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Abstract

The microstructure of silicon nitride with aligned silicon nitride whisker seeds was examined by electron microscopy. Silicon

nitride sintered with yttria and alumina showed a ‘‘core-rim’’ structure. A few grains of the sample sintered with yttria and alumina
had more than one core within one grain. This was explained in terms of coalescence of the grains growing from separate cores. A
boundary with small misfit was observed by TEM, also supporting the possibility of grain coalescence.

# 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Aligned whisker seeds; Coalescence; Core-rim; Silicon nitride

1. Introduction

Silicon nitride has been considered as one of the most
promising candidates for high temperature structural
applications. It shows high strength and fracture
toughness among ceramics, and its excellent properties
are closely related to the microstructure as evidenced by
previous reports.1�3 Therefore, the microstructure of
silicon nitride has been the subject of much research.4�6

It has been widely accepted that intergranular films of
about 1 nm thickness are present between two neighboring
grains in silicon nitride.2,4,7,8 Clarke analyzed the equi-
librium thickness of thin intergranular glassy phases
based on the van der Waals theory.9 He obtained the
equilibrium thickness of the order of 1 nm for the
intergranular glassy phases based on the balance
between the attractive force due to long-range van der
Waals force and a net repulsive force due to a structural
or steric interaction.
One of the recent developments in silicon nitride cera-

mics is that the microstructural orientation can be con-
trolled by using seed particles of elongated shapes.10,11

Silicon nitride with unidirectionally oriented reinforcing
grains is reported to exhibit both high strength and frac-
ture toughness at the same time.10,12 It turns out that
silicon nitride with aligned reinforcing grains has not
only excellent properties but also interesting micro-
structural features. Here, some of those microstrucutral
characteristics of silicon nitride prepared with the aligned
silicon nitride whisker seeds are reported.

2. Experimental

Details of the procedure for sample preparation are
described in a previous report.11 Briefly, tape casting
slurry was prepared as follows. For sample A, 88 wt.%
a-Si3N4 powder (E10, Ube Industries, Tokyo, Japan)
with 6 wt.% Y2O3 powder (Fine, H.C.Starck, Berlin,
Germany) and 1 wt.% Al2O3 powder (AKP30, Sumi-
tomo Chemical Co., Osaka, Japan) were mixed for 4 h
using a planetary ball mill. Silicon nitride balls of 5 mm
in diameter (SUN11, Nikkato Corp., Tokyo, Japan), a
solvent (MIBK, methyl-isobutyl ketone) and a dis-
persant (Hypermer KD1, ICI Chemical Co., Barcelona,
Spain) were used for the first stage of milling. A binder
(PVB, polyvinyl butyral, Aldrich Chemical, Milwaukee,
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WI, USA) and a plasticizer (dibutyl phthalate, Aldrich
Chemical) were added to the jar after the first stage of
milling. The milling was resumed for 3.75 h, and then, 5
wt.% b-Si3N4 whiskers (SNWB, Ube Industries) were
added to the jar for the final 0.25 h milling. For 120 g of
the ceramic ingredients, 160 cc MIBK, 3.6 g Hypermer
KD1, 360 g Si3N4 balls, 38.4 g PVB, and 25.6 cc dibutyl
phthalate were used for preparing slip. For sample M,
the same procedure as the above was adopted except the
starting powder composition. The composition of sam-
ple M is 88 wt.% a-Si3N4, 6 wt.% Y2O3, 1 wt.% MgO
(EP, Junsei Chemical Co., Tokyo, Japan), and 5 wt.%
b-Si3N4 whisker.
The slurry was poured into the reservoir of the tape

casting machine. An array of pins was placed at the exit
of the reservoir for facilitating the whisker alignment.
The basic idea for employing the array of pins is
described in the previous report.13 The tape was dried
over night in open air. After drying, the thickness of the
tape was about 120–150 mm. The tape was cut and
stacked. Lamination was carried out using a lever press
under 30 MPa at 353 K for 0.5 h. Binder removal was
performed at 823 K for 10 h. The heating rate was 1.5
K/h. Then, the sample was cold isostatically pressed
under 250 MPa after rubber tubing in vacuum.
Gas pressure sintering was carried out at 2123 K for 4 h

under 2 MPa nitrogen gas pressure. Samples were fully
dense, higher than 99% theoretical. Both the casting sur-
face and the surface normal to the casting direction were
machine polished to 1 mm diamond slurry. Plasma etching
was performed with equal volume percents of CF4 and O2
gas. The microstructure was examined using SEM after
gold coating. Length and width of the grains were mea-
sured using an image analysis software (Image-Pro 3.0,
Media Cybernetics, L.P., Silver Spring, MD, USA). The
plasma-etched sample was carbon coated for field emis-
sion gun SEM (FEG-SEM, JSM6330F, Jeol Ltd., Tokyo,
Japan) observation. The specimen was tilted 70� to pro-
vide a stereoscopic image. TEM samples were prepared
according to the standard TEM sample preparation pro-
cedure after slicing the sintered samples either normal to
the casting direction or parallel to the casting surface.

3. Results and discussion

Fig. 1(a) shows a SEM micrograph of the casting
surface of sample A after sintering. The large grains of
sample A are highly aligned and they have a core-rim
structure. The core is supposed to be the b-Si3N4 whisker
of high purity while the rim is b-sialon as shown in EDS
spectra of Fig. 1(b).14 It has been reported that b-Si3N4
with no Al2O3 is more deeply etched than the sialon
solid solution.5 Closer examination of the core-rim
structure reveals that the grain growth occurs much
faster in the length direction than in the width direction.

