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Colloidal processing of ceramics is reviewed with an emphasis
on interparticle forces, suspension rheology, consolidation
techniques, and drying behavior. Particular attention is given
to the scientific concepts that underpin the fabrication of
particulate-derived ceramic components. The complex inter-
play between suspension stability and its structural evolution
during colloidal processing is highlighted.

|. Introduction

THE term “colloid” is used to describe particles that possess at
least one dimension in the size range 01 um. A distin-
guishing feature of all colloidal systems is that the contact area

between particles and the dispersing medium is large. As a result,

interparticle (or surface) forces strongly influence suspension
behavior. The study of colloidal phenomena, known as colloid

absence and presence of processing additives. In Section 1V, v
discuss the impact of colloidal stability and compositional effects
on the rheological behavior of ceramic dispersions. In Section V
we present an overview of conventional and emerging consolide
tion techniques used to fabricate ceramic components. In Sectic
VI, we examine the drying behavior of as-consolidated bodies. Ir
Section VI, we offer a perspective on the future direction of
colloidal processing. Our principal purpose is to elucidate the
structure—property evolution that occurs during colloidal process
ing before component densification at elevated temperatures. Tt
latter topic is beyond the scope of this review. The interestec
reader is referred to the review by Lanbevhich provides an
excellent description of microstructural evolution during densifi-
cation and its dependence on powder processing.

Il. Historical Perspective

science, has led to technological advances in numerous areas,

including ceramic processing, coatings, paints, inks, drug delivery,
and even food processing.

Colloidal processing offers the potential to reliably produce
ceramic films and bulk forms through careful control of initial
suspension “structure” and its evolution during fabricafiohiT his

Ceramics have been processed by colloidal routes for sever
millennia. The ancient crafts principally involved clay-based
ceramics, with the earliest developments dating back to hanc
formed pottery in 7000 BC and hand-thrown pottery in 3500
BC*® Many of the traditional forming methods used today,

approach involves five basic steps: (1) powder synthesis, (2) including slip casting, extrusion, filter pressing, and dry pressing
suspension preparation, (3) consolidation into the desired compo-originated in the 1700s and 18008.In the early 1900s, research
nent shape, (4) removal of the solvent phase, and (5) densificationactivities focused on understanding the behavior of clay-base
to produce the final microstructure required for optimal perfor- systems and characterizing ceramic crystal structures.

mance. Unintentional heterogeneities (or defects) introduced in  Colloidal processing of ceramics has emerged only recently a
any stage of the fabrication process persist or become exacerbate@ scientific field of research. The pioneering work of ceram-
during densificatiort. Hence, there is a continual drive toward ists?’*°who first demonstrated the important relations betweer
improved understanding of colloidal stability and assembly to structure, properties, and processing of ceramics; of researc
achieve the desired spatial distribution of phases (including poros- ers!*~**who developed novel synthetic pathways for producing
ity) in as-consolidated bodies. ceramic powders with controlled purity, morphology, and size; anc

The purpose of this paper is to review colloidal processing of of colloid scientists, who developed the theoretical framework for
ceramics, including related areas of colloid science. Particular modeling colloidal interactions in suspensior® as well as
emphasis is given to advances made in recent decades. In Sectiotechniques for directly measuring such foré&s>*have provided
Il, we provide a historical perspective from ancient crafting to the scientific foundations of this field. Indeed, it is the interplay
emerging approaches. In Section IIl, we outline the various types between these groups of researchers and the collective body
of interparticle forces, including van der Waals, electrostatic, knowledge generated that has led to the significant advance
steric, and depletion forces, that govern colloidal stability in the outlined in the remainder of this review.

The clay—water system, the first colloidal system to be studiec
extensively, is featured prominently in several ceramics texts.
This system serves as a basis for many traditional ceramics. Cle
particles have a platelike morphology commonly consisting of
negatively charged faces and positively charged edges whe
suspended in a polar solvent, such as water. These particles reac
undergo cation exchange reactions, swelling, adsorption, and ev:
intercalation of organic species to alter their surface charge
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chemistry, and crystal structufé Processing of clay-based ceram Solid freeform fabrication (SFF) of ceramics is a novel method
ics is aided by their inherently plastic nature, which provides for producing complex components with locally controlled com-
excellent shape-forming capabilities. The plasticity of clay suspen- position and structure. Several SFF techniques have been dev
sions results in part from their tendency to form the “house of oped, including three-dimensional printing (30P)ypbocasting?
cards” structure shown in Fig. 1. This aggregated particle network stereolithography? computer-aided manufacturing of laminated
results in an appreciable yield stress (refer to Section V) that engineering materials (CAM-LEM)? and fused depositio?r.
allows component shape to be maintained after the applied Some routed°2 rely on the colloidal approach to produce
forming pressure is removed. Aqueous clay suspensions continuefeedstock with the desired rheological and consolidation behaviol
to serve as an archetype for our field. while other§3>°require high organic loading. Although originally

Unlike clay-based systems, plastic systems must be engineereddeveloped for rapid prototyping, SFF techniques offer potential fo
for ceramic suspensions that serve as feedstock for advancedorming specialized ceramic components.
ceramic components. This can be accomplished by incorporating
organic processing additives, such as polymers and plasticizers. )
These species serve to modify rheological behavior and impart lll. Interparticle Forces
handling strength to as-formed ceramic bodies. Their presence,
however, poses significant challenges, especially for components
of large dimension and/or high binder loading. For example,
undissolved organic specfésor uncontrolled decomposition +e
actiong” generate defects during binder removal. Moreover, the
debinding times required for complex parts, such as injection-
molded engine components, are typically long, on the order of
several day$’~2°

Two decades ago, Bowen and co-worRersproposed that
binder-free, monodisperse colloidal suspensions were optimal for
achieving the microstructural homogeneity required for functional
ceramics. Unfortunately, these systems lacked the desired plastic
ity mentioned above. Furthermore, they did not yield ceramic
bodies with a monomodal pore-size distribution, even when
crystallization occurred during consolidatiéi® Despite these
limitations, monodisperse colloidal systems (e.g., those based on
silica spheres) have served as excellent model systems for the
study of aggregatiof:—>° rheological’®~*° sedimentatiof®—*2
and drylng phenomeﬁé:’, . Vtotal = VvdW + Velect+ Vsteric+ Vstructural (1)

Lange and co-workef$“° proposed a new paradigm for pew
der processing in the early 1990s. Their approach embodied manywhereV, 4, is the attractive potential energy due to long-range var
principles that guided earlier efforts, including use of powders with der Waals interactions between particlég, ... the repulsive
controlled size, morphology, and purity; no added binder; and potential energy resulting from electrostatic interactions betwee
dispersion controf. However, their purpose was to induce a like-charged particle surfaceg,,..the repulsive potential energy
“claylike” response by tailoring interparticle forces in suspension.
Specifically, the colloidal system of interest was first prepared in
the dispersed (stable) state to effectively eliminate powder ag-
glomerates—a important source of unwanted defects—via milling,

Through careful control of interparticle forces, colloidal sus-
pensions can be prepared in the dispersed, weakly flocculated,
strongly flocculated states, as shown schematically in Fig. 2. In th
dispersed state, discrete particles that exist in the suspension rej
one another on close approach, provided the repulsive barrier
>>k,T. In the weakly flocculated state, particles aggregate in ¢
shallow secondary minimum (well depth 2—-20k,T), forming
isolated clusters (or flocs) in suspension at volume fractions beloy
the gel point ¢ < ¢g) or a particle network at higher volume
fractions (b = dge). In this case, an equilibrium separation
distance exists between aggregated particles. In contrast, particl
aggregate into a deep primary minimum in the strongly flocculatec
(or coagulated) state, forming either a touching particle network o
individual clusters in suspension, depending on their concentre
tion.

Colloidal stability is governed by the total interparticle potential
energy,Vioiary Which can be expressed as
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Fig. 2. Schematic illustration of the relationship between the total
Fig. 1. Schematic illustration of clay particles suspended in water: (A) interparticle potential energy and the resulting suspension structure. (O
individual particle and (B) aggregated particle network formed because of dinate axis is generally scaled kJ; i.e., energy resulting from thermal
the attraction between oppositely charged faces and edges. fluctuations.)
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Glossary of Terms

a particle radius Viotal total interparticle potential energy
agep  depletant radius Viaw van der Waals potential energy between particles
A Hamaker constant \Y; molar volume of colloidal phase
A(h) Hamaker function W stability ratio
A,  specific surface area z position
b proportionality constant z valence of ions of typé in solution
D permeablllty o « fraction of ionizable groups along polyelectrolyte
E applied electric field chain
fu  Henry constant 8  adsorbed layer thickness
F Faraday constant 9 phase angle
g  gravitational constant Ap  density difference between colloidal particles and
G’ dynamic storage modulus suspending medium
G" dynamic loss modulus AP
ressure dro
G* complex shear modulus P b

