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to increase the structural rellabliity of ceramics and their composites.

Mou rellable ceramics require improved processing reilabliity. Heterogeneities bought with powders
and those inadvertently introduced during processing as well as non-uniform and undefined phase
distributions contribute to unreliable processing. Colloidal powder treatments can eliminate many
heterogeneities and ensure more uniform phase distributions. To ensure that new heterogeneities are
not introduced, colloidally treated powders must be piped, as slurries, directly to a die cavity. Slurry
consolidation methods based on particle partitioning, e.g., pressure filtration and centrifugation are
emphasized In this review. Interparticle potentiais play a dominant role in governing the slurry
viscosity, maximum particle packing density and the rheology of the consolidated body. These roles wiil
be reviewed with the objective to understand how damage free bodies can be consolidated from slurries
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Effect of interparticle potentials on particle packing for ceramic processing

F.F Lange
Materials Department. University of California, Santa Barbara, Calif.. USA

ABSTRACT: Engineering shapes made of ceramics are first formed as powder compacts which are made
dense by a heat treatment. High packing densities are desired, but more critically, powders must pack with a
uniform density dellle)ile pmsmm Mp'ldle' nts dwl;t::n :::nne cavity. As reviewed below.p“ short- w‘-mge
repulsive interparticle potensi persist during ing enable ceramic w % high, pressure
insensitive, relative densities. To appreciate how interparticle potentiais perticle packing, this review
will first discuss how one develops different interparticle posentials, the relation betwesa particle size
distribution and the maximum packing density, and the mechanics of particle packiag, vis., particie
rearrangement during pressure consolidation.

1 INTRODUCTION poteatial can produce a network of pasticles i

¢
Intesparticle potentials can be neglected when 0 friction. A long-rangs repulsive patential can
particles are large, i.c., when their separation force  produced
(particle mass x differential acceleration) in  Chemisty of
gravitational flow is much larger than either their  fluid near the surface can be safficicatly altered. To
attractive or repulsive force caused by different  used these methods, the powder mmst be placed
surface phenomena described below. Thisisnotthe  Within an appropriate liqud. The met interparticle
case for powders used in ceramic processing where Wﬂﬂmm"ﬁ'@ﬂ-wd'
smaller particles (< | um) are highly desireable 0 the lou—rm . m‘:ﬁ"h the
minimize the densification temperature and period  van der Waals powential. cause
and to develop microstructures that optimize  the particles to be dispersed. Even when the
properties. High relative densities also misimize volume fraction of particles is small, dispsrsed
the shrinkage strain during densification. For imall puuclufon_nqinmﬁvenet_\vorkbmmmeir
particles, interparticle potentials strongly affect ~ movement is hindered by neighbors. Surface
particle packing. chemistries can also be modi to produce a
Although a high relative density is desired, repuisive potential that is only 'felt’ once the
modest densities (§ < $max) are certainly acceptable  Particles are close enough to be atracted by the van
gradients cause shrinkage gradients that caese potentials keep the attractive particles from
warping and cracking. Because pressure i touching. As reviewed below, short-range repulsive
always exist within die cavities, powders potentiais can produce a weaker attractive network
toxhemdeﬂa«avidcmgeofm relative to the touching network produce by the van
are desired. In some forming methods can ~ der Waals potential alone. Provided that they
not be used i the relative density is pressure  PerSist as particles are pushed together, both long-
sensitive, 6.g;, seawrifugation, which naturally and short-range repulsive potentials can ease
produces , ients. can be used to  particle rearrangement and produce pressure
form shapes packing is ure  insensitive packing at practical pressures which
sensitive only st very low pressures. us, in  Allows particles to pack to their maximum relative
ceramic processing, the pressure sensitivity of  density.
particle packing is a greater issue, relative to the
maximum relatve density.
™ P:rticle:ﬂa;e cither atﬁ'active or repulsi\lre.
e van der W ntial, always cause particles . . .
with similar dielecgmq': properties 10 be atractive  1n¢ reader is referred to Horn's (1990) review of
when they are surrounded by a fluid with different ~ ™OSt phenomena, and their functional forms, that
dielectric properties. By itself, the van der Waals contribute to the interactive potential between

2 INTERPARTICLE POTENTIALS
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particles in liquid media appropriate to ceramics.
Here, only the van der Waals attractive potential
and several methods of achieving repulsive
potentials will be briefly outlined so that their effect
on particle packing can be coherendy discussed.

The van der Waals interparticle potential
always describes an attractive force between like
particles in a fluid with different dielectric
properties. It arise from the correlated, attractive
interaction of oscillating, electric dipoles associated
with atoms and molecules. In the absence of any
repulsive potential, the van der Waals potential
produces very strong, attractive forces at small (< §
nm) interparticle ions. The magnitude of the
van der Waals potential depends on the Hamaker
constant, which depends on the high ueacy
dielectric properties of the particles their
surrounding fluid, the particle diameter and the
distance between particles.

mall initally seperited parciclos moving
very s , initially particles moving
about via Browniaa motion, will form small,
density clasters with fractal i0iis when
bump into onc another. As the cluster
larger, they sediment and pile on one another to
form a coatinuous, touching network. For perticle-
liquid sysiems (slurries) containing volume
fractions of practical interest for ceramic

fas

becomes quiescent.  Since the particles are in
clastic contact, the network is "strong’ i.c., itm:u
the greatest effort to break apart. It is Y
flocced network, schematicaily illustrased in Fig. 1a.

To avoid this strong network, one must develop a
repulsive i i ial sufficient to counter
van der Waals is effective in all fluids,
common of producing repulsive powsatials
require a liquid medium.

" Two methods of producing
repulsive poteatials snd two methods of

short-range repulsive poteatials will be @ "!
net repulsive poteatial is produced whes & :
range repulsive potential i3 added to the vam
Waals potential. As shown in Fig. 1b & ¢,
dispersed particles form a non-touchiag,
interactive network. An sttractive particie

nam), is :dm when a short-range repulsive
potential ts addnd 10 the van der Waals ; as
shown in =34, the combined function has a

les in this network are
atractive, Particles that form this
weak, auragive are call coagulated (or
weskly flocoed).

One method to produce a long-range,
repulsive potential is wo uce surfaces with a net
charge density which is neutralized by ions of
opposite charge that surround the particle. This
potential is called an electrical double-layer.
Charged exide surfaces can be produced in water
when the -M-OH surface sites react with either
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on
its equilibrium with H3O* and OH". The surface is
neutral at an intermediate (iep), where the
surface containg a large of neutral -M-OH
sites and equal proportions of hydrated, positive
sites (-M-H20*) and negative (-M-O-) sites.
C . 2

ions in the solution with an e
mm&hﬂuxnmmgm
solubility of the particles, sad ions

as a salt. Counterions m:::l%
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atternpt to ‘sit’ at positions that minimize their
interaction potential, viz., at a separation distance
(usually > 10 nm) to form a nom-touching, but
Since the particles in the network are not touching

one another, the system is called a ‘dispersed’ slurry.
Because the electrical double-layer potential is
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Figure 1 Schematic of different interparticle
potentials and their particle networks.
estimated by an ential function and the van

der Waals potentials is a power law function, the
latter ‘wins' at small separations (< 0.5 am).
Thus, if the particles are pushed together by a larger
force, they will ‘fall’ into the deep potential well
form a touching network.

If the repulsive contribution to the DLVO
potential is reduced (e.g., decreasing the surface
. charge by changing pH), a condition can be
. achieved where the repulsive barrier is no longer

sufficient to prevent particles from slipping into the
deep potential well and produce a strongly cohssive,
touching network as described above. Thus, the
DLVO theory teaches that although the combined
repulsive interaction (magnitude of the repulsive
barrier and equilibrium separation distance) can be
controiled and optimized (by controlling pH and salt
content), particies should always fall into a
potential well to form a cohesive, flocced netw
when conditions are much less than optimum. That
is, DLVO theory offers no help in understanding
how one might control the depth of the atiractive

well.

A second method to produce a long-range
repulsive potential is to either chem- or phys-
adsorb macromolecules on the surface of the
particles as shown in Fig. 2a. These
macromolecules would prefer w be in solution if the
surface was not preseat. The molecules can cither
be attached to the surface at one end (bi-functional
molecules) or attached at different places along its
length with loops extending into the liquid. If the
molecule is attached with extended loops, the
surface of each particle must be fully saturated so
that macromolecules from one particie can not link

Repuiive Susls Pountal

—

£\ v We
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Figure 2 Adsorbed molecules can produce a) long-
range repulsive potentials and b) short-range
repulsive potentials.

to another to cause flocculation. The ive
potential due to the molecules becomes finite at
approximately twice the molecule (ar loop)
and increases as the molecules (ar loops) are
mthuushoninﬁ;h This phenomens is
ed sweric stabilization; it is commonly used ©
son-polar

disperse particles in liquide where the
electrical double-layer can notheweed. If
the molecules are anached 10 the susface

(phys-adsorbed), experieace suggssts that cam
pushed away during particle mu‘ﬁu,
strongly attached (chem-adsorbed) molecules are

|
:
{
E

(Napper, 1983), it is nearly as accurate to estimase
the 1nteraction length of this tial by truncating
the van der Waals tial at twice the length of
the adsorbed molecule (each of the two surfaces
have adsorbed molecules) when it is know that the
molecule is attached at one end. This is the case
when low molecular weight alcohol molecules,
dissolved in toluene, are reacted with the -M-OH
surface sites of different powders to attach their
carbon chain (-M-OH + ROH — -M-OR + H20)
at = 150 °C (Her, 1979). Figure 3 illustrates the van
der Waals potential for 0.4 um diameter SizN4
particies in dodecane (Hamaker Constant = 20 x 100
20 J), and illustrates how 3 different chem-adsorbed,
carbon chains would wuncate this ntial to0
produce 3 different potential wells (g:emcr and
Lange, 1993)

The swength of the 3 attractive Si3Ng4
powders networks produced with each of the 3
chem- molecules is inversely proportional
to the depth of the potential well, viz., the deeper
the well, the stronger the network. The network
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Figure 3 Van der Waals potential for silicon nitride
particles (0.4 um dia., Hamaker Const. = 20 x 10-20
1) truncated with three differeat chem-adsorbed
alcohol molecules. (Kramer and Lange, 1993)

Ak i,

4

Aidd Lad
L] ?

strength can be determined in one of three ways: i)
The viscosity of attractive particle networks
decreases with increasing shear rate, i.e., the
network breaks into smaller and smaller units with
increasing shear rate. Stronger networks have a
higher viscosity at 2 given shear rate (Velamakaani,
et al. 1990) ii) Attractive networks have a a‘iekl
stress, i.c., they are clastic before they flow.
Stronger networks have a higher yield stress,
(Chang et al., 1993) iii) Prior to flow, the attractive
network has an clastic shear modulus. Scronger
networks have a greater shear modulus (Yanez, et

al. 1993).

In_general, the short-range repulnx
potential is called a solvation potenti
(see Horn, 1990). The term solvation arises from
the recoguition that molecules within the liquid can
lower their free emergy by, for ous reasom or
another, either weskly bondisg or ordering

requires work, and thus can give rise 102
range, highly repuisive potential.
molecules are very small and/or form a
layer of ordered molecules, the particies
antractive due to the reasons discussed above, but sit
% within a potential wellu]‘gn second method of
ucing a short-range repulsive potential is more
difficuit to understand because, although it is
obvious thut shorv-range repulsive potentials are due

] -adsorbed molecules (or layers of
m) that require work to remove, the

case.

Under cernin conditions, the basal surface
of mica is believed to develop a special solvation
potential called the hydration potential. Using the
surface force apparatus, Israelachvili and Adams
(1978) and Pashley (1981) showed that when mica
is placed in water, the potassium ion in its structural
surface site can be strongly hydrated by water
molecules to produce a layer of 'structured’ water
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molecules. A sufficient concentration of K* ions
must exist in solution to keep the hydrated K* ions
in the surface from dissolving into the water. In
effect, when a sufficient amount of a K-salt is
dissolved in the water, water molecules become
bound to the surface through the hydrated potassium
ions which, in tum, are bound within their structural
surface sites. They also showed that by adding
other saits to the water, the hydrated potassium ion
can be exchanged with another cation to
change thle ‘strength’ of the hydration potential.
When no long-range repulsive potential is present,
their surface force measurements show that the net

and a host of other evidence, it ic

believed that clay surfaces (Olphen, 1977) aiso

mp :y:y‘dnr;ud surface layer and, thus,
ve posential.

Velamakanni et al. (1990) have shown that

4

maximum value, still below the strength of
flocced network, with a certain salt concentration.

All evidence now shows that when the
added, the counterions diminish the magnitude
the ive, long-range clectrostatic
_theury,
reopulslve potential
classical DLV . The short-range repulsive
potential due to added salt has
co wil ire plates in

E

in is
to a hydrated layer of counterions similar to that
found for mica surfaces (Israelachvili and Adams,
1978, and Pashley, 1981), and for clay surfaces (van
Olphen, 1977). Chang et al. (1993) have recently
modeled this behavior summing the functions for
the electrical double-layer potential (VLR), the van
der Waals potential (VA) and an exponential
function used to describe the short-range potential

-1
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Fign'tSumofvanduWnls(HC-ds x 10:20],
b exponema);hl, rivambupponi btk Muividoc
0 -ran ive
(see text) for different ion'i‘c . molnrmCl)

strengths. (Chang et al. 1o be pub)

(Vsr) for Al,O3 particles with a radius of 0.125
um, a surface potential of 40 mV, and a Hamaker
constant of 4.9 x 10-20 J;

V = Vyu +V, + Vg 10))

The short-range potential was described by

H

where H is the separation distance between surfaces
of the particles, the pre-exponential factor C
represents how strongly the molecules (hydrated
counterions) are bonded to the surface, and B
described the range of the interaction. Based on
experimental determinations of the lowest
concentration of salt needed to first form aa
anractive network (kmown as the crisical
coa, ion conceatration (CCC), e.g., for NH¢Cl,
CCC = 0.12 molar, Chang, et al., 1993) and the
ass ion that the network would be attractive
when tial well is < - 5 kT, values of C = 30
kT and B = 5 nm were calculated. Figure 4
illustrates the total potential, V, for different ionic
strengths (I), which oaly affect the magninude of the
electrical double-layer potential (VLR). As shown
in Fig. 4, when I > 0.12 molar, the particles are

ive, and when I < 0.12 molar, the particles are
attractive and ‘reside’ in a potential well that
increases in from = - 5T (I = 0.12 molar) to
= - 30 kT (1= 1.0 geoler); larger salt concentrations
do not sigmi the potentials well The
change in the of the well is consistent with the
strength of the attractive network for increasing salt
concentrations. (Chang et al., 1993) This modeling,
combined with rheological propertics shows that the
sait additions have two effects. First, the added salt
produces a short-range repulsive potential for

reasons not clearly understood (current thinking
suggests that hydrated counterions produce the
short-range potental). Second, as predicted by
DLVQ, the salt decreases the long ranze repulsive
potendal, which in turn, causes the poteatial well to
deepen with increasing salt coatent 10 a maximum
depth of = - 30 kT.

In cor~paring the two methads of producing
a short-range repulsive tial, the salt-added
method can be used to ¢

touching, but attractive particles), and it can be used

10 control the of the poseatial well, and thus,
the sweagth of the atwractive perticle netwark. On
the other hand, the finst described above,
viz., the chem- of small molecules, does

potential well is
chem-adsorbed

large spheres — 0. In the first regime, where the
volume fraction (relative to total solid volume) fj of
the larger spheres is < [, the larger spheres replace
the matrix formed by the smaller spheres and its
(\;foid space to produce a relative composite density

; I
e Thea £ s £l @

where ¢40 is the relative density of powder formed
with the smaller spheres. fi° is the volume fraction
where the larger spheres form a dense, randomly
packed network within the binary mixture; the
maximum relative density for the binary mixture
occurs when fy = f{°. In the second regime, defined




larger spheres by themselves. It can be shown that

£ = m (5)

When the relative density of powders
formed with ecither the matrix spheres or larger
spheres is equal to that of random dense packing
(5% = §° = 0.64), the maximum idealized deasity of

and the first layer of particles as would be the case
if an imaginary plane replaced the wall in a dense
packed network, this space contains a greaser void
volume, per unit volume, relative to all other

ions of the y and Tarbuck,

invalid because the smaller particies can not pack
around networks formed by the larger particles.
Instead, the smaller and larger particles form
tetrahedra. Dobbs (1980) reasoned that because

relative density of tetrahedra formned with a mixoure

4

192

3.2 Mechanics of particle packing

When the fluid surrounding the pasticies is a gas (or
vacuum), m'imnnmn':m

h

R
4

i i

the
relative density vs applied pressure is a continuous
function in which the normal and tangential forces
at every particle contact are in static equilibrium
with the applied pressure.

Insight into how particles can be arranged o
produce a very low tap density is obtained by
watching a small volume fraction of dispersed
particles, too small to be resolved by the eye, as




they are attracted to one another when the
interparticle potential is suadenly made arractve,
¢.g.. by changing the pH to the 1soelectric point by
sumng 1n acid or base. As the surred system
becomes quiescent, one observes small, wispy
‘clouds’ of particles that grow larger and begin o
settle. Scarttering experiments show (Schaefer et al,
1984) that the agglomerates have a fractal
geometry, i.c., their density decreases with
increasing distance from their center of gyration.
Larger aggiomerates are observed to fall onto and
collect the smaller, slower moving agglomerates
during sedimentation. At the top of the test tube,
the imdally opaque slurry becomes clear, whereas
the opacity at the bottom increases as the
agglomerates pile up to form a continuous network.
Because of their fractal nature in suspension, it
might be suspected that the continuous particle
network, formed by the packed agglomerates is also
fractal at some dimension between the particle size
and the agglomerate size. Since the volume fraction
of particles that form the initial, continuous network
is initially much lower than . the percolation
threshold, = (.16, (Zallen, 1983), it must be
concluded that the network is not a random
distribution, but it must have some fractal character
due to its fractal building blocks, i.e., the
agglomerates. That is, a random distribution of
particles at or below its percolation level could not
be self supporting. Thus, low tap densities in dry
powders and low network densites formed by the
sedimentation of agglomerates must be due to the
fewer connective particles between agglomerates,
relative to higher connectivity within the
aggiomerates.

