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Abstract
The aim of this work was to produce Ti3SiC2 from TiC and Si powders and to investigate 
process parameters with respect to optimised Ti3SiC2 yield. The reaction pathway of Ti3SiC2
formation and the thermochemical degradation reactions were examined. Various material 
characterization and analysis methods have been applied, including x-ray diffractometry, 
dilatometry, calorimetry, scanning electron microscopy, energy dispersive spectroscopy and 
mass spectroscopy. Through the work performed it has been found that Ti3SiC2 may be 
produced in relatively large quantities (96.8 vol%) from TiC and Si powders. Short holding 
times (0-3 hours) and relatively high temperatures (1350-1400°C) produce the largest 
amounts of Ti3SiC2 when pressureless sintering is applied. 

The effect of varying the silicon contents on yield was investigated; excess silicon may 
be beneficial for the Ti3SiC2 yield if combined with appropriate heat treatments. TiSi2 is 
found to play a key role in the formation of Ti3SiC2 from TiC and Si powders. TiSi2 is present 
in samples heat treated at relatively low temperatures with short holding times. It is consumed 
in the formation of Ti3SiC2.

Decomposition of Ti3SiC2 may occur at relatively low temperatures (1300°C) when 
there is oxygen present in the furnace atmosphere. The effect becomes more significant with 
long holding times (> 5 hours) and is also significant at very high temperatures (1500°C). 
When the partial pressure of oxygen is limited, no decomposition has been observed below 
1450°C. At these temperatures, the presence of carbon in the furnace atmosphere induced no 
detrimental effect on the thermochemical stability of Ti3SiC2.
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1. Introduction 

1 INTRODUCTION 

Humans of every historical era before us have been limited by the materials available to them, 
and so are we. The evolution of society is closely associated with the advances in materials 
knowledge and it is therefore not surprising that over the last decade, the MAX phases, with 
Ti3SiC2 at the front line, have received attention from scientists all over the world. The 
combination of favourable properties such as damage tolerance and machinability makes them 
unique among the ceramic materials. Their high-temperature properties include refractoriness, 
quasi-ductility and good thermal shock resistance which make them promising candidates for 
a variety of high temperature applications. Future applications are likely to be found within 
the transportation and most notably the aerospace sectors, where the sovereign importance of 
weight limitations and operational temperature for minimising fuel consumption is always in 
the line of sight of product developers and manufacturers.  

1.1  Scope of the work
Ti3SiC2 is the most well studied of the MAX phases. It has been produced by a variety of 
methods, using different starting materials. Powder processing is most commonly applied and 
the starting powder often contains titanium metal. Finely divided titanium metal is very 
reactive and must be handled under an inert atmosphere. The scope of this work is to 
investigate an alternative method for Ti3SiC2 production, using less expensive and less 
hazardous titanium carbide powder as the source of titanium.  

1.2  Objectives 
The objectives of this project are: 

To produce Ti3SiC2 from TiC and Si powders and to develop processes which 
optimize this production, primarily with respect to Ti3SiC2 yield; 
To describe the reaction pathway of Ti3SiC2 formation from TiC and Si 
powders;
To investigate the thermochemical degradation of Ti3SiC2.
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2. Background 

2 BACKGROUND

This section provides the background information and theory that constitute the framework 
within which this field of research is established. It aims to provide a chronological and 
conceptual setting for the studies described in the following sections.

2.1  Ceramics
Ceramics are inorganic, non-metallic materials, with atoms bound by ionic or covalent bonds 
or a combination of the two. A wide range of materials fall within this classification, 
including clay minerals, cement and glass. Most engineering ceramics are crystalline chemical 
compounds consisting of one or more metallic elements in combination with a non-metallic 
element, usually oxygen (oxides), nitrogen (nitrides) or carbon (carbides, see section 2.2). The 
most common ceramics are oxides, especially silicates, which are abundant in the earth’s 
crust. [1, 2] 

Ceramics have been produced and used for everyday purposes throughout history. Early 
civilizations mixed clay minerals with water to form a paste that could be moulded into 
shapes. These items were then dried in the sun and hardened in a wood fire. Many of these 
ancient materials are still in use today and they are referred to as traditional ceramics. 
Traditional ceramics include tiles and bricks, cement and concrete, pottery, glass and 
abrasives like sand.

As scientists and engineers have acquired a better understanding of ceramic materials, 
new kinds of ceramics have been developed. These ceramics are referred to as modern, 
advanced or engineering ceramics. They are often carefully engineered to fill the needs of 
specific applications that are too demanding for metals, polymers or traditional ceramics. 
Modern ceramics are used in applications such as cutting tools, electronic components, high-
voltage insulation, furnace parts, nuclear fuels, motor components and various prosthetics. [3]  

2.1.1  Properties of ceramics 
Ceramic materials are mechanically, chemically and thermally stable materials. They are 
often more resistant to high temperatures and harsh environments than metals and polymers, 
and they are generally very hard, which makes them resistant to wear. The primary limiting 
property in the use of ceramics is their brittleness; they are sensitive to brittle fracture, also 
known as catastrophic failure, and they are difficult to machine. Many ceramics are thermally 
insulating, which make them sensitive to thermal shock; they break if they are subjected to 
rapid temperature changes. [1-3] 

2.1.2  Powder processing 
Post-firing machining of ceramic materials is time consuming and expensive, and therefore 
ceramic objects are usually produced by powder processing: the material is finely divided into 
a powder which is formed into the desired shape and then densified using heat. Powder 
processing involves several stages, each of which must be carefully controlled to avoid 
contamination and flaws in the final product. The sensitivity of ceramics to brittle fracture 
means that even very small flaws in the final product are potential sources of catastrophic 
failure. [3, 4] 
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2.1.2.1  Milling 
Milling, or comminution, is the first step in powder preparation. It involves either the 
production of the powder, or reducing the particle size. It can be carried out either wet or dry 
and there are numerous techniques. Some are mechanical, such as crushing and sieving, 
whilst others are chemical or a combination of both. The challenge is to control the particle 
size, particle shape and particle size distribution whilst avoiding unnecessary contamination 
from the milling media, container etc.  

The milling techniques used in these studies are wet media milling methods. The term 
media milling stems from the use of milling media, which are balls or short cylinders. The 
media is mixed with the powder in a rotating cylinder, see figure 2.1. A liquid is added in the 
case of wet milling; the fluid mixture of liquid and powder is often termed slurry. See section 
4.2.1 for the experimental details of these studies.  

Rotational movement causes the media to collide with each other and the walls of the 
cylinder, thereby crushing and grinding the smaller powder particles caught inbetween. The 
movement in a tumbling ball mill is produced partly by gravity as the container rotates along 
a horizontal axis while the content follows the rotation along the container wall and then falls 
back down, see figure 2.1. In an attrition mill, the movement is created by the rotation of a 
mechanical stirring rod. A planetary mill consists of a number of containers (at least two,) 
placed on a rotating disc. The disc rotates in one direction while each container is rotated 
around its own axis in the opposite direction. The planetary mill is the most energetic of the 
three milling methods employed in this study. [3, 4]  

Figure 2.1: Media milling. Schematic cross section of a tumbling ball mill container.  
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2.1.2.2  Compaction 
The second step of powder processing is compaction or green body formation, in which the 
powder is formed into the desired shape. This may be performed wet, by the moulding of a 
paste or the casting of a slurry, or, in the case of these studies by dry powder pressing.

A variety of presses can be used for the compaction of powders. Some presses work at 
room temperature, in which case the process is referred to as cold pressing. Other pressing 
instruments are known as hot presses; they are actually combined presses and furnaces, which 
allow the compaction and densification steps to be carried out in a single operation.

There are two modes of pressing, uniaxial and isostatic. Uniaxial pressing is, as the 
name suggests, performed along one single axis or direction, using two mobile rams which 
slide into a cylindrical die, see figure 2.2. The as-pressed item, also known as the green body,
has the shape of a cylinder. In isostatic pressing the powder is enclosed in a soft capsule that 
is submerged in a fluid. The pressure in the fluid can be increased to exert forces on the 
powder which are consequently distributed evenly over the entire capsule, see figure 2.3. The 
advantage of isostatic pressing over uniaxial pressing is that it allows more complex shapes to 
be produced. The drawback is that it is slower, especially for upscaled industrial processes. [2, 
3] Experimental details of the pressing operations of these studies are given in section 4.2.2.

Figure 2.2: Uniaxial press setup with supports for sample insertion. The two supports 
are removed before pressure is applied. Original by Mark Terner [5]. 
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Figure 2.3: Isostatic pressure is applied to the sample (which is enclosed in a soft 
capsule) as pressure increases in the surrounding fluid. 

2.1.2.3  Densification 
The final step of powder processing is the densification step, sometimes referred to as the 
sintering or firing of the green body. The densification is a heat treatment which can be 
carried out under pressure (hot pressing), without pressure (pressureless sintering) or under 
vacuum (vacuum sintering).

The main objective of densification is the removal of the pores between the powder 
particles, the process is illustrated in figures 2.4a) and b). This is achieved by heating the 
green body to a temperature which enables faster diffusion. Diffusional material transport can 
take place within the particles or along their surfaces. This diffusion can occur within the 
solid particles (solid state sintering) or in a liquid (liquid phase sintering) or a gas (vapour 
phase sintering), which may form between the particles. The presence of a liquid is often 
desirable as it greatly increases the diffusion rate. After densification, the pore size and free 
surface area are reduced. [3] 

Figure 2.4a): Powder particles before 
densification. 

Figure 2.4b): After densification, material 
transport has decreased the pore size. 
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2.2  Carbides
Carbides are ceramic compounds that include carbon. Carbon can form compounds with most 
elements, but the convention is to use the term carbide only when carbon is combined with an 
element of lower or approximately equal electronegativity. The most important applications 
for carbides are cutting tools and abrasives, making use of the carbides characteristically high 
resistance to wear and elevated temperatures. 

Carbides are grouped into four general categories: interstitial carbides, covalent 
carbides, intermediate carbides and salt-like (or salinic) carbides. This classification is based 
on three main characteristics of the elemental atoms included in the compound: the 
electronegativity, the atomic size, and the type of atomic bonding. The most technologically 
important refractory carbides are primarily found among the interstitial and covalent carbides.  

Interstitial carbides are called so because the carbon atoms are so much smaller than the 
other atoms of the compound that they can enter into the lattice holes (the interstices) of the 
host elements crystal structure, see figure 2.5a). The difference in electronegativity between 
the two elements is large and the atomic bonding is mainly metallic. This results in very good 
thermal and electrical conductivity. Interstitial carbides are refractory and very hard. 
Examples of interstitial carbides are titanium carbide (TiC), see section 4.1.1, and tungsten 
carbide (WC). 

Covalent carbides are called so because the main mode of atomic bonding is covalent. 
The difference in electronegativity between the two elements is small and the carbon atom is 
only slightly smaller than the other atom. The result is a substitutional solid solution where 
the carbon atoms substitute host element atoms in the crystal lattice, see figure 2.5b). Two of 
the commercially most important covalent carbides are silicon carbide (SiC) and boron 
carbide (B4C). They are chemically and thermally stable, very hard, and -SiC is 
semiconducting. [6]  

Figure 2.5a): Interstitial solid solution. Figure 2.5b): Substitutional solid 
solution.
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2.3  MAX phase materials
The MAX phases are a group of ternary (i.e. consisting of three elements) compounds with 
the general formula: MN+1AXN; where N is an integer 1, 2 or 3; M is a transition metal; A is an 
element from groups 12-16 (sometimes denoted IIB to VIA) in the periodic table of the 
elements; and X is either carbon or nitrogen, see figure 2.6. These materials can also be 
considered as nanolaminar composites as they possess a layered microstructure where 
monoatomic A-element sheets are interleaved with MN+1 XN-layers, i.e. layers of a binary 
metal carbide or nitride. In the case of Ti3SiC2. N takes a value of 2, the binary metal carbide 
is Ti3C2, and the A-element is silicon.  

The MAX phases are divided into classes depending on the value of the N in the general 
formula; Ti3SiC2 belongs to the so-called 312 class. There are three classes, the other two are 
called 211 and 413, with N values of 1 and 3 respectively. [7] 

Figure 2.6: Elements viable for MAX phase formation. 

2.3.1  Properties of Ti3SiC2

Ti3SiC2 is the most widely studied MAX phase. Some characteristic properties of Ti3SiC2 are 
given in table 2.1. 

Table 2.1: Properties of Ti3SiC2.
Relative molecular weight 195.817 u [8] 
Crystal structure Layered hexagonal [9] 
Density at 25˚C 4.5 g/cm3 [10] 
Fracture toughness KIC 8 MPa m1/2 [10] 
Thermal conductivity at 300 K 33 W/mK [9] 
Hardness 4.2 GPa [10] 
Flexural strength at 25˚C 350 MPa [10] 
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The most significant attribute of a MAX phase is that it combines certain properties, 
typical for ceramics, with properties generally associated with metals. Like metals, they are 
often machinable, thermally and electrically conductive and resistant to thermal shock. Like 
ceramics, they are refractory, oxidation resistant and stiff, with relatively low densities.

MAX phases share many of their properties, e.g. stiffness and conductivity, with their 
binary nitride or carbide constituents. Unlike most ceramics however, they have high fracture 
toughness and damage tolerance. [7, 9-12] 

The characteristic fracture behaviour of a MAX phase is attributed to its layered 
structure. The bonds within the carbide or nitride layers are very strong while the bonds 
between the layers are weaker, which allows dislocation movement and basal slip. 
Polycrystalline samples of Ti3SiC2 are brittle at room temperature, but single crystals are 
quasi-ductile. This is because Ti3SiC2 deforms by the formation of so-called kink bands. [7, 9, 
11, 12] Kink bands are formed when edge dislocations are generated in a crystal and then set 
to move in two opposite directions. These dislocations will eventually arrange themselves in 
walls, which define the kink boundaries. Kink bands tend to form in layered materials loaded 
parallel to the layers. An initiated crack cannot propagate past the kink boundaries, and 
further damage is relocated to another region. [7, 12]  

The machinability of a MAX phase may be its most important property, at least from a 
technological point of view. It provides the MAX phase with an undeniable advantage over 
other high-temperature structural materials. Currently, superalloys are commonly used in 
most load bearing applications at very high temperatures, such as jet engines. Superalloys are 
relatively difficult and expensive to machine, while other refractory ceramics are even more 
difficult to machine as they are hard and brittle.

The MAX phases are easy to machine; Ti3SiC2 can be turned, milled and drilled using 
regular high-speed tools, without lubrication or cooling. [7, 10] This machinability allows 
first and foremost for the fabrication of relatively cheap prototypes, which in turn means that 
the material may be thoroughly tested for any kind of application. Secondly, tight tolerance 
demands can be met as post-fabrication machining steps can be added. This is often needed 
when the dimensional tolerances required are more rigorous than what can be fabricated. 
Thirdly, the joining of ceramics to other materials, e.g. through welding or soldering, is often 
problematic. Machinability allows for alternative solutions, two tubes may for example be 
threaded and screwed together end to end. [7]

2.3.2  Applications of Ti3SiC2

Today, MAX phases are commercially available as thin films and surface coatings; the main 
application is electrical contacts. Electrical contacts and connectors are often a weak link in an 
electronic system; they need to have good conductivity, but also resistance to wear, 
temperature and oxidation. Contact surfaces are commonly gold plated, but gold is expensive 
and such surfaces tend to be sensitive to wear. Ti3SiC2 coatings may be an appropriate 
solution and the raw materials for Ti3SiC2 coatings are relatively inexpensive. The market for 
these coatings is expected to be widened to include fields such as biotechnology, corrosion 
protection and decoration. [13, 14] 

One attractive potential application for MAX phase materials is within the transport 
sector. As many great challenges of modern society are associated with diminishing fossil 
fuels and increasing levels of greenhouse gases in the atmosphere, the engines of the future 
will have to meet much stricter efficiency demands. New materials need to be developed for 
this purpose and the MAX phase ceramics, with Ti3SiC2 at the head, are potential candidates. 
The first criterion of any such modern engine material is refractoriness, as the efficiency of an 
engine is proportional to its temperature of operation. A second important criterion is density, 
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as even a small decrease in weight may save large amounts of fuel. [7] Superalloys are 
capable of operating at temperatures of approximately 1200ºC [15] (titanium alloys can be 
used up to 590ºC [16]). According to Barsoum et al, uncoated Ti3SiC2 may be used up to 
1000ºC and it has roughly half the density of the alloys used in today’s jet engines. 
Furthermore, Ti3SiC2 may be processed to form a thin protective layer of silicon oxide on the 
surface which increases the temperature resistance even further. [9, 10, 15, 17] 

Another possible application for Ti3SiC2 is in spacecrafts. Spacecraft materials have to 
meet very severe demands, set by the extreme environment of space and rigorous weight 
limitations. Candidate materials have to withstand the thermal, radiation and erosion strains of 
the aggressive environment in space. The chemical and thermal stability of ceramic materials 
should make them ideal candidates for these applications but their use is most often limited by 
their brittleness and susceptibility to thermal shock. The MAX phases, which are damage 
tolerant and very resistant to thermal shock, have caught the attention of the space industry. 
[7, 9, 18] 

One interesting prospective application within the field of aerospace technology is in 
the heat shields of the Crew Return Vehicle of the International Space Station (also known as 
the Space Shuttle). These shields are made of carbon fibre reinforced C-SiC composites 
produced by liquid silicon infiltration (LSI) of C/C composite preforms [19]. Molten silicon is 
used for the reactive infiltration and SiC forms by subsequent reaction bonding with the 
carbon of the preform. Existence of residual silicon in the composite is detrimental to high 
temperature strength and it is therefore important to develop alternative processes in which 
free silicon can be replaced by a refractory phase. There are various approaches currently 
under study, one of them is to pre-impregnate the C/C perform with a TiC slurry. Then, 
reactive infiltration with liquid silicon will result in a carbon fibre reinforced C-SiC-Ti3SiC2
composite instead. Such composites have good mechanical properties and are promising 
candidates for the heat shields of the future. [20] 

Another intriguing potential application of Ti3SiC2 composites is for body implants. 
[21] Calcium phosphate hydroxyapatite (Ca10(PO4)6(OH)2) (HAp) is a well known 
biomaterial with excellent biocompatibility and a remarkable ability to bond chemically with 
human bone or teeth. Its drawback is that it is much weaker than natural bone and therefore 
cannot be used independently in any load bearing implants. [22] It has been a quest for 
researchers to develop composites, in which HAp may be combined with a stronger material. 
[21-23] The strengthening material must have good biocompatibility, good corrosion 
resistance in body fluids and have excellent mechanical properties, comparable with the 
properties of bone tissue. Moreover, the composite material must be readily machinable since 
an implant must meet every patient’s individual needs at the time of surgery. Ti3SiC2 has been 
shown to be biocompatible and have high corrosion resistance in saline solutions at 37°C. 
[24] Biocompatibility in combination with the previously mentioned mechanical properties, 
such as flexural strength, fracture toughness and machinability, see section 2.3.1, makes 
Ti3SiC2 a promising candidate for bioceramic composites. Ti3SiC2/HAp composites are 
currently under investigation for bone repair and bone replacement applications. [23, 25] 
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2.4  Characterization methods
There are numerous methods for materials characterization and analysis. In the following 
sections, the principal methods used in these studies are briefly described. For more detailed 
information on these analysis methods, please consult the references of each section. 

2.4.1  X-ray diffractometry 
X-ray diffraction is a phenomenon of interference which occurs within a crystal when it is 
irradiated by x-rays. This interference creates waves which interact and can be recorded by a 
detector; the pattern thus created is called an x-ray diffractogram. From the diffractogram, the 
crystal structure can be determined and it is often said to be like a fingerprint of the material 
examined. As every phase in a material has its own x-ray diffraction pattern, x-ray 
diffractometry makes it possible to determine the phase composition of a sample. [2, 26] 

2.4.2  Scanning electron microscopy 
An electron microscope is an instrument used for imaging surface effects which are too small 
to be resolved by the naked eye and even by an optical microscope. The electron microscope 
uses an electron beam instead of light waves. As the electrons impinge on the sample surface, 
they interact with the matter of the sample and thereby other types of radiation are given off. 
This secondary radiation can be detected and evaluated in terms of topography (texture) or 
composition (chemistry). [27, 28] 

2.4.2.1  Energy dispersive spectroscopy 
Energy dispersive spectroscopy (EDS) is also referred to as energy dispersive x-ray analysis 
(EDX). The EDS is an integral part of the SEM and may be used for elemental analysis in so 
called mappings where a whole image surface is scanned with respect to a certain element of 
interest; the lighter an area on the map is, the more abundant the element. Compositional 
analysis can also performed by chemical analysis of a spot or a smaller selected area on the 
imaged surface. In this case, the detected elements are presented in a spectrum or a table 
which also includes their respective quantities. [29] 

2.4.3  Thermal analysis 
The term thermal analysis (TA) describes any analytical experimental technique which 
investigates a material’s behaviour as a function of the temperature. [30] There are numerous 
such techniques; those employed in this study are shortly described below. 

2.4.3.1  Differential scanning calorimetry 
Differential scanning calorimetry (DSC) is a thermal technique in which the difference of heat 
flow into a sample and a reference is measured as a function of temperature or time, during 
heating or cooling. As most transformations and reactions are accompanied by heat exchange, 
the DSC detects any kind of transformation and/or reaction taking place in the sample. [30, 
31]
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2.4.3.2  Thermogravimetry 
A thermogravimeter (TG), also known as a thermobalance, consists of a scale (a 
microbalance), and a furnace. The specimen is placed on the scale, inside the furnace and any 
weight changes in the sample are recorded during the temperature program. [30, 32]

2.4.3.3  Mass spectrometry 
Mass spectrometry is a so called evolved gas analysis (EGA) technique. It detects and 
quantifies any volatile compounds given off during measurement and can therefore be used to 
identify unknown compounds. It is often used in combination with other thermal analysis 
methods to investigate the composition and concentration of the gases given off during 
heating. [30]

2.4.3.4  Dilatometry 
A dilatometer, also known as a thermomechanical analyser (TMA), measures the length 
change of a sample as a function of temperature. Thus, any phase transformation or reaction 
which results in a shrinkage or expansion will be recorded by the dilatometer. The slope of 
the curve usually corresponds to the linear thermal expansion coefficient. [30, 33]
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3 LITERATURE

This section gives an overview on previous and contemporary work related to these studies. It 
aims to establish the field of research by introducing the works of other authors in a more 
detailed manner than is generally allowed by the format of a published article.  

