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Dispersion is a vital aspect of powder technology impacting traditional and emerging 

technologies in many diverse areas including health, industry, the environment, and the military.  

In such applications, the properties and quality of the resultant product will be directly and 

noticeably affected by the degree to which the particles are dispersed.  Reduced dispersion, or 

increasing agglomeration, will lead to decreased efficiency and ultimately result in a low yield 

and increased cost.  As powder technology moves into the nano-age new, more complex 

challenges arise.  Decreasing particle size into the submicron range significantly increases the 

effect of surface forces leading to an increase in the cohesive forces of the powder, thus, making 

an understanding of dispersion even more essential.   

In order to develop the knowledge base to understand and control aerosol dispersion, a 

fundamental study of the significant powder characteristics and environmental conditions that 

effect dispersion has been completed and through this investigation the resulting change in 

interparticle forces has been measured.  Supercritical drying was shown to successfully produce 

a dry, dispersable powder though the supercritical phase and the evasion of capillary forces.  A 

fumed silica spacer material was used to improve dispersion though a reduction in contact area 
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and in turn van der Waals forces.  Surface modification was shown to control the surface energy 

of the aluminum surfaces, leading to a multifaceted contribution to dispersion.  First, the 

increased hydrophobicity reduced the amount of adsorbed water and was successfully used to 

control capillary forces.  In the dry system, the silane was shown to also reduce van der Waals 

forces through the change in surface energy and the steric barrier produced.  This research was 

guided using statistical experimental design in order to efficiently study significant factors 

affecting flake dispersion in air.  An improvement in the dispersion of an aluminum flake system 

was shown.  However, more importantly, a correlation between the processing parameters and 

the change interparticle forces that led to the increase in dispersion was determined.  It was 

shown that an understanding of the interparticle forces and the processing methods that affect 

them can be used to decrease adhesion and develop novel dissemination methods that result in 

improved dispersion.  Ultimately, this knowledge allows the application of this research to other 

powder systems.   
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CHAPTER 1 
INTRODUCTION 

 
Powder dispersion is vital to traditional and emerging technologies in many diverse areas 

including health care, industry, the environment, and the military.  In each application, the 

degree to which the powder is dispersed will have direct and noticeable effects on the properties 

and quality of the resultant product.  Reduced dispersion, or increasing agglomeration, will lead 

to defects and decreased process efficiency resulting in low yield and increased cost.  As powder 

technology moves into the nano-age, new and more complex challenges arise due to decreasing 

particle size into the submicron range.  This significantly increases the surface forces leading to 

an increase in cohesiveness of the powder.  Therefore, understanding these forces and their role 

in powder dispersion is essential. 

Impact of Dry Powder Dispersion 

Health care is a major area where the dispersion of drug powders greatly effects treatment.  

Inhaled drug aerosols are used to treat a number of lung disorders including chronic obstructive 

pulmonary disease (COPD), a group of lung disorders that includes asthma, and is attributed with 

a cost of over 14 billion dollars in the United States alone.  The drug powder must be under a 

critical size as only drug particles 5 μm in size or smaller are capable of deep lung delivery[1].  

Agglomeration of the drug leads to larger sizes and deposition on the tongue or throat rendering 

that portion of the dose ineffective.  

Industrial powder processes, such as ceramic processing, powder metallurgy, chemical 

reactors, powder coating applications, and aerosol technologies require controlled dispersion of 

powders.  Unwanted agglomeration during die filling or pressing will reduce the quality of the 

product by creating density gradients and voids[2].  Chemical reactors, coal, and other powder 

burning operations require a uniform particle size distribution in order to maintain a constant 
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heating rate.  Agglomeration of the powder will result in an inconsistent particle size and lead to 

variations in the products.  Powder coating operations rely on dispersed powder to produce 

uniform coatings on the substrate.  Powder dispersion is also an important factor in aerosol 

technologies.  Separation and classification systems must be able to separate starting materials 

into the true primary particle sizes in order to obtain optimum results.  Also, the evaluation of 

filters requires that the powder passing through the filtration system be fully dispersed into a 

known and uniform size to measure the true filter efficiency.  These are only a few industrial 

applications, but the great extent of the impact is readily acknowledged. 

Increased dispersion will also have an impact on the environment.  Dry powders are used 

in agriculture as fertilizers to enrich the soil and as pesticides to increase crop yield.  Reports 

have shown that fertilization has many beneficial effects on soil including increased water 

holding capacity, porosity, infiltration capacity, hydraulic conductivity, water stable aggregation, 

and decreased surface crusting[3].  In the long term, this will lead to higher quality soil and 

increased crop yield.  Dry chemicals used in firefighting are vital when water is not available or 

when water cannot be used, i.e. electrical fires.  In both cases by increasing the degree of 

dispersion, the higher surface area available for reaction will increase the effectiveness of these 

chemicals and in turn a smaller amount of the chemical will be required for the same 

performance.  Farmers will use less fertilizer lowering costs and leading to more organic, 

healthier foods and firefighters will be able extinguish fires more efficiently with less chemicals 

reducing the concern for environmental cleanup following a fire. 

Effective aerosolization is also important for defense.  The United States Military Services 

rely on obscurant clouds to hide personnel and equipment from enemy acquisition[4].  A 

program has been initiated to develop more efficient obscurants by engineering the particle 
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which make up the cloud.  In order to realize the full potential of the engineered particulates, 

dispersion of the powder in the aerosol into primary particles must be achieved.  In addition, the 

powder settling rate greatly depends on particle size and reducing the size will increase the 

amount of time the powder is airborne.  Therefore, any agglomeration of the material, before or 

after dissemination, will result in decreased obscuration efficiency.  

Great improvements in all of these areas can be realized by controlling the degree of 

powder dispersion.  Benefits include decreased costs and, simultaneously, increased efficiency.  

Towards these ends, researchers have undertaken the investigation of powder dispersion for a 

variety of these applications.  However, dispersion is a very complex problem as powder 

properties are unique to the material of which they are made and can change as their environment 

changes.  The majority of the published research is empirical in nature and focuses on optimizing 

the dispersion of a specific powder, for a particular application, under a given set of conditions.  

Little work has been done to correlate the interparticle forces involved in dispersion with the 

powder properties, effect of environmental conditions, and general trends seen in particle size, 

and degree of dispersion, measurements.  A systematic study of the parameters involved in the 

particulate system, including correlating the effect microscopic (interparticle forces and surface 

forces) and macroscopic (bulk forces) interactions together with the influence of the surrounding 

medium on these interactions, is required. 

Current Research 

The first step towards the realization of an increased state of dispersion is an understanding 

of the interparticle forces of a given system and the factors that affect them.  It should be 

recognized that the dominant forces are dependent on the physical and chemical properties of the 

material and thus will vary between particle systems.  However, if a general battery of tests is 
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developed along with the understanding of the relationship to interparticle forces, this knowledge 

can be applied to any powder.  Therein lies the focus of this research.   

The goal of this research is to study the fundamental interactions between particles in air 

and their magnitude.  In addition, the effect of significant factors on the particle and bulk scale 

forces and their subsequent influence on the particle size distribution after aerosolization has 

been studied both experimentally and theoretically.  This document describes a systematic study 

of the physical, chemical, and environmental factors that has been completed for an aluminum 

flake material in order to develop a fundamental understanding of the effect of these aspects on 

airborne concentration and particle size through the correlation of factor effect on single particle 

and bulk scale force measurements.   

The degree of dispersion in air is dependent on two things, the source and magnitude of the 

significant interparticle forces, and the energy supplied to the agglomerated powder by the 

disperser.  An illustration of the interrelationship developed through this research is given in 

Figure 1-1.  For this research, relative humidity, powder surface modification, the effect of flow 

aids such as second phase particles, and dispersion medium were studied and an understanding 

of the fundamental interactions relevant to dispersion were determined.  Statistical experimental 

designs were used to systematically investigate these factors to efficiently determine those 

significant to the aerosolized particle size distribution.  Additionally, interparticle force 

measurements using the atomic force microscope (AFM) were made to determine the effect of 

the significant factors on particle, or micro-scale, and shear were made to see their effect on the 

bulk, or macro-scale.  When these results were compared, insight into the mechanism of 

adhesion for a given powder, and thus the best method of dispersion, was determined.   
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Figure 1-1.  Representation of the relationship developed through this research.  Through an 

understanding of the effect of significant powder characteristics, processing 
parameters on aerosolized particle size and their correlation to bulk and interparticle 
forces the fundamental knowledge base required to improve aerosol dispersion can be 
developed.   
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CHAPTER 2 
BACKGROUND 

A great deal of work has been put forth to improve dispersion in several diverse fields.  

The research covers a large number of materials in many different areas and technologies.  

However, since powder properties are commonly unique to a specific material, one dispersion 

method may not be effective for more than one powder[5-14].  In order for powder to be 

dispersed, the external force applied to the cluster of powder as a bulk or agglomerate must be 

larger than the attractive forces holding the powder together.  The powder particles themselves 

can also be modified to reduce the attractive forces between them and thus reduce the amount of 

energy needed to disperse them.  Many examples are seen for the dispersion of pharmaceutical 

drug powders, which is a major area of research due to their direct effect on the treatment of 

health problems and accounts for a majority of the published research.  Efforts have focused on 

four main areas: developing mechanical dispersion devices, reducing attractive forces between 

particles, increasing repulsive forces, and improving processing and drying methods.  Each will 

be discussed in more detail.   

State-of-The-Art Dispersion Techniques 

Mechanical Dispersion Devices and Methods 

In general, there are a number of different types of dispersion devices that can be 

characterized by the method in which the aerosol is disseminated.  Many variations of dispersion 

devises can also be found in literature[15-22].  For some devices, the powder is dispersed in a 

dilute suspension with a volatile liquid. It is then nebulized into small droplets containing 

particles.  The liquid then volatilizes leaving the powder suspended in an aerosol.  If, however, 

more than one particle is present in each drop, capillary forces caused by a decrease in liquid 

volume of the meniscus between them can cause the particles to become agglomerated.  Dry 



 

22 

powders are also dispersed in fluidized beds where larger particles can be added to aid in 

dispersion.  Smaller particle are entrained in the air stream flowing through the bed and carried 

out of the device.  Dry powders can also be disseminated by high speed air jets that entrain and 

mix the powders.  These dispersion systems rely on airflow to impart the energy required to 

disperse the powder through rapid acceleration and deceleration along with rapid compression or 

expansion of the carrier gas.  Venturi type nozzles, ejectors, and by annular nozzles, which can 

operate at subsonic, sonic, or supersonic velocities, are examples of this type of device.  Internal 

propellers have also been added to aid the mixing of different powders and in dispersion.  A 

number of commercial and experimental devices for dry powder dispersion, such as classifier 

nozzles and dust generators, have been reviewed in literature by Ranade and Calabrese[23] as 

have a number of dry powder inhalers (DPIs) for the administration of pharmaceutical powders 

by Hickey and coworkers[18].   

Improved performance requires a better understanding of how these devices work.  A 

dispersion device has two functions: (1) entrain the powder in air from the bulk reservoir and (2) 

carry the particles out of the device and into the environment to produce an aerosol cloud.  

During one or both of these functions, additional steps are required to disperse the powder and 

maintain that state of dispersion.  Often mechanical dispersion, or deagglomeration, is achieved 

by shear and impaction.   

Shear can be produced by acceleration in air and is a common dispersion method employed 

by many nozzle-type dispersion devices including venturies, ejectors or sub-sonic, sonic, and 

super-sonic nozzles discussed previously.  The rapid acceleration or deceleration of the air 

around the powder and by rapid volume change through expansion or compression of the air 

causes shearing and normal forces that act to separate particles.  The particles suspended in a 
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fluid third phase, liquid or gas, will experience forces from the movement of medium in the form 

of these pressure and velocity gradients.  As the agglomerate enters the flow field, it will 

experience a shear force produced by the sudden acceleration, which, if larger than the attractive 

forces between the particles, will pull them apart.  The magnitude of the airflow velocity and 

pressure change through the nozzle can be controlled by design and will affect the amount of 

energy supplied to the agglomerate.   

Unstable airflow leads to large velocity gradients in the form of small turbulent eddies.  

The agglomerate, possessing a sufficiently large size and inertia in comparison to that of the 

eddy, will not be able to follow the abnormal path of the airflow.  The resulting stresses 

experienced by the agglomerate as it travels past these eddies act to disperse it.  Agglomerates 

smaller in scale than the eddies will, however, be able to follow the fluid flow of the turbulent air 

more closely and not experience the large stresses needed for dispersion.  Thus, conditions for a 

lower limit to the effectiveness of this method are recognized.  In their study, Ranade and 

Calabrese[23] found that an annular geometry dispersion device configured such that the 

particles enter the air stream at the point of maximum energy, i.e. maximum turbulence created 

by an acceleration gradients, led to the best dispersion.  Turbulence created by devise 

configuration was experimentally studied for a number of dry powder inhalers (DPI’s) by 

Chew[24-26] for pharmaceutical powders.  It was shown that the airflow was highly dependent 

on the device configuration but varied with the drug powder used such that no one configuration 

worked well of all powders.   

Turbulence has also been experimentally studied with latex particles in conjunction with a 

numerical simulation developed by Endo[27].  The simulation was compared to the experimental 

results and used to calculate the adhesion force of spherical particles.  A value of approximately 
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1 MPa was calculated for two 1um latex particles.  In this work, the effect on the particle size 

distribution was not included.  Changes in particle size distribution will change the powder 

packing and thus the number of particle contacts in the bulk powder.  This will influence the 

powder strength and the force needed to disperse it.  Particle size distribution has been shown to 

change the number of contacts between particles and thus the total adhesion of the bulk 

powder[28-31].  It was acknowledged that increasing the total number of contacts between 

particles in a bulk powder increased the points of adhesion and in turn led to a stronger powder.  

Straying from a spherical particle shape introduces errors that have not yet been included in the 

model.  One reason for this is that the particle shape also affects the number of contacts as well 

as the total area in contact.  High aspect ratio particles such as flakes may have a smaller number 

of contacts but have a larger total contact area which will also lead to an increase in powder 

strength.  This has been experimentally shown to affect the degree of dispersion in a number of 

studies[9, 32, 33]. 

Turbulent flow through any system will also lead to impaction.  Turbulence will cause 

particles to collide with each other and the wall as they move though the turbulent air[34, 35].  

The force of the collisions will be dependent on the particle size and inertia, the gas velocity, and 

the velocity gradients determined by the eddy size.  Y. He studied the effect of collision on 

dispersion and showed that collisions of sufficient force were enough to separate agglomerates of 

some powders[36].  The force of the airflow combined with impaction has to be larger than the 

interparticle forces of the agglomerate.  Galk and coworkers study this technique in a 

classifier[17].  It was shown that by adding an impeller in the dispersion step of a industrial 

classification system, improvements in dispersion were achieved. 
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In many devices, an impeller, a rotating disk or internal propeller, was added to increase 

turbulence.  Voss and Finley[22] investigated the effect of turbulence by comparing a dispersion 

rig they developed against a common pharmaceutical inhaler that uses this technology, the 

Diskhaler®.  They concluded that turbulence was not the only method of deagglomeration but 

that impaction was also involved.  Agglomerates that were too large to follow the turbulent 

eddies were impacted by the impeller which aided in the dispersion.  A mixer-type dispersion 

device, which uses an internal propeller to disperse the powder, was studied by Masuda and 

Gotoh[37].  They found that particle size was inversely proportional to the impeller rate 

regardless of the powder used.  The lowest operational speed was also found to be dependent on 

device geometry.  This shows that dispersion is known to be dependent on the powder properties 

but the device design also significantly contributes to dispersion and operational parameters. 

Particles in a stable air stream can also be impinged upon a flat plate, or other such 

obstacle, set perpendicular to their trajectory.  The force of the agglomerate’s collision with the 

obstacle will impart on it energy needed for fracture.  After the collision the particles and 

agglomerates that remain will be carried past the obstacle by the air stream into a turbulent 

region.  An experimental study by Wang[38] using a common DPI showed that by this method 

an increase in dispersion of 2-3 times was achieved as compared to acceleration in air alone.  

Gomes et al[39] have shown experimentally that the inertia of the particle is related to its 

residence time in the wake region of the obstacle where turbulence is high.  Longer residence 

time in the wake region leads to more particle-particle collisions and a smaller resultant particle 

size.  Impaction has been experimentally shown to improve dispersion in the SPIROS[20]® and 

rotohaler®,[26] devices.   
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Shear, turbulence, and impaction are dispersion mechanisms that are relatively easy to 

generate, and can be created simply by controlling device design.  However, it is seen that alone 

these mechanisms are not entirely sufficient and further research is required, especially for 

particle under 1μm in size.  It is therefore necessary to also study the powder itself and add 

processing steps during powder production to reduce cohesion below the force of the dispersion 

device.  A better understanding of both interparticle forces and energy available applied by these 

dispersion mechanisms will lead to increased dispersion. 

Reducing Attractive Forces 

If the attractive forces between particles are reduced, accordingly is the energy needed to 

separate the particles.  The major contribution to attraction is attributed to van der Waals forces 

or capillary forces, in the presence of a liquid.  The magnitude will be due to the number of 

contacts within the powder and the contact area between particles.  These forces can be reduced 

by changing the Hamaker constant or surface energy of the interacting surfaces.  This reduction 

has been accomplished in a number of ways.   

A coating of a low surface energy material, such as Teflon, or chemical surface 

modification will reduce the attractive forces at the particle surface.  Chemical surface 

modifications and physical coatings on metal particles were studied experimentally by Ranade 

and coworkers[11, 12, 40].  Five methods were investigated in an attempt to reduce the cohesion 

between metal powders including the addition of a spacer, chemical surface alteration, 

monolayer coatings of surfactants, particle encapsulation by a silane, and altering particle 

geometry.  They found that the growth of a thin oxide layer on the metal powder significantly 

increased the dispersion.  In order to further understand the effect on dispersion, they studied the 

effect of surface modification on the tensile strength of the powders.  It was determined that 



 

27 

liquid-phase deposition of silica and a continuous oxide layer coating by steam treatment 

improved dispersion.  The use of adsorbed films has been studied theoretically by Vold and is 

shown to reduce particle cohesion thereby increasing dispersion[41]. 

Particles of a different material can also be added in an attempt to alter the interparticle 

forces.  Second phase particles have been investigated for use in pharmaceutical powders for 

DPIs.  Zeng observed an increase in dispersion when fine lactose particles were added to a drug 

powder[13, 30, 31].  These particles had a lower interparticle attraction and thus reduced the 

attraction between drug particles.  Louey and coworkers[8] showed an increase in the fine 

powder fraction (FPF), the fraction of powder below 5μm, by mixing two non-active spacer 

particles with the drug.  They theorized that the carrier particles have sites of varying degrees of 

adhesion.  The last powder to be added will attach to the site of lowest adhesion and will detach 

easier increasing the final FPR of drug particles released.  

The size distribution and polydispersity of dry powders has also been identified to affect 

dispersion by increasing the packing and number of contacts.  Safatov and coworkers[42] 

determined that the powder size distribution affected the amount of energy required for 

dispersion.  In their work, they found that a large size distribution lead to agglomeration and 

attempts to disperse the powder proved more difficult than for a more monodispersed powder. 

Chew and Chan [28] concluded that dispersion of a smaller size distribution powder generated 

more fine particles when using a typical DPI.  It was determined that large particles and 

agglomerates were lost to impaction inside the dispersion device and were not aerosolized.  An 

increase in the width of the size distribution will also affect the particle packing, and in turn 

affect the number of contact points for cohesion.   
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Particle Charging to Increase Repulsive Forces 

Dispersion can also be affected by charging the particles.  Imparting a similar charge to 

powder particles will increase the repulsive forces by the magnitude of the charge and will 

counter act the attraction due to van der Waals forces[43].  Particles can obtain a charge from a 

number of different methods[15, 44-46].  Commonly, charge can be transferred to particles upon 

contact with another surface, as in tribocharging, irradiation of the powder, and collisions with 

electrons, ions, or ion clusters in the surrounding environment.   

Ren and coworkers[47] developed a disperser for the electrostatic stabilization of fine, dry 

calcium carbonate and talc materials.  The parameters used were in agreement with their 

theoretical calculations based on first principle equations.  It was shown through experimentation 

that electrostatic stabilization of CaCO2 was achieved for a maximum of 48 hours by corona 

charging.  The process was highly dependent on humidity and adsorbed moisture due to the 

nullification of charge by water[48].  In the study, it was concluded that the method was 

ineffective for particles less than 2μm in size.  An expression for the summation of interparticle 

forces was developed and the force of electrostatic repulsion needed for dispersion was 

determined.  Simple assumptions were made and the effect of roughness was not included, a 

factor that is known to have a significant effect on interparticle forces[7, 8, 32, 49-55].   

In subsequent  research, the particle surfaces were first coated with a polymer then 

subjected to corona charging[56].  The polymer addition was expected to decrease the attractive 

forces between particles as compared to the uncoated CaCO3 particles and hold a better charge, 

increasing the ability of this technique to disperse the powder yet the results showed only slight 

improvements.  Due to these limiting factors, including humidity[15, 45, 47], the charge density 
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on the particles[57], particle concentration[58], and those presented in the work by Ren, it can be 

seen that charging is effective but only under limited conditions.   

Powder Processing Techniques to Reduce Capillary Effects 

Many powder processing methods require the powder to be suspended in a liquid and thus 

an additional drying step is needed.  Conventional drying methods, such as simple evaporation or 

even heating under vacuum, result in a hard, dry cake.  Often the agglomerates that form cannot 

be re-dispersed.  If the powder is manufactured already containing agglomerates, the production 

of a dispersed aerosol becomes that much harder.  Therefore, drying is a crucial step in 

developing a material that can be disseminated as a dispersed dry powder aerosol and will now 

be described in detail.   

