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Abstract 

 

In this study MAX phase ceramics were obtained by pressurless heat treatment 

of TiC and Si powders. The aim of the project was to attain a better 

understanding about the reaction mechanisms that takes place in the system.  

Different initial ratios with silicon excess in the TiC/Si powder mixture were 

used to synthesize Ti3SiC2. Pellets from each powder were heat treated at 

1500ºC in Argon atmosphere dilatometer without holding times. The sintering 

environment effect was evaluated using a graphite furnace and a graphite-free 

furnace (Al2O3) in the dilatometer for the heat treatment.  The chemical reaction 

mechanisms were investigated according with the volume changes obtained 

from graphite-free furnace dilatometric curves and the respective temperatures 

where such changes took place. After heat treatment the samples were 

evaluated by scanning electron microscopy (SEM) and x-ray diffraction (XRD).   

 

It was obtained 70Vol% of Ti3SiC2 and 15Vol% of SiC for 3TiC:2,2Si initial ratio 

sintered at 1500ºC.  It was found that there is an effect of the carbon in the 

temperature synthesis. A chemical reactions sequence was suggested according 

with phases present dependent on temperature treatment.     
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Introduction  

 

Recently, the ternary carbide Ti3SiC2 has attracted the attention because it has 

shown a combination of many remarkable properties of both metals and 

ceramics. Its excellent machinability, thermal shock resistance, electric and 

thermal conductivity as well as its high toughness and high temperature 

strength make it a promising material in a wide applications range where metal 

and ceramics can not be used separately. 

 

The aim of this project is to obtain the ternary compound titanium silicon 

carbide that belongs to the family of MAX phase ceramics as well as get a better 

understanding about the reaction mechanisms that take place at different  

conditions in order to produce such compound.  

 

In the first part an overview about the Ti3SiC2 compound is given. Previous 

research studies are reviewed and attention is given to the way in which they 

were conducted. In the text a general idea of the compound structure is given 

followed by its properties, some potential applications, the different synthesis 

processes used, and in section 6 useful characterization techniques are 

presented. The results are discussed in section 10; followed by conclusions and 

some suggestions for future work in this subject. 
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Dilatometric study of Ti3SiC2 synthesis from TiC/Si starting powders 

1 Structure 

 

The MAX-Phases have a MN+1AXN chemical formula, where N can be 1,2 or 3, 

M is an early transition metal, A is an A-group element (mostly IIIA and IVA) 

and X is either C and/or N. The MAX-phase structure consists of sandwiched 

layers of M alternated with pure A layers and X atoms filling the octahedral 

sites between M, see Figure 1[1-3]. 

 
Figure 1.  MAX-Phase structure 

 

Specifically the Ti3SiC2 phase consists of a layered structure with silicon layers 

between double Ti-C blocks, each made up of two edge-sharing CTi6 

octahedral.  The unit cell is about ten Ångström in size and a molecule consists 

of three atom of titanium, one of silicon and two of carbon. 

2 Properties 

 

The ternary ceramic Ti3SiC2 shows a combination of exceptional 

properties[2,4,5] of both metals and ceramics. Among the properties are 

excellent machinability, good damage tolerance, good thermal shock resistance, 

service temperature between 900-1000ºC in air and 1600ºC in vacuum or 

hydrogen,  moderately high strength, low density (4,5 gr/cm3), Young’s 

modulus greater than 300GPa. There is also some evidence for quasi-ductility 
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showing plastic deformation at room temperature by a combination of shear 

and kink band deformation[6] (when edge dislocations are generated in a 

crystal and then set to move in two directions opposite each other kink bands 

are formed). Ti3SiC2 also presents a high thermal conductivity as well as 

electrical conductivity twice as high as that of Ti metal at room temperature[1]. 

Mechanical and electrical properties are summarized in Table 1. 

 

Table 1. Mechanical and electrical properties of Titanium Silicon Carbide 

Property value 

Young’s modulus 320 GPa 

Vickers hardness (Hv) 4 GPa 

Flexural strength 260±20 MPa 

Compressive strength (room temperature and 

1300ºC) 

580±20 MPa, 260±20 MPa 

Thermal conductivity 43W/mK 

Heat capacity 588J/KgK 

Coefficient of thermal expansion 10±1x10-6ºC-1(25ºC<T<1000ºC) 

Electrical conductivity (room temperature) 4,5x106 m-1 

 

Ti3SiC2 can be produced by conventional powder metallurgical methods for 

ceramic materials such as cold pressing, slip casting, cold isostatic pressing, 

extrusion, injection moulding and sintering to full density. The combination of 

forming techniques with the machining possibility of the final product can be 

used to obtain different and complex shapes of Ti3SiC2 compound to relatively 

low cost[5]. 

3 Applications 

 

As stated before, Ti3SiC2 present a wide range of mechanical, chemical and 

physical properties. In the following some potential applications are 

mentioned[5]. 
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• High temperature applications. The density is half the density of current 

Ni-based superalloys, twice their stiffness and has good mechanical 

properties at temperatures where some superalloys can not be used. 

• Pipes for fossil fuels transportation. Due to its good corrosion resistant in 

acids and alkalis environments.  

• Furnace furniture. Due its good machinability, low cost of raw materials 

(from TiC/Si) and excellent thermal shock resistance. 

• Gas burner nozzles. The excellent high temperature properties allow 

applications where traditional metallic alloys shows a very limited 

service life by creep and corrosives atmospheres such in presence of 

sulphur. 

• Heat exchangers. Due to its excellent thermal conductivity which does 

not decrease when the temperature increases, good thermal shock 

resistance and excellent machinability that makes it easy to manufacture. 

• Machinable ceramics substitute. Given that the machinability is possible 

in the final fired state (after sintering). The conventional machinable 

ceramic requires extra sintering step after machining which results in 2% 

shrinkage. 

• Titanium silicon carbide can be used in electronic devices in both high 

and low current applications due to its good electrical conductivity and 

machinability 

 

4 Synthesis of Ti3SiC2 

4.1 Background 

 

For many years different methods have been developed in order to obtain a 

pure Ti3SiC2 MAX phase. Among them, chemical vapor deposition[7], hot 

pressing[4,8-10], pulse discharge sintering[11,12],  spark plasma[13], arc 

melting, cold pressing and solid state reaction from different combination of 
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starting powders[3,14-16]. However some additional phases such as TiC, TiSi2, 

SiC and Ti5Si3 have been formed with Ti3SiC2.  

 

The compound was first synthesized by W. Jeitschko and H. Nowotny in 

1967[2,3,7], by chemical vapour deposition (CVD) from a mixture of TiCl4, SiCl4, 

CCl4 and H2. However in that year Jeitschko and Nowotny were not able to 

describe the Ti3SiC2 mechanical properties since they did not have the necessary 

means to synthesize a pure and dense compound. In 1972 a German research 

group working on chemical vapour deposition with Ti3SiC2 found that this 

compound had an anomalous soft behavior. This generated the interest in this 

new material and consequently, more research followed.  

 

In the last years, the most widely studied manufacturing method has been the 

solid state reaction (with or without pressing) due to its comparatively easy 

industrial scale-up. The CVD method can also be easily scale-up, but it presents 

a very slow deposition rate making it unprofitable[17,18]. In a solid state 

displacement reactions two or more elements react to produce compounds 

more thermodynamically stable than the starting reactants by a diffusion phase 

transformation[10]. This method is able to produce in situ reinforced composite 

as well as good dispersed microstructures. 