3.1  Production of Ti3SiC2

Bulk Ti3SiC2 is commonly prepared from starting powder mixtures including pure titanium, 
such as Ti/Si/C, [34-39] Ti/C/SiC [40-44] and Ti/Si/TiC [45-47] by use of different powder 
processing methods, e.g. reaction vacuum sintering, [43, 48] reactive hot pressing (HP), [44, 
49, 50] reactive hot isostatic pressing (HIP), [40, 46] self-propagation high-temperature 
synthesis (SHS), [48, 51, 52] mechanical alloying (MA), [53-56] pulse discharge sintering 
(PDS) [57, 58] and arc melting. [59] New synthesis processes for bulk Ti3SiC2 are currently 
under investigation, for example heat treatment of Ti-filled polycarbosilane (PSC) precursors 
[60]. Pure titanium powder is very reactive and thus has to be handled with great care under 
strict safety precautions [61] which is a disadvantage in terms of scaled-up industrial 
production.

The production of pure Ti3SiC2 has been reported by many authors [40, 44, 45, 47] 
while others have observed secondary phases such as titanium carbides, silicon carbide and/or 
titanium silicides in their final products. Different intermediate phases and reaction pathways 
have been proposed, both for the formation and the decomposition of the MAX phase. The 
previous work on Ti3SiC2 is reviewed in the following sections. Table 3.1 provides an 
overview of previous work on Ti3SiC2 synthesis. 
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Table 3.1: An overview of previous work on Ti3SiC2 synthesis
Authors Starting

powders
Synthesis
Method

Intermediate 
Phases

Secondary
Phases

Pampuch et al. [51] Ti/Si/C SHS Liquid TiC
Orthner et al. [54] Ti/Si/C SHS/MA TiSi2,

Ti5Si3Cx

TiC

Zhou et al. [35, 49] Ti/Si/C Hot Pressing Liquid TiC
Zhang et al. [36] Ti/Si/C PDS Liquid TiC, SiC, 

TiSi2
Li et al. [37, 62] Ti/Si/C Hot Pressing --- TiC, TiSi2,

Ti5Si3
Li et al. [56] Ti/Si/C MA/P-less Liquid, TiC, 

Ti5Si3, TiSi2

TiC, Ti5Si3,
TiSi2

Yeh et al. [52, 63] Ti/Si/C SHS Liquid TiC, Ti5Si3
Barsoum et al. [40, 
44]

Ti/SiC/C HP/HIP TiCx,
Ti5Si3Cx

---

Wu et al. [41, 42] Ti/SiC/C Pressureless TiCx,
Ti5Si3Cx

TiCx

Istomin et al. [43] Ti/SiC/C Vacuum TiCx, TiSi2,
Ti5Si3Cx

TiC, TiSi2,
Ti5Si3

Zou et al. [64] Ti/SiC/C PDS TiC, Ti5Si3,
Liquid

TiC, Ti5Si3

Riley et al. [65, 66] Ti/SiC/C SHS Solid
solution

TiCx

Sun et al. [48] Ti/Si/TiC Vacuum TiC, Ti5Si3Cx ---
Li et al. [45] Ti/Si/TiC Pressureless Liquid ---
Gao et al. [46] Ti/Si/TiC HIP Ti5Si3Cx TiCx
Tian et al. [67]  Ti/Si/TiC PDS --- ---
Yang et al. [47] Ti/Si/TiC Vacuum Ti5Si3, TiSi2 ---
Zou et al. [58] TiH2/Si/TiC PDS Ti5Si3, TiSi2 Ti5Si3, TiC 
Konoplyuk et al. 
[68]

TiH2/TiC/SiC PDS Ti5Si3 TiC, Ti5Si3

Hashimoto et al. 
[69, 70] 

TiH2/TiC/Si HP Ti5Si3, TiSi2 TiC, TiSi2

Radhakrishnan et 
al. [71, 72] 

TiC/Si Pressureless/HP TiSi2, SiC, TiC 

Li et al. [62] TiC/Si Pressureless Ti5Si3 SiC, TiC 
Hwang et al. [73] TiC0,67/Si Pressureless --- TiCx
Córdoba et al. [74] TiC/Si Pressureless --- SiC, TiC 
Panigrahi et al. [75] TiC0,67/Si Pressureless Ti3C2, TiSi2,

Ti5Si3C
TiC

- 14 - 



3. Literature 

3.1.1  Ti/Si/C starting powders
Zhou et al. [35] suggested that Ti3SiC2 forms from the elemental powders via a direct reaction 
taking place in a silicon melt which act as a sintering and densification additive. Zhang et al. 
[36] confirmed these results by the observation of Ti3SiC2 crystallites growing from a silicon 
rich melt during pulse discharge sintering. Their samples also contained TiC, SiC and TiSi2.

Li et al. [37] observed TiC, Ti5Si3 and TiSi2 in their samples and concluded that the 
starting powder composition, especially with regards to the silicon content, determined the 
phase composition of the final product. Yeh and Shen [52, 63] used SHS to produce Ti3SiC2
from elemental powders, also adding TiC and SiC. They found that a liquid phase appeared in 
the elemental powder mixture, and it was also present when relatively small amounts of SiC 
was added. No liquid could form however when TiC or at least 20 mol% SiC was added, as 
the temperature was held down by these additions. These additions actually increased the 
Ti3SiC2 yield, because they slowed the reaction front down and allowed a longer reaction 
time. Pampuch et al.[51] stated that densification of elemental powders by SHS lead to the 
formation of a liquid phase, from which the Ti3SiC2 crystallize. Orthner et al. [54] and Li et 
al. [56] reported on Ti3SiC2 formation by high energy milling. The as-milled powder 
contained little Ti3SiC2 but the mechanically activated powder was a good starting powder for 
Ti3SiC2 production. Four intermediate phases were present in the as-milled powder: TiC, 
Ti3SiC2, TiSi2 and Ti5Si3Cx. Li et al. [56] added the observation of Ti3SiC2-whiskers forming 
from a eutectic liquid phase at a temperature of 1350ºC.  

3.1.2  Ti/SiC/C starting powders 
Barsoum et al. [44] synthesized high-purity polycrystalline Ti3SiC2 from 3Ti/SiC/C powders 
by hot pressing. El-Raghy and Barsoum [40] published a thorough study on the formation of 
Ti3SiC2 by reactive hot isostatic pressing in the same powders, suggesting a series of reactions 
where TiC0.5 and Ti5Si3C would serve as intermediate phases, observing that Ti3SiC2
nucleated and grew within Ti5Si3Cx grains.

Wu et al. [41, 42] suggested that Ti3SiC2 form through a solid-state reaction between 
the two intermediate phases TiC and Ti5Si3C at a very distinct temperature, thus supporting 
[41] the theories of El-Raghy and Barsoum and developing them further. [42] Istomin et al. 
[43] also found Ti3SiC2 nucleation and growth within TiC and Ti5Si3 phases, adding the TiSi2
as a possible intermediate phase. They proposed a set of reactions where TiC and Si would be 
the first intermediate phases to form. These would then react to form Ti5Si3 and TiSi2 which 
in turn would consume more TiC and Si to produce Ti3SiC2. Riley et al. [65] studied the SHS 
synthesis and suggested a solid solution of Si in TiC would act as an intermediate phase. Zou 
et al. [64] observed the formation of intermediate phases TiC and Ti5Si3Cx. A eutectic Ti-
Ti5Si3 liquid enhanced the reactivity of the system.  
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3.1.3  Ti/Si/TiC starting powders 
Sun et al. [48], reported on their observations of nucleation and growth of Ti3SiC2 within TiC 
and Ti5Si3 phases during vacuum sintering of Ti/Si/TiC powders. Gao et al. [46] worked with 
the same starting powders and found the Ti5Si3Cx secondary phase in samples with short 
holding times.  

Tian et al. [67] observed no intermediate phases when they used PDS to produce 
Ti3SiC2-TiC composites. Li and Miyamoto [45] observed the nucleation and growth of 
Ti3SiC2 on TiCx alone and proposed two concurrent reactions without any intermediate 
compounds, where the formation of Ti3SiC2 from Ti/Si/TiC powders would take place in a 
eutectic liquid.  

Yang et al. [47] reported on the effect of varying silicon content in Ti/Si/TiC powders 
and concluded that the optimum silicon content, with respect to Ti3SiC2 yield, was 10% 
excess to the stoichiometric composition. The excess silicon would compensate for Si loss by 
evaporation, whereas too much added Si would promote TiSi2 formation over Ti3SiC2.

3.1.4  TiH2 – powder mixtures 
The first authors to synthesise Ti3SiC2 (in 1967) were Jeitschko and Nowotny [76], and they 
used a powder mixture of TiH2, Si and graphite. 

Hashimoto et al. [69] synthesised Ti3SiC2 by hot pressing of two powder mixtures; 
Ti/Si/TiC and TiH2/Si/TiC for comparison. They observed that the Ti/Si/TiC powder mixture 
formed Ti3SiC2 at a lower temperature than in the hydride powder mixture. They suggested 
the TiC would in both cases react with silicides to form Ti3SiC2. In the Ti/Si/TiC powder 
mixture the silicide in question was TiSi2 which would react with TiC at a lower temperature 
than the Ti5Si3. Ti5Si3 would be the major secondary phase formed in the TiH2/Si/TiC powder 
mixture.  

Konoplyuk et al. [68] found that when Ti powder was replaced by TiH2 in a 
TiH2/SiC/TiC powder mixture the increased reactivity of the system increased the Ti5Si3 yield 
but decreased the Ti3SiC2 yield. They considered it an effect of the lack of eutectic liquid in 
the hydride powder mixture.  

Zou et al. [58] found that the presence of Si would significantly speed up the 
dehydrogenation process of the titanium hydride. They also observed that the diffusion of Si 
into TiC did not cause any obvious shift in the position of the XRD peaks of TiC. They used a 
TiH2/Si/TiC powder mixture to produce dense Ti3SiC2 with minor amounts of the secondary 
phases TiC and Ti5Si3. They also reported that a eutectic liquid and TiSi2 would constitute 
intermediate phases. 
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3.1.5  TiC/Si starting powders 
Radhakrishnan et al. [71] reported in 1995 that a reaction of 3TiC/2Si powders would first 
generate the intermediate phase TiSi2 at a temperature of 1170˚C. In a second step the silicide 
would be consumed as Ti3SiC2 and SiC would form. The same authors [72] later reported on 
the fabrication through vacuum hot pressing of composite materials consisting of a matrix of 
Ti3SiC2 with finely dispersed SiC particles. They also concluded that hot pressing powders of 
composition TiC/3Si produced no MAX phase but mainly SiC and TiSi2 and small amounts 
of TiC.

Li et al. [62] published in 2004 a differential scanning calorimetry (DSC) study, 
suggesting that the reaction between 3TiC/2Si powders would start at 1340˚C. They proposed 
that in the reaction between TiC and Si, silicides would be the first to form and the dominant 
phase would be Ti5Si3. This phase would then be consumed in a second step by either TiC or 
Si to form Ti3SiC2. They found SiC and TiC to be present as secondary phases in their final 
products.

Hwang et al. [73] reported in 2005 on the synthesis of Ti3SiC2 through a solid state 
reaction between TiC0.67/Si powders during pressureless heat treatments in flowing argon 
atmosphere. They detected only Ti3SiC2 and small amounts of TiCx in their final products, 
and they observed no intermediate phases. Panigrahi et al. [75] corroborated these results but 
when their published x-ray diffractograms are scrutinised, there seem to be some TiSi2 peaks 
present (at low temperature with short holding times) which are not discussed by the authors. 
The authors do consider the possibility of such a phase being present undetected and propose 
a reaction path which includes Ti3C2, TiSi2 and Ti5Si3C as intermediate phases. 

Córdoba et al. [74] published in 2007 a comparison between different starting powders, 
and found that the powder composition 3TiC/Si rendered samples of low Ti3SiC2 conversion 
with secondary phases SiC and TiC. Hwang et al.[73] found that it was possible to achieve 
high-purity Ti3SiC2 by adjusting the Si content in the starting mixture to compensate for Si 
loss through evaporation.

Paper 3 [77], Li [37] and Radhakrishnan [39], support such findings which suggest that 
the phase composition of the samples can be adjusted by changing the Si content of the 
starting powder. There is no consensus, however, on the optimised powder composition with 
regard to Ti3SiC2 production. 
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3.2  Decomposition of Ti3SiC2

Racault et al. [34] were first to report the decomposition of Ti3SiC2 into TiCx and gaseous Si. 
They observed that this reaction was promoted by the presence of carbon; that decomposition 
would occur at 1450˚C in an alumina crucible but at 1300˚C in graphite. This was confirmed 
by Radhakrishnan et al. [39] who observed very little signs of decomposition up to 1800˚C in 
a furnace with tungsten heating elements whereas the same treatment would cause significant 
decomposition in a graphite furnace. El-Raghy et al. [78] essentially confirmed these findings 
and suggested a carburization process as follows: 

Ti3SiC2 + (3x-2) C  3 TiCx + Si   (3.1)

where x > 0.8. Wu et al. [41] also confirmed these results and added that the presence of 
titanium carbide in the sample was deleterious to its thermochemical stability as well.  

The influence of carbon in a furnace atmosphere on the high temperature chemistry is 
explored in paper 4 [79]; no decomposition is found to occur at temperatures up to 1450˚C
during heating by 10 K/min. However, when samples are sintered in larger furnaces with 
slower heating and an isotherm holding time, especially when held at relatively high 
temperatures, decomposition is observed. This effect is discussed in paper 1 [5]. 

Gao et al. [46] reported that Ti3SiC2 decomposed into Si and TiC in most furnace 
atmospheres at temperatures above 1350˚C. The partial pressure of Si in the furnace 
atmosphere was crucial for maintaining the stability of Ti3SiC2. The same authors [57] 
observed a tendency of Ti3SiC2 to decompose into TiSi2 at high temperatures, during spark 
plasma sintering (SPS) of Ti/Si/TiC powders. Li et al. [62] suggested yet another reaction 
formula for the decomposition of Ti3SiC2 by carburisation where SiC would be produced. 

Oo et al. [80] suggested a thermal dissociation process of Ti3SiC2-TiC composites. In 
argon with low partial pressure of oxygen Ti3SiC2 would react with oxygen to form TiC, CO 
and SiO gas at temperatures around 1200˚C. Ti5Si3C was observed to be a transient phase in 
the decomposition process. Oo et al. [81] also proposed a similar dissociation process, with 
the same transient phase, under vacuum at temperatures around 1400˚C. Emmerlich et al. [82] 
described the vacuum decomposition of thin Ti3SiC2 films as a process of four stages: first, Si 
diffuses out of the lattice; secondly, oxygen diffuses into the lattice and SiO evaporates; 
thirdly, Ti3C2 relaxation and formation of lattice voids occurs and TiC0.67 begins to form; and 
finally, TiC0.67 recrystallizes. 

Zhang et al. [83] found a similar decomposition mechanism in nitrogen: 

2 Ti3SiC2 + 3x N2(g)  6 Ti(C0.67Nx) + 2 Si(g)  (3.2)

In the presence of small amounts of oxygen, the produced gas would be SiO instead of 
Si. Volume changes accompany this reaction, introducing tensile stresses in the material, 
thereby causing the material to crack. This phenomenon has therefore been referred to as 
“Ti3SiC2 pest”. 
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3.3  Ti3SiC2 based composites 
Although the emphasis of many authors works have been on synthesising a pure Ti3SiC2
phase, others have found that the presence of secondary phases may be beneficial with respect 
to certain properties. Li et al. [84] showed that the binary carbides TiC and SiC may reinforce 
a Ti3SiC2 matrix. The composites had higher values of hardness and flexural strength than 
pure Ti3SiC2. Ho-Duc et al. [85] reported the opposite, that TiC- and SiC-Ti3SiC2 composites 
were weaker in flexure than unreinforced Ti3SiC2, but in return they exhibited exceptional 
damage tolerance and thermal shock resistance. According to Li et al. [84], the TiC and SiC 
particles inhibited grain growth which resulted in lower fracture toughness, but SiC was found 
to increase the oxidation resistance of the Ti3SiC2. Li et al. [86] also showed that the silicides 
TiSi2 and Ti5Si3 may enhance oxidation resistance of Ti3SiC2 through the formation of dense, 
continuous surface layers of TiO2 and SiO2. These oxides would serve as diffusion barriers to 
oxygen.

Zhang et al. [87] reported improved fracture toughness and flexural strength by TiC 
reinforcements, Hwang et al. [88] and Tian et al. [67] also reported that TiC particles 
increased flexural strength and Vickers hardness of a Ti3SiC2 matrix. Zhang et al. [89] 
observed that SiC reinforcements increased Vickers hardness, fracture toughness, thermal 
conductivity and electrical resistivity of a Ti3SiC2 matrix.  
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4 EXPERIMENTAL 

This section describes the experimental setups, materials and methods used in this study. It 
provides more detailed information than is usually included in a publication. It is meant as 
practical instructions for experiment reproduction and may be used as a complement to the 
experimental descriptions of each paper. 

4.1  Starting materials
Titanium carbide powder from Aldrich was used in all experiments described in this thesis. 
Silicon powder from Aldrich was used in all other papers except paper 1 in which silicon 
powder from Merck was used. In paper 6 some samples contained extra silicon powder from 
Simcoa or carbon black powder from Cancarb which was added to the initial powder mixture. 

4.1.1  Titanium carbide
The titanium(IV) carbide (TiC) powder from Aldrich was of 98% purity and with a particle 
size of -325 mesh, i.e. < 44 m. [10, 90] Table 4.1 summarizes some important properties of 
TiC.

Table 4.1: Properties of TiC.  
Relative molecular weight 59.974 u [8] 
Crystal structure Cubic close packed, fcc [6] 
Melting temperature 3160 ºC [90] 
Boiling temperature 4820 ºC [90] 
Density at 25˚C 4.93 g/cm3 [90] (powder) 
Electrical resistivity (at 300 K) 2*1010  m [91] (dense material) 
Thermal conductivity (at 300 K) 17.2 W/m K [91] (dense material) 
Hardness 2470 Knoop [92]; 8-9 Mohs [93] (dense 

mater) 
Microhardness, Hv 30.0 GPa [91] (dense material) 
Young’s modulus, E 494 GPa [91] (dense material) 

Titanium carbide is an extremely hard and light refractory ceramic with high resistance 
to thermal shock and tribological wear. Titanium carbide coatings are commercially used as 
hardening particles in or surface coatings on cutting tools and as protection for inner walls of 
fusion reactors [6].  
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4.1.2  Silicon
The silicon (Si) powder from Aldrich was of purity 99% and particle size -325 mesh, i.e. < 44 

m. [94] The silicon powder from Simcoa was standard grade of 99.5% purity. Table 4.2 
summarizes some important properties of Si. 

Table 4.2: Properties of Si.  
Relative molecular weight  27.976 u [8] 
Crystal structure Cubic [2] 
Melting temperature 1410°C [94] 
Boiling temperature 2355°C [94] 
Density at 25˚C 2.33 g/cm3 [94] (dense material) 
Electrical Conductivity  2500·  m [2] (dense material) 
Thermal Conductivity (at 300 K) 1.48 W/cm K [8] (dense material) 
Hardness 7 Mohs Scale [8] (dense material) 

Silicon is a semiconductor, often used in electronic components.[95] When silicon is 
stored in contact with air it tends to form SiO2 on the surface. Once an oxide film has formed, 
it protects the Si underneath from further oxidation. Therefore, such oxide layers are generally 
very thin.

4.1.3  Carbon black 
The carbon (C) powder was the standard grade thermal carbon black from Cancarb, of 99% 
purity and ~ 250 nm particles. [96] Table 4.3 summarizes some important properties of C. 

Table 4.3: Properties of Carbon black.  
Relative molecular weight  12 u [8] 
Crystal structure Hexagonal [97] 
Density at 20˚C 1.7 – 1.9 g/cm3 [96] (powder) 

2.3 g/cm3 [97] (graphite) 
3.5 g/cm3 [97] (diamond) 

Electrical Resistivity at 20˚C 13.75 μ  m [97] (graphite) 
0.1 T μ  m [97] (diamond) 

Hardness 1-2 Mohs Scale [97] (graphite)
10 Mohs Scale [97] (diamond) 

Carbon can have different allotropic forms, two of which can be found in nature: 
graphite and diamond.[97] Other carbon allotropes include: graphene, clusters (such as 
fullerenes and nanotubes) and amorphous (glassy) carbon. Carbon reinforced carbon 
composites are some of the most heat resistant materials known to date (if protected from 
oxygen) and are for example used in the heat shields on the space shuttle. [6, 19]  
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4.2  Powder processing
Powder processing is the most common way to shape and produce refractory, hard and stiff 
materials, such as ceramics. It is usually performed in three subsequent steps: milling, 
compaction and densification, see section 2.1.2. 

4.2.1  Milling 
The milling of the powders was done wet, as a slurry, with isopropanol in three different 
mills: a tumbling ball mill, an attrition mill and a planetary mill. These are all so called media 
milling methods and the milling media, time and other parameters are summarized in table 
4.4.

Table 4.4: Milling experiment parameters 
Powder  P1 P2 P3 P4 P5 P6
Mill Ball mill Attritor Planetary 

mill 
Planetary
mill 

Planetary
mill 

Planetary
mill 

Media
material 

Zirconia Zirconia Silicon
nitride 

Steel Zirconia Zirconia 

Media
diameter 

10 mm 1 mm 15 mm 10 mm 10 mm 1 mm 

Container
material 

POM* POM lined 
Steel

Silicon
nitride 

Steel Silicon
nitride 

Silicon
nitride 

Container
diameter 

11 cm 9 cm 10 cm 11 cm 10 cm 10 cm 

Milling
time 

96 h 22 h 20 h 21 h 21 h 70 h 

Powder to 
media ratio 

0,33 0,08 0,92 0,10 0,13 0,10

*Polymer container of Polyoxymethylene (POM) 

The milling was performed wet and the slurry consisted of isopropanol, a dispersant, the 
starting powders and the chosen media. Isopropanol (also known as isopropyl alcohol) is a 
non-polar, cost efficient solvent with low toxicity[98]. Only spherical milling media was used 
in these experiments. The dispersant, Hypermer KD2 (polyoxyalkylene amine), was added in 
the amount of 2 % of the slurry weight.  

