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ABSTRACT

Three kinds of Si;N, powders (M-11, SN-ESP, and SN-E10) were gas-pressure sintered at 1700 — 1900°C for 2 h under 18 atm
N,. Their densification behavior was investigated and compared as well as the mechanical properties and microstructure of the
resulting ceramics. SN-ESP and SN-E10 started to reach nearly full densification at 1750°C and showed almost no decomposi-
tion up to 1900°C. In contrast, M-11 was not fully densified until 1800°C and showed about 3% weigh loss at 1900°C indicating
poor thermal stability. SN-ESP and SN-E10 showed much higher strength both at room temperature and 1200°C than M-11
when fully densified. Compared with SN-ESP, SN-E10 was not only a little better in strength (both at room temperature and
1200°C) and fracture toughness but also much higher in the Weibull modulus due to more interlocked microstructure by well

elongated grains.

Key words : Si,N,, Gas pressure sintering, Densification behavior, Mechanical properties, Microstructure

1. Introduction

ue to the good mechanical, thermal, and chemical prop-
D erties, Si,N, has wide applications such as cutting tools,
ball bearings, mechanical seals, heat exchangers and vari-
ous heat engine components. However, monolithic Si,N,
shows the significant decrease in strength above 1200°C,
which limits its high-temperature application.®

One way to overcome this problem is to make Si,N/SiC
nanocomposites in which the matrix Si,N, is reinforced with
SiC nano-sized particles.*® The nanocomposites exhibit sig-
nificantly enhanced high-temperature strength and creep
resistance compared with Si,N, monoliths. They are com-
monly fabricated by hot pressing to obtain a dense body of
relative density of 99% or higher. In order to extend the
application of the nanocomposites, Gas Pressure Sintering
(GPS) is desirable because it allows complicate shapes,
mass production and low cost.

In the present work, the GPS behavior of three kinds of
Si,N, powders was investigated as a preliminary step to
develop a fabrication process for the nanocomposites by
GPS, along with the characterization of mechanical proper-
ties (strength at room temperature and 1200°C, hardness,
fracture toughness, Weibull modulus) and microstructure.
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2. Experimental Procedure

Three kinds of Si;N, powders selected in the present work
were M-11 (H.C. Starck, Germany), SN-ESP (Ube Kosan,
Japan), and SN-E10 (Ube Kosan, Japan). Y,0, (Johnson
Matthney Co.) and AlL,O, (AKP-30, Sumitomo Co.) were
used as sintering aids. Table 1 shows the properties of the
Si,N, powders. M-11 is made by a direct nitridation process,
while SN-ESP and SN-E10 were made by an imide reduc-
tion method. The noteworthy differences between SN-ESP
and SN-E10 are the average particle size and the specific

Table 1. Characteristics of Si,N, Powders Used

Grade M-11 SN-ESP SN-E10
Manufacturer H.C.Starck Ube Kosan Ube Kosan
0 <1.5% <2% <2%
C <0.2% <0.2% <0.2%
Al <0.08% <50 ppm <50 ppm
Impurities Ca <0.01% <50 ppm <50 ppm
Fe <800 ppm <100 ppm <100 ppm
Mg - - -
Cl - <100 ppm <100 ppm
Particle size
distribution (um)
D 90 1.30 2.10 1.30
D 50 0.60 0.70 0.50
D 10 0.30 0.25 0.20
oo+ B) >90% >95% >95%
BET specific area (m%g)  12-15 6-8 9-13
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Fig. 1. Schedule of GPS.

surface area. SN-E10 has a smaller particle size and a
larger specific surface area than SN-ESP.

The Si,N, powders were mixed with sintering aids of
7 wt% Y,0, and 4 wt% Al,O, by wet ball milling using Si,N,
balls and jar for 24 h. The mixed powders were dried in an
oven at 80°C for 24 h, and then sieved between 20 and 40
meshes for granulation. The granules were compacted
uniaxially in a steel mold (25 x 50 mm) at 40 MPa and then
isostatically pressed at 25000 psi. The green compacts were
loaded into a graphite case coated with BN powder and sin-
tered in a graphite furnace at N, pressure of 18 atm. The
GPS schedule is given in Fig. 1. The sintering temperature
was varied between 1700 and 1900°C to find its effect on
mechanical properties of sintered bodies and the socaking
time at the sintering temperature was 2 h.

