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Abstract

In this work, the self-reinforced silicon nitride ceramics with crystal seed of b-Si3N4 particles were investigated. Firstly, the seeds
were prepared by heating of a-Si3N4 powder with Yb2O3 and MgO, respectively. Then the self-reinforced silicon nitride ceramics
were obtained by HP-sintering of a-Si3N4 powder, Yb2O3 and the as-prepared seeds which were not treated with acid and/or alkali

solution. The results indicated that the introduction of seed with Yb2O3 could obviously increase the toughness and room tem-
perature strength of the ceramics. Furthermore, its high temperature strength (1200 �C) could nearly keep higher value as the one of
room temperature measured from unreinforced ceramic. However, the seed with MgO abruptly decrease the high temperature
strength of the ceramics. The SEM and TEM characterization showed that the rod-like seed particle could favor the toughness and

the presence of the Mg promote the formation of crystalline secondary phase.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Silicon nitride ceramics have been identified as one of
the promising structural ceramics. Their high strength,
high hardness, and good resistance to erosion place sili-
con nitride ceramics among the prime candidates in
high-temperature industrial, automotive, and aerospace
application such as cutting tools, wire drawing, dies,
and blast nozzles. However, the low toughness is still a
handicap that hampered wide potential application. So
at present, the improving toughness of silicon nitride
ceramics all the same is the one of important problems.

Since the toughness of Si3N4 ceramics was improved
by Lange1 with augmentation of aspect ratio of Si3N4

grains, a number of research activities have in the past
focused on reinforcing Si3N4 ceramics by improving of
the microstructural features of grains particle.2�4 It was
an effective method in the similar researches that silicon
nitride was reinforced by addition of b-Si3N4 single crystal
used as a seed.5�10 However, synthesis of higher purity
b-Si3N4 seed particles without additives must run at tem-
perature over 2000 �C.11 While b-Si3N4 seed particles

could be generally achieved at relative lower tempera-
ture by sintering of a-Si3N4 and different additives.12 In
this case, glass phase more or less formed in these seeds.
Acid and/or alkali rinse treatments were always used for
the removing of the glass phase. Hirao13 produced
Si3N4 ceramics by adding elongated b-Si3N4 grains
which were obtained by means of growth from a melt
flux and subsequent treatments with acid rinse. But
b-Si3N4 grains produced using these methods include
impurities composed of Y and F or S, and these
impurities decrease the strength at high temperatures.
The baleful secondary phase strongly affects mechanical
properties of silicon nitride. If the seed contained the
secondary phase with low melting point, it would
greatly decrease the flexure strength of materials at high
temperature. Therefore it is worth seeking an easy
method by which ideal b-Si3N4 particles (without low
melting point secondary phase) can be achieved and
understanding the effect of the secondary phase on the
properties of materials. In this work, two kinds of
b-Si3N4 seed were prepared. These seeds were not treated
with acid and alkali rinse and then added to the original
a-Si3N4 powders for preparing ceramic materials. The
effect of the residual phase in the seed on the mechanical
properties of materials was detailed discussed.
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2. Experimental process

2.1. Preparation of �-Si3N4 seeds

Commercial available a-Si3N4 powder (b-Si3N4

<3%, 0<1.55, AT&M Industries, Beijing, China) was
used as the original powder in this study. Yb2O3 and
MgO powders (99.9% purity) were used as the trans-
formation additive and the amounts are 2, 4, 6, 8 wt.%
and 0.5, 1, 1.5, 2 wt.% respectively. All original powders
were mixed with ball milling in ethanol for 24 h, dried at
60 �C for 6 h then were placed in a graphite crucible and
heated in a graphite furnace in nitrogen atmosphere for
90 mm. The heating temperatures were 1650 �C for the
MgO-contained powders and 1700 �C for the Yb2O3-
contained powders, respectively. The heated powder
were milled and dispersed for characterization.

The as-prepared powder was identified with an X-ray
diffractometer. From 20 to 80�, specimens were scanned
at a rate of 4�/mm. In addition, from 30 to 40�, the
XRD was performed again with a rate of 0.5�/mm for
calculating phase ratio. The phase ratio, b-Si3N4 to total
Si3N4 (a-Si3N4+b-Si3N4), was determined by a tech-
nique derived by Gazzara and Messier.14 The morpho-
logies of the powder were characterized by scanning
electron microscopy (SEM, Model: JSM-6301F).

