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The effects of the various characteristics of reaction-bonded silicon nitride (RBSN), such as
crystalline secondary phases, residual Si, pore size distribution, and agglomerates
developed during nitridation on the post-densification behavior, were investigated in detail.
A model experiment was carried out to study the effect of crystalline secondary phases in
RBSN on the post-densification. The result clearly indicates that the pre-formation of
crystalline secondary phases does not influence the sintering of SizN4-powder compacts,
which is further demonstrated in the post-densification of RBSN, because the formation of
a liquid, including its composition and properties, is dependent on the composition of the
system and sintering temperature, but independent of the presence of crystalline secondary
phases. In particular, the complete melt of crystalline secondary phases is not related to
their melting points and only relies on the composition of the system. The residual Si and
pore size distribution in RBSN show no significant effect on the post-densification. Some
large pores of ~b5 um in size could be eliminated by liquid filling and grain growth during
post-sintering. The residual Si in RBSN could change into B-SisNy4 by nitridation of liquid Si
and contribute to the weight gain during the early stage of post-sintering. However, it is
shown that the agglomerates in RBSN play an important role in the post-densification. The

effect of agglomerates on the post-densification strongly depends on their size and
amounts in RBSN. Nearly complete densification of RBSN could be reached through
lowering of the nitriding temperature or adding SisN4 powder to green bodies, which leads
to the formation of more uniform microstructure during nitridation. A mechanism that
explains how the agglomerates affect the post-densification of RBSN was discussed based
on the theories of liquid phase sintering. © 2004 Kluwer Academic Publishers

1. Introduction

Recently, much attention has been paid to post-sintering
of reaction-bonded silicon nitride (RBSN) [1-10].
Compared with sintering of SizNs-powder compacts,
the sintered RBSN (SRBSN) not only has an advan-
tage of low cost resulting from lower raw materials
costs and lower costs of machining due to the lower
sintering shrinkage and minimum distortions during
post-sintering, but also it can be produced in complex
shaped components with near-net-shape capability and
with good mechanical properties similar to those of
HPSN or SSN.

Because of a high degree of covalent bonding (70%),
the densification of Si3Ny requires sintering aids and
proceeds via a liquid-phase sintering mechanism [4,
11, 12]. The sintering aids used for the sintering of
RBSN are similar to those applied in sintered and hot-
pressed SizNy, such as Al,O3, MgO and rare-earth
oxides. The most popular method of introducing the
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sintering aids to the RBSN materials is to add them
to the Si powder prior to nitriding and this will in-
fluence the nitriding process, post-densification and
the resulting microstructure. One of the outstanding
features is that the sintering aids result in the forma-
tion of crystalline secondary phases during nitridation.
Kleebe et al. [5, 13] stressed that besides micropore
size distribution, the crystalline secondary phases in
RBSN play an important role in the post-densification
and inhibit the post-densification. In addition, the inho-
mogeneous distribution of these crystalline secondary
phases also results in the growth of large elongated
B-SizNy crystals during the post-sintering. They pro-
posed two reasons why the crystalline secondary phases
inhibit the post-densification of RBSN. One is that
the pre-formation of crystalline secondary phases re-
sults in a decrease of the amount of liquid phases.
The other is that the crystalline secondary phases
with a high thermal stability only dissolve, and thus
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a homogeneous liquid present at rather high sintering
temperature.

Recently, the melting points of crystalline
Y4Si207N2 (J—phase) and YzoSi12048N4 (H—phase)
were reported to be 1880 and 1700-1800°C by
Nishimura et al. [14]. This means that the J-phase
possesses a higher melting temperature than the
H-phase. Most importantly, H-phase and J-phase both
should completely melt at a high sintering temperature,
such as 1920°C. Dressler et al. [15] showed that the
inhomogenously distributed crystalline secondary
phases in RBSN do not result in the exaggerated grain
growth because a rapid homogenization of locally
formed liquid occurs via capillary forces during
post-sintering at higher temperature. Hence, up to
now, the role of crystalline secondary phases in the
post-densification of RBSN is not clear. The influences
of other characteristic factors developed during
nitridation on the post-densification of RBSN have
not been systematically studied. Therefore, further
investigations on the post-densification behavior of
RBSN are needed.

The objective of this work is to investigate the effects
of various characteristic factors of RBSN on the post-
sintering behavior of RBSN. The system of Yb,Os3-
MgO was chosen as the sintering aid because of several
considerations. First, this system has been employed
to successfully obtain dense Si3N4 ceramics by gas-
pressure sintering of SizN4-powder compacts [16, 17].
Second, the melting point of crystalline YbsSi;O7N;
was determined as 1870°C [14] and was regarded as a
typical crystalline secondary phase with high melting
point [18, 19]. Finally, the formation of Yb4Si,O7N; is
almost independent of the properties of starting raw ma-
terials, additive composition, and even fabrication tech-
niques, unlike Y,O3-system [16, 18, 20, 21]. No model
experiment verifying the effect of crystalline secondary
phases on the post-densification of RBSN has been re-
ported to date. Thus, a model experiment based on the
sintering of SizNs-powder compacts was performed.

Effects of various characteristic factors of RBSN, such
as crystalline secondary phases, residual Si, micropore
and agglomerated structure developed during nitrida-
tion on the post-densification of RBSN, were investi-
gated in detail. The role of crystalline secondary phases
in the post-densification of RBSN was clearly clarified
and itis suggested that the agglomerates in RBSN plays
a crucial role in the post-densification.