€ permittivity of free space
A relative dielectric constant
M apparent viscosity

Nequil plateau apparent viscosity
Mo solution viscosity

G, dimensionless dynamic storage modulus
Gy dimensionless dynamic loss modulus
: plateau dynamic storage modulus
minimum separation distance between particle

surfaces - . .
H layer thickness MNrel relative viscosity
Hoq  equilibrium height Y  shearrate o .
3 liquid flux Yiv surface tension of Iqu|Q—vapor mtgrface
k  rate constant for flocculation of given colloidal Iags  mass of adsorbed species per solid surface area
system K Debye—Huckel screening length
k,  Boltzmann constant W,  surface potential
ko  rate constant for fast, irreversible flocculation mo  chemical potential of solvent _
K hydrodynamic shape factor Mpoly chgmlcal potgntlal of polymer solution
lesp  length scale for capillary migration of liquid v Poisson’s ratio _ _ _ _
m power-law exponent b volume fraction of colloidal particles in suspensio
Mac2) molecular weight of adsorbed species 5 average volume fraction of segments in adsorbed
n power-law exponent layer
N number density of colloidal particles in suspension bgep  Volume fraction of depletant species in solution
N; number density of ions of typein solution Perr effective volume fraction of colloidal particles in
Peap capillary pressure suspension
P, compressive yield stress bgel volume fraction of colloidal particles in suspension
Pe Peclet number at the gel point
P(?  applied stress at positian bmax  Maximum volume fraction of colloidal particles in
n hydraulic radius _ suspension
r,  characteristic pore radius ®(2)  local volume fraction of solids at positian
R gas constant I osmotic pressure
R’f tiRrr?gnmd s number I,  Osmotic pressure of polymer solution

p density of solution
P2 density of adsorbed species
Ps density of colloidal particles
o, plane of charge
Og4ecay ~ Oecay stress measured during drying
O max maximum stress measured during drying
Oise rise stress measured during drying

T temperature
gel temperature
Uo terminal settling velocity
vy molar volume of solvent
Vgep  depletion potential energy between particles
resulting from nonadsorbed species
Ve evaporation rate

V... electrostatic potential energy between charged Oresiquar  esidual drying stress _
particles O compressive stress imposed on particle network
Vo, molar volume of solvent during drying
Vinax maximum repulsive barrier height T shear SFress
V,.in  depth of secondary minimum 7,  shear yield stress
steric steric potential energy between particles resulting [ fr_equen_cy
from adsorbed species 0y dimensionless frequency
Verueturar  Structural potential energy between particles X Flory—Huggins parameter
resulting from nonadsorbed species 4 zeta potential

resulting from steric interactions between particle surfaces coatedparticles suspended in polar liquids, is a cornerstone of moder
with adsorbed polymeric species, an . c..r the potential colloid science.

energy resulting from the presence of nonadsorbed species in

solution that may either increase or decrease suspension stability.

The first two terms of Eq. (1) constitute the well-known DLVO ~ (1) van der Waals Forces

theory developed by Derjaguin and Land&and Verwey and Long-range forces resulting from van der Waals (vdW) inter-
Overbeek.” This theory, which predicts the stability of colloidal — actions are ubiquitous and always attractive between like particle:
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Voqw €Xhibits a power-law distance dependence whose strengththe dielectric properties of the intervening medium. Exact analyt
depends on the dielectric properties of the interacting colloidal ical expressions for the electrostatic potential energy cannot b
particles and intervening medium. For spherical particles of equal given; therefore, analytical approximations or numerical solution:s
size,V,qw IS given by the Hamaker expression: are used. For spherical particles of equal size that approach ol

another under conditions of constant potentiél..is given by

A 2 2 -4
Vigw = — A + 2 +In & (2 Ve = 2TEE€0aWE IN[1 + exp(—kh)] 4)
wheres is provided ka is sufficiently large &10). In contrast, when the
double layer around each particle is extensika € 5), Vgject IS
2a+h given by
s= 3 )
a Veieet = 2mE€0aW 5 exp(—kh) (5)

and whereh is the minimum separation between the particle whereg, is the dielectric constant of the solvegg,the permittivity
surfacesa the particle radius, ané the Hamaker constaft:>® of vacuum, ¥, the surface potential, andklthe Debye—Hukel
Various methods of calculating are described in a companion  screening lengthk is given by

review by French’ as well as in Refs. 58—60. Experimentally

. . . . . 1/2
determined values for several important ceramic materials inter- FZE Nz’
acting under vacuum and across water are provided in Table _ i
1.5°=%1 To account for retardation effects, use of a distance- K=\ e ekT ©

dependent Hamaker functiod\()) is advised when interactions

of interest exceed-5 nm _ where N; and z are the number density and valence of the
Long-range, attractive vdW forces between particles must be counterions of typd, and F the Faraday constaff. ¥, results

mitigated during colloidal processing to achieve the desired degreefrom the dissociation of amphoteric hydroxyl groups present or
of suspension stability. One approach is to render this force oxide surfaces and depends on pH and indifferent electrolyt
negligible by suspending particles in an index-matched solvent. concentration. It can be estimated from the zeta potentjpl (
This has been demonstrated previously for silica and polymer- which measures the electrostatic potential at, or very near to, th
based latices, which exhibit hard-sphere behavior in an appropriatepeginning of the diffuse double layer.

nonagueous solvent (refer to Fig.2).**However, this approach As predicted by DLVO theory, dispersions can be renderec
is of limited practical importance because of the high index of unstable by either increasing ionic strength or adjusting pH towart
refraction of most ceramic powders. One must therefore rely on the isoelectric point (IEP) (refer to Table I1). For example, Lange
some type of interparticle repulsion, such as electrostatic, steric, orand co-worker&*®” produced weakly attractive, aqueous alumina
depletion forces, to overcome the vdW attraction, as illustrated in suspensions at pH conditions below the IEP point and found the

Fig. 3.

(2) Electrostatic Forces

The stability of aqueous colloidal systems can be controlled by consolidated under modest applied pressures to densities a
generating like-charges of sufficient magnitude on the surfaces of proaching those attainable in dispersed syst®imis. contrast,
suspended ceramic particles. The resulting repulgiyg,exhibits
an exponential distance dependence whose strength depends on theH toward the IEP of the colloidal system of interest, thereby
surface potential induced on the interacting colloidal particles and inducing coagulation, as shown in Fig. 4 (refer to Section V).

Table I.

Nonretarded Hamaker Constants for Ceramic

Materials Interacting under Vacuum and across Water at

298 K’

Hamaker constant(10 2° J)

the yield strength increased with increased electrolyte concentr:
tion. These attractive networks were much weaker than thos
produced by flocculating the system at its IEP (p18.5). Because

of the weak attraction between particles, such slurries could b

Gauckler and co-worket$47 utilized enzymatic reactions to shift

For multicomponent ceramic systems, it may be desirable t
work in a pH range where opposite charges are induced o
different colloidal phases. This approach, termed heteroflocculz
tion, prevents unwanted phase segregation from occurring durin
processing. Langeet al' demonstrated this effect in aqueous
alumina—zirconia suspensions. When processed in a pH ran
below the respective IEPs of both phases (e.g., pH 2.5), th
dispersed system underwent a dramatic phase segregation duri

Material Crystal structure Under vacuum Across water . Bt _ )

centrifugal consolidation. However, at an intermediate pH'X
0L-A|ZO§ Hexagonal 15.2 3.67 between their respective IEPs, aggregation led to an intimat
BaTiO; Tetragonal 18 8 mixture of these phases that was not disrupted during consolid:
BeOf . Hexagonal 14.5 3.35 tion.
e Trigonal | 10.1 1.44 Electrostatically stabilized suspensions are kinetically stable
ﬁds Hexagona 11.4 3.4 systems, where the rate of doublet formation is controlled by th

gAl,, 0, Cubic 12.6 2.44 bil AN
MgO Cubic 12.1 2.21 stability ratio, W.
Mica Monoclinic 9.86 1.34 K
6H-SiC Hexagonal 24.8 10.9 W= -2 @)
B-SiC Cubic 24.6 10.7 k
B-SisN, Hexagonal 18.0 5.47
SigN, Amorphous 16.7 4.85 Viad Ko T
SiO, (quartz) Trigonal 8.86 1.02 = ex%zi> (8)
io, Amorphous 6.5 0.46 Ka

SrTiOg Cubic 14.8 4.77 . . ) . )
Tio,* Tetragonal 15.3 5.35 whereV,,., is the maximum repulsive barrier heiglkt, the rate
Y,0, Hexagonal 13.3 3.03 constant for fast irreversible flocculatiok,(= 4k,T/37p), andk
ZnO Hexagonal 9.21 1.89 the rate constant of flocculation for the system of interest. The
ZnS Cubic 15.2 4.8 stability ratio exhibits an exponential dependenceVgp, and a
ZnS Hexagonal 17.2 5.74 linear dependence on the normalized electrostatic double-lay:
3Y-Zr0, Tetragonal 20.3 7.23 thickness ka)™%, as shown in Eq. (8). For an aqueous suspensiol

TReference 61. *Average.

containing 60 vol% solids (500 nm in diameter), a characteristic
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Fig. 3. Schematic illustration of the interaction potential energy and relevant length scales for (A) electrostatic, (B) steric, and (C) structowdbosntri
wherek 1 is the effective double-layer thicknessthe adlayer thickness, amdthe characteristic size of species resulting in ordering within the interparticl
gap. (For depletion forces; is approximately the depletant diameter, whereas, for solvation foscssapproximately the solvent diameter.)

