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ABSTRACT/WEB SUMMARY
Stability is key to sustaining the colloidal properties of nanofluids and by extension the beneficial thermophysical properties they exhibit for practical applications. Nanofluid suspensions are typically prepared through ultrasonic dispersion of the nanoparticles, either in the form of low-power ultrasonic baths or high-power ultrasonic probes. It has been observed that high-power probes, although achieving nanoparticle size reduction in reduced time, can also cause considerable aggregation and hence reduction in colloidal stability with excessive application. This effect was not observed in low-power ultrasonic dispersion applications. This discrepancy and its sources are explored and explained in the current chapter, through consideration of particle breakup mechanisms (fragmentation versus erosion) and the fusion of particles due to high velocity interparticle collisions. Stability is known to be linked to the solution pH; for example a pH value far from the isoelectric point yields a surface charge in the dispersed phase, which enhances stability through Coulombic repulsion. Ultrasonication has been observed to affect the pH of nanofluid solutions. The reasons for this were examined, and it was determined that these changes in pH are caused by the release of impurities originating in the dispersed phase. The type of ultrasonic application used affects the observed pH change. High-power devices are unable to affect pH change in dilute alumina-water nanofluids ( < 0.01 vol.%), whereas low-power devices can. This was hypothesised to be due to the dominant breakup mechanism, i.e. erosion in low-power baths versus fragmentation in high-power probes. Hence, to improve nanofluid stability, it is recommended to use lower-power sonication where possible, and source nanoparticles in aqueous form. If a high-power ultrasonic probe must be used, the duration and amplitude should be reduced to avoid the induction of significant stability reduction.


X.1 Introduction
Nanofluids are constituted of typical heat transfer fluids (water, ethylene glycol) into which nano-sized particles are dispersed to enhance their heat transfer.1 Nanoparticles are resistant to gravitational sedimentation due to their enhanced Brownian motion compared to micron-sized particles. However, nanoparticles in suspension are still subject to aggregation over time due to inter-particle collisions, which degrade the stability of nanofluids.2 In order to use nanofluids in industrial processes, long-term stability is required. In previous research, sedimentation and agglomeration have been observed during investigation of a dilute alumina-water nanofluid in a natural convection cell.3 These issues were resolved through the manipulation of the nanofluid pH, decreasing it to a value far from the isoelectric point (IEP) of the solution. This resulted in a net surface charge on the dispersed phase, enhancing the stability of the nanofluid through inter-particle repulsion due to electrostatic forces. For one type of alumina nanoparticles, this was achieved through the addition of acetic acid. For another type of alumina nanoparticles, this reduction in pH was achieved through extensive sonication in an ultrasonic bath alone.4
Recent experiments conducted at Instituto Superior Técnico (IST) in Lisbon (2019) investigated the thermal conductivity and forced convection performance of alumina-water nanofluids. During the preparation of the nanofluids for these experiments, the optimisation of their stability was conducted by controlling the applied ultrasonic time and power. The experimental setup for this nanofluid preparation is shown in Figure X.1(b), in addition to the setup used at Imperial College London in Figure X.1(a) (used for the experiments described in the previous paragraph). The key differences between the two setups are the different basefluids (deionised water versus distilled water) and the ultrasonication devices (low-power bath versus high-power probe).
[Insert Figure X.1 here]
[Insert Figure X.2 here]
During optimisation of the probe-sonication process, it was observed that excessive sonication (in excess of 5 minutes, 50% amplitude, volumetric concentration,  = 0.1 vol.%) resulted in severe aggregation and reduction in nanofluid stability (Figure X.2(b)); Figure X.2(a) shows a stable nanofluid prepared via an ultrasonic bath after 3 weeks from previous work3). Additionally temperamental changes in nanofluid pH depending on the applied ultrasonication and nanoparticle concentration were also noticed. These observations raised the following critical questions:
1. Why, how and when does ultrasonication lead to re-agglomeration/aggregation of nanoparticle colloids? Is there a bound and finite optimum ultrasonication time and power density to create stable nanofluids?
Ultrasonication initially breaks up aggregates/agglomerates, reducing their hydrodynamic size; however, after a certain specific energy input, the hydrodynamic size begins to increase. In this latter phase, rapid sedimentation (within minutes/hours) is observed with the formation of large visible agglomerates. Additional sonication has no effect or can even worsen the stability. Why is it that continued sonication forms these micron flocs/aggregates but cannot redisperse them?
2. Why/how does ultrasonication change pH?
The experiments with highly dilute nanofluids ( < 0.01 vol.%) showed that sonication for around 5 hours in a low power density ultrasonic bath, yielded a pH reduction from 7 to 5.7. At the same time, high power sonication of denser nanofluids ( > 0.1 vol.%) led to an even greater pH reduction (yielding pH values as low as 4.88). Interestingly, for sonication times longer than an optimum (i.e. after which significant nanoparticle agglomeration occurred), the pH value would then gradually restore to its initial value (neutral, 7). Linking this to the increase in specific surface area (SSA), could the formation/collapse (and modification during changing pH) of the electrical double layers (EDL) affect the nanofluid pH? Why is it not possible to affect pH change with dilute nanofluids in high power applications?
The following sections serve to explore and answer the above questions. Section X.2 considers the first question and Section X.3 discusses the second question. Concluding remarks are added at the end of these sections to summarise the findings and propose the best approach for delivering optimum nanofluids. Finally, Section X.4 provides final remarks.
X.2 Ultrasonic dispersion, particle breakage and reaggregation
In this section, the working principle of ultrasonic dispersion is explained. The two different types of particle breakage mechanisms are introduced and considered in the context of ultrasonication, and the phenomenon of reaggregation is investigated and explained. This leads to considerations related to question 1 of the introductory Section X.1.
X.2.1 Introduction
Ultrasonication refers to the exposure of a medium to ultrasonic waves (frequency,  > 20 kHz). In the context of nanofluids, the ultrasonication of the basefluid leads to rapid local pressure oscillations, which, with sufficient intensity/amplitude, can rarefy the medium to form voids (cavitation bubbles). It is the unstable collapse of these bubbles (which occurs at high enough amplitudes, known as transient cavitation), which yields the major effects of ultrasonication. For reference, temperatures and pressures in these collapsing bubbles peak at around 5000C and 200 MPa5.
