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Abstract

Si3N4/SiC nanocomposites were fabricated by hot-pressing mixtures of submicron a- Si3N4, SiC nanopowders with sintering aids.
XRD, TEM and SEM were used to study the effects of SiC additions on sintering behavior and microstructure of Si3N4; EDAX
was employed to investigate the composition of interfaces. The results showed that nano-SiC addition led to loss and compositional
modification of intergranular phases and limited the densification and phase transformation of Si3N4. Reactions between sintering
aids and nano-SiC are thermodynamically calculated and the temperature and N2 pressure dependence of the reactions are also

theoretically analyzed. Influences of these reactions on the effects of SiC additions are discussed. # 2001 Elsevier Science Ltd and
Techna S.r.l. All rights reserved.
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1. Introduction

Silicon nitride-based ceramics have attracted much
attention for several decades due to their potential appli-
cation in various fields [1]. Nanometric SiC particles have
been found to be effective additions in improving the
mechanical properties of Si3N4 [2–4]. A large number of
studies have been made in the Si3N4/SiC nanocomposite
system. These works revealed that both densification
and the a!bphase transformation of Si3N4 during sin-
tering were inhibited by nano-SiC. Despite the incon-
sistent results of fracture toughness other mechanical
properties, especially high temperature properties, were
significantly improved by nanometric SiC dispersions.
However, the cause of the above effects was not quite
clear, and the study of the mechanism is of great impor-
tance. It is well known that the amount, composition and
distribution of grain boundary phases have a great
influence upon the sintering behavior, microstructure
and properties of Si3N4. Reactions between SiC and sin-
tering aids may take place and then contribute to above
results. However, only reactions between SiO2 and SiC

have been discussed thermodynamically until now [3,4],
with little data on reactions between SiC, Al2O3 and
Y2O3, often used as sintering aids in Si3N4. The purpose
of the present work was to investigate the reactions
between nanometric SiC addition and the sintering aids
of Si3N4 and their consequences

2. Experimental procedures

2.1. Preparation of materials

Si3N4 powders (0.9 mm, �595%, Shanghai Material
Institute, China,) and SiC nanopowders (20 nm, b-SiC,
Institute of Metal Research) were used as raw materials.
Al2O3 (30 nm, 99.95%, Institute of Solid Physics) and
Y2O3 (3–4 mm, 99.99%, Hunan Rare Earth Institute)
were selected as sintering aids.
Mixtures of Si3N4 powder, various volume fractions of

nano-SiC (0, 5, 20 vol.%) and 6 wt.%Y2O3+2 wt.%
Al2O3 were dispersed in a 100 W ultrasonic bath for 10
min then ball-milled for 24 h using ethanol as a dispersant
in a nylon vessel. The slurries were vacuum dried and 100
g mixed powders were hot pressed in a BN-doped gra-
phite die (85 mm in diameter) at 1680–1750�C for 45
min in a N2 atmosphere with a pressure of 30 MPa.
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2.2. Characterization

The densities of the sintered bodies were measured by
the Archimedes method. The crystalline phases of the
hot-pressed materials were determined by X-ray diffrac-
tion analysis (XRD) on a D/max-RA diffractometer with
CuKa radiation (l=0.1541 nm) on the surfaces perpen-
dicular to the hot-pressing direction; the relative contents
of a-Si3N4 in the samples were calculated according to
Suzuki et al. [5]. The microstructure was observed using a
scanning electron microscope (SEM, Philips-XL30
FEG) on polished and NaOH-etched samples. A TEM
specimen of Si3N4/5 vol.% SiC was prepared and ana-
lyzed by a analytical transmission electron microscope
(TEM, Philips EM420) equipped with an energy-dis-
persive X-ray spectrometry unit (EDAX 9100), used to
determine the relative element contents of Al, Y, Si within
Si3N4 grains and at various interfaces.

