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Abstract 

Centrifugal casting is a powerful colloidal process- 
ing route for massive ceramic parts of high strength 
and high reliability. Aqueous a-alumina slurries 
with up to 56.8 vol.% solids content with a mean 
particle size of 0.46 pm were deagglomerated by 
ultrasonic treatment and subsequent Jiltration. Con- 
solidation was performed at various centrifugal 
accelerations. Dlflerential sedimentation during cen- 
trifugal casting was studied and found to be negligible 
for slurries with high solids loadings exceeding 50 
vol.%. Green bodies with very good particle pack- 
ing, showing high green densities of 68%TD (theo- 
retical density), as well as narrow pore size 
distributions were obtained. High sintered densities 
(299.4%TD) with homogeneous and jine micro- 
structures were achieved at sintering temperatures 
as low as 1400°C. Four-point-bending tests showed 
an average strength of 540 MPa with a Weibull 
modulus m of 24. 

1 Introduction 

Despite the outstanding properties of advanced 
ceramic materials, their lack of reliability still 
remains the highest barrier to a wider range of 
engineering applications. 

The lack of plastic deformation in combination 
with flaws often up to 100 times larger than the 
average grain size, makes ceramic parts very sus- 
ceptible to stress peaks. Thus, surface and volume 
flaws can lead to catastrophic failure of an entire 
component. Id3 Critical flaws can be introduced via 
the starting powder, (e.g. impurities and hard 
agglomerates), during the formation of the green 
body (organic or inorganic inclusions, drying- 
induced cracks)3,4 or during service of the com- 
ponent via surface damage, as well as slow crack 
growth. 

The homogeneity of the particle packing in the 
green compact has a great influence on the micro- 
structural evolution during sintering, rather than 
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actual sintering mechanisms.5-‘0 For in the case of 
solid state sintering, inhomogeneous (unreliable) 
green bodies lead to unreliable fired products. The 
amount and distribution of large flaws present in 
the green body are retained throughout the sinter- 
ing process unless further flaws are introduced, 
e.g. due to differential shrinkage or due to exag- 
gerated grain growth. I* In the worst case, this can 

lead to an undesirably wide strength distribution 
in a set of ceramic components. The spread of 
strength values of a batch of samples is expressed 
by means of the Weibull Modulus m, which, for 
ceramic compounds (alumina, zirconia (Y-TZP), 
ZTA) has a value around 10, whereas metallic 
components show values around 100. Design 
engineers require values between 20 and 30.‘,2 

Hence the formation of a homogeneous, densely 
packed green body is one of the most important 
steps in the manufacturing of engineering ceram- 
ics. Average strength and reliability, especially of 
the low-toughness-type advanced ceramics, which 
obey the Griffith fracture criterion, will then be 
strongly increased.12-I4 

In recent years it has become evident that wet 
processing of powders has many advantages over 
dry processing in respect of reliability. 

The wet processing route provides the possibil- 
ity of breaking up agglomerates by milling or 
ultrasonic treatment or by removing them and 
other flaw sources from the slurry by filtration, 
decantation or sedimentation. 

This route also allows optimal particle packing 
and thus a minimum in flaw size and number of 
flaws.4,6,‘5.‘6 Well-known examples are slip casting, 
pressure filtration and electrophoretic deposition 
of ceramic slurries. Centrifugal casting, compared 
with other colloidal-forming methods, has the 
advantage of producing massive ceramic objects 
combined with a reduced risk of stress gradients 
in the formed part. 

Stresses during the centrifugal forming process 
act on every volume element.‘3~‘5~17 During sedi- 
mentation the particles move in the direction of 
gravity, whereas the liquid flows in the opposite 
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direction. This means that the total volume of 
liquid in the dispersion does not have to be trans- 
ported through the sedimented body leaving 
defects such as filtration channels as in the case of 
slip casting and pressure filtration. 

