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ABSTRACT 

This thesis focused on the diffraction study of thermal stability in functionally-graded 

aluminium titanate (Al2TiO5) and titanium silicon carbide (Ti3SiC2) based ceramic 

composites, and the oxidation properties of Ti3SiC2. The main aims of the research were: 

(a) to study the parameters that control the thermal stability of Al2TiO5- and Ti3SiC2- 

based ceramics, (b) to evaluate the effect of atmospheres, oxygen partial pressures, 

temperatures and annealing time on the rate of isothermal decomposition, and (c) to 

investigate the oxidation behavior of Ti3SiC2 at elevated temperatures. These functionally-

graded Al2TiO5- and Ti3SiC2-based ceramics have been characterized by X-ray diffraction 

(XRD), neutron diffraction (ND), synchrotron radiation diffraction (SRD), scanning 

electron microscope (SEM), secondary ion mass spectroscopy (SIMS), differential 

thermal analysis (DTA) and thermo-gravimetric analysis (TGA). The relative abundances 

of phase analysis were calculated by the Rietveld method and the thermochemical 

reactions were monitored by DTA in decomposed Al2TiO5.   

 

A high-temperature vacuum annealing process was proposed for the design of 

functionally graded Al2TiO5- and Ti3SiC2- based ceramics. The structural changes 

occurring during phase decomposition in real time was observed; in addition, the effect of 

the atmospheres (air, argon and 50 % oxygen, 50% argon) on the isothermal stability of 

Al2TiO5 at 1100˚C and its decomposition behavior in the temperature range of 20–1400˚C  

were  characterized by ND.  There was no decomposition of Al2TiO5 in air and argon, as 

well as oxygen partial pressure of up to 1100°C, but it occurred between 1150 and 

1300°C. It was shown that the process of decomposition in Al2TiO5 is reversible at 

temperatures above 1350°C with phase abundance of Al2TiO5 restored to 80 wt%.    

 

A high-temperature vacuum annealing process had also been proposed for the designing 

of Ti
3
SiC

2
−TiC composites with graded interfaces. In the presence of vacuum or 

controlled atmosphere of low oxygen partial pressure, it was found that Ti3SiC2  



ii 
 

decomposed to form a surface layer of nonstoichiometric TiC and / or Ti5Si3C at 

temperatures above 1200˚C. Also, the composition depth profiling at the near surface of 

the vacuum-annealed Ti3SiC2 by XRD and SIMS, revealed composition gradation in the 

phase distribution of TiC and Ti5Si3C. The results showed that the phase stability and 

transition of Ti3SiC2 at elevated temperatures were strongly dependent on the oxygen 

partial pressure of the annealing atmosphere of the furnace. 

 

The in-situ thermal stability of impure Ti3SiC2 in argon and air was investigated by ND in 

the temperature range of 23°–1400˚C and analysed using the Rietveld method. The results 

showed that the partial pressure of oxygen plays an important role in the chemistry of 

thermal dissociation in argon and diffusion-controlled oxidation in air. Phases of rutile 

(TiO2), TiO and cristobalite (SiO2) were detected at 1000, 1250 and 1300˚C respectively, 

when Ti3SiC2 was exposed to an oxygen-rich environment. Ti3SiC2 was oxidized in air at 

1200
o
C; SIMS analysis of the oxidation results showed a gradation in phase composition 

at the interface of the homogeneous rutile and heterogeneous cristobalite-rutile layers. 
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1. INTRODUCTION AND OVERVIEW  

1.1  Introduction  

Currently, a new class of ceramics called “advanced ceramics" has come to the scene as 

materials systems become more refined, and special compounds and processes are 

developed for structural and electronic applications. These advanced ceramics are 

distinguished by their high chemical purity, careful processing and high values of useful 

properties. In general, oxide ceramics are hard, brittle and high melting point materials 

with low electrical and thermal conductivity, low thermal expansion, good chemical and 

thermal stability, good creep resistance, high elastic modulus and high compressive 

strength.  

 

About ninety percent of the advanced ceramics that are used for electronics or related 

applications are called electro-ceramics (Moulson and Herbert, 2003). The remaining 

ten percent constitute “structural ceramics” in which the mechanical properties such as 

strength, elastic modulus, plastic deformation, toughness, wear resistance, hardness, etc. 

are of primary interest. Due to their high modulus and hardness, low density and 

resistance to high temperature and corrosive environment, there is a great interest in 

using ceramics in demanding structural applications such as heat engines, turbines and 

automotive components, where their use would result in long life, operation at high 

temperatures and weight saving (Barsoum, 1997). 

 

Amongst the oxide ceramics, alumina (Al2O3) is a commonly used ceramic which has 

an enormous range of technological and industrial applications due to its properties such 

as high thermal conductivity, high hardness, and resistance to many corrosive media, 

abrasion resistance, low density, and high electrical resistivity. In addition, due to its 

strong demand in diverse applications, alumina is frequently incorporated with other 

materials to obtain more advanced or specific properties and microstructures.  

 

For instance, layer-graded alumina/aluminium titanate (Al2O3/Al2TiO5) and alumina-

zirconia /aluminium titanate (Al2O3-ZrO2/Al2TiO5) systems were synthesized using 

TiCl4 or Ti(OC2H5)4 as an infiltrant  (Skala, 2000; Low et al.  1996). Layer-graded 
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materials (LGMs) display superior mechanical properties such as mechanical strength, 

fracture and thermal shock resistance. These LGMs were designed as multifunctional 

new generation layer-composites with a top hard layer for wear resistance and under-

layer for damage tolerance.   

 

In 1980, functionally-graded materials (FGMs) were introduced as multi-functional 

materials which contain various compositions for specific applications (Mortensen & 

Suresh, 1997). To achieve the highest possible mechanical properties of FGMs, tailored 

designs of functionally-graded Al2TiO5–Al2O3 were developed (Pratapa, 1997; Pratapa 

and Low, 1998; Skala, 2000).  Aluminum titanate (Al2TiO5), is widely used as a 

refractory material and as a thermal insulator in engine components by virtue of its low 

thermal expansion coefficient (1  10
-6

ºC
-1

), high melting point (1860ºC), low thermal 

conductivity, and excellent thermal shock resistance (Cleveland et al. 1978; Buscaglia 

et al. 1997). However, the full potential of Al2TiO5 has been limited by its low fracture 

toughness, low mechanical strength and poor high-temperature stability.  

 

Amongst the non-oxide ceramics, ternary carbides or Mn+1AXn phases (where M is an 

early transition metal, A is a group A element and X is either carbon or nitrogen, n = 1, 

2, 3), such as Ti3SiC2, Ti3GeC2 and Ti3AlC2 are novel structural and functional 

materials that combine the merits of both ceramics and metals.  

 

MAX phases are remarkable materials that exhibit a unique combination of 

characteristics of both ceramics and metals with unusual mechanical, electrical and 

thermal properties (Barsoum 2000; Barsoum and El-Raghy 1996; 2001; Low 1998). 

Similar to most other ceramics, they possess low density, low thermal expansion 

coefficient, high modulus and high strength, and good high-temperature oxidation 

resistance. Like metals, they are good electrical and thermal conductors, readily 

machinable, tolerant to damage, and resistant to thermal shock. The unique combination 

of these interesting properties enables these ceramics to be promising candidate 

materials for use in diverse fields which include automobile engine components, heating 
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elements, rocket engine nozzles, aircraft brakes, racing car brake pads and low-density 

armour. 

 

Ti3SiC2 was first synthesized by Wolfgang Jeitschko and Hans Nowotny in 1967 via a 

chemical reaction between TiH2, Si and graphite at 2273 K (Jeitschko & Nowotny, 

1967). Dense polycrystalline samples of pure Ti3SiC2 were fabricated by Barsoum and 

co-workers (Barsoum et al. 1996; 1997a, b; 1999a) via reactive hot pressing of Ti, 

graphite and SiC powders at 1600ºC. This material has a hexagonal structure with 

planar Si layers linked together by TiC octahedral to form a deformable basal slip plane. 

Micro-lamellae of 3-4 μm thickness exist within each grain and Ti3SiC2 displays a 

unique combination of mechanical, electrical and physical properties (Goto et al. 1987; 

Barsoum, 2000; Low et al. 1998; 2001). For instance, its electrical and thermal 

conductivities are higher than those of pure Ti, its thermal shock resistance is 

comparable to those of metals, and its machinability is similar to that of graphite.   

 

However, Ti3SiC2 is relatively soft, not wear resistant, and has a relatively low thermal 

stability (<1700ºC). Barsoum and co-workers (Barsoum et al. 1998) have improved the 

surface hardness and oxidation resistance of Ti3SiC2 by using both carburization and 

silicidation to form surface layers of TiC and SiC. Similarly, Low and colleagues (Low 

et al. 2001) have shown that it is possible to form surface layers of TiC on Ti3SiC2 by 

employing a high temperature vacuum heat-treatment, where the thickness of TiC 

coating formed can range from nanometers to micrometers, depending on the duration 

and temperature of heat-treatment.  

 

Recent developments in layered ceramics have provided a strategy for designing 

laminates with increased strength and toughness. These structures have an outermost 

homogeneous layer to provide strength or wear resistance, and an underlying 

heterogeneous layer to provide toughness (Low et al. 1998). Unlike more traditional 

layered structures which promote toughness by interlayer crack deflection or strength by 

incorporating macroscopic compressive residual stresses, the new approach deliberately 

seeks to produce strong interlayer bonding to eliminate residual macroscopic stresses. In 
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this project, the main objectives were: studying the parameters that control the thermal 

stability in functionally- graded aluminium titanate (Al2TiO5) and titanium silicon carbide 

(Ti3SiC2) based ceramics and evaluating the oxidation properties of Ti3SiC2 at elevated 

temperatures. 

  

1.1.1 Aims and Significance  

This study is aimed at designing and characterizing functionally-graded Al2TiO5- and 

Ti3SiC2-based composites with improved properties for advanced engineering 

applications.  

 

The general objectives were: 

 to synthesize  functionally-graded Al2TiO5- and Ti3SiC2-based systems by using 

a new approach: die-pressing followed by vacuum heat treatment. 

 to study the parameters that control the thermal stability of functionally-graded 

Al2TiO5-Al2O3 and Ti3SiC2-TiC systems produced by vacuum heat treatment.  

 to analyze the characteristics of functionally-graded  Al2TiO5-Al2O3 and 

Ti3SiC2-TiC phase developments by X-ray diffraction (XRD), neutron 

diffraction (ND), synchrotron radiation diffraction (SRD), scanning electron 

microscopy (SEM). 

 to conduct diffraction studies on the thermal stability of  Al2TiO5–Al2O3 

composites and the oxidation behavior of Ti3SiC2-TiC composites.    

 

This study draws its significance from the following points: 

 Al2TiO5-based ceramics by neutron diffraction (medium resolution powder 

diffractometer - MRPD) is used to monitor the decomposition of Al2TiO5 to 

form Al2O3 and TiO2 in temperatures ranging from 20°-1400°C. 

 Al2TiO5-based ceramics exhibit thermal stability at 1100°C in different 

atmospheres, oxygen partial pressure, and rate of change in temperature.   

