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An inhomogeneous coloration near the surface area of a RBSN (Reaction Bonded Silicon Nitride) sample proceeded due to
an interaction between the gas atmosphere and silicon nitride. This unwanted non-uniform band formation of alpha silicon
nitride was controlled using a graphite crucible, which resulted in a lower nitrogen partial pressure in the atmosphere. The
reduced nitrogen partial pressure improved the nitridation rate up to 99% and successfully removed the grey coloration. By
varying the nitrogen partial pressure in the atmosphere, a physical explanation for the discoloration in the grey-colored area
could be given. 
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Introduction

Reaction bonded silicon nitride (Si3N4) materials
have attracted interest because of an unusual feature
associated with their fabrication and because of their
promising thermo-mechnical properties. The nitridation
of Si gives rise to a volume expansion up to 22%. The
final density of RBSN is principally dependent on one
parameter, the green density of the initial Si compacts,
by contrast with most ceramics which shrink and are
densified as they are fired. Consequently, this phen-
omenon is a great advantage when producing com-
ponents with complex shapes and close dimensional
tolerances. RBSN ceramics show a small shrinkage
during the nitridation and the post sintering. This
provides some advantages in controlling the dimension
of products as well as reducing the price of the pro-
ducts. 

The properties of RBSN can be affected by many
processing variables [1-3]: the initial silicon particle
size [4, 5], purity, and nitriding process, the composi-
tion, and  pressure of the nitrogen-based gas (N2+H2,
N2+He, added O2 or water vapor) [6-11], the pore size
of compacts [12] and the compact size [13]. The
nitridation reaction between Si and nitrogen in making
silicon nitride is exothermic. Therefore, the nitriding
schedule should be controlled carefully in order to
avoid the fusion of silicon. 

Goeb et al. [14] reported that a common feature of
gas-pressure sintered silicon nitride ceramics was the
inhomogeneous grey coloration of the near surface area.
The same coloration was also observed for RBSN [15].
An interaction between the gas atmosphere and the
material was responsible for the non-uniform coloration.
The effect of the nitrogen partial pressure on the
microstructure of reaction bonded silicon nitride was
thermodynamically explained [16]. 

This paper describes a technique whereby reaction
bonded silicon nitride can be processed to produce a
high quality microstructure. Microstructural observations
of the discoloration process during the reaction was
also discussed. 

Experimental Procedure

A schematic diagram of the experimental procedure
is presented in Fig. 1. The levels of nitridation were
investigated as a function of the added static gas pre-
ssure. The average particle size of Si (Permascand Co.
Grade 4) was 7 µm. The impurity levels are given in
Table 1. Y2O3 (6 wt%) (Fine, H.C. Starck) and Al2O3 (2
wt%) (AKP30, Sumitomo Chemical Co., Osaka, Japan)
were used as sintering aids for post sintering. The
starting materials were mixed in ethanol (PH=11) in an
MC nylon jar after adding 5 wt% PEG (polyethylene
glycol) as binder, and milled for 24 hours in a planetary
ball mill with Si3N4 balls as the milling media. In each
case the resulting powder was dried and pressed to
compact bodies. 

The PEG binder was burnt out to enhance the pore
channel distribution in the green compacts. After the
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binder burn-out operation, the compacts were subjected
to nitridation in either a N2-10%H2 gas mixture or in a
N2 atmosphere. The samples were heated in a vacuum
until the temperature reached 300 oC and then the N2-
H2 gas mixture was admitted to the desired pressure. At
1300 oC the mixture was switched over to N2 gas.
Figure 2 shows a schematic diagram of the computer-
controlled nitriding furnace. In order to prevent reaction
between the compact and graphite, and to minimize the
contact area, the compacts were placed on BN coated
silicon nitride balls. The level of nitridation after 26
hours reaction time was obtained from the following
equation:

Level of Nitridation (%) = 1.5(W-Wi)/ Wsi  (1)

where W is the weight of the specimen after the nitri-
dation reaction and Wi is the weight before nitridation,
Wsi is the weight of Si before nitridation. The micro-
structural characteristics were studied by an optical
microscope. Phase analysis was performed by XRD
using Cu Kα radiation and Ni a filter. The Si3N4 α/β
ratio after nitridation was calculated by the Gazarra and

Messier equation [17]. 

 (2)

The cross sections of specimens which had various
reaction levels were also examined to look for any
coloration process preduced by the nitridation reaction. 

Results and Discussion 

Figure 3 shows phographs of the cross section of the
specimens, which had various levels of nitridation. As
the level of nitridation increased, the inhomogeneous
coloration inside the specimen and/or near the surface
proceeded due to the interaction between the gas
atmosphere and the silicon nitride. Up to a level of
30% nitridation the specimen remained unchanged,
showing a typical dark grey color all over the sample.
From a level of 50% to 70% nitridation, the amount of
silicon nitride increased, showing coloration of the near
surface area and inside the specimen. When the level of
nitridation reached 90%, the specimen color changed
from dark grey (Si) to white grey (Si3N4). Based on
observations of the color, the sequences of the nitri-
dation reaction with thickness were as follows; 1) The
outside, 2) the inside, 3) an intermediate area of the
specimen, indicating an easy penetration of the nitrogen
gas into the inside of the specimen. The inhomogene-
ous coloration of Si3N4 near the surface also proceeded

α−Si3N4=
Iα 210( )/Lα 210( )

Iβ 210( )/Lβ 210( )+Iα 210( )/Lα 210( )
---------------------------------------------------------------------------------

Fig. 1. Schematic diagram of the experimental procedure.