The drawback of this technology, however, is 
that particle size separation might occur due to 
differential settling during the consolidation 
stage.16.‘K19 There are three approaches to over- 
come this problem: consolidation of the system (1) 
in the flocculated stateI or (2) in the coagulated 
state,” or (3) the use of highly concentrated 
dispersed slurries. *’ The first two approaches have 
been successfully used in various single-phase’s,‘9 
and binary powder systems” but lead to an open 
structure showing bimodal porosity (intra-agglom- 
erate: small, inter-agglomerate: large) which is 
undesirable for subsequent densification5-10~21~22 
because higher temperatures are needed to 
approach the theoretical density, It is well known 
that higher sintering temperatures can lead to 
exaggerated grain growth in the well packed regions 
which is equivalent to the introduction of new 
flaws. Several investigations severely questioned the 
flocculated approach by theoretically and experi- 
mentally proving an inhomogeneous density 
profile in centrifuged sediments from as-prepared 
slurries.23-27 The third approach produced very 
good results for one component system with high 
solids loadings (250 VO~.%).~~,~~~~’ Mass segrega- 
tion could be avoided by hindered sedimentation 
in these high-solids-content slurries. Such suspen- 
sions with repulsive, nontouching particles led to 
green bodies with high densities and narrow pore 
size distributions. They show good sintering 
behaviour and reach high final densities at much 
lower sintering temperatures.6,28-31 

The aim of the present study was to improve 
the mechanical properties of alumina via centrifu- 
gal casting. Of special interest for the production 
of such high-quality ceramic objects were the pro- 
cessing parameters such as solids loading, suspen- 
sion conditions, sedimentation velocity and 
centrifugal acceleration. Green and sintered densi- 
ties, sintering behaviour and microstructures were 
studied as well. All these results were compared to 
those obtained from isostatically pressed cY-alu- 
mina. 

2 Experimental Procedure 

A commercial a-alumina powder (Ceralox HPA- 
0.5 with MgO, Condea, Tucson, USA) was used 
with a surface area of 9.4 m2/g (BET method) and 
an average particle size d,, of 0.46 Frn (d90 = 0.2 
pm, d,. = 1.3 pm, Malvern Mastersizer). Chemi- 
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Fig. 1. Flow chart of centrifugal casting process. 

cal analysis revealed a purity of >99.97%, with the 
following major impurities (in ppm): Mg 293, Na 
20, Si 17, Fe 13 and Ca 7, according to the 
supplier. 

Surface charge measurements were performed 
with 2 vol.% suspensions using an Electrokinetic 
Sonic Analysis System (ESA) (Matec ESA 8000, 
Matec Applied Science, USA). The ESA system 
was calibrated with Ludox TM (DuPont) 33 vol.% 
solids in water at a value of -3.67 mPa mN. 
Viscosities of highly loaded suspensions were 
studied using a rotational viscosimeter (Rheomat 
115A, Contraves AG, Zurich) equipped with a 
DIN125 testing device which varied the shear rate 
from 0 to 700 s-* under isothermal conditions at 
25°C. 

The centrifugal casting process flow chart is 
shown in Fig. 1. Electrostatically stabilized aque- 
ous suspensions of up to 56.8 vol.% A&O, were 
prepared at a pH between 4 and 4.2 using HNO,, 
and subsequently dispersed by 50% pulsed ultra- 
sonic cavitation for 8 min at 20 kHz and a power 
input of 420 W (Vibra Cell VC600, Sonics & 
Materials Inc., Danbury, USA). As the alumina used 
in this study is not derived by the Bayer process 
and therefore it is very low in Na-content, the pH 
did not change in between the limits given above 
during the subsequent preparation time. Large 
agglomerates, which could not be destroyed during 
ultrasonication, were removed by filtration (50 pm 
sieve) which led to slurries free of large agglom- 
erates. These slurries were consolidated by cen- 
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trifugal casting (ZK 510, Berthold Hermle GmbH 
& Co., D-7209 Gosheim) in aluminum tubes with 
a diameter of 38.4 mm and a height of 110 mm. 
Objects with different geometries were cast in 
anodized aluminium moulds of which the ball- 
shaped one (d = 45 mm) could be disassembled 
into two halves along the acceleration axis. Cen- 
trifugal acceleration was varied from 150 to 
4000 g to give compacts of up to 8 cm height. 
Centrifugation time to compact a given slurry vol- 
ume of 90 cm3 was dependent upon acceleration 
and ranged from 75 min to 64 h. Standard condi- 
tions were chosen, if not otherwise mentioned, 
with 53.4 vol.% solids content, densified at 4000 g 
for 90 min. Cast specimens were dried under con- 
trolled temperature and humidity conditions and 
then sintered in air at 1400°C with 6 h holding 
time. The heating and cooling rate was l”C/min. 
Green and sintered densities were measured by the 
Archimedes principle in both mercury and water. 
Pore size distributions in green compacts were 
determined by mercury porosimetry with pressures 
up to 2000 bar (Hg-Porosimeter 2000, Carlo Erba 
Strumentazione, I-Milano). For analysis the cylin- 
drical model was used, 

