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Abstract 

Most ceramic articles are produced by first dispersing powders in a 

suitable liquid, forming the dispersion (by casting, molding, extrusion, 

etc.), drying and then firing the body to its final sintered state. It 

has been recognized that dispersion characteristics strongly affect the 

green body which in turn determines properties of fired ceramic, and 

recently, dispersion science has become quite important in the development 

of ceramics processes. 

In this thesis research, colloidal size alumina powder was dispersed 

in secondary butyl alcohol with a phosphate ester dispersant. Dispersions 

were produced in an attrition mill and evaluated by viscometry and 

sedimentation. These dispersions were "optimized" by adjusting surfactant 

concentration and milling time. Zeta potential measurements indicated 

stabilization was not purely electrostatic. It was noted that a small 

amount of water added to the dispersions dramatically affected dispersion 

rheology. With slight water addition high solids content slurries (40 

vol. percent) could be produced with rheological characteristics desirable 

for casting. Solution conductivity measurements were made to provide 

insight into the possible mechanism by which water affects dispersion 

stability. 
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INTRODUCTION 

Ceramic powder processing is the standard means of producing many 

ceramic articles. There are two general types of powder processes, "wet" 

processes, in which the ceramic powders are first dispersed in a liquid 

medium, and "dry" processes in which the green bodies are formed without 

the aid of a dispersion medium. It is well established that ceramics 

prepared by wet processes, because they have less defective green bodies, 

can produce stronger, denser ceramic bodies after sintering. There are 

five basic steps to any wet process producing ceramics from powders: 1. 

preparation of powders, 2. dispersion of these powders in an appropriate 

medium, usually with a compatible surfactant (dispersant), 3. casting or 

molding of the dispersion to form the desired shape product, 4. drying 

the cast form, and 5. burnout and sintering of the dried form to produce 

dense ceramic. Several methods are used to form green bodies from 

ceramic powder dispersions: slip casting, injection molding, and tape 

casting with possible products including high strength, high density 

ceramics, ceramic matrix composites (e.g. fiber reinforced ceramic 

matrices), laminar ceramic composites, ceramic tape, and others. 

More recently there has been substantial research into forming 

technical ceramics from colloidal size powders. Colloidal processing 

techniques, though they do not differ greatly from traditional ceramic 
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powder processing techniques, offer two distinct advantages: they can 

produce stronger, denser end products and they require less firing time 

than articles formed from non-colloidal size powders. These advantages 

result from the finer grain size and smaller mean pore size in bodies 

formed from colloids. To optimize the advantages of colloidal wet 

processing,however, one must pay careful attention to the dispersion step 

in processing, which is the focus of this thesis. The microstructure of 

the green compact depends on the dispersion variables: solids content, 

dispersant quality and quantity, and particle size distribution. Low 

surface tension organic solvents facilitate drying without cracking the 

green body. It is agreed that well dispersed suspensions produce dense, 

well ordered compacts and these highly ordered compacts can then be 

sintered to a fine grained, nearly pore free body (i.e. a ceramic body 

with high strength and fracture toughness) because they have smaller 

voids to begin with and greater numbers of nearest neighbors. 

With these considerations in mind, the goal of this research was 

to produce a well dispersed, stable, high solids content ceramic 

colloidal dispersion in a nonaqueous solvent, to evaluate the stability 

of such using viscometry, sedimentation, and dynamic light scattering, 

and to optimize the dispersion viscosity with regards to stability and 

reproducibility. The particular system selected was alumina in secondary 

butyl alcohol, with a phosphate ester dispersant. 
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SECTION 1 

BACKGROUND 

There are several distinct aspects of disperse systems which must 

be attended by the ceramist attempting to produce bodies via wet ceramic 

powder processes. These are: 1. dispersion of the dry powder in the 

liquid medium, 2. dispersion stability and evaluation of such, and 3. use 

of evaluation data to control technical characteristic and 

reproducibility. 

1.1 THEORY OF DISPERSION AND STABILITY 

1.1.1 PREPARATION OF CERAMIC POWDER DISPERSIONS 

Before a dry powder is dispersed in a liquid medium it consists of 

large floes and aggregates of the powder particles. Lawrence39 defines 

these terms (figure 1.1) as follows: primary particles - "one of more 

crystallites which are regions of continuous crystal lattice," 

aggregates - . .so firmly bonded that they behave as a single solid and 

pass through the dispersion process undisturbed," and agglomerates -

primary particles which "touch only at the edges and corners." (This 

contrasts aggregates, which are bonded along complete particle faces.) 

Mistier43 offers slightly different, more operational, definitions: weak 

agglomerate - " a group of particles that are weakly bonded together," 
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fa) (b) 

Figure 1.1 

Illustration of aggregates (1.1.a) and agglomerates (l.l.b). From 

Parfitt (ref. 51). 
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and solid agglomerate - "cannot be separated by 40 kHz ultrasonic 

treatment at 100 watts for 20 minutes in an aqueous dispersion.11 For 

clarity Lawrence's definitions will be implicitly used throughout this 

thesis, excepting that "aggregates" may be broken apart by sufficiently 

intensive dispersion process. One should, however, note that throughout 

the literature these terms are ill-defined and inconsistently used. 

Dispersion is "...the complete process of incorporating a solid 

into a liquid such that the final product consists of fine particles 

distributed throughout the dispersion medium." 52 This can be divided 

into three stages: 1. wetting of powder, 2. breaking of clusters to form 

primary size particles, and 3. flocculation of disperse system. 51 One 

can also define the dispersibility, D (having units of mass/energy), as 

being "the ease of producing a monodisperse suspension." 

In practice, ceramic dispersion characteristics determine the 

success or failure of producing the desired end product. If one wishes 

to produce fully dense sintered ceramic, the green density must be above 

a certain level; attainable green density, in turn, is controlled by the 

disperse state. There are two distinct means to manipulate dispersion 

properties: 1. change the particle size distribution, and 2. change the 

nature of the interface. 3 So, one first must start with the correct 

ceramic powder. The best characteristics, from a processing engineer's 

perspective, are fine, equiaxed particles with low surface area and a 

broad size distribution because narrower size distribution powders need 

tighter process control. However, from a ceramist's perspective, a 
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narrow size distribution powder is optimal as this will allow more 

ordered packing, better sintering, and hopefully smaller defects and thus 

higher strength. Size distribution is usually specified as 

equivalent to spherical particles, and few methods allow for shape 

factors. (As can be seen from figure 1.3, the powder used in this study 

is not spherical.) 

Many different apparatus are used for dispersing the powders. 

Common ones include laboratory mixers (blenders), ball mills, ultrasonic 

disruptors, attrition mills, and shear tubes (motionless mixers). These 

different techniques have been compared directly. In one study twenty-

four hour ball milling was compared to twenty minute sonication, 

resulting in virtually indiscernible dispersions- 43 Mixing (in a paint 

shaker) was compared to mixing followed by sonication. These two methods 

produced the same type of rheological behavior (Newtonian) at moderate 

shear rates, though the dispersion viscosities were quite different. 55 

Typical dispersion cycle times are about twenty four hours if milling or 

mixing is used, though surfactant equilibration between the powder and 

liquid requires much less time, on the order of one hour. 64 In one 

study, the dispersant was added directly to the slurry in the viscometer 

cell, and the viscosity was recorded after a relatively brief 

equilibration time. Though the milling is usually done to deflocculate 

the powder, attrition milling has also been used to grind zirconia from 

2 um down to 0.7 um. 6 

Solids concentration selection is based on desired rheological 
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characteristics for the slurry application. For slip casting, a less 

viscous and less flocculated dispersion is better. But for injection 

molding or tape casting some pseudoplasticity is desirable. Volume 

percent of solids is most critical. Thirty percent is typical56 and the 

upper boundary is near fifty percent; much above this level suspensions 

become dilatant and are difficult to process. Studies often indicate the 

weight percent solids, which can range from forty percent to as high as 

eighty-five percent, 53,4A but relative densities of solvent and solid 

make data comparison difficult. 

