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1. Introduction

The main aim of the presented study is to replace tradi-
tional uniaxial pressing or isostatic pressing with centrifugal 
compaction of slips of � ne powders using the HCP method 
(High-Speed Centrifugal Compaction Process) or pressure 
� ltration, especially for nanometric and submicrometric pow-
ders. For compaction of ceramic powders, dry processes, 
such as dry pressing and cold isostatic pressing, are very 
often used. Friction forces and stresses in the green bodies 
accompany dry pressing methods. The reliability of dry-
pressed ceramics is limited by defects due to agglomerates 
[1]. Deformation and fracture of material particles is possible 
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Three compaction methods of ZrO2 submicropowder: traditional uniaxial pressing, the pressure � ltration method, and centrifugal 
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ZAG�SZCZANIE SUBMIKRONOWEGO PROSZKU ZrO2 METODAMI WYKORZYSTUJ�CYMI 
MASY LEJNE I SUCHE 

Porównano trzy metody zag�szczania submikronowego proszku ZrO2: tradycyjne prasowanie jedoosiowe, prasowanie � ltracyjne 
i od�rodkowe zag�szczanie masy lejnej przy u�yciu metody HCP (high-speed centrifugal compaction process). Rozk�ad wielko�ci 
porów surowych wyprasek ZrO2 zmierzono metod� porozymetrii rt�ciowej. Najwa�niejszego wp�ywu na proces osadzania HCP 
upatrywano w warunkach sedymentacji od�rodkowej (pr�dko�	, czas trwania, czynnik dysperguj�cy) i geometrii wirnika. Proces 
osadzania przeprowadzono z wykorzystaniem wirówki pracuj�cej przy szybko�ci obrotowej 20000 obr/min, przez 15 min, w przypadku 
mas lejnych o ró�nym pH. Analizie poddano wp�yw metody zag�szczania proszku na w�a�ciwo�ci spiekanych swobodnie wyprasek 
ZrO2. Przeprowadzono obserwacje mikrostruktury za pomoc� SEM oraz pomiary twardo�ci Vickersa na przekroju badanych próbek, 
w kierunki ich prasowania. Zag�szczanie proszku ZrO2 metod� HCP mocno zale�y od pH masy lejnej. Najwi�ksze warto�ci g�sto�ci 
i twardo�ci uzyskano w przypadku wyprasek ZrO2, które przygotowano metod� tradycyjnego, jednoosiowego prasowania proszku. Próbki 
HCP i prasowane � ltracyjnie charakteryzowa�y si� zró�nicowaniem w�a�ciwo�ci zale�nie od warstwy i zmianami w rozk�adzie twardo�ci. 
Jednak�e, w materiale zag�szczanym metod� HCP wyst�puj� nieporowate, transparentne obszary. 

S�owa kluczowe: metoda formowania proszku, ZrO2, w�a�	iwo�ci mechaniczne, mikrostruktura � nalna

under compacting pressure [2]. In recent years, new tech-
niques have been developed: hot isostatic pressing, aqueous 
injection moulding, direct coagulation casting, electrophoretic 
forming, gel-casting, hydrolysis assisted solidi� cation, pres-
sure � ltration, temperature induced forming and others. 
These methods have bene� ts, but also disadvantages and 
limitations. Only a few of these methods are commercialized.

Wet (or colloidal) processing, such as slip casting, tape 
casting, pressure slip casting or pressure � ltration, reduces 
friction between particles and prevents bridging of particles 
during compaction [2]. The high-speed centrifugal compac-
tion process uses compacted powder from the slip. Material 
particles sediment under centrifugal force. The duration of 
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compaction is short, due to a high compaction velocity. The 
HCP method involves low contamination during process [4].

In Suzuki’s at al. work, Al2O3 (mean particle size of 
0.22 �m with narrow size distribution) green compacts made 
at low rotational speed were characterized by a low density 
and a density gradient [3]. The density gradient of most of the 
compacts can be eliminated by suf� ciently high centrifugal 
force. Two process steps: drying and especially pre-sintering 
have an effect on the results of this study, but for the dried 
samples there was not a suitable method for the measure-
ment of dried compact density. For the compacts formed at 
a speed of 11500 rpm, relative density was 63 %. A single 
heavy spherical particle falls in a viscous � uid under a gravi-
tational � eld according to the Stokes settling velocity [4]:
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where d denotes the diameter of the particle, � and �c the 
densities of the particles and of the � uid, �� the dynamic 
viscosity of the � uid, and g0 the gravitational acceleration. 
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For slowly sedimenting particles, long-ranged hydrody-
namic interactions lead to a correction to the Stokes settling 
velocity.