As water is removed from a powder, a liquid bridge, or meniscus, forms between the 

particles.  These liquid bridges will be detrimental to the powder dispersion.  The liquid can 

dissolve some of the particle surface and redeposit the material in the neck region.  If the 

material is soluble in water, excess material can be deposited at the particle contacts as the 

powder is dried and form a solid bridge holding the particles together.  If no dissolution occurs 

the liquid bridges still lead to the formation of capillary forces between the particles which will 

bring them into intimate contact after which van der Waals forces hold the particles together.  

The phase change across the gas liquid phase boundary followed by evaporation can be seen by 

the red line in Figure 2-1, a general gas-liquid-solid phase diagram depicting the thermodynamic 

phase change path of each drying method.  The presence of water in the air is the source of 

another capillary attraction since only a very small amount is needed to form liquid bridges in the 

neck regions between particles.  It can then be understood that drying can also be an important 

process for powders which are not completely immersed in liquid.  A number of processing 

methods have been developed to overcome these difficulties including freeze-drying, 
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supercritical fluid processing, and a boiling method.  The phase changes that occur during these 

drying methods can be seen in Figure 2-1 and will be explained in more detail for each process. 

Freeze-drying, as the name implies, is a method during which the powder is initially 

exposed to temperatures low enough to freeze the liquid in the system after which the pressure is 

lowered by placing the sample under a high vacuum to sublime away the liquid.  Using this 

method, capillary forces due to water bridges are avoided.  The path through the phase diagram 

for freeze drying is depicted by the blue line in Figure 2-1.  However, during freezing the liquid 

will crystallize and stresses develop that, if sufficiently high, may be damaging to the 

powders[21].   

Supercritical (SC) Fluid processing is becoming a popular focus of research because of the 

many unique possibilities.  During Supercritical Fluid Processing, or critical point drying, the 

liquid is heated beyond the critical point of the liquid directly to a supercritical fluid, avoiding 

the formation of a liquid / gas interface completely.  The critical point is a critical temperature 

and pressure at which the densities of the gas and liquid are equal and the phase boundary 

between the two phases ceases to exist.  Above the critical point the system is in a gaseous state 

and cannot be liquefied by applying pressure.  SC processing is carried out in a pressure vessel in 

order to maintain a constant process volume.  The fluid is added as a liquid and heat is applied 

causing the pressure to increase.  The system is brought above the critical point of the fluid, that 

is, a temperature above which the increased pressure cannot maintain the liquid phase.  This is a 

unique phase having qualities of both gas and liquid.  As the pressure vessel is vented, the SC 

fluid escapes as a gas without forming liquid bridges.  The process as it relates to the phase 

diagram is shown by the green line in Figure 2-1. 
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In order to carry out this process, the powder must be immersed in the medium to be taken 

to the supercritical point.  This substance is chosen by its chemical properties, toxicity, 

abundance, etc., and the ease of going supercritical.  The most commonly used medium for this 

type of processing is CO2 mostly due to its abundance, environmental inertness, relatively low 

Critical point, and low toxicity.  This may require an intermediate step to insure that the medium 

the powder is first dispersed in will be miscible with the substance.  Powders dispersed in water 

that are not miscible in CO2, for example, are commonly solvent exchanged with alcohol, which 

is miscible in CO2.   

The solubility and dispersion of powder in SC-CO2 mediums have been improved by the 

use of surfactants in a similar method to common aqueous detergents.  Through this research, 

DeSimone and coworkers have developed surfactants that will adsorb onto the particle surface 

allowing particles that are normally insoluble to readily disperse in the SC-CO2 medium[59-62].   

Shekunov and coworkers supercritically processed a common pharmaceutical powder used 

in DPIs in order to evaluate the effect on dispersion[63].  During supercritical processing, the 

powder formed a very loosely packed, soft agglomerate structure.  There are several advantages 

to this loosely agglomerated structure.  It yields a larger aerodynamic shape factor and low bulk 

density, which increases the volume diameter available to the airflow, providing rapid 

acceleration.  In addition, the resulting agglomerates do not have a high inherent strength since 

no capillary forces were present to pull particles together limiting strong van der Waals 

attraction.  The soft agglomerates that are formed can easily be broken up by the turbulent flow 

through an inhaler.  It was shown that this processing method resulted in a factor of two increase 

in the drug fine particle fraction (FPF) after aerosolization as compared to other processing 

methods.  However, this increase in the fine powder fraction was directly after production and it 
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did not appear to prevent agglomeration during storage due to the re-adsorption of water from 

the air. 

Sievers and coworkers developed a method in which high concentration aqueous 

suspensions of therapeutic proteins were aerosolized using a supercritical CO2-assisted 

method[64, 65].  The suspension was mixed with in a low dead volume tee creating an emulsion.  

The CO2 was brought to its supercritical state and then passed through a capillary restrictor 

resulting in the aerosolization of the aqueous solution into small droplets.  Many powders and 

solvents have been successfully investigated using this method.  It was found that, the powder 

must be mixed with a solvent which then evaporates after aerosolization.  The final particle size 

is thus controlled by the size of the droplet formed after aerosolization since capillary forces will 

hold the particles within the droplet together.  

Recently, a new method of aerosol formation has been invented in which powder dispersed 

in water was passed through a heated capillary tube.  Upon heating the water boils and generates 

an aerosol[66].  This process is depicted by the orange ling in Figure 2-1.  It was reported that 

high concentration slurries were aerosolized with high fine volume fractions by this method.  

This process is limited by the need for a large amount of equipment limiting its ability to be used 

in a portable device. 

Summary of Current Research 

To date, the evaluation and optimization of the mechanisms and efficiency of dispersion 

methods in systems such as pharmaceutical powders for inhalers have typically been empirical in 

nature.  That is, the effect of a single variable on the measured fine powder fraction (FPF), the 

weight percent of powder with a size less than 5μm, in the resultant aerosol is measured.  The 

combination that yields the highest FPF is then chosen.  A very limited scientific understanding 
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pertaining to the reasons for adhesion or magnitude of the force in the powder system is 

available.  Through these investigations researchers have determined that the particle dispersion 

of the aerosolized powder was affected by device configuration, chamber size, impeller speed, 

primary particle size and morphology, powder formation, crystallinity, and particle size 

distribution.  Estimations of the energy input needed for high fine particle fractions of powder 

have been developed using simple assumptions for inhaler type dispersers.  Complete dispersion 

into primary particles, however, was not achieved by any method.  These studies have shown 

that the generation of an aerosol from a bulk feed powder results in a maximum fine particle 

fraction of only 50 wt %.  Examination of all of the work completed yields, at best, a vague 

relationship between all of the relevant variables for only a limited number of materials.   

None of the work found in literature to date considers the powder system as a whole.  

Included in the current research, is the investigation of dispersion factors such as: the effect of 

relative humidity, surface modification, the effect of flow aids, and dispersion medium on the 

particle size and settling of the powder.  In addition, interparticle forces were measured using the 

Atomic Force Microscope (AFM), and bulk powder properties were determined using a shear 

cell to understand the effect of these properties on the micro and macro scale.  Statistical Design 

of Experiments was used to insure efficient and statistical analysis of the data.  It should be 

recognized that the dominant forces are dependent on the physical and chemical properties of the 

material and thus will vary between particle systems.  Once these forces are understood, the 

dispersion method can be optimized to overcome the forces of attraction between particles.   

In Chapter 3, a more detailed expression of the significant interparticle forces found in 

bulk powders and aerosols as well as their sources is developed.  Chapter 4 will then outline the 

materials and experimental procedure used in this investigation.  Experimental results will be 
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presented in Chapter 5 and the discussion will be given in Chapter 6.  The conclusions drawn 

from this research are explained in Chapter 7.  The application of these conclusions is shown in a 

case study in Chapter 8. 
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Figure 2-1.  The Thermodynamics of drying methods.  A depiction of the thermodynamic path 
across phase boundaries followed by each of the three drying processes investigated 
in this research.  Evaporation crosses the gas-liquid phase boundary leading to 
capillary forces.  During freeze drying, low temperature and low pressure are used 
and the liquid is first frozen then removed by sublimation.  If the pressure is not 
sufficiently low, condensation is possible and will lead to capillary forces.  The 
boiling method used high temperature and takes the liquid through the boiling point.  
Expansion of the liquid into a gas is used to overcome capillary forces.  Supercritical 
drying takes a path to high temperature and high pressure completely avoiding the 
formation of capillary forces through the entire process. 
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CHAPTER 3 
INTERPARTICLE FORCES IN AEROSOLS 

Introduction 

An aerosol is a dispersion of particles in air.  Bulk powder is commonly disseminated to 

form the aerosol.  The state of dispersion of the aerosol is governed by the conditions under 

which it is disseminated, the environment into which it is distributed, and the characteristics of 

the bulk powder from which it is taken.  Particle properties are determined by the inherent nature 

of the powder, the interaction between particles on both the macro-scale and micro-scale, and the 

medium surrounding them.  In order to improve aerosol dispersion, it is important to recognize 

all of the significant interactions that determine these properties and understand the correlation 

between them on the micro- and macro-scale.   

The particle interactions consist of the sum of both the attractive (or cohesive) forces 

holding the particles together and the repulsive forces acting to separate them.  The forces 

common to dry powder systems include attraction by van der Waals forces, cohesion by capillary 

forces in the presence of liquid bridges, and repulsion by electrostatic forces[67].  In addition, for 

the bulk state, the powder will also experience friction when in contact with other particles and 

shear forces as they move past each other.  An illustration depicting these forces can be seen in 

Figure 3-1.  Here Fad is the force of adhesion due to van der Waals and capillary bridge forces, 

Fes is the electrostatic force, FF and FS are the friction and shear forces respectively acting at the 

particle level, and F and S are the overall normal and shear forces acting on the ensemble of 

particles.  Each of these forces will now be examined in more detail in order to develop an 

understanding of their interactions in dry powder systems.   
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van der Waals Forces 

The most common interparticle forces for powders in air arise from the electromagnetic 

interaction, coulombic attraction, or dipoles created by the separation of the positive and 

negative portions of atoms or molecules[68, 69].  These dipoles from a number of mechanisms 

including: the creation of fluctuating induced dipoles by vibrational motion, permanent dipoles, 

or polar molecules.  There are three main contributions collectively called van der Waals forces 

which include: Keesom interactions, or dipole-dipole interactions; Debye interactions, or dipole 

– induced dipole interactions; and London dispersion interactions, or instantaneous, fluctuating 

dipole – induced dipole interactions.  An illustration of these forces can be seen in Figure 3-2.  

London dispersion forces are considered to be the predominant part of van der Waals force 

between colloidal particles[70, 71].     

The theory behind these forces was derived from the ideal gas law, which predicted the 

behavior of monatomic and simple diatomic gas.  To explain the deviation of more complex 

molecules for the ideal gas law, Johannes D. van der Waals suggested a modification to the ideal 

gas law to include intermolecular interactions, and it became known as the van der Waals 

equation of state, Equation 3-1[71, 72].  

( ) RTV
V

P =−⎟
⎠
⎞

⎜
⎝
⎛ − βα

2  (3-1)

Here P is pressure, V is volume, R is the gas constant, T is temperature, and α and β are 

constants specific to a particular gas.  The constant β describes the finite volume of the 

molecules comprising the gas, and the constant α takes into account the attractive forces between 

the molecules.  After some time, a paired potential form of the equation for interaction included, 

for the first time, both an attractive and repulsive term.  This would later become known as the 

commonly used Lennard–Jones potential, Equation 3-2 [73].  
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Here the net potential energy between two atoms, Wa/a, separated by a distance, r, is described by 

the competition of an attractive London dispersion force [74], C, related to the synchronization 

of instantaneous dipoles created when the energy fields of neighboring atoms overlap [75], and a 

Born repulsion term, B, arising from the overlap of electron clouds. 

Microscopic Approach 

In 1937 Hamaker expanded the concept of the van der Waals forces from single atoms and 

molecules to all atoms in solid bodies[70, 76].  He assumed that each atom in one body interacts 

with all atoms in another body and added these forces by a method known as pair wise 

summation.  Bradley [77], Derjarguin [75], and [78] all followed Hamaker to improve the 

understanding of the forces acting between bodies.  According to their approach, the interaction 

energy, W, of two spheres of equal size can be calculated by Equation 3-3.  If the radius of the 

particles is much greater than the separation distance, the results can be simplified to the more 

common equation for the van der Waals energy of interaction between two spheres shown in         

Equation 3-4. 
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H
ADW sphsph 12/ =  (3-4)

Here A is the Hamaker constant, R is the particle radius, H is the separation distance between the 

particle surfaces, and D is the particle diameter.  One important aspect of this work is that the 

van der Waals forces can now be considered by the geometry of the body and an interaction term 

that is dependent only on the material properties, not shape.  A compilation of the interaction 

forces and energies for various geometries can be seen in Table 3-1. 
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Macroscopic Approach 

This microscopic approach does have one drawback; it does not take into account the 

effect of the interaction of dipoles within one body on other dipoles within the same body.  In an 

attempt to include these interactions, Lifshitz [79] modified the Hamaker theory in 1956.  

Lifshitz ignored the atoms completely, assuming each material was a single body.  He developed 

a calculation for van der Waals forces using the difference in dielectric properties.  Equation 3-5 

is the final expression Lifshitz derived for the Hamaker constant. 
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Here the subscripts 1, 2, and 3 refer to material 1 and 2 interacting in medium 3; kBT is 

Boltzmann’s constant times temperature; and ε(v) is the dielectric permittivity of the material at 

a frequency, v.  There is some complexity involved in employing this equation as it is quite 

difficult to measure the dielectric response of materials over the wide range of frequencies 

required for the calculation.  Work has been done by Ninham and Parsegian [80] and Hough and 

White [81] to simplify the measurement to specific characteristic frequencies in the ultraviolet 

(UV) range.  The result is Equation 3-6, the Tabor-Winterton approximation [82]. 
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Again, the subscripts 1, 2, and 3 refer to material 1 and 2 interacting in medium 3; kBT is 

Boltzmann’s constant times temperature; and ε(v) is the dielectric permittivity of the material at 

a frequency, v; ni is the refractive index of the respective material; and h is Plank’s constant.  It is 

interesting to note that where the medium and the solids have the same index of refraction (n1=n2 
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and ε1=ε2) the Hamaker constant A132 goes to zero.  This method is known as index matching 

and can be used to minimize or eliminate the effect of the Hamaker constant. 

Up to this point, the relationships for interaction have used interaction energies, not the 

interaction force.  For molecules, this is reasonable but as larger bodies are studied, force is of 

more interest.  To overcome the challenges presented by the geometry of different surfaces, 

Derjaguin developed an approximation to relate the force of an interaction between a body of 

some geometry to the energy of interaction per unit area of two parallel flat surfaces [75].  To do 

so, the force is integrated over infinitely small, flat concentric rings of radius x and thickness dx 

on each body as the separation distance between the bodies, H´, goes from H to infinity as 

depicted in Figure 3-3.  The relationship between the interaction force for bodies of different 

geometries and the interaction of planar surfaces can then be extracted making it possible to 

compare the interaction force of bodies of different sizes and geometries.  For this reason, 

interaction force measurements are often reported as force normalized by radius.  A list of factors 

that can be used to calculate the force of interaction from the energy of interaction of two plates 

of different geometries can be seen in Table 3-2. 

Surface Energy Approach to Adhesion 

In the previous section, the interaction between surfaces is determined as the surfaces are 

at some distance apart.  However, when the surfaces are in contact, as is the case for powder in 

the bulk state, a different approach can also be considered using the surface energies of the 

surfaces described by the work of adhesion.  Work of Adhesion is defined as the energy needed 

to separate two surfaces from contact to an infinite separation distance and takes into 

consideration the surface energy of the bodies in contact as seen in Equation 3-7 [83]. 

Wa = γ12 + γ23  (3-7)
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Here Wa is the work of adhesion, γ12 is the surface energy of one new surface 1 in medium 2 and 

γ23  is the surface energy of new surface 3 in medium 2.  By combining Equation 3-7 with 

Equation 3-8, Young’s equation, Equation 3-9 is obtained for the work of adhesion based on 

contact angle.   

γ12cos θ =γ23-γ13  (3-8)

Here γ12 is the surface energy at the liquid and vapor interface, γ23 is the surface energy at the 

solid and vapor interface, γ13 is the surface energy at the solid and liquid interface, and cos θ is 

the angle between γ12 and γ13 through the liquid phase.   

Wa =  γ12 (1+cos θ) (3-9)

From this equation, the work of adhesion can be calculated by measuring the contact angle of a 

liquid, with a known surface energy, on the material of interest.  By modifying the surface 

energies of the bodies through coatings and chemical surface modification, the work needed to 

separate them can also be modified.  Doing so in a controlled manner can lead to the lowering of 

the cohesion between particles and thus the energy needed for dispersion. 

Capillary Forces 

Another important source of cohesion arises from capillary forces that form in the liquid 

pendulums between particles in the presence of liquid and is known to have a significant effect 

on the mechanical properties, transport, and dispersion of powder[2].  The first attempt to 

understand this cohesion in soil was made by Haines and Fisher[3, 84] and an expression for the 

force of cohesion due to the formation of aqueous liquid bridges was developed.  Condensation 

of water vapor, present as relative humidity in the air, is sufficient to create liquid bridges[85, 

86].  Since, most powder processing and transport occurs in ambient conditions, and in the 

presence of humidity, an understanding of the effect of capillary forces on dispersion is vital.  
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Liquid present in a particle system will collect at contact points between particles and form 

liquid bridges.  Capillary forces in the liquid bridge will increase the cohesion between the 

particles at these points.  For this reason, the degree of powder packing is an important factor of 

the system[87].  Close packed structures will have more particle contacts leading to a higher 

number of points for adhesion resulting in an increase in the powder strength.  On the other hand, 

more open structures will have fewer contacts for adhesion leading to a weaker powder with a 

higher flowability.  It can be readily seen that this phenomenon is very important for both the 

dispersion of dry powder from a reservoir, as in inhalers, and in the preservation of the powder 

dispersion after aerosolization.  The equation for the attractive forces due to the presence of 

liquid bridges between two spheres is given in Equation 3-10.  

θγπ cos2 RFcap −=  (3-10) 

Here R is the radius of the capillary, γ is the surface tension of the liquid phase, θ is the contact 

angle of the liquid at the particle surface, and the sign of the equation represents the force 

direction, which is cohesive in nature.  The adhesion force due to the presence of a liquid bridge 

is calculated by the Laplace equation, Equation 3-11.   

)11(
21 rr

P −=Δ γ  (3-11) 

Here, ΔP is the pressure difference across the liquid interface, γ is the surface tension of the 

liquid and r1 and r2 are the radii of the particles.  Decreasing particle size will therefore have a 

large effect on the adhesion force when liquid bridges are present. 

Roughness 

Up to this point, only ideal, smooth surfaces have been considered.  However, this is 

unlikely for real surfaces.  At the atomic level there will be roughness due to the size of atoms 
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and their spacing within the crystal structure.  These perturbations on the particle surface will 

influence the effective interparticle spacing, the consequences of which are multifold since van 

der Waals forces are sensitive to the area of the surfaces in contact and separation distance 

between particles.  The classical model for the effect of roughness on van der Waals adhesion 

was created by Rumpf [88, 89] and shown in Equation 3-12. 
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Here A is the Hamaker constant, H is the interparticle separation distance, R is the radius of the 

particle, and r is the radius of the asperity on the surface.  This model, however, significantly 

underestimated the adhesion force.  The model has since been modified by others and research 

by Rabinovich and coworkers[53, 54, 90] has further refined the model to better predict 

experimental results, and in it’s final form is seen as Equation 3-13.  Their work indicates that 

surface roughness on the nanometer scale (<2nm) greatly increases the force of adhesion, and as 

the scale of the roughness increases there is a subsequent decrease in adhesion forces.   
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The additional terms in this equation include k1, the maximum peak to peak height between 

asperities; rms, the root mean squared roughness of the surface; and λ, the average peak to peak 

distance between asperities.   The first term accounts for the particle contact with the asperity 
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surface and the second term represents the interaction between the particle and the average 

surface plane.   

Surface roughness will also decrease the minimum amount of water needed to form liquid 

bridges at particle contact points.  Rabinovich and coworkers have investigated the effect of 

nanoscale surface roughness on the critical humidity required for the onset of capillary forces in 

such systems[49, 52, 55, 90, 91].  The presence of roughness on surfaces on a nanoscale has been 

shown to have a profound effect on the critical humidity required to induce capillary adhesion.  

Their study also validates a simple analytical expression developed to predict the force of 

adhesion as a function of particle size, humidity, and roughness, which is most relevant for 

practical systems.  A visualization of the effect of surface roughness can be seen in Figure 3-4. 

Esayanur [92] furthered this research by incorporating the friction coefficient, surface 

roughness, and the force of adhesion due to van der Waals forces into a single adhesion model.  

As a result, Equation 3-14 was developed: 
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= + +                             (3-14) 

Here, the additional variables are: AH, the Hamaker constant, H, the distance of closest approach, 

K, the roughness factor, and μ, the friction coefficient.  The first term on the right side of 

Equation 3-14 represents the contribution of the liquid bridge (capillary) forces and the second 

term represents the adhesion force in the dry state.   

