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Abstract

Phase stability of TizSiC, was studied under high pressure and high temperature using X-ray diffraction, scanning electron microscopy, and
energy-dispersive X-ray spectroscopy. From the results obtained, the decomposition temperature of TizSiC, decreases quickly against pressure,
and the low temperature limits of phase segregation of the sample Ti;SiC, lie between 1100 °C and 1000 °C, 1000 °C and 900 °C, 900 °C and
800 °C, under high pressures of 3, 4 and 5 GPa, respectively. TizSiC, decomposes to generate TiC, SiC, and TiSi,. On the basis of the
experimental results, we suggest two decomposition models to explain the phase decomposition of TizSiC, at high pressure and high temperature.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ti3SiC,, a layered ternary carbide, belongs to the M, ;AX,,
(MAX) compounds, where n=1, 2 or 3, M is an early
transition metal, A is an A-group element, and X is C or N
[1-3]. The MAX phase materials such as Ti,AlC, Ti,AIN,
TizAlC, and Ti;SiC, possess potential applications as engi-
neering materials due to its low density, high-elastic modulus
high-thermal conductivity, and good machinability [1-3].

The MAX phases exhibit a hexagonal structure (space group
P63/mmc). In Ti3SiC,, TizC, layers (isostructural to the binary
TiC phase, where C is at octahedral sites) are intercalated with
atomic layers of Si, which act as mirror planes [4]. The Si-Ti
bonds are very weak, whereas the covalent Ti—C bonds are
much stronger [3,5]. Ti3SiC, exhibits unusual mechanical proper-
ties and chemical stability at high temperatures [3,6—-11].
Barsoum et al. have reported that TizSiC, was stable and did
not decompose after annealing in vacuum at temperatures as high
as 1600 °C. Furthermore, Ti3SiC, bulk material was found to be
thermally stable in Ar atmosphere up to at least 1800 °C, but its
resistance to carburization appears to be poor [7—12]. Recently,
it has been reported that Ti3SiC, is stable up to 61 GPa at
room temperature based on synchrotron X-ray diffraction
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measurements [13,14]. However, p-Ti3SiC,, another poly-
morph of Ti;SiC, within the same space group P6s;/mmc,
has been identified by high-resolution electron microscopy
observations [15,16], and Sun et al. [17] reported that Ti;SiC,
exhibits two polymorphs in which Si shifts from 2b to 2d
(Wyckoff position) at approximately 700 °C.

Most recently, Emmerlich et al. [18] reported that the
Ti3SiC, thin films maintain their stability during annealing at
temperatures up to ~1000 °C for 25 h, but annealing at 1100-
1200 °C results in the rapid decomposition of Ti;SiC, by Si
outward-diffusion along the basal planes via domain bound-
aries to the free surface with subsequent evaporation. These
results are in apparent contrast to the reported decomposition
temperatures for bulk material at 1800-2300 °C [7-12].

MAX phases are expected to be used in harsh environments of
high stress and high temperature such as automobile and aircraft
engine components, rocket engine nozzles, aircraft brakes, and
racing car brake pads and discs, so it is interesting to look at their
behavior at simultaneous high pressure and high temperature
conditions. In our previous work [19,20], we have reported that
Ti,AIC decomposes to generate titanium carbide and titanium
aluminum after treated at high pressure and high temperature, and
the decomposition temperature of Ti,AlIC decreases against
pressure. Extensive studies show that Ti;SiC, possesses potential
for various applications and there is a growing interest in thin
films of TisSiC, as electrical contacts [21]. The role of the
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environment is as important to the decomposition activation of
TizSiC, [10,22]. Therefore, there is a need to determine the
potential phase decomposition in applications environments such
as high pressure and high temperature conditions.

2. Experiments

The polycrystalline samples were fabricated by reactive hot
pressing of Ti, SiC, and graphite powders at 1600 °C for 4 h
under a pressure of 40 MPa. The synthesized sample was
pulverized to powder (averaged grain size ~3 pm) and the
X-ray diffraction pattern of the starting material is shown in
Fig. 1(a). Besides the main phase of TizSiC,, the starting
samples also contain a minor phase of TiC. The purity of the
Ti3SiC, powder is estimated to be larger than 98% according
to the examination. The powder was pre-compressed
(~200 MPa) into discs (8 mm diameter and 4 mm height).
The starting sample discs were placed into hexagonal boron
nitride capsules for treatments.