2. Experimental procedure
The starting materials used in this study were as fol-
lows: Si (purity > 99%, dso = 1 um, High purity chem-
icals, Saitama, Japan), a-SizN4 powder (SN E-10, spe-
cific surface area 9—13 m?/g, B-phase of 0.23%, oxygen
content <2.0 wt%, UBE Industries, Ltd., Yamaguchi,
Japan), Yb, O3 (purity >99.9%, specific surface area of
19.3 m?/g, Nihon Yttrium Co. Ltd., Tokyo, Japan) and
MgO (1000A, UBE Industries, Ltd., Japan). SEM pho-
tograph of the original Si powder was shown in Fig. 1.
Two kinds of powder mixtures used for the prepara-
tion of RBSN materials having a Si:SizN4 mass ratios
of 1:0 and 5:1 were designated as RB1 and RB2, re-
spectively. The concurrent addition of Yb,O3 and MgO
was used as sintering aids. The only difference in the
compositions of RB1 and RB2 green bodies is that the
former did not contain «-SizNy particles and the lat-
ter contained Si3Ny particles. After full nitridation, the
fraction of added «-Si3Ny particles is about 11% of the
total weight of Si3Ny in the RB2 materials. The final
composition of these RBSN materials after fully nitrid-
ing and sintering was designed to be 90 mol%SizNy-
5 mol%Yb,03-5 mol%MgO. SizN4-powder compacts
with the same composition as RBSN materials were
also prepared.

All powder mixtures were prepared by wet mixing in
a planetary mill for 1 h in a Si3Ny jar with SizNy balls,
using methanol as a mixing medium in the absence of
a binder. The slurry was dried using a rotary evaporator
at a temperature of 60°C, subsequently dried at 110°C

Figure 1 SEM photograph of the original Si powder used in this work.
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for at least 4 h in vacuum and sieved through 100 mesh
screen. Two grams of powder mixture was uniaxially
pressed in a 20 mm diameter stainless steel die and then
cold isostatically pressed. The cold isostatic pressure
used for Si:SizN4 compacts and SizN4-powder com-
pacts was 300 MPa and 400 MPa, respectively.

The nitridation of Si:SizNy green compacts was car-
ried out in an alumina tube furnace (60 mm in diame-
ter, Koyo Thermo System Co., Tenri-shi, Japan) with
1 L/min high purity nitrogen flow at three different tem-
peratures: 1300°C x 16 h, 1325°C x 16 h and 1350°C
x 8 h. In order to examine the effect of crystalline sec-
ondary phases on the post-densification of RBSN ma-
terials, a model experiment was conducted based on the
sintering of SizN4-powder compacts. Some of SizNy-
powder compacts were treated in the alumina tube fur-
nace at 1350°C for 8 h and thus crystalline secondary
phases were formed during this process. The sintering
of the nitrided compacts and Si3N4-powder compacts
without and with heat treatment was conducted inside
a triple crucible arrangement which consisted of a dou-
ble BN crucible and an outer graphite crucible in a
graphite resistance furnace (Multi-500, Fujidempa Ko-
gyo Co. Ltd., Japan) at 1800 and 1900°C with 6 h hold
under a N, pressure of 0.1 MPa (pressureless sintering)
and 1 MPa (gas-pressure sintering), respectively. The
samples were placed inside an inner BN crucible with a
BN powder bed (GP grade, Denki Kagaku Kogyo Co.,
Japan) in the double BN crucible arrangement.

The extent of nitridation was determined by the ra-
tio of the observed weight gain and theoretical weight
gain according to the reaction (3Si — Si3Ny). Linear
shrinkage (L.S) and volume shrinkage (VS) were de-
termined by the apparent dimensional change of disk
samples during nitridation and post-sintering. Weigh
loss (WL) during post-sintering was determined by the
apparent weight change of samples before and after sin-
tering. Bulk density (BD) of the nitrided and sintered
materials was measured by the Archimedes method
using distilled water as an immersion medium. The-
oretical density (TD) of sintered RBSN materials and
Si3N4-powder compacts was estimated based on their
designed compositions 90 mol%SizN4-5 mol% Yb,O3-
5 mol%MgO by the rule of mixture. Relative density
(RD) was given by BD/TD.

The pore size distribution of the nitrided materials
was determined by mercury porosimeter (Model Pore-
master GT 33-1, Quantachrome Co. Ltd., Japan). The
phase analysis of the nitrided and sintered materials was
conducted on the cross-sections of the bulk samples by
using X-ray diffractometry (XRD) (Model RINT 2500,
Rigaku Co., Tokyo, Japan, Cu K, radiation, scanning
range of 26 = 10-70°, operating conditions of 40 kV
and 100 mA). The quantitative analysis of «- and B-
Si3Ny of the nitrided products was performed using the
method [22] described by Pigeon and Varma (scanning
rate: 0.5° 260/min). The «-Si3Ny crystallite diameter (D)
of the nitrided bodies was estimated from the (201) peak
by the Scherrer equation:

0.89A
D = (1)
B cos6

where A is the wavelength (A = 1.5406 A), B is the
peak broadening of the crystallite diameter (D) at half
of its maximum intensity, 6 is the peak position.

The microstructures of the nitrided bodies were char-
acterized by observing the fracture surfaces, which had
been coated with a 30 nm layer of gold, using scan-
ning electron microscopy (SEM) (Model JSM-5600,
Jeol, Tokyo, Japan). Cross sections of sintered sam-
ples were polished with a 1 um diamond slurry and
plasma-etched in a CF4 gas of 30 ml/min for 120 s in a
commercial plasma etching apparatus (Model PR317Z,
Yamato Scientific, Tokyo, Japan). The etched surfaces
were observed by SEM.

