH slightly, either 10-3 HCl 

or 10-3 NaOH was used. At each pH, the suspensions were measured 10 

times for 10 measurements and then averaged. In addition, two further 

repeats on freshly prepared samples were made and the data in Fig. 5-6 

shows the average and error bars which represent the variation of the three 

measurements.   
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5.2.4  Rheology  

All suspensions were measured using a DHR-2 rheometer (TA Instruments). 

The yield stress of each suspension was measured in oscillatory mode. The 

rheometer was calibrated using the standard procedure of first calibrating the 

inertia of the spindle, then calibrating the spindle in the presence of the 

geometry, and all measurements were conducted in precision mode and soft 

bearing mode for maximum measurement sensitivity. The geometry used was 

a vane of dimensions, d = 15 mm and l = 38 mm, with the vane inserted into 

a 50 mL cup. Before each measurement the gap spacing was calibrated at 

8800 µm. The prepared sample was loaded into the cup using a spatula and 

to ensure the vane was fully submerged in the sample, 35 mL of sample was 

loaded into the cup. The vane was then gently rotated at 100 s-1 to ensure the 

sample is uniformly distributed in the cup and any trapped air is removed from 

the sample. Prior to measurement, all samples went through a pre-shear 

protocol of 400 s-1 for 5 min. This pre-shear protocol ensured that any history 

effects in the sample were removed, as well as any possible trapped air. The 

pre-shear protocol was optimized to ensure that the yield stress of the 

prepared suspension was greatly exceeded. Following pre-shear, the sample 

was allowed to rest at 0 s-1 for 180 s so that the structure could rebuild prior 

to measurement. At a fixed frequency of 50 rad s-1 the oscillation strain was 

increased from 0.0001 % to 100 %, with the strain step increasing 40 points 

per decade.   

 

A typical oscillation strain measurement is shown in Fig. 5-4. The strain is 

varied sinusoidally and the resultant stress measured. The relationship 
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between the strain, stress and phase angle are then used to determine the 

viscous (G”) and elastic (G’) contributions of the suspension as a function of 

increasing strain. The yield stress was then determined from the G’ plateau 

multiplied by the yield strain, which is taken to be the intercept between the 

plateau of log G’ and the slope of log G’, see Fig. 5-5 (25).   

 

 

Figure 5-4. Schematic of the sinusoidal wave profiles of the applied 
strain and measured stress. From the wave form the complex modulus 
is determined and using the phase angle the viscous (G’) and elastic 
(G”) moduli are calculated.   
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Figure 5-5. Typical viscoelastic data used to determine the yield stress 
of the concentrated particle suspensions. The yield stress is the 
product of the G’ plateau and yield strain.    

 

 

5.2.5  Sample Preparation Method 

All samples were prepared following the same protocol. Separate batches of 

silica and alumina were initially prepared to the desired solids concentration 

in 10-3 M NaCl and then pH adjusted to the specified value. The prepared 

suspensions were gently agitated overnight on a tube roller to ensure the 

solution and the particle surface had reached ionic equilibrium. The silica 

suspension was then added gradually to the alumina suspension and the 

combined suspension was continually mixed using an overhead stirrer at 1500 

rpm for 5 min. With the two suspensions combined, the suspension was 

continually agitated for a further 30 min and then sealed in a plastic container 

and left on the vibrating table for 24 hr. The blended suspension was pH 

checked and adjusted accordingly if needed. The suspension was then 
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resealed, left to agitate for a further 24 hr and finally pH checked and adjusted 

if needed prior to measurement.    

 

5.2.6  SEM Methods  

Two methods of sample preparation for SEM were used in the study, with the 

methods dependent on the suspension concentration. For dilute suspensions 

of approximately 10,000 ppm, it is possible visualize the likely interactions 

between the major and minor particles by isolating just a few particles. The 

method for dilute suspensions is called plunge freezing (26) and follows a 

protocol to minimize the effect of sample drying on the observed particle 

interaction.  A 3.5 µL droplet of dispersion was placed on a glow discharge 

treated carbon support film, blotted, and plunge frozen in liquid ethane. The 

method is designed to ensure that the formed ice layer is as thin as possible 

without distorting the specimen, whilst fully embedding the particles to 

maximize sample contrast. The as prepared samples were then transferred 

cold to the cryo-holder for imaging. 

 

The second method (27) of SEM allows for the visualization of the two particle 

types in the concentrated suspension, i.e., no dilution of the sample is needed. 

Cryo-SEM (Quorum Technologies, UK) requires approximately 0.5 mL of the 

suspension and this was extracted from the sample vial using a small spatula 

and placed onto a universal specimen shuttle. The sample was then plunged 

into liquid nitrogen at –90 oC for 2 min. The frozen sample was then transferred 

to a Quilo cryo preparation chamber (T = –140 oC) under high vacuum (1 × 
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10-7 mbar) using the system cryo transfer device. The preparation chamber 

with viewing window was used to remove ice by the twin fracturing 

manipulators. The prepared sample was then transferred onto the SEM cold 

stage for imaging at –140 oC. Several samples and several magnifications 

were collected to determine the typical nature of the prepared blended 

suspensions. 

 

5.3  Results and Discussion  

The zeta potentials of the colloidal silica and colloidal alumina were measured 

in 10-3 M NaCl as a function of pH, see Fig. 5-6. The zeta potential of the 

colloidal silica was found to be negative across the pH range, with the particle 

isoelectric point being measured at pH 2. In basic conditions, the zeta potential 

of the silica was approximately – 40 mV and independent of any pH change. 

For the alumina particles, the zeta potential shows a particle isoelectric point 

at pH 8.5. Below this critical pH the particle zeta potential increased to 42 mV 

at pH 4. Above this critical pH the particle zeta potential decreased, with the 

zeta potential approaching that of silica in very high pH environment. The data 

in Fig. 5-6 shows that the two particles will be colloidally repulsive when the 

pH is pH 9 or greater and colloidally attractive when the pH is pH 8 or lower. 

Additional zeta potential data is shown in Appendix A4 for the blended system 

of alumina and silica particles. With increasing number ratio of silica-to-

alumina, the zeta potential curve shifts to the left, with the condition of 1:100 

(alumina:silica) producing a zeta potential curve which resembles that of silica 

only. Caution should be given to this data as the shift in i.e.p. may not relate 
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to coating of the alumina particles by silica particles, but may result from the 

greater abundance of silica particles.  

 

 

Figure 5-6. Zeta potential curves for the colloidal silica and alumina 
particles. The isoelectric point of silica is pH 2, while for alumina the 
isoelectric point is pH 8.5. The dashed lines represent the two pH 
conditions considered in the current study. The SEM images show the 
nature of interaction between the colloidal silica and alumina particles 
at the two pH conditions. Additional SEM images at different 
magnifications are shown in Appendix A3.  

 

 

In an attempt to visualize the type of interaction between the alumina and silica 

particles, a very dilute suspension was prepared at a number ratio of 1:1000 

for alumina and silica, respectively. The suspensions were prepared in 10-3 M 

NaCl and the pH adjusted to pH 8 and pH 9. The samples were left to gently 

rotate for 24 hr prior to measurement. One drop of each suspension was 

pipetted onto an SEM stub which was then plunge freezed following the 

method previously described (26). The plunge freeze method was used to 

avoid any potential drying effects. The images in Fig. 5-6 are typical of the 

particles in the pH 8 and pH 9 environments. In pH 8, colloidal silica which is 
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significantly smaller than the alumina particles stick to the surface of the 

alumina particle, while for pH 9 both particles exhibit negative zeta potentials 

and thus the interaction is repulsive, and colloidal silica does not coat the 

larger alumina particles.   

 

The strength of the interaction potential can be calculated using the Hogg, 

Healy and Fuersenau (HHF) equation (28). This equation describes the 

electrical double layer forces acting between two particles of different zeta 

potentials. The interaction only considers the electrostatic repulsive force and 

the van der Waals attractive forces, with the total interaction being the 

summation of the two forces. Eq. 5.3 describes the van der Waals attractive 

forces, and Eq. 5.2 describes the electrostatic repulsive force.    

 

𝑽𝑹 = −
𝝅𝜺𝟎𝜺𝒓𝒂𝟏𝒂𝟐
(𝒂𝟏+𝒂𝟐)

(𝟐𝝍𝟏𝝍𝟐𝐥𝐧 [
𝟏+𝐞−𝝒𝑯

𝟏−𝐞−𝝒𝑯
] + (𝝍𝟏

𝟐 +𝝍𝟐
𝟐)𝐥𝐧[𝟏 − 𝐞−𝟐𝝒𝑯])    Eq. 5-2 

 

where 𝑎 is the particle radius, 𝜀0 is the permittivity of a vacuum, 𝜀 is the relative 

dieletric constant,  is the zeta potential, 𝜅 is the inverse of the Debye length 

and 𝐻 is the separation distance.  

 

𝑽𝑨 = −
𝑨𝟏𝟑𝟐

𝟔𝑯

𝒂𝟏𝒂𝟐

𝒂𝟏+𝒂𝟐
      Eq. 5-3 
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where the Hamaker constant is given by 𝐴. The subscripts 1 and 2 represent 

the two different particle types. The total interaction potential (VT) is the 

summation of VA and VR. 

 

𝑽𝑻 = 𝑽𝑹 + 𝑽𝑨       Eq. 5-4 

 

Table 5-1. Fitting parameters used to calculate VT as a function of the 
particle-particle separation distance.  

 

 Radius (m) Zeta potential 
(V), at pH 8 

Zeta potential 
(V), at pH 9 

Alumina (a1) 2.6×10-7 1.37×10-2 -1.29×10-2 

Silica (a2) 5.0×10-8 -3.50×10-2 -3.76×10-2 

Permittivity of 
water, 𝜺𝒓 

80.3 

Permittivity of 
vacuum, 𝜺𝒓 

8.85×10-12 

Debye length (m-1), 
𝜿  

8.85×10-8 

Hamaker constant 
(J), A123 

1.14×10-20 

 

 

Fig. 5-7 shows the total interaction potential between silica and alumina 

surfaces at pH 8 and pH 9. The values used for each parameter are provided 

in Table 5-1. The zeta potential values are taken from the respective pH 

values in Fig. 5-6. When the aqueous phase is adjusted to pH 8, the interaction 

potential is purely attractive, a result of the opposite zeta potential values of 

the two surfaces.  At pH 9, a weak repulsive energy barrier is observed at 
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short separation distances. It should be noted that strong colloidal stability is 

often described when the total interaction potential is greater > 25 kT, hence 

even for the case of pH 9, some interaction and weak aggregation of the two 

particle species is anticipated. 