Once the powder has been placed into the liquid one is concerned 

with destruction of large agglomerates. Powders with primary particles 

in the colloidal size range (i.e. less than 1 micron across) usually form 

dry agglomerates ranging from fifty to several hundred microns in size. 

Many different techniques have been used and developed for 

deagglomeration/deaggregation processes: ball milling, blending, shear 

milling, shaking, ultrasonic disruption, attrition milling, etc. These 

various techniques do not, however, produce the same degree of 

dispersion. Typically the agglomerates in the system are broken down 

long before the aggregates. Aggregates require much more energy to 

disperse and, because of their smaller size are more difficult to break 

apart; less intensive dispersion processes (e.g. shaking, blending, 

ultrasonication) cannot rupture the bonded surfaces of an aggregated 

system. To produce a truly monodisperse system one must use a dispersion 

method powerful enough to break down the aggregates in the system. 
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Often, milling (grinding) is performed not only to disperse the 

powder but also to reduce the primary particle size (comminution). 

Comminution is a very complex process, and very little fundamental 

information regarding the mechanism of size reduction is known. 62 It 

does involve the rupturing of bonds to create new surface, but because 

milling processes are quite inefficient there is no conclusive 

experimental evidence that the surface energy of the system, which is 

controlled by the liquid matrix composition, influences the size 

reduction of a system. It is believed that colloidal size primary 

particles cannot be reduced by milling, i.e. continued grinding after the 

system is monodisperse does not affect the particle size, consuming power 

solely by viscous heating of the slurry and friction within the grinding 

media. 

1.1.2 STABILITY OF COLLOIDAL DISPERSIONS 

Once a powder has been dispersed, stability, of the dispersion 

becomes the ceramists or colloid scientists primary concern. Two 

definitions of stability are commonly used: 1. a dispersion is considered 

stable if there is no change in the number of particles with time, 2. a 

dispersion is stable if there is no change in the particle size with 

time. Other definitions are often devised. Deliso, Connon, and Rao 16 

who were characterizing aqueous alumina and zirconia suspensions defined 

a stable dispersion as one with a pH value not changing more than 0.2 

units during microelectrophoresis measurement. And Parfitt and Peacock 
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51 distinguished between three types of stability: long term stability -

no change in particle number with time, partial stability - flocculation 

occurring at a lower rate than predicted by kinetics, and arrested 

stability - the formation of stable number of large floes. 

As can been seen, stability is usually defined on the basis of some 

measurable dispersion or particle property, though the conceptual basis 

of all definitions is the continued independence of disperse particles. 

Two criteria can therefore be applied to all stable systems: 1. neither 

thermal nor hydrodynamic forces are adequate to overcome the energy 

barrier (due to electrostatic or steric forces, discussed later), and 2. 

either thermal or hydrodynamic forces are adequate to overcome the 

secondary minima (in the total potential energy curve, also discussed 

later) (hogg). To paraphrase these criteria, hydrodynamic and Brownian 

forces must not be great enough to cause coagulation, but they must be 

great enough to" prevent flocculation. Recognizing that there is a 

dynamic equilibria in flocculation, this thesis will define stability as 

being no net decrease in the number of particles with time. Though this 

property is not easily measured, the existence of such condition can be 

conjectured from other dispersion physical properties which are more 

readily measured. 

Certain other terms are also standard when discussing colloid 

stability and should be defined at this juncture. Floes or floccules, 

after Tadros 62, are loose, metastable structures associated via the 

secondary minima in the potential energy curve. Agglomerates are stable 
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structures which have overcome the primary maxima in the potential energy 

curve, i.e. the particles are touching; this is not the case for floes. 

(One should note that the nomenclature applied to particles in the dry 

or undispersed state is implicitly different from that applied to the 

dispersed and flocculated state. It is wise to avoid mixing these 

connotatively distinct terminologies. "Agglomerates" is acceptably used 

in discussing both dry and wet powders since the state of matter is quite 

similar.) Coalescence and flocculation denote the formation of floes. 

Coagulation denotes the formation agglomerates. 

When discussing the stability of colloidal dispersions (not 

stabilized by a surface active agent) with regards to flocculation and 

coagulation of the system there are four primary forces acting on the 

particles which must be considered: Brownian forces, hydrodynamic 

forces, London-van der Waals dispersion forces, and electrostatic forces. 

The orders of magnitude for these various forces are depend greatly 

particle size (table 1.2). 54 

1.1.2.A THE DLVO THEORY OF STABILITY 

The well known Deryagin-Landau, Verwey-Overbeek theory sums the 

competing van der Waals attraction and double layer repulsion to obtain 

the total interaction potential energy of two particles as they approach 

one another. (This theory is also detailed in many texts.) An exemplary 

potential energy curve is in figure 1.2; if the potential energy 

increases with decreasing distance then there necessarily exists a 



Table 1.1. Characteristic times (in seconds) 

Sphere radius 

Force Time scale 10~2 (im I (im 

Brownian 
Molecular CT/V 10"13 10"1:1 

Colloidal a7D 10"6 10"2 

Viscous pa Vp. 10"10 10"6 

Convection a/U 102 1 

Table 1.2. Characteristic forces (N/m-1) 

Sphere radius 

Force Time scale I0~3(im I |im 

Brownian kT/a 
Viscous 6ir|iaU 
Dispersion A/a 
Electrostatic e>[)0' 

10-U IQ-15 
10-ao 10-H 
10-u io-'< 
io-12 10-" 

Tables 1.1 and 1.2 

1.1 Diffusion times for a colloidal particle. 

1.2 Characteristic forces on a colloidal Particle. 

Both from Russel (ref. 54). 
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repulsive force. There are usually two minima in the curves, one at a 

very short distance, the other at some intermediate distance (the 

secondary minima). If there is no increase in potential energy (due to 

double layer interaction) as particles approach one another or if they 

have sufficient kinetic energy from Brownian or hydrodynamic forces to 

overcome the maxima then the particles will coagulate. If the maxima is 

sufficiently large to prevent this, but the secondary minima is 

relatively large then the particles will flocculate. 

There is an ongoing debate regarding the applicability of DLVO 

theory to dispersions in nonaqueous media. Initially it was believed 

that this theory could not be correct because organic solvents have low 

ionic strengths. However, more recent evidence has shown ion 

concentrations are not as low as was suspected, and there is strong 

evidence for electrostatic stabilization of dispersions in organics; one 

must consider both DLVO theory and steric stabilization theory when 

dealing with organic dispersions, especially because, though ion 

concentrations are much lower, lower dielectric constants of organic 

media result in higher potentials from the same charge. 23 Concurring 

with this, Parfitt51 states "...DLVO theory is undoubtedly correct for 

both aqueous and nonaqueous systems," but when dealing with a 

concentrated slurry the theory is not so good, as the particles are not 

interacting as pairs. In light of recent literature 50,35,55,62 

logical to conclude that DLVO stabilization is possible, but its value 

regarding real ceramic systems (concentrated nonaqueous slurries in which 
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G 
T 

max 

in' Sec 

min' primary 

Figure 1.2 

Characteristic DLVO energy vs. distance curve. From Tadros (ref. 62) 
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the thickness of the double layer may be large compared to the average 

interparticle distance) is dubious for three reasons: 1. correct modeling 

of these would require one to treat the interactions as being many-

bodied, 2. once a steric stabilizer (discussed below) is introduced the 

interaction energy curve is essentially different from that obtained from 

DLVO theory, making the theory inapplicable to that system, and 3. 

evidence for the existence of electric double layers is not found in all 

systems. 62 These disagreements are not yet resolved. 

1.1.2.B STABILIZATION BY ORGANIC SURFACTANTS 

Steric stabilization, though somewhat of a misnomer, refers to 

dispersion stabilization via addition of large organic molecules or 

polymers. Steric forces involved are not the same as those discussed in 

basic organic chemistry because they occur over a much greater distance.A7 

In a sterically stabilized systems the molecules are attached to the 

surface by chemical adsorption, physical adsorption or surface reaction. 

