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Abstract

The effect of carbon activity and CO pressure in the furnace atmosphere is investigated with respect to the phase reactions during heat treatment
of TiC/Si powders. Special attention is given to the production and decomposition of TizSiC,. Samples were heated in graphite and alumina
furnaces, connected to a dilatometer which enabled in situ analysis of the phase reactions. The phase compositions of the heat treated samples were
determined by X-ray diffraction. The reducing atmosphere of the graphite furnace enhanced the reactivity of the starting powder and enabled phase
reactions to take place at a lower temperature than in the alumina furnace. TiSi, and SiC phases formed at temperatures below the melting point of
Si and were continuously consumed at higher temperatures. Ti3SiC, formed at the melting point of Si regardless of furnace atmosphere. No

decomposition of the Ti3SiC, was observed in either furnace.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The purpose of this study was to elucidate the impact of
carbon activity and CO pressure in the furnace atmosphere on
the phase reactions in a TiC/Si powder mixture, especially with
respect to the TizSiC, formation.

Ti3SiC, based composites can be prepared by powder
metallurgical methods from a variety of starting powders, many
of which include Ti metal powder, such as Ti/Si/C [1-3] Ti/C/
SiC [4-6] and Ti/Si/TiC [7-9]. Ti metal is very reactive and in
the form of a powder it is even explosive in air, which makes it
disadvantageous for up-scaled industrial production [10]. The
binary carbides TiC and SiC have been shown to reinforce the
Ti3SiC,, producing composites with enhanced oxidation
resistance [11]. Both TiC- and SiC-Ti3SiC, composites have
been reported to possess high damage tolerance, flexural
strength, fracture toughness and thermal shock resistance
comparable with or even superior to monolithic Ti;SiC,
samples [12—15]. Ti3SiC, based composites can be synthesised
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without the use of the hazardous Ti powder, and the phase
composition can be adjusted by changing the Si content of the
starting powder [1,16,17].

Authors working with other starting powders have suggested
that the presence of carbon in the furnace atmosphere during
heat treatment may be detrimental to the thermochemical
stability of Ti3SiC, [1,18], which has been assumed to
decompose into TiC and gaseous Si [19]. Others have found
that an addition of carbon powder may increase the purity of the
Ti3SiC, [2,20].

2. Materials and methods

The starting powders were TiC (Aldrich, <44 pwm, 98%) and
Si (Aldrich, <44 pm, 99%). The powders were mixed with a
TiC/Si ratio of 3:2 corresponding to the stoichiometry of
reaction (1):

3TiC + 2Si < TizSiC, + SiC (1)

The powders were milled in a ball mill using propanol and
zirconia spheres. The media diameter was 10 mm, the powder
to media ratio was approximately 0.4 and the powder to
propanol ratio was approximately 1.5. Powder particle size was
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estimated by SEM to be around 4 pm. The powder was then
dried and compacted by uniaxial pressing to 10 MPa, and cold
isostatic pressing (CIP) to 300 MPa, the initial density of the
CIP:ed samples was calculated to be 70%. The samples had the
shape of short cylinders of 10 mm diameter, approximately
3.5 mm in length and approximately 0.6 g in weight.

The green pellets were sintered in two different furnaces
attached to a dilatometer. One furnace had a glass carbon
protective tube and a graphite sample holder assembly; the
other furnace had a protective tube and sample holder assembly
of alumina. Sintering experiments were performed under a
dynamic argon atmosphere with a gas flow rate approximately
85 ml/min, a heating rate of 10 K/min and a cooling rate of
20 K/min.

The dilatometric study was performed as follows: in a first
step, a sample was heated up to 1500 °C in each furnace, in
order to obtain a global dilatometric curve from which a
number of points of interest could be determined. In order to
assess whether a dilatational change was accompanied by any
phase change green pellets were then heated up to temperatures
in between the points of interest. The phase compositions of
these heat treated samples were determined by X-ray
diffractometry (XRD) using Cu radiation and a proportional
detector. Heat treated samples were crushed into a powder
before XRD analysis.

The phase fractions were determined using the direct
comparison method [21], where the integrated intensity for a
minimum of three diffraction lines of each phase were summed
and the volume fractions of the individual phases were
calculated using Eq. (2):

A; Ny
V= where A; = fo )
A +Ag+A, + ... R,

where n is the number of hkl peaks for a given phase, V the
volume fraction, I the integrated intensity, and R is the calcu-
lated theoretical intensity. Greek letters, «, §, y. .. denotes the
phases present. The validity of this procedure has been dem-
onstrated for two-phase steels by Dickson [22].

