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Abstract- In this study, high dense Ti3SiC2 ceramics were synthesized by spark plasma sintering (SPS) technique 
with/without Al and excess Si at 1400°C, for 15 min, under a pressure of 50MPa and the effect of additions were 
investigated on the formation of Ti3SiC2. X-ray diffraction (XRD) and scanning electron microscopy (SEM) were carried out 
for understanding the evaluation of phase development. XRD results showed that TiC appeared in the Ti3SiC2 ceramics, as 
unwanted intermediate phase which can be attributed to the loss of Si during sintering and lead to unreacted TiC. On the 
other hand, in the case of addition of Al and excess Si, it is achieved single phase of Ti3SiC2by SPS method. The effect of 
starting composition on the phase constituents, density, hardness and fracture toughness is analyzed and discussed 
comprehensively.  
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I. INTRODUCTION 
 
Ti3SiC2 has become attracted by many studies related 
to its properties combination of both metals and 
ceramics, such as high electric and thermal 
conductivity, easy machinability, excellent thermal 
shock resistance, high melting point, high thermal 
stability and high-temperature oxidation resistance 
[1-3].  These properties provide them for use in many 
applications, such as such as structural material for 
high temperature, substitute for machinable ceramics, 
kiln furniture, heat exchanger, etc [1].  On the other 
hand, according to the literature, it is difficult to 
fabricate monolithic Ti3SiC2. Other phases; such as 
titanium carbides, silicon carbides or titanium 
silicides have been formed in fabrication of Ti3SiC2 
[4, 5].  Barsoum et al. [6] fabricated high-purity 
polycrystalline Ti3SiC2 by using 3Ti/SiC/C starting 
powders by hot isostatic pressing (HIP) method at 
1600°C, under pressure of 40 MPa for 4 h and they 
obtained SiC and TiCx secondary phases less than 2 
vol%. Zou et al. [7] carried out combustion synthesis 
reaction through pulse discharge sintering (PDS) at 
selected sintering temperature in the range of 1200–
1500°C and held for 0–20 min under 50 MPa by 
using Ti/SiC/C powder mixture and they also 
obtained intermediate phases TiC and Ti5Si3Cx. They 
reported that combustion synthesis cannot finish the 
whole reaction of Ti3SiC2 and formation of Ti3SiC2 
phase depends on increasing the sintering 
temperature.  
Li et al. [8] sintered Ti3SiC2 by using various starting 
powders such as, silicon rich and silicon deficient by 
hot pressing and results showed that at least one of 
the unwanted phases TiC, Ti5Si3, or TiSi2 always 
exists with Ti3SiC2. They reported that the amount of 
TiC formed decreases with increasing content of 

silicon in the starting composition. Consequently, 
relevant literature shows that starting composition, 
sintering condition and sintering technique is 
important in order to obtain single phase Ti3SiC2.  
Spark plasma sintering (SPS) is a new developed 
technique for rapid densification of almost every kind 
of material, which consists of a pulse electrical 
discharge step; generating plasma between powder 
particles [9]. In this method, as-received powders can 
be pressed uniaxially and sintering completes within 
minutes and at low temperatures related to electro-
discharging activates the particle surface and assists 
sintering [10]. Hence, short sintering time and lower 
sintering temperature compared to existing sintering 
methods, this technique often provides better 
mechanical properties [9].  
In this study, it is aimed to obtain monolithic Ti3SiC2 
by SPS method and determine the effect of excess Si 
and Al addition on the achievement of single phase. 

 
II. EXPERIMENTAL PROCEDURE 
 
As starting powders; Ti (99.5%, Alfa Aesar, -325 
mesh), Si (99.9%, ABCR GmbH, -100 mesh), TiC 
(99.5%, Alfa Aesar, 2μm), Al (99.97%, Alfa Aesar, -
100+325 mesh) powders were used and prepared two 
different compositions. First one was mixed at a 
composition of 1Ti:1Si:2TiC and the second 
composition was 1Ti:1.1Si:2TiC:0.2Al. The 
compositions were planetary ball milled (Pulverisette 
6 Fritsch, Germany) in isopropyl alcohol for 4 h, and 
dried in rotary evaporator and sieved through 100-μm 
mesh. The dried mixed powder was directly put into a 
cylindrical graphite die with 20 mm inner diameter. 
The sintering was carried out in spark plasma 
sintering furnace (FCT HP D 25/I, FCT System 
GmbH, Germany) under vacuum at 1400°C, under 
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pressure of 50MPa, for 15 min. Relative densities of 
the samples were measured with distilled water at 
room temperature by the Archimedes method. 
Samples were examined using a scanning electron 
microscope (Supra 50 VP, Zeiss – Germany) and 
XRD analysis diffractometer (RigakuRint 2200 
series) at a scan speed of 1°/min.Scans were made 
with Cu K radiation at a rate of 2/min between 10 
and 90 degrees. 
These degrees were chosen according to the literature 
review for obtaining Ti3SiC2 peaks.The hardness of 
the sintered specimens was measured using a 
pyramidal diamond indenter on the polished surface 
by applying a load of 10 kg for 10 seconds according 
to the Vickers hardness measurement 
method(FUTURE-TECH, FV-800). A minimum of 5 
measurements have been made to ensure reliability. 
The fracture of the toughness (KIC) of the samples 
was calculated from radial cracks formed during 
indentation. 
 
