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Abstract

Abstract
The MAX phases constitute a group of ternary ceramics which has received intense attention 
over the last decade due to their unique combination of properties. The Ti3SiC2 is the most 
well studied MAX phase to date and it has turned out to be a promising candidate for high 
temperature applications. It is oxidation resistant, refractory and not susceptible to thermal 
shock, while at the same time it can be machined with conventional tools which is of great 
technological importance.  

Most attempts to synthesize bulk Ti3SiC2 have involved pure titanium in the starting powder 
mixtures, but Ti powder is oxidising and requires an inert atmosphere throughout the 
synthesis process which makes the procedures unsuitable for large scale production. 

The aim of the first part of this study was to delineate the influence of sintering time and 
temperature on the formation of Ti3SiC2 from a starting powder which does not contain pure 
titanium. Titanium silicon carbide MAX phase was synthesised from ball milled TiC/Si 
powders, sintered under vacuum for different times and temperatures. After heat treatment the 
samples were evaluated using scanning electron microscopy (SEM) and x-ray diffraction 
(XRD). This study showed that TiC was always present in the final products whereas TiSi2
was an intermediate phase to the Ti3SiC2 formation. The highest amount of Ti3SiC2 was 
achieved for short holding times of 2-4 hours, at high temperatures, 1350-1400˚C. More 
elevated temperatures or extended times resulted in silicon loss and decomposition of Ti3SiC2.

In the second part of this study the sintering reactions and the mechanisms of formation of 
Ti3SiC2 were investigated by x-ray diffractometry, thermodilatometry, thermogravimetry, 
differential scanning calorimetry and mass spectrometry. TiC/Si powders of the different 
ratios; 3:2 and 3:2.2, were heated to different temperatures under flowing argon gas in a 
dilatometer and examined by XRD. The TiC/Si powder samples of the ratio 3:2 were further 
investigated by the other thermal analysis methods. The results confirmed the presence of the 
intermediate phase TiSi2. From 1500˚C silicon evaporation and MAX phase decomposition 
were observed, and the results show that the MAX phase formation may be concurrent with 
the melting of silicon. TiC was always present in the final products, either as a reactant or as a 
decomposition product. 

The extra silicon of the 3:2.2 TiC/Si powder significantly increased the Ti3SiC2 conversion 
and no intermediate phases were observed for this powder mixture. The Si of these samples 
did not melt or evaporate, and only minor decomposition was observed even at 1700˚C. These 
results indicate that the silicon content of the initial powder mixture is decisive to the reaction 
mechanisms of the sintering process.  
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1 Introduction 

1 Introduction 

The efficiency of any fuel burning engine is directly proportional to its operating temperature 
and weight is always a primary concern, especially for the aerospace industry. If a jet engine 
could be made from a lighter material, while at the same time be able to work at a higher 
temperature than today’s engines, this would save enormous amounts of fuel and  thereby 
limit costs and environmental impact. The automotive industry face essentially the same 
situation; if an automobile engine could be made from a more temperature tolerant material, 
its entire cooling water system could be removed.1

However, today’s jet engines cannot operate at higher temperatures, because there is no 
material that can endure more heat while loaded dynamically. Maximum service temperatures 
of modern titanium- and superalloys are limited to temperatures of approximately 600˚C and 
1000˚C respectively.2, 3 At temperatures over 1200ºC even the most refractory metal alloys 
grow weak and become useless for load bearing applications.3 So, in order to build more heat 
resistant engines, refractory ceramic materials have to be used. On spacecrafts, where high 
temperature resistance is one of the most severe demands, ceramic materials such as carbon 
fibre reinforced composites are the only materials in question. The drawback of most 
ceramics is that they are hard and brittle; i.e. when they fail, they fail catastrophically without 
warning. They are also predisposed to thermal shocks; i.e. fast temperature changes will 
generate fatal cracks.1, 4

In 1995 the American scientist Michel W. Barsoum and his Ph. D. student Tamer El-Raghy 
were working on a project fabricating hard, refractory carbides when they turned their 
attention to the Ti-Si-C system as they wanted to avoid oxidation. This became the beginning 
of the modern research on the MAX phases. They accidentally found a material that was stiff, 
lightweight, machinable, made from relatively cheap raw materials, resisted oxidation and 
thermal shock and, above all, remained strong up to temperatures over 1300ºC in air.1

Barsoum and El-Raghy was not, however, the first to discover this compound. Wolfgang 
Jeitschko and Hans Nowotny5 synthesised this phase already in 1967 at the University of 
Vienna, and determined its structure but took the research no further. In 1972 a German 
group, Nickl et al.6 working with the chemical vapour deposition (CVD) deposited a film of 
Ti3SiC2 and showed that it was anomalously soft for a carbide.

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 inseparably associated to the advances of materials 
knowledge and it is therefore not surprising that over the last decade, the MAX phases, with 
Ti3SiC2 at the front line, have received a great deal of attention from scientists all over the 
world. When synthesised in a pure form, the unique combination of properties provide hope 
of technical solutions to the great challenges of our time: diminishing fossil fuels, increasing 
global communications, the rapid progress in underdeveloped countries and its impact on the 
environment and climate. 
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1 Introduction 

1.1 Scope of this work 

This work was initiated in order to investigate the synthesis of bulk polycrystalline Ti3SiC2 by 
powder processing without the use of pure titanium powder. The aim is to understand the 
mechanisms of formation and to optimise the synthesis procedure with respect to the purity of 
the MAX phase.

- 4 - 4



2 Ceramics

2 Ceramics 

Ceramics are inorganic, non-metallic materials, with atoms bonded together by ionic or 
covalent bonds or a combination of the two. There is a wide range of materials that falls 
within this classification, including ceramics that are composed of 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 carbon, nitrogen 
or oxygen. The most common ceramics are oxides, especially silicates, which are extremely 
abundant in the earth’s crust.7, 8

Ceramics have been produced and used for everyday purposes throughout history. Early 
civilizations mixed clay minerals with water to form a plastic material that could be moulded 
into shapes. The item was then dried in the sun and hardened in a high-temperature fire. Many 
of these ancient materials are still in use today and they are referred to as “traditional 
ceramics”. Examples of traditional ceramics that we find in our everyday environment 
include: dishes and whiteware, tiles, bricks, cements and concrete, pottery, glass and abrasives 
like sandpaper.9

Over the years, scientists and engineers have acquired a better understanding of ceramic 
materials. New kinds of ceramics as well as more refined versions of the traditional ones have 
been introduced. These ceramics are referred to as “modern”, “advanced” or “engineering” 
ceramics. They are often very carefully engineered to fill the needs of specific applications 
which are too demanding for most metals, polymers or traditional ceramics. Modern ceramics 
are used in various applications such as cutting tools, electronic components, furnace- and 
nuclear technology, motor components in the aerospace and automotive industries and in 
dentistry and medicine, for example in various prosthetics.9

2.1 Properties of Ceramics 

Ceramic materials are mechanically, chemically and thermally stable materials. They are 
much 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 most limiting 
property of ceramics is their brittleness, and difficulty to machine, which follows inevitably 
with their hardness and stiffness.7-9

2.2 Ceramic Powder Processing  

The sensitivity of ceramics to brittle failure means that any flaws in the final product are 
potential sources of catastrophic failure. Post-firing machining is extremely difficult and 
expensive and therefore ceramic objects are usually made from a finely divided powder that is 
formed into the desired shape before firing, and then densified under heat. The powder 
processing involves several stages, each of which must be carefully controlled to avoid flaws 
in the final product. 
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2 Ceramics

2.2.1 Milling 
Control of particle size and particle size distribution is vital in order to optimize the properties 
of any ceramic for a specific application. Various techniques for powder preparation and 
comminution have been developed for the many different requirements. Some are purely 
mechanical and involves crushing and sieving, while others are chemical or a combination of 
both. Ball-, attrition- and planetary milling are three examples of mechanical particle size 
reduction. They are termed media milling methods, which means that the ceramic particles are 
set to move between much larger media, in the form of balls or short cylinders, in a 
cylindrical container, see illustration in figure 2.1. The media must be made of wear-resistant 
materials such as tungsten carbide, zirconia, steel or silicon nitride, preferably close to the 
composition of the milled powder, in order to reduce contamination. The container is typically 
made of or coated with a polymer that can be burned out in the sintering furnace, if present in 
the powder after milling.9, 10

Figure 2.1: Section of a media milling container. The movement of the milling media in a 
rotating container causes the powder particles to be crushed by collisions with the container 
walls and the media.

Milling can be conducted either dry or wet. Wet milling is often used as it assures good 
homogenization of the powder and it is possible to obtain smaller particles than with dry 
milling. Dry milling on the other hand has the advantage that the resulting powder does not 
need to be separated from liquid chemicals.9, 10
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2 Ceramics

2.2.2 Compaction 
Once the appropriate particle size is obtained, the powder needs to be formed into the desired 
shape, a so-called green body. This can be done in many different ways. Pressing, casting or 
plastic forming can all be achieved through a variety of techniques and performed on wet, 
moist or dry powders. In this work, only the pressing of dry powders has been employed and 
this section will therefore only deal with such techniques.  