3. Results
3.1. Model experiment based on the
sintering of SizN4-powder compacts

Table I gives the characteristics of Si3N4-powder com-
pacts before and after heat treatment at 1350°C for 8 h.
During heat treatment, the compacts show no signifi-
cant change in the density, which is in good agreement
with almost “zero” shrinkage occurring (only 0.66%).
The B-phase content shows a slight increase from 0.23
to 1.65 wt% after heat treatment and this implies that
the phase transformation of @ to 8 which occurs at
1350°C was due to the formation of some liquid phase;
this means that the lowest eutectic temperature in the
system of SizN4-S10;,-Yb,03-MgO is most likely less
than 1350°C. XRD pattern of SizN4-powder compacts
after heating treatment shown in Fig. 2 shows that
crystalline YbsSi;N,O7 was the only crystalline sec-
ondary phases formed during heat treatment. The for-
mation of YbySi;N,O7 is attributed to the following

TABLE I Characteristics of Si3N4-powder compacts before and after
heat treatment at 1350°C for 8 h

Before heat treatment After heat treatment

B/@+p) BD  RD
Wi%)  (gem’) (%)

B/(a+ B) BD RD LS Op?
(Wt%) (gem®) (%) (%) (%)

0.23 1.86 53.10 1.65 1.90 5425 0.66 45.19

20P = open porosity.
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Figure 2 XRD pattern of Si3sN4-powder compact after heat treatment at
1350°C for 8 h.
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Figure 3 SEM photograph of fracture surface of Si3sN4-powder compacts with heat treatment at 1350°C for 8§ h.

solid-reaction at 1350°C:
SizNg + 4Yby,03 + Si0; — 2YbySinN,O4 )

Fig. 3 shows the microstructure of Si3N4-powder com-
pacts after heat treatment at 1350°C for 8 h. It is found
that the SizNy grains remain fine and equiaxed, being
almost the same as the starting powder. It can be con-
cluded that this aspect of the microstructure of treated
SizsN4-powder compacts is identical to that of those
without treatment (green compacts). Thus, provided
that there is a difference in the sintering behavior of
SizNy-powder compacts without and with heat treat-
ment, this difference should be caused by the crystalline
Yb4Si;N,O7 phase.

Fig. 4 illustrates the effect of pre-formation of crys-
talline secondary phases on the sintering of SizN4-
powder compacts. It is found that there is nearly no
difference between the sintered densities of compacts
without and with heat treatment, whether at 1800 or
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1800°C,6h 1900°C,6h
0.1 MPa N, 1 MPa N,

Sinteirng conditions
Figure 4 Effect of the pre-formation of crystalline secondary phases

on the relative density of sintered Si3N4-powder compacts at 1800°C
(pressureless sintering) and 1900°C (gas-pressure sintering).
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1900°C. They both are sintered to more than 98% theo-
retical density at 1900°C. The SEM photographs shown
in Fig. 5 reveal that, the microstructural development
of the sintered samples without (Fig. 5a) and with heat
treatment (Fig. 5b) is almost identical. Although the 8-
phase content shows a small increase, no significantly
abnormal grain growth is observed in the sintered sam-
ples with heat treatment (Fig. 5b), which is in good
agreement with the results reported by Dressler et al.
[15] because the growth of elongated Si3N4 grains de-
pends not only on the amounts 8-Si3N4 nuclei, but also
on the grain-size distribution of 8-Si3Ny4 nuclei. This
experiment clearly illustrates that the pre-formation of
crystalline secondary phases has no effect on the sinter-
ing behavior of SizNy. In the case of using Y,03-Al,03
system as sintering additives, Kim et al. [23] reported
that the untreated SizN4-powder compacts showed al-
most the same sintering behavior as those treated at
1450°C for 10 h under flowing N, gas, which leaded
to the formation of crystalline Y,Si,O7 phase, using o-
Si3N4 powder (SN E-10) as the starting materials. This
is in excellent agreement with our present result. There-
fore, it can be concluded that crystalline secondary
phases do not influence the post-densification of RBSN.

3.2. Characteristics of RBSN materials

Table II gives the extent of nitridation, B-phase con-
tent, density, and linear shrinkage and open porosity
all RBSN materials obtained at various nitriding condi-
tions. The extent of nitridation, density and open poros-
ity of RB1 materials decrease with the decrease of ni-
triding temperature. No Si peaks is detected by XRD
in nitrided RB1 materials at 1350°C for 8 h, indicat-
ing complete nitridation. But, nitrided RB1 materials
at 1300°C contain more residual Si owing to the lower
degree of nitridation. The nitridation of sample RB1
was also carried out at 1350°C for 16 h, but the open
porosity was found to be almost the same as that for



TABLE II Characteristics of all RBSN materials obtained at various nitriding conditions

Nitriding Nitridation B/(a+ B) D¢ BD LS OP
Sample no. condition (%) (Wt%) (nm) (g/cm3) (%) (%)
RBI1 1300°C, 16 h 87.89° 1.11 35 247 2.17 15.49

1325°C, 16 h 93.43b 0.75 - 2.53 2.10 16.10

1350°C, 8 h 94.54% 1.65 41 2.55 1.92 20.41
RB2 1350°C, 8 h 93.62% 0.53 38 2.47 1.92 24.57

Note: 2Si peak cannot be detected by XRD; PSi peak can be detected by XRD; °The diameter of a-Si3Ny crystallite.

