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Abstract B-SiC powder with or without the addition of 1-3 wt% of B-SiC whiskers
(seeds) was hot-pressed at 1850°C for 1 h using Al,O; and Y,0; as sintering aids. The
hot - pressed materials were subsequently annealed at 1950°C to enhance grain growth. The
introduction of A-SiC whiskers into S-SiC. does not affect the microstructure as well as
mechanical properties significantly because the whiskers are not viable in the presence of
liguid phase during hot-pressing. The strengths and fracture toughnesses of the hot-
pressed and subsequently 5 h-annealed materials with 1 wt% p-SiC whiskers and without
B-SiC whiskers were 465 MPa and 5.8 MPa-m'% and 451 MPa and 5.5 MPa-m'?
respectively.
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1. Introduction

Since the first successful sintering of
SiC with small additions of boron and car-
bon in the 1970s [1], SiC has been at-
tracted much attention as one of the
promising candidates for high-temperature
structural applications due to their excel-
lent high-temperature strength, creep, and
wear resistances. However, application of
this ceramic as a structural material has
been limited by their low fracture tough-
ness, typically of 2.5 to 4 MPa-m!/% even
though their superior other properties. A
number of attempts have been made to
improve the fracture toughness of SiC,
with toughness values reported as high as
4 to 8 MPa-m'? [2-6]. These efforts in-
clude toughening by heterophase dispersion
[2], by incorporation of @-SiC platelets in
a B-SiC matrix [3], by incorporation of 8
-SiC whiskers in a g-SiC matrix [4],
and by introduction of both elongated a-
SiC grains and weak interface in micro-
structure [5-9], in which grain bridging
and crack deflection are promoted by the
presence of weak interface. The latter ef-
forts were achieved by liquid phase sinter-
ing with the addition of oxide additives,
such as ALO; and Y,0s, and subsequent
annealing for grain growth of elongated «
-SiC  grains. This provided self-rein-

forced material with duplex microstruc-
ture, akin to that of tough Si)N, [10].
The development of elongated a-SiC
grains has been achieved through the 8 —
2 phase transformation.

Recently, several reports have been pub-
lished on the effect of seeds on micro-
structure and mechanical properties of
self -reinforced SiC [6,11,12]. These ef-
forts include seeding by e-SiC [6,11] or
large A-SiC particles [12]. SiC whiskers
may have an advantage as seeds for
microstructural control because of their
high aspect ratio if they are viable under
sintering conditions. .

In the present work, B-SiC whiskers
were selected as seeds for self-reinforced
microstructure, and the effect of A-SiC
whisker addition on microstructure and
mechanical properties of self-reinforced
SiC was investigated.

2. Experimental procedure

Commercially available fine 8-SiC pow-
der (lbiden Co., Ogaki, Japan, Ulirafine
grade) and pB-SiC whiskers (American
Matrix Inc.,, Knoxville, US.A, grade I)
were used as starting materials. The pow-
der characteristics of starting materials

are shown in Table 1. A scanning elec-
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Table 1
Characteristics of starting materials
No. Raw material Characteristic
1 B-SiC powder* Specific surface area(m?/g) 16.7
Impurity (wt%) Si0, 1.55
C 0.75
Phase B
2 B-SiC whisker* Diameter (zm) 1-3
Length (u#m) 30-200
Impurity (wt%) Ca 0.10
Mg 0.03
Al 0.02
Fe 0.02
Ni 0.02
Phase B

*Data were supplied from manufacturers.

Fig. 1. SEM micrograp}i of B-SiC whiskers.

tron micrograph (SEM) of B-SiC whiskers
is shown in Fig. 1.

