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A two-step sintering process is described in which the first step
suppresses densification while allowing the �-to-� phase trans-
formation to proceed, and the second step, at higher temper-
atures, promotes densification and grain growth. This process
allows one to obtain a bimodal microstructure in Si3N4 without
using �-Si3N4 seed crystals. A carbothermal reduction process
was used in the first step to modify the densification and
transformation rates of the compacts consisting of Si3N4,
Y2O3, Al2O3, and a carbon mixture. The carbothermal reduc-
tion process reduces the oxygen:nitrogen ratio of the Y-Si-Al-
O-N glass that forms, which leads to the precipitation of
crystalline oxynitride phases, in particular, the apatite phase.
Precipitation of the apatite phase reduces the amount of liquid
phase and retards the densification process up to 1750°C;
however, the �-to-� phase transformation is not hindered.
This results in the distribution of large �-nuclei in a porous
fine-grained �-Si3N4 matrix. Above 1750°C, liquid formed by
the melting of apatite resulted in a rapid increase in densifi-
cation rates, and the larger �-nuclei also grew rapidly, which
promoted the development of a bimodal microstructure.

I. Introduction

SILICON NITRIDE is one of the candidate materials for the
high-temperature structural applications; however, the mechan-

ical properties have not reached their full potential. One of the
methods to improve strength and fracture toughness is to produce
a bimodal microstructure in which large elongated grains in a fine
matrix act as reinforcing grains, which contribute to crack-bridging
toughening mechanisms.1–5 To promote the formation of a bi-
modal microstructure, �-Si3N4 seed crystals have been used.6–15

A number of approaches have been discussed to synthesize such
�-Si3N4 seed crystals with different morphologies.16–19 The ad-
dition of �-Si3N4 seed crystals to either a mixture of fine �-Si3N4

powder and sintering additives,6–10,14–16 or a mixture of �-Si3N4

powder and sintering additives,11–13 has been shown to be quite
effective for producing the desired bimodal microstructure.

This addition of larger �-Si3N4 seed crystals dominates the
formation of larger elongated grains.20 In the absence of �-seeds,
the formation of a bimodal microstructure is hampered by concur-
rent activities involving phase transformation, grain growth, and
densification. Moreover, the �-to-� phase transformation occurs

over a wide temperature range (e.g., 1450° to 1750°C) where the
nucleation and growth of �-Si3N4 grains can proceed in an
uncontrolled manner and produce a broad grain size distribution
rather than a distinct bimodal one. Because densification is always
accompanied by grain growth, Mitomo21 suggested that densifi-
cation be separated from grain growth to obtain a bimodal
microstructure. His processing approach involved the completion
of densification before significant phase transformation, followed
by annealing to affect the phase transformation and grow the
reinforcing grains. Goto et al.22 manipulated densification and the
�-to-� phase transformation by using different sintering additives
that generated liquid phases with different viscosities during
sintering. Using either 10 wt% Al2O3(10A) or a mixture of 1 wt%
Y2O3 � 6 wt% Al2O3(1Y6A) as additives, the densification rates
were accelerated relative to those of the �-to-� phase transforma-
tion rate. For example, almost full densification was achieved with
10A and 1Y6A additives, while the fraction of the �-to-� phase
transformation was only �30%. However, when a mixture of 5
wt% Y2O3 � 2 wt% Al2O3(5Y2A) was used, the densification rate
was similar to that of the �-to-� phase transformation rate. These
two approaches are similar in that they strive to reach full density
first, and then complete the transformation and grain growth to
achieve a bimodal microstructure.

In this paper, we report on a two-step sintering process to obtain
a bimodal microstructure without the addition of special �-Si3N4

seed crystals. This is achieved by allowing the phase transforma-
tion to proceed while suppressing the densification process using
transient solid-phase sintering in the first step, followed by a
second step at higher temperatures where the phase melts and
promotes densification and selective growth of reinforcing grains.