According to steric stabilization theory interparticle repulsive forces 

arise when long chains attached to the surfaces of approaching particles 

begin to overlap. There are two ostensible explanations for the resulting 

repulsion: 1. overlap of long chains reduces their configurational 

entropy, resulting in repulsion (entropic stabilization according to 

volume restriction theory), and 2. (mixing theory) higher segment density 

in the interparticle region results in higher osmotic pressure and net 

repulsion. 50'62 
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If stabilization arises according to the above theory then surface 

coverage by the adsorbed molecules, configuration of these molecules, and 

layer thickness are critical, and there are several necessary 

characteristics for a surfactant to work well. First, the particle 

surface must be well covered by the organic. Second, stabilizing 

moieties must be well solvated in the dispersion medium. Third, the 

organic should be strongly anchored to the particle surface so that it 

does not easily desorb upon particle collision. 50 The first condition 

above is for obvious reasons; if there is an insufficient amount of 

surfactant adsorbed then the magnitudes of repulsion will be much lower. 

6* The second condition is not so obvious, but if the whole organic 

molecule adsorbs onto the surface or if it is not adequately soluble in 

the solvent then the organic chains do not extend out into the solvent 

and do not interact except at very short distances. 13-2'1.50 There is 

experimental evidence supporting this. 12 Surfactants are usually 

attached by physical adsorption onto the surface; the third condition 

above implies the necessity of sufficiently high desorption energy (which 

is characteristic of the solid/liquid/surfactant system) to prevent 

desorption upon particle collision. 

Throughout the literature "steric stabilization" is used rather 

liberally and quite ambiguously. Many researchers attribute stability 

to "steric" mechanisms when electrostatic mechanisms seem inadequate. 

56>6'1 However, it has been estimated that polymer chains of nearly 100 

atoms length would be necessary to effect purely steric stabilization 12, 
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and stability has been observed in much smaller surfactant systems (e.g 

organics with 6 to 30 carbons chain length). Fowkes concurs with this 23 

stating that it is incorrect to call all nonaqueous stabilizers "steric", 

and notes that steric forces alone, though adequate to suppress 

coagulation, are inadequate to prevent flocculation. 

Several different explanations have been offered to account for 

stabilization surfactants which, because of their small size, cannot 

cause steric stabilization according to theory (semisteric stabilizers). 

Johnson and Morrison 35 compare two different analyses of "semisteric 

stabilization", one by Koelmans and 0verbeek(1954) and the other by Void 

(1961). Both analyses assume that semisteric stabilizers can produce no 

repulsive force and thus serve only to reduce the attractive van der 

Waals force. 

A final possible explanation stabilization by "short" molecules is 

a combination electrostatic/steric mechanism A7. Electrostatic forces may 

result from either particle surface charging or from charges associated 

with the attached organic molecule and it is believed that semisteric 

stabilizers serve to move the Stern plane further from the surface of the 

particle. Possible surface charging mechanisms due to adsorption and 

dissociation of long chain acids 23 would concur with this. Theory of 

electrosteric stabilization is, however, still in its infancy. 

Trade surfactants used as ceramic dispersants have undergone 

substantial research and development. Though some aqueous dispersions 

can be electrostatically stabilized by adjusting the pH with HC1 or NaOH 
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4 or by addition of inorganics (e.g. sodium pyrophosphate has been used 

15) most require the addition of an organic dispersant to produce desired 

stability, especially in nonaqueous solvents. Simple dispersants common 

to the ceramics industry are esters, amines and fatty acids 13, e.g. oleic 

acid, steric acid, tetra(isoamyl)ammonium picrate, ethanolamine, etc. 

More complicated dispersants have recently been developed, including 

chemically bonded surfactants and a number of polymers. Dispersants are 

manufactured under a variety of trade names, these include Aerosol, 

Dolaflux, Span, Reotan, Dolapix, Emphos, Gafac and many others 2-1A>50. 

When utilizing polymeric dispersants, stability increases with 

molecular weight in the range between 1000 to 10,000. 32 Many polymers 

are used which are not specifically tailored for use in dispersing 

ceramics, e.g. poly-styrene, poly-isobutylene, polyvinyl butyryl resin, 

poly-ethylene oxide, alkyd resin, etc. *6,47,50,56 Recently, however, 

stabilizing polymers have been developed which perform much better than 

untailored ones. Block copolymers, which have strongly adsorbing A 

groups polymerized with highly soluble B groups have proved superior as 

ceramic dispersants by overcoming the problems associated with highly 

soluble polymers, which do not adsorb well, and those associated with 

marginally soluble polymers, which are often completely adsorbed and 

flattened out on the particle surface, n.24,32 Chemically bonded 

organotitanate polymers have also been developed. 2«,38 These offer the 

advantages of controllable stability by reaction condition control and 

very strong, irreversible bonding which prevents polymer desorption 
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min 

Figure 1.3 

Characteristic evergy vs distance curve for sterically stabilized 

particles. From Tadros (ref. 62). 
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during further processing. 

It is the use of phosphate esters which is of particular interest 

in this study. These have been effective as dispersants for alumina, 

titania, and zirconia. 10,1A Adsorption occurs via an acid base reaction, 

and once adsorbed the mechanism of stabilization is steric. Optimum 

stability is obtained from highly phosphitized linear (aliphatic) esters 

with a high diester/monoester ratio. Z-14-29 

Water has been shown to adversely affect some dispersions. 

Adsorbed surface moisture increases agglomerate strength of rutile, and 

the zeta potential of Aerosol OT-rutile-xylene dispersions was found to 

depend on the relative amounts of water and rutile present. 51 It is 

possible for water to displace adsorbed stabilizers in organic solvent 

dispersions, and some systems it can even reverse the zeta potential. 

Viscosity sharply increased above 0.02 weight percent water in a 

dispersion of calcined magnesia, oleic acid and denatured alcohol. Trace 

levels of water in a nitrobenzene, titania dispersion changed the 

agglomerate size and zeta potential. 43 

1.2 TECHNIQUES FOR EVALUATION OF STABILITY 

Many means for evaluating the effectiveness of dispersion 

processes and stabilizers have been developed. More traditional 

techniques (rheology, sedimentation, etc.) became standard because they 

directly measured the dispersion's physical properties which engineers 
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use in specifying production processes. More modern techniques (photon 

particle sizing, particle counting, particle sizing, electrokinetic 

measurement, dynamic magnetic measurements, etc.) attempt to measure the 

actual states of matter within the dispersion. Several of these 

techniques were used in the course of this research: rheological 

measurement, sedimentation, electrokinetic measurement, photon 

correlation. 

1.2.1 RHEOLOGY AND DISPERSE SYSTEMS 

Rheological measurements are certainly the most common means of 

characterizing solid/liquid dispersions. Newton's law of viscosity 

states the shear stress, v, is related to the velocity gradient in the 

fluid (shear rate), dV/dX, by some constant of proportionality, r/, which 

is the viscosity. 

v = -t] dV/dX Newton's Law of Viscosity (eqn 1.1) 

Adherence to Newton's law dictates the independence of viscosity and 

shear rate i.e. a plot of shear stress versus shear rate will yield a 

straight line. However, disperse systems rarely exhibit Newtonian 

behavior, instead varying is several different ways (figure 1.4). 

Systems which become less viscous at increased shear rate are called 

"pseudo plastic" or "shear thinning"; the plot (shear stress vs. shear 

rate) is curved towards the shear rate axis. "Dilatant" or "shear 

thickening" behavior is just the opposite; viscosity increases at higher 

shear rates and the plot is curved towards the shear stress axis. Time 
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dependent hysterisis is referred to as thixotropic, and is characteristic 

of slightly gelled dispersions. Other non-Newtonian behavior exhibited 

by very concentrated slurries is St. Venant flow, where the viscosity is 

inversely proportional to the shear rate, and Bingham plastic behavior 

denoting a fluid which does not flow until a critical stress has been 

reached. 