Table Il. Isoelectric Points of
Ceramic Materials’

Material

m
e}

a-AlL,O4

3Al,0,-2Si0,

BaTiO,

CeG,

Cr,04

CuO

Fe;0,

La,0O4

MgO

MnO,

NiO

SiO, (amorphous)
isN,

SnG,

TiO,

ZnO

Zro,

TTE

(N
PENOQ20NO

W o wRerAPRO Nooo
Lltd}]

perner
[©2 )]

o
=

Salt Concentration (mol/l)
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Fig. 4. Stability map of a concentrated aqueous alumina suspension as
function of varying pH and salt concentration. (Liquid solid transition

TReferences 6 and 165.

aggregation timet) of ~0.02 s is predicted for rapid flocculation,
wheret = 1/Nk, and N the particle number densif{. In the

ionic strength.) (Adopted from Refs. 46 and 47.)

can be promoted by either a shift in pH toward the IEP or an increase i

over the repulsive barrier, further reducing suspension stabili
ty.? In practice, it may be difficult to effectively design stable

presence of a repulsive barrier, this characteristic time is extendedsuspensions based only on electrostatic stabilization. Particl
considerably, as shown in Fig. 5. This analysis assumes a systensolubility concerns may limit the working pH range, whereas an

in which only Brownian motion acts to bring particles together.
During colloidal processing, external forces can “push” particles drying shrinkage.

extended double-layer thickness may lead to unacceptabl
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Their close approach can be divided into two domadirtee
interpenetrational domain §( < h < 28)* and the
interpenetrational-plus-compressional domamn<{ §).°® When
modeling homopolymer adsorption, a pseudohomopolymer ffibdel
is used to describe the mixing interactions that occur in the regior
d < h < 23, while the uniform segment model describes the
] mixing and elastic interactions that occur at smaller separation:

Unmblcl h < 8. The pseudohomopolymer model accounts for chair
10°[ conformations other than tails (i.e., trains and loops) that ar
expected for such species. In the dom@irc h < 28, Vgic IS

4 .

10"k given by

10k Vinax v _ 32mak,T$3(0.5— x) s M° o

102 steric, mix — 5V184 - E ( )
-3 v h _

! where ¢3 is the average volume fraction of segments in the
g adsorbed layer measured as 0;3the Flory—Huggins parameter)
10° / . : . . a measure of solvent quality, the molar volume of solvent, and

0 5 10 15 20 25 30

35 h the interparticle separation. At smaller interparticle separation
(i.e., h < 8), the polymer segment density is assumed to be
uniform, and elastic contributions dominate the interaction poten
Fig. 5. Plot of characteristic aggregation time versus maximum repulsive tial energy. In this domain/geis given by the sum of the mixing

potential for an aqueous ceramic suspension (60 vol% solids, 500 nm in (Vsteric,mi) @Nd elastic Ysieric,e) terms:

SLz\hlcT

ol

.

al

™l

Characteristic Aggregation Time (sec)

Maximum Repulsive Potential, V (kT)
max

diameter). 4mad?k,TH305—x) (h 1  h
Vsteric, mix — Vl <28 4 ln 8)
. (10)

(3) Steric Forces 2makTo%,32 (h [h /3 — his\2

Steric stabilization provides an alternate route of controlling Veeric. ol = $ {7 [7 <7> ]
colloidal stability that can be used in agueous and nonaqueous ' M2 5 5 2
systems. In this approach, adsorbed organic molecules (often 3—h/s h
polymeric in nature) are utilized to induce steric repulsion. To be - In(T> ( - g>}

effective, the adsorbed layers must be of sufficient thickness and
density to overcome the vdW attraction between particles and to
prevent bridging flocculation. Such species should be strongly
anchored to avoid desorption during particle collisions. The
conformation of adsorbed layers can vary dramatically, depending
on solvent quality, molecular architecture, number of anchoring
groups, active surface site density, and colloid and organic
concentrations in solutioff As an example, schematic illustra
tions of such layers adsorbed on ideal ceramic surfaces are show!
in Fig. 6 for varying molecular architectures, including homopoly-
mers, diblock copolymers, comblike copolymers, and functional-
ized short-chain dispersants.
Steric interactions occur when particles approach one another at
a separation distance less than twice the adlayer thicki®dss ( (4) Electrosteric Forces
Polyelectrolyte species are widely used additives that cal
impart electrostatic and steric stabilization to a given colloidal
dispersion’? Such systems are often referred to as electrostericall
stabilized. Polyelectrolytes contain at least one type of ionizabl
) ) group (e.g., carboxylic or sulfonic acid groups), with molecular
architectures that range from homopolymers, such as poly(acryli
acid), to block copolymers with one or more ionizable segments
Polyelectrolyte adsorption is strongly influenced by the chemica
(A) ®) and physical properties of the solid surfaces and solvent metfium.
For example, adsorption is strongly favored when polyelectrolyte
species and the colloid surfaces of interest carry opposite chidrges
At small adsorbed amounts, such species can promote flocculatic
either via surface charge neutralization or bridging mechanism:
At higher adsorbed amounts, particle stability increases because

Ig long-range repulsive forces resulting from electrosteric interac
15 tions’® For a given system, the adsorption behavior and cenfor
mation of polyelectrolyte species can be modulated by tailoring
solvent conditions (e.g., pH and ionic strength). For anionic
(D)

polyelectrolytes, the degree of ionization)(increases with
increasing pH3747®Such species adopt a compact coil corfigu
ration in solution at low pH{ — 0) and adsorb in a dense layer

where p, is the density andV§ the molecular weight of the

adsorbed species. Other adlayer configurations (e.g., block copol
mers) are better modeled using alternate expressions provided
Ref. 69. As predicted, such dispersions can be rendered unstat
when solvent conditions become poor (ix¢.> 0.5). Francis and

co-workerg® produced asymmetric ceramic—polymer membrane:
with controlled pore structures via coacervation by immersing

amples in a poor solvent. Alternately, Bergairand Sjostim’*

induced reversible flocculation in nonaqueous ceramic susper
sions by changing temperature, which also decreased solvency.

©)

Fig. 6. Schematic illustrations of adlayer conformation on an ideal

ceramic surface as a function of varying molecular architecture: (A) ) P
homopolymer, consisting of tails, loops, and train configuration; (B) of large massi(,qJ and low adlayer thickness); as shown in Fig.

diblock copolymer, consisting of short anchor block and extended chain /- IN contrast, when fully ionized(— 1), anionic polyelectrolytes
block; (C) comblike copolymer, consisting of extended segments attached @dopt an open coil configuration in solution because of interseg
to anchored backbone; and (D) functional, short-chain dispersant, consist-ment repulsion. These highly charged species would adsorb in
ing of anchoring head group and extended tail. open layer of lowl",4.and highg, also shown in Fig. 7376="8At
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lonic
strength

Fig. 7. Schematic illustration of adsorbed anionic polyelectrolyte species
on an ideal ceramic surface as a function of pH and ionic streRgehtfie
adlayer thickness andl, the plane of charge).

high ionic strength, however, screening effects can mitigate
intersegment repulsion altering adlayer struct{fr&
To accurately model colloidal interactions in the presence of

polyelectrolyte species, assignments of the vdW plane, the plane of

charge §,), and the steric interaction lengtl)(are of critical
importance (refer to Fig. 7). Theoretical treatments of such
interactions have varied significantly from assuming that double
layer, vdW, and steric forces all originate at the polyelectrolyte—
solution interfacé’ to assuming that double layer and vdW forces
originate at the solid—polyelectrolyte interface and steric forces
originate at the polyelectrolyte—solution interféfe Recently,
Biggs and Heal{? directly measured such interactions between
zirconia surfaces with adsorbed poly(acrylic acid) (M#W2000
g/mol) using atomic force microscopy (AFM). At low pkt (= 0),

they observed that the steric interaction length and calculated plane
of charge (estimated from the normalized force versus separation

distance curves) were coincident and occurrednm away from

the bare particle surfaces. As pH increased, they observed a

dramatic increase in the steric interaction length, with almost a
10-fold increased ~ 10 nm) at pH 9. Simultaneously, they found
a more modest shift for the calculated plane of charge away from
the particle surface, which doubled t2 nm under the same pH
conditions. As their results illustrate, the plane of charge is often

located at some intermediate distance between the solid—polyelec

trolyte and polyelectrolyte—solution interfaces. One would expect
this location to depend strongly on the polyelectrolyte architecture
and solution properties of a given system.

(5) Depletion Forces

Depletion forces occur between large colloidal particles sus-
pended in a solution of nonadsorbing, smaller species (e.g.,
polymers, polyelectrolytes, or fine colloidal particles). Such spe-
cies, known as depletants, may promote flocculatiostabiliza-
tion of primary colloidal particles. Depletion denotes the existence
of a negative depletant concentration gradient near primary parti-
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concentration in solution relative to solvent species, depletar
effects on suspension stability can be quite dranfatichis results
because of the characteristic length scale of such interaction
which can be several nanometers or greater, depending on tt
effective depletant diameter (refer to Table Ill). For unchargec
depletant specied/,,, is given by*

ViedN) = 0 forh > 2age,
adb2 KT
Vied\) = f)(;ai(p (12 — 45\ + 60N? — 30\% + 3\9)
for 4age, > h = 2a4e,
3abekT  adple kT
ViedN) = — boeT | abief (12 — 45\ — 60N?)

2adep 10adep

forh < 2ag, (11)

whered 4, is the depletant volume fraction in solution and=

(h = 2a4.9/2a4., This expression accounts for second-order
concentration effects and assumes that the depletant species car
modeled as rigid, uniform spheres. Interactions resulting from the
presence of charged depletant species (e.g., nonadsorbed polyel
trolytes or fine colloidal particles) would be better modeled by the
equations provided in Ref. 81.

Otherwise stable dispersions are known to undergo transition
from stable— depletion flocculation— depletion restabilization
with increasing depletant volume fractiBh®”-28 Destabilization
occurs when such species are excluded from the interparticle ga
resulting in an osmotic pressure difference that promotes floccu
lation*°2° Ogden and Lewf& recently conducted the first sys
tematic study of depletant effects on the stability of weakly
flocculated, concentrated colloidal suspensions. Their observatior
have shown that the stability of such systeomsy improveswith
increasing depletant additions. Such observations were attribute
to the presence of a repulsive barrier (estimated to be of the ord:
of KT or greater), occurring before the exclusion of depletant
species from the gap region (refer to Fig. 3(C)). Clearly, the ne
impact of depletion forces depends strongly on the initial systen
stability in the absence of such species.

