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INTRODUCTION

A key step in the processing of ceramics is the consolidation of powders into engineered
shapes. Colloidal processing uses solvents (usually. water') and dispersants lo break up
powder agglomarates in suspension and lhereby reduce the pore size in a consolidated
compact. However, agglomeration and particlerearrangernent leadinglo pore enlargement
can still occur during drying, Therefore, it is beneficial to consolidate the compact as

densely as possible during the suspension stage. The consolidation techniques of pressure
filtration and centrifugation were studied and the results are reported in this paper. In
particular, the steady-state pressure-density relationship was sludied, and information was "
obtained regarding the consolidation process, the microstructure, and the average density
profile of consolidated cakes. We found that tile cornpaction processes in these two con-
solidation methods are quite different. In general, a consolidated cake is a particulate
network made up of many structural units which are fractal objects formed during aggregation

" in the suspension. In pressure filtration, compaction is a process of breaking up the fractat
structural units in the particulate network by applied pressure; the resulting particle rear-

' rangement is produced by overcoming energetic barriers which are related to the packing
density of the compact. Recently, we performed Monte Carlo simulations on a cluster-cluster
aggregation model with restructuring, 1 and found the exponential relationship between
pressure and density is indeed the result of the breaking up of the fractal structural units. 2
On the other hand, in centrifugation, compaction involves the rearrangement of the fractal
structural units without breaking them so that the self-..-..imilar nature of the aggregates is
preserved, Furthermore, we calculated density profiles from the bottom to the top of the
consolidated cakes by solving the local static force balance equation in the continuum
particulate network. In pressure filtration of alumina and boehmite, the cakes are predicted
to have unifo.rm ;density. The results of ",/-ray densitometry 3 on a pressure-filtrated alumina
cake cor'rl'irrned this prediction. In contrast, in centrifugation, the density profiles are predicted
to show significant variation for cakes on the order of one centimeter high. Moreover, the

pressure-filtered boehmite cakes showed no cracking during drYing. This indicated that
pressure filtration is a good consolidation technique for nanometer-.sized particles such as
boehmite. The improved drying property is probal)ly a result of a minimal shrirlkage due
to the formation of higher packing densities during filtration.

,,

PRESSURE FILTRATION

Pressure filtration of a colloidal suspension involves filtration of a fluid and compaction
of.a particulate network. The filtration part is described by the well-known Darcy's Law, 4
whereas the compaction of the solid part is less understood. During the early stages of
filtration, pressure is applied to the suspension by means of a pislon. At the final stage of

ion 4)filtration, the piston contacts the cake, and lhe cake is compressed (express . When
the t.)islon no longer moves and fluid no longer comes out of the filtrat0r, the systern reaches
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' a siea(ty slate. W e ,}'ir-:astJred tile cake densilyal lhe steady state by comparing the cake

I_eJgllt lo t.hat of.tile inilial suspension. The sleady-slale densily as a funclion of applied
pressure is sllown in F.igtJre 1 for bolh alumina and t)oehn`i.iie suspensions al various pH

' values. The Sur'rlilorno AKP-30 alurllina powders have a median diameler of 0.4 lira. The
Visla CalapaI-D boetlmile powders are plate-like arid have an approxirnale diameler of
50-100,.&, and a ll_ickness of 10-20 ,,_. The density was found to be a logarithmic lunction of
lhe'app ed'pressure: 5'6

....

cp= AIn(P /P0) -t- _P0 (1)

where rf_is ttie PaCking density (volurne fraction) of solid particles, P is the at._plied pressure,
':Po is. a refe'rence density, Po is the pressure at the reference density, and .A is the slope.
The reference density is chosen to be the packing density of the dispersed state, which is
0.65 for alumina;

The exponenlial relationship between pressure and density is the result of the compaction
process and implies the breaking up of the fractal structural units in the particulate network
due to the applied pressure. Resulting densification involves particles overcoming energetic

i barriers that are related to packing density. Here, we present an argurnent explaining how
I ' '

the,exponential relationship may come about. The change in density Atp due to an increment
in pressure AP, A{p/AP, is proportional to the probability of overcoming an energetic barrier
for rearrangement, exp(-cxq_), where cz is a constant. Here, it is implicitly assumed thai the
barrier height is proportional to the density. Therefore, we have A<p/AP = exp(-a{p) which
gives the exponential relationship between lhe pressure and the density after integration,

!



