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1. Introduction
In recent decades, MAX phases, as ternary 

compounds, have attracted much attention for 
their unique properties [1]. These materials have 
a combination of ceramic and metal properties, 
and therefore sometimes are classified as ductile 
ceramics. The chemical formula for this class of 
materials is Mn+1AXn, where M is a transition 
metal, A belongs to A group element (often groups 
13 and 14), and X is carbon or nitrogen. The value 
of n is 1, 2, or 3, which accordingvalue of n, these 
compounds divided into three categories of 413, 
312, and 211. The crystalline structure of these 
materials consists of alternating nano layers of 
M6X structures[1,2] 

These materials have some metal properties such 
as good machinability, heat shock resistance, good 
electrical and thermal conductivity, low hardness, 
and damage tolerance [3-5]. The MAX phases also 
have the properties of ceramic materials such as 
high-temperature resistance, high elastic modulus, 
and oxidation and corrosion resistance. Therefore, 
this class of materials has been considered as a new 
and potential candidate for use in high-temperature 
applications and severe working conditions [6,7]. 
Ti2SC is one of the most important materials in 
the MAX phase materials with the lowest c/a in its 
crystal structure. Due to having a low c/a ratio, the 
mechanical properties of this material is different 
from other M2AX compounds [8]. Du et al. [8] 

In this study, the synthesis of the Ti2SC nano layer was investigated by ball milling of Ti, FeS2, and C powders. 
Formation of MAX phase powder after ball milling and after spark plasma sintered (SPSed) sample was 
characterized by X-ray diffraction (XRD). The morphology and the microstructure of powders were 
investigated by scanning electron microscopy (SEM) along with energy-dispersive spectroscopy (EDS). The 
results of the X-ray diffraction patterns showed the reaction between raw materials and the formation 
of Ti2SC and TiC phases as well as α-Fe, after 10 h ball milling. Iron in the product was removed by an 
acid washing with 0.5M HCl. Spark plasma sintering at 1450 °C was used to prepare a bulk Ti2SC sample. 
Archimedes’ test results showed that the sample was consolidated to 98% of the theoretical density. To 
evaluate the wear behavior of the bulk sample, a pin-on-disk wear device was used. The results of the wear 
test showed a low wear rate. This low wear rate was attributed to the self-lubricating nature of the Ti2SC 
nano layer. The friction coefficient for the three forces was also uniform. As the wearing force increased, 
the wear rate also increased.  
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reported Poisson, shear modulus, and Young’s 
modulus for this material as 0.2, 134, and 322 GPa, 
respectively. Amini et al. [9] showed that Ti2SC 
hardness is 8 Gpa, which is higher than other MAX 
phase compositions. Scabarozi et al. [10] also found 
that Ti2SC had a very high thermal conductivity
(~ 60 W/K) at room temperature. The comparison 
of thermodynamic properties of Ti-S-C and Ti-
Al-C systems was performed by Du et al., [11], and 
also, the structural, tensile, and thermodynamic 
properties of Ti2SC composites were studied by Fu 
et al. [12]. These remarkable properties make the 
Ti2SC a potential candidate for high-temperature 
components, heat exchangers, and more. 

The Ti2SC compound has been synthesized in 
different ways. Li et al. [13] used the combustion 
synthesis method; Zhu et al., [14] employed the 
in-situ synthesis process; Guan et al. [15,16] 
investigated microwave hybrid heating at low 
temperature. Also, Chen et al. [17] by heating the 
titanium, carbon, and iron sulfide; Hosseini et al. 
[18] by ball milling the titanium, carbon, and iron 
sulfide; Amini et al. [9] by hot pressing; and Zhou 
et al. [19] by spark plasma sintering method have 
synthesized this compound. The mechanism of 
the SPS process is similar to that of hot pressing 
(HP), but the mode of production and transfer of 
heat to the material is different [20]. Spark plasma 
sintering involves a mechanical loading system 
under a controlled atmosphere simultaneously 
with a high-power electrical circuit. In this 
method, heat is generated by direct current pulses 
between the particles, and the process of synthesis 
or sintering is carried out at a lower temperature 
than the hot press method, and it is possible to 
achieve high density. In the previous study [18], the 
Ti2SC compound was successfully synthesized by 
the mechanical milling method. This study aimed 
to investigate the consolidation of the Ti2SC MAX 
phase by spark plasma sintering. The obtained 
bulk sample was studied for density, crystalline 
structure, microstructure, and its wear behavior.