II. Experimental Procedure

To suppress the densification process, our approach is to reduce
the amount of liquid phase present at intermediate temperatures.
This can be accomplished by reducing the oxygen content of the
powder mixture of �-Si3N4 and the sintering additives such as 6
wt% Y2O3 and 1 wt% Al2O3 using a carbothermal reduction
treatment. Two separate batches of 93 wt% �-Si3N4 (E-10, Ube
Industries, Ltd., Tokyo, Japan), 6 wt% Y2O3 (fine, H. C. Starck
Co., Berlin, Germany), and 1 wt% Al2O3 (AKP-30, Sumitomo
Chemical Co., Osaka, Japan) with and without carbon addition
(0.5 wt% carbon; activated carbon, Aldrich Chemicals Co., Mil-
waukee, WI) were prepared. Hereafter, these batches are identified
as C-0 and C-0.5, and were formulated to allow us to test the
effectiveness of the carbothermal reduction scheme. Each batch
was then processed in a planetary ball mill for 20 h using Si3N4

balls 5 mm in diameter and methanol in a Si3N4 jar. The resultant
slurries were dried on a hot plate while stirred, then sieved to �100
�150 mesh, and, finally, isostatically pressed at 250 MPa to form
16 mm disks.

In the first sintering step, the compacts were treated with and
without the carbon addition in a tube furnace at 1450°C for 10 h in
a flowing nitrogen atmosphere (0.2 L/min) and cooled to room
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temperature by turning off the electric power. The phase contents
after the first sintering step of these two compositions were then
analyzed. In the second sintering step, compacts were sintered at
1850°C for 3 or 6 h under a 2 MPa nitrogen pressure. The phase
development was also characterized in carbothermally treated
compacts after sintering at the selected temperatures in the range
of 1550° to 1850°C for 0.5 h under 1 MPa of nitrogen.

After the planetary ball-milling, particle size distribution and
specific surface area were measured by the laser diffraction
method (Model LS-130, Coulter Co., Hialeah, FL) and the BET
method (Model ASAP-2010, Micromeritics, Norcross, GA), re-
spectively. Both the oxygen and carbon contents were determined
before and after the carbothermal reduction treatment (LECO Co.,
St. Joseph, MI). Density was measured by the Archimedes method.
Phase development was characterized on cross sections of the
specimen using XRD (Rigaku Co., Tokyo, Japan). The �:� ratio
was calculated using Gazzara’s equation.23 Cross sections were
polished to 1 �m with diamond paste and plasma-etched (96% CF4

� 4% O2) for microstructural analysis using SEM (Model JSM-
5800, JEOL, Tokyo, Japan) and commercially available software
(Image Pro 3.0, Media Cybernetics, L.P., Silver Spring, MD). Two
different magnifications were used and the grain diameters defined
as the largest width were measured for each composition and
plotted against the area percentage. More than 1500 grains were
measured for each composition.

III. Results

The particle size distributions of the powder mixtures after 20 h
of planetary ball-milling have a very narrow particle size distribu-
tion (D90 � 0.38 �m, D50 � 0.22 �m, and D10 � 0.13 �m)
accompanied by a specific surface area of �20 m2/g. The oxygen
content of a batch of 93 wt% �-Si3N4, 6 wt% Y2O3, and 1 wt%
Al2O3 before milling is 2.9 wt%. Based on an oxygen contribution
from the oxide additives of 1.74 wt%, this translates to an oxygen
content of 1.16 wt% in the �-Si3N4 powder, which is comparable
to the nominal composition of 1.23 wt% provided by the manu-
facturer. The oxygen content of the same batch after a 4 h

planetary ball-milling step is 3.5 wt%. The oxygen content of C-0
and C-0.5 batches after 20 h of planetary ball milling is 4.0 and 4.2
wt%, respectively, while those after carbothermal reduction treat-
ment are 4.1 and 3.6 wt%, respectively. The remaining carbon
content after the carbothermal reduction ranges from 0.1 to �0.14
wt%, which is comparable to the carbon content of �-Si3N4

starting powder (0.1 wt%). The carbothermal reduction tempera-
ture is higher than the Y2O3–Al2O3–SiO2 eutectic of 1370°C24

and, thus, the oxygen content of the resultant Y-Al-Si-O-N glass is
lowered.

