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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.

I. Introduction

THE term “colloid” is used to describe particles that possess at
least one dimension in the size range 1023–1 mm. 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
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 fabrication.1–3This
approach involves five basic steps: (1) powder synthesis, (2)
suspension preparation, (3) consolidation into the desired compo-
nent shape, (4) removal of the solvent phase, and (5) densification
to produce the final microstructure required for optimal perfor-
mance. Unintentional heterogeneities (or defects) introduced in
any stage of the fabrication process persist or become exacerbated
during densification.1 Hence, there is a continual drive toward
improved understanding of colloidal stability and assembly to
achieve the desired spatial distribution of phases (including poros-
ity) in as-consolidated bodies.

The purpose of this paper is to review colloidal processing of
ceramics, including related areas of colloid science. Particular
emphasis is given to advances made in recent decades. In Section
II, we provide a historical perspective from ancient crafting to
emerging approaches. In Section III, we outline the various types
of interparticle forces, including van der Waals, electrostatic,
steric, and depletion forces, that govern colloidal stability in the

absence and presence of processing additives. In Section IV, we
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 consolida-
tion techniques used to fabricate ceramic components. In Section
VI, we examine the drying behavior of as-consolidated bodies. In
Section VII, 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. The
latter topic is beyond the scope of this review. The interested
reader is referred to the review by Lange,1 which provides an
excellent description of microstructural evolution during densifi-
cation and its dependence on powder processing.

II. Historical Perspective

Ceramics have been processed by colloidal routes for several
millennia. The ancient crafts principally involved clay-based
ceramics, with the earliest developments dating back to hand-
formed pottery in 7000 BC and hand-thrown pottery in 3500
BC.4,5 Many of the traditional forming methods used today,
including slip casting, extrusion, filter pressing, and dry pressing,
originated in the 1700s and 1800s.5,6 In the early 1900s, research
activities focused on understanding the behavior of clay-based
systems and characterizing ceramic crystal structures.

Colloidal processing of ceramics has emerged only recently as
a scientific field of research. The pioneering work of ceram-
ists,2,7–10who first demonstrated the important relations between
structure, properties, and processing of ceramics; of research-
ers,11–14 who developed novel synthetic pathways for producing
ceramic powders with controlled purity, morphology, and size; and
of colloid scientists, who developed the theoretical framework for
modeling colloidal interactions in suspension15–20 as well as
techniques for directly measuring such forces,21–24have provided
the scientific foundations of this field. Indeed, it is the interplay
between these groups of researchers and the collective body of
knowledge generated that has led to the significant advances
outlined in the remainder of this review.

The clay–water system, the first colloidal system to be studied
extensively, is featured prominently in several ceramics texts.4,5,25

This system serves as a basis for many traditional ceramics. Clay
particles have a platelike morphology commonly consisting of
negatively charged faces and positively charged edges when
suspended in a polar solvent, such as water. These particles readily
undergo cation exchange reactions, swelling, adsorption, and even
intercalation of organic species to alter their surface charge,
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chemistry, and crystal structure.25 Processing of clay-based ceram-
ics is aided by their inherently plastic nature, which provides
excellent shape-forming capabilities. The plasticity of clay suspen-
sions results in part from their tendency to form the “house of
cards” structure shown in Fig. 1. This aggregated particle network
results in an appreciable yield stress (refer to Section IV) that
allows component shape to be maintained after the applied
forming pressure is removed. Aqueous clay suspensions continue
to serve as an archetype for our field.

Unlike clay-based systems, plastic systems must be engineered
for ceramic suspensions that serve as feedstock for advanced
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
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 species26 or uncontrolled decomposition re-
actions27 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 days.27–29

Two decades ago, Bowen and co-workers8,13 proposed 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 consolidation.2,30 Despite these
limitations, monodisperse colloidal systems (e.g., those based on
silica spheres)11 have served as excellent model systems for the
study of aggregation,31–35 rheological,36–40 sedimentation,40–42

and drying phenomena3,43

Lange and co-workers44,45 proposed a new paradigm for pow-
der processing in the early 1990s. Their approach embodied many
principles that guided earlier efforts, including use of powders with
controlled size, morphology, and purity; no added binder; and
dispersion control.8 However, their purpose was to induce a
“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,
sedimentation, and/or filtration processes. The system was then
adjusted to a weakly flocculated state (refer to Section III) to create
the desired plasticity needed for forming as well as to minimize
mass and/or phase segregation during storage and handling.

Several forming methods have been developed, such as direct
coagulation casting46,47and gel casting,48–50which rely on trans-
forming ceramic suspensions from the dispersed to the gelled state
(refer to Section V). Such methods allow near-net-shaped ceramics
to be formed with tailored rheological properties, minimal organic
binder content, good handling strength, and excellent microstruc-
tural homogeneity. The as-consolidated bodies contain a gelled
network of colloidal particles46,47 or organic species.48–50

Solid freeform fabrication (SFF) of ceramics is a novel method
for producing complex components with locally controlled com-
position and structure. Several SFF techniques have been devel-
oped, including three-dimensional printing (3DP),51 robocasting,52

stereolithography,53 computer-aided manufacturing of laminated
engineering materials (CAM-LEM),54 and fused deposition.55

Some routes51,52 rely on the colloidal approach to produce
feedstock with the desired rheological and consolidation behavior,
while others53–55require high organic loading. Although originally
developed for rapid prototyping, SFF techniques offer potential for
forming specialized ceramic components.

III. Interparticle Forces

Through careful control of interparticle forces, colloidal sus-
pensions can be prepared in the dispersed, weakly flocculated, or
strongly flocculated states, as shown schematically in Fig. 2. In the
dispersed state, discrete particles that exist in the suspension repel
one another on close approach, provided the repulsive barrier is
..kbT. In the weakly flocculated state, particles aggregate in a
shallow secondary minimum (well depth' 2–20 kbT), forming
isolated clusters (or flocs) in suspension at volume fractions below
the gel point (f , fgel) or a particle network at higher volume
fractions (f $ fgel). In this case, an equilibrium separation
distance exists between aggregated particles. In contrast, particles
aggregate into a deep primary minimum in the strongly flocculated
(or coagulated) state, forming either a touching particle network or
individual clusters in suspension, depending on their concentra-
tion.

Colloidal stability is governed by the total interparticle potential
energy,Vtotal, which can be expressed as

Vtotal 5 VvdW 1 Velect1 Vsteric1 Vstructural (1)

whereVvdW is the attractive potential energy due to long-range van
der Waals interactions between particles,Velect the repulsive
potential energy resulting from electrostatic interactions between
like-charged particle surfaces,Vstericthe repulsive potential energy

Fig. 1. Schematic illustration of clay particles suspended in water: (A)
individual particle and (B) aggregated particle network formed because of
the attraction between oppositely charged faces and edges.

Fig. 2. Schematic illustration of the relationship between the total
interparticle potential energy and the resulting suspension structure. (Or-
dinate axis is generally scaled tokT; i.e., energy resulting from thermal
fluctuations.)
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resulting from steric interactions between particle surfaces coated
with adsorbed polymeric species, andVstructural the potential
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
theory developed by Derjaguin and Landau16 and Verwey and
Overbeek.17 This theory, which predicts the stability of colloidal

particles suspended in polar liquids, is a cornerstone of modern
colloid science.

(1) van der Waals Forces
Long-range forces resulting from van der Waals (vdW) inter-

actions are ubiquitous and always attractive between like particles.