Weight losses of the samples were determined from the
weights before and after sintering. Sintered densities were
measured by the Archimedes method and converted to rela-
tive values to the theoretical density from a rule of mixture,
obtained using the densities of B-Si;N, (3.19 g/lem®), ALO,
(3.98 g/em®), and Y,0, (5.03 g/cm®). In order to characterize
mechanical properties, the sintered bodies were machined
and ground with diamond wheels (1500 — 2000 mesh) to
give samples of 2 x 3 x 30 mm. Three-point bend tests were
performed at room temperature and at 1200°C to evaluate
fracture strength and Weibull modulus. The span was
20 mm and the cross head speed was 0.5 mm/min. The ten-
sile surfaces of the samples were finished with 3 um dia-
mond paste and the edges were beveled less than 0.1 mm
with a diamond grinding wheel of 1200 grit. Weibull modu-
lus was determined from the test results of more than 15
samples. Hardness was measured by the Vickers hardness
test method, applying a full load of 10 kg, for 15 sec. Frac-
ture toughness was estimated by the indentation fracture
method using Evans and Charles equation.”’ A full load of
20 kg, was applied for 15 sec and then the dimension of the
diagonal depression and radial crack length in the indenta-
tion diagonals were used to calculate the fracture tough-
ness. Microstructure of the samples was observed by
Scanning Electron Microscopy (SEM) after plasma etching
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Fig. 2. Sintered density and weight loss as a function of GPS
temperature.

to know the grain shape and size.

3. Results and Discussion

Fig. 2 shows densities and weight losses of sintered sam-
ples as a function of GPS temperature. SN-ESP and SN-E10
reached nearly full density at 1750°C and did not show any
noticeable increases or decreases at higher temperatures.
However, M-11 showed the maximum density at 1800°C,
which was 50°C higher than for the others. Such a differ-
ence in the densification behavior is attributed to powder
characteristics, because the sintering conditions such as
soaking time, atmosphere and additives were same for all
the three powders.

The characteristics of Si,N, powders influencing densifica-
tion are primarily the specific surface area, particle size dis-
tribution and shape, and oxygen content. A higher specific
surface area, a narrower particle size distribution and a cer-
tain amount of oxygen content generally accelerate densifi-
cation and lower the densification temperature. On the
other hand, a broad particle size distribution involving
coarse particles inhibits densification by delaying the o-
phase transformation. Moreover, the coarse particles may
leave large defects in sintered bodies, lowering the fracture
strength,'%*"

SN-ESP and SN-E10 have a difference in the specific sur-
face area and the particle size distribution (see Table 1).
However, they showed nearly same densification behavior
contrary to the general expectation mentioned above. On
the other hand, M-11 has a higher specific surface area with
a narrower or similar particle size distribution than or to
SN-ESP and SN-E10. Nevertheless, it needed a higher tem-
perature than the others to reach a full density. These facts
suggest that the specific surface area and the particle size
distribution were not the principal factors of densification in
the present case. As shown in Table 1, M-11 is lower in the
oxygen content compared with SN-ESP and SN-E10. Fig. 3
shows the morphology of M-11 and SN-E10 powders
observed by SEM. It can be seen that many coarser particles
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Fig. 3. SEM micrographs of (a) M-11 and (b) SN-E10 powders. Note the coarse grains as large as over 1.5 um in (a).

{1.5- 2 um in diameter) were present in M-11 but not in
SN-E10. Therefore, we can infer that the lower oxygen con-
tent and the presence of coarse particles in M-11 resulted in
its lower densification behavior as compared with the other
powders.

In Fig. 2, SN-ESP and SN-E10 did not show any weight
loss change with the temperature, maintaining the values
between 0.7 and 1.2%. Their ignition loss when heat-treated
at 1000°C was 0.7%. Therefore it can be seen that SN-ESP
and SN-E10 hardly decomposed up to 1900°C. In contrast,
M-11 showed a larger weight loss about 3% at 1900°C,
although it showed just slightly higher weight losses than
SN-ESP and SN-E10 until 1800°C. Such good thermal sta-
bility of SN-ESP and SN-E10 must be a benefit when they
are used for making silicon nitride based composites, which
will need a sintering temperature as high as 1900°C.

Fig. 4 shows the strength at room temperature as a func-
tion of sintering temperature. SN-ESP and SN-E10 showed
about 30% higher strength than M-11 with little difference
between themselves. The fracture strengths of M-11 sin-
tered below 1750°C were not measured due to their insuffi-
cient densities. Fig. 5 shows the strength at 1200°C as a
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Fig. 4. Strength at room temperature as a function of GPS
temperature.

function of sintering temperature. SN-ESP and SN-E10
were found to be also higher in high temperature strength
than M-11, and SN-E10 exhibited better strength than SN-
ESP. Fig. 6 shows the hardness and the fracture toughness
of SN-ESP and SN-E10. Their hardness values were not
noticeably different with a tendency to decrease with
increasing the sintering temperature. The fracture tough-
ness, on the contrary, had a tendency to increase with the
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Fig. 5. Strength at 1200°C as a function of GPS temperature.
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Fig. 6. Vickers hardeness and fracture toughness as a func-
tion of GPS temperature.
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(d) SN-ESP sintered at 1900C
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Fig. 7. Scanning electron micrographs of etched surfaces of GPS samples: (a) M-11 sintered at 1800°C, (b) M-11 sintered at
1900°C, (c) SN-ESP sintered at 1800°C, (d) SN-ESP sintered at 1900°C, (¢) SN-E10 sintered at 1800°C, and (f) SN-E10 sin-

tered at 1900°C.

sintering temperature, and SN-E10 was better than SN-
ESP like the high temperature strength.