 Al2TiO5-based ceramics show the process of decomposition in Al2TiO5 is 

reversible and that self-recovery can occur readily when decomposed 

Al2TiO5 is re-heated above 1300°C. 
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 Ti3SiC2-based ceramics results in the formation of TiC when using high 

temperature vacuum heat-treatment. 

 Ti3SiC2-based ceramics represent an important role in the thermal stability 

of Ti3SiC2 which depends on the controlled atmosphere of vacuum and 

argon.  

 The characteristic of the oxidation of Ti3SiC2 in the temperatures ranging 

from 20°C to 1400°C, was investigated by in-situ ND and secondary ion 

mass spectroscopy (SIMS).  

 Understanding the structure-property relationships and the factors 

controlling thermal stability will enable the unique multi-functional 

properties of Al2TiO5 and Ti3SiC2 to be fully utilized in a wide range of 

applications. 

 

1.1.2 Research Methodology 

In order to achieve the objectives, this thesis specifies three major aspects of interactive 

materials research and development: processing, characterization, and properties 

evaluation. A series of experiments (see Figures 1.1, 1.2 (a) and (b)) was conducted to 

achieve the goals. The research methodologies were as follows: 

 

(i)  Processing of Al2TiO5– and Ti3SiC2–based systems 

 

Vacuum heat treatment of reaction-synthesized Al2TiO5-based and Ti3SiC2-based 

ceramics  

 

The raw materials used in the synthesis of Al2TiO5-based ceramics consisted of high 

purity commercial powders of Al2O3 (99.9%) and TiO2 (99.5%). These dry powders 

were mixed in the ratio of 1:1 by mortar and pestle. Ethanol was added during mixing to 

produce slurry which was then dried in a ventilated oven at 100°C for 24h. Cylindrical 

bars of length 20 mm and diameter 12 mm were uniformly made by pressing in a steel 

die at 150 MPa, followed by sintering at 1500°C in air for 2 h.  
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Similarly, for Ti3SiC2- based ceramics, vacuum heat–treatment of Ti3SiC2 samples was 

conducted at 1400–1600C for 1- 4 h at 10
-5

 torr to convert the near surface layer into 

TiC with graded interfaces. 

 

(ii) Characterization: 

 

1. The thermal stability of Al2TiO5-based ceramics in different atmospheres and 

temperatures was analyzed by ND and SEM. 

2. The reformations of phase composition of Al2TiO5– based ceramics were analyzed 

by ND.   

3. The thermal stability and phase transition of vacuum-annealed Ti3SiC2 from the 

23°C to 1500°C were analyzed by ND and SRD. 

4. Depth-profiling of near-surface composition in vacuum-treated Ti3SiC2 at 1500°C 

was analyzed by XRD and SIMS.   

5. The oxidation characteristics, phase abundances and phase transition of Ti3SiC2 

from 23°C to a high temperature of 1350°C were analyzed using in-situ neutron   

diffraction (ND), XRD, differential thermal analysis (DTA), thermo-gravimetric 

analysis (TGA) and SIMS.  
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Figure 1.1: Flowchart of experimental design for characterization of Al2TiO5. 

  

Mixing with 

mortar and 

pestle 
Mixed in 

ethanol with  

a Turbula 

mixer  

Neutron 

diffraction data 

collection – 

Al2TiO5-1100˚C -

12 h 

λ = 1.667Å 

2θ = 4 - 138˚, step size = 

0.1˚ 

Counting time ~ 
40-50 s/step 

MRPD-

ANSTO 

Rietveld 

analysis for 

phase 

abundance  



8 
 

 

 

 

Figure 1.2:  (a) Flowchart of experimental design for characterization of oxidized 

Ti3SiC2. 
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Figure 1.2: (b) Flowchart of experimental design for characterization techniques of 

vacuum-annealed Ti3SiC2. 
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1.2       Background   

1.2.1  Functionally–Graded Materials (FGMs) 

A functionally-graded material (FGM) is defined as a two-component composite 

characterized by a compositional gradient from one component to the other. Since 

significant proportions of an FGM contain the pure form of each component, the 

properties of both components can be fully utilized. For example, the toughness of a 

metal can be mated with the refractoriness of a ceramic, without any compromise in the 

toughness of the metal or the refractoriness of the ceramic.  

 

The concept of FGMs was first proposed by Shen and Bever (1972). Later, Niino and 

co-workers from Japan (Hirai, 1996; Holt et al. 1993) conducted research on the 

production methods. Their research was based on the demand for thermal barriers 

materials that led to the development of high performance heat resistant materials.   

 

Neubrand and Rodel (1997) classified the number of possibilities of the graded 

materials according to the classes of materials which can be combined, for example, 

metal/ceramic, polymer/ceramic, metal/metal, ceramic/ceramic, etc. In functionally-

graded coatings and joints, the gradient extends only over a part of the component close 

to its interface or in the interior. However, in functionally-graded bulk materials, the 

gradients comprise the entire part.  

 

FGMs produce a gradual improvement of properties in ceramic compositions, which 

depend on the method of the creation of the layers. The FGMs exhibit a progressive 

change in composition, structure, and properties as a function of position within the 

material (Koizumi, 1997; Hirai, 1996). The significant characteristics of ceramic-metal 

FGMs are:  

(i) higher fracture resistance  resulting in increased toughness due to crack   

bridging in a graded volume fraction and, 

(ii) high temperature resistance by controlling of thermal stresses in elements 

exposed to high temperatures (up to 1600°C)   (Bahr et al. 2003). 
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1.2.1.1   Processing Methods 

 FGMs can be designed at micro-structural levels to tailor a material for a specific 

functional and performance requirement of an application. They can be fabricated in 

various ways to produce several types of continuous component changes (Hirai. 1996). 

In type one, they exhibit a continuous change in state, where the material has a very 

dense surface on one side and a porous surface on the other side (Figures 1.3 and 1.4) 

(Koizumi, 1997). In type two, they exhibit continuous change in concentration with 

phase abundance, density and depth dependent shrinkage varying in every layer. 

Generally, most FGMs show this behavior. The third type shows a continuous change in 

morphology, where one side consists of spherical particles and the other side consists of 

fiber-like particles. The fourth type has a continuous change in crystallinity which 

represents the different behavior in terms of crystalline and amorphousness. 

  

Figure 1.3:  (a) Structure of FGM showing composition variations, and (b) Structure of 

non-FGM showing composition uniformity.  

Legend: Ceramics (Ο), metal (●), fiber (◊ +) and micropore (○). (Koizumi and Niino, 

1995) 

 

 

Figure 1.4:   Variations in properties of a functionally-graded material (FGM). 

(Koizumi and Niino, 1995)  
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FGMs can be fabricated by a variety of methods which are listed in Table 1.1 (Sakai 

and Hirai, 1991). Since 1993, new methods have been developed for synthesizing 

FGMs. These include slip casting (Sanchez-Herencia, 1997), powder metallurgy 

(Kimura et al. 1993, Watanabe et al. 1995), laser alloying and cladding (Abboud et al. 

1994), dynamic ion-mixing (Nakashima et al. 1994), and sputtering (Jiang et al. 1995).   

 

Table 1.1: Different types of FGM (Sakai and Hirai 1991) 

 

Phase Method Examples of FGMs 

Gas CVD  

Ion Plating 

Plasma Spraying 

 

SiC/C, SiC/TiC, TiC/C, C/C-C 

TiN/Ti, TiC/Ti, ZrO2/Cu, C/Cr 

YSZ/NiCrAlY, YSZ/ NiCr 

Liquid 

(melt) 

Electro-deposition 

Plasma spraying 

Eutectic Reaction 

 

Ni/Cu 

YSZ, NiCrAlY, YSZ/NiCr 

Si/ZrSi2 

Solid  Self-propagating high 

temperature synthesis  

Smearing  

Sintering  

Diffusion  

TiB2/Cu, TiB/Ni, TiC/Ni 

ZrO2/Ni, PTZ/Ni, PZT/Nb 

YSZ/SUS, YSZ/Mo, Si3N4/Ni 

Ni/Al 

 

In addition, coating (Tsuchida et al, 1998), thermal spray, powder processing (Tomsia et 

al. 1998), chemical vapor deposition (CVD) (Takanori et al. 1999), novel jet vapor 

deposition (JVD) (Wadley, Hsiung and Lankey, 1995), physical vapor deposition 

(PVD), self-propagating high temperature synthesis, diffusion treatment and 

sedimentation have been developed. Moreover, Travitzky and Shlayen (1998) have 

reported on the liquid metal penetration, graded processing of metal matrix composites 

and fabrication of Al2O3/Cu-O composites.  
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Pratapa and co-workers (1998) proposed an infiltration process where the secondary 

phases are dispersed in a graded composition within the primary matrix that displays 

synergistic performance in hardness, toughness and high damage tolerance (Pratapa, 

Low, and O‟Connor, 1997). Manurung (2001) reported a design of functionally graded 

alumina-zirconia/aluminium titanate which has damage tolerance and exhibits graded 

mechanical properties. It was designed using an infiltration method accompanied by 

permeation of liquid precursors into a porous preform and then sintered to form in-situ 

phases.  

 

In this research, FGMs were designed through the thermal annealing process, in which a 

primary material is thermally decomposed in vacuum, air and argon. 

 

1.2.2 Crystal Structure 

1.2.2.1 Alumina (Al2O3) 

The most commonly used material for structure ceramics component is α-alumina. The 

structure model of alpha-alumina (-Al2O3) was first introduced by Bragg and Bragg 

(1916), followed by Pauling and Hendricks (1930). Newham and DeHaan (1962) 

published a refined structure model for -Al2O3. Subsequently, Lewis, Schwarzenbach 

and Flack (1982) reported that the crystal structure of -Al2O3 is rhombohedral, 

belonging to the space group R with unit cell parameters a = 4.7602 Å and c = 

12.9933 Å. To get more improved structural parameters, the crystal structure has to 

consist of hexagonal close-packed layers of oxygen atoms with two thirds of the 

octahedral sites occupied by aluminum atoms in a regular way. The distance between 

mean aluminum and oxygen in the octahedral is 1.92 Å, with the bonding between the 

atoms being predominately covalent (Skala, 2000).  In 1993, Maslen et al. (1993) 

refined the -Al2O3 crystal structure model using a synchrotron radiation X-ray study of 

the electron density in -Al2O3 diffraction data.  Maslen et al. (1993) stated that the 

lattice parameters of crystal structure of -Al2O3 are   a = b = 4.754 (1) Å, c = 12.982(1) 

Å, space group R , belong to the hexagonal cell which contains six formula units 

cell for hexagonal unit cell. In this thesis, the International Crystallography Structure 

Database (ICSD) collection code number 73725 (Maslen, 1993) is used.  The crystal 

c3

cH3
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structure of -Al2O3 consists of oxygen two negative (O
2-

) ions in the A-B-A-B sequence 

and aluminum three positive (Al
3+

) ions in a P-Q-R-P-Q-R sequence. Therefore, a 

hexagonal crystallographic structure for the -Al2O3 has hexagonal stacking closed 

packed A-P-B-Q-A-R-B-P (Munro, 1997), and this gives -Al2O3 good mechanical and 

thermal properties. Figure 1.5 shows the crystallographic -Al2O3 structure constructed 

using Powder cell software package (Kraus and Nolze, 1999) by Manurung, 2001. The 

ionic radii are proportional to 0.55 Å for Al
3+

 (red) and 1.35 Å for O
2-

 (blue). The unit 

cell of -Al2O3 is an acute rhombohedral of side length 5.2 Å and phase angle of 

approximately 55º.  