3. Results and discussion

Fig. 1 shows the global dilatometric curves of samples
heated to 1500 °C in the graphite and the alumina furnaces
respectively. The linear cooling segments have been omitted for
clarity. The two curves are similar in shape, the main difference
is a temperature shift, as the curve of the sample heated in the
alumina furnace exhibits the same features as that in the
graphite furnace but every feature occurs at a higher
temperature.

The difference between the two furnaces may be explained
by the strongly reducing atmosphere in the graphite furnace.
The powder particles have probably formed a thin oxide layer
on the Si particle surfaces when exposed to air; as this oxide is
quite chemically stable it will slow down any chemical reaction
between the Si of the particle and its surroundings. In the
graphite furnace, water molecules adhering to surfaces in the
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Fig. 1. Dilatometer curves of the two furnaces.

powder and in the furnace will react with graphite to form
carbon monoxide gas at elevated temperatures:

H,0 + C(s) < CO(g) + Ha(g) 3)

Carbon monoxide gas is very reducing and the oxide layer
will be attacked by it:

CO(g) + SiO,(s) < SiO(g) + COx(g) 4

In the dynamic furnace atmosphere, the argon flow will flush
out the formed CO,- and SiO-gas, leaving clean Si particle
surfaces. As Si is more reactive than SiO,, this process will
enable earlier reactions. The reducing capacity of the furnace
remains unchanged however, as the CO, thus formed will react
with the graphite of the furnace to release more CO gas:

COx(g) + C(s) < 2CO(g) (5)

As the alumina furnace atmosphere is not of a reducing
character, a higher temperature is required for phase reactions
to take place.

From Fig. 1 the following points of interest may be
distinguished: the thermal expansion is linear up to 1142 and
1234 °C in the graphite and the alumina furnaces respectively.
There are peak onsets at 1276 and 1363 °C, and the peak
reaches a maximum at 1457 and 1483 °C respectively. The
phases present at each temperature examined in the graphite
and alumina furnaces are summarized in Tables 1 and 2
respectively. After the peak, the sample shrinks abruptly and
silicon may be given off. In order to avoid excessive silicon
evaporation and instrument contamination, the heating segment
was limited to 1500 °C.

Table 1
Temperatures and phase compositions of samples heat treated in the graphite
furnace.

Graphite furnace dilatometer

Temperature (°C) Phases present

1115 TiC, Si

1260 TiC, Si, SiC, TiSi,
1390 TiC, Si, SiC, TiSi,
1415 TiC, SiC, Ti;SiCs, TiSi
1500 TiC, SiC, Ti;SiC»




Table 2
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Temperatures and phase compositions of samples heat treated in the alumina

furnace.

Alumina furnace dilatometer

Temperature (°C)

Phases present

1170 TiC, Si, TiSi,

1290 TiC, Si, SiC, TiSi,
1410 TiC, SiC, Ti;SiCs, TiSi,
1450 TiC, SiC, Ti;SiC,, TiSi»
1500 TiC, SiC, Ti;SiCs, TiSi,

Fig. 2 shows X-ray diffractograms of samples heated in the
graphite furnace. TiC was present at all temperatures. In the
graphite furnace TiSi, peaks are observed from 1260 °C, likely
corresponding to the loss of dilatational linearity at 1142 °C.
Ti3SiC, peaks are observed from 1415 °C and a TisSiC,
producing reaction is therefore likely to correspond to the
dilatometric peak.

Fig. 3 shows the variations in volume fraction of the different
phases present in the graphite furnace as a function of
temperature. The Ti3SiC, appears at 1415 °C and the content
increases with temperature. TiSi, appears at 1260 °C, its
volume fraction peaks at 1415 °C after which it disappears.

Fig. 4 shows the X-ray diffractograms of samples sintered in
the alumina furnace. TiSi, and TiC are present at all
temperatures. From the dilatometer curve in Fig. 1, TiSi,
would be expected to form at temperatures above 1230 °C in
the alumina furnace, but it is detected in small amounts at
1170 °C which is likely an effect of minor inhomogeneities of
the initial TiC/Si powder.

Fig. 5 shows the variations in volume fraction of the different
phases present in the alumina furnace as a function of
temperature. Ti3SiC, is present at 1410 °C and the amount
increases with temperature. The TiSi, volume fraction is
highest at 1290 °C but remains fairly constant until 1450 °C
after which it decreases.