As the test tube is allowed to sit for hours,
days, weeks, eic., it is observed that the height of

the sediment decreases, but given time. its height
becomes constant. When the tube is centnfuged.
the height of the sediment continuously decreases,
but after a given period, becomes constant.
Collimated, gamma ray absorption measurements
show that the packing density conuuuously
increases from the top of the sediment to the bottom
of the tube (Schilling, 1988). The mass of particles
above a given height exerts a known pressure oa the
particle network below. Deansity determinations vs
the applied network pressure results in a continuous
function that will be discussed below.

Pressure filration is another method of
consolidating particies in & slurry. In this method
the slurry is poured into a cylindrical die cavity
containing a filter on one end that can pass the
liquid, but not the particles. Whea pressure is
exerted on the slurry via either a pressurized gas or

a plunger, a consolidated layer of builds on
meﬁluuhqmdpuaudlwﬂlhc le layer
and the filter. After soms and Tsai,
l986.l.meandunlhl ﬂulwyfamn
e
haspassedthmn;htheﬂlu)

layer, which now the applied
pleaun.huauifu- . Asin the

other consolidation hﬂg

mmu
amwmm.)mmemum
static equilibrium with an applied and b)
the relative deasity (¢) of the particle network

maummmmeapphedptmeunnu Smex.

Figure § illastrates phososiastic '&l:ced
biaxial compression s) before b)
::mnmmmhgumu:‘;dpm

Figure S Photoelastic discs under bi-axial compression showing isochromatic fringes due to contact stresses
a) before and b) after incremental increase in stress. (Kuhn et al. 1991)
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stresses at posifions where touching particles are
compressed by the remote, applied stress. The
greater the dr asity of fringes within a particle, the
greater the stress within the particle. It should be
noted that: i) not all particles support the same
stress. In fact, some particles, although touching
others, do not support any of the applied stress,
while others are highly stressed. ii) For any
particle, the force (or stress) at every contact is not
wdentical. iii) the contact positions are not
symmetrical around any particle, and the stress &t
each contact is not identical, yet the network of
particles is in static equilibrium with the applied
pressure. Namely, the vector sum of all forces at
each particle is zero. iv) At most contacts the fringe
pattern is not ectly symmetrical across the
conuact; i.c., and shear stresses exist at
most contacts. v) After rearrangement (Fig. S b)
the density of isochromatic fringes is reduced in
each particle despite the incrementally greater

stress.

The photoelastic observations su
computer simulations (Cundall and Stracik,
which show that: i) that many interpenetrating,
compact collectively support jed stress.
ii) A distribution ofnamdfolme?x;:m
particle pairs which spans ::tween zero (a
significant fraction of particles do not any
ap‘;igd stress) and & value much htgm an
a value,

Based on the fact that the contact positions

and their stresses are not symmetrical and on direct

observations that 'keystone' particles are ‘pushed’

into a vacant region as the lgglied pressure is
u

incrementally increased, K et al. (1991)
propud&utherwdcmig
density vis § particle marrangecent gh

that involved an instabiiity
'snap-through-buckie’ illustrated in Fig 6o
mmdmndmﬁw

contact forces can be in equilibcium

applied compressive styess, some
agfmtnvmehvvﬂww
displacement upon incremental stressing until Gsir
geometrical arrangement suddenly became anstgiife.
This phenomena would be analogous W the
i ility of the keystone in the Roman srch duws ©
an overioad not only leads to the catastrophic

collapse but also the canatm
a0 - renh:‘ v network of
Catas! event in a new
mnm.:' les and a2 new network of
percolating im“static equilibrium with a
slightly larger pressure. .
F 6 describes the sequential analytical
steps mﬁ' determine critical force for the ‘snap-
through-buckle' event for the 2 dimensional

example where the vacant position, which can just
accommodate one unit sphere, is surrounded by 6

identical spheres. The pressurized, cylindrical shell
(Fig. 6b) of powder confining the 6 touching
particies has the elastic ies associated with
Hertzian elasticity (0 « e5/%) described by Walton
(1987). An extra force, F, directed towards the
vacancy, is applied to one of the 6 particles. This
‘extra’ force represents the differential force above
& average value bjf:;dhicg_han other particles within

ring are su . e problem consists of
detem:fnin the relation between the ‘exma’ force
and the change in the particle comiguration
described, e.g., through the angle (®) between
adjacent particles. Figure describes the
incremental displacement of the particle with
increasing ®. Figure 6d shows the calculated F vs
@ plot, illustrating that the syseem is stabie for 60° <
@ $70.5°, but unstable when @ > 70.5°, where F
exceeds its maximum (and critical) value. It can be
shown that the critical value of F decreases with

-~
&
<
~
Q

S REEEEE

[ 708"

40
angla. P

Figure 6 Rearrangement of particles via the ‘snap-
through-buckle' mechanism. 2) pictorial, b) the
Lamé shell of powder, c) progressive displacement
of particies with increasing force, d) force vs angle
showing critical phenomenon. (Kuhn et al, 1991)
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increasing pressure 0 the ‘shell’.
The analysi "!.3““ Kahn et al. (1991)
assumed r:lhn& It can be imagined
that higher critical of F are required when the
coefficient of frictiam iy finite. _

With an incremental increase in the applied
pressure, the original equilibrium network can be
suddenly disrupeed by ¢ ic events described
as ‘snap-through-buckle'. ese events lead to
particle rearrangement, the formation of a new
purticle network in equilibrium with the
incrementally increased and an i
increase in relative density. Although the
rearrangement event leading to the increase in
o jom relative density vs the spph
has yet 10 be derived from first principals. E two
common empirical relations describing the

experimental relative density vs pressure data sre
power law and ithmic functions, viz.,

¢ = CP* (m<lLande se,) ©
and

¢ = AP +B (dse) O

In a sli different form, the power law relation
was used Buscal and White (1987) to ‘back

calculw':&dnd d“wi!hinace
ith | fieat.
ml@mwummxw

used by processing engineers; many other empirical
relations exist (Benbow, 1983). Figure §
schematically illustrases the logarithmic function
with 3 different powders, each refated to different
friction T:efﬁcie;:ls’ between particles via
interparticle poten discussed below. Each
describe the range of pressure where the relative
density is pressure seagitive.

Particle rearrangement leading to
densification via the ‘snap-through-buckle’
mechanistn dramatically changes the distribation
contact stresses because it dramatically changes the

Maximum Relative Density, ¢ 4,

Relative Density, ¢

Log (Pressure)
Figure 7 Schematic of linear-log function describing
pressure sensitivity of particle packing.
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particle distribution, and thus the lative
networks that transmit the applied pressure.
Another way to dramatically caange the percolative
network is to simply unload .
During unloading, relatively large strains, stored
simailyudleconm positions and described by

ertz (Timoshenko and Goodier, 1951) are

density has reached its maximom value (§ = Gugx).
Instead, during reloading, one observes an inflection
S lm and Mins 190.‘;). Bnchy e
stresses .

mumm»mmﬂ
to the inflection, the dsta suggests Hertziaa

Cyde 00 P, 1

4% 9

Alumina Powde
Oy et Yo & R

w
Pressure (MPa)

Figure 8 Effect of cyclic swessing on packing
density of dry alumina powder. (Kim and Son,
1992).
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smaller. Asmming that each contact force is
identical w0 all others, Helle et al (1985) used the
principie of wirvsal work 0 determine the average
contact force between identical spheres (radius R),
subjected t0 8 remote pressure (P) as a function of
their average coordinadon number (Z, average
number of neighboring spheres touching any other
sphere), and volume fraction (¢, relative density).
By equating the incremental work done on the
particle by the coatact forces to the incremental
work done by the applied pressure on a unit network
of radius R, (= R ¢ 1/3) surrounding the partick:

ZFdR = P[4xRl]dR,, ®
the average force per contact can be determined as

ix PR?
Ze
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Knowing that the average coordination number of
any identical particle is given by (Zok et al., 1991)

Z (10)

2
0..2"‘"

then the average contact force can be related to P, R
and ¢ as

F= 4:PR’¢=

vz,

where $mgy is the maximum packing density ($max
= 0.636 for identical spheres) and Zyyy is the
avenage coordination number when the particles are
packed to their maximum density (for idencical

Zmax is between 7 and 8, when ¢ggy =

spheres

0.636). Eq (11) shows that the lvw
force will dramatically decrease with an in
relative density as shown in Fig. 5; also, the average
contact force will be much larger, at the same
pressure and reiative deasity, when the particle size
is smaller.

It might be noted that the average
coordination number of identical spheres mch.uns
the container wall is Zyqy = 0.75 , (Bouv:
and Lange, 1992) and thus, the average force
berween these particles is 4/3 greater than between
interior particles. A density gradient should exist
from the wall o the inserior because of the greater
contact fasties between particles near the wall.

(11

»

4 EFFECT OF INTERPARTICLE POTENTIALS

As schematically illustrated in Fig. 9, long-range
repulsive potentials generally produce high, and
relatively pressure insensitive packing densities
when the applied pressure is > 0.5 MPa. (Lange and
Miller, 1987, Fennelly and Reed, 1972) The

pressure sensitivity of dispersed systems is
generally only observed at very low network

3 observed, e.g. during sedimentation or
ow ‘g’ ceamifugation experi
1993). On the other
potentials due to the van der Waals ial alone,
whether the powder is dry or in slury state,
alway produce a much lower, very pressure
sensitive relative density. Although the daw is very
recent, Fig. 9 also suggests that short-range
repulsive posentials can impart pressure insensitivity
and high packing doasitics 0 powders.

centrifuge

density was
determined i

the
cmym

method; at were
ignored, mdthmnua dﬂy‘-, s

4 shows the estimated interpartic!
these siorries. At nastwerk pressures <

the packing demaity of both dispersed and

value.

55 Mpa.
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Figure 10 Centrifugation packing of Al20Q3 powder
vs interparticle potential. (Chang, et al, 1993;0“'




RELATIVE PACKING DENSITY
2
1
o
.

magnitude of the van der Waals potential, of SiyNy
is 4 10 S times greater than that fof Al;03 for a
comparable particle size. This and other differences
can only be correlated to particle packing and
rheology once the phenomena responsible for the

(4

attractive. Although

hmf:ﬁmtdkylmd%ﬁem
this - is achieved at
packing m«- .

req
slurries), the weakly bonded, phys-adsorbed

molecules are pushed away during particle packing
as demonstrated by the packing densities

by Bergstrdm et al. (1992) and
shown in Fig. 12 is the only other systematic study
of the effect of short-range repulsive potentials on
pmiclcgacking known to the author. In this case,
the Al203 slurries were formulated with phys-




adsorbed famy acids of different molecular weight.
Less pressare sensitivity and higher packin
densities wars achieved for the organic sl wil
the largest phifs-adsorbed molecule, but in all other
cases, the meximum packing density was never
achieved. Insiead, at higher pressures, the relative
density plateaus at a relative density that decreased
with the molecular weight (or molecule length) of
the farty acid. This observation suggests that the
phys-adsorbed molecules were pushed away from
the surface when the force between particles
exceeded the streagth of the phys-adsorbed,
molecular boad.

reported packing sisoadons wih an slgorrihs ther
an

includes the van der Wasls potential and/or the
coefficient of friction. Their simulation starts with a
low density (¢ = 0.36) distribution of ideatical, iroa
spheres that pack under the force of gravity alone;
they include Hertzian contact forces, frictional
forces and the van der Waals potential. Table I
illustrates that without friction, they simulate
random dease packing ($max = 0.633) and the
aractive van der Waals posential has a major effect
on particle packing.

Tabie t Simulation Resuits, Yen and Chaki (1992)

Diameter (Iron Spheres) S0um 100 um
Na Friction — 0.633
With Friction®, it = 0.3 - 0.578
With van der Waals
and friction, 4 =0.3 0420 0528
u=07 -— 0.505

* Hamaker Constant = 21.1 x 10-20 J

Finally, it should be noted that whea the
fanidumvuymn.e.‘..dims<lw-.
ong-range repulsive potentials can limit seir
maximum relstive deasity because the
appesr larger than their troe volume. That
their equilibrium separstion distance (H, in Pig. ic)
is a significant fraction of their radius, their
effective volume will control their maximwm
packing density. For this reason, short-range
repulsive poteatials, where equilibrium separation
distances are < $ nm, are important in achisving
high packing densities. .

i

S SUMMARY

It is obviows that touching particles, in clastic
contact, i.e., particles affected by the van der Waals
potenﬁddone,wiﬂredstmarmememdueto
sliding friction. Using the surface force

in a sliding mode, Homola et :‘l (1989) have shown
that the short-range, repulsive hydration potential oa
mica surfaces o a low coefficient of friction.
‘I‘hcyalsoshowedthatwhenthemicasufacum
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in contact due (0 the van der Waals potential alone,
surface fractures during sliding. It is also
obvious that, in some way, short- and long-
range repulsive entials make the paricles
slippery. In cases, the particles are not
touching, but held apart by some separation
distance, even though the contact positions can
undergo some elastic deformation. Holding
surfaces apart during sliding, so that fewer surface

upuiﬁumbmm.iud?‘ feature of air
Although the effect of the ive
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Compaction of Al203 Slurries by Centrifugation:
The Effect of Interparticle Potentials

Jeanne C. Chang, Fred F. Lange’, Dale S. Pearson, and John P. Pollinger*”

Materials Department, College of Engineering, University of California
Santa Barbara, California 93106

tGarrett Ceramic Components, Allied-Signal Aerospace Company,
19800 Van Ness Avenue, Torrance, CA 90509

The relation between relative packing density and applied network pressure has
been studied by centrifugation for aqueous slurries of Al203 powder prepared
with different interparticle potentials. Attractive interparticle potentials were
obtained by either changing the pH to the isoelectric point or adding an
electrolyte in excess of that required to produce coagulation. A range centrifugal
speeds produced consolidation pressures between 10-3 MPa and 10 MPa. At lower
centrifugal speeds, the packing density gradient was determined with an X-ray
absorption technique. It was determined that a maximum packing density (0.62 +
0.02) was achieved for both dispersed and coagulated slurries at network
_pressures in excess of 0.5 MPa. At lower network pressures, the packing density
of these slurries was pressure dependent. Significantly, slurries flocculated by
adjusting the pH to the isoelectric point never reached high packing densities at
the largest pressure. Our findings are discussed in terms of the relationship
between the consolidation stress required to achieve a given particle packing
density and the expected interparticle potentials in the slurries that were
studied.

*Member of the American Ceramic Society
Introduction
The properties of ceramic bodies prepared from colloidal slurries can be
improved by controlling the interparticle potential. Lange and Miller! and
Velamakanni and Lange? have found that the highest packing fractions are obtained

when the étarting slurry is fully dispersed, i.e. when the pH is adjusted so that the

—




interparticle force is dominated by long-range repulsive potentials. Also, bodies
consolidated from these dispersed slurries are less prone to cracking because they
can more easily relieve internal stresses during the strain recovery that occurs when
the pressure is released.3 Long-range repulsive potentials in the dispersed slurry are
responsible for both the ease of particle rearrangement during packing and the
body's 'plastic' behavior that helps relieve residual strain after consolidation. In
contrast, the highly attractive interparticle potentials in slurries flocculated at the
isoelectric point produce a very cohesive particle network which hinders particle
rearrangement during packing. They also produce a relatively ‘elastic’ body after
consolidation that dissipates stored strain energy by cracking. However, there are
disadvantages associated with compacts made from dispersed slurries that often
outweigh the advantages. For example, slurries containing two or more
components often are inhomogeneous after either pressure filtration2 or
centrifugation4 because of mass segregation and phase separation. In addition, the
absence of attractive interactions in bodies consolidated from dispersed slurries
allows them to flow and lose their shape after being removed from the die cavity.

However, it has been recently discovered> that attractive alumina particle
networks produced by the addition of salt can achieve high packing densities
without particle segregationt and have plastic-like rheological properties.6 These
slurries, termed coagulated, are prepared by adding a high concentration of
electrolyte to a slurry that initially had a highly repulsive potential at a pH weli
below the isoelectric point.

Rheological measurements of the yield stress and viscosity of these Al;O3
slurries” show that a network exists whenever the electrolyte concentration is above
the critical coagulation concentration (c.c.c.) and that the network strength increases
with the amount of electrolyte. However, there is a limiting concentration of

electrolyte beyond which the network strength does not increase any further.




Significantly, this limiting value of yield stress is an order of magnitude less than
that of a flocculated slurry prepared at the same volume fraction. Because the
particle network in coagulated slurries is much weaker relative to flocculated
slurries, particle rearrangement is expected to be easier and lead to higher parking
densities. In addition, it should be possible to eliminate mass segregation effects in a
coagulated slurry since the viscosity of the slurry is high. A possible explanation for
these rheological properties is that a short-range repulsive potential, perhaps
produced by hydration layers, is present in the coagulated systems that allows
particles to be attractive, but non-touching.8

Colloidal slurries can be consolidated into dense compacts by pressure
filtration, by capillary pressure (slip-casting), and by sedimentation as in a
centrifuge.9-17 The latter technique has been studied theoretically and
experimentally for the case of hard sphere dispersions and flocculated networks.
Buscall and Whitel5 and Auzerias, Jackson, and Russel20 have presented models for
relating the volume fraction to the pressure gradients in the centrifuge tube.
Schilling and Aksay?! demonstrated how gamma-ray attenuation measurements
could be used to study packing evolution of alumina sediments. ‘

In this study we show how a systematic variation in network strength effects
the particle packing density in alumina slurries undergoing centrifugation. Results
are presented for dispersed slurries, coagulated slurries containing different
amounts of electrolyte, and flocced slurries at the isoelectric point. Particle packing
gradients are obtained with a simple x-ray and image analysis technique and
pressure gradients -are calculated with the usual equations for flocculated
slurries.15.20 We find that our results on these materials are consistent with
previous’ rheological measurements of the shear yield stress and viscosity and that

they confirm the advantages of using slurries coagulated with an electrolyte.