 

Figure 1.5:  Crystal structure of -alumina. The parameters are based on Model ICSD  

#73725. (Maslen et al. 1993)  

Legend: Al
3+

 (red) and O
2-

(blue) (Kraus and Nolze, 1999)  

 

1.2.2.2    Aluminum Titanate (Al2TiO5) 

Aluminum titanate, (Al2TiO5) is synthesized by solid state reaction between alumina 

(Al2O3) and titanium oxide (TiO2) at a temperature above the eutectoid temperature of 

1280°C: 

Al2O3 + TiO2          Al2TiO5                          
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-Al2TiO5 is stable up to a temperature of  ~ 1820ºC and β – Al2TiO5 is only stable up 

to a temperature of ~1400ºC (Sekar and Patil, 1994). According to Epicier‟s model 

(Epicier et al. 1991) (Figure 1.6), Al2TiO5 has as an orthorhombic unit cell crystal 

structure with the lattice lengths and angles of a = 3.591 Å, b = 9.429 Å,   c = 9.636 Å 

and  = β = γ = 90º respectively.  The chosen point positions in space group cm cm are 

(4c) for one set of titanium (Ti1) atom, (8f) for another one set of for titanium (Ti2) 

atom, (4c) for one set of aluminum (Al1), (8f) for another one set of aluminum (Al2), 

(4c) for one set  of oxygen atoms, and (8f) for two sets of eight oxygen atoms. 

In this thesis, β-Al2TiO5 is used because it is one of several materials which are 

isomorphous with the mineral pseudobrookite (Fe2TiO5) (Austin and Schwatz, 1953; 

Morosin and Lynch, 1972). In this crystal structure, each Al
3+

 or Ti
4+

 cation is 

surrounded by six oxygen ions forming distorted oxygen octahedra. These AlO6 or TiO6 

octahedra form (001) oriented double chains and are weakly bonded by shared edges. 

This structural feature is responsible for the strong thermal expansion anisotropy which 

generates localized internal stresses to cause severe microcracking. Although this 

microcracking weakens the material, it imparts a desirable low thermal expansion 

coefficient and excellent thermal shock resistance.  
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Figure 1.6:  Orthorhombic crystal structure of aluminium titanate (Al2TiO5) based on 

the model of Epicier et al. (1991).  

Legend: red is Al, blue is O and green is Ti. (Kraus and Nolze, 1999)      

      

Based on the observations in Table 1.2, Austin and Schwartz (1953) presented the 

pseudobrookite-type β-Al2TiO5 crystal structure (Pauling and Hendricks, 1930), as 

shown in Figure 1.7. Norberg and colleagues (2005) observed that the translational 

period of a chain in β-Al2TiO5 can be divided into two basic units which are repeated in 

an M1 M2 M1 M2 fashion along c axis. Norberg et al. (2005) re-determined the 

preferential occupation of octahedral sites for Al and Ti. The larger Ti
4+

 ion prefers 

more regular 4c octahedral site to some extent.  

 



17 
 

Table 1.2:  Development of Al2TiO5 crystal structure lattice parameters 

 

*HRTEM = High Resolution Transmission Electron Microscopy 

   

Description 

  

  

Space 

group 

           

Lattice  

 

   

lengths 

 

 

 

 

 

Reference  

   a (Å) b (Å) c (Å)  

Crystal Structure Ortho- 

rhombic  

CMCM 3.557(2) 9.436(5) 9.648(5) Austin &  

Schwartz  

(1953) 

 Temperature 

and duration 

1600C 

for 

 6 hours 

CMCM 9.360(30) 3.560(20) 9.680 (50) Hamelin  

(1958) 

 

 

23C- 

600C 

 

BBMM 9.429(2) 9.636(2) 3.591(1) Morosin 

& 

 Lynch  

(1972) 

Techniques XRD 

 

CMCM 3.591(1) 9.429(2) 9.636(2) Holcombe 

&  

Coffey  

(1973) 

 HRTEM* 

 

CMCM 3.591 9.429 9.636 Epicier et 

al. (1991) 
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Figure 1.7: A polyhedral representation of the pseudobrookite-type β-Al2TiO5 crystal  

structure (Austin & Schwartz, 1953).  

 

1.2.2.3  Titanium Oxide (TiO2) 

Titanium oxide (TiO2), a multifaceted compound, is the ingredient that makes 

toothpaste white and paint opaque.  It has been studied for its interesting qualities, such 

as electronic properties (Yan and Rhode, 1981; Reintjes and Schultz, 1968), optical 

properties (Mo and Ching, 1995), magnetic properties (Battle et al. 1983) and catalytic 

properties (Tauster et al. 1978). TiO2 has been very widely used in catalysis as sensors.  

 

TiO2 has been studied extensively (Hanaor et al. 2012; Hanaor and Sorrell, 2011; 

Valencia et al. 2010) because most crystal–growth techniques basically yield TiO2 in 

the rutile phase in the simplest structure.  The most common form is rutile TiO2 which 

is also the most stable. Anatase and brookite both convert to rutile upon heating. Rutile, 

anatase and brookite contain six-coordinated titanium with the same composition, TiO2, 

but possess different crystal structures. Both rutile and anatase have tetragonal crystal 

structures while brookite has an orthorhombic crystal structure (Greenwood et al. 1999). 

 

Generally, the rutile structure is defined by three crystallographic parameters: two 

lattice parameters a, c and the oxygen fractional coordinate.  Anatase and rutile have the 
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same crystal structure, tetragonal. But they have different space group, for rutile, 42/m n 

m, and for anatase, 41/amd. The first investigation of the crystal structures of anatase 

and rutile was reported in 1916 by using Bragg‟s ionization method (Vegard, 1916). 

Greenwood (1924) reported Vegard‟s results for rutile confirmation in 1924. Huggins 

(1926) verified the results for both anatase and rutile again. However, these crystal 

structures were not sufficiently precise to permit a detailed study of minor differences 

between the anatase and rutile. In 1954, Cromer and Herrington (1955) revised the 

acceptable crystal structures of rutile by using X-ray Diffraction. Their cell parameters 

for rutile were, a = 4.5929 ± 0.0005 Å and c = 2.9591 ± 0.0003 Å and the oxygen 

parameter for rutile was 0.3056 ± 0.0006 Å. The unit cell structure of TiO2 (rutile) and 

TiO2 (anatase) are shown in Figure 1.9.  In rutile, there are four Ti-O distances of 1.946 

± 0.003 Å, and two Ti-O distances of 1.984 ± 0.004 Å. In anatase, there are four Ti-O 

distances of 1.937 ± 0.003 Å and two Ti – O distances of 1.964 ± 0.009 Å.   

 

Shintani et al. (1975) reported that the rutile crystal structure is tetragonal, with bond 

angles  = β = γ = 90º as parameters.  In this thesis, the TiO2 model has been chosen 

because it is very common for further investigations of the properties of defects, 

impurities, thin films, surfaces and interfaces. Burdett et al. (1986) examined the 

electronic structure of anatase and rutile by using the Rietveld analysis of time of flight 

pulsed neutron diffraction of powders: it showed a nearly isotropic shrinkage of the 

structures of rutile, as illustrated in Table 1.3. The rutile structure is more stable than the 

anatase structure and it is less dense (Lazzeri et al. 2001).  The developments of TiO2 

crystal structure after 1960 are summarized below.  
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Table 1.3:  Previous experimental studies on TiO2 (rutile) crystal structure after 1960.  

 

Year  Reference  Space 

group 

   Lattice    Parameters  Remark 

         a (Å) b(Å) c (Å)  

1975 Shintani  et al. P42/mnm 4.584(0) 4.584(0) 2.943(0) ED
+
 

1986 Burdett et al. 

 

P42/mnm  4.593(0) 4.593(0) 2.958(8) ND* 

1994 Shang  et al. P42/mnm 4.593(6) 4.593(6) 2.595(8)  

*ND (Neutron Diffraction), 
+
ED (Electron Diffraction) 

 

By using a qualitative analysis of both structures, Adil et al. (1993) verified that 

distortions relative to regular crystal lattices are made of undistorted octabedra.  

 

Figure 1.8 (a) shows that rutile crystal structure has titanium ions (4
+
) at the center of 

octahedra of six O
2-

 ions. Each oxygen atom has three titanium neighbors and therefore 

belongs to three different octahedrals.  Similarly, for the anatase structure (as shown in 

Fig 1.8 (b)), three parameters are involved: the two Ti-O bond lengths and the angle 2θ 

(the largest Ti-O-Ti angle; the smallest O-Ti-O angle which concerns one apical and 

one equatorial Ti-O bond).  
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Figure 1.8: The basic unit cell crystal structures of TiO2 (a) rutile (b) anatase.  

                   (Cromer and Harrington, 1954) 

 

1.2.2.4 Titanium Silicon Carbide (Ti3SiC2) 

Titanium silicon carbide (Ti3SiC2) is unique in that it has desirable properties of both 

metals and ceramics. Ti3SiC2 was first synthesized over 30 years ago via a chemical 

reaction between TiH2, Si and graphite at 2000˚C (Jeitschko and Nowotny, 1967). It has 

a hexagonal structure with weakly bonded silicon planes linked to TiC octahedral  

layers in Ti3SiC2  (Jeitschko and Nowotny, 1967; Goto et al. 1987). Jeitschko and his 

co-workers (1967) made first attempts on the exploration of layered ternary carbides 

and nitrides, and they identified a large number of ternary compounds in 1960. 