High pressure and high temperature experiments were
carried out with a DS6 x 8MN cubic press, and the experi-
mental details were described elsewhere [19,20,23,24]. The
sample temperature in the high-pressure cell was measured
directly using a PtRh6%-PtRh30% thermocouple. The cell
pressure is estimated by the oil pressure reading, which was
calibrated by the melting of silver at high pressure. The sample
was first pressurized to desired pressure, and then heated to
high temperature with a heating rate of ~350 °C/min. After
keeping the high pressure—temperature conditions for 20 or
60 min, the samples were quenched to room temperature with
cooling rates of about 100 °C/min and then decompressed to
ambient pressure. The treated samples were usually well
sintered. All the recovered samples were carefully grinded
and polished before examined by X-ray diffraction (XRD,
DX-2500, Dandong, China), scanning electron microscopy
(SEM, model JSM-6490, JEOL, Japan), and energy-dispersive
X-ray spectroscopy (EDS, EDAX, USA). Transmission elec-
tron microscopy (TEM) was conducted with a JEOL 3011
high-resolution electron microscope. TEM specimens were
prepared on an ultrathin carbon film on a holey carbon support
film, 400 mesh grid supplied by Ted Pella, Inc., that had been
soaked in 0.5% PDDA.

3. Results and discussions
3.1. X-ray diffraction

Fig. 1(b) is an X-ray diffraction pattern of the selected
sample heat treated in vacuum at 1300 °C for 20 min, which
was used to study the thermal stability of the Ti3;SiC, phase. It
can be seen that the sample treated in vacuum at 1300 °C for
20 min has a similar X-ray diffraction pattern to that of the
starting material (Fig. 1(a)), no new peaks were observed.
Based on X-ray diffraction data for the sample treated
in vacuum at high temperature, we think that Ti3SiC, can
maintain stability at high temperatures, at least up to 1300 °C
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Fig. 1. (a) X-ray diffraction pattern of the starting materials and (b) X-ray
diffraction pattern of the selected samples treated in vacuum at 1300 °C for
20 min to confirm the thermal stability of the Ti;SiC, phase.

in vacuum. Our present result is in good agreement with the
previous results [7-12].

Fig. 2 shows the X-ray diffraction patterns of the selected
samples treated at high pressure—temperature conditions. There
is no difference between the X-ray diffraction pattern of the
high pressure and high temperature-treated sample at 5 GPa
and 800 °C for 60 min (Fig. 2(a)) and that of the starting
material (Fig. 1(a)). After the sample was treated at 5 GPa and
900 °C for 60 min as shown in Fig. 2(b), some new peaks were
observed by X-ray diffraction, but we could not identify the
new peaks from the X-ray diffraction data. It can be seen that
the intensity of characteristic diffraction peaks of TiC (111)
and TiC (200) increase (marked by arrow in Fig. 2(b)). The
intensity of diffraction peaks of TiC and the new peaks was
found to increase with increasing temperature for the samples
treated at 5 GPa and high temperature above 900 °C. The
X-ray diffraction data reveals that, TizSiC, decomposes
completely at 5 GPa and 1300 °C, and hence we can conclude
that Ti3SiC, decomposes to titanium carbide and unknown
phase after heat treated at 5 GPa and high temperature.
According to the X-ray diffraction data, we can calculate the
lattice parameters of TiC (a=4.3177 /0\), which is very close to
that of theoretical value (a=4.322 A, PDF #65-8804).

Samples were treated under pressures of 3 and 4 GPa at
different temperatures and were also investigated in the same
way. Some new peaks were also observed at high temperatures
of 1000 °C and 1100 °C, under high pressure of 4 GPa and
3 GPa, respectively. The intensity of diffraction peaks of TiC
and the new peaks was also found to increase with tempera-
ture. At pressures of 3, 4 and 5 GPa, the low temperature limits
of phase segregation of the sample Ti3;SiC, lie between 1100
and 1000 °C, 1000 °C and 900 °C, 900 °C and 800 °C,
respectively. Fig. 3 shows the P-T region of the phase
segregation for Ti3SiC,. It can be seen that the low temperature
limits for the phase segregation for Ti3SiC, strongly depend on
the pressure.
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Fig. 2. X-ray diffraction patterns of the selected samples: (a) sample treated at 5 GPa and 800 °C for 60 min; (b) sample treated at 5 GPa and 900 °C for 60 min;
(c) sample treated at 5 GPa and 1000 °C for 60 min; (d) sample treated at 5 GPa and 1200 °C for 20 min; and (e) sample treated at 5 GPa and 1300 °C for 20 min.
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Fig. 3. P-T region of the phase segregation for the Ti;SiC, (O: 5 GPa,
O: 4 GPa, and A: 3 GPa, the shadow areas to indicate decomposed).