2. Experimental Procedure

As described elsewhere?, aqueous slurries containing 0.20 volume fraction a-
Al;03* were prepared at pH 4 and 9. Slurries at pH 4 were prepared without added
salt and with NH4Cl at concentrations of 0.25, 0.50, 1.0, 1.5, and 2.0 M. Slurries at pH
4 without added salt are dispersed whereas those that contain salt are beyond the
critical coagulation concentration. These latter slurries are called coagulated
whereas those at pH 9 are called flocced.

The slurries were centrifuged in tubes (27 mm in diameter and 115 mm in
length) with conical bottoms. In some cases the conical bottom was filled with an
epoxy resin. Two centrifuges < were used in order to cover a range of centrifugal
pressures. The centrifuge that produced low pressures P (< 1 MPa) was equipped
with a swinging bucket rotor, while the one that produced higher pressures ¢ was
equipped with a fixed angle rotor.

Prior to other experiments, the time required for the particle networks to pack
to a relative density that was in static equilibrium with the applied centrifugal speed
was determined by monitoring the height of the consolidated body within the tube
as a function of time. Figure 1 illustrates representative results of these
experiments. Our typical procedure was to prepare a slurry, add it to a previously
weighed centrifuge tube, and then weigh the tube again before centrifuging. In all
but two cases, the supernatants were poured off after spinning, and the tubes were
reweighed. After being placed in a drying oven at 60°C for several days, the tubes
and compacts were weighed agﬁin. Assuming only water evaporated during drying,
the average, relative packing fraction of the saturated compacts was calculated using
known densities for Al;03 and water. Any NH4Cl not poured off in the supernatant

2 Sumitomo, Japan, AKP-15
b [EC Size 2 Model V
€ Dupont Sorvall RC-5B with rotor SS-34




of the coagulated slurries was accounted for in the determination of relative packing
fractions.

The gradient in relative packing fraction was determined for saturated
compacts formed at the two lowest centrifuge speeds. These specimens were
allowed to spin for more than 12 h. Their final packing fraction gradient was
measured using x-ray absorption analysisd and an image analyzere without
removing the supernatant. Since x-rays are absorbed in proportion to the dénsity of
objects on the same thickness, the transmitted x-ray signal (gray scale reading) is
proportional to the relative density of the consolidated powder. The x-ray
instrument allowed the specimens to be analyzed in their vertical position, such
that the loosely packed portions of each compact was not disturbed. The gradient in
packing fraction was related to x-ray gray scales obtained from identical tubes
containing 0.10, 0.20, 0.30, and 0.40 volume fraction of dispersed AlyO3 slurries. The
x-ray gray scale of each calibration slurry was scanned in the vertical direction along
the centerline of the tube, and the gray scale reading at ten different points
(excluding ends as discussed below) was measured to obtain an average value. The
gray scale values of the centrifuged specimens were determined in an identical
manner, with readings taken every 0.3 to 0.6 mm from the top to the bottom of the
compact. Using the calibration curve, the gray scale measurements were converted
to relative packing density. In all of the specimens studied with x-ray absorption,
the conical bottoms of the tubes were filled with epoxy in order to eliminate the
confusion of gray scale readings associated with changes in sample thickness.

Packing density data as a function of distance, h, from the top of the compact
was used to calculate the pressure along the length of the tube using the following

equation

d [RT Model 257 Fluoroscan X-Ray Inspection System & IRT HOMX-161 microfocus X-Ray system with a
spot size of nominally 10um, San Diego, CA
€ ADR System 700 Automated Digital Radiography Software, IRT San Diego, CA




P(h) =Ap(va)zjdh'¢(h'IR—(L—h')]+P°. (1)

Here Ap is the difference in density between Al;03 (p = 3.98 g/cc) and water, v is the
rotational frequency, ¢(h) is the packing density as a function of the distance (h)
from the top, R is the distance from the center of the rotor to the bottom of the
compact, and L is the equilibrium height of the compact. P, is the pressure due to
mass of particles at the top of the compact where density measurements were
inaccurate due to the edge effect described below. The estimation of P, is described
below. Friction effects at the container wall were neglected.

Gray scale gradients at the edge of specimens (termed the edge effect) are a
result of x-rays of a point (or line) source that projects through specimens of finite
thickness.22 To ensure that these edge effects were not a major source of error in the
density determinations, a solid aluminum rod was examined with approximately
the same dimensions and positioning within the x-ray instrument as the
centrifuged compacts. This calibration showed that the density was uniform (£1.5
%) for all portions of the specimen except for the top 4 mm and the bottom 1.2 mm.
Thus, only gray scale values in the center portion of each specimen, which excluded
these top and bottom portions, were used to determine the relative packing density.

In order to determine P, in eq. (1), the mass of the particles in the top 4 mm of
the compact, m¢, was estimated by subtracting the mass in the rest of the specimen
from the total mass, my. The mass of particles in the bottom 1.2 mm of the compact,
mp, where packing fraction measurements were also not reliable, was estimated by
assuming that particles packed in this portion had a uniform packing fraction

identical to that measured just above it. The mass of the central portion of the




specimen, m., was determined by integrating ¢(h’) obtained from the x-ray

technique described above. Thus,
m = My - (M + mp) )
and

P, =%21rv’m,(R—L+h,,) &)

where hy = 4 mm and A is the area of the centrifuge tube.

3. Experimental Results

Figure 1 is representative of the approach to an equilibrium height during
centrifugation of the coagulated and flocculated systems. Studies done at other
centrifugal speeds showed a similar trend, i.e. 2.5 hours or less to reach the plateau.
As mentioned above, samples at the two lowest speeds were spun and monitored
for more than 12 hours to ensure equilibrium had been reached. Monitoring of the
height of a dispersed slurry was not possible due to its cloudy supernatant (see
discussion below).

Consistent with pressure filtration studies previously reported by Lange and
Millerl, Fig. 2 shows that the relative packing density of bodies centrifuged from
flocculated slurries was less than those from dispersed slurries. In addition, for
network pressures 2 0.5 MPa, the packing fraction achieved for the dispersed slurry
was relatively independent of pressure, whereas the packing fraction of the
flocculated slurry increased with pressure over the complete'range of pressures
examined. Values obtained at network pressure < 0.5 MPa were determined by the

x-ray absorption method, whereas values at higher pressures were obtained by




weight changes before and after drying (described above) and thus represent an
average value for the compact. Figure 2 also contains the results for the packing
density of two slurries compacted by pressure filtration at 14 MPa. It shows that
pressure filtration appears to produce a higher particle packing than centrifugation
of dispersed slurries. This difference might be attributed to the observation that the
supernatant of the dispersed slurry was cloudy after centrifuging, clearly showing that mass
segregation occurred during centrifugation. Velamakanni and Lange? have shown that mass
segregation can lead to lower particle packing fraction.

Figure 3a (pressure range < 0.01 MPa) and Figure 3b (pressure range 2 0.01
MPa) show that the pressure dependence of the relative packing density of all of the
coagulated slurries lies between those of the dispersed and flocculated slurries. At
low pressures, all of the coagulated slurries had a lower packing fraction than a
dispersed slurry at the same pressure. For clarity, only data for the highest (2.0 M) .
and lowest (0.25 M) salt additions are shown. The difference in packing fraction
between dispersed and coagulated slurries was less at intermediate pressures, and, at
the highest pressures, they appeared to reach a plateau, similar to the one found for
pressure filtered slurries (see Figure 3b). Of particular note is that at highér
pressures (> 0.5 MPa), coagulated slurries pack to a higher packing fraction than
dispersed slurries. Unlike dispersed slurries, the supernatant of the coagulated
slurries was always clear, regardless of the network pressure.

The packing fraction of the coagulated slurries appears to decrease with
increasing electrolyte concentration (not shown in Figure 3). This was most
apparent for a coagulated slurry with 0.25 M NH4Cl which had a noticeably higher
packing fraction than all other coagulated slurries studied. Although this slurry had
the highest packing fraction of all of the coagulated slurries examined, it did not
have the same integrity at the top of the compact as other coagulated slurries.

Similar to dispersed slurries, the top of the sediment was only loosely packed and




could be easily poured off. On the other hand, the coagulated slurries with
concentrations of NH4Cl > 0.25 M formed compacts which appeared stiff when

touched, despite their lower packing densities.

4. Discussion

Research in the fields of powder metallurgy, soil mechanics and ceramics
engineering show that the compaction of non-saturated, granular materials by
rearrangement can often be described by a linear relationship between the relative
density of the granular compact and the logarithm of the applied pressure.23 As
shown by Kuhn et al.24, the forces transmitted through a particle network by an
applied pressure can be in static equilibrium, viz., allowing a stable packing
arrangement for a given applied pressure. They showed that particle rearrangement
occurs when the applied pressure generates a critical contact force for bridging
particles that produces a local network instability. Particles subjected to this critical force
are similar to the keystone that is elastically forced through an arch due to an excessive
overburden to propagate a structural catastrophe. In particle networks, instabilities of
- this nature produce a denser, more stable network that prevails until an increase in
pressure produces a new instability, followed by an increase in packing density.

Thus as the applied pressure increases, a stable particle network prevails until
the pressure causes rearrangement and an incremental, non-recoverable increase in
packing density. With this rearrangement phenomenon, the packing density will
increase to a maximum value where no available space remains to relocate another
particle. For randomly packed networks, the maximum packing density for
identical spheres is ~ 0.64.25 For real powders, it is well known that the maximum
packing density depends on particle shape and size distribution.26

For the Al2O3 powders used in this study, the maximum packing density

appears to be 0.62 £ 0.02 and is achieved for both dispersed and coagulated slurries at




pressure > 0.5 MPa. At lower pressures, the packing density of the dispersed and
coagulated slurries are pressure dependent. All of the coagulated slurries have a
similar dependence of packing density on pressure (d¢/dInP) which is larger than
the dispersed slurries. The packing density of flocculated slurries had the greatest
pressure dependence and never achieved the maximum packing density for the
pressures used in this study. Over the range of pressures where the packing density
of each slurry was pressure dependent, the relation between the relative deﬂsity and
the logarithm of the applied pressure is nearly linear, consistent with literature data
for non-saturated systems.23

The different pressure dependencies shown by the different slurries must be
related to a basic phenomenon of network instability, viz., the critical force required
to push a load bearing particle into a vacant site. 24 The coefficient of friction of the
particles is expected to be critically related to this instability, viz., particles that slide
easier will become unstable at a smaller force. Homola et al.27 were the first to
establish, through the use of the surface force apparatus, an experimental relation
between surface forces and the coefficient of friction. Their experiments showed
that when a short-range, repulsive, hydration potential existed between mica
surfaces, the coefficient of friction was low (~0.1) and the surfaces would easily slide.
On the other hand, when only an attractive van der Waals potential existed, the
same surfaces fractured prior to sliding. These results suggest that a short-range
repulsive force acts as a lubricant in a similar manner as the apparent 'lubrication’
produced between like poles of two magnets.

The relationship between interparticle potential and particle separation for
different attractive networks are schematically shown in Figure 4. These functions
can be used to qualitatively describe how a short-range repulsive potential can
produce a ‘lubrication’ effect. When such a potential exists, the repulsive potential

part is proceeded by an asymmetric potential well as shown in Figure 4. For
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conditions where the kinetic energy of the particle is much less than the well depth,
the equilibrium particle separation distance is Ho. The slope of this curve, -dV/dH,
is a force, and when H < Ho, an increasing compressive force is need to bring the
particles closer together. This compressive force can be imagined to sheath each
particle with a compliant material described by the force - separation function for H,
> H 2 0. This material elastically deforms much more than the particles themselves,
and thus allows particles in contact to slide pass one another in a way that requires
lower forces to produce the rearrangement needed for consolidation.2¢ On the other
hand, if no short-range potential exists as is the case for the lower curve by in Figure
4, the equilibrium separation distance is at Hp = 0, i.e., the particles touch. For this
case, the compliant layer no longer exists, and the elastic properties of the particles
themselves must be used to determine the critical force need to produce the
instability for increased particle packing. Thus as the potentxal well becomes deeper,
the short-range repulsive potential becomes less effective in 'lubricating' the
rearrangement processes needed to pack particles.8

Both the long-range and short-range interparticle potentials in dispersed and
‘coagulated slurries, respectively, are expected to produce 'lubricating' effects when
compared to monotonically attractive van der Waals potential. That is, both
dispersed and coagulated slurries are expected to achieve their maximum packing
density at lower network pressures relative to flocculated slurries.

The pressure required to increase the packing density has been referred to as
the compressive yield stress.]> From a mechanics point of view this stress may not
be related to the shear yield stress because the latter occurs at constant volume.
Furthermore, the fraction of bonds which are in tension during shear is higher than
the fraction that are in tension during compression. Previous comparisons of the
compressive yield stress measured in sedimentation experiments with the shear

yield stress indicate that the latter is much smaller, but that they both have a similar

1




dependence on volume fraction.13 Experiments reported here indicate that the two
may have similar dependencies on added salt in coagulated slurries. The shear yield
stress measurements for coagulated slurries indicate that they increase with added
salt to a maximum value and that the shear yield stress for flocced slurries is an
order of magnitude greater.” The compaction behavior also indicates that the
pressures required for densification are also much higher for flocced slurries. The
magnitude of the compressive yield stress and the shear yield stress should be
related to the minimum of the interparticle potential and to the maximum force
required to separate the particles, and thus, both are measures of the strength of the

particle network.

5. Conclusion

Al20j slurries initially dispersed at low pH and coagulated with high
concentrations of salt have advantages over both dispersed and flocculated slurries.
They can be consolidated to high packing densities with relative small pressures just
like dispersed slurries. The compact body, however, has mechanical integrity like
flocculated material. Although unexpected on the basis of DLVO theory, the
behavior is believed to be due to a short range repulsive potential which reduces the
influence of the van der Waals interactions. This combination is expected to give
rise to an energy well which causes particles to aggregate, but which is not as deep as
slurries at the isoelectric point (flocculated slurries). The compaction stress that
produces a given particle packing density has been found to depend on electrolyte
concentration in a manner similar to the shear yield stress.
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Figure Captions

Figure 1. Approach to equilibrium of centrifuged Al2Oj3 slurries at pH 4 with 0.5 and
1.5 M NH(Cl and at pH 9. Samples were spun at 600rpm.

Figure 2. Centrifuged and pressure filtrated AlO3 slurries at pH 4 and 9. Pressure
filtrated samples are indicated. Packing fraction gradient was obtained by x-ray
analysis for samples consolidated at pressures less than 0.1 MPa.

Figure 3a. Centrifuged Al;O3 slurries at pH 4 and at pH 4 with 0.25 and 2.0 M
NH4Cl Packing fraction gradient was determined by x-ray analysis.

Figure 3b. Centrifuged and pressure filtrated Al2O3 slurries at pH 4 and 9, and at pH
4 with 0.25 and 2.0 M NH4Cl. Pressure filtrated samples are indicated. Packing
fraction gradient was obtained by x-ray analysis for samples consolidated at pressures
less than 0.1 MPa.

Figure 4. Interaction potential of 0.20 pm in diameter Al;03 at pH 4 with 1.0 M
NH4Cl and at pH 9 (VT = V4), assuming DLVO theory and an additional hydration

potential term. Constant potential is assumed with y = 40 mV and A = 4.91E-20 J.
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The behavior of alumina slurries with added ammonium citrate tri-basic, a
potential determining ion, is compared to the behavior of slurries with
ammonium chloride, an indifferent electrolyte. Adding salt to dispersed
slurries has been shown to remove the long-range electrostatic repulsion and
produce a short-range repuilsion. Due to van der Waals attraction, the net
potential is attractive. Ammonium citrate lowers the isoelectric point of
alumina from pH 9 to pH 3 by neutralizing positive surface sites. At pH 8
with added ammonium citrate, alumina slurries are coagulated. These
slurries pack to high densities and have lower viscosities than flocced slurries
because of the short-range repulsion which effectively lubricates particles
allowing for rearrangement. Packing density and viscosity measurements
show little difference between slurries coagulated with ammonium citrate
and ammonium chloride. When ammonium chloride is added to slurries
flocced at pH 9 no difference is seen in the viscosity or yield stress. Slurries
with added ammonium citrate are flocced at pH 3 and exhibit yield stresses
similar to slurries flocced at pH 9. However, when excess ammonium citrate
is added, the yield stress decreases, behavior which is not observed when

ammonium chloride is added.




I. Introduction

It has been shown that dispersed slurries can be coagulated by the
addition of indifferent electrolyte.l.2 The addition of electrolyte eliminates
the electrostatic repulsion between particles, leaving van der Waals attraction
and a third potential not predicted by DLVO theory. The potential introduced
by adding salt is a short-range repulsion that prevents particle-particle contact
but does not overwhelm the van der Waals attraction at long range.

High relative packing densities can be obtained with coagulated slurries
without the problem of particle segregation because of the presence of a weak
attraction between particles.3 Consolidated bodies are plastically deformable
when saturated which allows for reshaping into complex forms.4 'Viscosity_
and yield stress measurements show that increasing amounts of indifferent
electrolyte increases the strength of the network formed until a maximum is
reached; however, this maximum is still less than that of a flocced slurry.?
Further additions of salt do not greatly effect the system.

Currently we believe that the source of the short-range repulsion is the
presence of a hydration layer similar to that found between mica surfaces®6
and for clays.” Recently Ducker et al.3 have confirmed the existence of a short- |
range repulsion due to added salt between sapphire plates in the surface fofce
apparatus.

Leong et al.? have demonstrated that the yield stress of flocced zirconia
slurries is reduced by the addition of citric acid, a potential determining ion.
The addition of pbtassium nitrate, an indifferent ion, did not affect the yield
stress.1V We have added ammonium citrate to alumina slurries to examine
the effect of potential determining ions on the viscosity, packing behavior,
vield stress, and shear modulus of the slurry.

