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Abstract

Silicon carbide compacts containing various o contents and 7 wt.% of Y,03 and Al,O3 (weight ratio 60:40) were hot-pressed and
isothermally annealed at 1950 °C to study the coarsening behavior of SiC grains and the crystallization of the grain-boundary glass
phase. The samples which were prepared from the powder compacts containing small amounts of the o phase contained well-
developed large plate-like grains in fine matrix grains and showed enhanced fracture toughness. A subsequent isothermal annealing
was effective in controlling the grain boundary phase and resulted in the enhancement of mechanical properties. When the crys-
tallization of the grain boundary phase leads to an aluminum-rich phase (Y—Al garnet) during the intermediate stage of annealing,
flexural strength is improved. On the other hand, the fracture toughness can be increased when crystallization of the grain boundary
glass is directed to an yttrium-rich phase during extended annealing. These results were explained in terms of the thermal mismatch

between the SiC grain and the remaining glassy phase. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Liquid-phase sintered silicon carbide ceramics have a
high potential for applicability in structural parts;
nevertheless, their application is still restricted by their
low fracture resistance. During the last decade, several
attempts have been made to improve the fracture
toughness of SiC ceramics.!~!° Among them, a technique
of microstructure control, which obtains a bimodal
grain size distribution, has been quite successful. The
technique utilizes the phase transformation from B-(a
cubic phase) to o-SiC (a hexagonal phase) and sub-
sequent grain growth to form large plate-like grains in
fine matrix grains.!~7 The anisotropic growth nature of
a-SiC grains is now known to be responsible for the
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formation of elongated plate-like grains in the fine
matrix.”!! When large a-SiC seed particles were added
to B-SiC starting powder, such a duplex microstructure
was easy to obtain. However, in solid state sintering, the
seed particle addition usually resulted in a porous micro-
structure, <80% of the theoretical density, because of the
rigid network formation of the elongated a-SiC grains.'?

A weak interface was thought to be prerequisite for
activating toughening mechanisms, such as crack deflec-
tion and grain bridging, which contribute to enhanced
energy dissipation upon crack propagation.®>%10:13 An
elongated grain structure coupled with inter-granular
fracture, in fact, led to an enhanced fracture toughness
of SiC ceramics. Tajima et al.'# reported that between
two kinds of in situ toughened Siz;N4 materials with
similar microstructures but different second phase chem-
istry, only the material which fractured inter-granularly
exhibited bridging grains in the crack tip wake and,
therefore, an increased fracture toughness. We also
observed that the formation of plate-like grains using
mixtures of a- and B-SiC with an Al,O3 addition did not
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result in an improvement of fracture toughness when
there was a high resistance to crack propagation along
grain boundaries.!>

In the present work, based on the concept of seeding
and growth, the effects of the initial « phase content on the
microstructural development and mechanical properties
of liquid-phase sintered silicon carbide ceramics were
studied. Appropriate sintering temperatures and refractory
additive composition were selected to suppress homo-
geneous nucleation and grain growth during annealing.
Enhancement of mechanical properties by prolonged
isothermal annealing has been discussed in relation to
microstructural changes, including the crystallization of
the grain boundary phase.

2. Experimental procedure

Samples were prepared from «o-SiC (A10, H. C.
Starck, Germany), B-SiC (B10, H. C. Starck), Al,O3
(99.9%, Sumitomo Chemicals, Tokyo, Japan) and Y,03
(HS, H.C. Stark, Germany) powders. According to the
producer’s data, the FSSS (Fisher Sub-Sieve Sizer) par-
ticle sizes of the a- and B-SiC powders were 0.8 and 0.7
pm, respectively, and the free silicon contents were less
then 0.1 wt.%. Five kinds of powder mixtures were pre-
pared, each containing 93 wt.% of SiC (o and/or ) and
Twt.% of Y,03 and Al,O; (weight ratio 60:40). The
ratios of o to B in the starting powder mixtures were 0/
100, 5/95, 10/90, 20/80, and 100/0. Compared with
YAG(3Y,05-5A1,05)-based common additive, an Al,Os-
rich one, 31112 the selected additive composition is Y,Os-
rich. With this composition, we may expect a higher for-
mation temperature'® and a higher viscosity of liquid.

