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Abstract

The microstructural evolution of pressureless sintered silicon nitride ceramics prepared from di�erent particle sizes of b-Si3N4 as

starting powders, has been investigated. When the specimen prepared from as-received b-powder of 0.66 mm in average size, was
sintered at 1850�C, equiaxed b-Si3N4 grains were observed. As the size of the initial b-powder went down to 0.26 mm, however, the
growth of elongated grains was enhanced, which resulted in a whisker-like microstructure similar to that made from a-starting
powder. When the sintering temperature was increased to 2000�C, the elongated grains were also developed even in the specimen

made from 0.66 mm b-powder. The observed results were discussed with relation to the two dimensional nucleation and growth
theory for faceted crystals. In addition, fracture toughness of the specimen consisting of elongated grains, which was prepared from
®ner powders, increased. # 2000 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Silicon nitride ceramics have been considered to be
one of the promising engineering ceramic materials
because of their excellent mechanical properties.1 It is
known that the high fracture toughness of Si3N4 cera-
mics is attributed to the rodlike morphology of b-Si3N4

grains.2,3 Therefore, the understanding of the grain
growth mechanism of b-Si3N4 is very important for
controlling the mechanical properties of silicon nitride
ceramics.
There are two forms of silicon nitrides: a-Si3N4 and b-

Si3N4.
4 The former is usually used as a starting powder,

because this form can give a microstructure with elon-
gated grains.5,6 In contrast, when the latter is used as a
starting powder, it is di�cult to obtain the micro-
structure with elongated grains, even though the ®nal
phase after sintering is b-Si3N4.

6,7 Therefore, it has been
supposed that the a to b transformation is associated
with the formation of elongated grains. Although there
are many reports on the microstructural evolution of sili-
con nitride ceramics, the growth mechanism of elongated

grains is not well understood, due to its complex rela-
tion between a and b phase transformation and grain
growth. It was shown that the formation of the large
elongated grains was enhanced in pressureless sintering
of ®ne a-Si3N4 powder in our previous work.8 In this
case, the in¯uence of starting powder size on the for-
mation of elongated grain was di�cult to explain due to
the a±b phase transformation during sintering.
In this work, to investigate the grain growth mechan-

ism, b-Si3N4 powder was used as a starting material to
avoid the e�ect of a±b phase transformation on the
grain growth. The microstructural evolution of sintered
materials was characterized with grain size and aspect
ratio. Subsequently, the results are discussed in terms of
two-dimensional nucleation and growth mechanism.
The fracture toughness is also discussed with the resul-
tant microstructure.

2. Experimental procedure

Commercially available b-Si3N4 powder (Shin-Etsu,
KSN-80 SP, Japan) with more than 85% of b-phase
was used as a starting powder. To obtain a ®ne powder,
as-received b-Si3N4 was classi®ed by a sedimentation

0955-2219/00/$ - see front matter # 2000 Published by Elsevier Science Ltd. All rights reserved.

PI I : S0955-2219(00 )00128-X

Journal of the European Ceramic Society 20 (2000) 2667±2671

* Corresponding author.

E-mail address: kimdj@yurim.skku.ac.kr (D.J. Kim).



technique. Fig. 1 shows the micrographs of as-received
(a) and classi®ed (b, c) powders. The size distribution
measured by a particle size analyzer (Analysette 22,
Fritsch Industries, Germany) is given in Fig. 2. The
average size of as-received and classi®ed powders were
0.66, 0.44 and 0.26 mm, respectively. As shown in Fig. 2,

the shape of each size distribution is similar, i.e. there
are no extra peaks in the range of large size.
The powders were mixed with 6 wt% Y2O3 (Grade C,

H. C. Starck, Berlin, Germany) and 2 wt% Al2O3

(AKP30, Sumitomo, Osaka, Japan) and were mixed in
isopropyl alcohol using an ultrasonic dispersion method
to avoid any change of powder size during the process,
and then dried using a rotary vapor evaporation. The
mixed powders were pressed into cylindrical pellets of
15 mm in diameter under 100 MPa. The pellets were
placed in a graphite crucible coated with BN, packed
with Si3N4 powder, and then sintered at 1850�C for 5 h
under 0.1 MPa nitrogen atmosphere and sintered at
2000�C for 5 h under 4 MPa N2. Hereafter, the speci-
mens prepared from particle sizes of 0.66, 0.44 and 0.26
mm will be referred to as B6, B4 and B2, respectively.
Sintered materials were sectioned and etched to