Figure 5 SEM photographs of polished and plasma-etched cross-sectional surfaces of sintered SizN4-powder compacts at 1900°C with 6 h hold under
a N pressure of 1 MPa: (a) without and (b) with heat treatment at 1350°C for 8 h.

8 h. This shows that once the nitriding reaction com-
pletes, the prolonged holding time will not influence
the pore structure. A decrease in the nitriding tempera-
ture increases the area density of Si3Ny nuclei [24], but
decreases the reaction kinetics, so the formed products
will quickly seal the channels and stops reaction, which
results in a relatively low final extent of reaction and
higher closed porosity. Thus, the difference in the open
porosity between 1300 and 1350°C is not caused by the
nitriding time, but the temperature. It is also observed

that the densities of RBSN materials increase with in-
creasing nitrided percent and this is in good agreement
with the volume expansion of approximately 22% con-
nected with the conversion of silicon to SizN4. This
expansion is taken up by the interstitial void between
the particles in the compacts, resulting in pore filling
and the increase of density.

It is found that the addition of SizN4 powder to green
bodies significantly reduces the density and increases
the open porosity of nitride bodies. This indicates that
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Figure 6 The pore size distribution of RBSN materials (RB1 materials
nitrided at 1350°C for 8 h and 1300°C for 16 h, respectively, and RB2
materials nitrided at 1350°C for 8 h).

the addition of SizNy particles prevents the densifica-
tion of Si compacts during nitridation. Since SizNy par-
ticles are fully reacted, they make no contribution to the
densification of RBSN materials. In fact, they result in
an increase of in internal porosity and a decrease in
density because of the formation of an open network
structure. Since no Si peaks are found in nitrided RB2
materials, the nitridation is considered to be complete
at 1350°C. It is noted that the all RBSN materials show
a very low content of S-phase (<2 wt%) and the addi-
tion of «-SizN, further decrease the S-phase content.
The decrease in the 8-phase content is attributed to the
“seeding” effect of these «-Si3Ny4 additions, which pro-
mote «-nitride formation [25].

Fig. 6 shows the effect of the nitriding temperature
and the addition of SizNy particles on the pore size dis-
tribution of RBSN materials. The average pore size of
RB1 materialsis 0.1 umat 1350°C for 8 h, and 0.07 um
at 1300°C for 16 h, respectively. The RB1 materials ob-
tained at 1300°C contain a wider pore size distribution
than those obtained at 1350°C. In addition, although
the density of the former is lower than the latter, the
population of pores of approximately 0.06 um in the
former is much less than that the population of pores
of ~0.1 um in the latter. This is consistent with the
relatively high population of close pores in the former.
This means that the nitridation at lower temperature for
a longer reaction time easily created finer micropores
as well as closed pores. The average pore size shows a
slightly increases from 0.1 to 0.15 pm due to the addi-
tion of Si3Ny particles to green compacts. Especially,
the SizN4 addition results in the increase of the pop-
ulation of relatively coarse pores and this is in good
agreement with the open porosity data.

XRD analysis shows that only crystalline
YbySipN,O7 is observed as crystalline secondary
phase in all RBSN materials. The formation of
YbysSipN,O7 is attributed to the chemical reaction
between Yb,0Os, Si, and SiO; at the Si particle surface,
and/or newly formed Si3zN4 during the nitridation
process. The amount of YbsSi;N,O7 phase in these
materials can be estimate by the strongest XRD peak
intensities of this phase shown in Fig. 7. Because the
Yb,03 phase is not observed in all nitrided bodies, it
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Figure 7 The strongest XRD peak intensity of crystalline YbsSioO7N>
phase present in the RB1 and RB2 materials obtained at various nitriding
temperatures and SizN4-powder compacts with heat treatment (SN_HT)
at 1350°C for 8 h.

can be considered to have completely converted into the
crystalline YbsSizN,O7 phase during the nitridation
process. Except the 1300°C-nitrided RB1 materials,
no significant difference is found in the strongest XRD
peak intensity of YbsSi;N,O; phase in the nitrided
materials and treated Si3Ns-powder compacts, which
means that these materials contain almost the same
amount of YbsSi;N,O7 phase. The reason why the
1300°C-nitrided RB1 materials show a relatively high
amount of YbsSi;N,O7 phase is associated with the
incomplete nitridation reaction and an especially high
amount of residual Si. The YbySi;N,O7 phase is also
the only crystalline secondary phase in the treated
SizN4-powder compacts in our model experiment.
These results show that the formation of crystalline
Yb,4Si;N,O7 phase is almost independent of the prop-
erties of starting raw materials and even fabrication
techniques. From the thermodynamic point of view,
the YbsSi,N,0O7 phase may be the stablest phase in
the system of Si3N4-Si0;-Yb,0s3.