Fig. 7 shows scanning electron micrographs of the etched
surfaces of the GPS samples of the three powders, prepared
at 1800 and 1900°C. With increasing sintering temperature,
the grain size increased for all the specimens. M-11 had the
largest grain size and the lowest aspect ratio, supporting
the results of its weakest mechanical properties mentioned
earlier. Under the same temperature, SN-E10 appeared to
be a little larger than SN-ESP in the grain size and the
aspect ratio. In silicon nitride ceramics, it is well known
that a high aspect ratio contributes to fracture toughness
and high temperature strength since it provides a strong
interlocking of elongated grains. Therefore, it is attributed
to these microstructural features that SN-E10 was better
both in the strength at 1200°C (Fig. 5) and the fracture
toughness (Fig. 6) than SN-ESP. One may suspect why the
room-temperature strength was nearly same and even a lit-
tle higher for SN-E10 for the GPS temperature of 1800°C
and 1900°C, respectively (Fig. 4), although SN-E10 appeared
to have slightly a larger grain size than SN-ESP (Fig. 7).
This can be rationalized in terms of fracture toughness.
That is, the higher fracture toughness of SN-E10 presum-
ably counterbalanced or overcame the negative effect of the
larger grain size on the strength.

Along with a strength, the Weibull modulus is an impor-
tant parameter in the evaluation of mechanical properties
of structural ceramics. It is a reliability parameter for

ceramic materials indicating a failure probability at a given
stress. The general equation for determining the Weibull
modulus is as follows:

Pr= l—exp{—f[o-;o” rdv}

o

where P, is the failure probability, o the fracture stress, g,
the stress for zero failure probability, ¢, the distribution
parameter, m the Weibull modulus and V the specimen vol-
ume. The Weibull modulus data of SN-ESP and SN-E10 are
given in Table 2 along with the strength values at room
temperature. For M-11, there is no need to concern the
Weibull modulus because of its poor properties in the ther-
mal stability and strength (both at room temperature and
1200°C). It can be seen that SN-E10 showed much higher
values than SN-ESP for the GPS temperatures 1800°C and
1900°C, which would be the temperatures required for Si;N,
based nanocomposites to get dense bodies by GPS. The

Table 2. Weibull Moduli (m) and Strength (o)) of SN-ESP and
SN-E10 GPS Samples at Room Temperature

GPS tempearture SN-ESP SN-E10
¢ m o MPa) m o (MPa)
1750 14 1213 13 1212
1800 16 1226 25 1230
1900 8 1108 17 1136
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Weibull modulus decreased with 1900°C for both the pow-
ders probably due to the abnormal grain growth (Fig. 7).
The Weibull modulus (25) and the strength (1230 MPa)
obtained for SN-E10 with 1800°C were the highest. Consid-
ering the Weibull modulus and the other properties (i.e.,
densification, thermal stability, strength at room tempera-
ture and 1200°C, and fracture toughness), SN-E10 would be
a better choice as the raw material for making the compos-
ites than the others.

4. Conclusions

Three kinds of Si;N, powders (M-11, SN-ESP, and SN-
E10) were compared on their GPS behavior and the
mechanical properties and microstructure of the sintered
ceramics as a preliminary step to find out the one suitable
for making Si,N, based nanocomposites. SN-ESP and SN-
E10 started to reach nearly full densities at 1750°C and
showed almost no decomposition up to 1900°C. In contrast,
M-11 needed 1800°C for the same densification due to its
lower oxygen content and the presence of coarse particles in
the powder. Moreover it showed a large weight loss about
3% at 1900°C indicating poor thermal stability. SN-ESP and
SN-E10 showed much higher strength both at room temper-
ature and 1200°C than M-11 when fully densified. Com-
pared with SN-ESP, SN-E10 was not only a little better in
strength (both at room temperature and 1200°C) and frac-
ture toughness but also much higher in the Weibull modu-
lus due to more interlocked microstructure by well
elongated grains. It seems that SN-E10 is a good candidate
as the raw material for making Si,N, based nanocomposites
owing to its good properties in densification, thermal stabil-
ity, mechanical properties and microstructure. Further
studies are needed to demonstrate this speculation with
making the composites.
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