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The effect of a number of compaction parameters on the pore size distribution in silicon nitride 
powder compacts has been investigated by mercury porosimetry. The powder was compacted 
in a uniaxial die and the parameters of interest included uniaxial load, loading rate, polymer 
additives and stress relaxation. The use of a low-viscosity polymer solution as a lubricant, the 
allowance of stress relaxation following loading and heat treatment above the glass transition 
temperature of the polymer lead to a more uniform pore size distribution in the green samples. 
The more uniform green samples, in turn, showed a more uniform pore size distribution after 
initial stage sintering. The potential of the present techniques for improving the microstructural 
uniformity in ceramic bodies is discussed. 

1. In troduct ion  
When ceramic powders are formed into green bodies, 
heterogeneities may be produced as a result of poor 
powder characteristics or non-uniform compaction. 
Large pores and agglomerates are among the most 
difficult heterogeneities to deal with because they may 
remain or produce other defects during the sintering 
process and these may then act as sources of failure in 
the final body. Considerable attention is therefore 
being paid to processing techniques that are capable of 
producing a more uniform green microstructure [1]. 

While colloidal processing and sol-gel techniques 
have been the subject of considerable research recently, 
the formation of green bodies by powder compaction 
in a uniaxially loaded die is one of the oldest and still 
one of the most widely used operations in the ceramics 
industry. As a result, it has been the subject of exten- 
sive study [2-12]. In die compaction, the packing den- 
sity of the green body is controlled by a number of 
parameters, including the powder characteristics, 
intra-particle friction, the applied stress and the 
constraining forces that the die wall imposes. The uni- 
formity of the compact depends on the stress distri- 
bution within the system. It is common practice to 
prepare the green body with a combination of additives, 
usually called binders or lubricants, that influence the 
stress transmission and rearrangement processes 
during compaction. Several authors have reported the 
effects of binder properties on green compact forma- 
tion during dry compaction [13-16]. Use of the binder 
poly(vinyl alcohol) (PVA) with different degrees of 
absorbed moisture which acts as a plasticizer, or 

binders with a low glass transition temperature resulted 
in softer granules for alumina powder. The improved 
deformability of the compact lead to more reproducible 
pressing. 

Because stresses can be relaxed by viscoelastic 
deformation, materials with lower viscosity might be 
expected to relax stresses within the green compact 
faster. This might be expected to lead to a more uni- 
form distribution of stress and hence to a more uni- 
form green microstructure. The intent of this work was 
to investigate whether viscous flow during uniaxial die 
compaction can lead to improved uniformity of the 
green compact microstructure. Silicon nitride powder 
was mixed with a lubricant consisting of a low-viscosity 
polymer solution and the mixture was pressed in a die; 
the excess lubricant was drained during the pressing. 
The parameters that were varied included the viscosity 
of the compact, the load, the loading rate, and stress 
relaxation at maximum load. 

2. Experimental procedure 
A powder system consisting of a mixture of silicon 
nitride (90 wt %) and yttrium oxide (10 wt %) was used 
in the present study. The silicon nitride powder (SN502, 
GTE, Waltham, Massachusetts, USA), with an average 
surface area of 4 m 2 g 1, was made up of an amorphous 
phase (40%) and a crystalline phase (60%); the crystal- 
line phase consisted of 91.4% ~-Si3N 4 and 8.6% /?- 
Si3N 4. The yttrium oxide (Alpha Chemicals, Danvers, 
Massachusetts, USA) had an average grain size of 
0.5 #m. The powder mixture was prepared by initially 
mixing the dry powders in a twin-shaft blender for 
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24 h, then stirring in ethanol followed by drying in a 
vacuum oven at 30 ~ C. 

The mixture was treated with additives to give three 
different types of powders for the compaction and sin- 
tering studies. The first type of powder (referred to as 
sample A) was ground lightly in a mortar and pestle 
and compacted dry and without additives. The second 
type (sample B) was coated with 10 vol % of an organic 
binder (carbowax) by mixing the powder in a solution 
of carbowax and chloroform after which the mixture 
was dried and ground lightly. Finally, the third type of 
powder (sample C) was prepared as a slurry by mixing 
in a highly viscous solution of a polymer (polystyrene) 
in chloroform. The concentration of the polymer solu- 
tion ranged from 0.05 to 0.4gcm -3. 