Electrostatic Forces 

Electrostatic force is also considered important for aerosol dispersion and has been the 

focus of research[9, 43, 46-48, 56, 58, 93-102].  Static electricity arises when charges on the 

surface of a material are not free to move to neutralize each other or do so slowly[45].  These 
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charges remain on the surface where they can interact with their surroundings.  Particles with a 

similar net surface charge, greater in magnitude than the attractive forces, will experience 

coulombic repulsion, a force named after Charles Coulomb who was the first to measure these 

forces between glass spheres using a torsion balance he invented.  Equation 3-15 shows the 

general equation for the electrostatic repulsive force. 
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qqF
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e π
=  (3-15)

Here q1 and q2 are the charge on each particle, eo is the unit charge of an electron, and r is the 

radius of the particle. 

Particles suspended in an aerosol continually gain, lose, and transfer charge between 

themselves and the surrounding environment.  There are four basic ways by which charge can be 

imparted to the particle: (1) direct ionization, (2) ionization of particles by electromagnetic 

radiation, (3) static electrification, and (4) collisions with ions or ion clusters.  Due to the low 

ratio of particle to air mass, the first mechanism is not considered significant[44, 45].  The latter 

two mechanisms are the most common and will be discussed in more detail.   

Static electrification occurs when particles acquire charge from the surrounding 

environment.  This can happen by any one or combination of the following five methods.  (1) 

Electrolytic charging occurs when liquids of high dielectric constants exchange ions with the 

surfaces when they are in contact with particles. When the liquid is removed, a charge is left 

behind.  This is not a significant source of charge for this reported research.  (2) Electrons can 

also migrate from a clean, dry surface to another, dissimilar surface with a lower work function 

through contact electrification.  This method is strictly electronic in nature and requires that there 

be no impurities between the surfaces making this unlikely to be important to real aerosols.  (3) 

When particles come into contact with other particles or surfaces, charge can be imparted to 
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them because of this contact by tribo electrifcation, or frictional electrification.  (4) In some 

cases the powders can be aerosolized as liquid suspensions and during evaporation the surface 

forces will increase the concentration of charges at the surface.  (5) The last method is flame 

ionization where particles are ionized as they pass through the reaction zone of a flame.  

Electromagnetic radiation such as ultraviolet or visible light can also be used to create charge by 

ionizing the particles instead of a flame. 

Particles can also gain charge by collisions with electrons, ions, or ion clusters that can be 

produced from a number of different processes and types of electrical discharge.  When an ion 

strikes a particle, it attaches to the surface[103, 104].  As charges accumulate on a particle an 

electric field will develop around the particle and prevent ions or electrons from reaching the 

particle.  Therefore the accumulation will decrease as the charge on the particle increases and a 

point is reached where no further charging happens, this is called the saturation charge.  Ions can 

move by thermal motion alone requiring no external force and as a result of diffusion charging.  

In order to make the process more efficient, an external electric field is applied to control the 

movement of ions[105-107].  Often, it is the combined occurrence of diffusion and field charging 

that leads to particle charging. 

The most common method of ion production is by corona discharge.  Two electrodes are 

arranged such that the field strength between them is constant, e.g. with a wire/tube or 

point/plane construction.  The potential is increased until there is electrical breakdown of the gas 

around the point or wire and ions are forced to leave.  These ions collide with gas molecules 

leading to electrical breakdown in the gas.  Oppositely charges ions are drawn towards the wire 

and produce additional ions upon impact.  This process creates a rapidly growing number of ions 
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with the same charge moving towards the electrode between which passing aerosol particles can 

be charged by collisions with these ions[15].   

The amount of charge a particle can obtain by any of these methods is material dependent.  

The method is also ineffective above 50 percent relative humidity since the presence of water 

will nullify the charge[45, 47].  The presence of water does, however, lead to cohesion due to 

capillary forces, as discussed above.   

Now that an understanding of the fundamental forces underlying adhesion between 

particles has been developed, their significance to the dispersion of powder in air will be 

presented through the experimental studies outlined in the following chapters.   
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Figure 3-1. Illustration of important interparticle forces in powders and aerosols.  Here Fad is the 
force of adhesion due to van der Waals and capillary bridge forces, Fes is the 
electrostatic force, FF and FS are the friction and shear forces respectively acting at 
the particle level, and F and S are the overall normal and shear forces acting on the 
ensemble of particles.   

 

 

 

Figure 3-2. A depiction of the three interactions that are collectively known as van der Waals 
forces.  van der Waals forces include: Keesom interactions, or dipole-dipole 
interactions; Debye interactions, or dipole – induced dipole interactions; and London 
dispersion interactions, or instantaneous, fluctuating dipole – induced dipole 
interactions.   
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Figure 3-3. Depiction of the calculation of interparticle force using the Derjarguin 
Approximation.  An approximation developed to relate the force of an interaction 
between a body of some geometry to the energy of interaction per unit area of two 
parallel flat surfaces.  The force is integrated over infinitely small, flat concentric 
rings of radius x and thickness dx on each body as the separation distance between 
the bodies, H´, goes from H to infinity[75]. 

 

 

 

Figure 3-4.  Change in contact area with increasing roughness.  The illustration shows the 
decrease in contact area that occurs with increasing surface roughness and is 
attributed to the difference in interparticle forces between smooth and rough surfaces.  
Rumpf [19, 20] initially derived the equation for the contribution of surface asperities 
to the decrease in van der Waals forces.  This work was later expanded by Rabinovich 
et al  to more closely define surface roughness[53, 54] and include the effect of 
roughness on capillary forces[49, 55, 91, 108].   
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Table 3-1.  van der Waals interaction forces and energies for different geometries.  The 
theoretical equations for comparing interaction force and energy where A is the 
Hamaker Constant, H is surface separation distance, and R1 and R2 are the plate or 
sphere radii. 
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Table 3-2.  Interaction energy using the Derjaguin Approximation.  A list of factors used to 
calculate interaction force from the interaction energy of two flat plates as determined 
by the Derjaguin Approximation.  The interaction force, F, between different 
geometries can be calculated by multiplying the energy of interaction between two 
plates, Wplt/plt, by a geometry factor. 

Interaction Geometries Force Energy 

Plate – Sphere Fplt/sph (2πR)Wplt/plt 

Sphere – Sphere Fsph/sph (πR)Wplt/plt 
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CHAPTER 4 
MATERIALS AND METHODS 

The first step towards realizing an increase in aerosol dispersion is a complete 

understanding of all interparticle forces significant to a given system.  This requires a systematic 

study of single particle and bulk interaction measurements to determine the dominant forces 

between the powder particles on both the micro and macro scale.  By measuring and 

understanding the dominant interparticle forces and how they change with the different factors, 

processing methods can be developed to reduce their magnitude so that the energy needed for 

dispersion is within the range of the current dissemination methods.  Statistical experimental 

design was used to systematically investigate these factors to establish those significant to the 

aerosol dispersion as determined by particle size and settling measurements; bulk properties 

through shear cell experiments; and the magnitude of significant interparticle forces using the 

atomic force microscope.  Figure 4-1 is a depiction of the direction of this research and is 

explained in more detail below.   

Material 

In this study, a variety of materials were used to investigate interparticle forces.  To study 

the interactions between flakes, a vapor phase deposited (VPD) aluminum flake material was 

used, Sigma 1215, provided by Sigma Technologies, Inc.  The material is vapor deposited onto a 

Mylar sheet using a continuous process until the desired thickness is achieved.  The VPD process 

uses a laser to sputter molecules from a bulk of the pure material that then adsorb onto the 

substrate surface.  The metal layer is then removed from the Mylar and milled into flakes in ethyl 

alcohol to dissolve any residual polymer and inhibit oxidation of the aluminum.  Through this 

process the flake thickness can be carefully controlled and is designated by the numeric value 

following the name.  For example Sigma 1215 signifies that those flakes are 12-15 nanometers 
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thick.  Unlike flakes produced by milling, which requires milling aids such as stearic acid that 

change the surface chemistry of the particles, the VPD result is a bare aluminum flake with a thin 

controllable native oxide layer suspended in alcohol.   

Flakes are not suitable for compaction and shear tests, however, because they are 

susceptible to mechanical deformation leading to physical interlocking under those conditions.  

Once the flakes are mechanically connected, the investigation of interparticle forces is 

impossible since the particles can no longer slide past each other, a condition required for bulk 

powder testing.  For this reason, atomized aluminum spherical powder from Valimet, Inc was 

used for the shear measurements. 

To create a surface for contact angle and interparticle force measurements, aluminum was 

also deposited onto a silicon wafer using a chemical vapor deposition (CVD) process.  By this 

process, the precursor is vaporized and the gaseous molecules flow into the reactor.  At the 

reaction zone, they adsorb onto the substrate surface after which thermal energy is added to aid 

in their decomposition and formation of a solid film.  This produces a smooth, near-ideal surface 

that enables the investigation of surface energy and how it changed with surface modification.   

Experimental Factors and Processing Methods 

A number of factors are involved in powder dispersion and will vary between systems.  

They include powder drying method, relative humidity, surface modification, flow aids such as 

second phase particles, and dispersion medium.  These parameters were systematically varied 

and the resulting powder was characterized in order to determine the degree of dispersion.  First, 

the material itself was characterized before and after processing to determine the particle size and 

morphology of the materials.  The surface energy was determined for the ideal surfaces using 

contact angle measurements.  Next, the aerosol dispersion was characterized experimentally 

through particle size, airborne concentration and settling.  The first means used to characterize 
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the degree of dispersion of the aerosol was by a comparing the particle size distribution in a well-

dispersed state; i.e. measurement of the primary particle size, to that measured after processing in 

the dry state.  The settling rate and disseminated concentration of the powders in an Air 

Dispersion Chamber fabricated in house was also employed to study the aerosol by using laser 

attenuation and the Beer-Lambert Law as will be explained in more detail below.   

Dispersion is complex and the change in the significant forces involved and their 

magnitude must also be investigated.  Therefore dispersion was also studied theoretically on the 

macro scale by treating the powder as a continuum using shear cell measurements and on the 

micro scale by investigating the interparticle forces between individual particles using the 

Atomic Force Microscope (AFM).  These results, coupled with the aerosolized particle size 

distribution data under different conditions, give insight into the mechanism of adhesion and the 

processing methods that can be used to successfully lower adhesion and thereby improve 

dispersion.  As seen in Figure 4-1, the experimental factors chosen for this research were drying 

methods, surface modification, humidity, spacer materials, and dispersion medium.  Each effect 

was determined by two sets of experiments.  First, experiments were performed to investigate the 

change in particle size, aerosolization, and, settling.  Second, those results were compared to the 

change in micro and macro scale force measurements made using the shear cell and atomic force 

microscope (AFM) measurements.   

Drying Method 

Liquid, whether water due to humidity or processing methods, must be removed from the 

powder in a way that does not lead to the formation of liquid bridges and capillary forces.  

Common drying methods were described in detail in Chapter 2.  For this investigation, material 

was dried using evaporation under vacuum, freeze drying, and a liquid CO2 supercritical fluid 

processing method for powders developed during this research, then the particle size of the 
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resulting powder was measured using laser diffraction.  A depiction of each of these drying 

methods as they relate to a general thermodynamic phase diagram is given in Figure 4-2.   

For evaporation and freeze drying, the effect of liquid surface tension was investigated by 

dispersing the powder in water and isopropyl alcohol.  It was found that water is not miscible in 

liquid CO2 thus only isopropyl alcohol was used.  For the evaporation process, the dispersed 

suspensions were placed in a vacuum oven at 40oC and -20psi for 24 hours.  The resulting cake 

was broken up with a spatula followed by particle size analysis.  The process for freeze drying 

included placing the water suspensions in the freezer overnight then transferring them to the 

freeze drying vacuum chamber.  Suspensions in alcohol were frozen by mixing the suspension in 

liquid nitrogen then transferring the frozen sample to the freeze drying vacuum chamber.   

The supercritical drying method developed for the research involved a slightly different 

process than the conventional methods and is shown by the green line in Figure 4-2.  To avoid 

the inherent challenges of mixing the powder directly in liquid CO2, i.e. the laws of 

thermodynamics that made CO2 a liquid only above 800psi, the powder was first dispersed in 

isopropyl alcohol then solvent exchanged with liquid CO2 in a pressure reactor using a batch 

solvent exchange process.  Once no alcohol was left, the pressure reactor was heated above 32oC 

at which point the pressure in the reactor was above 1060psi, the critical point of CO2.  Above 

the critical point, the surface tension of CO2 is negligible and capillary forces cease to exist.  The 

supercritical fluid is vented from the chamber as a gas and as long as the temperature is above 

the critical temperature, Tc, it cannot re-condense back to a liquid and capillary forces are 

eliminated.   

Spacer Material 

High aspect ratio particles have a very high mass to surface area ratio.  That is, because the 

thickness of the flake is an order of magnitude smaller that the diameter the contact area between 
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the flakes is very high while the mass to which momentum can be applied is very low.  

Associated with the high surface area are also high attractive surface forces, especially van der 

Waals forces.  For these reasons, once the surfaces come into contact, dispersion can become 

impossible.  If the contact area between flakes is decreased, the adhesion between them will also 

be decreased and dispersion can be improved, as described in Chapter 3.  The spacer material 

used was a 10nm mean diameter superhydrophobic fumed silica, Degussa Aerosil® LE2.  The 

addition of the silica can also have a negative effect: since the silica is not the material of 

interest, the addition of silica past the point of improving dispersion will decrease the amount of 

desired material available to be dispersed.  Therefore, the spacer was added at 0, 5, 10 weight 

percent. 

Relative Humidity   

Powders can be subjected to a wide range of humidity levels during processing and 

aerosolization.  Adsorption of water onto the particle due to humidity leads to particle adhesion 

by the formation of liquid bridges and capillary adhesion.  It was shown in Chapter 3 that there is 

a critical humidity at which the liquid bridge forms.  Since the effect of humidity has such a 

profound effect on adhesion, it is important to understand at what point it becomes significant 

(critical humidity level) and how this factor will change the powder system.  Therefore, humidity 

levels in the range of 10-90 percent have been selected.  The relative humidity will be increased 

in 40 percent intervals to allow the full range of possible environments to be studied.  Each 

powder was conditioned at the given humidity for 48 hours to allow for equilibration prior to 

experimentation.  To do so, the samples were placed into the chamber and humid air was 

pumped through the chamber for 48 hours prior to measurements to allow the powders time to 

equilibrate.  Humidity was controlled by pumping dry, compressed air through a water trap and 

by controlling the temperature of the water.  Humidity levels were controlled to within ±2%. 
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Surface Modification 

Capillary forces are determined by the amount of water adsorbed onto the particle surfaces 

at their point of contact.  The ability of water to condense on the surface of a particle is 

determined by the ability of the water to wet the particle surface and controlled by surface energy 

of the water and of the particle surface.  By changing the surface energy of the powder through 

surface modification, the powder can be made hydrophobic and thus water cannot wet the 

surface.  This can be done by attaching monomers to the surface with hydrocarbon chain tails.  

Water molecules no longer can see the aluminum surface, but instead see a surface with which it 

is not thermodynamically favorable for them to interact.  In order to investigate this, the 

aluminum surface was modified with two types of silanes.  The first, Octydecyltrimethoxysilane 

(ODTMS), is a tri-functional monomer.  That is, the silicon has three bonds that are used to 

create a two dimensional structure on the aluminum.  One bond attaches to the surface and the 

other two attach to the neighboring monomers.  The second silane used was (TDFS).  In addition 

to creating a hydrophobic surface, the Teflon aspect of this particular silane is thought to also 

decrease the surface energy between the particles much like it can between eggs and a Teflon 

coated frying pan.  The reaction time between the silane and the surface was also investigated to 

determine the optimum processing time needed to achieve the highest hydrophobicity.   

Dispersion Medium 

Liquid Carbon Dioxide Assisted Aerosolization:  As part of the experimental research, a 

novel dispersion method has also been developed.  This dispersion method utilizes liquid CO2 as 

a propellant and source of energy for dispersion.  Powder particles to be aerosolized are 

suspended in Liquid CO2.  The suspension is then released such that the liquid instantaneously 

undergoes a phase change to a gas, the thermodynamically stable phase at standard room 

temperature and pressure.  The phase change causes an expansion in the volume of the CO2 and 
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in turn creates added stresses from within the agglomerate pushing outward significantly 

increasing the degree of dispersion.   

This dispersion method has advantages over other dispersion methods regardless of the 

dominant interparticle forces.  Liquid CO2 at room temperature resides at a pressure of 800psi.  

This pressure will supply a large amount of energy to the agglomerates in the form of high 

velocities leading to tremendous shear, turbulence, and impaction.  Pressure changes can also be 

increased further with the use of nozzles.  The instantaneous phase change and expansion of the 

CO2 will add to the energy of dispersion by supplying dispersion force in an outward direction. 

The state of dispersion of the powder in the liquid CO2 is also important as an increased 

state of dispersion in the liquid phase is expected to lead to higher dispersion upon 

aerosolization.  Technology for the dispersion of particles in liquid CO2 has been developed and 

implemented in the dry cleaning industry already[59, 60, 109, 110].  Surfactants have been 

developed with a “CO2-philic” end and a “CO2-phobic”.  This surfactant is used to disperse 

particles in a similar way to surfactants in aqueous mediums such as detergents.  This technology 

can be leveraged to aid in this dispersion method. 

Characterization Methods 

Particle Size and Morphology 

All materials underwent the same rigorous characterization protocol upon recite.  For 

particle size, this included using the appropriate light scattering instrument for the size range of 

the powder, optical image analysis, and scanning electron microscopy (SEM).   

Laser Light Scattering  The light scattering instrument used for particle between 40nm 

and 2mm was the Beckman Coulter LS13320.  It is based on the principle that particles scatter 

and diffract light at certain angles based on their size, shape, and optical properties.  A 750nm 

diode laser is used for analysis of particles in the size range of 0.4μm to 2000μm.  The beam 
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passes through filters as well as projection and Fourier lenses and is spatially recorded on 126 

photodiode detectors.  The Polarization Intensity Differential Scattering (PIDS) assembly is used 

to measure particles from 40 nm to 400 nm and improves resolution in the 400 nm to 800 nm 

range.  PIDS uses a tungsten-halogen lamp and three sets of vertically and horizontally polarized 

color filters at 450, 600, and 900 nm as the light source.  The technique is based on the principle 

that at high scattering angles (~90 degrees) the difference in scattering intensity of the two 

polarizations is a function of the particle size to wavelength ratio.   

The advantages of this technique include ease of operation, large range of detectable 

particle sizes, and accuracy in the micron and submicron range.  The calculations assume the 

scattering pattern is due to single scattering events by spherical particles of the same refractive 

index.  This raised some questions since this study involved high aspect ratio particles, i.e. 

flakes, and mixtures.  For flakes moving in turbulence past that laser, it is not the actual diameter 

being measured but the average random orientation of the flake.  However, when using a 

differential volume distribution, the particle size is weighted towards large particles, which in 

this case is the maximum diameter.  Mixtures on the other hand, could not be measured using 

this instrument as there is no way to simultaneously determine the scattering pattern from two 

materials of a different refractive index and other methods were used.  The LS13320 has two 

sample modules which made it ideal for this research: a fluid module and a dry powder module.  

This allows for the measurement of the powders in a wet, well dispersed state and again after 

processing and drying using the same instrument.  All samples in liquid were placed in a sonic 

bath for twenty minutes before measurement to insure complete dispersion.  While all dry 

materials were sampled according to the appropriate methods before the measurements.  The 

results presented in this work are an average of at least three measurements. 
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Dynamic Light Scattering  Powders with a mean diameter less than 10 nm, particularly 

the spacer materials, were measured using the Microtrac Nanotrac NPA250 dynamic light 

scattering instrument.  It is capable of measuring particles between 0.8nm and 6.5 μm based on 

dynamic light scattering by measurement of the velocities of particles undergoing Brownian 

motion in a liquid.  This motion is detected by measuring the spectrum of Doppler-shifted 

photons from light scattered by the particles.  Photons scattered from particles moving away 

from the scattering photon have their frequency lowered.  A photon scattering from a particle 

moving towards it has its scattered frequency increased.  The instrument compares the frequency 

shifted photons to unshifted photons, recording the difference or beat frequency of the interfering 

photons.  The Brownian velocity of particles is inversely proportional to particle size and 

becomes quite significant if the particle dimensions are less than 1 µm.  By measuring the 

spectrum of Doppler shifted frequencies, the particle velocity distribution and, hence, the particle 

size distribution can be determined.  All materials in a liquid medium were placed in an 

ultrasonic bath for a minimum of twenty minutes prior to measurement to insure dispersion.  

Small and more agglomerated materials required up to one hour of ultrasonication.  All results 

presented are an average of at least three measurements. 

Scanning Electron Microscopy  SEM images of the particles were taken using the JEOL 

6330, a cold field emission scanning electron microscope. Cold field emission scopes have the 

advantage of high brightness and high resolution even at low accelerating voltages to allow 

imaging of a wide variety of materials including soft polymeric materials without causing sample 

damage.  Resolution of the instrument is around 15 Angstroms depending on the sample.  The 

JEOL 6330 is equipped with an energy dispersive X-ray spectrometer (EDS) for elemental 

analysis and a backscattered electron detector that allows compositional analysis.  
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Optical Microscopy and Image Analysis  The Olympus BX60 optical microscope is 

equipped with a SPOT Insight Digital Camera.  The SPOT RT is a "three pass" charge coupled 

device (CCD) digital color camera suitable for taking digital images of a particulate sample.  The 

SPOT RT is cooled to 37°C below room temperature to reduce thermal noise inherent in CCD 

devices.  It is equipped with dual light sources for both transmitted and reflectance imaging.  It 

can be operated in the bright field, dark field, and differential interference contrast (DIC) modes. 