2. Materials and methods
In this study, pure commercial titanium, pyrite 

(FeS2), and graphite powders with a purity of 
higher than 99% and particle size of less than 100 
micrometers were used as raw materials. Details of 
the Ti2SC compound synthesis method have been 
reported in our previous study [18]. For the ball 
milling process of titanium, pyrite, and graphite 
powders by the stoichiometry of Ti2SC, a planetary 

ball mill (Retsch, PM100) at a speed of 500 rpm, 
and ball to powder ratio of 10 to 1 for 10 hours was 
used. Phase identification was performed using 
X-ray diffraction, in the range of 20 to 80°, step size 
of 0.05°, and a time per step of one second with Cu-
Kα radiation (Philips PW-1800 diffractometer). 
The data obtained from this analysis were 
evaluated by X’Pert HighScore Plus software. The 
crystallite size of Ti2SC were estimated by analyzing 
broadening of XRD peaks using Williamson-Hall 
formula. For morphological and microstructural 
investigations, the Quanta200 scanning electron 
microscope, as well as field emission scanning 
electron microscopy (Czech TESCAN, Mira3) 
equipped with energy-dispersive spectroscopy was 
used. The compression of the product resulting 
from the ball milling process and the preparation 
of the bulk specimen were carried out using an 
EF120311 spark plasma sintering equipment. 
Relative density (apparent density) were calculated 
by the Archimedes method. The WDRL model of 
Iran-made pin on the disc was used to evaluate the 
wear behavior of the bulk specimen. The wear test 
was performed according to the ASTM G99-04 
test method at forces of 100, 500, and 1000 g for a 
distance of 400 m at a sliding speed of 0.1 m/s.

3. Results and discussion
3.1. Ti2SC powder synthesis

Fig. 1 shows the XRD pattern of the ball-milled 
specimen after 10 h. As can be seen, the milling 
product is a Ti2SC compound with some TiC. The 
as-milled powder mixture was annealed at 1000 °C 
for 2 h, to complete the synthesis of Ti2SC. FeS2 was 
used as the source of sulfur during synthesis, and 
as confirmed by the XRD pattern of the 10 h milled 
pattern, the iron formed during Ti2SC synthesis. 
After ball milling, Ti2SC achieved a crystallite size 
of about 60 nm. Also, for the preparation of the 
high purity MAX phase, it is necessary to remove 
iron from the product. For this purpose, the 
powder was subjected to a half-molar HCl solution 
for 2 h. XRD pattern of solid powder derived after 
acid washing is also shown in Fig. 1. As can be seen 
in Fig. 1, the iron peak is removed from the XRD 
pattern after acid washing. After annealing at high 
temperature and the leaching of iron, the crystallite 
size of the Ti2SC MAX phase remain constant. The 
overall reaction between the raw materials can be 
considered as equation (1):

2Ti + 1/2 FeS2 + C → Ti2SC + 1/2 Fe                      (1)



112

Hosseini S.M, J Ultrafine Grained Nanostruct Mater, 53(2), 2020, 110-116

It is believed that the synthesis is carried out as 
a mechanical induced self-sustain reaction (MSR). 
This type of reaction has also been reported during 
the milling process for the synthesis of other MAX 
phase compounds [21-24]. Previous work [18] has 
elaborated on the mechanism of synthesis and will 
not be repeated here.

Fig. 2 shows the field scanning electron 
microscope image of the powder mixture after 
milling, heat treatment at 1000 °C for 2 hours, and 
leaching in half-molar HCl solution. As can be 
seen, the sample is composed of particles with wide 
size distribution and almost round morphology.

3-2 Preparation of bulk sample by spark plasma 
sintering 

The synthesized sample was placed in a graphite 
mold under 30 MPa pressure at 1450 °C for 10 

minutes to prepare the bulk sample by SPS method. 
The sample was evaluated by the Archimedes test, 
and the results showed that the relative density was 
98%. As can be seen, the high density has been 
optimally achieved. The diffraction pattern was 
prepared from the bulk sample and the result is 
shown in Fig. 3. As can be seen in the diffraction 
pattern, the sample is composed of Ti2SC and TiC 
phases. After sintering at 1450 °C, the grain growth 
of the Ti2SC and TiC phases occurred and the 
crystallite size of the Ti2SC increased to 260 nm.

Fig. 4 shows the FESEM image of the bulk 
sample. The nano layered structure of the fracture 
surface of the Ti2SC phase is well illustrated in Fig. 
4a. As mentioned, the nano layered structure is the 
main characteristic of the MAX phases [1,2,25], 
which is well seen in this image. The image from 
the top of the sample also shows the low porosity 

Fig. 2- Scanning electron microscope image of a 10-hour ball milled powder 
and heat treated at 1000 °C for 2 hours and leached in half-molar HCl solution.

Fig. 1- X-ray diffraction patterns as-received ball milled, after heat treatment, and after leaching.
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indicated by the arrows. White areas are Ti2SC 
matrix, and black areas are TiC particles. The SPS is 
a sintering process based on the electrical discharge 
of current pulses between the powder particles and 
causes a spark. This means that electric current 
pulses pass between the synthesized powders and 
when the spark arises from an electrical discharge 
at the junction or distance between the Ti2SC and 
TiC powder particles, the local heat generated in 
the discharge column causes an instantaneous 
temperature rise, up to 1450 °C. These phenomena 
cause the particles to bond together. At the 
microscopic scale, grafting occurs at the contact 
surface of grains. The sintering of the grains is 
accomplished by atomic motions on the surface of 
the powder grains. Fig. 5 schematically illustrates 
how the current pulse diffuses and passes over 
Ti2SC and TiC powder particles. 