The pressing of powders into a shape can be done in two ways: uniaxially or isostatically. A 
uniaxial press compacts the powder in a rigid die by the application of pressure along a single 
direction. These types of shape-forming processes are easy to automate and can have a very 
high production rate. The major drawback is that friction between particles and the tools may 
create an uneven load distribution in the powder. This in turn will give rise to density 
variations in the sample which may cause cracking or dimensional distortion during 
sintering.9

In an isostatic press, the pressure is applied from all directions. The method is sometimes 
referred to as hydrostatic pressing, and produces a more uniform compaction of the green 
body. In an isostatic press the powder is encapsulated in a flexible, leak-proof mould and 
immersed in a compressible liquid, which is then pressurised.9 This is therefore a batch 
process and difficult to automate to give high production rates, and remains quite expensive. 
However, it allows for the formation of green bodies with complex geometries. 

2.2.3 Densification 
This step is also referred to as sintering or firing; it is the final densification of the powder 
compact and it essentially involves the removal of the pores between the particles of the 
powder, see illustration in figure 2.2. This is obtained by raising the temperature in order to 
promote diffusion. Even though ceramic materials have been used (and densified) for 
centuries, the scientific understanding of the process has begun to develop only in the 1930’s. 
The sintering of a powder can occur by a variety of mechanisms, sometimes in combination 
with each other. The diffusion can take place within the solid particles or along the surfaces of 
the particles. In some ceramic systems, a fraction of the powder can melt, or additives are 
used to promote melting, in which case material transport is simplified in the liquid. 
Temperature control is crucial in this stage as it is the only way to control the diffusion. Heat 
will increase the rate of diffusion (and densification) but at the same time it favours grain 
growth, and a large grain size may be detrimental to the mechanical properties of the final 
product.9
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2 Ceramics

Figure 2.2: Powder particles before and after sintering. During firing, material is transported 
by diffusion from the individual particles to the necks, thereby decreasing the pore size of the 
material.

Sintering can be performed in vacuum, in atmospheric pressure or under overpressure. It is 
often necessary to evacuate the furnace or control the composition of the furnace atmosphere 
in order to avoid undesirable chemical reactions inside the furnace. In some cases, 
overpressure and temperature are applied simultaneously in order to accelerate the 
densification.9
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3 MAX Phase Materials

3 MAX Phase Materials 

The MAX phases are a group of ternary (i.e. consisting of three elements) compounds with 
the family formula: MN+1AXN; where N is an integer 1, 2 or 3; M is a transition metal; A is an 
element from groups IIB to VIA (sometimes denoted 12-16) in the periodic table of the 
elements; and X is either carbon or nitrogen, see figure 3.1. These materials can also be 
considered as nano-laminar composites1 as they possess a layered microstructure where 
mono-atomic 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; the N takes on a value of 2, the binary metal 
carbide is Ti3C2, and the A-element is silicon.  

Figure 3.1: The elements viable for MAX phase formation.

The MAX phases are divided into classes depending on their N-value and Ti3SiC2 belongs to 
the so called 312 class. There are three classes of MAX phases, the other two are the 211 and 
the 4131, with N values of 1 and 3 respectively.

3.1 Titanium Silicon Carbide, Ti3SiC2

3.1.1 Properties of Ti3SiC2

The most significant aspect of titanium silicon carbide is that it combines some of the most 
attractive properties of ceramics with those of metals. Like a metal it is machinable, thermally 
and electrically conductive, resistant to thermal shock, and it deforms plastically at elevated 
temperatures. Like a ceramic it is refractory, oxidation resistant and stiff, with a relatively low 
density.1, 11-14

The MAX phases share many of their properties, e.g. stiffness and conductivity with their 
binary nitride- or carbide constituents.11 The MAX phase’s characteristic and unusual 
combination of mechanical properties however, is achieved by their layered structure. The 
bonds within the carbide or nitride layers are very strong while the bonds between the layers 
are weaker11, 12 and allow for dislocation movement and basal slip.6
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3 MAX Phase Materials

Polycrystalline samples of Ti3SiC2 are brittle in room temperature as any other ceramic, but 
single crystals are ductile. This is because Ti3SiC2 deforms by the formation of so called kink 
bands.1, 11, 13 Kink bands are formed when edge dislocations are generated in a crystal and 
then set to move in two directions opposite each other. These dislocations will eventually 
arrange themselves in walls, which define the kink boundaries. Kink bands tend to form in 
layered materials loaded in parallel to the layers.1 An initiated crack cannot propagate past the 
kink boundaries, so the kink boundaries can be thought of as containers or reflectors of 
damage; the damaged area hardens locally and further damage is relocated to another region.1, 

13

The machinability of the MAX phases may be their most important property, at least from a 
technological point of view. It provides the MAX phases with an undeniable advantage over 
other high-temperature structural materials. Their main competitors, the currently used 
superalloys are relatively difficult and expensive to machine. Other potential ceramics are 
even more difficult to machine as they are harder and more brittle. The MAX phases on the 
other hand are very easy to machine, in fact they can easily be cut by hand with a hacksaw.
Ti3SiC2 can be turned, milled and drilled using regular high-speed tools, without lubrication 
or cooling.1, 14 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 everything but trivial. Machinability allows for alternative 
solutions not possible with conventional ceramics, e.g. two tubes can be threaded and screwed 
together end to end.1

3.1.2 Applications of Ti3SiC2

The greatest potential for the MAX phase materials is likely within the transportation sector. 
Today’s overwhelming problems associated with diminishing fossil fuels and increasing 
levels of greenhouse gases in the atmosphere, combined with people’s unwillingness to 
change their lifestyles, call for a technical solution. We must increase the efficiency of our 
cars and airplanes, and the MAX phases with Ti3SiC2 at the head may represent a step in the 
right direction.1

Ti3SiC2 has roughly half the density of the alloys used in today’s jet engines and maintains its 
strength to temperatures that exceeds the capacity of even the best nickel-based superalloys.1, 

15 Modern superalloys are capable of operating at temperatures in excess of 1100ºC but for 
severe stress conditions, temperatures must not exceed 1000ºC.3, 16 Uncoated Ti3SiC2 may be 
used up to 1000ºC in air and up to 1600ºC in vacuum or hydrogen atmosphere according to 
Barsoum et al.14 Furthermore, Ti3SiC2 can be processed to form a protective layer of silicon 
oxide on the surface, thus increasing the materials oxidation resistance to temperatures as high 
as 1500ºC.1

The materials used by the space industry are meticulously engineered to meet the extreme 
requirements set by the aggressive environment of space. The demands can be quite different 
to those set by severe environments on earth and minimising weight is always central to the 
materials selection. Weight limitations, strength demands, thermal-, radiation- and erosion 
resistance and vacuum compatibility set very narrow constraints on candidate materials. The 
Ti3SiC2 is considered to be a promising material for applications in extreme environments, 
e.g. in spacecrafts.4
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3 MAX Phase Materials

Electronic contacts and connectors are often considered to be the weakest link of electronic 
systems. This is why electronic industry is constantly looking for new and better solutions. An 
ideal electric contact should exhibit very low contact resistance, plasticity, good wear and 
oxidation resistance, good thermal conduction and non-welding properties. Also, the contact 
should not degrade even if exposed to high temperatures, different chemical environments and 
wear. The MAX phases offer many of these ideal properties and are currently under 
investigation for a wide range of applications in this field.17 Contact surfaces today is 
typically gold plated. Gold has good contact properties but is often found to be sensitive to 
wear. In these cases Ti3SiC2 may be a more appropriate solution. Cost may also be a reason to 
use alternatives to gold as the raw materials for Ti3SiC2 coatings are very much cheaper. The 
primary market for Ti3SiC2 coatings is electric contacts but the material has other benefits and 
the market may be widened, e.g. to fields like biotechnology, shaping tools for polymer 
industry and corrosion protection or decoration.18

3.1.3 Previous Work on Ti3SiC2

Ti3SiC2 is commonly prepared from starting powder mixtures including pure titanium, such as 
Ti/Si/C,19-24 Ti/C/SiC25-29 and Ti/Si/TiC30-32 by use of different powder metallurgical 
synthesis methods, e.g. reaction vacuum sintering,28-30, 33 reactive hot pressing (HP),25, 34, 35

reactive hot isostatic pressing (HIP),26, 31 self-propagation high-temperature synthesis 
(SHS),33, 36 mechanical alloying (MA),37-39 pulse discharge sintering(PDS)40 and arc 
melting.41 Pure titanium powder is highly oxidising and thus has to be handled with great care 
under strict safety precautions42 which is a disadvantage in terms of scaled-up industrial 
production.

Monolithic Ti3SiC2 has been reported only by a handful of authors25, 26, 30, 32 while most 
authors have observed secondary phases such as titanium carbides, silicon carbides 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 described in the following sections and summarised in table 3.1 
on page 13. 

