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Abstract

The influence of high speed centrifugal compaction process, the HCP method, on the properties of green compacts and sintered

samples of Al2O3 and ZrO2 micropowders was investigated. This method may reduce friction between particles and prevent bridging of

particles during compaction. The properties of the sintered materials strongly depend on the conditions of the centrifugal process: i.e.

duration, rotation speed, solid content and dispersive liquids. The centrifugal compaction process of powder forming often results in

gradient phase composition. An algorithm describing sedimentation of a group of spherical particles of different sizes and of different

materials was used. Calculations for Al2O3 and ZrO2 deposition for the real conditions of the high-speed centrifugal compaction process

have been carried out using the Barnea–Mizrahi equation. Deposition was carried out using an ultra-centrifuge with rotational speeds of

10,000, 20,000 and 30,000 rpm for various pH of dispersive liquids. Pore size and pore size distribution of Al2O3 and ZrO2 green

compacts were measured by the mercury porosimetry method. Densities, Young’s moduli and Vickers hardness distribution of sintered

compacts prepared in various conditions are reported.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The gravity casting or dry processes, such as dry
pressing and isostatic cold pressing, are used very often
as the compacting methods of ceramic powders. Friction
forces and stresses in the green compacts, however,
accompany these methods and their reliability is limited
by defects due to agglomerates [1]. The compacting
pressure may deform and fracture the powder particles
[2]. New techniques include hot isostatic pressing, aqueous
injection molding, direct coagulation casting, electrophore-
tic forming, gelcasting, hydrolysis assisted solidification,
pressure filtration, temperature induced forming. These
methods have both advantages and disadvantages, and
only few have been commercialized.
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When powders are dispersed in slurries, friction between
particles is reduced and dense and homogenous packing is
attained. In the high speed centrifugal compaction process
HCP, the particles sediment under a centrifugal force.
Sedimentation in the HCP process depends on size, shape
and density of particles, the type of dispersant, centrifuge
speed, acceleration and deceleration and duration of the
process. With a high compacting velocity, duration of
compacting is short. Use of the HCP method results in low
contamination [3], provides dense and homogenous green
bodies and sintered compacts with few defects, because
defects are less likely to occur under the strong centrifugal
force [4].
Tashima et al. [5] prepared high purity alumina using the

HCP method and obtained a ceramic characterized by very
high bend strength of 1330 MPa. A drawback of this
process is mass or phase segregation during consolidation,
which can be eliminated by starting with highly concen-
trated slurry [6]. Al2O3 compacts manufactured using a
rved.
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Fig. 1. Dependence of angular velocity o on time t. Constant angular

velocity is 15,000 rpm.
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low rotational speed are characterized [1] by low density,
with a gradient, which can be eliminated by means of a
sufficiently high centrifugal force [3]. To model the HCP
process, we start with a single heavy spherical particle
falling in a viscous fluid under the gravitational field.
Stoke’s settling velocity [7] is:

Us ¼
d2ðr�rcÞ

18Z
g0; ð1Þ

where d denotes the diameter of the sphere, r and rc the
densities of the particles and of the fluid, Z the dynamic
viscosity of the fluid and g0the gravitational acceleration.
Formula (1) is valid for laminar flow, when the Reynolds
number Re¼ ðUsrd=ZÞ satisfies the inequality 10�4oReo2.

For slowly sedimenting particles, long ranged hydro-
dynamic interactions lead to a modification of Stocke’s
settling velocity.

Jones and Kutteh applied Stokesian simulations to
compare the hydrodynamic interactions between colloidal
particles in a fluid and near a hard wall [7], finding a high
degree of symmetry in the configuration of the particles in
a fluid which is broken by the presence of the walls. A
similar method, based on statistical mechanics, was used to
study random clouds of particles [8]. The gravitational
settling of small particles was numerically investigated by
Bosse et al. [9] and Lattice-Boltzmann’s simulation was
performed on monodispersive and polydispersive suspen-
sions. It was verified that particle velocity fluctuations were
suppressed by a no-slip condition on the walls [10].
Kynch’s cinematic sedimentation model applied to high
concentration suspensions and its generalizations are
described in Ref. [10] and a review of recent experimental
and theoretical work appeared in Ref. [11].

