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Effect of processing conditions on the characteristics of residual pores was studied with an 
optical microscope in hot isostatically pressed translucent alumina ceramics. Green bodies 
formed by isostatic pressing were sintered at 1300, 1400 and 1600~ and then hot 
isostatically pressed at a temperature 50 ~ below the respective sintering temperature for 1 h 
at 100 MPa. All specimens were fully dense within experimental accuracy (___ 0.1%), and the 
grain size increased with increasing sintering/hot isostatic pressing temperatures. A variety of 
pores were found in all specimens. The distribution of pores was uniform at various locations 
within the specimen. The pore population decreased with increasing pore size, but was finite 
in the size range exceeding 84 pm. The pores in this range increased with increasing 
sintering/hot isostatic pressing temperature. Except for these large pores, the pore population 
was similar under all processing conditions. 

1. In troduct ion  
In the processing of ceramics, the control of, residual 
pores has been one of the major objectives. Significant 
improvement of properties such as fracture strength, 
electrical breakdown, and transmittance of light, etc. 
[1-3], is expected to result from the reduction in the 
size and concentration of pores. In many of the ex- 
cellent previous studies of processing, however, pro- 
cessing conditions are related to the average charac- 
teristic of pores, such as porosity (relative density) 
[4 7] or average pore size [8]. Our knowledge of 
pore-size distribution and the effect of processing on 
pore characteristics is very limited. 

Hot isostatically pressed alumina provides an 
opportunity to examine the effect of processing condi- 
tions on the pore characteristics in ceramics. Its trans- 
lucency allows the application of optical microscopy 
to examine residual pores in the transmission mode. 
This analytical tool is capable of evaluating all pores 
with the size range from over 100/am down to near 
sub-micrometre over the entire volume of a specimen 
of reasonable size, i.e. approximately 50 mm 3. This 
capability is superior to other sophisticated non-de- 
structive techniques I-9-15] for the present 
objectives. One possible shortcoming of the optical 
microscopy is that it provides only silhouettes of 
features present in the specimen, leaving the addi- 
tional task of identification of these features. However, 

this causes no difficulty in the present study. The 
majority of features found in this study will be shown 
to be pores, because they can be removed almost 
entirely by hot isostatic pressing at higher temperature 
[-163. 

The objective of this research was to clarify the 
characteristics of pores with the size range from over 
100 ~tm down to 0.5/am in a typical high-performance 
ceramic, and relate them to the processing conditions. 
The basic characteristics of isostatically pressed high- 
density alumina ceramics are well understood 
[17-20]. 

2. Experimental procedure 
Active alumina powder granules (TM-DS, Taimei 
Kagaku Kogyo, Minamiminowa, Kamiinagun, 
Nagano, Japan) were used as the starting material. 
The granules were moulded into bars (15 mm x 15 mm 
x80mm) at 20 MPa and isostatically pressed at 
300 MPa. After heating at 600~ for 2 h in air to 
remove the binder, the specimens were sintered at 
1300, 1400 or 1600 ~ for 1 h in air to eliminate open 
pores. A commercial apparatus (QIH-9, NKK-ASEA, 
Tokyo, Japan) was used for hot isostatically pressing 
the sintered specimens at a temperature 50 ~ below 
the respective sintering temperatures (heating rate 
10~ -1) at 100MPa for 1 h. A thin slab 
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(~0.5 mm) was cut from each specimen normal to the 
longitudinal direction, and both surfaces were poli- 
shed with successively finer diamond pastes. After 
finishing with 1/4 tam diamond powder, the trans- 
lucent specimen had an approximate size of 0.5 mm 
• 10 m m x  I0 mm. An optical microscope (Optiphot, 

Nikon, Tokyo, Japan) in transmission mode was used 
for characterizing the pores. The objective lens of the 
microscope was traversed at a fixed interval (10 tam at 
x 600, 25 tam at x 200, and 50 tam at • 100) from the 
top to bottom surfaces to focus pores located at 
various depths in specimen. Hundreds of micrographs 
were taken to cover the entire volume of the specimen. 
The size of each pore was represented by its maximum 
apparent diameter as determined from the micrograph 
using a calibrated scale. Microstructures of the speci- 
men were also examined with SEM (STM-T100, Jeol, 
Tokyo, Japan) on polished and thermally etched sur- 
faces. The average grain size was determined by the 
standard line intercept method. Bulk density was de- 
termined by Archimedes' method with distilled water 
as the immersion liquid. The internal structure of the 
green body was characterized by the new immersion 
liquid technique [21 23] with bromonaphthalene as 
the immersion liquid. The green body was ttlinned to 
0.3 mm on sand paper after the binder was removed, 
and made transparent by the immersion liquid. The 
same optical microscope as used above was applied 
for the examination of the internal structure. 

