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Abstract: The microstructure of two-step sintered silicon nitride was studied. An 
investigation was undertaken concentrating on the effects of microstructure 
developed after the initial stage sintering on the grain size distribution and 
aspect ratio in P-grains during the final stage of sintering. 

Experimental results indicated that the grain size increased, grain size distribution 
became wider, and more volume of large grains was developed with increase of 
presintering temperature and time. The aspect ratio could increase or decrease with 
presintering temperature, depending on the duration of the initial stage sintering. 

1 INTRODUCTION 

Silicon nitride has attracted considerable attention 
over the past two decades owing to its excellent 
mechanical, chemical and thermal properties at 
room and elevated temperatures. 

The microstructural development in silicon nitride, 
especially the grain size distribution and aspect 
ratio developed during sintering, has had promi- 
nent effects on the R-curve behaviour,lm6 fracture 
toughness and fracture mechanisms4,5~9~*0 and other 
mechanical properties. 7,8 Significant success has 
been achieved with the so-called ‘in-situ-reinforce- 
ment’ technique. This approach would be highly 
desirable since many problems associated with the 
use of secondary toughening phases could be avoided. 

Most investigations concerned with parameters 
for the microstructural development of silicon 
nitride have emphasized the role of the characteris- 
tics of powders, i.e. the particle size distribution, 
amount and morphology of the P-particles.“~‘2 This 
study adopted a different approach. In this work, 
the development of a needle-like micro-structure 
in S&N, is studied via a two-step sintering process. 
Particular emphasis is placed on the effects of 
microstructural development after the initial stage 
of sintering toward the development of grain size 
distribution and aspect ratio of P-grains during 
the final stage of sintering. 
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2 EXPERIMENTAL PROCEDURES 

2.1 Powder mixing 

Silicon nitride powder (UBE Corp., SN-ElO) of 
size 0.2 pm was mixed with yttria (6 wt%, Moly- 
carp, Grade 5603) and alumina (2 wt%, Alcoa, 
Grade 16SG) in a polyethylene bottle with high 
purity alumina balls (@ = 10 mm) and ethanol for 
24 h. The weight ratio of charge to balls was 1 : 8. 

The slurry was ultrasonically dispersed for 3 min 
and then dried in a rotating evaporater. Dried 
powders were ground in an alumina mortar and 
pestle, passed through a lOO-mesh screen and cold 
isostatically pressed into bars at 680 MPa. 

2.2 Two-step sintering 

Samples were embedded in a powder bed consist- 
ing of 50°/ BN and 50% Si,N, (with sintering 
additives) by mass in a graphite crucible to mini- 
mize the vaporization of liquid phase and decom- 
position of silicon nitride during sintering. 

Samples were first sintered at 1550°C 1600°C and 
1650°C for 1 or 3 h at 0.1 MPa nitrogen atmosphere 
in a graphite furnace for controlling the nucleation 
and growth of the P-phase. They were subsequently 
sintered in a graphite furnace (Fuji Dempa High 
Mylti 5000) at 1900°C for 3 h at 1 MPa of nitrogen. 
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2.3 Characterization 

2.3.1 Density 
The density was measured by water displacement 
technique. The relative density was calculated 
from the theoretical density of each constituent 
and its content. 

2.3.2 Phase identljication 
An X-ray diffractometer (Rigaku D/Max-IIB) with 
a Cu target and Ni filter was used to determine the 
phase contents. Samples were scanned from 20” to 
80” with a scanning rate of 4”/min, and from 30” 
to 40” with a scanning rate of O.S”/min, respec- 
tively. The technique derived by Gazzara13 was 
used for determining the phase contents in S&N,. 

2.3.3 Microstructural analysis 
Samples were polished to 1 pm, chemically etched 
in NaOH melt at 350°C for l-1.5 min and 
coated with Au for STEM (Scanning Transmis- 
sion Electron Microscope, Hatichi H-700H) analy- 
sis. Grain size and aspect ratio were measured by 
image analyzer associated with OPTIMAS (soft- 
ware name, Bioscan Inc., Edmonds, Washington 
USA), and calculated following the statistical 
derivation by Woetting et all4 The ‘true’ aspect 
ratio was obtained from the frequency distribution 
of the aspect ratios for approximately 2500 grains 
which were visible in a microsection, subsequently 
selecting the value as ag5. In other words, 5% of all 
visible grains exhibited a higher aspect ratio and 
95% demonstrated a lower aspect ratio than the 
‘true’ aspect ratio. 