[I. Experimental




Aluminum oxide powder? with an average particle size of 0.2 um was
dispersed in deionized water (14 MQ) with ultrasound.® A solids loading of
20 vol% was used throughout. Slurries were prepared 24 hours before testing.
Additions of ammonium chloride and ammonium citrate tri-basic were
made at least 1 hour before testing. The pH of slurries was adjusted before
testing with HNO; and KOH or NH4OH. Slurries at pH 4 with no added
electrolyte are dispersed. Slurries at pH 9 with no added electrolyte are
flocced.

Zeta potential measurements® were made on dilute suspensions with
0.01M NH4Cl! and on suspensions of a fixed concentration of alumina with
increasing amounts of ammonium citrate tri-basic. Settling experiments
were performed in graduated cylinders with increasing amounts of
ammonium citrate tri-basic.

Viscosity measurements were made with a Rheometrics rheometerd
using a couette type measuring cell (25 mm radius 77 mm long). Slurries
were subjected to a decreasing rate sweep starting at 1000 s-! and ending at 0.1
s-1 or until the torque was below the sensitivity of the instrument (1 g-cm).
Yield stress and shear modulus measurementsd were made using a vane tool
(12.7mm radius 36mm long) in steady and dynamic modes. (Yield stress and
shear modulus measurements will be discussed in more detail in a
subsequent paper.ll A description of the vane tool can be found in references
12 and 13). Steady shear experiments consisted of shearing the sample at a
constant strain rate. In steady shear, the yield stress was determined to occur

at the point where the log stress versus log strain deviated from a slope of

4 AKP-50. Sumitomo Chemical Co. Ltd.. Osaka. Japan
" Model W-330. Heat Systems Ultrasonics Inc.. Farmingdale. NY
v Zetameter System 3.0, Zeta-meter Inc.. Long Island City. NY

Model RMS-800. Rheometrics [nc.. Piscataway, NJ




one. Dynamic experiments consisted of an amplitude sweep at fixed
frequency (1rad/sec) and a frequency sweep at fixed amplitude. In an
amplitude sweep, the stress at which the storage modulus deviated from a
constant value was the yield stress. A dynamic frequency sweep was run to
determine if the yield stress was frequency dependent. At frequencies greater
than about 0.3 rad/sec the yield stress was independent of frequency but at
lower frequencies the yield stress was frequency dependent. The stress and
strain on the vane tool was calculated assuming a couette geometry.

Slurries were consolidated by pressure filtration. Pressure filtration
was carried out in a cylindrical device reported elsewhere.3 Particle packing
densities of the saturated bodies were determined by weighing the body before
and after drying. The weight change was assumed to be due only to
evaporated water. The theoretical density of alumina was taken to be r = 3.94
g/cc.

III. Results
(1) Zeta Potential

The zeta potential of alumina as a function of citrate concentration is
shown in figure 1. The isoelectric point occurred at pH 9 when an indifferent
electrolyte was added (ammonium chloride). The addition of large amounts
of ammonium citrate, a potential determining ion, lowered the isoelectric
point to pH 3. Small amounts of ammonium citrate slowly lowered the
isoelectric point from pH 9 to pH 3. The amount of citrate needed to shift the
the isoelectric point to pH 3 is a function of the solids loading of the slurry.
The relationship between salt concentration and solids loading is not
understood; however, it is clear that the citrate concentration needed to fully
shift the isoelectric point does not correspond well to the settling and

viscosity measurements.




(2) Settling

Alumina slurries with increasing amounts of ammonium citrate were
allowed to settle undisturbed for over 1 week. The supernate of the slurry
with 0.035 M ammonium citrate was cloudy and the sediment diffuse. The
supernate of the slurry at 0.040 M was less cloudy and the sediment was
distinct. The critical coagulation concentration(CCC) lies between these two
salt concentrations. At concentrations greater than the CCC, increasing
concentrations of salt increased the sediment height (lower densities) but to
much lower heights than for a slurry flocced at pH 9.
(3) Viscosity

The viscosity versus shear rate of alumina slurries is shown in figure 2.
Dispersed alumina slurries (pH 4, 0 M) were almost Newtonian. The
addition of ammonium citrate spontaneously increased the pH of dispersed
slurries from 4 to ~8. At low salt concentrations (pHS8, 0.01M) the slurry was
strongly shear thinning due to incomplete coverage of the alumina particles
with citrate. It can be seen that at ammoruum citrate concentrations
approximately equal to the CCC (pH 8, 0.03 M) the slurry was
indistinguishable from a dispersed slurry. This is because the alumina
surface has been fully covered by citrate. Since the citrate ions are charged, a
large zeta potential os present yielding a dispersed slurry. The viscosity of the
alumina slurries increased with increasing amounts of salt to a maximum at
about 0.5 M as the electrostatic repulsion is screened. Further salt additions
had no effect. The maximum viscosity reached by adding salt was about an
order of magnitude less than for a flocced slurry (pH 9, 0 M). This is very
similar to the behavior of alumina slurries coagulated with ammonium
chloride. (A short-range repulsion is apparently developed as discussed in

reference 1). As seen in tigure 3, the viscosity of alumina slurries coagulated




at pH 8 with 0.5 M ammonium citrate or at pH 4 with 2 M ammonium
chloride was identical to a slurry at pH 8 with 0.03 M ammonium citrate and 1
M ammonium chloride.

The viscosity of alumina slurries at pH 3, the isoelectric point when
ammonium citrate was added, is shown in figure 4. At ammonium citrate
concentrations below 0.015 M the viscosity of the slurry was similar to that of
a dispersed slurry. This is because not enough citrate is present to fully
neutralize the charge on the alumina particles. The viscosity was strongly
shear thinning and close but not equal to the viscosity of a flocced slurry at
salt concentrations over 0.015 M. At these salt concentrations, the isoelectric
point of the alumina is pH 3, thus the slurry is flocced.

(4) Yield Stress

Figure 5 shows the yield stress as a function of citrate added for slurries
at pH 3 obtained from steady shear experiments (strain rate=0.001rad/sec).
Figure 6 shows the stress versus strain curves for the same slurries.

Although there is some ambiguity as to where the yield stress occurs, the
deviation from linearity is clear. It can be seen that flocced slurries (pH 9, 0
M), have the highest yield stress, i.e., the strongest network. Yield stresses
were determined as a function of citrate added at the new isoelectric point (pH
3.0). The vield stress of a slurry with the critical coagulation concentration of
added citrate (pH 3, 0.035M) was close to that of a flocced slurry (pH 9, 0 M).
When more salt was added, the yield stress continued to drop with increasing
salt added until a minimum vyield stress was achieved, after which further
increases in salt concentration had no effect. In contrast, when ammonium
chloride was added to slurries at pH 9, there was no etfect on the yield stress.
These slurries were indistinguishable from tflocced systems. Slurries at pH 8

with ammonium citrate had vield stresses too low to measure.




(5) Shear Modulus

The shear modulus was determined in both steady and dynamic
modes. Like the yield stress measurements the shear modulus was
determined to be a function of salt added, see figure 7. The shear modulus in
steady shear experiments was determined by calculating the slope of the stress
versus strain curve prior to yield. The shear modulus (i.e., storage modulus)
is a parameter calculated directly in dynamic experiments. The shear
modulus values calculated by each technique agree well.
(6 ) Particle Packing

Dispersed, flocced and coagulated alumina slurries were consolidated
by pressure filtration and the relative densities are listed in table 1. The
packing density of coagulated slurries (pH 8 with 0.5 M ammonium citraté)
was almost as high as those of dispersed slurries, i.e., 58% and 60%
respectively. Slurries coagulated with ammonium chloride also result in
high packing densities. Slurries coagulated with either salt are stabilized by a
short-range repulsion which aids particle rearrangement. Flocced slurries
packed to much lower densities. Slurries at pH 9 with no added salt packed to
50°% and slurries at pH 3 with 0.1 M ammonium citrate also packed to 50%.

IV. Discussion

(1) Surface Coverage

Previous research has shown that indifferent electrolytes such as
NH,CI, KI and NH4NO: coagulate alumina slurries.2 We have shown that
ammonium citrate, a potential determining ion, can also coagulate alumina
slurries. The added electrolyvte removes the electrostatic repulsion between
charged particles leaving the ubiquitous van der Waals attractive potential. A
third force arises from the presence of salt. This is a repulsive, short-range

potential not predicted by DLVO theory. This repulsion prevents particle-




particle contact; however, a weakly attractive network is formed duye to the
van der Waals potential which acts over a longer range.

Ammonium citrate tri-basic is a trivalent ion which is fully dissociated
at pH 8 where we coagulate our system. The pKj values occur at pH 3.1, pH
4.8 and pH 6.4.14 At pH 3, where we flocc the slurry, half of the ions have one
charged site.

Currently we believe the source of the short-range repulsive potential
to be due to the attraction of the hydrated salt ion to the particle surface
creating a layer that must be removed in order for particles to come into
contact similar to the hydration layers found on mica surfaces.5.6
Ammonium citrate, a potential determining ion, is more strongly bound to
the particle surface than ions previously studied as evidenced by the lowering
of the isoelectric point. The citrate ion is attracted to the positive surface sites
of the alumina and neutralizes them leaving the negatively charged sites
which yields a lower isoelectric point. The point where just enough
ammonium citrate tri-basic is present to neutralize the surface and be in
equilibrium in solution at pH 3 was found to occur at a citrate concentration
of 0.001 M by zeta potential measurements. Although the citrate
concentration seems low, the concentration of ammonium citrate to alumina
surface area is very high (10 g/m?2) because a large fraction of ammonium
citrate is bound to the surface but each ion only neutralizes a single charged
site. This value is much higher than the critical coagulation concentration
found for slurries with solids loadings of 20 vol”. As stated before, the
relationship between solids loading and particle surface coverage has not been
established. The CCC should be approximately equal to the concentration of
salt where the surface is neutralized.

(2) Rheology




Viscosity measurements indicate that despite the large size and strong
bonding of the citrate ion there are many similarities between the behavior of
slurries coagulated with ammonium citrate and an indifferent electrolyte.
When salt is added to a dispersed slurry, the viscosity increases and becomes
shear thinning. At some maximum salt concentration further additions of
salt no longer influence the viscosity. The difference between the maximum
viscosity reached by adding salt and the viscosity of a flocced slurry is about an
order of magnitude regardless of which salt is added. There are some
differences when ammonium citrate is added, however. At low citrate
concentrations, there is incomplete surface coverage of the alumina powder
and thus the slurry has a high viscosity. The particles are strongly attractive
because, although the iep has been lowered, it has not yet dropped to pH 3.
This is shown for a slurry with only 0.01 M citrate at pH 8 in figure 2. When
enough citrate is added to just cover the alumina surface (0.03 M), the
viscosity is Newtonian, i.e., dispersed. In other words, the surface is covered
and there is little in solution to eliminate the electrostatic repulsion. Once a
'new’ charged surface has been created by covering the alumina particles with
citrate (lowering the iep to pH 3), the slurry can be coagulated by adding an
indifferent electrolyte such as ammonium chloride as shown in figure 4.

In agreement with the viscosity data, the critical coagulation
concentration determined by the settling experiment occurs at a salt
concentration of between 0.035 M and 0.04 M for slurries at pH 8. Complete
surface coverage should thus occur sometime before a concentration of 0.035
M similar to the value of 0.03 M necessary to disperse a slurry at pH 8. (This is
a citrate to alumina ratio of 0.09 g/m2, much less than that needed to cover

the surface as determined by the zeta potential measurements).




The isoelectric point with added citrate occurs at pH 3 and so a slurry
with enough citrate to fully cover the surface should be flocced at pH 3. The
amount of citrate needed to reach the maximum viscosity for slurries at pH 3
was only 0.015 M (0.045 g/m2). This is about halif of the concentration needed
at pH 8 to cover the surface. The charge on each ion is only one at pH 3 while
it is three at pH 8 which would seem to indicate that more citrate would be
needed. The amount of citrate adsorbed to the particle surface therefore must
be greater at lower pH.

There is an important difference between the properties of slurries
with ammonium citrate and those coagulated with ammonium chloride that
is apparent when these slurries are flocculated. Alumina slurries at pH 9
with and without ammonium chloride yield nearly identical viscosities.
Alumina slurries with the criticai coagulation concentration of citrate at pH 3
with ammonium citrate have viscosities which are slightly lower than for
slurries at pH 9. Since the citrate ion is much larger (~0.6 nm) than the ions
previously studied (~0.2 nm), a steric stabilization mechanism might be
considered. This has been cited as the cause for the reduction of the yield
stress in zirconia suspensions reportéd by Leong et al.® We have also
observed a decrease in the yield stress in alumina slurries due to the presence
of excess ammonium citrate that does not occur when ammonium chloride 1s
present. However, we find that slurries with the CCC of citrate have nearly
identical yield stresses to flocced slurries. Research by Bergstrom et al.!
indicates that the thickness of a steric layer necessary to obtain good packing
densities must be larger than about 1 nm. Steric layers of less than about 1
nm were strongly attractive possessing very large compressive yield stresses.
Further, these measurements were performed in organic solvents where the

van der Waals attraction is less than in water; therefore, an even larger




molecule would be necessary to provide steric stabilization in aqueous
slurries. This implies that a single layer of citrate ions on the particle surface
would not be sufficient to cause steric stabilization. A significant reduction in
the yield stress only occurs when large amounts of citrate (compared to the
CCC) are present. It is possible that several layers of citrate ions are required
to provide steric stabilization. Although we do not know the exact
concentration of citrate that produces a monolayer of citrate on the alumina
particles, if there were insufficient citrate ions to lower the isoelectric point of
the slurry to pH 3, than the slurry would be even less attractive; i.e., possess a
lower yield stress. An alternate explanation is the presence of the
development of the short-range repulsion whiéh was previously only
observed for coagulated slurries. The role of the salt in the formation of the
short-range repulsion is not fully understood so it is unclear if the presence of
salt in the flocced slurries would produce ‘a short-range repulsion.

The manner in which the yield stress is identified in our work is
different from that presented in zirconia suspensions. In that research, the
yield point was determined to be where the stress reached its maximum
value whereas we interpret that to be the point where destruction of the
attractive particle network and its reforming are balanced. Since this point
occurs at quite large strains, it is clear that the original particle-particle
contacts have long since been sheared. We identify the vield stress as the
point where the stress versus strain curve goes non-linear in steady state
experiments and the point where G’ drops from a constant value in dvnamic
experiments.

V. Conclusions
We have found that potential determining ions can coagulate alumina

slurries much as indifferent electrolytes do. The relative packing density of




consolidated bodies made from coagulated slurries are nearly the same as for
bodies made from dispersed slurries regardless of the electrolyte used. The
viscosity of coagulated slurries achieves the same maximum value regardless
of whether ammonium citrate or ammonium chloride is added. The size of
the ion at the particle surface does not seem to affect the strength of the short-
range repulsion in coagulated slurries. The same viscosity can also be reached
by adding enough ammonium citrate to completely cover the alumina
surface, in effect creating a 'new’ charged surface and coagulating the new
system with ammonium chloride. Besides the obvious change in working
pH and salt concentration, there are some important differences between
potential determining ions and indifferent electrolytes. The yield stress of
flocced slurries at pH 3 with the CCC of citrate is identical to slurries flocced at
pH 9. Adding larger amounts of citrate lowers the yield stress until a
minimum is reached where further additions of electrolyte have no effect.
The viscosity of flocced slurries at pH 3 with added citrate never reaches the
same value as a slurry flocced at pH 9. Adding ammonium chloride to
flocced slurries has no effect on the viscosity or the yield stress. Steric
stabilization does not satisfactorily explain the behavior since the size of a
single citrate ion is too small to prevent the van der Waals attraction from
floccing the slurry.
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Table L Relative Packing Densities (%)

: pH '
Dispersed pH4 oM 59.9%
Coagulated pH 8 0.5 M citrate 58.6%
Coagulated pH4 1.5 M chloride 58.0%
Flocced pH9 oM 50.1%

Flocced pH3 0.1 M citrate 50.5%




10

E Y T T v v w}
. ]
9 - -
; !
8 -
7L
[ ]
% 6
E. [ ) ®
5
of .
4 ®e
3t ®* W °
IS
2 F 1 " Y " aial, b
10  10% 10% 10° 10?7 107 10°
molarity

Figure 1 The reduction in isoelectric point with increasing amounts of citrate tri-
basic. The solids loading of the suspension is 0.005vol%.
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Figure 2 Viscosity of alumina sturries at pH 8 with ammonium
citrate unless noted. The maximum Viscosity reached by adding
salt is an ordef of magnitude 1ess$ than the viscosity of 8 flocced
slurry.
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Figure 3 Viscosity of alumina slurries with 2M ammonium chloride,
0.5M ammonium citrate and 0.03M citrate and 1M chloride. All
slurries display the same viscosity.
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Figure 4 Viscosity of alumina slurries at pH 3 with ammonium
citrate uriless noted. The viscosity of a slurry at pH 3 with added
ammonium citrate is less than the viscosity of a flocced slurry.




)

Stress (Dyne/cm

1000 g~ e e e
-

.F i
800 - _ ‘
600 )
400 F *
r ° 1
200'P o ?
9)

0 e SR SRS GNP U G N SR S G G S Y
0 0.1 0.2 0.3 0.4 0.5

_ Citrate Concentration (M)
Figure 5 Yield stress versus ammonium citrate concentration

showing a decrease in yield stress with increasing salt. Al
slurries are at pH 3 except OM at pH 9.

i




3.5

3
~ "
£
g
g 2.5
P23
)
a
o 2
%
g
1.5
1 e 4 1 1
-4.5 -4 -3.5 -3 .2.5 -2

log strain
Figure 6 Stress versus strain of 20 vol% alumina siurries. Yield stress occurs
where the curve deviates from linearity.