Unfortunately, these layered ternary carbides and nitrides were ignored for many years 

after the early discovery. In 1990, Barsoum published a detailed review of a new class 

of solids called MAX  phases, or  Mn+1AXn where: „M‟ is an  early transition metal 

element, „A‟ represents a group “IIIA” and “IVA” element, and „X‟ represents either 

“C” or “N” and n = 1, 2, 3… (Barsoum et al. 2000). Since 1990, the remarkable 

material Ti3SiC2 has been shown to combine the strength, hardness, and heat resistance 

of a ceramic with the machinability and ductility of a metal (Barsoum et al. 1996; 

1997a, b, c; 1999; Low 1998; Low et al. 1998, Wang and Zhou 2002, Hong and Lin 

2010, Sun 2011).  
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In 1998, Kisi and co-workers (Kisi et al. 1998) reported that the structure of Ti3SiC2, is 

hexagonal in space group P63/mmc and space group number (194) with unit cell 

dimension a = b = 0.30575(1) nm and c = 1.762349(30) nm. The Ti occupies (2a) and 

(4f) sites, Si a (2b) site and C a (4f) site. Individual thermal parameters for Kisi‟s model 

are 0.04(6) for Ti, 0.08(4) for Ti again, 0.39(4) for Si and 0.06(2) for C.  As shown in 

Figure 1.9, this phase consists of a layered structure with lattice parameters of a = 

3.0665 Å and c = 17.67 Å and a stacking sequence consisting of alternating double Ti-C 

blocks and Si layers, each made up of two edge-sharing CTi6 octahedra. The CTi6 

octahedra are edge-sharing and are identical to the NaCl-type structure of the 

corresponding binary carbides. A square–planar Si sheet separates the double Ti-C 

blocks. The in-plane Si-Si distance is 0.30575 nm, and the out-plane Si-Ti distance is 

0.2681 nm (Kisi et al. 1998). In this thesis, Kisi‟s model has been used to discuss the 

structure and crystal chemistry of Ti3SiC2 using the Rietveld analysis method. This 

model can explain electrical and mechanical properties and the oxidation resistance 

characteristics of Ti3SiC2 (Kisi et al. 1998).  Table 1.4 shows the list of differences 

between Kisi‟s model (1998) and Jeitschko‟s model (1967). 
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Table 1.4:   Differences between the models of Kisi et al. (1998) and Jeitschko and  

  Nowotny (1967) for Ti3SiC2 

Item Kisi  (1998) 

ICSD 86213 

Jeitschko and 

 Nowotny (1967) 

ICSD 25762 

   

Unit cell x =3.0575(1) Å 

y = 3.0575(1) Å 

z = 17.62349(30) Å 

 

x =3.068(2) Å 

y = 3.068(2) Å 

z = 17.669(6) Å 

Volume  144.03 m
3 

 

142.68 m
3
 

Space group P63/mmc 

 

P63/mmc 

Crystal structure Hexagonal  

 

Hexagonal  

Atom Ti (4f) X = 0.6667 Å 

Y = 0.3333 Å 

Z = 0.1355 (1) Å 

 

X = 0.3333 Å 

Y = 0.6667 Å 

Z = 0.1357(15) Å 

Atom Ti (2a) X = 0.0000 Å 

Y = 0.0000 Å 

Z = 0.0000 Å 

 

X = 0.0000 Å 

Y = 0.0000 Å 

Z = 0.0000 Å 

Atom Si (2b) X = 0.0000 Å 

Y = 0.0000 Å 

Z = 0.75 Å 

 

X = 0.0000 Å 

Y = 0.0000 Å 

Z = 0.2500 Å 

Atom C (4f) X = 0.3333 Å 

Y = 0.6667 Å 

Z = 0.0722 (1) Å 

X = 0.3333 Å 

Y = 0.6667 Å 

Z = 0.570(4) Å 
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                                                       3.0665Å 

 

 

Fig. 1.9:  Unit cell of Ti3SiC2 crystal structure. 

                Legend: Blue is Si, red is Ti and black is C. (Barsoum et al. 2000) 

 

Sun (2011) reviewed recent researches on synthesis and characterization of MAX 

phases (e.g. Ti3SiC2, Ti3AlC2, Ti2AlC, Ti2GeC, Ti4SiC3, and Ta4AlC3) in bulk, film and 

powder forms. Johari and co-workers (Johari et al. 2012) presented the effects of excess 

Si in the reactant mixture of Ti/Si/C powders on the formation of Ti3SiC2 by using the 

arc melting method. Vishnyakov and co-workers (Vishnyakov et al. 2013) reported the 

formation of Ti3SiC2 using magnetron sputtering on multilayered deposits of Ti-Si-C at 

650ºC. Ti3SiC2 has been shown to be a promising candidate for high temperature 

applications    (Barsoum et al. 1996).  

17.67Å 
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1.2.2.5  Titanium Carbide (TiC) 

As one of the most promising high-temperature structural materials, titanium carbide 

has been under active development for demanding elevated temperature applications, 

because of its unique combination of a high melting point (3160˚C), good thermal 

stability and erosion resistance (Wei et al. 1984, Cho et al. 1996, Wang et al. 2004). 

 

TiC binary compounds usually act as impurities in Ti3SiC2 products. For this reason, 

microstructure and crystal structure of TiC have been studied to understand clearly the 

reaction mechanism between elements within the Ti-Si-C systems. In order to be able to 

design Ti-Si-C composites, an understanding of the phase composition and its variation 

with process parameters (such as temperature) is required (Barsoum, 2000). At elevated 

temperatures, typically 1200°-1400ºC for bulk materials, the Ti-Si-C system forms the 

ternary compound Ti3SiC2, in equilibrium with TiC (Barsoum, 2000).  

 

In TiC, C atoms occupy the octahedral void (see Figure 1.10). Referring to TiC 

octahedral layers sandwiched between Si layers in Ti3SiC2, the C atomic sites are 

relaxed towards the Si interlayer thereby shortening the Ti(II)-C bond relative to the Ti(I)-

C bond and resulting in a distortion of the Ti6C octaherda (Kisi et al. 1998). Riley 

(2003) reported TiC crystal structure as follows: 

 Space group   (225) 

 Lattice parameters : a = 4.3280 Å 

 Crystallographic sites : Ti - 4(a) ; C - 4(b) 

 Atomic positions :    

 X Y Z 

Ti 0 0 0 

C ½ ½ ½ 

The crystal structure of TiC is a face-centred-cubic structure. In this thesis, the 

Christensen (1978) model has been selected to analyze to the TiC crystal structure.  Its 

unit cell lattice length and angle are 4.328 (2) Å and 90º respectively.  
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Figure 1.10:  The crystal structure of TiC. (Li et al. 2008) 

          

1.2.3      Physical and Mechanical Properties 

1.2.3.1    Alumina (Al2O3) 

Alumina (Al2O3) is one of the most versatile of refractory ceramic oxides. Its excellent 

hardness makes it suitable for use as an abrasive and as a cutting tool material.  Thus, 

alumina is the most cost effective and widely used material in the ceramics family. The 

key properties are excellent wear resistance, excellent thermal conductivity, excellent 

capability to change size and shape, high strength and stiffness, and high temperature 

resistance (Runyan, 1991). Hardness of -alumina can be varied by starting alumina 

grade as well as processing procedures.  The mechanical properties of 99.9% pure –

alumina (Schneider, 1994) are shown in Table 1.5. 

 

1.2.3.2       Aluminium Titanate   (Al2TiO5)    

The thermo-mechanical properties can be tailored by varying the composition and 

processing method.   Al2TiO5 is highly anisotropic in thermal expansion. As a result, 

thermal stress builds up in the material resulting in inter-granular cracks observable in 

the microstructure. The inter-granular micro-cracking is responsible for the outstanding 

thermal shock resistance and the low mechanical strength of Al2TiO5.  
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According to the bonding system of Al2TiO5, it has a mixture of ionic and covalent 

characters with a theoretical density of 3700 kg.m
-3

.  The thermal expansion coefficients 

are given in Table 1.6. 

 

Table 1.5:   Mechanical properties of 99.9% pure –alumina. (Schneider, 1994) 

 Mechanical property  Value 

Porosity (%) 0  

Flexural strength (MPa) 345  

Elastic modulus (GPa) 300  

Shear modulus (GPa) 124  

Bulk modulus (GPa) 172  

Poisson‟s ratio 0.22 

Compressive strength (MPa) 2600  

Vickers hardness (GPa) 18-23  

Tensile strength (MPa) 220  

Elastic modulus (GPa) 375  

Fracture toughness (MPam) 2.7-4.2  

Coefficient of thermal expansion (25° -1000C) (K) 8.1  10
-6 

 

 

Table 1.6: Thermal expansion coefficients of Al2TiO5 along the three crystal axes (from 

room temperature to 1200˚C). 

Source a(10
-6 

K
-1

) b(10
-6 

K
-1

) c(10
-6 

K
-1

) 

Bayer (1971)    -3.0 11.8 21.8 

Skala (2000) -2.4 12.0 20.8 

The mechanical properties of Al2TiO5 have a very strong microstructural dependence 

which is directly related to the degree of micro-cracking present and stress 

redistribution in the matrix. Some disadvantages of Al2TiO5 are as follows: 

- the existence of many micro-cracks at  room temperature 

- the blockage of micro-cracks at 300°C. 

- the adhesion of micro-cracks and recombination of micro-cracking at  

  700°C (Wohlfromm et al. 1991).  
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Typical values for thermo-mechanical properties of Al2TiO5 are given in Table 1.7. 

Crack healing with rising temperature results in increased strength and Young‟s 

modulus (Ohya et al. 1988). As crack healing on heating and re-cracking on cooling 

occur at different temperatures, thermal cycling gives rise to hysteresis effects, which 

may be accompanied by aging.  

 

Table 1.7: Thermo-mechanical properties of Al2TiO5-based ceramics.  

                 (The Encyclopedia of Advanced Materials 1994) 

Property Value 

Young‟s modulus (GPa) 5-30 

 

Bend strength (room temperature) (MPa) 10-50 

 

Thermal conductivity (Wm
-1

K
-1

) 2 

 

Liu and Perera (1998) studied the high-temperature mechanical properties and thermal 

stability of sintered Al2TiO5 ceramics containing magnesium and iron. Both materials 

were found to exhibit a pronounced inelastic stress – strain behavior caused by 

extensive micro-cracks.  

 

1.2.3.3       Titanium Oxide (TiO2) 

Pure titanium oxide (TiO2) does not occur in nature. It is derived from ilmenite (Chris 

1992) or leuxocene ores (Deer et al. 1996). The physical and mechanical properties of 

sintered rutile are summarized in Table 1.8. 
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Table 1.8: Physical and mechanical properties of rutile (TiO2). (Yan et al. 1981) 

 

Property Value 

Density (g.cm
-3

) 4 

Porosity (%) 0 

Modulus of Rupture (MPa) 140 

Compressive Strength (MPa) 680  

Poisson‟s Ratio 0.27 

Fracture Toughness (MPa.m
1/2

) 3.2  

Shear Modulus (GPa) 90  

Modulus of Elasticity (GPa) 230  

Microhardness (HV0.5) 880 

Resistivity (25°C) (ohm.cm) 10
12

  

Resistivity (700°C) (ohm.cm) 2.510
4
  

Dielectric Constant (1MHz) 85 

Dielectric strength (kVmm
-1

) 4  

Thermal expansion (RT-1000°C) (K
-1

) 9  10
-6

  

Thermal Conductivity (25°C) (Wm
-1

K
-1

) 11.7  
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1.2.3.4    Titanium Silicon Carbide (Ti3SiC2)  

Ti3SiC2 behaves like a soft ceramic compound making it easily machinable (Barsoum, 

1997). Goto and Hirai (1987) reported the Ti3SiC2 hardness value of 6 GPa. Pampuch et 

al. (1989) tested samples containing 10-20 vol% TiC, and reported Young‟s modulus 

and shear modulus of ~326 GPa and ~135 GPa respectively. Lis et al. (1995) found the 

hardness of Ti3SiC2-TiC composites as a function of TiC content and estimated that the 

hardness of pure, polycrystalline Ti3SiC2 to be ~ 4 GPa.  Okano and co-workers (1995) 

studied bulk, 95% dense samples that contained some secondary phases (TiCx and 

titanium silicates), and they reported a flexural strength of 580 MPa and a fracture 

toughness of 6.9 MPa.m
1/2

 at ambient temperatures.  Okano and co-workers (1995) 

reported large plastic deformations in samples tested at 1200˚C, which they attributed to 

the presence of a grain-boundary phase.  Rudnik and Lis (1997) fabricated hot-pressed 

Ti3SiC2–TiC composites with ~15 vol% TiC and reported compressive and three-point 

bend strengths of 1120 ± 270 and 350 ± 63 MPa respectively.  