3.1.3.1 Ti/Si/C Starting Powders 
In 1997 Pampuch et al.36 stated that densification of elemental powders through self-
propagating high temperature synthesis lead to the formation of a transient liquid phase from 
which the Ti3SiC2 crystallized. Small amounts of TiC could not be avoided, however. Orthner 
et al.37 reported on small amounts of Ti3SiC2 forming in an SHS manner during high energy 
milling. They concluded that although the amount of Ti3SiC2 was low in the as-milled powder 
it constituted a good starting powder for Ti3SiC2 production through reaction sintering. They 
found that four phases were always present in the as-milled powder: TiC, Ti3SiC2, TiSi2 and 
Ti5Si3Cx. After sintering, only TiC was present as a secondary phase. These results were 
confirmed by Li et al.39 who also stressed the importance of the size of the milling media for 
the phase composition of the milled powders and the purity of the sintered samples. Li et al.43

also confirmed these results, adding the observation of Ti3SiC2-whiskers forming from a 
eutectic liquid phase at a temperature of 1350ºC.  
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3 MAX Phase Materials

Zhou et al. 21 suggested that Ti3SiC2 forms from the elemental powders via a direct reaction 
taking place in a silicon melt which would act as a sintering and densification additive. Zhang 
et al.22 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.23 however, reported no observation of an amorphous phase. They 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.

3.1.3.2 Ti/SiC/C Starting Powders 
Barsoum et al.25 fabricated high-purity polycrystalline Ti3SiC2 from 3Ti/SiC/C powders by 
reactive hot pressing. Later, in 1999, El-Raghy and Barsoum26 published a thorough study on 
the fabrication of Ti3SiC2 by reactive hot isostatic pressing of the same powders, suggesting a 
reaction path where TiCx and Ti5Si3Cx are intermediate phases which in turn react to form 
Ti3SiC2. They 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.27, 28 suggested that Ti3SiC2 form through a solid-state reaction between the two 
intermediate phases TiC and Ti5Si3C at a very distinct temperature, thus supporting27 the 
theories of El-Raghy and Barsoum and developing them further.28 Istomin et al.29 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.44 used the SHS synthesis 
method on a Ti/SiC/C powder mixture; they suggested a solid solution intermediate phase of 
Si in TiC. 

3.1.3.3 Ti/Si/TiC Starting Powders 
Sun et al.33, reported on their observations of nucleation and growth of Ti3SiC2 within TiC 
and Ti5Si3 phases during vacuum sintering of Ti/Si/TiC powders. Li & Miyamoto30 observed 
the nucleation and growth of Ti3SiC2 on TiCx alone and proposed two concurrent reactions 
without any intermediate phases. They also proposed the presence of a Ti-Si eutectic liquid 
and suggested that the formation of Ti3SiC2 from Ti/Si/TiC powders would take place in a 
liquid phase. Gao et al.31 worked with the same starting powders but found the Ti5Si3Cx
secondary phase in samples with short holding times. Yang et al.32 reported on 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. The excess silicon would compensate for 
Si loss by evaporation whereas too much added Si would promote TiSi2 formation over 
Ti3SiC2.

3.1.3.4 TiC/Si Starting Powders 
Attempts have also been made to synthesise Ti3SiC2 from TiC/Si powder mixtures, thus 
avoiding the pure titanium. Radhakrishnan et al.45 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 
authors46 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.47 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 
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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.48 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. Hwang et al.48 also 
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. Córdoba et al.49 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. 

Table 3.1: An overview of the previous work on Ti3SiC2
Authors Starting

powders
Synthesis
Method

Intermediate 
Phases

Secondary
Phases

Pampuch et al.36 Ti/Si/C SHS Liquid TiC
Orthner et al.37 Ti/Si/C SHS/MA TiSi2,

Ti5Si3Cx

TiC

Zhou et al.21 Ti/Si/C Hot Pressing Liquid TiC
Zhang et al.22 Ti/Si/C PDS Liquid TiC, SiC, 

TiSi2
Li et al.50 Ti/Si/C Hot Pressing --- TiC, TiSi2,

Ti5Si3
Barsoum et al.25, 26 Ti/SiC/C HP/HIP TiCx, Ti5Si3Cx ---
Wu et al.27, 28 Ti/SiC/C Pressureless TiCx, Ti5Si3Cx TiCx
Istomin et al.29 Ti/SiC/C Vacuum TiCx, TiSi2,

Ti5Si3Cx

TiC, TiSi2,
Ti5Si3

Riley et al.44 Ti/SiC/C SHS Solid solution TiCx
Sun et al.33 Ti/Si/TiC Vacuum TiC, Ti5Si3Cx ---
Li & Miyamoto30 Ti/Si/TiC Pressureless Liquid ---
Gao et al.31 Ti/Si/TiC HIP Ti5Si3Cx TiCx
Yang et al.32 Ti/Si/TiC Vacuum Ti5Si3, TiSi2 ---
Radhakrishnan et al. 
45, 46

TiC/Si Pressureless/HP TiSi2, SiC, TiC 

Li et al. 47 TiC/Si Pressureless Ti5Si3 SiC, TiC 
Hwang et al.48 TiC0,67/Si Pressureless --- TiCx
Córdoba et al.49 TiC/Si Pressureless --- SiC, TiC 
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3.1.3.5 Decomposition of Ti3SiC2

Racault et al.20 were first to report the decomposition of Ti3SiC2 into TiCx and gaseous Si, and 
that this reaction was promoted by the presence of carbon. They observed that decomposition 
would occur at 1450˚C in an alumina crucible but at 1300˚C in graphite. This was confirmed 
by Radhakrishnan et al.51 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. Wu et al.27 also confirmed these results and added that 
the presence of titanium carbide in the sample was deleterious to its thermochemical stability 
as well. Gao et al.31 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 authors40 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.47 suggested yet another reaction formula for 
the decomposition of Ti3SiC2 by carburisation where SiC would be produced.  

- 14 - 14



4 Materials Characterisation Techniques

4 Materials Characterization Techniques 

4.1 Scanning Electron Microscope (SEM) 

A microscope is an optical system which transforms an object - usually a small one - into an 
image of some magnification. The electron microscopes provides techniques to make very 
large magnifications of images of very small objects.52

As electrons interact with matter the observation process will necessarily have consequences 
on the resulting image. It is important to understand the nature of all the possible interactions 
between the electron beam, other parts of the microscope (lenses, camera, etc), and the 
specimen, see figure 4.1, in order to correctly interpret the information it provides.52

A tungsten wire is heated to emit electrons which are accelerated through a potential 
difference to generate an electron beam of controlled energy and known wavelength.52 This 
beam of electrons can be bent – and thereby focused – by a magnetic or an electrostatic field. 
Electromagnetic lenses provide a magnetic field which focuses the electrons into a beam with 
a focal spot of size 1 to 5 nm. Electromagnetic lenses are also used to deflect the entire beam 
in order to scan the area of the sample.52

The electrons of the incident beam are called primary electrons and they bombard the surface 
of the specimen. As they carry a lot of energy they will interact with the atoms of the 
specimen through various so called scattering processes, see figure 4.1. These processes may 
occur separately or in combination, and will cause the primary electrons to slow down inside 
the matter. Elastic scattering is a process which may change the direction of the primary 
electron but not detectably change its energy. Inelastic scattering is a general term to describe 
any process in which the primary electron looses energy. Most of the kinetic energy of the 
primary electron will end up as heat in the specimen but some of its energy escape in the form 
of x-rays, light or secondary electrons. All of these can be detected and used for image 
formation and analysis. 52, 53

Figure 4.1: Scattering processes occurring in a scanning electron microscope as the electron 
beam interact with the matter in the sample.  
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The most common imaging mode monitors low energy secondary electrons (SE). The 
secondary electrons are generated through inelastic collisions and due to their low energy, 
these electrons originate within a few nanometres from the surface. Steep surfaces and edges 
tend to be brighter than flat surfaces, which results in images with a well defined, three-
dimensional appearance.53 In addition to the secondary electrons, backscattered electrons 
(BSE) can also be detected. Backscattered electrons are caused by the deceleration of 
electrons that have suffered multiple energy losses and scattering and may be used to detect 
contrast between areas with different chemical compositions.53

4.1.1 Energy Dispersive X-ray (EDX) Analysis  
Energy dispersive x-ray analysis is an analytical mode, i.e. a technique used to identify the 
elemental composition of the specimen. It is also known as EDS or EDAX analysis. The EDX 
analysis system works as an integrated feature of a scanning electron microscope (SEM), and 
can not operate on its own.53

During EDX analysis, the specimen is bombarded by the electrons of the beam. The incident 
electrons interact with the matter in the sample and sometimes knock electrons out of the 
sample. In order to fill the vacant position another electron gives up some energy by emitting 
an x-ray. The x-ray is detected and its energy measured; the energy is characteristic for the 
atom which emitted the x-ray.53, 54

4.2 X-ray Diffractometer (XRD) 

X-ray powder diffraction is used in materials science to identify materials and phase 
compositions. Sample preparation is relatively easy, and the test itself is non-destructive and 
often rapid. Monochromatic x-rays are used to determine the distance between atomic planes 
in the sample material. When the Bragg condition for constructive interference is achieved, a 
so called reflection is produced, which is recorded as a peak in the resulting diffractogram, see 
figure 4.2 b). The position of the peak provides information about the structures, phases, 
preferred crystal orientations (texture) and other structural parameters such as crystallinity, 
strain and crystal defects in the material. The relative peak height is generally proportional to 
the number of grains with that orientation. The identification of the diffractogram peaks is 
done by comparison to patterns in databases.55, 56

X-rays are energetic electromagnetic radiation and may be viewed as waves or as particles, in 
the latter case we call them photons. The modern x-ray tube contains a cathode filament 
which is heated to emit electrons. The electrons are accelerated onto an anode, also known as 
target. As the electrons hit the surface of the target they slow down and give off energy in the 
form of x-rays and the wavelength of the beam depends on the element in the target. A 
monochromator filters the beam to characteristic photons of known wavelength.57-59

Figure 4.2 a) shows the experimental setup for an x-ray diffractometer. The x-ray source and 
the detector are located at an angle with respect to the sample. The incident x-rays are 
reflected and diffracted by the atomic lattice of the sample material.  
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a) b)

Figure 4.2: a) The experimental setup of an x-ray diffractometer and b) a typical x-ray 
diffractogram.  