This is also the case for pressure � ltration of slips. In both 
methods, particles are dispersed in water or other liquid to 
form a slip. Friction between particles is reduced and dense 
and homogenous packing is realized.

2. Experimental procedure

Rotational speed was determined for submicrometer 
powders in the previous works [5]. For this work, submicrom-
eter ZrO2 powders produced by Tosoh Corporation (TZ-3Y, 
stabilized with 3 mol.% Y2O3, a speci� c surface of 16 m2/g) 
were used. Studies were carried out for rotational speeds 
from 15 000 to 25 000 rpm. The best consolidation of samples 
was obtained for the powders deposited at 20 000 rpm, using 
an ultra-centrifuge UP67 M, Germany. A Zetasizer Nano ZS 
by Malvern Instruments was used to measure zeta potential 
using the LDE method (Laser Doppler Electrophoresis). 
Pore size and pore size distribution of green compacts were 
measured using the method of mercury porosimetry and 
a PoreMaster 60, Quantachrome Instruments, USA. Hard-
ness of the polished samples was determined by the Vickers 
method using a digital Vickers hardness tester (Future-Tech 
FM-7, Japan) with an indentation load of 4.95 N.

The most important in� uence on the HCP deposition 
process appeared in the centrifugal sedimentation condi-
tions (velocity, duration of the process, dispersing agent) 
and the rotor geometry. The deposition process was car-
ried out using the ultra-centrifuge with a rotational speed of 
20 000 rpm through 15 min for dispersive liquids of various 
pH, which was changed by NaOH, CaCO3 or CH3COOH 
addition. A geometrical scheme of the rotor is presented in 
Fig. 1. The rotor is an aluminium tubular vessel with a circular 
base. The distance between the centre of rotation and the 
top of the vessel is denoted by rmin and � xed equal to 5.5 cm. 
The distance to the bottom, rmax, is equal to 12.88 cm. Thus 

the height of the vessel is 7.38 cm. The axis of rotation is 
perpendicular to the axis of the tube. 

centre of rotation

r min

r max

Fig. 1. Geometrical scheme of the rotor.

Besides the HPC method, powders were compacted 
using the pressure � ltration method under 5 MPa and for 
a duration time of 6 hours. The sample diameter and height 
was 22 mm and 6 mm, respectively, for the � ltration method.

Traditional uniaxial pressing in metal dies was the third 
method of compaction. The ZrO2 powders were dried and 
granulated. Bars of 16 mm in length and of thickness 5x5 mm 
were formed by single-action pressing under a pressure of 
30 MPa and by isostatic pressing under a pressure 200 MPa.

After the forming processes, samples were dried at 498 K 
for 48 hours. Sintering was carried out at a heating rate of 
2 K/min. Samples were held at 1770 K for 2 h.

3. Results and discussion

The pH of the dispersing agent is one of the most im-
portant factors affecting the zeta potential of the aqueous 
media. The plot of zeta potential versus pH for ZrO2 colloidal 
suspensions is shown in Fig. 2.

The isoelectric point for these colloidal suspensions is 
approximately at pH 8.8; positive charge is suf� cient for pH 
values less than 5.5 and longer than 10, when a negative 
charge is present. There are problems with coagulation and 
aggregate forming, when the zeta potential values are be-
tween +35 mV and -20 mV. The in� uence of aqueous media 
pH on pore size and pore distribution in green ZrO2 bodies is 
presented in Fig. 3. The results of ZrO2 centrifugal compac-
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Fig. 2. Zeta potential versus pH for ZrO2 particles in aqueous media.
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tion are compared to those of axially pressed samples at 
pressures of 50 and 200 MPa and presented in Table 1. The 
best result was achieved for pH of 4.7. For axially pressed 
samples at 200 MPa, the pore size is approx. 37 nm. The 
results for the ZrO2 green bodies, obtained using aqueous 
suspensions of pH 2.0, 4.7 and 9.15, and the samples axially 
pressed at the pressures of 50 and 200 MPa are presented 
in Fig. 3. The best porosity distribution appeared in sample 
number 5 for aqueous suspension of pH 4.7. Pore distribu-
tion is monomodal; mode pore size is 34.4 nm for sample 

5. Densities of the ZrO2 compacts both obtained using the 
HCP method and axially pressed at the pressure of 200 MPa 
are presented in Fig. 4.

