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Powder mixtures of B-8iC-TiC in a weight ratio of 2:1 containing 5-20 wt% additives (AL,0,+Y,0,) were liquid-
phase sintered at 1830°C for 1 h by hot-pressing and subsequently annealed at 1950°C for 6 h to enhance grain
growth. The annealed specimens revealed a microstructure of "in siti-toughened composite” as a result of the f—=
o. phase transformation of SiC during annealing. The increase ol the content of additives accelerated the growth
of elongated ¢-SiC grains with higher aspect ratio and improved fracture toughness. The fracture toughness of
8iC-TiC composite containing 20 wt% additive was 6.2 MPa-m".
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I. Introduction

ensification of SiC-based composites such as SiC-TiB,
D and SiC-TiC without the aid of high pressure or sinter-
ing additives is very difficult owing to the covalently bonded
nature of SiC and the presence of an inert second phase
(TiC). Therefore, sintering additives such as metals or
oxides are usually added to densify the composites.'® SiC-
TiC composites, consisting of finely dispersed TiC grains in
a 3iC matrix, can be fabricated by hot-pressing with the aid
of Al or Al compound and C to a nearly full density at
2000°C*? or with the aid of AL,0, and Y,0, at 1850°C.® The
role of additives during the sintering of non-oxide ceramics
can be regarded as not only densification aids but also key
elements for microstructural development since the
mechanical properties of the ceramics are influenced by the
microstructure, the type and the amount of additives.™
Several studies have been reported on in situ-toughened
SiC-TiC composites with a microstructure consisting of
elongated SiC grains and matrix-like TiC grains: the fabri-
cation of SiC-TiC nanocomposites with needle-like micro-
structure by chemical vapor deposition;'®*V the addition of
Cr,C, for transient liquid-phase sintering;'” the addition of
liquid-forming additives (AL QO,-Y,0,) and subsequent heat-
treatment for controlled grain growth."™™ A fracture tough-
ness of 6.2 MPa-m'® was reported in SiC-30 wt% TiC com-
posites sintered with a Cr,C, additive' and a higher
fracture toughness of 6.9 MPa-m'*? was achieved in $iC-30
wt% TiC composites prepared with ALO,-Y,0, additives."?
In this study, the influence of additive amount on micro-
structure and fracture toughness of 81C-TiC composites con-
taining ALO -Y,0, sintering additives is investigated. The
ALQ,Y,0, mixture (7:3 in weight ratio) is selected because
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of its effectiveness, compared to other additives, since it
decreases the softening temperature and viscosity of the
secondary phase during liquid-phase sintering of SiC
ceramics.'”

I1. Experimental Procedure

Commercially available B-3iC (Ultrafine grade, Ibiden
Co., 1td, Nagoya, Japan), TiC (Grade C.A.8, H. C. Starck,
Berlin, Germany), AlL,O, (AKP-30, Sumitomo Chemicals,
Tokyo, Japan) and Y,0, (Grade Fine, H. C. Starck, Berlin,
Germany) powders were used as starting powders. Three
hatches of powders were mixed, containing 5, 10 and 20
wt% of additive (Al,0,:Y,0, in a weight ratio of 7:3), respec-
tively. All batches were milled in ethanol for 24 h in a poly-
ethylene jar using SiC balls. The weight ratio of S8iC to TiC
in each batch was fixed as 2:1. The batch compositions and
the sample designations are given in Table 1. The milled
slurry was dried, sieved and hot-pressed at 1830°C for 1 h
under a pressure of 25 MPa in an argon atmosphere. The
heating rate was 20°C/min and the cooling rate was ~50°C/
min at temperatures from 1800°C to 1200°C. The hot-
pressed 5iC-TiC composites were subsequently heat-treated
at 1950°C for 6 h under argon to enhance the grain growth
and the B—a phase transformation of SiC.

The sintered density was determined by the Archimedes
method. The theoretical densities (3.66 g/cm® for A5, 3.68 g/
cm® for A10 and 3.74 glem® for A20, see Table 1) of the com-
posites were calculated according to the rule of mixtures.
Crystalline phases in the sintered specimens were deter-
mined by X-ray diffraction XRD) using CuKo radiation.
The polished and the etched microstructures were observed
by scanning electron microscopy (SEM). The length and
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Table 1. Relative Density and Polytype of Hot-Pressed and Annealed SiC-TiC Composites

Sample Composition (wt %) Relative denaity Crystalline phase

designation® SiC TiC ALO, Y,0, (%) Major Minor

H5 63.3 31.7 3.b 1.5 98.5 B-SiC, TiC

H10 60 30 7 3 98.3 B-8iC, TiC YAG**

H20 53.3 26.7 14 6 98.4 B-51C, TiC YAG

A5 63.3 31.7 3.5 1.5 98.1 o-SiC, TiC

A10 60 30 7 3 97.0 a-8iC, TiC YAG

A20 53.3 26.7 14 6 95.1 a-5iC, TiC YAG

*H and A denote the hot-pressed and the annealed samples, respectively.