Lengths and widths of 31 grain-core pairs in Fig. 1 were
measured using the image analysis software. Ratios of
length and width the grains and the corresponding cores
were 4.16�1.28 and 2.72�1.45, respectively. This confirms
that the grain growth occurs preferentially in the length
direction. as schematically expressed in Fig. 2. Meanwhile,
average length and width of the longest 550 elongated
grains in Fig. 1(a) were 23.9 and 3.6 mm, respectively.
Fig. 3(a) shows that there are two cores in one grain

of sample A. Grain growth of silicon nitride occurs by a
solution-precipitation process. In other words, grains
smaller than the critical size disappear and larger ones
grow. When two grains larger than the critical size come
into contact, there is a glassy grain boundary between
those two grains as reported by many previous work-
ers.7�9 Therefore, each grain has one core on which the
grain grows. One possible explanation for the two cores
in one grain shown in Fig. 3(a) is grain coalescence.
According to German,15 grain coalescence is easiest
when the two grains in contact have similar orientation,
but this is a low probability situation. When the grains
are randomly oriented, grain coalescence is a rare
occurrence. However, the probability of grain coales-
cence is certainly increased by aligning those elongated
grains. Fig. 1 shows how well aligned are the large
elongated grains of sample A. Alignment of those elon-
gated grains results from that of the whisker seeds.
During sintering, grain growth occurs on those whisker
seeds. Two neighboring grains growing from two whis-
kers of similar orientations come into contact, and,
then, the grain boundary is replaced by a sub-boundary.
Fig. 3(b) is an FEG–SEM micrograph of sample A

that shows a stereoscopic image of the sample. It clearly
shows that the grains were etched deeper than the grain
boundary and core was etched even deeper than the
grain. Even though the glassy grain boundary was as
thin as 1 nm, its presence is well recognized from the
micrograph. A grain with two cores that is similar to the
one shown in Fig. 3(a) is shown in Fig. 3(b). Also, it is
noticed that there is no glassy intergranular boundary
between the two grains as indicated by the arrow in
Fig. 3(b). The disappearance of glassy intergranular
boundary between the two grains is explained by grain
coalescence as described above. Only a few grains
appear to have a core in Fig. 3(a) and (b). That is not
because most grains do not have a core, but because the
probability of cutting the core for observation is low,
less than 25%. Fig. 4(a) shows a TEM micrograph of
the sample cut normal to the casting direction and
Fig. 4(b) shows SAD pattern from the three grains
marked as A, H and I in Fig. 4(a). SAD pattern of the
three grains reveals that misorientation of the three
grains from [0001] direction was within 2 degrees.
Therefore, misorientation among the grains was small
enough to replace intergranular glassy phase with low
angle boundary and to allow grain coalescence. Also,
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crystalline phase at the triple point was observed as was
reported by Vetrano et al.16

In the case of sample M, there is no distinction
between the core and the rim as shown in Fig. 5. This is
due to the fact that none of the sintering additives, Y2O3
and MgO, is involved in forming the rim around the
silicon nitride whisker core. In other words, unlike
sample A, the chemical composition of the rim of sample
M is similar to that of the core, and there is no difference

between the plasma-etching rates of the core and the rim.
The sample was tilted at 45� to provide a stereoscopic
image of the microstructure that showed the grain
boundary more clearly. It is clearly recognized that the
glassy grain boundary appearing as bright linear network
disappeared at the regions marked by arrows between
the grains. It is understood in Fig. 5 that two grains with
similar orientations in sample M were also coalesced
into one grain.

Fig. 1. SEM micrograph and EDS of the casting surface of sample A after plasma-etching; (a) SEM micrograph, (b) EDS spectrum from core and

(c) EDS spectrum from rim.
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Fig. 6(a) and (b) show SEM micrographs of the cast-
ing surface of sample A. Fig. 6(a) shows that the large
elongated grain has two cores. Higher magnification
micrograph of the area between the two arrows in
Fig. 6(a) is shown in Fig. 6(b). Fig. 6(b) shows that the

area between the two cores contains pores. When the
two grains approach each other close enough, atomic
bonding across the grain boundary forms simulta-
neously at many locations as reported for the sapphire
crystals.17 The grain boundary liquid phase is squeezed
out of the bonded area that grows rapidly. Since the
bonded area grows quickly and simultaneously at many
locations, some liquid is possibly trapped. It is not clear
at this point how the entrapped liquid disappears leav-
ing a pore. Fig. 7 shows TEM micrograph of sample A
that was cut parallel to the casting direction. A large
elongated grain in Fig. 7 contains a dislocation network.
It is suspected that the dislocation network shown in
Fig. 7 is formed to compensate the mismatch between
the two grains during the coalescence.

Fig. 2. A schematic diagram of grain growing from the whisker seed.

Fig. 3. SEM micrographs of samples after plasma etching; (a) sample

A showing a grain with two cores: ‘‘C’’ represents the core and ‘‘R’’

the rim, (b) FEG-SEM micrograph of sample A.

Fig. 4. TEM micrograph (a) and SAD pattern (b) of sample A; TEM

sample was cut normal to the casting direction.
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4. Conclusion

Silicon nitride with highly aligned silicon nitride whisker
seeds showed a unique microstructure. Some of the grains
have more than one core. Morphology of those grains
indicates that coalescence of grains growing from separate
cores occurred. TEM analyses reveal that misorientation
between the grains was small enough to replace the
glassy grain boundary with low angle boundary.
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