Since it was anticipated that the small volume of 
large grains had prominent effects on the fracture 
mechanisms, e.g. crack bridging and deflection,4,15 
the sizes of the large grains were also determined. 
On each five fields of SEM photographs (1000x) of 
fractured surfaces of a specimen, 10 ‘coarse’ acicu- 
lar grains were selected. The average value of the 
largest 10 out of 50 measurements was defined as 
the average size of large grains. 

3 RESULTS AND DISCUSSION 

Table 1, 
content 
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Relative density, linear shrinkage and B-phase 
‘of Si,N4 after presintering at 1550%. 1600°C and _ 

1650°C for 1 or 3 h 

Presintering 1550 1600 1650 
temperature PC) 

Time (h) 1 3 1 3 1 3 

Relative 89.0 90.1 89.5 - 90.5 92.4 
density (%) 

Linear 18.0 19.5 19.5 - 20.3 21.4 
shrinkage (%) 

P-phase (%I 30.7 71.1 89.4 - 100.0 100.0 

Al,O,-Y,O, system, which was attributed to particle 
rearrangement, was reported to occur at 1350°C 
i.e. the eutectic formation temperature.16 The rela- 
tively higher presintering temperatures used in this 
study produced a considerable shrinkage, high 
density and phase conversion as revealed in Table 
1, A shrinkage of 21.4% and relative density of 
92.4% were obtained in samples presintered at 
1650°C for 3 h. 

Samples presintered at 1600°C for 1 h appar- 
ently had a slightly lower density than samples 
presintered at 1550°C for 3 h although more 
a-phase was converted (Table 1). This observation 
suggested that the +3 transition does not directly 
relate to the densification.17 

Prokesova reported that the ct-/3 transformation 
of Si,N, during liquid phase sintering was primarily 
controlled by the diffusion through the liquid in the 
case of YxAl,O,, additives.” This was probably 
why more (;y-/3 phase conversion was observed with 
the increase of presintering temperature and time. 

3.1.2 Microstructure 
Figure 1 shows the SEM micrographs of silicon 
nitride after being presintered at 1550°C 1600°C 
and 1650°C for 1 or 3 h. Equiaxed grains with 
narrow size distribution and porous structure were 
observed in samples presintered at relatively low 
temperatures. Rod-like grains with high aspect 
ratios were developed and the grain size distribu- 
tion became quite wide, however, with presinter- 
ing temperature and time. 

3. I Initial-stage sintering 
3.2 Final-stage sintering 

3. I. 1 Shrinkage, density and phases 
Table 1 summarizes the linear shrinkage, relative 
density and P-phase content of S&N, after being 
presintered at 155O”C, 1600°C and 1650°C for 
1 or 3 .h. These experimental results indicated that 
the linear shrinkage, density and P-phase content 
increased with presintering temperature and time. 

The shrinkage in the initial stage in a SiO,- 

3.2. I Density, shrinkage and phase content 
The presintered samples were subsequently sin- 
tered at 1900°C for 3 h. The measured density, 
linear shrinkage and P-phase content are summa- 
rized in Table 2. These results indicated that both 
the density and shrinkage of two-step sintered sam- 
ples increased with the presintering temperature 
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Fig. 1. SEM micrographs of silicon nitride after being presin- 
tered at (a) 1550°C. 1 h, (b) 16OO”C, 1 h, (c) 165O”C, 1 h, (d) 

155O”C, 3 h and (e) 1650°C 3 h. 

and time, and were always higher than those of 
one-step sintered samples. 

The lower viscosity of the glass phase produced 
by heat treatment above the glass transition tem- 
perature 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 for increased rearrangement as previously 
reported.18 The lower viscosity which appeared at 
higher presintering temperatures used in this study 
could therefore improve the uniformity of pore 

Table 2. Relative density, linear shrinkage and P-phase 
content of S&N, after sintering at 1900°C for 3 h. Some 
samples were presintered at 155O”C, 1600°C and 1650°C 

for 1 or 3 h 

Presintering None 1550 1600 1650 
temperature (one-step 
(“C) sintering) 

Presintering 0 13 13 13 
time (h) 

Relative 96.8 97.2 97.6 97.8 - 98.4 98.6 
density (%I 

Linear 19.9 20.4 20.8 20.5 - 22 22.6 
shrinkage (%) 

p-phase (%) 100 100 100 100 - 100 100 
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size distribution which persists through the densifi- 
cation process in the final-stage sintering, thereby 
resulting in higher shrinkage and density.“*20 

The full conversion of (Y into P-phase was noticed 
after being sintered at 1900°C for 3 h (Table 2). 