Fig. 8 presents the microstructure of some typi-
cal RBSN materials. In addition to the micropores
(<1 pm), there are some macropores (>1 pum) and
even a few macropores of ~4 pum are visible in the
microstructure shown in Fig. 8a, ¢ and e. The size of
these macrospores strongly depends on the size of the
coarse particles in the starting Si powders; the coarser
the starting Si powder used, the larger the size of these
macropores [26]. SEM photograph presented in Fig. 1
indicates that the original Si powders cover a large dis-
tribution of particle size from fine particles <1 um
to coarse particles reaching diameters of about 5 pum.
Moreover, XRD analysis shows that SizNy products
in all RBSN materials consist basically of a-phase. It
has been generally accepted that the formation of «-
phase is attributed to the gas-phase reaction between
Si vapour and molecular nitrogen through a vaporiza-
tion/condensation type mechanism, similar to a CVD
process [27, 28]. This reaction always takes place in
a predominant nitrogen environment, and very often
this will be outside the boundaries of the original Si
particles, which leads to the formation of the pores at
their original positions after complete reaction. It is



Figure 8 SEM photographs of facture surfaces of RBSN materials: (a) and (b) RB1 nitrided at 1350°C x 8 h, (c) and (d) RBI1 nitrided at 1300°C x
16 h, (e) and (f) RB2 nitrided at 1350°C x 8 h ((a) (c) and (e) x2500, (b) (d) and (f) x 10000).

clearly observed that the unreacted Si left inside such
type of pores, as indicated by a white arrow in Fig. 8c,
is due to the reaction stopping. Therefore, the forma-
tion of these “noticeable” macrospores is mainly as-
sociated with the direct evaporation of very coarse Si
particles.

In addition to the porous structure, the SizNy grains
are almost fine and equiaxed and XRD analysis shows
that they are almost composed of «-phase. Obviously,
these fine grains exist in agglomerated form. Because
the nitriding reaction is highly exothermic, large tem-
perature gradients can occur during RBSN formation
if heat is generated faster than it is removed either by
conduction through the sample or by transporting away
from the external surfaces. Some authors have esti-
mated the temperature rise during reaction and found

that it could be over 100°C for the sample of ~0.2 cm
thickness during nitridation at 1350°C [29]. Further-
more, the temperature rise increases with increasing
sample thickness. Because the thickness of Si green
compacts is about 0.5 cm, the local temperature reaches
above the melting point (1410°C) of Si occurs during
nitridation at 1350°C, resulting in the coagulation of
partly melted particles in the reaction system. It can
be seen that the extent of agglomeration in nitridated
RB1 materials at 1350°C (Fig. 8b) is apparently larger
than those nitrided at 1300°C (Fig. 8d) as well as ni-
trided RB2 materials (Fig. 8f). In addition to lower-
ing nitriding temperature, the extent of agglomeration
can be effectively reduced by adding SizNy particles to
green bodies, because the fully reacted Si3N4 reduce
the chance of local overheating.

5791



TABLE III Pressureless sintering of RBSN materials (nitriding con-
dition: 1350°C for 8 h) at 1800°C for 6 h hold

Sample no. BD (g/em®) RD (%) LS (%) VS (%) WL (%)
RBI1 3.17 90.63 8.48 24.60 6.39
RB2 3.20 91.49 10.18 28.19 7.37
SN_HT? 3.24 92.54 17.90 45.86 10.53

2SN_HT = SizNy-powder compacts with heat treatment at 1350°C for
8 h in our model experiment.

TABLE IV Gas-pressure sintering of RBSN materials at 1900°C for
6 h hold under a N, pressure of 1 MPa

Nitriding BD RD LS VS WL
Sample no. condition (g/em®) (%) (%) (%) (%)
RBI1 1300°C, 16 h  3.45 98.46 10.79 29.67 1.50
1325°C, 16 h  3.35 95.65 9.81 26.58 4.24
1350°C,8 h  3.24 92.55 8.63 2696 5.90

RB2 1350°C,8 h  3.45 98.61 11.62 31.18 3.96
SN_HT 1350°C,8 h  3.44 98.18 18.69 47.83 5.62

3.3. Post-densification of RBSN materials

Pressureless and gas-pressure sintering results of RB1
and RB2 materials in all cases are summarized in Ta-
ble III and IV, respectively. In order to compare with
the sintering behavior of RBSN materials, the pressure-
less and gas-pressure sintering of SizNy-powder com-
pacts with heat treatment is correspondingly illustrated
in Table III and IV and these samples are designated
as SN_HT. All these materials show only ~91 % rel-
ative density by pressureless sintering at 1800°C, in-
dicating incomplete densification. Moreover, RB2 and
SN_HT materials are densified to more than 98% rela-
tive density by gas-pressure sintering at 1900°C. This
means that the RB2 materials show almost the same
densification behavior as the SN_HT materials. How-
ever, in comparison with the RB2 materials, the nitrided
RB1 materials at the same condition show only 92.55%
relative density by gas-pressure sintering, indicating a
poor densification behavior. But, the 1300°C-nitrided
RB1 materials are densified to more than 98% relative
density, almost the same as the 1350°C-nitrided RB2
materials as well as SN_HT materials. The effect of
nitriding temperature and Si3N,4 additions on the post-
densification of RBSN is further illustrated in Fig. 9.
Gas-pressure sintering for all materials (RBSN mate-
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Figure 9 Effect of the nitriding temperature and Si3Ny4 addition on the
relative density of sintered RBSN materials at 1900°C with 6 h hold
under a Ny pressure of 1 MPa.
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rials and SizN4-powder compacts) results in a small
increase in the sintering shrinkage and a significant de-
crease in the weigh loss in comparison with the pres-
sureless sintering. Generally, the weight loss of Si3Ny
during sintering is due to the decomposition of SizNy
or the formation of SiO gas, and higher N, pressure can
suppress this volatilisation [30, 31]. The SN_HT mate-
rials show higher weight loss than the RBSN materials
during sintering especially pressureless sintering due to
the low starting density. In addition, the weight loss of
the RBSN materials (RB1) decreases with the decrease
of nitrided percent or the increase of residual Si content.
Compared with SizN4-powder materials (SN_HT), The
RBSN materials shows a smaller sintering shrinkage
and this is due to the higher starting density.