 

An important advantage of solid displacement reaction in comparison with 

others methods is the higher efficiency and available technique that reduce 

greatly the fabrication cost. However, the reaction sequence should first be well 

understood in order to optimize the production to industrial level. 

 

As mentioned above it is possible to obtain Ti3SiC2 by solid state displacement 

reactions from different starting powders combinations among them 

Ti/Si/C[19], Ti/SiC/C[14,20,21], Ti/Si/C/TiC[22] , Ti/Si/SiC[19], 

Ti/C/TiC[21,23] and TiC/Si[3,8,10,15,24]. The final composition and secondary 

phases after sintering depends on which crystallization region the initial 
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composition is in the ternary diagram. Figure 2 presents the Ti-Si-C ternary 

diagram. 

 
 

Figure 2. Ternary diagram of Ti-Si-C at 1400ºC 23 

The most common problem during sintering of Ti3SiC2 from whatever starting 

powder combinations is Si evaporation (1410ºC). In order to compensate this 

loss of Si the best is to add an excess of Si[8,10,23,25]. Also, powder beds with 

different composition can be used in order to control the Si vapour pressure[26]. 

According to the ternary diagram, a higher vapour pressure of Si causes 

appearance of TiSi2 phase, while a lower vapour pressure is not enough to 

prevent appearance of TiCx. Another important reason of the existence of small 

amount of TiSi2 in the final compound is elevated temperatures. The free 

energy of formation of TiSi2 is lower than that of SiC at 1330ºC. So Si will not 

react with C to form SiC but react with Ti to form TiSi2 if there was Ti element 

on the touching spot of non-stoichiometric TiCx and Si in the reactant[8]. 

 

4.2 Synthesis by solid stated displacement 

4.2.1 Elemental powders Ti/Si/C 
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R Radhakrishnan[22,25] synthesized the compound with purity better than 98% 

. He started from elemental reactants with an initial Si excess by hot pressing of 

reactively sintered compact. The blended powders were compacted and heated 

for 2h at 500ºC in a flowing argon atmosphere to remove moisture and then 

sintered in similar atmosphere at 1350ºC for 5h. Only TiSi2 and Ti3SiC2 were 

found in the final composite. 

 

Ti3SiC2 was synthesized by pressureless method in vacuum by H. Li et al[3,22]. 

The proposed reaction mechanism was: Ti +C→TiC, Ti and C could react 

together due to the high chemical affinity, then an eutectic liquid between Ti-Si 

might appear around 1330ºC  Ti + Si→Ti-Si (eutectic liquid). Finally TiC 

particles could react with Ti-Si to obtain Ti3SiC2; 2TiC+Ti-Si →Ti3SiC2.   

4.2.2  Ti/SiC/C Powders 

 

Barsoum and El-Raghy reported the ternary compound achieved from Ti, Si 

and TiC starting powders with particle size less than 4μm[4,20,27]. The mixture 

was cold pressed, encapsulated under vacuum, placed in a HIP (Hot isostatic 

pressing) and heated to sintering temperature in Argon atmosphere. The HIP 

was heated at 10ºC/min[4] (slow rate in order to allow diffusional process) 

until the sintering temperature.  They reported that TiC was the first phase 

formed by reaction between Ti and C and then SiC reacted with Ti to form 

Ti5Si3Cx an intermediate phase. It was suggested that TiC and Ti5Si3Cx reacted 

together to form Ti3SiC2 when the temperature was above 1450ºC. However 

Ti5Si3Cx intermediate phase and TiCx were found at 1600ºC (in agree with XRD 

pattern). 

4.2.3 Ti/Si/TiC Powders 

 

Ti3SiC2 was obtained from Ti:Si:2TiC mixtures by J. T. Li and Y. Miyamoto[26]. 

The compact was sintered at temperatures between 1380ºC-1500ºC at a heating 

rate of 12ºC/min in Ar atmosphere. A powder bed of the 3Ti/SiC/C was used 
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to control the partial pressure of silicon[1]. When the compact was heated 

without powder bed, the secondary phase TiCx appeared in the final 

compound; it could be attributed to the insufficient Si amount by no control of 

its partial pressure. When the sintering temperature was 1415ºC and the 

holding time was 2h no diffraction peak of TiCx was found. The latest result 

was obtained when a powder bed with ratio 3Ti:SiC:C was used.  

 

Considering that the Ti-Si has two eutectic reactions for both of two 

compositions at 1332ºC the following mechanism was proposed: 2TiC+Ti-Si 

(liquid) → Ti3SiC2.  The liquid state of Ti-Si system will appear during the 

heating process up to 1415ºC (sintering temperature). This liquid would wet the 

TiC particles, react with them and precipitate Ti3SiC2. 

 

On the other hand, Z. Sun et al.[23] synthesized the ternary compound from 

Ti/Si/TiC starting powders. By adjusting the ratio of the starting powders and 

the temperature of heat treatment, a final compound with Ti3SiC2 content over 

99% was obtained from the ratio 2Ti:2Si:3TiC sintered at 1250ºC or higher for 

2h. The intermediate phase Ti5Si3 was found during reaction and growth of 

Ti3SiC2. The Ti3SiC2 growth from the intermediate phase was observed from 

SEM micrographics. The reaction Ti5Si3 + TiC + Si → Ti3SiC2 was suggested but 

that path was regrettably unexplained.   

 

Notice that the powder combinations containing pure Ti require to be processed 

in inert atmosphere. Ar atmosphere was reported in different papers as work 

atmosphere. That is due to the pure Ti powders chemical instability. Pure Ti 

powders are explosive with air when it is heated. For that reason its use could 

be restricted in the industry since it require an inert atmosphere to be 

processed, industrial scale-up could be difficult with an extra manufacturing 

cost by use of Ar gas in the process. 
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4.2.4 TiC/Si powders 

 

In 1995 R. Radhakrishnan et al.[22] studied the ternary compound formation 

from TiC and Si starting powders with a ratio of 3TiC:2Si. The sequence 

formation of Ti3SiC2 and the reaction suggested consider the Si diffusion into 

TiC to form TiSi2 and SiC; 3Si+TiC→TiSi2+SiC, once Si is saturated with the 

intermediate phase TiSi2, it reacts with TiC and TiSi2 to form Ti3SiC2. Later in 

1996 he synthesized Ti3SiC2 from the same starting powders and the same 

ratio[10]. The samples were heated at 1380ºC for 2h followed by 1500ºC for 2h 

for densification. This paper report the attainment of 85,8%vol of Ti3SiC2, 

14,2%vol of SiC and less than 5% of TiC for 3TiC:2Si ratio. In others words this 

means that the final composition is closer to the line that joins SiC and Ti3SiC2 

compounds due to the silicon lost. Figure 3. 

 

It was reported that SiC phase reinforces the Ti3SiC2 matrix and increase its 

mechanical properties[8,9] (hardness and fracture toughness). Therefore, if is 

not possible to obtain pure Ti3SiC2 the best option is to aim for the secondary 

phase to be SiC.    