Each batch was ball-milled for 12 h in a polyethylene
bottle with alumina balls and ethyl alcohol. The dried
slurry was granulated using a 120 mesh sieve. Each
granulated powder mixture of approximately 30 g was
hot-pressed under 30 MPa in a graphite furnace at
1950 °C for 2 h in Ar to a plate of 40x40x6 mm. During
the hot pressing, the heating rate was 30 K/min. To
promote the grain growth and crystallize the grain
boundary phase, the hot-pressed samples were pressure-
lessly annealed at 1950 °C for 2, 4 or 6 h in Ar using the
graphite furnace for hot pressing.

The sintered density was measured by the Archimedes
method. The theoretical density of the samples was
taken to be 3.28 g/cm?, a value obtained using the rule
of mixture. The microstructures of the samples were
observed using a scanning electron microscope (SEM)
on their cross-sections after polishing and etching with a
plasma of 7.8%-0O, containing CF,. The equivalent dia-
meter of each grain was measured by the areal analysis
technique using ANALYSYS (Soft-Imaging Software
Corp., Germany). Over 900 grains were measured for
the determination of the grain size distribution. For

phase identification, X-ray diffraction using Cu-K,
radiation was performed on the polished sample sur-
faces. Transmission electron microscope (TEM) with
energy dispersive spectroscopy (EDS) was also used to
study the crystallization of the grain boundary phase
during annealing.

Fracture toughness was measured by the single edge
pre-cracked beam (SEPB) method according to KS L
1600 '7 for specimens of 4x3x19 mm. A pre-crack was
introduced at the center of the specimen in a direction
parallel to the hot-pressing direction. Three-point loading
with a span of 16 mm was applied. The fracture toughness
value was calculated using the following equation:

e = () |5 () VG| ®

where Kjc is the fracture toughness, P the peak load
in the load-displacement diagram, S the span of the
load bearing point (16 mm), B the width of the specimen
(3 mm), W the thickness of the specimen (4 mm), and a
the average crack length. The shape factor Y was cal-
culated from the following equation.
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Four-point flexural strength was measured with test
bars of 4x3 x40 mm using an inner and outer span of 10
and 30 mm, respectively, with a crosshead speed of 0.5
mm/min. Seven specimens were tested for each proces-
sing condition.

3. Results and discussion

After the hot pressing, all of the samples were densi-
fied to over 98% of the theoretical value and consisted
of fine and equiaxed SiC grains. However, the phases
present in the samples were different according to o- to
B-SiC ratios in the powder mixtures, as listed in Table 1.
When these samples were annealed at 1950 °C, the
microstructures varied with the a- to B-SiC ratios in the
starting powder mixtures, as shown in Fig. 1. In the
samples made from unmixed ao- or B-SiC powders
[Fig. 1(a) and (e)], few abnormal grains were present.
On the other hand, in the samples made from a mixture of
a-f powders [Fig. 1(b), (c) and (d)], many in situ grown
large plate-like SiC grains were observed in equiaxed fine
matrix grains, showing a bimodal grain size distribution.
These microstructural characteristics were maintained
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Table 1
Relative density and phase assemblage of the samples hot-pressed at 1950 °C for 2 h with different a- to B-SiC ratios in the starting powder
Specimen (o/B) Batch composition (wt.%) Relative density® (%) Phase assemblage

a-SIC B-SIC Y,0; AL,O5 Major Trace
0/100 0.0 93.0 4.2 2.8 98.4 3C 6H
5/95 4.6 88.4 4.2 2.8 98.3 3C, 6H 15R
10/90 9.3 83.7 4.2 2.8 98.3 3C, 6H 15R
20/80 18.6 74.4 4.2 2.8 98.3 3C, 6H 15R
100/0 93.0 0.0 42 2.8 98.7 6H 15R