Ultrasonic devices come in two forms, namely baths (typically used in such applications) and probes. To disperse the colloids, in ultrasonic baths, the “bath” is filled up with water and the nanoparticle and basefluid solution (nanofluid) is placed within its own container (usually glass test tubes/containers). The nanofluid containers are subsequently submerged into the water bath of the device. The ultrasound path starts originally from the ultrasonic transducers that are usually attached to the external of the bath walls and follows a course through the bath wall, the water in the bath itself, the nanofluid container and finally into the nanofluid itself. For ultrasonic probes the ultrasound path is much shorter with fewer propagation media changes; the probe is directly immersed into the nanofluid and hence the ultrasound wave originally starts from the transducer, which is usually attached to the inner of the probe and then through the probe wall and into the nanofluid. Baths typically deliver ~20 WL-1 to the contained fluid (i.e. the nanofluid), whereas ultrasonic probes typically deliver power densities 1000 times higher (~20 kWL-1)6. This is because the energy losses due to the increased ultrasound pathway and number of propagation media changes for ultrasonic (US) baths are significant5.
Ultrasound frequency is also an important factor, with higher frequency devices requiring more power (amplitude) to induce cavitation, as at higher frequencies, the rarefaction cycles are shorter, thus suppressing cavitation5. The ultrasonic bath used during the current research had a frequency of 38 kHz and a power of 75 W (RMS), whilst the ultrasonic probe operated at a frequency of 26 kHz and a power of 200 W (DC). The effects of frequency change between the type of US baths used in the range reported have been stated as negligible7.
Homogeneity of ultrasonication is quite easily achieved in probe applications through the sufficient submersion of the probe and minimisation of the distance between the probe and container walls. For bath devices, inhomogeneity of the ultrasonication is common, with local maxima and minima power regions forming inside the water bath volume. These can be visually identified through the immersion of an aluminium foil inside the bath. Regions of high power in the bath would appear as perforations on the aluminium foil due to the strong cavitation shear effects induced. The typical experimental setup for this test is shown in Figure X.3, with the resulting perforation damage shown in Figure X.45. Ideally in a bath one would locate the nanofluid in the region of maximal cavitation activity (i.e. where the maximum damage to the aluminium foil occurred). However, this is not always practically possible. This has implications, for example, when sonicating multiple nanofluid samples simultaneously in an ultrasonic bath or when placing a sample at different locations within the bath. In these cases the power delivery inhomogeneity will result in differing rates of absorbed power by each sample, and hence differing rates of dispersion properties are obtained.
[Insert Figure X.3 here]
[Insert Figure X.4 here]
A key observation of the research was the inability to reduce the pH of nanofluids with the use of an ultrasonic probe when they were below a certain concentration ( < 0.1 vol.%), regardless of the duration/intensity of ultrasonication (durations of up to 30 minutes at 100% amplitude). On the contrary, a pH reduction of a significantly more dilute nanofluid ( = 0.000 26 vol.%) was repeatedly achievable (pH reduction from 7 to 5.7 after 5 hours of ultrasonication) when an ultrasonic bath was used. Opposed to the high quality deionised (DI) water used for the ultrasonic bath4, distilled water was used for the ultrasonic probe experiments. This has introduced ionic contaminants which may have affected the pH (discussed further in Section X.3) but nevertheless, the major difference between the two experiments was the delivered power (~1000 times higher with the probe). It could hence be that lower delivered power (i.e. the employment of a bath opposed to a probe) could be favourable in the formulation of stable nanofluids. As such, the analysis of the ultrasonic cavitation characteristics might provide an explanation to the dissimilar stability of produced nanofluids.
To explore the above hypothesis, one must consider the interaction between ultrasonic cavitation bubbles and nanoparticles in their differing forms, i.e. singlets, doublets, triplets, hard aggregates, soft agglomerates etc.
X.2.2 Ultrasonic-induced Cavitation
During ultrasonication, the induced local pressure fluctuations cause the formation of cavitation bubbles, which collapse. The induced shear cases mixing of the nanoparticles with the basefluid. When the cavitating bubbles in a sonicated fluid collapse near solid surfaces, they do so asymmetrically, resulting in the formation of a fast (~100 ms-1) liquid jet8 which impacts the solid boundary (as shown in Figure X.5), i.e. a Rayleigh-Taylor instability9. These jets can be expected to directly impact the primary (nano) particles in the suspension, shearing them apart. However, in order for these microjets to form, the solid boundary must be larger than the resonance bubble size8 (in order to provide sufficient disturbance to the ultrasonic field10). This resonance (or critical) bubble size represents the size at which the transfer of ultrasound energy to the cavitation bubble is most efficient, enabling significant growth within one pressure cycle, after which the bubble is too big to support itself, and collapses violently (the aforementioned transient cavitation)11. This critical bubble size depends on frequency and is given as  200 m for  = 20 kHz8. Agglomerates smaller than this (and the primary nanoparticles in the nanofluid case) are thus only affected by the shockwaves emitted from collapsing cavitation bubbles10. Increasing ultrasonic power has been shown to reduce the size of the cavitation bubbles (~10 m for power, P > 150 W)12, hence, high power sonication (probe applications) will form smaller cavitation bubbles, and thus microjet formation should occur and impact on smaller agglomerates, enhancing the effectiveness of the dispersion process. Regardless, both microjets and shockwaves serve to comminute the particles, the chief criterion is the presence of basefluid cavitation13.
[Insert Figure X.5 here]
X.2.3 Fusing through Interparticle Collisions
The shockwaves emitted by the collapsing bubbles in the medium will have velocities in excess of the medium's sound speed (> 1400 ms-1 in water). From modelling underwater bomb blasts, laser-induced cavitation yielded shockwave pressures up to 300 MPa, which, for infinitesimally small particles, would predict particle velocities up to 160 ms-1.14 For 10-micron particles undergoing sonication, the impact velocity of interparticle collisions has been estimated at between 100 and 500 ms-1.10 The high energy of collision of particles at these velocities results in their melting together, yielding a neck, as shown in Figure X.6 for 5 m zinc particles. The melting point of zinc is around 2000C, hence the temperatures reached during the collision of the two particles in Figure X.6 must have exceeded this value (the authors10 estimate is between 2600 and 3400C, corresponding to the melting points of molybdenum and tungsten, materials for which significant necking was not observed). This effect is greater for smaller particles with larger particles (> 150 m) relatively unaffected by this acceleration and fusing issue10. In the context of the employed nanoparticles in the performed experiment, alumina has a similar melting point to zinc, and the size reduction from micro to nano is expected to exacerbate this fusing phenomenon. Although smaller particles have increased Brownian motion velocities, it is not expected for these velocities to exceed their convective velocity (i.e. Peclet number, 1). These high velocity collisions are also abrasive, when glancing impacts occur, which are characterised by the smoothing of particle surfaces and removal of their oxide layers8,15, shown in Figure X.7 - a feature of importance in Section X.3.