The TiSi, and SiC are the first phases to form in both
furnaces and they both appear to decrease with increasing
temperature. The SiC phase amount reaches a maximum at
1260 and 1290 °C in the graphite and alumina furnaces
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Fig. 2. X-ray diffractograms of samples sintered in the dilatometer with
graphite furnace.
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Fig. 3. Volume fraction of the different phases at the different temperatures in
the graphite furnace.
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Fig. 4. X-ray diffractograms of samples sintered in the dilatometer with
alumina furnace.

respectively. TiSi, is completely consumed at 1500 °C in the
graphite furnace but remains in small amounts in samples
sintered in the alumina furnace at the same temperature. TiSi,
and SiC are most likely formed by reaction (6):

TiC + 3Si < TiSi, + SiC (6)
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Fig. 5. Volume fraction of the different phases at the different temperatures in
the alumina furnace.
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TizSiC, was formed in both furnaces, the alumina furnace
produced a slightly higher amount of Ti;SiC, than the graphite
furnace (72.3 vol% =+ 0.8 which corresponds to 90.5 mol% in
the alumina furnace and 63.1 vol% =+ 1.5 corresponding to
87.5 mol% in the graphite furnace). The Ti;SiC, phase seems to
be produced at approximately the same temperature regardless
of furnace atmosphere and the volume fraction increases with
temperature. The temperature of production is 1410 and
1415 °C in the alumina and the graphite furnaces respectively,
this is approximately the melting temperature of Si (Si melts at
1414 °C [23]). A liquid phase enhances wetting and increases
diffusion rate, thereby enabling reaction (1).

The Ti;SiC, content increased unstintingly with increasing
temperature in both furnaces and it showed no sign of
decomposition at the temperatures examined. Si evaporation
had previously been observed in samples similar to those
examined in this study. This occurred at temperatures higher
than 1500 °C which appears to corroborate the results of
Racault et al. [19] who found that Si was given off at high
temperatures and most notably so in the presence of graphite.
They observed Si evaporation from 1300 and 1450 °C in
graphite and alumina furnaces respectively and suggested that
the process would be a result of the decomposition of Ti;SiC,
by carburisation. This is not, however, consistent with our
results where no decomposition was found to occur at these
temperatures in either furnace. Although more TizSiC, was
produced in the alumina furnace, molar balance calculations
suggest only minor losses of Si from the samples examined in
this study.

From Figs. 3 and 5 it is clear that the phase amounts of TiC,
TiSi, and SiC decreases as the TizSiC, amount increases. It is
suggested that TiSi, may be consumed by reaction (7) which
also accounts for the continued TizSiC, production after all the
Si is consumed.

7TiC + 2TiSi, < 3Ti3SiC, + SiC (7)

At very high temperatures, the partial pressure of Si in the
furnace atmosphere may become large enough to allow Si gas
to form. The Si gas would then be flushed out with the argon.
From the results of this study, the Si vapour is suggested to form
as a result of reaction (8):

3TiSi, + 2SiC < Ti3SiC, + 7Si(g) (8)
We thus propose a cascade of phase reactions:

TiC + 3Si « TiSi; + SiC (6)

3TiC + 2Si « Ti3SiC, + SiC (1)

7TiC + 2TiSi « 3TizSiC, + SiC @)

3TiSi, + 2SiC < Ti;SiC, + 7Si(g) (8)

where reaction (6) would be the first to take place at
temperatures below the melting point of silicon. Reactions (1)
and (7) would be enabled by the liquid phase diffusion in the
molten Si, and thereby occur more or less simultaneously. As
reactions (1) and (6) are limited by the access to Si, they must
come to an end earlier than reaction (7). Finally, reaction (8)

may occur at very high temperatures, when Si vapour pressure
is large enough.

4. Conclusions

The impact of carbon activity and CO pressure in the furnace
atmosphere was studied with respect to the phase reactions in a
TiC/Si powder mixture, special attention was given to the
formation and decomposition of Ti3SiC,.

The reducing nature of the atmosphere in a graphite furnace
was found to increase the starting powder reactivity and
enabled phase reactions to take place at a lower temperature
than in an alumina furnace.

TiSi, and SiC phases were found to form at temperatures
below the melting point of Si. These phases were continuously
consumed at higher temperatures. TiSi, was completely
consumed in the graphite furnace at 1500 °C while it remained
present at all temperatures investigated in the alumina furnace.

Ti3SiC, formed at the melting point of Si regardless of
furnace atmosphere. The enhanced wetting and diffusion rate in
the liquid is assumed to be necessary for the Ti3SiC, forming
reactions to take place, at a heating rate of 10 K/min. More
Ti3SiC, was produced in the alumina furnace than in the
graphite furnace.

No decomposition of the Ti3;SiC, was observed in either
furnace and only minor losses of silicon through evaporation
could be established at temperatures below 1500 °C.
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