2 Calculated theoretical density: 3.28 g/cm?.

Fig.1. SEM micrographs of SiC samples hot-pressed and subsequently annealed at 1950 °C for 2 h. Samples were prepared from powders of dif-
ferent ratios of o to B-SiC: (a) 0/100, (b) 5/95, (c) 10/90, (d) 20/80, and (e) 100/0.

during extended annealing (Fig. 2). In the samples pre-
pared from unmixed (o or ) powders, no abnormal grain
growth occurred, but a slight increase in the average
grain size resulted with an increase of annealing time

[for example, Fig. 2(a)] showing a normal grain growth
behavior. In the samples made from mixed powders
[Fig. 2(b)], however, the large plate-like grains grew at
the expense of small matrix grains.
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Fig. 2. Grain size distributions of samples with an o to B-SiC ratio of (a) 0/100 and (b) 20/80 in the starting powder. The samples were annealed at

1950 °C for the noted period of time.

The presence of large plate-like grains (>7 pum) in the
sample prepared from o+ B mixed powders shows that
an ‘in situ composite microstructure’ was developed as a
result of subsequent annealing. This result is consistent
with previous ones, 3-%# which also showed the formation
of in situ composites by the seeding of small amounts of
a-SiC particles into a fine B-SiC powder batch.

Fig. 3 plots the measured flexural strengths of various
samples as a function of the phase ratio in the starting
powders and annealing time. Independent of the
annealing time, minimum strengths emerge for ~10%
a-SiC-contained samples in the starting powder mixture.
This result suggests that strength degradation is closely
related to the presence of large plate-like grains as
found in previous investigations of in situ toughened
ceramics.! In the case of silicon nitride-based ceramics,
the strength decreases when large elongated grains are
present in fine matrix grains.!®1°

The flexural strengths of the samples annealed for 4 h
in Fig. 3, however, appear to be superior to those of the
samples annealed for 2 or 6 h. Since the sizes of average
grains as well as abnormal grains increase as the
annealing time increases, the strength is expected to
decrease when increasing the annealing time from 2 to 4
h, in contrast to the present measurement for the 2 and
4 h-annealed samples. The observed superior strengths
of the 4 h-annealed samples may be due to possible
change in interface strength between SiC grains and the
surrounding liquid phase during the annealing. The
variation in strength with annealing time would then be

a result of the change in grain boundary chemistry as
well as grain size.

Comparing the flexural strengths of the samples from
100% o- and 100% B-SiC powders, the sample from o
powder has a higher strength than that from B powder.
As shown in Table 1, there was essentially no phase
transformation from the starting phases. In addition,
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Fig. 3. Variation of flexural strengths of samples hot-pressed and
annealed at 1950 °C for various periods of time as a function of the
phase ratio in the starting powder.
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the average grain sizes of the two different samples are
similar. It appears, therefore, that the difference in flexural
strength between the samples is due to the difference in
crystalline phase. According to a previous investiga-
tion,?® the Young’s moduli of a- and B-SiC whiskers are
190 and 380-650 Gpa, respectively. The higher flexural
strength of the sample from 100% o-SiC powder seems
to be related to the higher modulus.

Fig. 4 shows the variation of fracture toughness as a
function of the phase ratio in the starting powders and
annealing time. The toughness increases with annealing
time, and reaches the maximum for the sample prepared
from a 20a,/80p powder mixture and annealed for 6 h. It
is probable that the large plate-like abnormal grains in
the samples improved the fracture toughness, as in the
case of SizN, ceramics.'®!%2! In our previous investiga-
tion,!> however, the fracture toughness of Al,Os-added
SiC decreased in spite of the presence of large elongated
grains due to a transgranular fracture, which suggests
the importance of the interface property. To achieve
high fracture toughness in SiC ceramics, therefore, it
appears necessary that (i) large plate-like grains are
included in the material with fine grains and, (ii) at the
same time, the interface between the grain and the
matrix phase is weak to induce the crack deflection.>!3

