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bstract

his paper presents a novel method for improvement of particle packing in consolidation of submicrometer alumina powders by pressure slip
asting. In this method, filtration cell is subjected to a mechanical vibration field with constant frequency of 50 Hz and vibration amplitudes ranging
rom 0 (no vibration) to 2 mm. Filtration rate, thickness and green density of the fabricated samples were measured to investigate the influence of
ibration on filtration characteristics. It was revealed that employment of vibration can significantly increase filtration rate. Furthermore, there is

n optimum vibration amplitude which results in the structure with the highest packing density. This value is shifted to higher vibration amplitudes
s more concentrated alumina slurries is used. As the available formulation based on Darcy’s law could not predict the results of the present
nvestigation, a “Correction Factor” was utilized in order to increase the accuracy of the prediction in the presence of a vibration field.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Colloidal routes are the most effective methods among other
onsolidation techniques that offer the potential to reliably pro-
uce ceramic films and bulk forms through careful control of
nitial suspension structure and its evolution during fabrica-
ion. The consolidated article thus formed demands a uniform
article-packing structure for avoiding the generation of inho-
ogeneities that may become disproportionately pronounced in

he following firing processes, such as thermal debinding and
intering.1–3

Pressure slip casting is one of the most widespread and
ccepted colloidal routes which work via fluid removal from
oncentrated slurries.3,4 The green cast is formed on a porous
lter which is impermeable for the particles but permeable for
he liquid. Driving force for this process is a static pressure dif-
erence either is created by applying vacuum on the back-side
f the filter (vacuum casting) or by applying a direct pressure to
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ass the liquid through the filters. Over the years, pressure filtra-
ion has been studied experimentally and modeled theoretically
y numerous investigators.3–11

From a manufacturing point of view, a proper understanding
f the influence of the relevant process parameters on the cast
ormation time is of crucial importance due to the increasing
emand of production capacity.10 Furthermore, a reduced cast
ormation time may decrease segregation effects and inhomo-
eneities in structure.11–13

However, process of filtration and expression involves a para-
ox: the cake formed (which is essential to cake filtration)
ntroduces a resistance to fluid flow.14 Because the flow resis-
ance increases with decreasing particle size, the mechanical
ewatering of fine particle suspensions may be difficult and
ime-consuming. To this phenomenon, a clogging of the filter

edium may be added which could increase the resistance to
uid flow.15

Unfortunately, bridging of particles, especially when an
xcessive external force is applied to accelerate the settling of
articles, prevents the formation of defect free and highly packed

tructures during consolidation of colloidal systems via pressure
ltration. Besides, flocculation dramatically increases the sus-
eptibility of particles to bridging and lead to compressible cakes
hich are characterized by variation of porosity in the article.5
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herefore, to avoid bridging among particles and subsequent
orosity buildup in the cake layer, first of all, it is necessary to
atisfy the following conditions for the primary slip: (1) low vis-
osity and (2) good dispersion and stability. These two factors
romote the particles to reach their energy-favorable positions
uring coalescing and formation of relatively dense incompress-
ble cakes. In addition, the extent of the applied force determines
he rate of the accumulation of particles. At high accumulation
ates, the particles do not have enough time to be arranged as
losed packed as possible and imperatively some voids remain
mong them. Deterioration of particle packing at high filtration
ates has been reported in literature.10 Furthermore, theoretical
nvestigations of the colloidal systems which mainly focus on
arcy’s law also verify this behavior.4,6,7

According to these previous considerations different
esearches were carried out to enhance filtration kinetics and
imultaneously decrease the final porosity and moisture content
f the residual cake.16 Potential methods to improve the mechan-
cal dewatering properties of conventional processes are the use
f electrical,17–19 acoustic,20 magnetic21 or thermal fields.22–25

In this work, for controlling the kinetics of process and
mprovement of particles rearrangement during cake formation,
t has been suggested to utilize vibration during filtration process
n order to help the particles to settle more effectively.

Although a process for the filtration and purification of small
uspended particles in gaseous and liquid based suspensions
sing a high-porosity membrane situated in a resonant ultrasonic
eld has been reported recently,26–28 few investigations focus
n enhancement of bulk fabrication of ceramics, e.g. alumina
y utilizing an external resonance to whole body of filtration
ell.20

The effectiveness of vibration during filtration was inves-
igated according to process parameters. As vibration has a
ramatic impact on filtration rate and permeates flux, the results
ere adjusted with available formulation and some modifica-

ions were made to determine specific cake resistance according
o vibration intensity.

