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Abstract

This paper presents a novel method for improvement of particle packing in consolidation of submicrometer alumina powders by pressure slip
casting. In this method, filtration cell is subjected to a mechanical vibration field with constant frequency of 50 Hz and vibration amplitudes ranging
from O (no vibration) to 2 mm. Filtration rate, thickness and green density of the fabricated samples were measured to investigate the influence of
vibration on filtration characteristics. It was revealed that employment of vibration can significantly increase filtration rate. Furthermore, there is
an optimum vibration amplitude which results in the structure with the highest packing density. This value is shifted to higher vibration amplitudes
as more concentrated alumina slurries is used. As the available formulation based on Darcy’s law could not predict the results of the present
investigation, 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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1. Introduction

Colloidal routes are the most effective methods among other
consolidation techniques that offer the potential to reliably pro-
duce ceramic films and bulk forms through careful control of
initial suspension structure and its evolution during fabrica-
tion. The consolidated article thus formed demands a uniform
particle-packing structure for avoiding the generation of inho-
mogeneities that may become disproportionately pronounced in
the following firing processes, such as thermal debinding and
sintering.! 3

Pressure slip casting is one of the most widespread and
accepted colloidal routes which work via fluid removal from
concentrated slurries.>* The green cast is formed on a porous
filter which is impermeable for the particles but permeable for
the liquid. Driving force for this process is a static pressure dif-
ference either is created by applying vacuum on the back-side
of the filter (vacuum casting) or by applying a direct pressure to
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pass the liquid through the filters. Over the years, pressure filtra-
tion has been studied experimentally and modeled theoretically
by numerous investigators.>~!1

From a manufacturing point of view, a proper understanding
of the influence of the relevant process parameters on the cast
formation time is of crucial importance due to the increasing
demand of production capacity.'? Furthermore, a reduced cast
formation time may decrease segregation effects and inhomo-
geneities in structure.! =13

However, process of filtration and expression involves a para-
dox: the cake formed (which is essential to cake filtration)
introduces a resistance to fluid flow.'* Because the flow resis-
tance increases with decreasing particle size, the mechanical
dewatering of fine particle suspensions may be difficult and
time-consuming. To this phenomenon, a clogging of the filter
medium may be added which could increase the resistance to
fluid flow.1

Unfortunately, bridging of particles, especially when an
excessive external force is applied to accelerate the settling of
particles, prevents the formation of defect free and highly packed
structures during consolidation of colloidal systems via pressure
filtration. Besides, flocculation dramatically increases the sus-
ceptibility of particles to bridging and lead to compressible cakes
which are characterized by variation of porosity in the article.’
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Therefore, to avoid bridging among particles and subsequent
porosity buildup in the cake layer, first of all, it is necessary to
satisfy the following conditions for the primary slip: (1) low vis-
cosity and (2) good dispersion and stability. These two factors
promote the particles to reach their energy-favorable positions
during coalescing and formation of relatively dense incompress-
ible cakes. In addition, the extent of the applied force determines
the rate of the accumulation of particles. At high accumulation
rates, the particles do not have enough time to be arranged as
closed packed as possible and imperatively some voids remain
among them. Deterioration of particle packing at high filtration
rates has been reported in literature.!? Furthermore, theoretical
investigations of the colloidal systems which mainly focus on
Darcy’s law also verify this behavior.*67

According to these previous considerations different
researches were carried out to enhance filtration kinetics and
simultaneously decrease the final porosity and moisture content
of the residual cake. '® Potential methods to improve the mechan-
ical dewatering properties of conventional processes are the use
of electrical,!’”~1? acoustic,2° magnetic21 or thermal fields.22-25

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

Although a process for the filtration and purification of small
suspended particles in gaseous and liquid based suspensions
using a high-porosity membrane situated in a resonant ultrasonic
field has been reported recently,?028 few investigations focus
on enhancement of bulk fabrication of ceramics, e.g. alumina
by utilizing an external resonance to whole body of filtration
cell.20

The effectiveness of vibration during filtration was inves-
tigated according to process parameters. As vibration has a
dramatic impact on filtration rate and permeates flux, the results
were adjusted with available formulation and some modifica-
tions were made to determine specific cake resistance according
to vibration intensity.