The KD2 dispersant was chosen through a basic efficiency test. The dispersants 
considered were Hypermer KD2, Dispex A40, Dispex E40, fish oil and Beycostat. Five test 
slurries were prepared in transparent test tubes. The powder mixture was shaken with 
isopropanol and the dispersant. The thus created suspensions were then left to sediment for 
almost three weeks. Visual observations of the suspensions were done regularly and the 
Hypermer KD2 kept the particles well dispersed. 

As the planetary milling experiments rendered rather coarse and very contaminated 
powders, see also sections 5.1 and 5.3.3, the ball and attrition milled powders are used in the 
furnace experiments of paper 1 [99]. As described there, the ball milled powders were chosen 
for further experiments. 
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4.2.1.1  Drying
After milling, the slurry was poured through a sieve in order to remove the milling media. The 
remaining slurry was initially dried in an oven at 70˚C. As this drying procedure allows 
sedimentation, it caused a certain degree of segregation of the powder particles and resulted in 
somewhat inhomogeneous samples as discussed in paper 1 [99]. 

In order to avoid segregation, the drying step was modified to be carried out under 
continuous mechanical stirring. For this purpose, the slurry was transferred from the milling 
container (poured through the sieve) into a ceramic container made primarily of silica. This 
container was then placed on a magnetic stirring plate and the slurry was stirred with a 
magnetic stirring rod coated with PTFE (polytetrafluoroethylene) and ten zirconia balls. As 
the slurry dried, it became more and more viscous, finally forming a sludge in which the 
stirring rod became immobile. The stirring rod and zirconia balls were then removed and the 
last liquid was left to evaporate.  

4.2.2  Compaction 
For furnace experiments, typically 1 g powder was shaped to cylinders of diameter 14 mm 
and approximately 3 mm of height. The thus shaped pellets were uniaxially pressed to 
approximately 10 MPa and then isostatically compacted to 200-300 MPa. 

For dilatometer experiments typically 0.6 g powder was shaped to cylinders of diameter 
10 mm and approximately 3 mm of height. The thus shaped pellets were uniaxially pressed to 
approximately 10 MPa and then isostatically compacted to 200-300 MPa.

For hot pressing experiments, 3-5 g powder was initially shaped by uniaxial pressing of 
33 MPa into short cylinders of diameter 15 mm and 10-15 mm of height. The samples were 
compacted further in the hot press. 

4.2.3  Densification 
The powder densification process is reviewed in section 2.1.2.3 and details on the different 
heating programs used are described in the Experimental section of each paper. 

For early furnace experiments, pellets were embedded in boron nitride (BN) powder in 
a graphite crucible and heat treated in a reaction sintering furnace (Conrad Engelke Technic, 
RBSN furnace) with graphite heating elements. The heat treatment took place under a vacuum 
of approximately 0.02 mbar (2 Pa). Temperatures varied from 1200 to 1800˚C, see also 
section 5.3.1. 

For later furnace experiments small samples (diameter 10-14 mm) were placed in 
alumina boats and heated in a small tube furnace (either a Thermo Scientific Heraeus or a 
Nabertherm N 20 HR). The boats were positioned inside a protective tube of alumina, with an 
inner diameter of 25 and 4 mm, respectively.  

Large samples (diameter > 14 mm) were heat treated in a larger tube furnace 
(Nabertherm RHTC 80-230/15). The samples were placed on alumina supports, inside a 
protective tube of alumina, with an inner diameter of 80 mm. The heat treatments were 
performed under an inert atmosphere of dynamic argon gas with a flow rate of approximately 
80 L/h. Temperatures varied from 1250 to 1350˚C.

- 24 - 



4. Experimental 

For hot pressing experiments the simultaneous compaction and densification step took 
place in the hot press (Thermal Technology Inc. HP20). The pellets were embedded in boron 
nitride (BN) powder and placed in a pressing assembly of graphite. The furnace had graphite 
heating elements and the heat treatments were performed under an inert atmosphere of 
dynamic argon gas with a flow rate of approximately 14 L/h. The hot press operated at 20 
MPa and temperatures varied from 1150 to 1430˚C.

Hot isostatic pressing has also been used, in which case the samples were placed in a 
sealed glass capsule. The samples were embedded in BN and the capsule was evacuated at 
high temperature (approximately 700˚C for 4 hours). The HIP temperature was increased to 
1200˚C without pressure and with a heating rate of 22 K/min. Then, a pressure of 200 MPa 
was applied and the temperature was increased further, up to 1625˚C with a heating rate of 17 
K/min. Then cooling in two steps followed, with a rate of 10 K/min to 1000˚C and then to 
room temperature by 27 K/min. 

During thermal analysis, the measurements are performed in situ, during the 
densification. The experimental details are therefore revised in section 4.3.3. 

4.3  Characterization methods
The characterization methods are described generally in section 2.4. This section includes 
specific experimental details and instruments settings.  

4.3.1  X-ray diffractometry 
X-ray diffractometry (XRD) was mainly carried out at the division of Engineering Materials 
at Luleå University of Technology. The samples were crushed into a powder. This was either 
done manually, using an agate mortar and pestle or by use of an automatic crusher (Retsch 
MM2) with an agate container and agate or zirconia balls. The powder was then mixed with 
methanol and spread over a piece of glass. As the powder dried it adhered to the glass and 
could be inserted (vertically) into the x-ray diffractometer (Philips MRD). A proportional 
detector was used and two secondary, receiving slits, one set to 1/2˚ and the other set to 1˚.
The primary slit was set to 1/4˚ and the radiation was Copper (Cu) K . The current and 
tension settings were 45mA and 40kV respectively. The results were analysed using the 
DDView software 

XRD was also performed at the division of Chemical engineering at Luleå University of 
Technology. Porous samples were manually crushed into a powder, using an agate mortar and 
pestle. The powder was then mixed with methanol and spread over a piece of glass. Hot 
pressed samples were polished manually with sandpaper. The samples were inserted 
horizontally into the diffractometer (Siemens D 5000) and set to rotate by 30 rpm. The 
primary and secondary slits were variable slits, set to illuminate 20 mm of the sample at all 
scanned angles. The current and tension settings were 40mA and 40kV respectively. A 
scintillation detector was used and the radiation was Cu K . These results were analysed 
using the Diffracplus software. 

Some of the XRD measurements on the hot pressed samples produced at Monash 
University were carried out at the department of Materials Engineering at Monash University. 
The samples were polished and mounted with a flat surface to be examined and inserted into 
the diffractometer (Philips 1130). A proportional detector was used and Cu K  radiation. The 
results were analysed using the Traces software where a K 2 filter could be applied. The 
current and tension settings were 25mA and 40kV respectively. 
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4.3.2  Scanning electron microscopy 
The scanning electron microscope (SEM) used in these studies is located at the division of 
Engineering Materials at Luleå University of Technology (JEOL JSM 6460LV with Oxford 
INCA system). Samples are polished and mounted on stubs by carbon adhesive discs. 
Alternatively, the samples may be mounted in epoxy, in which case carbon paint is applied 
over the polymer to create an electrical circuit. Topography is most often evaluated by use of 
backscattered electrons; alternatively, secondary electrons may be used. 

4.3.3  Thermal analysis 
The concept of thermal analysis and methods used in these studies are reviewed in section 
2.4.3. The results are presented and discussed in section 5.4 and in papers 2, 4 and 5 [79, 100, 
101].

4.3.3.1  Simultaneous thermal analysis
In a simultaneous thermal analyser (STA) the thermogravimetric (TG) and differential 
scanning calorimetric (DSC) signals are concurrently recorded and displayed in the same 
diagram. The STA used in these studies (Netzsch 449C Jupiter) has a microbalance of 
sensitivity 0.1 g and the furnace is heated by an Rh meander heater. The heating elements, 
scale compartment and sample chamber are protected by an inert atmosphere. Argon gas was 
used with flow rates of 15 mL/min in the furnace chamber, 30 mL/min in the scale chamber 
and 28 mL/min in the sample chamber. The samples used had masses 20-40 mg. They were 
placed in an alumina (Al2O3) crucible of weight 170 mg and inner diameter 5 mm. The 
crucibles were placed on a DSC sample holder with a Pt/Rh (10%Pt) thermocouple. For 
details of the different heating programs used see the Experimental section of each paper. 

4.3.3.2  Mass spectrometry
The STA and the alumina dilatometer may be connected to a mass spectrometer (MS) that 
records the composition of the exhaust gas. [30] The MS used in these studies is a quadrupole 
type (Netzsch 403C Aëolos) in which the exhaust gas molecules are ionized and the ion 
fragments are quantified in terms of fragment ion mass numbers. The ion mass number is the 
mass of the recorded ion divided by its charge.  

- 26 - 



4. Experimental 

4.3.3.3  Dilatometry 
In dilatometer experiments the sintering process occurred in furnaces connected to a 
dilatometer. The heat treatments were performed under an inert atmosphere of dynamic argon 
gas with a flow rate of approximately 85 mL/min. The end temperatures were typically 
1450˚C or 1500˚C.

In the instrument employed in these studies, (Netzsch 402C), a connecting rod is used to 
measure the length shift. [33] Two different dilatometer furnaces, samples holder assemblies 
and connecting rods can be used with this instrument. The graphite system consists of a 
graphite connecting rod, graphite sample holder assembly with a W3%Re-W25%Re 
thermocouple and a furnace with glass carbon protective tube. The alumina (Al2O3) system 
consists of an alumina connecting rod, alumina sample holder assembly with a Pt/PtRh10% 
thermocouple and alumina protective furnace tube. Both furnaces have graphite heating 
elements protected by inert gas; Ar 5.0 (purity 99.999) was used for this purpose. The sample 
chambers were also protected by dynamic argon, flow rates of approximately 85 mL/min. For 
details of the different heating programs used, see the Experimental section of each paper.  

4.3.4  Hardness measurements 
Hardness measurements were performed using a Vickers microhardness tester (Matsuzawa 
MXT- ) with a diamond indenter of square-based pyramid geometry. The applied load was 
50g. The results of the hardness tests are shown in table 5.7 in section 5.4.3.

The samples were denoted H or G, depending on how they were produced. All H-
samples except H7 were made of powders that were ball milled for 24 hours. The H7 powder 
was ball milled for 96 hours and then attrition milled for 22 hours. All H-powders were stir 
dried. Samples H1 to H7 were sintered in an alumina tube furnace with a holding time of 50 
minutes and a heating rate of 3 K/min. Samples H8 and H9 were sintered in an alumina tube 
dilatometer furnace with a heating rate of 15 K/min, a cooling rate of 25 K/min and a holding 
time of 30 minutes. 

All G-powders were ball milled for 114 hours, except G1 which was ball milled for 26 
hours. G-samples were sintered in the graphite furnace with heating rates between 3.5 and 
10.5 K/min, holding times between 2 and 12 hours and sintering temperatures between 1200 
and 1350°C. The furnace parameters and results of the G samples are included in table 5.2 in 
section 5.3.1.
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5 RESULTS AND DISCUSSION

This section presents results from a larger number of experiments than can be included in a 
publication. Some results presented and discussed herein are never published while others are 
included in the appended papers. The object of this section is to elaborate on the background 
information which has provided the basis of comprehension upon which the discussions of the 
publications are founded. It is meant as a complement to the appended papers. 

5.1  Milling 
Table 5.1 shows some powder characteristics of the milled powders P1-P6, produced as 
described in section 4.2.1. The particle size ranges were estimated visually from the SEM. 
The specific surface area was determined using the Brunauer-Emmet-Teller method [102-
104] from which the powder particle size could be calculated. For the purpose of particle size 
calculation the particles were assumed to have cubic geometry. The calculated values of 
particle size correspond well to the observed values. 

Contamination from milling media and the container is unavoidable in milled powders. 
Polymers present in the powder are usually burnt off during subsequent heating, for example 
in the densification step. Therefore, polymers are generally considered less disturbing than 
ceramic or metal contaminations. Polymers mainly consist of carbon and hydrogen whose 
atoms are too small and light to be detected reliably by EDS. Consequently, residual 
polyoxymethylene (POM) in the milled powder is not usually identified.

Iron contamination, as with most metal contaminations, is often considered highly 
detrimental to the properties of ceramics. The relatively low melting temperature of unreacted 
metals in the product significantly decreases the high temperature strength of the material. 
Zirconium is similar to titanium in many ways. It appears in the same group, directly beneath 
Ti, in the periodic table of the elements, and is known to substitute for Ti atoms in the binary 
carbide TiC. [6] Therefore, a certain amount of zirconium is not expected to be significant in 
the subsequent process steps. 
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Table 5.1: Milling experiment results: powder characteristics 
Powder no 1 2 3 4 5 6
Mill Ball mill Attritor Planetary 

mill 
Planetary
mill 

Planetary
mill 

Planetary
mill 

Media material Zirconia Zirconia Silicon
nitride 

Stainless
steel

Zirconia Zirconia

Container
material 

POM *4 POM *4 + 
Steel

Silicon
nitride 

Stainless
steel

Silicon
nitride 

Silicon
nitride 

Particle size 
(Obs. SEM)*1

0.5-5 m 0.5-2 m 1-7 m 1-4 m 1-5 m 0.5-3 m
(agglom.) 

Contamination 
(EDS)

Zr (tr) Zr (traces) - 35%*3 Fe
Cr, Ni (tr) 

Zr (traces) Zr (traces) 

Surface area 
(BET)

3.63 m2/g 11.25 m2/g - 6.30 m2/g 7.12 m2/g -.

Particle size 
(Calc. BET)*2

4.2 m 1.4 m - 2.4 m 2.1 m - 

*1Particle size estimation based on observations with the SEM. 
*2Specific surface area determined using the Brunauer-Emmet-Teller method [102-104] from 
which the powder particle size isbe calculated assuming cubic particle geometry. 
*3Atomic percent, detected by EDS. 
*4Polymer container of polyoxymethylene (POM). 

5.2  Compaction
Uniaxial pressing to a pressure of 10 MPa and 33 MPa produced coherent samples. These 
samples were porous and fragile but could be handled and transferred to the cold isostatic 
press (CIP) and hot press (HP) without breaking. CIP at 250 MPa (for 1 minute) produced 
green bodies of good quality that could be easily handled and fired without cracking, but these 
samples were still porous, see paper 6 [105].

Cold uniaxial pressing (CUP) to a green body density of approximately 2.30 g/cm3

produced coherent green bodies which could be handled and transferred to a furnace for 
firing. During firing, however, samples that were not dried before compaction would often 
crack helicoidally. Drying the powder for at least two hours at 70°C facilitated the pressing 
significantly and the brittleness of the green body was decreased.

CUP to a green body density of 2.35 g/cm3 and higher produced helicoidal and/or 
conical cracks in the green bodies, see figure 5.1. These cracks were probably caused by 
pressure gradients in the powder.
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Figure 5.1: Helicoidal and conical cracks resulting from pressure gradients in the 
powder during cold uniaxial pressing. 

5.3  Densification
Densification has been performed by various heat treatments in these studies. This section 
gives an overview of the results from different heat treatments. More detailed discussions are 
found in the appended papers. 

5.3.1  Vacuum sintering, graphite furnace 
The graphite furnace is a reaction bonding furnace with graphite heating elements. The 
samples were embedded in boron nitride (BN) powder and placed in a graphite crucible. The 
heat treatment took place under a low vacuum (-2 Pa). See section 4.2.3 for experimental 
details.

Most samples heat treated in the graphite furnace had a TiC/Si ratio of 3:2. A selection 
of parameters and the resulting phase compositions of these experiments are given in table 
5.2. Table 5.3 shows the corresponding data for samples of initial powder compositions with 
TiC/Si ratio other than 3:2. The mill time of the powders in table 5.3 is 24-26 hours. The 
phase composition is given in order of decreasing phase amounts (the phase stated first is 
present in the largest amount). 
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Table 5.2: Graphite furnace results. Samples with TiC/Si ratio 3:2. 
Temp 
(°C)

Hold
time (h) 

Heat rate 
(K/min) 

Mill
time (h) 

Phases present 

1200 4 8.4 114 TiC, TiSi2, Ti3SiC2(traces) 
1250 2.5 - 24 TiC, Ti3SiC2, TiSi2, SiC 
1250 4 7.7 114 TiC, Ti3SiC2, TiSi2, SiC (tr) 
1300 1 12 26 TiC, Ti3SiC2, TiSi2, SiC 
1300 2 - 24 TiC, Ti3SiC2, TiSi2, SiC 
1300 2 8.6 114 Ti3SiC2, TiC, SiC 
1300 3 12 26 Ti3SiC2, TiC, SiC 
1300 4 3.5 114 Ti3SiC2, TiC, SiC 
1300 5 12 26 Ti3SiC2, TiC, SiC 
1300 6 7.6 114 Ti3SiC2, TiC, SiC 
1300 8 7.0 114 Ti3SiC2, TiC, SiC 
1300 10 10.5 114 Ti3SiC2, TiC, SiC 
1300 12 6.4 114 Ti3SiC2, TiC, SiC 
1350 1 - 24 Ti3SiC2, TiC, SiC 
1350 1 12 26 Ti3SiC2, TiC, SiC, TiSi2
1350 2 12 26 Ti3SiC2, TiC, SiC 
1350 4 12 26 Ti3SiC2, TiC, SiC 
1400 1 12 26 Ti3SiC2, TiC, SiC 
1400 2 12 26 Ti3SiC2, TiC, SiC 
1400 4 12 26 Ti3SiC2, TiC, SiC 
1500 8 - 96 Ti3SiC2, TiC, SiC 
1500 24 - 96 TiC, Ti3SiC2, SiC 
1500 24 - 95 TiC, SiC 
1500 48 - 95 TiC, SiC 
1500 72 - 95 TiC, SiC 

At 1200°C, TiSi2 is produced rather than Ti3SiC2. Temperatures of 1250-1300°C 
combined with short holding times produce TiSi2 as well as Ti3SiC2. Temperatures in the 
range 1300 to 1400°C and holding times in the range of one to three hours promote Ti3SiC2
formation. Higher temperatures and longer holding times lead to Ti3SiC2 depletion, which is 
most likely a result of a decomposition reaction, see papers 1, 4 and 5 [79, 99, 101]. Holding 
times longer than 24h at 1500°C resulted in complete Ti3SiC2 elimination.  

The very low Ti3SiC2 yield of samples with a TiC/Si ratio 3:1 agree with the results of 
Córdoba et al. [74] TiSi2 is found in samples with higher Si content, especially at 1250 
and1300°C. The TiSi2 phase amount increases with increasing Si ratio which is to be expected 
from the ternary equilibrium phase diagram shown in figure 5.2. The TiSi2 phase amount 
decreases with increasing furnace temperature, indicating that TiSi2 is consumed when 
Ti3SiC2 forms. 

The largest Ti3SiC2 content was found in samples with an initial TiC/Si ratio of 3:2.2, 
sintered at 1350°C for 1h, see paper 3 [77]. 
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Table 5.3: Graphite furnace results. Samples with TiC/Si ratio varying from 3:1 to 3:2.8 
Temp 
(°C)

Hold
time (h) 

TiC/Si
ratio

Phases present 

1250 2.5 3:1 TiC, Ti3SiC2, SiC, 
1250 2.5 3:2.2 TiC, Ti3SiC2, SiC, TiSi2
1250 2.5 3:2.4 Ti3SiC2, TiC, SiC, TiSi2
1250 2.5 3:2.6 Ti3SiC2, TiC, SiC, TiSi2
1250 2.5 3:2.8 Ti3SiC2, TiC, SiC, TiSi2
1300 2 3:1 TiC, Ti3SiC2, SiC(tr) 
1300 2 3:2.2 TiC, Ti3SiC2, SiC, TiSi2
1300 2 3:2.4 TiC, Ti3SiC2, SiC, TiSi2
1300 2 3:2.6 TiC, Ti3SiC2, SiC, TiSi2
1300 2 3:2.8 TiC, Ti3SiC2, SiC, TiSi2
1350 1 3:1 TiC, Ti3SiC2, SiC 
1350 1 3:2.2 Ti3SiC2, TiC, SiC 
1350 1 3:2.2 Ti3SiC2, TiC, SiC, TiSi2(traces) 
1350 1 3:2.4 Ti3SiC2, SiC, TiC, TiSi2
1350 1 3:2.6 Ti3SiC2, SiC, TiC,TiSi2
1350 1 3:2.8 Ti3SiC2, SiC, TiC, TiSi2
1350 2 3:2.2 Ti3SiC2, TiC, SiC 
1400 1 3:2.2 Ti3SiC2, SiC, TiC 
1400 2 3:2.2 Ti3SiC2, TiC, SiC 

Figure 5.2 shows the ternary equilibrium phase diagram of the Si-Ti-C system. The 
TiC/Si ratio of 3:1 is marked in figure 5.2 by a grey circle, located in the TiC-SiC-Ti3SiC2
three phase area. This powder composition rendered samples poor in Ti3SiC2, see paper 3 
[77]. The phase composition after heat treatment corresponds to the phase composition 
predicted by the phase diagram. Some silicon evaporation is likely to account for the 
relatively low Ti3SiC2 content of the samples compared with the position of the grey circle, as 
silicon evaporation shifts the phase composition of the fired samples towards the Ti-C 
baseline of the diagram.  
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Figure 5.2: 1200°C isothermal section of the ternary equilibrium phase diagram of the 
Si-Ti-C system. Illustration by Arunajatesan and Carim [59],original after Ratliff and Powell 
[106]. The starting powder compositions evaluated are located along the marked line. 

The other powder compositions included in table 5.3 are marked by the grey rectangle, 
along the Si-TiC line, in figure 5.2. The grey rectangle is located within the TiSi2-Ti3SiC2-SiC
three phase area. The phase compositions after heat treatment differ from those predicted by 
the position of the grey rectangle in the phase diagram by the presence of residual TiC. The 
higher the Si content of the starting powder, the closer the expected phase composition is to 
the TiSi2 corner of the three phase area. This corresponds well to the observed increase of 
TiSi2 with increasing Si fraction.