Hardness HV 0.5 distributions for the three methods of 
compaction are presented in Figs. 5, 6 and 7.

The maximal values of hardness HV 0.5, for all ZrO2 
samples, are around 1500. ZrO2 compact obtained using the 
HCP method is characterized by a hardness value decreas-
ing towards the surface layer (Fig. 5). The reason for this 
phenomenon is the sample coming out adhesion between 

Fig. 3. Pore size distribution for ZrO2 green bodies obtained using aqueous suspensions: sample 1 - pH 2.00; sample 5 - pH 4.70; sample 
13 - pH 9.15 and samples axially pressed at pressures of 50 and 200 MPa.

Table 1. Density, pore size and distribution characterization for ZrO2 samples, compacted using the HCP method, are dependent on the 
pH of the aqueous media.

 Sample 
number [pH] of sample Cumulative pore 

volume [mm3/g]
Percent of 

porosity [%]
median pore size 
distribution [nm]

mode pore size 
distribution [nm] Delta* [nm]

1 2.00 196.2 55.79 57.19 56.38 0.81

2 3.00 211.5 55.09 58.76 59.23 0.47

3 3.50 206.2 55.62 64.20 58.28 5.92

4 4.20 163.1 49.92 41.68 35.79 5.89

5 4.70 153.1 47.31 37.08 34.40 2.68

6 5.25 155.4 49.64 37.84 34.22 3.62

7 5.75 157.5 50.81 40.97 33.31 7.66

8 6.10 196.3 51.65 46.74 39.60 7.14

9 7.10 178.2 51.26 45.78 36.67 9.11

10 7.60 191.5 52.97 47.81 37.25 10.56

11 8.10 193.3 51.78 46.26 41.14 5.12

12 8.58 186.4 53.33 47.55 42.34 5.21

13 9.15 167.7 51.28 54.18 50.40 4.22

P50 50 MPa 181.4 50.99 46.58 43.90 2.68

P200 200 MPa 140.4 42.38 37.63 36.62 1.01
*) Delta – difference between mode and median values of pore size distribution - shows width of pore size distribution
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Fig. 4. Densities of ZrO2 compacts using HCP method, dependent on duration of compaction and of ZrO2 compact using the uniaxial 
pressing method.

Fig. 5. Hardness distribution in the ZrO2 compact using the HCP method, dependent on height of sample (from top to bottom of the sample). 
Two measurements were made for each sample.

Fig. 6. Hardness distribution in the ZrO2 compact using the pressure � ltration method, dependent on height of sample (from top to bottom 
of the sample). Two measurements were made for each sample.
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bottom surface of tube and samples material, which has 
in� uence on no homogeneous porosity of compact.

Fig. 7. Hardness distribution in the ZrO2 compact using the uniaxial pressing method, dependent on height of sample (from top to bottom 
of the sample). Hardness distribution in the pressing direction.

Microstructures of  the top and the bottom areas of the 
ZrO2 compact using the HCP method are presented in Figs. 
8a and 8b. Except this surface porous layer (Fig. 8a), the 
material is characterized by a very homogenous hardness 
distribution and high hardness, and is transparent in the 
nonporous area.

The sample compacted using the pressure � ltration 
method is characterized by the layering of properties and 
variations in hardness distribution. The minimal hardness 
value HV 0.5 for this sample is below 1300.

The most homogenous hardness distribution is for the 
uniaxially pressed sample.

4. Conclusions

Porosity and pore distribution of green bodies prepared 
by the HCP method are strongly dependent on pH of col-
loidal aqueous suspensions. The best results of pore size 
and distribution are obtained for the pH of 4.7.

The results of ZrO2 green body centrifugal compaction 
are comparable to those of axially pressed samples at the 
pressure of 200 MPa.

Densities and hardness distribution in ZrO2 compacts 
depend on the method of compaction. For ZrO2 compacts, 
the best properties were obtained for the uniaxial pressing 
method.
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