[Insert Figure X.6 here]
[Insert Figure X.7 here]
X.2.4 Aggregates, Flocs and Derjaguin, Landau, Verwey, Overbeek (DLVO) Theory
The (hard) aggregation of nanoparticles in suspension due to partial melting on interparticle collision has been demonstrated by molecular dynamics studies.16 Experimentally, it is more difficult to obtain a transmission electron microscope (TEM) image akin to Figure X.6 for nanoparticles due to the smaller size of the suspended particles (nano versus micron-scale). However, TEM images of nanoparticles before and after sonication can still be studied, and do show the presence of hard aggregates (e.g. triplets) which appear to have formed necks, and do not fragment any further.17,18 
The fused agglomerate of Figure X.6 is better defined as a ‘hard’ aggregate, requiring significant energy to redisperse (i.e. ultrasonic milling or other comminution processes). These differ significantly from ‘soft' agglomerates, also known as flocs, which are held together only by intermolecular forces such as van der Waals19. The differences between the two can be further understood from the characteristic Derjaguin, Landau, Verwey and Overbeek (DLVO) curve of Figure X.8, with aggregates ‘sitting’ in a deep potential well, and flocs lying in the secondary minima, a shallower well. It is also shown the barrier to aggregation, in the form of electrostatic repulsion, , with  > 15 representing a moderate barrier to aggregation. However, the above-mentioned fused aggregates easily overcome this, as their kinetic energies  1000 at 300 K with particle diameter  = 50 nm20. The formation of flocs is generally known as a reversible process, with the initial state of the colloid easily restored by stirring9. However, aggregate formation on the other hand is known as irreversible, due to the significant energy barrier present, requiring immense amounts of energy to undo9; essentially this is akin to the energy delivered when the original comminution processes took place that yielded the individual primary particles19,21. The undesirable formation of aggregates might be encouraged by the employment of “dry powders”. In fact, the concept of a dry ‘nanopowder’ (i.e. individualised nanoparticles stacked against each other) does not exist in reality. This is due to the formation of solid-solid diffusion bridges that occur in less than a few seconds when dry nanoparticles come in contact (an example of sintering/necking of silica nanoparticles due to this solid-solid diffusion is shown in Figure X.9), i.e. in the dry form provided by the manufacturer19,22.
[Insert Figure X.8 here]
[Insert Figure X.9 here]
X.2.5 The Implications of Dry Powders
For nanoparticles suspended in a liquid, the presence of a solvent layer (in addition to possibly an EDL/other stabilising agents) essentially eliminates the issue of solid-solid bridging, and slightly reduces the depth of the primary well, due to the presence of a hydration force (more simply, the volume occupancy of the solvent layer limits the minimum of the interparticle distance, ). The above makes it possible to restore stable colloidal conditions without significant energy input9. Hence it is recommended to purchase nanoparticles in aqueous solution for all uses (as long as they are also kept wet during the entire manufacturing process, e.g. sol-gel23 opposed to pyrolysis24,25), as to avoid needing to essentially ultrasonically mill the nanopowder. For nanoparticles manufactured by the electric arc technique (as is the case for the presently employed nanoparticles), an (aluminium) anode is vaporised and then quenched by a surrounding medium (water) to form the solid nanoparticles26. It may be that additional drying/separation processes are needed to yield the pure product. If this is the case, it would be better to obtain this product in the wet form. This can help to explain the variation reported in ultrasonication studies6, as depending on whether one begins with a dispersed colloid or dry powder, the energy requirements to obtain the desired dispersion will differ greatly. The above also implicates nanofluid characterisation, namely agglomerate shape/size by TEM, as during this process the sample will be dried and thus in contact with air for at least a few seconds, enabling the formation of these solid-solid bridges - i.e. suggesting that larger/more agglomerates exist than those actually present in situ.
X.2.6 Energy Requirements for Size Reduction of Colloids
The fact that most manufacturers use bottom-up methods in nanoparticle synthesis should demonstrate the significant energy demands required in top-down processes. For the comminution of polystyrene spheres to their primary size (0.91 m) by ultrasonication, around ~0.1 GJm-3 is required27 - requiring 500 seconds of ultrasonication in an ultrasonic bath (assuming a power delivery rate of 20 WL-1 to the colloid6). Reducing to a smaller primary size (~nm) can be expected to require more energy, given the formation of additional surface area and increase in adhesion forces vs. inertial forces (van der Walls forces scale with  whereas inertial forces scale with )28. Generally, halving agglomerate size requires 1000 times more energy. The result is that, in order to get to the primary size (e.g. 45 nm in the presently employed alumina), around 5 GJm-3 of deposited energy is required. In ultrasonic probe applications, this is infeasible due to the cooling required (this amount of energy is enough to evaporate a significant amount of the basefluid, e.g. in a test tube) and probe erosion (contaminating the sample)29. Both issues can be solved with the employment of an ultrasonic bath. However then the processing time becomes impractically long, since attaining a volumetric deposited energy of  = 5 GJm-3, neglecting power losses due to inefficiencies, would require around 3 days of continuous sonication (which would most likely damage the equipment).
X.2.7 Mechanisms of Agglomerate Breakup
Considering next the nature of agglomerate breakup, two distinct mechanisms have been observed, namely erosion and fragmentation. In the erosion breakup mechanism, individual particles from the agglomerate’s exterior are removed one at a time, whereas in the fragmentation breakup mechanism, the agglomerate splits into two, smaller agglomerates. This is better understood visually in Figure X.10 based on the work of Higashitani et. al.27. In their work they used polystyrene spheres of diameter 0.55 m – 1.27 m and investigated dispersion by comparing the effect of ultrasonication to that of a flow through a contracting orifice. The evidence to support the aforementioned mechanisms can be understood from the agglomerate size distributions of Figure X.11 (from the same work27). Ultrasonication yields a significant increase in the proportion of primary particles ( = 1) whilst a reasonable proportion of large agglomerates remain, whereas the orifice contractile flow reduces the maximum agglomerate size (no agglomerates larger than 20 particles were observed) and yields a lower proportion of primary particles (20% vs. the 30% yielded by ultrasonication). The explanation of this result is as follows. In a contracting orifice flow, agglomerates align themselves with the flow, and are then elongated (and pulled apart) along the flow direction as the fluid accelerates through the contraction, proving adept at breaking up agglomerates30. Although ultrasonication differs to a hydrodynamic flow, a hydrodynamic flow is still induced in ultrasonic applications due to the shockwaves from collapsing cavitation bubbles (inducing fluid motion and shear).
[Insert Figure X.10 here]
[Insert Figure X.11 here]
Both erosion and fragmentation occur in ultrasonication applications, with the dominant mechanism dependant on the ultrasonic power and material properties31. For example, Kusters et. al.13 observed titania powder to fragment, whilst silica powder eroded.