10° , . .
e 1
E [ ] ®  Steady
;g . ®  Dynamc
3 L e
-]
(=4
P 1
3
3 i
~§ H
3
3 L ’
-
7]
105 - - I
0 0.15 0.3 0.45 0.6

Citrate Concentration (M)
Figure 7 Shear Modulus of 20 vol% alumina slurries tested in steady and
dynamic modes.




MATERIALS

Technical Report Number 11

US Patent 5,188, 780
Method for Preparation of Dense Ceramic
Products

Fred F. Lange and Bhaskar V. Velamakanni

Office of Naval Research
Grant No. N00014-90-J-1441
Fred F. Lange
Principal Investigator
Materials Department

University of California
Santa Barbara, CA 93106




United States Patent [
Lange et al.

L LT
USQ0stse780A

(1] Patent Number: 5,188,780
(¢s] Date of Patent: Feb. 23, 1993

{s4] METHOD FOR PREPARATION OF DENSE
CERAMIC PRODUCTS

[75] Inventors: Frederick F. Lange, Santa Barbara,

Calif.. Bhaskar V. Velamakaani,
Woodbury, Minn.

[73] Assignee: Regents of the University of
Califernia, Oakland. Calif.

{211 Appl. No.: 687,281
{22] Filed: Apr. 18, 1991

(51] I QWS ... OB 35/64
(52 US. QL ooooroerererssrsrrc 264/63; 264/%6;

264/311; S01/1
[58) Field of Search ............. 264763, 311, 36; S01/1

{56} References Cited
U.S. PATENT DOCUMENTS

38806682 6/1975 Bosckeler .............o.... 264763
4569920 2/1986 Smith-Johanmsen .............. 01/
4624008 1171986 Lange .................
4,800,051 171989 YA -oooccoooceviesonrnernns 264/%6

OTHER PUBLICATIONS

Pashley, DLVO and Hydration Forces between Mica
Surfaces in Li+, Na~, K+, Cs~ Electrolyte Solutions:
A Caorrelation of Double-Layer and Hydration Forces
with Surface Cation Exchange Properties J. of Colloid
{nterfaxe Science. vol. 83, No. 2. 531-546, Oct. 1981.
James. Characterization of Colloids in Aqueous Sys-
tems. Advances in Ceramics, vol. 21. 349-409, Ceramic
Powder Science. 1987.

Lange. Powder Processing Science and Technology for

Repulsive Hydration

~ Potential
*
Attraéﬁvein
\ van der
? Waals
H, Potential

Increased Relisbility, J. Amer. Ceram. Soc.. 72, {1).
3-19, (1999).

Horn. Surface Forces and Their Action in Ceramic
Matenals, J. Am. Ceram. Soc.. 73 (5], 1117-113$ (1990).

Primary Examiner—James Derringtoa
Arorney, Agent, or Firm—Robbiss, Delgarn, Berliner &

(57 ABSTRACT

A method of preparing desse ceramic peoduct is de-
scribed, wherein a cosgulated astwork of cersmic pow-
der particies in water is formed and thea trested to
increase the volume fraction of particles, thereby form-
ing a water-saturated powder compact. The compect is
formed into a desired shape and fired to provide the
dense ceramic product. A cosgulsted network may
advantageously be formed by mixing a ceramic powder
with water at & pH that produces a net surface charge.
to form a dispersed d-ry and sdding s .umc.em

mpowdupuhla.hm—yhm
into compies, near-act-shaped forms by introduciag the
compect into a mold and subjecting the mold to vibra-
tion, whereby the compact adopts the shape of the
moid: once removed from the mold, the compect re-
tains its shape without distortion.
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5,188,780

METHOD FOR PREPARATION OF DENSE
CERAMIC PRODUCTS

This inventios was made with Government support
under Grant (or Coatract) No. N00014-90-J-1441,
awarded by the Office of Naval Research. The Govern-
ment has certain rights in this invenuon.

BACKGROUND OF THE INVENTION

The present invention relates 10 methods for prepara-
tion of ceramic products. [n particular, the present in-
vention relates to methods wherein compositions com-
prising ceramic powders are formed into a desired
shape and fired to prepare the final densified product.

Current procewsing methods generally employ ce-
ramics particulates dispersed in s suitable medium with
volume fractions of solids close to or below the pow-
der's mazimum packing fraction. Techaiques such as
injection molding have found application for heat en-
gine compoaents (turbine rotors, stators, vanes, transi-
tion ducts, back-shrouds, etc). Other common tech-
niques, such as tape casting and plastic extrusion, are
also being used to prepare products such as electronic

packaging.

Despite their widespread applications, these known
techniques have significant limitations. In particular,
with the exception of injection molding, the known
techniques are generally not adequate to permit the
preparation of ceramic products having complex
shapes.

Most advanced ceramics are formed as powder com-
pacts that are made dense by a heat treaiment. Injection
molding suffers from the large (between 35 and 50
volume-9%) polymer content that must be slowly re-
moved prior to high-temperature processing. Typical
industrial practices for making complex-shaped ceram-
ics have used organic liquids for dispersin3 fine ceramic
particulates with polymeric binders and plasticizers
(which may comprise &3 much as 50 vol. %) for zasy
forming and handling. Environmental restrictions and
economic concerns strongly encourage the develop-
ment of alternative processing methods which do not
empioy organic solvents or polymeric additives. In
addition (o their potential for toxicity, the polymeric
binders and plasticizers used in injection molding pose
several processing problems with respect to incomplete
binder burn out (resulting in residual impurities and
defects) and exc.ssive burn out time (about 40 to 50
hrs/cc). Dunng the removal of additives. the ceramics
may undergo substamtial shrinkage and distort from
their desired Is addition, impurities left behind
after binder burnput (which is often incomplete) may
severely limit the'wmochanical properues of the ceramic.
Accordingly, there is a aeed in the art for methods to
prepare densely-pscked compositions consisting essen-
tially only of ceramic powders so as to abviste the
serious problems associated with binders and plasticiz-
ers.

Powder processing involves four basic steps: (1) pow-
der manufacture; (2) powder preparation for consolida-
tion: (3) consolidation to an engineering shape: and (4)
densification and microstructural development to elimi-
nate void space and produce the microstructure that
optimizes properties. Each step has the potential for
introducing detrimental heterogeneities that either per-
sist during further processing or develop into new het-
erogeneities during densification and microstructural
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and thus a potential flaw which can inruate falure pre-
maturely. Current

ated with the agglomerates st precisely the position
required for formation of a close-packed configuration.
Therefore, the sttractive forces which crested floccula-
tion tend 10 prevent the achisvement of the densest
possible packing of powder particles.

To avoid flocculation, repulsive interparticle poten-
tials sufficient 10 overcome the attractive van der Waals
potential must be introduced. Long range, repulsive.
electrostatic interparticle potentials are developed
when a surface becomes charged. Charged oxide sur-
faces can be produced in water when the surface reacts
with either H3O+ or OH - ions. By controlling the pH.
a net surface charge is developed which is posiive
(acidic conditions), neutral, or negative (basic condi-
tions). The pH producing the maximum surface charge
(either positive or negative) depends on the surface
chemistry and its equilibrium with HyO+ or OH-. The
surface is neutral at an intermediate pH, where the
surface contains equal proportions of positive and nega-
tive sites, as well as neutral sites. Some of the ions in the
solution with an opposite charge relative to the surface
(known as counterions) are attracted by the surface to
form a diffuse lsyer. Counterions do not chemically
bond to the surface, but hover in solution near the sur-
face in an attempt 10 shield the surface charge. For a
given surface chemistry, the magnitude of the repulsive
electrostatic potential depends on the magnitude of the
surface charge obtained at a certain pH and on the
concentration of counterions.

The DLVO theory, well known to the colloid chem-
ist, adds the van der Waals attractive potential and the
repulsive electrostatic potential to produce a combined
interparticle potential that can either be repulsive or
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atirscuive. depending on the magnitude of the repuisive
potentisl [see gemerally, Homm, Roger G., “Surface
Forces and Their Action in Ceramic Materials,” J. Am.
Ceram. Soc. 7391117 (1990)]. One form of a com-
bined interactive potestial (high surface charge and low
salt content) is shown in FIG. 14 For this condition, as
particles approsch one another, they encounter s repul-
sive energy barrier. The particles repel one another if
the energy barrier is greater than their kinetic energy.
When the volume fraction of particles is increased suffi-
ciently such that they crowd together, the particies
attempt 10 "sit’ at positions that minimize their interac-
tion potential, viz., st 8 separation distance (usually > 20
nm) to form a non-touching, but interactive network
schematicaily showa in FIG. 15 As the particles are not
touching one another, this is called a ‘dispersed’ net-
work.

If the repulsive component of this combined potential
is reduced (e.g.. by decressing the surface charge
through a change in pH), » condition can be achieved
where the repulsive barrier is no longer sufficient to
prevent particles from slipping into the deep potential
well caused by the van der Waals attractive potential so
as 10 produce the strongly cohesive, touching network
described above. According to the DL VO theory, par-
ticles should always fall into a deep potential well to
form a cobesive flocced aetwork when conditions are
much less than optimum, even though the combined
repulsive interaction (magnitude of the repulsive barrier

s

and equilibrium separstion distance) may be controlled 30

and optimized by, ¢.g., controlling pH. DLVO theory
thus offers no help n understanding whether or how
one might control the depth of the attractive well.

It is an object of the present invention 10 provide
techniques for preparing ceramic products from parti-
cles which have been as densely packed as possible,
using 3 minimum amount of non-ceramic additives
(such as binders and plasticizers).

It is a further object of the present invention to pro-
vide manufacturing technology capeble of producing
high-volume, near-net-shape powder compacts that can
be subsequently densified by heat treatment.

It is an additional object of the present invention to
provide methods which permit the formation of com-
plex shapes during initial stages of processing that are
within a tolerance envelop of the desired shapes after
the final stages of processing, such that any shrinkage

3
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associated with densification might change the dimen-

sions but not the shape of the final product.

It is yet another object of the presens invention to
provide fabrication methods for preparation of dense,
%mmmw&hmm
simple and ive 10 use, yet able to handle com-
plex shapes.

SUMMARY OF THE INVENTION

Pursuant to the present invention, complex and near-
net-shaped ceramic powder compacts are formed using
a technique which involves forming a liquid saturated

53

powder compect, consolidating the compect (for exam- 6

ple. by pressure filtration or centrifugation), and shap-
ing the compaect to the desired dimensions. To prepare
the shaped body, the compact may advantageously be
introduced into & suitably-shaped mold cavity and vi-
brated gently. During vibration, the 'quid saturated
powder compact becomes sufficient), .luid to fill the
cavity. After the vibration is stopped, however, the
powder compact (now having the shape of the cavity)

63
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becomes sufficiently stff 1o retain its shape without
distortion. The umque rheology of the powder compact
spmwmmmmmvnmbyw
ulaung interparticie forces of the ceramic powder to
develop a weakly attractive particle network, with
properues distinct from either the flocced networks or
the dispersed networks predicted by DLVO theory.

BRIEF DESCRIPTION OF THE DRAWINGS

The inveation mey be better undersiood with refer-
ence t0 the : i b

ing density is obtined when the sherry is

conventional high temperature heat treatment. Unlike
the heretofore known materials, the near-net-shaped
compacts retain their molded shape upon densification,
with substantially uniform shriakage.

The weakly attractive interparticle forces are pro-
duced by a combination of the loager range, electro-
static repulsive forces and stiractive van der Waals

one another. Accordingly, under sppropriate condi-
tions these forces allow particles to slide pass one an-
other easily and pack to s higher density during consoli-
dation than would otherwise be the case either with dry
solid particles or with touching particle networks. This
third, repulsive potential only acts when the separation
distance between the surfaces is very small (i.e.. less
than about $ nm), where the attractive van der Waals
potential becomes strong.

The formation and properties of hydration layers in
solutions of plate-like ciay particles is known, and the
influence of hydration lsyers on interactions between
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molecularly smooth mica surfaces has been reported
[Pashley. R. M.. "DLVO and Hydration Forces be-
tween Mica Surfaces in Li~, Na~, K~, and Cs~ Elec-
trolyte Solutioms: A Correlation of Double-Layer and
Hydration Foreas with Surface Cation Exchange Prop-
erties,” J. Collnid end Interface Science 83(2):331-546
(1981)]. It has mow unexpectedly been found that this
hydration layer repulsion phenomenon is not limited to
situations where plate-like surfaces (as are found with
clay particles) exhibit surface-charging behavior.

In experiments with Al;O3 powders, salt was added
to an aqueous Al;Oxslurry prepared at a pH known to
produce s positive surface charge and s highly dis-
persed particle network. Hydrated anions were at-
tracted to the positively charged AlO) surface. When
sufficient salt was added to the slurry it was noted that
the dispersed network was altered to what superficially
appeared ss a flocced network predicted by the DLVO
theory. After further experiments. it was concluded that
the salt did change the dispersed network to an attrac-
tive network, but that this new sttractive network was
not cohesive. That is, unlike a flocced network, the
particles in this network could easily be rearranged.

Additions of more counterions continucusly reduced
the electrostatic repulsive potential. This dispersed par-
ticle network became an atiractive network sbove an
optimal concentration of counterions due to the persis-
tent van der Waals potential. As the hydrated counter-
jons reduced the electrostatic repulsive potential, they
also appeared to form a hydrated surface layer;: thus,
they built a strong, short range repulsive hydration
potential. Instead of falling into the deep potential well
to produce s cohesive, touching network predicted by
DLVO theory, the particles slipped into a well with a
more modest depth to produce an attractive, but non-
touching, particle network called a “coagulated” net-
work (as schematically illustrated in FIG. 1¢).

In accordance with preferred embodiments of the
present invention, coagulated ceramic particle net-
works are formed by adjusiment of the pH of a dis-
persed slurry of the particles and of the amount of salt
added to the slurry. This in turn controls the residual
long range electrostatic repulsive potential, and possi-
bly the strength of the short range repulsive hydration
potential as well. No additional effects are observed
when the salt concentration is greater than an optimal
value (i.e.. an amount of salt which reduces the long-
range electrostatic repulsive potential to zero). This
suggests that hydrated counterions are no longer at-
tracted to the surface, all of the electrostatic repulsive
potential is dissipated, and the system resides in the
deepest potential well that can be esiablished when the
repulsive hydrasion. ial is summed with only the
attractive van daf Weals potential. This state appears to
produce the strosgest, non-touching coagulated parti-
cle network, but a much weaker network relative to the
flocced network.

The particular sait or salts employed is not critical to
the present invention; a wide variety of organic and
inorganic salts would in principle be useful in develop-
ing a coagulated particle network due to the short range
repulsive potential of the charged ceramic particles.
Depending upon the composition of the specific ce-

‘ ramic particles, however, 1n certain instances particular
types of salts migh: be inappropriate by virtue of the
possibility that the salts would react with the ceramic
particles, and such salts would therefore be avoided in
those instances. Otherwise, the choice of salt would

20

bl

K}

40

45

55

60

65

readily be made by one familiar with the nature and
properties of the ceramic powder. Inorganic saits. such
€1C.. are suitable for use with

the sccompenying examples.

In wcordanee with a preferred embodiment of the
present invention. & water saturated powder compact
containing a weakly artractive particle network for use

cosity of the flocced slurry (pH =9, with and without
salt additions) is highest relative to other slurries and
exhibits extensive shear thinning indicative of a strongly
cohesive, touching particle network (FIG. 1g). The
influence of salt (NHCl) additions on the viscosity of
dispersed 20 volume % alumina slurries (at pH=4) is

dent on NH4C) concentration, i.e., their viscosity at any
shear rate increased over four orders of magnitude. No
further changes in viscosity were observed when the
salt concentration exceeded a saturation maximum of
1.7 M NH,Cl, which is the maximum practical value of
added salt for this system. While the degree (slope of
the viscosity vs shear rate curve) of shear thinning 1s
similar to that of flocced slurries, the magnitude of the
viscosity at any shear rate depended on the amount of
added salt. At a salt content greater than or equal to the
saturation maximum (which, in this case. is aiso the
maximum practical salt concentration), the viscasity of
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the coagulated slurries is about one order of magnitude
lower than that for the flocced slurries. This behavior
suggests that a similar attractive network exists within
both the coagulated and flocced slurties, but that the
magnitude of imerparticle attracuon is sltered by the
salt concentration.

As shown in FIG. 1c. the particies in cosgulated
slurnes are weakly held together in a shallow “hydra-
tion minimum”. The depth of the hydration minimum
controls the strength of the attractive but non-touching
particle network in the coagulsted slurries. The data
shown in F1G. 2 strongly suggests thst the attractive
particle network becomes stronger with added salt. but
never as strong as the flocced network.

In accordance with preferved embodiments of the
present invention, the addition of appropriste amounts
and types of saits is employed to decrease the magnitude
of the long range electrostatic repulsive force. Powders
that resct with acidic or basic water sre positively
charged on the acidic side (i.c., at low pH) and negs-
tively charged on the basic side (at high pH). Depend-
ing on the surfsce chemistry of a given powder, a1 &
particular pH the particles are aeutral (i.e.. the number
of positive surface sites equals the number of negative
sites). This pH is defined as the point of zero charge
(PZC). One may determine the PZC, and thus the pH
that separates positively from negatively charged sur-
faces, by s variety of known techniques. Using electro-
phoretic techniques, for example, the slurry is placed
between 8 potential gradient and the particle velocity is
determined. For alumina, the PZC is about pH 9; for
silics, sbout pH 4. For silicon nitride, the PZC is be-
tween sbout pH 4 (if the surface is highly oxidized to
resemble silica) and about pH 7 (for s less oxidized
surfsce).

The pH range to which the powder is sppropristely
brought before adding the salt is variable, and is deter-
mined relative to the PZC for that powder. Preferably,
the pH is as close as possible to the value(s) where the
surface charge may be brought to the maximum (i.e.. a
pH at an optimum variance from the PZC). For exam-
ple, for slumina powder an optimum pH is between
about 2 and 4; this range produces the largest positively-
charged surface. and thus the largest interfacial poten-
tial difference (zeta potential). For other powders, the
optimum pH range for formation of a coagulated net-
work may be determined in 8 manner known per se
using, ¢.g., electrophoretic measurements which define
the zeta potential vs. pH.