Variables which can influence the rheological behavior of a given 

system are: 1. size, shape and specific gravity of particles, 2. size 

distribution of particles, 3. volume occupied by particles, 4. ease of 

deforming the particles, 5. thermodynamic conditions of the system, and 

6. presence of electric charges in the system. 39 Particle shape has 

little influence on the viscosity of flocced suspensions but does affect 

well dispersed systems. *2 Smaller particles yield slightly more viscous 

slurries because they have greater specific surface area and thus greater 

solid/liquid interaction. 59 Excessive surfactant adsorption can also 

increase viscosity by increasing the hydrodynamic volume of particles. 

62 

Several explanations for various non-Newtonian deviations are used 

in interpreting rheological observations. If a suspension is somewhat 

flocculated then it will exhibit pseudo-plastic behavior. Floes occlude 

liquid in their interstices, making the dispersion appear more 

concentrated. At higher shear rates hydrodynamic stresses are sufficient 

to disrupt the loose floes, effectively releasing more solvent and 

thinning the slurry. Virtually all powder dispersions are shear-
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thinning, though extremely well dispersed, dilute suspensions can exhibit 

Newtonian behavior. (Often, slurries which are non-Newtonian at low 

shear rates appear Newtonian at high shear rates.) Dilatancy is observed 

in very concentrated dispersions which dense packing necessitates some 

order. Increasing shear rates disrupt the order, leaving inadequate 

solvent to fill the spaces. Thixotropic behavior occurs essentially for 

the same reasons as shear-thinning, and is in essence time dependant 

shear-thinning; once the floes have been disrupted by shearing the fluid 

there is some time required for them to reform, leaving the suspension 

temporarily less viscous. 

Using the above explanations, one can readily interpret rheological 

data and conjecture states of affair within the disperse system. Degree 

of dispersion and stability, both long and short term, are easily 

measured, and dispersant effect is usually quite obvious. Measurement 

technique is critical though. A different viscometer geometry or spindle 

speed will produce a different shear rate gradient and thus a different 

viscosity gradient, changing the measured viscosity of the slurry. For 

this reason it is advisable to use data solely for qualitative 

explanation of variable effects. 

There are standard techniques used in laboratory rheological 

evaluation. Usually, narrow gap concentric cylinder viscometers are used 

because these shear the dispersion enough to prevent settling or extended 

flocculation. 15.*6.56 it is typical for researchers to equate the lowest 

viscosity with best stability. However, viscosity data from various 
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Figure 1.4 

Illustration of behavior of non-Newtonian fluids. From Shaw (ref. 58). 
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sources cannot be compared directly; almost all dispersions are shear 

thinning, especially at low shear rates and thus viscometry conditions 

affect the measured viscosity. For this reason most viscosity data is 

indicated as apparent viscosity, with measurement conditions (either 

viscometer make and model, viscometer measuring attachment and spindle 

speed or shear rate) specified. Sometimes viscosity data are fit to 

semitheoretical curves 59 but the utility of these as regards ceramic 

processing is not established. 

1.2.2 SEDIMENTATION 

Standing without agitation will allow the dispersed particles to 

settle out (sedimentation). Settling rate and final sediment volume 

depend on particle stability, particle size, and dispersion parameters 

(e.g. fluid density, viscosity, particle concentration). For a spherical 

particle settling so slowly that fluid flow around the particle is 

laminar, the terminal settling velocity, V, can be described by Stoke's 

Law: 

V - gd2(Ds-Df)/18r? eqn 1.2 

Here g is gravitational force, d is particle diameter, Ds is density of 

solid, Df is density of fluid, and t] is the viscosity of the fluid. It 

is reasonable to assume disperse colloidal particles will settle under 

laminar flow conditions. In a concentrated slurry, particle interactions 

occur and slow the sedimentation rate (hindered settling). A means of 
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determining settling rates under such conditions is to treat the particle 

as though it were settling in a medium, and to substitute the medium 

density, Dm, for the fluid density,Df, in the Stoke's Law equation. 66 

Settling rate data is not obviously relevant to dispersion 

analysis. But according to the settling equation the settling rate is 

directly proportional to particle size squared. Agglomerated suspensions 

settle not as single particles but as large particles of somewhat lower 

density, increasing the overall settling rate and thus the rate of fall 

of the line separating the suspension from its clear supernatant. 

Settling rate data have been used to estimate flocculation rates and 

particle size52,7 but there is skepticism regarding the validity of such 

practice. 50 Typically the data are used for qualitative comparisons only 

and are fit to empirical settling equations. 7'10-61 

Another means of utilizing settling data is by measurement of final 

settling volume. Floes and agglomerates settle faster, but their 

structure prevents well ordered, dense particle packing (figure 1.5). 

Recommended practice with colloids, which settle very slowly during 

gravitational settling, is to perform centrifugal settling and compare 

final settling volumes as a means of assessing dispersants. 39 Final 

settling volume data have proven quite valuable in colloidal ceramics 

processing because they indicate well how dense of green bodies might be 

produced. 

Sedimentation is probably the second most common technique used in 

evaluating dispersions. Its advantages are simplicity, low cost, and 
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Figure 1.5 

Illustration of settled agglomerate (1.5.b) and sediment from well 

dispersed suspension (1.5.a). From Shaw (ref. 58). 
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easily interpreted results. Its disadvantages are antiquity, extended 

settling times are required, and aggregated dispersions are difficult to 

distinguish from deaggregated ones. 50 Centrifugal settling and 

measurement of final sediment density (as volume percent solid) is one 

means of rapidly obtaining settling data, and these data reveal well the 

possible green densities which might be obtained. Slow sedimentation 

allows the particles to form a more ordered, more dense compact, and 

there is less particle size segregation. For monosize spherical 

particles, the highest theoretically attainable sediment density is 74 

volume percent. Currently 50 volume percent is considered good, 

indicating a well disperse system. 11 

1.2.3 ELECTROKINETIC MEASUREMENT 

One means to asses the magnitude of particle surface charging is 

by measuring electrokinetic mobility. Charged, disperse particles will 

drift in the presence of an applied electric field. The diffuse part of 

the electric double layer will shear away, and the terminal drift 

velocity will depend on the magnitude of electric potential at the 

shearing plane (which believed at or close to the Stern plane). This 

electric potential is referred to as the electrokinetic potential or zeta 

potential. Several equations have been developed for the calculation of 

zeta potentials from electrokinetic data: the equations of Henry, Huckel, 

and Smoluchowski. They can be represented by the general form: 

Ue • C D f/i| eqn 1.3 
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where Ue is the electrokinetic mobility, D is the fluid dielectric 

constant, f is the zeta potential, t) is the fluid viscosity, and C is a 

constant which depends on system parameters. 

Electrokinetic measurements are vital in determining stabilization 

mechanisms. If measured stability closely follows zeta potential then 

it is reasonable to believe the system is stabilized by electrostatic 

forces. Often in systems stabilized by surfactant addition, zeta 

potential and surfactant adsorption data exhibit little similarity. 50 

Explanations for this have been suggested. It is possible that 

surfactant addition serves to move the slipping plane further from the 

particle. Also, some matters of fact (e.g. fluid viscosities increase 

in high electric fields, or the slipping plane might be located at a 

specific field strength in surfactant system) are contrary to assumptions 

of electrokinetic theory. The incongruities are not yet resolved. 