X.2.8 Optimising Ultrasonication Dispersion
Optimisation of the ultrasonication step in nanofluid preparation is critical to obtaining the best possible thermophysical performance and stability. To compare different results of ultrasonic dispersion, they need to be standardised. To do this, the delivered energy is given specific to mass ()31 or volume ()27,32. However, the nature of the power delivery is important. Pulsed ultrasonication operation allows for the cooling of the sample, and for the escape of dissolved gases in the liquid (gases may become trapped in continuous operation), where it is known that the presence of dissolved gas significantly reduces the ultrasonic energy needed to form cavitation bubbles in the liquid5. The heating and consequential temperature rise of the sample will ‘cushion' the collapse of cavitation bubbles, due to the increased vapour pressure, reducing their effects33, although, this increased vapour pressure also makes it easier to induce cavitation (less negative pressure required)34. Additionally, the effect of ultrasonic power on cavitation bubble size has been mentioned12, with higher power applications yielding smaller cavitation bubbles, which would be able to form and impact microjets on smaller agglomerates10. The aforementioned thus further quantifies the challenges to the replicability of nanofluid studies. However, these issues can be overcome by focusing on replicating the particle size distribution (PSD) and stability characteristics (e.g. zeta potential, pH, surfactant concentration) of the nanofluid. For example, it is expected that different investigators will need to use differing amounts of specific energy to yield sufficiently similar nanofluid suspensions.
A weakness of normalising by sample volume is that it does not account for the concentration (i.e. number/size/mass) of particles present. Normalising by sample mass () somewhat alleviates this issue. From previous work, sonicating for 5 hours in an ultrasonic bath (assuming a specific power of 20 WL-1)6, for  = 0.000 26 vol.% (15 mL sample, hence mass,  = 1.5 mg), one obtains  = 360 MJkg-1. Considering a 0.1 vol.% 50 mL sample prepared using a high-power probe, (final pH of 5.9) after 1 minute of sonication at 20% amplitude (i.e. 40 W) one obtains   = 13 MJkg-1, showing that with the lower power approach, one is able to deposit over 20 times as much energy without negatively impacting stability (depositing more than 13 MJkg-1 in the high-power sample resulted in significant aggregation and the restoration of the initial pH value). However, this can also be attributed to the concentration difference, as shear-induced (or otherwise known as orthokinetic) aggregation is more significant for denser nanofluids9. The larger nanoparticle concentration would also favour greater ultrasonication agglomeration breakdown efficiency, as with more particles in the system it is more likely those to be in the vicinity of collapsing cavitation bubbles (with a first order dependence13, i.e. the probability of particle-cavity interaction ∝ )31.
What is more interesting to consider is the difference in delivered power. Thoma et. al.35 found agglomeration to occur above a critical ultrasonication power for two different types of titania powders, however the same phenomena were not observed with silica13. As mentioned before, their titania powders exhibited fragmentation whilst their silica powder exhibited erosion. This result can be understood by recalling the third order dependence of orthokinetic (shear-induced) aggregation on particle size (assuming laminar flow conditions)9. Therefore, larger aggregates subject to a shear stress are significantly more likely to aggregate further compared to smaller ones (according to orthokinetic aggregation rate ∝ d3, hence a doubling in agglomerate size will result in an eight-fold enhancement in orthokinetic aggregation). In other words, when agglomerates breakup by erosion (single particles breaking off), they are so small that they are not subject to significant orthokinetic aggregation. When agglomerates breakup by fragmentation, large agglomerates are generated, which conversely are subject to significant orthokinetic aggregation, which only increases more as aggregation proceeds.
Hence, the eroded primary particles in the silica were effectively insensitive to the applied shear, even when this was increased with higher ultrasonication powers. The titania powders on the other hand, upon ultrasonication, would yield fragmented agglomerates, which would still be substantially larger than the primary particle size, and thus would be subject to significant orthokinetic aggregation. For the presently investigated alumina nanofluid, no significant agglomeration was observed when an ultrasonic bath was employed, suggesting that the nanofluid exhibited the eroding breakage mechanism in this case. Conversely, for the same nanofluid prepared using an ultrasonic probe, significant agglomeration was observed after a certain length of time, suggesting that the fragmentation breakage mechanism began to dominate. Hence, it appears that the applied power has some effect on the dominant breakage mechanism, where it is also clear that the erosion breakage mechanism is favourable.
Whether net coagulation or comminution is observed depends on whichever process dominates. The rate of change in particle number density () due to these processes was expressed by Aoki et. al.20 as:
					(X.1)
where  is the cavity number density (the number of collapsing cavitation bubbles per unit volume) and  is a rate constant quantifying the probability that a particle-cavity interaction will yield a comminution event. The first term on the right hand side (RHS) represents the rate of comminution, which depends on the probability of particle-cavity interaction (hence particle and cavity concentration - with cavity concentration increasing with applied power and particle number density, the latter offering additional nucleation sites for cavitation via gases trapped within a greater number of agglomerates).  thus represents a material property (the strength with which the agglomerated particles are bound, which accommodates for the differing strengths of adhesion dependant on particle/agglomerate shape/size). The second term on the RHS represents the loss of particles due to coagulation, which is proportional to  as it is a particle-particle interaction9, and hence the rate constant  represents the probability of aggregation on interaction (reduced by the presence of an electrostatic barrier, solvent layer etc.).
From equation X.1 one can chiefly observe the dominance of coagulation for higher particle concentrations. Depending on the particle size distribution (i.e. mean diameter,), both rate constants will change, which can be understood as follows. The comminution rate constant () will reduce as aggregate size decreases (due to the increased strength of vdW forces in relation to inertial forces28, and the inability of microjets to form with smaller aggregates, ~100 m 8), i.e. particle-cavity interactions will be less likely to yield comminution. This rate constant is also reduced as aggregates are ‘reformed' by ultrasonication20, i.e. those produced by high velocity interparticle collisions (fusing), with these reformed aggregates being more tightly bound than those in the initial dispersion. This behaviour was confirmed experimentally by Aoki et. al.20 and Park et. al.36, with the latter publication finding that these aggregates were strong enough to withstand extensive high power sonication. The coagulation rate constant () will depend on solution pH and additive concentration, which can be easily controlled. However, as the mean particle size reduces, the probability of a particle-particle interaction yielding coagulation increases, as it becomes more favourable (decreases surface energy, and from DVLO theory, the Coulombic barrier,  also decreases with agglomerate size9). The mechanism of breakage is also important, as the probability of particle-particle interaction resulting in coagulation is greater for larger agglomerates (third order dependence of orthokinetic aggregation), severely implicating the large aggregates yielded from fragmentation. This also ties in with sonication power, as high power applications have been reported to favour fragmentation36, as mentioned previously. 