Other samples using the same alumina powder 
were prepared by isostatic pressing at 350 MPa 
for 3 min. The sintering temperature for those 
samples was 1500°C with a 2 h holding time. The 
sintering behaviour in air was monitored with a 
differential dilatometer (Type 802, Bahr Gerate- 
bau GmBH, D-4971, Htillhorst), using a sapphire 
reference. 

Bending test specimens of 4 X 3 X 45 mm 
(width, height, length) were cut out of a sintered 
cylinder in the direction of the acceleration axis. 
Strength measurements were performed according 
to the four-point-bending test method DIN 51 110 
(Instron 8652, Instron Ltd., HP12 3SY, England) 
with 20/40 mm spans and a crosshead speed of 2 
mmmin. Microstructures were observed by LM 
and SEM on polished and thermally etched sur- 
faces. Mean grain sizes were obtained by measur- 
ing the intercepts of about 200 grains per sample 
and multiplying the average value by 1.5.32 K,, 
measurements were performed in air by the Vick- 
ers indentation method (Zwick, D-7900, Ulm) 
using the Evans and Charles approach to evaluate 
fracture toughness.33 

3 Results and Discussion 

3.1 Suspension stability and viscosity 
To avoid preferential segregation during centri- 
fugal casting, highly stabilized dispersed systems 
with high solids content are required.19,28-30 It is 
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Fig. 2. ESA signal versus pH for a 2 vol.% alumina suspension. 

well known that the stability of suspensions 
increases with increasing electrokinetic sonic ampli- 
tude signal (ESA) which is directly proportional 
to the Zeta potential. Figure 2 shows the change 
in ESA signal in the pH range from 3 to 11 for an 
Al203 suspension containing 2 vol.% solids. The 
region of highest ESA signal lies around pH 4 and 
the isoelectric point at pH 9. Below pH 4 the solu- 
bility of Al203 increases drastically. Since the for- 
mation of dissolved A13’ ions has a deteriorating 
effect on the sintering behaviour of alumina,3’ the 
plateau region around pH 4 was chosen to stabi- 
lize the suspensions.‘9,28,29 

The highest possible powder content is desirable 
for centrifugal casting in order to prevent sepa- 
rated sedimentation, but also to save space (for 
supernatant water) and weight (of the moulds) 
during the centrifugation step. On the other hand, 
high solids loadings are limited by the increase in 
viscosity (Fig. 3) and by rising pseudoplasticity. 
In addition, higher powder contents in the slurry 
result in increased losses of material during filtra- 
tion and increased difficulties during mould filling. 

In order to explore an optimum solids content 
of the suspension, slurries with 50.1, 53.4 and 56.8 
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3. Viscosity (at shear rate 100 se’) versus pH for alumina 
suspensions with different solids loadings. 
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Fig. 4. Segmentation and numbering 
compact. 

of cylindrical green 

vol.% solids were made at various pH values 
around pH 4. Figure 3 shows the viscosities at a 
shear rate of 100 s-l (qoO) for slurries with differ- 
ent solids loadings around the optimal pH (~4) 
found in ESA measurements. With rising powder 
content, the minimum of lowest viscosity will 
increase from 3 mPa s (50.1 vol.%, at pH 4.2) to 
160 mPa s (56.8 vol.%, at pH 3.95). In addition, 
the viscosity/pH curve’s minima shift slightly to 
lower pH values while narrowing considerably 
with augmenting powder content. 

3.2 Solids content, green density and porosity 
To define the limits of hindered sedimentation, 
slurries of different powder contents from 36.9 to 
56.8 vol.% were cast in aluminum tubes at 4000 g 
for 90 min. All suspensions were stabilized at a 
pH between 4 and 4.2. The dried compacts were 
cut into segments of about 1.5 cm height to deter- 
mine their green density and porosity. The num- 
bering of the segments is shown in Fig. 4. Green 
densities and average pore radii (r5,,) are summa- 
rized in Table 1. 