2. Experimental

A commercial analytical grade of a-Al,O3 (Sumitomo-
AKP50) with a mean particle size of 0.22 um and a specific
surface area of 11.5m%*/g was used as starting material.
Aqueous suspensions with solids loading of 5, 10 and 15 vol%
were prepared using the required amount of distilled water.
By addition of hydrochloric acid (HCI-37%, Reagent grade,
Merck, Germany) the pH was adjusted to 4 which have been
reported in many researches as the best pH for electrostatic
stabilization of aqueous alumina suspensions.?*3° Higher solids
loading were avoided because of domination of van der Waals
attraction on weak electrostatic repulsion and susceptibility
to agglomeration due to decreasing the mean distance among
colloids. Furthermore, the effects of investigating variables are
less pronounced at higher concentrations.

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

Loading System

=

—>—Filtration

Frequency: 50 Hz Vibrator

Fig. 1. Schematic of loading system and employment of vibration on filtration
cell.

unintentional solid impurities and then dwelled for 30 min to
settle down the un-broken agglomerates. The prepared suspen-
sions were subjected to pressure slip casting for production of
alumina samples.

The filtration process was performed in small polymeric dies.
A few layers of filter papers were used to separate the solid and
liquid phases. 5 kg load (0.73 MPa) was applied during filtration
process constantly. This load has been chosen low enough not
to overshadow the influence of vibration during filtration. The
initial height of the suspension in the die with respect to each
solids loading was maintained at a specific level for achievement
of relatively similar cake thicknesses on the membrane. The fil-
tration apparatus including filtration cell which has been shown
schematically in Fig. 1, was placed on the desk of a vibrator and
a constant vibration frequency of 50 Hz with different vibration
amplitude in the range of 0—2 mm where applied to the system
during process.

The piston stroke, during filtration period, was recorded to
determine the mean filtration rate at the applied vibration ampli-
tudes. The green specimens was dislodged from the dies and
dried in a stagnant ambient atmosphere for 24h and subse-
quently pre-sintered in 800 °C for 2 h. It has been assumed that
no densification occurs at this temperature and therefore the
density of the pre-sintered body can be estimated as the packing
properties of the cake layer formed on the filters. The density of
products was measured using Archimedes principle according
to the ASTM standard C20, 00.

3. Results and discussion
3.1. Influence of vibration on filtration rate

Application of in situ vibration during pressure filtration
has a significant effect on filtration rate of the alumina slur-
ries especially at lower solids content. As it can be observed in
Figs. 2 and 3, during filtration process of 5 vol% alumina slur-
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Fig. 2. Filtration time as a function of vibration amplitude at different solids
content.

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

The increase in filtration due to employment of vibration
is less pronounced at higher solids content of 10 and 15 vol%
because of more rapid growth of the cake layer according to
slurry concentration and less water content which is supposed
to pass through the filters. Moreover, influence of vibration is
less perceived at relatively lower times because of rapid accu-
mulation of particles.

3.2. Influence of vibration on green density of alumina
samples

Applying vibration in pressure slip casting of alumina slurries
has an enormous impact on particle rearrangement and pack-
ing during cake growth. As it can be inferred from Fig. 4 at
various vibration intensities different thicknesses of the cake
layer has been observed. As the solids content of all slurries
are the same for each filtration process, the increase in thick-
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Fig. 3. Mean filtration rate as a function of vibration amplitude at different solids
content.
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Fig. 4. Final thickness of the cake layer as a function of vibration amplitude at
different solids content.

ness of the cake can be the consequence of porosity buildup
during particles accumulation. Green density of fabricated sam-
ples which is depicted as solids line in Fig. 5 can also verify
this idea about packing of structure. At relatively low vibration
intensities application of vibration causes an increase in green
densities of the fabricated samples in all concentrations. More-
over, according to Fig. 4, the thickness of the samples is reduced
when low energy vibration is imposed to colloidal system and
can be understood as an indication of better particle packing.
The schematic explanation of the resultant packing of structure
has been depicted in Fig. 6. This increase in packing of parti-
cles at lower vibration intensities can be demonstrated in better
particle rearrangement and reduction of particle bridging during
cake formation (Fig. 6B). The hydrodynamic vibration imposed
on each colloid cancels out the static friction with neighbors
according to drag force and put the particles in more energy
favorable positions which results in denser structures. On the
other hand, utilization of higher vibration intensities, detracts
from the packing of structure especially at lower solids con-
tent. Relative green densities even less than the initial values
(in the case of no vibration) is observed at high amplitudes of
about 2 mm. Herein, increase in thickness of the green samples
confirms the porous like structure of the cake. As depicted in
Fig. 6C, this behavior can be originated in sever agitation and
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Fig. 5. Relative green density as a function of vibration amplitude at different
solids content. Solids line are the actual experimental results and dashed lines
are the values predicted by the modified formulation.
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Fig. 6. Schematic of the proposed reasoning for the packing of the cake layer with respect to various vibration intensities. (A) No vibration, (B) optimum vibration

intensity and (C) sever vibration intensity.