4.3 Thermal Analysis (TA) 

The term thermal analysis (TA) describes any analytical experimental technique which 
investigates a material’s behaviour as a function of the temperature. Conventional TA 
techniques are: thermogravimetry (TG) also known as thermogravimetric analysis (TGA), 
which records the mass change as a function of the temperature, differential thermal analysis 
(DTA), which measures the temperature difference between the sample and a reference as a 
function of the temperature and differential scanning calorimetry (DSC) which measures the 
heat fluxes to the sample as a function of the temperature. Thermomechanical analysis (TMA) 
traces the mechanical response of the sample as a function of the temperature; if the response 
measured is dimensional change; the method is called thermodilatometry (TD).60

4.3.1 Differential Scanning Calorimeter (DSC) 
Differential scanning calorimetry (DSC) is a thermal technique in which the difference of heat 
flow into a sample and a reference material is measured as a function of temperature or time, 
while subjected to a controlled temperature program.60, 61

The DSC method is the most commonly used among the thermal analysis methods due to its 
reliability and wide variety of applications. The technique detects any kind of transformation 
taking place in the sample while heating or cooling, due to the fact that every transformation 
and every reaction is accompanied by an exchange of heat. Therefore, not only the 
temperature of the transformation will be recorded but the amount of heat released from or 
absorbed by the substance can also be determined.60

Some of the most known applications are: transition enthalpy measurement, study of reaction 
rate kinetics, determination of glass transition temperatures of polymers, heat capacity 
measurements, purity determination of substances, crystallinity determinations and phase 
diagram representations.60, 62
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4.3.2 Thermogravimeter (TG) 
A thermogravimeter, 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. In a simultaneous thermal analyser 
(STA) the TG- and a DSC- or DTA signal are concurrently recorded and displayed in the 
same diagram.38, 60

Thermogravimetry is particularly useful to studies of degradation mechanisms and thermal 
stability of materials and can be used to predict the service lifetime of different components.38

Other important features that can be measured by TG include: adsorption and desorption, 
sublimation, vaporisation, oxidation and reduction.60

4.3.3 Mass Spectrometer (MS) 
Mass spectrometry, using quadrupole mass spectrometers is the most widely used of the so 
called evolved gas analysis (EGA) techniques. It detects and quantifies any volatile 
compounds given off by the sample and can be used to identify unknown compounds. Its 
primary use is together with other thermal analysis methods, often TG, to investigate the 
composition and concentration of the gases given off during a mass loss reaction.60

Any substance will ionise when bombarded by electrons, and the mass spectrometer detects 
the mass and abundance of the ion fragments. As all substances ionises in a unique way, the 
mass spectrum acquired by the MS will allow the substance to be identified.60

4.3.4 Dilatometer 
A dilatometer measures the volume or length change of a sample as a function of temperature. 
It can be used to study phase transformations in metals, the shrinkage of a green ceramic body 
during binder burnout or sintering etc. The dilatometer curve usually shows the samples 
length change in units of length change per unit starting length, dL/L0, as a function of 
temperature. Thus, the slope of the curve corresponds to the linear thermal expansion 
coefficient.60, 63

Dilatometers consist of a furnace with a temperature distribution control and an expansion 
measuring device. The expansion of the sample can be recorded by means of a mechanical, 
optical or electrical transducer. In the instrument employed in this study, a connecting rod is 
set to be in contact with the sample inside the furnace. The rod transfers the thermal 
expansion to a strain gauge, which measures the volume shift. Since the measuring system 
(i.e. the connecting rod, sample holder etc.) is exposed to the same temperature as the sample, 
it will expand as well. Thereby a relative value is obtained, which must be accounted for 
when analysing the data. The temperature control must be very precise and allow the 
temperature to be programmed and strictly monitored.63
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4.4 Brunauer - Emmett - Teller (BET) 

The Brunauer - Emmett - Teller (BET) method is a technique for the estimation of surface 
area of solids by means of the physical adsorption of gas molecules onto the surface. The 
more finely divided a powder is, the larger its surface area will be, so the value of the BET 
surface area is widely used as a measurement of particle size of a powder.64 It provides an 
experimentally measured value which can be directly compared to that of another powder, 
without theoretical modelling or calculations in terms of particle size distribution or shape.  

By measuring the number of gas molecules adsorbed on a particle, also known as the 
substrate, its specific surface area can be calculated. The BET theory is a rule for the physical 
adsorption of gas molecules on a solid surface. It was created in 1938 by Stephen Brunauer,
Paul Hugh Emmett, and Edward Teller. The concept of the BET is an extension of the 
Langmuir theory, which concerns monolayer molecular adsorption, to multilayer adsorption.
Langmuir theory perceives the surface of a material as an arrangement of identical sites which 
molecules may occupy. It states that no more than one atom can occupy one site and that the 
atoms do not interact with each other. Brunauer, Emmett & Teller extended this lattice gas 
model to the case of multi-layer films. Their model allows the particles to occupy sites on top 
of each other.64-66
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5 Experimental Details 

5.1 Ceramic Powder Processing 

Figure 5.1 gives an overview description of how the samples analysed in this work were 
produced.

Figure 5.1: Flowchart describing the ceramic powder processing method employed in this 
study.
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5.1.1 Milling, Compaction and Densification 
The powders used were TiC from Aldrich and Si from Merck, they were mixed at two 
different ratios. The A1 composition had a TiC/Si ratio of 3:2 and the A2 composition had a 
TiC/Si ratio of 3:2.2. A1 samples were prepared in different ways to evaluate the influence of 
the milling parameters. One of the A1 samples, here denoted P1, was ball milled (Siemens: 
Elektra Tailfingen T10) during four days. Another powder, here denoted P2, was first ball 
milled for four days and then transferred to an attritor (Walther Flender: 4AP) and attrition 
milled for one day. A number of different powders were produced using a planetary mill 
(Retsch: PM4). These powders were milled for 20, 40 and 70 hours with different jar- and 
media material. The A2 samples with 10% extra silicon were prepared the same way as the P1 
in order to evaluate the influence of silicon evaporation on the formation of Ti3SiC2. The 
compaction of the green bodies 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 final densification step took place in a 
reaction sintering furnace with graphite heating elements (Conrad Engelko Technik) in which 
the samples were embedded in boron nitride and in a dilatometer (Netzsch: DIL 402 C). 
Sintering was performed at different temperatures and, in the graphite furnace, with varying 
holding times, under a vacuum of approximately 0.02 mBar. In the dilatometer the sintering 
took place under flowing argon gas with a heating rate of 10 K/min. The cooling was 
controlled down to 600˚C with a rate of 20 K/min. 

5.2 Characterisation

The as-milled A1 powders were evaluated using a scanning electron microscope (SEM) 
(JEOL: JSM – 6460LV) with a tungsten filament, low vacuum and Oxford INCA detection 
and by measuring the Brunaur-Emmett-Teller (BET) surface area (Micromeritics: ASAP 
2000). The sintered samples were crushed (Retsch: MM2) into a powder and evaluated with 
x-ray diffraction (XRD) (Philips: MRD) using Cu K  radiation and a proportional detector.
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6 General Conclusions 

The sintering process of Ti3SiC2 from TiC/Si starting powders has been investigated in this 
study. Short sintering times at high temperatures were found to promote Ti3SiC2 formation 
whereas longer holding times resulted in its decomposition. TiC was present in all samples, 
either as a reactant or as a product of decomposition. The activation energy of Ti3SiC2 phase 
formation was determined to be 289 kJ/mol. 

Two starting powder compositions were evaluated with TiC/Si ratios of 3:2 and 3:2.2 
respectively. The 3:2 powder composition was found to produce Ti3SiC2 via the intermediate 
phase TiSi2 at temperatures close to the melting point of silicon. The samples lost 
considerable amounts of Si through evaporation and decomposed at 1500˚C.