All top segments show a green density that is 
lower than that of segments closer to the bottom 
of the cylinder. This difference is negligible for all 
parts that were cast from slurries with a powder 
content higher than 51.7 vol.%. If the solids load- 
ing was chosen below this value, a much larger 
deviation in green density could be measured. 
Obviously, differential sedimentation occurred in 
those slurries and finer particles were packed at the 
top corresponding to smaller pores found as well. 
Porosimetry measurements revealed a different 
mean pore size (Table l), a different cumulative 
volume and a different surface area for top and 
bottom parts of compacts made from those low- 
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Fig. 5. Borosimetry data of 42.9 vol.%-slurry compact, 56.8 
vol.% compact and isopressed compact (segments). 

loaded slurries (~50 vol.% powder). It is well 
known, that monosized particles do pack more 
homogeneously but lead to lower densities (63 
versus 68 %TD) than multisized powders. The 
change in surface area is due to the fact that 
larger particles pack at the bottom (smaller BET) 
and finer ones pack at the top (larger BET) in the 
case of particle size separation. As can be seen 
from Fig. 5, the average pore radius decreases 
from the bottom to the top segment of a 42.9 
vol.% slurry-cylinder from 35 to 29 nm. In con- 
trast to these findings, a 56.8 vol.% slurry-com- 
pact shows an average pore radius of 28 nm over 
the entire length of the cylinder, as well as a 
homogeneous and high green density of 68%TD. 
This indicates that no separation occurred during 
the centrifugation process. For comparison rea- 
sons, the pore size distribution of an isostatically 
pressed sample is also displayed. This dry pro- 
cessed sample (59%TD) has a broader pore size 
distribution than all wet processed samples and 
the highest average pore radius of 41 nm. Thus, 
the particle packing of colloidally processed sam- 
ples is much better (63-68%TD) than that of an 
isostatically pressed sample (59%TD). 

Shih et a1.25,27 have elaborated a theoretical 
approach to predict the density profiles of cen- 
trifuged cakes from flocculated suspensions by 

Table 1. Green density (GD, in %TD) and average pore size (v,,, in nm) of segmented cylinders 

Slurry 
( Vol. %) 

Segment 1 Segment 2 Segment 3 Segment 4 

GD 150 GD r50 GD r50 GD r50 

36.9 62.8 21.0 64.2 30.0 66.2 33.5 66.5 39.3 
42.9 63.0 27.1 63.7 33.1 64.0 36.0 66.0 34.6 
50.1 64.2 27.0 65.0 28.1 66.5 28.9 66.5 29.9 
51.7 65.0 27.5 65.2 29.8 68.5 28.7 61.7 28.8 
53.4 65.0 29.3 65.7 30.6 66.7 30.0 66.5 30.0 
56.8 61.6 27.5 68.1 28.3 68.3 28.2 68.1 27.5 
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implementing their experimentally obtained 
power-law pressure-density relationship23 into the 
general differential equations for centrifugation17 
with appropriate boundary conditions. Their cal- 
culations were formulated in the equation 

%& [l_(~)]‘“li, 

where a(z) is the volume fraction of solids at ele- 
vation z (measured from the bottom of the tube), 
amax is the maximum solids volume fraction (mea- 
sured at z = 0) and z, is the elevation at equilib- 
rium state. The exponent n indicates the 
flocculation state of a system during compaction. 
Generally, YE decreases as the degree of floccula- 
tion increases. Their predictions agreed very well 
with the pronounced density profiles they mea- 
sured in cakes that were centrifuged from floccu- 
lated alumina and boehmite suspensions. The 
uniform density profiles found in this investigation 
can be described by their equation as well. Green 
densities GD(z) instead of volume fractions a(z) 
were used for the calculations made in this study. 
This is, especially for the high loaded suspensions, 
a tolerable approximation. A linear drying shrink- 
age of 0.5-1.0% equals a volume reduction of 
1.5-3.0%, indicating that the actual volume frac- 
tion for a green density of 0.68 would then be 0.67 
or 0.66. Due to the high green densities obtained 
in this investigation, Qmax was set to 0.685 (instead 
of 0.64 for random packed spheres25s27). Green 
densities of cylinders compacted from a 36.9 vol.% 
and a 56.8 vol.% slurry are displayed in Fig. 6. 
Three curves calculated according to Ref. 27 are 
shown as well. The y2 values chosen are n = 9 for a 
flocculated suspension25,27 and n = 100 to fit the 
dispersed suspension with low (36.9 ~01%) solids 
content. Hereby it has to be emphasized that for 
dilute alumina suspensions, a density gradient is 
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Fig. 6. @(z)mmax versus z/z,,, for green densities of compacts 
made from 36.9 and 56.8 vol.% slurries. Triangles are 

calculated values according to Ref. 27. 
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Fig. 7. Green density distribution of compacts shaped in different 
moulds: (a) cylinder; (b) ball; (c) with extreme constriction 

