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Microstructural development and mechanical
properties of pressureless-sintered SiC with
plate-like grains using Al,O3-Y,05; additives
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Dense SiC ceramics with plate-like grains were obtained by pressureless sintering using B-SiC
powder with the addition of 6 wt% Al,O; and 4 wt% Y,0,. The relationships between
sintering conditions, microstructural development, and mechanical properties for the obtained
ceramics were established. During sintering of the B-SiC powder compact, the equiaxed grain
structure gradually changed into the plate-like grain structure that is closely entangled and
linked together through the grain growth associated with the B — o phase transformation. With

increasing holding time, the fraction of B — o phase transformation, the grain size, and the
aspect ratio of grains, increased. Fracture toughness increased from 4.5 MPam'/? to

8.3 MPam'/? with increasing size and aspect ratio of the grains. Crack deflection and crack
bridging were considered to be the main operative mechanisms that led to improved fracture

toughness.

1. Introduction

SiC ceramic is one of the promising candidate mater-
ials for high-temperature structural components in
heat engines, heat exchangers, and many other devices
because of its excellent oxidation resistance, strength
retention to high temperature, high wear resistance,
good thermal conductivity, and relatively low coeffi-
cient of thermal expansion. Prochazka’s sintering of
SiC in the absence of applied pressure opened up the
possibility of mass production of relatively inexpen-
sive SiC components [1].

However, SiC, as well as other ceramics, is very
sensitive to defects such as pores, cracks, and large
grains, which result in relatively low reliability as
structural components. One of the solutions under
consideration is to increase its strength by eliminating
flaws or decreasing flaw sizes in the ceramics [2].
Another approach is to increase the fracture tough-
ness by incorporating reinforcing materials and
controlling the microstructure [3-7]. In many cases,
incorporation of reinforcing materials has been ac-
companied by the degradation of desirable properties
of SiC [6, 7]. Tani et al. [8] recently showed that the
fracture toughness of monolithic Si;N, can be as high
as 9 MPam'/2 when its microstructure contains some
large B-Si;N, grains with high aspect ratio. (These
Si; N, materials are termed “self-reinforcing”.) These
results have caught attention in the sense that the
possibility for improving the fracture toughness of the
monolithic ceramics through controlling the micro-
structure was shown. Suzuki and Sasaki [9] developed
highly toughened SiC with plate-like grains by con-
trolling the microstructure through heat treatment
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using an Al,O, additive. It has recently been shown
that «-SiC with the addition of Al,O5 and Y,O; could
be sintered at a lower temperature (about
1850-2000 °C) than the conventional sintered, boron-
and carbon-doped SiC. It has been reported that
Al,O; and Y,0; formed a liquid phase at the
sintering temperature and promoted densification by
the liquid-phase sintering mechanism [10-13]. The
interest in these SiC materials has grown continuously
during recent years, because such materials seem to
outperform the conventional SiC in both strength and
toughness. However, no studies have ever tried to
improve the fracture toughness through in situ forma-
tion of plate-like grains during sintering using B-SiC
powder as a starting material in this system.

The purpose of this study was to develop the SiC
ceramics with plate-like grains by pressureless
sintering of B-SiC powder with the addition of Al,O,
and Y,0;. Then the relationships between sintering
conditions, the § — o phase transformation, and the
microstructural development, were examined. The ef-
fects of the microstructure of liquid phase sintered SiC
on the fracture strength and toughness have been
discussed.

2. Experimental procedure

The starting materials used in this work were B-SiC
(Betarundum, Grade UF, IBDEM, Japan), Al,O,
(AKP 50, Sumitomo Co., Japan), and Y,0, (Grade
Fine, H. C. Starck GmbH, Goslar, Germany). The SiC
powder and the additives were mixed in a planetary
ball mill for 12h in acetone using Al,O, balls and a
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polypropylene container. The content of oxide addi-
tives was 10 wt % (6:4 mixture of Al,O; and Y,0,).
The additive composition was selected at near the
lowest eutectic point in the phase diagram [14]. After
mixing, the slurry was dried. The softly agglomerated
powder was then crushed and sieved through a 60
mesh sieve. The sieved powder was die-pressed at
30 MPa and isostatically pressed at 200 MPa to dens-
ities of 58% of the theoretical limit. The resultant
pressed specimens were about 3.5 mm x 4.5 mm x
30 mm in size. Sintering was performed at 2000 °C for
60, 120, 180, and 300 min in a graphite crucible that
was placed in a graphite resistance furnace (Astro
Industries Inc., CA, USA}) in an atmosphere of flowing
argon. A powder bed with the same composition as
the sample was used to suppress weight loss of the
sample. For comparison with the sintered SiC with
addition of Al,O; and Y,O3, the boron- and carbon-
doped SiC was prepared by pressureless sintering of
B-SiC powder with the addition of 1 wt % B,C and
3 wt % C as a reference material for mechanical prop-
erties. The bulk densities of the sintered specimens
were measured by the Archimede’s method using de-
ionized water as the immersion medium. The phases of
the sintered SiC were analysed by X-ray diffraction
with CuK, radiation and the SiC polytypes were
analysed according to the method of Ruska et al. [15].
The polished and etched surfaces and the fracture
surfaces of the sintered specimens were observed by
scanning electron microscopy. The size and aspect
ratio of grains for the sintered specimens were meas-
ured using a linear-intercept method.