The XRD patterns shown in Fig. 1 include those for the
carbothermally treated C-0.5 specimens, which have been sintered
at temperatures in the range of 1550° to 1850°C for 0.5 h under 1
MPa of nitrogen pressure. Moreover, XRD patterns of C-0 and
C-0.5 specimens after the 1st-step sintering procedure are shown
for comparison (labeled as C-0 and C-0.5, after 1st-step sintering).
Note that the C-0 specimen after the 1st-step sintering procedure
exhibits mostly �-Si3N4 and a small amount of �-Si3N4 and
Y2Si2O7. The carbothermal reduction treatment of the C-0.5
specimen results in �-Si3N4 as the major phase and �-Si3N4 and
apatite as minor phases. The apatite phase in this specimen is
thought to precipitate from an oxynitride glass with a low
oxygen:nitrogen ratio. The precipitation of the apatite phase is
consistent with the subsolidus phase relationships in the Si3N4–
Y2O3–SiO2 system.26–29 When the yttrium content remains con-
stant, the phase equilibrium indicates that the compatibility of
Si3N4 shifts from Y2Si2O7 to Y10(SiO4)6N2 (apatite) to Y2SiO2N
(wallastonite), and, finally, to Y2Si3O3N4 (melilite) as the oxygen

Fig. 1. XRD patterns for the specimens of C-0.5 that have been treated by a carbothermal reduction process at 1450°C for 10 h under a flowing nitrogen
atmosphere with increasing temperatures. The lower two patterns (marked) are for C-0 and C-0.5 specimens after the 1st-step sintering procedure at 1450°C
for 10 h under a flowing nitrogen atmosphere. XRD JCPDS File Card Nos. 41-0360, 33-1160, 30-1462, and 38-0440 were used to index (■ ) �-Si3N4, (F)
�-Si3N4, (ƒ) apatite (Y10Si6O24N2), and (}) Y2Si2O7, respectively.46

Table I. Compositions of C-0.5 in Equivalent Percentage
Before and After Carbothermal Reduction Treatment at

1450°C for 10 h in Flowing Nitrogen Atmosphere

Composition (equiv%)

Oxygen Nitrogen Silicon Yttrium Aluminum

Before 6.179 93.821 97.303 1.970 0.727
After 5.551 94.449 97.308 1.966 0.726
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content decreases. For the carbothermally reduced specimen, the
decrease in oxygen can shift the composition from the Si3N4–
Y2Si2O7–Si2N2O triangle toward the Si3N4–Y2Si2O7–
Y10(SiO4)6N2 triangle. Calculated compositions for C-0.5 speci-
mens based on the measured oxygen contents before and after
carbothermal reduction treatment (Table I) indicate that the com-
position shifts toward, but does not reach, the Si3N4–Y2Si2O7–

Y10(SiO4)6N2 triangle. However, it does approach the Si3N4–
Y2Si2O7 tie line. It appears that the specimen has not reached the
equilibrium condition during carbothermal reduction treatment,
and that the apatite phase could have precipitated during cooling.

As seen in Fig. 1, the �-to-� phase transformation continues and
the apatite is retained to temperatures of at least 1650°C. At
1750°C, the �-to-� phase transformation reaches completion and

Fig. 2. Phase transformation and densification with increasing sintering temperature and time for specimens of C-0 specimens (R) without the 1st-step
sintering procedure and (E) with the 1st-step sintering procedure and (F) C-0.5 specimens that have been treated at 1450°C for 10 h under a flowing nitrogen
atmosphere. Data points for C-0 specimens without the 1st-step sintering procedure are shown for comparison.