In practice, stabilization mechanisms are often determined from 

zeta potential measurements. Alumina dispersed in acetone showed 

decreased zeta potential and decreased stability (measured by 

sedimentation) as surfactant (RE 610, phosphate ester) concentration was 

increased. 2 Sodium citrate is used to stabilize alumina in water 

because it causes a large increase in the zeta potential. 55 One study 

of silver iodide sols in ethanol showed zeta potentials ranging from -41 

to -94 millivolts, and it was concluded that in polar organic solvents 

electrostatic stabilization was possible. 17 

Zeta potential determinations from electrokinetic measurements can 
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be used to compare various powders also. Alumina stabilized in water 

exhibited the highest zeta potential and lowest viscosity at a pH of 5; 

the zeta potential varied for powders from different manufacturers and 

ranged from 50 to 75 millivolts. 3,16 Another study compared the zeta 

potentials over a wide pH range for aluminas from a variety of 

manufacturers. Large differences in results were attributed to different 

calcination or chemical treatment during manufacture of the powder. 53 

1.2.4 PHOTON PARTICLE SIZING 

Photon particle sizing is accomplished via dynamic light scattering 

measurements. A very dilute suspension of colloidal particles is placed 

in a test chamber and laser light is passed through the slightly turbid 

sample. Intensity of light diffracted off suspended particles is 

measured at a specific angle away from the laser light (in this study the 

device measured 90° scattering) by a photomultiplier device. The 

intensity of scattered light decays as the particle drifts under the 

influence of Brownian motion. By assuming spherical particles and 

knowing fluid parameters, particle sizes are calculated from the rate of 

intensity decay. 

Though conceivably used for monitoring floe and agglomerate growth 

in unstable systems, this technique requires dispersions which are 

significantly less dilute than practical. If the dispersion is slightly 

too concentrated multiple scattering will occur, registering as a large 
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number of very small particles. This technique, like others, also lacks 

the ability to distinguish between different particle shapes. 

Particle sizing is not often used as a means of evaluating 

stability, though its use been suggested by more than one researcher. 11 

The primary drawback of particle sizing in general is the need for very 

dilute dispersions which are not representative of more practical 

concentrated systems. In one study in which a light scattering particle 

sizer was used, dispersions were prepared at 0.6 milligrams of alumina to 

100 ml of solvent. 2 Though flocculation data can be obtained, it would 

require additional research to correlate the results for predicting slurry 

stability from photon sizing data. 

1.3 CERAMIC MANUFACTURING PRACTICE 

1.3.1 INJECTION MOLDING 

Injection molding is a process in which a highly viscous ceramic 

slurry is forced into a mold. The nature of this process entails its 

production of somewhat defective green bodies and thus it cannot produce 

as high density and as strong ceramics as may be obtained by other 

techniques. However, dispersion is critical to reproducible mouldability 

and is worthy of discussion. 

Rheology of injection molding dispersions is distinctly different 

from that required for slip of tape casting. Ideal formulations will be 

pseudo-plastic or quasi plastic (Bingham solid), so." a dilatant 

formulation is undesirable as it would be difficult to mould and there may 
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be solvent/solid separation during molding. 19 A low viscosity (below 

1000 pa-sec) is desirable at molding shear rates (100 to 1000 /sec), but 

flocculated dispersions of high solids content (50-70 vol percent) must be 

used to obtain desired rigidity in molded bodies. 9,20 In general, 

rheology is most important in the region where the shear rate is lowest. 

20 

Particle size distribution and surface area are also significant, 

with narrowly distributed and high surface area powders being difficult to 

process. In order to obtain high green densities, one must use broad size 

distributions, with a bimodal distribution being optimal. High surface 

area and greater reactivity, though facilitate better sintering, reduce 

the mouldability by adversely influencing rheology. 1,5 Dispersants 

(processing aids) which have been used include menhaden oil, ammonium 

polyacrylate, steric acid and castor oil. 20-/'5 Though the deflocculation 

mechanisms are unclear given the high solids concentration, some must 

necessarily stabilize by electrostatic mechanisms. Some researchers have 

claimed that dispersants lower viscosity by lubricating particles23, but 

this notion seems somewhat ill-defined. An important feature of any 

successful dispersant is that it be compatible with the binder and 

plasticizers (e.g. low density polyethylene, polystyrene, polypropylene, 

ethylene vinyl acetate to name a few) in the molding slurry. 

Injection molding slips have been modeled by applying the methods of 

soil mechanics. To date wet extrusion of alumina can be accurately 

described using these techniques. 34 



40 

2.4.2 TAPE CASTING 

Tape casting is used to produce sheets of ceramic from 1 to 50 mils 

thickness. Most tapes are cast using a doctor blade type set up in which 

the slurry is cast onto a moving tape and the thickness of the tape is 

controlled by a micrometer adjustable blade supported above the tape. 

Normal operating viscosities are in the range of 2500-3500 cp though 

research on improved rheology has allowed researchers to use much lower 

viscosities (10 to 100 cp) with a typical tape casting shear rate of 

28/sec. 

Dispersants for tape casting are similar to the many listed for 

other applications, but phosphate esters have been particularly favored 

for alumina, titania, and zirconia, offering improved rheological 

characteristics over other surfactants. Slurries need to be somewhat 

pseudoplastic, but low viscosities are desirable for forming defect free 

thin tapes. With proper formulation of powder, solvent, binder and 

dispersant dense green tapes (60 percent theoretical) can be obtained. 6 

2.4.3 SLIP CASTING 

In slip casting processes, ceramic dispersions are poured into a 

porous mold, usually plaster of Paris, which absorbs solvent from the 

dispersion and leaves a layer of sediment on the mould wall. Ideally, one 

desires a very fluid slip with a high solids content ( >40 vol percent). 

Higher percent solids and better deflocculation clearly produce denser 

green bodies, but effects of particle size are uncertain. In a zirconia 
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silicate system smaller particles produced better packing, but the 

opposite was true of alumina. Though much research has been directed 

towards narrow size distributions and theory has been developed around 

monosize particles, in practice the best packing is obtained from powders 

having a broad size distribution. An optimal size distribution would fit 

the Andressian distribution equation: 

P - 100 (x/D)n eqn 1.4 

where P is cumulative weight percent finer than size x, D is the largest 

size in the distribution, and n is between 0.35 and 0.5. Such a size 

distribution allows the smaller particles to fill the interstices between 

the larger particles, resulting in a denser green state. 
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SECTION 2 

EXPERIMENTAL MATERIALS, EQUIPMENT AND PROCEDURES 

2.1 EXPERIMENTAL MATERIALS 

Sumitomo AKP-50 high purity alumina, lots number 7501 and 8501, was 

used throughout this investigation. Specific data provided with the 

alumina is in table 2.1. 

Table 2.1 Properties of Sumitomo Alumina 

Property lot HP—7501 lot HD-8501 

purity 99.99+% 99.99+% 

mean particle size 0.18/j 0.18p 

BET surface area 9.9 m2/g 10.4 m2/g 

Electron microscope photomicrographs of the powder are displayed 

in figures 2.1.a and 2.1.b. Large "as—recieved" agglomerates are shown 

in 2.1.a; these are on the order of 50 microns in size. Particles after 

milling are seen in figure 2.1.b. Thers are clearly not spherical. The 

surface of these particles is difficult to resolve. 

Secondary butyl alcohol, lot number 00701 ET from Aldrich was used 

as the dispersion medium (table 2.2). The purity was specified at 99% 

minimum; water analysis by Karl Fisher titration indicated it contained 



( 2 . 1 . a )  

( 2 . 1 . b )  

Figure 2.1 

SEM photomicrograhs of Sumitomo alumina used in this study. 

2.2.a Large agglomerates as received. 

2.2.b Primary particles after milling. 
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approximately 0.13% water. 

Table 2.2 Data on Butyl Alcohol 

Boiling point 98°C 

Density 0.808 g/cc 

Index of refraction 1.3971 

All experiments involved the use of the same surfactant, Gafac RE 

610 lot number 81, manufactured by GAF Chemical Company. RE 610 is a 

phosphate ester of approximately 1000 molecular weight, and is 60/40 

mixture of the monoester and diester. A diagram of the surfactant 

structure is shown in figure 2.2. It is an anionic surfactant because 

it can ionize to form and H+ and a phosphate ester anion group figure. 