Fig. 10 gives the typical microstructures of GPSed-
RBSN materials (SRBSN) at 1900°C. Many pores are
visible in Fig. 10a, but very few pores can be observed in
Fig. 10b and c. These SRBSN materials show the sim-
ilar microstructures composed of small matrix grains
and elongated B-Si3Nj4 grains. But, the grain growth
of elongated B-SizNycrystals in Fig. 10a and b is more
noticeable than in Fig. 10c and this is associated with
the relatively low B-phase content in the nitrided RB2
materials. XRD analysis of all SRBSN materials re-
veals that the a-to-f phase transformation is complete
during sintering.

4. Discussion

4.1. Effect of crystalline secondary phases
Concerning the liquid phase sintering, the effect of the
pre-formation of crystalline secondary phases on the
densification may be caused by the amounts, viscos-
ity, surface tension and especially distribution of liquid
phase throughout the samples. According to the theory
of phase-equilibrium diagrams, for a given composi-
tion, the formation of liquid phase is strongly depen-
dent on the temperature, but independent of heating
history or heating process. In order to interpret this ar-
gument, Fig. 11 illustrates a schematic representation
of the phase diagram of a typical two-component sys-
tem with a stable compound. For a starting composition
of a mixture A and B corresponding to point Xo, let us
consider two routes to heat the mixture to temperature
T, to examine the formation of liquid under equilibrium
condition. One is that the system is directly heated to 75
at which phase B dissolves and disappears, the liquid
with composition of Xk forms and coexists with phase
A. The amount of liquid is determined by the lever rule.
The other is that the system is first heated to 77 and then
cooled to room temperature. Thus, phase B disappears
and crystalline C is formed during this heating process.
The new system is composed of A and C and its overall
composition is still located at point Xo, provided that
the material loss is neglected during the heating process.
Then, the new system is heated to 7 at which crystalline
C dissolves and disappears, the liquid forms and coex-
ists with phase A. The composition of liquid in the new
system at 75 is still located at Xk and its amount should
be the same as that of the system without heat treatment.
Obviously, although the melting point of crystalline C



Figure 10 SEM photographs of polished and plasma-etched cross-sectional surfaces of sintered RBSN materials at 1900°C with 6 h hold under a N,
pressure of 1 MPa: (a) RB1 (nitrided at 1350°C x 8 h), (b) RB1 (nitrided at 1300°C x 16 h) and (c) RB2 (nitrided at 1350°C x 8 h).
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Figure 11 The phase diagram of a typical two-component system with
a stable compound.

is higher than 75, it completely dissolves and takes part
in the formation of liquid at 7,. This means that under
the equilibrium condition, the composition and proper-
ties of liquid is not related to the presence of crystalline
C resulting from additional heat treatment, but only to
the composition of the system and temperature. Ac-
cordingly, this argument can be analogical to the three
(or even four)-component system.

As discussed above, it is concluded that for a fixed
composition and temperature, the pre-formation of

crystalline secondary phases does not affect the for-
mation of liquid phase including composition, struc-
ture and properties, such as viscosity and surface ten-
sion, but might result in the local distribution of lig-
uid throughout the sample during sintering. However,
the same sintering behavior between the untreated and
treated SizNy-powder compacts clearly shows that the
pre-formation of crystalline secondary phases does not
result in the localized distribution of liquid, because a
homogenization of locally formed liquid occurs due to
capillary force during sintering. All materials are den-
sified to more than 90% relative density by pressureless
sintering at 1800°C and this demonstrates that the crys-
talline secondary phases do not influence the formation
of liquid phase. The 1300°C-nitrided RB1, 1350°C-
nitrided RB2 and SN_HT materials all are sintered to
more than 98% relative density at 1900°C, as shown
in Fig. 9. This means that the crystalline YbsSi;N,O~
in RBSN does not influence the post-densification.
Although the 1350°C-nitrided RB1 materials shows
a poor densification behavior, this should not be at-
tributed to the presence of crystalline YbySi;N,O7,
because all these materials contain almost the same
amount of YbysSi;N,O7, as shown in Fig. 7. In par-
ticular, crystalline YbsSi;N,O7 can completely melt
at sintering temperature of 1900°C, higher than its
melting point of 1870°C. In fact, the lowest eutectic
temperature in the system of SizN4-Si0;-Yb,03-MgO
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should be less than 1660°C, which is the lowest eutec-
tic temperature of the SiO,-Yb,O3 system, and even
1350°C. Moreover, the complete dissolution of crys-
talline Yb4Si,N,O7 phase is not related to its melting
point, but only to the starting composition of the sys-
tem. Some authors’ work [23] using Y,03-Al,03 as
sintering additives also clearly demonstrated that the
untreated materials showed the same sintering and o-
to-B phase transformation behavior as the treated ma-
terials at 1450°C for 10 h, which leaded to the pres-
ence of crystalline Y,Si,O7. However, the sintering of
the treated materials at the same condition in the pres-
ence of carbon was retarded below 1750°C and this
is attributed to the change of the composition due to
the carbothermal reduction process, which is evident in
the shift of crystalline secondary phase from Y,Si,O5
to Y19SigO24N;. The change of composition result in
the change in composition and properties of liquid,
thereby affecting the sintering behavior, but this effect
has no close relationship with the presence of crys-
talline Y oSigO24N,. Therefore, their work is in excel-
lent agreement with our present argument. Thus, the
reason why the pre-formation of crystalline secondary
phases does not affect the liquid sintering of ceramic
powders has been explained. The role of crystalline sec-
ondary phases in the post-densification of RBSN has
also been clarified in this work.