3. Results

The relative densities of sintered bodies decreased
with increasing SiC content, as shown in Fig. 1. This
indicated that the nano SiC addition hindered the densi-
fication of Si3N4. Fig. 2 shows the X-ray diffraction pat-
terns of the three samples. Owing to the low sintering
temperature and short dwell time, a-Si3N4 was identi-
fied in all the three samples. The a phase contents of the
sintered bodies are plotted in Fig. 1. The inhibition of a-
Si3N4!b-Si3N4 phase transformation by the SiC addi-
tion, reported by other authors [6], was also observed in
the present study; SiC was remained as the b phase. In
addition to the main phases, some small peaks of inter-
granular phases occurred (Fig. 2). In monolithic Si3N4,
the peaks of Y20N4Si12O48, a-Y2Si2O7 and Y5N(SiO4)3
were relatively strong, in Si3N4/5 vol.%SiC, moderate
peaks of a-Y2Si2O7 were observed, while in Si3N4/20

vol.% SiC, only traces of a-Y2Si2O7 were identified;
these indicated that the amounts of intergranular crys-
talline phases decreased with increasing amounts of SiC.
Fig. 3 shows the SEM micrographs of the etched sam-

ples. With increasing SiC, the average size of Si3N4 grains
became smaller and the growth of Si3N4 grains was
restrained by the SiC nano particles.
Fig. 4 shows the TEM images of Si3N4/5 vol.% SiC.

Some SiC particles were dispersed within Si3N4 grains and
at grain boundaries (Fig. 4a); some were aggregated at
grain boundaries (Fig. 4b). In the EDAX analyses, repre-
sentative plots (See Fig. 5) were analyzed. These plots
included three types: spots at the Si3N4 grain boundary
which had different distances from a cluster of SiC parti-
cles (A, B and C in Fig. 5); spots at different Si3N4/SiC
phase boundaries (D, E and F in Fig. 5) and a spot in a
Si3N4 grain (G). According to the EDAX results, the
relative contents of Si, Al and Y at selected spots are list
in Table 1. At the Si3N4 grain boundaries (points A, B,
C in Fig. 5), the amounts of Y and Al elements (Table 1)
were proportional to the distance between the measured
spots and nearby SiC particles. The Y and Al contents
at the Si3N4/SiC interfaces were also related to their
positions. For a SiC particulate within a Si3N4 grain (F
in Fig. 5), considering the dilution because a part of
SiC, in which Y and Al are absent, was probably inclu-
ded in the analysis, the Y and Al contents of Si3N4/SiC

Fig. 1. Relative densities and a-Si3N4 fraction of the sintered bodies.

Fig. 2. X-ray diffraction patterns of sintered bodies.

Table 1

EDAX results of interfaces

Interface Si3N4/Si3N4 Si3N4/SiC Si3N4 grain

Plot A B C D E F G

Si (wt.%) 76.3 68.7 61.0 85.0 88.3 89.4 88.7

Al (wt.%) 9.1 10.7 13.8 10.2 9.7 8.8 9.5

Y (wt.%) 14.6 20.6 25.2 4.2 2.0 1.9 2.8
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interface were close to those of Si3N4 grains (point G in
Fig. 5), it is suggested that the interface was clean and SiC
was directly bonded to Si3N4; this was quite consistent
with results by other authors [7]. For a SiC particle located
at the Si3N4 grain boundary, Y and Al contents of Si3N4/
SiC interfaces (points D and E in Fig. 5) were higher than
those of a point at the Si3N4/SiC interface within a Si3N4
grain (F), but lower than the spot at the Si3N4/ Si3N4
interface and far from SiC (Point A in Fig. 5), especially
at point E, where the SiC particle was partly surrounded
by a Si3N4 grain. The dilution resulting from the amount
by SiC in the analysis was estimated and referred to that
between F and G. Although the EDAX is only semi-
quantitative, the results could indicate that the SiC par-
ticles decreased the nearby Y and Al contents.