. Experimental

A commercial analytical grade of �-Al2O3 (Sumitomo-
KP50) with a mean particle size of 0.22 �m and a specific

urface area of 11.5 m2/g was used as starting material.
queous suspensions with solids loading of 5, 10 and 15 vol%
ere prepared using the required amount of distilled water.
y addition of hydrochloric acid (HCl-37%, Reagent grade,
erck, Germany) the pH was adjusted to 4 which have been

eported in many researches as the best pH for electrostatic
tabilization of aqueous alumina suspensions.29,30 Higher solids
oading were avoided because of domination of van der Waals
ttraction on weak electrostatic repulsion and susceptibility
o agglomeration due to decreasing the mean distance among
olloids. Furthermore, the effects of investigating variables are

ess pronounced at higher concentrations.

The suspensions were milled for 2 h by an attritor using 5 mm
iameter alumina balls at rotation speed of 500 rpm. The milled
uspension was passed through a 180 mesh filter to minimize

h
r
F

ig. 1. Schematic of loading system and employment of vibration on filtration
ell.

nintentional solid impurities and then dwelled for 30 min to
ettle down the un-broken agglomerates. The prepared suspen-
ions were subjected to pressure slip casting for production of
lumina samples.

The filtration process was performed in small polymeric dies.
few layers of filter papers were used to separate the solid and

iquid phases. 5 kg load (0.73 MPa) was applied during filtration
rocess constantly. This load has been chosen low enough not
o overshadow the influence of vibration during filtration. The
nitial height of the suspension in the die with respect to each
olids loading was maintained at a specific level for achievement
f relatively similar cake thicknesses on the membrane. The fil-
ration apparatus including filtration cell which has been shown
chematically in Fig. 1, was placed on the desk of a vibrator and
constant vibration frequency of 50 Hz with different vibration
mplitude in the range of 0–2 mm where applied to the system
uring process.

The piston stroke, during filtration period, was recorded to
etermine the mean filtration rate at the applied vibration ampli-
udes. The green specimens was dislodged from the dies and
ried in a stagnant ambient atmosphere for 24 h and subse-
uently pre-sintered in 800 ◦C for 2 h. It has been assumed that
o densification occurs at this temperature and therefore the
ensity of the pre-sintered body can be estimated as the packing
roperties of the cake layer formed on the filters. The density of
roducts was measured using Archimedes principle according
o the ASTM standard C20, 00.

. Results and discussion

.1. Influence of vibration on filtration rate
Application of in situ vibration during pressure filtration
as a significant effect on filtration rate of the alumina slur-
ies especially at lower solids content. As it can be observed in
igs. 2 and 3, during filtration process of 5 vol% alumina slur-
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about 2 mm. Herein, increase in thickness of the green samples
ig. 2. Filtration time as a function of vibration amplitude at different solids
ontent.

ies when the vibration amplitude is increased from 0 to 2 mm,
he filtration time is decreased by 50% and the filtration rate is
ncreased about two times. This increase in filtration rate can be
xplained as follows. External vibration field lead to oscillation
f colloids in the cake around their rest point and weakening of
oint contacts in the cake which eventually can result in accel-
ration of water drainage in the pressure filtration cell. In other
ord, vibration can decrease the cake layer resistance to water

emoval.
The increase in filtration due to employment of vibration

s less pronounced at higher solids content of 10 and 15 vol%
ecause of more rapid growth of the cake layer according to
lurry concentration and less water content which is supposed
o pass through the filters. Moreover, influence of vibration is
ess perceived at relatively lower times because of rapid accu-

ulation of particles.

.2. Influence of vibration on green density of alumina
amples

Applying vibration in pressure slip casting of alumina slurries
as an enormous impact on particle rearrangement and pack-

ng during cake growth. As it can be inferred from Fig. 4 at
arious vibration intensities different thicknesses of the cake
ayer has been observed. As the solids content of all slurries
re the same for each filtration process, the increase in thick-

ig. 3. Mean filtration rate as a function of vibration amplitude at different solids
ontent.

c
F

F
s
a

ig. 4. Final thickness of the cake layer as a function of vibration amplitude at
ifferent solids content.

