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The influence of CaO-doping on the 
fracture toughness of hot-pressecl AI203 

Only very few investigations on the fracture tough- 
ness of  hot-pressed alumina have been reported 
[1, 2]. The influence of  impurities was not  investi- 
gated in these experiments.  CaO is a typical  
impuri ty  frequently found in Al~O3. In order to 
obtain more information on this system A1203 
powders with different CaO-doped levels were 
hot-pressed. No MgO was added since this dope is 
not  necessary for hot-pressing. The resulting speci- 
mens were annealed for various times in order to 
vary the grain size. The results are discussed and 
compared with li terature data [ 1 - 4 ] .  

For  the experiments a commercial alumina 
powder,  containing no more than 3 0 0 p p m  im- 
purities was used. The powder  was mixed with 
calcium acetate in ethanol and the mixture was 
intensively stirred at a temperature of  about 80 ~ C. 
Stirring continued until  a reasonably dry powder 
resulted. The product  was dried for 24 h at 120 ~ C. 
In order to obtain a CaO-dope from the acetate 
addition, the powder was prefired at 600~ for 

4 h  in oxygen and afterwards sieved. Continuous 
hot-pressing [ 5 - 7 ]  was carried out  at 1400 ~ 
120MPa with a feeding rate of  1.25 c m h  -1. These 
being the opt imum hot-pressing conditions as 
described by  Peelen [8]. This procedure was 
carried out for dope levels of  0 to 2 5 0 p p m  CaO 
in steps of  50 ppm. The resulting relative densities 
were all greater than 98.5%. 

From the resulting bars, fracture toughness 
specimens o f  1 m m x  3 m m x  15 mm were sawn, 
in such a way that the fracture planes were perpen- 
dicular to the pressing direction. Due to diameter 
limitations no specimens could be prepared with 
the fracture planes parallel to the pressing direc- 
tion. Specimens were  annealed at 1550~ the 
opt imum annealing temperature in the work by 
Simpson and Merreth [1], for 3, 5 and 8 h  in 
10 -s torr  vacuum.* The microstructure of  each 
type of  material (characterized by the combi- 
nation dope level-anneal ing time) was revealed 
after polishing by  thermal etching at 1450~ at 
a pressure of  10 -s torr for 4 h  [9]. Some typical  
microstructures are given in Figs 1 and 2. 

Area distributions o f  the grains in the scanning 

*Astro 1100 V. 
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Figure 1 Microstructure of the "as hot-pressed" alumina 
containing 250 ppm CaO. 

electron micrographs were determined with a 
digital planimeter.t From these data the volume 
grain size distributions were calculated using the 
Saltikow-Johnson [10] transformation and fitted 
to a log-normal distribution. The resulting mean 
grain sizes (DA) are shown in Fig. 3. 

In each fracture toughness specimen a notch of 
width ~ 100/lm and depth ~ 500/~m was made. 
The notched specimens were precracked by a 
Vickers hardness indentor (1 N load) just below 
the notch root on both sides of the specimens. The 
fracture toughness was measured in a three-point 
bending set-up using a test machine~ crosshead 
speed of 4.3/am sec -1. In order to prevent slow 
crack growth all experiments were done in a dry 
N2 gas atmosphere. The value of the compliance 

Figure 2 Microstructure of  hot-pressed alumina after 
annealing for 8 h at 1550 ~ C containing no CaO-dope. 

?Kontron-MOP-AM-03. 
STinius Olsen Electomatic. 
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Figure 3 Mean grain size D A of  the various aluminas. 
HP denotes "as hot-pressed", while 3A, 5A and 8A 
denote 3, 5 and 8 h annealing at 1550 ~ C respectively. 

factor in the calculation of the fracture toughness 
from the geometric data and the fracture load was 
taken from the work by Brown and Srawley [ 11 ]. 
The resulting fracture toughness (K:c) values are 
shown graphically in Fig. 4. For each type of 
material at least 7 specimens were used. The stan- 
dard deviation in Kic for each material was 8% 
on average. 

The fracture surfaces were examined with a 
scanning electron microscope (SEM). Prior to SEM 
examination, the fracture surfaces were shadowed 
with gold to eliminate charging effects. Some 
typical fracture surfaces are given in Figs 5 and 6. 

The grain size is an important parameter in 
fracture mechanics studies of materials. Upon hot- 
pressing the different powders a fairly constant 
grain size is obtained (Fig. 3). The shape of the 
grains is rather elongated (Figs 1 and 2). 

After annealing for 3h at 1550~ the grain 
size still remains fairly constant. However, after 
the longer annealing times the grain growth is 
quite different for materials with different CaO 
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Figure 4 Fracture toughness KIC of the various aluminas. 
HP denotes "as hot-pressed", while 3A, 5A and 8A 
denote 3, 5 and 8 h annealing at 1550 ~ C respectively. 

levels (Fig. 3). After 8 h annealing the grain size 
is difficult to quantify because a bimodal distri- 
bution seems to occur. The quoted numbers are 
therefore rather unreliable. 

