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Abstract 

This paper deals with the evolution, during sintering, 
q[ crack-initiating chfeets in slipcast alumina. The 
mierostruetures are characterized by optical micro- 
scopy and by SEM, the mechanical behaviour being 
investigated in .lout-point bend. 

Al'ter initial-stage sintering (65 7(1% I.d.), the 
samples have chfeets both in the bulk and at the 
smT/hee, htereased dens(fieation (75-85% t.d.) leads 
to mierostruetures where surfaee &feets are predomi- 
nant sources ./or crack initiation. Weibull analysis 
suggests that the minhnum strength o[ the samples 
increases during ~&ns(fieation but that the width q/'the 
strength cff.s'tribulion remains constant. The initial.flaw 
distribution thus retains its importance up to at least 
85% t.d. 

h7 dieser Arbeit wird die Entwicklung bruehaus- 
16sender De/ekte beim Sintern schlickergegossener 
Al20 3-Keramiken untersucht. Die Gefiigecharakteri- 
sierung el?/blgte mittels licht- und rastereh, ktronen- 
mikroskopiseher Untersuchungen, das Versagensver- 
hahen wurde mit Vier-Punkt-Biegeversuehen bestimrnt. 

hn Bereieh des Al?[hngsstadiums des S#~terns (65- 
70% t.D.) wiesen die Prohekiirper sowohl Ober- 
flfiehen- als such Volumenfehler als bruchausl6sende 
De/'ekte at(fl Eine zunehmende Verdichtung des 
Gel'ffges (75 85% t.D.) fiihrte dazu, daft ausschlie/3- 
lieh Oberflgiehenfehler bruchausliisend waren. 
Bereehnungen rnit Hiff'e der Weibull-Statistik wiesen 
eine Zunahme des unteren Festigkeitswerts der 
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Probenkiirper bei gleichzeitigem Anstieg des Dich- 
tegrades naeh. Dabei blieb die Streuung der Festig- 
keitsverteilung konstant. Der Einflufl der Ausgangs- 
/'ehlerverteilung art./die Festigkeitsverteilung blieb his 
zur gemessenen Diehte yon 85% i.D. erhalten. 

Cet article lraite de I'&,olution durant le./J'ittage de 
d~!/attt,s' provoqtt~s par des fissures chins de I'alumine 
coulOe en barbotine. Les mierostruetures ont OtO 
earact&'is{es par mieroseopie optique el par SEM, et 
le comportement mOecmique a OtO OtudiO par flexion 
quatre points. AprOs le stade initial du /rittage 
(65-70% t.d.), les Oehantillons prOsentent des 
d~!/huts ~'t ht /his ¢'t I'int&'ieur el ~'t hi st#face. Une 
atG, tnenlalion de ht densitO (75-85% t.d.) eon~hdt h 
des mierostructures &ms lesquelles les d~/huts de 
sm?/hee sont des sources priTond~;rantes pour 
/'initiation de [issures. L'analyse l~k4bull sugg&'e que 
le illinimttln vie hi rOsistanee mOcclniqtle de,s eehant- 
ilhms augmente au eours de la dens(fieation, mais que 
ks htrgeur de la dLs'tribution de ht rOsistance mOeanique 
reste eonstante. Ainsi la distribution initiale des 
fissures conserve son hnportanee /usqu'h au moins 
85% t.d. 

Introduction 

The mechanical strength of  a ceramic component  is 
determined by the existence of  flaws or micro- 
structural inhomogenities within the structure. It is 
therefore important to understand the origin of  such 
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flaws and to correlate this with processing para- 
meters. In this paper, the defects that arise during the 
evolution of the microstructure at different stages of 
sintering in a slipcast alumina are characterized. 

Earlier studies of microstructure development in 
specimens of increasing density, starting with the 
green density, pg, have predominantly dealt with the 
relationship between grains and pore during sinter- 
ing 1-7 or have considered the influence of 
agglomerates.8 - ~ 1 

The purpose here is to measure mechanical 
strength at several different density levels during 
densification to explore the development of the 
strength-determining defects. Major issues are the 
extent to which defects become more severe or less 
severe (healing) during processing and the extent to 
which the size range of defects changes during 
sintering. This behaviour is recorded by the Weibull 
modulus m at each density stage. 

