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KEYWORDS ABSTRACT

3Ti-Si-2C, The purpose of this study is to investigate the method of mechanical alloying and its effect
mechanical alloying, on the compounds obtained from the Ti-Si- ternary powder system. At first, a mixture of Ti,
mechanism, Si and C powders with stoichiometric ratio according to Ti3SiCz2 chemical composition was
TizSiCy, milled by high energy planetary ball milling with balls to powder weight ratio of 20: 1 and a
Spark plasma sintering. rotation speed of 360 rpm. To evaluate the thermal stability of the formed phases and

determine the mechanism of reactions, the 40 h milled sample was analyzed by DTA. Then,
to test the peaks obtained during DTA analysis, the 20 milled sample thermal treated at
1200°C and 1400°C for 1h. To identify phase development, XRD was used and the
microstructural evaluation was obtained by SEM / EDS. The results showed that increasing
the milling time not only does not increase the purity of Ti3SiC: but also causes more
impurities mainly TiC and SiC. But heat treatment at 1200 ° C increases the purity of TizSiCa.
The mechanism that occurs in the 3Ti-Si-2C system is that first TiC is formed and its heat
causes more mixing and the formation of Ti and Si melt. As the TiC process continues, it
reacts with the Ti-Si melt to form TisSiCo.

Extended Abstract

1. Introduction

transition metal like Ti, Zr, V; A: a ll1A or IVA element like Si, Al, Sn, X: N or C) [2-5]. The Ti3SiC2 is a more

attention material due to its properties such as ease to machining, high Young’s modulus, plasticity at high temperature,
high toughness, moderate flexural strength, high fatigue-crack growth threshold, excellent chemical resistance, good electrical
conductivity, high thermal shock resistance, etc. [6,7]. Ti3SiC2 has been synthesized through many processing methods, such
as spark plasma sintering [8], hot press [9], combustion synthesis [10], etc. In more studies, the powder mixture including
Ti3SiC2 and Al203 was employed as starting materials [11, 12, 13].

Yeh et al. [10] fabricated TisSiC2-Al203 In-situ composite by combustion synthesis of a powder mixture of Al, Ti, carbon
black, and titania (TiOz) involving aluminothermic reaction. Their results showed that the formation of TizSiC2-Al203 consisted
of several intermediate reactions, reduction of TiO2 by molten Al, formation of AlsTi and Al20s, formation of TixSiy and TiC,
and finally TisSiC2 formation.

Among various synthesis methods, mechanical alloying (called MA) is a great method to synthesize nano-sized In-situ
composites since it is a simple, energy-saving, and efficient approach [14,15]. Mechanical alloying is the formation of materials
by solid-state reactions that occurs during the milling of starting powders. Repeated joining and fracturing of particles occurs
and the microstructure of powders changes during ball milling [16]. Mechanical alloying was applied for the fabrication of
intermetallic compounds and alloys and helps materials researchers to manufacture compounds that are impossible or difficult
to be fabricated by conventional methods. Through this method, fine-grained powders can be synthesized [17]. Based on the
literature, there is no study to evaluate the reaction mechanism of TizSiC2 synthesis by mechanical alloying from the elemental
graphite, silicon, and Ti. The objective of this study is to figure out the fabrication of TizSiC2 by MA and subsequent thermal

T he MAX phases or H-phases were first synthesized in 1963 [1]. MAX phase’s formula is Mn+1AXn (n=1-3, M:
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treatment. The effect of milling time and thermal treatment on phase composition and microstructure of the final product was
investigated.

2. Experimental Procedure

The proportion of raw materials to synthesize TisSiC2 was considered according to reaction (1).
3Ti + Si +2C = TisSiC2 (1)

The milling process was done by a ball mill with a 320 ml steel vial. The ball to powder weight ratio was selected at 20:1
and the maximum rotation speed of the vial was 360 rpm. The milling process was carried out at room temperature and a
protective argon atmosphere for 40 h. To detect the mechanism of Ti3SiC2 formation, the 40 h milled sample was thermally
treated at 1200 and 1400 °C for 1 h under a protective atmosphere. The phase changes of selected samples were examined by
an X-ray diffractometer (XRD, PAN analytical, Philips, Netherlands) at 40 kV and 300 mA by Cu Ko radiation lamp (A =
0.15418 nm) with a scanning step and a scanning rate of 0.01 deg and 4 deg/min, respectively. The microstructure of powders
was examined by high-resolution scanning electron microscopy (HRSEM, Mira3 TESCAN) equipped with EDS (energy-
dispersive spectroscopy) instrument.

3. Results and Discussion

Figure 1 shows the X-ray diffraction pattern (XRD) of a mixture of primary powders at different milling times. As can be
seen, the diffraction pattern of the as mixed sample, as expected, includes peaks related to the raw materials used. After 10
hours of milling, peaks of TisSiCz, TiC and SiC phases appeared, but it is still possible for raw materials to be present next to
these phases because the diffraction pattern of raw materials such as titanium and silicon corresponds to the phases formed in
terms of position. On the other hand, due to the brittle nature of the primary powders, the particle size and their crystallinity
are severely reduced after milling and placed in the field. The reason for the spread of peaks after milling can also be related
to this phenomenon. However, the SiC and TiC phases are the major phase diffusers in this model. After 20 hours of grinding,
the peaks of the TisSiCz phase increased, but the peaks of the TiC and SiC phases remained.