In the samples with 10% extra Si no intermediate phases were observed and the excess silicon 
significantly increased the amount of Ti3SiC2. There was no Si evaporation, and the MAX 
phase exhibited only minor decomposition even at 1700˚C. In this case, the Ti3SiC2 was 
formed through a direct reaction. 
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7 Future Work 

Further work is necessary in order to fully understand the mechanisms and reactions 
governing the formation of Ti3SiC2 from TiC/Si powders. There is a considerable number of 
parameters influencing the MAX phase development and they all require proper investigation, 
in order to make a proposition concerning the optimum process conditions for Ti3SiC2
production from TiC/Si starting powders. 

The effect of silicon content has proven to be crucial for the final composition of the samples. 
By varying and optimizing the amount of silicon in the starting powder high-purity Ti3SiC2
should be achieved. The purity is also depending on the holding time, temperature and heating 
rate. Further investigation and optimisation of these parameters are vital to the understanding 
of the reaction pathway and thereby necessary in order to control the process. The melting of 
the silicon may introduce a liquid reactant phase in the samples of 3:2 TiC/Si ratio; in which 
case the role of the liquid must be completely illuminated for proper temperature control. 

The decomposition and decarburization phenomenon are intriguing and the dependence on 
furnace atmosphere, primarily with regards to the presence of carbon and oxygen must be 
thoroughly examined. The presence of TiC in the samples is possibly detrimental to the 
thermal stability and must therefore be studied and prevented. Unidentified phases were 
observed both during Ti3SiC2 formation and decomposition which obviously are subjects of 
further investigation as well as the influence of particle size and particle size distribution on 
the reaction mechanisms and kinetics. 
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9 Summary of Appended Papers 

9 Summary of Appended Papers 

9.1 Summary of Paper I 

The influence of sintering time and temperature on the formation of Ti3SiC2 MAX phase from 
TiC/Si starting powders was studied by x-ray diffraction, scanning electron microscopy, BET 
and dilatometry.

Table 2, paper 1: Phase composition of samples sintered for 4 hours. 
Temperature (˚C) Phases present 
1200 TiC, TiSi2, (& traces of SiC) 
1250 TiC, TiSi2, SiC, Ti3SiC2

1300-1400 TiC, SiC & Ti3SiC2

TiC was always present in the final products, either as a reactant involved in the formation of 
the Ti3SiC2 or as a product of its decomposition. TiSi2 was found to be an intermediate phase 
whereas no significant amount of Ti5Si3Cx (by many considered to be the most important 
intermediate phase) was detected in this study. The highest amount of Ti3SiC2 formation was 
achieved for short holding times (2-4 hours) at high temperatures (1350-1400˚C). Prolonged 
sintering times at elevated temperatures resulted in the decomposition of the Ti3SiC2 into TiC 
and gaseous silicon. The silicon evaporation was observed from 1500˚C. 10% excess silicon 
is beneficial to the formation of Ti3SiC2 but its impact is limited to relatively low 
temperatures (1350˚C) and short sintering times (1 hour). The extra Si is suggested to 
compensate for losses due to silicon evaporation during heat treatment.  

The activation energy of Ti3SiC2 phase formation was determined to be 289 kJ/mol using the 
Mehl – Avrami – Johnson model, which is in good agreement with the value 380 kJ/mol 
reported by Wu et al.67 for the Ti3SiC2 formation from Ti/SiC/C powders with intermediate 
phases TiCx, Ti5Si3Cx and free carbon.
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9.2 Summary of Paper II 

The formation of Ti3SiC2 from TiC/Si powders with ratios 3:2 and 3:2.2 was studied by 
thermodilatometry, thermogravimetry, differential scanning calorimetry and x-ray diffraction. 
TiC was always present in the samples and for the 3:2 starting composition, TiSi2 was found 
to be an intermediate phase to the Ti3SiC2 formation. The Ti3SiC2 formation was concurrent
to the melting of silicon and its decomposition was accompanied by silicon evaporation. In 
the 3:2.2 samples with 10% extra Si no intermediate phases were found, no melting or 
evaporation of silicon took place and only minor decomposition was observed.  

Two different reaction pathways are suggested for the different samples. The 3:2 TiC/Si 
powder composition produced Ti3SiC2 by a two-step reaction, liberating Si: 

3TiC + 6Si  3TiSi2 + 3C  Ti3SiC2+SiC +4Si(g) 

In the 3:2.2 samples Ti3SiC2 is suggested to form by a direct reaction: 

3TiC + 2Si  Ti3SiC2 + SiC 

The decomposition of the Ti3SiC2 is assumed to proceed as proposed by Racault et al.20:

Ti3SiC2 +C  3TiC + Si(g)
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Abstract
The influence of sintering time and temperature on the formation of Ti3SiC2 MAX phase 

from TiC/Si starting powders was studied by x-ray diffraction, scanning electron microscopy, 
and dilatometry. TiC was always present in the final products and TiSi2 was found to be an 
intermediate phase. The highest amount of Ti3SiC2 was achieved for short holding times (2-4 
hours) at high temperatures (1350-1400 ºC). Silicon evaporation was observed from 1500 ºC; 
indicating the decomposition of the MAX phase at elevated temperatures or extended times, 
through a Ti3SiC2  TiC + Si(g) type reaction. The activation energy of Ti3SiC2 phase 
formation was determined to be 289 kJ/mol, using the Mehl-Avrami-Johnson model. 

Introduction 
Ti3SiC2 is a ceramic that exhibits a unique set of properties. It combines properties 

normally associated with metals, such as thermal and electrical conductivity and relative 
softness with those of traditional ceramics, e.g. chemical and thermal stability, elastic stiffness 
and excellent high-temperature mechanical properties.1-5 It is resistant to thermal shock, 
damage tolerant3-6 and it can be machined by use of conventional high-speed tools without 
lubrication or cooling, which is of great technological importance for its applications.5, 7, 8

Bulk samples of Ti3SiC2 have been fabricated by different approaches based on powder 
metallurgical techniques such as reaction vacuum sintering,9-13 reactive hot pressing,14-17

reactive hot isostatic pressing,8, 18 self-propagation high-temperature synthesis,10 mechanical 
alloying,19-21 pulse discharge sintering22 and arc melting.23 A range of powder mixtures have
been used such as TiH2/Si/C,14 Ti/SiC/C,11, 15 Ti/Si/SiC,9, 19 Ti/Si/C16, 17, 21, 23, 24 or Ti/Si/TiC.10, 

12, 18, 22 While some has attained single phase8, 12, 15, 19 Ti3SiC2, most attempts have resulted in 
samples containing 87-99.3 % Ti3SiC2 with secondary phases such as TiCx, Ti5Si3Cx, Ti5Si3,
TiSi2 or unreacted raw materials in the final products.  

Common in these studies is the use of starting powders containing pure titanium metal. 
For example Barsoum et al.,15 fabricated high-purity polycrystalline Ti3SiC2 from Ti/SiC/C 
powders by reactive hot pressing, and the same authors8 published a thorough study on the 
fabrication of Ti3SiC2 by reactive hot isostatic pressing, suggesting a series of reactions where 
TiCx and Ti5Si3Cx are intermediate phases which in turn react to form Ti3SiC2. Wu et al.9, 25

observed a range of phase transformations and reactions and suggested that Ti3SiC2 form 
through the solid state reaction between the two intermediate phases TiC and Ti5Si3C at a very 
distinct temperature, thus supporting25 and extending9 the theories of El-Raghy and Barsoum. 
Istomin et al.11 essentially confirmed the results in 2005 when they proposed a similar reaction, 
adding the TiSi2 as a possible intermediate phase for samples vacuum sintered for 4 hours at 
temperatures between 1357 and 1497 ºC. 

Sun et al.10 and Gao et al.18 used different starting powders (Ti/Si/TiC), but found the 
same intermediate phases. Gao et al.18 also concluded that Ti3SiC2 tended to decompose into Si 
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and TiC, as initially proposed by Racault et al.,26 in most furnace atmospheres at temperatures 
above 1350 ºC. The partial pressure of Si in the furnace atmosphere was found to be the key 
for maintaining the stability of Ti3SiC2. Gao et al.22 observed a tendency of Ti3SiC2 to 
decompose into TiSi2 at high temperatures during spark plasma sintering.  

There is consensus in the literature with some minor variations on the route of formation 
of Ti3SiC2 from powder mixtures including pure Ti, regardless of the sintering method of 
choice. However, the reaction pathway does not seem to be applicable to TiC/Si starting 
powders. Powders containing pure Ti powder is highly reactive27 and many authors have 
observed that Ti is indeed involved in the very first reaction that precedes Ti3SiC2 formation, 
often to form TiCx.8, 9, 11 The intermediate phase Ti5Si3Cx is often considered to be a necessary 
intermediate step for the formation of Ti3SiC2 but it has not been reported to form in TiC/Si 
powder mixtures. In spite of the relatively low reactivity of the TiC, Ti3SiC2 has been reported 
to develop in TiC/Si powder mixtures, but the governing mechanisms of Ti3SiC2 formation in 
the absence of pure Ti remain to be resolved. 

