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A novel temperature fluctuation synthesis and simultaneous densification process for the
preparation of Ti3SiC, was developed. The advantages of this novel method include low
synthesis temperature, short reaction time and simultaneous densification. The
microstructure and room temperature mechanical properties of the TizSiC, synthesized
using this method were investigated. The result demonstrated that the Ti3SiC, ceramic
consisted of mainly laminated grains. It was found, with the aid of computer simulated
crystallite shape, that the laminated Ti3SiC;, grains were composed of thin hexagonal plates.
These laminated grains characterized the Ti3SiC,, and were responsible for the mechanical
properties of the polycrystalline Ti3SiC, ceramic. The measured flexural strength and the
fracture toughness were 470 + 26 MPa and 7.0 = 0.2 MPa-m"/2, respectively. The high
toughness was attributed to the contribution of crack deflection, crack bridging,
delaminating and grain pull-out of laminated TizSiC,. © 2000 Kluwer Academic Publishers

1. Introduction vious work [9] demonstrated that the presence of liquid
Titanium silicon carbide (ESiC,) is a material which  phase enhanced the formation 03SiC,. Second, the
shows a unique combination of the merits of both met+eaction for the formation of 5iC, from elemental
als and ceramics. Like metals, it is a good thermal andi, Si, and graphite is exothermic [10, 11]. Third, sili-
electrical conductor, not susceptible to thermal shockcon melts at 142 and the melting of Si is endother-
and easy to machine with conventional tools. Like ce-mic. Finally, besides assisting the synthesis @Sit,,
ramics, it is oxidation-resistant and extremely refrac-the presence of liquid silicon can act asmsituliquid
tory. TizSiC, crystallizes in a hexagonal structure with additive for the densification of J8iC,. So, if the com-
the space group Bénmc [1]. The lattice constants are pacted Ti, Si, and graphite powder mixture is rapidly
a=0.3068 nm anat = 1.7645 nm [2-4]. The melting heated to the temperature above 1420silicon will
point of TisSiC; is 3200C and the theoretical density melt and a small amount of 3$iC, will form. Then
is 4.52 g/cm. The Young’s modulus and hardness arewe reduce the temperature of the compacted powder
320 GPa and 4 GPa, respectively [5]. The electricamixture to 1200C, which is a suitable temperature for
conductivity is 96 x 10® Q~1.m~! and increases with the formation of TiSiC, [8], to synthesize and den-
the decrease of temperature [6]. sify bulk TizSiC,. Since the reaction for the forma-
Despite the excellent propertiesg$iC, is difficult  tion of TizSiC, from elemental Ti, Si, C is exothermic,
to synthesize. A number of methods including HIP-the reaction-released heat will keep silicon as a liquid
SHS [7], arc-melting followed by annealing [8], and phase [10, 11]. Thus the synthesis and densification can
reactive hot pressing [5] were developed recently tde conducted at relatively low temperature. Liquid sil-
synthesize BSiC, and its composites. Although some icon acts as aim situ liquid phase for the synthesis
of the methods are quite successful [5, 7] for the prepaef TizSiC,, as well as an additive for the densifica-
ration of relatively pure BSIC,, these methods are ei- tion of Ti3SiC,. In this paper, we describe in detail the
ther complex or need long reaction time. Novel methodgemperature fluctuation/hot pressing synthesis and si-
thus need to be developed for the synthesis ¢bili,.  multaneous densification process for the preparation of
In the present paper, we describe a novel temperaturgolycrystalline T;SiC,. The microstructure and frac-
fluctuation/hot pressing process for the synthesis antlre behaviour were also investigated.
simultaneous densification of polycrystallingSiC,.
The microstructure and room temperature mechanical
properties of T{SiC, were also investigated. 2. Experimental procedures
The idea of the temperature fluctuation/hot pressingrhe starting materials for the temperature fluctua-
synthesis is based on the following facts. First, the pretion/hot pressing synthesis of;HiC, were Ti powders
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1600 to be 0.05 mm/min. The flexural strength was tested

1450C also in three-point bending with the crosshead speed
1400 - F of 0.5 mm/min. The fracture surfaces and the crack
- propagation path were examined in scanning electron
Q1200 e microscopy.
H
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2 3. Result and discussion
£ s 3.1. Synthesis and densification of Ti3SiC,
= The formation of TiSiC, using the temperature fluctu-
600 - ation/hot pressing process from elemental Ti, Si, and
: ' , : : , , graphite powders can be described in the following
0 20 40 60 80 100 120 140 equations:
Time (min.)
Si(s)— Si(l) @