Glossary of Terms

a particle radius
adep depletant radius

A Hamaker constant
A(h) Hamaker function

As specific surface area
b proportionality constant
D permeability
E applied electric field
fH Henry constant
F Faraday constant
g gravitational constant

G9 dynamic storage modulus
G0 dynamic loss modulus
G* complex shear modulus
G9d dimensionless dynamic storage modulus
G9d dimensionless dynamic loss modulus

G9equil plateau dynamic storage modulus
h minimum separation distance between particle

surfaces
H layer thickness

Heq equilibrium height
J liquid flux
k rate constant for flocculation of given colloidal

system
kb Boltzmann constant
k0 rate constant for fast, irreversible flocculation
K hydrodynamic shape factor

lcap length scale for capillary migration of liquid
m power-law exponent

Ma(2) molecular weight of adsorbed species
n power-law exponent
N number density of colloidal particles in suspension
Ni number density of ions of typei in solution

Pcap capillary pressure
Py compressive yield stress
Pe Peclet number

P(z) applied stress at positionz
rh hydraulic radius
rp characteristic pore radius
R gas constant

Re Reynold’s number
t time

T temperature
Tgel gel temperature
U0 terminal settling velocity
n1 molar volume of solvent

Vdep depletion potential energy between particles
resulting from nonadsorbed species

Ve evaporation rate
Velect electrostatic potential energy between charged

particles
Vm molar volume of solvent

Vmax maximum repulsive barrier height
Vmin depth of secondary minimum

Vsteric steric potential energy between particles resulting
from adsorbed species

Vstructural structural potential energy between particles
resulting from nonadsorbed species

Vtotal total interparticle potential energy
VvdW van der Waals potential energy between particles

V# molar volume of colloidal phase
W stability ratio
z position
zi valence of ions of typei in solution
a fraction of ionizable groups along polyelectrolyte

chain
d adsorbed layer thickness
] phase angle

Dr density difference between colloidal particles and
suspending medium

DP pressure drop
ε0 permittivity of free space
εr relative dielectric constant
h apparent viscosity

hequil plateau apparent viscosity
ho solution viscosity

hrel relative viscosity
ġ shear rate

gLV surface tension of liquid–vapor interface
Gads mass of adsorbed species per solid surface area
k21 Debye–Huckel screening length
C0 surface potential
m0 chemical potential of solvent

mpoly chemical potential of polymer solution
n Poisson’s ratio
f volume fraction of colloidal particles in suspension

f# 2
a average volume fraction of segments in adsorbed

layer
fdep volume fraction of depletant species in solution
feff effective volume fraction of colloidal particles in

suspension
fgel volume fraction of colloidal particles in suspension

at the gel point
fmax maximum volume fraction of colloidal particles in

suspension
F(z) local volume fraction of solids at positionz

P osmotic pressure
Ppoly osmotic pressure of polymer solution

r density of solution
r2 density of adsorbed species
rs density of colloidal particles
so plane of charge

sdecay decay stress measured during drying
smax maximum stress measured during drying
srise rise stress measured during drying

sresidual residual drying stress
ss compressive stress imposed on particle network

during drying
t shear stress

ty shear yield stress
v frequency

vd dimensionless frequency
x Flory–Huggins parameter
z zeta potential
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VvdW exhibits a power-law distance dependence whose strength
depends on the dielectric properties of the interacting colloidal
particles and intervening medium. For spherical particles of equal
size,VvdW is given by the Hamaker expression:

VvdW 5 2
A

6 S 2

s2 2 4
1

2

s2 1 ln
s2 2 4

s2 D (2)

wheres is

s 5
2a 1 h

a
(3)

and whereh is the minimum separation between the particle
surfaces,a the particle radius, andA the Hamaker constant.15,56

Various methods of calculatingA are described in a companion
review by French57 as well as in Refs. 58–60. Experimentally
determined values for several important ceramic materials inter-
acting under vacuum and across water are provided in Table
I.59–61 To account for retardation effects, use of a distance-
dependent Hamaker function (A(h)) is advised when interactions
of interest exceed;5 nm.62,63

Long-range, attractive vdW forces between particles must be
mitigated during colloidal processing to achieve the desired degree
of suspension stability. One approach is to render this force
negligible by suspending particles in an index-matched solvent.
This has been demonstrated previously for silica and polymer-
based latices, which exhibit hard-sphere behavior in an appropriate
nonaqueous solvent (refer to Fig. 2).64–66However, this approach
is of limited practical importance because of the high index of
refraction of most ceramic powders. One must therefore rely on
some type of interparticle repulsion, such as electrostatic, steric, or
depletion forces, to overcome the vdW attraction, as illustrated in
Fig. 3.

(2) Electrostatic Forces
The stability of aqueous colloidal systems can be controlled by

generating like-charges of sufficient magnitude on the surfaces of
suspended ceramic particles. The resulting repulsiveVelectexhibits
an exponential distance dependence whose strength depends on the
surface potential induced on the interacting colloidal particles and

the dielectric properties of the intervening medium. Exact analyt-
ical expressions for the electrostatic potential energy cannot be
given; therefore, analytical approximations or numerical solutions
are used. For spherical particles of equal size that approach one
another under conditions of constant potential,Velect is given by

Velect5 2pεrε0aC0
2 ln@1 1 exp~2kh!# (4)

provided ka is sufficiently large (.10). In contrast, when the
double layer around each particle is extensive (ka , 5), Velect is
given by

Velect5 2pεrε0aC0
2 exp~2kh! (5)

whereεr is the dielectric constant of the solvent,ε0 the permittivity
of vacuum,C0 the surface potential, and 1/k the Debye–Hu¨ckel
screening length.k is given by

k 5 SF2O
i

Nizi
2

εrε0kT
D 1/ 2

(6)

where Ni and zi are the number density and valence of the
counterions of typei, and F the Faraday constant.56 C0 results
from the dissociation of amphoteric hydroxyl groups present on
oxide surfaces and depends on pH and indifferent electrolyte
concentration. It can be estimated from the zeta potential (z),
which measures the electrostatic potential at, or very near to, the
beginning of the diffuse double layer.

As predicted by DLVO theory, dispersions can be rendered
unstable by either increasing ionic strength or adjusting pH toward
the isoelectric point (IEP) (refer to Table II). For example, Lange
and co-workers44,67produced weakly attractive, aqueous alumina
suspensions at pH conditions below the IEP point and found that
the yield strength increased with increased electrolyte concentra-
tion. These attractive networks were much weaker than those
produced by flocculating the system at its IEP (pH;8.5). Because
of the weak attraction between particles, such slurries could be
consolidated under modest applied pressures to densities ap-
proaching those attainable in dispersed systems.67 In contrast,
Gauckler and co-workers46,47utilized enzymatic reactions to shift
pH toward the IEP of the colloidal system of interest, thereby
inducing coagulation, as shown in Fig. 4 (refer to Section V).

For multicomponent ceramic systems, it may be desirable to
work in a pH range where opposite charges are induced on
different colloidal phases. This approach, termed heterofloccula-
tion, prevents unwanted phase segregation from occurring during
processing. Langeet al.1 demonstrated this effect in aqueous
alumina–zirconia suspensions. When processed in a pH range
below the respective IEPs of both phases (e.g., pH 2.5), the
dispersed system underwent a dramatic phase segregation during
centrifugal consolidation. However, at an intermediate pH (;7)
between their respective IEPs, aggregation led to an intimate
mixture of these phases that was not disrupted during consolida-
tion.