To prepare a powder composition without
seeds, 86 wt% g-5iC, 6 wi% ALO,
(Sumitomo Chem. Co., 99.9 % pure, AKP-
30), and 8 wt% Y.,0; (H.C. Starck, 99.9
%, grade Fine) were ball milled in etha-
nol with SiC grinding balls for 24 h. To

prepare powder compositions containing

seeds, 83-85 wt% B-SiC, 6 wt% AlO,,
and 8 wt% Y,0; were ball milled in etha-
nol for 22 h, and then 1-3 wt% #A-SiC
whiskers (seeds) were added, followed by
additional milling for 2 h. The milled slur-
ry was dried and hot-pressed at 1850°C
for 1 h under a pressure of 20 MPa in
an argon atmosphere. The hot-pressed ma-
terials ‘were heated further at 1950°C for
5 and 10 h under an atmospheric pressure
of argon to enhance grain growth. A pow-
der bed with the same composition as the
specimens was used to suppress the
weight loss of the specimens during an-
nealing [13]. The sample designations are
given in Table 2.

Relative density was determined by the
Archimedes method. X-ray diffraction us-
ing Cuka radiation was performed on all the

ground specimens. The hot-pressed and an-
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Table 2

Sample designation

Annealing Sample designation .

time at Material without Material with 1 wt%  Material with 3 wt%
1950C (h) f-SIC whisker B-SiC whisker B-SiC whisker

Hot - pressed A0 Co

5 Al Ci

10 A2 C2

nealed materials were cut and polished,
and then etched by a plasma of CF, con-
taining 7.8 % O, The microstructures
were observed by SEM. The fracture
toughness was estimated by measuring
crack lengths generated by a Vickers-in-
denter with a load of 196 N [14]. Bend
tests were performed on 8 specimens at
each condition using a four-point method
with outer and inner spans of 20 and 8
mm, respectively, and a crosshead speed
of 0.5 mm/min.

3. Results and discussion

The characteristics of SiC materials ob-
tained with §-SiC whiskers and without g-
SiC whiskers are summarized in Table 3.
The relative densities of >97.5 % were a-
chieved by hot-pressing with a holding
time of 1 h at 1850°C. The sintered densi-
ties were found to decrease with increas-
ing the annealing time at 1950°C. It may
be due to the reactions between SiC and
oxide additives (AlLO; and Y,0,) at an-
nealing temperature (1950°C) [15]. These
reactions probably result in the formation

of volatile components such as AlQ, ALQO,
and CO [13], which make the substantial
weight loss and the reduction of liquid
content, leading to the decrease in the sin-
tered density.

Figure 2 shows the microstructural
change of SiC materials with annealing
time. The microstructures of hot- pressed
materials with or without A-SiC whiskers
composed of equiaxed grains and the
polytype of the materials was found to be
composed primarily of 3C (8-SiC) and
traces of @-SiC and yttrium ‘aluminum
garnet (Y;Al:0;;, YAG) by XRD. When
the annealing time was increased, the
shape of the grains chahged from
equiaxed to elongated and the grain size
and aspect ratio increased, as shown in
Fig. 2 (b), (c), (e), and (f), which indi-
cate, referring to the phase analysis in
Table 3 the marked growth of @-SiC. It is
well documented that the B — @ phase
transformation of SiC takes place at high
temperatures (=1950°C), especially in the
presence of proper liquids. The 5-and 10-
h annealed materials with 1 wt% B-SiC
whiskers (Fig. 2(e) and (f)) have similar
microstructures with the equivalent materi-
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Fig. 2. SEM micrographs of SiC materials:(a) A0, (b) Al, (c¢) A2, (d) B0, (e) Bl, and
(f) B2 (refer to Table 2).

als without B-SiC whiskers (Fig. 2(b) and
(c)). The microstructures of 5-and 10-h
annealed materials with 3 wt% pg-SiC
whiskers were not contained in Fig. 2 be-
cause they had almost the same micro-
structures with the equivalent materials
with 1 wt% A-SiC whiskers. These results
suggest that the microstructure of self-re-