 

In summary, these previous researchers above have investigated the mechanical 

properties of Ti3SiC2 including machinable process, elastic and shear modulus, 

hardness, bending strength, high fracture toughness and high flexural strength from 

ambient temperature to high temperature.  However, the characterizations of thermal 

stability of Ti3SiC2 in air and argon and oxidation resistance of Ti3SiC2 at elevated 

temperatures have not been investigated. Hence, this current study focused on these 

characterizations. 

 

In addition, Ti3SiC2 is thermal shock resistant compared to most ceramics (Barsoum 

and El-Raghy, 1996) though fine-grained samples have shown a of Ti3SiC2 decrease in 

strength when quenched from temperatures above 750°C (El-Raghy, 1999c). A 

plausible explanation for this behaviour is the gradual change of Ti3SiC2 from brittle 

condition at room temperature to plastic condition at temperatures above 1200°C 

(Barsoum and El-Raghy, 1996, 1997b, 1999a). Macro-grained samples of (3-4 mm) 

have also been shown to deform plastically at room temperature (Barsoum and El-

Raghy, 1999).  
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Coarse-grained Ti3SiC2 samples exhibit the failure characteristics in the stress-strain 

curves which show a sharp drop in plastic deformation after the yield stress (Barsoum et 

al. 2000., Tzenov and Barsoum 2000). The ultimate tensile, compressive and flexural 

strengths of coarse-grained Ti3SiC2 at room temperature are 180 MPa, 720 MPa and 

350 MPa respectively (Radovic et al. 2002., El-Raghy et al. 1999., Gilbert et al. 2000), 

while the ultimate tensile, compressive and flexural strengths of  fine-grained Ti3SiC2 

samples at room temperature are 298 MPa, 1050 MPa and 600 MPa respectively. The 

fracture toughness of coarse-grained and fine-grained samples are (8-9.5 MPa.m
1/2

) and 

(8.5-16 MPa.m
1/2

) respectively (Radovic et al. 2002., El-Raghy et al. 1999., Gilbert et 

al. 2000). In conclusion, the mechanical properties such as, ultimate tensile, 

compressive and flexural strengths are dependent on grain size; coarse-grained solids 

are weaker than their fine-grained counterparts (Barsoum and Radovic, 2011).  

 

Ti3SiC2 samples were tested to undergo brittle to plastic transition (BPT) (Barsoum et 

al. 2000., El-Raghy et al. 1999) mechanism at higher temperature (1300°C). It is 

important to understand the high-temperature response of the Ti3SiC2 samples and the 

brittle to plastic transition (BPT) caused by increasing decohesion between the grains 

and/or increasing delamination between the layers as the temperature increases 

(Barsoum and Radovic, 2011). As more cyclic hardening was done, the number of loops 

increased until finally a linear elastic region appeared. In summary, stress-strain 

behaviour of Ti3SiC2 can be sensitive to the strain rate, particularly at elevated 

temperature. A significant increase in the strain rate generally increases strength but 

reduces the ductility of Ti3SiC2. However, the strain rate effect can be small at room 

temperature. 

 

The electrical and mechanical properties of bulk MAX phases were studied in detail by 

Barsoum and Radovic (2011). The mechanical properties of MAX phases are 

remarkable because they have high specific stiffness together with high machinability, 

such as 343 GPa for Ti3SiC2 and 340 GPa for Ti3GeC2 (Barsoum and Radovic 2011).  

Barsoum and Radovic (2011) also pointed out that, Ti3SiC2 has a low coefficient of 
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friction (µs = 2-5 x10
-3

). The deformation mechanism dominant in Ti3SiC2 depends on 

the level of porosity, temperature range and kink boundaries formation.    

 

1.2.3.5  Titanium Carbide (TiC) 

A particularly interesting feature of transition metals is that they form a host of different 

compounds when paired with other elements. One such family of compounds is 

transition-metal carbides (TMCs), which have many industrially important uses. For 

instance, TiC is an extremely hard and light refractory material with high thermal shock 

and is abrasion resistant. Transition metal carbides such as TiC have a unique 

combination of properties, such as chemical stability, excellent hardness, high melting 

point and excellent electrical and thermal conductivity, making them highly suitable for 

many technological applications. The effect of the addition of TiC to Ti3SiC2-TiC 

composites could be improved hardness, fracture toughness and flexural strength. The 

in-situ addition of TiC particles to Ti3SiC2 matrix can prevent evidently the coalescence 

of Ti3SiC2 grains. Furthermore, with the addition of TiC from 0 – 30 vol%, the Vickers 

hardness and fracture toughness of the composites increase compared to those of 

Ti3SiC2 matrix (Zhang et al. 2008). 

 

Koc and Folmer (1997) described an industrial method for the production of crystalline 

TiC powders, which used a carbon-thermal reduction of TiO2 in a temperature range 

from 1900° to 2700°C and was associated with the following reaction (Equation 1.1). 

 

TiO2 (s)   +   3 C (s)                            TiC (s)   +   2 CO (g)                              (1.1) 

 

1.2.4    Ceramic Systems Containing Al2O3-Al2TiO5 

Ceramics are known for being inherently brittle. However this can be alleviated slightly 

by a process known as grain bridging. Grain bridging is the process of introducing an 

increase of microstructural heterogeneity (Bartolome et al. 1996) following weak grain 

of boundaries, large grain size, and high internal residual stresses. Heterogeneously 

toughened by grain bridging or otherwise, ceramics are also susceptible to contact 

fatigue. When an indentation or contact is applied, the material will deform by 
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distributing micro damage (short cracks) under the shear zone instead of cone fracture. 

This has the effect of preventing long cracks propagating from the shear zone but with 

repetitive contact, a severe strength loss and accelerated material removal can occur. 

However, this can be minimized by effective control of powder characteristics during 

material preparation to prevent low as-fired densities (<90% theoretical) and abnormal 

grain growth (Runyan & Bennison, 1989). 

 

Alumina is widely used for conventional structural applications because of its high 

melting point, high wear and corrosion resistance, electrical insulation, and good high-

temperature strength. However, it has a limitation in advanced structural applications 

because of its low fracture toughness. It is well known that incorporation of a second 

phase with a high aspect ratio (whiskers, fibers, and platelets) into alumina can improve 

the fracture toughness by promoting toughening mechanisms such as crack deflection 

and crack-bridging. However, a major drawback of this approach is that the composites 

are difficult to sinter to high density without the use of hot pressing or hot-isostatic 

pressing. Residual stress can be enhanced by the inclusion of a secondary phase whose 

coefficient of thermal expansion shows a desired degree of mismatch with that of the 

matrix (Bartolome et al. 1996). This improves the flaw tolerance characteristic of the 

primary phase by up to approximately one order of magnitude if the primary phase is 

Al2O3 and the secondary phase is Al2TiO5. This process has a greater improvement rate 

compared to grain growth scaling. 

 

Al2TiO5 is widely used as a refractory material and as a thermal insulator in engine 

components due to its low thermal expansion coefficient (1  10
-6 

ºC
-1

), high melting 

point (1860ºC), low thermal conductivity, and excellent thermal shock resistance. The 

reaction between Al2O3 and TiO2 to form Al2TiO5 is reversible and occurs at ~1300º C. 

In 1952, Lang and colleagues reported that Al2TiO5 is thermodynamically stable from 

~1280º C to the melting temperature, 1860ºC.  Buscaglia and Nanni (1998) found that 

the decomposition rate of Al2TiO5 is very slow, below ~800º C. The full potential of 

Al2TiO5 has therefore been limited by its low fracture toughness, low mechanical 

strength and poor high–temperature stability below 1280ºC. Through the addition of 
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stabilizers such as SiO2, Fe2O3 and MgO, the thermal and mechanical performance of 

Al2TiO5 can be greatly enhanced. Table 1.9 lists several processing methods used to 

fabricate ceramic composites.  

 

Table 1.9: Examples of processing methods used for the fabrication of ceramic 

composites.                      

Material 

 

Method  Reference 

Al2O3/ZrO2 composites Tape casting Boch, Chartier and 

Huttepain, 1986 

Trilaminate composites Lamination  Harmer, Chan and 

Miller, 1992 

Alumina/calcium-

hexaluminate composites 

 

Lamination An et al. 1996 

Alumina/Al2TiO5  

composites 

Reaction sintering  Hasselman et al. 

1993 

Alumina/Al2TiO5   

composites 

Al2O3/Al2O3 

Duplex–bimodal 

composites  

Bueno et al. 2005;  

Runyan and 

Bennison, 1991;  

Padture, Bennison 

and Chan, 1993; 

Braun, Bennison 

and Lawn 1992 

Alumina/Al2TiO5 and 

alumina-zirconia/ Al2TiO5  

composites 

Infiltration Skala, 2000; Low 

et al. 1996a 

Alumina-mullite, Al2O3-AT 

and Al2O3-CaAl12O19  

composites 

Infiltration Marple and Green, 

1991; Skala, 2000; 

Asmi et al. 1999 
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1.2.5     Decomposition Behavior of Al2TiO5  

Due to several promising properties such as an excellent refractoriness, thermal shock 

resistance, low thermal expansion coefficient and high melting point, good 

compatibility with non-ferrous metals etc. Al2TiO5 has found many applications as an 

engineering ceramics material.  

 

Al2TiO5 in pure form melts at 1860˚C and it is thermodynamically stable only above, 

1280˚C and within the temperature range of 900°-1200˚C, (Kato et al. 1979; 1980; 

Buscaglia and Nanni, 1998) at other temperatures it becomes unstable and decomposes 

into Al2O3 and TiO2 with an overall decomposition process as follows (Lang et al. 

1952) (Equation 1.2):   

 

Al2TiO5                -Al2O3  +     TiO2                   (1.2) 

 

For pure Al2TiO5, the rate-controlling step in the decomposition is the transport to Al
3+

 

ions through the TiO2-rutile phase, the growth rate of decomposition products is 

constant and the decomposition mechanism is likely to be controlled by an unidentified 

interfacial process.  