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

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

The effect of vibration on green properties of alumina sam-
ples inevitably depends on initial solids content of the slurries.
According to Fig. 5, more concentrated alumina slurries result
in better particle packing. Furthermore, at lower solids loading
the optimum vibration intensity is shifted to lower values in
comparison with concentrated slurries in which more vibration
energy is required to achieve the highest packing of the particles.
The thickness of the samples (Fig. 4) also verifies the validity of
this observation, which may be explained as follows. In dilute
alumina slurries, at the beginning of the filtration process, the
viscosity of the media is low enough for particle rearrangement.
Application of excessive vibration energy to this system may
inhibit the particles from being located in their energy favorable
positions and can be detrimental to higher green densities. On
the other hand, at relatively higher solids content, more energy
is required for particle movement in relatively viscous environ-
ment. So, the effective vibration amplitude shifts to higher values
as the concentration in the initial state is increased.

3.3. Modification of the existing formulation for prediction
of the resultant packing of structure

Analyses of cake filtration over the past two decades have
been aimed at providing a more detailed description of fluid
motion through powder compacts.”3! Nearly all theories are
based on the theory of laminar flow through a homogenous
porous medium as originally introduced by Darcy in 1856.3°
Darcy’s equation is normally used in filtration without sedimen-
tation as below:

YT (R + Ro)

where V, is the permeate flux, AP is the applied pressure within
the system, u is the absolute fluid viscosity, Ry, is the membrane
resistance, and Rc is the cake layer resistance further defined as

Rc = rcéc (2)
and
9¢c
= =0 3
re=-3 3)

where rc is the specific cake resistance, dc is the cake layer
thickness, a is the particle radius, ¢c is the cake layer volume
fraction and £2 is Happel’s correction factor, defined as>>

1+ 2/3)¢ @
T 1626 + 6126 — 82

of which its physical meaning is the adjustment made to obtain
the true hydrodynamic force experienced by particles within a
porous medium of equally sized spheres.
Combining and reconstruction of all the equations above
gc +(2/3)9¢” 2 ( AP

gives:
G20+ Gra — g2~ 95c \uvw )()

In the case of dispersed slurries which results in an incom-
pressible cake layer, with relatively lower porosity content and
uniformity across the cake, the terms in equation five can be
reasonably considered as the terminal properties of the filtration
process. In other word, final packing and final thickness of the
cake layer can be approximated by ¢¢ and 8¢, respectively. Vy,
can also be considered as the mean filtration rate.

Furthermore, the left side of Eq. (5) is an increasing func-
tion of ¢c. According to this equation, increasing the packing
density of the cake, ¢c, results (at constant applied pressure)
in a decreasing of permeate flux, Vy,. In other word, at constant
external variables, the increase in filtration rate of a slip at a fixed
concentration can be the consequence of reduced cake resistivity
and porosity build up in the cake layer due to inherent properties
of the slurry.

According to the mean filtration rate and the final cake layer
thickness presented in Figs. 3 and 4 for various vibration inten-

5/3
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Fig. 7. Predicted theoretical volume fraction of the cake layer at different vibra-
tion intensities and solids content.

sities, it would be possible to predict the cake volume fraction
by utilizing Eq. (5). A numerical solution for the above equation
can give ¢¢ or cake layer volume fraction as a function of vibra-
tion amplitude which has been represented in Fig. 7. As it can
be inferred when no vibration is used, the predicted values are in
good agreement with the experimental results shown in Fig. 5.
Nevertheless, in the presence of an external vibration field, the
above formulation is failed to predict the cake layer structure.
In contradiction with the theory, in this work, increasing of the
filtration rate as a result of vibration intensity is not always con-
ductive to porosity build up in the cake. As stated before, by
smart selection of optimum vibration intensity the green density
of the fabricated samples can improve significantly.

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

9%c
re=- 5 Qv ©6)
where new term, ¥, is a new term defined as “Dynamic Correc-
tion Factor” which can be employed when an external vibration
field is applied to the filtration cell. By introducing Eq. (6) to
Eq. (2) and then (1) and utilizing of actual filtration data, the
dynamic correction factor evolves which is presented in Fig. 8.
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Fig. 8. “Dynamic Correction Factor” for modification of available formulation
at different vibration amplitudes and solids content.