 

 

Figure 5-7. The theoretical total interaction potential between alumina 
and silica surfaces at the two pH conditions of interest. At pH 9 the total 
interaction potential shows a weak repulsive barrier, while at pH 8 the 
interaction is purely attractive.   

 

 

5.3.1 Rheology Modification of Concentrated Particle 

Suspensions 

The viscoelasticity of suspensions prepared to a constant concentration of 35 

vol% with varying amounts of alumina and silica are shown in Fig. 5-8. All 

suspensions were measured at a constant frequency (50 rad s-1) and 
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increasing strain (%) from 0.0001% to 100%, with a linear strain increment 

and 40 points per decade.  For the data shown in Fig. 5-8, the open symbols 

represent the viscous component (G”) and the closed symbols represent the 

elastic component (G’). At very low strain, most suspensions exhibit a solid-

like behavior where the elastic component exceeds the viscous component. 

Above a critical strain the suspensions start to flow and this is shown by a 

decrease in the elastic component where eventually the viscous component 

exceeds the elastic component and the suspensions can be described as 

liquid-like.  As the suspension approaches the yielding condition, the viscous 

component is seen to increase before gradually decreasing beyond the yield 

point. This increase has been discussed in the literature and can be attributed 

to a reordering and densification of the particle network prior to yielding. (29, 

30) Such behavior is common for strongly yielding materials. Only for the 

sample 32:3 (32 vol% alumina + 3 vol% silica) is the characteristic shape 

(referring to the G’ plateau at low strain values followed by a linear decay 

beyond the yield point) of the viscoelastic behavior no longer observed. No 

viscoelastic properties could be measured at low strain and the values 

reported above 10% strain are associated to instrument inertia, since the 

reported G’ values at high strain result from an apparent phase angle induced 

by the inertia of the oscillating vane geometry.  Since the vane geometry has 

a large contact area, the instrument inertia is increased. Further validation of 

instrument inertia is observed when reviewing the raw phase angle data, 

which showed the raw phase to be greater than 179o, confirming the strong 

contribution of instrument inertia.  

. 
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Figure 5-8. The viscoelastic data for pure alumina (35, 33, 31 vol%) and 
blended alumina:silica (34.5:0.5, 34:1, 33:2, 32:3) suspensions of a total 
solids content of 35 vol%. All suspensions were prepared in 10-3 M NaCl 
at pH 8.   

 

 

The equivalent data for the alumina and silica suspensions at 35 vol% and pH 

9 are shown in Fig. 5-9. Similar to the data at pH 8, most samples exhibit a 

solid-to-liquid transition, with the sample at 33:2 showing a liquid-like behavior 

and the viscoelastic response dominated by the instrument inertia. The 

frequency-dependent data for all suspensions at pH 8 and pH 9 are provided 

in Appendix A5 for reference. The data confirms that all yield stress 

suspensions form a strong gel-network.   
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Figure 5-9. The viscoelastic data for pure alumina (35, 33, 31 vol%) and 
blended alumina:silica (34.5:0.5, 34:1, 33:2) suspensions of a total 
solids content of 35 vol%. All suspensions were prepared in 10-3 M NaCl 
at pH 9.   

 

Figure 5-10 compares all the yield stress values from the data shown in Figs. 

5-8 and 5-9. Yield stress values were determined from the yield strain as 

previously described (25). The open symbols in Fig. 5-10 represent a single 

component system of alumina. For pH 9, the yield stress of 35 vol% alumina 

is approximately 75 – 80 Pa.  When the solids concentration of the alumina 

suspension is decreased, the suspension yield stress gradually decreased to 

< 50 Pa. For pH 8, the yield stress of a 35 vol% alumina suspension is 

approximately 135 – 140 Pa, almost double that of the pH 8 alumina 

suspension at the same solids concentration.  At all other solids 
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concentrations, the suspensions prepared at pH 8 exhibit higher yield stress 

values.  While it is not immediately apparent why the yield stress values at pH 

8 and pH 9 differ, it may relate to an asymmetry around the particle isoelectric 

point, although such asymmetry is not easily distinguishable from the zeta 

potential curve shown in Fig. 5-6. This is not to say there is no asymmetry in 

the particle zeta potential around the isoelectric point, because a 

measurement of zeta potential by electrophoretic mobility becomes more 

challenging as the isoelectric point is approached, and rheological 

measurements at high solids concentrations a more sensitive to these small 

differences near the particle isoelectric point (31, 32). 
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Figure 5-10. A comparison of all the yield stress data for alumina only 
(open symbols) and alumina:silica blended (closed symbols) 
suspensions at pH 8 (square symbols) and pH 9 (circle symbols). The 
arrows indicate the critical blend ratio when the yield stress of the 
suspension is eliminated. 

 

 

The closed symbols in Fig. 5-10 represent the blended suspensions of 

alumina and silica. All suspensions were prepared to a total concentration of 

35 vol%. For the case of pH 8, increasing the silica concentration by reducing 

the alumina concentration led to almost no significant change in the 

suspension yield stress when the blend ratio was changed to 34.5:0.5 and 

34:1 (alumina:silica, vol:vol).  However, there was some variation in the 

measured yield stress (at the same solids concentration) and this can likely 

be attributed to difficulties in preparing high solids content suspensions 

containing two components, i.e. ensuring a uniform distribution of the minor 
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component throughout the suspension. Further increasing the silica 

concentration to an equivalence of 2 vol% (i.e. 33 vol% alumina + 2 vol% 

silica), led to a reduction in the suspension yield stress relative to the single 

component (alumina) at 35 vol%. This yield stress was measured to be in the 

region of 100 Pa. Further increasing the silica concentration resulted in a 

dramatic change in the rheology of the concentrated particle suspension. A 

suspension with no yield stress was observed, and thus a critical blend ratio 

was achieved where the yield stress was eliminated. When compared to the 

single component (alumina) at a solids concentration of 32 vol%, the yield 

stress was approximately 70 Pa. Therefore, even though the alumina solids 

concentration is the same, addition of the colloidal silica resulted in eliminating 

the suspension yield stress.   

 

A similar behavior with the changing blend ratio was observed at pH 9. Initially 

increasing the silica concentration led to a slight increase in the suspension 

yield stress, increasing from 75 Pa (35 vol% alumina) to 110 Pa (34 vol% 

alumina + 1 vol% silica). In this suspension, the particles are only weakly 

attractive at short range distances so it is not fully understood why the 

suspension at pH 9 shows an increase in yield stress with increasing silica 

concentration. Such behavior may be more characteristic of the pH 8 

suspension, where the silica and alumina particles are attractive, and addition 

of silica promotes aggregation of the abundant alumina particles, thus 

increasing the strength of the particle network. One further increase in the 

silica concentration (33 vol% alumina + 2 vol% silica) led to the yield stress of 

the concentrated particle suspension disappearing. This condition is achieved 
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at a lower silica concentration than at pH 8. Taking an equivalent alumina 

concentration of 33 vol%, addition of the colloidal silica can lower the 

suspension yield stress from approximately 50 Pa to 0 Pa.   

 

At the critical condition when the yield stress is eliminated, the particle number 

ratio is found to be 1:15 and 1:10 Al2O3 and SiO2, as shown in Table 5-2.  Due 

to the difference in particle size and density, at the critical concentration, there 

is an abundance of silica particles relative to alumina particles. This may 

suggest a requirement of the silica particles to coat the larger alumina particles 

thus inhibiting the interaction between alumina particles providing a 

mechanism for the particles to flow past one another with little resistance. It 

could be thought that the colloidal silica, which is approximately five times 

smaller than the alumina particles, acts as a “ball bearing” to lubricate the 

particle-particle contacts. Using Eq. 2.12, the Nhex value was calculated to be 

140. Hence, to achieve a complete coating of the alumina particle by the 

smaller silica particles would require a particle number ratio considerably 

higher than that needed to modify the suspension rheology. Therefore, 

complete coating of the larger particle is not needed to eliminate the 

suspension yield stress. 
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Table 5-2. The particle number ratio at the alumina:silica critical blend 
ratio when the yield stress of the concentrated particle suspension is 
eliminated.   

 

 

As previously discussed, the suspensions shown in Fig. 5-11 have undergone 

a two day preparation with the samples placed on a tube roller. Figure 5-11 

visually shows evolution of the suspension rheology for two different blended 

systems at pH 8 and pH 9. For the suspension of 34:1 (alumina:silica) at pH 

8, the measured yield stress is approximately 150 Pa. The three images show 

the suspension on day 0, day 1 and day 2, and clearly a high yield stress is 

observed with no flow when the sample beaker is upturned. However, for the 

suspension of 33:2 (alumina:silica) at pH 9, the measured yield stress is 0 Pa. 

When the sample is prepared (day 0), it is clearly seen that the suspension 

has a yield stress, with no flow when the sample beaker is tilted. One day 

later, tilting the sample beaker, the suspension has become more liquid-like 

and flows slowly; characteristic of a highly viscous liquid. On day 2, the 

suspension is reexamined and found to flow like water (inverting the sample 

beaker resulted in all sample flowing onto the beaker lid with little sample 

adhering to the beaker walls).  
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Figure 5-11. Images of the sample preparation protocol showing how 
the rheology of the concentrated particle suspensions gradually 
changes over the duration of 2 days. Further images showing the time-
dependent behavior are provided in Appendix A6 for pH 8 and pH 9 
suspensions of varying alumina-to-silica blend ratios.  