' .Tl_e l)ressure-fillere(l boehnlile cakes studied sllowed no cracking afler drying for sev-
er'alctays, However, a ntullile-precursor gel made up of boehmile and silica [)articles needed
to I.)e dried very slowly overa few nlorllhs' time in or(ter Io avoid cracking, The improved
(Irving behavior is dueio less shrinkage in presstJre.-fillered cakes. For.the hoehmite cakes

we.sludied, Iy_ical shrinkage is around 10% comparr_d wilh ltle typical 50%. shrinkage of
boehl]_ite gels," Less shrinkage produces less slress in the cakes and reduces the possibi ity
of cracking.

CENTRIFUGATION

Cientrifugation speeds up the sedimentation process of a suspension. However, the
accelerating force is not uniform throughout the suspension and depends on the distance
from the cenler of rotation, Buscall 8 showed that one can use an approximatemean force
to describe the forces exerted on the sediment, provided the cake height is much smaller
than the distance from the rotor center, We adopted Buscall's approach ancJ estimated the
rnearl pr'essure _5 as /5 = (o2(R._ He){p0HoAp/2 where (,_ is the angular velocity, R is the
distance from the rotor center to the bottom of the cake, He is the cake height, _P0.and H0
are the initial concentration and suspension height respectively, and Ap is the mass density

.: ctifference between the particle and the solvent. The density a.s a furlction of the mean
pressure is shown in Figure 2 for both alumina and boehmite suspensions. The pressure-
density relationship can be described by a power law:

P = P_r,_ . (2)



We'_,all defiIle an irreversible btJlt_ fi_octulus, K, as K .----- dP/dlnV"-, dP/dln_p where V is
' file volume of a g'ivel_ cake. 9 Therel>y, file irreversible bulk modLJlus behaves as K -= B_pn,

wt_ere B is a c'oi_slant. For.boehmile cakes al pH-.-..7.0, results of Figure 2 can be used to
calrulale K = 3.024.x10101p3.68`(dyne/cn12). Previously we measured llle storage rnoduli of
boel_rni(e gels al pH=5.5 Using a rheomel_r in file dynalnic mode, 1° arid lhe results are
G' =4xl09_p4'l(dyne/cm2). Similar power-law behavior for yield slress as a function of {r, was
als() found in polystyrene lalex suspensi'ons by Buscal111 with an exponent of 4.31.

We have developed a scaling theory 10 to relale K and _p, and resulls indicate thai
power-law behavior is allributed to the elaslic deformation of .fractal structures within the
particulate network. Power-law behavior shown in Figure 2indicates that the fractal struc-
tures formed during aggregation in the suspension may be preserved .In lhe cerHrifuged
cake: There appears to be very little reslructuring, which is iii direct contrast to the behavior
observed in pressure filtration. The results for centrifuged alumina cakes can also be filled
to the form of e,luation (2) wilh n .--8 (Figure 2).

DENSITY PROFILE

With the results of the pressure-density relationship available (Figure i), we can calculate
•'- the density profile from the bottom tothetop of a consolidated c_ke. Based oT_ local slatic

force balance, Tiller et al 4 have derived an equation for the pressure gra<tient within the
.solid network as

qk I ql qsdP - gAp(p (3)82-= ...... (_} _ )

where Z denotes the distance from the bottom of the cake, g is the acceleration of gravity,

Ap is the mass density difference between the solid and the fluid, "q is the viscosity of the
fluid, k is the permeability of the cake, (PI is the volume fraction of liquid, and ql and qs are
the flux of the fluid and solid, respectively. In the final steady state, q/ and qs are zero and
we can ignore the second term on the right-hand side. Now we can substitute the empirical
relationship between density and pressure, equatton (1), in equation (3) to obtain a differential
equation for the density profile. After integration, we obtain

ApgA

Ei((p / A) r Ei((Pmax/,A) ...... ,50--exp({p0/A)Z (4)

where El(x)is the exponential integral

Ei(x) _ [,x e t-,.,--fdr. (5)

Iri equation (4), the argt_,nerlt of the exponential integral is x = {pl A. The values of Ei(x) are
tabulaled ii] mathematical tables, lt should be noted thai equation (4) describes the behavior

of density profile when the packing density at the bottor"n of a cake (Prnax is giver]. The
present approach does not predict the value of (Pmax. Will] the experimental data of A, Po,
_P0,and (Pmax for a particular material, the density profile can be calculated. For alumina at
pH=8.5, wilt] (Pmax=0.5, we get Ei(_pIA)=352.5-8.2x10-3Z, provided Z is measured in