The X-ray diffraction full width at half maximum (FWHM)
values for the TiC (111) and TiC (200) peak is shown in Fig. 4 vs.
temperature. For comparison, the full width at half maximum of
starting materials was inserted into the figure. There is a sharp
increase in the full width at half maximum from ~0.208° to
~0.290° for the TiC (111) peak and ~0.138° to ~0.244° for the
TiC (200) peak when the Ti;SiC, starts to decompose at 5 GPa
and 900 °C. Since the full width at half maximum value is an
inverse measure of crystallite size, the observed increase in full
width at half maximum indicates the crystallite size refinement of
TiC subsequent to the Ti3SiC, decomposition under high pressure
and high temperature, similar to those in the phase segregation of
Ti,AIC [19], are also revealed. This is followed by a distinct
decrease of full width at half maximum to 0.2° for the TiC (111)
peak and to 0.209° for the TiC (200) peak as temperature is raised
to 1200 °C. The observed drop in full width at half maximum
indicates that TiC layers recrystallize subsequent to the TizSiC,
decomposition.
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Fig. 4. The X-ray FWHM for the TiC (111) and TiC (200) peak during
treating of TizSiC, between 900 and 1600 °C under high pressure of 5 GPa.
For comparison, the FWHM of starting materials were inserted into the figure.

3.2. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy

The X-ray diffraction patterns of the high pressure and high
temperature-treated sample reveal some new peaks. Fig. 2(e)
shows the X-ray diffraction pattern of the sample treated at
5 GPa and 1300 °C. According to the X-ray diffraction data,
Ti3SiC, has decomposed completely, and the treated sample
contains TiC and unknown phase. To further confirm that the
new peaks belong to the Ti-Si—C system, scanning electron
microscopy and energy-dispersive X-ray spectroscopy were
conducted. From the energy-dispersive X-ray spectroscopy
results (Fig. 5), the starting material and the high pressure and
high temperature-treated sample only contain Ti, Si, and C
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Fig. 5. Energy dispersive X-ray spectroscopy (EDS) of the starting material and the high pressure and high temperature-treated samples: (a,b) selected area and
electron diffraction and EDS element analysis of starting material and (c,d) selected area and electron diffraction and EDS element analysis of the high pressure and

high temperature-treated sample.

elements. So we propose that the unknown phase still belong
to the Ti—Si—C system.

The microstructure of the high pressure and high temperature-
treated samples observed by scanning electron microscopy can be
seen in Fig. 6. One of the samples was treated at 5 GPa and 600 °C
for 60 min as shown in Fig. 6(a). Based on the X-ray diffraction
results, the Ti3SiC, did not start to decompose, below 800 °C,
under high pressure of 5 GPa. It can be seen that the sample has a
layered microstructure, and the average grain size is about 4 pm in
length and 1 pm in thickness. Besides, there are some particles
with average grain size about 1 pm. By energy-dispersive X-ray
spectroscopy analysis, they were determined as TiC, which is
consistent with the X-ray diffraction results in Fig. 1(a). Increasing
the sintering temperature up to 1000 °C and 5 GPa for 60 min
results in a layered microstructure of Ti3SiC, and lots of TiC
particles with size of about 100 nm embedded in a homogenous
matrix of fine grains as shown in Fig. 6(b). Besides, Fig. 6(c) also
shows presence of few grains with hexagonal microstructure. By
energy-dispersive X-ray spectroscopy analysis, we confirm that
only three elements Ti, Si and C were present in the sample. With

further increasing the sintering temperature to 1400 °C at 5 GPa, as
shown in Fig. 6(d), the hexagonal microstructure material and the
TiC particles were also observed, but no layered microstructure of
Ti;SiC, was observed from the scanning electron microscopy and
energy-dispersive  X-ray spectroscopy results. This concludes
that, Ti;SiC, has decomposed completely at 5 GPa and 1400 °C
for 20 min, and the scanning electron microscopy and energy-
dispersive X-ray spectroscopy results is in good agreement with the
X-ray diffraction results. From the scanning electron microscopy
(Fig. 6(d)) analysis, the average grain size of TiC is about 500 nm,
and we also conclude that grain size refinement of TiC particles
subsequent to the Ti3SiC, decomposition under 1000 °C at 5 GPa,
is a result of recrystallization due to further heat treatment to
1400 °C at 5 GPa. This result is also in accord with the full width
at half maximum results (Fig. 4).

3.3. Transmission electron microscopy

To identify the unknown phase, the sample treated at 5 GPa
and 1400 °C was also investigated by transmission electron
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Fig. 6. SEM of the selected samples: (a) sample treated at 5 GPa and 600 °C
for 60 min; (b) sample treated at 5 GPa and 1000 °C for 60 min; (c) the
enlarged image of the selected area in (b); and (d) sample treated at 5 GPa and
1400 °C for 20 min.

microscopy. The microstructure of the sample treated at 5 GPa
and 1400 °C shown in Fig. 7, and the selected area electron
diffraction (SAED) patterns were inserted into Fig. 7. The SAED
patterns could be indexed as the diffraction patterns of TiC

a

-

Fig. 7. TEM image of Ti3SiC, treated at 5 GPa and 1400 °C with marked
areas (1, 2, and 3) with SAED for phases present in the marked areas: (a) (1)
TiC, (b) (2) SiC, and (c) (3) TiSi,.