VI. Suspension Rheology

The rheological behavior of colloidal dispersions is among theil
most important properti€€. Rheological measurements monitor
changes in flow behavior in response to an applied stress (c
strain). Suspension, structure, and, hence, stability can be inferre
from the observed behavior. The critical parameters of interes
include the apparent viscosityj), the yield stress under sheapX
and compressior?(), and the viscoelastic properties (i.e., the loss
(G") and elasticG’) moduli) of the system. Such parameters must

e tailored for the specific forming method used during ceramic:

processing (refer to Section V). Most emerging forming routes
require concentrated colloidal systems, withapproaching 0.6.
Although this is readily achieved in model hard-sphere systems
ceramic suspensions often consist of irregularly shaped particle
with adsorbed and/or nonadsorbed processing aids that serve
effectively decrease the solids loading.

Table lll. Typical Dimensions of
Nonadsorbed Polymer Species in Solution

cle surfaces. The concentration of rigid depletant species decreases

. . 8 . Molecular weight (g/mol)
at bare particle surfaces and increases to its bulk solution value at

Characteristic size (nm)

some distance away from these surfaces. This distance, known as 10° 2
the depletion layer thickness, is of the order of the depletant 10* 6
diameter (2,.). Recent theoretic®* and experiment&f evi- %82 28

dence has revealed that the depletion force has the same origin and
form as structural (solvation) forc&8-8¢ Despite their low

TReference 68.
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(1) Types of Flow Behavior (C) Compressive Flow Behavior:Compressive rheology, pi-
(A) Viscous Flow Behavior: The apparent viscosityn] is oneered by BUSCE}ﬂ% allows one to determine the osmotic
related to the applied shear stresy énd shear rateyj by the pressurel(l($)) for dispersed systems and compressive yield stres
following expression: (Py(d)) for flocculated systems that must be overcome to promote
consolidation. Several techniques can be used to measure t
T=1y (12) compressive flow behavior of colloidal suspensions, including

gravitational sedimentatioh?* pressure filtratior?> osmotic con

Various types of flow behavior can be observed under steady shearsolidation?? and centrifugatiorf:*>=°%In centrifugation, this prop
depending on suspension composition and stability, as shown inerty can be assessed by measurement of either sediment heigh
Fig. 8. Newtonian behavior is the simplest flow response, where multiple spinning speeds, volume fraction profile during centrifu-
viscosity is independent of shear rate (see curve (a) in Fig. 8). gation by destructive sectioning, gfray densitometry. A sche-
Pseudoplastic or shear-thinning behavior occurs when the viscos-matic illustration of the coordinate system for the centrifugation
ity decreases with shear rate (see curve (b)). This response can benethod is shown in Fig. 10. The stress acting on any posttian
accompanied by a yield stress whose magnitude depends on thehe network is given b3
strength of the particle network (see curves (d) and (e)). If the flow
curve is linear above, the system is referred to as Bingham Heq
plastic (curve (d)). Finally, dilatent or shear-thickening behavior P(2) = Ap g(2) ®(2) dz (14)
occurs when the viscosity increases with shear rate (see curve (c)). z
The rheological properties of concentrated colloidal suspensions
are often time dependent. Thixotropic systems exhibit an apparentWhereg(2) is the accelerationdp the density difference between
viscosity that decreases with time under shear, but recovers to itsthe particulate phase and the suspending medium,d(@y the
original viscosity when flow ceases. The opposite behavior is local volume fraction of solids at heiglat Equilibrium is attained
referred to as rheopexy. when the suspension has consolidated to a given volume fractic

(B) Viscoelastic Behavior: Concentrated colloidal suspen- such that the applied stred)(s balanced by the osmotic pressure
sions commonly display viscoelastic behavior, which can be Or compressive yield stress of the system.
characterized by dynamic rheological measurements (or oscilla-

tory techniques). During oscillation measurements, a frequency- (2) Effect of Interparticle Forces on Flow Behavior
dependent shear stress or strain is applied to a suspension, and the (A) Hard-Sphere SystemsHard-sphere colloidal suspen-
shear moduli are obtained. The complex shear mod@Uf{as a sions do not experience interparticle interactions until the point o

real and an imaginary component, as given by contact b = 0), when the interaction is infinitely repulsive (refer
G* =G +iG" (13) to Fig. 2). Such systems represent the simplest case, who
structure is dictated only by hydrodynamic (viscous) interactions
whereG’ = G" cosd, G" = G sin 9, andd is the phase angle. ~ and Brownian motion. Realistically, there are few truly hard-
When the applied strain and resulting stress are in phiaseQ), sphere suspensions. However, model systems, such as sili
energy is completely stored:; i.e., the suspension is purely elasticspheres stabilized by adsorbed stearyl alcohol layers in cyclohe:
(solidlike). If the applied strain and resulting stress are fully out of ané*°> and poly(methyl methacrylate) latices stabilized with
phase { ~ 90°), energy is completely dissipated: i.e., the suspen- poly(12-hydroxystearic acid) in a hydrocarbon mixttifehave
sion is purely viscous (liquidlike). In the intermediate range<0°  been shown to approach this behavior. These model systems se
d < 90°, the suspension exhibits a viscoelastic response. as a benchmark for assessing the more complicated behavior tt
Colloidal suspensions are usually characterized by oscillatory occurs in the presence of interparticle forces.  The relative
measurements in the linear viscoelastic regime (at small shearViscosity .. = m/mo) of hard-sphere systems has been shown tc
stresses or strains) to examine their behavior in the least perturbedscale with the Peclet number (Pe) which is defined as
state. The limit of the linear viscoelastic regime is defined as the .
shear stress (or strain) where the shear modulus deviates from its Pe— amoy (15)
low shear plateau value. Structural information is obtained by ko T
conducting frequency) sweeps at a given stress (or strain) in this
regime, as shown in Fig. 9. A liquidlike response is observed when wherem, is the solution viscosity. Pe characterizes the relative
G’ > G’ over the entire frequency spectru@®; andG” vary asw? importance of viscous and Brownian contributions. Typically,
and o, respectively, as» — 0. A gellike response is observed Viscous forces begin to dominate when Pe is approximately unity
whenG’ andG” vary asw!, wherej = 0.3-0.7, depending on the  Which correlates with the onset of shear-thinning behavior.

system. Finally, a solidlike response is observed w&én> G” Hard-sphere systems exhibit Newtonian flow at low solids
over the entire frequency spectrum, wh&eis independent of  loading ¢ < 0.3). Whend > 0.3, low- and high-shear Newtonian
frequency ase — 0.°° plateaus separated by a region of shear thinning are observe

Shear thinning occurs because of the hydrodynamic interactions ¢
rotating doublets, which eventually break up, thereby reducing
viscosity®® Shear thickening also has been observed in sucl

4 © M 4 systems at elevated volume fractions. This has been attributed
\_ either an order—disorder structural transiffof® =8 or cluster
@ 3 © formation®® Finally, asé — 0.6, a yield stress has been observed
T /(c) that results from the structural disruption accompanying particle
© movement in dense suspensions.
The effect of solids loading on the flow behavior of hard-sphere
o) suspensions has been well studied. For dilute systems, the Einste
® relationship describes the relative viscosity dependence on colloi
@ volume fractiond:

(a)
’.Y ’.Y' N =1+ 2.5 (16)

(A) (B) At higher concentrations}(> 0.05), hydrodynamic and Brownian
Fig. 8. Types of rheological behavior exhibited by colloidal dispersions: Many-body interactions affect rheological behavior. In this regime
(a) Newtonian flow; (b) shear thinning; (c) shear thickening; (d) Bingham the Krieger—-Dougherty model can be used to describe this depe!
plastic; and (€) pseudoplastic with a yield stress. dence®®
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Molecular dynamic simulations of hard-sphere suspension
indicate that the osmotic pressure is negligible until the randon
close-packing limit is approachéd® Guo and Lewi3 found that
the osmotic pressurdl) dependence on colloid volume fraction

l R I can be modeled using a modified Carnahan—Starling equation:
' ! CRTOL+ b+ 62— 9
Fig. 10. Schematic illustration of the coordinate system used in the () = V2 (dmax — $)° 19)

centrifugation technique for compressive rheology measurements.

rel = 1-
el < P

where K 2.5 for monodisperse spheres adg,., is the
maximum solids loading. Ash — ¢ the relative viscosity
increases dramatically, as shown in Fig. 11. By tailoring particle-
size distribution, one can achieve higher maximum solids loading
than possible in monomodal systems, whére,, ~ 0.6—0.64.

The viscoelastic properties of hard-sphere systems exhibit the
following scaling behavior:

—Keomax
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Fig. 11. Plot of relative viscosity as a function of colloids volume

fraction in suspension.

whereV is the molar volume of the colloid phase. Using Eq. (19),
bmax = 0.639 was predicted for dispersed silica suspensiol
behavior shown in Fig. 12.

