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Abstract

The influence of SiC fine particle dispersion on phase transformation, microstructure and mechanical properties of Si3N4 cera-

mics has been investigated. While the SiC dispersion simply decreased the densification, it caused complex effects on the phase
transformation behavior; the transformation was enhanced at low temperatures but suppressed at high temperatures. Since the
phase transformation is a nucleation-grain growth process of b-Si3N4, SiC particles plausibly enhance formation of a great number

of b-Si3N4 nuclei due to the high Si3N4–SiC interfacial energy, but inhibit their further phase transformation and grain growth. The
mean size and the aspect ratio of the obtained b-Si3N4 grains decreased as a result of the SiC dispersion, thus bringing about
increased flexural strength and decreased fracture toughness. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It has been reported that homogeneous dispersion of
SiC fine particles into Si3N4 grains or grain boundaries
can substantially improve the mechanical properties.1�3

For an example, Niihara has reported that a strength
above 1.5 GPa was realized for an Si3N4/25 vol.% SiC
nanocomposite using amorphous Si–C–N powders, and
that the high strength was maintained up to 1400�C.1

The mechanical performance of the Si3N4/SiC compo-
sites has been largely affected by microstructural factors
including the Si3N4 grain sizes and their aspect ratios,3

and, therefore, many efforts 4�7 have been devoted to the
microstructure of Si3N4/SiC composites during sinter-
ing. Many of these studies were focused on the influence
of SiC particles on the rod-like b-Si3N4 grain growth.6,7

It has been well recognized that the migration of a
Si3N4 grain boundary is substantially inhibited by inter-
granular SiC particles. However, little attention has

been paid to the influences of the SiC on the a–b phase
transformation of Si3N4 except for a few studies,1,5,8

and those were not always consistent with each other.
The entire process of the a–b phase transformation is
usually divided into nucleation of b-Si3N4 in an a-rich
matrix, transformation from a to b phase, and rod-like
grain growth of b-Si3N4.

9 Niihara et al. 1,10 proposed
that the SiC particles can be nucleation sites for b-Si3N4

in Si3N4/SiC nanocomposites. This speculation was
based on the results of microstructure observation; the
amount of the intra-granular SiC nano sized particles is
very small compared to that of the inter-granular ones
and the interface around these SiC particles is clean
without secondary phase. Park et al.5 reported that
nucleation of b-Si3N4 occurred on the surface of SiC par-
ticles and that heat treatment between 1400 and 1600�C
had an apparent effect on the final microstructure and
mechanical properties. On the other hand, Pan et al.8

proposed a grain growth mechanism of b-Si3N4 where
SiC particles are not involved with the nucleation. They
indicated that the crystallographic orientations of the b-
Si3N4 grains and the intra-granular SiC particles were
observed to be somewhat related with each other,
caused by the rotation of nano-sized SiC particles dur-
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ing the sintering process. The previous studies11,12 also
indicated that growth of b-Si3N4 grains was strongly
dependent on their densification and a–b phase trans-
formation. This microstructure formation has been
known to have a large influence on the mechanical
properties such as strength and fracture toughness.
Thus, the investigation of the effects of the SiC particles
on the densification and phase transformation is essen-
tial to evaluate the influences of SiC particles on the
microstructure and mechanical properties.
This paper focuses upon the influence of SiC particle

dispersions on the microstructure formation (densifica-
tion, phase transformation, and grain growth) and
mechanical properties, for Si3N4/SiC nanocomposites
fabricated by pressureless sintering. The microstructure
developments are investigated in a wide temperature
range between 1400 and 1850�C, and the strength and
fracture toughness are evaluated for the densified sam-
ples. The obtained mechanical properties are discussed
in relation to the formed microstructure.

2. Experimental procedures

a-Silicon nitride powder (SN-9S, Denka Co., Ltd.,
Tokyo, Japan) was used as the starting powder. The
powder has high purity, average grain size of 1.1 mm,
specific surface area of 7.3 m2/g and a-Si3N4 phase
content of >92%. Major impurities including alumi-
num, calcium, and iron were reported to be <1200
ppm, and the oxygen content is < 2 wt.%. b-SiC pow-
der (Ibiden Co. Ltd., Ogaki, Japan, Particle size: 80 nm)
was added as the reinforcing phase, whose amounts
were varied as 0, 5, 10, 20 and 30 vol.%. MgAl2O4 and
ZrO2 powders were used as the sintering additives,
whose total amount was 15 wt.% with the ratio of
MgAl2O4 and ZrO2 being 1:1 by weight. Homogeneous
mixtures were obtained by ball-milling in a polyethylene
pot for 24 h in ethanol, using high purity Si3N4 balls
(75% �5 mm+25% �15 mm). After the slurry was
dried, dry milling for another 4 h by big Si3N4 balls (�15
mm) and sieving were performed. The resulting powder
mixture was uniaxially pressed at 20 MPa before being
cold isostatically pressed at 200 MPa. The green com-
pacts were placed in a Si3N4 saggar within a carbon
crucible and sintered with a graphite resistance furnace
(FVPHP-R-5, Fujidempa Kogyo Co. Ltd., Osaka,
Japan). A sample was heated up to a temperature
between 1400 and 1850�C with a rate of 20 �C /min and
was kept for 2 h at a nitrogen pressure of 0.6 MPa, fol-
lowed by natural cooling. Temperatures were chosen
with an interval of 50 or 100�C in this range. This sin-
tering program is for investigating the densification and
phase transformation behaviors at the specific tempera-
ture. In addition, some samples were sintered at 1750�C
for 8 h with otherwise the same conditions, to evaluate