Five objectives from 5 – 100 times magnification are available.  Image Pro v. 6.2 Optical 

Analysis Software analyzes digital pictures taken of particles.  Particle properties such as size, 

shape, roundness, aspect ratio, and percent image coverage can be measured.  All particle size 

distributions were made from images of at least 10,000 particles to insure statistical 

significance[19].  

Material Surface Energy 

Ramé-Hart Contact Angle Goniometer  In order to understand the effect of surface 

modification on the material, advancing and receding contact angle measurements were made 

before and after surface modification of the material with a Rame-Hart Contact Angle 

Goniometer.  This instrument consists of a stage for droplet formation on a material surface, a 

digital camera for image acquisition, and software for data analysis.  Ten to fifteen images of the 

advancing and receding contact angle of a water drop on each surface were taken and the average 

of the measurement made from these images is reported.  The significance of the different 

contact angles is presented in Chapter 3. 

Dispersion Characterization 

To determine the effect of processing methods on improving dispersion, the degree of 

dispersion, or dispersability, of the aerosol was measured by two methods.  For single materials 

the comparing the particle size measured by laser light scattering was used.  By comparing the 
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primary particle size measured in a wet, well dispersed state, to that of the powder after 

processing and drying, the degree of dispersion can be seen by the shift in mean particle size.  

For mixtures with different indices of refraction, airborne concentration and settling rate 

measurements of the powders were made in a chamber fabricated for the FTIR. 

Particle size comparison 

The first method used to determine the degree of dispersion was by measuring the particle 

size using the Beckman/Coulter LS13 320.  The LS13320 has two sample modules that made it 

ideal for this research: a fluid module and a dry powder module.  Because of this, powders could 

be measured in a wet, well dispersed state then processed and dried and measured as a dry 

powder in the same particle size instrument.  A comparison of the two particle size distributions 

yields a measurement of the degree of dispersion.  Agglomeration can be seen by both an 

increase in the mean particle size, and an increase in the width of the particle size distribution.  

Complete dispersion is achieved if both particle size measurements are equal.   

Settling measurements  

Air Dispersion Chamber for the Fourier Transform Infrared Spectrometer:  In order 

to characterize dispersion as aerosols, a lab scale air dispersion chamber was fabricated that fits 

into the Thermo Electron Magna 760 FTIR Microscope.  The chamber, with a volume of five 

liters, fits into the FTIR such that the IR laser can pass through the windows of the chamber to 

the detector.  A picture of the FTIR Air Chamber in place can be seen in Figure 4-3A.  The 

design of the chamber allows for the induction of powder by low vacuum, -12.5psi, or a variety 

of positive pressures produced by the use of an N2 cylinder, 5-90psi, or a CO2 cylinder, 800psi 

gas or liquid.  The IR laser passes through the disseminated aerosol cloud and the intensity is 

measured by the FTIR detector and reported at percent transmission.  A schematic of an aerosol 

measurement in the chamber after dissemination can be seen in Figure 4-3B.  Transmission (T) is 
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measured over time and graphed as the negative log of one divided by transmission.  The graph 

of time versus the log of one divided by transmission is indicative of settling rate.  A slower 

settling rate would result from a smaller particle size by increased dispersion.  If a constant mass 

of material is used, from which a constant concentration is assumed immediately after 

dissemination, the mass extinction coefficient of the Beer-Lambert Law, Equation 4-1, can be 

calculated and used to determine the airborne concentration over time. 

 Beer-Lambert Law:  -Log(1/T) = Me * C * PL   (4-1) 
 
Here T is transmission, Me is the mass extinction coefficient, C is concentration, and PL is the 

path length of the laser through the aerosol cloud and assumed to be the diameter of the chamber. 

Powder Mechanics 

Shear Cell  There are many methods available to measure the cohesive forces of bulk 

powders including measurement of the shear strength or tensile strength of a powder compact, 

angle of repose, and powder flow behavior.  In this study the bulk properties was measured using 

the Sci-Tec ShearScan bulk powder tester.  A diagram of the Sci-Tec ShearScan is seen in Figure 

4-4.  This method offers the most simplicity and several models have been developed to relate 

the tensile strength to interparticle force.   

For a typical measurement, powder is loaded into the cell, which has an annular geometry 

and covered by a lid.  A load is applied to the lid by the overhead piston pushing down onto the 

powder causing consolidation.  The lid of the cell is then rotated by the piston and the torque 

applied to the lid by the powder is measured with a load cell connected to the base of the test 

cell.  The shear stress versus distance sheared data recorded at each normal load is used to 

generate the Yield Locus.  Mohr’s circles are drawn tangent to the Yield Locus, one of which 

will pass through the origin.  The Mohr circle is a two dimensional representation of all the 

equivalent states of stress that describes the Unconfined Yield Stress (fc) in terms of a shear 
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stress (τ) and a normal stress (σ) that correspond to the major principal stresses (σ1, σ3) acting on 

the system.   

A typical direct shear test of a powder is performed by consolidating the sample at a given 

normal load then lowering the normal load and determining the shear stress required to initiate 

flow (failure) in the sample.  From a graph of the stress versus distance sheared consolidation 

state of a powder and the subsequent failure stress that leads to incipient flow in the system can 

be determined, as shown in Figure 4-5.  The yield locus is the line tangent to the failure Mohr 

circles, and the slope of the yield locus is called the angle of internal friction of the powder.  The 

unconfined yield strength is defined as the yield stress of a bulk sample at a given consolidation 

load where one of the major principal stresses equal to zero.  A zero stress on one of the axes 

represents a powder not confined in the direction of the stress, which is the case during powder 

flow of powder.   

A set of yield loci is generated at consolidation loads of 2.5kpa, 5kpa, 10kpa, 20kpa, and 

30kpa.  The unconfined yield strength verses the major principle stress, σ1, is plotted at each 

consolidation load to generate a flow function.  The flow function defines the change in strength 

of the powder, measured as fc, as a function of the applied consolidation load.  A flow function is 

generated for each powder at each relative humidity level to determine the change in fc.  Each 

flow function reported in this research is an average of at least four repeats of a given relative 

humidity and consolidation load.   

Apart from the unconfined yield strength, the Mohr circle also enables the determination of 

the cohesion (C) and the angle of internal friction (angle of repose, φ) both of which are bulk 

parameters characterizing the flow characteristics of the powder.  The unconfined yield strength 

(fc) and principle stresses (σ1,2) can then be determined as shown in Figure 4-5.   
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Interparticle Forces 

Atomic Force Microscope (AFM)  The properties of the powder as a bulk give insight 

about the strength and flowability of the powder but not all of the information needed to 

understand powder cohesion and how it relates to dispersion.  In order to determine the forces on 

the particle level, an Asylum Research AFM was used.  A humidity cell accessory was utilized to 

measure and control the humidity in the sample chamber.  With this instrument, the significant 

interparticle forces and their magnitude can be measured for each of the surfaces at the relative 

humidity values.  This is done to determine the effect of the surface coatings and humidity on the 

interparticle forces that are dominant at different conditions and methods that can be used to help 

overcome them.   

Interparticle force measurements were made on each surface with an AFM cantilever 

according to the methods described by Ducker et al and Rabinovich[111, 112].  For the 

measurement, the cantilever was positioned close to the flat substrate.  Then, as the AFM tip 

assembly is moved towards and away from the surface by a piezoelectric column, the deflection 

of the cantilever is monitored by a diode laser that reflected off the top of the cantilever onto a 

position sensitive photodiode.  As the cantilever is attracted to or repelled from the surface, 

depending on the situation, the amount of deflection is measured by the position of the laser on 

the photodiode, as shown in Figure 4-6A.  By this procedure, the force between the two surfaces 

as a function of separation distance and cantilever spring constant was obtained, and 

representation of this can be seen in Figure 4-6B.  The approaching portion of the force curve is 

characterized by a jump-to point as the tip is attracted to the surface and can be seen by the black 

solid line in Figure 4-7.  Once the tip is in contact with the surface, the piezoelectric column 

raises the assembly away from the surface.  The cantilever will bend until the force holding the 

cantilever tip to the surface is greater than its spring constant at which time it springs back to the 
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normal position.  The retraction portion of the force/distance curve can is represented by the red 

dotted line in Figure 4-7.   

The force/distance profiles were then normalized by dividing the measured force by the 

radius of the sphere thereby allowing the data to be presented in terms of energy per unit area of 

a flat surface.  This enables the determination of interaction force for different geometries as long 

as the range of the forces is much less than the radius of curvature of the particles interacting.  

Force measurements were taken at four different spots on each surface and an average force of 

fifteen measurements at each spot was reported.   

Design of Experiments 

The order of experiments performed was determined by developing a statistical design 

using the Design Expert 6 software package.  Doing so has two advantages.  First, it allows 

evaluation of the error associated both within the experiments of one condition and that between 

the different conditions. This will help separate experimental error from the results allowing a 

more accurate evaluation of the factors under investigation.  Second, the software will provide an 

equation base on the model developed to fit that data and the factors chosen to be significant.  

From this equation, the optimum result within the experimental design space can be reached.  In 

addition, it will also aid in determining what direction to move the experimental space if the 

highest value has not been reached.  A design was developed for the airborne concentration 

experiments, shear cell measurements, and interparticle force measurements.  A comparison of 

the results was used to develop the correlation between the change in processing, powder forces, 

and dispersion.   

The results to the work outlined in Chapter 4 will be presented in Chapter 5.  The results 

for the particle size and settling and the bulk and interparticle force measurements will be 
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discussed as well as a correlation of the data.  The conclusions developed during this research 

will be explained in Chapter 6 and applied in a case study described in Chapter 7. 
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Figure 4-1.  A roadmap to dispersion: depiction of the direction for the presented research.  
Design of experiments was employed to determine the magnitude of the effect of 
factors that have been shown in literature to effect dispersion in air.  Experimental 
results are compared to theory and micro and macro scale force measurements to 
develop an understanding of their significance, magnitude, and change with 
processing. 
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Figure 4-2.  Thermodynamic path of drying methods investigated.  A depiction of the 
thermodynamic path across phase boundaries followed by each of the three drying 
processes investigated in this research.  Evaporation crosses the gas-liquid phase 
boundary leading to capillary forces and agglomeration.  Freeze drying takes the 
liquid to low pressure and temperature as it is first frozen then removed by 
sublimation.  If the pressure is not sufficiently low, condensation is possible and will 
lead to capillary forces.  Supercritical drying takes a path to high temperature and 
pressure completely avoiding the formation of capillary forces through the entire 
process.  The best results were found using the supercritical process. 
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Figure 4-3.  Images of the Air dispersion chamber.  A) is a photograph of the air dispersion 
chamber when positioned in the FTIR during an experiment.  B) is a schematic of the 
chamber showing the laser path through an aerosol cloud produced in the chamber.  
The aerosol can be produce by high pressure gas or a volatile medium. 
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Figure 4-4.  The Sci-Tec ShearScan TS12 shear tester and test cell.  A) shows a 
photograph of the Sci-Tec ShearScan instrument.  B) depicts the compression 
cell used for the measurements.  Powder is loaded into the cell and a 
consolidation load is applied by the piston from above as it rotates.  The 
torque applied is measured by the load cell attached to the base. 

 

Figure 4-5.  A typical result from the consolidation and failure of a powder sample.  The 
corresponding points on the Mohr circle are shown to illustrate the procedure of 
generating the Yield Locus, the major principle stress, sigma one, and the unconfined 
yield strength, fc. 
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Figure 4-6.  Schematic of how the AFM works.  A) A laser is reflected off the end of the 
cantilever onto a position sensitive photodiode.  The cantilever is brought close to the 
sample, on a moveable stage, and the interaction between them causes the cantilever 
to move.  The movement is measured by the change in position of the laser on the 
photodiode.  B) The measured cantilever movement and its spring constant allow 
calculation of the interaction forces.  Cantilevers of varying compositions and spring 
constants allow for a large range of measurement options. 
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Figure 4-7.  Example of a force distance curve for the AFM.  The cantilever approach is depicted 
by line 1 and characterized by the jump to surface point at 2.5nm.  After this point, 
the piezoelectric increases the separation distance and the adhesion force is calculated 
using the height of the retraction curve shown by line 2. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

Characterization 

Particle Size of Single Materials 

All materials were characterized prior to experimentation.  Particle size was measured 

using laser diffraction and compared to image analysis and SEM images.  The non-spherical 

nature of the aluminum material and the mixture of materials with a different index of refraction 

presented new challenges for common characterization techniques such as laser diffraction.  

Laser diffraction uses the scattering pattern produced by the laser interaction with the particles 

and the index of refraction of the material to calculate a particle size.  The first assumption 

required to make accurate measurements is that the particles are spherical and the second is that 

the scattering pattern is produced by only one index of refraction.  Laser light scattering is an 

efficient and repeatable sizing method; therefore the use of this method for flakes was further 

investigated.  To do so, both assumptions must be further understood.   

The orientation of the particles as they move past the laser is random and cannot be 

controlled.  A spherical particle does not have an effect due to orientation, a flake, however, 

does.  Although flakes can be considered spherical in two dimensions, they cannot be considered 

spherical in the third, their thickness.  Two important concepts must also be taken into account.  

First, the differential volume distribution produced by light scattering is weighted towards the 

larger particle sizes.  This is because only a few 10μm particles will have a much larger volume 

than an even higher number of sub micron particles.  Second, statistically the instrument will 

measure the average random orientation of the particles being measured due to the fact that the 

flow field past the laser is turbulent and therefore the orientation of the particles will constantly 

be changing.  For these reasons it can be expected that light scattering will measure the average 
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random orientation of the flake and, using a volume distribution, the size will be weighted 

towards the diameter of the particles.  To test this hypothesis, particle size distribution 

measurements made of pure aluminum flakes suspended in isopropyl alcohol using the 

Beckman/Coulter LS 13320 laser diffraction instrument were compared to those made using 

image analysis as describe in Chapter 4.  The results can be seen in Figure 5-1, which shows the 

graph of particle size distribution produced by both laser diffraction and image analysis.  The 

difference can be explained by the method of particle size measurement used for each 

instrument.  Image analysis measures the maximum particle diameter of the flakes as they lay 

flat on the microscope slide, whereas laser diffraction is measuring the average random 

orientation of the flakes as they move pass the laser in a liquid suspension; the average random 

orientation always being smaller than the maximum diameter.  However, the difference between 

them is consistent.  It was therefore determined that laser diffraction is suitable to measure the 

size of flakes if it is acknowledged that the reported particle size is typically 25 percent smaller 

than the maximum dimension.   

The laser diffraction pattern used to calculate the particle size is obtained by a 

simultaneous measurement of the laser intensity on a number of detectors placed at different 

angles from the normal laser position.  It is impossible to decipher which particles produce the 

pattern.  For this reason the particle size measure of a sample made up of a mixture of materials 

each with a different index of refraction is inaccurate.  This led to the use of other measurement 

methods to determine the degree of dispersion of the samples to which spacer materials were 

added and will be described below. 
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The spherical aluminum material from Valimet, Inc used for the shear cell measurements 

was also characterized using laser diffraction.  Figure 5-2 shows the particle size distribution 

with a mean diameter of 4μm and a log normal distribution from 1-10μm.   

Particle Size of Mixtures 

The characterization of mixtures and the degree of dispersion posed new challenges.  Due 

to each material having a unique index of refraction, laser diffraction could not be used to 

characterize dispersion.  A new method was developed using the attenuation of light in a settling 

chamber built for the FTIR.  The powder can be disseminated by pulling a partial vacuum on the 

chamber or by pressure using a compressed gas or liquid cylinder.  Once the powder is 

disseminated, measurements of the laser transmission through the particle cloud are made over 

time.  These transmission measurements can then be used to calculate airborne concentration 

using the Beer-Lambert Law, Equation 4-1, and effective particle size using the Stokes settling 

equation explained in more detail below[113, 114].  From these the degree of dispersion can be 

determined and with it the effectiveness of the processing and dissemination methods for that 

sample.  

Morphology 

To obtain a better understanding of particle morphology, images of all of the particles were 

taken using the scanning electron microscope (SEM).  Figure 5-3 shows SEM images of the 

VPD aluminum flakes.  A face of one flake is shown in Figure 5-3A.  The irregular shape of the 

flake shown in this image is indicative of the milling process which was used to produce it after 

vapor deposition onto the Mylar sheet.  Edges of a number of flakes can be seen in Figure 5-3B 

and the large diameter to thickness ratio can be readily appreciated.  It is interesting to note in 

Figure 5-3B, that the flakes are so thin that some are becoming transparent to the electron beam 

and the stack of flakes can be seen under the flakes laying on top.  Transmission electron 
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microscope pictures were also taken of the flakes to study the formation of the oxide coating at 

the flake edges.  The images were taken with the assistance of Kerry Siebein at the Major 

Analytical Instrumentation Center, Department of Materials Science and Engineering, University 

of Florida.  As seen in Figure 5-4 a uniform and continuous oxide layer is present and the 

aluminum below the oxide layer is preserved.   

The atomic force microscope (AFM) was also used to characterize the flake morphology as 

well as surface roughness.  A standard silicon nitride cantilever was used to image the flakes 

deposited onto a silica surface.  The image of two flakes can be seen in Figure 5-5.  The irregular 

edges of the flakes can be seen as well as some large scale roughness which is expected to be 

attritted pieces of aluminum generated during the milling process.  Higher magnification images 

of the flake surface can be seen in Figure 5-6 and show that the flake itself has a very smooth 

surface.  The root mean squared (rms) surface roughness of the flakes was measured, using the 

AFM, to be 4nm.   

SEM images of the Valimet spherical aluminum were also taken and seen in Figure 5-7.  It 

is apparent from the image that the material has a broad particle size as observed in the particle 

size measurements, Figure 5-2. 

Drying Methods 

For drying, each sample was mixed in water or isopropyl alcohol (IPA) and sonicated for 

30 minutes to insure the powder was dispersed.  For oven drying, the suspension was then placed 

in a vacuum oven at 60oC and -25 inches Hg for 24 hours to dry.  For freeze drying, the samples 

were pipetted into liquid nitrogen to freeze them, and then placed in the freeze dryer.  For SC 

fluid drying with liquid CO2, the powders were dispersed in IPA, as water is not highly miscible 

in CO2.  As this is a new process for drying powders, it will be looked at in more detail. 
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A custom designed Parr Instruments pressure reactor was used for the supercritical drying.  

Solvent exchanges were performed to completely replace the isopropyl alcohol medium with 

liquid CO2.  After this was completed, the chamber was heated to a temperature above the 

supercritical state of liquid CO2, held to allow for the temperature throughout pressure vessel to 

reach equilibrium, and then slowly released.  This process is depicted by the CO2 phase diagram 

in Figure 5-8.  The process starts at room temperature where the liquid CO2 is at 800psi inside 

the pressurized chamber, point A in Figure 5-8.  The chamber is heated until a temperature above 

31°Celsius at which point a pressure above 1072 psi is reached, the critical point of carbon 

dioxide, and held for at least thirty minutes to insure the chamber and its contents equilibrate to 

this temperature, seen as point B in Figure 5-8.  A pin valve on the top of the chamber is then 

opened to release the supercritical fluid as a gas at a rate no greater than three liters per minute 

until the pressure in the chamber returned to 0 psi.  

The results for drying can be seen in Figure 5-9, the particle size distribution of each 

material made after drying.  Evaporation is represented by the red curve.  As the liquid 

evaporates, capillary forces draw the particles together, so that attractive van der Waals forces 

cause the particles to agglomerate. The agglomeration can be seen in the particle size distribution 

which has a large mean particle size and wide distribution.  During freeze drying, the inability to 

maintain sufficiently low pressure during the length of the drying process leads to the 

condensation of water vapor and the formation of liquid bridges and capillary forces.  This was 

determined to be due to the limitations of the vacuum pump to maintain the pressure required to 

sublime the frozen liquid.  The resulting material produced by supercritical drying using liquid 

CO2 is shown to be the most dispersible in Figure 5-9.  This material has the smallest particle 

size and narrowest distribution of all the processes investigated due to the fact that supercritical 
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drying completely avoids the gas-liquid phase boundary throughout all steps of the process.  The 

primary particle size distribution of the material, measured by dispersion in isopropyl alcohol is 

shown for a comparison.  Despite the improvement provided by supercritical processing, 

completely removing the capillary forces during drying was not alone sufficient enough to 

produce a completely dispersible powder.  Although drying was shown to have a significant 

effect on powder dispersion, other factors that influence dispersion must also be taken into 

account in order to achieve a fully dispersed powder.  Aside from capillary forces, van der Waals 

forces are always present between particles and are very significant when particles are in close 

proximity.  Reducing the van der Waals attraction will increase the dispersability of the powder 

and will now be discussed. 