(B) Soft-Sphere Systemsviost ceramic suspensions can be
classified as soft-sphere systems; i.e., repulsive interactions occ
some characteristic distance away from the particle surface (refe
to Fig. 2). For electrostatically and sterically stabilized systems
this distance is given by the electric double-layer and adlaye
thickness, respectively. Depending on the strength of these inte
actions relative to vdW forces, such systems may exhibit disperse
to weakly attractive behavior. Stable, soft-sphere systems hav

7
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[ Grey Symbols: Multiple speed method ]
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Fig. 12. log—log plot of osmotic pressure and compressive yield stress a

a function of solids volume fraction for silica suspensions of varying
stability: (A) dispersed; (B) weakly flocculated; and (C) strongly floccu-
lated. (As these data illustrate, there is little variation between the variou
compressive rheology methods.) (Adopted from Ref. 3.)
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been shown to display flow behavior similar to that described wheren = 2.5-3. Similarly, the shear moduli also exhibit a
above for hard-sphere systems. Hard-sphere scaling has beempower-law dependence:

successfully applied in systems of particles with relatively thin
layers (i.e., lowd/a ratios), provided the adsorbed layer has been
accounted for in an effective volume fractiorbgf). beg IS

G =" (23)

enhanced by the volume occupied by the soft layer around eachwherem ~ 4. This value is consistent with the exponent obtained

particle, according &

8 3
¢ﬁ=¢(1+5) (20)

Equation (20), valid for spherical colloids, can be modified to
account for irregularly shaped particles, as follows:

PDA\°
a

wherep, is the powder density (/M andA, the specific surface
area of the ceramic powder ffg).°® As shown in Fig. 13, the

et = d>(l + (21)

presence of adsorbed processing aids can dramatically reduce the

actual solids loading in suspension.

(C) Flocculated Systems:Flocculated suspensions are dom-
inated by attractive interparticle forces and tend to form disor-
dered, metastable structures with varying relaxation times. Weakly

attractive interactions occur in systems with a shallow secondary

minimum (1< -V,,,,/k, T < 20). This behavior can be induced by

adding nonadsorbed polymer to an otherwise stable suspen-

sion®”®8 or by flocculation into a secondary minimum in the

DLVO potential?°“**or combined vdW and steric potenti&sAn
aggregated-particle network forms in suspension at volume frac-
tions =dy., Where dy depends on the relative strength of the
interparticle attraction. Such systems exhibit reversible floccula-
tion, which facilitates structural deformation during flow and

reformation on the cessation of flow. With increasing shear stress

(or strain), the “links” between particle clusters or individual

particles are disrupted. As a result, substantial shear-thinning

behavior is observed at low stresses and solids loadihgs <

0.6). In contrast, strongly attractive interactions occur in systems
that flocculate into a deep minimum\(x;/k,t > 20). In this case,
flocculation is irreversible. These systems exhibit strong shear-

in simulations of viscoelastic behavior in systems displaying
diffusion-limited aggregation, whenma ~ 3.51°*

In flocculated systems, stress is transmitted through a spac
filling, aggregated particle network formed when the colloid
volume fraction exceeds the gel poi%@,).“ This stress, defined
as the compressive yield stre§%(®)), increases rapidly witth.>°
Previous studies have shown tRf(d) is well described by a
power-law function, whenp > &, Because the mechanical
properties of the systems were similar &f., Landman and
White'®? suggested that the compressive yield stress of flocculate
systems of varying network strength should exhibit universa
behavior when normalized by their respectiyg,, as follows:

¢ )”
cI)gel 1

where the gel point varies inversely with the strength of the
interparticle attraction®** This has been confirmed by Zukoski
and co-worker¥*°*for flocculated ceramic suspensions. Alter-
nately, Buscallet al*® have shown that flocculated systems of
submicrometer spheres displayegd) that exhibits the follow-
ing power-law dependence:

Py(d) = bd"

Py(¢) = b( (24)

(25)
wheren = 4 = 0.5. Because the particle network strengthens
dramatically with increased volume fraction and degree of inter:
particle attraction, it is difficult to completely consolidate floccu-
lated systems under modest applied loadd MPa), as shown in
Fig. 12.

V. Colloidal Consolidation Techniques

Consolidation of colloidal suspensions into dense, homoge

thinning behavior as well as a substantial yield stress and shear,qqs green bodies is a central feature of colloidal processing. T

modulus whenp = ¢y ~ 0.05.

Above the gel pointdg > dge), strongly flocculated suspen-
sions display a yield stress,j that exhibits a power-law depen-
dence on solids loadintf**

=" (22)
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Fig. 13. Effective colloid volume fraction as a function of actual colloid

volume in solution for soft-sphere colloids of varying radii and constant
adlayer thicknessd(= 10 nm and (- - -) behavior of hard-sphere systems,
whered = 0).

exploit the advantages of this approach, it is desirable to forn
bodies directly from the slurry stateDnce shaped, the rheological
properties of the as-formed body must be altered dramatically t
permit demolding (when necessary) and subsequent handlir
without shape deformation. Solidification can be induced via fluid
removal, particle flow (or compaction), or gelation. Several
colloidal routes have been developed to produce ceramic comp
nents of varying geometric shape, complexity, and microstructure
control, as shown in Table IV. Their salient features are outlinec
below.

(1) Consolidation via Fluid Removal

Particle consolidation into a dense layer or body accompanie
fluid removal in several forming routes, including pressure filtra-
tion,*%4~1%glip casting:°®~*°® osmotic consolidatio?*°° tape
castingt'°~**?and robocasting? During pressure filtration, slip
casting, and osmotic consolidation, a portion of the liquid vehicle
is removed to yield a saturated ceramic body that must underg
subsequent drying. During tape casting and robocasting, shapir
and drying processes occur simultaneously. During pressure filtre
tion, a dense particulate layer is formed at the suspensionfilte
interface, as fluid flows through the filter in response to an appliec
pressure. In contrast, the other forming routes rely on a chemic:
potential gradient applied to the liquid phase to induce fluid
removal. In slip casting, for example, fluid flows into a porous
gypsum mold via capillary-driven transport. In osmotic consolida-
tion, developed by Zukoski and co-workérst®®a suspension is
immersed in a polymer solution separated by a semipermeab
membrane, through which fluid flows in response to an osmotic
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Table IV. Representative Colloidal-Forming Routes Classified by Consolidation Mechanism

Forming method Consolidation mechanism Component shape

A. Fluid removal
Slip casting Fluid flow into porous mold driven by capillary forces Complex, 3D, thin wallec
Pressure filtration Fluid flow through porous filter driven by an applied pressure Simple, 3D
Osmotic consolidation Fluid flow through a semipermeable membrane driven by Simple, 3D

osmotic pressure difference

Tape casting Fluid removal due to evaporation Simple, 2D, thin layers
Robocasting Fluid removal due to evaporation Complex, 3D

B. Particle flow
Centrifugal consolidation Particle flow due to applied gravitational force Complex, 3D
Electrophoretic deposition Particle flow due to applied electric field Simple, 2D or 3D

C. Gelation

Aqueous injection molding (AIM) Physical organic gel forms in response to a temperature change Complex, 3D
Gelcasting Cross-linked organic network forms because of chemical reaction Complex, 3D
Direct coagulation casting (DCC) Colloidal gel forms because of flocculation Complex, 3D
Robocasting Colloidal gel forms because of flocculation Complex, 3D

Solid freeform fabrication technique (consolidation can be induced via mechanism A or C).

pressure: when the Reynolds number (Re)}<9.2, where Re= Ug, /0. FOr
ceramic particles, the upper size limit 1s50 wm. In the dilute
.. = Mo Heoy 26 limit (& > 0), the settling (or terminal) velocity idetermined by
poly ( ) . . . . . X
Vi balancing opposing viscous and gravitational forces:
wherell,,,, is osmotic pressure of the polymer solutiqn, the 2 (ps— p)
chemical potential of the solvent without added polymey,, the Uy = 9 = ayg (27)
chemical potential of the solvent with added polymer, &hdthe Mo

solvent molar volume. During drying, fluid is removed via
evaporative processes (refer to Section VI). Experimental work by which yields the well-known Stokes law. For concentrated sus
the groups of ZukosR? and Lewi$ demonstrated that particle- ~ pensions, the settling velocity is affected by hydrodynamic
packing densities rivaling those achieved under applied mechani-interactions with neighboring particles, which is significant if their
cal loads, e.qg., pressure filtrati6h**2are possible via chemically ~ separation distance is of the order of the particle size or less. Inth
driven consolidation. case,U exhibits a Richardson—Zaki forAt*

Tape casting produces a thin layer of composite material by
coating a carrier surface with a ceramic suspension using the u N
doctor-blade technique®—*1211421The gpplied coating dries to U, 1-49) (28)
form a flexible film that consists of a particle-filled, polymer
matrix. This technique yields flat, thin ceramic sheets with
thicknesses between 10 and 100t. Such layers serve as the
basic building blocks of multilayer ceramic packages (MLCs) and
capacitors (MCCs}*®*1"Tape-cast layers also serve as feedstock
for laminated-based solid freeform fabrication techniques, such as
CAM-LEM.>*

Robocasting? produces three-dimensional components in a
layer-by-layer build sequence that involves computer-controlled
deposition of a concentrated colloidal suspensipi>(0.5). After
minimal drying, the deposited suspension undergoes a liquid to
solid transition that “freezes” in the as-patterned structure. Robo-
casting is the only SFF technique developed to date that utilizes
colloidal systems of low organic content to directly write three-
dimensional bodies. Current challenges to this approach involve
controlling macroscopic shape evolution during deposition to
avoid unwanted deformation. In a collaborative effort between the
Cesarano and Lewis research groups, colloidal gels and colloid-
filled hydrogel$°**®have been developed with controlled rheo-
logical properties. Such colloid-based feedstocks yield deposited
layers with optimized flow behavior (e.gy and ) that allow
complex architectures to be fabricated (see Panel A).

wheren = 6.55. Guo and Lewf§ demonstrated that the sedimen-
tation behavior of concentrated, monodisperse colloidal silice
dispersions could be well described by Eqg. (28). For stable
suspensions, centrifugation simply enhances the rate of partic
consolidation by increasing the applied gravitational force.