observe the microstructure using a scanning electron
microscope (SEM). An image analyzer (Image Pro-Plus,
Media Cybernetics, MD, USA) was used to determine
the microstructural characteristics. The shortest diag-
onal (d) and the longest diagonal (l) of each grain were
determined. The characterization of large elongated
grains was made by determining the average aspect ratio
of the largest 10 grains, ARLG. More than 1000 grains
were observed for each specimen. The fracture tough-
ness was measured by the indentation fracture (IF)
method.

3. Results and discussion

Fig. 3 shows the microstructures of B6, B4, and B2
specimen sintered at 1850�C for 5 h. As shown in Fig. 3,
the microstructure of the B6 specimen consists of

Fig. 1. The photographs of the classi®ed and as-received powders: (a)

0.66 mm,(b) 0.44 mm and (c) 0.26 mm.

Fig. 2. The particle size distributions of the classi®ed and as-received

powders.
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mainly equiaxed grains. In B4 and B2 specimens, on the
other hand, elongated grains are formed within ®ne
matrix grains. The abnormal growth of b-Si3N4 grains
was accelerated with decreased starting powder size.
The distributions of grain size and their area fraction
determined by microstructure analysis are given in Fig.
4. It can be noted from Fig. 4 that there are high extra

peaks in the range of large grain size for B2 and B4
specimen. This high area fraction suggests that a part of
the large grains is more elongated which is consistent
with the microstructure as shown in Fig. 3. The average
values of d, l, and ARLG for each specimen are given in
Table 1. The average value of d for the B6-specimen is
indeed greater than that of the B2-specimen, but the
average aspect ratio of the largest 10 grains for the B2
specimen is about two times larger than that of the B6
specimen. It is interesting to note that the di�erence in
average value of d between B6 and B2 specimen is quite
di�erent from that in specimens from a-Si3N4 powders
of the previous work,8 although the starting powder
sizes and their distributions in both experiments are
similar. For the specimens prepared from a-Si3N4 start-
ing powders in previous work, 8 the average values of d
of the specimens prepared from as-received powder
(average size : 0.67 mm) and classi®ed powder (average
size : 0.25 mm) were 0.53 and 0.46 mm, respectively.
The average values of d after sintering showed only a

small di�erence by 0.07 mm, although the starting pow-
der sizes were quite di�erent from each other. On the
other hand, in the specimens prepared from b-starting
powders, the di�erence in the average grain sizes after
sintering was great, as much as that of the starting
powders. In the case of a-Si3N4 starting powder, it is
considered that the di�erence of the grain sizes was

Table 1

Microstructural parameters of the specimens sintered at 1850�C for 5 h

d�(mm) l�(mm) ARLG

B6-specimen 0.65 1.18 4.92

B4-specimen 0.39 0.77 6.09

B2-specimen 0.23 0.51 10.05Fig. 3. The microstructures of the B6, B4, and B2 specimens sintered

at 1850�C for 5 h: (a) B6, (b) B4 and (c) B2.

Fig. 4. The grain size distributions of the B6, B4, and B2 specimens

sintered at 1850�C for 5 h.
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reduced by the grain re®nement induced from the phase
transformation during sintering. However, when b-Si3N4

was used as a starting powder, the phase transformation
did not occur and so they showed signi®cant di�erence in
average values of d after sintering. These facts suggest that
the formation of elongated grains in this work is strongly
dependent on the b-Si3N4 starting powder size.
The grain growth in b-Si3N4 matrix seems to occur

via growth of larger grains and dissolution of smaller
ones by material transport through the liquid phase.
During the grain growth, the shape of grains varies
considerably with the number of growth sites.9 Numer-
ous growth sites lead to the hindrance of the grain
growth by impingement with neighbor b-grains, result-
ing in equiaxed grains. However, if the number of
growth site is few, as frequently observed at abnormal
grain growth, the grown grains that consume the matrix
grains tend to take the shape of elongated grains.
Therefore, it seems that the formation of elongated
grains is attributed to the abnormal grain growth.
Recently, it was proposed that the growth of faceted