The powders were compacted at room temperature 
in a uniaxial die (~ 12 mm diameter) using an Instron 
testing machine. Two different types of compaction 
experiments were performed. In one type, the powders 
were pressed at a constant strain rate and the load was 
removed when the maximum load was reached. In the 
other type of experiments, the shrinkage strain of the 
sample was held constant after the same maximum load 
was reached and the stress was allowed to relax. In both 
types of experiments, the maximum shrinkage was the 
same in order to produce samples with the same green 
density. 

For investigations into the effect of pore size dis- 
tribution on early stage sintering of these materials, 
compacts prepared from powders A and C were 
pressed to the same density (1.35 g cm 3) and sintered 
for 1 to 10min at 1750~ The compacts were packed 
in powder beds of the same composition and sin- 
tering was performed in nitrogen at atmospheric 
pressure. 

A continuous-scan mercury porosimeter (Autoscan 
60, Quantachrome Corp., USA) was used to measure 
the pore size distribution of the green and the sintered 
powder compacts. The density of the samples was 
determined from their mass and dimensions and 
verified by the cumulative pore volume data obtained 
from mercury porosimetry. The microstructure of 
selected samples was monitored by scanning electron 
microscopy. 
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Figure 2 Variation of pore size distribution function with pore 
radius for powder A compacted ( ) with and ( - - )  without 
stress relaxation. 

3. R esu l t s  and d i s c u s s i o n  
Figure 1 shows the pore size distribution, defined as 
the volume per unit radius of pores, as a function of 
pore radius for the three types of powders, A (dry 
powder without binder), B (dry powder with carbo- 
wax as binder), C (slurry with polymer lubricant). The 
samples were obtained by pressing the powders at the 
same loading rate (1 mmmin -~) to the same density 
(i.e. same sample length) after which the load was 
quickly removed. Sample C had a slightly smaller 
average pore size and a slightly more uniform pore 
size distribution compared to A. The volume of large 
pores in sample C is also smaller compared to A. The 
data for B generally lies between those for A and C; 
therefore, for the remainder of this paper the data for 
A and C will be considered in detail and those for B 
will only be referred to where appropriate. 

The effect of stress relaxation on the pore size distri- 
bution for powders A and C after compaction to the 
same density is shown in Figs 2 and 3, respectively. 
Stress relaxation is seen to produce smaller, more 
uniform pores and a preferential elimination of larger 
pores for powder A. For powder C, the peaks of the 
curves are almost identical but the important feature 
is the significant reduction in the volume of the large 
pores. A comparison of the pore size distribution for 
powders A and C after compaction and stress relaxa- 
tion is shown in Fig 4. The data show that sample C 
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Figure ] Variation of pore size distribution function with pore 
radius for samples of the same green density that were compacted 
from powders A, B and C. A, dry powder; B, dry powder with 
carbowax binder; and C, powder mixed with viscous polymer 
lubricant. 
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Figure 3 Variation of pore size distribution function with pore 
radius for powder C compacted ( ) with and ( - - - )  without 
stress relaxation. 

1 687 



4 4 

, Powder C 

z/z Powder. A 

0 J - _ 1 _ _ _  

0 0.2 O.Z, 0.6 O.g 
Pore Radius (i_tm) 

Figure 4 Variation of pore size distribution function with pore 
radius for powders A and C compacted with stress relaxation. 

has a narrower pore distribution as well as a smaller 
volume of large pores. 

For sample C that contained a polymer lubricant, 
the effect of the viscosity of the compact on the pore 
size distribution was investigated by compacting the 
powder below and above the glass transition tempera- 
ture of the polymer (polystyrene, ~ ~ 130 ~ C). Above 
the glass transition temperature, the viscosity of the 
polymer is expected to decrease by a few orders of 
magnitude which leads to a reduction in the compact 
viscosity [17]. Figure 5 shows the data for samples of 
powder C compacted below and above the glass tran- 
sition temperature of polystyrene. The sample com- 
pacted above the glass transition contains a lower 
volume of large pores. 