Up to s particular salt concentration for each ceramic
particle systam, incressing additions of salt increase the
magnitude of the sttractive interparticle forces. Deter-
mination offss effective salt concentration range for use
with any givea ceramut powder material may be carried
out empirically in a manner known per se by those
skilled in the art of colloid chemistry. The desired coag-
ulated network can be formed within a range of added
salt concentrations; for example, with alumina powder,
it may range between about 0.1 and about 1.7M NHCl.
Any concentration within this range would be a suffi-
cient amount of added salt to form a coagulated net-
work. As shown in FIG. 2, the amount of sait added
within this range only changes the strength of the coag-
ulated network; the method of the invention may be
carried out with any network strength, as long as the
desired coagulated network is formed.

Determination of the minimum amount of salt neces-
sary to just produce an attractive particle network may
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be determined for any given powder by first producin,
!WS‘W!‘WWepHmmenm'-
ing small. known increments of salt until the particies
within the slurry sitract one another. In dilute slurries
(for example, those containing less than about | to 3
volume-% of powder), the formation of an attracuve
network may be monitored visually; groups of particles
come together (o form noticesble sgglomerates, chang-

ing the exture of the slurry.
Aliernatively, the minimum smount of salt necessary
to form am sttractive particle setwork may be deter-
mined weing sedimentation columas. Slurries containing

tive method of forming complex-sheped articles them-
selves exhibit extensive shear rase thinning. This allows
the compact to behave in & sufficiently liquid-like man-
ner when vibeated to fill s complex mold cavity, but
allows the newly-shaped article to retais its shape once
the vibration is stopped. Kt ia deveiopment of the cosgu-
lated network (the particles are weskly attractive but
non-touching due to short range repulsive forces)
which imparts to both the slurry and the ssturated pow -
der compact derived therefrom the characteristic rheo-
logical properties exploited in sccordance with the
present invention. Both the slurry and the particle com-
pact behave in a manner heretofore observed only with
materials like clay; while clay materials sppear 1o de-

distribution. This permits the preparation of ceramics of
enhanced umiformity and with greater reliability. In
sddition, this method is not only extremely simple, inex-
pensive and safe but also avoids the use of organic sol-
vents, polymeric binders and plasticizers.

To consolidate particles into saturated powder com-
pacts, the volume fraction of particies within a slurry 15
increased by particle partitioning methods, such as pres-
sure filtration and/or centrifugation. Increasing the
volume fraction of particles also changes the slurry
rheoiogy. The highest volume fraction of particle thar
can be packed together for a given consolidation pres-
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sure will depend on the interparticle potential. The
viscosity of the densely packed parucie slurry is ex-
tremely high and it behaves much like a solid at slow
shear rates. These demaely packed slurries can thus be
considered as sstursted powder compacts. The rheol-
ogy of the satursted powder compacts depends on the
interparticle potsatial.

Pressure filtration is one suitable method for consoli-
dating powders. A slurry (for exsmple. slumina powder
in water) confined within a cylinder is acted upon at one
end by a plunger which forces the fluid within the
slurry through s filter at the other end. Particles within
the slurry are trapped at the filter to build up a coasoli-
dsted layer as fluid is forced through the layer and then
through the filter. Pressure filtration concentrates the
particles within the slurry to form s layer consisting of
densely packed particles. After a single layer of parti-
cles is trapped by the filter, the trapped particles them-
selves become part of the filter through which fluid
must flow t trap more particles. The consolidated layer
thickens in proportion to the amount of slurry filtered;
consolidation stops when the top of the layer encoun-
ters the plunger. At this point, all of the particles which
were initially in the slurry are densely packed within the
consolidated body and any space left within the densely
pecked particles is filled with fluid. The consolidated
body is then removed from the cylinder. Additional
flyid can be removed by evaporative drying.

For powders comprising dense, spherical particles,

filtration studies have shown that interparticle
forces have the greatest effect on particle pecking den-
sity. Dispersed slurries (highly repulsive interparticle
forces) produce much higher packing densities than
flocced slurries (highly attractive interparticle forces).
particularly high perticle packing densities can be
achieved pursuant to the present invention using coagu-
lated slurries (short range hydration layer repulsion).

Centrifugation is another techmique for fractionating
colloidal slurries. Particles in a slurry are centrifuged
into a mold, followed by decantation of the supernatant
liquid and removal of the packed particulate body from
the mold. The stress is applied to each element of the
component rather than 10 its exterior. An obvious con-
sideration is the effect of polydispersity in particle size,
as sedimentation rates during centrifugal acceleration
vary with particle size and density. The use of flocced
or coagulated rather than dispersed particulate systems
can overcome this difficulty, as a flocced or a coagu-
lated system consolidates as a network rather than by
motion of individual particles. Uniform packing densi-
ties in centrifuged particulste bodies tan be also
achieved by processing with concentrated dispersed
slurries; however, as indicated sbove. processing with
concentrated dispersed slurries is extremely complex.
Centrifugation caa be conveniently used to uniformly
pack polydispersed perticles from coagulated slurries
without being concerned about mass segregation.

The influence of interparticle forces on the rheology
of consolidated bodies has been characterized with the
help of stress relaxation experiments. A fixed compres-
sive strain was applied to saturated consolidated bodies
made by pressure filtration and the accompanied stress
relaxation as a function of time was recorded. The stress
relaxation behavior is an indirect indication of the rheol-
ogy of the consolidated bodies. As consolidated particu-
late bodies consisting of attractive forces tend to be
solid-like or elastic. these bodies only relax to about
70% of the peak stress. However, consolidated bodies
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made from dispersed s well as coagulsted slurnies ex-
hibit plastic behavior. The consolidated bodies made
from coagulsted slurties consistently appear to have
better shape retention characteristics when compared to
a body made from 2 dispersed slurry, because they
exhibit a yield stress for plastic flow. An imporiant
characteristic of the bodies made from coagulated slur-
ries is that the plastic flow behavior is retained when
stored without moisture loss for as much as a week to

as-received powder in deionized water at pH4 without
jonic strength adjustments. At pH4 (O M NH(CI) the
zeta potential of alumina is sufficiently large to Keep
particles dispersed through strong electrostatic repul-
sion. A high shear-field, obtained by immersing an ultra-
sonic horn in the slurry, aided in breaking apan soft
agglomerates. Finally, ionic strength and/or pH adjust-
ments of slurries were made as required. Analytical
grade HNO; and NHJOH were used for pH adjust-
ments; analytical grade NH4C! was wsed for ionic
strength adjustments.

The following terminology is adopted to distinguish
between the three types of aslumina slurries that were
used in this study: (1) slurries st pH 9 with and without
NH(C] are “flocced™; (2) slurries at pH4 without
NH4C] are “dispersed™; and (3) slurries at pH4 with
NHLC) are “coagulated™. In the present study, the ionic
strength in coagulated slurries is adjusted t0 1LSM.

Consolidation

Pressure filtration was used to make consolidated
ceramic bodies using the coagulated alumina slurry. A
predetermined volume of slurry was poured into a cy-
lindrical filtration die 2.54 cm in diameter 10 make con-
solidated bodies having 8 thickness of 1 10 1.5 cm once
filtration was complete. A final consolidation pressure

#
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of 14.6 MPs was used in all the experiments. The alu-
mina powder used in the present study could be packed
10 a maximum demeicy of 0.62. After pressure filtering
the cosgulsted sherry. the comsolidation body was
ejected from the die and was immedistely transferred
into a zip-lock plastic bag contamning a3 moist paper
towe! and sealed to prevent the sampie from drying.
The presence of the moist towel was to ensure 100%
humidity in the sealed bag so as to prevent the body
from drying during storage.

Epoxy Mold Preparation

A wupered rotor shaped plastic male die 3 cm in
diameter and 2.5 ¢cm in beight) was prepared using an
epoxy moid containing the rotor-shaped cavity. The
epoxy mold was peepared by the following procedure.
The plastic die was initially costed with a silicone die
reiease agent. Then the die was placed upright resting
on its wide bese in & paper cup. A sufficient amount of
quick set epoxy resin was and carefully pored
over the plastic die in the cup. After allowing the assem-
bdly to set for 13 minutes, the die was separated from the
epoxy resin. This procedure allowed making casting
molds with excellent dimensional stability and surface
smoothness. These molds were used subsequently for

c i ) Forming

Prior to ceramic molding, the epoxy moid was given
a thin coat of high vacuum silicone grease to allow the
molded ceramic to be easily removed. The saturated
powder compact (stored in a plastic bag) was then
placed in the cavity of the mold. The mold containing
the saturated powder compact was then caused 1o flow
into every part and comner of the mold by gently tap-
ping the moid on the table. This tapping produced suffi-
cient vibrations 10 impan viscous flow to the plastic
body, which facilitated filling every part of the mold. In
addition 1o the plastic flow, during the course of tap-
ping expulsion of sir bubbles initially trapped between
the plastic body and the mold walls was observed to
have taken place. Once all the material is evealy distrib-
uted in the mold. the tapping was stopped and the satu-
rated particulate body (along with the mold) was
weighed. After 24 hours of air drying and 12 hours of
oven drying at 60° C.. the shaped body shrank (sbout
1%); this facilitated removal of the cast body without
damage. Assuming that the body contained only alu-
mina powder snd water, the saturated packing density
was again determined by weighing the body before and
after drying. The shaped ceramic had a relative packing
density of 2%, i.e., identical 10 the saturated powder
compect body formed by pressure filtration.

Heat Treatment of the Ceramic

The dried ceramic particulate articles were first heat
treated at 300° C. 10 sublime NH4Cl from the ceramic.
Thereafter, the ceramic was densified at 1550° C. for 3
minutes. The densified alumina body had s relative
density of 98% (i.c., 98% of the theoretical density of
aluminum oxide).

Example 2

‘Attempts were also made to form a complex ceramic
shape (e.g.. a gear) using the procedure described in
Exampie 1. Although the attempts were extremely suc-
cessful with respect to making the epoxy mold, filling
the mold with the saturated consolidated body (pH4,
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1.5 M NH.C)), and drying the ceramic without crack-
ing, the dried ceramuc could not be removed from the
mold without damage. Therefore, & second casting
procedure was adopted, in which silicone rubber was
substituted as the mold material. Once cured. silicone
rubber exhibits some flexibility, yet it is ngd enough (o
be an idesl material for forming complex shapes.

Silicone Rubber Mold

Except for the different mold making material, for

m.:wdmamwamythe
w&kmﬁ“dmw’w

tion in Example 1 DowComn;

silicone rubber (3112 RTV) ws mized y with

10 vol. DowCam;enlyu(l‘l‘Vl)udthathe

by simply pushing the gear out of the mold.
Casting of the Ceramic Gear
) m.dmmww shaping it

Example 3

Lubricating surface layers as formed on alumins par-
ticles in Examples 1 and 2 can also be introduced into
other ceramic systems such as zirconia, titania, silica.
silicon carbide, silicon nitride, etc. In the present exam-
ple, surface hydration layers were introduced on zirco-
nia containing 3 mole % yttria (Tosoh-Zirconia TZ-3Y.
Minato-ku, Japan). A 10 vol. % zirconia was dispersed
in water at pH 2.8 and equilibrated while the siurry was
being ultrasonicated. Later, the surface lubricating lay-
ers were formed on zirconia by adding 1.5 NHC! and
the pH readjusted to 2.8. The slurry was then pressure
filtered, as per the procedure described in Example |.
The consolidsted body was thereafier placed in the
epoxy mold (consisting of s rotor-shaped cavity, as
described in Example 1) and the entire assembly was
tapped for the plastic consolidsted body to flow into the
mold. The shaped ceramic was allowed to dry in the
mold; after drying, the relative particle pecking densicy
of the ceramic was 50%. The dried ceramic was ejected
from the mold as per the procedure described in Exam-
ple 1.

Example 4

All commercial submicron sized ceramic powders
consist of heterogeneities such as coarse particles. hard
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agglomerates. organic and inorganic inclusions. Such
heterogeneities. if not separated from powder prior to
consolidstion, can act as stress concCentrators in the
densified ceramic and can adversely affect the mechani-
cal properties of the ceramic. It has been demonstrated
that colloidal methods. i.¢.. methods of controlling and
manipulating the forces between particles within a lig-
uid. can be used 10 fractionate from powders heteroge-
neities (e.g., agglomerates and inclusions) that would
otherwise lead 10 strength degrading flaw populations.
That is, colloidal methods to treat powders have the
potential to produce more reliable ceramic msterials.
Because drying can reintroduce heterogeneities, colloi-
dally treated powders must be packed into a shape from
their slurry state. High particle packing densifies the
powder compact. In addition, mass and/or phase segre-
gation during consolidation must be avoided.

Preparation of Coagulated Ceramic Slurries Free of
Heterogeneities

In both the traditional approsch of powder fraction-
stion and the improved method suggested in the present
disclosure, the first few steps of the process are essen-
tially the same, i.¢., (1) disperse ceramic powder in pure
water st s pH where the interparticle interactions are
predominately repulsive; (2) ultrasonicate the particu-
late slurry to break spert the soft agglomerates in the
powder; (3) sediment the slurry for a given leagth of
time to separate coarse particle, hard aggiomerates and

10
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MiX two or more powders (o uce more uniform
multiphase ceramic bodies. Thnspalff:ws one 10 manufac-
ture composite ceramics. The second phase matenal can
be an alloying agent and/or a reinforcement (particle,
whisker, fiber, disc etc.). Typical examples of the first
kind of composite are A1;03-Zr0;, ALY O3-MgO. etrc.
Examples of the other kind of composite include AJ20;-
SiC (whisker), SisN¢-SiC erc.

_For making these composites, one either treats indi-
vidual ceramiic powders to fractionate heterogeneitics
(as per Example 4) followed by either mixing them
together and then coagulating them or by mixing the
coagulated slurries at 2 high shear rate sufficient to
break span the coaguisted metworks and form a new
containing both

and waiformly.
The composite coagulated sluery is transformed into
useful ceramic components ss per the procedure de-
scribed in Example | and 2.

While the inveation has beea described with refer-
ence to embodiments thereof, it should be
noted by those skilled im the art that the disclosures are
exemplary ocaly and thet variows other alternatives,
adspestions aad wodifications mey be made within the
scope of the present invention. Accordiagly, the pres-
e lutrasad heren, ut caly by (e Fobwimg, chaa:
- i oaly by the followiag claims.

What is cleimed is:

other impurities (for a given particle size the durstionof 30 1. A method of preparing & dense ceramic product,

sedimentation can be approximately estimated by
Stokes’ equation); and (#) carefully siphon the superna-
tant containing desired colloidal particles into a sepa-
rate container.

In the traditional approach, the particles in the super-
natant are flocced by adjusting the pH to the point of
zero charge and allowing the flocced particles to sedi-
ment. Flocculation of the desired fraction of the pow-
der in the supernatant serves two functions. First, it
concentrates the slurry for downstream processing
needs. Second, flocculation prevents segregation of
coarse and fine particles during storage and handling.
This step is followed by using the slurry for consolida-
tion prior 1o which one may or may not disperse the
slurry. Because of their strongly attractive particulate
network, flocced slurries always pack to s lower den-
sity than the dispersed state. One may pack the particles
to their highest density in the dispersed state in the
absence of mass segregation.

Coaguiation instesd of flocculation offers an ideal and
efficient ahiernative for colloidal fractionation and pro-
cessing of ceramics powders. In an improved method of
colloidal powder fractionation. s salt of known concen-
tration is added t0 the supernatant containing the dis-
persed colloidal particles. The addition of the salt to the
dispersed slurry destabilizes the particles, leading to
coagulstion. The coagulsted particies sediment and the
supernstant can be removed. The slurry containing the
cosgulated particles can be directly used in consolida-
tion, since perticles in the coagulated slurries pack to
the maximum density.

The concentrated coagulated slurry can be used to
make useful ceramic shapes following the procedure
described in Example | or 2.

Example §

Another potential advantage of colloidal methods, in
addition 10 removal of heterogeneities, is its ability to
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comprising:

(1) forming a coagulated network of ceramic powder
particles in water by adjustment of the pH of a
dispersed slurry of said ceramic powder particies in
water t0 a pH that produces a net surface charge
and addition of a sufficient amount of a salt to the
dispersed slurry to form said cosgulsted network;

(2) treating said coagulated aetwork of ceramic pow-
der particles in water to increase the volume frac-
tion of said powder particles, thereby forming a
water ssturated powder compect; and

(3) firing the compact to provide said dense ceramic
product.

2. A method according to claim 1, wherein the com-

pact is formed into a desired shape prior 10 firing.

3. A method according to claim 2, wherein said de-
sired shape is formed by introducing the compact into a
moid and subjecting the mold to vibration sufficient to
induce flow of the compact, whereby the compact
adopts the shape of the mold.

4. A method according 10 claim 1, wherein said coag-
ulated network is formed by:

mixing a ceramic powder with water at s pH that
produces a net surface charge, to form a dispersed
slurry; and

adding a sufficient amount of salt to the dispersed to
cause particles within the slurry to form a coagu-
lated network.

S. A method according to claim 1, wherein the dis-
persed slurry comprises less than about 30 volume %
ceramic powder.

6. A method according to claim 1, wherein said salt is
selected from the group consisting of organic salts.
inorganic salts and mixtures thereof.

7. A method according 10 claim 6, wherein said salt is
an inorganic salt.

8. A method according to claim 7, wherein said inor-
ganic salt is selected from the group consisting of alkali
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halides, alkali eanth halides, ammonium halides snd adding a sufficient amount of salt 10 the supernatant
mixtures thereol. to form a cosgulated network.