(53.4 vol.% slurry). 

found due to particle size separation and not due 
to a pressure gradient in the centrifuged cylinder. 
For dispersed suspensions containing high volume 
fractions, the density-elevation relationship can be 
described if y1 = 150 is applied, which expresses 
virtually a step function and therefore a negligible 
density gradient. 

Based on the results obtained so far, a solids 
loading of 53.4 vol.% was chosen for further 
experiments to be the best compromise between 
good handling of the suspensions and highest pos- 
sible powder content. 

During centrifugation the centrifugal force on 
the particles acts radially to the centre of the cen- 
trifuge. The question arises as to how a mould 
with undercuts can be filled properly with solids. 
Beyher et al. 2o have shown that the casting process 
can properly fill past constrictions in their spool 
and screw moulds. In order to elucidate the limits 
of mould filling, a mould containing an extreme 
undercut (Fig. 7c) was constructed. Centrifugal 
casting was performed with a 53.4 vol.% slurry. 
After centrifugation, the undercut was filled up to 
65% of its height (10 mm) with alumina, leaving 
the upper part filled with clear water. The cast 
undercut was of stable shape and did not flow 
away after immediate removal of the top part of 
the mould. There was no evident difference in 
green density in this highest annular-shaped seg- 
ment compared to the rest of the compact (Fig. 
7(c)). Sintering led to a compact that showed no 
cracks and a homogeneous density. As can be 
seen from Fig. 7, high and homogeneous green 
densities of about 68%TD could be achieved in all 
moulds used throughout this investigation. 

3.3 Mould-filling factor 
To study dependence of the velocity of sedimenta- 
tion upon the maximum applied acceleration, a 
slurry with 53.4 vol.% solids content was cen- 
trifuged at different accelerations for various 
times. The time t,, to reach the equilibrium-state 
height z, of a suspension by centrifugation is pro- 
portional to the initial slurry column height I&, 
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evaporate during drying. It is well known that fast 
evaporation of the liquid during and especially at 
the end of the constant rate period (CRP) can lead 
to the formation of cracks in the green body, 
resulting in a low yield after sintering.34 To detect the 
limits of successful, (i.e. crack-free) drying of cen- 
trifuged compacts, drying was performed while 
varying the parameters of temperature and relative 
humidity (RH). Cast compacts were dried under 
the following conditions: (1) in an oven at 5O”C, (2) 
at ambient, (3) in a temperature-controlled humid- 
ity chamber at 25°C and 97%RH and (4) totally 
protected from direct convection at 25”C/97%RH. 
After casting, one-half of the ball-shaped mould 
was removed immediately after casting and the 
compacts were dried under the aforementioned 
conditions. The weight loss of the drying compacts 
was monitored over time and is displayed in Fig. 9. 
The final weight (dry body) was subtracted from 
that of the starting weight (wet body without super- 
natant) to give the value for the total water content 
in the cast compact (=lOO%, Fig. 9). The fastest 
drying rates were achieved under oven and ambient 
conditions, followed by the nonconvection-pro- 
tected compact under climatized conditions 
(25”C/97%RH) and with the slowest rate for the 
full convection-protected ball. As soon as drying 
rates are faster than 1.5% of the total water content 
of the green body per hour, the possibility of crack 
formation in the sintering body will be strongly 
increased. Compacts dried in the oven or under 
ambient conditions could not be sintered without 
cracking. In addition to that, it is important to pro- 
tect the drying green bodies from direct convection 
as the CRP drying rate will be decreased with 
increasing layer of standing air over the compact. 
Normally, after a drying period of 4-5 days under 
climatized conditions, compacts could be sintered 
without cracking. 