Higher compaction load leads to a decrease in the 
average pore size and narrower pore size distribution 
of the small pores but does not cause any significant 
reduction in the volume of the large pores for powder 
A compacted in the dry state (Fig 6). The data indicate 
that higher load did not cause any appreciable break- 
down of the agglomerates in the dry-pressed powder. 
Slower compaction rate also leads to a reduction in 
the average pore size of the small pores (Fig. 7) with- 
out causing any significant reduction in the volume of 
large pores. 

It would be interesting to examine whether the 
improved green microstructure produced in the 
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Figure 6 Variation of pore size distribution function with pore 
radius for powder A compacted at ( ) 200 MPa, (-- --) 120 MPa, 
( - - )  80Mpa. 

samples containing the polymer binder leads, in 
turn to improvements in the sintered microstructure. 
Figure 8 shows the pore size distribution for powders 
A and C that were compacted to the same density and 
sintered to 1750~ for 10min. It is seen that the 
improved microstructure of sample C is retained even 
after sintering. The samples show pronounced ~//~ 
phase transformation but little densification; for the 
sintering conditions used, the /~-phase content was 

92%. 
The data outlined earlier showed that both the use 

of a polymer lubricant and stress relaxation following 
compaction lead to improvements in the homogeneity 
of the green compact microstructure. The polymer 
lubricant is believed to lead to improvement in the 
powder flowability, decrease in powder friction and 
increase in agglomerate breakdown. The effect of vis- 
cosity appears to support this conclusion. The lower 
sample viscosity produced by heat treatment above the 
glass transition temperature (Fig. 5) leads to an increase 
in the volume of pores near the mean pore radius and 
a reduction in the volume of large pores through 
increased flow which allows increased rearrangement. 

For compaction with stress relaxation where the 
load is allowed to relax viscoelastically, the more 
uniform pore size distribution may be attributed to the 
attainment of a more uniform stress distribution within 
the die. Instead of immediate stress release after load- 
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Figure 5 Variation of pore size distribution function with pore 
radius for powder C compacted at ( - - - )  room temperature and 
( ) above the glass transition temperature of the polymer 
lubricant. 
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Figure 7 Variation of pore size distribution function with pore 
radius for powder C compacted at ( ) 0 .1cmmin -~, ( - - - )  
0.5 cm min ~. 
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Figure 8 Variation of pore size distribution function with pore size 
for powders A and C compacted to the same green density and 
sintered for 10min at 1750~ 

ing, the sample is kept under a constant compressive 
strain thereby allowing the stress to relax through 
rearrangement of the grains. This leads to an increase 
in the volume of pores with a radius centred near the 
average, and more significantly, to a marked decrease 
in the volume of large pores (Figs 2 and 3). The small 
pores are expected to exist between the primary par- 
ticles while the large pores exist between the agglom- 
erates [18]. The reduction in the volume of large pores 
might be due to isostatic breakdown of the agglom- 
erates. The effect would be expected to be more 
pronounced in the powder containing the polymer 
lubricant in which stress transmittance is more effec- 
tive (Fig. 4). 

In the early stage sintering experiments, the pro- 
nounced ~/fi phase transformation accompanied by 
negligible densification of the silicon nitride lead to 
coarsening of the microstructure and an increase in 
the average pore size distribution. However, as seen 
from Fig. 6, after the sintering stage the pore size 
distribution of sample C (compared with a polymer 
lubricant) is still more uniform than sample A (com- 
pacted in the dry state). Later stage sintering cannot 
be well characterized by mercury porosimetry but it is 
reasonable to expect that the improved uniformity of 
sample C would persist throughout the densification 
process. 

4. Conclusions 
The present work shows that the microstructural 
homogeneity of the green body may be increased sub- 
stantially through improvement in the compaction 
procedure during uniaxial pressing in a die. 

The use of a viscous polymer lubricant and stress 
relaxation following compaction are most effective for 
improving the green body homogeneity. For the pow- 
ders compacted with the polymer lubricant, heating 
above the glass transition temperature of the polymer 
can also lead to similar advantages. 

The microstructural modification produced by the 
polymer lubricant, stress relaxation and heat treat- 
ment above the glass-transition temperature is consis- 
tent with a mechanism that involves more uniform 
stress distribution in the compact in addition to 
increased rearrangement processes. 

Enhanced homogeneity of the green body was 
reflected in increased homogeneity of the sintered 
body in the early stages of densification. 
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