 

 

Even though the suspension yield stress is eliminated, the images in Fig. 5-

11 confirm that the process was time dependent. This may suggest that the 

performance of the blended system is very much dependent on the distribution 

of the colloidal silica throughout the alumina particle network. While the 

suspension is strongly mixed on day 0, a yield stress is still present. The gentle 

agitation on a tube roller, plus overhead stirrer mixing every 24 hr for 5 min, 

clearly promotes a change the particle network which leads to the formation 

of a zero yield stress suspension. 
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5.3.2 Visualization of the Suspension Internal Structure  

To begin to assess the internal structure of the concentrated particle 

suspensions, a series of cryo-SEM EDX images were collected on several 

different samples. Figure 5-12 shows typical images collected when studying 

the suspension of 33:2 (alumina:silica) at pH 9, samples of 32:3 at pH 8, and 

32:3 at pH 9 are provided in Appendix A1 and A2. The SEM image (Fig. 5-

12a) reveals a circular cross section which results from slicing the sample 

holder. The dark regions in the SEM image were speculated to be silica due 

to differences in the electron reflectivity of silica and alumina. This was further 

confirmed by EDX analysis which clearly showed the contrast between silica 

and alumina (Fig. 5-12b).  These images are quite revealing and show that all 

of the silica is not dispersed and not uniformly distributed throughout the 

alumina network. Considering the likely mechanism for flow improvement to 

be lubrication induced by the colloidal silica particles, such large 

accumulations of silica particles likely reduces the overall performance of the 

rheological modifier. While these images represent only a 2D snapshot of the 

sample, it is reasonable to assume that the scale is also equivalent in the z-

direction (vertically). Several of these silica “islands” were observed in many 

samples, with chord lengths several tens to several hundreds of microns.  With 

the colloidal silica being only 100 nm in diameter, the large scale of these silica 

“islands” suggests that the number of particles trapped within these large 

clusters exceeds several tens of thousands.   
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Figure 5-12. Cryo-SEM EDX images of a blended suspension of 33:2 
alumina:silica (vol%) in 10-3 M NaCl at pH 9. Large clusters of colloidal 
silica particles were observed throughout the sample and are referred 
to as silica “islands”. 

 

 

Smaller silica “islands” were also observed in the higher magnification images 

(Fig. 5-12c) which revealed a somewhat crystalline structure. At the highest 

magnification of 49,996x, it was possible to visualize individual silica particles 

dispersed throughout the alumina network (Fig. 5-12d). These silica particles 

do not coat the larger alumina particles, which might be expected due to the 

negative surface potentials of both particle species. While this suspension 

does not have a yield stress, it is clear from the cryo-SEM EDX images that 

not all of the silica particles contribute to modifying the rheology of the 

suspension.   
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To address the issue of poor dispersion of the minor component, a series of 

tests were undertaken to enhance the dispersion of the colloidal silica. One 

method considered the use of strong ultrasonication to effectively disperse the 

colloidal silica prior to blending with the alumina suspension. The silica 

suspension was prepared as previously described but with ultrasonication for 

5min using a sonic dismembrator (Fisher Scientific, Model 120).  The 

suspension was then added to the alumina suspension and the same sample 

preparation protocol was then followed. It is worth reemphasizing that the 

initial sample preparation protocol was designed around minimizing the 

number of intervention steps, such that the protocol could be easily adopted 

within a large-scale engineering environment.   
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Figure 5-13. Cryo-SEM EDX images of a blended suspension of 34:1 
alumina:silica (vol%) in 10-3 M NaCl at pH 9. The sample was prepared 
following the standard protocol except the colloidal silica suspension 
was ultrasonicated prior to blending with the alumina suspension.  

 

 

The cryo-SEM EDX images in Fig. 5-13 are for the suspension of 34:1 

(alumina:silica) at pH 9 prepared using the ultrasonication method. This 

suspension was measured to have no yield stress (Fig. 5-14) thus 

demonstrating a performance improvement by effectively dispersing the minor 

component. Without sonicating the colloidal silica, the yield stress was 

eliminated when the blend ratio was 33:2 (alumina:silica, vol%), highlighting 

the need to include more colloidal silica. Inspection of the SEM images did not 

reveal large silica “islands” and the EDX map of silica showed a uniform red 

haze across the observed plane of the sample, supporting the understanding 
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that the colloidal silica particles were better distributed throughout the 

concentrated particle suspension. 

 

 

Figure 5-14. A complete summary of all the yield stress data as shown 
in Fig. 5-10. The new data is shown by the cross-hatched symbol and 
represents the sample where the colloidal silica is first sonicated prior 
to blending with the alumina suspension. The dashed lines are 
exponential fits and represent the typical yield stress values for alumina 
only. The data indicates that the yield stress can be reduced from 
approximately 70 Pa to 0 Pa by adding 1 vol% colloidal silica. 

 

 

5.3.3  Sample Protocol Variation  

As shown in Fig. 5-11, the change in the rheology of the prepared suspensions 

was found to be time dependent, which may suggest there is a correlation 

between the sample aging time and the effective dispersion of the colloidal 

silica throughout the alumina network. Figure 5-15 shows the viscoelastic 

measurement for a suspension of 34:1 (alumina:silica, vol%) at pH 9 

measured at two different time intervals. The green symbols represent the 
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rheology of a sample prepared following the standard test protocol, and the 

blue symbols represent the rheology of a sample prepared following an 

extended protocol which included agitation on the tube roller, pH 

measurement and adjustment every 24 hr up to 5 days. While the Day 2 

sample exhibited a yield stress, it is clear from the rheology measurement that 

the Day 5 sample has no yield stress and the data shows a viscous-dominant 

behavior. This simple test confirmed that extending the sample preparation 

protocol and providing more time for the colloidal silica to diffuse throughout 

the alumina network is advantageous in modifying the rheology of the 

concentrated particle suspension. 

 

 

Figure 5-15. Viscoelastic data for two of the same samples prepared 
following the same sample preparation protocol except one sample was 
measured after 2 days and the second sample was measured after 5 
days. 
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With the sample preparation protocol influencing the rheology of the 

concentrated particle suspension, a series of tests were designed to 

understand the impact of the different steps taken during sample preparation. 

Table 5-3 summarizes the different samples and the associated preparation 

protocol. All suspensions were characterized using a constant strain of 10-3 % 

at a constant angular frequency of 50 rad s-1. Sample 7 was measured at the 

same frequency but at a higher constant strain of 0.1 %. 

 

Table 5-3. Different sample preparation protocols to account for the 
different steps taken during the standard preparation protocol. 

 

Sample t = 0 t = 24 hr t = 48 hr 

1 No rollers   

2  No rollers  

3  On rollers  

4  On rollers + stirrer  

5  On rollers + stirrer + 
adjust pH 

 

6  On rollers + stirrer + 
adjust pH + Pre shearing 

 

7   standard protocol, strain 
0.1 % 
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Figure 5-16. Oscillation time sweep of the binary (alumina (31 vol%) and 
silica (4 vol%)) suspensions in 10-3 M NaCl at pH 8, prepared following 
the standard protocol with preparation variations shown in Table 5-3. 
Samples 1 – 6: constant angular frequency 50 rad s-1 and constant shear 
strain 10-3 %. Sample 7: constant angular frequency 50 rad s-1 and 
constant shear strain 0.1 %.  Samples 1 – 7 are shown by symbols: 
sample 1 (blue squares); sample 2 (cyan triangles); sample 3 (green 
diamonds), sample 4 (yellow right triangles), sample 5 (orange stars), 
sample 6 (red pentagons) and sample 7 (dark red circles). 

 

 

 

The samples in Fig. 5-16 were prepared using 31:4 (alumina:silica, vol%) at 

pH 8 in 10-3 M NaCl. Following the standard preparation protocol, the 

suspension exhibited no measurable yield stress, as shown by Sample 7, 

where the viscous modulus exceeds the elastic modulus. The same sample 

was measured after different aging times and following different sample 

preparation protocols. Immediately following sample preparation, Sample 1 

shows that the prepared suspension is strongly elastic and will have a yield 

stress. When the sample is left to age for a further 24 hr without gentle 

agitation, Sample 2 shows that the magnitude of the viscoelastic moduli 

slightly reduces, although the sample remains a yield stress suspension. 

When Sample 1 is aged for 24 hr with gentle agitation, the magnitude of the 

viscoelastic moduli decreases further. This data suggests that the action of 

gentle agitation promotes a greater reduction in the viscoelastic moduli 
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relative to the freshly prepared sample, and the diffusion and/or weakly 

convective mobility of the colloidal particles is necessary to promote 

distribution of the colloidal silica throughout the alumina network.  

 

Sample 4 is the same as Sample 3 except some gentle stirring was applied to 

mimic the stirring when measuring and adjusting the suspension pH.  This 

additional agitation, albeit slightly more intense than the agitation on the tube 

roller, does not appear to influence the viscoelastic moduli of the suspension.  

Sample 5 includes a single pH adjustment and shows a reduction in the 

viscoelastic moduli, but again the suspension remains elastically dominant. 

This data confirms that the slight acidic drift in the suspension pH appears to 

maintain a high viscoelastic moduli and similarly a high yield stress of the 

suspension.  While the pH drift will have negligible effect on the zeta potential 

of the silica particles, the slight reduction in suspension pH would increase the 

zeta potential of the alumina particles, which would increase the interaction 

potential between the alumina and silica particles, promoting a higher yield 

stress suspension, as seen.   

 

Compared to Sample 5, the pre-shearing protocol in the rheometer was 

applied to Sample 6 and this high intensity agitation reduces the viscoelastic 

moduli by almost two orders of magnitude. The suspension remains elastically 

dominant, although the viscoelastic ratio (G’/G”) is less than observed in 

previous samples.  Sample 6 clearly indicates that strong agitation weakens 

the particle network strength, likely as a result of better dispersion of the 
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colloidal silica throughout the alumina network. This systematic study points 

to the fact that the colloidal silica is likely lubricating the interactions between 

the larger alumina particles allowing them to flow more easily, and as the 

colloidal silica is better distributed throughout the sample, the stronger the 

lubrication effect. Finally, the standard protocol resulted in a suspension with 

no yield stress and the sample was prepared over 48 hr, which again 

underlines the importance of providing sufficient time and agitation to 

effectively disperse the colloidal silica throughout the alumina network. 

 

5.3.4 Rheology Modification in High Concentration Electrolyte 

For the standard sample preparation protocol, suspensions were prepared in 

10-3 M NaCl and pH adjusted using concentrated HCl or NaOH on Day 0, Day 

1 and Day 2. As a result of this pH adjustment, the background electrolyte 

concentration would increase slightly, and was calculated to possibly increase 

by one order of magnitude. To determine if a higher electrolyte concentration 

would have a negative impact on the ability to eliminate the yield stress of a 

concentrated particle suspension, a simple test was conducted following the 

same sample preparation protocol but using 10-1 M NaCl as the background 

fluid. Fig. 5-17 compares two suspensions of 33:2 and 32:3 (alumina:silica, 

vol%) at pH 8. These two suspensions were chosen as they represented the 

transition between a yield stress and no yield stress suspension following the 

standard protocol. As shown in Fig. 5-17, an increase in the ionic 

concentration of the background fluid appeared to have negligible impact on 

the ability to modify the rheology of the concentrated particle suspensions. 

The same critical blend ratio was found, and the yield stress of the 33:2 
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suspension was 55 Pa. This result is encouraging and confirms that in a 

strongly aggregated network, induced by the high electrolyte concentration, it 

is possible to add colloidal silica particles at a critical blend ratio to eliminate 

the suspension yield stress. 

