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Synthesis and high temperature mechanical
properties of Ti3SiC,/SiC composite

XIAOHUA TONG, TAKASHI OKANO, TAKAYOSH! ISEKI, TOYOHIKO YANQO*
Department of Inorganic Materials and * Research Laboratory for Nuclear Reactors,
Tokyo Institute of Technology, 2-12-1 O-okayama, Meguro-Ku, Tokyo 152, Japan

A high density TizSiC,/20 vol % SiC composite was hot pressed under a uniaxial pressure of
45 MPa for 30 min in an Ar atmosphere at 1600 °C. The grain size of the Ti;SiC,/SiC
composite was finer than that of monolithic TisSiC,, though the composite was hot pressed
at a higher temperature, due to the dispersion of SiC particles in the Ti;SiC, matrix. Room
temperature fracture toughness of the composite and Vickers hardness were measured as
5.4 MPam'? and 1080 kg mm ~?, respectively. A higher flexure strength of the composite
compared to that of monolithic Ti;SiC, was measured both at room temperature and up to
1200°C. At 1000°C, the composite showed a lower oxidation rate than that of monolithic

Ti3SiC,.

1. Introduction

The melting point, T, of Ti5SiC, has been reported
to be very high (T, > 3000°C [1, 2]). Furthermore,
Ti;SiC, shows a plastic behaviour [3, 4] and a high
flexure strength similar to SiC [3, 6]. These results
imply that the compound Ti;SiC, could probably be
used as a high temperature structural material. The
mechanical properties of this compound have not
been clarified yet.

The chemical vapour deposition (CVD) technique
has been used to synthesize Ti3SiC, [4]. The CVD
technique is convenient for obtaining pure com-
pounds on the laboratory scale, but it is difficult to
develop this into a larger scale process since the effi-
ciency of the process is not so high. A conventional
powder process using Ti, TiC and Si powders has been
developed to prepare a Ti3SiC, sintered body contain-
ing a small amount of TiC and SiC, and the following
properties have been reported [7]. The sintered body
with 95% theoretical density (TD) was obtained by
hot pressing at 1400 °C. It shows high fracture tough-
ness, 6.9 MPam'? and high flexure strength,
560 MPa, at room temperature. The flexural strength
does not change until 1000 °C, whereas large plastic
deformation is observed at 1200 °C. Furthermore, the
oxidation rate of the Ti;SiC, sintered body is much
higher than that of SiC.

In this paper, to improve high temperature flexural
strength and resistance of oxidation of the Ti;SiC,
sintered body, the Ti;SiC,/SiC composite is syn-
thesized by the hot pressing method, and high tem-
perature mechanical properties of the composite are
observed. The selection of SiC particles as a rein-
forcement material was based on the following consid-
erations. First, SiC is stable at high temperature, and it
possesses good resistance to oxidation. Second, well
dispersed fine SiC particles would restrict abnormal
grain growth of Ti3SiC,. The mechanical and thermal
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properties of the composites are compared with those
of a monolithic Ti3SiC, body reported previously [7].

2. Experimental procedure

Ti;SiC, and a fine 3-SiC powder (Ibiden Co., Gifu,
Japan) were used as starting materials. The Ti;SiC,
aggregate was synthesized in vacuum at 1300°C for
1h from Ti, TiC and Si powders, as described in
a previous paper [7]. Besides the main phases of
Ti15381C,, a small amount of TiC and SiC was detected
by X-ray diffractometry (XRD). Ti3S1C, and SiC were
mixed in a ratio of 80: 20 vol % by wet ball milling for
24 h. After drying, the mixture was preformed in
a graphite mould, and then hot pressed under a pres-
sure of 45 MPa at 1500 or 1600°C in an. Ar atmo-
sphere for 30 min.

The hot pressed samples were cut into two different
dimensions using a diamond saw. The surfaces of the
specimens were ground and then polished using dia-
mond pastes. One group of specimens with dimen-
sions of 25x3.5x30mm® was used for flexure
strength measurement by the four-point bending
method, with a 14 mm outer span and a 7 mm inner
span at 0.5mm min~ ' crosshead speed. Room tem-
perature measurement was conducted in air. Measure-
ments at 1000 and 1200°C were carried out under
a vacuum of 1 x 1073 Pa. Another group of specimens
with dimensions of 2.1 x 2.8 x 30 mm?® was used for
fracture toughness measurement by the single edge
precracked beam (SEPB) method using the four-point
bending method with a 2 mm inner span and a 13 mm
outer span at 0.5 mm min~ ! crosshead speed. A pre-
crack was introduced by an indentation and a pre-
cracker (Maruto Co., Japan). The test was carried
out at room temperature in air. In these measure-
ments, one point consisted of four to five time
measurements.
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Bulk density was measured by the Archimedean
method. Vickers hardness was measured after an in-
dentation of 98 N for 15s. For the evaluation of oxida-
tion resistance, the composite sample, both with
a Ti,S1C, sintered body and SiC for comparison, were
kept at 1000°C in flowing air for a given time, and
weight gain was measured by an electric balance.