2 Experimental Procedure 

2.1 Slip preparation 
The slip consisted of an alumina powder (A16-SG, 
Alcoa, Pittsburgh, USA), a deflocculant (CE 64, 
Zschimmer & Schwarz, Lahnstein, FRG) and a pH- 
regulating ingredient (triethylamine p.a.>99"5%, 
Fluka, Buchs, Switzerland). The process of slip 
casting followed the path shown in Fig. 1. Addition- 
ally, the solids content was fixed at 70wt%. 
Determination of the zeta-potential of the powder 
was made by conducting experiment based on 
electrophoresis (Zetasizer Ilc, Malvern, Worcester- 
shire, UK). The best working range was found to be 

Weighing of components into grinding drums 
Adding of alumina grinding media 

Homogenization of the slurry in a 
planet ball mill (60 min.) 

pH - Calibration of the slurry 
with triethylamin to pH = 10 

Second homogenization (30 min.) 

Control of slurry parameters 
pH - value ] viscosity 

Vacuum treatment of the slurry 

Casting of the slurry in the mould 

Fig. l. Flow chart of slurry preparation. 

around pH ~ l0 when triethylamine was used to 
control the basicity. The quantity of deflocculant 
was varied between 0 and 4 wt%. All samples, when 
measured by rotating viscosimeter, showed Bin- 
gham viscous behaviour. 12 With the addition of 
0"3 wt% CE 64 to the powder mass the slurry showed 
the lowest viscosity. 

2.2 Cast preparation and the forming of green bodies 
The plaster form was protected by exposing it for 
180 s to a solution of alginate (ammonium alginate, 
Roth, Karlsruhe, FRG)jus t  before slip casting. The 
inner surface of the plaster form was thus covered 
with a thin microporous skin. This membrane then 
retained fine solid grains, but was permeable to the 
dispersant. Additionally, the skin of alginate impro- 
ved the later separation of the samples from the 
mould; any adhering alginate burned out during 
sintering. After 2 h, the green bodies were removed 
from the plaster form, then dried for 24 h in air and 
finally for a similar time in a drying chamber at 80~C. 
Subsequently, the green density was determined by 
the Archimedes method; the immersion medium was 
water, the sample being protected by a permeable 
water-insoluble layer. A value ofpg = 57"0 _+ 0-1% of 
the theoretical fully dense value was found for all 
samples. 

The green bodies received no machining or 
surface finishing before sintering, in order to avoid 
any defects that might be caused by such treatments. 

2.3 Sintering process 
Confirmation that the different density stages had 
been achieved was made by the Archimedes method. 
The sintering schedule is shown in Fig. 2, together 

Start [ 

g Heating rate 5 K / min 
.¢_ 

[ 820 K-Holdt ime 10 min. J ¢ 

g ° 0 Heating rate 5 K/min ~. 

Final Temperature with different hold times .~ 

Cooling rate 3 K / min 

i End 

Step Final Temperature Hold Time Density __Linear_~L_iLoEI°ngati°n 

Unit K rain. 96 t.d. I 
= 

1 1500 90 64.7-+0.1 -4 

2 1600 15 70.5--.0.5 -6 

3 1600 110 75.1 +--0.5 -8 

4 1650 105 80.0+0.2 -10 

5 1700 35 84.4-+0.3 -12 

Fig. 2. Sinter program with results. 
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with a listing of the hold times and temperatures 
needed to reach the target density values. 

The measured linear elongations given in the 
table, when combined with the measured density 
changes, suggest that shrinkage occurred 
isotropically. 

2.4 Four-point bend tests 
This form of strength test was preferred to increase 
the effective test volume, t3 The problem in using 
samples with unpolished surfaces is that surface 
irregularities can initiate stress concentrations at the 
supports. For this reason, samples failing at the 
supports are not included in the reported data. 

The specimens were loaded at constant strain rate 
(0-5mms t) in a 40/20mm support arrangement 
(Hydropuls PSA Schenck, Darmstadt, FRG). The 
high strain rate was chosen to avoid subcritical crack 
growth during the experiments. 

2.5 Micrography 
The external surfaces and fracture surfaces were 
examined by scanning micrography (Stereoscan 200, 
Cambridge Instruments, Cambridge, UK) and by 
optical microscopy (M 8, Wild, Heerbrugg, 
Switzerland). 

3 Results 

3.1 Microscopical characterization of specimen 
surfaces and crack surfaces 
3.1.1 Specimen sz.faces 
The specimen surfaces reflect the different degrees of 
densification in showing a progressive evolution of 
the surface topography. A decrease in surface 

'roughness is apparent. The coarse furrows, that can 
be seen on the surfaces of the Step 1 samples (65% 
t.d.) as shown in Fig. 3, change into small wave-like 

Fig. 4. Surface of Step 5 sample. 

features by the time Step 5 (85% t.d.) is reached in 
Fig. 4. 