Table 1. Powders used in these experiments

wt% Manufacturer Grade Average Particle Size (μm) Others

Si Permascand, Sweden 4 7 Fe: 0.07%
Al: 0.07%
Ca: 0.01%
C: 0.1%
O: 0.2-1.0%

Y2O3 6 H.C. Starck Co., Germany Fine 0.29
Al2O3 2 Sumitomo Chemical Co., Japan AKP30 0.37

Fig. 2. Schematic diagram of the computer-controlled nitriding
furnace.
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due to the interaction between the gas atmosphere and
silicon. The formation of SiO was possible because the
reaction between SiO2 formed at the surface of the
starting Si powder and H2 in the gas mixture occurred
in the early stage of nitridation (equation 3). SiO gas
produced by this reactions reacted with N2 gas to form
alpha Si3N4 or Si2N2O (equations 4, 5). It is believed
that Si2N2O grows from a liquid phase which has been
saturated with the dissolved nitrogen [18, 19]. This
reaction (equation 5) was extensive at an early stage of
nitridation due to more oxygen contamination in the
starting materials : 

SiO2+H2 → SiO(g)+H2O(g) (3)

Si+SiO(g)+N2 → Si2N2O (4)

3SiO(g)+2N2(g) → Si3N4+3/2O2  (5)

There were more alpha crystals on the inside than at
the outside of the specimen. The reaction temperature
in the final stage of the nitridation reached above 1450
so that the amount of liquid glass was large enough to
produce beta Si3N4 at the surface of the small sample.
Figure 4 shows a schematic diagram of the Si3N4 layer
formed near the surface of the specimen. Also an
uneven Si3N4 layer with a different thickness (as a
function of time and temperatures t, T) was observed.
The nitrogen partial pressure on each side of the speci-

men was considerably different, resulting in a nitrogen-
deficient region between specimens. In order to show
the effect of the nitrogen partial pressure, only one
specimen was placed in the center of the furnace and it
clearly showed a uniform thickness of the Si3N4 layer
(Fig. 5). The fractions of α-Si3N4 at different positions
in the specimen are given in Fig. 6 and X-ray results of
the specimen after nitridation to 70% are given in Fig.
7. This analysis was done from the surface to the center
of the specimen (from A to F). The α/β Si3N4 ratio was
calculated based on equation (2). The (210) plane was
selected to minimize the effect of grain size and the
preferred orientation. A structure-related parameter (L)
was obtained for each plane, and Lα (210) and Lβ (210)
were 6.79 and 11.21 respectively. A SiC peak was
observed at the surface of the specimen, indicating
there was a strong reaction between the Si powder and
carbon in the atmosphere. In order to investigate the
nitrogen partial pressure in the atmosphere, a graphite
crucible was used. A total of 12 specimens were placed

Fig. 3. Photographs of cross sections of the specimens which had various levels of nitridation (%).

Fig. 4. Schematic diagram of the Si3N4 layer formed near the
surface of the specimen.

Fig. 5. Formation of α-Si3N4 layer with a uniform thickness(T).

Fig. 6. The fractions of α-Si3N4 at different positions.
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on the silicon nitride balls. The nitridation levels for
specimens placed at different positions are summarized
in Fig. 8. This clearly indicates that the nitridation level
of specimens in the nitrogen-deficient region reaches
very high values up to 99%.

Conclusions

Reaction bonded silicon nitride (RBSN) has been
fabricated from Si powder with Y2O3 and Al2O3. A
computer controlled static nitriding system was con-
structed so that precise control of gas pressure and
reaction temperature was obtained. A level of more
than 90% nitridation was successfully obtained. The
ratio of alpha (α) to beta (β) silicon nitride was higher
on the inside than that at the outside of the sample. The
reaction temperature in the final stage of the nitridation
reached above 1450 oC so that the amount of liquid

glass was large enough to produce beta Si3N4 at the
surface. Uneven α-Si3N4 layers were observed inside
the samples since the nitrogen partial pressure at each
side of the specimen were considerably different from
each other. The unwanted non-uniform band formation
of alpha silicon nitride was controlled using a graphite
crucible, resulting in a lower nitrogen partial pressure
in the atmosphere. The reduced nitrogen partial pres-
sure improved the nitridation level up to 99% and
successfully removed the grey coloration.
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Fig. 7. X-ray analysis of the specimen after 70% nitridation. The
position A to F are shown on figure 6.

Fig. 8. The nitridation level for specimens placed at different
positions.


