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Ternary Compound Ti3zSiCs,: Part |. Pulse Discharge Sintering Synthesis*?
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Pulse discharge sintering (PDS) technique was employed to synthesize the ternary compound TizSiC;, from four starting powder mixtures.
The experimental results demonstrated that when the starting material of 3Ti/Si/2C or 3Ti/SiC/C was used high content of the secondary phase,
TiC, higher than 30 mass%, was found in the sintered material. When TiC powder as starting material was used (Ti/Si/2TiC) in the same
stoichiometric composition, however, the final sintered product contained low TiC content of afew percent. Further adjusting the composition
to the off-stoichiometric of 2Ti/2Si/3TiC, the content of the secondary phase TiC was further controlled to be around 1 mass%. In the materials
sintered from Ti/Si/2TiC and 2Ti/2Si/3TiC an optimum sintering temperature exists at 1573 K, at which the highest TizSiC, phase purity was
achieved. When sintered at the optimum temperature a density of higher than 99% was obtained. At the optimum sintering temperature, both
the phase purity and the density of the material sintered from 2Ti/2Si/3TiC showed very little dependence on the sintering time ranging from a

few minutes to four hours, indicating the phase stability at this temperature.
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1. Introduction

TizSIC, was first synthesized via chemica reaction in
1967 and was found to be atypical asacarbidein 19722 and
later.? It exhibits agood combination of the properties of both
metal s and ceramics, which makesit promising candidate ma-
terials for high temperature applications. In recent decade,
various processes*'? were employed and developed to syn-
thesize TizSiC,. Among these synthesis methods, the sinter-
ing process is proven to be a practical one to fabricate bulk
Ti3SiC, samples mainly by the following three reactionsfrom
powdersof, (1) 3Ti+Si+2C — TisSICy; (2) 3Ti+SIC+C —
TizSIC; and (3) Ti + Si + 2TiC — TizSIC,. For the three
reactions, the elemental powders Ti/Si/C were frequently em-
ployed for the synthesis of TizSiC, by many researchers.59
Barsoum and El-Raghy®9 often employed the second reac-
tion and successfully synthesized the Ti3SiC, samples with
high phase-purity. However, their sintering process was con-
ducted at relatively high temperature (1723-1973K) for long
time. Li and Miyamoto!? tried to synthesize Ti3SiC, through
cold isostatic pressing (CIP) and reactive sintering Ti/SI/TiC
mixture powder at temperature near 1673 K. Recently, anin-
novativetechniquefor rapid sintering, i.e. pulse discharge sin-
tering (PDS) or spark plasma sintering (SPS), was developed
for sintering ceramics and metallic materials. With PDS pro-
cess, powder particle surfaceis activated in the electrical field
and the locally high temperature at the interfaces due to the
high resistance improves the sintering process. In our pre-
vious work, mechanical aloying'® or adding the excess of
Si,* into Ti/Si/TiC powder have been considered, and also
through some new reactions,’>19 by using this PDS tech-
nigue to synthesize Ti3SIC, at the temperature below 1673 K.
The results showed that the approaches could not further
improve the phase purity of TizSIC,, whereas the optimum
sintering temperature was successfully decreased to below
1573K, which is about 200-300K lower than the common
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methods (such as HIP technique).

The objective of the present study is to compare the
synthesis of TizSIC, from the starting powder mixtures of
3Ti/Si/2C, 3Ti/SIC/C and Ti/Si/2TiC in stoichiometric com-
position and also the effect of off-stoichiometric composition
2Ti/2Si/3TiC, with the pulse discharge sintering technique.
The effect of sintering temperature and sintering time is also
investigated.