The surfaces of specimens after Step 1 reveal no 
large-scale (i.e. 50/tin) features, whereas those from 
Step 5 specimens show cratering. These depressions 
are hemispherical with diameters of some 60-100/xm. 

3.1.2 Crack smfaces 
Fine pores cover the crack surface of the specimen 
after the treatment corresponding to Step 1 (Fig. 5). 
The quantity and size of the pores increase towards 
the surface, where the pore size reaches 5-10~tm. 
These large pores occur mainly within the first 60/tin 
from the specimen surface. 

In contrast, samples examined after Step 5 show 
large pores or cavities with a size of60-100/xm at the 
specimen surface only (Fig. 6). No large pores in the 
subsurface region were observed. 

3.2 The characterization of crack-initiating defects 
After the mechanical tests, the defect type respons- 
ible for fracture origin on the fracture surfaces was 

Fig. 3. Surface of Step 1 sample. Fig. 5. Crack surface of Step 1 sample. 
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Fig. 6. Crack surface of Step 5 sample. 

identified and both bulk (Fig. 7) and surface defects 
(Fig. 8) were found. The critical defects were in all 
cases pores. 

Optical evaluation of all fracture surfaces showed 
that the fraction of  samples for which bulk defects 
were responsible for fracture rapidly decreased 
on progressing through the five sintering steps 
(Fig. 9). In samples with 80-85% theoretical density, 

Fig. 7. Volume (bulk) defect. Magnification: 25 x. 

Fig. 8. Surface defect. Magnification: 25 ×. 
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Fig. 9. Change in defect type. 

only surface defects were active as crack-originating 
flaws. 

3.3 Weibuil statistics 
The Weibull procedure treats the fracture proba- 
bility, F, based on a weakest-link theory, while 
assuming a homogeneous stress field, y~.14 This 
implies that a given defect has the same critical 
stress, a c, for failure, wherever it occurs in the 
sample. At the critical stress, the defect initiates the 
failure of  the whole body. t5 

The use of Weibull statistics requires some 30 
single strength values, which are then analysed in 
terms of the Weibull distribution function: 

F = l - e x p  - V ~ - ~ u _  _ (1) 
\ a o l )  

where: 
F = fracture probability 
a = stress 

a ,  = threshold stress 
ao = material specific constant (scaling parameter) 
V= stressed volume 
m = Weibull modulus 

The graphical representation commonly assumes 

o 

6 5 %  7 0 %  7 5 %  8 0 %  

o/ ; / I ]  

8 5 %  t .d.  

10 50 100 150 200 

s t r e s s  / M P a  

Fig. 10. Weibull plots calculated using the two-parameter 
distribution. 
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oo=0  and shows the relation between measured 
stress plotted as lno and the fracture probability 
plotted as In In F. The slope of such a graph then 
represents the Weibull modulus m. In this work, the 
slope is determined from the data by the maximum- 
likelihood method.16 With the assumption as in Fig. 
10 that o, = 0, eqn (1) represents the two-parameter 
Weibull distribution. 

However, the form of the data in Fig. 10 suggests a 
threshold stress value of o, :/: 0 for every density 
stage. Taking the indicated values for a,  and plotting 
the data according to the three-parameter distri- 
bution (eqn (1) In In Fversus In (o- - o,)) the data shift 
as represented by the example of 65% density 
sample in Fig. 11. 

Comparison of the two- and three-parameter 
evaluations makes it apparent (Fig. 12) that the 
three-parameter distribution gives a better fit to the 
data. 

The evolution of the reliability in the progressively 
more sintered microstructures can be expressed in 
terms of changes in the Weibull modulus m. Figure 
13 shows apparent steady improvements in the 
Weibull moduli using the two-parameter evaluation, 

-2 

_= 
_= 

~ 7 

, 3-parameter 2-parameter 

0.1 0.5 1 5 10 50 100 

stress / MPa 

Fig. 11. Two-parameter - three-parameter  comparison of 
Weibull modulus for the Step 1 sample; the stress axis is in terms 

of a and ( o -  ou) for the two distributions respectively. 
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Fig. 12. Step I sample fitting. 
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Fig. 13. Weibull moduli m at the different sintering stages. 

i.e. higher reliability as higher densities are attained. 
In contrast, the three-parameter evaluation gives 
only a small increase in the Weibull moduli 
with increasing density, suggesting no significant 
change in reliability. The smaller 90% -confidence 
limits for the three-parameter evaluation shown in 
Fig. 13 are further suggestive of the better fit. 