Fig. 3. SEM micrographs for the specimens of C-0 and C-0.5 sintered at 1850°C for 0.5 h. Left side, 1000� magnification; right side, 5000� magnification.

January 2002 A Novel Two-Step Sintering Process to Obtain a Bimodal Microstructure in Si3N4 247



the apatite phase disappears. The disappearance of apatite thus
coincides with its melting point, which is 1750°C28 or 1700°–
1800°C.30

Both the �-phase content and density increase with increasing
temperature and time for the C-0 and C-0.5 specimens after the
1st-step sintering procedure, as shown in Fig. 2. The �-phase
content and density for the untreated C-0 specimen are also shown
for comparison. C-0 specimens untreated and treated with a
1st-step sintering procedure, such as 1450°C for 10 h under
flowing nitrogen gas, show similar behaviors, which suggests that
the 1st-step procedure, in the absence of carbon addition, does not
produce any significant change in this composition. The �-to-�
phase transformation in both the C-0 and C-0.5 specimens is
complete at 1750°C. Finally, the phase transformation ratio in the
C-0.5 specimens appears to be 10%–20% greater than that ob-
served in the C-0 specimens at temperatures between 1550° to
1650°C.

At a fixed hold time, the C-0 specimen exhibits a continuous
increase in density with increasing temperature. At 1850°C, the
final stage densification rate of this composition decreases, as is
expected if this stage is controlled by diffusion or reaction
mechanisms.20 On the other hand, the carbothermally treated C-0.5
specimen with the apatite phase is expected to have a lower liquid
content at 	1750°C. This would retard the sintering process,
especially those associated with particle rearrangement.31,32 When
the specimen with carbon addition (C-0.5) is treated with the
1st-step sintering procedure (1450°C, 10 h, flowing nitrogen),
Y2O3–Al2O3–SiO2 eutectic liquid first appears at �1370°C and
wets �-Si3N4 particles, which dissolve and produce a Y-Al-Si-O-N
glass. Carbon reacts with and reduces the oxygen in the glassy
phase, resulting in a rise in the nitrogen:oxygen ratio, and the
subsequent precipitation of apatite. After the 1st-step sintering

procedure, the specimen consists of �-Si3N4, �-Si3N4, and apatite
as crystalline phases, and should also contain a smaller amount of
liquid phase than those without carbon addition. When this
specimen is sintered to a higher temperature, such as 1850°C, it
will not begin to densify rapidly until a sufficient amount of liquid
phase is provided.

Indeed, the observations show that the densification is remark-
ably suppressed between 1450° to 1750°C for the carbothermally
treated C-0.5 specimen. The C-0.5 specimen densities are only
55% and 65% of the theoretical density after heating to 1450° and
1650°C, respectively. For comparison, the specimen without
carbon addition has a much higher density of �85% TD after
sintering at 1650°C than would be expected if it contained a
sufficiently greater amount of liquid phase. On complete melt of
the apatite at or above 1750°C, the amount of liquid phase
increases and densification is now promoted, as observed in Fig. 2.

Figures 3, 4, and 5 illustrate the microstructures for the C-0 and
C-0.5 specimens that were treated with the 1st-step sintering
procedure followed by the 2nd-step sintering at 1850°C for hold
times of 0.5, 3, and 6 h, respectively. After sintering at 1850°C for
0.5 h, the dense (97% of the theoretical density) C-0 specimen
exhibits a fine-grained microstructure. On the other hand, the
C-0.5 specimen contains large elongated grains (Fig. 3).

The density of the C-0.5 specimen sintered at 1750°C for 0.5 h
is �65% of the theoretical density, while that of the C-0 specimen
is 
85% of the theoretical density. This means that as the
temperature begins to increase above 1750°C, there are large pores
for �-grains to grow into without being restricted in C-0.5 samples.
Thus, when the temperature reaches 1850°C, there are numerous
large �-grains in the C-0.5 samples. On the other hand, the C-0
samples are �90% of the theoretical density at 1750°C, and the
growth of �-grains is restricted by grain impingement.