Figure 1 Temperature-time schedule for the temperature fluctuation/hot

pressing synthesis of bulk JSiC. 3Ti(s)+ Si(l) +2C (5) 28 TisSiC(s)  (2)

where Ti (s), Si(l), C (s) and 35iC; (s) represent solid

with average particle size of 40m (from Institute of  Ti, liquid Si, solid C and solid BSIC;, respectively.
non-ferrous metals, Beijing, China), Si powders with Liquid Si played the mostimportantrole in this process.
average particle size of 80m , and graphite powders It was formed when the initial powder compact was
with average particle size of 10m (both from China’s heated to the temperature above 1420The presence
No. 4 grinding wheel Inc., Shangdong, China). Powderf liquid Si changed the solid-solid reaction into the
with Ti: Si: C ratios near the stoichiometric composition solid-liquid reaction in the Ti-Si-C mixture. The pres-
were dry-mixed in a polypropylene jar for ten hours. ence of liquid phase enhanced the formation e&iC,
After mixing, the powders were cold-pressed into discsvas shown in the previous work [9]. In addition, liquid
of 50 mm in diameter and 15 mm in thickness under &Si was also an effective additive for the densification
pressure of 5 MPa, and then put in a graphite die. Thef bulk Ti3SiC,. When the temperature was reduced
temperature fluctuation/hot pressing synthesis was pete 1200C, the reaction-released heat would keep Si in
formed via the temperature vs. time diagram shown irthe liquid form. The rapid increase in internal temper-
Fig. 1. The powder compact was first heated to 1450 ature in Ti-Si-C system was previously investigated by
and kept for 10 min., and then the temperature was rePampuchet al. [10]. In their work, two pellets of the
duced to 1200C and kept for 60 minute. A uniaxial Ti, Si, and C powder mixtures were heated at differ-
pressure of 40 MPa was applied for densification wherent heating rate. For the pellet rapidly heated at a rate
the temperature was reduced to 1200 of 500°C/min. to 1050-120TC, ignition of the reac-

The phase composition and microstructure of theant mixtures took place, followed by a rapid increase
TizSIiC, were analyzed by X-ray diffraction and in the temperature of the system, i.e., conditions typi-
scanning electron microscopy. The X-ray diffraction cal of the thermal explosion regime of solid combus-
data were collected by a step-scanning diffractometetion were realized. For the pellet heated at a rate of
(Rigaku D/max-A) using Cu [ radiation. The quan- 10°C/min. to 1300C, no ignition and no temperature
titative phase analysis for the synthesize¢SIC, was  increase above 1300 were observed. The work of
done using the Rietveld method [12], and the DBWSPampuchet al. [10] demonstrated that both the heat-
program [13] in Cerius3.8 computational program for ing rate and the temperature controlled the ignition and
material research (Molecular Simulation Inc., USA). the temperature increase in the Ti-Si-C system. In the
The microstructure of the 38iC, was examined with  present work, powder mixtures of Ti, C, and graphite
an S-360 scanning electron microscope (Cambridge Inwere heated at a rate of 30/min. to 1450C to make
strument, Ltd.). To understand the microstructural feasure that Si was melt and ignition for the formation
tures of polycrystalline EiSiC,, the crystallite shape of of TizSiC, took place. Although the internal increase
Ti3SiC, was generated using tihdorphologyprogram  in temperature due to the reaction released heat from
based on Donnay-Harker theory [14—-16]in CetiB$8.  reaction (2) is difficult to measure, the theoretical calcu-

The fracture toughness and the flexural strength ofations [10] supported the hypothesis of this work. The
the material were determined at room temperature. Thealculated adiabatic temperatures in powder mixtures
temperature fluctuation/hot pressing prepared slab wagf Ti, Si, and C by Pampucét al.[10] were in the range
electrical discharge machined into rectangular bars witlof 2550-3290 K. And the estimated peak temperature
dimensions of 3 6 x 36 mn? for fracture toughness in regime of solid combustion were 50-300 K lower
measurement and>34 x 40 mn for flexural strength  than the calculated adiabatic temperatures. The differ-
testing. Single-edge-notched-beam (SENB) specimensnce between the present work and that of Pampuch
with the notch width of 0.1 mm were used for fracture et al.[10] is that instead of solid combustion synthesis,
toughness measurement. The fracture toughness mea-solid-liquid reaction process was used in this work.
surement was performed on Shenck universal-testingnd the heating rate (3€/min.) was much lower than
machine (Shenck Treble Inc., Germany) in three-pointhat (500C/min.) used by Pampuddt al.[10]. So the
bending. The crosshead displacement rate was selectedernal temperature increase in the Ti-Si-C system in
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Figure 3 Scanning electron micrograph of 3BiCp, the laminated

) . . = Ti3SiC, grains can be seen in the figure.
Figure 2 X-ray diffraction pattern of GSiC; prepared through the tem-

perature fluctuation/hot pressing process.
a

the present work would be lower than that calculated i T10

by Pampuctet al.[10], but it is probably high enough 170

to prevent the solidification of Si. Other support for

the hypothesis of this temperature fluctuation methoc. 100

would be the exothermic heat of reaction (2) calculated b

by Duet al.[11]. Itis for sure that both theoretical and

experimental works are needed to understand the real

reaction happened in the temperature fluctuation/hot

pressing process.