3.2.2 Grain size 

The frequency distributions of grain size of two- 
step sintered S&N, with presintering times of 
1 and 3 h were separately measured and compared 
with that of one-step sintered samples (Fig. 2a, b). 
These figures revealed that the grain size at maxi- 
mum frequency had a tendency to increase; in addi- 
tion, larger grains were observed as the presintering 
temperature and time were increased. Furthermore, 
the two-step sintered S&N, consistently had a larger 
grain size at maximum frequency and more volume 
of large grains than one-step sintered S&N,. 

Since the grain size distributions in Fig. 2 were 
not symmetrical, the average grain size was fur- 
ther determined by taking the mean size at half of 
maximum frequency and is illustrated in Fig. 3. 
This figure clearly indicated a trend of grain size 
increase with presintering temperature and time. 

The size distributions of the grains (Fig. 2a, b) 
were further normalized by the average grain 
size and expressed as shown in Fig. 4a, b. These 
figures revealed that the distribution of grain sizes 
became wider with presintering temperature and time. 

One-step sintering 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 I.6 

Grain size (pm) 

-(b) 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Grain size (pm) 

Fig. 2. Grain size distribution of silicon nitride sintered at 
1900°C for 3 h. Samples presintered at 155O”C, 1600°C and 

1650°C for 1 h (a) or 3 h (b). 
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Fig. 3. Average grain size of silicon nitride sintered at 1900°C 
for 3 h. Samples presintered at 155O”C, 1600°C and 1650°C. 
Point A indicates the grain size of one-step sintered samples. 

Parameters controlling the size and aspect ratio 
of elongated Si,N, grains were earlier discussed. 
Those factors for controlling the microstructural 
development of S&N, include sintering additives,21-24 
sintering conditions,25 and the amount and size distri- 
bution of @S&N, particles in the starting powder.12,26 

It was previously reported that P-particles could 
act as nuclei if they have a size greater than the 
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Fig. 4. Normalized grain size distribution of silicon nitride 
sintered at 1900°C for 3 h. Some samples presintered at 1550°C 

1600°C and 1650°C for 1 h (a) or 3 h (b). 
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mean size of the P-grains resulting from the o--p 
conversion at the beginning of the solution-pre- 
cipitation stage. Otherwise, they become dissolved 
in the liquid phase due to the energy potential 
difference between small and large-sized grains.” 
Dressleti7 and Beche? also proposed that the number 
of large grains in sintered S&N, depends on the initial 
P-particle size distribution of the starting powder. 

The relatively larger grain size and wider grain 
size distribution in two-step sintered S&N, possi- 
bly resulted from the relatively larger grains, and 
broader distribution of grain sizes developed after 
the initial stage sintering (Fig. 1). The inhomoge- 
neous microstructure developed after presintering 
probably became more pronounced through the 
mechanisms of solution-diffusion-precipitation and 
pore coalescence during the final stage of sintering. 

3.2.3 Large grains 
The average sizes of large grains are also plotted 
in Fig. 5 as a function of presintering temperature. 
Similarly to Fig. 3, the size of large grains also 
increased with presintering temperature and time. 

Woetting” reported that only a small number 
of coarse grains with needle-like morphology 
and suitable crystallographic orientation were 
favourable for the formation of large grains. The 
growth of anisotropical grains is not directly 
related to the phase transformation but to the 
large difference in solubility between grains of 
different grain size as also reported by Mitomo.29 

The wide distribution in grain sizes, inhomoge- 
neous and distinctive microstructure developed in 
P-grains after presintering were also possibly 
responsible for the development of some extremely 
large grains during the final-stage sintering. 
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Fig. 5. Average diameter of large grains of silicon nitride sin- 
tered at 1900°C for 3 h. Some samples presintered at 155O”C, 
1600°C and 1650°C. Point A indicates the large grain size of 

one-step sintered samples. 
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3.2.4 Aspect ratio 
A typical cumulative frequency distribution of 
aspect ratio of one-step sintered S&N, and sam- 
ples presintered at 155O”C, 16OO”C, 1650°C for 1 h 
before final-stage sintering is illustrated in Fig. 6. 