4. Discussion

The addition of nano-SiC led to a decrease of the
diffraction intensities of intergranular phases as shown
by XRD, this indicated that SiC decreased the amounts
of intergranular phases. For the same sintering condi-
tion and low cooling rate, this difference revealed that
materials had different amounts of liquids at high tem-
peratures. However, additions of sintering aids to the
three samples were the same; a reasonable explanation
was the nano-SiC addition resulted in loss of the liquid
phase. The EDAX results showed that the plots near the
SiC particles had a lower Y, Al contents, which also
demonstrated that the SiC addition led to the loss of
sintering aids. The samples were restricted in the gra-
phite dies, so the only way in which the loss of sintering
aids could occur was the reaction between nano-SiC and
sintering aids and formation of volatile gases.
To simplify the discussion of the interactions between

SiC and sintering aids (including SiO2 at the powder
surfaces), it is assumed that the sintering aids reacted
with nano-SiC in their original states and individually,
although they actually formed a melt.

Fig. 3. SEM images of (a) Si3N4, (b) Si3N4/5 vol.% SiC and (c) Si3N4/

20 vol.% SiC.

Fig. 4. TEMmicrographs of Si3N4/5 vol.%SiC. (a) SiC dispersedwithin

Si3N4 grain and at grain boundary (b) aggregates of SiC particles.
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The following reactions between SiC and SiO2 have
been reported previously [3].

SiCðs; bÞ þ 2SiO2ðl orgÞ ! 3SiO ðgÞ þ COðgÞ ð1Þ

2SiCðs; bÞ þ SiO2 ðlorgÞ þ 2N2ðgÞ ! Si3N4 ðsÞ

þ2COðgÞ
ð2Þ

The reactions of SiCwith Al2O3 andY2O3 have not been
thermodynamically calculated. The following reactions
may result in loss of sintering aids.

SiCðs; bÞþ2Al2O3ðsÞ ! 4AlOðgÞ þ SiOðgÞ

þCOðgÞ�GT ¼ 3567546:4� 1105:54312T

þRTln PCO �PSIO �P
4
AlO

� �
ð3Þ

SiCðs; bÞþ Al2O3ðsÞ ! SiOðgÞ þAl2OðgÞ

þCOðgÞ�GT ¼ 1403140� 565:297T

þRTln PSIO �PAl2O�PCOð Þ

ð4Þ

6SiCðs; bÞþ3Al2O3ðsÞ þ 4N2ðgÞ ! 2Si3N4ðsÞ

þ3Al2OðgÞ þ 6COðgÞ�GT ¼ 2910450

�1076:25TþRTln
P3
Al2O

�P6
CO

P4
N2

 ! ð5Þ

SiCðs; bÞþ2Y2O3ðsÞ ! 4YOðgÞ þ SiOðgÞ

þCOðgÞ�GT ¼ 3520725:877

�1358:107Tþ 47:778Tþ 49:778TlnT

þRTln P4
YO �PSIO �PCO

� �
ð6Þ

SiCðs; bÞþY2O3ðsÞ ! Y2OðgÞ þ SiOðgÞ

þCOðgÞ�GT ¼ 176954:2� 734:104T

þ22:116TlnT þRTln PY2O �PSIO �PCOð Þ

ð7Þ

6SiCðs; bÞþ3Y2O3ðsÞ þ 4N2ðgÞ ! 3Y2OðgÞ

þ2Si3N4ðsÞ þ 6COðgÞ�GT ¼ 3985654:712

�1541:3875Tþ 65:392TlnTþRTln
PY3

2O
P6
CO

P4
N2

 !

