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Nano-laminated Ti3SiC2 synthesized by cost-effective semi-melting process 
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A B S T R A C T   

Titanium silicon carbide (Ti3SiC2) with unique nano-laminated structures was successfully synthesized using an 
arc melting process with composite pellets of individual elements (Ti, Si, and C). The arc melting process was 
repeated and process parameters were controlled to form homogeneous high-purity Ti3SiC2 phases. In contrast 
with conventional arc melting, Ti3SiC2 phases were prepared by the semi-melting of source pellets, which 
maintained almost their original forms. This semi-melting process is industrially worthwhile, to keep costs down, 
because additional manufacturing processes are unnecessary or minimized. The distribution and size of pores and 
density in the products were controlled by varying the experimental parameters, and the temperature-dependent 
electrical properties of Ti3SiC2-MAX phases were investigated also.   

1. Introduction 

Ternary carbides and nitrides have a layered structure like graphene, 
and have the unique characteristics of metals and ceramics. They are 
represented by Mn+1AXn (N = 1, 2, or 3) as carbide or nitride, so called 
‘MAX’ phases. In the general formula, ‘M’ represents an early transition 
metal, ‘A’ represents a group 13–16 element, and ‘X’ represents C or N 
[1–3]. They have excellent electrical conductivity and thermal con
ductivity like metals, and have high durability and high mechanical 
strength like ceramics [1–3]. In particular, MAX phases have excellent 
oxidation resistance and are promising candidates for refractory mate
rials in extreme environments [3]. 

Ti3SiC2 is the most representative material among MAX phases. 
Many research groups have been tried to synthesize the Ti3SiC2 material 
using various manufacturing processes over the years. Goto and Hirai 
synthesized Ti3SiC2 plates using chemical vapor deposition (CVD) with 
SiCl3, TiCl, CCl and H2 gases at 1573 K [4]. Yongming et al. synthesized 
Ti3SiC2 polycrystals by hot-pressing the elemental powders at 1600 for 
2 h [5]. The composition of sources was used with non-stoichiometry 
(3Ti:1.2Si:2C) to avoid the formation of TiC by the evaporation of Si 
during the high temperature process [6]. Gao et al. prepared dense 
polycrystalline Ti3SiC2 using reactive hot-isostatic pressing [1]. Poure
brahim et al. fabricated high-purity Ti3SiC2 using spark plasma sintering 
with Al addition at 1150 ◦C [7]. Xu et al. prepared single-phase Ti3SiC2 
by conventional sintering using tube furnace at 1400 ◦C [8]. Most of the 
processes required high temperature and long working times due to the 

carbides’s high melting point, above 2000 ◦C. 
Recently, Abu et al. reported the synthesis of high purity Ti3SiC2 

using an arc melter with elemental powders [9]. 
The arc melter is an electric furnace that flows current into the 

sample and melts with its resistance heat. It is widely used to prepare 
alloys with various elementals such as steel, transition and rare earth 
alloys [10]. A schematic diagram of an arc melter is shown in Fig. 1(a). 
To prevent the oxidation of samples, the entire process is performed in a 
vacuum with Ar gas atmosphere. The water flows in a copper crucible 
and the molten sample is slowly cooled to room temperature after pro
cessing. The biggest advantage of an arc melter is its shorter process 
time. In case of a sintering process, it took a long time to prepare ho
mogeneous alloys. For example, more than 3 h is required to reach 1, 
000 ◦C if the heating rate is 5 ◦C/min. This is also why electric arc 
furnaces are extensively used in various fields such as the fabrication 
and re-melting of steel and titanium alloys in industry. However, few 
studies have been hardly reported on the preparation of MAX phases 
using an arc melter. 

Hence, in this paper, we prepared bulk Ti3SiC2 using semi-melting 
not full melting, of the individual elements (Ti, Si, and C). Interest
ingly, our samples were incompletely melted in contrast with conven
tional arc melting. High purity Ti3SiC2 was fabricated and its shape was 
nearly maintained. Its microstructural, morphological, and mechanical 
properties were investigated. 
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2. Experimental 

Raw materials, Ti (<45um, 99.98%), Si (325 mesh, 99%), and 
graphite (325 mesh, 99.9995%) were measured by molar ratio with an 
Si-excess stoichiometric ratio (3:1.2:2) [1]. They were put at a zirconia 
jar with eight zirconia balls and mixed at 300 RPM for 1 h using a 
planetary ball mill (Fritsch, Germany). The mixed materials were 
transferred into a stainless mold (Φ 10 mm x height 11 mm), and 
compressed to fabricate pellets at 20 MPa using a hand-press (Riken 
Seiki, Japan). 