According to this figure, the calculated correction factor is less
dependant on solids content which is a notable fact. Regression
analysis of the above data and fitting of an exponential trend
line, result the following relation for predicting of “Dynamic
Correction Factor” in the presence of vibration:

¥ =0.978 x exp (0.35 x A) @)

where A is the amplitude of vibration in millimeter. According
to this new formulation which is independent of the solids con-
tent, the packing of the cake can be predicted more accurately
probably at various solids content. Furthermore, the constant
term, 0.978, can be replaced by unity (1) without much loss of
accuracy. However, the results of prediction have been shown
as dashed lines in Fig. 5 which are reasonably in good agree-
ment with the actual experimental data in compare with initial
prediction of formula in Fig. 7.

“Dynamic Correction Factor” was introduced to the formu-
lation in order to modify the cake layer resistance in pressure
filtration of dispersed submicrometer alumina slurries in the
presence of a vibration field. According to the general form
of the curves in Fig. 8§ which are somehow independent of
solids content, three main regions can be well defined. At
lower vibration amplitudes (<0.4 mm) the effect of vibration
intensity on dynamic correction factor is not very notable. In
other word, a threshold of vibration intensity must be passed to
influence the cake layer resistance. At medium vibration ampli-
tudes (0.4 mm <A < 1.2 mm), dynamic correction factor is most
influenced by the vibration intensity as the maximum drop is
observed in this region. Probably, in this vibration intensity
range, the point contacts among colloids are weakened and the
carrying fluid can freely pass through the cake. At the end of
this region, the turbulence of the cake layer is started which
cause porosity build up in the cake layer. Very high vibration
amplitudes (>1.2 mm) do not influence dynamic correction fac-
tor. It just result in sever agitation of colloids which increase the
porosity of the cake layer.

4. Summary

Employment of in situ vibration during pressure slip casting
can dramatically increase filtration rate and affects packing of
the cake layer as a function of vibration intensity. There is an
optimum vibration amplitude which results in maximum pack-
ing of structure. Application of higher intensities (more than the
optimum value) can be deteriorative to the density of the article
but it can increase filtration rate. The optimum value is relatively
dependant on solids content which affects the viscosity. Theoret-
ically speaking, application of vibration reduces the specific cake
layer resistance but not the packing of the structure. This obser-
vation is not in agreement with previous formulations based on
Darcy’s law. A new dynamic correction factor, ¥, achieved from
experimental data, was introduced to modify the existing for-
mulation of Darcy’s Law in order to predict packing of the cake
structure more accurately in the presence of an external vibration
field.



3064

References

10.

11.

12.

13.

14.

15.

16.

17.

. Sigmund, W. M., Bell, N. S. and Bergstrom, L., Novel powder-processing

methods for advanced ceramics. J. Am. Ceram. Soc., 2000, 83, 1557-1574.

. Lewis, J. A., Colloidal processing of ceramics. J. Am. Ceram. Soc., 2000,

83, 2341-2359.

. Lange, F. F., Powder processing science and technology for increased reli-

ability. J. Am. Ceram. Soc., 1989, 72, 3—15.

. Lange, F. F. and Miller, K. T., Pressure filtration: consolidation kinetics and

mechanics. Am. Ceram. Soc. Bull., 1987, 66, 1498—1504.

. Tiller, E. M. and Tsai, C. D., Theory of filtration of ceramics: I, slip casting.

J. Am. Ceram. Soc., 1986, 69, 882—887.

. Kocurek, J. and Palica, M., Simulation and experimental verification of the

filtration and filter cake compression model. Powder Technol., 2005, 159,
17-26.

. Chen, J. C. and Kim, A. S., Monte Carlo simulation of colloidal membrane

filtration: principal issues for modeling. Adv. Colloid Interfaces Sci., 2006,
119, 35-53.

. Bacchin, P, Espinasse, B., Bessiere, Y., Fletcher, D. F. and Aimar, P., Numer-

ical simulation of colloidal dispersion filtration: description of critical flux
and comparison with experimental results. Desalination, 2006, 192, 74-81.

. Hong, C. W., New concepts for simulation of particle packing in colloidal

forming processes. J. Am. Ceram. Soc., 1997, 80, 2517-2524.

Biesheuvel, P. M. and Verweij, H., Influence of suspension concentration
on cast formation time in pressure filtration. J. Eur. Ceram. Soc., 2000, 20,
835-842.

Biesheuvel, P. M., Particle segregation during pressure filtration for cast
formation. Chem. Eng. Sci., 2000, 55, 2595-2606.