The ‘true’ aspect ratio, a95, calculated from Fig. 6 
following Woetting’s derivation,14 is also plotted 
in Fig. 7 as a function of presintering temperature. 
Point A indicates one-step sintered samples. This 
figure revealed that the aspect ratio continuously 
increased, but not linearly, with presintering tem- 
perature. A maximum aspect ratio of 8 was 
obtained in samples presintered at 1650°C for 1 h. 

The observation of samples exhibiting an 
increased aspect ratio with presintering tempera- 
ture was probably related to a model proposed by 
Koessel et al. ” They reported that the energeti- 
cally more favourable surface nucleation on the 
basal plane would probably account for the higher 
growth rate in comparison to the prism plane. 

The aspect ratio of Si,N, presintered for longer 

Aspect ratio 

Fig. 6. Cumulative frequency distribution of the aspect ratio 
of silicon nitride sintered at 1900°C for 3 h. Some samples 

presintered at 1550°C 1600°C and 1650°C for 1 h. 
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Fig. 7. Aspect ratio of silicon nitride sintered at 1900°C for 
3 h. Some samples presintered at 155O”C, 1600°C and 1650°C. 
Point A indicates the aspect ratio of one-step sintered samples. 
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than 3 h before final-stage sintering was also 
calculated and plotted in Fig. 7. In contrast to 
samples presintered for only 1 h, the aspect ratio 
actually decreased with presintering temperature. 
As the presintering temperature continued increas- 
ing, it became substantially lower than that of 
samples presintered for 1 h. 

The average grain length measured in samples 
after the final-stage sintering is plotted in Fig. 8 as 
a function of presintering temperature. The grain 
lengths noticeably increased with presintering tem- 
perature despite their presintering duration. This 
was particularly interesting for samples presin- 
tered for 3 h since their aspect ratio actually 
decreased with presintering temperature. 

Petzow and HoffmanI used model experiments 
on isolated Si3N, crystals embedded in super- 
saturated Si-Al-O-N glasses to investigate the 
development of microstructure during the cr-p 
transformation and the Ostwald-ripening stage. 
The development of mean aspect ratio was found 
to exhibit a strong increase during the CV-P trans- 
formation and then remained constant or even 
reduced during the subsequent Ostwald-ripening 
stage depending on the treatment temperature. 

The observation of a decrease in aspect ratio 
with presintering temperature in samples presin- 
tered for a long duration could probably be 
ascribed to the following reasons: (1) For longer 
isothermal times, the microstructure could reach 
thermodynamic equilibrium, and a small driving 
force depending only on the differences in grain 
size” caused the slow grain growth. (2) Small 
p grains with high aspect ratio were probably 
redissolved. (3) The growth of P-needles was hin- 
dered by the surrounding grains.” 

Results obtained in Fig. 7 are also supported by 
the observations from SEM micrographs as shown 

Fig. 8. Average grain length of silicon nitride sintered at 
1900°C for 3 h. Some samples presintered at 1550°C 1600°C 
and 1650°C. Point A indicates the grain length of one-step 

sintered samples. 



Fig. 9. SEM micrographs of silicon nitride sintered at 1900°C 
for 3 h. Samples were presintered at (a) 1550°C 1 h, (b) 
1600°C 1 h, (c) 165OOC 1 h, (d) 155O’C 3 h and (e) 165O’C 3 h. 

in Fig. 9. In order to obtain grains with a high 
aspect ratio, the selection of high presintering tem- 
perature is apparently quite essential, but not for 
a long period. Long presintering time after the 
a+ conversion generally causes the formation of 
equiaxed grains and decreases the aspect ratio. 

However, no evidence suggested that the amount 
of P-phase before the final stage sintering played 
any role in the development of microstructure. 

4 CONCLUSIONS 

The following conclusions could be drawn on the 
basis of the above discussion: 

(1) The linear shrinkage, density and /?-phase 
increased, grain size distribution became wider, 
grain size increased, and a greater volume of large 
grains was developed with the increase of presin- 
tering temperature and time. However, the aspect 
ratio decreased with presintering temperature for 
samples presintered for 3 h. 

(2) The microstructure developed after the ini- 
tial-stage sintering exerted direct and quite promi- 
nent effects on the final microstructure developed 
in two-step sintered Si,N4. 
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