Aerosol Experiments 

Spacer Addition 

van der Waals forces are generally accepted to be significant only at short ranges, often 

considered less than 50nm.  Therefore, by maintaining some separation between the particles the 

van der Waals attraction will decrease.  Surface roughness also impacts van der Waals forces in 

two ways.  First, the asperities on the surface lead to a less intimate contact and a lower total 

contact area.  Second, distance between the average surface plane is increased.  This can be seen 

in Figure 5-10, an illustration of the effect of roughness on two flat surfaces.  The surfaces to the 

left are smooth and are seen to be in intimate contact.  The surfaces in the center and to the right 

illustrate increasing roughness.  The contact area between the flakes can be seen to decrease and 

the distance between the average surface plains increase with increasing roughness.  This was 

first shown by Rumpf [88, 89] who derived an equation for the effect of roughness on van der 

Waals forces  to explain the difference between the calculated and measured adhesion force of 

two surfaces as seen by Equation 3-12.   
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Recently, Rabinovich et al. further expanded this equation to better account for the true 

geometry of the surface taking into account not only asperity height but asperity width and peak 

to peak distance as well[53, 54] and shown in Equation 3-13.  The effect roughness has on van 

der Waals force can be seen by comparing the force distance curves the smooth rough surfaces as 

shown in Figure 5-11.  Here the van der Waals force of attraction is plotted versus separation 

distance.  Curve 1 shows the attractive forces for two smooth surfaces using the plate-plate 

equation in Table 3-1 and curve 2 shows the attractive forces for the same size flakes with a 4nm 

RMS surface roughness as calculated by the PERC Model, Equation 3-13.  As seen in Figure 5-

11, this increase in surface roughness has a dramatic effect of decreasing surface forces.  By 

applying this idea towards particles to be disseminated, decreasing the attractive forces will lead 

to an improvement in dispersion.   

The surface roughness of the aluminum flakes cannot be altered easily.  However, by 

adding a spacer particle between the flakes, roughness can be in effect simulated as illustrated in 

Figure 5-12.  The fumed silica is nearly the same size as the flake thickness, 10nm, and has a 

lower Hamaker constant than aluminum 6.55x10-20 J as opposed to 1.5x10-19 J respectively[83].  

The combination of these two effects will reduce the interparticle forces.  The significant 

decrease in the magnitude of the forces can be seen in Figure 5-13, a comparison of the 

calculated force distance curve for smooth aluminum flakes 12μm in diameter and 12nm thick 

alone; with the addition of five weight percent fumed silica; and with the addition of ten weight 

percent fumed silica.  There is a slight increase in interaction forces at ten weight percent silica 

because of the increasing number of contacts with increasing silica addition.  Based on these 

calculations, experiments were conducted to investigate the true effect of adding Degussa 

Aerosil LE2 fumed silica to the flakes. 
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The silica was added to the aluminum flakes suspended in isopropyl alcohol before 

supercritical drying.  SEM images of the flakes alone and mixtures with silica can be seen in 

Figure 5-14 A-C.  Figure 5-14 A shows the flakes themselves, their smooth surface can easily be 

seen.  Figure 5-14 B is an image of the mixture of flakes with five weight percent silica added.  

The silica is seen to be attached to the flake surfaces thereby increasing the interparticle spacing.  

Figure 5-14 C shows the mixture with ten weight percent silica added.  The silica is distributed 

evenly throughout the sample; however large agglomerates of the silica can be seen indicating 

that dispersion of the spacer material is also important.  It was determined from this information 

that ten weight percent silica was in excess of what was needed therefore experiments were 

carried out with mixtures of five weight percent Degussa Aerosil LE2 fumed silica added to the 

aluminum flakes. 

For each experiment, a sample of 3.85±0.05mg of material was disseminated into the 

FTIR Air Chamber and measurements were taken as the powder settled.  The data was plotted as 

the log of inverse transmission over time as seen by the blue points connected by a line in Figure 

5-15.  The slope of this line is indicative of the settling rate since the transmission is decreasing 

due to the powder settling out of suspension in the air[114].  A trend line is added to the data and 

the trend line equation displayed on the graph, which is shown in Figure 5-15.  Repeats of each 

sample were run and the trend line equations used to determine the average and standard 

deviation for each condition.  This was used to insure statistical significance between results.  

The graph in Figure 5-16 shows a typical standard deviation for a given set of conditions.  The 

average is depicted by the solid line and the standard deviation is given by the dashed lines.   

Settling times of interest were chosen to be one second, taken to be the maximum initial 

dispersion; ten seconds, a time of interest for both pharmaceutical powders and other aerosol 
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applications; and one hundred seconds, a length of time considered to be in excess of most 

applications but interesting for the point of view of total aerosol lifetime.  Using the average 

settling rate, as shown in Figure 5-16, along with knowledge of the initial material mass and the 

Beer Lambert Law, Equation 4-1, the airborne concentration can be calculated.  An example of 

the results can be shown in Figure 5-17, the airborne concentration of aluminum flakes produced 

by 12psig vacuum induction into the chamber.  From the graph, it is seen the 66% of the powder 

was introduced into the aerosol.  Using this type of graph, the maximum airborne concentration 

of powder produced and the effective settling rate can be compared for the different conditions.  

These measurements are made by laser attenuation, thus increasing airborne concentration is 

accomplished by increasing the number of flakes scattering the light and thus increasing 

dispersion.  Very large agglomerates will not be aerosolized and fall directly to the bottom of the 

chamber.  Smaller agglomerates settle out very quickly and will be seen in a rapid settling rate.  

A well dispersed powder will have a high initial airborne concentration and maintain a higher 

concentration over the selected measurement time. 

Samples containing five weight percent silica were then disseminated using the same 

partial vacuum pressure.  As determined above, the silica is expected to reduce the interparticle 

forces and this is, in fact, confirmed by the settling results.  Figure 5-18 shows a comparison of 

the airborne concentration for the vacuum disseminated aluminum and aluminum containing the 

silica.  The addition of the silica increased dispersion and lead to a seven percent increase in 

airborne concentration.  The settling rate was comparable to the aluminum alone and the airborne 

concentration has room for further improvement.  The partial vacuum induction method uses a 

relatively low pressure and so the effect of increasing dissemination pressure was subsequently 

investigated.   
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To study the effect of pressure a compressed gas cylinder was attached to the induction 

tube after the sample was loaded.  Using compressed nitrogen pressures from 5-90psig were 

safely attainable.  However, experimentation at a higher pressure was also desired and for this a 

compressed gas carbon dioxide cylinder was employed for a test pressure of 800psig.  The 

results are seen in Figure 5-19, a plot of the airborne concentration over time of aluminum 

disseminated using the varying pressure.  As expected, increasing pressure resulted in a higher 

airborne concentration and a slower settling rate.  The addition of silica was also investigated at 

800psi.  Figure 5-20 shows the airborne concentration for samples disseminated with and without 

silica.  The sample with silica disseminated by 800psig gas carbon dioxide showed a decrease in 

airborne concentration.  In none of these experiments, did the airborne concentration reach 100 

percent, thus inviting further consideration of the dispersion method.   

As discussed in Chapter 3, turbulent flow is associated with fluctuations in velocity called 

eddies which impart energy to break up agglomerates, and a minimum eddy size determined by 

pipe diameter and air flow velocity.  Particles smaller that the minimum eddy size would be able 

to follow the velocity gradient and not be dispersed[45].  Using the maximum pressure, 800psig, 

the minimum eddy size for this system was determined to be 1.2μm.  Taking into consideration 

that the flakes are 12μm in diameter but only 12nm thick and that the force needs to be applied 

along the thickness such that the flakes can be separated, it was determined that even at high 

pressures, the minimum eddy size was larger than that needed to separate flakes from intimate 

contact.  To do so would require higher pressures or the application of the pressure in a different 

way.  Instead of applying the dispersion force only by linear methods such as turbulence and 

drag, perhaps adding a radial component from inside the agglomerate acting outward would 

increase dispersion.   
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Dispersion Medium 

Turbulence, although effective for larger particles, has a minimum turbulent eddy size of 

1.2μm for this setup that limits the smallest agglomerate that can experience dispersion forces 

during dissemination.  In order to overcome this challenge, turbulence was coupled with a 

volatile medium, liquid carbon dioxide.  By this method, not only will there be the high pressure, 

800psi, available to create turbulence for dispersion, in addition there will be a radial outward 

force that will develop as the liquid carbon dioxide is released and undergoes a phase change 

from liquid to gas.  An illustration of this idea is provided in Figure 5-21.  Taking into account 

the change in density, the change in volume associated with the phase change under ideal 

conditions and neglecting any temperature change due to Joule cooling, an increase in volume of 

approximately 500 times is calculated.  Taking the sample chamber volume to be 3cc, this is 

calculated to be a force of 3μN per flake.  Considering that the van der Waals force calculated by 

the PERC Model and shown in Figure 5-11 is 132μN this force is two orders of magnitude less 

than that required for dispersion.  If the flake and silica mixture is considered, an interparticle 

force of 16μN is calculated.  For this case, neglecting all other forces acting on the particles, the 

expansion force of the liquid CO2 alone is near the force needed for dispersion.  This additional 

force, in combination with the 800psi dissemination pressure is expected to further improve 

dispersion. 

For these experiments, after the sample was loaded, a liquid carbon dioxide cylinder with a 

siphon tube was connected and the sample chamber filled.  The measurement protocol described 

above was used.  The aluminum flakes were disseminated using the liquid and the results are 

seen in Figure 5-22, a plot of airborne concentration at select times.  The maximum initial 

airborne concentration was calculated to be only 65%, a value less than that measured previously 



 

84 

by 800psi gas dispersion as seen in Figure 5-23.  From this result and further consideration of the 

phase change process, the following two conclusions were drawn.  First, the volume of liquid 

actually between the flakes must be considered.  The flakes are smooth and once in contact, very 

little liquid will be able to penetrate the space between them.  If this happens, the liquid does not 

expand from between the flakes and no extra dispersion force is achieved.  Second, it is 

considered that the liquid to gas phase change was not, in actuality, instantaneous.  Because of 

this time delay, a meniscus of liquid carbon dioxide can form between the flakes.  The low 

surface tension of liquid carbon dioxide would wet the particles and capillary forces would draw 

the particles closer together increasing the adhesion force.  The addition of a spacer in this case 

would increase the interparticle spacing, increasing the amount of liquid carbon dioxide between 

the flakes and decrease the area over which capillary forces can act.   

A simple evaluation of the interparticle volume for two flakes with an rms roughness of 

4nm is calculated to be 0.6nm3, while adding five weight percent spacer increases that volume by 

a factor of three to 1.5nm3.  Experimentally the effect can be seen by the increase in airborne 

concentration in Figure 5-24.  The addition of the spacer shows a twenty percent increase in 

airborne concentration over that of liquid alone.  In addition, the settling rate of the mixture is 

shown to be slower a second indication of improved dispersion.  The same conclusion is drawn 

when the liquid carbon dioxide results are compared to those of the gas, Figure 5-25; the mixture 

disseminated using liquid carbon dioxide provides the best results.   

Perfect dispersion has not yet been achieved and other factors must also be considered.  

Due to the readiness of moisture from the environment to adsorb onto the particles, and the 

significant increase in adhesion created by capillary forces, surface modification to neutralize the 

effect of humidity will next be investigated. 
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Surface Modification 

Capillary forces between particles caused by the condensation of water from the 

atmosphere can lead to a significant increase in particle adhesion and in turn decrease the 

dispersability of the powder.  This can readily be seen by the change in particle size distribution 

of aluminum flakes in Figure 5-26 after conditioning at 20, 50, and 80% relative humidity for 48 

hours.  The particle size is seen to increase with relative humidity as capillary forces increase the 

adhesion between the particles.  The primary particle size is shown for a comparison.   

The surface hydrophobicity of aluminum was changed by surface modification using n-

octadecyltrimethoxysilane (ODTMS) and tridecafluoro-1,1,2,2-tetrahydrooctyl-1-triethoxysilane 

(TDFS).  For surface modification, 2% (by volume) solutions of ODTMS and TDFS were made 

as follows. 2 mL of silane and 0.5 mL of water was placed into 100 mL of ethanol which was 

adjusted to a pH of 5 using glacial acetic acid.   

Measuring the macroscopic contact angle of a drop on powders is challenging due to 

particle surface roughness and the porosity of a packed bed of powder and due to the small 

particle diameter, traditional particle contact angle methods were not employed.  Thus, in order 

to determine the optimum reaction time to produce the most hydrophobic surface, surfaces were 

produced by chemical vapor deposition of aluminum onto polished silicon wafers were used 

which is more conducive to contact angle measurements.  1 cm x 1 cm square samples were cut 

from larger wafers and the samples were reacted with ODTMS and TDFS as described above.  

Samples were stored in a clean and dry desiccator and prior to contact angle measurement, 

samples were rinsed with methanol and water and then dried in a clean drying oven. 

High purity water (Barnstead Nanopure Infinity, 18 MΩ.cm-1) was used to measure 

advancing and receding contact angles with a Ramé Hart contact angle goniometer as described 

previously and contact angle images were captured with a digital camera.  Contact angles were 
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determined from digital images using the ImageJ software package (Version 1.36b).  All contact 

angle measurements were performed at 22°C, atmospheric pressure and 50% RH.  Figure 5-27 

shows examples of digital images used for contact angle measurements of bare aluminum, A, 

and aluminum surface modified with ODTMS and TDFS, B and C respectively. 

The results for reaction time can be seen in Figure 5-28, a plot of the change in advancing 

and receding contact angle of water on the ODTMS modified aluminum surface at varying 

reaction times.  The contact angle on the bare aluminum surface is represented at time zero with 

a contact angle of 67±3o.  The advancing contact angle is represented by the solid line and 

measurement points are indicated by the closed diamonds.  As the aluminum surface was mixed 

in the solution, an increase in contact angle was seen and a maximum of 114±1o obtained at one 

hour.  After this point, a plateau is reached and the contact angle remained constant up to 12 

hours of mixing after which there was a decrease.  This is expected, as with time a bi-layer or 

other surface complex begins to form causing polar end groups to be exposed to the environment 

as opposed to the hydrophobic non-polar ends.  The receding contact angle is represented by the 

dashed line and the corresponding measurement points are indicated by the open circles.  The 

receding contact angle followed a similar trend to that observed by the advancing measurements.   

The change in the contact angle of water on surfaces modified with TDFS is shown in 

Figure 5-29.  Again, the bare aluminum, with a contact angle of 67±3o is seen at time zero.  The 

advancing contact angle is shown by the solid line and closed circles to rapidly increase to a 

maximum of 111±3o after one hour.  As with the ODTMS, a plateau is reached between 1 and 

12 hours after which a decrease in contact angle is seen.  The receding contact angle, represented 

by the dashed line and open circles, also shows similar trends to that of the advancing 

measurements.   
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Contact angle measurements were also used to calculate the work of adhesion between the 

surface and a water droplet, shown in Table 5-1.  The effect of the hydrophobic silane surface 

coating on the work of adhesion is most pronounced in the advancing measurements where on an 

untreated surface, the work of adhesion was 101 mJ/m2, and in comparison, the work of adhesion 

on the treated aluminum surfaces was 43 and 44 mJ/m2 for TDFS and ODTMS respectively.  

Similar decreases were observed in the work of adhesion calculated from receding 

measurements. 

The advancing and receding work of adhesion are both important to consider with respect 

to the agglomeration and separation between two surfaces where condensed liquids are present.  

Hydrophobic surfaces with low contact angle hysteresis exhibit lower values of work of 

adhesion.  Thus two hydrophobic surfaces joined by a liquid bridge would be less likely to 

agglomerate by capillary forces and therefore should also be easier to separate.  Hydrophobic 

particles under humid conditions should therefore display lower values for bulk powder strength 

compared with hydrophilic particles and also be easier to disperse back to their primary particle 

size. 

Based on the preceding results, the aluminum flakes were surface modified with ODTMS 

for one hour, rinsed by dilution and centrifugation, and supercritical dried.  Figure 5-30A-C 

shows examples of digital images taken of a water drop on a layer of the aluminum flakes 

deposited on a glass slide.  Figure 5-30A shows the contact angle of a water drop on a bed of 

bare aluminum flakes, Figure 5-30B shows a water drop on a bed of aluminum flakes modified 

with ODTMS, and Figure 5-30C shows a water drop on TDFS modified flakes.  It is important to 

note that due to the particle surface roughness and flake bed porosity, these measurements do not 
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represent the contact angle of water on the flake but instead are the effective contact angle of a 

similarly treated flat surface. 

After drying, all three samples of the flakes were conditioned at 50% relative humidity for 

48 hours prior to dissemination in the air chamber.  Liquid carbon dioxide was used to 

disseminate the flakes for measurement.  The airborne concentration of the bare and ODTMS 

surface modified flakes at 50% relative humidity disseminated using liquid CO2 can be seen in 

Figure 5-31.  No significant change in airborne concentration is observed.  To further investigate 

this, bare aluminum flakes were conditioned at 20, 50, and 80% relative humidity for 48 hrs then 

disseminated into the air chamber using liquid CO2.  As seen in Figure 5-32 no significant 

change in airborne concentration or settling rate can be seen with increasing humidity.  This led 

to the conclusion that using liquid carbon dioxide to disseminate the powder overwhelmed any 

effect of prior powder conditioning on dispersion.   

Design of Experiments 

The order of the airborne concentration experiments performed above was determined 

using Design Expert 6 software package.  The results can be seen in Figure 5-33, a 3D 

representation of the design space.  Each side of the cube represents one experimental factor with 

the corners signifying the minimum and maximum levels.  The airborne concentration obtained 

from each level of each set of the three factors is designated by the number at each corner inside 

the cube.  From these results, the best results can be seen using liquid CO2, 5 weight % silica, 

and using surface modification.  Based on the data, a model described by Equation 5-1 was 

developed by the software.   

Airborne Concentration  = 73.55 +0.70A (Medium) -1.80B(Surface Modification) 

+3.95C (Spacer) +6.80AC +1.80BC        (5-1) 



 

89 

In Equation 5-1, the factors that have a significant effect on airborne concentration are shown 

along with the magnitude of their effect by the factor coefficient.  The standard deviation for the 

coefficients was ±0.6.  Half the coefficient value is the factor effect.  It is seen that the spacer 

and the interaction between the spacer and the medium have the largest effect on dispersion.  

Using this model, a maximum airborne concentration can be calculated based on different levels 

of these parameters.  Within this design space, a maximum airborne concentration of 85% is 

predicted and experimentally obtained.   

Up to this point experiments have been performed to investigate the effect of important 

parameters on the particle size and airborne concentration.  The effect of chosen parameters on 

interparticle forces has been calculated and compared to the experimental results.  In order to 

obtain a better understanding of the effect of these factors on the interparticle forces 

measurements of the macro and micro scale must be performed.  To do so, bulk properties were 

studied using the shear cell and interparticle force measurements using the atomic force 

microscope.  A comparison of the change in magnitude of the interparticle forces as they relate 

to these factors results in a correlation between the significant interparticle forces and their 

relationship to dispersion is discussed in the next section.  

Interparticle Forces on the Macro and Micro Scale  

In order to develop the knowledge base about dispersion that will apply, in general, to 

many different powder systems, an understanding of the changes in a powder system that occur 

following processing is required.  The above research investigated important factors of 

dispersion, from which an expression of their effect on dispersion was developed.  Now, the 

interparticle forces on both the macro-scale, the forces of powder as a continuum, and on the 

micro-scale, forces between individual particles, will be investigated.  From this work, 



 

90 

knowledge of the change in interparticle forces will be developed.  The correlation of the results 

of these two aspects will lead to an understanding of why processing parameters have an effect 

on dispersion, from which an extension to other powder systems will be possible.   

Bulk Powder Strength 

Most aerosol applications begin with the powder being drawn from a reservoir in the bulk 

state before forming the aerosol.  Knowledge of powder as a continuum, specifically macro-scale 

powder properties such as strength and flow, is therefore important to optimizing dispersion.  In 

order to better understand the cohesive behavior of powder due to the effect of capillary forces, a 

monodispersed spherical aluminum powder was tested in a bulk powder shear tester, the Sci-Tec 

ShearScan, with and without hydrophobic surface modification at varying relative humidity 

values.   

Experimental methods 

The aluminum powder was divided into three samples.  Two of the powder samples were 

modified by ODTMS and TDFS using the parameters determined previously, after which both 

powder samples were supercritical dried.  The third sample was left in the as received state with 

a minimal native aluminum oxide surface.  The powder was conditioned for 48 hours at a 

constant relative humidity after which the powder strength was measured using the shear tester.   

Preconditioning of aluminum powders for shear testing was performed inside a 

humidifying chamber.  Samples were placed into the chamber and humid air was pumped 

through the chamber for 48 hours prior to measurements to allow the powders time to 

equilibrate.  Humidity was controlled by pumping dry, compressed air through a water trap and 

by controlling the temperature of the water.  Humidity levels were controlled to within ±2%. 

Approximately 30 cm3 of conditioned powder was loaded into the annular shear cell inside 

the humidity chamber and then mounted on the shear tester.  Samples were sheared under normal 
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consolidation loads of 2.5, 5, 10, 20 and 30 kPa.  The linear rotational speed of the shearing lid 

was maintained at 5 mm/min.  Outlying data points, greater than one standard deviation, were 

removed from the yield locus and the unconfined yield strength and maximum principal stress 

recorded and plotted as a powder flow function.  

Shear test results 

The results for unconfined yield strength, fc, versus maximum principal stress, σ1, at the 

different relative humidity levels have been plotted in Figure 5-34, Figure 5-35, and Figure 5-36  

In each graph the bare aluminum is represented by squares, the ODTMS modified aluminum is 

represented by circles, and that of TDFS by triangles.  Measurement points are designated by the 

markers.  Figure 5-34 shows the results for fc after conditioning at 20 percent relative humidity.  

At this condition, all three powders have the same unconfined yield strength, a maximum fc of 

12kPa at the highest normal load of 30kPa.  The cohesion in this case is dominated only by van 

der Waals attractive forces and frictional forces between the powder particles.  Figure 5-35 

shows the powder flow function measured for the aluminum powders treated at 50 percent 

humidity.  It can be seen there that the strength of the bare aluminum increased at the higher 

consolidation loads, 37%, to a maximum of 18kPa, while the surface modified aluminum 

powders, which each had the same strength, increased 20% to a maximum of 15kPa.  The results 

of fc vs. σ1 for the three powders at 80 percent humidity are seen in Figure 5-36.  The powder 

strength of the bare aluminum again increases an additional 25 percent to 26kPa while no 

significant increase in the strength was seen for the surface modified powders.   