2. Experimental Procedures

Four groups of powders were selected as starting materials
for this study: (1) 3Ti/Si/2C, with stoi chiometric composition
of Ti: Si: C=3:1:2 (inmolar ratios hereafter unlessin-
dicated); (2) 3Ti/SICIC; (3) Ti/Si/2TiC; and (4) 2Ti/2Si/3TiC.
The purity and particle size of the powders used are as fol-
lows: 10 um and 99.9% for Ti, 10um and 99.9% for Si, 2—
5um and 99% for TiC, 1 um and 99% for C. The four groups
of powderswere respectively mixed in argon atmosphere with
a Turbula mixer for 86.4ks. The powder mixtures were sin-
tered with a pulse discharge sintering (PDS) apparatusin vac-
uum of 10~2 Pa. The sintering temperature and holding time
were changed to investigate the respective effects, while the
pressure applied through the electrodes at the sintering tem-
perature was selected to be 50 MPafor all the materials. The
sintered compacts were polished and etched with a solution
of HNO3 : HF : H,O = 1 : 1 : 2, and the microstructures
were observed. X-ray diffraction was carried out with Cu Ko
at 30kV and 40 mA for the phase analysis. Density of the
sintered samples was measured with the Archimedes method.

3. Resultsand Discussion

The X-ray diffraction profiles of the starting powder mix-
tures and the sintered samples are summarized in Fig. 1. In
the results of 3Ti/Si/2C group samples (Fig. 1(a)), it can be
found that the main peaks for starting elemental powders of
Ti, Si and C disappeared after sintering at any temperature,
indicating that in the sintering temperature range of 1523 to



Ternary Compound TizSiC,: Part |. Pulse Discharge Sintering Synthesis

429

0Ti35iC2 * Ti o Si *C = TiC ¢ SiC v TiSi2
[} -
l S (C)
1773K/1.8ks A -
- 1673K/1.8ks J
5 {L 1673K/3.6ks _* }
i . 1573K/3.6ks ﬁ
£ A ) LA 1573K/3.6ks ) 1573K/1.8ks
= L4 ) L4 [ ] A
g 2 2
= lJ | M, 1573K/0.9ks , A
A Jﬂ 1523K/0.9ks A R 1523K/0.9ks A
L
*9 3Ti/Si/2C d
. . o - pawder . PN 3TV/SIC/C powder
IS TS &
Ll bl bl a1 Ll L UL L Ll 111t
g
°
© @ T
. P 1598K/09ks o o
. L] : e L (4 [ 4
- S e 1673K/1 8 .
:i 1573K/0.9ks
& A )L Jor M 1623K/1.8ks )\ A
)
=
é | 1523K/1.8 | 1523K/0.9ks
1473K/1.8 \"|  1498K/0.9ks
-
® | 2Ti2Si/3TiC powder
(o) |
o
SER IR
P | L L L L L Lkl Lt e gt gl laiaaglaaaaliggg
25° 30" 35° 40° 45° 50° 55° 60° 25" 30° 35° 40° 45° 50° 55° 60°
26 20

Fig. 1 X-Ray diffraction profiles of different powder mixtures and the compacts sintered with pulse discharge sintering technique at
different temperatures for different sintering time with the starting powders of (a) 3Ti/SiI/2C, (b) 3Ti/SIC/C, (c) Ti/Si/2TiC, (d)

2Ti/2Si/3TiC.

1773K, reactions were thoroughly completed for the sinter-
ing time of longer than 0.9ks. It can be seen that instead of
the expected Ti3SIC, peaks, TiC diffraction peaks with high
intensities were obtained. This implies that with the starting
powder mixture of 3Ti/Si/2C it is difficult to synthesize sin-
gle phase Ti3SiC,. Figure 1(b) shows the result of 3Ti/SIC/C
group samples. Similarly, the diffraction peaks of the starting
powders of Ti, SIC and C disappeared after sintering in any
of the conditions, and formation of alarge fraction of TiC in
the sintered compact is observed. When the starting materials
were changed to Ti/Si/2TiC, also in the stoichiometric com-
position, the situation wasimproved considerably asshownin
Fig. 1(c). Thestrong TiC peaksin the starting powder mixture
were considerably lowered, though not vanished completely,
while the diffraction peaks for TizSiC, showed strong inten-
sities. In Figure 1(d), the results of 2Ti/2Si/3TiC group, in an
off-stoi chiometric composition, are summarized. The diffrac-
tion intensities of the TiC peaks in the sintered samples were
considerably decreased compared with those in the starting
powders. It is worth noticing that the intensity of TiC peaks
in the sample sintered at 1573K for 0.9ks are negligible.