  
Figure 3. Si-TiC line in ternary diagram 

 

S.S. Hwang  et al.[15] Reported that is possible to obtain Ti3SiC2 from TiCx/Si 

starting powders by solid state reaction below melting temperature of Si. The 
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powders were mixed in a ratio 3TiCx:2Si and the green body was formed into a 

cylindrical shape by cold-isostatic pressing followed of uni-axial pressing, then 

the samples were heat treated at temperature range of 900-1340ºC for 30 min 

and different times at 900ºC. The results obtained reveal that the formation of 

Ti3SiC2 as low as 900ºC is plausible. As the reaction temperature increases the 

Ti3SiC2 phase becomes a major phase in the sample. Contrary to R. 

Radhakrishnan results, Ti3SiC2 presence without forming any other 

intermediate phases was detected after 1 min of thermal treatment at 900ºC. 

 

In 2004 Shi-Bo Li et al.[8] produced Ti3SiC2/SiC composite by mixing TiC and Si 

in a 3:2 mole ratio. The powder was pressed by Hot-pressing and heated at 

1350ºC for 2h followed by 1500ºC for 1 h for densification. The final composite 

with presence of TiC and SiC as second phases did not fall on the Ti3SiC2-SiC 

line as R. Radhakrishnan reports for the same composition with only 30ºC over 

this work temperature[10]. Shi-Bo Li claims the TiC presence is due to 

decomposition of Ti3SiC2 in graphite environment at high temperature of 

1500ºC (densification). According with that, Barsoum and Radhakrishnan[25] 

reported that the ternary compound is very susceptible to carburization and 

oxidation and it is possible to find impurities in the final compound such as TiC 

that would be obtained by the carburization reaction shown: Ti3SiC2+C →3TiC 

+ Si (g).  

 

In 2005 Tong-Wei Lin et al.[9] Synthesized from starting powder mixture of TiC 

and Si with the initial ratio 3TiC:2,3Si. The Si excess was added in order to 

compensate the Si loss by evaporation. The mixture was milled, hot pressed and 

heated at 1380ºC for 30 minutes. A small amount of TiSi2 was found and TiC 

remained in the synthesized product due a loss of Si by evaporation. The latest 

could be solved adjusting the amount of Si in the initial ratio.  

 

They also mixed powders of TiC, Si and C with two different ratios 3Si:3TiC:1C 

and 4Si:3TiC:2C with a 15%wt excess of Si in each case. For this compositions 
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was found that with the increase of C and Si in the starting powders, the 

content of SiC increased and Ti3SiC2 decreased. 

 

The particle size distribution has a remarkable effect in the Ti3SiC2 production 

and densification[28]. An uneven particle size distribution seems to be 

favorable to the MAX-phase production. Very small particle size and uniform 

distribution don’t guarantee a better Ti3SiC2 phase evolution. 

 

The highest advantage of TiC/Si starting powders compared with the others 

starting compositions is that is not necessary to synthesize the ternary 

compound in an inert atmosphere. TiC powders in air at high temperature are 

stable enough. This makes TiC/Si starting powders the most attractive for the 

industry. 

 

5 Starting Powders 

 

5.1 Silicon 

 

On Earth, silicon is the second most abundant element making up 25% by mass 

of the hearth crust. Silicon occasionally occurs as the pure free element in 

nature, but is more widely distributed in dusts as various forms of silicon 

dioxide or silicates[29,30]. 

 

Silicon crystallizes in the diamond lattice, has a density of 2.42 at 20°C, melts at 

1420°C, and boils at 3280°C among other properties[18,31]. The Si element is 

usually tetravalent in its compounds, although sometimes divalent, and 

presents an electropositive chemical behavior. Silicon is fairly inert, but it is 

attacked by halogens and alkalis. Most acids, except hydrofluoric, do not affect 

it[31]. Elemental silicon transmits more than 95% of all wavelengths of infrared, 
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from 1.3 to 6. micro-m[31]. In Table 2 some physical properties of Silicon are 

showed. 

 

Table 2. Physical Properties of Silicon 

Atomic Mass Average  28.0855g/mol 

Melting Point 1410°C 

Boiling Point 2355°C 

Coefficient of lineal thermal 

expansion/K-1 

4.2E-6 

Electrical Conductivity  2.52X 10 M·Ω 

Thermal Conductivity 1.48 W/cmK 

Density 2.33g/cm3 at 

300K 

Hardness Scale (Mohs)  6.5 

 

5.1.1 Principal compounds 

 

Silicon is reported to form compounds with 64 of the 96 stable elements, and it 

possibly forms silicides with 18 other elements. These compounds are named 

according to the chemical group that reacts with silicon[29]. 

• Silicate:  Silicon combined with oxygen and one or more metals and 

sometimes hydrogen. 

• Silica: Crystalline compound of silicon with oxygen (dioxide SiO2) 

• Silicides: Compounds of silicon with a more electropositive element or 

radical. The metal silicides, are used in large quantities in metallurgy 

• Silicones: Any of a group of semi-inorganic polymers based on the 

structural unit R2SiO, where R is an organic group  

• Silanes: Silicon combined with hydrogen, the simplest being monosilane 

SiH4. 
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5.1.2 Uses 

 

Elementary silicon and its intermetallics are used as alloying constituents to 

strengthen metals such aluminum, magnesium, copper among others[32]. 

Metallurgical silicon of 98–99% purity is used as starting material to 

manufacture organosilicon compounds and silicone resins, elastomers, and oils. 

Silicon carbide (SiC) is one of the most important abrasives and has been used 

in lasers to produce coherent light of 4560 A[33]. 

 

Various compounds with Si are vital to the construction industry as a principal 

constituent of natural stone, glass, and cement. In sand and clay form is used to 

make concrete and brick[34]. Also, it is a refractory material for high-

temperature work, and it is used to make enamels and ceramic objects in 

silicates form. The silica, as sand, is the principal ingredient of glass, with 

excellent mechanical, optical, thermal, and electrical properties[34].  

 

The very pure elemental silicon is the principal component of most 

semiconductor devices, power transistors, integrated circuits or microchips due 

its exceptional electronic properties. Silicon can be doped with boron, gallium, 

phosphorus, or arsenic to produce silicon for use in transistors, solar cells, 

rectifiers, and other solid-state devices[35].  

 

Silicon is important also to plant and animal life[18,32]. Silica is present in the 

ashes of plants and in the human skeleton.  

5.2 Titanium Carbide 

 

Titanium Carbide is an extremely hard and light refractory ceramic with high 

thermal shock and excellent tribological wear properties. For the last years, the 

use of hard carbide coatings to improve the chemical and mechanical resistance 

of mechanical parts as well as cutting tools has shown an extensive 
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development.  Titanium carbide coatings have been commercially used in 

cutting tools due its high hardness and its resistance to wear and corrosion at 

high temperature[36,37]. Owing to these properties, titanium carbide is used for 

others applications such as protection for inner walls of fusion reactors. In the 

structural configuration; Titanium Carbide presents a deficiency of carbon, 

accompanied by a high concentration of structural vacancies on the carbon 

sublattice[38].   

 

Carbide coatings are usually produced by chemical (CVD) or physical (PVD) 

vapor deposition methods. One of the main disadvantages of CVD methods is 

that some products of the chemical reaction may induce environmental 

pollution. By adding of TiC to some material alloys it is possible to increase its 

resistance to wear, corrosion and oxidation. It is also used as an additive to 

plastic and rubber parts to reduce wear[36,37]. In Table 3 some remarks 

properties of Titanium Carbide are showed.  