In order to better understand the effect of relative humidity on each of the powders 

themselves, the unconfined yield strength, fc, versus major consolidation stress, σ1, for each 

powder at the three relative humidity levels were compared.  The shear testing results on bare 

aluminum powder is shown in Figure 5-37.  The powder strength at the three measured humidity 
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levels is within experimental error at principal stresses below about 20kPa.  Principal stresses 

above 20 kPa show differences in powder behavior with respect to relative humidity.  There is a 

40 percent increase in strength which is a result of increasing the relative humidity from 20 

percent to 50 percent humidity.  An additional 25 percent increase is observed as the relative 

humidity was increased to 80 percent.  Hence it is shown that the powder strength is directly 

affected by relative humidity.  The mechanism for the increase in particle strength is the 

formation of pendular liquid bonds between particles that cause capillary forces adhering 

particles together.  As a result of the increase in interparticle forces, a corresponding increase in 

cohesion is seen. 

Shear test discussion 

The results for the aluminum powder modified with TDFS are seen in Figure 5-38.  There 

is a 25% increase in strength as humidity is increased from 20 to 50 percent; however the 

subsequent increase in relative humidity does not result in a significant increase of strength.  The 

initial increase is significantly lower than that observed for the bare aluminum samples hence the 

hydrophobic coating has decreased the powder strength due to less adsorbed moisture and 

therefore less capillary forces acting on the particles.   

Similar conclusions were drawn for the ODTMS modified aluminum powder results seen 

in Figure 5-39.  As humidity is increased there is a trend towards slightly higher bulk strength, 

however the increase is not significant when compared to the experimental error of 10% for 

these measurements.  This indicates that humidity did not significantly change the unconfined 

yield strength of this material and the capillary forces were controlled.   

Comparing the powder flow functions of bare aluminum, Figure 5-40, to that of the TDFS 

and ODTMS surface modified aluminum, Figure 5-41 and Figure 5-42 respectively, it is seen 

that at 20% relative humidity, the modified and unmodified powders have very similar behavior. 
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When the relative humidity is increased to 50% the unconfined yield strength for modified and 

unmodified aluminum, 19 kPa and 14.5 kPa respectively, begins to deviate.  A similar difference 

is seen for measurements at 80% relative humidity where the unconfined yield stress for the bare 

aluminum increases while there is not significant change in the surface modified powders.  

These results indicate that the hydrophobic surface coatings directly influenced the 

mechanical strength measured on bulk powders by reducing adsorbed moisture on the surface of 

the particles.  From the data presented above, it can be seen that the use of surface modification 

can be successfully used to maintain the unconfined yield strength of a spherical aluminum 

powder in an environment of high relative humidity.  The powder modified with ODTMS 

showed no significant change in strength under any conditions.  Even at the high relative 

humidity levels a significant amount of water did not adsorb onto the hydrophobic surface.  The 

powder modified with TDFS showed a slight increase in strength from 20 to 50 percent relative 

humidity but no further change in strength from 50 to 80 percent relative humidity.  This implies 

that the powder is not completely hydrophobic, yet humidity can still affect the bulk strength.  

This could be due to incomplete modification of the surface or because of the powder 

morphology, roughness, or particle size distribution.   

After adding these results into the Design Expert software, a model is fit to the data.  From 

the model, a contour plot of the results with in the design space can be made.  The plot for the 

results of the shear tests are shown in Figure 5-43.  From the plot it is seen that surface 

modification reduces the adhesion force at higher humidity levels, which verifies the results 

described for the shear cell above. 

Interparticle Forces 

The adhesion force measurements are now taken one step further from the macro-scale 

down to the micro-scale to investigate the magnitude of the change in interparticle forces as a 
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function of surface modification and relative humidity.  This set of experiments involved the 

measurement of particle adhesion force and followed the methods described by Ducker [111] 

and Rabinovich [112].   

Experimental methods 

The first attempt to measure interparticle forces was by using silicon cantilevers that were 

coated with aluminum by chemical vapor deposition (CVD).  The cantilevers themselves were 

then surface modified such that each combination of tip and surface could be investigated.  Using 

the CVD process, however, the tip diameters could not be controlled, so that the force 

measurements would be difficult to interpret.  In addition, after inspection of the tips after the 

first set of measurements using the transmission electron microscope, it was found that the 

aluminum coating was soft and easily damaged during the experiments.  The force exerted on the 

tip during the measurements was enough to actually remove the aluminum coating and expose 

the underlying silicon nitride tip.  This can be seen in Figure 5-44, a TEM image of one such 

cantilever tip.  Therefore, for remainder of the measurements, particle probes were employed.   

Each particle probe was made by mounting either a modified or bare Valimet aluminum 

particle, as used for the shear tests, to a tipless silicon cantilever employing a standard quick set 

epoxy.  Figure 5-45 shows an SEM image of a bare aluminum particle mounted to the cantilever 

and Figure 5-46 shows the same for an ODTMS surface modified aluminum sphere.  These 

particles, however, are near the same size as the flakes.  During force measurement there was a 

good chance they would lift the flakes off the substrate and hinder force measurement.  

Therefore, the CVD aluminum surfaces made during the surface modification experiments were 

used.  Contact mode topographical images of the bare aluminum surface can be seen in Figure 5-

47 through Figure 6-15.  Images of the ODTMS surface made through the same method can be 

seen in Figure 5-48 and Figure 5-49.  Using the AFM, the root mean squared (rms) surface 
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roughness for the bare aluminum and ODTMS modified aluminum was measured to be 1.6nm 

and 1.8nm respectively. 

For each force measurement, the sphere attached to a cantilever of known spring constant, 

was positioned close to the flat substrate.  Then, as the substrate and particle were moved 

towards and away from each other by a piezoelectric, the deflection of the cantilever as it 

interacted with the surface was monitored by a laser that reflects off the top of the cantilever onto 

a position sensitive photodiode.  In this manner, the force between the two surfaces as a function 

of separation distance was obtained.  The force-distance data presented can be normalized by 

dividing the measured force by the radius of the sphere.  The result is energy per unit surface 

area and thereby allows a straightforward comparison of the sphere-surface interaction forces to 

different geometries such as flakes. 

A typical force-distance plot is given in Figure 5-50.  As the particle and surface approach 

each other, the onset of interaction is shown by the jump-to-surface point.  Once the particle is in 

contact with the surface, the cantilever bends slightly as seen by the upward slope of the line.  

After a maximum deflection equal to 5nN, the software triggers the piezoelectric to change 

direction and the particle and surface move apart.  During retraction, the point of particle release 

is seen by the jump-off-surface point.  From the deflection distance and cantilever spring 

constant the force of interaction is calculated.   

The environment around the sample was controlled through the use of a humidity chamber, 

also by Asylum Research, which has a sensor to monitor the internal temperature and relative 

humidity.  The standard room humidity varied between 45 and 50% as measured by the device.  

The humidity was decreased below this point by flowing dry compressed nitrogen at a controlled 

rate through the chamber.  To raise the humidity, the nitrogen was first bubbled through water 
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then to the chamber.  By this method, the humidity could easily be controlled between 5% and 

85% and within ±0.5% relative humidity of the target value.  The change in interparticle forces 

over a range of humidity levels from 10% to 80% were measured for modified and bare 

aluminum.   

Interparticle force results and discussion 

For the bare aluminum particle and bare aluminum surface, the measured forces over 

changing humidity are seen in Figure 5-51.  In a dry state, between 10% and 20% relative 

humidity, the interparticle forces are seen to be 835±60nN and 800±60nN respectively.  This 

value can then be compared to that calculated using the general van der Waals equation for the 

force of interaction between a smooth sphere and plate from Table 3-1, which yields a force of 

interaction of 888nN.  It should be noted that the contact angle was measured on the CVD 

aluminum surface with 1.6nm rms surface roughness.  Taking into account that the real material 

has surface roughness and other imperfections that will lower the adhesion force as discussed in 

Chapter 3, the values are favorably comparable.   

After 20% relative humidity, the critical humidity is reached.  It is at this point that enough 

water is adsorbed onto the surfaces that a meniscus forms between them and the onset of 

capillary forces between the surface and particle can be seen.  To verify the data, the capillary 

forces can be calculated using Equation 3-10, the average particle size of 5μm, and the receding 

contact angle of 7.8o measured on the CVD aluminum surface.  The result is an interaction force 

of 1800nN which again is extremely close to the measured value of 1920nN at 30% relative 

humidity for the onset of capillary forces.  Here, again, the difference can be attributed to the 

variation between the real and ideal surface.  The volume of water in the meniscus increases due 
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to the increase relative humidity from 20% to 40% relative humidity and accordingly so does the 

capillary force.   

These results are in agreement with the work completed by Rabinovich et al.[55, 91] that 

there is a critical humidity to the onset of capillary forces and this value is proportional to 

roughness.  Below this critical point there is no change in interparticle forces, which are 

dominated by van der Waals attraction.  At the critical humidity, enough water is adsorbed onto 

the surface that a meniscus can form and along with it capillary forces.  The forces will increase 

with the volume of the meniscus.  Measurements above 40% relative humidity were not possible 

because the capillary forces exceeded the spring constant of the cantilever.  Upon retraction, 

excess cantilever deflection leads to saturation of the photodiode and an incomplete force 

measurement.  Despite this complication, the range of the van der Waals forces, the critical 

humidity required for the formation of a meniscus, and capillary forces have been calculated and 

verified by the AFM measurements.   

Next, the effect of surface modification on interparticle forces was investigated.  Since 

both silane coupling agents showed similar results, only ODTMS was used for the experiments.  

The results can be seen in Figure 5-52, a plot of adhesion force between an ODTMS modified 

particle and ODTMS modified surface.  At low relative humidity, the adhesion force is 

significantly lower than that seen for the bare aluminum surfaces in Figure 5-53, 14nN for 

ODTMS as opposed to 800nN for the bare aluminum despite a similar particle size.  The surface 

energy of the silane modified material is much lower than that of the bare aluminum as seen by 

the contact angle measurements made previously.  Bare aluminum had an advancing water 

contact angle of 67o whereas the ODTMS modified surface has an advancing contact angle of 

114o.  These values were used to calculate a work of adhesion, WA, of 101 J/m2 for the bare 
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aluminum surface versus 43 J/m2 of the modified surface.  A decrease in the work of adhesion 

means less energy is needed to separate the materials and indicants a change in the interparticle 

forces.   

This can be due to two different reasons.  First, the ODTMS has a lower work of adhesion 

and therefore will decrease the value of the effective Hamaker constant below that of bare 

aluminum and in turn lead to a decrease in interparticle forces.  A second effect of the coating is 

creating an increased separation distance between the aluminum particles themselves, and using 

the new, increased separation distance in the van der Waals equation from Table 3-1, a value of 

24nN is calculated.  This value is quite comparable to the measured value of 15nN using the 

AFM.  From this it can be concluded that it is both of these effects of surface modification that 

contribute to the decrease in interparticle forces. 

Upon increasing the relative humidity, an increase in adhesion force is seen.  This trend is 

also comparable to that observed in the contact angle and shear cell measurements made 

previously.  The contact angle measurements show that the ODTMS does not create a 

completely hydrophobic coating and a slight increase in bulk strength was seen in the bulk 

measurements.  To check the validity of these values, Equation 3-10 can again be employed.  

Using the receding contact angle reported above of 68.5o and the average particle size of 5μm, an 

interparticle force of 415 nN is calculated.  This value is in agreement with the onset of capillary 

forces measured here to be 460nN at 40% relative humidity.  The maximum increase in adhesion 

force for ODTMS of 770nN at 80% relative humidity is less that the observed value for the bare 

aluminum or 3700nN at the same relative humidity.  This demonstrates that the surface 

modification changes the material hydrophobicity as well as control interparticle forces in the 

presence of humidity.   
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By dividing by the radius of the particle, the interaction energy per unit area can be 

calculated.  This was done and reported in the graph in Figure 5-54, a plot of the interaction force 

divided by particle radium versus relative humidity.  From this information, the energy of 

interaction of surfaces of different sized can be compared.  This data can now be used to show 

that even for flakes, surface modification will reduce the van der Waals forces and improve 

dispersion. 

Again the data was added into Design Expert and the ensuing contour plot developed also 

confirms these results.  As seen in Figure 5-55, the minimum adhesion force at all relative 

humidity levels are found when the surface modified materials are used.   

Data Correlation 

The final step of this research was to take the experimental results for the dispersion 

experiments and correlate them to the change in magnitude of the interparticle forces.  To aid in 

this, Design Expert 6, a statistical design software package, was used.  During the analysis of the 

results from each set of experiments, contour plots of the results were made.  By overlaying these 

plots the optimum levels of the factors for a set of experiments can be compared to those of the 

other experiments.  Figure 5-56 shows the overlay for the shear cell and AFM results.  From here 

it can be seen that for both the interparticle forces and the bulk forces the optimum conditions, 

lowest adhesion, require surface modification.  This overlay can also be combined with the 

experimental cube developed above.  By aligning the surface modification axis, thereby taking 

into account the optimum bulk forces and interparticle forces, the optimum results to satisfy all 

conditions will lie in the upper half of the cube which is shaded in Figure 5-57.  The optimum 

results for airborne concentration, is found in the upper right corner of the design space 

corresponding to a surface modified powder, with 5 weight percent spacer, using liquid CO2 

dissemination.  It was determined, based on the shear cell measurements, that these conditions 
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will have the lowest bulk strength; based on the AFM to have the lowest interparticle forces; and 

thus as seen in the airborne concentration, to yield the highest dispersion.   
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Figure 5-1.  Particle size distribution of aluminum flakes.  The graph of volume weighted 

equivalent spherical diameter, particle size, as measured by laser light scattering, 
shown a mean particle size of 10microns, represented by the curve labeled 1.  The 
volume weighted particle diameter measured by image analysis shows a mean 
particle size of 17microns and is represented by curve 2.  

 
Figure 5-2.  Particle size distribution of Valimet aluminum in isopropyl alcohol.  The mean 

particle size is 4 microns.   
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Figure 5-3. SEM images of Sigma VPD Aluminum flakes.  A) is an image of the Sigma 1215 

flake face.  B) shows the edges of a stack of Sigma 1215 flakes.  The 15nm flakes are 
so thin that they are partially transparent to the SEM as seen by the faint flake faces 
visible in B. 

 
 
 
 

 
Figure 5-4.  TEM images of Sigma 1215 aluminum flakes.  Transmission electron microscope 

images taken by Kerry Siebein at the Major Analytical Instrumentation Center at the 
University of Florida.  A)shows that the aluminum is polycrystalline.  In B) the thin 
oxide layer can be seen.  
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Figure 5-5.  Contact mode topographical images of aluminum flakes.  The contact mode of the 

AFM was used to make topographical images of the aluminum flakes deposited on a 
silicon substrate.  The irregular shape of the flakes and infrequent large scale 
roughness are indicative of the milling process. 

 

 

 
Figure 5-6.  Detailed topographical image of flake surface.  These contact mode topographical 

AFM images show the flakes themselves to have a very uniform and smooth surface.  
The roughness was measured to be 4nm rms. 
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Figure 5-7.  SEM Image of Valimet aluminum spheres.  Atomization produces a spherical 
powder; however the particle size distribution is seen to be large. 

 

 

Figure 5-8. Phase diagram for carbon dioxide as related to supercritical drying.  The 
thermodynamic path taken during supercritical drying is depicted by the lettered path.  
The process starts with CO2 as a liquid (A).  It is heated above the critical point (B) 
and then released as a gas (C).  For comparison, standard room temperature and 
pressure is represented by the dot. 

Valimet AlValimet Al

P 
(p

si
)

Solid Liquid

Gas

Supercritical 
Fluid

T (oC)

A

B

C

1072

31
15 

20 

75 

-56 

800

P 
(p

si
)

Solid Liquid

Gas

Supercritical 
Fluid

T (oC)

A

B

C

1072

31
15 

20 

75 

-56 

800



 

105 

 
Figure 5-9.  Particle size distribution measured following each drying method.  The curve labeled 

4 shows the results for evaporation, with the largest amount of agglomeration due to 
capillary forces that pull the particles together as the liquid evaporates.  Freeze drying 
is represented by curve 3 and is the second most agglomerated powder.  During 
freeze drying, capillary forces can also form if the pressure in not sufficiently low and 
the ice starts to melt before sublimation.  Supercritical drying, shown by curve 2, 
completely avoids the gas-liquid phase boundary consistently producing the best 
results in the research.  The primary particle size distribution of the material is shown 
for comparison and represented by curve 1.   

 

 

Figure 5-10. Contact area with increasing roughness.  Roughness has a large effect on 
interparticle forces due to its connection to contact area.  As seen in this schematic, as 
the roughness of the surfaces increase, the contact area between them decrease.  van 
der Waals forces are also decreased because with increasing roughness, the average 
surface plain of each body moves further away. 
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Figure 5-11.  Calculated van der Waals forces of a smooth and rough surface.  Surface roughness 
has a large effect on interparticle forces.  The line 1 shows the calculation of van der 
Waals attraction for two smooth surfaces.  Line 2 shows the effect of surface 
roughness incorporated by the PERC model[53, 54] which not only decreases the 
contact area, but also separates the average surface plane of each body.  A significant 
decrease in the calculated interaction force is seen. 

 

 

Figure 5-12.  Illustration of the change in contact area as a result of the addition of fumed silica.  
The particle surface cannot be changed to reduce contact area; however, fumed silica 
can be added to simulate the effect.   
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Figure 5-13.  Calculated van der Waals forces with the addition of silica.  A comparison of the 

calculated van der Waals forces for two smooth flakes is seen to be much higher than 
for two smooth flakes separated by silica spacer material.  The line 1 shows the 
calculated van der Waals force for two smooth disks and line 2 shows the calculation 
for two disks separated by five weight percent added 10nm fumed silica particles.  
Line 3 shows the calculation when ten weight percent silica is added.  The spacer has 
the same effect as increasing surface roughness, but done without having to alter the 
flakes themselves.  The Hamaker constant of silica is also lower than that of 
aluminum which also contributes to a decrease in van der Waals forces. 
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Figure 5-14.  SEM images of aluminum flakes with silica.  In A) the edge of one flake, shows the 

smooth surface obtained from Physical Vapor Deposition.  B) The aluminum/silica 
mixture at low silica concentrations.  This silica can be seen around each flake.  C) 
The aluminum/silica mixture at high silica concentrations.  Note that the distribution 
of silica between the flakes increasing the interparticle spacing. 

 

 
Figure 5-15.  Air Chamber transmission measurement.  In order to determine the settling rate of 

the materials, the log of inverse transmission is plotted over time on a log scale for 
each sample.  A trend line is then added.  
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Figure 5-16.  Average and standard deviation of settling rate.  The trend line equation for each 

sample is averaged and the standard deviation is calculated in order to determine the 
statistical significance between factors.  From this transmission data and the 
concentration of powder disseminated, the Beer Lambert Law, Equation 4-1, can be 
used to calculate the airborne concentration and its change over time.   

Figure 5-17.  Airborne concentration at selected times after partial vacuum dispersion.  Using the 
Beer Lambert Law, Equation 4-1, and the mass of powder disseminated, and the 
transmission at chosen times, the airborne concentration can be calculated and used to 
compare factors and their effect on dispersion.  Transmission decreases due to an 
increased number of particles present to scatter the light; therefore, increasing 
airborne concentration is attributed to increased dispersion. 
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 Figure 5-18.  Airborne concentration by vacuum dissemination with silica.  The addition of 5 
weight percent silica to the aluminum is seen to increase dispersion ten percent.  This 
increase is due to the decrease in contact area between flakes resulting in lower 
adhesion forces.   

Figure 5-19.  Dissemination pressure and airborne concentration.  Increasing pressure leads to an 
increase in airborne concentration because of the larger force applied to the 
agglomerated and the reduction in the size of the turbulent eddy size.   
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 Figure 5-20.  Airborne concentration by high pressure gas dissemination with silica.  The 
addition of 5 weight percent silica to the aluminum decreases the airborne 
concentration when 800psi high pressure gas is used to disseminate the material.  This 
is expected to be due to the inability of the gas to effectively impart enough force on 
the agglomerates.   

 

Figure 5-21.  Illustration of the dispersion effect of liquid carbon dioxide.  Upon release, the 
liquid carbon dioxide will undergo a phase transformation from a liquid to a gas 
resulting in an increase in volume of approximately 250 times.  The high pressure of 
liquid carbon dioxide and the radial expansion of the liquid during the phase 
transformation will increase the amount of force applied to the agglomerate. 
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Figure 5-22.  Airborne concentration produced by liquid carbon dioxide dissemination.   

 
Figure 5-23.  Airborne concentration for gas vs. liquid carbon dioxide.  Gas CO2 dispersion is 

seen to be higher than liquid CO2 dispersion.  This is attributed to the non 
instantaneous phase change from liquid to gas CO2 resulting in the formation of 
capillary forces between the flakes.  
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Figure 5-24.  Airborne concentration using liquid carbon dioxide and silica.  The addition of five 
weight percent silica has previously been shown to reduce the van der Waals forces between 
flakes by increasing the interparticle spacing.  This also increases the volume of liquid carbon 
dioxide between the flakes and in turn the amount of pressure that can be generated upon 
dissemination.   