TheTi3SIC, and the TiC mass percentagein aTizSIC,—TiC
two-phase compacts were calibrated and can be calculated ac-
cording to the following equations:'”)

1.80 Itc/ltsc
1.80 + Iv¢/lysc 1.80 + It¢/lysc

Wherein, Wrsc and Wy are the weight percentages of
TizSIC, and TiC phases, respectively. Itc/ltsc is the inte-
grated diffraction intensity ratio of TiC(200) to TizSiC,(104).
With these two eguations, the TiC contentsin the four groups
of materials are calculated and plotted as functions of sin-
tering temperature in Fig. 2, where Fig. 2(b) is the enlarged
graph of Fig. 1(a) at the lower part. It is obvious from Fig.
1(a) that the sintered samples contains large fraction of TiC
when the starting material of 3Ti/Si/2C or 3Ti/SIC/C is em-
ployed. However when the powder mixture of Ti/Si/2TiC or
2Ti/2Si/3TiC is used, the sintered material contains very low
fraction of TiC. Comparison between the two curves in Fig.
2(b) indicates that by adjusting the composition from stoi-
chiometry of Ti : Si : Chbheing50: 17 : 33(3:1: 2)to
50:20:30(5: 2: 3), theTiC content in the synthesized
compound was decreased in all the sintering conditions. One

Wrsc = , and Wye =
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Fig. 2 TiC contentin Ti3SiC, compound sintered with pulse discharge sin-
tering technique from different powder mixtures asindicated in the figure,
asafunction of sintering temperature. (b) isthe enlarged lower part of (a).

point in common for the two groups of materials shown in
Fig. 2(b) is that there is an optimum sintering temperature in
terms of the TizSIC, phase purity in the sintered compacts,
at which the TiC content could be controlled to a low level
of about 3mass% for the Ti/Si/2TiC and of about 1 mass¥%
for the 2Ti/2Si/3TiC materials. For the two groups of ma-
terials the optimum sintering temperatures were found to be
near 1573 K. Whereas the high TiC content in the materials
sintered at the low temperature side on the curves could be
attributed to the insufficient reaction in the starting materials,
the high content of TiC in the samples sintered at the high
temperature side could be due to the decomposition of the
Ti3SiC, compound.

Figure 3 shows the sintering time dependence of the
second phase content in TizSIC, compounds sintered from
2Ti/2Si/3TiC at 1573K, where it can be found that the TiC
content in the sintered TizSIC, compounds shows very little
variation around 1 mass% in the large sintering time range
from 0.48ks to 14.4ks. The requirement on only a short sin-
tering time in this processisimplying that aliquid phase may
have occurred in the sintering process. In the Ti-Si system,
there exist two eutectic reactions, Ti—TisSiz and Si—TiSi»,
both at the eutectic temperature of 1603K.'® In pulse dis-
charge sintering process the sample was heated by the Joule
heat of the powder itself. Possible plasma happened among
the particles, and also the locally over-heating at the particle-
particleinterfaces giveriseto alocally high temperature. This
locally high temperature is expected to exceed the eutectic
temperature and hence liquid phases were induced into the
system. Theseliquid phasesfurther reacted with the TiC pow-
der at ahigh rate and lead to the final product of TizSiC, com-
pound.

The results of density measurements are listed in Table 1
and Table 2. In these two Tables, beside the measured den-
sities of the samples, the theoretical and relative density re-
sults are also listed. The theoretical densities were calcu-
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Fig. 3 TiC contentin TizSiC, compound sintered with pulse discharge sin-
tering technique from 2Ti/2Si/3TiC powder mixture at 1573K, as a func-
tion of sintering time.

Table 1 Density of the TizSiC, compound sintered from 2Ti/2Si/3TiC
powder mixture at different sintering temperature for a sintering time of
0.9ks.