Fig. 8. Sediment height versus centrifugation time of a 53.4 
vol.% slurry at various centrifugal accelerations. 

and inversely proportional to the centrifugal accel- 
eration a2R where R is the radius of the centrifuge 
(z = o).24 

t eq = &h2R (2) 

At 4000 g the settling rate of the suspension in a 
cylindrical mould with a diameter of 38.4 mm is 0.12 
cm/min, as shown in Fig. 8. To settle down the same 
amount of slurry and reach the same green density 
at 500 g, the centrifugation time is 6.6 times longer, 
and at 150 g, 26 times longer. No evident difference 
in homogeneity of the compact density was detected. 
After 15 min centrifugation at 4000 g the body does 
not show any plastic deformation under its own 
weight anymore. With lower solids contents, the set- 
tling rate will increase but differential sedimentation 
will occur due to increased inter-particle distances. 

3.4 Drying and drying shrinkage 
After centrifugation, the supernatant water is 
removed. Then the centrifuged green bodies still 
contain between 9 and 11 wt% water, which will 

Time [hl 

Fig. 9. Drying behaviour of ball-shaped cast compacts under 
various conditions. 
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Fig. 10. Sintering curve of isopressed and cast alumina (53.4 vol.% 
slurry, 4000 g/90 min) at a constant heating rate of 5Wmin. 
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Fig. 11. Shrinkage rates of segments of cast alumina parts 
produced from 42.9 and 56.8 ~01% slurries and of isopressed 

alumina. 

Linear shrinkage during drying was in the range 
0.5-I .O% for compacts produced from high-solids- 
content slurries. This is equal to a volume reduc- 
tion of 1.53.0% for compacts produced from 
high-solids-content slurries. Assuming a straight 
line of average-sized particles, this corresponds to 
an inter-particle distance of 5 nm in the sedi- 
mented wet state which is, according to the 
DLVO theory, just of the order of the distance of 
the primary minimum barrier. This calculation 
model, however, is very simplified and does not 
take into account the three-dimensional rearrange- 
ment behaviour of a drying particle system. 

3.5 Sintering bebaviour 
The change in relative density during constant- 
heating-rate sintering (YC/min) is shown in Fig. 
10. The wet processed sample, which was pro- 
duced from a 53.4 vol.% slurry, starts from a 
higher green density (68%TD) and reaches a 
higher final density at lower temperature than the 
dry processed sample (59%TD). This is due to the 
fact that larger pores disappear or get smaller, 
reaching an equilibrium size at higher tempera- 
tures and at a lower rate than small pores.22,23 The 
isopressed part shows a wide pore size distribution 
from 0 to 60 nm around an average pore radius of 
41 nm, whereas the centrifuged part has a smaller 
r5,, of 29 nm and a narrow pore size distribution 
(Fig. 5). This proves that the finer the pores and 
the narrower the pore size distribution, the faster 
and earlier ceramic parts will sinter to maximum 
density.6 Hence, centrifugal casting leads to a 
good sintering behaviour due to homogeneous 
particle packing in the case of high-solids-content 
slurries. 

For a further illustration of the sintering kinet- 
ics, the shrinkage rates of three green compacts 
are compared in Fig. 11. A compact made from a 
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Fig. 12. Influence of solids loading on the difference of tem- 
perature of the maximum shrinkage rate A(T,,,,) between top 

and bottom segments of the centrifuged cylinders. 

relatively low solids loading slurry (42.9 vol.% 
Al,OJ showed different shrinkage rates at the top 
(t) and the bottom (b) of the compact. Due to 
differential sedimentation in this compact, the top 
consists of finer particles and finer pores (as illus- 
trated in Fig. 5) than the bottom and therefore 
shows sintering at lower temperatures than the 
bottom part. This difference becomes negligible in 
the case of compacts made from high-solids-load- 
ing (56.8 vol,%) slurries. Both parts, top and bot- 
tom, show identical shrinkage rates over the whole 
sintering regime (Fig. 11). For comparison rea- 
sons, the shrinkage rate of an isostatically pressed 
sample is shown too. In the beginning (up to 
11 OO’C) well-densified intra-agglomerate regions 
are responsible for the shrinkage, and the shrink- 
age rate is very similar to that of the 42.9 vol.% 
top segment. However, due to the larger inter- 
agglomerate pores, the temperature for the maxi- 
mum shrinkage rate is not reached until 1375°C 
and the final density even at 1600°C is not as high 
as that of the cast compact (Fig. 10). 