In this paper we report on the synthesis of Ti3SiC2 MAX phase samples from a TiC/Si 
starting powder mixture which does not include the strongly oxidizing27 titanium metal 
powder. The sintering procedure is investigated with respect to the effect of sintering time and 
temperature on MAX phase conversion. A reaction process for Ti3SiC2 formation from TiC/Si 
starting powders during vacuum sintering is suggested. The activation energy of Ti3SiC2 MAX 
phase formation was calculated using the Arrhenius equation and Mehl-Avrami-Johnson 
(MAJ) theory. 

Experimental
The working order employed in this study is schematically presented in Fig. 1. The 

powders used were TiC (Aldrich) and Si (Merck) and they were mixed at a ratio of 3:2. 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. A number of different 
powders were produced using a planetary mill (Retsch: PM4). These powders were milled for 
20, 40 and 70 hours with different jar- and media material. Finally a powder of slightly 
different composition, with 10 % extra silicon was prepared the same way as the P1, resulting 
in a TiC/Si ratio of 3:2.2. The powder with excess silicon is denoted A2. The as-milled 
powders were evaluated using a scanning electron microscope (SEM, JEOL: JSM – 6460LV), 
equipped with EDX, and by measuring the Brunauer-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 final 
densification step took place in a reaction sintering furnace with graphite heating elements 
(Conrad Engelko Technik) in which the samples were embedded in boron nitride. Sintering 
was performed at different temperatures and with varying holding times, under a vacuum of 
approximately 0.02 mbar. The sintered samples were crushed (Retsch: MM2) and evaluated 
with x-ray diffraction (XRD, Philips: MRD) using CuK  radiation and a proportional detector
and with the SEM. Furthermore, cold pressed samples were sintered in a dilatometer (Netzsch: 
DIL 402 C) under flowing argon atmosphere. The dilatometer was heated to 1500 ºC at 10 
K/min and cooled to 600 ºC at 20 K/min.  
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Figure 1. Flowchart of the experimental procedure. 

Powders P1 and P2 were sintered at 1500 °C for 8 and 24 hours respectively and in the 
subsequent sintering experiments, only ball milled powder samples were evaluated. P1 and A2 
powder samples were sintered at varying temperatures and holding times (the A2 samples were 
ball milled like the P1 samples but contained 10% extra Si). The parameters of the sintering 
experiments are summarised in Table 1.  

Table 1. Summary of the sintering experiments 
Sample  Sintering Temp. (°C) Sintering Time (h) 
P1 1200 4
P1 1250 4
P1 1300 1, 2, 3, 4, 5, 6, 8, 10, 12 
P1 1350 1, 2, 4 
A2 1350 1, 2
P1 1400 1, 2, 4 
A2 1400 1, 2
P1 1500 8, 24
P2 1500 8, 24

As a mean for quantitative estimation of the phase development in the samples, the 
relative intensity ratio, Ix/It was calculated. Ix was the sum of the intensity of the three main 
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peaks of the phase x and It the total intensity, i.e. the sum of the intensity of the three main 
peaks of all constituent phases.
Results and Discussion 

The planetary milled samples turned out to be both coarse and highly contaminated, with 
BET surface areas in the range of 0.47-7.60 m2/g and iron contamination as high as 30 % 
according to EDX, why no planetary milled powders were chosen for sintering experiments. 
The two powders chosen for sintering were the ball milled P1 with a BET surface area of 3,63 
m2/g and the ball- and attrition milled P2 with a BET surface area of 11,25 m2/g. P1 was 
significantly coarser than P2 and had a wider particle size distribution, see Fig. 2. The majority 
of the P1 particles were of sizes between 1 and 5 m but also particles smaller than 0.5 m and 
large particles up to 15 m were observed. The P2 displayed a relatively narrow particle size 
distribution and small particles, mainly ranging from 0.1 to 1 m, see Fig. 3.  

Figure 2: Scanning electron micrograph of as milled powder P1. 
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Figure 3: Scanning electron micrograph of as milled powder P2. 

After sintering under vacuum in 1500 ºC, for 8 and 24 hours the P1 samples contained 
TiC and Ti3SiC2 as the main phases with minor amounts of SiC, see Fig. 4. The 8 hour 
sintering run rendered somewhat more MAX phase than the 24 hour run. The sintered P2 
samples also consisted of TiC but there was no Ti3SiC2 or SiC present. An unknown phase was 
detected, possibly a non-stoichiometric adaptation of the MAX phase. The particle size of the 
P2 powder was smaller than the P1 which could explain the absence of MAX phase in the P2 
samples. The more finely divided powder would exhibit shorter diffusion paths which would 
increase the rate of reaction in the sintered sample. Ti3SiC2 has been reported to decompose at 
elevated temperatures in the presence of carbon, and therefore any previously existing MAX 
phase in the P2 samples may have decomposed. The unidentified XRD reflections would then 
likely belong to a decomposition product phase. However, since no MAX phase was detected 
in the P2 samples during the first sintering experiments, the P1 powder was chosen for further 
experiments in this study. 
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Figure 4: 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 5 shows x-ray diffractograms of samples sintered at different temperatures and the 
phase composition is summarised in Table 2. These samples were sintered for 4 hours at 1200-
1400 ºC and they all formed more Ti3SiC2 compared to the sintering at 1500 ºC. The 
diffractograms in Fig. 5 show that the main secondary phase is TiC with some SiC present as 
well. Our results are in agreement with those of Li et al.28 and Córdoba et al.29 who observed 
secondary phases SiC and TiC in their final products, prepared from TiC/Si powders by hot 
pressing at 30 MPa and 1350 ºC for 2 hours and pressureless sintering in flowing argon at 
1400 ºC for 3 hours respectively.

Samples sintered at 1200 ºC and 1250 ºC produced significantly less Ti3SiC2 than 
samples sintered at higher temperatures. At these relatively low temperatures titanium 
disilicide, TiSi2, is observed, indicating that TiSi2 is an intermediate phase consumed at higher 
temperatures which previously has been suggested by Radhakrishnan et al.13, 30 They reported 
on the formation of Ti3SiC2 from 3TiC/2Si powders investigated by differential thermal 
analysis (DTA). Their results showed that TiSi2 was an intermediate phase to the MAX phase 
synthesis. The same authors fabricated composite materials, by the method of vacuum hot 
pressing (27.5 MPa, 1380 ºC, 2 h). They found that TiC/Si powders of ratio 1:3 did not 
produce any Ti3SiC2 but rather SiC, TiSi2, and minor amounts of TiC, whereas powders of ratio 
3:2 produced composites of Ti3SiC2 and SiC with small amounts of TiSi2.

Although the presence of Ti5Si3Cx cannot be completely ruled out, as the two main 
diffraction peaks of Ti5Si3Cx overlaps 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.28 stating that Ti5Si3Cx should be the main intermediate phase for the development 
of a Ti3SiC2 structure. 
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Table 2: Phase composition of 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

Figure 5: X-ray diffractograms of samples sintered during 4 hours at different temperatures. 
TiSi2 and Ti3SiC2 peaks are denoted TS and TSC respectively. 

Figure 6 show x-ray diffractograms of samples sintered at 1300 ºC and held for different 
times. Again TiC was the main impurity, with minor amounts of SiC. Most MAX phase was 
attained when the sample was held at temperature for 3 hours. Short holding times (2-4 hours) 
generally produced more Ti3SiC2 than longer runs, suggesting a breakdown of Ti3SiC2 over 
time. See Fig. 9 for a quantitative evaluation.  
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Figure 6: X-ray diffractograms of samples sintered at 1300 ºC for different times. Ti3SiC2
peaks are denoted TSC in the figure. 

The resulting curve of the dilatometric analysis is displayed in Fig. 7. There is a 
dehydration step at 100-300 ºC followed by a constant length increase due to the thermal 
expansion of the samples until the first reaction takes place at approximately 1200 ºC. This is 
likely to be the onset of the formation of TiSi2. Near 1400 ºC the melting of Si causes the 
sample to shrink dramatically. A layer of silicon deposited on the graphite sample holder in the 
dilatometer indicates that during this fast densification, Si is given off through evaporation. 
The second derivative of the dilatometer curve suggests two distinct features during the sample 
shrinkage: the first at 1414 ºC (which corresponds to the melting point of silicon31) and the 
second at approximately 1464 ºC which may be the onset of the Ti3SiC2 decomposition 
reaction. It is hereby acknowledged that more work is needed to elucidate the exact correlation 
between the temperature of formation of Ti3SiC2 and the melting point of silicon. 
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Figure 7: Dilatometer curve showing the relative length change of a P1 sample heated to 
1500ºC.

Figure 8 shows the Ti3SiC2 content of the P1 samples sintered at different temperatures 
and times. It is clear that the optimised sintering time is shifted towards shorter times as the 
sintering temperature is increased. Sintering at 1400 ºC with a hold for 1 hour produced the 
largest amount of Ti3SiC2 of all the sintering procedures evaluated in this study. Figure 9 
displays the phase evolution of the same powder sintered at 1300 ºC for different times. From 
Fig. 9 it is evident that the evolution of the TiC and Ti3SiC2 phases are interconnected. TiC is 
consumed by the Ti3SiC2 formation reaction and then formed again as Ti3SiC2 decomposes. 
These results confirms Ti3SiC2 decomposition into TiC and Si as proposed by Racault et al.26
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Figure 8: X-ray diffraction relative intensity of Ti3SiC2 plotted versus sintering time. The 
samples were sintered at 1300 ºC. 