The rate constants  and  are obtained empirically. In their simplified heuristic model (equation X.1), Aoki et. al.20 considered only the change in  (i.e. assuming  to be constant). This was implemented in the form of two different values of , denoted here as  and . This approach is better understood from Figure X.12, which shows how in region (a), the initial value of  is used, leading to an exponential approach to a minimum agglomerate size after a certain duration of ultrasonication time. After this point,  is substituted for  in the equation of  (equation 3 in Ref. 20), representing the dominance of the reformed, hard aggregates and hence shift from net comminution to net coagulation. In region (b), the particle size distribution thus moves to a new equilibrium value which is larger than the minimum. 
[Insert Figure X.12 here]
From the preceding description, it can thus be understood how high-power applications (yielding greater cavity concentrations, ), yield a greater rate of comminution. However, they also accelerate the rate of aggregate reformation, which cause a reduction in the comminution rate constant (), outweighing the increase in cavity concentration (). The coagulation rate constant () is also negatively implicated by high-power applications, if one assumes a fragmenting powder, as these larger fragmented aggregates (relative to eroded primary particles) will be subject to significant orthokinetic aggregation. Hence, after a critical deposited energy, the rate of coagulation will outweigh the rate of comminution, and net coagulation will be observed with time up to an equilibrium particle size distribution. This explains the inability of additional ultrasonication to restore the stability/reduce the agglomerate size of excessively sonicated nanofluids, with additional ultrasonication instead worsening the suspension stability and increasing the aggregate size. In addition to being reported by Aoki et. al.20, these phenomena were also observed by Kole and Dey17, who studied a zinc oxide-ethylene glycol nanofluid, finding that after 60 hours of probe sonication the mean particle size began to increase and the enhancement in thermal conductivity decreased.
Additional insight is offered by consideration of the dominant breakup mechanism (i.e. erosion vs. fragmentation). Park et. al.36 deconvoluted multimodal particle size distributions to ascertain the dominance or either the erosion or fragmentation mechanisms in a variety of oxide powders, finding erosion to dominate at lower powers whilst fragmentation dominated at higher powers. This can be understood from the following. Increasing the applied power serves to increase the occurrence of acoustic cavitation in the sample - i.e. the number of cavitation bubbles collapsing within the sample at a given moment - up to a maximum value (after which additional power reduces cavitation activity due to effects such as acoustic streaming and shielding/scattering)37. This culminates in more cavitation bubbles impacting on/imploding near the dispersed phase, resulting in an increased ‘cavitation pressure' applied to the dispersed phase38. Insufficient cavitation pressure exists at low powers to fragment aggregates, leaving erosion as the dominant mechanism, postulated to be caused by low angle impacts of agglomerates39. However, the exact nature of this mechanism remains contested (Kusters et al.13 claim that there is no experimental evidence for interparticle collisions to cause comminution). 
The dominance of erosion at lower powers, combined with the insignificant effect of orthokinetic aggregation on these small, eroded primary particles, is expected to favour net comminution, and is indeed, what has been observed in the authors’ lab using an ultrasonic bath3. One could argue that impractical sonication times are faced. However, this can be alleviated by reducing particle concentrations, which is the case for practical applications of nanofluids ( < 0.1 vol.%). It should be noted that with sufficient time, fusing of primary particles may occur, limiting the smallest dispersible units obtainable. However, if one starts with a dry powder (as is the present case), significant numbers of unbreakable fused aggregates will already exist. 
The lack of aggregation, regardless of sonication time/power for silica particles reported by Kusters et al.13, warrants additional consideration, as it would mean that one would not be required to reduce the applied power, saving on time in preparing stable suspensions. This behaviour, from the preceding discussion, is expected to be due to the invariant dominance of the erosion breakup mechanism. Indeed, the findings of Kusters et al.13 have been confirmed by other experiments. For example, Retamal Marín et al.40 deposited up to 1.4 GJm-3 of ultrasonic energy (via a probe) into silica nanofluids of differing aggregate strengths, observing no aggregation. Vikash and Kumar41, through the use of a cooling system, were able to deposit ~5 GJm-3 and observed no aggregation (a steady state particle size distribution was reached after 60 minutes of high power sonication) in silica nanofluids of varying concentration. Their primary particle size was 12 nm, and from their dynamic light scattering (DLS) measurements the steady state, hydrodynamic particle size distribution maximum was around 50 nm – hence it is expected that they achieved true size reduction to the minimum dispersible units (i.e. fused doublets/triplets), with this deposited energy similar to what is expected29 for such a case. Although silica appears promising from a dispersion standpoint, it has a lower macroscopic thermal conductivity compared to other oxides, and hence its suspension benefits may be outweighed by a lack of thermal enhancement, although at these small length scales the mechanisms of thermal conductivity differ, namely becoming phonon transfer dominant. This incentivises the discovery of eroding powders with better thermal properties, however the conclusive answer as to what determines a powder to be eroding or fragmenting remains to be seen.
X.2.9 Conclusion
To summarise the key points considering the first question initially posed in the introduction section, ultrasonication acts to both reduce the size of aggregates/flocs through the breakup mechanisms of erosion and fragmentation, in addition to forming them through interparticle collisions – yielding strongly bound fused aggregates – and shear. It is expected for the presently employed alumina powder to predominantly exhibit the fragmentation breakup mechanism, yielding agglomerates subject to significant orthokinetic aggregation, which has a third order dependence on particle/agglomerate size, a second order dependence on concentration and a first order dependence on shear rate9. The rate of comminution decreases with deposited energy, as smaller aggregates are harder to breakup. This can be understood from the perspective of surface energy, with the increased dominance of vdW forces28 and damage to the particle surface – negatively impacting the EDL8,15. The result is the observation of net coagulation after a critical deposited energy.
The aforementioned is also exacerbated by increases in applied ultrasonic power, as fragmentation has been shown to dominate at the high powers experienced in probe applications, whilst erosion dominates in low power bath applications. These observations were verified by the study of Park et al.36 who used titania particles, although further experiments with different materials would help to affirm this hypothesis.
What is more interesting are eroding powders, such as silica, that exhibit no aggregation, regardless of sonication power and time (see e.g. Ref. 40) – as this would enable rapid preparation of stable nanofluids without worries of an optimum time/deposited energy. The insensitivity of these eroding powders is hypothesised to be caused by the small sizes of the eroded primary particles being effectively insensitive to orthokinetic aggregation - recalling its third order dependence on size. Further research is warranted into why certain powders are eroding as opposed to fragmenting.
X.3 Ultrasonication and Nanofluid pH
This section considers the effects of ultrasonication on nanofluid pH. The importance of pH in the context of nanofluid stability is explained, and the mechanisms of pH change in nanofluid applications (including ultrasonication) are considered. This section discusses question 2 of the introductory section X.1.