Taking into account hydrodynamic interactions of
particles and the effect of walls, it is possible to modify
formula (1), e.g. using the Barnea–Mizrahi’s [12] correc-
tion:

U ¼Us

ð1�fÞ2

ð1þf1=3
Þexp½5f=3ð1�fÞ�

ð2Þ

where f denotes concentration.
Dilute suspensions, when f is small, are sufficiently well

described by Eq. (2), which does not apply to higher
concentrations. In the present paper, we consider the case
f¼0.1, hence formula (2) can be assumed as the bench-
mark of our calculations. In these the gravitational accel-
eration g0 is replaced by the centrifugal acceleration g

which exceeds g0 at least five times. Moreover, as the
centrifugal acceleration depends on time t, the constant g0
is replaced by the function g(t)¼r(t)o2(t), where r(t) is the
distance which a particle passes from the top of the vessel
to the bottom at time t and o(t) is the angular velocity [13].

2. Experimental procedure

The starting materials were Alcoa A16SG Al2O3 powder
(mean particles size 0.7 mm, specific surface area 8.9 m2/g,
shape factor b¼1.42, with addition of 0.3 mass% of MgO)
and Tosoh Corporation ZrO2 powder TZ-3Y (with mean
particle size of 0.2 mm, specific surface area 16 m2/g, shape
factor b¼1,2).
Powders were dispersed in an ion-exchanged water of

which pH was changed by citric acid and calcined soda.
Slurries were prepared using an ultrasonic disintegrator
Techpan UD-20, Nanosizer (Model ZS, Malvern Instru-
ments), while zeta potential was measured with laser
Doppler Electrophoresis. The viscosities of the slurries
were measured by Höppler’s viscometer.
Studies were carried out for rotational speeds from

10,000 up to 30,000 rpm, using a Model UP67 M ultra-
centrifuge. The distance between the centre of rotation and
the top of the vessel is denoted by rmin and fixed at 4.0 cm.
The distance to the bottom rmax is equal 12.88 cm, so the
height of the vessel is 7.38 cm. The axis of rotation is
perpendicular to the axis of the tube with 1.0 cm diameter.
Pores size and pore size distribution of green compacts

were measured by the mercury porosimetry method
(Model Nova 1200e, Quantachrome Instruments). Particle
size distribution was measured with Shimadzu’s apparatus,
grain size fractions were used for calculations.
The rotational speeds of the ultra-centrifuge were

10,000, 20,000 and 30,000 rpm, for 15 min for various
pH of dispersive liquids. Spherical particles are uniformly
distributed in the vessel, hence we have at the initial time
t¼0 an uniform suspension. At the beginning of the
experiment the gravitational forces act upon the particles,
but do not essentially change their positions. In the process
of accelerated rotation, the centrifugal forces exceed the
gravitational forces more than five times. This implies that
the particles fall from the top to the bottom of the vessel
and the gravitational effects can be neglected. An example
of the dependence of angular velocity o on the time t for
15,000 rpm is presented in Fig. 1. This dependence changes
and was measured for every angular velocity.
Al2O3 and ZrO2 green compacts were first dried at room

temperature and next at 225 1C for 48 h (with heating rate
30 1C/h). For comparison, Al2O3 and ZrO2 samples were
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also prepared by uniaxial dry pressing in a steel die at
50 MPa, followed by isostatic pressing at 300 MPa.

Al2O2 specimens were sintered in a Nabertherm HT 16/
18 furnace, with heating rate of 5 1C/min at 1650 1C for
1 h; for ZrO2 heating rate was 2 1C/min, material was
sintering at 1230 1C for 2 h. Samples for microstructural
analysis, Vickers hardness measurements and Young’s
moduli measurements were prepared by lapping and
polishing the compacts. Microstructural observations were
performed using a JEOL JSM-6460LV scanning electron
microscope. Density was measured using the Archimedes
method. Vickers hardness was measured using FM-7
apparatus (Future Tech) at 4.9 N load. Young’s modulus
was measured using the ultrasonic method with EPOCH-3
(made by Panametrix) apparatus.
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Fig. 2. r(t) calculated for various diameters of particles, d (mm) for A
3. Results and discussion