ess of the cake can be the consequence of porosity buildup
uring particles accumulation. Green density of fabricated sam-
les which is depicted as solids line in Fig. 5 can also verify
his idea about packing of structure. At relatively low vibration
ntensities application of vibration causes an increase in green
ensities of the fabricated samples in all concentrations. More-
ver, according to Fig. 4, the thickness of the samples is reduced
hen low energy vibration is imposed to colloidal system and

an be understood as an indication of better particle packing.
he schematic explanation of the resultant packing of structure
as been depicted in Fig. 6. This increase in packing of parti-
les at lower vibration intensities can be demonstrated in better
article rearrangement and reduction of particle bridging during
ake formation (Fig. 6B). The hydrodynamic vibration imposed
n each colloid cancels out the static friction with neighbors
ccording to drag force and put the particles in more energy
avorable positions which results in denser structures. On the
ther hand, utilization of higher vibration intensities, detracts
rom the packing of structure especially at lower solids con-
ent. Relative green densities even less than the initial values
in the case of no vibration) is observed at high amplitudes of
onfirms the porous like structure of the cake. As depicted in
ig. 6C, this behavior can be originated in sever agitation and

ig. 5. Relative green density as a function of vibration amplitude at different
olids content. Solids line are the actual experimental results and dashed lines
re the values predicted by the modified formulation.
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ig. 6. Schematic of the proposed reasoning for the packing of the cake layer w
ntensity and (C) sever vibration intensity.

onsequent bouncing of particles out of energy wells associated
ith high vibration energy and subsequent entrapment of large
ores due to drift of other accumulating particles. Moreover, the
ydrodynamic drag force accompanied with higher flow rates on
he top surface of the growing cake, consume the time required
or particle rearrangement and densification.

Clearly, there is an optimum vibration intensity at constant
pplied frequency that gives the maximum cake bed packing
ensity.

The effect of vibration on green properties of alumina sam-
les inevitably depends on initial solids content of the slurries.
ccording to Fig. 5, more concentrated alumina slurries result

n better particle packing. Furthermore, at lower solids loading
he optimum vibration intensity is shifted to lower values in
omparison with concentrated slurries in which more vibration
nergy is required to achieve the highest packing of the particles.
he thickness of the samples (Fig. 4) also verifies the validity of

his observation, which may be explained as follows. In dilute
lumina slurries, at the beginning of the filtration process, the
iscosity of the media is low enough for particle rearrangement.
pplication of excessive vibration energy to this system may

nhibit the particles from being located in their energy favorable
ositions and can be detrimental to higher green densities. On
he other hand, at relatively higher solids content, more energy
s required for particle movement in relatively viscous environ-

ent. So, the effective vibration amplitude shifts to higher values
s the concentration in the initial state is increased.

.3. Modification of the existing formulation for prediction
f the resultant packing of structure

Analyses of cake filtration over the past two decades have
een aimed at providing a more detailed description of fluid
otion through powder compacts.7,31 Nearly all theories are

ased on the theory of laminar flow through a homogenous
orous medium as originally introduced by Darcy in 1856.30

arcy’s equation is normally used in filtration without sedimen-

ation as below:

W = �P

μ(Rm + RC)
(1)

a
o

t

spect to various vibration intensities. (A) No vibration, (B) optimum vibration

here Vw is the permeate flux, �P is the applied pressure within
he system, μ is the absolute fluid viscosity, Rm is the membrane
esistance, and RC is the cake layer resistance further defined as

C = rCδC (2)

nd

C = 9φC

2a2 Ω (3)

here rC is the specific cake resistance, δC is the cake layer
hickness, a is the particle radius, φC is the cake layer volume
raction and Ω is Happel’s correction factor, defined as32

= 1 + (2/3)φ5/3
C

1 − (3/2)φ1/3
C + (3/2)φ5/3

C − φ2
C

(4)

f which its physical meaning is the adjustment made to obtain
he true hydrodynamic force experienced by particles within a
orous medium of equally sized spheres.

Combining and reconstruction of all the equations above
ives:

φC + (2/3)φ8/3
C

1 − (3/2)φ1/3
C + (3/2)φ5/3

C − φ2
C

]
= 2a2

9δC

(
�P

μVW
− Rm

)
(5)

In the case of dispersed slurries which results in an incom-
ressible cake layer, with relatively lower porosity content and
niformity across the cake, the terms in equation five can be
easonably considered as the terminal properties of the filtration
rocess. In other word, final packing and final thickness of the
ake layer can be approximated by φC and δC, respectively. Vw
an also be considered as the mean filtration rate.