 
Table 3.  Properties of Titanium Silicon Carbide 

Thermal conductivity  (20ºC) 0,41 cal/(s.cm.ºC) 

Density 4.93 g/cm3 

Thermal expansion 

coefficients (25-1000ºC) along  

a-axe 

c-axe   

 

 

8.6(±0.1)×10−6°C−1 

9.7(±0.1)×10−6°C−1 

Molecular weight 59.89 g/mol 

Bend Strength 60,000 Psi (20ºC)  and 35,000 Psi 

(1100ºC) 

Hardness 2470 Knoop, +9 Mohs 

Melting Point 3160ºC 

 

6 Characterization 
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6.1 Thermal analysis 

 

The term thermal analysis was defined by the International Confederation of 

Thermal Analysis (ICTA) as “any analytical experimental technique that record 

physical and chemical changes that experiment a substance as a function of the 

temperature”. The most common thermal analysis techniques are 

Thermogravimetry (TG) or thermogravimetric analysis (TGA), differential 

thermal analysis (DTA), differential scanning calorimetry (DSC) and more 

modern techniques such as thermomechanical analysis (TMA), dynamic 

mechanical analysis  (DMA) and dilatometry[16,39]. 

 

6.1.1 Dilatometry 

 

The dilatometry technique consists of measuring the changes in volume or 

length of a sample as a function of temperature while the sample is subjected to 

a controlled temperature program. Dilatometry is a very sensitive experimental 

tool to analyze the kinetics of solid state phase transformations according to its 

dilatation[39]. The amount of expansion or shrinkage depends on the 

characteristics of the material. The curve generated is a function of dimension 

against time and temperature itself.  

Dilatometry allows measurement of the following properties: 

• Thermal expansion and coefficient of thermal expansion 

• Sintering temperature and shrinkage steps 

• Volumetric expansion 

• Density change 

• Glass transition temperature, Tg 

• Dilatometric softening point, Td 

• Phase transitions 
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A dilatometer is a furnace with an expansion measuring device and a 

temperature distribution control. Depending on how the expansion is 

measured, there are three types of dilatometer[40]: 

 

• Capacity dilatometers: This dilatometer has a parallel plate capacitor 

with a mobile plate (sensor). It is possible to get precision for 

measurement in the range of picometer.  

 

• Optical dilatometer: This instrument measures dimension variations of a 

specimen heated at temperatures that generally range from 25 to 1400 °C. 

The optical dilatometer allows the monitoring of materials’ expansions 

and contractions by using a non-contact method: optical group 

connected to a digital camera captures the images of the 

expanding/contracting specimen as function of the temperature. As the 

system allows heating up the material and measures its 

longitudinal/vertical movements without any contact between 

instrument and specimen, it is possible to analyze the most ductile 

materials (polymers), as well as the most fragile (ceramic powders for 

sinterization). 

 

• Connecting rod dilatometer: In this dilatometer the sample which is 

going to be examined is in the furnace. The sample is positioned between 

the tips of a fixed quartz rod and a similar frictionless sensing rod in the 

centre of a high–frequency induction furnace. The length changes are 

transmitted to an electronic transducer through a connecting frictionless 

rod. Since the measuring system (connecting rod) is exposed to the same 

temperature as the sample; the measurement obtained will be a relative 

value that must be converted according with a previous calibration. This 

dilatometer can only be used for studies of length changes in solid 

materials. The dilatomer used in this study belongs to this dilatometer 

type and is showed in Figure 4.  
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Figure 4. Netzsch DIL 402C Dilatometer 

The dilatometer can operate in vacuum, but it is more usual to use an inert 

atmosphere; resulting in a smaller degree of decarburization in the case of steel, 

for example.  Argon, Nitrogen and Helium are commonly used as furnace gas. 

In the Helium case, it is used in high cooling rate experiments due to its high 

thermal conductivity that is about six times higher than that of nitrogen[40].  

 

6.2 XRD 

 

X-ray diffraction (XRD) is a non-destructive technique that reveals detailed 

information about crystallographic structure and chemical composition of any 

material[41]. With this technique it is possible to measure the average spacing 

between layers or rows of atoms, to determine the orientation of a single crystal 

or grain, to find the crystal structure of an unknown material and to measure 

the size and shape of small crystalline regions[41,42].  

 

A diffractometer can be used to obtain a diffraction pattern of any crystalline 

solid. With diffraction’s pattern it is possible to identify an unknown mineral, 
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or characterize the atomic-scale structure of an already identified mineral[43]. 

The diffractometer used in this study is showed in Figure 5. 

 

6.2.1 How does the XRD work? 

 

An electron in an alternating electromagnetic field oscillates with the same 

frequency as the field. When an X-ray beam hits an atom, its electrons start to 

oscillate with the same frequency as the incoming beam. In almost all directions 

a destructive interference will be obtained, due to the out of phase of the 

combining waves; resulting in a null energy leaving the solid sample. However, 

the atoms in a crystal are arranged in a regular pattern, and in a very few 

directions a constructive interference will be obtained. The waves will be in 

phase and the defined X-ray beams will leave the sample at various directions 

(a diffracted beam may be described as a beam composed of a large number of 

scattered rays that reinforces one another)[41-43,43]. 

 

Diffraction occurs when the waves that interact with a regular structure whose 

repeat distance have about the same wavelength as the distance between atoms. 

The X-rays have wavelengths on the order of a few angstroms, the same as 

typical interatomic distances in crystalline solids.  
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Figure 5. PHILIPS X’pert X Rays Difractometer 

 

6.2.2 Sample preparation 

 

The single crystal diffractometer is mainly used to clarify the molecular 

structure of novel compounds, either natural products or molecules man 

manufactured. Powder diffraction is mainly used for “finger print 

identification” of various solid materials.  

 

In this study powder diffraction was used. For these powders (polycrystalline 

diffraction) it is convenient to have a sample with a smooth plane surface. If 

possible, the particles size should be in the range between 0.002mm to 0.005mm 

cross section. The ideal sample is homogeneous and the crystallites are 

randomly distributed. The sample is pressed into a sample holder having a final 

smooth flat surface[43]. 

6.3 SEM (Scanning Electron Microscope) 

 

The SEM is an “electron microscope” that uses electrons somewhat than light to 

form an image focusing a high energy beam of electrons on the surface of the 

sample[44,45].  The incident electron beam is raster-scanned across the surface 

of the sample; the resulting electrons emitted from the sample are collected to 

form an image of the surface. With SEM technique is possible to obtain high-

resolution images of a sample surface (magnifications of 10x to 100,000x). Due 

to the manner in which this image is created, SEM images have great depth of 

field yielding a characteristic three-dimensional appearance useful for 

understanding the surface structure of a sample[45].  

 

The type of signals gathered in a SEM varies and can include secondary 

electrons, characteristic x-rays, and back scattered electrons. Depending on the 

type of signal different information can be obtained. Imaging is typically 
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obtained using secondary electrons for the best resolution of fine surface 

topographical features. Alternatively, imaging with backscattered electrons 

gives contrast based on atomic number to resolve microscopic composition 

variations, as well as, topographical information. It is also possible to obtain 

qualitative and quantitative chemical analysis information using an energy 

dispersive x-ray spectrometer with the SEM[44,45]. The SEM used in this study 

is showed in Figure 6.  