It is to be noted that the different increase in the 
Weibull moduli corresponding to the different 
evaluation methods is due to a mathematical effect 
originating from the logarithmic scaling of the 
Weibull formula (compare to Fig. 11). 

For further analysis the respective defect popul- 
ation (i.e. respective pore populations) of the 
different sintering stages can be described as 
indicated in Fig. 14 in terms of an exponential law 
for the distribution of defect lengths: ~7 

(:o) g = g*" (2) 

where: 

g = n u m b e r  of defects per unit volume and 
per length increment 

g* = scaling parameter 
a = defect length 

a o = scaling parameter 
r = exponent 

and: ~v 

m 
, ' = ~ +  1 (3) 

Plotting the defect populations for the different 
sintering stages, it can be seen that the slopes shift to 
lower defect length with increasing densification 
(Fig. 15). The exponent r of the defect population 
was calculated in each case with the three-parameter 
evaluation. 

Owing to the lack of a confirmed defect model, 
Fig. 15 does not show absolute values. However, the 
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Fig. 14. Schematic defect distribution. 
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Fig. 15. Populations of defects for different sintering stages. 

parallel shift at 65-70% t.d. indicates that there is a 
proportional shrinkage of the pores. The small 
change in slope at 75-85% t.d. indicates a change in 
defect length distribution. The pores as defects 
change their shrinkage behaviour on reaching the 
later sintering stage. (In the absence of an adequate 
defect model to describe the shape of pores, the 
model of a pore with a circumferential crack has 
been used for estimating the defect distribution g(a).) 

4 Discussion 

The samples in the present study are representative of 
what are commonly considered to be the first two 
stages of the sintering process, i.e. up to the closed- 
pore stage at some 93% density. It should be 
emphasized, however, that homogeneous develop- 
ment of the microstructure can be difficult to achieve 
and that structures representative of the different 
stages are commonly found in different regions of a 
single sample. The most notable fracture in the early 
stage structure (Fig. 5) is the aggregation of small 
pores in an area just below the surface (first 60/~m). 
During the forming process the finer powder 

particles have a tendency to move with the sus- 
pending fluid. The skin formed from the alginate 
solution prevents the entry of these fine powder 
particles into the capillaries of the mould. Instead, 
these build the first layers of the developing green 
body. A depleted layer consisting of larger particles 
and agglomerates with larger, inter-agglomerate 
porosity then accumulates on the growing layers of 
the cast. Figure 5 shows the microstructure of 
specimens after removal of water and initial heating. 

The surfaces of samples in the initial stage contain 
no large pores (Fig. 3). The variation of surface 
topography with progressive sintering is due to the 
growth of pores located first directly under the 
surface. At a later stage, the matter bridging these 
pores collapses and the pores become open surface 
features (Fig. 4). This type of pore increases in 
quantity and size throughout the intermediate stage. 
Analogous behaviour has also been found in hot 
isostatically pressed specimens.18 

The mechanical properties of these porous 
samples as recorded by Weibull statistics reflect 
mainly the porosity development and not that of 
grain size. Earlier literature studies have reported 
comparative tests on green and dense specimens; ~9 it 
has been found that, during densification, only small 
changes in the determined two-parameter Weibull 
modulus occurred. This was due to the fact that the 
defects in the green bodies persisted during sintering, 
so that they always acted as the crack-initiating 
defects. No healing effects were obtained. 

This work, in contrast, shows that, over the five 
different steps, the Weibull moduli, as determined 
with the two-parameter evaluation, increase con- 
tinuously (Fig. 13). The Weibull moduli as derived 
with the three-parameter distribution also increase, 
but not so strongly as in the two-parameter 
evaluation. This is, as noted, due to logarithmic 
scaling in Weibull plots. 

As seen in Fig. 15, different behaviours for the 
defect length distributions are obtained. The parallel 
shift in the low density stages (65%-70% t.d.) 
represents a proportional shrinkage of the defects. 
The change in the slope for the next density stages 
(75% 85% t.d.) indicates an alteration in defect 
length distribution, perhaps representative of a 
change in mean pore geometry. 

The increasing microstructural reliability is also 
supported qualitatively by examination of the crack- 
initiating defects (Fig. 9). The early stage specimens 
show critical bulk defects (Fig. 7) as well as critical 
surface defects (Fig. 8). This is best related to the 
accumulation of pores just below the surface. Later 
stage samples show only surface defects, the 
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conversion of bulk into surface defects continuing 
until the surface structure limits the stability of the 
component. Such a correlation would suggest the 
value of strength measurements on partially sintered 
samples to underline developments in the observed 
defect population and to indicate the necessary 
paths for process and component optimization. 
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