4.2. Effect of residual Si

Usually, when Si peaks are not detected by XRD, the
nitridation is considered to be nearly complete. How-
ever, a small amount of unreacted Si always exists
in the “fully” nitrided bodies and can be detected by
other techniques, such as STEM/EDX microanalysis
[3]. This residual Si cannot be nitrided at nitriding tem-
perature lower than its melting points (1410°C). That
is to say, the residual Si in RBSN cannot be avoided.
Hence, the effect of residual Si on the post-densification
should be considered and understood. Fig. 9 shows that
the relative density of sintered RB 1 materials increases
with the decrease of nitriding temperature. This means
that the post-densification of RBSN is promoted by the
decreased nitriding temperature.

Based on the argument for thermal decomposition of
Si3Ny, Baik et al. [32] added a few weight percent pure
Si to obtain fully dense MgO-doped Si3Ny4 ceramics
under an atmosphere of N, pressure, because the pres-
ence of free Si maintains high silicon activity in the
secondary glass phase through which mass transport
occurs and keeps N, pressure low so that net-driving
force for sintering remains positive. Although a higher
N pressure (usually 1-10 MPa) has been widely used
to suppress the decomposition and promote the densi-
fication of Si3Ny at higher temperature (>1900°C), the
presence of free Si should further suppress the decom-
position by decreasing the equilibrium partial pressure
of Nj. It is evident that the weight loss decreases as the
residual Si content increases in RBSN bodies, which
means that the residual Si contributes to the weight
gain by the nitridation of Si during post-sintering. Be-
cause the solubility of N, in liquid Si is fairly high,
liquid Si encourages fast diffusion of N, and reaction
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sites are easily created. Hence, the residual Siin RBSN
will convert into 8-Si3Ny by liquid-gas reaction during
post-sintering [27].

To understand the nitridation of residual Si during
post-sintering, the sintering of 1300°C-nitrided RB1
material was also performed at 1900°C for 2 h. The
residual Si is not observed in sintered bodies any more,
whereas they reach only ~93% relative density. In con-
trast, this RB1 material can be sintered to more than
98% relative density at 1900°C for 6 h, as shown in Ta-
ble IV. It seems that the residual Siin RBSN shows no
significant contribution to the post-densification. De-
spite this, the residual Si does no harm to the post-
densification of RBSN. The work of other authors also
supports this conclusion [10].

However, it must be emphasized that too much resid-
ual Si is detrimental to the post-densification. Because
of the poor wetting ability of SizNy particles by lig-
uid Si [33], the molten Si droplets coagulate and are
squeezed out of the body along the open pore chan-
nels. This phenomenon was observed in our work. If
too much unreacted Si exists in RBSN, although most
changes into Si3N,4 during post-sintering, some still re-
main in the final products, which lead to degradation of
mechanical properties [10, 34]. In order to obtain Siz Ny
materials with good properties, the nitridation should
be completed, that is, the residual Si in RBSN should
be reduced to the least level.

4.3. Effect of pore size distribution

Kleebe et al. [5, 13] stressed that the micropore size
distribution of RBSN has a strong influence on the den-
sification and finer micropores enhance densification.
However, this effect was not observed in our work. Al-
though the nitrided RB 1 materials at 1350°C have slight
finer average pore diameter (~0.1) than the nitrided
RB2 materials at this temperature, the former shows
poor densification behavior. Being aware that the RB2
materials contain relatively high open porosity, it could
be suggested that this difference was caused by the pop-
ulation of open pores. However, this suggestion is not
consistent with the RB1 materials with finer pores and
higher closed porosity reaching more than 98% rela-
tive density during post-sintering. The size of the large
pores in the RBSN bodies in the present work is about
5 um, but they can be removed during post-sintering,
as shown in Fig. 10b and c. The elimination of these
large pores is associated with a combination of liquid
filling and grain growth arising from the dissolution-
reprecipitation process. Since all RBSN materials al-
most contain the same fraction of these macropores due
to the same starting Si particles, the poor densification
of the nitrided RB1 materials at 1350°C cannot also be
attributed to the presence of the “noticeable” macrop-
ores. Therefore, the effect of pore size distribution on
the densification of RBSN was not demonstrated in the
present work.

4.4, Effect of agglomerates
Because the grain size of the RB1 materials nitrided at
1350°C is almost the same as that of those nitrided at



1300°C and RB2 materials, the grain size effect on their
densification should be excluded. As discussed previ-
ously, the poor densification behavior of the nitrided
RB1 materials at 1350°C should be attributed to the
highly agglomerated structure. The liquid phase sinter-
ing of SizNy4 ceramics is described by rearrangement,
solution-diffusion-precipitation, and coalescence [34].
Once the liquid phase forms in the initial stage of sin-
tering, the particle rearrangement will occur and densi-
fication will start under the capillary force. In order to
explain the effect of agglomerates on the densification,
we should consider a basic presumption that the large
particles or agglomerates must undergo a disintegration
process due to the penetration of the liquid phase prior
to rearrangement, because some small particles can re-
arrange more readily than the large particles and lead
to a more efficient particle packing [36-38]. More im-
portantly, the small particles are more beneficial to the
solution-diffusion-precipitation process, which is crit-
ical for densification, because the finer particles have

a higher solubility in liquid than large particles. XRD
analysis shows that the a-to-8 phase transformation
for all RBSN materials during post-sintering is com-
plete. However, the a-to-8 transformation has been
commonly believed to occur in the presence of liquid
phase, because no evidence of this transformation oc-
currence without the help of the solution-precipitation
mechanism has been found to date. Therefore, this pre-
sumption sounds reasonable and easily understood.
The penetration rate of liquid into the particle inter-
stices can be estimated by the following formula [35]:

t 0
X2 = % (3)
n

where X is the depth of penetration, r is the radius
of capillary tube, y and 7 is the specific surface en-
ergy and viscosity of the liquid, respectively, 6 is the
wetting angle. According to Equation 3, for a given
liquid, the disintegration process strongly depends on