Figure 9: The phase development in samples sintered at 1300 ºC for different holding times. 

The kinetics of Ti3SiC2 formation was modelled using the MAJ equation (Eq. 1) and the 
activation energy of the process was calculated using the Arrhenius equation (Eq. 2).32 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.32 for the Ti3SiC2 formation from Ti/SiC/C powders with 
intermediate phases TiCx, Ti5Si3Cx and free carbon.

The MAJ equation: f(t) = 1-exp(-Kt)n     (1) 
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Where n is the Avrami exponent, t is the time and K is the reaction rate constant.

The Arrhenius equation: K(T) = K0 exp(-E/kT)   (2)

Where K0 is the frequency factor, K is the reaction rate constant, k is the Bolzmann constant, E
is the activation energy and T is the temperature.  

The A2 powder samples with 10 % extra silicon were sintered at 1350 °C and 1400 °C 
for 1 and 2 hours respectively. The quantitative results of the sintering of samples with and 
without extra silicon are compared in Fig. 10. It is clear that the extra silicon promotes the 
formation of Ti3SiC2 over TiC when the holding time is short and the temperature low. This 
effect may be due to the fact that Si is prone to evaporate and the extra silicon would 
compensate for that. However when the samples are exposed to prolonged heat treatments or 
elevated temperatures, the 10 % extra silicon is not enough to compensate for the extensive 
losses. This is in agreement with Hwang et al.33 who reported a solid state reaction of TiC0.67/Si
powders and 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. They did not 
however, observe any intermediate phases during Ti3SiC2 synthesis by pressureless sintering 
under flowing argon at temperatures between 900 °C and 1340 °C.

Figure 10: Comparison of MAX phase relative intensity ratio between samples with and 
without excess silicon in the starting powder composition. The samples were sintered for 1 and 
2 hours at each temperature respectively. 

Conclusions
It is possible to synthesise Ti3SiC2 by ceramic powder processing from a starting powder 

of 3TiC/2Si, i.e. without the highly reactive Ti. TiC was present as a secondary phase in all 
samples investigated. TiC is present both as a reactant involved in the formation of the Ti3SiC2
and as a product of its decomposition. TiSi2 is suggested to be an intermediate phase in the 
process of Ti3SiC2 formation from TiC/Si starting powders. No Ti5Si3Cx was observed during 
the development of Ti3SiC2 in this study, and it is unlikely to be significant to the reaction. The 
activation energy for the formation of Ti3SiC2 was found to be 289 kJ/mol from TiC/Si starting 
powders.
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The time-temperature correlation is strong, and short holding times at high temperatures 
are advantageous for the development of Ti3SiC2. Prolonged times at elevated temperatures 
resulted in the decomposition of the Ti3SiC2 into TiC and possibly other decomposition 
products such as gaseous silicon. 10 % excess silicon is beneficial to the formation of Ti3SiC2
for limited times and temperatures (1 h, 1350 °C), and is suggested to compensate for losses 
due to silicon evaporation during heat treatment.  

An uneven size distribution of the particles of the starting powder is not necessarily 
detrimental for the formation of Ti3SiC2 during sintering and the particle size may be decisive 
to the rates of reaction in the sintered samples.  
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Abstract
The formation of Ti3SiC2 from TiC/Si powders with ratios 3:2 and 3:2.2 was studied by 

thermodilatometry, thermogravimetry, scanning differential calorimetry and x-ray diffraction. 
TiC was present in all the samples and for the 3:2 starting composition, TiSi2 was found to be 
an intermediate phase to the Ti3SiC2 formation. In these samples the MAX phase formation 
was concurrent to the melting of silicon. Silicon evaporation and Ti3SiC2 decomposition 
occurred at 1500 °C. For the 3:2.2 starting composition no intermediate phases were observed 
and the excess silicon promoted the formation of Ti3SiC2. There was no Si evaporation and 
the MAX phase exhibited only minor decomposition even at 1700 °C. 

Introduction 
The Ti3SiC2 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 chock.1-5 This 
combination of properties makes Ti3SiC2 suitable for high temperature applications, e.g. in 
fuel burning engines. 

Ti3SiC2 is most often prepared from starting powder mixtures including pure titanium, 
such as Ti/Si/C,6-11 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 oxidising and thus has to be handled 
with great care under strict safety precautions.23

Monolithic Ti3SiC2 has been reported only by a handful of authors2, 12, 16, 18 and 
secondary phases such as titanium carbides, silicon carbides and/or titanium silicides are 
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 form. These would then 
react to form Ti5Si3 and TiSi2 which would in turn consume more TiC and Si to produce 
Ti3SiC2. Li and Miyamoto16 suggested that the formation of Ti3SiC2 from Ti/Si/TiC powders 
would take place in a eutectic liquid phase and proposed two concurrent reactions without any 
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intermediate phase. Li et al.24 added the observation of Ti3SiC2-whiskers forming from a 
eutectic liquid phase at a temperature of 1350 ºC.  

Zhou et al.8 suggested that Ti3SiC2 forms from the elemental powders via a direct 
reaction taking place in a silicon melt which would act as a sintering and densification 
additive. Zhang et al.9 confirmed these results by the observation of Ti3SiC2 crystallites 
growing from a silicon rich melt. Their samples also contained TiC, SiC and TiSi2. Li et al.10

however, did not observe an amorphous phase. They found 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. Yang et al.18 reported 
in 2004 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 synthesise Ti3SiC2 from TiC/Si powder mixtures, thus 
avoiding the pure titanium. Radhakrishnan et al.25 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.26

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. Hwang et al.27 detected only Ti3SiC2 and 
small amounts of TiCx in their final products made from TiC0,67/Si powders, and they 
observed no intermediate phases.  

Racault et al.7 were first to report the decomposition of Ti3SiC2 into TiCx and gaseous 
Si. They observed that the decomposition would occur at 1450 °C in an alumina crucible but 
at 1300 °C in graphite. This was confirmed by Radhakrishnan et al.28 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; and by Wu et 
al.13 who also concluded that the presence of titanium carbide in the sample was deleterious to 
the thermochemical stability of Ti3SiC2. Gao et al.17 observed that the stability was related to 
the vapour pressure of silicon in the furnace. Li et al.26 suggested another reaction formula for 
the decomposition of Ti3SiC2 by carburisation where SiC instead of Si would be produced.  

Experimental
The powders used were TiC (Aldrich) and Si (Merck); they were mixed at two different 

ratios. The A1 composition had a TiC/Si ratio of 3:2 and the A2 composition had a TiC/Si 
ratio of 3:2.2. The powders were mixed and milled in a ball mill (Siemens: Elektra Tailfingen 
T10) and then compacted by uniaxial pressing (MFL Systeme Prüf und Mess: UPD6) to 10 
MPa, and cold isostatic pressing (Autoclave Engineers: STD) to 300 MPa. The samples were 
sintered in a dilatometer (Netzsch: DIL 402 C) with graphite heating elements and sample 
holder, under flowing argon gas or in a furnace for simultaneous thermal analysis (Netzsch: 
STA 449C Jupiter) with rhodium heating elements, in an alumina crucible under flowing 
helium gas. The temperature programs included a heating rate of 10 K/min and controlled 
cooling down to 600 °C with a rate of 20 K/min. During STA analysis the evolved gases were 
analysed by a mass spectrometer (Netzsch: QMS 403C Aëolos). The samples were crushed 
(Retsch: MM2) into a powder, and analysed by x-ray diffractometry (XRD) (Philips: MRD) 
using CuK  radiation and a proportional detector. The relative intensity ratio, Ix/It was 
calculated, with Ix being the sum of the intensity of the three main peaks of the phase x and It
the total intensity, i.e. the sum of the intensity of the three main peaks of all the constituent 
phases.
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Results
Figure 1 shows the dilatometric curve of an A1 sample sintered to 1700 °C and Fig. 2 

shows scanning electron micrographs of the sample, powdered for XRD analysis. The arrows 
mark the temperatures up to which additional samples were heat treated in the dilatometer in 
order to evaluate the phase composition. All dilatometer curves displayed linear cooling 
without any sign of reversible processes except for a linear shrinkage; the cooling sequences 
have therefore been omitted in the figures. Figure 3 displays the x-ray diffractograms of the 
A1 samples after the heat treatments to different temperatures. The phases present in the 
starting powder remain at 1000 °C, which indicates that the earliest changes to the dilatometer 
curve at 100-300 °C was merely due to dehydration of the powders, which is also confirmed 
by the thermal analysis results displayed in Fig. 5. After dehydration, the thermal expansion 
curve exhibit a constant volume increase, interrupted at approximately 1000 °C. The 
diffractogram at 1178 °C displays a decrease in the intensity of the Si peaks and a slight shift 
towards higher 2  angles of the TiC peaks. This is consistent with Si incorporation into TiC, 
thus forming a solid solution as previously suggested by Wu et al.13 Figure 4 shows the 
evolution of all constituent phases of the samples as a function of temperature. 