The as-prepared pellets were placed in a copper crucible in the 
vacuum chamber of an arc melter (Y&I Tech, Korea) (Fig. 1(b)). When 
high electric power is input, an arc discharge occurs the gap between the 
tungsten electrode and pellet. This generates high resistance heat in the 
pellets, and they are fully melted. In this study, the gap was controlled 
between 5 and 18 mm. The base pressure was adjusted to 5.0 x 10-5 Torr 
using a rotary pump. Ar gas (99.999%) was input into the chamber and 
the working pressure was controlled at 350 Torr. About 1020 W and 
1670 W electric power was applied. The melting times were 10, 80, and 
120 s. 

After the first process, the pellets were turned over and arc melting 
was repeated with the same conditions from one to four times (Fig. 1(c)). 
The samples were named “TSC-L or H melting time (#number of repetitive 
process)”. L and H involve low (1020 W) and high (1670 W) powers, 
respectively. For example, TSC-L10(#4) means that the arc melting was 
conducted for 10 s and repeated with four processes at the arc power of 
1020 W. The microstructural, morphological and composition analysis 
of the samples were conducted using X-ray diffraction (XRD, Panalytical 
B.V, Netherlands) and scanning electron microscope (SEM, JEOL, 
Japan) equipped with energy dispersive spectroscopy (EDS), respec
tively. The electric conductivities of the samples were determined by 
temperature differential and four-probe methods using commercial 
equipment (RZ2000li, Ozawa Science Co., Japan) under an Ar atmo
sphere in the temperature range from room temperature to about 
590 ◦C. 

3. Results and discussion 

At first, the experiments were performed when the arc power was 
fixed at 1020 W. The distance (arc length) between the tungsten elec
trode and pellets was 5 mm, and the repetition number of process is 
once. The results of the products are shown in Fig. 2. The inner images in 
Fig. 2(a) were TSC-L80(#1) before and after cutting. This shows that the 
shape of the product was distorted and many pores with various size 
were formed, which was similar to the results of a previous report [9]. 
Moreover, unwanted structures (fibers) were found in the inner part of 
the samples (Fig. 2(b) and (c)). EDS mapping results indicated that they 
were composed of C (78.37~80.52 at. %) and O (19.41~21.56 at. %) 
elements and trace (Si: 0.02~0.03 at.%, Ti: 0.04~0.05 at.%)(Fig. 2(d) 
and (e)). 

Fig. 3 shows the XRD patterns of (a) TSC-L80(#1) and (b) TSC-L120 
(#1). TSC, TS12, TS53, and TC are the Ti3SiC2, TiSi2, Ti5Si3, and TiCx, 
respectively. Ti3SiC2 was mainly formed and secondary phases (TiCx, 
TiSi2, and Ti5Si3) were generated also [11–13]. In addition, no peaks of 
fibers were found. We assumed two reasons for this phenomenon; 1) the 
fibers were amorphous or 2) not detected from XRD beam because of 
their small quantities in samples. In particular, they were mostly found 
in the middle and bottom of the samples. This clearly indicates that heat 
was non-uniformly transferred to all parts of the pellets. The formation 
of unwanted fibers is an interesting phenomenon, however, this hinders 
the fabrication of high-quality of MAX phases. The additional study 
(especially, growth mechanism) on the fibers will be conducted in the 
future. 

Accordingly, we changed the process parameters to optimize the 
fabrication process as follows: the repetition of the process (from one to 
four times) and increased the distance between the tungsten electrode 
and pellets (from 5 mm to 18 mm). In addition, the arc power was 
changed to about 1670 W. The morphologies of the interior (Fig. 4(a)-4 
(d)) and surface (Fig. 4(e)-4(f)) of the samples were observed by SEM. 
First, they were checked to determine the uniform formation of MAX 
phases, by varying positions (top, middle, and bottom). Nano-laminated 
structures were clearly found everywhere in the samples (Fig. 4(a)-4(d)). 
They were well arranged, and pores were partially observed. No un
wanted products, such as fibers, were found. These morphological 

Fig. 1. (a) Schematic of an arc melter and (b) photographs of all processes for preparing samples.  
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characteristics were also observed in other samples (TSC-H10(#4) and 
TSC-H80(#80)). 

The inner SEM image (yellow arrow in Fig. 4(d)) clearly identified 
kink bands and delamination of the TSC-H80(#4). The kink structure is 
one of the unique morphological characteristics of MAX phases [1]. In 
addition, the SEM image (green arrow) in Fig. 4(d) shows the step 
meandering and step-flow growth of Ti3SiC2 crystals. 

The surface morphologies were different than the interior parts 
(Fig. 4(e)-4(f)). Unlike the inner parts, stacked plates with thicknesses of 
about 1~2 μm were observed due to the formation of oxides. The ‘A’ 
element is oxidized with relative ease, and ‘A’ oxide is formed [14–16]. 
It is known that this acts as a healing effect when defects such as crack 
are formed by external forces [15,16]. 