9. A method according 1o claim 1, wherein the ce- 18. A method according to claim ). wherein said
ramic powder i selected from the group consisting of  coagulated network of ceramic powder partcies in
oxides, nitrides, carbides, borides and tellundes. $ water comprises at least two different types of ceramic

10. A method according t0 claim 9, wherein the ce-  powder particles.
ramic powder is selected from the group consisting of 16. A method according to claim 18, wherein said
alumina. zirconia, titania, silica, silicon carbide, silicon  coagulated network is formed by:

niride. yinia, lead oxide and mixtures thereof. mixing each ceramic powder separately with water at
11. A method according 10 claim 1, wherein the vol- 10 8 pH that produces a net surface charge with that

ume fraction of particies is incressed by pressure filtra- powder. to form a plurality of dispersed slurries;

tion. combining said plurality of dispersed slurries to form
12. A method according to claim 1. wherein the vol- 2 mired slurry; and

ume fraction of particles is increased by centrifugation. adding a sufficient amount of sait to the mixed slurry
13. A method according 10 claim 1, wherein said 13 0 cause particles within the slurry to form a coagu-

firing comprises a first heating step at a first temperature iated network.

sufficient to evaporate water and pyrolyze salt from the 17. A method sccording 0 claim 15, wherein aid

shaped compact, followed by a second hesting step ata  coagulated network is formed by:

second temperature sufficient to densify the shaped mixing each ceramic powder separstely with water at

compact. 2 2 pH that produces a net surface charge with that
14. A method sccording to claim 1. wherein said powder, to form s plunlity of dispersed slurries;
cosgulated network is formed by: adding s sufficient amount of salt t0 each of said
dispersing the ceramic particles in water at 3 pH that plurality of dispersed slurries t0 cause particies
produces a net surface charge. 1o form a dispersed within each slurry to form a coagulated network,
slurry; 23 thereby forming a plurality of coagulsted slurries:
uitrasoaicating the slurry to break aparnt agglomer- and
ates; combining said plurality of coagulsted shurries ot 2
sedimenting the slurry to separate remaining strong high rate sufficient %0 bresk apert sid coagu-
sgglomerates and inclusions; lated networks and form a sew cosguisted set-
siphoning ofY supernatant containing desired colloidal 30 work.
particles; and ¢ ¢ 8 s e
3s
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PARTIALLY STABILIZED ZRO:-BASED
LAMINAR CERAMIC COMPOSITES

GOVERNMENT RIGHTS

The United States Government has right in this in-
vention under contract number F49620-89-C-0031
awarded by the Department of the Air Force and con-
tract number NO0OO14-90-J-1441 awarded by the Depart-
ment of the Navy.

TECHNICAL FIELD

The present invention relates to laminar composite
materials and, in particular, to laminar ceramic compos-
ites having enhanced fracture toughness.

BACKGROUND OF THE INVENTION

In ceria-partially-stabilized zirconia (Ce-2rO;, or

Ce-TZP), high fracture toughness in the range of 10-14
MPaem} has previously been achieved. Ce-TZP is 20
known to undergo martensitic transformation from the
tetragonal to the monoclinic phase as a result of stress.
However, the clongated shapes of the stress-induced
transformation zones surrounding cracks in Ce-TZP are
not optimal for producing beneficial transformation
toughening. In other zirconia ceramics of comparable
toughness (such as magnesia-partially-stabilized zirco-
nia (Mg-ZrO;, or Mg-PSZ), for example), the transfor-
mation zone extends approximately equal distances
ahead of and to the side of a crack. In contrast. the
transformation zone in Ce-TZP is very elongated, ex-
tending ahead of the crack a distance of 10 10 20 times
the width of the zone. The extra transformed material
shead of a crack in Ce-TZP degrades the toughness.
Calculation of the crack tip shielding from transforma-
tion zones indicates that the increase in fracture tough-
ness due to transformation shielding for the semicircular
frontal zone shape characteristic of Mg-PSZ is about
" twice that for the elongated frontal zone characteristic
of Ce-TZP.
. The elongated transformation zone in Ce-TZP is
thought to result from autocatalytic transformation, i.c.,
the sequential triggering of transformation in a grain by
transformation strains in adjscent grains. Autocatalytic
transformation also occurs in Mg-PSZ, as evidenced by
the formation of well-defined shear bands within grains.
The microstructure of Mg-PSZ may be thought of as
dual scale: the individual precipitates that transform
from tetragonal to monoclinic phase are lenticular in
shape are lenticular in shape (approximately 300 nm in
diameter), and they are contained within grains that are
larger by about 2 orders of magnitude (approximately
50 um diameter). ARhough each transformation band
contains msny amtecatalytically transformed precipi-
tates, the grain bogadaries are effective barriers for
arresting the propagitiag band. In Ce-TZP, however,
the transforming units are the individual grains: there
are no larger scale microstructural units. Thus, there are
no large scale barriers to arrest a developing transfor-
mation band in Ce-TZP. Based on the foregoing, it is
believed that substantial toughness enhancement will
result if the microstructure of Ce-TZP is modified to
change the shape of the stress-induced transformation
zone.

SUMMARY OF THE INVENTION

The present invention relates to laminar ceramic
compotites and includes a method of introducing large-

2

scale microstructural units 1nto Ce-ZrQ, (Ce-TZP) for
enhancing fracture toughness of the ceramic matenal.
These targe-scale microstructural units take the form of
barrier layers of matenals such as A1,0; or a mixture of
Al20O; and Ce-ZrO; Based on the foregoing back-
ground of the invenuion. the optimum separation of the
barrier layers is believed to be approximately 10-200
pum, with optimum individual barrier layer thicknesses

0 at the lower end of this range.
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In the methad of the present invention, powders of
selected ceramic materials comprising the layers of the
composite structure are dispersed in separate containers
of water to form slurries. The pH of the slurries is ad-
justed 10 remove long range repulsive forces between
the powder particles but rerain short range repulsive
forces. In this state of suspension, or coagulation, the
particles sestle readily under gravity without mass seg-
regation and can be comsolidated to higher deasity by
cenm{um After centrifuging, the liquid
can be removed and a desived volume of another slurry
can be added on top of the first layer of consolidated
material. This process can be repeated indefinitely to
form a laminar composite structure comprising alternat-
ing layers of different ceramic materials. Laminar com-
posites having layers as thin as sbowt 10 um have been
fabricated using this colloidal method of the present
invention to consolidate the ceramic powders.

Controlled crack growth experiments aad indents-
tion experiments have bees wed 0 imvestigate the infle-
ence of barrier layers oa crack tip transformation 20ues
and fracture toughness in lomingl’ composites of the
present invention. imeractions between these
layers and the martengitic transformstion zones sar-
rounding cracks and indestations have been observed.
In both cases, the transformstion zomes spread along the
region adjacent to the basrier layer. The presence of
barrier layers thus leads 10 large incresses in toughness
and extensive R-curve behavior. This enhanced frac-
ture toughness was observed for cracks growing paral-
lel to the layers as well as for those that were oriented
normal to the layers.

A principal object of the present invention is the
fabrication of improved laminar ceramic composite
materials. A feature of the inveation is the use of a
colloidal technique combined with centrifuging to con-
solidate layers of ceramic powders into a laminar com-
posite. An advantage of the invention is fabrication of
thin barrier layers of material that modify the stress-
induced autocatalytic transformation at crack tips to
enhance the fracture toughness of ceramic materials.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present
invention and for further advantages thereof, the fol-
lowing Detailed Description of the Preferred Embodi-
ments makes reference 10 the sccompanying Drawings,

. in which:

F1G. 1 is a schematic cross section of a laminar com-
posite of the present invention;

FIG. 2 is a schematic cross section of the laminar
composite of FI1G. 1 illustrating crack propagation and
transformation zone spreading at a barrier layer of the
composite;

FIG. 3 is a schematic cross section showing further
propagation of the crack of FIG. 2 to illustrate narrow-
ing of the transformation zone after passing through the
barner layers; and
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FIG. 4 1s a graph plotuing test results of toughness
versus crack length through a laminar composite hav-
ing a plurality of barnier layers.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Composites of ZrO;-based ceramic have been fabri-
cated using a colloidal technique of the present inven-
tuon to produce a laminar structure having one or more
barrier layers. The barrier layers comprise matenals
such as Al;Oj or a mixiure (typically 50% by volume)
of AlO3 and Ce-ZrQ;. The method comprises sequen-
tial centrifuging of slurries containing suspended parti-
cles of ceramic powders to form the layered structure.
followed by forming (optional), pressing. drying, and
sintering at temperatures up to about 1600° C. An aque-
ous electrolyte (i.e., a salt such as NH4NO: or NH(Cl,
for example) can be used to produce short range repul-
sive hydration forces and to reduce the magnitude of
the longer range electrostatic forces between the parti-
cles suspended in the slurry. This condition produces a
weakly attractive network of particles that prevents
mass segregation during centrifugation. Because of the
lubricating action of the short range repulsive forces.
the particles can be packed to a high consolidation
density.

The relative densities of the Al;03and Ce-ZrO; pow-
ders consolidated separately using this colloidal tech-
nique were approximately 60 and 50 volume %, respec-
tively. The larger shrinkage of the Ce-ZrO; during
subsequent sintering caused cracking in some layered
composites that contained pure Al;O3layers (the excep-
tions being some thin layers with thickness less than
about 30 um). This contraction mismatch was mini-
mized by using the mixed composition of 50 voiume %
Al203 and Ce-ZrQ; instead of pure Al;O3 for most
specimens. Optical micrographs of typical layers of
AhO3/Ce-ZrO; within a matrix of Ce-ZrO; show rea-
sonably uniform layers with thicknesses in the range 10
to 100 um. A multilayered structure of alternating Ce-
ZrO; and Al;03/Ce-ZrO; layers of 35 um thickness
was produced, as illustrated schematically in FIG. 1.

In a preferred embodiment illustrated in F1G. 1, the
material of layers A is ZrO; doped with CeO3 (12 mo-
lecular %). The material of layers B is s mixture of 509
by volume of Al;O; and ZrO; doped with CeO; (12
molecular %). The purpose of the mixed composition in
the alternative example is 10 reduce differential shrink-
age between layers A and layers B during the densifica-
tion process, which involves hest treatment. The mate-
rial of layers A can be any ZrO;-based material that
undergoes stress-induced martensitic transformation
from the tetragonal to the monoclinic crystal structure.
The material of layers B may be any material chat 1) is
chemically compatible with the material of layers A at
the temperatures needed to densify material A by sinter-
ing; 2) densifies at a similar temperature and with similar
shrinkage as does the material of layers A; and 3) does
not undergo stress-induced phase transformation or
does 5o less readily than the matenal of layers A. In
addition to the Al;Qj described above, other examples
of suitable barrier layer materials include the foliowing:
ZrO; with dopants such as CeO;, Y203, MgO, and C20
in concentrations sufficient to render ZrO; either fully
stabilized in the cubic structure or more resistant to
stress-induced tetragonal-to-monoclinic transformation
than the material of layers A; titanium diboride: silicon
carbide (SiC); hafnium oxide; and mixtures of the fore-
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going. Although there 1s no upper limit 1o the thickness
of individual layers of the laminar composite, layers
with thicknesses as low as about [0 um can be fabri-
cated using the colloidal method of the present inven-
tion.

In the method of the present invention, ceramic pow-
ders compnsing the matenals of layers A and B are
dispersed in separate containers of water to form slur-
nes. Ultrasonic waves may be used 0 cause mixing, and
the pH may be adjusted to about 2 by adding HNO;j. At
pH 2 there are long range electrostatic repulsive forces
between the powder pariicles that keep them well sepa-
rated and dispersed. The long range repulsive forces
may be removed to form a weskly attractive network
that results when the particles develop a solvation layer
which produces a short range, but highly repulsive
force. Such particle networks can be formed by adding
an indifferent salt to a dispersed slurry in which the
initial, long range electrostatic repulsive potential is
produced at low pH. When the concentration of the salt
is &0.1M, the particles become weskly attractive to
form a coagulation due to the diminished electrostatic
potential. A salt such as NH4Cl or NH4ANOj at about
0.5-2.0M concentration, for example, may be added 1o
the slurries of ceramic powders described above to
cause coagulation. In this state of coagulation, the sus-
pended particles are not flocced (i.e., not touching or
cohesive), but they settle readily under gravity, without
mass segregation, and they may be comsolidated to
higher densities by centrifuging. Mass segregation at
this step is undesirable because it causes cracking during
subsequent heat treatment and densification.

To construct the laminar composite illustrated in
FIG. 1, a volume of slurry needed to yield the desired
thickness of material in layer 10 is placed in a container
comprising an outer wall (typically cylindrical), a
removeable inner Teflon ® sleeve, and a removeable
bottom. The container is then placed in the swinging
bucket of a centrifuge and spun at approximately 2000 g
for 15 minutes. After centrifuging, the supernatant liq- .
uid is removed and s volume of slurry needed to yield
the desired thickness of material in layer 12 is placed in
the container. The container is centrifuged again, and
the whole process repeated for each of the layers 13
through 16. As shown in F1G. 1, the composition of the
slurry is alternated (or changed to a different material)
for each successive layer of the composite. The process
is repeated until the composite structure has the desired
number of layers, each having the desired thickness and
composition.

At this stage, after all the layers of the composite
have been centrifuged, the consolidated laminar com-
posite has rheological properties similar to wet clay.
Before drying, uniaxial compressive stress may be ap-
plied to the structure to further increase the particle
packing density. This can be accomplished, for exam-
ple, by inserting a microporous filter on top of the con-
solidated composite while it remains in the container,
and then loading in a hydraulic press at a pressure of
about 4000 psi. Alternatively, the damp composite
structure may be shaped in a mold or rolled out to
flatten the material. for example. The flattened compos-
ite may then be rolled into a composite rod comprising
alternating layers of material having a spiral cross-sec-
tion. It should be apparent that other shapes and struc-
tures of the laminar composite may be visualized and
formed by one having ordinary skill in the ar.

————— e |
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FIG. 4 1s a graph plotung test results of toughness
versus crack length through a laminar composite hav-
ing a piurality of barnier layers.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Composites of ZrQr-based ceramic have been fabri-
cated using 3 colloidal technique of the present inven-
tion to produce a laminar structure having one or more
barrier layers. The barrier layers comprise materials
such as Al;O) or a mixture (typically 50% by volume)
of Al;0; and Ce-ZrO;. The method compnses sequen-
tial centrifuging of slurries containing suspended parti-
cles of ceramic powders to form the layered structure.
followed by forming (optional), pressing, drying. and
sintering at temperatures up to about 1600° C. An aque-
ous electrolyte (i.e., a salt such as NHNO; or NH(CI,
for example) can be used to produce short range repul-
sive hydration forces and to reduce the magnitude of
the longer range electrostatic forces between the parti-
cles suspended in the slurry. This condition produces a
weakly attractive network of particles that prevents
mass segregation during centrifugation. Because of the
lubricating action of the short range repulsive forces.
the particles can be packed to a high consolidation
density.

The relative densities of the A1;0; and Ce-ZrO; pow-
ders consolidated separately using this colloidal tech-
nique were approximately 60 and 50 volume %, respec-
tively. The larger shrinkage of the Ce-ZrO; during
subsequent sintering caused cracking in some layered
composites that contained pure Al;0; layers (the excep-
tions being some thin layers with thickness less than
about 30 um). This contraction mismaich was mini-
mized by using the mixed composition of 50 volume %
Al;O3 and Ce-2rO; instead of pure AlyO3 for most
specimens. Optical micrographs of typical layers of
Al203/Ce-ZrO; within a matrix of Ce-Z2rO; show rea-
sonably uniform layers with thicknesses in the range 10
to 100 um. A multilayered structure of alternating Ce-
ZrO; and Al;03/Ce-ZrO; layers of 35 um thickness
was produced, as illustrated schematically in FIG. 1.

In a preferred embodiment illustrated in FIG. 1, the
material of layers A is ZrO; doped with CeQ3 (12 mo-
lecular 9). The material of layers B is a mixture of 50%
by volume of Al;O3 and ZrO; doped with CeO; (12
molecular %). The purpose of the mixed composition in
the alternative example is to reduce differential shrink-
age between layers A and layers B during the densifica.
tion process, which involves heat treatment. The mate-
rial of layers A can be any ZrO;-based material that
undergoes stress-induced martensitic transformation
from the to the monoclinic crystal structure.
The material of layers B may be any material that 1) is
chemically compatible with the material of layers A at
the temperatures needed to densify material A by sinter-
ing; 2) densifies at a similar temperature and with similar
shrinkage as does the material of layers A; and 3) does
not undergo stress-induced phase transformation or
does so less readily than the material of layers A. In
addition to the Al;O3 described above, other examples
of suitable barrier layer materials include the following:
ZrO; with dopants such as CeO;, Y03, MgO, and C2O
in concentrations sufficient to render ZrO; either fully
stabilized in the cubic structure or more resistant to
stress-induced tetragonal-to-monoclinic transformation
than the material of layers A; titanium diboride: silicon
carbide (SiC); hafnium oxide; and mixtures of the fore-
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going Although there 1s no upper limit (0 the thickness
of individual layers of the laminar composite, layers
with thicknesses as low as about 10 um can be fabn-
cated using the colloidal method of the present inven-
tion.

In the method of the present invention. ceramic pow-
ders compnising the matenals of layers A and B are
dispersed in separate containers ol water to form slur-
nes. Ultrasonic waves may be used to cause mixing, and
the pH may be adjusted to about 2 by adding HNO;. At
pA 2 there are long range electrostatic repulsive forces
between the powder particles that keep them well sepa-
rated and dispersed. The long range repulsive forces
may be removed to form s weakly attractive network
that results when the particles develop a solvation layer
which produces a short range, but highly repulsive
force. Such particle networks can be formed by adding
an indifferent salt to a dispersed slurry in which the
initial, long range electrostatic repulsive potential is
produced at low pH. When the concentration of the salt
is ®0.1M, the perticles become weakly attractive to
form a coagulation due t0 the diminished electrostatic
potential. A salt such as NH(Cl or NH4NO; at about
0.5-2.0M concentration, for example, may be added 10
the slurries of ceramic powders described above to
cause coagulation. In this state of coagulation, the sus-
pended particles are not flocced (i.e., not touching or
cohesive), but they settle readily uader gravity, without
mass segregation, and they may be comsolidsted to
higher densities by centrifuging. Mass segregation st
this step is undesirable because &t camses cracking during
subsequent heat trestment and demsification.