the mechanical properties of the resultant dense materi-
als. These samples attained almost full densities,
Bulk densities were measured by an Archimedes

method in distilled water. Crystalline phases of the sin-
tered specimens were determined by X-ray dif-
fractometry (XRD, 50 kV, 150 mA, RU-200B, Rigaku
Co. Ltd., Japan). The 2� angle scanning rate was 4�/
min, and the identification of the phases present in the
specimens was according to JCPDS (Joint Commit of
Power Diffraction Standards) data. The weight fraction
of b-Si3N4 (rb/(ab)) in the sintered body after sintering at
different temperature was calculated on the basis of the
two highest XRD peaks of a-Si3N4 and the two of b-
Si3N4 proposed by Gazzara and Messier as follows:13

��= �þ�ð Þ ¼
I� 101ð Þ þ I� 210ð Þ

� �

I� 101ð Þ þ I� 210ð Þ þ I� 201ð Þ þ I� 210ð Þ

� � ð1Þ

The specimens sintered at 1750�C for 8 h were
machined to prepare test bars of 40�4�3 mm3 accord-
ing to JIS R1601 to measure the flexural strength. The
tensile surface of the specimen was ground and polished
to a mirror surface using alumina paste. After the tensile
edges were beveled, the three-point bending strength
(span 30 mm) was measured with a cross-head speed of
0.5 mm/min. After the bending tests, the fracture sur-
faces were carefully cleaned, and microstructural for-
mation was characterized by scanning electron
microscopy (SEM, Model S-5000, Hitachi Co., Japan).
Indentations were made with a Vickers diamond pyr-
amid on the polished surface with a load of 196 N for 15
s (AVK-C2, Akashi Co. Ltd., Japan). Fracture tough-
ness was calculated from measurements of the crack
length by using the equation given by Niihara et al.14

3. Results and discussion

3.1. Densification and phase transformation

Fig. 1 shows the relative densities of samples contain-
ing different SiC contents, sintered at temperatures
between 1400 and 1850�C, for 2 h. The densification
was substantially retarded by the SiC particle disper-
sions in the Si3N4/SiC composites. Fig. 2 shows the b-
Si3N4 phase contents of the samples in Fig. 1. The SiC
dispersions tended to enhance the a-b phase transfor-
mation below 1600�C, but retarded it above that tem-
perature. The transformation was most activated around
1600�C and was almost completed at 1650–1700�C.
These temperatures were shifted by about plus 30–40�C
for the addition of 30 vol.% SiC.
According to the Kingery’s model for liquid phase

sintering,15 there are three sequential processes: grain
rearrangement, dissolution/reprecipitation, and grain
growth. Sintering of Si3N4 ceramics using a-phase powder
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is always accompanied by some phase transformation
from a- to b-Si3N4 along with the densification. How-
ever, although both the densification and transforma-
tion follow the same first-order kinetics and are rate-
limited by grain boundary diffusion, their mechanisms
are known to be basically different, particularly in the
case of pressureless sintering.16,17 The densification
during liquid phase sintering is based mainly on grain
rearrangement with some accommodation of the grain
shape, while the a-b phase transformation is caused by
dissolution of a-Si3N4 into boundary liquid and repre-
cipitation on b-Si3N4 grains. The suppressed densifica-
tion due to the SiC additions is attributed to inhibition
of the movement and accommodation of Si3N4 grains.
On the other hand, the influence of SiC additions on the
phase transformation was temperature-dependent. At
the low temperatures, the phase transformation was
prompted, however, at the high temperatures it was
suppressed by the SiC particles, as shown in this study.
Generally, during normal sintering, the a-b Si3N4

phase transformation is suppressed by the SiC disper-
sion; the proportion of b-Si3N4 grains in Si3N4/SiC

composites after sintering decreases with the SiC con-
tent. This can be simply attributed to the suppressed
mass transformation along the grain boundaries by the
SiC particles, similarly to the inhibited grain growth.3