A typical plot of angular velocity o versus time t (o(t)) for
deposition of Al2O3 and ZrO2 particles is given in Fig. 1. The
times of deposition of Al2O3 and ZrO2 particles of various
sizes were calculated, using the Barnea–Mizrahi’s formula,
and are presented in Fig. 2a and b. The calculations are only
approximations because, during the process, there are a lot of
variables [10]. For this narrow particle size distribution and
high velocity of deposition (15,000 rpm), differences in
duration of particle deposition are visible and are presented
in Fig. 2a and b. The duration of centrifugal compaction
depends on density, size of particles and centrifuge condi-
tions. The deposition of the smallest particles is not possible
for a too small a rotational velocity.
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The pH of the dispersing agent is one of the most
important factors in aqueous media that affects its zeta
potential. The plot of zeta potential versus pH for Al2O3

and ZrO2 colloidal suspensions is shown in Fig. 3. Zeta
potential refers to the electrostatic potential generated by
the accumulation of ions at the surface of a colloidal
particle. It helps to maximize the repulsive forces between
them in order to keep each particle discrete and prevents
them from gathering into larger, faster settling agglomer-
ates. The isoelectric point for these colloidal suspensions
for Al2O3 is approximately pH 9 and for ZrO2 pH 8.8. For
pH close to the isoelectric point there are problems with
the coagulation and forming of an aggregate.

Studies of pores distribution were conducted for various
pH in the range 2.8–9.55. The influence of pH of the
aqueous medium on the pore size and pore distributions in
Al2O3 green compacts produced by HCP (15,000 rpm,
15 min) and, for comparison, by axial pressing of the same
powder at 300 MPa are presented in Fig. 4. Samples
compacted at high pH are characterized by small sizes
of pores, but their amount is higher than for the
samples compacted at low pH values. The sample pressed
Fig. 3. Zeta potential versus pH for Al2O3 and ZrO2 particles deposited

in an aqueous medium.
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Fig. 4. Pore size distribution for Al2O3 green compacts obtained from

colloidal aqueous suspensions at pH 2.8, 3.54, 6.07, and 9.55, centrifuged

at 15,000 rpm for 15 min and for samples uniaxially pressed at 300 MPa.
at 300 MPa is characterized by a high presence of
small pores.
The most representative parameter in porosimetry stu-

dies of green compacts is the cumulative pore volume per
mass unit. The best result for ZrO2 compacted at
15,000 rpm for 15 min was achieved for pH 4.7. For
axially pressed samples the sizes of pores are about
30 nm. The results for ZrO2 green compacts obtained from
colloidal aqueous suspensions for pH 2.0, 4.7 and 9.15 and
for samples pressed at 50 and 300 MPa are presented in
Fig. 5.
Using the results of the pore size distribution, pH 4.7

was chosen for the studies of ZrO2 slurries. For this
condition pore size and pore distribution are similar to
the samples pressed at 300 MPa. In Fig. 6a and b are
presented density measurements for sintered Al2O3 com-
pacts, formed by HCP at 10,000 rpm and 30,000 rpm
during 7, 15, 20 min, and for sintered compacts pressed
at 300 MPa,
The results are very similar; sintered densities of HCP

samples were higher than of the sample pressed at
300 MPa. There is no strong influence of the centrifugal
speed on compacts’ densities. The best results are obtained
for 15 min’s time of centrifugation. Young’s modulus
measurements are shown in Fig. 7, the tendency is the
same as for densities (Fig. 6).
The hardness of Al2O3 compacts prepared using HCP

method at 30,000 rpm and of a pressed sample is presented
in Fig. 8. The hardness, for both fabrication methods, was
inhomogeneous and varied with the sample height. The
highest average values of hardness were for a sample
obtained by HCP at 30,000 rpm during 15 min.
Results of density and hardness of ZrO2 compacts are

shown in Figs. 9 and 10. ZrO2 compacts formed by HCP
are characterized by different types of microstructure at the
top and at the bottom of the sample, Fig. 11a–c. At the
bottom, no visible porosity can be observed and the average
size of the ZrO2 particles is 0.5 mm, Fig. 11a and b. This part
of the samples is composed of larger particles, which are not
ph 2.00
ph 4.70

ph 9.15 Pressure 50MPa
Pressure 300MPa

1.50
1.35
1.20
1.05
0.90
0.75
0.60
0.45
0.30
0.15
0.00

dV
/d

lo
g(

d)
 [c

c/
g]

dV/dlog(d) vs. Pore Size

Diameter [µm] 