. crn. This inclicates that the density profile is constant since the first term oil the righl-t_and
side is much larger than the second term. Similarly, for boehmite cakesat pH =3.5, with
Mmax= 0.3, we get Ei(_pIA) -3.8-0.4x10-4Z. Therefore for pressure filtration, the consoli-
dated cake is predicted to have a uniforrn densily profile from the bottom lo the top of the
cake. Recently, we measured the density profile of pressure-filtered cake using "y-ray
densitometry. 3 For alumijla al pH=8.5, the density profiles are shown in Figure 3. As is
clear, in file filial steady stale, the density profile is urliform. Therefore, our prediclior_



' I_as¢:;d of 1 the nn_l)irical presst_re-(le_lsily relalionsl_il_ is n good agreemenl with lhe cJirecl
, d(]nsiiy pf'ofile tt_easuremelll.

The (tensily profile of celllriftJged cakes can t)e calculaiecl sirnilarly. There are lwo
differences, however, frorn'llle t._resstlre fillraiion calc::ulaiions. First, the. acceleration of
gravily, g, should I)e changed to lhe Corresponding eflec.live acceleration oi gravity, ge = __2R,
assurnit_g He<." <R. Secon(I, the pressure-density retalionsllip is changed Io a power-law
.behavior, equation (2). Incorporating lhese two changes, we obtain the equation of the
ctensily profile for centrifugation:

n-1 (n--1)
, _[n- 1 = _Pmax -.j_._ ....ApgeZ . (6)

For alum na wilh pH = 8.5, (Pmax= 0.4, and ge = 824g, we have _p7.27= 1.3x10-3 _ 2.57x10-4Z..
Wtlereas for boehnlite at pH = 7.0, (Pmax= 0.03, and ge = 824g, We have
_p268=8.29x10 -5-2x10-6Z. Based on these equations, ii can be seen that for a typical

cake height of 1 cm, there will be significant density variations with elevation. The density
profile of flocculated alurnina at pH = 8.5 in gravitational sedimentation has been studied by
",/-ray densitometry. 3 The density profile showed sharp clecreases from the maximum density

., at the bottom, in qualitative agreernent with our prectiction.
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, SUMMARY AND DISCUSSION

TWO consolictalion lechniqlJes, t)ressure f Ilralion and centrifugation, were studied and
the steady-stale pressure-density relationships obtained. I1 was found thai for pressure
filtration the pressure-densily relationship has an exponenlial form. The exponential form
implies thai compaction is a restructuring process where the mo vemeI_t of particles requires
overcoming energetic barriers which are proportional to packing density. For centrifugation,

the pressure:density relalioi_ship exhibils a power-law behavior, Power-law scaling suggesls
that the centrifuged cakes contain fractal aggregates which were formed during aggregation.
The tw() conso!idation techniques involve differe0t Compaction processes, resulting in dif-
ferent structures within each cake.. Furlt_ermore, we calculated the density profile within
the cake, using the empirical presE:ure-denslty relationship. The pressure-filtered cakes are
predicted to have uniform density profiles. The constant density profile was confirmed by
the results of y-ray clensilometry on a pressure-filtered alumina cake. On the other hand,,,

centrifuged cakes are predicted to show density Variations for cakes a few centimeters in
thickness. Previous y-ray densitometry results on sedimented alumina cakes showed sig-
nificant density variations, in qualitative agreement with the prediction.

". Finally, we comment on the validity of equation (2). The data in Figure 2 can also be
fitted to the form of ectuation (1) due to the finite number of data points. Howeve_ when
the data is fitted to equation (1), the irreversible modulus is too large to be ptlysically
reasonable. For instance, for boehmile cakes with pl-4=7.0 at q_--:0.1, the power-law fit gives
K=6.3xl06(dyne/cm2), Whereas when fitted to the logarithmic form of equation (1), it gives
1.3x1011(dyne/cm2). Therefore, the power-law behavior of equation (2) is indeed more

appropriate for description of the centrifuged cakes.
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Figure 1 Packing density at steady state by pressure filtration as a function of
applied pressure for micrometer-slzed alumina and nanometer sized
boehmite suspensions at various pH values.
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Figure 3 Density profiles ef a pressure.filtered alumina cake (pH = 8.5) at
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