 

Studies have also been carried out on the decomposition kinetics of pure Al2TiO5 in 

oxidizing atmospheres (oxygen, argon or air) (Kameyama and Yamaguchi, 1976; Kato 

et al. 1979; Thomas et al. 1989). The decomposition rate of Al2TiO5 at 1100°C is 

significantly enhanced by vacuum (10
-4

 torr) or argon where > 95% of Al2TiO5 

decomposed in 5h of soaking when compared to less than 30% decomposition in 

atmospheric air (Low et al. 2002, Manurung, 2002).  Below 900ºC, the decomposition 

rate of Al2TiO5 is usually very low, even after a long annealing time; the material can 

be stable from a kinetic point of view (Buscaglia et al. 1996). Hennicke and Lingenberg 

(1986) have attempted to explain the decomposition of Al2TiO5 by the formation of 

intermediate metastable Al2TiO5-Ti3O5 (tialite-anosovite) solid solutions. They 

observed that the as-sintered samples were likely to be the consequence of incomplete 

reaction rather than of decomposition.  
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Navrotsky (1975) proposed that, the decomposition of Al2TiO5 could be possible at 

high temperatures because of the contribution of  entropy resulting from disordered 

distribution of atomic structure in cationic sub-lattice; this is caused by the radius 

difference between Al
3+

 (0.050 nm) and Ti
4+

 (0.068 nm) and the presence of small 

number of Al
3+

 ions. Furthermore, the decomposition of Al2TiO5 is expected to be very 

sensitive to the ageing annealing atmosphere, because Ti
4+

 is progressively reduced to 

Ti
3+

 if the oxygen partial pressure is decreased. Sperisen and Mocellin (1991) attempted 

to explain the decomposition of Al2TiO5 by the formation of intermediate metastable 

Al2TiO5-Ti3O5 (tialitie-anosovite) solid solutions.  Duran et al. (1994) studied the 

beginning of decomposition of Al2TiO5– based materials at 975˚C under a nitrogen 

gas/oxygen gas mixed atmosphere using spectroscopic techniques. The decomposition 

detection of Al2TiO5 solid solution is explained in Equation 1.3   

             

 Al2TiO5            Al2(1-x)Ti
4+

1-(2/3)xTi
3+

(2/3)xO5-(10/3)x +  xAl2O3 + (x/6) O2                (1.3) 

                               (tialitie-anosovite) 

The decomposition kinetics of Al2TiO5 is as follows (Buscaglia and Nanni, 1998):  

  The maximum decomposition rate is in the range of 1100˚ - 1150˚C.  

 Half transformation times from 2 to 25 h have been observed in the temperature 

range of 1100°-1150°C, depending on sintering temperatures, density, grain size, 

and annealing above the decomposition temperature. 

  Decomposition kinetics can be described by the Johnson-Mehl-Avrami (JMA) 

equation and probably follows a nucleation and growth mechanism (Buscaglia and 

Nanni, 1998). No microstructure observations have been conducted to support 

nucleation mechanism.  

  Decomposition is affected by the microstructure and stresses related to the thermal 

expansion anisotropy of the individual Al2TiO5 grains. 

 

In view of the decomposition behavior of Al2TiO5 discussed above, significant effort 

has been directed towards improving the thermal stability of Al2TiO5 through 

substitution of stabilizers such as Fe2O3, MgO, etc. (Rezaie et al. 2009).  
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The decomposition of Al2TiO5 treated with TiO2 has been reported by Hwang, 

Nakagawa and Hamano (1993). The presence of TiO2 was found to accelerate the 

decomposition, but the residual thermal stresses decreased. Decomposition of Al2TiO5 

was accompanied by the formation of the rutile grains and pores at the interfaces with 

Al2O3.  

 

Mechanical properties strongly depend on the microstructures of Al2TiO5. Buscaglia 

and Nanni (1998) observed the microstructure of partially decomposed samples which 

showed the presence of a limited number of nodules. The shape of the nodules is 

approximately spherical or ellipsoidal. For pure Al2TiO5, the formation of a TiO2 layer 

around aggregates of crystals can be observed at the beginning of the decomposition 

process (Figure 1.11 (a)) and as the reaction proceeds further, this core-shell 

microstructure is gradually destroyed with the formation of a random mixture of 

aggregates of elongated Al2O3 and rutile (Figure 1.11 (b) and (c)). 

 

                                                                                   

(a)   (b)                                    (c) 

Figure 1.11: Microstructures (BS-SEM) of Al2TiO5 after (a) 1h, (b) 8h, and (c) 25h 

annealing at 1100°C. (Legend: TiO2, rutile is white, Al2TiO5 is light gray, Al2O3 is dark 

gray and black are pores and cracks). (Buscaglia and Nanni, 1998) 

 

Microstructures of Al2TiO5 evolution with different annealing times at constant 

temperature of 1100°C is also one of the reasons for the initial nucleation stage. The 

decomposition occurs mainly through the growth of the nodules of the reaction products 

initially formed.  

 

Buscaglia and Nanni (1998) explained that nodules formed with an Al2O3 core and a 

TiO2 shell, grow at the maximum rate in comparison to other morphological features, 
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because the slow diffusion of titanium is avoided. Another factor is that the plastic 

deformation of TiO2 occurs at lower temperatures than in Al2O3 at 1000˚C (Hirthe and 

Brittain, 1963).  

 

 

 

Figure 1.12: Schematic diagram showing the possible decomposition mechanisms of  

Al2TiO5 (Buscaglia and Nanni, 1998). 

 

The mechanism by which Al2TiO5 decomposes is shown in Figure 1.12. In the case M1, 

growth of the Al2O3 layer occurs by unidirectional diffusion of Al
3+

 and O
2-

 ions 

through the TiO2 shell. In the case M2, the Al
3+

 flux is coupled with a countercurrent of 

Ti
4+

 cations. In the case M3, molecular oxygen is transported through the gas phase and 

local electo-neutrality is maintained by means of electronic conduction in the TiO2 

layer.  

 

1.2.6 Thermal Decomposition Behavior of MAX Phases 

The high-temperature thermochemical stability in MAX phases has hitherto generated 

much controversy among researchers. For instance, several researchers have reported 

that Ti3SiC2 became unstable at temperatures greater than 1400ºC in an inert 

atmosphere (e.g. vacuum or nitrogen), by dissociating into Si, TiCx and/or Ti5Si3Cx 

(Low 2004; Low and Pang 2011). A similar phenomenon has also been observed for 

Ti3AlC2 whereby it decomposes in vacuum to form TiC and Ti2AlC (Pang et al. 2010; 

Pang and Low 2009; Low et al. 2011). 
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In other studies, Zhang et al. (2008) reported Ti3SiC2 to be thermally stable up to 

1300ºC in nitrogen, but above this temperature drastic degradation and damage 

occurred due to surface decomposition. Feng et al. (1999) annealed the Ti3SiC2-based 

bulk samples at 1600ºC for 2h and 2000ºC for 0.5 h in vacuum (10
-2

 Pa) and found that 

TiCx was the only phase remaining on the surface. According to Gao et al. (2002) the 

propensity of decomposition of Ti3SiC2 to TiCx was related to the vapour pressure of Si, 

i.e., the atmosphere where the Ti3SiC2 exits. They believed that the partial pressure of Si 

plays an important role in maintaining the stability of Ti3SiC2 whereby it has a high 

propensity to decompose in N2, O2 or CO atmosphere at temperatures above 1400ºC. 

This process of surface-initiated phase decomposition was even observed to commence 

at temperatures as low as 1000−1200ºC in Ti3SiC2 thin films during vacuum annealing 

(Emmerlich et al. 2007). The large difference in observed decomposition temperatures 

between bulk and thin-film Ti3SiC2 has been attributed to the difference in diffusion 

length scales involved and measurement sensitivity employed in the respective studies. 

In addition, Ti3SiC2 has also been observed to react readily with molten Al, Cu, Ni and 

cryolite (Na3AlF6) at high temperatures.  

 

In contrast, Barsoum and co-workers (1996) have shown that Ti3SiC2 was 

thermodynamically stable up to at least 1600ºC in vacuum for 24 h and in argon 

atmosphere for 4 h. They further argued that the reduced temperature at which Ti3SiC2  

decomposed as observed by others was due to the presence of impurity phases (e.g. Fe 

or V) in the starting powders which interfered with the reaction synthesis of  Ti3SiC2  

and thus destabilized it following prolonged annealing in an inert environment (Tzenov 

et al. 2000). However, mixed results have been reported by Radhakrishnan et al. (1999). 

In their investigation, Ti3SiC2 was shown to be stable in a tungsten-heated furnace for 

10 h at 1600ºC and 1800ºC in an argon atmosphere, but dissociated to TiCx under the 

same conditions when using a graphite heater.  

 

These conflicting results suggest that the thermochemical stability of MAX phases is 

still poorly understood although it has been established that its susceptibility to thermal 

decomposition is strongly influenced by factors such as purity of powders and sintered 
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materials, temperature, vapour pressure, atmosphere, and the type of heating elements 

used. In general, the onset temperature of decomposition depends on the quality of 

vacuum present in the furnace. At a medium vacuum of 10
-5

 torr, most MAX phases 

will tend to become unstable at 1400°C and begin to decompose (Figure 1.13). 

 

 

Figure 1.13: A schematic showing the thermal stability of MAX phases at elevated 

temperature in vacuum (Low and Pang 2013).      

    

When the vapour pressure is lower than 10
-5

 torr, MAX phases will decompose below 

1400°C. In addition, the nature of microstructure of the decomposed surface layer 

formed during annealing remains controversial, especially in relation to the role of pore 

sizes in the decomposition kinetics at the near surface. Pang and Low (2010) conducted 

a comparative study to elucidate the role of pore microstructures on the decomposition 

kinetics of several MAX phases during vacuum annealing in the temperature range 

1000-1800°C. The effect of pore-size on the activation energy of decomposition was 

evaluated using the Arrhenius equation. The kinetics of phase decomposition was 

modelled using a modified Avrami equation (Pang 2010).  
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The phase transitions in the MAX phases investigated and their relative phase 

abundances at various temperatures as revealed by in-situ neutron diffraction was 

shown in Figure 1.14. A weight loss of ~4% was observed for decomposed Ti3SiC2 

which may be attributed to the release of gaseous Si by sublimation during the 

decomposition process. For Ti3AlC2, its decomposition into TiC and Ti2AlC as lower 

order or intermediate phase was observed at ≥ 1400°C. However, at higher 

temperatures, when compared to TiC, a smaller growth rate for Ti2AlC   may indicate 

that Ti2AlC experienced further decomposition into TiC via the sublimation of Al, 

similar to decomposition of Ti3SiC2. In contrast to Ti3AlC2, no intermediate or lower 

order phase was observed for the decomposition of Ti3SiC2, Ti2AlC or Ti2AlN. This 

difference can be attributed to the fact that Ti3SiC2 is the only stable ternary phase in Ti-

Si-C system and   Ti2AlC   is the lowest order phase in the Ti-Al-C system. The same 

applies to Ti2AlN where it is the lowest order phase in the Ti-Al-N system.  Fig. 1.14 

(e) shows the excellent stability of Ti2AlN at 1500°C for up to 350 minutes. The inferior 

thermal stability of Ti4AlN3 is shown in Fig. 1.14(f) where it decomposed by more than 

60% when annealed in vacuum at 1500°C for 500 minutes. 
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(a) (c) 

  

(b) (d) 

 

 

(e) (f) 

 

Figure 1.14: Phase abundance as a function of temperature for the decomposition of (a) 

Ti3SiC2, (b) Ti3Si0.95Al0.05C2, (c) Ti3AlC2, (d) Ti2AlC2, (e) Ti2AlN and (f) Ti4AlN3 in 

vacuum (Low and Pang 2013).  
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In general, a weight loss of up to 20% was observed as a result of decomposition for 

MAX phases can be attributed to the release of gaseous A element by sublimation 

during the decomposition process because the vapour pressures of the A elements 

exceed the ambient pressure of the furnace (i.e. ≤ 5 × 10
-5

 torr) at ≥1500°C. Since the 

vapor pressure of a substance increases non-linearly with temperature according to the 

Clausius-Clapeyron relation (Callen 1985), the volatility of A elements will increase 

with any incremental rise in temperature. Figure 1.15 shows the weight loss as a 

function of temperature for Ti2AlN and Ti4AlN3 which shows that Ti2AlN has a 

superior resistance to thermal decomposition.  