Electrostatically stabilized suspensions are kinetically stable
systems, where the rate of doublet formation is controlled by the
stability ratio,W:

W 5
k0

k
(7)

5 expSVmax/kbT

2ka D (8)

whereVmax is the maximum repulsive barrier height,k0 the rate
constant for fast irreversible flocculation (k0 5 4kbT/3h0), andk
the rate constant of flocculation for the system of interest. The
stability ratio exhibits an exponential dependence onVmax and a
linear dependence on the normalized electrostatic double-layer
thickness (ka)–1, as shown in Eq. (8). For an aqueous suspension
containing 60 vol% solids (500 nm in diameter), a characteristic

Table I. Nonretarded Hamaker Constants for Ceramic
Materials Interacting under Vacuum and across Water at

298 K†

Material Crystal structure

Hamaker constant (310220 J)

Under vacuum Across water

a-Al2O3 Hexagonal 15.2 3.67
BaTiO3

‡ Tetragonal 18 8
BeO‡ Hexagonal 14.5 3.35
CaCO3

‡ Trigonal 10.1 1.44
CdS Hexagonal 11.4 3.4
MgAl2O4 Cubic 12.6 2.44
MgO Cubic 12.1 2.21
Mica Monoclinic 9.86 1.34
6H-SiC Hexagonal 24.8 10.9
b-SiC Cubic 24.6 10.7
b-Si3N4 Hexagonal 18.0 5.47
Si3N4 Amorphous 16.7 4.85
SiO2 (quartz) Trigonal 8.86 1.02
SiO2 Amorphous 6.5 0.46
SrTiO3 Cubic 14.8 4.77
TiO2

‡ Tetragonal 15.3 5.35
Y2O3 Hexagonal 13.3 3.03
ZnO Hexagonal 9.21 1.89
ZnS Cubic 15.2 4.8
ZnS Hexagonal 17.2 5.74
3Y-ZrO2 Tetragonal 20.3 7.23

†Reference 61. ‡Average.
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aggregation time (t) of ;0.02 s is predicted for rapid flocculation,
where t 5 1/Nk0 and N the particle number density.68 In the
presence of a repulsive barrier, this characteristic time is extended
considerably, as shown in Fig. 5. This analysis assumes a system
in which only Brownian motion acts to bring particles together.
During colloidal processing, external forces can “push” particles

over the repulsive barrier, further reducing suspension stabili-
ty.2 In practice, it may be difficult to effectively design stable
suspensions based only on electrostatic stabilization. Particle
solubility concerns may limit the working pH range, whereas an
extended double-layer thickness may lead to unacceptable
drying shrinkage.

Fig. 3. Schematic illustration of the interaction potential energy and relevant length scales for (A) electrostatic, (B) steric, and (C) structural contributions,
wherek21 is the effective double-layer thickness,d the adlayer thickness, anda the characteristic size of species resulting in ordering within the interparticle
gap. (For depletion forces,s is approximately the depletant diameter, whereas, for solvation forces,s is approximately the solvent diameter.)

Table II. Isoelectric Points of
Ceramic Materials†

Material IEP

a-Al2O3 8–9
3Al2O3z2SiO2 6–8
BaTiO3 5–6
CeO2 6.7
Cr2O3 7
CuO 9.5
Fe3O4 6.5
La2O3 10.4
MgO 12.4
MnO2 4–4.5
NiO 10–11
SiO2 (amorphous) 2–3
Si3N4 9
SnO2 7.3
TiO2 4–6
ZnO 9
ZrO2 4–6

†References 6 and 165.

Fig. 4. Stability map of a concentrated aqueous alumina suspension as a
function of varying pH and salt concentration. (Liquid3 solid transition
can be promoted by either a shift in pH toward the IEP or an increase in
ionic strength.) (Adopted from Refs. 46 and 47.)
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(3) Steric Forces
Steric stabilization provides an alternate route of controlling

colloidal stability that can be used in aqueous and nonaqueous
systems. In this approach, adsorbed organic molecules (often
polymeric in nature) are utilized to induce steric repulsion. To be
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 solution.68 As an example, schematic illustra-
tions of such layers adsorbed on ideal ceramic surfaces are shown
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 thickness (d).

Their close approach can be divided into two domains:1 the
interpenetrational domain (d , h , 2d)2 and the
interpenetrational-plus-compressional domain (h , d).68 When
modeling homopolymer adsorption, a pseudohomopolymer model69

is used to describe the mixing interactions that occur in the region,
d , h , 2d, while the uniform segment model describes the
mixing and elastic interactions that occur at smaller separations,
h , d. The pseudohomopolymer model accounts for chain
conformations other than tails (i.e., trains and loops) that are
expected for such species. In the domaind , h , 2d, Vsteric is
given by

Vsteric, mix5
32pakbTf# 2

a~0.52 x!

5v1d
4 Sd 2

h

2D
6

(9)

where f# 2
a is the average volume fraction of segments in the

adsorbed layer measured as 0.37,x (the Flory–Huggins parameter)
a measure of solvent quality,v1 the molar volume of solvent, and
h the interparticle separation. At smaller interparticle separations
(i.e., h , d), the polymer segment density is assumed to be
uniform, and elastic contributions dominate the interaction poten-
tial energy. In this domain,Vstericis given by the sum of the mixing
(Vsteric,mix) and elastic (Vsteric,el) terms:

Vsteric, mix5
4pad2kbTf# 2

a~0.52 x!

v1
S h

2d
2

1

4
2 ln

h

dD
(10)

Vsteric, el5
2pakbTd2r2f# 2

a

M2
a Hh

d
lnFh

d S3 2 h/d

2 D 2G
2 6 lnS3 2 h/d

2 D 1 3S1 2
h

dDJ
where r2 is the density andM2

a the molecular weight of the
adsorbed species. Other adlayer configurations (e.g., block copoly-
mers) are better modeled using alternate expressions provided in
Ref. 69. As predicted, such dispersions can be rendered unstable
when solvent conditions become poor (i.e.,x . 0.5). Francis and
co-workers70 produced asymmetric ceramic–polymer membranes
with controlled pore structures via coacervation by immersing
samples in a poor solvent. Alternately, Bergstro¨m and Sjostro¨m71

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

(4) Electrosteric Forces
Polyelectrolyte species are widely used additives that can

impart electrostatic and steric stabilization to a given colloidal
dispersion.72 Such systems are often referred to as electrosterically
stabilized. Polyelectrolytes contain at least one type of ionizable
group (e.g., carboxylic or sulfonic acid groups), with molecular
architectures that range from homopolymers, such as poly(acrylic
acid), to block copolymers with one or more ionizable segments.
Polyelectrolyte adsorption is strongly influenced by the chemical
and physical properties of the solid surfaces and solvent medium.73

For example, adsorption is strongly favored when polyelectrolyte
species and the colloid surfaces of interest carry opposite charges.74

At small adsorbed amounts, such species can promote flocculation
either via surface charge neutralization or bridging mechanisms.
At higher adsorbed amounts, particle stability increases because of
long-range repulsive forces resulting from electrosteric interac-
tions.75 For a given system, the adsorption behavior and confor-
mation of polyelectrolyte species can be modulated by tailoring
solvent conditions (e.g., pH and ionic strength). For anionic
polyelectrolytes, the degree of ionization (a) increases with
increasing pH.73,74,76Such species adopt a compact coil configu-
ration in solution at low pH (a 3 0) and adsorb in a dense layer
of large mass (Gads) and low adlayer thickness (d), as shown in Fig.
7. In contrast, when fully ionized (a3 1), anionic polyelectrolytes
adopt an open coil configuration in solution because of interseg-
ment repulsion. These highly charged species would adsorb in an
open layer of lowGadsand highd, also shown in Fig. 7.73,76–78At

Fig. 5. Plot of characteristic aggregation time versus maximum repulsive
potential for an aqueous ceramic suspension (60 vol% solids, 500 nm in
diameter).