Fig. 5(a) shows the XRD patterns of TSC -10(#1), TSC-80(#1) and 
TSC-120(#1). Sato et al. synthesized Ti3SiC2 from a mixture of 

elemental powders using reaction sintering at 1673K [17], and proposed 
the reaction mechanism of Ti3SiC2 based on the XRD spectra obtained as 
a function of sintering temperature as follows:  

Ti + C → TiC                                                                                (1)  

Ti + Si → Ti–Si(l)                                                                           (2)  

TiC + Ti–Si(l) → Ti3SiC2                                                                 (3) 

When the number of repeated arc meltings was increased from one to 
four times, the peaks of secondary phases (Ti5Si3, TiSi2, and graphite 
phases) remarkably disappeared from the XRD spectra (block arrows in 
Fig. 5(b)). C is the graphite phases. Moreover, the intensities of the TiCx 
phase visibly decreased. When arc melting was repeated, the Ti5Si3 and 
TiSi2 phases were exhausted to form Ti3SiC2 as shown in Eq. (3) after 
reacting with graphite [16] and TiCx (Eq. (3) and Eq. (4)). 

Fig. 2. (a) Photographs TSC-L80(#1), SEM images of (b) TSC-L80(#1) and (c) TSC-L120(#1), EDS mapping images of (d) TSC-L80(#1) and (e) TSC-L120(#1).  

Fig. 3. XRD patterns of (a) TSC-L80(#1) and (b) TSC-L120(#1).  
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C + Ti–Si(l) → Ti3SiC2                                                                    (4) 

Fig. 6(a) presents a photograph of TSC-H10(#3). It confirms that 
many pores (yellow arrows in Fig. 6(a)) were formed on the surface of 
TSC-H10(#3), and disappeared from the surface of TSC-H10(#4) after 
arc melting (Fig. 6(b)). The same was true of TSC-H80(#4) and TSC- 
H120(#4). The formation of pores may originate from the evaporation 
of Si-related species with low melting point, after the inter-reaction 
between the Ti, Si, and C sources during the process. 

In general, the original shape of the raw materials (pellets) changed 
when they were wholly melted. Compared with the previous results of 
another group [9], our samples overall maintained their shape (Figs. 1 
(b) and 6(b)-6(d)). Hence, we assumed that the products were 
semi-melted and formed MAX phases. The diameter of the upper part on 
the pellets was reduced by about 10% after the first arc-melting, while 
the lower part was not changed (Fig. 1(b)). This indicates that the arc 
heat was concentrated on the upper part during process #1. The shape of 

the samples did not change up until process #4. The semi-melting pro
cess can reduce cost and time when manufacturing products because the 
additional machining steps are unnecessary or minimized, indicating 
that the process is industrially worthwhile. 

To further investigate the morphologies of the products, their cross- 
sections were observed (inner images of Fig. 6(e)). Both pores and cracks 
were found in the cross-section of TSC-H10(#4), which corresponds 
with the photographs in Fig. 6(a) and (b). In particular, most pores 
existed in the upper part. This was due to the abrupt melting and cooling 
in a short time. When the melting time was increased, the pores were 
uniformly distributed and their average size decreased: 0.192 mm (TSC- 
H10(#4)), 0.119 mm (TSC-H80(#4)), and 0.100 um (TSC-H120(#4)). 
These experimental results present that the distribution and size of pores 
and density in the products were controlled. The temperature- 
dependent electric conductivities of samples were investigated and arc 
listed in Fig. 6(f). Their values were similar to each other. The electric 
conductivities at room temperature were 2.225 x 106 (TSC-H10(#4)), 

Fig. 4. SEM images of (a)–(c) TSC-H120(#4), (d) TSC-H80(#4), and (e)–(f) TSC-H10(#4).  

Fig. 5. XRD patterns of the TSC-H10, TSC-H80, and TSC-H120 samples with different numbers of processes: (a) one and (b) four times.  
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2.106 x 106 (TSC-H80(#4)), and 2.142 x 106 (TSC-H120(#4)) (/Ω⋅m). It 
gradually decreased with an increase in temperature, and their electric 
conductivities were 8.690 x 106 (TSC-H10(#4)), 8.679 x 106 (TSC-H10 
(#4)), and 8.608 x 106 (TSC-H10(#4)) (/Ω⋅m) at about 600 ◦C. This 
shows that the electric behavior of the samples showed a typical metallic 
nature [1,7]. 

4. Conclusion 

The Ti3SiC2-MAX phase, which maintained its original shape, was 
successfully fabricated by arc-melting process. Pellets mixed with 
elemental sources were transformed into the Ti3SiC2-MAX phase by the 
arc melting process, the repeating the process induced the formation of 
high-quality TSC by removing secondary phases and preventing un
wanted products. Controlling the gap between the pellets and tungsten 
electrode in the arc melter facilitated the acquisition of the Ti3SiC2-MAX 
phase in its original form, due to semi-melting. Control of density and 
pore size was possible by increasing melting time. The temperature- 
dependent electrical conductivities of the Ti3SiC2-MAX phase were 
about 2.1 ~ 2.2 x 10-6 (/Ω⋅m) and about 0.8 x 10-6 (/Ω⋅m) at room- 
temperature and 600 ◦C, respectively. 
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