The behavior of flocculated suspensions is more complicate
and not well described by hard-sphere constitutive respdri§es.
For example, gravity-driven consolidation behavior of flocculated
systems depends strongly on solids volume fractiorin dilute
suspensions, aggregation produces discrete clusters that se
more or less independently. Above some critical volume fraction
known as the gel pointd(,), the clusters become overcrowded,
and an inhomogeneous space-filling network (or gel) forms, whict
may or may not consolidate, depending on its strefi§Recently,
Allain et al3* studied simultaneous aggregation and sedimentatio
in colloidal suspensions and developed a model for relating th
settling dynamics of gelled networks to their specific spatial
structure. Their work is useful in understanding the various
transitions from settling of isolated clusters &t < dge, to
collective settling of a gel network dt = ¢, to no settling when
¢ approaches an upper critical limit (i.e., when the gel network
S _ formed can support itself). Zukoski and co-workérs>®studied
(2) Consolidation via Particle Flow centrifugal consolidation of aggregated ceramic suspensions |

Particle consolidation into a dense layer or body occurs via determineP, () curves for gelled systems of varying composition,
particle flow in response to an applied force in several forming particle size, and attractive network strength. They showed that th
routes, including sedimentatigf***>°12entrifugation:?>—24 applied loads needed to promote consolidation to a gigen
and electrophoretic depositidR>—*2"Particles flow in response to  increase dramatically with decreasing particle size and/or increa:
gravitational forces during sedimentation and centrifugation. Sed- ing attractive network strength.
imentation of suspended particles has been studied extensively In electrophoretic deposition (EPD), particles flow in response
because of its importance in many industrial processes. A sphericalto an applied direct-current (dc) electric fidlel. Under dc bias,
particle of densityp, and radiusa released into a viscous fluid of ~ charged colloidal particles move toward, and, ultimately deposi
viscosity m, and densityp momentarily accelerates and then on, an oppositely charged electrode to produce a consolidated lay
decreases at a constant terminal velotlty Laminar flow occurs or body. The electrophoretic velocityJ() is determined by
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Solid freeform (SFF) fabrication routes offer the ability to

wise achievable by conventional forming methods. Here,
we describe our recent collaborative efforts to design novel
periodic structures for functional ceramics (e.g., 3-3 com-
posites) via robotically controlled depositisn6%(see Fig.
A-1). This example illustrates the important relations be-
tween colloidal stability, rheological behavior, and ceramics
fabrication.

pensions ¢ — ¢,,.,) With the appropriate flow properties.
sion viscosity {) under the shear conditions experienced
during deposition and yield stresg ) of the as-deposited

(and, hence, infinite viscosity) under low shear conditions
are most desirable.

Fig. A-1.

Panel A. Robotically Controlled Deposition of Ceramics

produce complex ceramic components that are not other- indicates that shear rates between 1 and 250 are

To produce spanning structures with excellent shape the representative, three-dimensional periodic structure
retention, one must use highly concentrated colloidal sus-

Important properties that must be tailored include suspen-

material. We have found that colloidal gels that can be made shape during deposition and drying. In addition to the
to flow under high shear but have a substantive yield stress highlighted work, this processing technology can be ex-
ploited to build a broad range of novel structures with
controlled architecture and composition.

Fluid-flow modeling conducted by Baer and co-workefs

experienced during deposition from the nozzle tip (see Fig.
A-2). By tailoring the relative strength of electrostatic
interactions, Smayet al®® have developed aqueous sus-
pensions of lead zirconate titanate with the range a@ind

7, values depicted in Fig. A-3. The flow properties required
to produce spanning structures are denoted by the upper
region in Fig. A-3. Using these suspensions, we fabricated

shown in Fig. A—4. In this example, a highly concentrated
lead zirconate titanate suspension (53 vol% solids) was
deposited from a nozzle tip (diameter-800 wm) to build

a face-centered tetragonal lattice. Because of their fjgh
values, the as-deposited beads maintained their cylindrical

(A) Schematic illustration of robocasting equipment and (B) optical view of robocasting head, which deposits a concentrated colloid
suspension in a layer-by-layer build sequence to generate complex, three-dimensional parts.

balancing opposing viscous and electric forces:
_ &&LE
fimo

(29)

where( is the zeta-potentiak the electric field, and,, the Henry
constant, which is equal to 1 whas@ > 100, and to 1.5 when
ka < 1.° This expression is valid for a dilute, stable suspension. A
recentreview of this forming method is provided by Sarkar and

Nicholson2”

(3) Consolidation via Gelation

The formation of a dense, solid layer or body occurs via gelation
in several forming routes, including aqueous injection molding
(AIM), 129130 gelcasting'®=° and direct coagulation casting
(DCC)*%*7 These techniques rely on either physical or chemical

approaches to induce gelation in a concentrated colloidal suspe
sion (.4 = 0.5). Gelation denotes the transition from a liquid (sol)
to a solid (gel) state that occurs in the absence of fluid removal
During this process, discrete species in solution undergo growt
(e.g., monomers or linear polymers> polymer network or
colloidal particles— aggregated particle network). At the sol-gel
transition, dramatic changes in the viscoelastic properties of th
system are observed, as shown in Fig!3#4The viscosity of the
system increases with time before its divergence to infinity at the
gel point, which coincides with the formation of a three-
dimensional space-filling cluster whose characteristic size is on th
order of the sample dimensions. If growth is arrested because ¢
depletion of reactant before gel formation, the system remains i
the liquid state, and its apparent viscosity plateaus to a steady-ste
value, meq,w Beyond the gel point, additional linkages form
between growing clusters, thereby strengthening the gel networl
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Panel A. Continued
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e A Fig. A-3. log—log plot of apparent viscosity (at TY as a function
) of yield stress for aqueous lead zirconate titanate suspensions prepared
Shear rate (1 /S) . at 53 vol% solids and varying pH. (Printable conditions for spanning

i i structures correspond to data shown above dashed line.) (Adapted fiom
0.00 50.00 100.00 150.00 20000  250.00 Ref. 163.)

2

Fig. A-2. Calculated shear ratey) for representative deposition
conditions, where suspension viscosity is 10&R# diameter is 0.254

mm, and table speed is 5 mm/s. (Views shown correspond to bead cross
section and outer surface (inset).) (Adapted from Ref. 118.)

(B)

Fig. A-4. Periodic lattices for functional ceramic devices: (A) schematic illustration of desired structure and (B) lead zirconate titanate|laye
deposited via robocasting. (Circular bead cross section is preserved during deposition and drying process.) (Adapted from Ref. 164.)

as reflected by the coincident increaséshto a steady-state value  which is gelled byin situ polymerization. The as-formed organic
Gequir Gequi Provides a measure of the handling strength or network encapsulates the ceramic particles, imparting high gree
demolding capabilities of the system. strength, which allows for green machining. Recently, Morissette
Fanelli et al*®*° developed an AIM technique in which a and Lewis® developed an alternate gelcasting approach based
concentrated ceramic suspension is prepared in an agarose-basegblymer cross linking via metal-ion complexation that is amenable
liquid vehicle. On casting into a chilled mold, the system under- for robocasting, as mentioned previously.
goes temperature-induced physical gelatiop,(~ 37°C) because Direct coagulation casting (DCC), developed by Gauckler anc
of the change in solvency conditions of the agarose species in co-workers;®“” relies on physical gelation of colloidal particles,
solution. The AIM process is compatible with existing commercial as opposed to organic network formation in AIM and gelcasting. Ir
injection-molding equipment and yields high-strength components DCC, electrostatically stabilized, concentrated colloidal susper
that can be green machined. Unlike conventional IM, however, sions undergo enzyme- or pH-catalyzed reactions to produc
such components contain relatively low binder conterit@ vol% H,O* or OH ions or solubilized salt. Such species minimize
or less). double-layer repulsive forces by either shifting pH toward the IEF
Gelcasting, developed by Janney and co-work&fS,uses a or increasing the ionic strength of the system, resulting in the
concentrated ceramic slurry suspended in a monomeric solution, destabilization illustrated schematically in Fig. 4. The inheren
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Fig. 14. Schematic illustration of rheological property evolution as a

function of gelation time for gelling systems, whereis the apparent
viscosity andG' the elastic modulus. (Incomplete gelation leads to a sol

phase whose apparent viscosity approaches a steady-state value with

time 13%)

advantages of this approach include minimal binder contert (
vol%) and homogeneous packing densities. However, the DCC
process is limited by long coagulation times and low-strength,

as-formed bodies that are not machinable in the green state.

Moreover, their high salt content can lead to problems during
drying (refer to Section VI) as well as affect component perfor-
mance. A review of this technique is provided by GaucRfer.