Fig. 6. Schematic illustrations of adlayer conformation on an ideal
ceramic surface as a function of varying molecular architecture: (A)
homopolymer, consisting of tails, loops, and train configuration; (B)
diblock copolymer, consisting of short anchor block and extended chain
block; (C) comblike copolymer, consisting of extended segments attached
to anchored backbone; and (D) functional, short-chain dispersant, consist-
ing of anchoring head group and extended tail.
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high ionic strength, however, screening effects can mitigate
intersegment repulsion altering adlayer structure.74,75

To accurately model colloidal interactions in the presence of
polyelectrolyte species, assignments of the vdW plane, the plane of
charge (s0), and the steric interaction length (]) 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 interface79 to assuming that double layer and vdW forces
originate at the solid–polyelectrolyte interface and steric forces
originate at the polyelectrolyte–solution interface.80 Recently,
Biggs and Healy73 directly measured such interactions between
zirconia surfaces with adsorbed poly(acrylic acid) (MW' 2000
g/mol) using atomic force microscopy (AFM). At low pH (a3 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 occurred;1 nm away from
the bare particle surfaces. As pH increased, they observed a
dramatic increase in the steric interaction length, with almost a
10-fold increase (d ' 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 to;2 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 flocculationor stabiliza-
tion of primary colloidal particles. Depletion denotes the existence
of a negative depletant concentration gradient near primary parti-
cle surfaces. The concentration of rigid depletant species decreases
at bare particle surfaces and increases to its bulk solution value at
some distance away from these surfaces. This distance, known as
the depletion layer thickness, is of the order of the depletant
diameter (2adep). Recent theoretical81,82 and experimental83 evi-
dence has revealed that the depletion force has the same origin and
form as structural (solvation) forces.84–86 Despite their low

concentration in solution relative to solvent species, depletant
effects on suspension stability can be quite dramatic.63 This results
because of the characteristic length scale of such interactions,
which can be several nanometers or greater, depending on the
effective depletant diameter (refer to Table III). For uncharged
depletant species,Vdep is given by82

Vdep~l! 5 0 for h . 2adep

Vdep~l! 5
afdep

2 kT

10adep
~12 2 45l 1 60l2 2 30l3 1 3l5!

for 4adep. h $ 2adep

Vdep~l! 5 2
3afdepkT

2adep
1

afdep
2 kT

10adep
~12 2 45l 2 60l2!

for h , 2adep (11)

wheref dep is the depletant volume fraction in solution andl 5
(h – 2adep)/2adep. This expression accounts for second-order
concentration effects and assumes that the depletant species can be
modeled as rigid, uniform spheres. Interactions resulting from the
presence of charged depletant species (e.g., nonadsorbed polyelec-
trolytes or fine colloidal particles) would be better modeled by the
equations provided in Ref. 81.

Otherwise stable dispersions are known to undergo transitions
from stable3 depletion flocculation3 depletion restabilization
with increasing depletant volume fraction.69,87,88Destabilization
occurs when such species are excluded from the interparticle gap,
resulting in an osmotic pressure difference that promotes floccu-
lation.19,20 Ogden and Lewis63 recently conducted the first sys-
tematic study of depletant effects on the stability of weakly
flocculated, concentrated colloidal suspensions. Their observations
have shown that the stability of such systemsonly improveswith
increasing depletant additions. Such observations were attributed
to the presence of a repulsive barrier (estimated to be of the order
of kT or greater), occurring before the exclusion of depletant
species from the gap region (refer to Fig. 3(C)). Clearly, the net
impact of depletion forces depends strongly on the initial system
stability in the absence of such species.

VI. Suspension Rheology

The rheological behavior of colloidal dispersions is among their
most important properties.89 Rheological measurements monitor
changes in flow behavior in response to an applied stress (or
strain). Suspension, structure, and, hence, stability can be inferred
from the observed behavior. The critical parameters of interest
include the apparent viscosity (h), the yield stress under shear (ty)
and compression (Py), and the viscoelastic properties (i.e., the loss
(G0) and elastic (G9) moduli) of the system. Such parameters must
be tailored for the specific forming method used during ceramics
processing (refer to Section V). Most emerging forming routes
require concentrated colloidal systems, withf approaching 0.6.
Although this is readily achieved in model hard-sphere systems,
ceramic suspensions often consist of irregularly shaped particles
with adsorbed and/or nonadsorbed processing aids that serve to
effectively decrease the solids loading.

Fig. 7. Schematic illustration of adsorbed anionic polyelectrolyte species
on an ideal ceramic surface as a function of pH and ionic strength (d is the
adlayer thickness andso the plane of charge).

Table III. Typical Dimensions of
Nonadsorbed Polymer Species in Solution†

Molecular weight (g/mol) Characteristic size (nm)

103 2
104 6
105 20
106 60

†Reference 68.
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(1) Types of Flow Behavior
(A) Viscous Flow Behavior: The apparent viscosity (h) is

related to the applied shear stress (t) and shear rate (ġ) by the
following expression:

t 5 hġ (12)

Various types of flow behavior can be observed under steady shear
depending on suspension composition and stability, as shown in
Fig. 8. Newtonian behavior is the simplest flow response, where
viscosity is independent of shear rate (see curve (a) in Fig. 8).
Pseudoplastic or shear-thinning behavior occurs when the viscos-
ity decreases with shear rate (see curve (b)). This response can be
accompanied by a yield stress whose magnitude depends on the
strength of the particle network (see curves (d) and (e)). If the flow
curve is linear abovety, the system is referred to as Bingham
plastic (curve (d)). Finally, dilatent or shear-thickening behavior
occurs when the viscosity increases with shear rate (see curve (c)).
The rheological properties of concentrated colloidal suspensions
are often time dependent. Thixotropic systems exhibit an apparent
viscosity that decreases with time under shear, but recovers to its
original viscosity when flow ceases. The opposite behavior is
referred to as rheopexy.

(B) Viscoelastic Behavior: Concentrated colloidal suspen-
sions commonly display viscoelastic behavior, which can be
characterized by dynamic rheological measurements (or oscilla-
tory techniques). During oscillation measurements, a frequency-
dependent shear stress or strain is applied to a suspension, and the
shear moduli are obtained. The complex shear modulus (G*) has a
real and an imaginary component, as given by

G* 5 G9 1 iG0 (13)

whereG9 5 G* cos ], G0 5 G* sin ], and] is the phase angle.
When the applied strain and resulting stress are in phase (] 5 0),
energy is completely stored; i.e., the suspension is purely elastic
(solidlike). If the applied strain and resulting stress are fully out of
phase (] ' 90°), energy is completely dissipated; i.e., the suspen-
sion is purely viscous (liquidlike). In the intermediate range 0°,
] , 90°, the suspension exhibits a viscoelastic response.