5.3.2  Pressureless sintering, alumina furnace  
Pressureless sintering was conducted in three different furnaces, all with alumina protective 
tubes. The samples were placed on alumina supports and heated under dynamic argon 
atmosphere. See section 4.2.3 for experimental details. Some parameters and the resulting 
phase compositions of these experiments are assembled in Table 5.4.  
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Table 5.4: Alumina furnace parameters and results.  
Temp 
(°C)

Hold
time  

TiC/Si
ratio

Stir
dried? 

Phases present 

1250 2.5h 3:1 No TiC, Ti3SiC2, Si, TiSi2(tr) 
1250 2.5h 3:2 No TiC, Ti3SiC2, TiSi2, SiC, Si 
1250 2.5h 3:2.2 No TiC, Ti3SiC2, TiSi2, SiC, Si 
1250 2.5h 3:2.4 No Ti3SiC2, TiC, TiSi2, SiC, Si 
1250 2.5h 3:2.6 No Ti3SiC2, TiC, TiSi2, SiC, Si 
1250 2.5h 3:2.8 No Ti3SiC2, TiC, TiSi2, SiC, Si 
1250 2.5h 3:1 Yes TiC, Ti3SiC2
1250 2.5h 3:2 Yes Ti3SiC2, TiC, SiC, TiSi2, Si
1250 2.5h 3:2.2 Yes Ti3SiC2, TiC, TiSi2, SiC, Si 
1250 2.5h 3:2.4 Yes Ti3SiC2, TiC, TiSi2, SiC, Si 
1250 2.5h 3:2.6 Yes Ti3SiC2, TiC, TiSi2, SiC, Si 
1250 2.5h 3:2.8 Yes Ti3SiC2, TiC, TiSi2, SiC, Si 
1300 2h 3:1 No TiC, Ti3SiC2, TiSi2, Si 
1300 2h 3:2 No TiC, Ti3SiC2, TiSi2, SiC, Si 
1300 6h 3:2 No Ti3SiC2, TiC, TiSi2, SiC
1300 2h 3:2.2 No TiC, Ti3SiC2, TiSi2, SiC, Si 
1300 2h 3:2.4 No Ti3SiC2, TiC, TiSi2, SiC
1300 2h 3:2.6 No Ti3SiC2, TiC, TiSi2, SiC
1300 2h 3:2.8 No Ti3SiC2, TiC, TiSi2, SiC
1300 50 min 3:1 Yes TiC, Ti3SiC2, TiSi2, SiC 
1300 50 min 3:2 Yes TiC, TiSi2, Ti3SiC2
1300 50 min 3:2.2 Yes TiC, TiSi2, Ti3SiC2
1300 50 min 3:2.4 Yes TiC, Ti3SiC2, TiSi2, SiC 
1300 50 min 3:2.6 Yes TiC, Ti3SiC2, TiSi2, SiC 
1300 50 min 3:2.8 Yes TiC, TiSi2, Ti3SiC2, SiC 
1350 1h 3:1 No TiC, Ti3SiC2, SiC, Si 
1350 1h 3:2 No Ti3SiC2, TiC, SiC, TiSi2(tr)
1350 1h 3:2.2 No Ti3SiC2, TiC, SiC, TiSi2
1350 1h 3:2.4 No Ti3SiC2, SiC, TiC, TiSi2
1350 1h 3:2.6 No Ti3SiC2, SiC, TiC, TiSi2, Si 
1350 1h 3:2.8 No Ti3SiC2, SiC, TiC, TiSi2, Si 

The powders sintered in the alumina furnace were less prone to react than those sintered 
in the graphite furnace. This is an effect of the furnace atmosphere which, in the presence of 
carbon, has a strongly reducing character. The reducing atmosphere removes oxide films 
which may have formed on the particle surfaces, see paper 4 [79]. This process does not take 
place in the alumina furnace; therefore the reactivity of the system is lower. 

The homogeneity of the powders was improved by mechanical stirring during the 
drying of the slurry. The stir dried powders were somewhat more reactive than those dried 
without stirring and consumed Si at a faster rate. The stirred powders produced more Ti3SiC2
than non-stirred samples heat treated in the same way. The more homogeneously mixed 
powders are likely to have shorter diffusion paths, which enables faster reactions. 
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5.3.3  Hot pressing 
Densification by hot isostatic pressing (HIP) was used on a number of samples, formed from 
the powders of the milling experiments described in sections 4.2.1 and 5.1. The samples were 
placed in a glass capsule, embedded in BN and evacuated at high temperature. See section 
4.2.3 for experimental details. 

Table 5.5 summarizes the results of the HIP experiments. No Ti3SiC2 was detected in 
any of the HIP samples. The main phases were titanium carbide and titanium disilicide. 
Powder P4 was heavily contaminated by iron, from the planetary mill container and media, 
and fersilicite (FeSi) was formed.  

Table 5.5: HIP results 
Powder no 1 2 4 5 6
Mill Ball mill Attritor Planetary 

mill 
Planetary
mill 

Planetary
mill 

Phases present TiC, TiSi2 TiC, TiSi2 TiC, FeSi TiC, TiSi2 TiC, TiSi2

Hot pressing (HP) was used for densification of samples with varying powder 
compositions. The pellets were embedded in boron nitride (BN) powder and placed in a 
pressing assembly of graphite. See section 4.2.3 for experimental details. Table 5.6 
summarizes the HP experiments and resulting x-ray diffractograms are shown in figures 5.3 
and 5.4. See also paper 6 [105]. 

Table 5.6: Hot press parameters and results. 
Temp 
(°C)

Hold
time (h) 

Pressure
(MPa)

Powder comp Phases present 

1150 1 20 3TiC/2Si TiC, TiSi2, SiC (traces) 
1150 1 20 3TiC/2Si+10at%C TiC, TiSi2, Ti3SiC2
1250 1 20 3TiC/2Si TiC, TiSi2, Ti3SiC2,

SiC (tr) 
1300 1 20 3TiC/2Si TiC, TiSi2, SiC (tr), 

Ti3SiC2 (tr)
1300 1 20 3TiC/2Si+20%Si TiC, TiSi2, SiC (tr), 

Ti3SiC2 (tr)
1300 1 Atm1 3TiC/2Si TiC, Ti3SiC2, TiSi2,

SiC (tr) 
1300 1 Atm1 3TiC/2Si+20%Si TiC, TiSi2, Ti3SiC2,

SiC (tr) 
1300 2 20 3TiC/2Si+40%Si TiC, TiSi2, SiC (tr), 

Ti3SiC2 (tr)
1300 2 20 3TiC/2Si+60%Si TiC, TiSi2, SiC (tr), 

Ti3SiC2 (tr)
1300 1 20 3TiC/2Si+10%C TiC, TiSi2, Ti3SiC2
1380 1 20 3TiC/2Si Si, TiC, TiSi2
1400 1 20 3TiC/2Si TiC, TiSi2
1430 1 20 3TiC/2Si TiC, TiSi2

1 Fired under dynamic argon atmosphere, no pressure was applied. 
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Figure 5.3: X-ray diffractograms of samples hot pressed at 1250, 1380 and 1430°C.

Figure 5.4: X-ray diffractograms of samples with 10% extra carbon or 20-60% extra 
silicon, hot pressed at 1300°C and 20MPa. The samples with 10% C and 20% Si were held 
for one hour and samples with 40 and 60% Si were held for two hours. 
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Some HP samples were reheated in order to ascertain whether the Ti3SiC2 would form 
in larger amounts or decompose with longer holding times and/or higher temperatures. The 
3TiC/2Si sample initially heated to 1250°C and held for one hour (with 20 MPa pressure) was 
reheated to 1420°C and held at the same pressure for one hour. After reheating, no Ti3SiC2 or 
SiC remained in the sample. 

The 3TiC/2Si+20%Si sample initially heated to 1300°C and held for one hour (with 
20MPa pressure) was reheated to the same temperature and pressure and held for two hours. 
After reheating, no Ti3SiC2 remained in the sample. 

The 3TiC/2Si+10%C sample initially heated to 1300°C and held for one hour (with 
20MPa pressure) was reheated twice to the same temperature and pressure. During the first 
reheating the sample was held for one hour and during the second it was held for two hours. 
After the first reheating only traces of the Ti3SiC2 remained in the sample and after the second 
reheating, no Ti3SiC2 remained at all. 

The very low production of Ti3SiC2 under pressure is attributed to the effect of a closed 
system. At high temperatures, thin oxide layers adhering to powder surfaces are reduced, 
forming CO gas which is flushed out in a dynamic atmosphere. Under closed conditions on 
the other hand, entrapped gases will remain in the samples, increasing the partial pressure of 
CO. Residual oxides may act as diffusion barriers, decreasing the reactivity of the system. 
This subject is explored in papers 5 and 6 [101, 105]. 

5.4  Characterization
The characterization methods used in these studies are described in section 2.4 and 4.3. This 
section presents a selection of results, most of which are not published elsewhere. For in-
depth discussions on related topics please refer to the corresponding papers. 

5.4.1  Dilatometry 
The dilatometer may be used with a glass carbon or alumina tube furnace. The effects of 
carbon presence in the furnace atmosphere are discussed in paper 4 [79]. Figure 5.5 shows a 
dilatometric curve of a sample heated in the glass carbon dilatometer. The arrows in the figure 
refers to temperatures up to which additional samples has been heated and examined by XRD. 
These XRD results are shown in figure 5.6. 

The sample was ball milled with a TiC/Si ratio of 3.2 and was heated at a rate of 10 
K/min to a temperature of 1700°C under argon atmosphere, see section 4.3.3.3 for 
experimental setup and description. 
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Figure 5.5: Dilatometer curve produced in graphite furnace.

After heating to 1700°C, a layer of silicon deposited on the sample holder in the furnace 
was observed and identified by EDS.

Figure 5.6: X-ray diffractograms of samples heated in graphite dilatometer.  
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Figures 5.5 and 5.6 show that no reactions occurred at temperatures below 1000°C. At 
1178°C the silicon peaks show decreased intensity, indicating that diffusion of Si atoms into 
the TiC lattice has taken place. At 1300°C, the binary silicide TiSi2 appeared and at 1425°C, 
the ternary carbide Ti3SiC2 was also present. The amount of Ti3SiC2 increased at 1500°C but 
at 1700°C no TiSi2 and less Ti3SiC2 remains in the sample. The main peak of the residual 
Ti3SiC2 is shifted with respect to the main peak at 1500°C, indicating that the residual phase 
may be an off-stoichiometric adaptation of the Ti3SiC2.

5.4.2  Simultaneous thermal analysis 
The simultaneous thermal analyser (STA) records the thermogravimetric (TG) and the 
calorimetric (DSC) curves simultaneously during heat treatment. Figure 5.7 shows the TG and 
DSC curves of a sample heated in an alumina crucible to 1500°C. Also included in the figure 
is a dilatometric curve from the dilatometer with a glass carbon tube described in the previous 
section and two curves from the mass spectrometer (MS). The two MS curves show the 
variations of fragment ion mass numbers 28 and 44 in the exhaust gases from the STA. The 
sample was ball milled with a TiC/Si ratio of 3.2 and heated under a dynamic argon 
atmosphere at a rate of 10 K/min, see section 4.3.3. The weight loss between 300 and 400°C, 
indicated by a decrease in the TG curve and peaks in the two MS curves, corresponds to the 
evaporation of absorbed gases from the powder particle surfaces. The species given off are 
mainly air molecules: N2, O2, CO2, H2O and Ar. The slow increase of the TG curve from 400 
to 1200°C is a result of oxidation. The final weight loss at approximately 1300°C is followed 
by an increase in the mass number 28, indicating that carbon monoxide or silicon evaporates 
at these temperatures. In paper 5 [101] a slower heating rate was used for better resolution of 
the DSC curve. A getter material was inserted into the furnace, preventing oxidation of the 
samples. A more thorough discussion of STA and MS results and the corresponding high 
temperature chemistry is given in paper 5 [101]. 

Figure 5.7: Thermogravimeter, calorimeter and mass spectrometer curves.  
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5.4.3  Hardness 
The hardness measurements were obtained using a Vickers microhardness tester with a 
diamond indenter and 50 g load; see section 4.3.4 for experimental details. The results from 
the hardness tests are shown in table 5.7. 

Table 5.7: Hardness test results 
Sample Hardness

Ave. (HV) 
Hardness
range (HV) 

TiC/Si ratio Sintering 
time 

Sintering
temp (°C) 

H1 53 43-66 3:1 50 min 1300
H2 89 78-112 3:2 50 min 1300
H3 83 66-110 3:2.2 50 min 1300
H4 73 55-99 3:2.4 50 min 1300
H5 85 62-107 3:2.6 50 min 1300
H6 46 38-60 3:2.8 50 min 1300
H7 139 111-163 3:2 50 min 1300
H8 97 79-128 3:2.6 30 min 1350
H9 147 140-152 3:2 30 min 1350
G1 50 28-69 3:2 4h 1350
G2 100 89-105 3:2 4h 1300
G3 60 51-77 3:2 4h 1250
G4 81 72-88 3:2 4h 1200
G5 98 85-111 3:2 2h 1300
G6 100 79-134 3:2 8h 1300
G7 68 54-123 3:2 12h 1300

The preparation of G and H samples is described in section 4.3.4 and the phases present 
in the H and G hardness samples can be found in tables 5.2 and 5.4. The Ti3SiC2 phase is 
reportedly a relatively soft phase [9] compared with the binary carbides TiC and SiC, which 
are known to be very hard [92, 107]. The hardness measurements of these studies do not 
however, show any significant correlation between phase composition and hardness. This is 
likely an effect of the porosity of the samples.  

Hardness testing aims to quantify local plastic deformation, but the indenter load is 
distributed on a smaller material surface if there are pores in the material, thereby introducing 
errors to the measurement. Also, porous samples will not deform exclusively in a plastic 
manner under the force of the indenter. The mechanical loading compresses the structure, 
elastically and plastically, which may cause densification instead of plastic deformation 
underneath the tip of the indenter. Pores may also collapse - a process that creates small 
cracks in the microstructure. This may distort the shape and size of the indentations and 
thereby introduce large errors into the measured hardness values.  
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6 SUMMARY OF APPENDED PAPERS

This section introduces some of the most important aspects of the appended papers. The topic 
of each paper is described briefly and related to the other papers in this thesis. 

6.1 Summary of paper 1 
Preparation and firing of a TiC/Si powder mixture
The author carried out the experimental work, characterizations and wrote the paper. 

Abstract: This paper describes how the preparation and heat treatment of TiC/Si powders 
influences the phase reactions during firing. The powders are prepared by milling and some 
effects of powder preparation are discussed. A solid state displacement reaction according to: 
3TiC + 2Si  Ti3SiC2 + SiC is a priori expected to take place during heat treatment. The 
firing procedure is investigated with respect to the effect of heat treatment time and 
temperature on the phases produced, particularly Ti3SiC2. Samples were heat treated in a 
graphite lined furnace. Heat treated samples were analysed by x-ray diffraction, scanning 
electron microscopy and energy dispersive spectroscopy. Ti3SiC2, TiC and SiC are dominant 
in the final products. The highest amount of Ti3SiC2 is achieved with short holding times (2-4 
hours) at high temperatures (1350-1400ºC). Ti3SiC2 appears to decompose at elevated 
temperatures or extended times, through a Ti3SiC2  TiC + Si(g) type reaction. The 
activation energy of Ti3SiC2 phase formation is determined to be 289 kJ/mol, using the Mehl-
Avrami- Johnson model. 

In this paper, powder preparation parameters, such as milling and drying, are discussed 
in terms of contamination, particle size distribution and homogeneity of the powder. Other 
results on related subjects are discussed in section 4.1.

The firing step (carried out in a large, reaction bonding furnace with graphite heating 
elements, under a low vacuum) is discussed with respect to firing time and temperature and 
their influence on the formation and consumption of the TiSi2 and Ti3SiC2 phases. This 
subject is further discussed in the subsequent papers. 
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6.2  Summary of paper 2
Synthesis of Ti3SiC2 by reaction of TiC and Si powders 
The author carried out the experimental work, characterizations and wrote the paper. 

Abstract: In this paper, titanium silicon carbide was synthesized by pressureless sintering of 
ball milled TiC and Si powders of six different compositions. The sintering reactions were 
evaluated in situ by dilatometer analysis under flowing argon gas. As-sintered samples were 
evaluated by x-ray diffractometry. Titanium carbide, silicon carbide and titanium disilicide 
were present as intermediate and secondary phases in the samples. When excess Si is present, 
TiSi2 is found to be an intermediate phase to the formation of Ti3SiC2. The excess of silicon 
was beneficial for the synthesis of the MAX phase and an optimal Si content, with respect to 
the maximum MAX phase content of the final product, may be found. The Ti3SiC2 was found 
to decompose into TiC and gaseous Si at high temperatures. 

In this study, the silicon content of the starting powder was evaluated. Two graphite furnaces 
were used for densification; a large reaction bonding furnace and a small, dilatometer furnace. 
A powder blend with a TiC/Si ratio 3:1 behaved differently from the other evaluated powders, 
which had a higher Si content, in terms of phase reactions and Ti3SiC2 yield. This 
phenomenon and the phase reactions of formation and consumption of the TiSi2 and Ti3SiC2
phases are discussed. The discussion is extended further in paper 3. 

6.3 Summary of paper 3
Effect of the amounts of silicon on the in situ synthesis of Ti3SiC2 based composites made from 
TiC/Si powder mixtures 
The author carried out the experimental work, characterizations and wrote the paper. 

Abstract: This paper describes how variations in silicon content and heat treatment influence 
the phase composition of TiC/Si powder mixtures during heat treatment. The sintering 
procedure is investigated with respect to the phases produced with a particular emphasis on 
maximisation of the Ti3SiC2 content. The heat treated products were analysed using scanning 
electron microscopy, energy dispersive spectroscopy and x-ray diffractometry. In the heat 
treated products Ti3SiC2 and TiC were the dominant phases and SiC and TiSi2 were found in 
smaller (0-30vol%) amounts. The composition was found to depend on both Si content and 
heat treatment temperature and time. The silicon content can be optimised with respect to 
maximum Ti3SiC2 production, but its value changed with different temperature programs. The 
highest amount (56 vol%) of Ti3SiC2 is achieved by heat treating powder mixtures of initial 
composition 3TiC/2.2Si at 1350º for one hour. Heat treatment at lower temperatures (1250-
1300 °C) results in an incomplete reaction and production of TiSi2.

In this paper, the silicon effect is addressed again and in these experiments, firing was carried 
out in an alumina tube furnace. The phase composition of the final products can be adjusted 
by controlling the Si content of the starting powder, if combined with optimised heat 
treatment parameters. The different phase compositions are discussed in terms of phase 
equilibrium and powder homogeneity.  
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6.4  Summary of paper 4
Carbon atmosphere effect on Ti3SiC2 based composites made from TiC/Si powders 
The author carried out the experimental work, characterizations and wrote the paper. 

Abstract: The effect of carbon activity and CO pressure in the furnace atmosphere is 
investigated with respect to the phase reactions during heat treatment of TiC/Si powders. 
Special attention is paid to the production and decomposition of Ti3SiC2. Samples were 
heated in graphite and alumina furnaces, connected to a dilatometer which enabled in-situ 
analysis of the phase reactions. The phase compositions of the heat treated samples were 
determined by x-ray diffraction. The reducing atmosphere of the graphite furnace enhanced 
the reactivity of the starting powder and enabled phase reactions to take place at a lower 
temperature than in the alumina furnace. TiSi2 and SiC phases formed at temperatures below 
the melting point of Si and were continuously consumed at higher temperatures. Ti3SiC2
formed at the melting temperature of Si regardless of furnace atmosphere. No decomposition 
of the Ti3SiC2 was observed in either furnace. 

This paper focuses on the influence of carbon in the furnace atmosphere on the phase 
reactions. Two dilatometer furnaces are used for densification, one with graphite present and 
one without any furnace sources of carbon. The same phase reactions were observed in both 
furnaces, and no decomposition of the Ti3SiC2 was observed in either furnace. The main 
difference between the furnaces is the reactivity of the powders which is enhanced by the 
reducing atmosphere of the graphite furnace. Other results from various densification 
experiments in graphite and alumina furnaces can be found in sections 4.3.1 and 4.3.2. 

6.5 Summary of paper 5
Phase reactions associated with the formation of Ti3SiC2 from TiC/Si powders
The author carried out the experimental work, characterizations and wrote the paper. 

Abstract: The objective of this paper w to investigate the high temperature phase reactions 
that take place in a 3TiC/2Si powder mixture during heating. Special attention was paid to the 
formation and decomposition of Ti3SiC2 and to the evaporation of gases. Differential 
scanning calorimetry and thermogravimetry were used for in situ analysis of the phase 
reactions. Samples were heated at a rate of 5 K/min to various temperatures between 890 and 
1450°C and then cooled at a rate of 20 K/min. Heat treated samples were analysed by x-ray 
diffractometry. the first phase to form was TiSi2, which was consumed in the Ti3SiC2 forming 
reactions. No decomposition of Ti3SiC2 was observed at temperatures below 1450°C. 
Evaporation of CO(g) and small amounts of Si(g) were detected at 1430°C.

In this paper, the high temperature chemistry of the 3TiC/2Si powder mixture is investigated 
further. Heat treatments are performed in a simultaneous thermal analyser which is connected 
to a mass spectrometer for analysis of evolved gases. The heating rate was 5K/min, which is 
slower than in previous studies; this enhances the resolution of the thermal analysis curves. 
Reduction of oxide layers into carbon monoxide gas is found to occur concurrently with the 
formation of Ti3SiC2.
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6.6  Summary of paper 6
Preparation of dense TiC based precursors for Ti3SiC2 synthesis  
The author carried out the experimental work, the characterizations and wrote parts of the 
paper.

Abstract: The aim of this work was to investigate the possibility of producing dense bulk 
Ti3SiC2 composites by hot pressing TiC/Si powders. A hot press with graphite heating 
elements was used for pressurized densification of various powder compositions. Carbon 
black was also added to some samples. The phase reactions of some hot pressed samples were 
further evaluated in situ by pressureless heating in a dilatometer. The density and phase 
composition of the heat treated samples were evaluated by using Archimedes principle and by 
x-ray diffractometry, respectively. Hot pressing resulted in a poor Ti3SiC2 yield; the main 
phases were TiC and TiSi2 regardless of starting powder composition, temperature, holding 
time or pressure. A second heating without pressure resulted in Ti3SiC2 formation, but only in 
samples initially hot pressed at 1300°C or lower. At higher hot pressing temperatures, thin 
oxide layers on particle surfaces were locked into the structure. Acting as diffusion barriers, 
they prevented the Ti3SiC2 forming reaction. In hot pressed samples the density was 
significantly higher than in samples sintered without pressure. 