3.3 Wear behavior 
To study the wear behavior of the Ti2SC bulk 

sample, wear test with 100, 500, and 1000 g forces 
were performed on the specimen. The wear rate, 
friction coefficient, and wear surface morphology 
were investigated and presented in this section. 
The friction coefficient diagrams are presented 
in Fig. 6. From this figure, it can be seen that the 
variation of the friction coefficient is insignificant, 
and after a few sliding distances, a steady-state 
condition appears. As shown in Fig. 6, for the 
applied forces of 100, 500, and 1000 g, the average 
coefficient of friction was measured 0.2, 0.05, and 
0.03, respectively. As shown in Fig. 6, the scattering 
of data is very small, indicating the nature of the 
self-lubrication and anti-wear nature of Ti2SC nano 
layer. Actually the nano layered structure of the 
Ti2SC MAX phase cause these phenomena. The 

Fig. 3- X-ray diffraction pattern of (a) a 10-hour ball milled powder and heat treated at 1000 °C for 
2 hours and leached in half-molar HCl solution, and (b) the sample after spark plasma sintering.

Fig. 4- Scanning electron microscopic image of bulk sample (a) fracture surface, and (b) the top surface.
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friction coefficient value decreases as the applied 
force decreases because of increased mechanical 
contact between the two surfaces, and enhanced 
lubricating properties of this material are more 
pronounced. It should be noted that the crystal 
structure of the Ti2SC, as a MAX phase, is a nano 
layered structure, and these materials can be 
considered as solid lubricants. Only at 1000 grams 
friction force, the data in the friction coefficient 
graph are scattered, which can be attributed to the 
separation of particles from the surface and slight 
change in friction coefficient values. It is also seen at 
the force of 1000 g at the beginning of the diagram 
to increase the coefficient of friction and reach a 
steady-state, which is higher than the diagram for 
the forces of 100 and 500 g. Also, in all the diagrams 
in Fig. 6, discontinuities at 100, 200, and 300 m 
distances relate to the test stop for measurements 
of mass loss. The measured mass losses were used 
to calculate the mass change during the wear test. 

The wear rate diagrams for the Ti2SC bulk 
sample for the applied forces of 100, 500, and 
1000 grams are presented in Fig. 7. The graphs in 
this figure show that the wear rate increases with 

increasing distance as well as with increasing 
applied force. As can be seen, the wear rates have 
very low values, indicating that particle deposition 
and ultra-low mass reduction occurred during the 
test. The reason for this can be attributed to the 
self-lubricating property of the Ti2SC AMX phase, 
which makes the wear rate very low. Lu et al., [25] 
used a combination of Ti2SC and CrS to coat the Ti-
6Al-4V alloy and showed that the resultant coating 
is an anti-wear coating, due to the presence of the 
MAX phase. 

The image obtained by scanning electron 
microscopy of the wear surfaces under different 
forces is shown in Fig. 8. It should be noted that 
in this test, no abrasive particles were formed at 
the contact surface in all three forces. Also, no 
traces of wear on the steel plate were observed. 
But at the Ti2SC surface, the island regions was 
observed which were similar to the wear effects. 
At the contact surfaces, chemical, microstructural, 
and topographic conditions play an important 
role, and are altered by several phenomena such as 
oxidation, phase transformation, amorphization, 
crystallization, and melting. It can be said that a 

Fig. 6-  Friction coefficient diagram in terms of distances under 
force: (a) 100, (b) 500, and (c) 1000 gr.

Fig. 5- The schematic representation of the pulses passing through 
the powder particles and producing heat during the SPS process.

Fig. 7-  Wear rate diagram of wearing test under the force of (a) 
100, b) 500, and c) 1000 gr..
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tribo-thin film forms between Ti2SC nano layer 
and the front surface, which is a much-lubricated 
layer and, as previously mentioned, results in a 
very low wear rate and smooth friction coefficient. 
Gupta et al., [26] investigated the wear behavior 
of Ti2SC at ambient and high temperatures. Their 
results showed that Ti2SC is resistant to Al2O3 in the 
ambient temperature range up to 550 °C.

4. Conclusions 
 ●●The ternary compound Ti2SC nano layer was 
successfully synthesized after 10 h high-energy 
ball milling of powder mixture including titanium, 
graphite and pyrite, and heat treatment at 1000 °C 

for 2 h with a crystallite size of 60 nm.
 ●●Consolidation by spark plasma sintering under 
30 MPa pressure, at 1450 °C for 10 minutes, 
resulted in the bulk sample of Ti2SC with a relative 
density of 98%. No phase change was observed 
in the sample after SPS process. The nano layered 
microstructure was observed for Ti2SC, which is a 
characteristic of MAX phases.
 ●●The results of the wear test showed that with 
increasing the force, the wear rate increased from 
10.1 to 15.1 μg/m. This low wear rate was attributed 
to the self-lubricating nature of Ti2SC nano layer 
compound wear. The friction coefficient for the 
three forces was also uniform.

Fig. 8-  Field emission scanning electron microscopic image of worn surface under force of (a) 100 gr, b) 500, and c) 1000 gr.

1 
 

 

Fig 8. Field emission scanning electron microscopic image of worn surface under force of (a) 

100 gr, b) 500, and c) 1000 gr. 
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