**Y ALO,, (yttrium aluminum garnet)

diameter of SiC graing were determined from the longest
and the shortest grain diagonals in two-dimensional
images, respectively.’®’” The fracture toughness was esti-
mated by measuring the lengths of cracks that were gener-
ated by a Vickers indentor with a load of 196 N.*¥

I11. Result and Discussion

The characteristics of both the hot-pressed and the
annealed SiC-TiC composites are listed in Table 1. Relative
densities of >98% were achieved by hot-pressing with a
holding time of 1 h at 1830°C. However, 6 h-annealing at
1950°C resulted in a decrease of the relative density, proba-
bly due to the formation of volatile components such as AlO,
ALO and CO."” Densities of the hot-pressed specimens
were not affected by the additive amount, but after anneal-
ing higher additive concentration resulted in lower relative
densities hecause of increased volatilization of additives
during annealing. XRD results of the hot-pressed specimens

Fig. 1. Microstructures of hot-pressed and annealed specimens: (a) H10, (b) Ab, (¢) A10 and (d) A20.

showed that the major phases of each specimen were B-S1C
and TiC (Table 1) and a trace of Y,A1.0,, (YAG). In con-
trast, the annealed specimens contained a-5iC and TiC as a
major phase and YAG as a trace, indicating the occurrence
of the B—o phase transformation of SiC during annealing.
Fig 1. shows the microstructure of the hot pressed (H10)
and annealed (A5, A10, A20) SiC-TiC composites with dif-
ferent amount of additives. The bright phase is TiC and the
dark phase is SiC. The hot-pressed composite is a two phase
particulate composite that consists of randomly distributed
TiC grains whose diameters range from 0.4 to 5 um in the
relatively fine and equiaxed SiC matrix. The other hot-
pressed specimens showed microstructures similar to Fig.
1(a). After annealing at 1950°C for 6 h, the marked growth
of a-8iC is observed because the f—a phase transformation
of 8iC leads to the in situ growth of elongated ¢-SiC grains
during annealing. The morphology of TiC grains was
changed from equiaxed to matrix-like grains during anneal-
ing, as shown in Fig. 1. This is due to the brittle-ductile
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Table 2. Grain Diameter and Aspect Ratio of SiC Grains in
the Hot-Pressed and Annealed SiC-TiC Composites

Sample designation Dl(i?:l‘;ter Aspect ratio
A5 1.8 5.0
Al0 11 6.8
A20 0.8 9.0

transition of TiC at ~800°C,* yielding to the growth of elon-
gated o-8iC grains. The morphology of o-8iC grains was
dependent on the amount of the additive; aspect ratio of SiC
graing increased from 5.0 for A5 to 9.0 for A20 with increas-
ing the content of the additive (Table 2), probably due to the
reduced impingement of grains at higher additive concen-
tration. The diameter of SiC grains decreased from 1.8 pm
for A5 to 0.8 um for A20 with increasing the amount of the
additive.

The fracture mode of SiC-TiC composites containing
ALO.-Y,0, additives was mostly intergranular (Fig. 2), as a
result of a weak interface caused by the difference between
the coefficients of thermal expansion of the liquid and the
8iC and/or TiC grains on cooling after annealing. Present
results suggest that the ALO,-Y,0, additive is one of the
effective additives for in situ-toughened 3iC-TiC composites
due to the formation of a tortuous crack path and intergran-
ular fracture of composites.

The fracture toughness of hot-pressed 3iC-TiC composites
is shown in Fig, 3 as a function of the additive concentra-
tion. The fracture toughness increased as the content of
additive increased for both the hot-pressed and the
annealed specimens and a maximum value of 6.2 MPa-m"®

(a)

i A ¢

Fig. 2. SEM micrographs of the fracture surfaces of hot-pressed and annealed specimens:
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Fig. 8. Fracture toughness of SiC-TiC composites as a func-
tion of additive amount.

Fracture foughness {MPa.m1/2}

was observed for annealed specimens when 20 wt% of addi-
tives were added. The increase in fracture toughness with
increasing additive content may be related to the following
two factors: (1) microstructure of the composites; when rela-
tively higher amount of additives were added, the SiC
grains had higher aspect ratio because the ALO,-Y,0, addi-
tive accelerated the growth of elongated SiC grains. The S8iC
grains with high aspect ratio is beneficial for toughening
with the aids of crack deflection and bridging, which is
believed to be opcrated in this system;' (2) the increased
tendency for intergranular fracture in specimens containing
higher extent of additive; when relatively higher content of
additives were added, weak interface boundaries due to
thermal expansion mismatch between the liguid (ALO,
Y,0,-810, glass) and SiC and/or TiC were maintained after

Ch N 36 pm

(a) H10, (b) A5, (c) A1O and (d) A20.
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Fig. 4. SEM micrographs of crack paths induced by a Vick-
ers indentor for (a) H10 and (b) A20.

6 h annealing because the sufficient amount of additives is
attributed to the enhanced crack bridging and deflection, as
observed in Fig. 4. Therefore, it suggests that the optimiza-
tion of additive amount as well as the additive composition
is one of the important parameters for in situ-toughened
composites, which was already demonstrated in SiC-TiB*)
and SiC-Si,N, composite systems.”

IV. Summary

In situ-toughened SiC-TiC composites were fabricated
from B-8iC and TiC powders with A1,0,-Y,0, additives by
hot-pressing and subsequent annealing. The microstructure
consisted of uniformly distributed, elongated o-SiC grains
and matrix-like TiC grains. The higher extent of additive in
the present study accelerated the grain growth of elongated
o-8iC grains with higher aspect ratio and maintained the
weak interface boundaries after annealing, resulting in the
improved fracture toughness. The optimum fracture tough-
ness of SiC-TiC composites containing 20 wt% of ALO,-Y,0,
additive was 6.2 MPa-m’”,
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