VI. Drying Behavior

Drying is a critical step in colloidal processing of ceramic films
and bulk forms. It is a multistage process that involves capillary-
driven fluid flow, viscous deformation of the body (or film),
evaporation, and diffusion. Removal of the liquid vehicle required
for colloidal processing often leads to problems with dimensional
control, segregation, and crackifg®>**2-1*lin recent work, the
drying behavior of ceramic layers derived from charge-stabilized
colloidal suspensions:®>13¢ tape-castint>*34*3” and gelcast-
ing**? suspensions, and colloidal suspensions of varying stability
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wherevy, , is the liquid—vapor surface tension arglthe charac-
teristic pore size, which can be approximated by the hydraulic
radius,r,,:*3®

_21-4)
" Adp

In accordance with Darcy’s law, the liquid flud)(is proportional
to the pressure gradient in the liqui@R/ox:

D oP

Mo 9X

(1)

(32)

wherer,, is the solution viscosity an® the permeability given
by149

- ¢y
~ 5(Adbps)?

whered, A, andp have been defined previously. The length scale
(Icap Over which capillary migration occurs during drying has been
derived previously?1%6

:| 1/2

[ 2H(AP)(1 — )3
5VETIO( Ascb ps)z

whereH is the layer thicknesd/ the evaporation rate, ansP the
pressure drop estimated from Eq (30). The importance of capillary
driven liquid migration is shown by comparirg,,to the charac-
teristic size of the drying layer (or body). Whenl.,,> H, the
liquid—vapor interface penetrates into the layer as an irregula
front. In contrast, wher.,, << H, the liquid—vapor interface
penetrates into the body as a planar front. This latter situatiol
should be avoided, because it leads to a sharp stress gradient t
promotes cracking. As shown in Eq (34),,can be increased by
decreasing the drying ra¥é., increasing the initial solids loading
in suspension, or decreasing the fluid viscosity.

(33)

(34)

lcap =

(3) Drying Stress and Structural Evolution

has been studied for the purpose of characterizing drying stress and Stress evolution during drying has been meastnesitu for

structural evolution.

(1) Drying Stages

Drying of colloidal assemblies can be divided into three stages:
(i) constant-rate period (CRP), (ii) first falling-rate period (FRP1),
and (i) second falling-rate period (FRPZ}~14"In the CRP, the
drying rate is controlled by external conditions. Fluid is supplied
via capillary-driven transport to the external surface(s) of the
component, where evaporation takes place. As drying proceeds
large pores drain as fluid is drawn to smaller pores with higher
suction potential. The drained pores may penetrate far into the
component interior, provided the rate of capillary redistribution of
fluid exceeds the evaporation rate. SHawas directly observed
the evolution of the liquid—vapor interface during drying of model
two-dimensional colloidal layers and has shown that it follows an
invasion percolation proces$® The transition to the FRP1 occurs
when fluid can no longer be supplied to the external surface(s) at

a rate equivalent to the evaporation rate observed during the CRP.

In FRP1, evaporation occurs from the fluid menisci, causing them
to retreat into the body (i.e., the funicular state). As further
evaporation occurs, fluid resides in isolated pockets (i.e., the
pendular state), thereby marking the transition to FRP2. In FRP2,
the remaining liquid is removed from the body by vapor-phase
diffusion.

(2) Capillary-Driven Fluid Flow

During drying, the transport of liquid through a porous medium
is governed by the pressure gradient resulting from the capillary
pressureP, ;'

_ 2yLy

Ica
P
r
p

(30)

ceramic layers prepared from charged stabilized alumina suspe
sions™3® tape-casting®” and gelcastintf? suspensions, and col-
loidal silica suspensions of varying stabilityFour regions of
behavior have been delineated for binder-free layers: (i) stress ris
(04ise)s (ii) stress maximumd,,,,,); (iii) stress decaydyecay); and

(iv) residual stresso.J, as illustrated schematically in Fig. 15.
During the initial stress rise period, evaporative processes lead
an increase in colloid volume fraction in the layers. Consolidatior
persists until the particle network can completely support the

1000
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Fig. 15. Schematic illustration of the characteristic stress evolution

during drying of binder-free, colloidal films cast onto a rigid substrate
((- - -) behavior expected in the absence of salt species).
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drying stress imposed by capillarity. The average measured stress
(0s0) at any given time is related to the compressive stress
imposed on the solid particle networkJ within the film by'32

1-¢ 4b — 1
Cv - O-riseT

0.7k

06}

(35)

05— O'rise<17 --
05} L

whereC, = (1 — 2v)/(1 —v); when the Poisson ratio) is 0.2,
C, = 3/4.

Because no external loads are applied during drying, mechan-
ical equilibrium requires that the capillary tension developed in the
fluid phase exert a compressive force of equal magnitude on the
particulate networR>**8 Guo and Lewid recently showed that
there is strong correlation between the measured drying stress 0.2 E.* -------------------
behavior and the compressive rheological response of the sus- ¢ M
pended system. For dispersed systems, the stress transmitted A No consolidation
between the particles is defined by the osmotic presdiliyevpich 0‘10 o 0'2 0'3 04
results from repulsive interparticle interactions (refer to Eq (19)). ’ ’ ’ ’
For flocculated systems, the stress transmitted through a space- (A) Volume fraction SiO,, ¢,
filling, aggregated particle network is defined as the compressive
yield stress R, (¢); refer to Eq. (24)). During drying of dispersed
and flocculated silica layers, Guo and Lewis found excellent i
agreement between the measudedependent and the respec- 0.7 ¢+ % %

04f o

03r

Sediment volume fraction , ¢

tive T1(¢) and P () behavior.

Capillary-induced structural rearrangement of the particle net-
work during drying has a profound effect on the final microstruc-
ture of the as-dried ceramic layers. The impact of such rearrange-
ment processes is perhaps most readily observed when comparing
the extent of consolidation in the absence (i.e., gravity-driven
sedimentation) and presence (i.e., drying) of capillarity for the
silica films described above (refer to Fig. 16). As expected, films
produced from dispersed suspensions yielded higher packing
densities than those produced from aggregated suspensions. In
both consolidation processes, the packing density exhibited a
modest dependence on initial silica volume fraction. The most
dramatic increases in film density between gravity- and capillary- 02 F
driven consolidation were observed for the flocculated systems. [
For example, the weakly and strongly flocculated systems settled AN PP TN TP ST S
to maximum volume fractions 0f0.25 and 0.15, respectively. In 0 0.1 0.2 0.3 04
contrast, under capillary-driven consolidation, these respective  (B) Volume fraction Si0,, ¢
systems achieved maximum volume fractions ©0.55 and )
0.45—almost a threefold increase in the latter case. These dataFig. 16. Comparison of (A) sediment volume fraction and (B) dried film
indicate that even strongly aggregated particle clusters can bevolur_ne frqt_:tion versus_initial solids_ vqume_fraction on consolidation of
disrupted and packed more efficiently as drying proceeds (i.e., as colloidal silica suspensions of varying stability: (a) dispersed; (b) weakly
the compressive stress on the particle network increases because dtoceulated; and (c) strongly flocculated.
increased capillary tension in the liquid phase). The important
implication of these findings is that, to achieve a high solids
loading on drying, one must tailor the compressive flow behavior
of the particle network (e.g., its attractive strength) such that the
applied drying stress can induce the desired degree of consolida-
tion.

The stress maximunw(,,,,) coincides with the time required for
the drying film to reach 100% saturation, i.e., where further
network consolidation essentially ceases. Chiu and E&ifa
showed that the maximum drying stress is proportional to the
surface tensiony(,,) of the liquid phase and inversely propor-
tional to the particle size for layers derived from charge-stabilized
suspensions. On this basis, they related,, to P.,, at 100%
saturation, as given by Eq. (30). The period of stress decay
following the observed maximum drying stress occurs when liquid VIl. Euture Directions
menisci retreat into the film body, i.e., as the degree of saturation
decreases below 100%. In the absence of processing aids (e.g., salt This review of colloidal processing of ceramics, combined with
or organic species)gecay approaches zero as the degree of related areas of colloid science, suggests certain research dire
saturation approaches 0%. tions. The primary motivation for adopting a colloidal-based

Lewis and co-workers™3” have observed more complicated methodology for ceramics fabrication is to enable control ovel
behavior in the presence of processing additives. For example, anstructural evolution, hence, eliminating unwanted heterogeneitie:
additional period of stress rise was observed in silica layers that As described in Sections 1lI-VI, one must tailor interparticle
contained salt species. This observation was attributed to bridgingforces, suspension rheology, consolidation, and drying behavior t
effects resulting from salt precipitation in the final stage of drying. achieve the optimal microstructure for a given application. The
The migration of such species to the external surface of these ultimate success of this approach requires fundamental knowledc
layers was also evident during drying, leading to severe micro- of the interrelations between the structure of colloidal assemblie
structural nonuniformity.In contrast, the drying stress histories of and these various properties.

0.6
osF
04 F

0.3

Dried film density, ¢;

tape-castt” and gelcast ceramic layéf¢ are dominated by the
organic phase in the later stage of drying. For example, polyme
relaxation processes (which are aided by plasticizer additions) a
important for tape-cast layets”**°~15Preliminary observations
of the drying behavior of gelcast layers reveal even more comple
behavior because of the simultaneous effects of drying an
chemical gelation of the organic species in solufithBecause
many emerging forming routes rely on gel-based processes, via t
formation of either a flocculated particulate network or a colloid-
filled, organic gel linked by physical or chemical means, further
studies of such systems are warranted.
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The theoretical understanding of interparticle forces is relatively UIUC. My research group has benefited from fruitful collaborations with J. Cesaranc

. ; ; :-and D. Dimos (Sandia National Laboratories), F. F. Lange (UCSB), J. Walz (Yale)
mature; however’ there is a need for direct force measurements InP. Braun (UIUC), and Pierre Wiltzius (Bell Labs/Lucent Technologies). Finally, C.

ceramic systems of varying colloid chemistry, crystallographic artinez and J. Smay deserve a special note of gratitude for their assistance with t
orientation, adsorbed layer chemistry, and solution composition preparation of this paper.
(e.g., electrolyte species and nonadsorbed polymer or polyelectro-
lyte species). The advent of new measurement tools, such as
atomic force microscopy in colloidal probe mode, has opened up
the possibility of conducting such measurements. Although several 'F. F. Lange, “Powder Processing Science and Technology for Increased Reliabi
studies have been reported receffly>*°3~*>’this remains a ity J. Am. Ceram. Soc72[1] 3-15 (1989). ‘ o
Wide-open research area. Particular emphasis should be directe% I. A. Aksay, “Microstructure Control through Colloidal Consolidation”; pp.