Colloidal suspensions are usually characterized by oscillatory
measurements in the linear viscoelastic regime (at small shear
stresses or strains) to examine their behavior in the least perturbed
state. The limit of the linear viscoelastic regime is defined as the
shear stress (or strain) where the shear modulus deviates from its
low shear plateau value. Structural information is obtained by
conducting frequency (v) sweeps at a given stress (or strain) in this
regime, as shown in Fig. 9. A liquidlike response is observed when
G0 . G9 over the entire frequency spectrum;G9 andG0 vary asv2

and v, respectively, asv 3 0. A gellike response is observed
whenG9 andG0 vary asvj, wherej 5 0.3–0.7, depending on the
system. Finally, a solidlike response is observed whenG9 . G0
over the entire frequency spectrum, whereG9 is independent of
frequency asv 3 0.90

(C) Compressive Flow Behavior:Compressive rheology, pi-
oneered by Buscall,91 allows one to determine the osmotic
pressure (P(f)) for dispersed systems and compressive yield stress
(Py(f)) for flocculated systems that must be overcome to promote
consolidation. Several techniques can be used to measure the
compressive flow behavior of colloidal suspensions, including
gravitational sedimentation,3,41 pressure filtration,92 osmotic con-
solidation,92 and centrifugation.3,92–94In centrifugation, this prop-
erty can be assessed by measurement of either sediment height at
multiple spinning speeds, volume fraction profile during centrifu-
gation by destructive sectioning, org-ray densitometry. A sche-
matic illustration of the coordinate system for the centrifugation
method is shown in Fig. 10. The stress acting on any positionz in
the network is given by91–93

P~ z! 5 E
z

Heq

Dr g~ z! F~ z! dz (14)

whereg(z) is the acceleration,Dr the density difference between
the particulate phase and the suspending medium, andF(z) the
local volume fraction of solids at heightz. Equilibrium is attained
when the suspension has consolidated to a given volume fraction
such that the applied stress (P) is balanced by the osmotic pressure
or compressive yield stress of the system.

(2) Effect of Interparticle Forces on Flow Behavior
(A) Hard-Sphere Systems:Hard-sphere colloidal suspen-

sions do not experience interparticle interactions until the point of
contact (h 5 0), when the interaction is infinitely repulsive (refer
to Fig. 2). Such systems represent the simplest case, whose
structure is dictated only by hydrodynamic (viscous) interactions
and Brownian motion. Realistically, there are few truly hard-
sphere suspensions. However, model systems, such as silica
spheres stabilized by adsorbed stearyl alcohol layers in cyclohex-
ane64,65 and poly(methyl methacrylate) latices stabilized with
poly(12-hydroxystearic acid) in a hydrocarbon mixture,66 have
been shown to approach this behavior. These model systems serve
as a benchmark for assessing the more complicated behavior that
occurs in the presence of interparticle forces. The relative
viscosity (hrel 5 h/h0) of hard-sphere systems has been shown to
scale with the Peclet number (Pe) which is defined as

Pe5
a3h0ġ

kbT
(15)

where h0 is the solution viscosity. Pe characterizes the relative
importance of viscous and Brownian contributions. Typically,
viscous forces begin to dominate when Pe is approximately unity,
which correlates with the onset of shear-thinning behavior.

Hard-sphere systems exhibit Newtonian flow at low solids
loading (f , 0.3). Whenf . 0.3, low- and high-shear Newtonian
plateaus separated by a region of shear thinning are observed.
Shear thinning occurs because of the hydrodynamic interactions of
rotating doublets, which eventually break up, thereby reducing
viscosity.95 Shear thickening also has been observed in such
systems at elevated volume fractions. This has been attributed to
either an order–disorder structural transition38,96–98 or cluster
formation.39 Finally, asf3 0.6, a yield stress has been observed
that results from the structural disruption accompanying particle
movement in dense suspensions.

The effect of solids loading on the flow behavior of hard-sphere
suspensions has been well studied. For dilute systems, the Einstein
relationship describes the relative viscosity dependence on colloid
volume fractionf:

hrel 5 1 1 2.5f (16)

At higher concentrations (f . 0.05), hydrodynamic and Brownian
many-body interactions affect rheological behavior. In this regime,
the Krieger–Dougherty model can be used to describe this depen-
dence:95

Fig. 8. Types of rheological behavior exhibited by colloidal dispersions:
(a) Newtonian flow; (b) shear thinning; (c) shear thickening; (d) Bingham
plastic; and (e) pseudoplastic with a yield stress.
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hrel 5 S1 2
f

fmax
D2Kfmax

(17)

where K 5 2.5 for monodisperse spheres andfmax is the
maximum solids loading. Asf 3 fmax, 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, wherefmax ' 0.6–0.64.

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

G9d 5
G9a3

kbT

G0d 5
G0a3

kbT

vd 5
h0va3

kbT
(18)

where G9d, G0d, and vd are the dimensionless dynamic storage
modulus, loss modulus, and frequency, respectively.99

Molecular dynamic simulations of hard-sphere suspensions
indicate that the osmotic pressure is negligible until the random
close-packing limit is approached.100 Guo and Lewis3 found that
the osmotic pressure (P) dependence on colloid volume fraction
can be modeled using a modified Carnahan–Starling equation:

P~f! 5
RT

V

f~1 1 f 1 f2 2 f3!

~fmax 2 f!3 (19)

whereV# is the molar volume of the colloid phase. Using Eq. (19),
fmax 5 0.639 was predicted for dispersed silica suspension
behavior shown in Fig. 12.

(B) Soft-Sphere Systems:Most ceramic suspensions can be
classified as soft-sphere systems; i.e., repulsive interactions occur
some characteristic distance away from the particle surface (refer
to Fig. 2). For electrostatically and sterically stabilized systems,
this distance is given by the electric double-layer and adlayer
thickness, respectively. Depending on the strength of these inter-
actions relative to vdW forces, such systems may exhibit dispersed
to weakly attractive behavior. Stable, soft-sphere systems have

Fig. 9. Schematic representation of oscillatory behavior as a function of frequency for (A) liquid, (B) gel, and (C) solid response.

Fig. 10. Schematic illustration of the coordinate system used in the
centrifugation technique for compressive rheology measurements.

Fig. 11. Plot of relative viscosity as a function of colloids volume
fraction in suspension.

Fig. 12. log–log plot of osmotic pressure and compressive yield stress as
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 various
compressive rheology methods.) (Adopted from Ref. 3.)
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been shown to display flow behavior similar to that described
above for hard-sphere systems. Hard-sphere scaling has been
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 fraction (feff). feff is
enhanced by the volume occupied by the soft layer around each
particle, according to89

feff 5 fS1 1
d

aD
3

(20)

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

feff 5 fS1 1
rsdAs

a D 3

(21)

wherers is the powder density (g/m3) andAs the specific surface
area of the ceramic powder (m2/g).63 As shown in Fig. 13, the
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, –Vmin/kbT , 20). This behavior can be induced by
adding nonadsorbed polymer to an otherwise stable suspen-
sion,87,88 or by flocculation into a secondary minimum in the
DLVO potential,40,44or combined vdW and steric potentials.63 An
aggregated-particle network forms in suspension at volume frac-
tions $fgel, wherefgel 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 loadings (f ,,
0.6). In contrast, strongly attractive interactions occur in systems
that flocculate into a deep minimum (–Vmin/kbT . 20). In this case,
flocculation is irreversible. These systems exhibit strong shear-
thinning behavior as well as a substantial yield stress and shear
modulus whenf 5 fgel ' 0.05.