inforced SiC was not affected by the
addition of B-SiC whiskers. It indicates
that the B-SiC whiskers are not wviable in
the presence of liquid phase during hot-
pressing, as evidenced by Fig. 2(d), where
we cannot find the presence of SiC whisk-
ers. That phenomenon may have resulted
from both the instability of B-SiC under
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Table 3
Characteristics of hot-pressed and annealed SiC
Material Annealing Relative Crystalline phase Flexural Fracture
time density strength toughness
at 1950C (%) Major  Trace (MPa) (MPa-m'/?)
(h) |
A0 Hot-pressed  98.1 B-SiIC  YAG*, o-SiC 575469 3.5+0.4
Al 5 97.7 B-SiC  a-SiIC, YAG 451 +46 5.5+0.3
A2 10 97.4 a-SiIC  B-SiC, YAG 40157 46+04
BO Hot-pressed  98.0 B-SiC  YAG, a-SiC 598+ 66 3.5+0.3
B1 5 97.6 a-SiC  B-SiC, YAG 465156 58+0.4
B2 10 96.6 a-SiIC  B-SiC, YAG 384 +48 46x0.3
Co Hot-pressed  97.6 B-SIC  YAG, @-SiIC  604+59  35+0.3
C1 5 97.4 a-SiIC B-SiC, YAG 585+46 5.7+0.2
C2 10 96.7 a-SIC  B-SiC, YAG 390+52 45404

* Y,AlQ0,, (yttrium aluminum garnet).

hot-pressing conditions (1850°C, 20 MPa)
and the presence of much stacking faults
in the whiskers (Fig. 1). The XRD results
indicated that the small amount of 8 — «a
phase transformation took kplace during
hot-pressing (Table 3). The SiC whiskers
with much stacking faults may have bro-
ken into several grains through the pene-
tration of the liquid phase at the stacking
fault  boundaries
Therefore, B-SiC whiskers does not act as

during  hot - pressing.

nuclei for the grain growth of elongated
large grains. Alpha-SiC whisker may be
an effective seed for the microstructural
control of self-reinforced SiC because of
its stability at high temperatures (>1900
°C). Unfortunately,
not commercially available at present.

The effect of SiC whisker addition on
the mechanical properties of hot-pressed

a-SiC  whiskers are

and annealed materials is also shown in
Table 3. The fracture toughness increased
with annealing and showed the maximum
at 5 h for all materials. The fracture
toughness (5.7 MPa-m'”?) of 5-h annealed
material with 3 wt% g-SiC whiskers was
almost the same with that (5.5 MPa-m'/?)
of equivalent B-SiC
whiskers, as expected. The improved frac-

material without
ture toughness of annealed materials was
attributed to the enhanced bridging and
crack deflection by the elongated e-SiC
grains, as shown in Fig. 3(b). Further an-
nealing up to 10 h, however, decreased
the fracture toughness slightly (~20 %),
although the length and width of @-SiC
grains were increased. This could be at-
tributed to the
transgranular fracture with prolonged an-

increasing tendency of

nealing, as shown in Fig. 3(c). The flex-
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Fig. 3. SEM view of crack deflection by

equiaxed grains in (a) B0 and crack

bridging and deflection by elongated

grains in (b) Bl and (c) B2 (refer to
Table 2).

ural strength decreased with increasing
annealing time for all materials. The
strength (465 MPa) of 5-h annealed ma-
terial with 1 wi% B-SiC whiskers was
almost the same with that (451 MPa) of
equivalent material without A-SiC whisk-

ers, as expected. The decreased strength
of annealed materials was attributed to
both the increased tendency for relatively
larger grains to fracture transgranularly
and the pore growth with prolonged an-
nealing [16].

4. Conclusions

The introduction of B-SiC whiskers into
B-SiC does not affect the microstructure
as well as mechanical properties signifi-
cantly because the whiskers are not viable
in the presence of liquid phase during
hot-pressing. Alpha-SiC whisker may be
an effective seed for the microstructural
control of self-reinforced SiC because of its
stability at high temperatures (>1900C).
The strengths and fracture toughnesses of
hot-pressed and subsequently 5 h-annealed
materials with 1 wt% B-SiC whiskers and
without B-SiC whiskers were 465 MPa
and 5.8 MPa-m'? and 451 MPa and 5.5

MPa-m'/% respectively.
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