. . i X - K 4-104 in Advances in Ceramics, Vol. Borming of CeramicsEdited by J. A.
toward the interaction between tailored particle interfaces. ToO wangels and G. L. Messing. American Ceramic Society, Columbus, OH, 1984.
adequately investigate such phenomesmagoth, sphericatolloi- 3). Guoand J. A. Lewis, “Aggregation Effects on Compressive Flow Properties an
dal probes of varying composition must be fabricated. This 2&'29583??3\9%? of Colloidal Silica SuspensionsJ. Am. Ceram. Soc82 [9]
remains a chgl_lenge for m‘?‘”y ceramic systems of mtere_s_t. At 4F. H. Norton,iEIements of Cerami¢@nd ed.; pp. 1-5. Addison-Wesley, Reading,
present, densified, spray-dried granules are commonly utilized. ya 1974,
However, the surface roughness associated with these colloidal SF. H. Norton,Fine Ceramics: Technology and Applicatiomp. 8—19. McGraw-
probes complicates force—distance curve analysis considerably.Hill New York, 1970. . ) , ,
Once this challenge has been met, direct measurement of interpar- J. S. T(eedl,ntroductlon to the Principles of Ceramic Processipg. 3—15. Wiley,
X . ! X . New York, 1988.
ticle forces between peramlc surfaces with taﬂored adsorbed Iayers “W. D. Kingery, “Firing—The Proof Test for Ceramic Processing”; pp. 291-305 in
should be systematically conducted. Specifically, novel adlayer Ceramic Processing Before Firingdited by G. Y. Onoda Jr. and L. L. Hench.
configurations, such as diblock and triblock copolymers of varying Wlﬂlay'KN%W York, 8197_8-R b Needs on High T re Coramics for E

Y H H H H . K. Bowen, “Basic Researc eedas on High-1Temperature Ceramics Tor £nerg

segment length and. composmon.(lncludlng |<_)n|zable g.roups), Applications.”J. Mater. Sci. Eng.44 [1] 1 (1980).
should be characterized. The ultimate goal is to provide the "oy W Rnhodes, “Agglomeration and Particle Size Effects on Sintering of
knowledge base needed to design functional dispersants that yieldvttria-Stabilized Zirconia,”J. Am. Ceram. Soc64, 19-22 (1981).
the targeted colloidal stability (e.g., tunable barrier height or well c . Fé Laggegtggl-v;géoazsgg;g Related Fracture Origins: |, II, and IU,"Am.

. : : s eram. S0¢.65, - .
depth) requ”efcti for ceramlt_:s prloc_essmg. R|e|COng|nhg thgt S%CZ 1. Stober, A. Fink, and E. Bohn, “Controlled Growth of Monodisperse Silica
species are often present in solution as well as In the adsorbedspheres in the Micron Size Rangd,” Colloid Interface Scj.26, 62—69 (1968).
state, we are also required to develop a proper understanding of *?E. Matijevic, “Monodispersed Metal (Hydrous) Oxides—A Fascinating Field of
dep|etion_driven effects. Colloid Science,”Acc. Chem. Resl4, 22—-29 (1981).

; : ; ; ; 13E. A. Barringer and H. K. Bowen, “Formation, Packing, and Sintering of
The rhe0|09lcal behavior of m.OdE| CO||0Id§l| suspensmns_ls well Monodisperse TiQ Powders,”J. Am. Ceram. Soc65 [12] C-199-C-201 (1982).
understood. However, the ability to predict flow behavior of = i4other references can be found in Materials Research Society Symposiur
concentrated suspensions directly from pair potential interactions Proceedings, Vol. 3Better Ceramics Through Chemistiizdited by C. J. Brinker,
is lacking. The many-body nature of these interactions in suspen- D E. Clark, and D. R. Ulrich. Elsevier, New York, 1984.
. - . o 15 “ . . .
sion is not well understood. There is a need for more-sophisticated ,_ - ©, Hamaker, “The London-van der Waals Attraction between Spherical
X . Particles,”Physica (Amsterdamj, 105872 (1937).
theorles,_ as well as new char_acterlzatlon methods to probe local 1 v perjaguin and L. D. Landau, “Theory of Stability of Highly Charged
suspension structure. Scattering measurements have been an efyophobi Sols and Adhesion of Highly Charged Particles in Solutions of Electro-
fective tool to study order—disord¥r and particle-clustering ~ Iytes.” Acta Physicochim. URSS$4, 633-52 (1941). N )
transitiond® in concentrated systems. However, scattering mea- . = 3 W Vewey and J. Th. G. Overbeekheory of Stability of Lyophobic
. Colloids Elsevier, Amsterdam, The Netherlands, 1948.
surements assegseclmly bulk properties. Recently, van Blaaderen” isr gyans and D. H. Napper, “Kolloid Steric Stabilization Il. A Generalization of
and co-workers®~®* have demonstrated the utility of confocal Fischers Solvency TheoryKolloid-Z.Z. Polymere251, 329 (1973).
microscopy as a structural probe for dense colloidal suspensions ;93;-t.Asakler'\f;lI and F. FOSFW? gn Intelzjrgctig;slt;%t\ge(:-fgsg\;vo Bodies Immersed i
H H HH H a Solution o acromoleculesJ. em. S22, .
(4 é.d)ma")'.usmg special silica spheres with a quoresc_ent dye 293, Asakura and F. Oosawa, “Interactions between Particles Suspended
core in an index-matched solvent, they obtained precise local solutions of Macromolecules,]. Polym. Sci.33, 183 (1958).
structural information of colloidal gla$¥® and crystalling 21D, Tabor and R. H. S. Winterton, “The Direct Measurement of Normal and
phases. Experimental work that incorporates direct force measure-Rezt%fdﬁdlvan IdeLana'-Z ?fgeﬁfm-% S'\?C- London'islfz 432—5C\>N(19|69E))-_ )
: H H _ . N. Israelachvill an . Tabor, “The Measurement of van der Waals Ispersior
”.‘ems' CharaCFenzatlon of local suspension sFru.cture, and. .Sl.JSpenForces in the Range 1.5 to 130 nn®foc. R. Soc. London,AB3119-38 (1972).
sion rheology is needed to advance our predictive capablilities. 23] N. Israelachvili and G. E. Adams, “Measurement of Forces between Two Micz
Emerging colloidal-forming routes have focused on producing Surfaces in Aqueous Electrolyte Solutions in the Range 0—100 dnChem. Soc.
bulk ceramics via gel- or SFF-based approaches. There is a need tdaraday Trans., 174, 975-1001 (1978).

: . . . . A. Drucker, T. J. Senden, and R. M. Pashley, “Direct Measurement of
further understand the relation between the viscoelastic properties,  ~ % = Using an Atomic Force Microscopeangmuir 8, 1831-36 (1992).

handling strength (i.e., demolding), drying behavior, and network sy e worrall, Clays and Ceramic Raw Materialpp. 79-154. Wiley, New

strength of assemblies derived from colloidal gels and colloid- York, 1975.

filled organic gels. SFF techniques allow for local compositional ~ **. F. Lange, B. |. Davis, and E. Wright, “Processing-Related Fracture Origins:

control as well as intricate component geometries. However, such 'Gvé_Eel;';n 232%? of Voids Produced by Organic Inclusions,’Am. Ceram. Soc9 (1]

technlques can be “m"te.d by Ier)gthy build S.equences and feature 27p. Calvert and M. J. Cima, “Theoretical Models for Binder Burnout,”’Am.

resolution =25 pm minimum size). There is need to develop Ceram. Soc.73[3] 575-79 (1990).

controlled methods of rap|d|y p|acing Suspension volumes ap- 28\1. J. Cima, J. A. Lewis, and A. D. Devoe, “Binder Distribution in Ceramic
; 3 i ; P Greenware,”J. Am. Ceram. Soc72 [7] 1192-99 (1989).

proaching 10pm” to faC|I|tate_ Su.rface patterning, thin film, {ind 29). A. Lewis and M. J. Cima, “Diffusivities of Dialkyl Phthalates in Plasticized

smal_l-scale component fabrication. The assembly and _drylng Of poly(vinyl butyral): Impact on Binder Thermolysis. Am. Ceram. Soc73 [9]

colloidal systems is expected to become more challenging as the2702-707 (1990).

use of nanoparticles increases. 9. A. Aksay, “Principles of Ceramic Shape-Forming with Powder Systems”; pp.

3 f . . 663-74 in Ceramic Transactions, Vol. 1, Ceramic Powder Science Il (A and B).
In summary, the field of ceramics processing will not only Edited by G. L. Messing, E. R. Fuller, and H. Hausner. American Ceramic Society

contribute to, but advance through, discoveries in related areasyestenville, OH, 1988.
such as self-assembly of materials, complex fluids, photonic 3D.w. Schaefer, J. E. Martin, P. Wiltzius, and D. S. Cannell, “Fractal Geometry
materials, and nanotechnobgy. of Colloidal Aggregates,Phys. Rev. Le(t52, 2371 (1984).
32D, A. Weitz and M. Oliveria, “Fractal Structures Formed by Kinetic Aggregation
of Aqueous Gold Colloids,Phys. Rev. Le{t52 [16] 1433-36 (1984).
33M. Carpineti, F. Ferri, M. Giglio, E. Paganini, and U. Perini, “Salt-Induced Fast
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