Above the gel point (f . fgel), strongly flocculated suspen-
sions display a yield stress (ty) that exhibits a power-law depen-
dence on solids loading:101

ty < fn (22)

where n 5 2.5–3. Similarly, the shear moduli also exhibit a
power-law dependence:

G9 < fm (23)

wherem ' 4. This value is consistent with the exponent obtained
in simulations of viscoelastic behavior in systems displaying
diffusion-limited aggregation, wherem ' 3.5.101

In flocculated systems, stress is transmitted through a space-
filling, aggregated particle network formed when the colloid
volume fraction exceeds the gel point (fgel).

41 This stress, defined
as the compressive yield stress (Py(f)), increases rapidly withf.36

Previous studies have shown thatPy(f) is well described by a
power-law function, whenf . fgel. Because the mechanical
properties of the systems were similar atfgel, Landman and
White102suggested that the compressive yield stress of flocculated
systems of varying network strength should exhibit universal
behavior when normalized by their respectivefgel, as follows:

Py~f! 5 bS f

fgel
2 1D n

(24)

where the gel point varies inversely with the strength of the
interparticle attractions.36,41 This has been confirmed by Zukoski
and co-workers92,103 for flocculated ceramic suspensions. Alter-
nately, Buscallet al.36 have shown that flocculated systems of
submicrometer spheres displayed aPy(f) that exhibits the follow-
ing power-law dependence:

Py~f! 5 bfn (25)

where n 5 4 6 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 loads (#1 MPa), as shown in
Fig. 12.

V. Colloidal Consolidation Techniques

Consolidation of colloidal suspensions into dense, homoge-
neous green bodies is a central feature of colloidal processing. To
exploit the advantages of this approach, it is desirable to form
bodies directly from the slurry state.1 Once shaped, the rheological
properties of the as-formed body must be altered dramatically to
permit demolding (when necessary) and subsequent handling
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 compo-
nents of varying geometric shape, complexity, and microstructural
control, as shown in Table IV. Their salient features are outlined
below.

(1) Consolidation via Fluid Removal
Particle consolidation into a dense layer or body accompanies

fluid removal in several forming routes, including pressure filtra-
tion,104–106slip casting,106–108osmotic consolidation,92,109 tape
casting,110–112and robocasting.52 During pressure filtration, slip
casting, and osmotic consolidation, a portion of the liquid vehicle
is removed to yield a saturated ceramic body that must undergo
subsequent drying. During tape casting and robocasting, shaping
and drying processes occur simultaneously. During pressure filtra-
tion, a dense particulate layer is formed at the suspension–filter
interface, as fluid flows through the filter in response to an applied
pressure. In contrast, the other forming routes rely on a chemical
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-workers,92,109a suspension is
immersed in a polymer solution separated by a semipermeable
membrane, through which fluid flows in response to an osmotic

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 thickness (d 5 10 nm and (- - -) behavior of hard-sphere systems,
whered 5 0).

2350 Journal of the American Ceramic Society—Lewis Vol. 83, No. 10



pressure:

Ppoly 5
m0 2 mpoly

Vm
(26)

wherePpoly is osmotic pressure of the polymer solution,m0 the
chemical potential of the solvent without added polymer,mpoly the
chemical potential of the solvent with added polymer, andVm the
solvent molar volume. During drying, fluid is removed via
evaporative processes (refer to Section VI). Experimental work by
the groups of Zukoski92 and Lewis3 demonstrated that particle-
packing densities rivaling those achieved under applied mechani-
cal loads, e.g., pressure filtration,67,113are possible via chemically
driven consolidation.

Tape casting produces a thin layer of composite material by
coating a carrier surface with a ceramic suspension using the
doctor-blade technique.110–112,114,115The applied coating dries to
form a flexible film that consists of a particle-filled, polymer
matrix. This technique yields flat, thin ceramic sheets with
thicknesses between 10 and 1000mm. Such layers serve as the
basic building blocks of multilayer ceramic packages (MLCs) and
capacitors (MCCs).116,117Tape-cast layers also serve as feedstock
for laminated-based solid freeform fabrication techniques, such as
CAM-LEM.54

Robocasting52 produces three-dimensional components in a
layer-by-layer build sequence that involves computer-controlled
deposition of a concentrated colloidal suspension (f . 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 hydrogels50,118 have been developed with controlled rheo-
logical properties. Such colloid-based feedstocks yield deposited
layers with optimized flow behavior (e.g.,h and ty) that allow
complex architectures to be fabricated (see Panel A).

(2) Consolidation via Particle Flow
Particle consolidation into a dense layer or body occurs via

particle flow in response to an applied force in several forming
routes, including sedimentation,34,41,42,119–121centrifugation,122–124

and electrophoretic deposition.125–127Particles flow in response to
gravitational forces during sedimentation and centrifugation. Sed-
imentation of suspended particles has been studied extensively
because of its importance in many industrial processes. A spherical
particle of densityrs and radiusa released into a viscous fluid of
viscosity h0 and densityr momentarily accelerates and then
decreases at a constant terminal velocityU0. Laminar flow occurs

when the Reynolds number (Re) is,0.2, where Re5 U0ar/h0. For
ceramic particles, the upper size limit is;50 mm. In the dilute
limit (f . 0), the settling (or terminal) velocity isdetermined by
balancing opposing viscous and gravitational forces:

U0 5
2

9

~rs 2 r!

h0
a2g (27)

which yields the well-known Stokes law. For concentrated sus-
pensions, the settling velocityU is affected by hydrodynamic
interactions with neighboring particles, which is significant if their
separation distance is of the order of the particle size or less. In this
case,U exhibits a Richardson–Zaki form:121

U

U0
5 ~1 2 f!n (28)

wheren 5 6.55. Guo and Lewis40 demonstrated that the sedimen-
tation behavior of concentrated, monodisperse colloidal silica
dispersions could be well described by Eq. (28). For stable
suspensions, centrifugation simply enhances the rate of particle
consolidation by increasing the applied gravitational force.

The behavior of flocculated suspensions is more complicated
and not well described by hard-sphere constitutive responses.128

For example, gravity-driven consolidation behavior of flocculated
systems depends strongly on solids volume fractionf. In dilute
suspensions, aggregation produces discrete clusters that settle
more or less independently. Above some critical volume fraction,
known as the gel point (fgel), the clusters become overcrowded,
and an inhomogeneous space-filling network (or gel) forms, which
may or may not consolidate, depending on its strength.41 Recently,
Allain et al.34 studied simultaneous aggregation and sedimentation
in colloidal suspensions and developed a model for relating the
settling dynamics of gelled networks to their specific spatial
structure. Their work is useful in understanding the various
transitions from settling of isolated clusters atf , fgel, to
collective settling of a gel network atf $ fgel, to no settling when
f approaches an upper critical limit (i.e., when the gel network
formed can support itself). Zukoski and co-workers92,103 studied
centrifugal consolidation of aggregated ceramic suspensions to
determinePy(f) curves for gelled systems of varying composition,
particle size, and attractive network strength. They showed that the
applied loads needed to promote consolidation to a givenf
increase dramatically with decreasing particle size and/or increas-
ing attractive network strength.