 

 

Figure 5-17. Viscoelastic data for two alumina-silica blended 
suspensions prepared in 10-1 M NaCl.  The sample pH was fixed at pH 8.   

 

 

5.3.5  Compressional Resistance of the Blended Suspensions 

Considering the potential application of behaviorally modifying suspensions in 

the nuclear industry, there is a need to understand how such suspensions 

would behave over long periods of time while in interim or geological storage. 

Therefore, a test protocol was developed to expose a no yield stress 
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suspension to compressional consolidation by centrifuging the samples for 15 

min at increasing centrifuge speeds, see Fig. 5-18a. The chosen no yield 

stress suspension was 32:3 (alumina:silica, vol%) in 10-3 M NaCl at pH 9. As 

control samples, suspensions of only alumina were also prepared to 32 vol% 

(yield stress ca. 30 Pa) and 35 vol% (yield stress ca. 75 Pa) in 10-3 M NaCl at 

pH 9.  For the two control samples, the initial centrifuge speed of 750 rpm did 

not provide sufficient force to begin consolidating the suspension, as seen by 

a constant solids content (vol%). However, when the centrifuge speed was 

increased to 1000 rpm, the gelled network began to consolidate and the 

measured solids content increased. At higher centrifuge speeds the 

suspension continued to consolidate, with the solids content at the maximum 

centrifuge speed of 10000 rpm approximately equal to 44.5 vol%.  For the no 

yield stress blended suspension, the initial centrifuge speed of 750 rpm led to 

significant consolidation of the particle network, with a final solids content of 

38.2 vol%. Such behavior contrasts the control samples, but is 

understandable since the suspension initially exhibits no yield stress, hence 

the particles are freely mobile.  Further gradual increments in the centrifuge 

speed resulted in a continual increase in the solids content of the blended 

suspension, with the more significant changes in solid content observed at 

centrifuge speeds below 5000 rpm. At the highest centrifuge speed, the solids 

content was approximately equivalent to that of the two control samples.   
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Figure 5-18. The changing solids content (a) and suspension yield 
stress (b) as suspensions undergo consolidation induced by centrifugal 
forces. All suspensions were prepared in 10-3 M NaCl at pH 9. 

 

The implication of increasing the solids content is that the yield stress of the 

blended suspension begins to increase with greater consolidation. Two 

blended suspensions were prepared to 30:5 and 32:3 (alumina:silica, vol%) in 

10-3 M NaCl at pH 9, with the 30:5 blend doped with an excess of colloidal 

silica such that the lubricating effect was enhanced. Fig. 5-18b shows that the 

two blended suspensions can undergo significant solids consolidation before 

a yield stress begins to develop in the sediment. The critical solid content for 

the onset of a yield stress was not determined but is greater than 39.5 vol%. 

Interestingly, the suspension doped with an excess of colloidal silica did not 

significantly differ from the sample with less silica.  The data confirms that 

while the solid content is sufficiently high, the suspensions are able to 

consolidate which can lead to an increase in the suspension yield stress. 

Obviously as a consolidated network begins to form the force required to 
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induce further consolidation increases, hence a new steady-state would likely 

be reached in a storage container.  

 

5.4  Conclusions 

The yield stress of colloidal particles which are irregular-shaped can increase 

very rapidly at very low solids concentrations. High yield stress suspensions 

can cause problems in their processing and handling, thus alternatives to 

behaviorally modify the rheology of concentrated particle suspensions is 

desired by the nuclear industry. An approach was adopted whereby spherical 

colloidal silica particles were blended into a concentrated suspension of larger 

alumina particles. The size ratio between the two particles is approximately 

5:1 (33)for alumina:silica. Two pH conditions were chosen such that the two 

particle species were weakly attractive and weakly repulsive. A series of 

alumina:silica blend ratios were studied and it was found that independent of 

the colloidal interaction (attractive or repulsive), a critical blend ratio could be 

reached where the yield stress of the concentrated particle suspension was 

eliminated. Further studies to understand the nature of this flow modification 

indicated that the colloidal silica is likely acting as a lubricating particle 

between the larger and irregular-shaped alumina particles. Methods to better 

disperse the colloidal silica throughout the alumina network led to the critical 

blend ratio changing, where a suspension with a total solids content of 35 vol% 

would have no yield stress when 1 vol% silica is added to 34 vol% alumina.  
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Appendix 

A1. Cryo-SEM EDX 
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A2. Cryo-SEM  

32:3 alumina:silica (vol%) in 10-3 M NaCl at pH 8. 

Day 0 

 

 

Day 1 
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32:3 alumina:silica (vol%) in 10-3 M NaCl at pH 9. 

Day 0 

 

 

 

Day 1 
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Day 2 
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A3. SEM Imaging of Blended Suspensions 

Electrolyte = 10-3 M NaCl; Suspension concentration = 10000 ppm; 

Alumina:silica number ratio = 1:1000. 
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A4. Zeta Potential Curves of Blended Suspensions 

Electrolyte = 10-3 M NaCl; Suspension concentration = 1000 ppm; 

Alumina:silica number ratio. 
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A5. Frequency-dependent Rheology of Concentrated Blended 

Suspensions 

Electrolyte = 10-3 M NaCl; Ratio is alumina:silica (vol%). 
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A6. Pictures of the as-prepared Blended Suspensions 

Electrolyte = 10-3 M NaCl; Ratio is alumina:silica (vol%). 
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Weak Gel in a No Yield Stress Blended 

Suspension 

 

Synopsis 

The time effect on the viscoelastic properties of no yield stress suspensions 

has been considered.  The focus of the work was on suspensions with a 

relatively high silica content, for example, 31:4 (alumina:silica, vol%) in 10-3 M 

NaCl at pH 8. These suspensions were previously shown to exhibit no yield 

stress, and a yield stress was only observed to develop following significant 

consolidation of the suspension. Gelling of fumed silica is a widely reported 

phenomena in the literature, with weak gels observed to form at very dilute 

silica concentrations. Since the silica component is the minor species (on a 

volume basis) in the alumina suspension, the potential for gelling to occur has 

been studied The time effect and the potential for a weak gel to form has 

industrial significance since the blended suspensions would be considered for 

long term handling prior to discharge into containers for ultimate disposal.  
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Introduction  

This chapter discusses the phenomena of sample gelation and how it can be 

eliminated. Gelling would be considered undesirable in many applications as 

it is a time-dependent stiffening of a suspension. In the current study, the 

objective was to eliminate yield stress within a concentrated particle 

suspension. The following reviews provide a comprehensive discussion on 

suspension gelling (1-4). 

 

6.1 Gels 

Colloidal stability has been previously discussed in Chapter 2. Increased 

electrostatic repulsion increases the stability of a colloidal suspension. This 

stability can be reduced by increasing the background electrolyte 

concentration, which increases the attractive van der Waals forces (by 

weakening the electrostatic force) to form very weak fractal-like open flocs. At 

a critical solids concentration (vol%), as defined by the gel point, these weak 

fractal-like flocs begin to interact and form a continuous 3D network, referred 

to as a gel, when the structure is self-sustained. However, under shear this 

network and flocs can be destroyed (3-5). The transition at the gel point is 

often described as a transition from a liquid to a weak solid (6-9). 

 

The rheology of colloidal gels are often difficult to measure. A number of 

factors such as temperature (10), measurement geometry (11, 12), method of 

measurement - torque or strain amplitude (13), sample pre-shearing (14), and 

angular frequency (15) can affect the rheology of a gel significantly.  
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6.2 Rheometer Geometry Effects  

Servais et al. (11) studied the viscoelasticity of a 15 w/w% gelatin at pH 5. A 

controlled stress (ThermoHaake RS150) rheometer was used at 24°C. A 

number of different vane diameters were used including, 7, 12, 18, and 22 

mm. A bob of 20 mm diameter was also used. A comparison was made 

between vane (18 mm and 22 mm) and bob geometries. It was shown that the 

data was not reproducible for vanes of 7 mm and 12 mm diameter due to the 

“stickiness” nature of the gelatin, which caused the gelation to non-uniformly 

coat the surface of the geometries, with the issue more widely discussed in 

literature (16). An oscillation time sweep was used with fixed strain and 

angular frequency of 3% and 1 Hz (6.28 rad s-1), respectively. Gelatin is a high 

molecular weight, highly branched biopolymer which at a critical concentration 

goes through sol-gel transition as the biopolymer chains begin to 

interpenetrate and entangle with one another. Gelatin is a soft solid and 

behaves solid-like due to the entanglement of the biopolymer. Servais et al. 

confirmed that the vane was the best geometry to use for solid-like systems 

due to minimal or no wall slippage (11).  

 

6.3 Temperature  

Servais et al. (11) also studied the temperature effect on a 2 w/w% k-

carrageenan gel at pH 7.3 using a 22 mm vane.  The rheology was measured 

during a temperature sweep between 12°C and 30°C with the temperature 

increasing at 0.4°C/ min. Shear strain and angular frequency were fixed at 3% 

and 1 Hz, respectively. When increasing the temperature, the viscoelastic 
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moduli decreased due to disentanglement of the crosslinking gel, a result of 

increased Brownian motion of the k-carrageenan chains.  

 

Amiri et al. conducted a frequency sweep at fixed strain (0.1%) to study the 

viscoelasticity of 9 wt% silica (12 nm) suspension in glycerol-water (50/50) at 

pH 10.5, using 0.1 M NaCl as the background electrolyte (17). Similar to 

previous observations, an increase in temperature weakened the strength of 

the gel. With increasing temperature the G’ contribution decreased due to 

increased particle mobility and decreased strength of hydrogen bonds due to 

the higher thermal energy.   

 

6.4 Pre-shear Protocol 

Marunaka and Kawaguchi (14) studied the effect of pre-shear on the 

viscoelastic behavior of fumed silica in various alkanes such as octane, 

dodecane and hexadecane. Hydrophobic fumed silica (VP-NKC130) of 16 nm 

diameter  was used. Silica suspensions of 7 vol% were prepared in each 

alkane.  A Paar Physica MCR-300 rheometer with a  50 mm and 1°cone and 

plate geometry was used. All suspensions were pre-sheared as 1000 s-1 for 

10 min and allowed to rest for 2 min to provide sufficient time for structure 

recovery prior to measurement. A number of tests were completed to 

understand the transient stress behaviour by pre-shearing the suspensions at 

various shear rates between 0.01 and 1000 s-1 (14). 