The density measured by Archimedes method was

4.51 g/cni, which is close to the theoretical true density

of TizSiC,. Fig. 2 shows the X-ray diffraction pattern

of the synthesized bu'k mate.rlal' The X-ray_ diffraction Figure 4 Computer simulated crystallite shape based on Donnay-Harker

data encompass the diffraction angl_ésranglng from theory. The top surfaces &af@02}, the side faces are eith00}(Fig. 4a)

25° to 80°. No peaks of unreacted Si can be seen fromyr (101 (Fig. 4b).

the X-ray diffraction pattern. The main phase was

Ti3SiC, as indexed in the pattern. BesidesSiC,,

a small amount of TiC was detected. To determinemethod defines the surface F, which will grow at the

the amount of TiC, a quantitative X-ray analysis wasslowest growth rate and hence will be of the high-

performed using the Rietveld method [12, 13]. Theest morphological importance in crystal morphology.

calculated amount of TiC was 12 wt%. Although the Ti3SiC, crystallizes in a hexagonal structure with the

amount of TiC is not insignificant, it may be reduced if space group of Rémmc. According to Donnay-Harker

the initial composition and the processing parametersheory [14—16], the crystallite shape o§%iC; is deter-

are optimized. The above results demonstrate that theined by the relative growth rate on (002), (100) and

temperature fluctuation/hot pressing synthesis is afl01) planes. If the growth rates on (002) planes are

effective and simple method for the preparation of bulkthe slowest, the crystallite shape is a hexagonal plate

Ti3SiC, with several advantages of the low synthesisas is shown in Fig. 4. The top faces 4692 and the

temperature, short reaction time, and simultaneouside faces are eithdfl00} (Fig. 4a) or{101}(Fig. 4b)

densification. faces. From the computer simulated crystallite shape,
we see that the thin plates are characteristics of the crys-
tallite shape of HSiC,. The observed EBIiC, lam-

3.2. Microstructure of Ti3SiC, inates are composed of a number of thin hexagonal

The microstructure of the IBiC, is shown in plates. These laminatedsBiC, grains will be respon-

Fig. 3. Laminated BSIiC, grains with dimensions of sible for the mechanical properties of polycrystalline

20-25,m in diameter and 5-&m in thickness are TizSIiC; ceramics which we will discuss in the next

seen in the figure. These laminated grains are consigection.

ered as a characteristic of38iC, which has a lay-

ered crystal structure. The laminated grains in Fig.

3 are composed of a number of thin plates. To un-3.3. Mechanical properties

derstand the microstructural feature of the laminated’he measured flexural strength and fracture toughness

Ti3SiC, grains, the crystallite shape of3HIiC, was  for the polycrystalline T3SiC, was 470+ 26 MPa and

simulated using thMorphologyprogram based on the 7.0+ 0.2 MPamY?, respectively. The data were the

Donnay-Harker theory [14-16]. The Donnay-Harkeraverages of at least five test specimens. The flexural

010

002
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served delamination and pull-out of laminatedSitC,
grains indicate the weakly bonded interface between
the thin plates in the 3BiC, grains. From the above
analysis, we can make the conclusion that crack bridg-
ing, crack deflection, pull-out and delamination of lam-
inated TSIiC, grains contribute to the high fracture
toughness of ESIC,. It is apparent that theoretical
work is needed to quantitatively describe each of the
contributions.

4. Conclusions

This work demonstrated that temperature fluctua-
tion/hot pressing process was a novel method for the
simultaneous synthesis and densification of polycrys-
talline Ti3SiC,, providing relatively low synthesis tem-
perature, short reaction time, and simultaneous synthe-
sis densification. The microstructure analysis revealed
that the laminated 3BiC, grains consisted of thin
hexagonal plates, which are the characteristic crystallite
shape for TiSiC,. The flexural strength and the fracture
toughness of EiSiC, prepared using the temperature
fluctuation/hot pressing method were 47@6 MPa
and 7.0+ 0.2 MPam?/2, respectively. The high tough-
ness was attributed to the contribution of crack deflec-
tion, crack bridging, delaminating and grain pull-out of
laminated T3SiC,.
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Figure 5 (a) Crack propagation path near the crack tip of a SENB speci- 1. W. JEITSCHKO andH. NOWOTNY, Monatash Chem98
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