Temperature (K) 1498 1523 1548 1573 1598
Measured (Mg/m3) 4463 4488 4499 4500  4.504
Theoretical (Mg/m3) 4552 4538 4536 4533 4537
Relative (%) 98.0 98.9 99.2 99.3 99.3

Table 2 Density of the TizSIC, compound sintered from 2Ti/2Si/3TiC
powder mixture at 1573K for different sintering time.

Time (ks) 048 090 180 360 7.20 14.40
Messured (Mg/md) 4491 4499 4501 4511 4509 4512
Theoretical (Mg/m®) 4533 4533 4534 4535 4534 4534
Relative (%) 991 993 993 995 994 995

lated by taking into account the TisSiC, (4.53Mg/m3) and
TiC (4.90 Mg/m®) content into consideration. Table 1 shows
that in the sintering temperature range density over 98% was
achieved and the density increases with increasing tempera-
ture. At the optimum sintering temperature of 1573K, the
density was found to be higher than 99%. On the other hand,
as can be seen in Table 2, at the optimum sintering tempera-
ture all the samples sintered for different time show densities
over 99%.

Figure 4 shows the microstructure of the Ti3SIC, com-
pound sintered from 2Ti/2Si/3TiC powders at the optimum
temperature of 1573K for 3.6ks. The microstructure con-
sists of large plate-shaped grains and small equiaxed grains.
From the scanning electron microscopy the single-phase mi-
crostructure was examined by the back-scattered electron
imaging, no secondary phase was identified, indicating the
high phase-purity material obtained.

In this study we have found that by adjusting the compo-
sition from Ti/Si/2TiC to 2Ti/2Si/3TiC the Ti3SiC, content
has been improved. Figure 5 shows the isothermal section
at 1473K of the Ti-Si—C ternary phase diagram.” In the en-
larged part of the diagram, the stoichiometric composition is
indicated as 1, correspondingto Ti : S : C=50: 17 : 33.
Also indicated is the off-stoichiometric composition, 2, at
Ti:Si: C=050:20: 30. Inother words, the composition
is shifted along the Ti = 50% line to the Si side. As amatter
of fact, many attempts have been made to adjust the compo-
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Fig. 4 Scanning electron micrograph showing the microstructure of the
Ti3SiC, compound sintered with pulse discharge sintering technique from
2Ti/2Si/3TiC powder mixture at 1573K for 3.6 ks at a pressure of 50 MPa.
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Fig. 5 Ti-S—C ternary phase diagram at 1473K and the schematic illus-
tration on the off-stoichiometric composition adjustment.

sition by increasing the Si content,*¥ which was found to be
not effective in improving the TizSIC, phase purity. Consid-
ering that the optimum sintering temperature in this study is
near 1573K, 100K higher than the temperature for the phase
diagram in Fig. 5, the result may indicate a different cross
section of the phase diagram at this temperature.

4. Summary
By using the pulse discharge sintering (PDS) technique,

ternary compound Ti3SiC, was synthesized by sintering vari-
ous powder mixtures and the main results can be summarized

asfollows.

(1) When the starting powder of 3Ti/Si/2C, 3Ti/SiC/C
were used the sintered TizSiC, contains high content of sec-
ondary phase TiC. However, when TiC isused in the starting
powder the content of TiC, as a secondary phase, in the fina
sintered samples was substantially reduced.

(2) The TizSIC, phase content can be further increased
to over 99% by adjusting the composition from the stoichio-

metric Ti : S : C = 50 : 17 : 33 (Ti/Si/2TiC) to the
off-stoichiometricone of Ti : Si : C = 50 : 20 : 30
(2Ti/2Si/3TiC).

(3) An optimum sintering temperature at 1573K was
found for the material sintered from the powders containing
TiC as starting powders.

(4) Ti3SIC, content was found to receive limited effect of
sintering time when sintered at the optimum temperature in
the sintering time range of 0.48ksto 14.4ks.
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