2.2. Preparation of ceramics specimens

The ditto original powder of a-Si3N4 powder, 10
wt.% Yb2O3 and 10 wt.% of selective as-prepared
b-Si3N4 seed were blend with ball milling in ethanol for
24 h and dried at 60 �C in air for 6 h. Then it was hot-
pressure sintered into a disk in a graphite die (�50 mm)
under 25 MPa at 1800 �C for 60 mm in nitrogen atmo-
sphere. The as-prepared disks were cut and ground into
the specimens of 3�4�35 mm3 for the measurement of
flexural strength and 4�6�30 mm3 for the measurement
of fracture toughness, respectively. By comparison, a
specimen merely added with 10 wt.% Yb2O3 was pre-
pared by the same process. The flexure strength was
measured by three-point method with a 30 mm span at a
loading speed of 0.5 mm/min at room temperature and
1200 �C, respectively. The fracture toughness was
determined by single-edge-precracked-beam (SEPB)
method at room temperature with 24 mm span at a
loading speed of 0.05 mm/mm. The density of speci-
mens was determined by Archimedes method. The the-
oretical density of the specimens was calculated
according to the rule of mixtures. The specimens were
characterized by TEM (JEM-200CX) and the inter-
granular phases were analyzed by using the selected-
area electron diffraction (SAED). The TEM specimens
were prepared by cutting and grinding the sintered spe-
cimen to a plate with a thickness of 20 mm, then dimpling
and ion beam milling.

3. Results and discussion

3.1. The transformation of Si3N4 and morphologies of
�-Si3N4

As shown in Fig. 1(a), the X-ray diffraction (XRD)
pattern of the MgO-added heated powders showed that
they still contained a-Si3N4 phase when the amount of
MgO is less than 1.5%. While when the amount of MgO
is up to 2%, the heated powders are nearly composed of
single phase of b-Si3N4. There is no Mg-contained phase
found in the XRD pattern. However, according to the
experimental process, Mg-contained phase must exist in
the heated powders. We believed that two reasons are
responsible for this result. At first, the content of this
phase is too low to be identified by XRD. Secondly, the
phase is possibly in an amorphous state. But its form is
unknown; maybe it is in the form of Mg–Si–O–N or
Mg–Si–O. Fig. 1(b) showed the XRD pattern of the
Yb2O3-added heated powder. From it, it can be
observed that when the amount of Yb2O3 is 2%,
a-Si3N4 still existed. And when the amount of Yb2O3 is
up to 4%, the transformation of a-Si3N4 to b-Si3N4 is
nearly completed. In addition, a crystal phase of
Yb4Si2N2O7 formed except b-Si3N4 and the amorphous
phase of Yb–Si–O and/or Yb–Si–O–N. And when the

Fig. 1. Typical XRD patterns of (a) heated powders at 1650 �C with

additive MgO (0, 0.5, 1, 1.5 2 wt.%), and (b) heated powders at

1700 �C with additive Yb2O3 (0, 2, 4, 6, 8 wt.%).
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amount of Yb2O3 is up to 6 and 8%, the content of the
Yb4Si2N2O7 phase increased.

It is well known that MgO is a good sintering addi-
tive. In earlier years, the densification of silicon nitride
ceramics was foremost achieved by MgO. Actually,
MgO is not only a good sintering additive but also a
good transformation additive for Si3N4. Fig. 2(a) showed
a relationship between b-Si3N4 ratio in the total Si3N4 and
MgO amount. It obviously indicated the occurrence of
transformation when 0.5 wt.% MgO was added. And the
b-Si3N4 ratio increased with the increase of MgO content.
When the content of MgO is 2 wt.% the b-Si3N4 ratio
nearly achieved 100%. As an additive, rare earth oxide
Yb203 also accelerated the transformation of Si3N4. From
Fig. 2(b), it can be observed that the b- Si3N4 ratio
obviously increased when the content of Yb2O3 is over
2%. And it even achieved over 98% when 4% of Yb2O3

was added. Then it nearly kept this value even if the
amount of Yb2O3 up to 8%. Sarin15 has demonstrated
that transformation of Si3N4 is a reconstructive process
and requires a liquid phase or a vapor phase. The trans-
formation of Si3N4 occurs by the solution-reprecipitation
process when the liquid phase exists. So the temperature
forming liquid phase is an important factor for the trans-
formation. Since both Mg–Si–O–N and/or Mg–Si–O
phase have relative lower eutectic point than that of

Yb–Si–O and/or Yb–Si–O–N, the transformation of
Si3N4 with MgO additive can be nearly completed when
the heating temperature increased up to 1650 �C.

Morphologies of b-Si3N4 single particles obtained
from 2 wt.% MgO and 4 wt.% Yb2O3 additive were
observed by SEM and showed in Fig. 3. Both of them
exhibit an integrated rod-like morphology with a dia-
meter of 0.2–0.4 mm and a length of 1.2–1.5 mm [Fig. 3(a)
and (b)]. With respect to nucleation and growth,
research indicated that the individual seed particles
having a larger diameter and relatively short length also
have a better chance of developing the self-reinforced
microstructure without hindering the densification pro-
cess.9 So the fabricated rod-like b-Si3N4 seeds will be
especially designed for effectively developing the Si3N4

microstructure.