Grinding media used were 6.3mm (1/4 inch) alumina grinding balls 

provided by Union Process Company. New balls were added as needed. 

2.2 EXPERIMENTAL PROCEDURES 

Attrition milling was used to disperse the alumina powder in the 

butanol. A laboratory model 01 Attritor (figure 3.1), manufactured by 

Union Process Company was selected because it can be run at very high 

specific power input, allowing rapid powder dispersion. Power input to 

the mill is controlled via a variac attached to the impeller motor. 

Different attachments allowed flexibility in sample preparation. For 

large volumes, a 750 ml alumina tank liner and "tefzel" coated steel 

impeller were used. This required approximately 620g grinding balls, 

leaving 235 ml milling volume of which approximately 220 ml slurry could 
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Illustration of the structure of phosphate ester. 

From Hudson et al (ref. 29). 
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be recovered. For smaller samples, a 150 ml "tefzel" coated microtank 

was used along with a tefzel coated steel impeller with lucite arms. The 

microtank required 72g grinding balls with 33ml tank volume available for 

grinding. Approximately 25 ml slurry could be recovered from the 

microtank. 

In preparing the slurries, the grinding balls and alumina were 

weighed and poured into the grinding tank. The dispersant was dissolved 

at 1/4 g/cc in the butanol, and was added by pipetting a proper amount 

of solution. Butanol was then added to the mill. Milling was initially 

performed for 1 hour at a variac setting of 65. This was later reduced 

to 30 minutes after it was determined that the lesser time was sufficient 

to disperse the powder. Careful weighing of grinding media indicated 

that media wear contributed approximately 1.5g of solids to the slurry 

under the 1 hr milling schedule. This increased the solids content 

total mass of solid in the slurry by 3% at most. It was assumed that the 

grinding media wear were not significant at the lower milling times. A 

cooling jacket which surrounds the grinding tank was always utilized, 

maintaining the temperature below 25°C. 

With the large tank, grinding media were separate from the slurry 

by pouring into a funnel with a small diameter tip. Samples were 

withdrawn directly from the microtank with a syringe. Rheological 

measurements were performed with a Brookfield model LVDV—II digital 

viscometer. Attachments used were: the LV spindle no. 1 which performs 

rotating cylinder type measurements, a UL adapter, which is of narrow gap 
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concentric cylinder geometry, and the Small Sample adapter, which is a 

rotating cylinder with a conical end in a narrow gap arrangement. 

Once the sample chamber was filled, it was attached to the 

viscometer, the spindle was put in place, and the viscometer motor was 

started. Viscosities then measured for a series of different spindle 

speeds, beginning with the highest and proceeding to lower spindle speeds 

and shear rates. It typically required 5—10 minutes to complete the 

viscometry of a given slurry. 

[All viscosity data were recorded as apparent viscosity. This is 

because the slurries were non-Newtonian, so rheological measurement 

conditions affect the observed viscosity. Thus, specifying apparent 

viscosity and viscosity measurement conditions is the best way to 

indicate how the results were obtained and how they may be reproduced.] 

Samples for sedimentation were taken from those used for 

rheological analysis. Typically, a small amount of slurry was withdrawn 

with syringe and placed into a 10 ml or 25 ml graduated cylinder, covered 

and allowed to stand. Settling tests were performed under gravity and 

thus required substantial settling times (months). 

Zeta potential measurements were performed to better understand how 

the surfactant and water concentrations contribute to particle stability, 

i.e. increasing zeta potential with increased stability would lead one 

to conclude that electrostatic stabilization is predominant. A Pen-Kem 

model 501 Laser Zee Meter was used for these measurements. Samples were 

not, however, prepared by milling. Instead, a Sonicator model W-375, 
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manufactured by Heat Systems Inc. was used to disperse the powder. A 

predetermined weight of powder was placed into a beaker with the desired 

amount of butanol, water, and surfactant. The mixture was stirred on 

magnetic stir plate and sonicated at 20% power for 30 minutes with a 70% 

duty cycle. The resulting slurry was then centrifuged and a slightly 

turbid sample, prepared by mixing clear supernatant with slurry, was 

placed into the test chamber for electrokinetic measurements. 

Measurements were done using a voltage gradient of approximately 40v/cm. 

A Nicomp Model 270 submicron particle sizer, manufactured by the 

HIAC/Royco division of Pacific Scientific, was used in photon correlation 

experiments. These experiments were performed to monitor the 

deaggregation of the alumina powder. Samples were periodically withdrawn 

from the slurry with a micropipette and diluted to a slightly turbid 

dispersion (approximately 1 drop of slurry to 25 ml butanol in a 

graduated cylinder.) The dilute dispersion was stirred and then the 

cylinder was placed in an ultrasonic bath for approximately 5 minutes to 

assure deflocculation. 

A Sybron/Barnstead conductivity bridge, model PM-70CB, was used to 

measure conductivity. Cell number 27799, with a .1 cell constant, was 

used with the bridge. Water was added dropwise to either butanol or a 

surfactant/butanol solution. Conductivities were recorded once the meter 

reading stabilized. 

Specific surface area was measured on a Monosorb direct reading 

surface area analyzer manufactured by Quantachrome corporation. 
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SECTION 3 

EXPERIMENTAL RESULTS 

3.1 OPTIMIZATION OF MILLING TIME 

It was initially presumed that the Sumitomo powder (mean size 0.18 

microns) could not be subjected to comminution, i.e. once the powder was 

deagglomerated and deaggregated there would be no reduction of particle 

size. However, in attempting to optimize the surfactant concentration, 

an experiment was performed in which slurry samples were withdrawn at 

20 minute intervals for viscosity measurement, and at the same time 

additional surfactant was added to the mill, increasing the 

surfactant/alumina concentration. The data obtained from this test are 

plotted in figure 3.1. It can be noted that the viscosity decreased as 

both the surfactant concentration and milling time were increased 

simultaneously. These unexpected results led to an experiment in which 

the slurry viscosity was monitored as a function of milling time, with 

no addition of surfactant during the course of milling. These data are 

in figure 3.2. (Note: Data were not collected below 20 min because 

viscosity measurements were unstable.) It is evident that the viscosity 

of the slurry increased sharply beyond a milling time of approximately 

40 minutes. In attempting to explain this result, specific surface area 

of milled and unmilled powder was measured to determine if the rise in 

viscosity with milling time was possible due to increased surface area 
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available for adsorption and depletion of surfactant from solution. 

These measurements (table 3.1) indicate that comminution of the Sumitomo 

powder may have been occurring in the attrition mill. 

Table 3.1 

Surface area measurements of samples attrition ground for various tte. 

Milling Time (min.) Specific Surface Area (m2/g) 

0 10.6 

60 11.5 

150 16.7 

Sumitomo powder, lot number 7501 

Use of dynamic light scattering to monitor milling was not 

successful. There was significant, irreproducible scatter in the data. 

This was due to the fact that the samples for particle sizing had to be 

diluted on the order of 1000 to 1. 

Based on the viscosity results the milling time was reduced to 30 

minutes for subsequent experiments, removing the milling time effect as 

a variable. 

3.2 SURFACTANT CONCENTRATION 

Figure 3.3 indicates the effect of surfactant concentration on the 

viscosity of the slurry. The optimum concentration for a 35 weight 

percent slurry in this system appears to be 0.024 g RE 610 / g Alumina. 

Sedimentation data shown in figure 3.4, concur well with this. For 

dispersions prepared at optimum and near optimum surfactant 
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concentrations, settling rates were much lower than for dispersions 

prepared at either significantly higher or lower concentrations. Lower 

settling rates are generally considered to be indicators of less 

flocculated suspensions. [It should be mentioned that the final packing 

densities for dispersions settled under gravity were much lower than for 

those settled in a centrifuge. The gravity settled suspensions ranged 

from 21.3 vol% to 28.8 vol%. Centrifugal settling produced packing 

densities closer to 50 vol%.] 