Figure 12 SEM photographs of polished and plasma-etched cross-sectional surfaces of (a) sintered RB1 nitrided at 1350°C and (b) sintered Si3Ny-

powder compacts by pressureless sintering at 1800°C.
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the particle interstice size. This indicates that loose and
small agglomerates are disintegrated more quickly than
the dense and large agglomerates. The liquid viscosity
often decreases by orders of magnitude with increasing
temperature, so the higher sintering temperature can
greatly accelerate the disintegration process. More im-
portantly, the disintegration process strongly depends
on the size of agglomerates. It is easily understood that
the smaller the agglomerates are, the shorter is the time
of complete disintegration.

Biswas et al. [39] observed that the solution-
reprecipitation process during sintering of SizNy is a
diffusion—controlled process governed by the follow-
ing equation [35]:

AL 1AV [(6kSDCoVoyy\' s 1
—_— - = _— r 3t3 (4)
Lo 3V, K RT

where & is the boundary thickness, ypy is the liquid-
vapor surface tension, k; is the ratio of pore and particle
radius, k; is the constant of proportionality, D is the dif-
fusion coefficient of the solid atoms in the liquid grain
boundary, r is the particle size, ¢ is the time, R is the
gas constant, 7 is the absolute temperature. According
to Equation 4, for a fixed liquid and temperature, the
densification rate during solution-precipitation process
strongly depends on the particle size (r), k; and the
boundary thickness (§). The smaller the k| and § are,
the faster the densification rate is. When the size and
amounts of agglomerates in the green bodies is smaller
and lower, they can be quickly disintegrated and ho-
mogenously rearranged in the presence of liquid phase.
Thus, densification behavior is uniform throughout the
sample. When the size and mounts of agglomerates
is larger and higher, they cannot be quickly disinte-
grated and inhomogeneously rearranged. Thus, a lo-
calized nonuniform densification will occur and results
in the formation of a strong porous skeleton structure,
which is difficult to remove by liquid filling and grain
coarsening in the absence of sufficient liquid phase.
The effect of agglomerates on the post-densification
of RBSN during pressureless sintering at 1800°C 1is
not obvious because of their incomplete densification,
but become apparent during gas-pressure sintering at
1900°C. This shows that a strong porous microstruc-
ture arising from the localized non-uniform shrinkage
due to highly agglomerate cannot be removed in spite
of the use of a higher temperature and a higher pres-
sure of N,. The effect of the agglomerates on the lig-
uid phase sintering was also reported in the sintering
of W-Cu nanocomposite powder [40]. Fig. 12 shows
the microstructure of the sintered RB1 materials ni-
trided at 1350°C and sintered SizN4-powder compacts
by pressureless sintering at 1800°C. The former is con-
sidered to be highly agglomerated (as shown in Fig. 8a
and b), but the latter is less agglomerated (as shown in
Fig. 3) before sintering. It is very evident that the for-
mer shows a coarser porous structure (Fig. 12a), but the
latter shows a finer porous structure (Fig. 12b). The lat-
ter can be further densified due to the lower viscosity
and higher amount of liquid under a higher tempera-
ture, but the former is difficult to be further densified
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due to a coarse porous network structure. Therefore,
it is suggested that the control of the agglomerates in
the microstructure of RBSN is very important to post-
densification.

5. Conclusions

(a) The pre-formation of the crystalline secondary
phases does not influence the sintering of Si3N4-powder
compacts and also does not result in the abnormal
grain growth, because they do not affect the formation
and distributed homogenization of liquid phase during
sintering at higher temperature. The composition and
properties of liquid are dependent on the composition
of the system and temperature, but independent of the
presence of crystalline secondary phases. Furthermore,
no effect of crystalline secondary phase in RBSN on
the post-densification has been clearly demonstrated.

(b) The residual Si and pore size distribution show
no significant effect on the post-densification of RBSN.
Although some large pores about 5 um in size are
present in the RBSN bodies due to large original Si
particles, they can be eliminated during post-sintering.
The small amount of residual Si will convert into SizNy
and result in the weight gain by nitridation of liquid Si
during post-densification, but too much residual Si be-
come detrimental to the post-densification, because the
molten Si droplets coagulate and are squeezed out of
the body along the open pore channels due to the poor
wetting ability of SizNy particles by liquid Si.

(c) The post-densification of RBSN was found to be
strongly dependent of the agglomerates present in the
microstructure. The effect of agglomerates on the post-
densification is controlled by the amounts and size of
agglomerates, especially the size of agglomerates. The
larger size and higher amounts of agglomerates result
in coarser porous structure and prevent further densifi-
cation, while the smaller size and lower amounts of ag-
glomerates do not influence the post-densification be-
cause they can be quickly disintegrated and uniformly
rearranged in the presence of liquid. The degree of ag-
glomeration of RBSN can be effectively reduced by
adding SizN4 powder to green bodies or lowering the
nitriding temperature, which leads to a nearly complete
densification.
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