X.3.1 Introduction
It is known that nanofluid pH is related to the zeta potential, which is used as a metric for nanofluid stability ( > 30 mV). For example, in a previous study by the present authors, sedimentation of an alumina-water nanofluid in a natural convection cell was observed when the pH of the nanofluid was near the IEP. As mentioned earlier this sedimentation issue was rectified by reducing the pH of the nanofluid (from 8 to around 5), after which significantly less sedimentation was observed and the reduction in heat transfer performance reduced.3,4 As was also mentioned, for one of the alumina powders employed (﻿Sigma Aldrich, 544833, 50 nm, -Al2O3), the pH change was achieved by the addition of acid. For the second alumina powder (﻿Alfa Aesar, 44931, 45 nm, ﻿70:30 δ:γ-Al2O3), the pH change was achieved by sonication alone. The following section expands on the underlying theory, as to help understand how and why nanofluid pH changes with sonication (if at all).
X.3.2 DLVO Theory and the Electrical Double Layer
DLVO theory has already been introduced in section X.2. However, further elaboration is required to consider issues of pH alteration (and its consequences).
DLVO theory quantifies the net potential between two interacting bodies, constituted of an attractive van der Waals component and a repulsive electrostatic component. For the pairwise interaction between two spheres9, the net potential,  is:
			(X.2)
Concerning the RHS, the first term represents the vdW attraction, which increases linearly with particle radius ().  is the Hamaker constant, which depends on the particle/medium material, and quantifies the strength of the vdW interactions.  is the closest distance of approach between the two particles. 
The second RHS term represents the Coulombic repulsion, where  represents the concentration of salt (indifferent electrolyte, e.g. NaCl42) in the bulk, of valency . ,  and  are the Boltzmann constant, temperature and elementary charge respectively.  is the Debye parameter (nm-1), defined more commonly as the Debye length  (nm), which, for water at room temperature with a single, symmetrical () electrolyte (e.g. NaCl) reads:
						(X.3)
It is important to note that this situation is complicated by the presence of other, polyvalent ions, as together a multitude of ionic complexes can be formed with differing concentrations and valencies, with high cation valencies favoured by low pH conditions. This signifies the importance of using high quality DI water (affirming deductions made in previous research43,44), as, depending on the quality of water used, differing (poly)valent ions of different concentrations will be present, thus determining the ionic strength (Coulombic screening) within the nanofluid, ultimately having a tangible effect on the stability.
Returning to the final undefined term in equation X.2, is the potential (mV) in the Stern layer, which can be understood by the following.
Starting with an alumina nanoparticle in air (the presently employed dry nanopowder), it is known that the moisture in the air is sufficient to form hydroxyl groups from the exposed O- ions on the surface, i.e. Al-OH45. When dispersed in water, these reactive sites can either acquire or lose a proton depending on the pH, favouring protonation at pH values less than the IEP and deprotonation for higher pH values, in the form9:
				(X.4)
The surface charge density is defined as9:
					(X.5)
where  is Faraday's constant and  is the molar adsorption of the ions (hydrogen and hydroxide, as they are the potential determining ions in the case of pure water42). Given that the neutral pH value of DI water (7) is less than the IEP of alumina (pHIEP  8 - 9.5, with the variation due to the coordination of oxygen to differing numbers of aluminium ions, caused by different crystallographic orientations and imperfections46), the molarity of adsorbed hydrogen ions will exceed that of the hydroxide ions, such that , viz. a positive surface charge will exist47. This positive surface charge has an associated surface potential, , which, for water at room temperature, can be expressed in terms of pH as:
				(X.6)
Equation X.6 also quantifies how alkaline pH values () will yield a negative potential, and thus negative surface charge. For oxides, the point of zero charge (PZC) usually corresponds to the isoelectric point (IEP)9, i.e. pHPZC = pHIEP, hence justifying the assumption that nanofluids with pH values sufficiently far from the IEP will be stable (manifesting in a net surface charge, quantified by equation X.6).
This positive charge/potential will correspondingly be neutralised by counterions in the solution, namely OH- in the present case of water basefluid, with some tightly adsorbing to the particle surface (in the Stern plane) and the remaining charge neutralisation achieved by a diffuse layer of counterions. This arrangement is shown in Figure X.13, which also shows the slip plane, the position at which the potential corresponds to the measured zeta potential9. The concentration of these counterions in the resulting electrical double layer will exceed their values in the bulk, as shown in Figure X.14. Likewise, the concentration of the co-ions (in this case H+) will also be depleted in the EDL. This does not, however, affect the bulk concentrations of the ions, as displayed in Figure X.14. This is due to the fact that an insignificant amount of the bulk solute inventory presides at any present interfaces9 - i.e. the formation of EDLs is not sufficient to affect bulk ion concentrations, and by extension, the solution pH.
[Insert Figure X.13 here]
[Insert Figure X.14 here]
X.3.3 The Effect of Autionisation on pH
pH is, by definition, determined by the concentration of hydrogen ions in a solution (in pure water, these hydrogen ions exist as hydronium ions, H3O+, however these are written as H+ for brevity). Pure water self-dissociates, in a process known as autoionisation48:
					(X.7)
Water dissociates to a very small extent, with the equilibrium concentrations of the ions on the RHS of equation X.7, [H]eq = [OH-]eq = 10-7 M, and thus acts as an incredibly weak acid. This equilibrium proton concentration, when plugged into the pH equation, yields the pH of pure water (7). These low ion concentrations yield the low electrical conductivities observed in deionised water,   = 0.055 S. Distilled water is less pure, and contains some ions, and hence has a slightly higher electrical conductivity,   = 0.5 S. Increasing the concentration of ions in the solutions serves to enhance the electrical conductivity, corresponding to greater deviations from neutral pH values. Some ions (e.g. F- for -Al2O3)49 can specifically adsorb to the dispersed nanoparticles, yielding more effective charge neutralisation, decreasing the Stern potential, and thus the Coulombic repulsion between particles. Dispersed ions that do not specifically adsorb may be denoted as salts, and act as an indifferent electrolyte, screening the Coulombic repulsion between particles, thus reducing the suspension stability (accounted for by the parameter  in equations X.2 and X.3)9. The culmination of these two detrimental factors is a reduction in suspension stability with increased ion concentration. This explains the increased stability afforded by using higher quality DI water (reducing ion concentration), observed in previous work43. One can thus also understand how the increased ion concentrations (corresponding to increased electrical conductivity) of distilled water would be expected to yield less stable nanofluids, in principle (the deductions made above are complicated by the formation of polyvalent complexes - a process known as speciation9).