3e-3 5 2 2 55
1e-2 1e-1 1e-0

Fig. 5. Pore size distribution for ZrO2 green compacts obtained from

colloidal aqueous suspensions at pH 2.0, 4.7 and 9.15 centrifuged at

15,000 rpm for 15 min and for samples uniaxially pressed at 50 and

300 MPa, respectively.



Fig. 7. Young’s moduli for sintered Al2O3 compacts, formed by HCP at

30,000 rpm during 7, 15 and 30 min and for sintered compacts pressed at

300 MPa.

Fig. 6. Densities for sintered Al2O3 compacts formed by HCP at

10,000 rpm (a) and 30,000 rpm (b) during 7, 15 and 30 min and for

sintered compacts pressed at 300 MPa.

Fig. 8. Hardness of Al2O3 compacts prepared by HCP method at 10,000,

20,000 and 30,000 rpm during 15 min (cross-section from the top to the

bottom of the sample) and for a pressed sample.

Fig. 9. Densities for sintered ZrO2 compacts formed using HCP at

10,000, 20,000 and 30,000 rpm during 15 min and for sintered compacts

pressed at 300 MPa.

Fig. 10. Hardness of the ZrO2 compacts prepared by the HCP method at

30,000 rpm during 15 min (from the top to the bottom of samples) and for

a pressed sample.
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porous and are transparent. The average size of particles at
the top part of the sample is 0.34 mm and pores are visible.

4. Conclusions
(1)
 The reliability of a dry pressed ceramic is limited by
defects due to agglomerates and internal stresses. Most
colloidal forming techniques are limited due to the
density gradient in the green compact. Wet processing
routes provide a possibility of breaking down agglom-
erates, but they create differential sedimentation due to
particle size distribution.
(2)
 In this work, water was used as a dispersive agent. The
use of water is the highest attribute of colloidal
processes—from the environmental point of view.



Fig. 11. Microstructures of HCP formed ZrO2 sample; (a) top part, (b)

and (c) bottom part of the sample.
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(3)
 Measurements confirm that the velocity of the compac-
tion process has an influence on duration of particles’
deposition. It is possible to reduce the duration of
compaction by increasing the centrifugal speed.
(4)
 The duration of deposition of Al2O3 and ZrO2 particles
of various sizes was calculated using the Barnea–
Mizrahi’s formula. From these calculations, for a
narrow particles size distribution and high velocity of
deposition, there are differences in durations of com-
pacting. Time of centrifugal compaction depends on
density, size of particles and centrifuge conditions. For
a too small a rotary velocity, the smallest particles
could not be deposited.
(5)
 Properties of green and sintered compacts, apart from
the significant influence of duration of deposition,
rotational speed, solid content, dispersion liquid, are
also influenced by pH of the dispersing agent. The pH
of the aqueous medium affects its zeta potential. For
Al2O3 slurries the lowest cumulative pore value of
196.5 mm2/g is for 3.95 pH. For ZrO2 slurries, for153.1
mm3/g, it is for pH 4.7. Porosity and the pore
distribution strongly depend on pH of the colloidal
aqueous suspensions.
(6)
 The pore sizes and distributions for green compacts
after centrifugal casting and after uniaxial pressing at
300 MPa are similar. Pore size distribution for ZrO2

centrifugal compaction is comparable to that in sam-
ples pressed at 300 MPa, but the latter are character-
ized by lower values of densities and hardness.
(7)
 A limitation of the HCP method is a gradient of
particles sizes. For a monolithic material, the solution
for prevention of this defect is a narrow fraction of
particles sizes.
(8)
 Density, hardness and Young’s modulus of the Al2O3

compact, obtained by the HCP method are better than
for the pressed samples.
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