 

Figure 1.15: Variation of weight loss as a function of temperature for Ti4AlN3 (■) and 

Ti2AlN (♦) (Low and Pang 2013).     

  

It is well known that A elements such as Si and Al have high vapour pressure and 

become volatile at elevated temperature (Low and Pang 2013). Thus, at the temperature 

of well over 1500°C used in this study, both Al and Si should become volatile and 

sublime readily and continuously in a dynamic environment of high vacuum. When the 

vapor pressure becomes sufficient to overcome ambient pressure in the vacuum furnace, 

bubbles will form inside the bulk of the substance which eventually appears as voids on 

the surface of decomposed MAX phase. Since Si has a lower vapour pressure than Al 

(Low and Pang 2013), it helps to explain why Ti3SiC2 is more resistant to 

decomposition than Ti3AlC2 or Ti2AlN (Pang et al. 2010) In all cases, the kinetics of 
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decomposition process is driven mainly by a highly restricted out-diffusion and 

sublimation of high vapour pressure A element (e.g. Al, Si) from the bulk to the surface 

of the sample and into the vacuum, i.e., 

 

                                     Mn+1 AXn →   Mn+1Xn + A   

                                         Mn+1Xn     → (n+1)MXn/(n+1)                                                   (1.4) 

 

As previously shown in Figure 1.14, the weight losses of up to 11.6% and over 20% in 

decomposed Ti4AlN3 and Ti2AlN (Pang et al. 2010) respectively can be attributed to the 

release of gaseous Al (and possibly Ti) by sublimation during the decomposition 

process because the vapor pressures of both Al and Ti exceed the ambient pressure of 

the furnace (i.e. ≤ 5×10
-5

 torr) at ≥1500°C (Low and Pang 2013). Figure 1.16 shows the 

vapour pressures of various elements at elevated temperature, and at a vapour pressure 

of 5×10
-2

 torr in the vacuum furnace, both Al and Ti become volatile as the temperature 

approaches 1200° and 1700°C respectively. Thus, at the temperature of well over 500°C 

used in this study, both Al and a small amount of Ti should become volatile and 

sublime readily and continuously in a dynamic environment of high vacuum. When the 

vapor pressure becomes sufficient to overcome ambient pressure in the vacuum furnace, 

bubbles will form inside the bulk of the substance which eventually appears as voids on 

the surface of decomposed MAX phase (Pang and Low 2009; Pang et al. 2010; Low et 

al. 2011). A closer look of Figure 1.16 may further explain why Ti3SiC2 is more 

resistant to decomposition than Ti3AlC2 or Ti4AlN3 because Si has a lower vapour 

pressure than Al.  
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Figure 1.16: Vapour pressure of selected elements at various temperature 

(www.veeco.com/library/Learning_Centre/Growth_Information/Vapor_Pressure_Data_

For_Selected_Elements/Index.aspx).   

 

Table 1.10: Comparison of the kinetics of decomposition in six MAX-phase samples. 

MAX phase  Activation energy  

(KJ mol
-1

) 

Pore size (µm) Proposed reaction 

Ti3SiC2  169.6 1.0-3.0 Ti3SiC2→3TiC 0.67 + Si ↑ 

Ti3Si0.95Al0.05 C2  76.7 2.0-10.0 Ti3Si0.95Al0.05C2→3TiC0.67+0.95Si ↑ 

+0.05 Al ↑  

Ti3AlC2 (bulk) -71.9 0.5-0.8 Ti3AlC2 →3TiC0.67 +  Al ↑ 

Ti3AlC2 (powder) 71.9  >1.0 Ti3AlC2 →3TiC0.67 +  Al ↑ 

Ti2AlC 85.7 2.0-10.0 Ti2AlC →2TiC0.5 +  Al ↑ 

Ti2AlN 573.8 2.0-8.0 Ti3AlN →3TiN0.5 +  Al ↑ 

Ti4AlN3 410.8 1.8-3.0 Ti4AlN3 →4TiN0.75 +  Al ↑ 
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Based on the role of pore microstructures on decomposition kinetics, the activation 

energies calculated from the Arrhenius equation for five MAX phases and the proposed 

reactions are summarized and listed in Table 1.10 (Low and Pang 2013).  

 

All the calculated activation energies are positive except for bulk Ti3AlC2. However, 

when powder of Ti3AlC2 was used a positive activation energy was obtained which 

implies the importance of pore microstructures in the decomposition kinetics (Low and 

Pang 2013). A negative activation energy indicates that the rate of decomposition in 

Ti3AlC2 decreased with increasing temperature due to the dense TiC surface layer with 

very fine pores (<1.0 μm), which exert an increasing resistance to the sublimation 

process as the temperature increases (see Figure 1.17d) (Low and Pang 2012). In 

contrast, a more porous decomposed layer with coarser pores (>2.0 μm) formed in other 

MAX phases and in powdered Ti3AlC2 which enabled the sublimation of Al or Si to 

progress with minimum resistance, and resulting in an increasing rate of decomposition 

with temperature (Low and Pang 2012). In summary, the pore sizes play a critical role 

in determining the value of activation energy and the rate of decomposition. Hence, the 

ability to manipulate the pore microstructure either through densification to reduce 

pore-size or engineering of pore-free microstructure will allow the process of 

decomposition in MAX phases to be minimized or arrested. 
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(a) (c) 

  

(b) 

   

(d) 

Figure 1.17: Scanning electron micrographs of the surface microstructures of vacuum-

decomposed MAX phases; (a) Ti2AlN, (b) Ti4AlN3, (c) Ti3SiC2, and (d) Ti3AlC2 (Low 

and Pang 2013). 

 

During the isothermal decomposition of MAX phases at between 1200-1500°C, the 

Avrami kinetics of decomposition was modeled using Equation (1.5) 

                                       y = exp (-kt
n
)                                                                 (1.5)   

where k and n are time –independent constants for the particular reaction, and the 

Avrami constants were evaluated. The Avrami fits of isothermal decomposition of 

Ti2AlN and Ti3SiC2 are shown in Figure 1.18. The calculated Avrami exponent (n) and 

Avrami constant (k) for the MAX phases are summarized in Table 1.11. 
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(a) (b) 

Figure 1.18: Time-dependent phase abundance and Avrami fit isothermal 

decomposition of (a) Ti2AlN, (b) Ti3SiC2 at 1550°C in vacuum (Low and Pang 2013). 

 

Table 1.11: Comparison of the Avrami decomposition kinetics in MAX phases.  

(Low and Pang 2013). 

MAX phase Avrami exponent (n) Avrami constant (k) mol% (min)
-n

 

Ti4AlN3 0.18 0.37 

Ti2AlN 0.62 0.004 

Ti3AlC2  0.0023 0.93 

Ti2AlC 0.11 0.608 

Ti3SiC2 8.93 x 10
-7

 2 

 

Moreover,  above 1400°C, MAX phases decomposed to binary carbide (e.g. TiCx) or 

binary nitride (e.g. TiNx), primarily through the sublimation of A-elements such as Al 

or Si, which results in a porous surface layer of MXx being formed. Positive activation 

energies were determined for the decomposition of MAX phases except for Ti3AlC2 

where negative activation energy of 71.9 kJ mol
-1

 was obtained due to formation of fine 

pores on TiCx. The kinetics of isothermal phase decomposition at 1550°C modelled 

with the Avrami equation suggests a highly restricted diffusion of Al or Si between the 

channels of M6X octahedral. This is indicated by the display of low Avrami exponent 

(n) values (i.e. <1.0) in these materials. The pore microstructure of decomposed MAX 
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phase has been shown to play a vital role in the kinetics of decomposition with coarse-

pores facilitating the decomposition process but the fine-pores hindering it.  

 

1.2.7       Oxidation Behavior of Ti3SiC2  

Oxidation behavior is necessary to investigate the materials at high temperatures. 

Ti3SiC2 is a promising structural material for high temperature because of its unique 

combination of metal-like properties.  

 

The oxidation of Ti3SiC2 was reported by Recault et al. (1994) to commence at 

temperature as low as 400˚C through the formation of an anatase-like TiO2 film that 

eventually transformed to rutile at ~ 1050˚C. Between 650° and 850˚C both rutile and 

anatase were observed to co-exist, rapidly becoming protecting films and giving rise to 

the slow formation of SiO2 and more TiO2. By increasing the temperature, both 

oxidation processes (i.e. direct reaction and diffusion through oxide layers) were 

activated and an almost total oxidation was achieved at 1050°-1250˚C, resulting in 

titania (rutile) and silica (cristobalite). In addition, the oxidation resistance of Ti3SiC2 

was reported by Tong et al. (1995) and Zhou et al. (2004; 2009) to be excellent at 

temperature below 1100˚C due to the formation of protective SiO2 surface layers.  

 

Barsoum et al. (1997) studied the oxidation of polycrystalline samples of Ti3SiC2 in the 

air in the temperature range of 900°-1400°C. It was found that oxidation was parabolic 

with parabolic rate constants (kp) that increase as the temperature increases from 900° to 

1400˚C. The outer layer was pure TiO2 (rutile), and the inner layer consisted of a 

mixture of SiO2 and TiO2. The results are consistent with the model in which growth of 

the oxide layer occurs by the inward diffusion of oxygen and the simultaneous outward 

diffusion of titanium and carbon. 

 

Sun and colleagues (2001) reported that the oxidation of Ti3SiC2 from 900˚C to 1300˚C 

follows a parabolic process, as observed in the marker experiment diffusion process 

under isothermal oxidation conditions at 1200˚C for 100h. During the oxidation 

process, the inward diffusion of oxygen and outward diffusion of titanium and carbon 

http://vip-digest.narod.ru/researchers/barsoum.htm
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occur simultaneously (Sun et al. 2001, 2004 and Barsoum et al 1997), thereby making 

internal oxidation predominant.  

The oxidation process of Ti3SiC2 is expressed below in Equations 1.6 and 1.7: 

 

Ti3SiC2 + 5O2 (g)                 3TiO2  + SiO2 + 2CO (g)                                       (1.6)  

or 

Ti3SiC2 + SiO2 + 4O2 (g)                    3TiO2 + 2SiO (g) + 2CO (g)                (1.7) 

 

Sun and colleagues (2001) also explained the formation of the SiO2 layer within the 

outer TiO2. The oxidation at 1100-1200˚C formed a two-layer scale after a short 

oxidation time; an outer layer of coarse grained TiO2 and an inner layer of a mixture of 

fine grained TiO2 and SiO2. The oxygen pressure of the inner layer was much lower 

than that of the outer layer, resulting in the formation of SiO. This process is expressed 

in Equation 1.7. 