3. Results 
Visual inspection showed that the thinned specimen 
had excellent transparency except for some parts of 
the surface regions. The transparency tended to in- 
crease with decreasing sintering/hot isostatic pressing 
temperature. Isolated opaque regions less than 
0.5 mm thick were present at some edges and corners 
of all specimens. These regions were probably formed 
by the contamination, and were not subjected in the 
subsequent evaluation. Other parts of the specimen 
were homogeneous. 

Table I shows the characteristics of the specimens. 
All specimens are fully dense (100% _+ 0.1%) within 
experimental accuracy. The grain size increased with 
increasing sintering/hot isostatic pressing temper- 
ature. The minimum grain size (1.05 tam) achieved in 
this study is one of the finest of all reported alumina 
ceramics [24]. 

Fig. 1 shows the microstructures of a specimen. No 
pore was found on the polished and thermally etched 
surfaces as expected for a specimen of full density. The 
microstructure was uniform and consisted of equiaxed 
grains. There was no sign of abnormal grain growth. 

T A B L E I Characteristics of specimens 

Sintering HIP Grain Relative 
temp. (' C) temp. (~C) size (pro) density (%) 

1300 t 250 1.05 I00 
1400 1350 2.39 100 
1600 1550 5.85 100 

Figure 1 Microstructure of a specimen examined by SEM, after (a) 
sintering at ! 300 ~ and HI P at 1250 C ,  (b) sintering at t 400 ~C and 
HIP at 1350 "C, (c) sintering at 1600 C and HIP at 1550~ 

Fig. 2 shows examples of transmission optical 
microscopic observations. All micrographs show 
many small features of particle-like shape. Most of 
these features are identified as pores in a separate 
study [16]. The largest pore found in the upper half of 
Fig. 2b has an elongated shape and its size is approx- 
imately 40 tam. Some exceptional micrographs show 
much larger pores. Exceptionally large pores tended 
to have rather irregular shapes and complicated struc- 
ture. At the magnification used (x  200), an area of 
0.29 m m x  0.43 mm is examined in one field. A pore 
with size down to 12 tam can be reliably characterized 
at this magnification. The volume given by this area 
times the thickness of specimen is examined in one 
series of observations. 
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Figure 2 Optical microscopic examination of pores, after (a) 
sintering at 1300 ~ and HIP at 1250 ~ (b) sintering at 1600 ~ and 
HIP at 1550~ 

Fig. 3 shows the pore-size distributions at the cor- 
ner, edge and centre regions of the specimen which 
was sintered at 1400 ~ and hot isostatically pressed at 
1350 ~ The positions examined are shown schema- 
tically in the figure. The population of pores decreases 
approximately linearly with increasing pore size at all 
positions in this plot. The size distributions of pores 
were approximately the same for these positions, and 
can be expressed by a straight line, except for the 
smallest pore. Note that the frequency for the smallest 
pores has a large uncertainty, because they are too 
small to be evaluated accurately at the magnification 
applied ( x 200). Except for this datum point, the pore- 
size distributions were the same as the detailed pore- 
size distribution for the entire specimen shown next. 
Similar results were found also in other specimens, 
showing uniform pore distribution throughout the 
volume in all specimens. 

Fig. 4 shows the pore-size distributions determined 
by combining the observation at low magnification 
with that at high magnification. A much large[ exami- 
nation volume than that in Fig. 3 gives more detailed 
average information over the entire specimen. The 
population of these large pores tended to increase with 
increasing sintering/hot isostatic pressing temper- 
ature, but that of smaller pores is rather insensitive to 
the temperature. The maximum sizes of pores found in 
these specimens were 108, 150 and 180 ~tm, for those 
sintered at 1300, 1400 and 1600~ and hot isostati- 
cally pressed at a temperature 50~ below these 
temperatures, respectively. 

1790 

I E 
::L 

E =L 

g 
r 

e 
== 

10"9 

10"10 

I I I I t i  

| 

I I I I I I I 

Pre 1 4 0 0 ~  HiP 1350~ 

3 2 

�9 1 

�9 2 

�9 3 

il 

I I  

i t i t i l l  1 I I 
4 6 B 10 20 40  

Defect size (gin) 

� 9  

I I I i  
60 Boioo 

Figure 3 Defect-size distributions at various positions in high- 
density translucent alumina prepared by hot isostatic pressing. 
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Figure 4 Defect-size distribution in high-density translucent alum- 
ina prepared by hot isostatic pressing. ( � 9  Preheated at 1300~ 
HIP 1250 ~ (O) preheated at 1400 ~ HIP 1350 ~ (A) preheated 
at 1600~ HIP 1550~ 

Fig. 5 shows the internal structures for the surface 
and centre regions of the green body. Both regions 
contain sharp crack-like pores. Their shape suggests 
that they were voids left at the boundaries of deformed 
and partially fractured granules. The concentrations 
of these voids were similar in the surface and centre 



Figure 5 Internal structures for the surface and centre regions of a 
green body. (a) Surface region, (b) central region. 

regions of the specimen. Other features of internal 
structure were also similar for these regions. 