The fracture toughness values KIc  of the 
specimens labelled "as hot-pressed" are high, 
averaging about 6.1 MPa m 1/2 (Fig. 4). This high 
value may be due to compressive stresses resulting 
from the continuous hot-pressing technique, but 
the situation is not clear at all. After annealing, the 
Kic  value drops to a fairly constant average of 
4.0MPam 1/z (Fig. 4), which is independent of 
grain size and CaO content. 

Figure 5 Fracture surface of the "as hot-pressed" alumina 
containing 250 ppm CaO. 

Figure 6 Fracture surface of hot-pressed alumina after 
annealing for 8 h at 1550 ~ C containing no CaO-dope. 

The SEM photographs of the fracture surfaces 
show a rather irregular picture of  intergranular and 
transgranular fracture for the "as hot-pressed" 
materials (Fig. 5) while after annealing nearly 
100% transgranular fracture occurs (Fig. 6). 

In 1974 Simpson and Merreth [1] carried out 
some fracture toughness measurements on hot- 
pressed alumina, also not containing any MgO- 
dopant. The grain size was between 1.5 and 15/am, 
depending on annealing time and temperature. For 
Kic a value of 3.5 to 4.5 MPam 1/2 was reported. 
The fracture mode was mainly intergranular, 
however. The direction of the fracture plane with 
respect to the pressing direction was not stated 
although "uniaxial" die-pressing was used. 

Bansal [2] has also reported work on the frac- 
ture toughness of hot-pressed alumina. However, 
his material contained 0.2wt% "grain growth 
inhibitor" (MgO?). The grain size was approxi- 
mately 2/am. Although double torsion and notched 
bend tests were carried out, Bansal presented his 
data in the form of fracture energy 7. For a 
fracture plane parallel to the pressing direction 
he reports 7 = 4 2 . 2 J m  -2. Taking Young's 
modulus to be E =  413GPa [2] yields a value 
of 5.9MPam x/2 for the fracture toughness Kin. 
The fracture was mainly intergranular and no 
annealing was carried out. On the other hand for 
fracture planes perpendicular to the pressing 
direction he reports a mainly transgranular frac- 
ture with a 7 of 21.2 J m  -2. This corresponds to a 
value of 4.2MPam 1/2 for Kin. Thus, our results 
for transgranular fracture agree nicely with those 
of Bansal. 
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The value for Kic  is nearly independent of the 
grain size. This is also the case for sintered A1203 
with MgO-doping, see for instance [12-14].  

The fracture toughness is also independent on 
the CaO content. Ca, however, is a well-known 
segregant on grain boundaries in ceramic materials 
[3,4, 15]. Jupp etal. [3] measured a drop in 
fracture toughness for intergranular fracture in 
commercial opaque alumina with increasing Ca 
content in the grain boundaries (as measured by 
Auger spectroscopy). In the case of transgranular 
fracture, as we have observed, one would expect 
no (if only a small) influence of the CaO-dope 
on K i t .  This is confirmed by our experiments. 
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Strengthening of an austenitic stainless 
steel alloy by cryoforming 

Cryoforming involves strengthening by trans- 
formation during plastic deformation at cryogenic 

:temperatures. Since the process involves defor- 
mation at temperatures below ambient tem- 
peratures, it is most usefully applied to materials 
with Ms and Md temperatures below room tem- 
perature. Ms is the temperature at which spon- 
taneous allotropic transformation would occur 
and Md is the highest temperature at which 
allotropic transformation can be induced by 
plastic deformation. 

Several investigators [1-6]  have studied the 
improvement of the mechanical properties 
produced in various materials by cryoforming. 
Prominent among the materials known to be 
favourably affected by cryoforming are the 
austenitic stainless steels. Deformation at cryogenic 
temperatures induces martensitic transformation 
in these materials, leading to improved strength. 
Foster Wheeler Corporation [7] and Arde Inc. 
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[8] have successfully applied the process to the 
manufacture of stainless steel pressure vessels. 
A large proportion of previous investigations into 
the effects of cryoforming have involved evaluation 
of room-temperature properties. Since these 
materials also find application at cryogenic tem- 
peratures, in this study, the effects of cryoforming 
on the cryogenic mechanical properties of an 
austentic stainless steel alloy were investigated by 
testing the cryoformed material at a temperature 
o f -  196 ~ C. 

Qualitative and quantitative correlations have 
been attempted between the extent of martensitic 
transformation and the cryogenic yield strength 
of the cryoformed material and a mechanism of 
strengthening has been proposed. A low alloy 
austentic stainless steel was selected for this study 
since alloys of this grade have been observed to 
be most favourably affected by cryoforming. The 
composition and tensile properties of the alloy 
are shown in Tables I and II, respectively. Magnetic 
measurements, X-ray diffraction techniques and 
optical metallography were used to ascertain that 
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