Furthermore, the left side of Eq. (5) is an increasing func-
ion of φC. According to this equation, increasing the packing
ensity of the cake, φC, results (at constant applied pressure)
n a decreasing of permeate flux, Vw. In other word, at constant
xternal variables, the increase in filtration rate of a slip at a fixed
oncentration can be the consequence of reduced cake resistivity

nd porosity build up in the cake layer due to inherent properties
f the slurry.

According to the mean filtration rate and the final cake layer
hickness presented in Figs. 3 and 4 for various vibration inten-
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ig. 7. Predicted theoretical volume fraction of the cake layer at different vibra-
ion intensities and solids content.

ities, it would be possible to predict the cake volume fraction
y utilizing Eq. (5). A numerical solution for the above equation
an give φC or cake layer volume fraction as a function of vibra-
ion amplitude which has been represented in Fig. 7. As it can
e inferred when no vibration is used, the predicted values are in
ood agreement with the experimental results shown in Fig. 5.
evertheless, in the presence of an external vibration field, the

bove formulation is failed to predict the cake layer structure.
n contradiction with the theory, in this work, increasing of the
ltration rate as a result of vibration intensity is not always con-
uctive to porosity build up in the cake. As stated before, by
mart selection of optimum vibration intensity the green density
f the fabricated samples can improve significantly.

According to Darcy’s law in Eq. (1), the only internal parame-
er which can be influenced by utilized vibration field is the cake
ayer resistance. Therefore, a modification must be employed
n above formulation to predict this internal variable. The new
quation for this term is suggested to follow a relation such as

C = 9φC

2a2 ΩΨ (6)

here new term, Ψ , is a new term defined as “Dynamic Correc-

ion Factor” which can be employed when an external vibration
eld is applied to the filtration cell. By introducing Eq. (6) to
q. (2) and then (1) and utilizing of actual filtration data, the
ynamic correction factor evolves which is presented in Fig. 8.

ig. 8. “Dynamic Correction Factor” for modification of available formulation
t different vibration amplitudes and solids content.
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ccording to this figure, the calculated correction factor is less
ependant on solids content which is a notable fact. Regression
nalysis of the above data and fitting of an exponential trend
ine, result the following relation for predicting of “Dynamic
orrection Factor” in the presence of vibration:

= 0.978 × exp (0.35 × A) (7)

here A is the amplitude of vibration in millimeter. According
o this new formulation which is independent of the solids con-
ent, the packing of the cake can be predicted more accurately
robably at various solids content. Furthermore, the constant
erm, 0.978, can be replaced by unity (1) without much loss of
ccuracy. However, the results of prediction have been shown
s dashed lines in Fig. 5 which are reasonably in good agree-
ent with the actual experimental data in compare with initial

rediction of formula in Fig. 7.
“Dynamic Correction Factor” was introduced to the formu-

ation in order to modify the cake layer resistance in pressure
ltration of dispersed submicrometer alumina slurries in the
resence of a vibration field. According to the general form
f the curves in Fig. 8 which are somehow independent of
olids content, three main regions can be well defined. At
ower vibration amplitudes (<0.4 mm) the effect of vibration
ntensity on dynamic correction factor is not very notable. In
ther word, a threshold of vibration intensity must be passed to
nfluence the cake layer resistance. At medium vibration ampli-
udes (0.4 mm < A < 1.2 mm), dynamic correction factor is most
nfluenced by the vibration intensity as the maximum drop is
bserved in this region. Probably, in this vibration intensity
ange, the point contacts among colloids are weakened and the
arrying fluid can freely pass through the cake. At the end of
his region, the turbulence of the cake layer is started which
ause porosity build up in the cake layer. Very high vibration
mplitudes (>1.2 mm) do not influence dynamic correction fac-
or. It just result in sever agitation of colloids which increase the
orosity of the cake layer.

. Summary

Employment of in situ vibration during pressure slip casting
an dramatically increase filtration rate and affects packing of
he cake layer as a function of vibration intensity. There is an
ptimum vibration amplitude which results in maximum pack-
ng of structure. Application of higher intensities (more than the
ptimum value) can be deteriorative to the density of the article
ut it can increase filtration rate. The optimum value is relatively
ependant on solids content which affects the viscosity. Theoret-
cally speaking, application of vibration reduces the specific cake
ayer resistance but not the packing of the structure. This obser-

ation is not in agreement with previous formulations based on
arcy’s law. A new dynamic correction factor, Ψ , achieved from

xperimental data, was introduced to modify the existing for-
ulation of Darcy’s Law in order to predict packing of the cake

tructure more accurately in the presence of an external vibration
eld.
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