 

 
Figure 6.  JEOL JSM-6460LV Scanning Electron Microscope 

 

6.3.1 Signals generated by SEM 

 

• Secondary electron 

 

Secondary electrons provide high-resolution imaging. An emission of low-

energy electrons from the sample's surface is the result of an inelastic electron 

collision caused by the interaction between the sample's electrons and the 

incident beam. The number of electrons that reach the detector is influenced by 

the orientation of surface features. This creates a variation in the contrast of the 
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image that represents the sample's surface topography. The secondary electron 

image resolution for an ideal sample is about 3.5 nm[46].  

 

• Backscattered electron imaging 

  

Backscattered electrons provide information about the elemental composition 

variation, as well as surface topography. Backscattered electrons are produced 

by the elastic collisions between the sample and the incident electron beam. 

These electrons with high energy can escape from much deeper in the material 

than secondary electrons, so surface topography is not as accurately resolved. 

The efficiency of production of backscattered electrons is proportional to the 

sample material's atomic number, which results in image contrast as a function 

of composition. A higher atomic number material appears brighter than low 

atomic number material. The optimum image resolution for backscattered 

electron imaging is about 5.5 nm[46].  

 

6.3.2 Sample preparation 

Metal specimens require no special preparation for SEM, except for the 

appropriate size to fit in a specimen chamber[46]. 

Nonconductive solid specimens should be coated with a layer of conductive 

material such gold, gold-palladium, platinum, tungsten, graphite etc. An ultra- 

thin coating of electrically-conducting material should be deposited either by 

high vacuum evaporation or by low vacuum sputter coating of the sample in 

order to improve the contrast and avoid the accumulation of static electric fields 

at the specimen caused by the electron irradiation during imaging. Gold coating 

is often a semi-destructive process since removing a gold coating chemically 

requires aggressive chemicals like potassium cyanide or aqua regia[47]. 
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A sample embedding in a resin with further polishing to a mirror-like finish is 

beneficial for both biological and inorganic materials specimens, especially 

when imaging in backscattered electrons or X-ray microanalysis are performed. 

A biological specimen requires fixation to preserve its structure. With the 

normal SEM the sample should be dehydrated, usually by replacing water with 

organic solvents such as ethanol or acetone with a subsequent removing of 

solvents[46]. 

6.3.3 Resolution of the SEM 

The spatial resolution of the SEM depends of three main aspects: 

• The size of the electron spot.  

• The magnetic electron-optical system which produces the scanning 

beam.  

• The size of the interaction volume (the extent that interacts with the 

electron beam). 

The spot size and the interaction volume should be large compared to the 

distances between atoms. In general the SEM resolution can fall somewhere 

between 1 nm and 20 nm[46,47].  

6.3.4 SEM advantages 

Among the advantages of the SEM are[44,45]:  

• The ability to image a large specimen’s area.  

• The ability to image bulk materials (not just thin films) 

• The variety of analytical modes available for measuring the 

composition and nature of the specimen.  
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7 Dilatometric study in order to determine phases transformations 

The dilatometric analysis plays an important role in the detection of the 

conditions in which some structural transformations occurs in one material[39]. 

The temperature at which the curve dilatation-temperature changes its linearity 

showing an abrupt change indicates a possible phase transformation. This is 

due to the change of specific volume associated with a structural 

transformation. When a phase transformation takes place the lattice structure 

change and generates the change in specific volume[48]. The combination of 

thermal analysis with SEM and XRD techniques is used to identify in which 

moment the phase transformation takes place and to which phase or reaction is 

due that change[49].   

Panigrahi B. B. and Godkihindi M.M. reported in their paper “Dilatometric 

sintering study To_50Ni elemental powders” a methodology where both of the 

dilatometry and XRD techniques are combining in order to elucidate the 

mechanism of TiNi production[50]. In this paper the sintering of the compacts 

was carried out in a dilatometer under inert atmosphere. The sintering 

temperatures were defined according with the dilatometric curve and its 

“important” points; were an abrupt change in the dimensions takes place. After 

sintering a XRD characterization was made for each condition in order to 

identify the present phases. 

Other authors such as García de Andrés C. and Seifert H. have used thermal 

analysis techniques in order to study the phase reactions, crystallization 

behavior and thermal degradation of steels and Si-C-N ceramics 

respectively[48,49]. García de Andrés C. has provided an analytical model that 

link the relative length change to the volume fraction of transformation for 

steel. Making the dilatometric study an useful technique to validate the phase 

transformation models. In the other hand; Seifert H[49]. identified the favorable 

sintering and processing conditions to obtain Si3N4 and SiC; additionally, it was 
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possible to understand the material reaction during service according with the 

service temperature.  

Yamaguchi M. and et al had showed in their paper “Discovery of new phase 

and analysis of phase relationships in BaBiO3 with thermal analyses” the 

importance of the dilatometric technique in order to detect phase transitions 

[51]. A crystal structure analysis was carried out in a high temperature XRD at 

30ºC, 200ºC, 600ºC and 700ºC. The phases present at determined temperature 

was in accordance with the volume changes detected by dilatometry at such 

temperatures.  

8 Summary of literature review 

  

The literature review showed that it is possible to obtain Ti3SiC2 from different 

methods and different initial compositions. Since Ti3SiC2 production from 

TiC/Si starting powders is the cheapest one due the reactants are cheaper and 

an inert atmosphere for processing is unnecessary, the industry has put its 

attention in this production way in order to industry scale-up. In accordance 

with their necessities in order to manufacture this ternary compound, 

optimization of the amount of Ti3SiC2 in the final composite from TiC/Si 

starting powders is required. This can be done by optimizing the process 

parameters and adjusting Si quantity in order to avoid residual TiC and reduce 

final secondary phase’s amount. 

A thermal analysis can be carried out in order to better understand the reaction 

mechanism and phase’s transformation. By a combination of dilatometry, XRD 

and SEM analysis it will be possible to get an idea of which reactions take place 

at determined sintering temperature. In this way the secondary phase 

formation can be avoided and the amount of Ti3SiC2 will be enhanced by 

adjusting the sintering conditions to which the reaction to produce Ti3SiC2 is 

favorable.  

 



Mariana Castrillon 
Dilatometric study of Ti3SiC2 synthesis from TiC/Si starting powder 

Luleả Tekniska Universitet  
AMASE student 26 

8.1 The main findings from the literature review  

 

It is important to notice that there is a displacement, following a vertical line 

that can be drawn between Si and TiC in the Ti-Si-C ternary diagram, due to the 

loss of Si (see Figure 7). The initial composition, before sintering, is located in a 

defined point, but after sintering the final composition is lower than the initial 

position. 

 

 
 

Figure 7. Displacement along TiC-Si line before and after sintering 

 

We can measure that displacement and make an extrapolation from our 

preferred final point in the ternary diagram[52] (i.e a Ti3SiC2-SiC composite) 

and find the expected initial composition required for this final composition. (In 

accordance with Refs 8 and 9 the best combination in order to improve 

mechanical properties is on the line that joint Ti3SiC2 and SiC in the ternary 

diagram: Point A). 