Based on the results of the X-ray diffraction pattern, the following reactions can be concluded for the formation of products
from raw materials after 20 hours of milling:

Ti + C > TiC )
Si + C - SiC 3)
TiC + SiC - Ti3SiC2 4)
3Ti + Si + 2C — Ti3SiC2 )

According to the results of the X-ray diffraction pattern and the free energy change diagram in terms of temperature (Figure

2), the Gibbs free energy change for TiC at different temperatures from 500 to 3000 K is negative; Therefore, carbon easily

reacts with Ti at the beginning of the reaction, and because the free energy of TiC is more negative than SiC and Ti3SiC2 and

is thermodynamically more likely to form, Ti and C react together during the mechanical alloying process. TiC states that this

reaction is the first reaction between raw materials. Although the formation temperature of Ti3SiC2 is higher than TiC, TiC is
formed first because Ti has a higher chemical affinity for C in the solid state at low temperatures [18].
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Figure 1. X-ray diffraction pattern of 3Ti-Si-2C powder Figure 2. Gibbs free energy of formation of different
mixture after different milling times. phases in the Ti-Si-C system as a function of temperature
18].

To investigate the thermal stability of the formed phases after 20 hours of milling and the mechanism of Ti3SiC2 formation,
the 20 hours of milling sample was subjected to DTA thermal analysis and Figure 3 shows the results. Examination of the
thermographic diagram of a 20-hour milling sample shows the presence of two transformations at 1200 and 1400 °C. Figure 3
has an exothermic dipole that could possibly be due to thermal decomposition or chemical reaction.

The first peak marked in the DTA diagram occurs at 1200 °C. To investigate this phenomenon, a sample of milled 20 hours
at 1200 °C was subjected to annealing heat treatment for 1 hour and then phased using X-ray diffraction analysis. X-ray
diffraction analysis of the annealed sample shows that at this temperature, the peaks related to the Ti3SiC2 phase are slightly
more and somewhat wider than the 20-hour milling without heat treatment, which may be due to the widening of the peak. X-
ray diffraction device settings include crystal size, microcirculation, heterogeneity in a solid solution and thermal factors. Also,
the values of SiC and TiC peaks have not changed, which proves that the Ti3SiC2 compound is synthesized by reaction (4) at
this temperature, and since this phenomenon is a chemical reaction, the corresponding DTA peak is flattened. Also, this peak
proves that after 20 hours of milling, the raw materials, namely titanium, silicon and carbon, still remain unreacted in the
sample, and with increasing temperature, the conditions for reaction are provided.
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Figure 3. Diagram from DTA thermal analysis of a 20-hour milling sample.

The second peak marked in the DTA diagram occurs at a temperature of approximately 1400 °C. To investigate this
phenomenon, the DTA sample was fuzzy analyzed using X-ray diffraction analysis after the analysis. The X-ray diffraction
analysis in Figure 3 shows well that at this temperature the peaks of the TisSiC2 phase are increased and their intensity is
increased compared to the 20 hours of milling without heat treatment. This phenomenon can be related to reaction (3) and
continuation of reaction (4).

Figure 5 shows a sample scanning electron microscope with a sample of 20 hours of mechanized alloying. As can be seen
in the structure, the structure is composed of spherical TiC grains next to a layered structure of TisSiCz. On the other hand,
compared to the 0 h sample, the particle size increased and particles with heterogeneous and amorphous morphology were
formed. The reason for the increase in particle size is that during the milling process, two phenomena of failure and cold boiling
occur simultaneously.
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Figure 4. X-ray diffraction analysis of a sample of 20 hours of ~ Figure 5. Microstructure of 3Ti-Si-2C powder mixture after 20
milling and heat treatment at 1200 and 1400 °C. hours of milling. The various points marked in the image are
analyzed by EDS.
According to the results obtained so far, in the next section, the formation of the Ti3SiC2 phase card will be evaluated.

In the Ti-Si-C system, the reaction between Ti and C occurs primarily due to the high tendency of Ti to react chemically
with C. In the beginning, SiC formation is not performed against TiC because the Gibbs free energy of TiC formation is much
more negative than SiC [16]. On the other hand, the heat generated by the formation of TiC causes a mechanical self-
combustion reaction caused by the Ti-C system to start with the same input energy and the formation of the first phases of
TiCx. The reaction between Ti and C releases a lot of heat, which causes the eutectic Ti-Si to form. According to the results,
the reaction mechanism in the 3Ti-Si-2C system can be predicted as follows.

In the first stage of mechanical alloying, the mixed powders, consisting of two brittle components Si and C, are dispersed
and their particles are continuously reduced in size. Some fine Si and C particles are embedded in Ti particles, making Ti
particles finer in size.

As the milling time increases, the particles disperse homogeneously.

When the particles are reduced to a critical size, large areas of grain boundaries are formed, and severe internal strain and
defect are created by the mechanical alloying process. It is a well-known fact that grain boundaries can act as a source of
misplacement. Internal defects and displacements provide a rapid path of penetration.

It is assumed that, in order to form Ti-C layers, large numbers of C atoms penetrate rapidly through these pathways and
accumulate at the Ti grain boundaries. Easy formation of TiC from Ti-C layers is due to impact energy.

When the Ti-C layers are ignited, a large amount of heat is generated that dissipates rapidly and raises the temperature in
certain areas.

The local temperature is high enough to form Ti-Si melts. The pre-formed TiC enters the Ti-Si melt and forms the nuclei
from there. At the same time, several pores are entangled in the melt.

In high temperature areas, some TiC particles react with Ti-Si melting to form Ti3SiC2. Eventually, the Ti3SiC2 granules
begin to precipitate from the melt and grow in layers, forming the final structure with a high degree of porosity.

A similar mechanism has been reported in a study by Lee et al. [17].
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