The effect of the thin oxide layers on particle surfaces is explored further in this paper. The 
presence of the oxides explains the influence of pressure on the phase reactions during 
densification. Initial heat treatments were carried out in a hot press with graphite heating 
elements. These samples were denser than those previously produced by vacuum and 
pressureless sintering but the Ti3SiC2 yield was very low. As the amount of Ti3SiC2 could be 
increased by adding a second, pressureless heat treatment, the paper also explores a potential 
process route for the production of dense, bulk Ti3SiC2 composites. 



7. General conclusions 

7 GENERAL CONCLUSIONS

Ti3SiC2 was produced in relatively large quantities (up to 96.8 vol%) from TiC and Si 
powders. Silicon additions to the starting powder are beneficial to the Ti3SiC2 yield. 
The density of Ti3SiC2 composites can be improved by hot pressing TiC/Si powders 
into precursors before the final heat treatment. The final heating should be carried out 
in an open system without pressure. 
Titanium disilicide is an intermediate phase to the formation of Ti3SiC2 from TiC and 
Si powders. Silicon melts (at 1414°C) or forms a eutectic liquid with TiSi2 (at 1330°C) 
and this liquid facilitates the phase reactions by enabling faster diffusion. 
Decomposition of Ti3SiC2 may occur at relatively low temperatures when there is 
oxygen present in the furnace atmosphere, particularly if the heat treatments are long. 
When the partial pressures of oxygen and carbon monoxide are limited, no 
decomposition occurs below 1450°C.  
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Abstract. This paper describes how the preparation and heat treatment of TiC/Si 
powders influences the phase reactions during firing. The powders are prepared by milling and 
some effects of powder preparation are discussed. A solid state displacement reaction 
according to: 3TiC + 2Si → Ti3SiC2 + SiC is a priori expected to take place during heat 
treatment. The firing procedure is investigated with respect to the effect of heat treatment time 
and temperature on the phases produced, especially Ti3SiC2. Samples were heat treated in a 
graphite lined furnace. Heat treated samples are analysed by x-ray diffraction, scanning 
electron microscope and energy dispersive spectroscopy. Ti3SiC2, TiC and SiC are dominant in 
the final products. The highest amount of Ti3SiC2 is achieved for short holding times (2-4 
hours) at high temperatures (1350-1400ºC). Ti3SiC2 appears to decompose at elevated 
temperatures or extended times, through a Ti3SiC2 → TiC + Si(g) type reaction. The activation 
energy of Ti3SiC2 phase formation is determined to be 289 kJ/mol, using the Mehl-Avrami-
Johnson model. 

1. Introduction 
The ternary system Ti-Si-C has some interesting phases, for example a number of both binary and 
ternary intermetallics, see Figure 1. One of the most intriguing of these phases to materials scientists is 
the Ti3SiC2, which is a ceramic compound that exhibits a unique set of properties. It combines thermal 
and electrical conductivity and relative softness with chemical and thermal stability, elastic stiffness 
and excellent high-temperature mechanical properties.[1-3] It is resistant to thermal shock, damage 
tolerant and it can be machined by use of conventional high-speed tools without lubrication or cooling, 
which is of great technological importance for its potential applications.[1, 3] It is commonly referred 
to as a so called MAX phase; the MAX phases being a family of layered, ternary carbides and nitrides 
of general chemical formula Mn-1AXn where M is an early transition metal, A is an element from 
groups 12-16 in the periodic table of the elements, X is either carbon or nitrogen and n is an integer 1-
3.
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Figure 1. 1200˚C isothermal section of the Ti-Si-C ternary phase 
equilibrium diagram by Arunajatesan & Carim. [4] 

Bulk samples of Ti3SiC2 have been produced by different approaches based on powder
metallurgical techniques such as vacuum sintering,[5, 6] hot pressing,[7-10] hot isostatic pressing,[3, 
11] self-propagation high-temperature synthesis,[12] mechanical alloying,[7, 13] and spark plasma 
sintering.[14] A range of powder mixtures have been used such as TiH2/Si/C,[7] Ti/SiC/C,[8, 15] 
Ti/Si/C[4, 16] or Ti/Si/TiC.[5, 14] While some has attained single phase Ti3SiC2,[3, 17] many attempts 
have resulted in samples containing secondary phases such as TiCx, Ti5Si3Cx, Ti5Si3, TiSi2 or 
unreacted raw materials in the final products.[18-20] The presence of other phases is not necessarily 
detrimental however; some studies have shown that by controlling the amount of the different phases 
in the samples it is possible to adjust the properties of the material. The binary carbides TiC and SiC 
have been shown to reinforce the Ti3SiC2, producing composites with improved properties and 
enhanced oxidation resistance [21]. Both TiC- and SiC-Ti3SiC2 composites have been reported to 
possess damage tolerance, fracture toughness and thermal shock resistance comparable or even 
superior to monolithic Ti3SiC2 samples. [22-24] 

Common in the synthesis of these materials is the use of starting powders containing pure titanium 
metal. Powdered Ti is highly reactive and must be handled with great care to safety measures [25] 
which is a disadvantage in terms of an up scaled production. If comparable material could be 
synthesised from cheaper and less hazardous starting powders it would be a great advantage for 
industrialised production. 

There is consensus in the literature, with some minor variations, on the route of formation of 
Ti3SiC2 from powder mixtures including Ti metal, regardless of the sintering method of choice. This 
reaction pathway includes Ti5Si3Cx as a necessary intermediate step for the formation of Ti3SiC2. [6, 
26] This reaction pathway is not, however, applicable to TiC/Si powders since Ti5Si3Cx has not been 
observed. Yet, Ti3SiC2 has been reported to form in spite of the relatively low reactivity of TiC. [27] 

In this paper we report on the sintering process of a TiC/Si powder mixture. The a priori expected 
reaction is: 
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3TiC + 2Si → Ti3SiC2 + SiC  (1) 

The phase reactions are investigated with respect to the effect of sintering time and temperature on 
the phases produced, especially Ti3SiC2.

2. Experimental 
The powders used were TiC (Aldrich) and Si (Merck) and they were mixed with a molar ratio of 3:2, 
corresponding to the stoichiometry of the expected reaction in equation (1). One sample, here denoted 
P1, was ball milled (Siemens: Elektra Tailfingen T10) during 96 hours. Another powder, here denoted 
P2, was first ball milled for 96 hours and then transferred to an attritor (Walther Flender: 4AP) and 
attrition milled for 24 hours. Finally, a third powder, here denoted P3, was ball milled for 24h. 

The as-milled powders were evaluated using a scanning electron microscope (SEM, JEOL: JSM – 
6460LV), and by measuring the Brunaur-Emmett-Teller (BET) surface area (Micromeritics: ASAP 
2000). The compaction of the green body was performed by the combination of two methods 
operating at room temperature: cold uniaxial pressing (MFL Systeme Prüf und Mess: UPD6) and cold 
isostatic pressing (Autoclave Engineers: STD). The compaction was performed under pressures of 10 
MPa and 300 MPa respectively. The furnace experiments took place in a reaction sintering furnace 
with graphite heating elements (Conrad Engelko Technik) in which the samples were embedded in 
boron nitride. Furnace heat treatments were performed at different temperatures and with varying 
holding times, under a vacuum of approximately 0.02 mbar. Powder samples were sintered at varying 
temperatures and holding times. The parameters of the sintering experiments are summarised in Table 
1. The as-sintered microstructure was evaluated with x-ray diffraction (XRD, Philips: MRD), using 
CuKα radiation and a proportional detector and by SEM with energy dispersive spectroscopy (EDS). 

The activation energy of Ti3SiC2 formation was calculated using the Arrhenius equation and Mehl-
Avrami-Johnson (MAJ) theory. [15] The kinetics of Ti3SiC2 formation was modelled using the MAJ 
equation (2) and the activation energy of the process was calculated using the Arrhenius equation (3).  

The MAJ equation: ( ) ( )nKttf exp1−=   (2) 
Where n is the Avrami exponent and K is the reaction rate constant. 

The Arrhenius equation: ( ) ⎟
⎠
⎞

⎜
⎝
⎛ −=

kT

E
KTK exp0   (3) 

Where K is the frequency factor, E is the activation energy, k is the Bolzmann constant and T is the 
temperature. 

Table 1. Summary of the reaction furnace experiments. 

Sample Milling method Temp. (°C) Time (h) 
P1 Ball mill 96h 1200, 1250 4 
P1 Ball mill 96h 1300 1, 2, 3, 4, 5, 6, 8, 

10, 12 
P1 Ball mill 96h 1350, 1400 1, 2, 4 
P1 Ball mill 96h 1500 8, 24 
P2 Ball mill 96h + 

Attritor 24h 
1500 8, 24 

P3 Ball mill 24h 1250 2.5
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3. Results and Discussion 
The ball milled P1 had a BET surface area of 3,63 m2/g and the ball- and attrition milled P2 had a BET 
surface area of 11,25 m2/g. P1 was significantly coarser than P2 and had a wider particle size 
distribution, see Figure 2. SEM images of the as-milled powders are displayed in Figure 2a) and c). 
The majority of the P1 particles were of sizes between 1 and 5 μm but also particles smaller than 0.5 
μm and large particles up to 15 μm were observed. The P2 displayed a narrower particle size 
distribution and small particles, mainly ranging from 0.1 to 1 μm. SEM images of the as-sintered 
products after heat treatment in 1500˚C for 24h are displayed in Figure 2b) & d). Both samples have a 
porous microstructure. The P1 sample has finer particles with more rounded shapes than the P2. The 
P3 powder turned out to be very similar to the P1. 

Figure 2a Figure 2b 

Figure 2c  Figure 2d 

Figure 2. SEM images of the raw powders and of products sintered in the graphite furnace at 
1500˚C for 24h. a): P1 raw powder; b): P1 sintered product; c): P2 raw powder;                   
d): P2 sintered product.. 

After heat treatment in vacuum in the reaction sintering furnace, at 1500ºC for 8 and 24 hours, the 
P1 samples contained TiC and Ti3SiC2 as the main phases with minor amounts of SiC, see Figure 3. 
The 8 hour sintering run rendered somewhat more Ti3SiC2 than the 24 hour run. The P2 samples 
sintered under the same conditions also contained TiC but there were no Ti3SiC2 or SiC present. The 
absence of Ti3SiC2 in the P2 samples is likely a consequence of reaction kinetics. As Ti3SiC2 has a 
tendency to decompose, it is likely to have formed and decomposed in the P2 samples at an earlier 
stage than in the P1. The particle size of the P2 powder was smaller than the P1, due to attrition 
milling and since a more finely divided powder exhibits shorter diffusion paths, the rate of reaction is 
higher. This kinetic effect has also been confirmed by thermal analysis, results of which will be 
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published elsewhere. An unknown phase was detected; it is likely a decomposition product and 
possibly a non-stoichiometric adaptation of the Ti3SiC2 phase. 

The extra hours of attrition milling of the P2 powder produced no advantage in terms of the 
production of phases of interest, such as silicides or ternary or binary carbides. Therefore, the ball 
milled P1 powder was chosen for further furnace experiments. 

Figure 3. X-ray diffractograms of the P1 and P2 samples after sintering 
at 1500 ºC for 8 and 24 hours respectively. Ti3SiC2 peaks are denoted 
TSC in the figure. 

Figure 4 shows x-ray diffractograms of P1 samples sintered at different temperatures and the phase 
composition is summarised in Table 2. These samples were sintered for 4 hours at 1200-1400ºC, the 
diffractograms in Figure 4 show that the main phases are Ti3SiC2, TiC and SiC with TiSi2 present in 
samples sintered at the lower temperatures. More Ti3SiC2 was found in these samples compared to 
those sintered at 1500ºC. These results are in agreement with those of Li et al.[19] and Córdoba et 
al.[18] who observed secondary phases SiC and TiC in their final products, prepared from TiC/Si 
powders by hot pressing and pressureless sintering in argon. 

Samples sintered at 1200 and 1250ºC produced significantly less Ti3SiC2 and SiC than samples 
sintered at 1300-1400ºC. Titanium disilicide, TiSi2 is present only at the lower temperatures and 
appears to be an intermediate phase to the Ti3SiC2 formation. 

Although the presence of Ti5Si3Cx cannot be completely ruled out, as its two main diffraction peaks 
overlap those of the Ti3SiC2, no significant amount was detected in this study. This contradicts the 
hypothesis based on thermodynamical calculations presented by Li et al.[19] stating that Ti5Si3Cx

should be the main intermediate phase for the development of a Ti3SiC2 structure. 
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Figure 4. X-ray diffractograms of P1 samples sintered during 4 h at 
different temperatures. TiSi2 and Ti3SiC2 peaks are denoted TS and 
TSC respectively. 

Table 2. Phase composition of P1 samples sintered for 4 hours. 

Temperature (ºC) Phases present 

1200 TiC, TiSi2, (traces of SiC) 

1250 TiC, TiSi2, SiC, Ti3SiC2

1300-1400 TiC, SiC, Ti3SiC2

The influence of sintering time is displayed in Figure 5, it shows x-ray diffractograms of P1 
samples sintered at 1300ºC and held for different times. Ti3SiC2, TiC and SiC were the main phases 
and small amounts of TiSi2 were traceable in samples held at temperature for 4h or less. Most Ti3SiC2

was attained when the sample was held at temperature for 3 hours. Generally, short holding times (2-4 
hours) produced more Ti3SiC2 than longer, suggesting a breakdown of Ti3SiC2 over time. The SiC 
content appears to change very little with changes in holding time. 

From these sintering experiments, it is clear that sintering time and temperature have a stronger 
effect on the formation of Ti3SiC2 and TiSi2; whereas the binary carbides TiC and SiC are less reactive 
and therefore less dependent on time and temperature. In order to achieve large amounts of Ti3SiC2 the 
sintering time should be shifted towards shorter holding times as the sintering temperature is 
increased. In this study, most Ti3SiC2 was achieved when sintering at 1400ºC with a hold for 1 hour. 
Most TiSi2 was produced when sintering at 1200ºC with a hold for 4 hours. The evolutions of the TiC 
and Ti3SiC2 phases are strongly interconnected; the amount of TiC decreases while the amount of 
Ti3SiC2 increases, but when the Ti3SiC2 amount is reduced during the decomposition reaction, the TiC 
content is raised again. These results confirm Ti3SiC2 decomposition into TiC and Si as proposed by 
Racault et al.[28] 
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Figure 5. X-ray diffractograms of P1 samples sintered at 1300ºC for 
different times. Ti3SiC2 peaks are denoted TSC in the Figure. 

Figure 6a) shows an SEM image of a P3 sample sintered at 1250˚C for 2,5h. Figures 6b), c) and d) 
shows the EDX mappings of the same area. The samples were not perfectly homogeneous and the 
Figure shows an inhomogeneous area. EDS analysis of the area revealed different chemical 
compositions within different, well defined parts of the sample. This will naturally influence the phase 
composition of the samples. Areas rich in Si also tend to be poor in Ti and vice versa. This indicates 
that SiC and TiSi2 are dominating in some, well defined areas rich in Si. Therefore, it requires a certain 
temperature and/or holding time (1300˚C, 4h) to allow the diffusion of silicon to more Ti rich areas, 
which appears to be necessary for Ti3SiC2 to form in any significant amounts. The carbon distribution 
is relatively uniform, partly because of the low atomic number of carbon. From the phase diagram in 
Figure 1 however, it is also clear that the carbon content should not vary greatly with varying phase 
composition.  

Further investigation showed that the powder inhomogeneity originates from segregation, caused 
by a degree of particle sedimentation in the drying step during powder preparation. This effect was 
found to be reduced by extensive mechanical stirring throughout the entire milling and subsequent 
drying processes.  

The activation energy was found to be 289 kJ/mol, which is in good agreement with the value 380 
kJ/mol reported by Wu et al.[15] for the Ti3SiC2 formation from Ti/SiC/C powders with intermediate 
phases TiCx, Ti5Si3Cx and free carbon. 
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Figure 6a Figure 6b 

Figure 6c Figure 6d 

Figure 6. SEM micrographs of P3 sintered at 1250˚C for 2,5h; a) backscattered electron mode;     
b) EDS mapping of titanium showing light areas rich in Ti and dark areas poor in Ti; c) EDS mapping 
of silicon showing light areas rich in Si and dark areas poor in Si; d) EDS mapping of carbon showing 
a relatively uniform distribution of C. 

5th International EEIGM/AMASE/FORGEMAT Conference on Advanced Materials Research IOP Publishing
IOP Conf. Series: Materials Science and Engineering 5 (2009) 012016 doi:10.1088/1757-899X/5/1/012016

8



4. Conclusions 
It is possible to synthesise Ti3SiC2 phase by ceramic powder processing from a starting powder of 

3TiC/2Si, i.e. without the expensive and highly reactive Ti. The activation energy for the formation of 
Ti3SiC2 was found to be 289 kJ/mol from TiC/Si starting powders. 

SiC and TiC were present in all furnace heated samples. TiC is present both as a reactant involved 
in the formation of the Ti3SiC2 and as a product of its decomposition. 

No Ti5Si3Cx was observed in this study, and it is unlikely to be a key feature to the formation of 
Ti3SiC2 from TiC/Si powders. 

TiSi2 is suggested to be an intermediate phase in the process of Ti3SiC2 formation from TiC/Si 
starting powders. 

The Ti3SiC2 and the TiSi2 are very sensitive to holding times and temperatures, decomposing if 
either is extensive. Short holding times at temperatures of 1300-1400°C are advantageous for the 
development of Ti3SiC2, whereas temperatures must be limited to 1250°C for TiSi2. Ti3SiC2

decomposed into TiC and other decomposition products such as gaseous silicon. 
The particle size influences the rates of reactions in the sintered samples. An uneven size 

distribution of the particles of the starting powder is not necessarily detrimental for the formation of 
Ti3SiC2 during sintering. 

The homogeneity of the powders influences the time and temperature of the heat treatments 
required for substantial formation of Ti3SiC2.
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ABSTRACT

The MAX phase Ti3SiC2 has been synthesized from starting powder mixtures which do 
not include pure titanium. The presence of pure titanium in a powder is problematic because of its
oxidizing, and in the form of a finely divided powder, explosive nature. The aim of this study was to
evaluate the synthesis of bulk polycrystalline samples of Ti3SiC2 from a starting powder mixture which 
is more suited for large scale production. 

Titanium silicon carbide MAX phase was synthesized by pressureless sintering of ball 
milled TiC and Si powders of six different compositions. The sintering reactions were evaluated in situ 
by dilatometer analysis under flowing argon gas. The as-sintered samples were evaluated using mainly
x-ray diffraction (XRD) analysis. This study showed that titanium carbide, silicon carbide and titanium 
disilicide were present as intermediate or secondary phases in the samples. 

Our results indicate that TiSi2 is an intermediate phase to the formation of Ti3SiC2 when 
excess Si is present. The excess of silicon also proved beneficial for the synthesis of the MAX phase
and there is a Si content which is optimal with respect to the maximum MAX phase content of the final 
product. The Ti3SiC2 was found to decompose into TiC and gaseous Si at high temperatures.

INTRODUCTION

Ti3SiC2 is a ceramic material which has received increased attention over the past decade 
because of its attractive combination of properties. It belongs to a group of ternary layered nitrides and 
carbides known as the MAX phases; with general formula Mn+1AXn, where M is an early transition 
metal, A is an element from groups 12-16 in the periodic table of the elements, X is either nitrogen or 
carbon and n is an integer 1-3. Titanium silicon carbide is the most well known of the MAX phases and 
it combines some of the most appreciated qualities of ceramics with those of metals, e.g. it is 
refractory, light weight and stiff but also damage tolerant, machinable with conventional tools and not 
susceptible to thermal shock.1-5 

Ti3SiC2 is most often prepared from starting powder mixtures including pure titanium, 
such as Ti/Si/C6-11, Ti/C/SiC2,12-15 and Ti/Si/TiC16-18 by use of different powder metallurgical synthesis 
methods, e.g. hot pressing,2,8,10 hot isostatic pressing,12,17 vacuum sintering,7,11,15,18 pressureless 
sintering,6,9,13,14,16 mechanical alloying19-21 and self-propagation high-temperature synthesis.22 Pure 
titanium powder is highly oxidizing and thus has to be handled with great care under strict safety 
precautions.23

Monolithic Ti3SiC2 has been reported by a handful of authors2,12,16,18 but secondary 
phases such as titanium carbides, silicon carbides and/or titanium silicides are still common in the final 
products. Different intermediate phases and reactions have been proposed for the formation of Ti3SiC2. 

El-Raghy and Barsoum12 worked with Ti/C/SiC powders and reported that Ti3SiC2

nucleated and grew within Ti5Si3Cx grains. They proposed a series of reactions where TiC0.5 and 
Ti5Si3C would serve as intermediate phases. Wu et al. initially confirmed13 the observations of El-
Raghy and Barsoum and later added14 that the reactions took place simultaneously. Istomin et al.15

proposed in 2006 a different set of reactions where TiC and Si would be the first intermediate phases to 
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form. These would then react to form Ti5Si3 and TiSi2 which would in turn consume more TiC and Si 
to produce Ti3SiC2. 

Li et al.10 found TiC, Ti5Si3 and TiSi2 in their samples made from elemental starting 
powders. They stated that the starting powder composition, especially with regards to the silicon 
content, determined the phase composition of the final product. Yang et al.18 reported comparable 
observations to the effect of varying silicon content to Ti/Si/TiC powders and concluded that the 
optimum silicon content was 10 % excess to the stoichiometric composition. They stated that excess 
silicon would compensate for Si loss by evaporation whereas too much added Si would promote TiSi2

formation over Ti3SiC2. 
Attempts have also been made to synthesize Ti3SiC2 from TiC/Si powder mixtures, thus 

avoiding the pure titanium. Radhakrishnan et al.24 reported that a reaction of 3TiC/2Si powders would 
first generate the intermediate phase TiSi2 at a temperature of 1170 °C. In a second step the silicide 
would be consumed as Ti3SiC2 and SiC would form. Li et al.25 published in 2004 a differential 
scanning calorimetry (DSC) study, suggesting that the reaction between 3TiC/2Si powders would start 
at 1340 °C. They found SiC and TiC to be present as secondary phases in their final products. 