 

Figure 6-1 shows the shear stress profiles of fumed silica (7 vol%) in three 

different alkenes: octane, dodecane and hexadecane which are represented 



 
 

 

209 

in Figures (a), (b) and (c), respectively. The shear rates applied were 0.1, 1, 

10, 100 and 1000 s-1 and are shown by the purple circles, blue squares, green 

diamonds, yellow triangles and red inverted triangles, respectively. Each 

shear rate was applied for 60 min at 25°C and the shear stress measured, 

however, the data shown Figure 6-1 is for the first 20 min and beyond that 

time the rheology remained unchanged. For octane and dodecane, the 

authors observed structural build-up at shear rates of 10 s-1 and less, 

observing a sigmoidal shear stress profile with increasing time. At shear rates 

≥ 100 s-1, the shear stress was observed to slightly decrease with time, 

indicating some slight structural breakdown. Such behaviour was not 

observed for the hexadecane suspensions.  For the hexadecane 

suspensions, the shear stress increased rapidly at low shear rates. The 

authors claim that hexadecane can embed into the attached hexadecyl chains 

(modified fumed silica), whereas octane and dodecane may be squeezed out 

from the hexadecyl chains. Thus, it can be expected that attractive forces in 

hexadecane should be greater than that in octane and dodecane due to the 

molecular penetration of the dispersion medium (14). 
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Figure 6-1. Shear stress profiles of hydrophobic fumed silica (7 vol%) in 
three alkanes (a) octane, (b) dodecane and (c) hexadecane  as a function 
of shear rate at 25°C. Shear rate is shown as 0.1 s-1 (purple circles), 1 s-

1 (blue squares), 10 s-1 (green diamonds), 100 s-1 (yellow triangles) and 
1000 s-1 (red inverted triangles). Figure is taken from ref. (14). 
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6.5 Particle Concentration, Salt and pH Effects 

Amiri et al. (18) studied the effects of particle concentration, salt and pH on 

the stability and viscoelasticity of silica suspensions. Aerosil 200 fumed silica 

with an average diameter of 12 nm was used to prepare suspensions at 1.3, 

1.6, 2 and 2.3 vol% at pH 8.5, with 0.6 M NaCl used as the background 

electrolyte. A Physica MCR 301 rheometer (Anton Paar) was used with a 

concentric cylinder geometry. Suspension pre-conditioning at 50 s-1 for 2 min 

was applied to all samples prior to measurement. Time sweeps were 

conducted at a fixed strain and frequency of 0.05% and 1 rad s-1, respectively. 

 

The time-dependent viscoelastic moduli are shown in Figure 6-2 as a function 

of the particle concentration. The storage (G’) and loss (G”) moduli are shown 

by full and empty symbols, respectively. Amiri et al. (18) showed silica gels 

can form at solids concentrations as low as 1.3 vol%. It was also observed 

that increasing the particle concentration increased the strength of the silica 

gel, which is understandable since more particle contacts would be present in 

the 3D network. Similar results were reported for higher salt concentrations 

(2.75 M), with G’ increasing as the attractive forces strongly dominant, and the 

rate of gelation was increased. The authors state that the mechanism for 

gelling in basic conditions is due to the interaction between associated and 

dissociated silanol groups (SiO- and SiOH). As such, the nanoparticles 

become linked by acid-base interactions between silanol groups on the 

particle surface, with the interaction occurring through the hydrogen bound 

water of hydrated cations within the vicinity of the surface.   
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Figure 6-2. Evolution of elastic moduli as a function of silica particle 
concentration at pH 8.5 and 0.6 M NaCl electrolyte. Shear strain and 
angular frequency were fixed at 0.05% and 1 rad s-1, respectively. G’ and 
G” are represented by full symbols and empty symbols, respectively. 
Figure is taken from ref. (18). 

 

6.6 Ageing Study 

Derakhshandeh et al. (19) studied the effect of sample ageing on the rheology 

of nano-crystalline cellulose (NCC) suspensions. A rod shape NCC powder 

was prepared to 10 wt% in deionized water. The particle size was 270 nm rod 

length and 20 nm diameter as measured by light scattering. To obtain 

complete dispersion, each suspension was sonicated for 20 min and then 

allowed to rest for 30 min prior to sample loading into the rheometer. 

 

A Physica MCR-501 stress controlled rheometer (Anton Paar) was used with 

a 25 mm parallel-plate for dynamic oscillation and steady-shear flow 

assessments. All suspensions were pre-conditioned for 1000 s applying a 
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constant high strain and frequency of 200% and 62.8 rad s-1, respectively. 

Suspensions were then allowed to rest for 300 s prior to measurement (19). 

 

Figure 6-3a shows the oscillation time sweep for 10 wt% NCC suspensions at 

20°C and fixed frequency of 62.8 rad s-1 for 1000 s.  The shear strain was 

varied as follows: 3, 10, 15, 20,25, 27, 30, 38 and 50%. All samples showed 

ageing, with the storage modulus (G’) measured to steadily increase with time. 

At low strain (3%) the ageing of the NCC suspension was more significant 

than ageing at high strain values. The authors explained such behaviour as a 

strain dependent shear thickening response (increase in G’), with low strain 

having negligible impact on the structure generation, while high strain was 

sufficient to overcome the structure forming potential and reduced the rate of 

structural development.   

 

Suspensions of NCC were also measured under steady flow conditions 

(varying shear rate). Figure 6-3b shows the viscosity of NCC suspensions as 

a function of the applied shear rate. Constant shear rates applied were 0.1s-1 

(full black circles), 0.3 s-1 (empty circles), 0.5 s-1 (inverted full triangles), 1s-1 

(empty full black triangles) and 3 s-1 (full black squares). A similar trend was 

observed as shown in Figure 6-3a. The NCC suspension viscosity increased 

with time, but is clearly shear rate dependent, and high shear rates were able 

to depress and at 3 s-1 can negate the ageing effect. Hence, hydrodynamic 

effects are able to exceed Brownian effects (thermal forces).  This behavior 

can be considered in terms of the Peclet number which is a ratio between the 
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hydrodynamic and diffusion contributions, with the non-dimensionless number 

given as (20):  

 

𝑷𝒆 =  
𝟔𝝅𝒓𝟑𝜸𝜼̇

𝒌𝑻
                                                                        Eq.  6-1 

 

where r is the particle radius, 𝛾̇ is the shear rate, η the viscosity of the fluid, k 

the Boltzmann constant and T the temperature in Kelvin. When Pe > 1 the 

hydrodynamic contribution dominates behavior and when Pe < 1 the diffusion 

(thermal energy) contribution dominates behavior.  
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Figure 6-3. Time-dependent rheological properties of 10 wt% 
nanocrystalline cellulose (NCC) suspensions. a) Suspension storage 
modulus, G’ as a function of time and varying strain. b) Suspension 
viscosity as a function of time and varying shear rate. All experiments 
conducted at 20°C. Figure is taken from ref. (19). 

 

 

6.7 Experimental Method 

All the samples of alumina and silica blended suspensions were prepared 

using the standard protocol for oscillatory measurements, as outlined in 

Section 4.3.2,  Chapter 4. In brief, alumina (520 nm) and silica (100 nm) 
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nanoparticles were mixed to a total solids concentration of 35 vol% (31 vol% 

alumina + 4 vol% silica). NaCl was used as the background electrolyte at 10-

3 M and the pH fixed at pH 8.  

 

Oscillation rheology experiments were conducted using a Discovery HR-2 

Rheometer (TA Instruments). Two geometries were used; i) vane geometry 

(diameter = 15 mm, length = 38 mm), and ii) bob geometry (diameter = 28.02 

mm, length = 41.94 mm) with the standard size cup (diameter = 30 mm) used 

with both geometries. For the Discovery HR-2 rheometer, instrument 

calibration and geometry calibration, refer to Section 4.3.2.3, Chapter 4. 

 

 

6.8 Results and Discussion 

As previously shown in Chapter 5, above a critical blend ratio (alumina:silica, 

and dependent on the suspension pH), the concentrated suspension was 

found to exhibit no yield stress with the yield stress of the concentrated 

suspension shown to dissipate over 48 h, see Fig. 6-4.  However, when the 

sample was left to rest (no agitation) for several days, it was noticed that the 

suspension showed some degree of thickening (increased viscosity), with the 

suspension viscosity reduced again once mixed for 15 min. This led to the 

thinking that a weak gelling was occurring in the suspension. While the 

phenomena of gelling has been observed when mixing two oppositely charged 

particles at low solids concentrations (solids content as low as 1.5 vol%) (21), 

the phenomena has not been reported for high solids concentration 

suspensions.   
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Gelling of fumed silica (high surface area and hydrophilic silica) is widely 

reported, with hydrogen bonding and electrostatic interactions, as well as the 

solids concentration governing the gelling rate and gel strength (22). Blends 

of fumed silica and magnesium oxide (MgO) have been widely reported to 

form cements of magnesium silicate hydrate (M-S-H)  (23) via the reaction 

MgO + mSiO2 + nH2O → MgO∙mSiO2∙nH2O, with the reaction possible at room 

temperature (24).  The reaction is driven by using highly reactive silica (fumed 

silica) with the increase in gel strength to the level of conventional cements 

occurring over tens of days. In the UK nuclear industry, this method of 

cementation has been considered as a route to produce a stable waste form 

for the large volumes of Mg(OH) legacy waste. The Mg(OH) is considered as 

a precursor to form M-S-H. It should be noted that such reactions to form 

cements require substantially higher silica concentrations than used in the 

current study, with typical blend ratios (Mg/Si) in the range of 0.5 – 2.0 (24).   

 

It is also worth noting that a blend of 31 vol% alumina and 4 vol% silica in 10-

3 M NaCl at pH 8 was left on a bottle shaker for 6 months at ambient conditions 

and no significant gel strength was observed. However, a rheometer study 

was designed to quantify the short-time and weak gelling behavior of the 

alumina and silica blend.  

 



 
 

 

218 

 

Figure 6-4. Concentrated suspension of 31 vol% alumina and 4 vol% 
silica in 10-3 M NaCl at pH 8.  Visual assessment of the suspension yield 
stress after t = 0 h (A); t = 24 h (B); and t = 48 h (C). 