 

8.2 Important to keep in mind 

• The C content has been reported to decrease Ti3SiC2 amount (due to 

decomposition).  
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• TiSi2 has reportedly been obtained as a secondary phase in the final 

compound if the sintering temperature is above 1330ºC. 

• Short sintering time does not seem to allow the formation of Ti3SiC2 

whereas long time decomposes it. 

• The probability to obtain large amounts of TiC is said to increase with 

faster heating rate (25ºC/min) than slower (10ºC/min). 

 

9 Experimental description 

 

In this chapter are described the experimental parameters and methodology 

used to investigate the mechanism of chemical reactions that take place during 

the formation of Ti3SiC2 by solid state reactions. The starting powders used 

were TiC (with purity>99%) and Si (with purity>98%) with particle sizes < 

45μm. The effect of Si content was evaluated adding excess Si at different ratios, 

from the stoichiometrical ratio 3:1 to 3:2,8 which corresponds to  40 molar % 

excess Si. The experimental was divided in three main parts: Milling and 

mixing, pellets pressing and sintering. 

9.1 Milling and mixing 

 

The tumbling ball mill with zirconia balls (ZrO2) showed in Figure 8 was used 

for the mixing. The powders were mixed at different ratios (Table 4), with 

different percentages of Si excess during 24 hours. Isopropanol was used as 

solvent and KD2 in a proportion of 2%w/p as dispersant. The calculations for 

the initial powder blending are showed in ref[52].  

 

Table 4. Initial Powders composition 

Powder Initial 

Ratio  

Molar Percent 

of Si excess (%) 

Condition for calculus of Molar 

Percent 

B 3TiC:1Si 0  Stoichiometric according to the ratio 

Ti:Si in the chemical formula of Ti3SiC2 
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C 3TiC:2Si 0  Stoichiometric according to the ideal 

reaction to produce Ti3SiC2 and SiC 

D 3TiC:2,2Si 10 Referred to the ideal reaction 

E 3TiC :2,4Si 20 Referred to the ideal reaction 

F 3TiC :2,6Si 30 Referred to the ideal reaction 

G 3TiC :2,8Si 40 Referred to the ideal reaction 

 

  
 

Figure 8. Ball mill    

9.2 Pressing 

 

When the final 6 powders were obtained,  pellets of each powder with 10mm of 

diameter were formed in a cylindrical die by uniaxial pressing at 10Mpa and 

cold isostatic pressing (CIP) at pressures between 180-200 MPa. See Figure 9. 

 

  
A B 

 

Figure 9. Press. A Isostatic press. B Uniaxial press  
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9.3 Heat treatment 

 

In order to study the environment effect in the MAX-phase production; two 

types of dilatometers were used run one pellet of each initial composition from 

30ºC to 1500ºC. The global behavior and curve shape for both environments 

were quite similar. 

 

In order to study the chemical reactions that take place to produce Ti3SiC2 the 

pellets were sintered only in the Carbon free dilatometer Netzsch DIL 402C 

(heating elements of SiC and tube furnace and sample holder of Al2O3) at 

different temperatures determined by the thermal response of each initial 

composition (change of the linearity of the dilatometric curves). 

 

Around 5 “Critical points” were identified for each ratio where the curve 

temperature against length change shows an abrupt change in the linearity 

volume as showed in Figure 10. One pellet was heat treated in the Graphite-free 

dilatometer to the temperature corresponding to each of these critical points in 

order to identify the phases formed.  

 

 
Figure 10. Typical Dilatometric Curve 

 

 

The critical temperatures set for each initial ratio are showed in Table 5.   
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Table 5. Sintering Temperatures 

Initial 

Ratio 

Temperature 

3TiC:1Si 1135 1240 1350 1375 1390 1500 

3TiC:2Si 1170 1290 1410 1450 1500  

3TiC:2,2Si 1170 1290 1390 1430 1500  

3TiC:2,4Si 1170 1290 1390 1430 1450 1500 

3TiC:2,6Si 1135 1290 1350 1390 1420 1500 

3TiC:2,8Si 1170 1290 1350 1420 1450 1500 

 

The heating and the cooling down were carried out with a rate of 10ºC/min and 

20ºC/min respectively. This heat treatment was made without holding times as 

showed in Figure 11. The sintering was performed in a flowing Ar gas 

atmosphere in order to avoid oxidation.   

 
Figure 11.  Heating program 

 

 

When the pellets were sintered, they were crushed and then analyzed by X-Ray 

Diffraction in order to identify the phase’s presents at each temperature 

condition.  
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9.4 Sample preparation 

 

The samples obtained from each composition were mounted in epoxy resin, 

grinded with sheets of 240, 600, 800 and 1200 and polished with cloths of 6 μm, 

3μm and 1μm in order to see the microstructure with the SEM and Optical 

microscope. See Figure 12. 

 

 
 

Figure 12. Samples mounting and polishing 

 

10 Results and Discussion  

 

10.1 Powder Characterization 

 

The powder characterizations are reported in a previous report in Ref. [52]. The 

particle size observed in all the powders was less than 45μm with an irregular 

particle shape. 
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10.2 Compound characterization 

10.2.1 Thermal analysis  

 

According to Ti/Si/C ternary diagram (see Figure 13) there are two triangles 

where Ti3SiC2 can be in equilibrium with TiSi2, TiC and SiC for the 

compositions studied. Triangle A: TiSi2-SiC-Ti3SiC2 and triangle B: TiC-SiC-

Ti3SiC2. It is also possible to obtain unreacted TiC and Si. The presence of those 

phases in the final compound indicates that there are different chemical 

reactions taking place in a certain moment depending on the sintering 

conditions.  

 
Figure 13. Ternary diagram 

 

A typical dilatometric curve with its respective temperature program is showed 

in Figure 14. As mentioned before, the dilatometric curve presents some abrupt 

volume changes. It is possible to make a distinction of 5 main zones in the 

curve. These zones could indicate that a new phase is forming and a different 

chemical reaction is taking place. In Figure 15  the dilatometry´s curves 

obtained for all the initial ratios are showed. The dimensional change for all the 

samples starts around 1100ºC until the maximum temperature reached; 1500ºC  

 

 

B

A
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Figure 14.  Temperature program and Dilatometric curve of powder D sample 

 

During the sintering at temperatures higher than 1414ºC (Si melting point), a 

flat zone in the dilatometric curves appears for the non-graphite dilatometer. 

These shape in the curve is could be due to a silicon evaporation and a posterior 

condensation on the sensor that makes stick the sensor with the slides that 

separates the sample from this one. 

From the Figure 15 is detectable a height difference in the last part of the curve 

that may due to the pellets porosity. Such phenomenon was not studied in this 

report and the investigation was focused on the phase’s transformation.      

 
Figure 15. Dilatometry’s curves for all the initial ratios 
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X-rays diffractograms were made for samples sintered at every critical 

temperature and each initial ratio in order to know the phases present in the 

final samples. It was found that the percent of each phase depends of the initial 

ratio and the heat treatment.  

 

In most of the XRD patterns of the samples sintered at lower temperatures the 

peaks appears divided in two peaks with really close 2ө values. According to C. 