Racault et al.7 were first to report the decomposition of Ti3SiC2 into TiCx and gaseous Si.
Wu et al.13 who observed that the presence of titanium carbide in the sample was deleterious to the 
thermochemical stability of Ti3SiC2. Gao et al.17 stated that the stability was related to the vapor
pressure of silicon in the furnace. Li et al.25 suggested another reaction formula for the decomposition 
of Ti3SiC2 by carburization where SiC instead of Si would be produced. We have previously reported 
observations of MAX phase formation via the intermediate phase of TiSi2 and a decomposition of the 
MAX phase into TiC and gaseous Si.26 The aim of this study was to evaluate the influence of excess 
silicon in the starting powders on the amount of MAX phase obtained in the final products as well as 
the reaction mechanisms governing its formation. 

EXPERIMENTAL

The powders used were TiC (Aldrich, -325 mesh) and Si (Aldrich, -325 mesh); they were mixed 
at six different ratios. The B composition with the smallest amount of silicon had a TiC/Si ratio of 3:1
and the G composition with the largest amount of silicon had a TiC/Si ratio of 3:2.8. The different 
starting powder compositions are summarized in Table 1. The powders were mixed and milled in a ball 
mill and then compacted by uniaxial pressing to 10 MPa, and cold isostatic pressing to 300 MPa. The 
samples were sintered in a dilatometer with graphite heating elements and sample holder, under 
flowing argon gas. Sintering was also performed in a furnace with graphite heating elements in which 
the samples were embedded in boron nitride. Here the sintering took place at a temperature of 1250˚C
and with 2.5 hour holding time, under a vacuum of approximately 0.02 mbar. The samples were 
crushed into a powder, and analyzed by x-ray diffractometry (XRD) using Cu radiation and a 
proportional detector. The phase fractions were determined using the direct comparison method27. 
Here, the integrated intensity for a minimum of three diffraction lines of each phase were summed and 
the volume fraction of the individual phases was calculated by:
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Where n is the number of hkl peaks for a given phase, V is the volume fraction, I is the integrated 
intensity and R is the calculated theoretical intensity. The validity of this procedure has been 
demonstrated for highly anisotropic, two-phase steels by Dickson28.

Table I. Starting powder compositions
Sample name TiC/Si ratio of 

the starting 
powder

Expected phases Phases present

B 3:1 TiC, Ti3SiC2 & 
SiC

TiC & Ti3SiC2

C 3:2 TiSi2, Ti3SiC2 & 
SiC

TiC, TiSi2, 
Ti3SiC2 & SiC

D 3:2.2 TiSi2, Ti3SiC2 & 
SiC

TiC, TiSi2, 
Ti3SiC2 & SiC

E 3:2.4 TiSi2, Ti3SiC2 & 
SiC

TiC, TiSi2, 
Ti3SiC2 & SiC

F 3:2.6 TiSi2, Ti3SiC2 & 
SiC

TiC, TiSi2, 
Ti3SiC2 & SiC

G 3:2.8 TiSi2, Ti3SiC2 & 
SiC

TiC, TiSi2, 
Ti3SiC2 & SiC

RESULTS

Figure 1 shows a typical thermal expansion curve for the samples analyzed in this study. 
Up to 1142˚C the thermal expansion is linear and the rate is constant. At 1142˚C the curve increases 
and 1276˚C is the onset of a peak. The peak reaches a maximum at 1457˚C, after which the sample 
shrinks abruptly and considerable amounts of silicon is given off. In order to avoid excessive silicon 
evaporation and instrument contamination, the heating segment was limited to 1500˚C for most 
samples.

The only sample which differs from this behavior is the B sample with the lowest amount 
of silicon. It is represented by a dotted line in Figure 1 and it has an earlier onset of the peak. As can be 
seen from the figure the peak begins with a much less distinct “shoulder” at a temperature of about 
1238˚C. The curve peaks at 1382˚C, which is 75˚ lower than the other samples.
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Figure 1: Dilatometer curves of samples B and C with a TiC/Si ratio of 3:1 and 3:2 respectively. The
curves of all other samples analyzed followed the same typical pattern as sample C. 

Figure 2 is a scanning electron micrograph of the F sample showing a typical 
microstructure. Backscattered electron mode revealed different chemical compositions of the matrix 
and the different grains within the matrix. TiC, TiSi2 and SiC phases occur in separate grains 
distributed in a Ti3SiC2 matrix. A closer look at the TiC grains revealed two types of grains with 
different morphologies, indicating that TiC is not only a reactant phase but also a product of the 
decomposition of the MAX phase.7
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Figure 2: Scanning electron micrograph of the F sample showing a microstructure consisting of grains 
of TiC, SiC and TiSi2 and a matrix of Ti3SiC2. TiC grains are present in two different morphologies.

Figure 3 shows x-ray diffractograms of the samples sintered under vacuum for 2 hours 
and 30 min in 1250˚C. The B sample with the lowest amount of silicon in the starting powder differs 
from the other samples. It is the only sample which does not contain silicon carbide (SiC) and titanium 
disilicide (TiSi2). All samples contained titanium silicon carbide MAX phase (Ti3SiC2) and titanium 
carbide (TiC).

The relative phase amounts of Ti3SiC2 and TiC are shown for the different starting 
powders in Figure 4. Most MAX phase was obtained for the 3TiC/2.6Si starting powder composition.
The relative amount of TiC is decreasing while the amount of Ti3SiC2 increases, but when the 
decomposition of Ti3SiC2 causes the MAX phase amount to drop, the TiC content is raised again. This 
suggests that the TiC is both a reactant, consumed in the MAX phase forming reaction, and a product 
of the decomposition reaction.
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Figure 4: Effect of initial silicon content on the amount of titanium silicon carbide MAX phase 
(Ti3SiC2) and titanium carbide (TiC) obtained in the final product after sintering for 2.5 hours at 
1250˚C.

DISCUSSION

The 1200°C isothermal section of the ternary phase equilibrium diagram of the Ti-Si-C 
system is shown in Figure 5. The composition of sample B is represented in the figure by a circle and 
the compositions of the other samples are found within the marked rectangle. The B sample had an 
initial composition within the Ti3SiC2-SiC-TiC three phase area. The sample was found to contain TiC 
and small amounts of Ti3SiC2. Though the x-ray diffractograms do not indicate any SiC in the samples 
its presence in small amounts cannot be completely ruled out as the main peaks of SiC can be 
overlapped by those of the other two phases. The evaporation of silicon has been observed for other 
samples in this investigation and is commonly reported in the literature16,18,22,29-33, which may explain 
the very low amounts of MAX phase and SiC obtained in sample B. As silicon is lost by evaporation, 
the composition of the samples will shift along the marked line in the figure towards the Ti-C base line 
of the diagram. Moving towards the TiC corner of the three phase area will deplete the samples of the 
other two phases.

The initial composition of samples C to G is situated within the TiSi2-SiC-Ti3SiC2 three 
phase area. These three phases were indeed observed in the samples along with some TiC. The 
presence of TiC may have more than one reason: it may, of course, be residual, unreacted starting 
powder or it may be a product of the decomposition of the MAX phase. The two different 
morphologies observed by SEM suggest that the TiC phase may have more than one origin in which 
case both of these reasons may be valid. The evaporation of silicon from these samples will shift the 
phase composition towards the Ti3SiC2-SiC line of the diagram. If the line is traversed due to silicon 
evaporation TiC will form as a result of an equilibrium phase reaction. 

Much more MAX phase was achieved in these samples with excess silicon and most 
MAX phase was obtained with the 3TiC/2.6Si starting powder. This amount of silicon is likely to 
compensate for a certain amount of evaporation in such a way that the sample composition is shifted 
most closely to the Ti3SiC2 phase area. 

Samples analyzed in the dilatometer up to temperatures above 1500˚C lost considerable
amounts of silicon through evaporation that was deposited on the graphite sample holder in the 
dilatometer. These samples consisted mostly of TiC. Since carbon was present in the furnaces through 
the graphite heating elements and sample holder/crucible, the decomposition of Ti3SiC2 is likely to 
follow the reaction initially proposed by Racault et al.7:

Ti3SiC2 + C → TiC + Si(g) (1)

As no intermediate phases or unexpected secondary phases were observed in sample B, 
with no excess silicon, the MAX phase forming reaction is assumed to be a direct displacement 
reaction as proposed by Radhakrishnan et al.24: 

3TiC + 2Si → Ti3SiC2 + SiC (2)

The silicide forming reaction of samples C to G is assumed to follow equation 3 as 
theoretical computations by Li et al.25 has pointed this reaction out as the thermodynamically most 
favourable of the plausible reactions.
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TiC + 3Si → TiSi2 + SiC (3) 
 
As the sample holders and the crucibles used in this study were made of graphite, carbon 

was readily available during the sintering reactions. All samples with excess silicon had comparable 
and relatively low amounts of TiSi2. Previous results34 have shown that the silicide is an intermediate 
phase to MAX phase formation from these powders. TiSi2 is then likely consumed in a second, Ti3SiC2

forming reaction:

3TiSi2 + 7C → Ti3SiC2+SiC (4) 
 

Alternatively, more than one reaction may occur simultaneously in the samples with 
excess silicon, in which case concurrent reactions according to equations 2 and 3 may compete.

Figure 5: 1200°C isothermal section of the ternary phase equilibrium diagram of the Ti-Si-C system. 
Illustration by Arunajatesan and Carim29, original after Ratcliff and Powell35. The starting powder 
compositions used in this study are situated along the marked line; sample B at the marked circle and 
samples C to G within the marked rectangle.
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CONCLUSIONS

• Excess silicon is beneficial for the production of Ti3SiC2. The largest amount of the MAX 
phase was achieved in the samples with a TiC/Si ratio of 3:2.6, i.e. about 46% Si. The excess 
silicon is likely to compensate for losses due to evaporation.

• In the samples with excess silicon, TiSi2 and SiC were observed. These are secondary 
equilibrium phases but the silicide may also take part in a Ti3SiC2 forming reaction. 

• In the samples without excess silicon, Ti3SiC2 is assumed to form via a direct solid state 
displacement reaction.

• The MAX phase decomposes into TiC and gaseous Si at temperatures above 1500˚C.
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Abstract

This paper describes how variations in silicon content and heat treatment influence the phase composition of TiC/Si powder mixtures during

heat treatment. The sintering procedure is investigated with respect to the phases produced with a particular emphasis on maximisation of the

Ti3SiC2 content. The heat treated products have been analysed using scanning electron microscopy, energy dispersive spectroscopy and X-ray

diffractometry. In the heat treated products Ti3SiC2 and TiC are the dominant phases and SiC and TiSi2 are found in smaller (0–30 vol.%) amounts.

The composition was found to depend on both Si content and heat treatment temperature and time. The silicon content can be optimised with

respect to maximum Ti3SiC2 production, but its value changes with different temperature programs. The highest amount (56 vol.%) of Ti3SiC2 is

achieved by heat treating powder mixtures of initial composition 3TiC/2.2Si at 13508 for 1 h. Heat treatment at lower temperatures (1250–1300 8C)
results in an incomplete reaction and production of TiSi2.

# 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium silicon carbide, Ti3SiC2, is a ceramic material that

has received increased attention over the past three decades

because of its attractive combination of properties. It belongs to

a group of ternary layered nitrides and carbides known as the

MAX phases; with general formula ofMn+1AXn, whereM is an

early transition metal, A is an element from groups 12 to 16 in

the periodic table of the elements, X is either nitrogen or carbon

and n is an integer: 1–3. Ti3SiC2 is the most well known of the

MAX phases and it possesses some of the most appreciated

qualities of ceramics e.g. it is refractory, light weight and stiff

but it is also damage tolerant, machinable with conventional

tools, and not susceptible to thermal shock [1].

Production of monolithic Ti3SiC2 has been reported bymany

authors [2–6] but in some cases secondary phases such as

titanium carbides, silicon carbide and/or titanium silicides are

found in the final products [7–11]. These phases are not

necessarily detrimental to the material properties; some studies

have shown that by controlling the amount of the different

phases in the samples it is possible to adjust the properties of the

material. The binary carbides TiC and SiC have been shown to

reinforce the Ti3SiC2, producing composites with interesting

properties and enhanced oxidation resistance [5,12]. Both TiC-

and SiC–Ti3SiC2 composites have been reported to possess

damage tolerance, fracture toughness and thermal shock

resistance comparable or even superior to monolithic Ti3SiC2

samples [13–16].

Ti3SiC2 can be synthesised by powder metallurgical

methods from a variety of starting powders, most of which

include Ti metal powder, such as Ti/Si/C [9,17,18] Ti/C/SiC

[3,11,19] and Ti/Si/TiC [2,4,20]. Ti metal is very reactive and in

the form of a finely dispersed powder it is even explosive in

air, which is a great disadvantage for up scaled industrial

production [21]. It has been shown that Ti3SiC2 can be

synthesised in acceptable quantities without the use of the

hazardous Ti powder, from a TiC/Si powder mixture

[8,9,22,23]. Previous work indicated that the amount of Si in

the starting powder appears to be crucial to the phase

composition of the final products.
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Excess silicon in the synthesis using Ti/Si/C and Ti/Si/TiC

powders has been found to compensate for Si loss by

evaporation, thereby counteracting the decomposition reaction

[18,20]. Some authors have found, however, that large amounts

of Si promote TiSi2 formation in preference to Ti3SiC2 [2]. In

TiC/Si starting powders, the optimum amount of Si with respect

to the purity of the Ti3SiC2 is yet to be established.

The purpose of this study is to examine the influence of Si

content in the starting powders on the phase reactions during

sintering. In situ synthesised Ti3SiC2 based composites were

produced by reactive sintering of TiC/Si powder mixtures. The

phase compositions were evaluated by X-ray diffraction

(XRD).

2. Experimental

The starting powders were TiC (Aldrich, <44 mm) and Si

(Aldrich, <44 mm); they were mixed in six different molar

ratios summarized in Table 1. The sample compositions were

varied with TiC/Si ratios ranging from 3:1 to 3:2.8. Relative to

the stoichiometry of reaction (1) sample B is deficient in Si

while samples D–G contain excess Si; the TiC/Si ratio 3:2 of

sample C corresponds to the stoichiometry of reaction (1).

Included in Table 1 are the expected phase compositions

according to the equilibrium phase diagram:

3TiC þ 2Si ! Ti3SiC2 þ SiC (1)

The powders were milled in a ball mill for 24 h, using

propanol and spherical zirconia media to a mean particle

diameter of approximately 5 mm. The powder to media ratio

was approximately 0.4, the media diameter was 10 mm and the

media weight was approximately 350 g. The powder was dried

and compacted by uniaxial pressing to 10 MPa, and then cold

isostatically pressed to 300 MPa. The sample weight was

approximately 1 g. The heat treatments were performed in

alumina (Al2O3) boats under flowing argon gas in an Al2O3

tube furnace with a tube inner diameter of 25 mm. The gas flow

in the tube was approximately 85 ml/min. The temperatures,

heating rates and holding times of the heat treatments are

presented in Table 2. Heat treated samples were polished and

analysed by scanning electron microscopy (SEM) and energy

dispersive spectroscopy (EDS). Heat treated products were also

crushed into a powder and analysed by X-ray diffractometry

(XRD) using Cu radiation and a proportional detector. A total of

36 samples were analysed in this study. The phase fractions

were estimated using the direct comparison method [24], where

the integrated intensity for a minimum of three diffraction lines

of each phase were summed and the volume fractions of the

individual phases were calculated using Eq. (2):

Vi ¼ Ai

Aa þ Ab þ Ag þ � � � Where Aj ¼
Xn

j¼1

I j
R j

(2)

where n is the number of h k l peaks for a given phase, V is

the volume fraction, I is the integrated intensity, and R is

the calculated theoretical intensity. Greek letters denotes

the phases present in the material. The validity of this

procedure has been demonstrated for two-phase steels by

Dickson [25].

3. Results and discussion

Fig. 1 shows the X-ray diffractograms of all samples sintered

at 1250 8C, 1300 8C and 1350 8C for 2.5, 2 and 1 h(s),

respectively. Ti3SiC2 denoted TSC, is seen to form in all

samples in varying amounts.

Fig. 1a and b shows that TiC is the dominant phase in

powders B–D sintered at 1250 8C and 1300 8C; whereas in

samples E–G, Ti3SiC2 is the main phase with SiC and TiSi2 also

present at these temperatures.

Fig. 1c shows that all samples sintered at 1350 8C for 1 h

contain more Ti3SiC2 than those sintered at lower tempera-

tures. Here, Ti3SiC2 is the main phase in all samples with the

exception of sample B. At 1350 8C, sample D contained the

largest amounts of Ti3SiC2 produced in this study; approxi-

mately 56 vol.%. Fig. 2 shows how the Si content of the

starting powder affected the phase fractions in the samples

sintered at 1350 8C for 1 h. It is worth noting that although

samples C–E contained comparable amounts of Ti3SiC2 (51–

56 vol.%) they differed considerably in their overall phase

composition. Sample C contained 15 vol.% SiC and 23 vol.%

TiC while sample E contained 30 vol.% SiC and 10 vol.%

TiC.

Fig. 3 shows how the Ti3SiC2 volume fraction in the heat

treated products depends on the Si content of the starting

powders, for three different heat treatments. The Ti3SiC2 phase

fraction may be maximised by adjusting the Si content in the

starting powder. A high temperature promotes Ti3SiC2

formation and shifts the optimised Si content of the starting

powder towards lower values. As can be seen from Fig. 2, the

TiC content decreased with increasing Si content from samples

B to E. In samples F and G, the volume fraction of TiC

increased again. This is likely to be a result of the high Si

content in these samples. As TiSi2 production is also highest for

Table 1

Starting powder compositions.

Sample name TiC/Si ratio Expected phases

B 3:1 TiC, Ti3SiC2 and SiC

C 3:2 TiSi2, Ti3SiC2 and SiC

D 3:2.2 TiSi2, Ti3SiC2 and SiC

E 3:2.4 TiSi2, Ti3SiC2 and SiC

F 3:2.6 TiSi2, Ti3SiC2 and SiC

G 3:2.8 TiSi2, Ti3SiC2 and SiC

Table 2

Heat treatment temperature program.

Temperature (8C) Holding

time (h)

Mean heating rate at

T > 1000 8C (8C/min)

1250 2.5 1.6

1300 2 1.5

1350 1 1.3
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these samples a competing reaction to Eq. (1) is assumed to

occur:

TiC þ 3Si ! TiSi2 þ SiC (3)

Fig. 4 shows scanning electron micrographs of sample D.

The micrograph in Fig. 4a shows the microstructure in

backscattered electron mode and Fig. 4b–d shows EDS

mappings of the same sample area as displayed in (a). The

samples were not perfectly homogeneous and the figure shows

an inhomogeneous area. The powder inhomogeneity most

likely originates from some particle sedimentation in the drying

step of the powder preparation.

EDS analysis of the area revealed different chemical

compositions within different, well defined parts of the sample.

Some parts are clearly richer in silicon and poorer in titanium

and vice versa. However, no such variations in carbon

Fig. 1. X-ray diffractograms of samples B–G sintered at (a) 1250 8C for 2.5 h; (b) 1300 8C for 2 h; and (c) 1350 8C for 1 h. Ti3SiC2 and TiSi2 peaks are denoted TSC

and TS, respectively.

Fig. 2. Phase contents of the final products sintered at 1350 8C for 1 h. Note that

the values on the x-axis correspond to the molar ratio 3TiC/XSi of the starting

powder and not the composition of the final product.

Fig. 3. Ti3SiC2 contents of the heat treated products evaluated with respect to

silicon content of the starting powder for various heat treatments.

I. Kero et al. / Ceramics International 36 (2010) 375–379 377



distribution were detected because of the low number of

electrons in the carbon atom. From the phase diagram in Fig. 5

it is clear that the carbon content should not vary greatly with

varying phase composition.

In Fig. 2 samples C (3TiC/2Si), D (3TiC/2.2Si) and E (3TiC/

2.4Si) are seen to contain comparable amounts of Ti3SiC2,

which is linked to the inhomogeneity of the samples and it is

likely that a more homogeneous and finely dispersed powder in

combination with close control of Si content should result in

higher Ti3SiC2 production. As there are local variations within

the samples it may be assumed that within the E samples, some

regions are closer to the composition of sample D and some are

closer to that of F. The composition of sample F being rich in Si,

may be compared with Si-rich areas seen in Fig. 4c, and the

result is locally increased production of SiC and TiSi2. As can

be seen from Fig. 4b and c, the areas rich in Si are also poor in

Ti, indicating that SiC is likely to be locally dominant. By using

the same logic, regions rich in Ti and poor in Si are dominated

by TiC and are comparable with areas within samples D of

compositions closer to sample C.

The 1200 8C isothermal section of the ternary phase

equilibrium diagram of the Ti–Si–C system is shown in

Fig. 5. The composition of the B samples is represented in the

figure by a circle and the compositions of the other samples are

found within the marked rectangle. The B samples had an initial

composition within the Ti3SiC2–SiC–TiC three-phase area.

Some of the B samples however, also contained small amounts

of TiSi2, resulting from the inhomogeneity discussed. The

evaporation of silicon is commonly reported in the literature

which may explain the very low amounts of Ti3SiC2 and SiC

obtained in sample B. If silicon is lost by evaporation, the

compositions of the samples shift along the marked line in the

Fig. 5. 1200 8C isothermal section of the ternary phase equilibrium diagram of

the Ti–Si–C system. Illustration by Arunajatesan and Carim [26], original after

Ratliff and Powell [27]. The starting powder compositions used in this study are

situated along the marked line; sample B at the marked circle and samples C–G

within the marked rectangle.