Olhero, S. M. and Ferreira, J. M. F., Particle segregation phenomena occur-
ring during the slip casting process. Ceram. Int., 2002, 28, 377-386.

Yu, B. C., Biesheuvel, P. M. and Lange, F. F., Compact formation during
colloidal isopressing. J. Am. Ceram. Soc., 2002, 85, 1456—1460.
Wakeman, R. J. and Tarleton, E. S., Filtration; Equipment Selection Mod-
elling and Process Simulation (first ed.). Elsevier, Oxford, 1999, pp.
142-150.

Hosten, C. and San, O., Role of clogging phenomena in erroneous implica-
tions of conventional data analysis for constant pressure filtration. Sep. Sci.
Technol., 1999, 34, 1759-1772.

Tarleton, E. S., The role of field-assisted techniques in solid/liquid separa-
tion. Filtr. Sep., 1992, 246-252.

Iwata, M., Igami, H. and Murase, T., Combined operation of electroos-
motic dewatering and mechanical expression. J. Chem. Eng. Jpn., 1991, 3,
399-401.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

S. Maleksaeedi et al. / Journal of the European Ceramic Society 28 (2008) 3059-3064

Snyman, H. G., Forssman, P., Kafaar, A. and Smollen, M., The feasibility of
electro-osmotic belt filter dewatering technology at pilot scale. Water Sci.
Technol., 2000, 41, 137-144.

Weber, K. and Stahl, W., Improvement of filtration kinetics by pressure
electrofiltration. Sep. Purif. Technol., 2002, 26, 69-80.

Smythe, M. C. and Wakeman, R. J., The use of acoustic fields as a filtration
and dewatering aid. Ultrasonics, 2000, 38, 657-661.

Stolarski, M., Fuchs, B., Bogale Kassa, S., Eichholz, C. and Nirschl,
H., Magnetic field enhanced press-filtration. Chem. Eng. Sci., 2006, 61,
6395-6403.

Gerl, S., Korger, V., Stahl, W. and Krumrey, T., Steam-pressure filtration—a
process for combined mechanical/thermal dewatering of filter cake.
Aufbereitungs-technik, 1994, 35, 563-572.

Schlunder, E. U., Thermomechanical dewatering. In Proceedings of the
10th International Conference Drying Symposium, ed. C. Strumitto and Z.
Pakowski, 1996, pp. 73-82.

Peuker, U. and Stahl, W., Scale-up of steam pressure filtration. Chem. Eng.
Proc., 1999, 38, 611-619.

Couturier, S., Valat, M., Vaxelaire, J. and Puiggali, J. R., Enhanced expres-
sion of filter cakes using a local thermal supply. Sep. Purif. Technol., 2007,
57,321-328.

Wang, Z., Grabenstetter, P. J., Feke, D. L. and Belovich, J. M., Retention
and viability characteristics of mammalian cells in an acoustically driven
polymer mesh. Biotechnol. Progr., 2004, 20, 384-387.

Gupta, S. and Feke, D. L., Filtration of particulate suspensions in acoustically
driven porous media. AIChE J., 1998, 44, 1005-1014.

Grossner, M. T., Belovich, J. M. and Feke, D. L., Transport analysis and
model for the performance of an ultrasonically enhanced filtration process.
Chem. Eng. Sci., 2005, 60, 3233-3238.

Tart, G., Olhero, S. M. and Ferreira, J. M. E,, Influence of temperature on
the colloidal processing of electrostatically stabilised alumina suspensions.
J. Mater. Proc. Technol., 2003, 137, 102—-109.

Evanko, C. R., Dzombak, D. A. and Novak Jr., J. W., Influence of
surfactant addition on the stability of concentrated alumina dispersions
in water. J. Colloid Surf. A: Physiochem. Eng. Asp., 1996, 110, 219-
233.

Arora, N. and Davis, R. H., Effects of axial pressure drop on the length-
averaged permeate flux in crossflow microfiltration. Chem. Eng. Commun.,
1995, 132, 51-67.

Happel, J., Viscous flow in multiparticle systems: slow motion of fluids
relative to beds of spherical particles. AICKE J., 1958, 4, 197-201.



	In situ vibration enhanced pressure slip casting of submicrometer alumina powders
	Introduction
	Experimental
	Results and discussion
	Influence of vibration on filtration rate
	Influence of vibration on green density of alumina samples
	Modification of the existing formulation for prediction of the resultant packing of structure

	Summary
	References