The autoionisation of water is mentioned as it can potentially determine the pH of a solution, applicable for pure water and for aqueous solutions of very dilute/weak acids ( < 10-6 M, where  is the monoprotic acid concentration). Such a situation can be expected with DI and distilled water. However, as mentioned in section X.3.2, the changes in bulk ion concentrations due to EDL formation are negligible (if anything, the initial charging of the surface from equation X.4 consumes protons from the bulk). Hence, the bulk ion concentration changes required to effect pH change do not arise directly from the formation/collapse of EDLs. If this was the case, given that a pH reduction from 7 to 5 would require a 10 000 fold increase in the concentration of protons in the bulk, it is clear that the release of such a large number of protons cannot arise from an interfacial effect.  Further, the presence of impurities (e.g. dissolved CO2), discussed in the following sections, would render the pH effect of autoionisation negligible ( > 10-6 M). 
Hence, it is concluded that the formation/collapse of EDLs, as instigated through a change in specific surface area by ultrasonic dispersion, is not expected to affect the nanofluid pH. Further, the quality of basefluid used is important, insofar as the ionic contaminants it contains – as these will affect the nanofluid pH and thus stability, in addition to effecting charge neutralisation at the surface of the dispersed phase.
X.3.4 The Effect of Dissolved CO2 on pH
A major source of acidity in any aqueous solution exposed to atmosphere is CO2, which favourably dissolves into water until an equilibrium concentration is reached. A very small amount of the dissolved carbon dioxide (1%) reacts with water to form carbonic acid, which then effectively completely dissociates, yielding the net reaction:
			 (X.8)
where the yielded protons serve to reduce the pH of the solution. For pure water at 25C, this can effect a pH reduction of as low as 5.750, which explains why DI/distilled water, left exposed, exhibits a reduction in pH over time. However, for the presently used nanoparticles, pH values as low as 4.5 have been observed after extensive low power sonication of very dilute nanofluids ( < 0.000 5 vol.%)4. Under high-power sonication, as mentioned previously, it was not possible to replicate this result for very dilute nanofluids. However, pH reduction to as low as 4.88 was obtained with a 0.1 vol.% nanofluid. The key here is to recognise that these pH values are lower than those expected from the equilibrium dissolution of CO2 (< 5 vs. the 5.7 expected from dissolved CO2) - i.e. dissolved CO2 alone cannot have caused these pH reductions.
This hypothesis is further justified by the negligible pH change of another alumina nanofluid (constituted of alumina nanoparticles from a different supplier) in a previous research4, where sonication yielded a pH increase from 7 to 8. Further, ultrasonication is known to degas liquids12,51 - as the growth of cavitation bubbles is fed by dissolved gases, after which they rise due to buoyancy and escape the system (although gas bubbles can become trapped during continuous high power sonication5). This degassing effect is expected to be diminished in the low power application, due to the reduced frequency of cavitation within the sample, meaning that significant amounts of CO2 may dissolve and remain in solution, such that the reaction in equation X.8 proceeds. Hence, it is deduced that the observed pH changes during sonication are not caused by the effects of dissolved CO2.
X.3.4 The Effect of Impurities on pH
With proton generation from EDL formation (insignificant bulk ion concentration changes) and dissolved CO2 (pH reduction more than what is predicted by CO2 saturation) refuted, impurities residing within/between the nanoparticles, released upon dispersion, are expected to be the cause of the observed pH change on ultrasonication. Indeed, the calcination (dehydration of surface by heating) of some alumina powders (comminuted by grinding) has been reported to have significant effects on their electrokinetic behaviour - due to the removal of an acidic surface contaminant52. Other authors use the process of elution (washing with a solvent, such as NaOH)49 to remove ionic impurities (for chromatography purposes). TEM spectral data of the presently employed powder4 showed the presence of some impurities (C, Cu, Si and P), which may form complexes and contribute to the alteration of the nanofluid pH. Although the powder is very pure (> 99%), even these trace amounts could significantly impact the pH (e.g. from before, the dissociation of 1% of the dissolved CO2 was sufficient to reduce the pH from 7 to 5.7). Another important factor to consider is the abrasion and disintegration of the oxide surface itself (as seen in Figure X.7), hence alumina oxide complexes could be floating freely in the solution. However they are only soluble at extreme pH values53, and hence would not affect the pH. The fact that another nanofluid - formulated with alumina powder from another supplier - exhibited a pH increase on sonication4 suggests the differing synthesis methods/treatments unique to each nanoparticle product line to be the cause of the pH change during sonication.
Considering the above in the context of experimental observations, namely, the failure of enacting pH reduction in dilute nanofluids ( < 0.1 vol.%) in high-power applications, it is clear that even for trace amounts of nanoparticles ( = 0.000 26 vol.%) the amount of impurities is sufficient to effect significant pH reduction (7 to 4.5). This could be linked to the effective dispersion of the particles, releasing the impurities, whereas instead in the high-power application, such a dispersion and thus release of impurities was not achieved. For example, it may be that the erosion breakage mechanism, favoured at lower powers, could better release the impurities from between the nanoparticles themselves, whereas the impurities remain bounded in the fragmented aggregates at high-power applications. 
What remains to be explained is the observed restoration of pH by additional sonication. This observation coincided with the worsening of the suspension stability - the formation of large agglomerates, seemingly redispersed on stirring/sonication however re-agglomerating and settling shortly thereafter. In this case, the oxide layers could have been eroded - explaining the significant loss of stability (even a neutral pH should yield some repulsion due to the EDL), with these free alumina complexes reacting with the impurities to remove them from the solution, restoring the initial pH, or forming other complexes which effectively yield the initial pH.
X.3.5 Conclusion
Considering question 2 posed initially in the introduction Section X.1, it was concluded that the observed pH change during sonication of the presently investigated nanofluids was not due to the formation of EDLs or dissolved CO2. Instead, impurities originating from the alumina powder itself, released into the solution on ultrasonication, are expected to be the cause. This is supported by the differing pH changes observed when using alumina nanoparticles from different manufacturers in previous work4, as different impurities would arise from the different nanoparticle synthesis and processing methods used by different manufacturers. The inability of high-power applications to effect pH reduction in dilute nanofluids was attributed to the dominance of fragmentation at high powers, which was less effective at releasing impurities than the erosion breakup mechanism that dominates in lower power applications (ultrasonic baths).
Uncertainties remain on the restoration of the initial pH value observed after extensive sonication, warranting further investigation. Some postulations were made regarding damage to the oxide layer, as the suspension stability became worse than the initial condition, even though both had neutral pH values, which should enable the formation of some net surface charge, EDL and interparticle repulsion. However, given the incredibly short shelf life of these excessively sonicated nanofluids, it was clear that this was not the case. The resulting pH change was thus attributed to this damage to the oxide layer.