The findings from Fig. 11 can be illustrated in a 
different manner. Fig. 12 shows the influence of 
solids loading on the difference in temperature of 
the maximum shrinkage rate for the top and bot- 
tom segments of the cylindrical compacts. With 
rising solids loading, this temperature difference 
decreases from 60°C in the case of a 36.9 vol.% 
slurry over 35°C at 42.9 vol.% and becomes negli- 
gible for green bodies made from suspensions with 
solids loadings higher than 50 vol.%. This means 
that for a solids content above 50 vol.% no differ- 
ential shrinkage over the length (8 cm) of a com- 
pact occurs. These findings agree with the results 
of the porosity measurements (Table l), crack for- 
mation (Table 2) and the gradient degree in light 
scattering of polished cross sections (lengthways 
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Table 2. Density and appearance of sintered cylinders 
(14OOW6 h) 

Slurry 
f vol.%) 

Sintered density 
(NTD) 

Sintered compact 

36.9 99.72 Cracks, gradient 
42.9 99.50 Cracks, gradient 
50.1 99.44 OK 
51.7 99.47 OK 
53.4 99.40 OK 
56.8 99.35 OK 

of centrifugation axis) of sintered cylinders pro- 
duced from slurries containing less than 50 vol.% 
solids. 

3.6 Sintered density 
Table 2 shows the differences in sintered density 
after 6 h at 1400°C for the entire cylinders. Cen- 
trifugal casting leads to sintered densities of more 
than 99.3%TD which are significantly higher than 
those of isostatically pressed material (98.6 %TD). 
Highest densities were reached with cylinders 
made from slurries with low solids contents (36.9 
and 42.9 vol.%), but, however, the particle separa- 
tion led to the formation of cracks during the 
firing process, as well as to a gradient degree of 

Fig. 13. Microstructures of sintered compacts: (a) centrifugally 
cast (53.4 vol.% slurry, 4000 g/90 min); (b) isostatically pressed. 

30 

0 

0.1 0.2 0.5 1 2 5 7 10 

Grain Size [pm1 

Fig. 14. Statistical evaluation of microstructures of sintered 
compacts. 

light scattering over the length of the cylinder. 
This is due to the different sintering kinetics of 
larger and smaller particles (and larger and 
smaller pores) at the top and bottom part of the 
cylinder, respectively. Slurries containing more 
than 50 vol.% solids gave crack-free sintered parts 
that showed densities of about 99.4%TD and 
homogeneous light scattering throughout the 
entire length of a cylinder. 

3.7 Microstructure 
At the same final density (99,4%TD) a finer and 
more homogeneous microstructure is achieved 
by centrifugal casting compared to isopressed 
samples, as can be seen from Fig. 13. A statistical 
evaluation of the micrographs is shown in Fig. 14. 
The average grain size measured was 1.1 pm for the 
centrifuged samples and 1.6 pm for the isopressed 
alumina. The most important difference lies in the 
homogeneity of the microstructure. Isostatically 
pressed alumina shows grains of up to 10 pm in 
size, whereas the maximum grain size in cast alu- 
mina does not exceed 6 pm. Grain growth can 
occur in densified regions and its speed is strongly 
dependent upon the temperature. The lower the 
sintering temperature to reach a high final density, 
the better for the microstructural evolution which 
will be finer and more homogeneous. 

3.8 Flaw size distribution 
Figure 15 shows polished surfaces of cast and iso- 
statically pressed alumina of comparable density 
(99.4%TD). By colloidal processing the number 
and size of larger pores could be drastically 
reduced. This can be more clearly seen from Fig. 16 
which shows a statistical evaluation of the flaw 
distribution of centrifugally cast and isopressed 
samples. The largest pores in sintered compacts 
from cast alumina reach a size of 20-30 pm, 
which is about 4-5 times smaller than the largest 
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Fig. 15. Polished surfaces of sintered compacts: (a) centrifu- 
gally cast (53.4 vol.% slurry, 4000 g/90 min); (b) isostatically 

pressed. 

pores found in isopressed material (90-120 pm). 
The area investigated on both samples was 56 
mm2. The total pore volume equals 5 ppm of the 
total volume. 

Fracture surfaces of centrifuged bending test 
specimens were examined with SEM (Fig. 17) and 
the fracture origins were recognized to be agglom- 
erates having a size of 20-30 ,um. This is typical 
for the maximum flaw size of the centrifuged com- 
pacts of this study and is in accordance with the 
Griffith relationship for the case of a fracture 
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Fig. 16. Statistics of flaw distribution in sintered compacts. 