In electrophoretic deposition (EPD), particles flow in response
to an applied direct-current (dc) electric field.127 Under dc bias,
charged colloidal particles move toward, and, ultimately deposit
on, an oppositely charged electrode to produce a consolidated layer
or body. The electrophoretic velocity (Ue) is determined by

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 walled
Pressure filtration Fluid flow through porous filter driven by an applied pressure Simple, 3D
Osmotic consolidation Fluid flow through a semipermeable membrane driven by

osmotic pressure difference
Simple, 3D

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).
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balancing opposing viscous and electric forces:

Ue 5
εrε0zE

fHh0
(29)

wherez is the zeta-potential,E the electric field, andfH the Henry
constant, which is equal to 1 whenka . 100, and to 1.5 when
ka , 1.6 This expression is valid for a dilute, stable suspension. A
recentreview of this forming method is provided by Sarkar and
Nicholson.127

(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), 129,130 gelcasting,48–50 and direct coagulation casting
(DCC).46,47 These techniques rely on either physical or chemical

approaches to induce gelation in a concentrated colloidal suspen-
sion (feff $ 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 growth
(e.g., monomers or linear polymers3 polymer network or
colloidal particles3 aggregated particle network). At the sol–gel
transition, dramatic changes in the viscoelastic properties of the
system are observed, as shown in Fig. 14.131 The 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 the
order of the sample dimensions. If growth is arrested because of
depletion of reactant before gel formation, the system remains in
the liquid state, and its apparent viscosity plateaus to a steady-state
value, hequil. Beyond the gel point, additional linkages form
between growing clusters, thereby strengthening the gel network,

Panel A. Robotically Controlled Deposition of Ceramics

Solid freeform (SFF) fabrication routes offer the ability to
produce complex ceramic components that are not other-
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 deposition52,162(see Fig.
A–1). This example illustrates the important relations be-
tween colloidal stability, rheological behavior, and ceramics
fabrication.

To produce spanning structures with excellent shape
retention, one must use highly concentrated colloidal sus-
pensions (f 3 fmax) with the appropriate flow properties.
Important properties that must be tailored include suspen-
sion viscosity (h) under the shear conditions experienced
during deposition and yield stress (ty) of the as-deposited
material. We have found that colloidal gels that can be made
to flow under high shear but have a substantive yield stress
(and, hence, infinite viscosity) under low shear conditions
are most desirable.

Fluid-flow modeling conducted by Baer and co-workers118

indicates that shear rates between 1 and 250 s21 are
experienced during deposition from the nozzle tip (see Fig.
A–2). By tailoring the relative strength of electrostatic
interactions, Smayet al.163 have developed aqueous sus-
pensions of lead zirconate titanate with the range ofh and
ty 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
the representative, three-dimensional periodic structure
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 of;800mm) to build
a face-centered tetragonal lattice. Because of their highty

values, the as-deposited beads maintained their cylindrical
shape during deposition and drying. In addition to the
highlighted work, this processing technology can be ex-
ploited to build a broad range of novel structures with
controlled architecture and composition.

Fig. A–1. (A) Schematic illustration of robocasting equipment and (B) optical view of robocasting head, which deposits a concentrated colloidal
suspension in a layer-by-layer build sequence to generate complex, three-dimensional parts.
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as reflected by the coincident increase inG9 to a steady-state value
G9equil. G9equil provides a measure of the handling strength or
demolding capabilities of the system.

Fanelli et al.130 developed an AIM technique in which a
concentrated ceramic suspension is prepared in an agarose-based
liquid vehicle. On casting into a chilled mold, the system under-
goes temperature-induced physical gelation (Tgel ' 37°C) because
of the change in solvency conditions of the agarose species in
solution. The AIM process is compatible with existing commercial
injection-molding equipment and yields high-strength components
that can be green machined. Unlike conventional IM, however,
such components contain relatively low binder content (;10 vol%
or less).

Gelcasting, developed by Janney and co-workers,48,49 uses a
concentrated ceramic slurry suspended in a monomeric solution,

which is gelled byin situ polymerization. The as-formed organic
network encapsulates the ceramic particles, imparting high green
strength, which allows for green machining. Recently, Morissette
and Lewis50 developed an alternate gelcasting approach based on
polymer cross linking via metal-ion complexation that is amenable
for robocasting, as mentioned previously.

Direct coagulation casting (DCC), developed by Gauckler and
co-workers,46,47 relies on physical gelation of colloidal particles,
as opposed to organic network formation in AIM and gelcasting. In
DCC, electrostatically stabilized, concentrated colloidal suspen-
sions undergo enzyme- or pH-catalyzed reactions to produce
H3O

1 or OH– ions or solubilized salt. Such species minimize
double-layer repulsive forces by either shifting pH toward the IEP
or increasing the ionic strength of the system, resulting in the
destabilization illustrated schematically in Fig. 4. The inherent

Panel A. Continued

Fig. A–2. Calculated shear rate (ġ) for representative deposition
conditions, where suspension viscosity is 100 Pazs, tip 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.)

Fig. A–3. log–log plot of apparent viscosity (at 1 s21) as a function
of yield stress for aqueous lead zirconate titanate suspensions prepared
at 53 vol% solids and varying pH. (Printable conditions for spanning
structures correspond to data shown above dashed line.) (Adapted from
Ref. 163.)

Fig. A–4. Periodic lattices for functional ceramic devices: (A) schematic illustration of desired structure and (B) lead zirconate titanate layers
deposited via robocasting. (Circular bead cross section is preserved during deposition and drying process.) (Adapted from Ref. 164.)
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advantages of this approach include minimal binder content (#1
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 Gauckler.47

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 cracking.3,43,132–141In recent work, the
drying behavior of ceramic layers derived from charge-stabilized
colloidal suspensions,135,136 tape-casting133,134,137 and gelcast-
ing142 suspensions, and colloidal suspensions of varying stability3

has been studied for the purpose of characterizing drying stress and
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 (iii) second falling-rate period (FRP2).141–147In 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. Shaw43 has 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 process.148 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
pressurePcap:

138

Pcap5
2gLV

r p
(30)

wheregLV is the liquid–vapor surface tension andrp the charac-
teristic pore size, which can be approximated by the hydraulic
radius,rh:

138

r h 5
2~1 2 f!

Asfr
(31)

In accordance with Darcy’s law, the liquid flux (J) is proportional
to the pressure gradient in the liquid,]P/]x:

J 5 2
D

h0

]P

] x
(32)

whereh0 is the solution viscosity andD the permeability given
by149

D 5
~1 2 f!3

5~ Asfrs!
2 (33)

wheref, As, andr have been defined previously. The length scale
(lcap) over which capillary migration occurs during drying has been
derived previously:28,136

l cap5 F2H~DP!~1 2 f!3

5VEh0~ Asfrs!
2 G 1/ 2

(34)

whereH is the layer thickness,VE the evaporation rate, andDP the
pressure drop estimated from Eq (30). The importance of capillary-
driven liquid migration is shown by comparinglcap to the charac-
teristic size of the drying layer (or body)H. When lcap . H, the
liquid–vapor interface penetrates into the layer as an irregular
front. In contrast, whenlcap ,, H, the liquid–vapor interface
penetrates into the body as a planar front. This latter situation
should be avoided, because it leads to a sharp stress gradient that
promotes cracking. As shown in Eq (34),lcapcan be increased by
decreasing the drying rateVE, increasing the initial solids loading
in suspension, or decreasing the fluid viscosity.