X.4 Concluding Remarks
This chapter was posed with answering two key questions pertaining to nanofluid stability. Firstly, what are the reasons and mechanisms for ultrasonication leading to re-aggregation of nanoparticle colloids, and does there exist an optimum application to maximise nanofluid stability? Secondly, how does ultrasonication of a nanofluid cause a pH change?
With regards to the first question, it was shown that excessive high-power ultrasonication of nanofluids can lead to net aggregation due to the irreversible fusion of particles as a consequence of high velocity interparticle collisions and the dominance of orthokinetic aggregation applicable to the larger, fragmented agglomerates that are yielded from high-power ultrasonication. For low-power applications and certain ‘eroding’ powders (e.g. silica), there is no point of diminishing returns with respect to stability and applied ultrasonication (a reduced, steady-state particle size distribution is reached). In high-power applications, researchers should reduce the amplitude and duration as to avoid significant coagulation (except if eroding powders such as silica are used, as these will not exhibit net coagulation). The optimum ultrasonication parameters (time, amplitude) in high-power applications will depend on the basefluid, nanoparticles (material, shape, size), pH and nanofluid concentration. In the present experiments with alumina-water nanofluids (distilled water at pH 7), for a concentration of  = 0.01 vol.%, coagulation was observed after 4 minutes of ultrasonication at 100% amplitude and after 1 hour at 20% amplitude – demonstrating the interplay between these two ultrasonic parameters for an identical nanofluid. For the case of 100% amplitude, coagulation was not observed at an applied ultrasonication time of 2 minutes, hence this represents the optimum time for this amplitude and concentration. For a higher concentration of  = 0.1 vol.%, coagulation was observed after 5 minutes of ultrasonication at 50% amplitude. Reducing the amplitude to 20% and the applied ultrasonication time to 1 minute yielded the best result (as quantified by the pH change of the nanofluid, from 7 to 5.9, yielding excellent stability). Note that in both cases the system volumes were 50 mL, with this variable affecting the optimum parameters.
Considering the second question with regards to ultrasonication and pH change, it was deduced that this effect is caused by the release of impurities contained within the dispersed phase. At low powers, erosion dominates, enabling the release of these impurities in dilute alumina nanofluids ( < 0.1 vol%). At high power, fragmentation of denser alumina nanofluids ( > 0.1 vol%) releases additional impurities, resulting in a larger pH change. The restoration of the initial pH value for dense nanofluids under high-power ultrasonication is still not fully understood. However, it is postulated that damage to the oxide layer due to particle collisions will contribute to this effect.
To conclude, in order to improve nanofluid stability, one should begin with an aqueous dispersion of nanoparticles (i.e. avoid the use of dry powders) – so long as the given nanoparticles are kept in solution throughout the entirety of their manufacturing process (as to avoid the formation of solid-solid bridges). If using an ultrasonic bath, sufficient time (several hours) should be allocated to the dispersion, as these devices have a much lower power delivery to the nanofluid. If using an ultrasonic probe and an eroding powder (such as silica), there is no need to reduce the applied power and time. However, for other fragmenting powders (such as alumina), amplitude and time should be reduced as to avoid net coagulation and reduced stability. pH should be measured before and after ultrasonication in all cases to check for the release of impurities into the solution and adjusted if necessary to obtain a sensible zeta potential.
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FIGURE AND TABLE CAPTIONS 
Figure X. 1: Experimental setup of nanofluid preparation at (a) Imperial College London and (b) Instituto Superior Técnico
Figure X. 2: (a) Stability of an alumina-water nanofluid prepared via ultrasonic bath after 3 weeks ( = 0.06 vol.%; at Imperial College London)3, (b) an example of an unstable alumina-water nanofluid sample after excessive probe-sonication ( = 0.1 vol.%; at Instituto Superior Técnico). Adapted from Ref. 3 with permission from PERGAMON, Copyright 2016.
Figure X. 3: Schematic of aluminium foil test in which a sheet of aluminium foil is placed vertically in an ultrasonic bath, causing perforation. Reproduced from Ref. 54 with permission from Elsevier, Copyright 2015.
Figure X. 4 Picture of aluminium foil perforation due to local maxima of power in an ultrasonic bath. Adapted from Ref. 5 with permission from Wiley-VCH Publishers, Copyright 2009.
Figure X. 5 Picture of collapsing cavitation bubble at a solid surface, showing the formation of a liquid jet in the centre, bubble size ~1 mm. Reproduced from Ref. 55 with permission from author, Copyright 1982. 
Figure X. 6 SEM of 5 m Zn powder, exhibiting the formation of a neck in a doublet due to a high velocity collision (localised melting and cooling). Reproduced from Ref. 10 with permission from ﻿American Association for the Advancement of Science, Copyright 1990. 
Figure X. 7 Effect of ultrasound on Ni powder. (a) Before ultrasonication ( ~160 m), (b) after ultrasonication ( ~80 m), showing the smoothing of the particle surfaces and removal of oxide layer. Reproduced from Ref. 15 with permission from Elsevier, Copyright 1990. 
Figure X. 8 Characteristic DLVO curve (pairwise interaction between two spheres, , normalised by thermal energy ). Showing the primary and secondary minima and their characteristic agglomerate forms, in addition to the electrostatic barrier to aggregation ). Solid-solid bridges/fusing are shown in the aggregates, applicable only when the nanoparticles are in a dry form and high velocity collisions occur respectively. 
Figure X. 9 TEM of silica nanoparticles, exhibiting sintering and necking (no ultrasonication was used, hence these effects are due to solid-solid diffusion alone). Reproduced from Ref. 56 with permission from BLACKWELL PUBLISHING; American Ceramic Society, Copyright 2006. 
Figure X. 10 Mechanisms of (a) erosion and (b) fragmentation in agglomerate breakup. Reproduced from Ref. 27 with permission from Elsevier, Copyright 1993. 
Figure X. 11 Agglomerate size distribution for micron sized polystyrene spheres subjected to (a) ultrasonication and (b) orifice contractile flow. Reproduced from Ref. 27 with permission from Elsevier, Copyright 1993. 
Figure X.12: Effect of ultrasonication time on mean agglomerate diameter, showing the transition from (a) net comminution to (b) net coagulation due to the formation of hard aggregates. Adapted from Ref. 20 with permission from author, Copyright 1987. 
Figure X. 13 Schematic of the electrical double layer for a positively charged particle, with the different surface planes and their associated potentials (surface, Stern, zeta).
Figure X. 14 Typical concentration profiles within the electrical double layer (thickness ) showing the enrichment and depletion of the counter and co-ions. Adapted from Ref. 9 with permission from World Scientific, Copyright 2009.
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