Fig. 4. SEM micrographs of sample D sintered at 1250 8C in a graphite furnace; (a) backscattered electron mode; (b) EDS mapping of titanium. Shows dark areas

poor in Ti; (c) EDS mapping of silicon. Shows bright areas rich in Si; (d) EDS mapping of carbon. Shows a relatively uniform distribution of C.
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figure towards the Ti–C base line of the diagram. This shift will

move the composition towards the TiC phase area and thereby

deplete the samples of the other two phases.

The initial composition of samples C–G is situated within

the TiSi2–SiC–Ti3SiC2 three-phase area. These three phases

were indeed observed in the samples, together with TiC, which

is assumed to be residual, unreacted starting powder.

Evaporation of silicon from these samples appears to shift

the phase composition along the Si–TiC line, towards the

Ti3SiC2–SiC line of the diagram; if this line is traversed, TiC

will form by an equilibrium phase reaction.

Silicon also influences the kinetics of the phase reactions by

providing a means for the removal of any thin oxide layers that

may have formed on particle surfaces. Si may react with oxygen

to from SiO(g) which can then be flushed out with the flowing

argon. By this mechanism, the system is depleted in Si but the

reactivity of the silicon particles that remain is greatly

increased. The size of the sample and the gas flow rate can

therefore influence the final composition.

4. Conclusions

The amount of Ti3SiC2 produced was highly dependent on

the Si content of the starting powder. The most Ti3SiC2 was

produced in the 3TiC/2.2Si (D) powder when sintered at

1350 8C for 1 h, these products contained 56 vol.% Ti3SiC2.

By varying the Si content of the starting powder, the phase

composition of the final products may be controlled. The C–E

samples sintered at 1350 8C for 1 h produced comparable

amounts of Ti3SiC2 (51–56 vol.%) but the C sample contained

15 vol.% SiC and 23 vol.% TiC while the amounts in the E

sample were 30 vol.% and 10 vol.%, respectively.

Heat treatment temperature influences the phase composi-

tion. It is particularly decisive in the formation of the TiSi2 and

Ti3SiC2 phases. Low temperatures promote TiSi2, the largest

volume fraction of which (approximately 20 vol.%) was

achieved in the 3TiC/2.6Si (F) sample sintered at 1250 8C.
A high temperature and a short holding time (1350 8C; 1 h), a

homogeneous powder mixture with a 3TiC/XSi ratio of X

between 2 and 2.4 promote the formation of Ti3SiC2 and SiC.
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University of Technology, Luleå (Licentiate), 2007.
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Abstract

The effect of carbon activity and CO pressure in the furnace atmosphere is investigated with respect to the phase reactions during heat treatment

of TiC/Si powders. Special attention is given to the production and decomposition of Ti3SiC2. Samples were heated in graphite and alumina

furnaces, connected to a dilatometer which enabled in situ analysis of the phase reactions. The phase compositions of the heat treated samples were

determined by X-ray diffraction. The reducing atmosphere of the graphite furnace enhanced the reactivity of the starting powder and enabled phase

reactions to take place at a lower temperature than in the alumina furnace. TiSi2 and SiC phases formed at temperatures below the melting point of

Si and were continuously consumed at higher temperatures. Ti3SiC2 formed at the melting point of Si regardless of furnace atmosphere. No

decomposition of the Ti3SiC2 was observed in either furnace.

# 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sintering; B. X-ray methods; C. Thermal expansion; D. Carbides

1. Introduction

The purpose of this study was to elucidate the impact of

carbon activity and CO pressure in the furnace atmosphere on

the phase reactions in a TiC/Si powder mixture, especially with

respect to the Ti3SiC2 formation.

Ti3SiC2 based composites can be prepared by powder

metallurgical methods from a variety of starting powders, many

of which include Ti metal powder, such as Ti/Si/C [1–3] Ti/C/

SiC [4–6] and Ti/Si/TiC [7–9]. Ti metal is very reactive and in

the form of a powder it is even explosive in air, which makes it

disadvantageous for up-scaled industrial production [10]. The

binary carbides TiC and SiC have been shown to reinforce the

Ti3SiC2, producing composites with enhanced oxidation

resistance [11]. Both TiC– and SiC–Ti3SiC2 composites have

been reported to possess high damage tolerance, flexural

strength, fracture toughness and thermal shock resistance

comparable with or even superior to monolithic Ti3SiC2

samples [12–15]. Ti3SiC2 based composites can be synthesised

without the use of the hazardous Ti powder, and the phase

composition can be adjusted by changing the Si content of the

starting powder [1,16,17].

Authors working with other starting powders have suggested

that the presence of carbon in the furnace atmosphere during

heat treatment may be detrimental to the thermochemical

stability of Ti3SiC2 [1,18], which has been assumed to

decompose into TiC and gaseous Si [19]. Others have found

that an addition of carbon powder may increase the purity of the

Ti3SiC2 [2,20].

2. Materials and methods

The starting powders were TiC (Aldrich,<44 mm, 98%) and

Si (Aldrich, <44 mm, 99%). The powders were mixed with a

TiC/Si ratio of 3:2 corresponding to the stoichiometry of

reaction (1):

3TiC þ 2Si $ Ti3SiC2 þ SiC (1)

The powders were milled in a ball mill using propanol and

zirconia spheres. The media diameter was 10 mm, the powder

to media ratio was approximately 0.4 and the powder to

propanol ratio was approximately 1.5. Powder particle size was
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estimated by SEM to be around 4 mm. The powder was then

dried and compacted by uniaxial pressing to 10 MPa, and cold

isostatic pressing (CIP) to 300 MPa, the initial density of the

CIP:ed samples was calculated to be 70%. The samples had the

shape of short cylinders of 10 mm diameter, approximately

3.5 mm in length and approximately 0.6 g in weight.

The green pellets were sintered in two different furnaces

attached to a dilatometer. One furnace had a glass carbon

protective tube and a graphite sample holder assembly; the

other furnace had a protective tube and sample holder assembly

of alumina. Sintering experiments were performed under a

dynamic argon atmosphere with a gas flow rate approximately

85 ml/min, a heating rate of 10 K/min and a cooling rate of

20 K/min.

The dilatometric study was performed as follows: in a first

step, a sample was heated up to 1500 8C in each furnace, in

order to obtain a global dilatometric curve from which a

number of points of interest could be determined. In order to

assess whether a dilatational change was accompanied by any

phase change green pellets were then heated up to temperatures

in between the points of interest. The phase compositions of

these heat treated samples were determined by X-ray

diffractometry (XRD) using Cu radiation and a proportional

detector. Heat treated samples were crushed into a powder

before XRD analysis.

The phase fractions were determined using the direct

comparison method [21], where the integrated intensity for a

minimum of three diffraction lines of each phase were summed

and the volume fractions of the individual phases were

calculated using Eq. (2):

Vi ¼ Ai

Aa þ Ab þ Ag þ . . .
whereAj ¼

Xn

j¼1

I j
R j

(2)

where n is the number of hkl peaks for a given phase, V the

volume fraction, I the integrated intensity, and R is the calcu-

lated theoretical intensity. Greek letters, a, b, g. . . denotes the
phases present. The validity of this procedure has been dem-

onstrated for two-phase steels by Dickson [22].

3. Results and discussion

Fig. 1 shows the global dilatometric curves of samples

heated to 1500 8C in the graphite and the alumina furnaces

respectively. The linear cooling segments have been omitted for

clarity. The two curves are similar in shape, the main difference

is a temperature shift, as the curve of the sample heated in the

alumina furnace exhibits the same features as that in the

graphite furnace but every feature occurs at a higher

temperature.

The difference between the two furnaces may be explained

by the strongly reducing atmosphere in the graphite furnace.

The powder particles have probably formed a thin oxide layer

on the Si particle surfaces when exposed to air; as this oxide is

quite chemically stable it will slow down any chemical reaction

between the Si of the particle and its surroundings. In the

graphite furnace, water molecules adhering to surfaces in the

powder and in the furnace will react with graphite to form

carbon monoxide gas at elevated temperatures:

H2O þ CðsÞ $ COðgÞ þ H2ðgÞ (3)

Carbon monoxide gas is very reducing and the oxide layer

will be attacked by it:

COðgÞ þ SiO2ðsÞ $ SiOðgÞ þ CO2ðgÞ (4)

In the dynamic furnace atmosphere, the argon flow will flush

out the formed CO2- and SiO-gas, leaving clean Si particle

surfaces. As Si is more reactive than SiO2, this process will

enable earlier reactions. The reducing capacity of the furnace

remains unchanged however, as the CO2 thus formed will react

with the graphite of the furnace to release more CO gas:

CO2ðgÞ þ CðsÞ $ 2COðgÞ (5)

As the alumina furnace atmosphere is not of a reducing

character, a higher temperature is required for phase reactions

to take place.

From Fig. 1 the following points of interest may be

distinguished: the thermal expansion is linear up to 1142 and

1234 8C in the graphite and the alumina furnaces respectively.

There are peak onsets at 1276 and 1363 8C, and the peak

reaches a maximum at 1457 and 1483 8C respectively. The

phases present at each temperature examined in the graphite

and alumina furnaces are summarized in Tables 1 and 2

respectively. After the peak, the sample shrinks abruptly and

silicon may be given off. In order to avoid excessive silicon

evaporation and instrument contamination, the heating segment

was limited to 1500 8C.

Fig. 1. Dilatometer curves of the two furnaces.

Table 1

Temperatures and phase compositions of samples heat treated in the graphite

furnace.

Graphite furnace dilatometer

Temperature (8C) Phases present

1115 TiC, Si

1260 TiC, Si, SiC, TiSi2
1390 TiC, Si, SiC, TiSi2
1415 TiC, SiC, Ti3SiC2, TiSi2
1500 TiC, SiC, Ti3SiC2
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Fig. 2 shows X-ray diffractograms of samples heated in the

graphite furnace. TiC was present at all temperatures. In the

graphite furnace TiSi2 peaks are observed from 1260 8C, likely
corresponding to the loss of dilatational linearity at 1142 8C.
Ti3SiC2 peaks are observed from 1415 8C and a Ti3SiC2

producing reaction is therefore likely to correspond to the

dilatometric peak.

Fig. 3 shows the variations in volume fraction of the different

phases present in the graphite furnace as a function of

temperature. The Ti3SiC2 appears at 1415 8C and the content

increases with temperature. TiSi2 appears at 1260 8C, its

volume fraction peaks at 1415 8C after which it disappears.

Fig. 4 shows the X-ray diffractograms of samples sintered in

the alumina furnace. TiSi2 and TiC are present at all

temperatures. From the dilatometer curve in Fig. 1, TiSi2
would be expected to form at temperatures above 1230 8C in

the alumina furnace, but it is detected in small amounts at

1170 8C which is likely an effect of minor inhomogeneities of

the initial TiC/Si powder.

Fig. 5 shows the variations in volume fraction of the different

phases present in the alumina furnace as a function of

temperature. Ti3SiC2 is present at 1410 8C and the amount

increases with temperature. The TiSi2 volume fraction is

highest at 1290 8C but remains fairly constant until 1450 8C
after which it decreases.

The TiSi2 and SiC are the first phases to form in both

furnaces and they both appear to decrease with increasing

temperature. The SiC phase amount reaches a maximum at

1260 and 1290 8C in the graphite and alumina furnaces

respectively. TiSi2 is completely consumed at 1500 8C in the

graphite furnace but remains in small amounts in samples

sintered in the alumina furnace at the same temperature. TiSi2
and SiC are most likely formed by reaction (6):

TiC þ 3Si $ TiSi2 þ SiC (6)

Table 2

Temperatures and phase compositions of samples heat treated in the alumina

furnace.

Alumina furnace dilatometer

Temperature (8C) Phases present

1170 TiC, Si, TiSi2
1290 TiC, Si, SiC, TiSi2
1410 TiC, SiC, Ti3SiC2, TiSi2
1450 TiC, SiC, Ti3SiC2, TiSi2
1500 TiC, SiC, Ti3SiC2, TiSi2

Fig. 5. Volume fraction of the different phases at the different temperatures in

the alumina furnace.

Fig. 4. X-ray diffractograms of samples sintered in the dilatometer with

alumina furnace.

Fig. 3. Volume fraction of the different phases at the different temperatures in

the graphite furnace.

Fig. 2. X-ray diffractograms of samples sintered in the dilatometer with

graphite furnace.
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Ti3SiC2 was formed in both furnaces, the alumina furnace

produced a slightly higher amount of Ti3SiC2 than the graphite

furnace (72.3 vol% � 0.8 which corresponds to 90.5 mol% in

the alumina furnace and 63.1 vol% � 1.5 corresponding to

87.5 mol% in the graphite furnace). The Ti3SiC2 phase seems to

be produced at approximately the same temperature regardless

of furnace atmosphere and the volume fraction increases with

temperature. The temperature of production is 1410 and

1415 8C in the alumina and the graphite furnaces respectively,

this is approximately the melting temperature of Si (Si melts at

1414 8C [23]). A liquid phase enhances wetting and increases

diffusion rate, thereby enabling reaction (1).

The Ti3SiC2 content increased unstintingly with increasing

temperature in both furnaces and it showed no sign of

decomposition at the temperatures examined. Si evaporation

had previously been observed in samples similar to those

examined in this study. This occurred at temperatures higher

than 1500 8C which appears to corroborate the results of

Racault et al. [19] who found that Si was given off at high

temperatures and most notably so in the presence of graphite.

They observed Si evaporation from 1300 and 1450 8C in

graphite and alumina furnaces respectively and suggested that

the process would be a result of the decomposition of Ti3SiC2

by carburisation. This is not, however, consistent with our

results where no decomposition was found to occur at these

temperatures in either furnace. Although more Ti3SiC2 was

produced in the alumina furnace, molar balance calculations

suggest only minor losses of Si from the samples examined in

this study.

From Figs. 3 and 5 it is clear that the phase amounts of TiC,

TiSi2 and SiC decreases as the Ti3SiC2 amount increases. It is

suggested that TiSi2 may be consumed by reaction (7) which

also accounts for the continued Ti3SiC2 production after all the

Si is consumed.

7TiC þ 2TiSi2 $ 3Ti3SiC2 þ SiC (7)

At very high temperatures, the partial pressure of Si in the

furnace atmosphere may become large enough to allow Si gas

to form. The Si gas would then be flushed out with the argon.

From the results of this study, the Si vapour is suggested to form

as a result of reaction (8):

3TiSi2 þ 2SiC $ Ti3SiC2 þ 7SiðgÞ (8)

We thus propose a cascade of phase reactions:

TiC þ 3Si $ TiSi2 þ SiC (6)

3TiC þ 2Si $ Ti3SiC2 þ SiC (1)

7TiC þ 2TiSi2 $ 3Ti3SiC2 þ SiC (7)

3TiSi2 þ 2SiC $ Ti3SiC2 þ 7SiðgÞ (8)

where reaction (6) would be the first to take place at

temperatures below the melting point of silicon. Reactions (1)

and (7) would be enabled by the liquid phase diffusion in the

molten Si, and thereby occur more or less simultaneously. As

reactions (1) and (6) are limited by the access to Si, they must

come to an end earlier than reaction (7). Finally, reaction (8)

may occur at very high temperatures, when Si vapour pressure

is large enough.

4. Conclusions

The impact of carbon activity and CO pressure in the furnace

atmosphere was studied with respect to the phase reactions in a

TiC/Si powder mixture, special attention was given to the

formation and decomposition of Ti3SiC2.

The reducing nature of the atmosphere in a graphite furnace

was found to increase the starting powder reactivity and

enabled phase reactions to take place at a lower temperature

than in an alumina furnace.

TiSi2 and SiC phases were found to form at temperatures

below the melting point of Si. These phases were continuously

consumed at higher temperatures. TiSi2 was completely

consumed in the graphite furnace at 1500 8C while it remained

present at all temperatures investigated in the alumina furnace.

Ti3SiC2 formed at the melting point of Si regardless of

furnace atmosphere. The enhanced wetting and diffusion rate in

the liquid is assumed to be necessary for the Ti3SiC2 forming

reactions to take place, at a heating rate of 10 K/min. More

Ti3SiC2 was produced in the alumina furnace than in the

graphite furnace.

No decomposition of the Ti3SiC2 was observed in either

furnace and only minor losses of silicon through evaporation

could be established at temperatures below 1500 8C.
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Abstract
The objective of this paper was to investigate the high temperature phase reactions that take 
place in a 3TiC/2Si powder mixture during heating. Special attention was paid to the 
formation and decomposition of Ti3SiC2 and to the evaporation of gases. Differential scanning 
calorimetry and thermogravimetry were used for in situ analysis of the phase reactions. 
Samples were heated at a rate of 5 K/min to various temperatures between 890 and 1450°C 
and then cooled at a rate of 20 K/min. Heat treated samples were analysed by x-ray 
diffractometry. The first phase to form was TiSi2, which was consumed in the Ti3SiC2
forming reactions. No decomposition of Ti3SiC2 was observed at temperatures below 1450°C. 
Evaporation of CO(g) and small amounts of Si(g) were detected at 1430°C.

Keywords 
Ceramics, transition metal compounds, calorimetry, thermal analysis, x-ray diffraction 

1. Introduction 
Ti3SiC2 has been reported to form in TiC/Si powder mixtures, in spite of the relatively low 
reactivity of TiC, and TiSi2 has been suggested to be an intermediate phase. [1-4] Li et al. [5] 
postulated that the dominant intermediate phase would be Ti5Si3 and Hwang et al. [6] reported 
a solid state reaction between TiC0.67/Si powders without intermediate phases. Panigrahi et al. 
[7] corroborated these results but when their published x-ray diffractograms are scrutinised, 
there appear to be some TiSi2 peaks present (at low temperature with short holding times) 
which are not discussed by the authors. The authors do, however, consider the possibility of 
such a phase being present undetected and propose a reaction pathway which includes Ti3C2,
TiSi2 and Ti5Si3C as intermediate phases. 

Racault et al. [8] were first to observe the decomposition of Ti3SiC2 into TiCx and 
gaseous Si, which has been confirmed by others. [9-11] Racault et al. [8] and Radhakrishnan 
et al. [9] reported that this reaction was promoted by the presence of carbon. El-Raghy et al. 
[12] essentially confirmed these findings and suggested a carburization process as follows: 

Ti3SiC2 + (3x-2) C  3 TiCx + Si   (1)

where x > 0.8. In previous studies, we have reported that silicon additions in the starting 
powder may increase the conversion of Ti3SiC2, [3, 13] which agree well with the findings of 
Hwang et al. [6] and Córdoba et al. [14]. Furthermore, we observed no decomposition of 
Ti3SiC2 below 1450˚C. In this respect, the presence of carbon made no difference. [15] Gao et 
al. [16] observed a tendency for Ti3SiC2 to decompose into TiSi2 at high temperatures. Li et 
al. [5] suggested yet another carburisation reaction for Ti3SiC2 where SiC would be produced. 
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Oo et al. [17] described the thermal dissociation of Ti3SiC2-TiC composites around 
1200˚C in argon with a low partial pressure of oxygen. These processes included the 
formation of a transient phase (Ti5Si3C) and of CO and O2 gases. The same authors [18] 
observed a similar dissociation process under vacuum at temperatures around 1400˚C,
findings which agree with the described vacuum decomposition of Ti3SiC2 thin films by 
Emmerlich et al. [19]. Zhang et al. [20] found a similar decomposition mechanism in 
nitrogen.

This lack of consensus on the subject of Ti3SiC2 formation and decomposition indicates 
a need for further studies of the high temperature chemistry of this system and the thermal 
stability of Ti3SiC2. The objective of this work is to explore the high temperature phase 
reactions that take place in TiC/Si powders during heating, with special emphasis on the 
formation and decomposition of Ti3SiC2.

2. Materials and methods 
The starting powders were TiC (Aldrich, <44 m, 98% purity) and Si (Aldrich, <44 m, 99% 
purity). The powders were mixed with a TiC/Si ratio of 3:2 corresponding to the 
stoichiometry of reaction (2): 

3 TiC + 2 Si  Ti3SiC2 + SiC    (2) 

The powders were wet milled in a ball mill using propanol and zirconia spheres. The 
media diameter was 10 mm, the powder to media ratio was approximately 0.4 and the powder 
to propanol ratio was approximately 1.5. After milling, the powder was dried and compacted 
by uniaxial pressing to 10 MPa, followed by cold isostatic pressing (CIP) to 300 MPa. The 
samples were dried at 70˚C for 24 hours immediately prior to heat treatment. 

Samples of approximately 30-50 mg in mass were placed in alumina crucibles and heat 
treated in a simultaneous thermal analyzer (STA; Netzsch 449C Jupiter), in which the 
calorimetric (DSC) and gravimetric (TG) responses were recorded. The temperature program 
included three segments: first heating from room temperature to 850˚C at a rate of 10 K/min, 
secondly a slower heating from 850˚C to the final temperature at a rate of 5 K/min and thirdly 
a cooling segment to 600˚C at a rate of 20 K/min. The furnace was heated under a dynamic 
argon atmosphere and a zirconium getter was present in the furnace.  

The STA was connected to a quadrupole mass spectrometer (MS, Netzsch 403C 
Aëolos) which recorded the composition of the exhaust gases. The composition of the exhaust 
gas is detected by the ionization of gas molecules and quantified in terms of fragment ion 
mass numbers. The ion mass number is the mass of the recorded entity divided by its charge.

The high temperature phase reactions were studied as follows: in a first step a sample 
was heated to 1450˚C in order to obtain global TG and DSC curves. From the global DSC 
curve, a number of peaks were detected. In order to assess whether a DSC peak was 
accompanied by any phase change, green pellets were then heated to temperatures between 
these peaks. The phase compositions of these heat treated samples were determined by x-ray 
diffractometry (XRD) using Cu K  radiation and a scintillation detector. Heat treated samples 
were crushed into a powder before XRD analysis using an agate mortar.  
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The phase fractions were estimated from the x-ray diffractogram using equation 3:

VTSC = 1.95 / (1.95+C) where C = ITiC / ITSC   (3) 

where VTSC is the volume fraction of the Ti3SiC2 phase and ITiC and ITSC are the 
integrated diffraction intensities of the (200) peak of the TiC phase and the (104) peak of the 
Ti3SiC2 phase, respectively. [21] 

3. Results and discussion 
During the first heating segment (not shown), the TG curve indicates mass losses between 300 
and 400°C and many ion mass numbers exhibit a peak at the same temperature. These ion 
fragments indicate that air and water molecules were adsorbed on the powder particle surfaces 
during storage and handling. The molecules originating from ambient air were primarily N2,
O2, CO2, H2O and Ar. Some ion fragments of hydrocarbons originating from the slurry of the 
milling step (primarily from the isopropanol) were also detected. 