To construct the laminar composite illustrated in
FIG. 1, a volume of slurry needed to yield the desired
thickness of material in layer 10 is placed in a container
comprising an outer wall (typically cylindrical), a
removeable inner Teflon ® sleeve, and a removesble
bottom. The container is then placed in the swinging
bucket of a centrifuge and spun at approximately 2000 g
for 15 minutes. After centrifuging, the supernatant liq-
uid is removed and a volume of slurry needed to yield
the desired thickness of material in layer 12 is placed in
the container. The container is centrifuged again, and
the whole process repeated for each of the layers 13
through 16. As shown in F1G. 1, the composition of the
slurry is alternated (or changed to a different material)
for each successive layer of the composite. The process
is repeated until the composite structure has the desired
number of layers, each having the desired thickness and
composition.

-At this stage, after all the layers of the composite
have been centrifuged, the consolidated laminar com-
posite has rheological properties similar to wet clay.
Before drying, uniaxial compressive stress may be ap-
plied to the structure to further increase the particle
packing density. This can be accomplished, for exam-
ple, by inserting a microporous filter oa top of the con-
solidated composite while it remains in the container,
and then loading in a hydraulic press at a pressure of
sbout 4000 psi. Alternatively, the damp composite
structure may be shaped in a mold or rolled out to
flatten the material, for example. The flattened compos-
ite may then be rolled into a composite rod comprising
alternating layers of material having a spiral cross-sec-
tion. It should be apparent that other shapes and struc-
tures of the laminar composite may be visualized and
formed by one having ordinary skill in the an.
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After consolidation. the laminar composite 1s re-
moved from the container or mold and dned at 50° C
for about 24 hours. The composite can then be packed
in ZrO; powder and sintered in a furnace using a tem-
perature treatment schedule such as the following
(which is provided omly as an example. and not as a
limitation, of s typical trestment schedule):

Typecal Temperature Treatment Schedule

Temperature Rate Time
20°C.we0 C Consiam 1.0 Hours
450° C. 10 600° C. Conswuant 15.0 Hours
600° C. 10 1000° C. Coastamt 15.0 Hours
1000° C. 10 1300° C. Constant 10.0 Hours
1500° C. N/A 1.0 Houns
1500° C. w0 1600° C. Constamt 0.5 Houns
1600° C. N/A 2.0 Hours
1600° C. 10 20° C. Consunt 4.0 Hours

EXPERIMENTAL RESULTS

The influence of individual barrier layers of Al;O30r
Al:03/Ce-ZrO; on crack growth and transformation
zones in Ce-ZrO; was investigated by fabricating com-
posites containing widely spaced layers, as illustrated
schematically in FIG. 2. Measurements were obtained
from controlled crack growth in notched beams, frac-
ture of smooth bars, and indentation experiments using
8 Vickers indenter.

Crack growth experiments with notched beams were
conducted in two steps, using two different loading
fixtures, which operated on the sta2e of an optical mi-
croscope and allowed high magnification observation
of the side of the beam during loading. All experiments
were done in a dry nitrogen atmosphere. The dimen-
sions of the beams were approximately 28X 6x 1 mm.
with an initial notch 20 of about 170 um width and
about 2 mm depth. A stable crack 22 was initiated from
the root of notch 20 under monotonic loading. WC/Co

_flexure beams were placed in series with the test speci-
men to make the loading system extremely stiff and
allow stable crack growth. The beams were equivalent
to very stiff springs in parallel with the specimen and
thus functioned as a crack arrester. To stiffen the load-
ing system further. initial crack growth was induced
without use of a load cell. After growing crack 22 for
approximately 500 um, the loading system was changed
to include a load cell with conventional four-point load-
ing through rollers in order to allow measurement of
the fracture toughness (or crack growth resistance).
The stress intensity factor was evaluated from the mea-
sured loads and crack leagths (obtained from optical
micrographs), as is well known in the art.

Results were obigined from a specimen comprising
three layers of ZrO3 widely spaced ahead of
notch 22, ss showa $a FIG. 2. After initiating stably in
the immediate vicinity of notch 20, crack 22 grew unsta-
bly in layer 16 when the loading system was changed to
include the load cell, and arrested approximately 20 um
before layer 18 of Al;03/Ce-ZrO;, which had a thick-
ness of approximately 35 um. The width of the transfor-
mation zone 24 over the wake of crack 22, as deter-
mined by Nomarski interference, was approximately 15
um. However, near the tip of the arrested crack, the
transformation zone 26 extended adjacent 10 Al-
201/Ce-2rO; layer 18 for distances of more than 150
um- each side of the crack. Some transformation 28
occurred on the opposite side of Al;03/Ce-ZrO; layer
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18. also for a distance of 150 um both sides of the crack
plane.

Afier further loading. crack 22 grew unstably
through A1:03/Ce-ZrO; layer 18, into the Ce-ZrO; of
layer 14. and arresied agan approximately 40 um be-
fore layer 13, which had a thickness of 70 um. The
shape of the transformation zone along layer 13 near the
crack up was similar 10 that of zone 26. These results
indicate that the Aly0y/ZrO; barner layers have a
much larger effect than simply arresting the growth of
a transformation zone ahead of a crack: they also pro-
mote expansion of the transformation zone outward
from the side of the crack, which provides additional
crack tip shielding and hence toughening. As illustrated
in FI1G. 3, a plurality of barrier layers rroduces a broad-
ened transformation zone as cracs 22 progresses
through the tarrier lnyer region. However, when crack
22 exits the barrier | yer region, transfcrmation zone 30
returns to the narrow, elongated shape characteristic of
the Ce-ZrO; matrix material.

The applied stress intensity factors were calculsted at
various stages of of crack growth, using the measured
loads and crack lengths. The fracture toughness of the
Ce-ZrO; matrix was S MPsemi, whereas the stress
intensity factor had to be raised t0 10 MPsem! to drive
the crack across each barrier layer. After the crack tip
passed esch barrier layer, the mmstable crack growth
prevented continued measurement of the stress intensity
factor until the crack arrested again. However, when
the crack had arrested, the applied stress intensity factor
decreased t0 spprozimately S MPasmi, implying that
the toughening effect of sach barvier layer decreased as
nmmammdhm“m
were oblained from specimens containing varrier layers
of 100% AlyO)in the same Ce-Zr0O; metrix.

Vickers indentations in the Co-ZrO; matrix were
surrounded by large zomes cf tramsformed material,
which caused uplift of the surface adjacest to the inden-
tations. There was no cracking camsed by the indenta-
tions at loads up to JOON. The presence of a nearby
A1;01/Ce-ZrO; barrier layer within the transformation
zone caused spreading of the zone i the region adjacent
to the barrier layer, in a pattern similar to the crack tip
zone 26 shown in FIG. 2. There was also transformed
material on the side opposite the indentation. The pres-
ence of the Al;C;/Ce-ZrO; barrier layer caused sub-
stantially larger uplift everywhere on the side of the
indentaticn that was closer to the barrier layer. The
surface cf ‘he Al;03/Ce-ZrO: barrier layer was de-
pressed relaiive to the adjacent transformed Ce-ZrO;
material. However, the Al;03/Ce-ZrO; barrier layer
was uplifted more than the Ce-ZrO; surface at corre-
sponding positions on the opposite side of the indenta-
tion. This observation provides evidence that the Al-
2701/Ce-ZrO; barrier iayer causad spreading of the
transformation zone adjacent to the layer in the subsur-
face regions as well as along the surface, and/or larger
concentration of transformed material in the region
adjacent to the layer.

The influence of multilayered microstructures on
transformation zone shapes and toughening was investi-
gated using a specimen containing 19 layers of alternat-
ing Ce-ZrO; and A1;03/Ce-ZrO, each of 35 um thick-
ness, in the center of a beam of Ce-ZrOa. An additional
isolated 35 um layer of Al;O3; was located approxi-
mately | mm from the multilayered region. The tough-
ening experienced by cracks oriented normal to the
layers was evaluated by growing a crack in a notched
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beam using the loading procedure described above. The
up of the imual crack that was introduced with the suff
loading system was about haifway between the end of
the notch and the first of the muluple layers (550 um
from the notch and 440 um from the first layer). Fur-
ther loading with the more compliant loading system.
which allowed comtinuous load messurement, caused
stable growth up to and through the multipie layers.
However, as the erack approached the last of the layers,
it extended unstably for 1.5 mm and arrested at a posi-
tion 400 um past the isolated layer.

As shown in the plot of FIG. 4, the critical stress
intensity factor increased from approximately $
MPaemi in the Ce-ZrO; to 17.5 MPaem/ as the crack
approached the end of the Al;03/Ce-ZrO; barnier layer
region. A corresponding increase in the size of the
transformation zone surrounding the crack tip was evi-
dent in micrographs. Surface distortions due to the
volume strain associated with the transformation were
detected as far as 300 um from the crack plane, whereas
the zone width in the single phase Ce-ZrO; is only
approximately 1S5 um. After exiting the barrier layer
region, the crack experienced unstable growth.

The increased width of the transformation zone
within the layered region is clearly svident in optical
interference micrographs in which fringes represent
contours of surface uplift adjacent to the crack. Surface
uplift adjscent to the crack is larger (by a factor of
about 2) within the layered region than in the single
phase Ce-ZrO3, even though the uplift is constrained by
the higher stiffness Al703/Ce-ZrO; barrier layers, and
the average volume fraction of the Ce-ZrO; is lower in
the layered region. Both the zone width and the magni-
tude of the surface uplift adjacent to the crack de-
creased where the crack grew unstably out of the multi-
layered region into the single phase Ce-ZrO3, and in-
creased again as the crack passed through the isolated
Al;01/Ce-ZrO; layer.

The response of cracks oriented parallel to the barrier
layers was assessed by loading a double cantilever beam
using another fixture on the stage of the optical micro-
scope. The cantilever beam was cut from a region of the
specimen that contained s conveniently located large
processing flaw, which served as an initial sharp crack
(a flat nonsintered region approximately 1| mm diameter
at the edge of the multilayered ares). A sequence of
micrographs was obtained during loading. As the load
was increased initially, a zone of material within the
single phase Ce-ZrO; ahead and to one side of the crack
up transformed before the crack began to grow. With
further load increase, the crack grew but was forced to
cross the first layer of Al3O31/Ce-ZrOz, presumably
because of the compressive stresses due to the transfor-
mation zone on one side of the crack. The crack then
arew along the first layer of Ce-ZrO; within the multi-
layered region, esusing transformation in an increas-
ingly wide zone of adjacent layers. The stress intensity
factor was not evalusted during this test because the
ends of the beam were glued into the loading fixture
rather than being loaded through pins. Nevertheless, it
is clear that the layers caused an enhancement of the
width of the transformation zone, and hence the tough-
ness, in this orientation as well as in the normal onenta-
tion.

The results of the foregoing experiments show that
the presence of barrier layers of Al;O; or A1;O3/Ce-
ZrO:1n Ce-TZP can dramatically modify the sizes and
shapes of the transformation zones around cracks in a

—

0

20

25

45

50

60

08

manner that increases fracture toughness. Two effects
have been idenufied: truncation of the elongated frontal
zone. which approximately doubles the iougheming due
1o crack shielding: and the spreading of transformation
zones along the regions adjacent 10 the barnier layers
Transformation zone spreading is believed to be dniven
by nontransformability of the barrier layers and/or their
higher elastic stiffness. The mechanics of transforma-
uon zone spreading, however, has not be analyzed.
Combination of the two transformation zone effects
causes an increase in the fracture toughness of layered
material by a factor of about 1.5 (from S MPaemi 0 17.5
MPaemi).

The Ce-ZrO; powder used in the foregoing experi-
ments yields a base material with s fracture toughness of
approximately 5 MPsom{ and s transformation zone
size of approximately 15 um. These are substantially
less than the toughness and zome sizes reported in more
transformable Ce-ZrO2 msterials (Ka=14 MPaem!,
and zone sizes of several hundred microns). However,
despite this relatively low starting toughness, the multi-
layered microsiructure was characterized by a crack
resistance curve that went as high as 17.5 MPaemi, and
which had not begun to saturaie to a steady state value
when the crack encountered the end of the layered
microstructure. The peak value of Kp is one of the
highest toughness recorded in a ceramic material, being
surpassed oaly by weakly boaded iber reinforced com-
posites, weakly boaded laminer ites, and some
Mg-PSZ materials immediately sfier heat trestment
(Mg-PSZ materials age, however, and lose some of
their toughening st room tempersture). Furthermore,
there is potential for substantinly higher fracture tough-
ness in layered microstructures fabricated with higher
toughness Ce-TZP starting materials.

The mechanisms of tougheming enhancement de-
scribed above are not restricted to the laminar geometry
used in the foregoing experiments. Similar effects may
be expected for any high-modulus, nontransforming
microstructural units, such as comtinuous or chopped
fibers or platelets, that are distributed over a spatial
scale similar to that of the barrier layers. An example
that has been observed is the interaction of a transfor-
mation zone around an indentation with an isolated
sapphire fiber in 8 Ce-TZP matrix. In direct analogy
with the effect of the barrier layers, the sapphire fiber
caused spreading of the transformation zome and a
larger overall surface uplift in the vicinity of the fiber.

The colloidal technique of the present invention may
be used for fabricating layered ceramic structures other
than the ZrO;j-based structures described above. For
example: multilayered capacitors having alternate lay-
ers of dielectric materials, such as barium titanate, be-
tween metallic electrodes; multilsyered actuators or
transduces having alternate layers of ferroelectric ce-
ramic material, such as PZT (lead-zirconium titanate),
between metallic electrodes; and solid oxide fuel cells
having alternate layers of fuel electrodes (e.g., Ni/Z-
r0O;), oxygen conducting electrolyte (e.g.. Y203/Zr03),
and air electrodes (e.g.. La(Sr)MnO;3). These laminar
structures may all be fabricated using vsriations of the
method described above instead of prior art tape casing
methods. The colloidal method of the present invention
has several advantages over tape casting methods, such
as the fabrication of smaller layer dimensions, avoiding
praoblems associated with burning out the binder used
with tape casting. and achieving better particle packing,
which results in reduced sinterning temperatures and the
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avoidance of interdiffusion between layers (caused by
high-temperature sintering)

Although the present invention has been described
with respect 10 specific embodiments thereof, various
changes and modifications can be carried out by those
skilled in the art without departing from the scope of
the invention. Therefore, it is intended that the present
invention encompass such changes and modifications as
fall within the scope of the appended claims.

We claim:

1. A ZrO;-based laminar composite, comprising:

at least two layers of ZrOj-based ceramic matenal

that undergoes stress-induced martensitic transfor-
mation from a tetragonal to a monoclinic structure;
a layer of a second ceramic material consolidated
between said layers of ZrQ;-based matenal! to form
a barrier layer;

said second ceramic material undergoing stress-
induced transformation, if any, less readily than
said ZrOx-based material.

2. The laminar composite of claim 1, wherein said
ZrOj-based ceramic material comprises Ce-doped
2rO; ceramic material.

3. The laminar composite of claim 1, wherein said
second ceramic material comprises a material selected
from the group consisting of Al;Oj; sapphire fibers:
titanium diboride; silicon carbide; hafnium oxide; ZrO-
doped with a material selected from the group consist-
ing of CeO3, Y703, MgO. and CaO; and mixtures of the
foregoing.

4. The laminar composite of claim 2. further compris-
ing a plurality of barrier layers formed from said second
ceramic material, said barrier layers having individual
thicknesses ranging from approzimately 10 10 100 um
and consolidated alternately between a plurality of said
Ce-doped ZrO; ceramic layers.

5. A laminar ceramic composite, comprising:

at least two layers of partially stabilized Ce-doped

ZrO; ceramic materiaj that undergoes stress-
induced martensitic transformation from a tetrago-
nal to a monoclinic structure:
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a layer of a second ceramic matenal consolidated
between said layers of said partially stabilized Ce-
doped ZrO; ceramic matenal to form a barmer
layer,

said second ceramic maienal undergoing stress-
induced transformation. if any, less readily than
said partially stabilized Ce-doped ZrO; ceramic
matenal.

6. The laminar ceramic composite of claim S, wherein
said second ceramic material comprises a maternial se-
lected “from the group consisting of Al;Oy; sapphire
fibers; titanium diboride; silicon carbide; hafnium oxide;
ZrO; doped with s matenial selected from the group
consisting of CeQ,, Y03, MgO, and CaO; and mixtures
of the foregoing.

7. The laminar ceramic composite of claim $, further
comprising a plurality of barrier layers formed from
said second ceramic material, said barrier layers having
individual thicknesses ranging from approzimately 10 to
100 um and consolidated alternately between s plurality
of layers of said partially stabilized Ce-doped ZrO;
ceramic material.

8. A partially stabilized ZrOz-based laminar ceramic
composite, comprising:

a plunality of layers of ZrOz-based ceramic material
that undergoes stress-induced martensitic transfor-
mation from a tetragonal 10 s mosoclisic structure;

a plurality of layers of s second ceramic material, ssid
layers of said secoad ceramic maserial coasolidated
alternately between said layers of eaid z:o,-u
material and having individual thicknesses nagiag
from approximately 10 to 100 jem;

said second ceramic material comprising s material
selected from the group coasisting of Alz0; sap-
phire fibers; titanium diboride; silicom carbide; haf-
nium oxide; ZrO; doped with a material selected
from the group coasisting of CeO, Y303 MgO,
and CaO: and mixtures of the

9. The laminar ceramic composite of claim 8, wherein
said ZrO-based ceramic material comprises Ce-doped
ZrO; ceramic material.
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