ð8Þ

‘‘(s)’’ denotes solid phase, ‘‘(l)’’denotes liquid phase,
‘‘(g)’’ denotes gas phase, �GT denotes the Gibbs free
energy change in J of the reaction at temperature T
(1300–2100 K). Thermochemical data were taken from
the literature [8–10]. Due to the insufficiency of data,
�So

298, the entropy at 298 K of Y2O was estimated
according to the formula put forward by Kubaschewski
et al. [10].
Assuming the reactions are enough to reach equilibrium

and the gas phases can exchange freely in the furnace
space (about 1 m3 in the present study), when equilibrium
has been reached, the calculated sintering aids consump-
tion (�Wcal) at different sintering temperature and under
different nitrogen pressure is shown in Fig. 6. Tempera-
ture has a great influence on the reactions of all the aids;
N2 pressure has no effect on reactions (1), (3), (4), (6)
and (7) but influences the others. A cooperative effect of
temperature and N2 pressure is observed in reactions 5
and 8; the consumption of aids increases greatly when
temperature and N2 pressure were simultaneously raised.
As a synthetic effect, the consumption of all sintering aids
increases with the increasing of sintering temperature and
N2 pressure. As the results show, the most possible
mechanisms of volatilization of sintering aids are reac-
tions (1), (2), (4), (5) and (8). SiO2 is susceptible to vapor-
ization while Al2O3 has moderate stability and Y2O3 is the
most stable; there is an order of magnitude difference
between them, for example, the calculated consumption of
SiO2, Al2O3 and Y2O3 by reactions (1), (2), (4), (5) and (8)
at 2000 K and under 1 atm N2 pressure was respectively
167.5, 119.9, 2.63, 3.92 and 0.043 g.
With the given assumption, SiO2 and Al2O3 in the sam-

ples would have been exhausted. In real sintering condi-
tions, reaction would not proceed to such an extent due to
sluggish kinetics and the physical containment provided
by the graphite dies. At another extreme, assuming the
atmosphere was restricted exactly to within the graphite
dies (the capacity was about 0.0005 m3), the consumption
of the sintering aids would be about 0.0005 �Wcal,
which could be neglected except for SiO2. Due to the
exchange of the atmosphere to some extent across the
dies in real sintering condition, the real consumption
was ��Wcal (0.0005 <a<1), it was in proportion to the
effective diffusing-room for the atmosphere. Because
loss of Si can be compensated by dissolution of Si3N4,

Fig. 5. Schematic diagram of selected plots in EDAX analyses.
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only the decrease and gradient distribution of Y and Al
element content around SiC was revealed in the EDAX
results.
The disproportional volatilization of different aids

would tend to decrease contents of SiO2 and Al2O3 in
the grain boundary phases. According to the phase dia-
gram of the Y2O3–Al2O3–SiO2 system [11] (Fig. 7), for
the common sintering aids compositions, 6 wt.%
Y2O3+2 wt.% Al2O3 or 8 wt.% Y2O3 and usual oxygen
content (<2.0 wt.%) in starting Si3N4 powders,
decrease of SiO2 and Al2O3 contents will increase soft-
ening temperature and thus influence other properties of
the melt phase, which is presented as glass.
The amount and composition of the liquid phase

plays an important role in the sintering of Si3N4 [1]; the
SiC addition resulted in loss of aids and modified the
composition of intergranular phases, thus inhibiting
densification, the a!b phase transformation and the
growth of b-Si3N4 grains. To sinter the Si3N4/SiC nano-
composites to full density, it is necessary to add more
sintering aids to compensate for vaporization, especially
of SiO2 and Al2O3, and limit these loss through proces-
sing conditions such as using the crucible and powder
bed technique, regulating sintering temperature and N2
pressure, etc. On the other hand, the consumption of

sintering aids will lead to the improvement of high tem-
perature properties [2].

5. Conclusions

This study has drawn the following conclusions:

1. The nano-SiC addition lead to the loss and com-
position modification of intergranular phases.

2. The sintering aids are thermodynamically unstable
in presence of SiC at high temperatures; SiO2 is most
susceptible to vaporization, Al2O3 is more stable
than SiO2 but more active than Y2O3. The reactions
between nano-SiC and sintering aids caused the loss
of the aids; the consumption amounts were greatly
increased with increasing temperature and nitro-
gen pressure.

3. The quantitative and compositional changes due to
SiC addition is the reason for the inhibition of den-
sification, a!b phase transformation and refine the
microstructure of Si3N4.
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