The suppressed phase transformation observed at the
high temperatures in this study corresponds to this. On
the other hand, the phase transformation at the low
temperatures is closely related with the b-Si3N4 nuclea-
tion. Two aspects should be considered for the nuclea-
tion of the b-Si3N4 grain; one is the number of nucleation
sites and another is the surface energy. Grain boundary
is usually the nucleation site, and an early study18

showed that the critical energy required for the nuclea-
tion depends on the boundary types, four grain junctions
making it easier to form secondary phase than the three
and two grain junctions, due to the higher interfacial
energy density. The Si3N4–SiC interfaces can be con-
sidered to have higher energy than the Si3N4–Si3N4

interfaces. One reason was that the SiC has a higher sur-
face energy (several J/m2)19 than the Si3N4 (0.3 J/m2)20

originally caused by difference in the crystal structures.
Another was the morphology of the SiC grains. It was
noticed that the SiC particles in the Si3N4/SiC nano-
composites tend to be rounded, suggesting that interface
energy of Si3N4–SiC was higher. The high surface energy
implies a possibility that the Si3N4–SiC interfaces can
act as b-Si3N4 nucleation sites, enhancing the phase
transformation at low temperatures. It should be noted
that the number of such Si3N4–SiC interfaces increases
with increasing SiC content and temperature.

3.2. Microstructural formation and mechanical
properties

Fig. 3(a)–(d) shows SEM micrographs of fracture
surfaces of the monolithic Si3N4 and Si3N4/10, 20 and
30 vol.% SiC composites, sintered at 1750�C for 8 h. It
should be noted that the matrix grain size and aspect
ratio decreased substantially with increasing SiC con-
tent.
The final microstructure after a-b phase transforma-

tion strongly depends on the number and size of b-Si3N4

nucleation sites. It is known that a limited number of b
phase seed particles, acting as the nuclei, leads to large
elongated b-Si3N4 grains and improvement in fracture
toughness.21,22 In the previous section, the enhanced
phase transformation at the low temperatures was con-
sidered to be due to the heterogeneous nucleation of b-
Si3N4 at the Si3N4–SiC interfaces. The number of the
Si3N4–SiC interfaces is so large that b-Si3N4 plausibly
nucleates at many sites with a small size, leading to early
impingement of b-Si3N4 during grain growth. In addi-
tion, further a–b phase transformation and subsequent
b-Si3N4 grain growth at the high temperature was sup-
pressed by the SiC addition. This combination gives rise
to the refined microstructure as shown in Fig. 3. This is

Fig. 2. Weight fraction of b phase Si3N4 versus temperature for

monolithic Si3N4 and Si3N4-based composites containing 10, 20 and

30 vol.% SiC.

Fig. 1. Relative density versus temperature for monolithic Si3N4 and

Si3N4-based composites containing 10, 20 and 30 vol.% SiC.
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similar to a finding by Park et al.,15 who reported that a
heat treatment at 1500�C before sintering resulted in a
finer microstructure.
The flexural strength and fracture toughness of the

composites are shown as a function of the SiC content
in Fig. 4. As the SiC content increased, the fracture
toughness monotonously decreased. On the other hand,
the strength increased with increasing the content to a
certain amount, but a further increase resulted in a

drastic decrease of strength. The highest flexural strength
of more than 1 GPa was obtained for a SiC content of
20 vol.%. The increased flexural strength and decreased
fracture toughness by SiC addition are plausibly due to
the refined microstructure. The low strength of the sin-
tered composites at larger amounts of SiC addition is
very likely caused by critical flaws associated with SiC
agglomerates.23

4. Conclusion

The influences of SiC fine particle dispersion on phase
transformation, microstructure and mechanical proper-
ties of Si3N4 ceramics have been investigated. While the
SiC dispersion simply decreased the densification, it
caused complex effects on the phase transformation
behavior; the transformation was enhanced at the low
temperatures but suppressed at the high temperatures.
The enhancement was considered due to the formation
of a great number of b-Si3N4 nuclei due to the high
interfacial energy of the Si3N4-SiC interfaces, and the
suppression was attributable to the degraded mass
transformation ability brought about by the SiC parti-
cles. Due to the enhanced phase transformation at low
temperature and the suppressed phase transformation at

Fig. 3. SEM fracture surface of Si3N4–SiC composites. The samples were sintered at 1750�C for 8 h. The grain size of b-Si3N4 decreases with SiC

content. (a) Si3N4; (b) Si3N4–10 vol.% SiC; (c) Si3N4–20 vol.% SiC; (d) Si3N4–30 vol.% SiC.

Fig. 4. Flexural strength and fracture toughness as functions of SiC

addition.
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the high temperatures, a refined microstructure could be
formed, resulting in increased flexural strength and a
reduced fracture toughness.
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