3. Results and discussion

Table I lists the density of the composite compared
with that of the monolithic body as reference. Al-
though the monolithic phase could be densified to
95% TD by hot pressing at 1400 °C, the relative den-
sity of the composite only reached 91.4% TD by hot
pressing at 1500°C. To obtain a more dense body,
a higher hot pressing temperature is necessary for the
Ti;SiC,/SiC composite.

Fig. 1 shows scanning electron microscope (SEM)
micrographs of the thermally etched surface of the
composite and monolithic Ti;SiC,. The well polished
surface of the samples was thermally etched at 1200 °C
for 20 min in vacuum. From the energy dispersive
X-ray microanalysis (EDX), medium columnar and
grey contrast grains, labelled four, are TisSiC,. Very

TABLE I Density of monolithic Ti3SiC, and Ti3S1C,/SiC com-
posite

Hot pressing Density
temperature
(°C) (gem™3)  Per cent
theoretical
Monolithic 1400 4.29 95.1
Composite 1500 3.75 91.4
1600 4.03 96.3

fine and agglomerated grains, labelled three, are SiC.
Furthermore, fairly large, bright contrast particles,
labelled one, may be TiC. The dark contrasting par-
ticle surrounding this TiC is SiC, labelled two. The
grain size of Ti;SiC, in the composite hot pressed at
1600 °C is smaller than that of monolithic Ti;SiC, hot
pressed at 1400 °C. It is believed that grain growth of
the Ti3SiC, crystal into columnar and/or plate-like
grains is limited by the fine SiC particles distributed
in the composite. XRD analysis of the specimens hot
pressed at 1600°C revealed TizSiC,, SiC and TiC
phases. The amount of TiC in the composite (8 vol %)
is found to be ten times greater than that of the raw
material from the quantitative XRD analysis. Goto
and Hirai [4] reported that the formation region of
Ti,SiC, decreased with increasing CVD temperature,
and the stable compounds at 1600°C were SiC and
TiC. Thus, some TiC would be induced by the de-
composition of a part of Ti;SiC, during the hot press-
g process at 1600°C, to SiC and TiC. The SEM
observation mentioned above suggests the decompo-
sition of Ti;SiC,, since the large TiC particles are
always attached to SiC particles.

Table II shows Vickers hardness of the composite
hot pressed at 1600°C. It is higher than that of the
monolithic Ti;SiC, sintered body [7]. The reason for

TABLE II Vickers hardness of Ti;SiC,/SiC composite

Measuring Direction of Vickers Standard

surface indentation hardness deviation
diagonal line? (kg mm~2)

Vertical® - 890 45

Parallel® Vertical 1080 40

Parallel® Parallel 960 43

* Direction to the hot pressing axis.

Figure 1 Microstructure of polished surface of (a) monolithic Ti;SiC, and (b) Ti;SiC,/SiC composite, which were thermally etched at 1200 °C

for 20 min in vacuum.
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the hardness increase is attributed to the addition of
SiC. Anisotropy of Vickers hardness in a plane paral-
lel to the hot press direction is observed. The degree
of anisotropy is smaller than that for monolithic
Ti;SiC,, due to the restriction of growth of columnar
Ti;SiC, - grains in the composite.

The fracture toughness and flexure strength of the
Ti;SiC,/SiC composite hot pressed at 1600°C are
shown in Fig. 2, and are compared with those of
monolithic Ti3SiC, [7]. A slightly higher flexure
strength than that of the monolithic bodies has been
measured in the T13S1C,/SiC composite at all testing
temperatures as a result of the addition of SiC
particles. Especially at 1200 °C, although half of the
flexure strength at room temperature has been meas-
ured in the composite, this value is bigger than that of
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Figure 2 Fracture toughness, Kjc (O, 4) and flexure strength (0, @)
of monolithic Ti;SiC, (solid) and Ti;SiC,/SiC composite (open)
tested at room temperature and high temperatures.

monolithic bodies. It is clear that the addition of SiC
particles greatly restrains plastic deformation of the
sintered body. From observation of the fracture sur-
face by SEM, some rounded particles are observed;
thus it is supposed that a small amount of glassy phase
exists in the grain boundary of Ti;SiC,/SiC. The pres-
ence of a glassy phase could be the reason for the
decrease in flexure strength at 1200 °C.