Fracture strength was determined by four-point
bending strength using machined 2.5 mm x 3.5 mm
x 20 mm bars. All specimen surfaces were polished
with a 1200 diamond disc. The edges of the tensile
surface were bevelled to remove edge cracks. Speci-
mens were tested in a four-point bend fixture (inner
span 6 mm and outer span 12 mm) on a mechanical
testing machine at a crosshead speed of 0.5 mm min™*.
Fracture toughness was measured by the Vickers
indentation method [16] in which specimens were
polished by 1 pm diamond paste, and a 98 N load was
applied.

3. Results and discussion

3.1. Microstructural development and
characterization

The relative densities and the amount of phase trans-

formation of the sintered samples are illustrated in

TABLE 1 Characteristics of sintered SiC
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Figure 1 (@) Relative density and (M) the amount of phase trans-
formation of SiC sintered at 2000 °C with addition of 6 wt % A1,04
and 4 wt % Y,O; versus holding time.

Fig. 1 as a function of holding time. The relative
density of > 98.5% was achieved with a holding time
of 60 min. With increased holding time, the ratio of
o/ + P increased, and the major o phases of sintered
bodies were the 4H polytypes. The sintering mech-
anism in this system was attributed to liquid-phase
sintering via the formation of a eutectic melt of Al,O,
and Y,0,. Solution and reprecipitation was suspected
to control the mass transport for densification
[10, 13].

Fig. 2 shows scanning electron micrographs of the
polished and etched surfaces of SiC sintered at 2000 °C
for 60, 120, 180 and 300 min. With increased holding
time, the microstructure changed from equiaxed to
plate-like grains, and the size and the aspect ratio of
grains increased. This tendency suggests that the
growth of grains proceeded predominantly along the
directions of the plates, that is, along basal planes of
the grains and related to the B — o phase trans-
formation of SiC during heat treatment. This micro-
structural development is similar to the formation of
plate-like grains in the sintering of -SiC with addition
of Al,O, [9]. The characteristics of the sintered sam-
ples are summarized in Table I. Fig. 3 shows a typical
microstructure of the boron- and carbon-doped SiC
prepared as a reference material for mechanical pro-
perties. Similar to the microstructure described in
previous reports [17, 18], a microstructural feature
with plate-like grains was observed.

3.2. Mechanical properties
The fracture strength of the sintered samples is illus-
trated in Fig. 4 as a function of holding time. The

Powder composition Sintering Relative Grain Grain size

conditions density (%) morphology (um)?
B1 90SiC/6Al,0,/4Y,0, 2000°C, 1h 99.1 Equiaxed 1-2.5
B2 90SiC/6Al,0,/4Y,0, 2000°C, 2h 99.2 Equiaxed 2-3

and plate [=4-8,¢t=2-3

B3 90SiC/6A1,0,/4Y,0, 2000°C, 3h 99.0 Plate I=6-12,t =2-4
BS 90SiC/6A1,0,/4Y,0, 2000°C, 5h 98.7 Plate [=8-16,t=3-4
SS 96SiC/3C/1B,C 2100°C, 1h 98.5 Plate [=4-13,t=1-2

3] = length of plate-like grain; ¢ = thickness of plate-like grain.
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Figure 2 Scanning electron micrographs of the polished and etched surfaces of SiC sintered at 2000 °C with addition of 6 wt% Al,O; and
4 wt% Y,0; for (a) 60, (b) 120, (c) 180, and (d) 300 min.

Figure 3 Scanning electron micrographs of (a) the polished and etched surface and (b} the fracture surface of the boron- and carbon-doped
SiC.
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Figure 4 Fracture strength of SiC versus holding time.

fracture strength of the sintered SiC with the addi-
tion of Al,0; and Y,0; was higher than that of the
boron- and carbon-doped SiC. It has been reported
that the fracture strength of the liquid-phase sintered
SiC was higher due to uniform microstructural fea-
tures without large abnormal grains that could act as
flaw origins [9, 10]. The fracture strength for the
sintered SiC with the addition of Al,O; and Y,O,

[ (c) P’

decreased slightly with holding time. This decrease in
strength is considered to be due to grain coarsening.
Fig. 5 shows scanning electron micrographs of the
fracture surfaces of the sintered SiC with addition of
AlL,O5 and Y,0,. The fracture mode in the sintered
SiC with the addition of Al,O; and Y,0, was a
mixture of intergranular and transgranular. In con-
trast, the fracture mode in the boron- and carbon-
doped SiC was transgranular and predominantly fea-
tureless, as shown in Fig. 3b. This phenomenon is
related to the characteristics of the grain boundary.
The grain boundary for the boron- and carbon-doped
SiC is relatively clean without any continuous grain-
boundary phase [19, 20]. In the case of the sintered
SiC with the addition of Al,O; and Y,O;, however,
the liquid phases remained along the grain boundaries
and at multiple grain junctions [11, 13]. On cooling
after sintering, the difference of thermal expansion
coefficient between the grain-boundary liquid phase
and the matrix (SiC) led to a weak interface and a
residual strain field that induced crack deflection [13].