Fig. 17. Typical fracture surface of centrifuged bending test 
specimen showing the fracture origin. 

toughness of 3,8 MPa Jm and an average bend 
strength of 540 MPa, (geometry factor Y-l 168). 

3.9 Mechanical properties and reliability 
The advantages of centrifugal casting are obvious 
when comparing the mechanical properties, as 
shown in Fig. 18. These data were acquired from 
four-point-bending tests of batches of at least 21 
specimens. The number of specimens is large 
enough to give good Weibull statistics.35 The aver- 
age strength of cast alumina was 540 MPa; an 
increase of 60% compared to isostatically pressed 
material (340 MPa). The Weibull modulus m of 
the centrifuged material was more than tripled, 
reaching 23.9. For the statistical calculation, the 
fracture probability estimator with the largest bias 
(mean rank value: Pif = i/(n + I)) was chosen, 
leading to the lowest m-values of all known esti- 
mators.36x37 These results prove that centrifugal 
casting provides the possibility of increasing the 
reliability of a-alumina ceramics up to the level 
requested by design engineers. 

200 
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m = 23.9 
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Fig. 18. Weibull statistics of four-point-bending test results of 
isopressed and cast alumina (53.4 vol.% slurry, 4000 g/90 min). 



820 W. Huisman, T, Grade, L. J. Gauckler 

Table 3. Comparison of typical properties for cast and 
isostatic-pressed compacts 

Property 

Green density (%TD) 
Sintered density (%TD) 

Centrifugal 
casting 

68 

Zsostatic 
pressing 

59 

14OO”C/6 h 99.4 98.6 
1500°C/2 h 99.7 99.5 

Linear shrinkage (%) 12 17 
Average grain size (,um) 1.1 1.6 
Maximum grain size (,um) 6 10 
Maximum flaw size (pm) 20-30 90-120 
Average strength (MPa) 540 340 
Weibull modulus m 23.9 7.5 

3.10 Comparison of centrifugal casting and 
isostatic pressing 
In Table 3 some properties of compacts made via 
centrifugal casting and isostatic pressing are 
shown. The cast sample sinters to 299.4%TD at 
1400°C with 6 h holding time, whereas the pressed 
sample requires a sintering temperature of 1500°C 
and 2 h to reach the same density. Centrifugal 
casting of high-solids-content slurries provides ce- 
ramic parts which have high green densities (15% 
higher than isopressed) and narrow pore size dis- 
tributions and therefore closing of the structure is 
completed at lower temperatures and shrinkage is 
smaller. Higher green densities in combination 
with narrow pore size distributions leads to 
smaller grain sizes due to lower sintering tempera- 
tures. The largest flaws in the centrifuged parts are 
due to agglomerates not eliminated in the slurry 
preparation sequence. It can be expected that even 
better slurry preparation combined with smaller 
sieve size (from 1 to 5 pm) will reduce the maxi- 
mum flaw size even more, leading to even higher 
strength values at higher reliabilities. 

4 Summary and Outlook 

a-Alumina ceramic components showing high 
reliability at high bend strength levels can be 
obtained from commercially available powders via 
centrifugal casting. Wet processing of ceramic 
powders and subsequent centrifugal casting of 
high-solids-content suspensions provides a route 
to producing parts that show better particle pack- 
ing and a smaller number and size of flaws than 
dry processed components. High green and 
sintered densities as well as homogeneous 
microstructures were achieved by centrifugal cast- 
ing a-alumina with a four-point-bend strength of 
540 MPA and a reliability characterized by a 
Weibull modulus of m = 23.9 could be obtained. 
Centrifugal casting of high-solids-loading slurries 
is a very promising way to form highly reliable, 

high-strength ceramic parts using conventional 
powders. This forming method can be used to 
form complex shaped parts, even with undercuts. 

These very encouraging results concerning shape 
capability, strength and reliability of a-alumina 
components clearly showed a promising direction, 
but still can be improved. Slurry preparation elim- 
inating agglomerates smaller than 30 Frn will further 
increase strength and reliability. Strength levels of 
up to 1 GPa, combined with reliabilities of m = 40 
using conventional powders, seem possible. 
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