Suryanarayana and M. Grant Norton[42] when each reflection consists of a pair 

of peaks is due to the diffraction of the Kα1 and Kα2 wavelengths. Even if it has 

the same value for both of them, it results in one ө value for Kα1 and another for 

Kα2. This phenomenon could be appreciated in Figure 16. This means that the 

double peak do not indicate the presence of two different phases, it is just one.  

30 40 50 60 70 80

0

1000

2000

3000

4000

5000

35,865

40,905

41,655

47,235

56,085

56,235

60,405

60,555

69,105
69,285

72,315

72,525 76,09576,335

76,575
39,015

47,335In
te

ns
ity

20

XRD Pattern of MCG1170 sample

 
Figure 16.  Split Peaks 

 

In Figure 17 the XRD patterns are showed for samples D (3TiC:2,2Si Initial 

ratio) at critical temperatures. It is possible to appreciate the phase’s evolution 

with the temperature. The XRD patterns for the others initial compositions are 

showed in Appendix I. 
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Figure 17.  X rays difractograms of samples D sintered at critical temperatures 

 

At the lowest temperatures the dominant phase is TiC; followed by Si and TiSi2. 

Ti5Si3 is present at 1170ºC and at higher temperatures it disappears. This 

indicates that the first chemical reactions that allow the TiSi2 and Ti5Si3 

formation. Towards higher temperatures (1390ºC) the presence of Ti3SiC2 and 

SiC is appreciable, showing a decrease of TiC amount and absence of Si; in 

these zones reactions that permit the formation of Ti3SiC2 and SiC may take 

place, by reaction of TiC, Si, Ti5Si3 and TiSi2.  At the highest temperature the 

phase predominant is Ti3SiC2, followed by SiC, TiC and TiSi2.  A diagram that 

illustrates the presence of phases in the 5 zones of the dilatometric curve is 

showed in Figure 18.    
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Figure 18. Presence of phases at different temperatures  

 

In order to determinate the phase fractions the three principal peaks for each 

phase were fitted to a gauss distribution. When the gauss parameters were 

found (Xc, Yo, W, A) the Gauss intensity were calculated with the equation 

number 1. 

                   (1) 

       

Where yo is reference intensity, A is amplitude, xc is the location point, and w is 

a measure of the peak width[53] 

 

The integrated intensity was obtained by the direct comparison method[43,54] 

and the volume fraction of the individual phases were calculated with the 

following equation.   
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Where n is the number of peaks measured, I is the integrated intensity, R is the 

calculated theoretical intensity and V is the volume fraction.  

 

According to the values obtained by the method mentioned above, the 

evolution of the phases was plotted. As we can see from Figure 19 the amount 

of TiC decrease with the increase of temperature while the amount of Ti3SiC2 

increases. Similarly the amount of TiSi2 and SiC increase with temperature up 

to a certain temperature; but at higher temperatures the amount of TiSi2 

decreases while the amount of SiC increases. Between temperatures of 1400ºC- 

1500ºC the “slopes” of Ti3SiC2 and TiC are lower.  This tendency is also 

appreciable from graphics of others initial powders showed in Appendix II.  

     

 
Figure 19. Phases evolution with the Temperature of powder D 

 

The Ti3SiC2 behavior with the temperature is similar to all powder 

compositions. In Figure 20 the Ti3SiC2 phase evolution with temperature for 
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each initial composition is plotted. In all cases the slopes of Ti3SiC2 curve 

decrease at high temperatures. For some of them the slope of Ti3SiC2 increase 

again at higher temperatures (it is the case of  powders  D ,F, G). This may mean 

that there is a decreasing in the production rate of Ti3SiC2 and a decrease of the 

consumption rate of TiC. 
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Figure 20. Evolution of Ti3SiC2 phase with the Temperature 

 

The following chemical reactions may take place in the production of the 

ternary compound Ti3SiC2.  

 

• As we saw before, in the first zone Ti5Si3 and TiSi2 were produced. From 

TiC and Si there are two possible reactions to form such compounds.  

 

To produce Ti5Si3 

 5TiC + 3Si → Ti5Si3 + 5C     (1a) 

 5TiC + 8Si → Ti5Si3 + 5SiC     with a ΔG<0 (1600K) (2a) 

 

In this case the most probably reaction to produce Ti5Si3 is 2a due to the change 

in Gibbs free energy being lower than zero; indicating this reaction to be 

thermodynamically stable[8].  

 



Mariana Castrillon 
Dilatometric study of Ti3SiC2 synthesis from TiC/Si starting powder 

Luleả Tekniska Universitet  
AMASE student 39 

To produce TiSi2 

 3Si + TiC → TiSi2 +SiC with a ΔG<0 (1600K) (1b) 

 TiC + 2Si → TiSi2 + C     (2b) 

 

In this case the most thermodynamically stable is 1b with with a ΔGº=-

19.64kJ/mol at calculated at 1600K[8]. 

 

• In the second part of the curve all the Ti5Si3 produced is consumed. 

Ti3SiC2 is produced and the amount of TiSi2 changes but it does not 

disappear. For this sequence the following reactions are proposed: 

 

To consume Ti5Si3 and to produce Ti3SiC2 

Ti5Si3 + TiC + Si → Ti3SiC2    (c) 

This is the only option reacting with TiC and Si[3]; that according to Figure 19 

decreases whit this increment of temperature. 

 

To produce Ti3SiC2  and SiC 

 

2Si + 3TiC → Ti3SiC2 + SiC  with a ΔG<0 (d) 

With this reaction here will be a decrease of Gibb`s free energy in the system 

and the TiC and Si will be consumed[3,22].  

 

To consume TiSi2 

TiSi2 + Si + 5TiC → 2Ti3SiC2 +SiC   (e) 

 

Not all TiSi2 is consumed; there is just a fluctuation of its amount. This reaction 

proposes a possible reduction in TiSi2 amount due to the production of Ti3SiC2 

and SiC[3]. 

 

• Third part of the curve. In this part it may be possible to free some C in 

order to get a “Carbon environment” required for possible 
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decarburizations that may take place in the fourth zone. The reactions 

proposed in the second part of the curve may take place in parallel in 

this zone.   

 

To free C from the compound that we have in this system there are two 

possibilities. 

 

 3TiC + SiC → Ti3SiC2 + 2C    (1f) 

 TiC + 2Si → TiSi2 + C    with a ΔG>0 (1600K)    (2f) 

 

In this case the most probably reaction due to the availability of reactants may 

be 1f. In 2f free Si is required and at this part of the curve there is no more free 

Si as well ΔG is higher than zero; making the system less stable[8]. Furthermore, 

the production Ti3SiC2 continues and this is possible with 1f reaction.  

 

• Fourth part. In this part a decrement in the production of Ti3SiC2 takes 

place, as well as an increment of TiC phase production. This may be due 

to a Ti3SiC2 decomposition because of the C gained in the third 

part[25,52]. The reactions in part II that produce Ti3SiC2 and SiC may 

take place at the same time. 

 

Decomposition of  Ti3SiC2.  