crystals in the liquid matrix occurred by two-dimen-
sional nucleation and growth mechanism and/or screw
dislocation mechanism.10,11 In order for a grain su�-
ciently larger than the average grain size to grow
abnormally, the average grain size should be at least
smaller than certain critical value which increases with
increasing temperature. Fig. 5 shows the relationship
between the minimum radius required for 2-D nuclea-
tion and the average radius. The growth by 2-D
nucleation will occur in the 2-D nucleation region above
the curve in Fig. 5. The value of the average radius
required for 2-D nucleation will be slightly smaller than
the critical radius. The minimum radius for 2-D
nucleation decreases rapidly with decreasing average

radius. This means that more grains will grow by 2-D
nucleation in the specimen prepared from ®ne size of the
starting powder.
In this study, the observed results can be explained

with the prediction of 2-D nucleation and growth the-
ory. The abnormal growth will occur in the grains suf-
®ciently larger than average grain size. As shown in
Figs. 1 and 2, the relative fraction of large particles in
the starting powders was nearly constant. Hence, it is
supposed that the number of growth site in each powder
is almost same. However, elongated grains were only
observed in B4 and B2 specimen, not in B6 specimen.
The starting powder size of B6 specimen is expected to
be larger than the critical size so that the abnormal
grain growth by the mechanism of 2-D nucleation and
growth would not occur. On the contrary, in B4 and B2
specimen, elongated grains, resulting from 2-D nuclea-
tion and growth, were observed because the ®ne starting
powders were used. Our results suggest that the average
size of starting powder for the formation of elongated
grains by 2-D nucleation and growth at 1850�C is
smaller than the size of commercially available powders
(>0.5 mm).
In order to investigate the temperature dependence of

critical radius required for 2-D nucleation and growth,
the B6 specimen was sintered at a high temperature of
2000�C. Fig. 6 shows the microstructure of the B6 spe-
cimen which gas pressure sintered at 2000�C for 5 h. It
is seen that the elongated grains were more developed as
compared to Fig. 2a. As the sintering temperature
increased, critical radius required for 2-D nucleation
and growth will increase.11 The average particle size of
the B6 specimen, which is out of the 2-D nucleation
region at 1850�C, moves into this region at 2000�C by
the temperature dependence of critical radius, resulting
in the microstructure with more elongated grains. This
trend is coincident with the other experimental results in
the specimens prepared from b-Si3N4 starting powder,
which were sintered at high sintering temperature.12,13

Fig. 5. Schematic dependence of the minimum grain radius required

for 2-D nucleation on the grain radius.11
Fig. 6. The microstructure of B6 specimens gas-pressure-sintered at

2000�C for 5 h.
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E�ect of starting powder size on the fracture tough-
ness is given in Fig. 7. The fracture toughness increased
with decreasing the size of starting powder. In Si3N4

materials fabricated using a-powder, it is reported that
the fracture toughness increase proportionally to the
square root of the diameter of the large grains.14

Although the grain diameter of large grains was smaller in
the B2 specimen than B4 and B6, the fracture toughness
increased up to 7.6 MPa.m1/2. Our result indicates that
fracture toughness of Si3N4 is not dependent on the grain
size. Rather, the elongated grains a�ect signi®cantly to
the improved fracture toughness.

4. Conclusions

The e�ect of initial b-Si3N4 powder size on the
microstructural evolution of Si3N4 ceramics was inves-
tigated. The microstructure of Si3N4 ceramics is
strongly dependent on the size of starting b-Si3N4 pow-
ders. The specimen prepared with commercially available
b-powder of 0.66 mm in average size showed the micro-
structure with equiaxed b-Si3N4 grains. On the other
hand, the growth of elongated grains was enhanced in
the specimen prepared with classi®ed b-powder of 0.26
mm average size. Our results suggested that the ®ne
initial powder size was required for the formation of
elongated grains by 2-D nucleation and growth
mechanism at 1850�C, which should be smaller than the
size of commercially available powders (>0.5 mm). At
2000�C, however, elongated grains could be obtained
from as-received b-powder of 0.66 mm average size due
to the temperature dependence on the critical size

required for 2-D nucleation and growth. Fracture
toughness was improved from 6.0 to 7.6 MPa.m1/2 with
decreasing the size of starting powders from 0.66 to 0.26
mm. It is considered that the formation of elongated
grains a�ected signi®cantly the fracture toughness.
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