The data in figure 3.3, which relates the viscosity to surfactant 

concentration, are quite intriguing. Data were collected for surfactant 

concentrations ranging from 0.016g RE 610/g alumina to 0.032g RE 610/g 

alumina. Slurry viscosity decreased with surfactant addition until it 

reached a minimum at approximately 0.024g RE 610/g alumina. At 

surfactant concentrations greater than this, the viscosity increased. 

Recognizing the solvent used in this study was not anhydrous 

alcohol, it was decided to investigate the effects of water on the 

slurry rheological properties. 

3.3 EFFECT OF WATER ON DISPERSION STABILITY 

It is well known that water in non-aqueous systems can play a 

dominant role in modulating interfacial properties. Data in figure 3.5 

clearly indicate that the presence of water, even as little as 1/2 

weight percent (total weight of the slurry), had a significant effect 

on dispersion viscosity. The most common means of qualitatively 
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assessing dispersion stability is by measuring the viscosity (or shear 

stress) as the shear rate is varied. Slurries which exhibit less 

pseudoplasticity (shear thinning) are believed to be less flocculated 

and more stable against flocculation and coagulation. In figure 3.6 

increased water concentration significantly reduces the shear thinning 

of the slurry. Data in figure 3.7 show that with .5 g water added per 

g RE 610, relatively low viscosity, low shear thinning slurries can be 

produced with solids concentrations ranging up to 70 weight percent 

alumina. Without additional water, the 70 weight percent slurry was too 

viscous to separate from the grinding media. 

The effect of water was also monitored by making zeta potential 

measurements on dispersions. These measurements, made both with and 

without added water showed that the measured zeta potential decreased 

slightly, approximately 25%, water addition. Correlation of higher zeta 

potential with lower viscosity was not observed (figures 3.8, 3.9). 

One means by which water may aid the dispersion stability is by 

promoting the dissociation of RE 610. In order to ascertain this, 

conductivity measurements were made on sec-butanol/RE610 solutions with 

and without added water. The results, displayed in figure 3.10 show 

solution conductivity increased significantly with water addition. 

These data suggest that water is perhaps enhancing dissociation of the 

phosphate ester, thus promoting surfactant adsorption. 

3.4 SOLIDS CONCENTRATION EFFECT ON VISCOSITY 
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For engineering applications it is desirable to produce 

concentrated dispersions with good stability and desired rheological 

behavior by tailoring the dispersion composition. The goal of this 

research was to produce as concentrated a dispersion as possible with 

low viscosity and good long term stability. Figure 3.7 and 3.11 show 

how the viscosity varied as solid content was increased. For a 

dispersion prepared without additional water it was difficult to obtain 

reproducible data at 65 weight percent alumina. These dispersions were 

extremely viscous (apparent viscosity > 1000 cP), highly shear thinning 

and gelled rapidly. At 74.4 weight percent (40 volume percent), samples 

were so viscous that viscosities could not be measured (with the small 

sample adapter). With water added, measurement was possible on 

dispersions as high as 40 volume percent solids, and these exhibited 

much lower viscosities than those without water. Though shear thinning 

was still observed, stable dispersions with relatively low viscosity 

could consistently be produced. 
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Apparent Viscosity vs Mil l ing Time 
40 wt% AI203, UL odapter,  30rpm 
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Figure 3.1 

Variation of apparent viscosity of 40 wt.% slurry as milling time and 

surfactant concentration are increased simultaneously. (Initial 

surfactant concentration was .015g/g alumina, final concentration was 

.040g/g alumina.) 
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Apparent Viscosity vs Mil l ing Time 
40 wt% AI203, UL adapter,  3rpm 

20 40 60 80 100 120 140 

mill ing t ime (minutes)  

Figure 3.2 

Variation of apparent viscosity with milling time.(No additional 

surfactant was added; surfactant concentration was .0244g/g alumina.) 
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Apparent Viscosity vs Surfactant Cone. 
35 wt% AI203, LV #1 spindle.  60 rpm 
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Figure 3.3 

Variation of apparent viscosity with surfactant concentration. 
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Sett l ing Height vs. Time 
35 wt% AI203, vorious RE 610 conc.  
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Figure 3.4 

Settling height as a function of time. (Final sediment densities ranged 

from 21.3 vol% to 28.8 vol%.) 
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Apparent Viscosity vs Water Added 
50 wt% AI203, .024g RE610/g AI203 
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Figure 3.5 

Observed decrease in apparent viscosity due to addition of water. 

(Measurements were were with the small sample adapter at a shear rate 

of 39.6/sec.) 



80 -

Viscosity vs Shear Rate, 50 wt% 
.0244 g RE 610/ g H20 

40 

sheor rate (1/sec) 
,5g H20/ g RE 610 

20 -

no additionol woter 

Viscosity vs Shear Rate, 65% 
.0244 g RE 610/ g A1203 
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Figure 3.6 

Illustration of reduced shear thinning due to additional water. 
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500 

Viscosity vs. Shear Rate 
•  5g H20 added per g RE610 
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Figure 3.7 

Shear thinning at various solids concentrations. Slurries are nearly 

Newtonian up to 70 wt%. 
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Zeta Potential vs. Surfactant Cone. 
50 wt%, no addit ional  water 
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Figure 3.8 

Measured zeta potential compared to the surfactant concentration. Error 

bars indicate 1 standard deviation. 
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Zeta Potential vs. Water Added 
,0244g RE610/g AI203, 50 wt% slurry 
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Figure 3.9 

Measured zeta potential compared to the amount of additional water added 

to the slurry. Error bars indicate 1 standard deviation. 
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Conductivity vs. Water Content 
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Figure 3.10 

Conductivity of a pure water/butanol solution compared to that of a 

butanol/RE610/water solution at 25°C. 
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viscosity versus wt% sol ids 
.0244g RE610/ g AI203 
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Figure 3.11 

Comparison of slurry viscosities, those with additional water and those 

without. Viscosities measured on the small sample adapter at a 15.6/sec 

shear rate. 



65 

SECTION 4 

DISCUSSION 

One can now consider the results and combine the information from 

the various experiments to obtain answers for several questions which were 

raised at the beginning of this study: Can the Gafac RE 610 effectively 

stabilize the alumina powder in the sec-butanol, and if so, under what 

conditions and by what mechanism? Can the Sumitomo alumina be milled in 

an attrition mill? Which analytical techniques are suitable for assessing 

dispersion stability? These questions are each worthy of independent 

discussion. 

4.1 STABILITY 

The experimental results clearly show that GAFAC RE 610 can in fact 

provide desired stability. Settling data (figure 3.4) indicate long term 

stability at the optimum surfactant/alumina weight ratio for 35 weight 

percent slurries. But viscosity data and viscosity/shear rate data 

(figures 3.5, 3.6 and 3.7) indicate that without some additional water, 

dispersions with high solids content are not stable. Surprisingly, other 

researchers studying phosphate ester stabilized alumina dispersions have 

not noted whether water affects the rheological characteristics of the 

system.6,14,50 

Water contained in the as-received butanol was rather critical in 
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obtaining these results. At 35 wt. % solids, there is approximately 

0.092g water per g of surfactant; at 65 wt% alumina, the ratio drops to 

0.028g water per g surfactant. Figure 3.5 shows clearly that in this 

region of water to surfactant ratio the viscosity changes quite 

drastically. Figures 3.6 a,b, and 3.7 show that the addition of ,5g 

water with each g RE 610 significantly changes shear thinning along with 

the viscosity, and that reasonably stable high solids content slurries (40 

vol %, 74 wt%) could be produced. 

Given the results, one must question how the system compares to 

others and whether the rheological characteristics can be controlled well 

enough for engineering applications. Comparison with the many studies 

discussed in the literature is useful. It is somewhat difficult to offer 

direct comparison in cases where distinctly different systems were used or 

where viscosity measurements were performed at much higher shear rates. 