 

6.8.1 Geometry Assessment 

Since the samples of interest exhibit no yield stress and behave like a low 

viscosity, Newtonian fluid, a preliminary test was conducted to determine 

which geometry, vane or bob, is most suitable for making rheological 

measurements of the suspension gelling. The preliminary tests considered the 

viscoelasticity of water, a Newtonian fluid which has no G’ contribution.  If 

geometry inertia influences the viscoelasticity, G’ can be measured. As such, 

an oscillation time sweep was conducted at a frequency of 10 rad s-1 and 

varying shear strain of 0.5%, 1.0% and 10.0%. All measurements were 

conducted at 25°C. The viscoelastic properties, elastic (G’) and viscous (G”) 

are shown by the blue and green symbols, respectively in Figure 6-5.  

 

Figure 6-5a shows the viscoelastic data when using the vane geometry. 

Clearly at all three strains (%) a G’ contribution is measured which exceeds 

the G” contribution, thus signifying significant contribution from geometry 

inertia. However, when using the bod geometry (Figure 6-5b), the geometry 

inertia is substantially less, as such a G’ contribution is sporadically measured, 
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signifying some noise in the measurement, but for a strain of 1% the G’ 

contribution is almost non-existent, with the G” contribution being steady in 

the region of 2 × 10-2 Pa. Using 𝜂′ = 
𝐺"

𝜔
, the viscosity was determined to be 2 

× 10-3 Pa.s, which is higher than water but underlines the measurement 

sensitivity of the rheometer.   This data highlights the importance of minimizing 

instrument inertia when measuring low viscosity fluids. This can be achieved 

by using the bob geometry (concentric cylinder) and minimizing the strain, as 

well as ensuring that the strain is within the linear viscoelastic region.  

 

 

Figure 6-5. Geometry assessment to measure the viscoelastic 
properties of a Newtonian fluid (water). Figure 6-5A shows the G’ and 
G” contributions when measured using a vane geometry at increasing 
strains of constant frequency, 10 rad s-1. Figure 6-5B shows data 
collected using a bob geometry for the same test conditions. All 
experiments completed at 25°C. 

 

6.8.2 Strain Control 

Using the bob geometry, the viscoelastic properties of a 31 vol% alumina and 

4 vol% silica suspension at pH 8 was measured, see Figure 6-6 as a function 

of strain control. The sample was pre-sheared for 180 s at 200 s-1. Since the 

sample has no initial yield stress, the rest period was set to t = 0 s. An 
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oscillation time sweep was conducted for 600 s with the frequency constant 

at 10 rad s-1, and the oscillation strain equal to 0.1 %. The G’ and G” 

contributions are shown by the blue and green symbols, respectively. When 

applying a low strain (0.1 %), the G’ contribution was found to exceed the G” 

contribution, even though the suspension was initially purely viscous. As 

shown in Figure 6-6, the oscillation strain achieved a constant value within a 

few seconds, and under constant oscillation strain, the contributions of G’ and 

G” were shown to increase (rather significantly) after 100 s, likely confirming 

the onset of suspension gelling.   

 

Figure 6-6. Time-dependent viscoelasticity of a 31 vol% alumina and 4 
vol% silica suspension in 10-3 M NaCl at pH 8. The bob geometry was 
oscillated at constant frequency 10 rad s-1 and constant strain 0.1 %.  
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6.8.3  Evidence of Gelling 

6.8.3.1 Constant Shear Strain 

As previously shown, the viscoelastic properties of the liquid-like blended 

suspension was sensitive to the applied strain. Therefore, the 31 vol% alumina 

and 4 vol% silica suspension in 10-3 M NaCl at pH 8 was subjected to time 

sweep measurements at different oscillation strains of 0.1 %, 0.5%, 1.0%, 

10.0% and 100.0%, which are represented by the ◻, ⚪, △, ◇ and ☆ symbols 

respectively in Figure 6-7. All samples were pre-sheared for 300 s at 200 s-1 

and no rest time was applied prior to measurement. Measurements were 

made over 600 s with the bob geometry oscillated at a constant angular 

frequency of 10 rad s-1.  

 

At all oscillation strains (%), the G’ and G” values were found to increase 

during the measurement. At the lowest strain (0.1 %), the G’ contribution was 

found to exceed the G” contribution at all time steps, likely confirming the 

presence of a weak gel. As the oscillation strain increased, the G’ contribution 

was shown to consecutively decrease, while the G” values were found to be 

almost insensitive to the changing strain values. As such, a condition was met 

when initially the G” value exceeds the G’ value (10% strain), and with time 

the moduli transition and G’ value exceeds the G” value, thus signifying a 

transition from liquid-like to solid-like behaviour, indicating a gelling transition. 

At 100% strain the suspension was found to be viscous-dominant at all times, 

and G” exceeded G’. This is likely due to the high strain preventing structure 

formation. The data underlines the importance of oscillation strain when 

measuring the gelling time of a concentrated particle suspension.  
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Figure 6-7. A) Time-dependent and strain-dependent viscoelasticity of 
31 vol% alumina and 4 vol% silica in 10-3 M NaCl and pH 8.  The bod 
geometry was used at constant angular frequency of 10 rad s-1, and 
varying oscillation strains of 0.1%, 0.5%, 1.0%, 10.0% and 100% as 

shown by the ◻, ⚪, △, ◇ and ☆ symbols respectively. G’ and G’’ are 

shown by the blue and green symbols, respectively. Figure B is the 
same data but plotted on a log-log scale.  

 

0 100 200 300 400 500 600 700
10-1

100

101

102

G
' G

'' 
(P

a
)

Step time ts (s)

A

100 101 102 103
10-1

100

101

102

G
' G

'' 
(P

a
)

Step time ts (s)

B



 
 

 

223 

6.8.3.2 Constant Shear Rate 

The weak gelling in the high solids content blended suspensions can also be 

studied under constant shear rate, measuring the change in shear stress and 

thus suspension viscosity. The concentrated suspensions were prepared as 

previously described, and without any pre-shearing the suspensions were 

sheared at shear rates of 0.1, 1, 10, 50, 100 and 200 s-1, as shown by the 

black squares, red circles, blue triangles, green diamonds, violet stars and 

orange crossed squares, respectively, in Figure 6-8. Measurements were 

made over 300 s, and the initial 30 s are shown as an inset in Figure 6-8. 

 

An increase in stress signifies increasing resistance to the geometry rotation, 

and thus an increase in suspension viscosity. Since the particle concentration 

remains constant, and the water chemistry unchanged, such behavior is 

consistent with weak gelling of the particle suspension. The effect is clearly 

shear rate dependent, with the largest change in shear stress measured at 

0.1 s-1 (black squares), and no change in shear stress at 200 s-1 (crossed 

orange squares).  At the lowest shear rate (0.1 s-1), the stress is below the 

limit of the instrument. However, as the gelling process proceeds, the stress 

is then measured. Over the 300 s, the gelling process continues, as shown by 

the increasing viscosity with time. Such characteristic is consistent with the 

structural build-up in particle suspensions (14). With increasing shear rate, the 

gelling rate of the concentrated particle suspension is suppressed, with small 

aging effects observed at 1 and 10 s-1. At higher shear rates there is no 

dependence on time. Again, this response is consistent with the 

understanding that gelling is promoted when the applied stress is below a 
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critical stress for network formation, and beyond the critical stress, the 

structure build-up is suppressed by the applied stress, likely due to the 

hydrodynamic effect exceeding the Brownian motion (diffusion) effect.  
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Figure 6-8. Time-dependent shear stress (A) and viscosity (B) of the 
concentrated suspension (31 vol% alumina and 4 vol% silica in 10-3 M 
NaCl and pH 8) as a function of shear rate: 0.1 s-1 (black squares), 1 s-1 
(red circles), 10 s-1 (blue triangles), 50 s-1 (green diamonds), 100 s-1 
(violet stars) and 200 s-1 (orange crossed squares). Insets refer to the 
initial 30 s of the measurement. 
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Using Eq. 6.1 the Peclet number was calculated for the two particle species 

based on the viscosity of water (8.9 × 10-4  Pa.s), temperature of 298.15 K, 

the particle radius as measured and the shear rate as set in the experiment. 

The Boltzmann constant was, 1.38 × 10-23 m2 kg/s2 K. 

 

The Peclet number describes the balance between the hydrodynamic and 

thermal (Brownian) forces. As shown in Eq. 6-1, the Peclet number is given 

by: 
6πr3γ̇η

kT
, hence at a critical shear rate, Pe > 1, and the hydrodynamic forces 

dominate suspension behavior.  While many-particle effects undoubtedly 

have a quantitative influence on particle self-diffusivity, it is possible to apply 

the same reasoning for high volume fraction particle suspensions. At higher 

particle concentrations, the Peclet number is slightly modified to account for 

the volume fraction and is written in the form Pe =  
3πη∞(Φ)γ̇r

3

kT
 (25).  As shown 

in Table 6-1, the Peclet number for both particle species increases with 

increasing shear rate, as expected. However, due to the small particle size of 

the colloidal silica, all Peclet numbers remained < 1, indicating that their 

behavior in the fluid is dominated by diffusion.  The larger alumina particles, 

which are also the main component of the concentrated particle suspension, 

shows a transition from diffusion dominated to hydrodynamic dominated as 

the shear rate > 10 s-1. This finding complements the experimental data and 

supports the understanding that a weak gel can only form when the diffusion 

contribution dominates the particle behavior in the suspension. 
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Table 6-1. Calculated Peclet numbers for alumina and silica particles as 
a function of the solids concentration and shear rate. The calculated 
values are based on the high solids concentration equation.   

 Peclet Number 

Shear Rate (s-1) Alumina Silica 

0.1 2.49 × 10-3 2.29 × 10-6 

1 2.49 × 10-2 2.29 × 10-5 

10 2.49 × 10-2 2.29 × 10-4 

50 1.25 1.14 × 10-3 

100 2.49 2.29 × 10-3 

200 4.99 4.58 × 10-3 

 

 

6.8.3.3 Varying Strain and Angular Frequency 

To determine the influence of oscillation strain and angular frequency on the 

viscoelastic properties of the concentrated particle suspensions, a series of 

tests were conducted where the angular frequency was fixed and the sample 

underwent a series of aging tests with the applied strain varied from 0.1 % to 

100 %, see Fig. 6-9.  All samples were prepared to 31:4 alumina:silica (vol%) 

in 10-3 M NaCl at pH 8. A pre-shear of 200 s-1 was applied for 300 s prior to 

each strain step. The time dependent viscoelastic properties were then 

measured for 600 s.  Angular frequencies were varied as 0.1, 1, 10, 50, 100 

and 300 rad s-1 (see Fig. 6-9).  