Figure 5-25.  Summary of airborne concentration by carbon dioxide dispersion.  The graph 
shows the airborne concentration produced by liquid and gas CO2 and the addition of 
five weight percent silica added as a spacer.  Liquid CO2 with the five weight percent 
spacer yields the highest airborne concentration of eight five percent and thus the best 
dispersion. 
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Figure 5-26.  Particle size of aluminum flakes at 20, 50, and 80% relative humidity.  The graph 

represents change in particle size of the aluminum flakes after supercritical drying 
and conditioning for 48 hours at 20% relative humidity, line 2, 50% relative humidity, 
line 3, and 80% relative humidity, line 4.  Line 1 represents the primary particle size 
measured in isopropyl alcohol and provided as a comparison.  The standard deviation 
for the measurement is ±3μm.  The change in particle size and distribution due to 
changes in the relative humidity can readily been seen.   

 

 
Figure 5-27.  Digital image of water drops on aluminum as used for measurement.  Contact angle 

was measured by taking digital images of water drops on the surfaces at varying 
reaction times.  A) A water drop on a bare aluminum surface at time equal to zero 
with a contact angle of 67o.  B) A water drop on an aluminum surface modified by 
ODTMS for 1hr and C) A water drop on an aluminum surface modifiec by TDFS for 
1 hr.   
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Figure 5-28.  Contact angle on ODTMS surface modified aluminum.  The change in the contact 
angle of water on an aluminum surface modified with n-octadecyltrimethoxysilane 
(ODTMS) after varying reaction time.  Based on these results, one hour was chosen 
as the optimum reaction time. 

Figure 5-29.  Change in contact angle of TDFS surface modified aluminum.  The change in the 
contact angle of water on an aluminum surface modified tridecafluoro-1,1,2,2-
tetrahydrooctyl-1-triethoxysilane (TDFS) with varying reaction time.  Based on these 
results, one hour was chosen as the optimum reaction time. 
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Figure 5-30.  Digital image of water drop on modified flake bed.  Contact angle was measured 

on the surface modified aluminum flakes by taking digital images of water drops on 
packed bed of flakes at varying reaction times.  A) A water drop on a bed of bare 
aluminum flakes with a contact angle of 62o.  B) A water drop on an bed of aluminum 
flakes modified by ODTMS for 1hr with a contact angle of 109o and C) A water drop 
on an aluminum surface modified by TDFS for 1 hr with a contact angle of 73o.     

 
Figure 5-31.  Airborne concentration of surface modified aluminum flakes at 50% humidity.  The 

plot shows the airborne concentration of bare aluminum flakes, blue bars, and 
ODTMS surface modified aluminum flakes, red bars.  Surface modification does not 
improve dispersion over liquid CO2 dissemination alone. 
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Figure 5-32.  Airborne concentration of bare aluminum at 20, 50, and 80% humidity.  Using 
liquid CO2 dissemination, the usual effect of increasing relative humidity on 
increasing agglomeration is no longer a factor due to the improved dispersion 
method. 

 

Figure 5-33.  Experimental design dispersion results.  The figure shows the results for airborne 
concentration for all of the experiments used to investigate the effect of humidity, 
spacer, and dispersion medium.  The conditions for optimum dispersion can be seen 
to result from 5 wt% spacer and liquid CO2. 
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Figure 5-34.  Unconfined yield strength versus major consolidation stress at 20% relative 

humidity.  The plot shows the unconfined yield strength, fc, versus major 
consolidation strength, σ1, for bare aluminum powder, diamonds, and aluminum 
powder surface modified with OTDMS, circles, and TDFS, squares, at 20 percent 
relative humidity.  van der Waals and frictional forces dominate the interparticle 
forces and no significant difference in fc  is seen. 
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Figure 5-35.  Unconfined yield strength versus major consolidation stress at 50% relative 

humidity.  The plot shows the unconfined yield strength, fc, versus major 
consolidation strength, σ1, for bare aluminum powder, squares, and aluminum powder 
surface modified with OTDMS, circles, and TDFS, triangles, at 50 percent relative 
humidity.  A significant increase in strength of 37% is seen in the bare aluminum, 
while a smaller increase of 17% is seen for the surface modified powders.  Capillary 
forces in the liquid pendulums between particles increase the adhesion force and in 
turn the unconfined yield strength. 
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Figure 5-36.  Unconfined yield strength versus major consolidation stress at 80% relative 

humidity.  The plot shows the unconfined yield strength, fc, versus major 
consolidation strength, σ1, for bare aluminum powder, squares, and aluminum powder 
surface modified with OTDMS, circles, and TDFS, triangles, at 80 percent relative 
humidity.  A further increase in strength of 25% is seen in the bare aluminum, while 
no significant increase is seen for the surface modified powders.  Capillary forces in 
the liquid pendulums between particles increase in the bare material as more water is 
adsorbed.  There is no significant increase in adsorbed water on the modified 
materials as seen by the constant unconfined yield strength. 

 

 

 

 

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80
Major Consolidation Stress, σ1 (kPa)

U
nc

on
fin

ed
 Y

ie
ld

 S
tr

en
gt

h,
 fc

 (k
pa

)

Al
Al+TDFS
AL+ODTMS

0

5

10

15

20

25

30

0 10 20 30 40 50 60 70 80
Major Consolidation Stress, σ1 (kPa)

U
nc

on
fin

ed
 Y

ie
ld

 S
tr

en
gt

h,
 fc

 (k
pa

)

Al
Al+TDFS
AL+ODTMS



 

121 

 

 

 

 
Figure 5-37.  Unconfined yield strength versus major consolidation stress for bare aluminum.  

The plot shows the unconfined yield strength, fc, versus major consolidation strength, 
σ1, for bare aluminum powder at 20%, 50%, and 80% humidity.  An increase in 
strength can be clearly seen as the relative humidity increases.  This is due to the 
additional capillary adhesion force between the particles due to liquid adsorbed from 
the increased relative humidity.  
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Figure 5-38. Unconfined yield strength versus major consolidation stress for TDFS modified 

aluminum.  The plot shows the unconfined yield strength, fc, versus major 
consolidation strength, σ1, for aluminum powder surface modified with TDFS at 20%, 
50%, and 80% humidity.  A small increase in strength can be seen as the relative 
humidity increase from 20 -50%, however no significant increase in seen as the 
relative humidity is further increased to 80%.  These results indicate that the powder 
is not completely hydrophobic and due to some adsorbed water additional capillary 
adhesion force between the particles lead to the initial increase in strength at 50% 
relative humidity.  Since there is not significant increase in strength at 80% relative 
humidity, it is concluded that no further adsorption occurs. 
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Figure 5-39.  Unconfined yield strength versus major consolidation stress for ODTMS modified 

aluminum.  The plot shows the unconfined yield strength, fc, versus major 
consolidation strength, σ1, for aluminum powder surface modified with TDFS at 20%, 
50%, and 80% humidity.  A trend towards an increase in strength can be seen as the 
relative humidity increase from 20 -80%, however no significant increase in seen.  
These results indicate that the powder is hydrophobic and no significant adsorption of 
water occurs.  By controlling capillary forces the powder strength can be controlled.   
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Figure 5-40.  Response plot for unconfined yield strength.  The contour plot from Design Expert 

shows the effect of humidity and surface modification on the unconfined yield 
strength of the bulk powder.  Surface modification can be used to control the effect of 
humidity. 

 
Figure 5-41.  Damaged aluminum coating on cantilever tip.  The CVP aluminum coating was not 

hard enough for force measurements and was damaged after contact with the 
aluminum substrate. This led to the use of aluminum particle probes. 
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Figure 5-42.  Bare aluminum particle probe.  A bare spherical aluminum particle attached to 

tipless silicon cantilevers can be seen in this SEM image.  A particle probe such as 
this one was used in order to measure interparticle forces at varying relative humidity 
levers.  The spheres’ diameters were measured using a line analysis tool in the SEM 
software.   

 

 
Figure 5-43.  ODTMS modified Aluminum particle probe.  SEM image of an ODTMS modified 

aluminum particle attached to a tipless cantilever, one of the particle probes used to 
measure the interparticle forces between surface modified aluminum at varying 
relative humidity.   



 

126 

 

Figure 5-44.  Contact mode image of the CVD bare aluminum surface.  Using a 1μm x 1μm 2D 
contact mode image of bare CVD aluminum the rms surface roughness was measured 
to be 1.6nm.   

 

 
Figure 5-45.  Contact mode image of bare aluminum in 3D.  The surface roughness of the bare 

CVD aluminum surface can be seen in this 1μm x 1μm 3D contact mode. 
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Figure 5-46.  Detailed contact mode image of bare CVD aluminum.  The surface roughness of 
the aluminum can be seen in this 500nm x 500nm 2D contact mode image of bare 
CVD aluminum. 

 

 
Figure 5-47.  Contact mode image of bare aluminum in 3D.  The surface roughness can be better 

appreciated in this 500nm x 500nm 3D contact mode image of bare CVD aluminum. 
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Figure 5-48.  Contact mode image of ODTMS modified aluminum.  A 1μm x 1μm 3D contact 

mode image of a ODTMS modified CVD aluminum surface.  The average rms 
surface roughness for these samples was measured to be 1.8nm. 

 

 
Figure 5-49.  Contact mode image of ODTMS aluminum in 3D.  To obtain a better sense of the 

surface roughness, a 500nm x 500nm 3D contact mode image of ODTMS modified 
CVD aluminum.  
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Figure 5-50.  Typical force distance curve.  As the particle and surface approach each other, 
represented by line 1, the onset of interaction is shown by the jump-to-surface point.  
Once the particle is in contact with the surface, the cantilever bends slightly as seen 
by the upward slope of the line.  After a maximum defection equal to 5nN, the 
software triggers the piezoelectric changes direction and the particle and surface 
move apart.  During retraction, represented by line 2, the point of particle release is 
seen by the jump-off-surface point.  From the deflection distance and cantilever 
spring constant the force of interaction is calculated.   

-40

-30

-20

-10

0

In
te

ra
ct

io
n 

Fo
rc

e 
(n

N
)

-100-500
Distance (nm)

-40

-30

-20

-10

0

In
te

ra
ct

io
n 

Fo
rc

e 
(n

N
)

-100-500
Distance (nm)

Approach

Retraction

-40

-30

-20

-10

0

In
te

ra
ct

io
n 

Fo
rc

e 
(n

N
)

-100-500
Distance (nm)

-40

-30

-20

-10

0

In
te

ra
ct

io
n 

Fo
rc

e 
(n

N
)

-100-500
Distance (nm)

-40

-30

-20

-10

0

In
te

ra
ct

io
n 

Fo
rc

e 
(n

N
)

-100-500
Distance (nm)

-40

-30

-20

-10

0

In
te

ra
ct

io
n 

Fo
rc

e 
(n

N
)

-100-500
Distance (nm)

Approach

Retraction

1 

2 



 

130 

 
Figure 5-51.  Interparticle force at humidity for bare aluminum.  The graph shows the 

interparticle adhesion force between a bare aluminum particle and substrate.  At low 
relative humidity, van der Waals forces dominate and no change in force is seen.  As 
humidity increases, the amount of water adsorbed on the surface also increases.  Once 
enough water is present to from a meniscus at the contact point between the particle 
and surface, capillary forces arise leading to an increase in adhesion force.   
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Figure 5-52.  Interparticle force at humidity for ODTMS modified aluminum.  This graph shows 

the interparticle adhesion force between an ODTMS modified aluminum particle and 
substrate.  At low relative humidity, van der Waals forces dominate.  As humidity 
increases, the amount of water adsorbed on the surface also increases, and capillary 
forces arise leading to an increase in adhesion force.  Because the hydrophobic 
surfaces created by the ODTMS modification are not completely hydrophobic (the 
contact angle was 110o much less than 180o) some water can adsorb onto the surface 
as seen by the increased adhesion.  However, the effect of this partial hydrophobicity 
can be seen by only a minimal increase in adhesion forces.   
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Figure 5-53.  Comparison of the effect of surface modification.  Inspection of this graph 

comparing the adhesion force for that of bare aluminum and of surface modified 
aluminum, the extent to which the surface modification decreases the effect of 
capillary forces can be seen.  Even though the ODTMS does not create a perfectly 
hydrophobic surface, contact angle of 180o, there is still a very significant effect on 
interparticle forces and a much lower adhesion force is measured.  
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Figure 5-54.  Interaction energy and surface modification.  Dividing the interaction force by the 

radius of the particle on the probe yields the energy of interaction per unit area.  This 
allows the comparison of this data for spheres to that of other geometries of interest 
such as flakes. 

 

Figure 5-55.  Response plot for adhesion force.  The contour plot from Design Expert shows the 
result of changing relative humidity and surface modification on the adhesion force between a 
particle and surface.  Surface modification is shown to lower adhesion force even at high relative 
humidity.  
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Figure 5-56.  Overlay of response plots.  By overlaying the response contour plots from both the 

shear cell and AFM experiments the optimum results for all conditions can be seen.  
This plot can now be compared to the experimental results also. 

 

 
Figure 5-57.  Overlay of contour on airborne concentration results.  From the overlay shear cell 

and AFM results, optimum performance requires surface modification, limiting the 
conditions to those in the upper portion of the cube.  Thus the optimum conditions are 
seen to be Surface modification, 5% spacer, and liquid CO2 dissemination. 
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Table 5-1.  Summary of optimum surface modified aluminum.  The table shows the contact 
angle measurements of water for bare aluminum and aluminum surface modified with 
ODTMS and TDFS as well as the calculated work of adhesion.  These results are for 
a reaction time of one hour, which was determined to be the optimum time. 

 

 
 

Aluminum ODTMS TDFS
67.2 113.5 110.5
7.8 68.5 43.0

Aluminum ODTMS TDFS
101.9 43.8 47.3
144.9 99.5 126.0

Advancing
Receding

Contact Angle 

Work of Adhesion - Wa (J/m2)

Advancing
Receding
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CHAPTER 6 
CONCLUSIONS 

Improving aerosol dispersion requires knowledge of the significant interparticle forces of 

the system and the method to control them, an aspect that has been previously by and large 

neglected.  Through this research, a systematic investigation of the effect of significant factors on 

powder dispersion in air has been conducted.  An understanding of the effect of these factors on 

dispersion, the magnitude of their effect, and the subsequent change in interparticle forces has 

been developed.  Using this approach, the interparticle forces of any system can be determined 

allowing the determination of optimum processing methods to significantly alter those forces and 

ultimately improve dispersion. 

In the first aspect of this research, factors that were determined to be significant to 

dispersion were investigated to determine not only their effect, but also magnitude, on 

dispersion.  These factors included the physical factors of drying methods and contact area, as 

well as the chemical factors of capillary forces and surface modification.  Dissemination methods 

were also investigated.  The second part of this research involved developing an understanding 

of the reason for the observed effect.  The change in dominant interparticle forces were measured 

and correlated to the processing parameters.  Each will now be discussed in more detail. 

 Drying was shown to have a significant impact on producing a dry dispersible powder.  

Ineffective drying methods, such as evaporation and freeze drying, allowed the presence of a 

liquid – gas phase boundary and were shown to lead to strong interparticle adhesion due to the 

capillary forces found in the liquid bridges at particle contacts.  The capillary forces drew 

particles together which allowed van der Waals adhesion forces to become significant.  An 

increase in mean particle size of near 10 – 100 times the primary particle size as a result of 

capillary force driven agglomeration was seen.  Drying the Sigma aluminum flake powder with a 
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12µm mean particle size by evaporation and freeze drying led to a dry powder mean particle size 

of 600µm and 300µm respectively.  The third drying method using supercritical liquid CO2 was 

shown to overcome this challenge and effectively eliminate capillary forces by the complete 

avoidance of a liquid-gas interface through the use of the supercritical phase.  The unique 

properties of supercritical fluids, in particular the lack of surface tension due to no definable 

liquid vapor phase boundary, resulted in the elimination capillary forces.  This method was 

further developed and optimized for the production of a dry, dispersable powder.  A dry 

aluminum flake powder with a mean particle size of 18µm was produced, a significant 

improvement over any other drying method.  Because of its superior results, supercritical drying 

became the standard drying process for all further research.   

Interparticle adhesion, specifically by van der Waals forces, is known to be affected by the 

contact area between the surfaces.  Through the use of spacer particles, the contact area between 

the flake surfaces was controlled and in turn the adhesion forces were decreased.  By calculation, 

a theoretical reduction in van der Waals attraction of 1×107 N was found by including spacer 

particles in the aluminum matrix.  Empirically, it was demonstrated that the addition of 5 weight 

percent of spacer particles resulted in a 10% increase in airborne particle concentration.   

Dissemination methods using varying pressure and medium phase were also investigated 

in order to optimize dispersion.  The airborne concentration was shown to be related to 

dissemination pressure and improve by increasing dissemination pressure to 800psi.  A 

maximum airborne concentration of 80% was seen under these conditions.  Calculation of the 

minimum turbulent eddy size showed that despite the high pressure, a minimum eddy of only 

1.2µm was possible.  However, the thickness to which the force needed to be applied was only 

12nm, well below the minimum eddy size.   
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To overcome this challenge, a novel method was developed using liquid CO2 as the 

dissemination medium.  Through this method, the particles were dispersed in a liquid that 

expanded in volume during dissemination because of its phase change to a gas, the 

thermodynamically favored state at standard temperature and pressure, once released from the 

devise.  The expansion added a radial force, on the order of magnitude of the interparticle forces, 

in addition to the shear normally produced through dispersion.  The volume between bare flakes, 

calculated based on their surface roughness, however, was not sufficiently large for enough 

liquid CO2 to reside to aid in dispersion.  However, once the spacer was added, the significant 

increase in volume between the flakes, and therefore of liquid CO2, led to a significant increase 

in dispersion.  A 20% increase in airborne concentration when liquid CO2 dissemination was 

employed, and the maximum airborne concentration of 85% was produced.   

Capillary forces that develop due to moisture in the form of relative humidity were shown 

to result in agglomeration and a five fold increase in dry particle size from 10 to 50µm as relative 

humidity was varied from 20 to 80%.  The creation of a hydrophobic surface through the use of 

surface modification was employed to control agglomeration caused by humidity.  Two silanes, 

n-octadecyltrimethoxysilane (ODTMS) and tridecafluoro-1,1,2,2-tetrahydrooctyl-1-

triethoxysilane (TDFS), were used.  ODTMS was shown to create a hydrophobic surface with an 

advancing water contact angle change from bare aluminum measured to be 67±3o to that of 

ODTMS modified surface of 114±1o.  TDFS was show to produce a slightly less hydrophobic 

surface with a measured contact angle of 111±3o under the same conditions.   

The CO2 dissemination method was again used to investigate the ability of this method to 

disperse powder that was preconditioned at the varying humidity as described for the particle 

size measurements above.  It was shown to be equally effective regardless of the powder 
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conditioning prior to dissemination using liquid CO2.  This was the case even for the bare 

aluminum, which was susceptible to the most significant agglomeration due to capillary forces.  

Despite conditioning for 48hr at high humidity, the increased agglomeration seen in the particle 

size measurements was not seen in liquid CO2 dissemination.  No significant decrease in 

airborne concentration was seen as the relative humidity was increased from 20-80%. 

With the use of statistical design, these results were evaluated to determine both their 

significance and the magnitude of their effect.  It was shown that the interaction between the 

spacer addition and dispersion medium that had the largest effect on airborne concentration.  

From this data, a relationship was also developed to determine airborne dispersion based on the 

factor levels, namely Equation 5-1. The optimum levels of each factor were also determined.  

They were surface modification, 5 weight % spacer, and liquid CO2 dissemination.   

Next, the change in interparticle forces associated with these factors was investigated.  It 

has already been shown that contact area reduced van der Waals forces and that the liquid CO2 

dissemination, given a sufficient volume, will add a radial force on the same order of magnitude 

as the van der Walls adhesion.  In addition, the bulk powder properties and interparticle forces 

were also investigated.   

Since in most aerosol applications the powder is drawn from a reservoir, bulk powder 

forces are important.  It was shown that at low humidity levels, only van der Waals and frictional 

forces contributed to adhesion, however, at higher humidity capillary forces dominated.  

Through the use of surface modification, the adhesion force at high humidity could be controlled.  

With ODTMS surface modification, unconfined yield strength could be controlled and no 

significant increase in adhesion was seen at any humidity level.   
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To understand the effect at the particle level, the atomic force microscope was used.  

Interparticle forces were measured between bare and surface modified aluminum spheres and 

substrates.  The bare aluminum at low humidity had an adhesion force of 850nN which is in 

close agreement with the calculated value.  A critical humidity was reached at 20% relative 

humidity at which point a large enough amount of water adsorbed to the surface that a meniscus 

formed at the particle/surface contact and an increase in adhesion force due to the additional 

capillary contribution was seen.  As the relative humidity increased, so did the volume of liquid 

in the meniscus and therefore the magnitude of the capillary forces.  The ODTMS modified 

surfaces showed an initial adhesion force much lower than that of the bare aluminum surface.  

This was due to the lower surface energy of the modified surface and the steric barrier created by 

the silane.  Taking this into account, the adhesion force could be compared to the calculated 

value.  As humidity was increased, the adhesion force also increased slightly.  The surfaces are 

therefore not completely hydrophobic and some water can adsorb.  The maximum adhesion force 

at 80% humidity was an order of magnitude lower for the surface modified materials as 

compared to the bare aluminum surfaces.  This result shows that the surface modification does 

work to control both the interparticle forces and capillary forces. 