Fig. 2. The relationships between the b-ratio of Si3N4 of heated pow-

ders and amount of additive: (a) MgO additive, and (b) Yb2O3 additive.

Fig. 3. SME morphologies of heated powders;(a) with additive MgO of

2 wt.% at 1650 �C, and (b) with additive Yb2O3 of 4 wt.% at 1700 �C.
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3.2. The intergranular phase and properties of self-
reinforced silicon nitride

Two kinds of self-reinforced ceramic specimens were
prepared by adding b-Si3N4 seeds obtained from 2%
MgO and 4% Yb2O3, respectively. For comparison,
another specimen adding no seed was also prepared by
the same method. These specimens were called SM

(adding MgO seed), SY (Yb2O3 seed) and SY (without
seed), respectively. The relative densities of the three
specimens are 99.5% and more. Fig. 4 showed the
mechanical properties of them. From it, it can be
observed that all of the specimens have relative high
flexural strength at room temperature, and the SY has
the highest flexural strength of 1006 MPa among them.
The fracture toughness was also improved. The fracture
toughness of SW is 7.6 Mpa m1/2, while those of SM and
SY increased to 8.1 and 9.1 Mpa m1/2, respectively. Both
of the b-Si3N4 seeds can obviously make for the tough-
ening process of silicon nitride materials. However, it
can also be observed that the high-temperature (1200 �C)
flexure strength of SM decreases more quickly than that
of SW, whereas the SY have a relative high reserved
strength at 1200 �C.

It is well known that the properties of materials are
dependent on the chemical composition and micro-
structure of materials. The chemical composition and

Fig. 4. Mechanical properties of the three specimens.

Fig. 5. Typical XRD patterns of HP-sintered Si3N4 specimens.

Fig. 6. TEM images of the specimens and SAED patterns of the intergranular phase: (a) SW, (b) SM and (c) SY.
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content of intergranular phase have important effects on
the properties of specimen. In present study, different
types of intergranular phases were found in different
specimens. The results of XRD analysis obviously indi-
cated that the SW and SY contained no secondary crys-
tal phase, but the secondary crystal phase of
Yb4Si2N2O7 was obviously seen in the SM (Fig. 5).
Fig. 6 is TEM images of the three specimens. The
inserted SAED patterns also confirmed such results.
The ambiguous circles appeared in SW and SY indicated
that they contained no secondary crystal phase [Fig. 6(a)
and (c)]. Fig. 6(b), however, showed that SM contained
secondary crystal phase, which is corresponding to the
XRD results. Based on these evidences, high tempera-
ture strength of SM should be higher than those of SW

and SY. because the secondary crystal phase of
Yb4Si2N2O7 has 1870 �C high melt point.16 However,
the oppositional result was obtained. The main differ-
ence among SM, SW and SY is that in SM, Mg-con-
tained glass phase exists. We believed that the residual
Mg-contained phase at grain boundary mainly plays
two roles in the sintering process. At first, this phase
with low melt temperature provides a chance for the
crystallization of Yb4Si2N2O7 during the cooling pro-
cess. Because when Yb4Si2N2O7 phase crystallized
from the melt, the Mg-contained phase still exists in a
liquid state that has a low viscosity, which can accel-
erate the diffusion process and bring on the crystal-
lization of Yb4Si2N2O7. This role should result in an
increase of the high-temperature strength. On the other
hand, the Mg-contained phase has a lower softening
temperature than that of Yb-contained phase; it will
soften in an earlier time than the glass phase in SY and
SW during the heating process and result in decrease of
the high-temperature strength. The latter role is a pre-
dominated factor that affects the high-temperature
strength. Therefore, we can draw a conclusion that the
residual Mg-contained glass phase caused the formation
of different intergranular crystallized phase Yb4Si2N2O7

and lower high-temperature strength of specimens.

4. Conclusions

Two types of b-Si3N4 seed with MgO and Y2O3 were
prepared. And self-reinforced ceramics were prepared by
adding the b-Si3N4 seeds. The mechanical properties of
them were investigated at room temperature and 1200 �C.
The effect of intergranular phase on the high-temperature
strength was analyzed. The main conclusions are:

1. Both of the b-Si3N4 seeds (Y-seed and M-seed)
obviously improve the toughness of silicon
nitride ceramic.

2. Presence of a bit of Mg-contained phase with
relative lower softening temperature in the speci-

men results in the decrease of high-temperature
strength of self-reinforced silicon nitride ceramics
and brings on crystallization of Yb4Si2N2O7 phase.

3. The rod-like b-Si3N4 particles prepared with
Yb2O3 additive, which were not treated by acid
and/or alkali solution rinse, can be used as an
effective seed to improve the toughness of silicon
nitride ceramic. And this seed does not degrade
the high temperature strength of ceramics.
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