 

At the lowest angular frequency (0.1 rad s-1), the viscoelastic response of the 

concentrated particle suspension was observed to change as a function of the 

oscillation strain. At the highest strain (100 %), the material was observed to 

be liquid-like as the G” contribution greatly exceeded the G’ contribution. As 

the oscillation strain was reduced, the viscoelastic ratio (G”/G’) reduced and 

at very low strain values the viscoelastic moduli were almost equivalent.  
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Increasing the angular frequency to 1 rad s-1, the concentrated particle 

suspension showed an oscillation strain and time dependent response. At the 

highest oscillation strain the material was once again found to be liquid-like. 

However, as the strain was reduced, the material demonstrated a clear 

transition from liquid-like (G” > G’) to solid-like (G’ > G”) behavior at a critical 

time known as the gelling time. A further increase in the angular frequency (to 

10 rad s-1) showed a similar characteristic behavior of the material, although 

the gel times were found to differ from those observed at lower angular 

frequencies. The measured response of the material was observed to change 

dramatically at an angular frequency of ≥ 50 rad s-1 when the concentrated 

particle suspension was measured to be liquid-like at all oscillation strains. At 

even higher angular frequencies (100 and 300 rad s-1), the data showed no 

characteristic trend and a significant amount of noise was found in most 

datasets. This response was likely due to the very high angular frequencies 

approaching the measurement limit of the rheometer, and for the high 

oscillation strains exceeding the linear viscoelastic region.  
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Figure 6-9. Elastic modulus (G’) and viscous modulus (G”) as a function 
of various constant strains with time for suspensions of 31:4 
alumina:silica (vol%) in 10-3 M NaCl at pH 8.  G’ and G” are displayed as 
open blue and open green symbols, respectively. 0.1%, 0.5%, 1.0%, 
10.0% and 100% of constant oscillation strain were used and displayed 

as ◻, ⚪, △, ◇ and ☆, respectively. A constant angular frequency was 

applied as (a) 0.1 rad s-1, (b) 1 rad s-1, (c) 10 rad s-1, (d) 50 rad s-1 (e) 100 
rad s-1 and (f) 300 rad s-1. 
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A summary of the angular frequency and oscillation strain dependence on the 

G’ plateau is shown in Fig. 6-10. The angular frequencies of 0.1, 1, 10, 50, 

100 and 300 rad s-1 are shown by the orange pentagon, violet stars, blue 

triangles, green diamonds, black squares and red circles, respectively.  

 

Two characteristic trends were observed as a function of the angular 

frequency. For angular frequencies ≤ 10 rad s-1 (blue triangles), the G’ plateau 

was almost independent of strain (%), up to ~1 %, thereafter the G’ plateau 

was found to decrease.  At higher angular frequencies the characteristic 

response changed, and the G’ plateau was found to increase slightly with 

increasing strain (%).  Such behavior can be characterized as strain softening 

(angular frequency ≤ 10 rad s-1) and strain hardening observed at higher 

angular frequency (15). 
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Figure 6-10. G’ plateau from Fig. 6-9 for 31:4 alumina:silica (vol%) 
suspensions in 10-3 M NaCl at pH 8. G’ plateau as a function of 
oscillation strain (%) and different angular frequencies: 0.1 rad s-1 
(orange pentagons); 1 rad s-1 (violet stars); 10 rad s-1 (blue triangles); 50 
rad s-1 (green diamonds); 100 rad s-1 (black squares); and 300 rad s-1 
(red circles). 

 

 

For those suspensions which were shown to form a weak gel, it is possible to 

compare the gelling time (Fig. 6-11) as a function of the applied oscillation 

strain. The gelation time was taken to be the critical condition when G’ = G”.  

For an angular frequency of 1 rad s-1, the gelling time was found to increase 

slightly with increasing strain. This response indicates that greater 

deformation in the particle network inhibits the rate at which weak gel network 

can form. At an angular frequency of 10 s-1 the gelling time is substantially 
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increased and was not measured at all oscillation strains.  Such response is 

likely a result of wall slip which occurs at large strains in the nonlinear regime 

(26).       

 

Figure 6-11. Gelation time at G’ = G” for 31:4 alumina:silica (vol) in 10-3 
M NaCl at pH 8.  The angular frequencies are 1 rad s-1 (violet stars) and 
10 rad s-1 (blue triangles). 

 

 

The higher G’ plateau at higher angular frequencies (Fig. 6-10) is 

characteristic of a viscoelastic concentrated colloidal suspension where the 

suspension appears to stiffen at higher angular frequencies as the material is 

not able to respond fast enough to the changes in the sinusoidal 

hydrodynamic motion and thus an apparent stiffening is observed.  Such 



 
 

 

233 

behavior may be characteristic of a Maxwell fluid (27) where G” ∝ 𝜔 and G’  ∝ 

𝜔2. When the frequency is increased the elastic contribution increases faster 

than the viscous contribution resulting in a purely elastic response when 

approaching the high frequency limit. The transition from predominantly 

viscous to elastic behavior occurs at a characteristic time,  known as the 

relaxation time.  This behavior and also be characterized by the Deborah 

number, De, which is defined as the ratio of a characteristic relaxation time of 

the fluid to the characteristic time of the flow, indicating the relative importance 

of elasticity (27, 28). 

 

The gradual gelling of the concentrated particle suspensions is evident and 

dependent upon the hydrodynamic contribution to the system (Fig. 6-8). 

Several other studies have measured the time dependent rheology of colloidal 

silica suspensions and observed an increase in the elastic contribution 

suspension. Fusier et al. (29) studied the elastic modulus as a function of time 

for silica beads of 1.4 µm and crushed silica particles of 2 µm. All samples 

were exposed to a pre-shear protocol prior to measuring the elastic modulus 

as a function of time at a strain of 0.01 % and 1 Hz frequency.  The authors 

observed a rapid increase in the elastic modulus within the first 200 s followed 

by a gradual increase to a value of 3×104 Pa after 20 min.  at such low strains 

the authors claim at the isolation does not induce microstructural 

rearrangement in the suspension as the oscillation remains in the linear 

domain, such is the case in the current study, for the low oscillation strains 

(Fig. 6-9).  Fusier et al. state that the measured thixotropy depends on the 

Brownian motion of the colloidal particles and the interparticle strength.  As 
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previously discussed in Table 6-1, at all applied shear rates to the sample (Fig. 

6-8), the behavior of the colloidal silica particles is dominated by their 

Brownian motion, while for the colloidal alumina particles a critical shear rate 

is exceeded when the hydrodynamic contribution begins to dominate their 

behavior.  This indicates that the colloidal silica has the potential to reorganize 

within the structure to a more energetically favorable configuration, potentially 

promoting weak gelling of the suspension.   

 

For the interparticle strength, the contribution of electrical double layer forces 

to modifying the yield stress or elastic modulus of a suspension has been 

considered by several authors. The model by Scales et al. (30) essentially 

considers the volume fraction, particle size, particle shape factor and the van 

der Waals and electrostatic repulsive forces, and thus as the total interaction 

energy is more dominated by the attractive van der Waals forces, the yield 

stress or elastic modulus will increase. it is difficult to assess if changes in the 

strength of the colloidal interaction are influencing the observed data in Figs. 

6-8 and 6-9.  However, data presented in Chapter 5, Fig. 5-15, may have 

revealed that the particle interaction strength is changing as a function of time. 

Fig. 5-16 directly compares two samples that were prepared following the 

same protocol as highlighted in Table 5-3, but Sample 5 was pH adjusted to 

pH 8 while Sample 4 was not pH adjusted. As previously explained in Chapter 

5, the pH of the blended suspension was found to drift ever so slightly to lower 

pH values of pH 8. If the sample pH was not readjusted (Sample 4), then the 

viscoelasticity appeared almost independent of the measurement time. 

However, if the sample pH was readjusted (Sample 5), the magnitude of the 
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measured viscous and elastic moduli were  found to be lower than Sample 4, 

but also a measurable increase in the G’ contribution was seen over 600 s 

following a pre-shear protocol. This increase in the elastic contribution 

reduced the difference between the elasticity measured in Sample 4 and 

Sample 5, hence the suspensions were becoming more alike with time.  

 

The slight reduction in pH is likely due to an impurity from the silica which can 

be associated to the manufacturing process of silica.  Amorphous silica is 

typically produced by the acidification of solutions of sodium silicate. As 

previously stated, the particle samples used throughout the study were not 

pre-treated, and experimental observations were that concentrated alumina 

suspensions remained stable with no pH drift, which was consistent with 

blended suspensions with very little silica. However, for this particular 

suspension of 34:1 alumina:silica (vol%), which was chosen as the 

suspension exhibited no yield stress, the high silica content caused a slight 

drift in the pH to a lower value.  

 

From Fig. 5-6 in Chapter 5 the change in the zeta potential of the two particle 

species can be determined. For silica, the zeta potential of the particle can be 

considered independent of pH when the suspension pH is greater than pH 6.5 

(z.p. = -36 mV). However for alumina, the particle zeta potential increases as 

the pH decreases from pH 8 (z.p. = 13.5 mV) to pH 7 (z.p. = 33 mV). Referring 

to the HHF equation (Eq. 5.4, Chapter 5), the increase in the difference 

between the zeta potentials of the silica (-ve) and alumina (+ve) particles 
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would strengthen the total interaction potential between the two particles, and 

increase the elastic modulus of the concentrated particle suspension.   

 

6.9 Conclusions  

The weak gel of a blended suspension which exhibited no yield stress was 

considered. The study focused on the blended suspension of 31:4 

alumina:silica (vol%) in 10-3 M NaCl at pH 8. A series of tests were conducted 

in both oscillation and rotational rheometry mode, and independent of the 

measurement approach a weak gel was observed to form when the oscillation 

strain or the shear rate was below a critical threshold, indicating that the 

structure formation can be suppressed by increasing the contribution of the 

hydrodynamic forces, as described by the Peclet number.  The mechanism 

for gel formation was mostly attributed to the slight reduction in the suspension 

pH from pH 8. For blended suspensions with a high silica content, a slight 

reduction in the suspension pH was observed, while this change in pH did not 

change the zeta potential of the silica particles, it did more than double the 

positive zeta potential of the alumina particles. As such, the total interaction 

strength between the negative silica particles and positive alumina particles 

increased, which would increase the elastic modulus of the concentrated 

blended suspension. Therefore, the time dependent change in G’ resulted 

from a change in the suspension pH.   
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Conclusions 

 

The study considered different methods to accurately measure the shear yield 

stress of high solids content suspensions. There were many challenges in 

sample preparation and measurement, and through iteration of the method, 

an approach was successfully demonstrated to accurately and reproducibly 

measure the high yield stress values of high solids content alumina 

suspensions. In rotational mode, the stress ramp proved difficult to generate 

repeatable data, with consecutive cycles in the stress producing little 

consistency. In addition, the fitting of a flow curve to a standard yield stress 

model (for example the Herschel-Bulkley model) proved very challenging with 

small sensitivities in the fitting parameters strongly influencing the shear yield 

stress. Operating the rheometer in oscillation mode proved to be more 

successful and the yield stress was first examined using strain control method. 