The observed variations in flexural strength and frac-
ture toughness with annealing time would then be
understood in terms of the variation in the grain
boundary phase. A grain boundary phase is usually
present as a meta-stable glass phase for thermodynamic
and kinetic reasons which are related to the geometrical
criteria.?> Upon suitable annealing, however, the grain-
boundary glass phase can crystallize to a great extent.
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Fig. 4. Variation of fracture toughnesses of samples hot-pressed and
annealed at 1950 °C for various periods of time as a function of the
phase ratio in the starting powder.

The materials then become multiphase: SiC grains, a
glassy phase, and crystalline second phases. The X-ray
diffraction spectra in Fig. 5 reveal such grain boundary
crystallization. The sample annealed for 4 h contains a
garnet (Y3Als01,) phase. In the sample annealed for 6
h, however, not only the garnet-phase but also a high
yttrium (YAIOs3) phase are present. A TEM observation
and compositional analysis by EDS confirmed the crys-
tallization of a grain boundary glass phase, as shown in
Fig. 6. The sample hot-pressed for 2 h did not contain
any detectable crystalline second phase, but only
yttrium containing alumino-silicate glasses at the SiC
grain interface or junction.

The crystallization of a garnet phase reduces the Al
content in the remaining glass phase and contributes to
reducing the residual stresses arising from the thermal
expansion mismatch between SiC and the grain boundary
glass phase.?? As the alumina content decreases in the
yttrium containing alumino-silicate glass with its crys-
tallization, the thermal expansion coefficient of the glass
becomes close to that of SiC. The reduction of residual
stresses with the crystallization might contribute to
maintaining high flexural strength and decreasing fracture
toughness because of the improvement in interface
strength. Upon prolonged annealing, however, the
crystallization of the yttrium-rich grain-boundary phase
considerably reduces the yttrium content in the remaining
glass, which can result in high thermal expansion mis-
match at the grain interface.??> This thermal expansion
mismatch might produce micro-cracks or a weak inter-
face, and therefore, contribute to the enhancement of
fracture toughness via crack bridging and deflection, as
observed in the present investigation.

404
oq

W el

Intensity, a.u.

20, deg

Fig. 5. X-ray diffraction spectra of the 200/808 samples hot-pressed
and annealed at 1950 °C for various periods of time.



1326 D.1. Cheong et al. | Journal of the European Ceramic Society 22 (2002) 1321-1327

o | () A '
.*é L - Y
3 H 4
m H -
g t Y E
=
=] 1 F b
3

S 1 H l? i

Energy, keV Energy, keV

Fig. 6. (a) TEM micrograph of the 200,/803 sample hot-pressed and
annealed at 1950 °C for 6 h; (b) and (c) EDS spectra of junction “G”
(b) and “Y” (c), respectively. “G” denotes a garnet phase and “Y” a
yttrium-rich phase.

4. Conclusions

Silicon carbide powders with various o- to B-SiC
ratios in the initial powder mixture and 7 wt.% Y,O;
and Al,O; (weight ratio 60:40) additives were hot-pressed
and isothermally annealed. In the samples prepared
from o- and B-SiC mixed powders, large plate-like
grains formed during subsequent isothermal annealing,
which resulted in a bimodal grain size distribution. The
grain boundary glass phase crystallized into a YAG and
an yttrium-rich phase during extended isothermal
annealing. When crystallization is directed to formation
of the YAG phase, the flexural strength increased.
However, when the yttrium-rich phase was formed during
crystallization, fracture toughness enhancement was
pronounced. These results could be explained in terms
of the thermal mismatch between SiC grains and the

remaining glass phase during annealing. In short, crystal-
lization control of the grain boundary phase seems to be
a key for mechanical property improvement along with
the microstructure control in silicon carbide ceramics
hot-pressed with Y,O3; and Al,O5 additives.
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