Fig. 4. SEM micrographs for the specimens C-0 and C-0.5 sintered at 1850°C for 3 h. Left side, 1000� magnification; right side, 5000� magnification.
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This has been confirmed by investigating the fracture surface of
C-0 and C-0.5 specimens sintered at 1750°C, in which large grains
are already formed in C-0.5 compared with C-0 (Figs. 6(a) and
(b)). It is also possible that the �-particles in the starting powder
can start to grow at lower temperatures and could be a source of
the large �-grains.

With an increase in sintering time to 3 h, the C-0.5 specimen
reaches 98% of the theoretical density accompanied by the
continued growth of large elongated grains (Fig. 4). With a further
increase in sintering time to 6 h, the diameter of large elongated
grains increases while the matrix grains remain fine (Fig. 5).

These microstructures must be a result of a decrease in liquid
phase after the 1st-step sintering procedure caused by the forma-
tion of the transient apatite phase, which retards densification
during the 2nd-step sintering procedure, while allowing the phase
transformation to proceed. On melting of this phase at elevated
temperatures, the densification and grain growth processes are
promoted. Comparison of the quantitative microstructural analysis
results for the C-0 and the C-0.5 specimen using the same two-step
approach (Fig. 7) confirms that the carbothermal treatment is a key
step in achieving the bimodal grain diameter distribution. The
present observations suggest that a bimodal microstructure can be
achieved without the addition of �-Si3N4 seeds by such a two-step
process with a carbothermal treatment.

IV. Discussion

To obtain a bimodal microstructure, Mitomo21 suggested sep-
arating the densification from the grain growth process to avoid the
concurrent phase transformation, grain growth, and densification
processes. A conceptional diagram illustrating three possible cases
for the relationship between the densification and the phase

transformation is shown in Fig. 8. Included in this diagram are the
data of Goto et al.22 for case I and II. In case I, the densification
rate is much faster than the �-to-� phase transformation rate, i.e.,
almost full densification is reached before the �-to-� phase
transformation. This can be achieved by hot-pressing compositions
with an additive that produces a low viscosity liquid phase. The
�-to-� phase transformation during subsequent annealing is used
to facilitate the growth of the large �-nuclei that serve as seeds for
the grain growth of large �-Si3N4 grains. However, it is thought
that the control of the number of growing sites is difficult in this
case, and growth is limited because of rapid grain impingement in
dense materials.

Case II illustrates a system where the densification and the
�-to-� phase transformation rates are quite similar, which is
commonly encountered with sintering additives such as 5 wt%
Y2O3 � 2 wt% Al2O3, which form a reasonably viscous liquid
phase. In this case, densification, grain growth, and the �-to-�
phase transformation occur concurrently, which should result in a
wide grain size distribution20 and, thus, the use of �-seed crystals
is requisite to obtain bimodal microstructure.6–9

Case III represents the approach studied in the present work, in
which the densification rate is suppressed while the �-to-� phase
transformation is allowed to proceed. Suppression of densification
is accomplished by reducing the amount of liquid phase by partial
formation of the apatite phase, which results in the retention of
high porosity to 1750°C. Apparently, the liquid phase is sufficient
to assist in the phase transformation. The overall process provides
for a distribution of large �-nuclei in the specimen, which grow
during the subsequent higher temperature step and generate a
bimodal microstructure. The relationship between the densification
and the �-to-� phase transformation for C-0 and C-0.5 specimens
sintered at various conditions are plotted in Fig. 9. These results

Fig. 5. SEM micrographs for the specimens C-0 and C-0.5 sintered at 1850°C for 6 h. Left side, 1000� magnification; right side, 5000� magnification.
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clearly show that the carbothermal reduction treatment followed
by a high-temperature sintering effectively suppresses the densi-
fication process and allows the �-to-� phase transformation to
proceed at intermediate temperatures. The deviation from the
linear relationship for case II between data points in Figs. 8 and 9
originates from the different sintering additives (e.g., 5Y2A in Fig.
8 and 6Y1A in Fig. 9).