III. RESULTS AND DISCUSSION 
 
The first sintering studies were about consolidation of 
Ti/Si/TiC with the molar ratio of (1/1/2) in order to 
determine the sintering conditions of obtaining high 
purity dense Ti3SiC2matrix materials by the SPS 
technique. For these samples, sintered at the 
temperature of 1400 °C, under 50 MPa load, for 15 
min, 100.40% theoretical density was obtained. The 
theoretical density of samples consolidated by using 
Ti/Si/TiC/Al with the molar ratios of (1/1.1/2/0.2) 
were achieved as 99.90%. 
 
Since the theoretical density of Ti3SiC2 phase was 
obtained higher than the 100%, it was considered that 
undesired secondary phases might occur, thus all 
samples were analyzed by phase analysis with XRD 
and their compatibility with the designed 
compositions was investigated.According to XRD 
phase analyzes (Fig 1 (a-b)); it has been found that 
TiC3SiC2 as well as TiC secondary phase is formed in 
the sintered sample without additional of Si and 
Al.Synthesis of monolithic Ti3SiC2 is difficult due to 
the narrow stable Ti3SiC2 region in the Ti-Si-C 
ternary phase diagram. 
 
The main problem encountered in Ti3SiC2 synthesis 
in the literature is the formation of secondary 
undesired phases during sintering. On the other hand; 
in this study; it is achieved to obtain 100% Ti3SiC2 
phase with the composition in which 1 mole (wt.%) 
of Si metal and 0.2 mol of Al metal added in excess 
to prevent the formation of secondary undesired 
phases.The addition of Al which has a low melting 
point, is thought to accelerate the diffusion of Ti and 
Si atoms and the synthesis of the Ti3SiC2 phase by 
forming solid-liquid reaction, whilst 1 mole of excess  
Si addition compensates the Si loss during the 
reactionand consumes the formed TiC. 

 
Fig 1. X-ray diffraction patterns of samples in 
different composition of molar ratios sintered by SPS 
at 1400°C under 50MPa for 15 min. (a) 1Ti:1Si:2TiC, 
(b) 1Ti:1.1Si:2TiC:0.2Al. 
 
The representative SEM image of polished surface of 
the 1Ti:1Si:2TiC sintered samples are given in Fig 2 
(a). Secondary phase formation was also found in 
SEM images.As seen from the EDX analyzes (Fig 2-
b), the dark gray phase is considered to be TiC 
because it has a lower Si concentration than the 
lighter gray phase and is richer in titanium element 
and carbon (selected area 3, Fig 2-c). The lighter gray 
phase in Fig2-d shows the Ti3SiC2 phase (selected 
area 1). 
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Fig 2. (a)Back-scattered electron image of 
1Ti:1Si:2TiC sample taken from the polished surface, 
(b) EDS analysis, (c) dark grey TiC particles, (d) light 
grey Ti3SiC2 particles. 
 
The SEM image of both polished and fractured 
surface of the 1Ti:1.1Si:2TiC:0.2Al sintered samples 
are given in Fig 3 (a). Secondary phases which 
appeared as black color except grain pull-outs were 
examined by EDS analysis (Fig 3 (b)).As expected 
from the results of the EDS analysis of the samples 
added with Al to obtain the 100% Ti3SiC2 phase, it 
was determined that the phases appearing dark in 
selected area 1 in Fig. 3 (c) are aluminum-rich 
regions. Selected area 2 in Fig 3 (d) shows the matrix 
phase. Fractured surface images of the samples 
revealed that the main phase Ti3SiC2 is laminated 
(Fig 3 (e)). 
 

 

 

 

 

 
 
Fig 3. (a) Back-scattered electron image of 
1Ti:1.1Si:2TiC:0.2Altaken from the polished surface, 
(b) EDS analysis, (c) dark grey Al regions, (d) light 
grey Ti3SiC2 particles (e) fractured surface. 
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The Vickers hardness and fracture toughness of 100% 
Ti3SiC2 sample was found to be 2,92±0,19 GPa and 
3,87±0,14 MPam1/2, respectively. Hardness values 
reported in the literature as approximately 4 GPa 
[11,], 6,08±0.12 GPa [12], 4,32±0.12 GPa[13], 
5,77±0.2 GPa[14], etc. for the Ti3SiC2 materials. On 
the other hands, it should not be forgotten that these 
sintered Ti3SiC2 materials contains hard secondary 
phases such as TiC which increases the hardness 
values. 
 
CONCLUSIONS 
 
In situ monolithic Ti3SiC2 matrix materials were 
synthesized by SPS method at 1400°C, under 
pressure of 50MPa, for 15 minand the effects of Al 
and Si additives on the composition and phase 
development were investigated. The results 
demonstrated that 100% Ti3SiC2were successfully 
synthesizedin the presence of Al and Si additives by 
avoiding undesired secondary phase formation which 
is the biggest problem in Ti3SiC2 materials 
fabrication. 
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