At 1300 °C there is a clear increase to the thermal expansion curve indicating a new 
reaction and the corresponding x-ray diffractogram confirms the presence of TiSi2 in the 
samples. Also, indications exist of an additional phase existing at this temperature in the form 
of a single unidentified peak at ~40° 2 . At approximately 1400 °C the sample shrinks 
dramatically, this corresponds to the melting of Si. Around the same temperature, the MAX 
phase peaks become visible in the x-ray diffractogram, see Fig. 4. For temperatures of 1500 
°C and higher a layer of silicon was deposited on the graphite sample holder in the 
dilatometer indicating that Si was lost from the samples through evaporation from the melt. At 
the same temperature the maximum amount of Ti3SiC2 was achieved for the A1 samples, see 
Fig. 4. At about 1600 °C the dilatometer curve indicates an end to the sample shrinkage. The 
x-ray diffractogram at 1700 °C shows that the MAX phase is decomposing at this 
temperature. It is noteworthy that all samples contained considerable amounts of TiC, 
indicating that it is not only a reactant to but also a product of the decomposition of the 
Ti3SiC2.

Figure 5 displays the scanning differential calorimeter- (DSC), the thermogravimeter- 
(TG) and the thermodilatometer (TD) curves of analyses up to 1450 °C and 1425 °C 
respectively. Included in the diagram are also two mass spectrometer curves (MS) for the ion 
masses 44 and 28. Mass 44 corresponds to the CO2

+ and SiO+ ions and mass 28 to the CO+

and Si+ ions. MS curves of other ion masses corresponding to water and carbon species are 
omitted for clarity, but they display the same peak at 350 °C as the two curves in the figure, 
indicating that the first mass loss displayed by the TG curve is due to dehydration and 
decarboxylation. The slight increase of the TG curve is attributed to oxidation due to residual 
oxygen in the furnace and on powder particle surfaces. Ion mass 44 is also given off at 
temperatures of approximately 900 °C and 1270 °C indicative of Si-complexes evolving. 
Mass 28 (Si) is beginning to increase at about 1300 °C and it is further augmented at 1420  C, 
confirming the evaporation of silicon at these temperatures. The DSC curve displays several 
endothermic reactions centred at 820 °C, 1115 °C, 1270 °C, 1385 °C and 1430 °C. The peak 
at 1270 °C corresponds to the formation of TiSi2 and the peak at 1385 °C to the formation of 
Ti3SiC2, while the onset of decomposition of Ti3SiC2 occurs concurrently with the melting of 
Si and any small residual amounts of TiSi2 at 1430 °C. The major DSC signal above 1200 °C 
is therefore the net result of overlapping signals from several events occurring simultaneously. 
The formation of Ti3SiC2 starts at approximately 1370 °C and seems to stop when the melting 
of Si starts.
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Figure 1: Dilatometer curve of the A1 powder composition sintered up to 1700 °C. The 
arrows indicate the temperatures up to which additional samples were heated. 

Figure 2: Scanning electron micrograph of the A1 sample heat treated to 1700 °C, powdered 
for XRD analysis.
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Figure 3: X-ray diffractograms of all the A1 samples sintered in the dilatometer. Ti3SiC2
peaks are denoted TSC in the figure. 

Figure 4: The evolution of the phase composition in the A1 samples. The relative intensities 
of all the constituent phases are plotted against temperature.  
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Figure 5: The resulting curves of thermal analysis for the A1 samples: DSC, TG, dilatometer 
and mass spectrometer curves for ion masses 44 and 28. Mass 44 corresponds to the CO2

+ and 
SiO+ ions and mass 28 to the CO+ and Si+ ions.

Figure 6 compares the two dilatometer curves for samples of A1 and A2 compositions 
heated up to 1500 °C. The relative length increase of the samples which sets off at about 
1300 °C is much more distinct for the A2 sample and the onset temperature for the reaction is 
roughly 27 °C lower, indicating a difference to the reaction pathways of the two samples. 

Figure 6: Dilatometer curves of the A1 and the A2 powder compositions.  
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Figure 7 compares the x-ray diffractograms of the A2 samples sintered to different 
temperatures. None of the A2 samples showed signs of any intermediate phases such as TiSi2.
SiC and TiC was present as secondary phases. Figure 8 summarises the phase evolution of the 
A2 samples. The maximum amount of Ti3SiC2 is achieved at 1500 °C and it is by far 
exceeding the maximum amount observed in the A1 samples.  

Figure 7: X-ray diffractograms of all the A2 samples, sintered in the dilatometer. Ti3SiC2
peaks are denoted TSC in the figure. 

Figure 8: The evolution of phase composition in the A2 samples. The relative intensities of all 
the constituent phases of the A2 samples are plotted against temperature.  
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Discussion
The reaction pathways for the two different sets of samples A1 and A2 differs. In the A2 

samples silicon diffuses into the TiC and a direct reaction takes place:  

3TiC + 2Si  Ti3SiC2 + SiC  (1)

In the early stages of this reaction when Si is incorporated in TiC the relative amount of TiC 
increases. In the case of the A1 samples with less Si, another reaction, producing TiSi2,
dominates. There are two plausible TiSi2 forming reactions for this system:  

TiC + 3Si  TiSi2 + SiC     (2) 

TiC + 2Si  TiSi2 + C     (3) 

Li et al.26 calculated the standard Gibbs free energy at 1600 K for Eq. 2 and 3. According to 
them, Eq. 2 is the more thermodynamically favourable than Eq. 3. However, no SiC peaks can 
be distinguished from the x-ray diffractograms at the temperatures where TiSi2 is present and 
it is therefore assumed that the reactions in the A1 samples are as follows: 

3TiC + 6Si  3TiSi2 + 3C  Ti3SiC2+SiC +4Si(g)  (4)

This reaction pathway possibly liberates both C and Si and continuously depletes the sample 
of these elements through evaporation. In the case of Si, this was confirmed by mass 
spectrometry. The A1 point in the phase diagram of Fig. 9 would therefore be drastically 
shifted towards the Ti-C axis, limiting the amount of Ti3SiC2 that can be obtained. The 
decomposition of Ti3SiC2 is assumed to proceed as proposed by Racault et al.7:

Ti3SiC2 + C  TiC + Si(g)   (5)

The ternary phase equilibrium diagram of the Ti-Si-C system is displayed in Fig. 9.29, 30 TiC 
was present in all the samples analysed in this study, it is cubic and stable and has extensive 
solubility31 to other cubic carbides, such as the SiC detected in our samples. The Ti3SiC2 of
the more pure A2 samples was less prone to decompose than the A1 samples, which confirms 
the observations of Wu et al.13 who stated that the presence of TiC would be deleterious to the 
thermochemical stability of Ti3SiC2. The A1 and A2 powder compositions are marked in Fig. 
9, and they are both situated in the same three phase area, namely TiSi2-SiC-Ti3SiC2. With 
respect to their location it was surprising to find that the A1 starting powders with the lower 
silicon content produced TiSi2, while the A2 powders did not.
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Figure 9: 1200 °C isothermal section of the ternary phase equilibrium diagram of the Ti-Si-C 
system. Illustration by Arunajatesan and Carim,29 original after Ratcliff and Powell.30

Li et al.26 worked with the 3TiC/2Si powder composition and found the secondary 
phases TiC and SiC. They assumed that Ti5Si3 would be the dominating intermediate phase 
based on thermodynamical calculations. There is, however, no sign of an intermediate phase 
reaction in their DSC results. Although the presence of Ti5Si3 in our samples cannot be 
completely ruled out, as its main peaks overlap those of the Ti3SiC2, no major amount was 
observed. It is thereby unlikely that the Ti5Si3 would play a key role in the formation of 
Ti3SiC2 from TiC/Si starting powders. 

Li and Miyamoto16 used reactive sintering to produce Ti3SiC2 from Ti/TiC/Si powders, 
proposing a reaction which liberates carbon: 3TiC + Si  Ti3SiC2 + C. They assumed that the 
released carbon would diffuse into a eutectic liquid from which the Ti3SiC2 would grow. 
Their reasoning is comparable to Eq. 3 and it is quite probable that a liquid - whether it is 
molten Si8 at 1414 °C, as suggested by the thermal analysis results and the results of Paper 1, 
or if the silicon forms a eutectic16 with the TiSi2 at 1334 °C - may play a role in the reactions 
of our A1 samples. For the A2 samples however, it is clear that the Ti3SiC2 forms without any 
intervention of a liquid phase as it forms at temperatures below which any liquid would form 
in the samples.  

As reported at length in the literature, an excess of silicon in the starting powder 
compensates for Si evaporation and the A2 samples of this study did indeed produce more 
Ti3SiC2 than the A1 samples. However, our findings of TiSi2 in the A1 and not in the A2 
samples disagree with the theories of Yang et al.18 who worked with Ti/TiC/Si powders and 
stated that only high amounts of Si will promote TiSi2 formation over Ti3SiC2. Instead our 
results suggests that the increased amount of Si shifts the reaction pathway that suppress the 
TiSi2 formation and limits loss of Si. 
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