Ti3SiC2 + C → 3TiC + Si (g)     with a ΔG<0, at T around 1500ºC      (g) 

 

The e reaction may take place at this point due to the freeing of Si in reaction 

g[8]. The decrement of TiSi2 amount and increment of SiC amount was detected 

(see Figure 21). This variation in the SiC and TiSi2 amount showed in the results 

may due also to calculation and gauss fitting difficulties. The latest due to the 

principal peaks of Ti3SiC2, SiC and TiC overlapped at 37º and 60º 

approximately, making harder to identify the present phases.  
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TiSi2 + Si + 5TiC → 2Ti3SiC2 + SiC   (e) 

 

• Fifth part. The formation of Ti3SiC2 increases. At this point the formed C 

has exhausted and the reactions that allow the Ti3SiC2 continue. This 

situation is more suitable for the powders with higher initial amount of 

Si (F and G powders). At this point is possible that the e reaction takes 

place due to the freeing of Si in reaction g. 

 

 2Si + 3TiC → Ti3SiC2 + SiC     (d) 

TiSi2 + Si + 5TiC → 2Ti3SiC2 + SiC   (e) 
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Figure 21.  Variation of TiSi2 and SiC amount 

 

As it is possible to see from Figure 22 there is an optimal initial ratio where the 

highest amount of Ti3SiC2 is obtained. After this ration (higher Si excess than 

2,2) the amount of Ti3SiC2 obtained decreases.  In the same way, the mount of 

the others phases presents in the final compound shows a dependence of the 

initial ratio.  At this point possible to say that the final amount of each phase 

may be controlled with a variation of the excess Si in the initial ratio. Such 

amount of each phase will affect the mechanical properties of that final 

compound.  
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Compound amount after sintering at 1500ºC
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Figure 22. Phases fraction variation with the initial ratio 

 

The maximum amount of Ti3SiC2 obtained was around 70vol% with the D 

powder (initial ratio of 3TiC:2,2Si) sintered at 1500ºC in a non-graphite 

dilatometer. The XRD pattern attained for that compound is showed in Figure 

23. 
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Figure 23. XRD pattern of sample with initial ratio of 3TiC:2,2Si sintered at 1500ºC 
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In order to study the effect of the sintering environment, experiments in a 

graphite dilatometer were carried out for all the initial composition at 1500ºC. 

The shape of the curves obtained for these samples is the same than the 

obtained in the non-graphite dilatometer. However; there is like a displacement 

with the temperature in the curve (horizontal axis in Figure 24). For example; if 

we draw a vertical line at 1350ºC; this line will intercept the Non-graphite 

dilatometer curve in zone II; where there is not presence of MAX-phase (see 

Figure 19). Though; the same line at 1350ºC will intercept the Graphite 

dilatometer curve in zone III; where the chemical reactions that produce MAX-

phase would take place. According with this; it is possible that the production 

of Ti3SiC2 in a graphite environment may carry out at lower temperatures than 

in a carbon-free environment.  
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Figure 24. Effect of the sintering environment in the phases transformation 
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10.2.2 Microstructure 

SEM and optical microscope were used in order to analyze the 

microstructure evolution. In all the samples is possible notice the presence of 

grains with different sizes, shapes and colors sets in a matrix. See Figure 25. 

 

 

A 

 

B 

 

Figure 25.  Microstructure of a sinterized sample. A) SEM photo at 30X. B) Optical 

microscope 2,5X 

An EDS mapping was made for a sintered sample. 4 different 

microstructures were detected and according with the compositional map 

they could be TiC, SiC and Ti3SiC2.  

Figure 26 shows SEM pictures at 2500X. It could be appreciated that there 

are 2 different microstructures for the same compound; Ti3SiC2 phase. That 

may be due to the origin of their formations (temperature conditions, and 

chemicals reactions that produces them) 
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Figure 26.  Mapping of sample E (3TiC:2,4Si) sintered at 1350ºC. 
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11 Conclusions 

 

 A sequence of chemical reactions was proposed according to the phase 

evolution with the temperature 

 

 There is an optimal initial ratio after which Ti3SiC2 amount decreases 

when the Si excess amount increases. 

 

 There is a displacement of the dilatometric curve in the temperature axis, 

which may mean that the phase transformation takes place at lower 

temperatures for sintering under a graphite environment.  

 

 The highest amount of Ti3SiC2 was obtained with a heat treatment at 

1500ºC with 3TiC:2,2Si as initial ratio. 

 

 The Si evaporation during sintering has been observed since the initial 

composition with Si excess generates a higher Ti3SiC2 amount than the 

stoichiometric ratio 

 

 There is no negative effect in Ti3SiC2 production in the graphite furnace. 

The detrimental effect of carbon furnace atmospheres reported in the 

literature[2] has not been confirmed in this study. 

 

 The amount of each phase in the final compound may be controlled with 

a variation of the excess Si in the initial ratio. 

12 Future work 

 

 To study the chemical reactions that take place in a graphite 

environment in the same way that was made in the graphite-free 

dilatometer. 
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 To study the Si evaporation by mass spectroscopy. 

 

 To study deeper the microstructural evolution with the temperature by 

SEM and LOM. 

 

 To re-run the E sample until 1500ºC in the Al2O3 Furnace dilatometer due 

to oxidation present in the previous work. 
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Appendix I . X rays difractograms of each powder sintered at critical 

temperatures 

30 40 50 60 70 80

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Powder B pellets. Initial ratio of 3TiC:1Si    Ti5Si3
 TiC

   TiSi
2

Si
  SiC

       Ti
3
SiC

2

1500ºC

1390ºC

1375ºC

1240ºC

1135ºC

20
 

30 40 50 60 70 80

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000
Powder C pellets. Initial ratio of 3TiC:2Si

   Ti5Si3
 TiC

   TiSi2
Si

  SiC
       Ti

3
SiC

2

1500ºC

1450ºC

1410ºC

1290ºC

1170ºC

20  



Mariana Castrillon 
Dilatometric study of Ti3SiC2 synthesis from TiC/Si starting powder 

Luleả Tekniska Universitet  
AMASE student 49 

 

30 40 50 60 70 80

-2000

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000

   Ti5Si3
 TiC

   TiSi2
Si

  SiC
       Ti3SiC2

20

1430ºC

1450ºC

1480ºC

1390ºC

1170ºC

1290ºC

Powder E pellets. Initial ratio of 3TiC:2,4Si

 

30 40 50 60 70 80

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000

26000

28000

Powder F pellets. Initial ratio of 3TiC:2,6Si

20

   Ti
5
Si

3
 TiC

   TiSi
2

Si
  SiC

       Ti
3
SiC

2

1500ºC

1420ºC

1390ºC

1350ºC

1290ºC

1135ºC

 



Mariana Castrillon 
Dilatometric study of Ti3SiC2 synthesis from TiC/Si starting powder 

Luleả Tekniska Universitet  
AMASE student 50 

 

30 40 50 60 70 80

-2000

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000
1500ºC

1450ºC

1420ºC

1350ºC

1290ºC

1170ºC

20

   Ti5Si3
 TiC

   TiSi2
Si

  SiC
       Ti3SiC2

Powder G pellets. Initial ratio of 3TiC:2,8Si

 

 

 

 

 

 

 

 

 

 

 



Mariana Castrillon 
Dilatometric study of Ti3SiC2 synthesis from TiC/Si starting powder 

Luleả Tekniska Universitet  
AMASE student 51 

Appendix II. Phases evolution with temperature 

Phases evolution with Temperature (Powder B)
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Phases evolution with Temperature (Powder C)
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Phases evolution with Temperature (Powder E)
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Phases evolution with Temperature (Powder F)
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