4. Discussion 
Large pores with a size exceeding 80 p.m are present 
even in the hot isostatically pressed high-density alu- 
mina. Pores and precipitates of second phase are the 
two major defects possible in ceramics. However, the 
majority of these defects is found to be pores as 
mentioned earlier and will be presented in a sub- 
sequent paper [16], almost all defects found in the 
specimen were successfully removed by hot isostatic 
pressing at tempertures equal to or slightly higher 
than the sintering temperature. If defects are pre- 
cipitates, they must remain after this treatment. 

The defect-size distribution is re-plotted on a loga- 
rithmic scale in Fig. 6. In this plot, data of all speci- 
mens are expressed as straight lines of approximately 
the same slope. The result of Fig. 3 is consistent to this 
plot, except the datum for the pore of the smallest size, 
for which the result in Fig. 3 contains significant 
uncertainty. 

The likely source of large pores found in this study 
is the crack-like voids in the green bodY shown in 
Fig. 5. These voids were also commonly found in our 
previous study under all forming conditions [21-23]. 
Even the isostatic pressing at 600 MPa could not 
remove these pore completely. 
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Figure 6 Replot of the defect-size distribution of Fig. 6 on a logar- 
ithmic scale. (1) ( I )  Preheated at 1300~ HIP 1250~ (2) (0) 
Preheated at 1400~ HIP 1350~ (3) (A) Preheated at 1600~ 
HIP 1550 ~ 

The behaviour of pores during sintering was dis- 
cussed thermodynamically [25-28]. These studies 
showed that pores larger than the critical size grew 
during the sintering period. For the pore to shrink, its 
size had to be less than the critical value which is 
comparable to the grain size of the matrix. Because the 
void size represented by its length is tens of micro- 
metres in Fig. 5, and the grain of the matrix phase was 
much smaller, as shown in Table I, no shrinkage of 
pores is expected for large pores in the present system. 
A large pore grows monotonically with grain growth 
during sintering, and the pore size left in the sintered 
specimen is expected to increase with increasing 
sintering temperature. In our recent studies 1-29, 30], 
we reported direct evidence supporting this expecta- 
tion for the initial stage of densification. 

Once they are formed, the removal of these large 
pores is known to be difficult even with hot isostatic 
pressing [5]. Clearly, a green body without these 
crack-like voids is vital for producing high-per- 
formance ceramics. This may not be easy for ceramics 
produced through the powder compaction process, 
however. We often found similar large pores [31, 32] 
in zirconia and silicon nitride green bodies prepared 
by the powder compaction process. 

The linearity of Figs 3 and 6 shows that the pore- 
size distribution follows the empirical form q(x) 

= Qx -" .  The constants obtained in the present speci- 
mens were n = 3.76 for all specimens, and Q = 2.13 
• 10 -4 , 4.07x 10 .-4 and 5.13 x 10 4 for specimens 

sintered at 1300, 1400 and 1600~ respectively. This 
form is the same as that used in the theoretical treat- 
ment of the strength-pore size distribution relation- 
ship of Gee [33]. The form is different from that 
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determined through fracture statistics analysis. The 
size distribution of pores reported by Matsuo and 
Kitakami [34] has a maximum and somewhat re- 
sembles the log-normal distribution. The discrepancy 
between these results is understandable. The former 
study reports the distribution for all pores, whereas 
the latter reports the distribution of pores which is the 
most detrimental for fracture. 

The same pore-size distribution was found for vari- 
ous positions in the specimen at least for sizes between 
12 and 66 lam. This result is consistent with the inter- 
nal structure of a green body as shown in Fig. 5. The 
same void concentration at the surface and centre 
regions of the green body suggests that its density was 
approximately constant throughout. 

This uniform density distribution in green body is, 
however, rather surprising. Abe et  al. [35] reported 
the presence of significantly non-uniform density dis- 
tribution in an isostatically pressed ceramic green 
body. The density was highest at the surface and 
decreased inwards into the specimen. Because high 
density is favourable for densification in normal 
sintering [36], the non-uniformity in the green body 
may create heterogeneity in our sintered body and is 
preserved even after hot isostatic pressing. Without 
further information, we cannot identify the cause of 
the uniform pore distribution in the present specimen. 
Our tentative opinion is that the excellent granule 
characteristics are responsible for achievement of 
homogeneous pore distribution in both the green and 
final bodies. 
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