For example, Sacks55 reported near Newtonian behavior for several systems, 

but viscosities were measured at shear rates (40/sec to 300/sec) much 

higher than those used in this study. The shear rates used in this study 

ranged from 3/sec to 76.6/sec. Figures 3.6 and 3.7 show that shear 

thinning was more pronounced below 40/sec shear rate, and that above this 

even rather viscous slurries appeared to be nearly Newtonian. Other 

results, however, can be compared. Johnson35 studied 30 vol% alumina 

dispersed in p-xylene with oleic acid. His best dispersions had 

viscosities ranging from greater than lOOcP to 60cP over a shear rate 

range of 50/sec to 1800/sec. Besson et al6 tape cast alumina dispersed in 

MEK/ethanol with a phosphate ester deflocculant. Viscosities were 
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measured at a shear rate of 28/sec and were reported as low as 50cP for 

30.5 vol% slurries. It was noted that, for tape casting, a pseudoplastic 

slurry with low viscosity at casting shear rate (approximately 28/sec) is 

desired. Wilfinger and Cannon66 compared minimum attainable apparent 

viscosities for 12 different alumina/dispersant/organic solvent systems. 

For a given solvent (ethanol and MEK were used), the phosphate ester 

surfactants produced the lowest apparent viscosities. No mention was made 

of water content or its effects. 

Given these comparisons it seems clear that the phosphate ester can 

successfully stabilize the alumina for tape and slip casting, and given 

the effect of water, rheological behavior of high solid content slurries 

can be adequately controlled to allow slip and tape casting. 

Injection molding formulations are distinctly different. Mutsuddy 

reports'*5 desired rheological properties for injection molding to be in the 

range of 2000 Poise to 100 Poise in the region of 100/sec to 10,000/sec 

shear rate. Clearly this research is not directed twords to producing 

better dispersions for this application. 

4.2 MECHANISM OF STABILIZATION 

Based on the results, stabilization in this system appears to be due 

a steric or electrostatic/steric mechanism. Electrokinetic measurements 

(results displayed in figures 3.8 and 3.9) indicate that the zeta 

potential decreases slightly as surfactant and water concentrations are 

increased to levels at which the dispersions are stable. For purely 

electrostatic stabilization, the optimum rheological properties should be 
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obtained under conditions of high zeta potential. This is the case with 

alumina in water as studied by Amato and Martorana.3 Similar correlation 

was also observed by Sacks in more than one study.56,57 However, in this 

study and in other studies where phosphate esters were used as dispersants 

there has been no correlation between increased zeta potential and better 

dispersion rheology or stability. Data recorded by Ali et al2 in a study 

of alumina in acetone stabilized by RE610 indicate no relation of measured 

dispersion quality to increased zeta potential. Chartier et al.14 report 

decreasing viscosity and charge reversal as phosphate ester surfactant is 

added to a system of MEK/ethanol/alumina. All these data concur well, 

indicating stabilization is not purely electrostatic. 

Conductivity measurements (figure 3.10) show that conductivity of 

the butanol solutions increased almost linearly with water concentration. 

The two curves are nearly parallel, showing that the increase in 

conductivity in the butanol/RE 610/water solution is no greater than that 

observed for butanol/water solution. If water were causing dissociation 

of the RE 610, a much larger increase in conductivity would be expected 

from the addition of water. This suggests that water is not enhancing 

stability by increasing surfactant dissociation; some other mechanism must 

be operating. Hudson et al29 studied the adsorption of GAFAC RM-410 and 

GAFAC RS-410 (both commercially available phosphate esters) onto alumina 

and concluded that adsorption begins as an acid base reaction and 

proceeds, forming surface chemical complexes. It is reasonable to believe 

that water is contrubuting the stability either by affecting surfactant 

adsorption or by altering the surfactant molecule conformation. 
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It is difficult to explaint the rise in apparent viscosity at 

surfactant concentrations greater than what has been deemed optimal. This 

effect is well know, but no single explanation has yet been established. 

Possibilities include formation of surfactant micelles which decrease 

surfactant available for adsorption, bridging flocculation due to excess 

surfactant adsorption, or displacement of longer adsorbed molecules by 

shorter molecules which do not as well promote stability. 

4.3 MILLING OF SUMITOMO ALUMINA 

It is unclear if the Sumitomo alumina used in this study is being 

comminuted during the dispersion process. Data in table 3.1 indicate 

possible comminution. Data in figures 3.1 and 3.2 also suggest the 

possibility of the alumina being comminuted. It is otherwise difficult to 

explain the viscosity increase which was observed at long milling times 

(figure 3.2). Wearing of grinding media alone cannot account for this 

increase as media wear after one hour milling was measured at less than 2 

percent the mass of alumina powder originally placed in the mill (for a 35 

wt% slurry). Also, results in figure 3.1 , which were obtained by adding 

surfactant periodically to the mill during grinding, show that the 

viscosity continued to decrease as surfactant concentration and milling 

time were both increased beyond optimum. This was not the case when 

surfactant concentration or milling time were individually increased 

beyond optimum. These data are consistent with surface area being 

generated during milling. It is possible that after some equilibration 

time in the mill, some breaking of the alumina particles does in fact 
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occur. It is also possible, however, that surface area is being generated 

not via comminution but by increased particle surface roughness and 

production of a small ammount of extemely fine particles. Neither surface 

area analysis nor the viscometry are capable of distinguishing between 

these two possibilities. 

4.4 SUCCESS OF ANALYTICAL TECHNIQUE 

Several different techniques were used to assess the effects of the 

various parameters on dispersion stability. Figures 3.3 and 3.4 show two 

things: the viscometry technique and the sedimentation techniques both 

work well and correlate well. Both methods agree that the optimum 

surfactant/alumina weight ratio is approximately 0.024g/g. However, the 

sedimentation data are not sensitive to the subtle changes effected by 

water added to the dispersions. Figure 3.6 shows markedly decreased shear 

thinning and viscosity, but centrifugal settling of 50 wt% slurries 

prepared with and without water yielded final sediments of 48.5 vol% and 

45.6 vol% respectively, not nearly as drastic a difference as is noted in 

viscosity data. These suggest that both systems are well dispersed. 

Calvert et al11 used centrifugal settling as a means to asses dispersant 

effects. Final packing densities ranged from a low 14% (vol) for a 

dispersion with no deflocculant to 53.2% for a well dispersed system. It 

was noted that, in practice, a dispersion which settles to a sediment of 

50 vol% packing density is generally considered a good dispersion. 

Particle size analysis did not work well for this investigation. 

Data were extremely scattered and irreproducible. It was difficult to 
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determine if the observed results were real or merely instrument 

artifacts. Johnson35 attempted to use a dynamic light scattering particle 

sizer to evaluate his dispersions. Though some of his experiments showed 

mean particle size increasing with time (suggesting dispersion undergoing 

flocculation), many showed no measurable difference either as deflocculant 

concentration was varied or with flocculation time. Though it is probable 

that the particle size results are correct, there is little correlation 

between flocculation rates observed by dynamic light scattering and 

observed rheological behavior. 
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SECTION 5 

CONCLUSIONS 

This investigation was carried out to determine processing 

parameters for the Alumina/sec-butanol/RE 610 system. From the results 

the following conclusions can be drawn: 

1. The Gafac RE 610 phosphate ester surfactant can effectively 

stabilize dispersions of alumina in sec-butanol, but some water must be 

present for the dispersant to perform adequately at high solids 

concentrations (i.e. for most practical systems). 

2. Stabilization of the powder by the surfactant can be attributed to 

a steric mechanism because increased surfactant concentration only 

slightly affected the zeta potential. Additional water, which 

significantly increased measured stability, actually sightly decreased 

the zeta potential. 

3. Data suggest that colloidal size alumina may be undergoing 

comminution in the attrition mill. 

4. Both viscometry and sedimentation correlate well in revealing 

information regarding dispersion stability. Because there is a 

substantial difference in the time frames of these two techniques 

(minutes vs. months), their correlation suggests that surfactant 

adsorption kinetics are fast and measured stability is in fact long 

term. 
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