(Fig. 7a, point 1), SiC (Fig. 7b, point 2), and TiSi, (Fig. 7c,
point 3). The SAED patterns of TiC can be indexed as the
diffraction patterns of [1-12] zone axis of TiC, and the lattice
parameter is a=4.3 A, which is in good agreement with the X-ray
diffraction results (a=4.3177 A). Here we also showed the
element maps, which are extremely useful for displaying element
distributions in textural context, particularly for showing
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Fig. 8. (a) Bright-field STEM image of Ti3SiC, treated at 5 GPa and 1400 °C and (b—e) X-ray mapping of various elements in STEM mode.

compositional zonation. Fig. 8 shows the bright-field scanning
transmission electron microscopy (STEM-BF) images and the X-
ray elemental mapping in the scanning transmission mode of the
sample treated at 5 GPa and 1400 °C. It is clear from the image
that the sample contains Ti, Si, and C element, and the phases of
TiC, SiC, and TiSi, could be deduced from color overlay. Such
observations were also supported by SAED results.

Recently, Emmerlich et al. [18] reported that TizSiC, (0001)
thin films are effectively stable during vacuum furnace
annealing up to 1100 °C, above which they decompose into
TiC, (x~0.67) following outward diffusion of Si and then its
evaporation. However, the high pressure and high temperature
experiment could be considered as an approximate enclosed
space, and we conclude that Ti3SiC, decomposes to TiC, SiC,
and TiSi, after high pressure and high temperature synthesis,
which was confirmed by XRD, TEM, SAED, and X-ray
elemental mapping. Therefore we think the reported decom-
position model [18] does not accord with our present high
pressure and high temperature experiment. The energy-
dispersive X-ray spectroscopy results of the high pressure
and high temperature-treated samples reveals presence of Si
elements, so Si evaporation was unlikely to take place in the
enclosed space. On the basis of the experimental results, we
suggest two decomposition models to explain the phase
decomposition of Ti;SiC,.

Model I: As the Si-Ti bonds are very weak, whereas the
covalent Ti—C bonds being much stronger [3,5], we think that
the outward diffusion of Si was also likely to take place in our
high pressure and high temperature experiment and the
material shrinks by the relaxation of the Tiz;C, slabs, similar
to those observed in Ti3SiC, thin films phase decomposition
[18]. However, no TizC, or TiCye; phase was observed by
X-ray diffraction. During the relaxation process because of the
redistribution of C atoms [18], Si is likely to react with Ti;C,
or TiCyg; and form TiC, SiC, and TiSi, at high pressure—
temperature conditions.

Model I1: As the long-range atomic rearrangement becomes
more difficult due to the compression, the outward diffusion of

Si may be very difficult under high pressure. We think Ti;SiC,
will directly decompose to TiC, SiC, and TiSi, at high pressure
and high temperature.

As mentioned above, our experimental results show that the
external compression can lower the decomposition temperature
of Ti3SiC,, similar to that observed in Ti,AlC phase segrega-
tion [19,20]. However, the long-range atomic rearrangement in
case of Ti,AlC becomes more difficult due to the compression.
This may be the reason that no phase transformations were
observed up to 61 GPa in the previous studies [13,14]. In this
work and our previous studies [19,20], phase segregation of
both TizSiC, and Ti,AlC have been observed at simultaneous
high pressure and high temperature conditions, indicating that
a suitable high temperature is needed to dynamically make the
phase segregate at high pressure for Ti3SiC, and Ti,AlC. This
result confirms that the environment plays the dominant role in
the decomposition activation of TizSiC, [10,22].

4. Conclusions

In summary, we find that Ti;SiC, is unstable under high
pressure and high temperature; the decomposition temperature
of Ti3SiC, decreases quickly against pressure, and the low
temperature limits of phase segregation of the sample Ti;SiC,
lie between 1100 °C and 1000 °C, 1000 °C and 900 °C,
900 °C and 800 °C, under high pressures of 3, 4 and 5 GPa,
respectively. The observed onset for the Ti3SiC, decomposi-
tion under HPHT 1is in apparent contrast to the reported
decomposition temperatures for bulk material in the range of
1800-2300 °C [8,12]. We conclude that the discrepancy in the
decomposition temperature is in part a result of the difference
in the high pressure-high temperature environments between
the studies. The role of the environment is thus important to
the decomposition activation of TizSiC, [10,22].

According to XRD, TEM, SAED, and X-ray elemental
mapping results, Ti3SiC, decomposes to generate TiC, SiC,
and TiSi, after the samples were treated at high pressure and
high temperature. On the basis of the experimental results, we
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suggest two decomposition models to explain the phase decom-
position of TizSiC, at high pressure and high temperature.
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