The correlation of the two aspects of this research shows not only the factors that effect 

dispersion as seen by an increased airborne concentration, but also the change in interparticle 

forces that are responsible for the change.  From this understanding, information of what 

interparticle forces are involved in adhesion is enough to determine what processing parameters 

should be changed thereby allowing the application of this knowledge to other powder systems.   
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CHAPTER 7 
CASE STUDY: ARMY OBSCURANTS 

Introduction 

Obscurant smokes and clouds are commonly used by the U.S. Army as a defense against 

spectral targeting and have been for centuries.  Advancements in technology have led to 

communication and detection systems now functioning in the infrared and microwave region of 

the electromagnetic spectrum.  For this reason new obscurant materials are under investigation to 

meet these requirements.  An initiative has been undertaken by the US Army to improve the 

current infrared obscurant grenades by a factor of four.  Modeling by Army and independent 

civilian scientists has shown that high aspect ratio metal particles would result in the maximum 

performance[115-120].  Despite the extent of commercially available materials, none meet the 

specifications to achieve these goals.   

A large amount of work has been put towards fabricating a flake material with the desired 

characteristics.  This is, however, only the first challenge.  The Infrared attenuation efficiency of 

a particulate cloud is dependent on the particle characteristic and the amount of material in the 

cloud available to attenuate the light.  Particle dispersion is therefore essential to the optimization 

of an obscurant particulate cloud.  In order to maximize the number of particles in the cloud all 

of the material discharged must disperse into primary particles.   

The focus of this research was to apply the knowledge gained through this dissertation 

research to develop an understanding of the particle-particle interaction between the chosen 

particulate systems, determine the properties that control dispersion, and develop methods to 

controllably manipulate these properties through processing in order to develop an obscurant 

material that meets the performance criteria of a four times improvement over the current 

material across the selected region of the infrared spectrum.   
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Performance parameters have been selected by the Army to characterize a material’s 

ability to obscure in the wavelengths of interest[116, 121, 122].  The ratio of aerosol mass to 

transported precursor material mass, or yield factor, is the first performance parameter.  The 

second is the electromagnetic extinction cross section per mass of aerosol.  This refers to the 

extinction cross section, or shadow, created by the aerosol cloud.  The third performance 

parameter is deposition velocity which is a measure of the settling rate of the cloud as it is 

transported downwind.  Each of these factors will be influenced by the degree of powder 

dispersion.   

Particle shape also plays a role in the overall aerosol attenuation efficiency.  Particles that 

have been found to produce the greatest extinction over the selected wavelengths are small 

absorbing particles, flakes, hollow particles, and particles producing an optical resonance of 

some kind[121].  A wide variety of commercially available including highly absorbing materials 

like carbon black and graphite as well as man-made graphite flakes have also been 

investigated[123, 124] however a material generating greater extinction is desired.  Through the 

use of fully dispersed aerosols of engineered high aspect ratio particles improvements in 

efficiency of up to an order of magnitude are theoretically possible.   

Improvements have been shown by taking advantage of the nanodimension.  By using high 

aspect ratio particles, such as flakes, the effective scattering area per unit volume of the material 

in the aerosol cloud will be dramatically increased.  There are some challenges, however, to 

dispersing particles of this shape and size range.  High aspect ratio particles have much larger 

contact area and decreasing the flake thickness into the submicron range significantly increases 

the surface to mass ratio.  In turn the effect of surface forces is much higher leading to an 

increase in the cohesiveness of the powder.  The fundamentals associated with these interactions 
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must first be understood and then processing methods developed to control dispersion in order 

for the maximum obscurant performance to be realized. 

Experimental 

It is readily acknowledged that dispersion in air is a complex multifaceted problem and 

requires a systematic approach in order to determine the significant factors.  For this reason 

statistical design of experiments is used to guide the research.  Drying has already been shown to 

be important and supercritical drying was used exclusively.  The first two factors under 

investigation were flake thickness and the addition of a spacer material.  Suspensions of different 

thickness aluminum flake powders with and without fumed silica were characterized and then 

dried and the effects of these factors on performance, and dispersion, were evaluated.  Finally the 

dissemination method was also considered and a novel liquid carbon dioxide method was 

investigated 

Factors and Preparation: 

Flake thickness 

The number of particles in the aerosol is constrained by their size and the volume of the 

container from which they are dispersed.  By decreasing the particle thickness, while maintaining 

the diameter, the volume of each particle is decreased without changing the performance of the 

individual flake.  As a result, a higher number of particles can be packed into the same volume.  

As can be imagined, there will be a point of diminishing return.  Once the flake thickness is 

decreased beyond a point, two problems will arise.  First, the flakes will become transparent as 

there is not enough material to interact with the infrared radiation[119].  In addition, the 

mechanical strength of the flake decreases and they are no longer flat and ridged, but instead 

bend or curl on themselves.   
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Commercially available aluminum flake materials of three different thicknesses were 

received.  Vapor phase deposited material of 15nm and 35nm mean thicknesses were received 

from Sigma Technologies, Inc and a milled material with a 60nm mean thickness was received 

from Silberline®.  All of the powders were received in paste form and solvent exchanged three 

times with isopropyl alcohol (IPA) to remove any other solvents or contaminants.  The non-polar 

nature of IPA resulted in a well dispersed Al suspension.  The final aluminum – IPA suspensions 

were between 10 and 20 weight percent solids for supercritical drying. 

Spacer material 

High aspect ratio particles have a very high surface area to mass ratio.  That is, because the 

thickness of the flake is an order of magnitude smaller that the diameter the contact area between 

the flakes is very high while the mass to which momentum can be applied is very low.  For this 

reason, once these high aspect ratio flakes come into contact, dispersion can become impossible.  

If the contact area between flakes is decreased, the adhesion between them will also be decreased 

and dispersion can be improved.  To achieve this goal, the flakes were mixed with fumed silica 

particles that act as spacers and prohibit the flakes from coming into intimate contact.  The 

spacer material used was a 10nm mean diameter superhydrophobic fumed silica, Degussa 

Aerosil® LE2.  The addition of the silica can also have a harmful effect: since the silica does not 

attenuate in the infrared, the addition of silica past the point of improving dispersion will 

decrease the amount of aluminum material per mass and decrease the aerosol performance.  

Therefore, the spacer was added at 0, 5, 10 weight percent. 

All suspensions were then dried using the supercritical CO2 drying processing developed 

in this research.  The dry powders were then dispersed in a Galai® vacuum dispersion chamber 

onto (1) a glass microscope slide and (2) a Dual Pass Transmission (DPT) slide for evaluation in 

the FTIR.  
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Characterization 

Particle size and morphology 

As discussed in Chapter 4, although high aspect ratio particles do not completely agree 

with the assumptions needed for accurate light scattering measurements, size analysis on a 

volume basis has been shown to reliably describe the particle diameter as has been confirmed by 

Image Analysis.  The particle size distribution of each material, as received, was measured in a 

well dispersed suspension with isopropyl alcohol.  The particle size was also measured after 

processing, before drying, to verify the processing did not change the particle size.  Scanning 

electron microscope (SEM) images and transmission electron microscope (TEM) images were 

also taken to understand the flake morphology, thickness, and the oxide layer.   

Aerosol performance 

Obscurant performance was assessed on two levels.  Ultimately the entire system, a 

grenade, will be evaluated.  For this, a figure of merit, or FoMgrenade shown in equation 8-1, was 

developed and takes into account all aspects of the system including material performance, 

amount of material in the grenade, and the amount of material that is dispersed into the aerosol. 

YFoM FillGrenade ρα=          (8-1) 

Here the α refers to the extinction cross section of the aerosol by mass; ρFill is the fill density, or 

the density of the material multiplied by the volume of material in the grenade; and Y is the 

dissemination yield, or mass fraction of powder aerosolized in the cloud.   

The material performance is based on production methods and material properties 

including conductivity, ductility, and density.  The fill density is determined by the packing 

density of the material in the container.  For high aspect ratio flakes, the packing density limit 

has been shown to be much lower that that for spheres and only minimal pressure can be applied 
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to increase packing or the flakes will deform and mechanical interlocking will prevent future 

dispersion.  It is in the Y factor that the powder dispersion is taken into account.  Agglomerated 

material will not contribute to the aerosol but instead fall to the ground.  Increasing the powder 

dispersion will result in more material in the aerosol cloud, a longer cloud life, and therefore 

improved performance.  The latter, dispersion, is the major focus of this case study.  The effect 

of packing was also briefly investigated.  Different packing and drying methods were used 

followed by FoM measurements of samples taken for evaluation. 

Grenades were not developed though this research, instead the study centered on 

improving the material dispersion through processing, drying, and dissemination techniques.  To 

evaluate the material performance, instead of making a grenade, a figure of merit of the material, 

FoMmaterial, was developed using the Beer-Lambert Law as shown in Equation 8-2 and will be 

discussed in detail below. 

c

T
100

log
FoMmaterial

−
=         (8-2) 

Here T is the transmission and c is the concentration in of the material obscuring the light. 

Powder performance 

Duel pass transmission (DPT) measurement  In order to have a quick and effective 

screening process and to overcome the challenges presented by mixtures of materials, different 

characterization methods were developed and based on the scattering and absorption of the IR 

laser of the FTIR.  The theoretical absorption of light is proportional to the number of particles 

present.  By dispersing the powder onto DPT slides and measuring the transmission of IR light 

through the slide measured in a reflection mode the degree of dispersion and material 

performance can be evaluated.  This method is especially useful for powders with silica added as 
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a flow aid; the metallic particles will attenuate light in the IR while the silica is transparent.  This 

method follows the hypothesis that if the powder is more dispersed after processing, there will be 

a decrease in FTIR transmission as there will be a higher number of particles on the slide to 

attenuate with the laser.  The mass of powder on the slide will directly effect the FTIR 

transmission also.  For this reason, the transmission was normalized by the mass of powder on 

the slide.  The amount of powder used was within the measurement error of lab balance so for a 

higher degree of accuracy Inductively Coupled Plasma Spectroscopy (ICP) was used and is 

described in detail below.  This allowed the accurate measurement of masses well below those 

seen for these experiments.  The material performance was determined based on the material 

Figure of Merit (FoM), or the improvement of the new materials over a standard material 

supplied by the US Army.  FoM values at chosen IR wavelengths were calculated and plotted for 

each material processing technique.  If dispersion of a constant mass of powder increased, the 

transmission would decrease and result in a higher FoM.  On the other hand, powder 

agglomeration would be portrayed by a decrease in the FoM due to less laser attenuation.  

Decreasing the thickness of the flake by half will result in twice as many flakes per unit mass and 

theoretically half the transmission. 

The standard procedure used for FoM measurements is as follows.  The dry powders were 

dispersed in a Galai® vacuum dispersion chamber onto (1) a glass microscope slide and (2) a 

DPT slide.  The powder was allowed to settle for forty five minutes after which the DPT slide 

was placed in the FTIR for measurement.  The glass microscope slide was placed in a Nalgene® 

bottle with a dilute acid solution to dissolve the metal in order to accurately measure the 

concentration using the ICP.  Mass is calculated by measuring the concentration of Al in 
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solution, corrected for the presence of the oxide layer, and normalized by the area of the glass 

slide.  

Inductively Coupled Plasma Spectroscopy (ICP)  The Perkin-Elmer Plasma 3200 

Inductively Coupled Plasma Spectroscopy (ICP) system is equipped with two monochromators 

covering the spectral range of 165-785 nm with a grated ruling of 3600 lines/mm.  The ICP 

operates on the principle of atomic emission by atoms ionized in the argon plasma.  Light of 

specific wavelengths is emitted as electrons return to the ground state of the ionized elements, 

quantitatively identifying the species present.  The system is capable of analyzing materials in 

both organic and aqueous matrices with a detection limit range of less than one part per million.  

This detection limit is well below the concentrations used in these experiments and therefore 

allowed accurate measurement of the material mass disseminated. 

Results and Discussion 

The particle size of each material is shown in Figure 8-1.  The mean particle diameter of 

both the 12nm and 35nm thick material was 10±2 microns.  The 60nm thick material was 

slightly smaller with a mean particle size of 6±3 microns.  Scanning electron microscope images 

of the aluminum flakes with varying concentrations of silica can be seen in Figure 8-2 A-C.  

Figure 8-2A shows an image of the 35nm thick flakes without silica added.  Figure 8-2B and 8-

2C show images of the same material with 5 and 10 weight percent silica added respectively. 

The results for packing can be seen in Figure 8-3.  The flake packing can be increased but 

at the expense of the FoM.  Optimum packing is shown to be between 15 and 20 percent by 

volume and achieved by vibrational packing of the supercritical dried powder.  Packing by slurry 

evaporation uses the capillary forces present to pull the powder together and in turn increases the 

amount of agglomeration.  Centrifuging can lead to mechanical interlocking by physical 

deformation of the flakes. 



 

149 

Supercritical Fluid processing in liquid CO2 resulted is a very loosely packed powder of 

soft agglomerates with a low bulk density which was shown to effectively produce a dispersible 

dry powder.  During SCF processing the formation of the of the gas-liquid interface is 

completely avoided as are the capillary forces limiting the strong van der Waals forces present 

found after conventional drying.  These dry, dispersible powders were then disseminated in the 

Galai® vacuum dispersion chamber onto a glass microscope slide and a DPT for evaluation.   

The effect of thickness can be seen in Figure 8-4.  For thinner flakes, the FoM 

continuously increased.  In these experiments, decreasing the aluminum thickness from the 60nm 

flakes to 35nm flakes resulted in an increase in the average FoM from 3.75 to 6.  A further 

reduction in thickness using the 15nm flakes resulted in an increase in the average FoM to 10.  

The increase in FoM for these samples is lower than theory due to the presents of agglomerates.  

The addition of the fumed silica as a spacer material is shown to have a maximum effect as seen 

in Figure 8-5.  When silica was added there was an increase in the FoM.  It should be noted that 

the addition of five weight percent silica to the 35nm aluminum flake results in an increase in 

FoM from 6 to 7.9, close to the theoretical value suggesting that the powder is better dispersed.  

However, at the highest concentration of silica, ten weight percent, there was a decrease in the 

FoM below that of the aluminum without silica.   

Unlike aluminum, silica is transparent through most of the IR and does not attenuate any 

IR light.  As silica is added to the mixture, it has been shown to reside between the aluminum 

flakes and increases the interparticle spacing, seen in Figure 8-2.  In turn, the strong but short 

ranged van der Waals forces are reduced and the powder disperses to a higher degree as seen by 

the increased FoM.  The silica is added on a weight basis thus as silica is added, the amount of 

aluminum in the mixture decreases.  When the silica concentration is in excess of that needed to 
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aid in dispersion, the reduced amount of aluminum results in less material to attenuate the IR and 

as it follows, a decrease in the FoM.  A similar trend can be seen at all flake thicknesses; 

however, the effect is not as profound for the 60nm flakes, which disperse equally at all silica 

concentrations.  A summary of the results can be seen in Figure 8-6. 

These results were also analyzed using the Design Expert 6 statistical design software.  

Three repeats of each point were run to take into consideration the sample-to-sample variability.  

The surface response plot is below in Figure 8-7.  The standard deviation of the data is 0.5, 

which means that the values on the graph are significantly different.  From this output it can been 

seen that the FoM increases with decreasing thickness, similarly to the data from the FTIR 

results above, and that there is a maximum in the spacer concentration at four weight percent.   

Conclusions 

The drying process is crucial to the production of a dispersible, dry powder.  By using 

Supercritical Fluid processing in liquid CO2 the production of a dispersible dry powder has been 

demonstrated.  This is due to the ability of this processing technique to remove liquid without the 

formation of the gas/liquid interface and thus capillary forces that lead to agglomeration.  The 

FoM of the aluminum powder was shown to increase as the thickness of the flakes decreased as 

long as SCF processing was leveraged to produce the dry material.  As flake thickness decreased, 

a higher number of flakes per unit mass were available to interact with the laser, lowering the 

transmission.  Fumed silica was shown to increase the dispersion of the aluminum flakes by 

increasing the interparticle spacing and thus reducing the van der Waals forces between the 

flakes.  The silica was shown to have a maximum in effectiveness at four weight percent.  

Although the silica increased the interparticle spacing to improve dispersion, it was added on a 

weight basis, so the further addition reduced the FoM.  Since silica is transparent in the IR, thus 

after four weight percent silica was added, the number of aluminum particles available to 
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attenuate with the laser was decreased causing the decrease in FoM.  Statistical design of 

experiments as used to insure that the results were obtained efficiently and were significant.  
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Figure 7-1.  Laser Diffraction particle size distribution for aluminum flakes.  A graph of the 
particle size distribution of the aluminum flakes as measured by laser light scattering 
in the Bachman/Counter 13320.  The blue curve depicts the particle size for the 12nm 
thick flakes, the red cured shows that of the 35nm thick flakes, and the green curve 
show the particle size of the 60 nm thick flakes.   

 

 

Figure 7-2. Typical Images of aluminum flakes and silica.  A) shows the edge of one flake, B) 
shows the aluminum/silica mixture at low silica concentrations, and C) shows the 
aluminum/silica mixture at high silica concentrations.  Note the distribution of silica 
between the flakes increasing the interparticle spacing. 
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Figure 7-3.  Packing density of flakes and FoM.  By using different consolidation methods the 
maximum packing density is increased but at the sacrifice of FoM.  Slurry 
evaprotation leads to agglomeration due to capillary forces and centrifuging can lead 
to mechanical deformation and physical interlocking of the flakes.  The optimum is 
shown to be between 15-20 volume percent. 
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Figure 7-4.  Figure of Merit for aluminum flakes of varying thickness.  As thickness is 
decreased, the number of flakes present per unit mass incareases resulting in an 
increase in the FoM. 

 

Figure 7-5.  Figure of Merit for aluminum flakes of varying thickness and spacer concentration. 
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Figure 7-6.  Average FoM across all wavelengths for aluminum flakes of varying thickness and 
silica concentrations.  The addition of 5wt% silica increases the interparticle spacing, 
aiding in dispersion as seen in the FoM.  With the further addition of silica above the 
optimun, excess silica decreases the amount of aluminum resulting in a decrease in 
FoM.  Similar trends were seen for all materials. 
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Figure 7-7.  Design Expert Surface Response plot for FoM.  From the plot the effect of 
decreasing flake thickness and increasing spacer concentration can be seen.  
Decreasing flake thickness increases FoM due to the higher number of flakes 
available to attenuate the light.  The spacer decreases the contact area between flakes 
thereby improving dispersion.  A maximum at four weight percent spacer can be seen 
as additional spacer decreases the amount of aluminum present.  The best results are 
found with a 12nm thick flake and 5 weight percent spacer yielding a FoM value of 
11.   

 



 

157 

CHAPTER 8 
SUGGESTIONS FOR FURTURE WORK 

Through the research presented in this dissertation, an understanding of the factors that 

affect dispersion and the changes in interparticle forces associated with those factors was 

developed.  Because of this fundamental understanding, the conclusions developed through this 

work can be applied towards other powder systems.  Despite these achievements, ideal 

dispersion still was not achieved.  To this end, further research is now suggested.   

The first step to understanding dispersion is its measurement.  In this research a settling 

chamber was built to measure transmission decay of the settling aerosol.  From these 

measurements and the Beer-Lambert Law, the airborne concentration of powder was calculated 

and used to compare the effectiveness of the processing and dissemination methods.  

Transmission measurements over time also result in a line whose slope is proportional to settling 

rate.  Specifically, it is equal to the change in concentration divided by the height of the chamber.  

From the settling rate and the equation for Stokes’ settling, a particle size for the powder can be 

calculated.  This would be a valuable undertaking that would complement airborne concentration 

measurements.  With this disseminated particle size, a comparison can be made to the actual 

primary particle size and result in the development of a dispersion index.  This would also give a 

more accurate description of the state of dispersion.  For this, improvements to the dispersion 

chamber are required.   

The current measurements made in the dispersion chamber result in a large variation in 

transmission at the initial times due to the high turbulence associated dissemination.  One factor 

that can affect this variation is chamber volume, specifically height.  Increasing the height of the 

chamber could allow the initial turbulence in the system to stabilize before reaching the height of 

the laser.  Less turbulence at the level of the measuring laser beam would lead to more consistent 
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measurements and more accurate calculation of the particle size both of which are required to 

use this measurement method to develop a dispersion index.   

In this research, methods were developed to measure interparticle forces at the macro and 

micro scale.  These measurements were then used to develop a better understanding of the effect 

of the processing parameters on the change in interparticle forces and a subsequent correlation to 

dispersion.  However, the direct correlation between interparticle forces and dispersion was not 

made.  In continuation of the above discussion of the effective particle size, or dispersion index, 

this could be related directly to interparticle forces.  From this a predictive model could be 

developed to relate interparticle forces directly to particle size, and thus the degree of dispersion.  

A model based on the empirical results, as that produced by statistical experimental design, 

would also serve in such a way if the disseminated particle size was used as a response.  This 

would expand the model to also include the analysis of error within the experiments.  The source 

of error, and those areas where it should be reduced, can also be used to determine optimum 

processing factors and levels thereof.   

Another aspect of this research that had proven to be challenging is the application of a 

dispersion force to the agglomerates.  As shown in this research, the effect of increasing 

pressure, and turbulence, is limited to the minimum turbulent eddy size.  The addition of a radial 

dispersion force acting from within the agglomerate, through a volatile medium, was shown to 

improve dispersion.  This concept could also be accompanied by the use of nozzles.  Through 

nozzle design, rapid changes in velocity, volume, and pressure can be created.  Using liquid CO2 

to create a large increase in volume combined with a standard dispersion nozzle geometry, such 

as a converging diverging nozzle, large gradients can be created.  This could result in a reduction 

of the minimum turbulent eddy size and the application of a large dispersion force to smaller 
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agglomerates.  This idea can be taken to the extreme case.  With the correct configuration, a 

sufficient change in conditions can result in supersonic velocities and associated with that 

supersonic transition is a shockwave which may add enough force to greatly improve dispersion.   
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