The fracture toughness of Ti3SiC,/SiC is slightly
lower than that of monolithic Ti3SiC,, as shown in
Fig. 2. Fig. 3 shows crack propagation patterns of
monolithic Ti3SiC, and TizSiC,/SiC  composite
hot pressed at 1600°C. In the composite, the crack
propagates through the sample fairly straight. In
contrast, the crack 1s deflected by large columnar
or plate-like grains in monolithic Ti;SiC,. Thus,
the decrease in the number of columnar or plate-
like grains is the reason for the decrease in fracture
toughness of the composite. One more reason for
low fracture toughness in Ti;SiC,/SiC is attributed to
the presence of agglomerated SiC particles, as ob-
served in Fig. 1(b). These grains are seen to be poorly
sintered.

The weight gain of monolithic TizSiC, and
Ti;SiC,/SiC composite at 1000°C in flowing air is
presented in Fig. 4. From the figure, the Ti5S8iC,/SiC
composite possesses better resistance to oxidation
than monolithic Ti381C,. Both on the surface of
Ti;SiC, and Ti;SiC,/SiC composite after oxidation,
TiO, was detected by XRD. On the basis of SEM
observation, this TiO, film is porous and cannot pro-
tect the sample from oxidation, although the oxygen
diffusion constant in TiO, is low, as in SiO,, at
1000°C [8]. Since a slow oxidation rate in SiC results
in the formation of a deme Si0, film, the weight gain
in the composite was caused by the oxidation of
TisSiC,. Having a small amount of TisSiC, in the

Figure 3 Crack propagation patterns in (a) monolithic Ti,SiC, and (b) Ti,SiC,/SiC composite.
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Figure 4 Weight gain of monolithic TizSiC, (0) and Ti;SiC,/SiC
composite (@) as a function of holding time at 1000 °C.

composite is thought to be the reason for the lower
weight gain in the composite compared with mono-
lithic Ti3SiC, as shown in Fig. 4.

4. Conclusions
In this study, the following conclusions are obtained.
1. Ti3SiC,/20 vol % SiC mixture was hot pressed at
1600 °C to obtain a high density composite (96% TD).
Due to a high hot pressing temperature, 8 vol % TiC
was found in the body as a result of decomposition of
Ti3SiC,.
2. As an effect of SiC addition, the flexure strength
of the composite at room and high temperature in-
creased compared to that of monolithic TisSiC,.
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Especially, plastic deformation at 1200 °C was greatly
restricted in the composite. The fracture toughness
and Vickers hardness of the composite were measured
as 5.4 MPam'/? and 1080 kg mm™~? at room temper-
ature, respectively.

3. The oxidation resistance of the composite was
better than that of the monolithic body.

Acknowledgements

The work was partly supported by a Grant-in-Aids
for Scientific Research from the Ministry of Educa-
tion, Science and Culture, Japan, and by the Ohkura
Kazuchika Memorial Foundation.

References

1. PANCZYK JERZY, NIEMYSKI TADEUSZ, L. N. VINO-
GRDOV and V. S. SINEL’NIKQVA, Szklo Ceram. 23 (1972)
144.

2. Idem, Chem. Ab. 77 (1972) 640884c.

3. 1. J. NICKL, K. K. SCHWEITZER and P. LUXENBERG,
J. Less-Common Metals 26 (1972) 335.

4. T.GOTO and T. HIRAI, Mater. Res. Bull. 22 (1987) 1195.

5. T.ISEKI, T. YANO and Y. CHUNG, Nippon Seramikkusu
Kyokai Gakujutsu Ronbunshi 97 (1989) 710.

6. Idem, J. Ceram. Soc. Jpn., Inter. Ed 97 (1989} 697.

7. T.OKANO,T.YANOand T.ISEKI, “Advanced materials 93,
I/A: Ceramics, powders, corrosion and advanced processing”,
edited by N. Mizutani et al. Trans. Met. Res. Soc. Jpn, 14A
(1993) 597.

8. W.D. KINGERY, H. K. BOWEN and D. R. UHLMANN,
“Introduction to ceramics” (Wiley, New York, 1976) p. 240.

Received 29 July 1994
and accepted 3 February 1995