(3) Drying Stress and Structural Evolution
Stress evolution during drying has been measuredin situ for

ceramic layers prepared from charged stabilized alumina suspen-
sions,136 tape-casting137 and gelcasting142 suspensions, and col-
loidal silica suspensions of varying stability.3 Four regions of
behavior have been delineated for binder-free layers: (i) stress rise
(srise); (ii) stress maximum (smax); (iii) stress decay (sdecay); and
(iv) residual stress (sres), as illustrated schematically in Fig. 15.
During the initial stress rise period, evaporative processes lead to
an increase in colloid volume fraction in the layers. Consolidation
persists until the particle network can completely support the

Fig. 14. Schematic illustration of rheological property evolution as a
function of gelation time for gelling systems, whereh is the apparent
viscosity andG9 the elastic modulus. (Incomplete gelation leads to a sol
phase whose apparent viscosity approaches a steady-state value with
time.131)

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
(srise) at any given time is related to the compressive stress
imposed on the solid particle network (ss) within the film by132

ss 5 sriseS1 2
1 2 f

Cv
D < srise

4f 2 1

3
(35)

whereCv 5 (1 – 2n)/(1 – n); when the Poisson ratio (n) is 0.2,
Cv 5 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 network.92,138 Guo and Lewis3 recently showed that
there is strong correlation between the measured drying stress
behavior and the compressive rheological response of the sus-
pended system. For dispersed systems, the stress transmitted
between the particles is defined by the osmotic pressure (P) which
results from repulsive interparticle interactions (refer to Eq (19)).
For flocculated systems, the stress transmitted through a space-
filling, aggregated particle network is defined as the compressive
yield stress (Py(f); refer to Eq. (24)). During drying of dispersed
and flocculated silica layers, Guo and Lewis found excellent
agreement between the measuredf-dependentss and the respec-
tive P(f) andPy(f) 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-
driven consolidation were observed for the flocculated systems.
For example, the weakly and strongly flocculated systems settled
to maximum volume fractions of;0.25 and 0.15, respectively. In
contrast, under capillary-driven consolidation, these respective
systems achieved maximum volume fractions of;0.55 and
0.45—almost a threefold increase in the latter case. These data
indicate that even strongly aggregated particle clusters can be
disrupted and packed more efficiently as drying proceeds (i.e., as
the compressive stress on the particle network increases because of
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 maximum (smax) coincides with the time required for
the drying film to reach 100% saturation, i.e., where further
network consolidation essentially ceases. Chiu and Cima136

showed that the maximum drying stress is proportional to the
surface tension (gLV) of the liquid phase and inversely propor-
tional to the particle size for layers derived from charge-stabilized
suspensions. On this basis, they relatedsmax to Pcap at 100%
saturation, as given by Eq. (30). The period of stress decay
following the observed maximum drying stress occurs when liquid
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
or organic species),sdecay approaches zero as the degree of
saturation approaches 0%.

Lewis and co-workers3,137 have observed more complicated
behavior in the presence of processing additives. For example, an
additional period of stress rise was observed in silica layers that
contained salt species. This observation was attributed to bridging
effects resulting from salt precipitation in the final stage of drying.
The migration of such species to the external surface of these
layers was also evident during drying, leading to severe micro-
structural nonuniformity.3 In contrast, the drying stress histories of

tape-cast137 and gelcast ceramic layers142 are dominated by the
organic phase in the later stage of drying. For example, polymer
relaxation processes (which are aided by plasticizer additions) are
important for tape-cast layers.137,150–152Preliminary observations
of the drying behavior of gelcast layers reveal even more complex
behavior because of the simultaneous effects of drying and
chemical gelation of the organic species in solution.142 Because
many emerging forming routes rely on gel-based processes, via the
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.

VII. Future Directions

This review of colloidal processing of ceramics, combined with
related areas of colloid science, suggests certain research direc-
tions. The primary motivation for adopting a colloidal-based
methodology for ceramics fabrication is to enable control over
structural evolution, hence, eliminating unwanted heterogeneities.
As described in Sections III–VI, one must tailor interparticle
forces, suspension rheology, consolidation, and drying behavior to
achieve the optimal microstructure for a given application. The
ultimate success of this approach requires fundamental knowledge
of the interrelations between the structure of colloidal assemblies
and these various properties.

Fig. 16. Comparison of (A) sediment volume fraction and (B) dried film
volume fraction versus initial solids volume fraction on consolidation of
colloidal silica suspensions of varying stability: (a) dispersed; (b) weakly
flocculated; and (c) strongly flocculated.

October 2000 Colloidal Processing of Ceramics 2355



The theoretical understanding of interparticle forces is relatively
mature; however, there is a need for direct force measurements in
ceramic systems of varying colloid chemistry, crystallographic
orientation, adsorbed layer chemistry, and solution composition
(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
studies have been reported recently,24,73,153–157this remains a
wide-open research area. Particular emphasis should be directed
toward the interaction between tailored particle interfaces. To
adequately investigate such phenomena,smooth, sphericalcolloi-
dal probes of varying composition must be fabricated. This
remains a challenge for many ceramic systems of interest. At
present, densified, spray-dried granules are commonly utilized.
However, the surface roughness associated with these colloidal
probes complicates force–distance curve analysis considerably.
Once this challenge has been met, direct measurement of interpar-
ticle forces between ceramic surfaces with tailored adsorbed layers
should be systematically conducted. Specifically, novel adlayer
configurations, such as diblock and triblock copolymers of varying
segment length and composition (including ionizable groups),
should be characterized. The ultimate goal is to provide the
knowledge base needed to design functional dispersants that yield
the targeted colloidal stability (e.g., tunable barrier height or well
depth) required for ceramics processing. Recognizing that such
species are often present in solution as well as in the adsorbed
state, we are also required to develop a proper understanding of
depletion-driven effects.

The rheological behavior of model colloidal suspensions is well
understood. However, the ability to predict flow behavior of
concentrated suspensions directly from pair potential interactions
is lacking. The many-body nature of these interactions in suspen-
sion is not well understood. There is a need for more-sophisticated
theories, as well as new characterization methods to probe local
suspension structure. Scattering measurements have been an ef-
fective tool to study order–disorder98 and particle-clustering
transitions39 in concentrated systems. However, scattering mea-
surements assess only bulk properties. Recently, van Blaaderen
and co-workers158–61 have demonstrated the utility of confocal
microscopy as a structural probe for dense colloidal suspensions
(f 3 fmax). Using special silica spheres with a fluorescent dye
core in an index-matched solvent, they obtained precise local
structural information of colloidal glass160 and crystalline161

phases. Experimental work that incorporates direct force measure-
ments, characterization of local suspension structure, and suspen-
sion rheology is needed to advance our predictive capablilities.

Emerging colloidal-forming routes have focused on producing
bulk ceramics via gel- or SFF-based approaches. There is a need to
further understand the relation between the viscoelastic properties,
handling strength (i.e., demolding), drying behavior, and network
strength of assemblies derived from colloidal gels and colloid-
filled organic gels. SFF techniques allow for local compositional
control as well as intricate component geometries. However, such
techniques can be limited by lengthy build sequences and feature
resolution (;25 mm minimum size). There is need to develop
controlled methods of rapidly placing suspension volumes ap-
proaching 10mm3 to facilitate surface patterning, thin film, and
small-scale component fabrication. The assembly and drying of
colloidal systems is expected to become more challenging as the
use of nanoparticles increases.

In summary, the field of ceramics processing will not only
contribute to, but advance through, discoveries in related areas
such as self-assembly of materials, complex fluids, photonic
materials, and nanotechnology.
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