Figure 1 shows the MS curve of ion mass 28 and the DSC and the TG curves from 850 
to 1450°C. From the DSC curve, three endothermic peaks can be distinguished at 980, 1250 
and 1380°C. In order to determine whether these DSC peaks were accompanied by any phase 
change, green pellets were heated to 890, 1020, 1150, 1310 and 1415°C. The x-ray 
diffractograms of these samples are shown in Figure 2. At 890 and 1020°C only TiC and Si 
peaks are visible, indicating that no phase reactions occur below 1020°C. TiSi2 is the first 
phase to form - peaks are present at 1150 and 1310°C - and it is consumed as the temperature 
increases.

Figure 1: TG, DSC and MS curves of the second heating segment. The blue/grey line is the 
MS curve of ion mass number 28; the black line is the DSC curve and the dotted line is the 
TG signal. 
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Figure 2: X-ray diffractograms of samples heat treated in the STA. 

Ti3SiC2 is present at 1310°C in small amounts; it is the dominant phase at 1415°C and 
increases further to a volume fraction of 96.8 % at 1450°C. Some SiC is also present above 
1310°C. In a previous study, we have observed that Ti3SiC2 would start to form at the melting 
temperature of silicon, 1414°C [15]. 1310°C is significantly lower, but TiSi2 and Si may form 
a eutectic liquid at 1330°C, thereby introducing a means for faster diffusion which increases 
the reactivity of the system. Ti3SiC2 is likely to form primarily in this melt [22]. Residual TiC 
is present in all samples but no decomposition of Ti3SiC2 was observed in this study.

We have previously observed decomposition of Ti3SiC2 in graphite furnace experiments 
[1]. When studying the phase reactions in situ by thermal analysis however, no decomposition 
has been detected, even in the presence of graphite [15]. This difference is most probably a 
result of differences in furnace construction. Furnace experiments were performed using a 
relatively large chamber furnace in which the graphite heating elements and the samples were 
placed in the same chamber. This made furnace atmosphere control very difficult as there 
were many surfaces at varying distances from the heating elements where water molecules 
might adhere. As the temperature increased, the heated zone where air and water would 
detach from these surfaces grew and new molecules would continuously be released into the 
furnace atmosphere. Oxygen, in CO2 and H2O, may therefore have been available to react 
with Ti3SiC2 in accordance with the thermal dissociation process in vacuum described by 
Emmerlich et al. [19] 

In the furnaces used for thermal analysis, the furnace elements are separated from the 
sample chamber. The sample chamber is small, which enables a relatively uniform 
temperature throughout the chamber. This will limit the access to oxygen released from 
adhered water and carbon dioxide inside the furnace, especially in the presence of graphite or 
a getter material. Adhered water molecules may still be present on powder particle surfaces, 
but these are likely to be given off at a relatively distinct temperature, as was detected by the 
TG and MS at 300°C in this study.
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The MS curve of ion mass number 28 is included in Figure 1. Two ions, CO+ and Si+,
both have ion mass 28 and therefore they are detected as the same curve. Hence, the 
interpretation of data from the MS must be based on the combination of the TG curve and 
other MS curves with different mass numbers. If a number of different ion mass numbers 
from the same parent molecule are detected and their curves exhibit peaks at the same 
temperature it can be concluded that this gas molecule was given off.  

The TG curve is constant from 850 to approximately 1200°C, where the mass loss rate 
is increased. Since the peak of the displayed MS curve at 850 is not associated with any mass 
loss from the sample, it is most likely a result of an expanding heat zone in the furnace. As 
temperature was increased in furnace parts and in the transfer line to the mass spectrometer, 
relatively cool surfaces may be heated sufficiently to give off adsorbed gases as discussed 
above. The MS curve peak at 1430°C, on the other hand, is accompanied by a decreasing TG 
curve; therefore it is clear that gases are given off from the sample at this temperature. The 
displayed MS peak shown at this temperature is accompanied by slight increases in the curves 
of mass numbers 12 (C+) and 16 (O+) which indicate that CO gas molecules are given off and 
fragmented in the mass spectrometer. Si+ ions may also be given off, but no increase in other 
Si ion fragments (such as Si+ + or SiO+) could be detected to confirm it. Therefore, CO gas is 
likely to be the main feature responsible for the mass loss.  

We thus propose the following set of phase reactions. At temperatures below 1310°C: 

TiC + 3Si  TiSi2 + SiC  (4)

At 1330°C a eutectic liquid forms between residual Si and TiSi2 and from this liquid, 
silicon may evaporate. The vapour pressure of Si is relatively low at these temperatures 
however (< 1 Pa [23]), therefore no extensive evaporation is to be expected. Some SiC and 
relatively large amounts of Ti3SiC2 form: 

7 TiC + 2 TiSi2  3 Ti3SiC2 + SiC (5)

Small amounts of oxides may be present in the samples. These oxides are residues from 
surface films that may have formed on the powder particles during handling and storage. In an 
open system at high temperature and low CO partial pressure, such oxides may be removed 
by the evaporation of CO gas: 

6 TiC + Si + SiO2  2 Ti3SiC2 + 2 CO(g)  (6)

8 TiC + TiSi2 + SiO2  3 Ti3SiC2 + 2 CO(g)  (7)

7 TiC + TiSi2 + SiC + TiO2  3 Ti3SiC2 + 2 CO(g)  (8)
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4. Conclusions 
TiSi2 is an intermediate compound during the formation of Ti3SiC2. It forms a eutectic melt 
with Si from which Ti3SiC2 is produced. Some SiC forms simultaneously and CO gas is given 
off. No decomposition of Ti3SiC2 was observed in this study (at temperatures below 1450°C) 
and this is likely to be an effect of furnace atmosphere control. Some silicon evaporation 
probably occurs concurrently with CO evaporation and Ti3SiC2 formation, but it is not likely 
to be a main feature at these temperatures. 

The vapour pressure of silicon has been recognised as an important parameter to control 
in order to ensure the thermochemical stability of Ti3SiC2 [11, 22]. This study shows that the 
high temperature chemistry may be more complex than previously thought and that it is 
equally important to limit the partial pressure of carbon monoxide. The formation of relatively 
large quantities of Ti3SiC2 can occur in parallel with the evaporation of CO(g) and small 
amounts of Si(g).  
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Abstract
The aim of this work was to investigate the possibility of producing dense bulk Ti3SiC2
composites by hot pressing TiC/Si powders. A hot press with graphite heating elements was 
used for pressurized densification of various powder compositions. Carbon black was also 
added to some samples. The phase reactions of some hot pressed samples were further 
evaluated in situ by pressureless heating in a dilatometer. The density and phase composition 
of the heat treated samples were evaluated using Archimedes principle and by x-ray 
diffractometry respectively. Hot pressing resulted in a poor Ti3SiC2 yield; the main phases 
were TiC and TiSi2 regardless of starting powder composition, temperature, holding time or 
pressure. A second heating without pressure resulted in Ti3SiC2 formation, but only in 
samples initially hot pressed at 1300°C or lower. At higher hot pressing temperatures, thin 
oxide layers on particle surfaces were locked into the structure. Acting as diffusion barriers, 
they prevented the Ti3SiC2 forming reaction. In hot pressed samples the density was 
significantly higher than in samples sintered without pressure. 

Keywords 
Hot pressing, Ti3SiC2, x-ray diffractometry, dilatometry  

1. Introduction 
The phase of most interest to materials scientists in the Ti-Si-C phase diagram is without 
doubt the Ti3SiC2 phase. A large effort has been directed towards synthesizing as large an 
amount of Ti3SiC2 phase as possible. There seems to be a vast variety of methods of 
producing the desired Ti3SiC2. The majority of methods use titanium in the form of metal 
powder. However, our work has been directed towards finding an alternative route of 
processing Ti3SiC2, by avoiding highly reactive Ti powder and using TiC powder instead. We 
have in previous studies shown the feasibility of Ti3SiC2 production by pressureless sintering. 
The results were composite materials with dominant phases of Ti3SiC2 and TiC [1-5]. The 
drawback with pressureless sintering is the relatively low density; therefore our interest is 
turned into pressurized sintering.

El-Raghy and Barsoum produced single phase, fully dense Ti3SiC2 samples through 
reactive hot istostatic pressing with starting powders of Ti, SiC and graphite. Temperatures in 
the range of 1450-1700 C produced Ti3SiC2. [6] The same authors produced in an earlier 
study almost pure Ti3SiC2, with less than 2 vol% of SiC and TiCx in the final product, by hot 
pressing at 1600 C and 40 MPa. [7] Gao et al [8, 9] produced high purity Ti3SiC2 by hot 
isostatically pressing Ti/Si/TiC and Ti/SiC/C powders.

Hashimoto et al investigated the influence of pressure on the formation of Ti3SiC2 and 
found that the reaction route was not affected by the pressure; however the final products 
consisted of Ti3SiC2 and TiC when the pressure was over 14 MPa. For pressure below 14 
MPa, the samples also contained Ti5Si3 and TiSi2. [10] The same authors found that the 
reactivity of the starting powder affected which of the two silicides would form and act as 
intermediate phases. [11] 
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Zhu et al [12] reported difficulties to synthesize single phase Ti3SiC2 by hot pressing 
when using TiC/Ti/Si powders. They sintered in a hot press with a pressure of 30 MPa and 
different temperatures (1200, 1300 and 1400 C). They got significant amount of TiC in all 
samples and showed that addition of aluminium increases the Ti3SiC2 formation by the 
introduction of a liquid phase during sintering.

Zhou et al [13] used elemental Ti, Si and graphite powders and a hot pressing 
temperature of 1550 C with a pressure of 38 MPa and produced Ti3SiC2 with small amounts 
of TiC and Ti5Si3C. Zhou and Sun [14] fabricated Ti3SiC2 with small amounts of TiC by hot 
pressing elemental powders at 40 MPa and a fluctuating temperature.  

Reports on hot pressing of Ti3SiC2 with starting powders including TiC instead of 
elemental Ti are rare. However, Li et al [15] fabricated SiC reinforced Ti3SiC2 composites by 
hot pressing TiC and Si powders. The hot pressing was performed at 1350 C with a pressure 
of 30 MPa and directly followed by sintering in vacuum at 1500 C. This resulted in a product 
of Ti3SiC2/SiC composite with some amount of residual TiC. Radhakrishnan used a similar 
procedure but received residual TiSi2 instead of TiC [16].

The aim of this work was to investigate the possibility of producing dense bulk Ti3SiC2
composites by hot pressing TiC/Si powders.  

2. Materials and methods 
The starting powders were TiC (Aldrich, <44 m, 98% purity) and Si (Aldrich, <44 m, 99% 
purity). The powders were mixed with a TiC/Si ratio of 3:2 corresponding to the 
stoichiometry of reaction (1): 

3 TiC + 2 Si  Ti3SiC2 + SiC  (1)

The powders were wet milled in a tumbling ball mill using propanol, Hypermer KD2 
dispersant and zirconia spheres. The media diameter was 10 mm, the powder to media ratio 
was approximately 0.4 and the powder to propanol ratio was approximately 1.5. After milling, 
the powder was stir dried using a polytetrafluoroethylene (PTFE) coated stirring bar and a 
heated magnetic stirring plate. The plate temperature was set to 50°C. Into this powder blend 
20, 40 and 60 mol% extra silicon (Simcoa, 99.5% purity) and 10 mol% carbon black 
(Cancarb, ~250 nm, 99% purity) were added manually by grinding the powders with 
isopropanol in an agate mortar. This was to investigate if larger amounts of silicon and carbon 
would increase the amount of Ti3SiC2 formation.  

The powder samples of approximately 3 g were compacted by uniaxial pressing (33 
MPa) into green bodies with cylindrical geometry (15 mm diameter and approximately 15 
mm length). The green bodies were embedded in boron nitride (BN), inserted in a graphite 
pressing die and hot pressed (HP) (Thermal technology Inc. HP 20) at 20 MPa under flowing 
argon gas. One sample was heated in the hot press following the same temperature program 
but no pressure was applied. The HP furnace had graphite heating elements and was heated at 
a rate of approximately 20 K/min. Table 1 shows the hot press parameters.  

 2



Table 1: Hot press temperatures, holding times and pressures.  
Sample Firing temp (°C) Firing pressure (MPa) Holding time (h) 
HP1150 1150 20 1
HP1250 1250 20 1
HP1300 1300 20 1
NP1300 1300 Atm1 1
HP1380 1380 20 1
HP1400 1400 20 1
HP1430 1430 20 1
HP1150+10%C 1150 20 1
HP1300+10%C 1300 20 1
HP1300+20%Si 1300 20 1
HP1300+40%Si 1300 20 2
HP1300+60%Si 1300 20 2
1Fired under dynamic argon atmosphere, no overpressure was used. 

The density and open porosity of the samples were determined using Archimedes 
principle, after infiltrating the samples during 1 hour in vacuum with distilled water. The 
phase compositions of these hot pressed samples were determined by x-ray diffractometry 
(XRD) (Philips 1130) using Cu K  radiation and a proportional detector. 

Some of the hot pressed samples were cut into smaller samples to fit a dilatometer 
(Netzsch, 402C). The dilatometer furnace had a protective tube and sample holder assembly 
of alumina. It operated under flowing argon gas and was heated at a rate of 10 K/min to 
temperatures of 1450 and 1500 C respectively and cooled at a rate of 20 K/min. Table 2 
shows the samples heated in the dilatometer and the dilatometer end temperatures. For 
reference, samples of approximately 0.6 g powder were formed by cold uniaxial pressing, into 
cylinders of 10 mm diameter. Then, they were cold isostatically pressed (CIP) at 200 MPa. 
These cold pressed samples were only heat treated in the dilatometer.  

Table 2: Samples heated in the dilatometer and the end temperatures. 
Sample Dilatometer end temp (°C) 
HP1150 1450
HP1150 1500
HP1300 1450
HP1300 1500
HP1400 1450
HP1400 1500

REF1450 1450
REF1500 1500

The phase compositions of the samples heated in the dilatometer were determined by 
XRD (Siemens D 5000) using Cu K  radiation and a proportional detector. The phase 
fractions were determined using the direct comparison method, which has been described 
elsewhere. [4, 17]] 
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3. Results and Discussion 
Small amounts of Ti3SiC2 were formed in the hot pressed samples fired at low temperatures. 
At temperatures above 1300 C no Ti3SiC2 was formed. One sample was fired in the hot press 
furnace without pressure. This sample produced 37 vol% of Ti3SiC2, see figure 1.

The sample initially fired at 1250 C was reheated in the hot press to 1420 C, 20 MPa 
and held for one hour. After reheating, no Ti3SiC2 remained in the sample. Since earlier 
studies have shown [3, 18] that excess silicon and carbon may increase the Ti3SiC2 yield, trial 
samples with extra silicon and carbon were hot pressed. These samples did not however, 
result in any higher Ti3SiC2 content. 

As seen in figure 1, in samples hot pressed at 1150-1300 C there are only trace amounts 
of Ti3SiC2; the major phase is TiC and there is also a significant amount of TiSi2. Samples hot 
pressed at temperatures above 1300 C show no Ti3SiC2, but contain primarily TiC and TiSi2.
There may also be some SiC in the samples, however that is difficult to state, because the 
peaks of SiC overlap the peaks of TiC. 

Figure 1: X-ray diffractograms of samples heated to 1150, 1300 and 1400°C in the hot press 
and held for 1h and 20MPa. One sample, NP1300, was also heated in the hot press furnace 
but without any pressure applied. Note, the two peaks marked with an x originate from the xrd 
sample support. 

After reheating the samples in a dilatometer, i.e. in a pressureless surrounding, the 
sample HP1150 transformed into Ti3SiC2 (37 vol%) and TiC, with minor amounts of TiSi2,
see figure 2. HP1400 did not show any phase reaction at all during the run in the dilatometer. 
HP1300 exhibited intermediate behaviour, with some Ti3SiC2 formation (28 vol%). Ti3SiC2 is 
the dominant phase in the CIP:ed reference sample (49 vol%). 
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Figure 2: X-ray diffractograms of samples HP1150, HP1300 and HP1400 C after dilatometer 
runs up to 1500 C. The sample REF1500 was only cold isostatically pressed before the 
dilatometer run.  

The lack of Ti3SiC2 in the hot pressed samples may be explained by the fact that there 
are thin layers of oxides on the surfaces of the powder particles before sintering, arising from 
the milling and handling processes. In pressureless sintering these oxides will be reduced and 
given off as CO(g), as has been discussed earlier [5]. The powder pressed in cold isostatic 
pressing is still an open system, i.e. there are open channels for the gases to evaporate. 
However, in the hot press, the samples are under pressure in a closed system and these open 
channels are compressed. The oxides on the particle surfaces act as diffusion barriers and the 
reactions are hindered. When reheating the sample first hot pressed at 1150 C without 
pressure, the channels are still sufficiently open to let the oxide gases out, leaving clean 
powder particle surfaces which give a more reactive system. Only a small degree of sintering 
has occurred at 1150 C, and the formation of Ti3SiC2 can take place. In contrast, the sample 
hot pressed at 1400 C has sintered to a significant degree and the porosity is reduced. This 
means that the oxides on the particle surfaces cannot escape, they are locked in the structure, 
acting as diffusion barriers and hinder the formation of Ti3SiC2 over the entire temperature 
range. The sample hot pressed at 1300 C falls in between those hot pressed at 1150 and 
1400 C and shows a corresponding intermediate amount of Ti3SiC2. In this sample the 
densification begins to occur but the diffusion is slow. Therefore enough porosity remains to 
allow some gases to escape in the dilatometer. The following reactions are suggested to 
describe the formation of Ti3SiC2 when oxides in the form of TiO2 and SiO2 are present, 
leading to CO(g) formation: 

7TiC + TiSi2 + SiC + TiO2  3Ti3SiC2 + 2CO(g)  (2)

8TiC + TiSi2 + SiO2  3Ti3SiC2 + 2CO(g)  (3)
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An overpressure of CO(g) may form in a closed system and when the material is 
sintered under pressure, reactions (2) and (3) may be driven to the left. If carbon and CO(g) 
are present in the furnace atmosphere, the gas may act as a means of carbon transport to the 
powder surfaces. Such carbon may react with the Ti3SiC2 to produce TiC and Si(g) according 
to the carburization reaction proposed by Racault et al [19]. Tang et al [20] also found that 
carbon and silicon gases influenced the high temperature phase reactions during hot pressing. 
However, they suggested that hot pressing would increase the Ti3SiC2 content by slowing 
down in-diffusion of carbon and out-diffusion of silicon. Thereby the decomposition reaction 
would be avoided.

Table 3 shows the density and open porosity for the samples heated in the dilatometer. 
The density of the sample HP1400 is, as expected, the highest (3.7 g/cm3) and the density 
increases with increasing hot pressing temperature. The density decreases slightly after 
heating in the dilatometer and the higher dilatometer end temperature gave a somewhat lower 
density. This is contradictory to the production routes employed by Radhakrishnan [16] and 
Li [15] who added a second annealing step after hot pressing in order to increase 
densification. The open porosity varies significantly depending on the hot pressing 
temperature, from 37% for HP1150 to 11% for HP1400 and are also highest for the highest 
dilatometer end temperature. When grains of the new phase grow in between the particles 
they may be pushed apart, leading to a slight expansion and a corresponding decrease in 
density. The density of the sample hot pressed at 1300 C was significantly higher than the 
sample fired in the hot press furnace without applied pressure. That sample was so porous that 
no Archimedes measurement could be carried out (in fact it broke during handling). 

Table 3: Densities and open porosity before and after heating in the dilatometer. 
Sample Dil. end 

temp. 
( C)

Density
before dil. 
(g/cm3)

Density
after dil. 
(g/cm3)

Open porosity 
before dil. (%) 

Open porosity 
after dil. (%) 

HP1150 1450 2.7 2.5 37 42
HP1150 1500 2.7 2.4 37 45
HP1300 1450 3.4 3.3 21 22
HP1300 1500 3.4 3.2 21 27
HP1400 1450 3.7 3.6 11 12
HP1400 1500 3.7 3.6 11 16
REF1500 1500 --- 1.7 --- 59

The dilatometer curves with end temperature 1500 C are shown in figure 3. The curves 
for samples HP1150 and REF1500 are similar in shape. They exhibit large peaks around 
1400 C. This peak corresponds to the formation of Ti3SiC2; the shoulder-like feature just 
before the large peak is a result of TiSi2 formation, as explored in earlier work [2, 4]. The 
curves of samples HP1300 and HP1400 differ from the other two, since they do not show any 
expansion. This is in accordance with the fact that very small amounts of Ti3SiC2, if any, were 
formed in these samples. There appear to be no signs of any reactions in these samples.  
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Figure 3: Dilatometer curves of samples hot pressed at 1150, 1300 and 1400°C and the 
reference sample.  

 The large difference in porosity is clearly visible with SEM. Figure 4 shows 
micrographs of two samples hot pressed at different temperatures after heat treatment in the 
dilatometer up to 1500 C.

a) HP1150 DIL1500 b) HP1400 DIL1500 
Figure 4: Scanning electron micrographs of a) HP1150 and b) HP1400 after heating in the 
dilatometer to 1500 C.
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4. Conclusions
Production of Ti3SiC2 by hot pressing TiC and Si powders is associated with difficulties 
caused by the presence of thin oxide films on particle surfaces. When entrapped in the 
structure they act as diffusion barriers, significantly lowering the reactivity of the system.  

The formation of Ti3SiC2 is promoted by a low partial pressure of carbon monoxide gas, 
as residual oxide films may be reduced and escape in the form of CO(g). A high partial 
pressure of CO(g) promotes the decomposition of Ti3SiC2 (by reversing equations (2) and 
(3)). CO(g) may also act as a source of carbon, leading to the carburisation of Ti3SiC2 into 
TiC and Si(g).

Hot pressing at intermediate temperatures reduces porosity while leaving the 
microstructure sufficiently open to allow the CO gas to escape in a second pressureless heat 
treatment. Thus, Ti3SiC2 forms and such samples may be used as precursors for the 
production of relatively dense Ti3SiC2 composites.  
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