However, because the rheometer is stress controlled, the strain-stress 

feedback loop created several difficulties in smoothly executing the strain 

ramp, with the rheometer strain often overshooting the desired strain due to 

difficulties in ramping up the rheometer stress. To overcome this issue the 

method was adapted to follow a torque ramp, thus eliminating the need for a 

feedback, with the torque being directly applied to the sample and the strain 

determined from the torque applied. This method is used throughout the study 

as described in the following Chapters. 
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The yield stress of colloidal particles which are irregular-shaped can increase 

very rapidly at very low solids concentrations. High yield stress suspensions 

can cause problems in their processing and handling, thus alternatives to 

behaviorally modify the rheology of concentrated particle suspensions is 

desired by the nuclear industry. An approach was adopted whereby spherical 

colloidal silica particles were blended into a concentrated suspension of larger 

alumina particles. The size ratio between the two particles is approximately 

5:1 for alumina:silica. Two pH conditions were chosen such that the two 

particle species were weakly attractive and weakly repulsive. A series of 

alumina:silica blend ratios were studied and it was found that independent of 

the colloidal interaction (attractive or repulsive), a critical blend ratio could be 

reached where the yield stress of the concentrated particle suspension was 

eliminated. Further studies to understand the nature of this flow modification 

indicated that the colloidal silica is likely acting as a lubricating particle 

between the larger and irregular-shaped alumina particles. Methods to better 

disperse the colloidal silica throughout the alumina network led to the critical 

blend ratio changing, where a suspension with a total solids content of 35 vol% 

would have no yield stress when 1 vol% silica is added to 34 vol% alumina. 

 

The weak gel of a blended suspension which exhibited no yield stress was 

considered. The study focused on the blended suspension of 31:4 

alumina:silica (vol%) in 10-3 M NaCl at pH 8. A series of tests were conducted 

in both oscillation and rotational rheometry mode, and independent of the 

measurement approach a weak gel was observed to form when the oscillation 
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strain or the shear rate was below a critical threshold, indicating that the 

structure formation can be suppressed by increasing the contribution of the 

hydrodynamic forces, as described by the Peclet number.  The mechanism 

for gel formation was mostly attributed to the slight reduction in the suspension 

pH from pH 8. For blended suspensions with a high silica content, a slight 

reduction in the suspension pH was observed, while this change in pH did not 

change the zeta potential of the silica particles, it did more than double the 

positive zeta potential of the alumina particles. As such, the total interaction 

strength between the negative silica particles and positive alumina particles 

increased, which would increase the elastic modulus of the concentrated 

blended suspension. Therefore, the time dependent change in G’ resulted 

from a change in the suspension pH. 
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Future Work 

 

The study has conclusively shown that the rheology (yield stress) can be 

significantly modified when blending colloidal silica into a concentrated 

alumina particle suspension. The work has met the original research 

hypothesis yet has introduced more research questions as the work 

developed. The sections below introduce areas which require further 

investigation in order to test the robustness of the system studied. 

 

7.1 Magnesium Hydroxide Suspensions  

The current study focused on alumina suspensions and their modification 

through the addition of colloidal silica. While alumina is very relevant to the 

US nuclear industry, in the UK the predominant particle species is magnesium 

hydroxide (Mg(OH)2). The basis for choosing alumina was that the strength of 

the colloidal interaction between the major and minor particle species could 

be accurately controlled by adjusting the suspension pH. This is due to the 

fact that alumina has an iso-electric point in the region of pH 8.5, and shows 

strong positive potentials below this pH and strong negative potentials above 

this pH. With silica being negatively charged across a wide pH range, the 

nature of the interaction between the alumina and silica could be adjusted 

from weakly attractive to weakly repulsive. In the current study, it was proven 

that the yield stress of the suspension could be eliminated regardless of the 

system being weakly attractive and weakly repulsive.  This demonstrates the 

robustness of the suspension rheology modification.   
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Figure 7.1 shows the zeta potential curves for micron- and nano-sized 

Mg(OH)2. The iso-electric point for the two particle species is in the range of 

pH 10 – 11, with the surface potentials being weakly negative and positive at 

pHs greater than and less than the iso-electric point, with a limited operational 

window (pH range). This limited pH range is due to the conversion of Mg(OH)2 

to other species at lower pH values, such as hydromagnesite 

(Mg5(CO3)4(OH)2∙4H2O) (1). In addition, the nuclear industry stores its liquid 

waste at approximately pH 11 as this provides a more suitable environment 

to prevent the bloom of organic species within the storage ponds. As such, 

the suspensions of interest to the UK nuclear industry would be at the 

isoelectric point of the Mg(OH)2. This may introduce some challenges in the 

sample preparation protocol ensuring that the colloidal silica is 

homogeneously distributed throughout a network that is strongly aggregated.  

However, if the colloidal silica can be successfully distributed throughout the 

Mg(OH)2 network, the current study has confirmed that the yield stress can be 

eliminated even if the colloidal interaction between the major and minor 

particle species is either weakly attractive or weakly repulsive. Hence, yield 

stress elimination should also be possible for a Mg(OH)2 suspension. 
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Figure 7-1. Zeta potential of nano-sized and micron-sized Mg(OH)2. The 
black and red symbols represent the 1 µm and 15 nm Mg(OH)2 
respectively.  

 

 

7.2 Particle Size Ratio 

The current study focused on two particle species of the major component 

being alumina of ca. 500 nm and the minor component being spherical silica 

of ca. 100 nm.  Blending these two particles was able to eliminate the yield 

stress of high solids content suspensions. However, the broader interest is to 

understand the mechanism by which this yield stress modification occurs in 

order to better optimize the system such that a minimal amount of the minor 

component has to be added to eliminate the yield stress. The work presented 

in Chapter 5 highlighted issues around dispersion of the colloidal silica 

throughout the alumina particle network, with large silica “islands” being 
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observed, and thus confirming that a significant number of silica particles are 

non-contributing to modifying the suspension rheology. It is hypothesized that 

an optimum dosage of the minor component, i.e. minimizing the amount of 

silica added, can be achieved if all silica particles were dispersed.  

 

Preliminary research with silica particles of different sizes confirmed that there 

is likely to be an optimum size ratio between the major and minor particle 

species in order to achieve the optimal lubrication effect.  Studies using larger 

silica particles of 0.8 µm (Fig. 7-2 a and b) proved that even with a blend ratio 

of 30:5 alumina:silica (vol%), the blended sample, which was prepared 

following the same standard protocol, did not modify the yield stress of the 

suspension. On further analysis, the number ratio for this blend ratio was 

calculated to be 22:1 alumina:silica, hence on a number basis there were very 

few silica particles in the alumina suspension to promote lubrication. Noting 

that the particle number ratio is likely important, a smaller particle of 80 nm 

was also considered.  However, this particle size was found to be difficult to 

disperse and required significant high strength ultrasonication to disperse the 

particles to the primary particle size (Fig. 7-2 c and d). This ultimately led to 

poor dispersion of the silica throughout the alumina network and did not 

significantly modify the rheology of the high solids content suspension. Further 

work to understand the critical size ratio is needed.  
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Figure 7-2. a) SEM and particle size distribution of larger colloidal silica 
(FUSO). b) Zeta potential curves of FUSO silica as a function of pH and 
electrolyte concentration. The zeta potential curves were similar to that 
measured for the silica used throughout the study. c) SEM images of 
the smaller, 80 nm, nano-sized silica. d) Particle size distribution of the 
nano-sized silica at 1 min time intervals following intensive sonication 
using a dismembrator.   

 

 

7.3 Long Term Ageing Effects 

The intended application of this system is to modify the rheology of legacy 

nuclear waste which will go into interim storage in the UK, potentially up to 

anything between 50 and 100 years, prior to ultimate disposal in the geological 

disposal facility which is still yet to be identified in the UK. An area of further 

research interest would be to understand the long-term aging effects on the 

rheology of the blended suspensions. It has already been discussed in 
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Chapter 5, but when working with magnesium oxide and silica there is 

potential to form magnesium silicate hydrate (M-S-H) which can increase the 

gel strength of the suspension. This has already been discussed to depend 

on the silica:magnesium oxide ratio (vol %), and initial thoughts suggest that 

the blend ratio required to eliminate the suspension yield stress would be 

below the critical ratio that initiates the reaction to cause significant 

strengthening of the particle network.   

 

Another ageing characteristic which would require further investigation is the 

potential time-dependent consolidation of the high solids content blended 

suspension. While some preliminary work has been shown in Chapter 5, and 

highlighted the potential for yield stress to redevelop beyond a critical vol %, 

it is possible to look at the consolidation process more sophistically using a 

stability analyzer, such as the LUMiSizer. This will then allow a direct 

comparison between the force applied and the consolidation/compression of 

the particle network. Some preliminary data is shown in Fig. 7-3 for different 

blend ratios of alumina:silica (vol%).   
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Figure 7-3 Consolidation behavior of alumina:silica (vol%) blended 
suspensions prepared in 10-3 M NaCl at pH 8. 

 

 

With increasing rotational speed of the LUMiSizer, the high solids content 

blended suspension consolidates and attains a new equilibrium sediment 

height (a result of the force balance between the compressive force and the 

strength of the formed particle network), as determined from light transmission 

profiles through the sample cell. This data can be further processed to 

determine the compressive yield stress as a function of the solids volume 

fraction, following the method outlined by Yow and Biggs (2). The preliminary 

data shows the relationship between compressive yield stress and solid 

volume fraction depends on the blend ratio, with blended suspensions 

showing a modest increase in the compressive yield stress as the solid 

volume fraction starts increasing. Such behavior is in good agreement with 

the shear yield stress data reported in Chapter 5. This is likely to be favorable 

for the long term storage of these blended suspensions, and through further 

investigation it would be interesting to use Cryo-SEM to visualize the 

alumina:silica content with sample height, to determine if the silica 
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preferentially sediments in the alumina network, thus diminishing the 

lubrication effect.  
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