The carbothermal reduction process or the use of carbon in
Si3N4 technology has been widely investigated to (i) produce
Si3N4 powder at a relatively inexpensive price,33–36 (ii) reduce the
surface silica content,37 (iii) investigate the effect of remaining
carbon content on the densification process,38,39 and (iv) investi-
gate the effect of oxynitride crystalline phases such as apatite,
wallastonite, or melilite on the creep properties of Si3N4.40,41 In
general, excess carbon is detrimental in densification, and SiC
forms above �1500°C and inhibits the sintering behavior.35,36,39

In the present experiments, the amount of carbon left after the
carbothermal reduction treatment is only �0.1%, which is the
comparable amount to that in the starting Si3N4 powder. Thus, the
added carbon is consumed in the process of reducing the oxygen
content during the carbothermal reduction treatment.

During the gas pressure sintering step, the �-to-� phase trans-
formation for the C-0.5 specimen was faster than that of the C-0
specimen at temperatures between 1550° to 1650°C. At the same
time, the degree of the �-to-� phase transformation just after the
carbothermal reduction process was also higher in C-0.5 speci-
mens than in C-0 specimens. This higher initial �-content is likely
one of the sources of the faster transformation in the C-0.5
specimen, while an increasing temperature as the phase transfor-
mation rate is known to be dependent on the number of �-nuclei
present.42,43 Ordonez et al.44 studied the sintering and phase

transformation of Si3N4 with SiO2 and Y2O3–SiO2 additives and
showed that phase transformation is faster with a smaller amount
of liquid phase, although the detailed mechanism was not sug-
gested. When a small amount of liquid phase is available, it is
easier to be saturated with nitrogen to produce faster precipitation
to �-Si3N4. This result might support the diffusion mechanism
operative in the system investigated. This result is inconsistent
with that of Lee et al.,45 in which phase transformation and grain
growth are operative by interfacial reaction. The diffusion mech-
anism will be more pronounced when the liquid content is very
small.

When there is enough liquid phase present, heterogeneous
nucleation occurs very rapidly as the temperature increases, and
can produce an uncontrollable grain growth of �-nuclei of a
variety of sizes. This is avoided by limiting the amount of liquid
phase.

V. Conclusions

(1) The carbothermal reduction treatment of powder compacts
of a mixture of Si3N4, sintering additives, and a carbon mixture at
1450°C depletes the oxygen content in the Y-Si-Al-O-N glass
formed, and, as a result, leads to the precipitation of crystalline
oxynitride phases such as apatite during the 1st-step sintering
procedure.

(2) Precipitation of the apatite phase suppresses the densifi-
cation process effectively by reducing the amount of liquid phase
present at an intermediate temperature region during the 2nd-step
sintering procedure. The �-to-� phase transformation is complete
at 1750°C.

Fig. 6. (a) Fracture surface of C-0 specimen sintered at 1750°C (�90% TD, �100% �/(���)). Low magnification (left), high magnification (right). (b)
Fracture surface of C-0.5 specimen sintered at 1750°C (�67% TD, �100% �/(���)). Left, low magnification; right, high magnification.
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(3) At or near 1750°C, the apatite phase melts, producing a
sufficient liquid phase to accelerate densification and the growth of
large reinforcing grains, which leads to a bimodal microstructure.

(4) The suppression of the densification process, while the
�-to-� phase transformation is not hindered, provides a favorable

situation for a selective grain growth of large �-nuclei to grow to
the large elongated grains, which can act as reinforcing grains.
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