Fig. 6 shows the fracture toughness of the sintered
samples versus holding time. The fracture tough-
ness of the boron- and carbon-doped SiC was

Figure 5 Scanning electron micrographs of the fracture surfaces of SiC sintered at 2000 °C with addition of 6 wi % Al,0; and 4 wt % Y,0,

for (a) 60, (b) 120, (c) 180, and (d) 300 min.

5324



10 v T T T T T
g of .
£ | 1
& 8t 85T
g L «
s T = ]
@
g6l ]
2T 1
§ 5} B2 E
o [ i 7
s 4 B1 _
gt i:ss-Sic 1
© 3t i
‘L 3

2 A i 1 i 1 A i 1

60 120 180 240 300

Isothermal holding time (min}

Figure 6 Fracture toughness of SiC versus holding time.

3.5 MPam'/2. The fracture toughness of the sintered
SiC with addition of Al,0, and Y,O, was higher than
that of the boron- and carbon-doped SiC. This higher
value is related to the crack-deflection process. The
crack profiles produced at the corners of a Vickers
indentation are iliustrated in Fig. 7. The crack paths in
the boron- and carbon-doped SiC remained planar
throughout propagation, as shown in Fig. 7a. How-
ever, the sintered SiC with the addition of Al,O; and
Y ,0; demonstrated significant crack deflection which
resulted from a weak interface and/or residual stress
(Fig. 7b, c). Therefore, improved fracture toughness of
the sintered SiC with the addition of Al,0O; and Y,0,
compared with the boron- and carbon-doped SiC is

Figure 7 Crack profiles from Vickers indentation cracks in (a)
boron- and carbon-doped SiC, SiC sintered at 2000 °C with addi-
tion of 6 wt % Al,O; and 4 wt % Y,0O, for (b) 60, and (c) 180 min.
Note the crack bridging (marked with arrows).

considered to be due to the operation of crack deflec-
tion. The fracture toughness for the sintered SiC with
the addition of Al,O, and Y,O; increased from
4.5 MPam'/? to 8.3 MPam'/? with holding time, that
is, increasing grain size and aspect ratio. Increased
fracture toughness with increasing grain size and as-
pect ratio can be explained as a crack deflection and
bridging operation. A similar trend has been reported
for self-reinforcing Si;N, with large elongated grains
[21]. Fracture mechanics models predict that the
toughening associated with crack deflection should be
particle-size invariant but highly dependent on the
morphology of the deflecting grains. In particular,
elongated grains should be more effective at tough-
ening than equiaxed grains [20, 22]. In addition, crack
deflection can lead to the crack bridging which causes
a crack closing force behind the crack tip. The effect of
crack bridging can be highly enhanced by the forma-
tion of elongated grains with a high aspect ratio (e.g.
self-reinforcing Si;N,) [4, 5, 21, 23, 24]. Fig. 8 shows a
micrograph of crack bridging by plate-like grains in
SiC with plate-like grains. Therefore, improved frac-
ture toughness is attributed to the crack deflection and
crack bridging by the plate-like grains. Fig. 9 shows
the grain morphology of the boron- and carbon-
doped SiC and the crack-propagation profile. The

Figure § Scanning electron micrograph showing crack bridging in
SiC with plate-like grains. B marks crack bridging sites.

Figure 9 Crack profile induced by Vickers indentation in the
boron- and carbon-doped SiC. The surface was etched after in-
dentation.
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crack cuts the plate-like grain and propagates almost
transgranularly. As a result, fracture toughness is very
low, despite a microstructure with plate-like grains.
For the boron- and carbon-doped SiC showing a high
degree of transgranular fracture, the high aspect ratio
of grains may not be very useful in increasing
the fracture toughness. Therefore, intergranular frac-
ture is preferentially required to operate crack bridg-
ing. These results lead to the conclusion that both the
intergranular fracture mode and the elongated grain
structure are required to maximize the fracture tough-
ness of the monolithic SiC.

4. Conclusion

SiC ceramic with plate-like grain structure was ob-
tained by pressureless sintering of B-SiC with the
addition of 6 wt% Al,O, and 4 wt% Y,0;. With
increasing holding time, the microstructure changed
from equiaxed to plate-like grains through the grain
growth associated with the B—a phase trans-
formation, the size and aspect ratio of the grains
increased. With increasing grain size and aspect ratio,
fracture toughness increased from 4.5 MPam'/? to
8.3 MPam!/? by crack deflection and bridging by
plate-like grains.
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