 

The evolved SiO gas transformed to solid SiO2 when the oxygen pressure was 

sufficiently high to support the process, as expressed in Equation 1.8: 

 

 SiO (g) + ½ O2 (g)                     SiO2 (s)                                              (1.8) 

 

Therefore SiO2 precipitated in the outer TiO2 layer as the oxygen pressure in the outer 

TiO2 was much higher than that in the inner mixture layer.  

 

However, if the diffusion of SiO had occurred, it would allow for large channels such as 

cracks. More cracks or defects produced at 1200˚C could have changed the lattice 

diffusion to below 1100˚C.  But when the oxidation temperature was above 1200˚C, the 

concentration gradient of oxygen pressure in the scale was not steep. Oxidation at the 

scale/matrix interface occurred according to Equation 1.6 to form SiO2, instead of SiO 

(Sun et al. 2001).  
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Zhou et al. (2004) reported the oxidation resistance behavior of Ti3SiC2 by heating a 

Ti3Si0.9Al0.1C2 solid solution at 1000-1350°C for 20h in air. At 1000-1100°C, the 

oxidation resistance of Ti3Si0.9Al0.1C2 was significantly improved because of the 

formation of a scale consisting of  a continuous α-Al2O3 inner layer and a discontinuous 

TiO2 (rutile)  outer layer. At 1200-1300°C, the continuous inner layer was α-Al2O3 and 

outer layer was a mixture of TiO2 (rutile) and Al2TiO5. However, the oxidation 

resistance of Ti3Si0.9Al0.1C2 deteriorated at 1350°C because of the depletion of α-Al2O3. 

This depletion was caused by the extensive reaction between TiO2 (rutile) and α-Al2O3 

to form Al2TiO5. 

 

Zhou et al. (2006) investigated the reaction path to synthesize Ti3SiC2 doped with Al 

through in situ hot pressing/solid-liquid reaction. In this process, the beneficial effect of 

Al dopant on the oxidation resistance of Ti3SiC2 was presented. The influenced of Al 

content on the preparation of Ti3Si(Al)C2 was also examined. Al doping improves the 

oxidation resistance of Ti3SiC2 by generating a continuous inner layer of α-Al2O3  and a 

discontinuous outer layer of TiO2 (rutile)  at 1000-1100°C. At 1200-1300°C, the 

oxidized layers consists of a continuous inner layer of α-Al2O3 and two discontinuous 

outer layers of TiO2 (rutile) and Al2TiO5.  Zhou et al. (2006) described the oxidation 

behavior of Ti3SiC2 at 1400°C and 1500°C respectively. At 1400°C, TiCx acts as a “real 

initial material” and “effective TiCx” but at 1500°C, TiCx presents “invalid TiCx”. The 

addition of a small amount of Al, the amount of effective TiCx is increased and 

relatively decreased that of “invalid TiCx”. In summary, the impurity phase of TiCx is 

removed from Ti3SiC2 by the addition of significant amount of Al. The results show 

that the substitution of Si with small amount of Al strongly improved the oxidation 

resistance of Ti3SiC2. In the case of Ti3SiC2 and Ti3Si(Al)C2 samples, the high-

temperature oxidation resistance has a close relationship with the weak covalent 

bonding interactions between the Ti and Si or Al atomic layers. This is due to the fact 

that the degrees of covalent bonding of Ti-Si or Ti-Al bonds are weaker than those of 

Ti-C bonds. Subsequently, the Si or Al atoms are able to escape outward easily to form 

the protective oxide scale SiO2 or Al2O3. Therefore, the high activity and diffusion of Al 

and the low solubility of oxygen in the solid solutions are the main key factors for the 
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formation of the continuous α-Al2O3 layer during the high-temperature oxidation (Zhou 

et al. 2004).  

 

Zheng et al. (2011) stated that improved high-temperature oxidation resistance behavior 

of Ti3Si(Al)C2 solid solution could be achieved by Nb (niobium) doping. The oxidation 

kinetics of (TiNb)3(SiAl)C2  at 1000-1300°C obeyed the parabolic law and the oxidation 

process of (TiNb)3(SiAl)C2 at 1000-1300°C was diffusion controlled. However, the 

oxidation process of Ti3(SiAl)C2 was diffusion controlled only at 1000°C. Moreover, 

Zheng et al. (2011) compared the values of oxide layer thickness (Δx) (where Δx is the 

change in thickness of oxide layer formed with respect to the temperature), for 

(TiNb)3(SiAl)C2 and Ti3(SiAl)C2  in  the temperature range of 1000-1300°C in air for 

20 h. The results indicated that the oxide layer formed on (TiNb)3(SiAl)C2 was  thinner 

and smaller in  grain size than that formed in Ti3(SiAl)C2. 

 

Zheng et al. (2011) also presented the phase composition of oxide scales formed in 

(TiNb)3(SiAl)C2 and Ti3(SiAl)C2 during  oxidation at 1000-1300°C in air for 20 h. The 

common oxide scales of rutile (TiO2), α-Al2O3 and cristobalite (SiO2) were identified 

during the oxidation of (TiNb)3(SiAl)C2 and Ti3(SiAl)C2 at 1000° and 1100°C 

respectively. Ti3(SiAl)C2 oxidized to form an outer layer of rutile (TiO2) and Al2TiO5 at 

1300°C whereas (TiNb)3(SiAl)C2 oxidized to form a duplex structure with an  outer thin 

layer of TiO2 and an inner mixed layer of rutile (TiO2) and amorphous SiO2. Zheng et 

al. (2011) found that with increasing temperature, the thickness of the oxide scales 

increased. Nb doping of Ti3(SiAl)C2 increases its resistance to oxidation by reducing the 

concentration of oxygen vacancies and Ti interstitials at 1300°C (Zheng et al. (2011)).   
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3.  CONCLUSIONS  

The effect of atmosphere and annealing time on the thermal stability of Al2TiO5-based 

functionally-graded ceramics was investigated. The effect of atmospheres (i.e., 100% 

air, 100% argon, and the combination of 50% oxygen and 50% argon) on the isothermal 

stability of Al2TiO5 at 1100°C was analysed.  

 

The major conclusions are as follows:  

1. Al2TiO5 was stable with no apparent phase decomposition for up to 5 h at 1100°C 

in air. Further ageing caused only about 5% of decomposition. 

 

2. Significant phase decomposition was observed when Al2TiO5 was aged at 1100°C 

for 5 h in an argon atmosphere. More than 98 wt% of the Al2TiO5 was decomposed 

to form corundum (Al2O3) and rutile (TiO2).   

 

3. There was a marked difference in the effect of atmosphere on the isothermal 

stability of Al2TiO5 at 1100°C. In an atmosphere of 50% argon and 50% oxygen, 

the decomposition rate was considerably reduced as compared to 100% argon, but 

Al2TiO5 was fairly stable with no decomposition in air for up to 5 h dwell. It was 

found that the rate of phase decomposition of Al2TiO5 is dependent on the 

atmosphere or oxygen partial pressure during isothermal ageing. The oxygen partial 

pressure in the atmosphere played a key role in triggering the thermal instability of 

Al2TiO5.  

 

The effect of temperature and annealing time, on the thermal stability of Al2TiO5   in the 

temperature range of 20–1400°C, was also studied. 

 

The major conclusions are as follows:  

1. Below 1100˚C in air, Al2TiO5 was relatively stable but became visibly unstable at 

between 1100–1280˚C, decomposing to ~55 wt% corundum (Al2O3) and ~45 wt% 

rutile (TiO2). Beyond 1300˚C, the thermal decomposition was arrested and the 

phase stability was restored. 
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2.  When the previously decomposed Al2TiO5 sample was re-heated from room 

temperature to 1450˚C for 2 h, self-recovery took place through the rapid reaction of 

corundum (Al2O3) and rutile (TiO2) to form Al2TiO5 with greater than ~ 98 wt% 

phase purity.   

 

3. During cooling from 1450˚C to room temperature, it was found that Al2TiO5 was 

quite stable up to 1200˚C, without any visible phase degradation.   

  

4. Upon further cooling from 1200 to 1000˚C, rapid decomposition of Al2TiO5 

commenced with ~ 20 wt% of sample decomposed at 1000˚C. At temperatures 

below 1000˚C, the decomposition of Al2TiO5 was insignificant. 

 

5. Al2TiO5 exhibited a slower rate of decomposition in non-isothermal than in 

isothermal conditions. The process of decomposition was reversible and self-

recovery occurred readily when decomposed Al2TiO5 was re-heated above 1300˚C. 

It was further shown that the existence of a temperature range in the decomposition 

of Al2TiO5 could be explained by the differences in the self-recovery rates at 

≥1280°C and in decomposition at ≤ 1280°C.   

 

The effect of atmosphere on the phase stability of Ti3SiC2 in vacuum in the temperature 

range of 1000°-1500°C was investigated.     

 

The major conclusions are as follows:  

1. There was no apparent dissociation of Ti3SiC2 to form TiC at temperatures below 

1100˚C. However, at 1100˚C onwards, Ti3SiC2 commenced to dissociate to form 

TiC at a slow rate initially, but the process became quite rapid from 1400˚C to 

1500˚C.  

 

2. Phases of TiC (~90 wt%), Ti5Si3Cx (~9 wt%) and Ti3SiC2 (~1 wt%) were observed 

on the existence of the graded composition at the near top surface (~5 μm) of 

Ti3SiC2  vacuum-annealed at 1500˚C for 8 h. The TiC content decreased rapidly 
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with an increase in depth. The amount of Ti5Si3C increased to a maximum value of 

over 60 wt% at a depth of ~30 μm.   

 

The phase stability of Ti3SiC2 in argon for temperatures ranging from 23°C             

(room temperature) to 1400˚C was studied.   

 

The major conclusions are as follows:   

1. In-situ neutron diffraction study of the thermal dissociation of Ti3SiC2 in argon 

showed that Ti3SiC2 was thermally unstable at 1200˚C and it commenced to 

dissociate to form TiC. Below 1200°C, the thermal-dissociation process was slow 

but from 1250˚C to 1400°C, the process became quite rapid.  

 

2. The intermediate phase of Ti5Si3C was observed in the temperature range of 23°C 

to 1400°C. The phase abundance of Ti5Si3C slowly decreased between 1200˚C and 

1300°C and finally disappeared at 1400°C. This transient phase was believed to 

convert eventually into stable TiC at 1500˚C.   

  

The oxidation behavior of Ti3SiC2 in air, for temperatures ranging from 1000°C to 

1500ºC was also studied.  

 

The major conclusions were as follows:  

1. In air, Ti3SiC2 oxidized readily to rutile (TiO2) and cristobalite (SiO2). During the 

oxidation of Ti3SiC2, at ~600ºC, formation of amorphous-like anatase (TiO2) 

commenced and at 750ºC, rutile (TiO2) formed. The maximum content of ~75 wt % 

of rutile (TiO2) was formed on the outer surface at 1100°C and ~30 wt% of 

cristobalite (SiO2) was observed at 1350°C.   

 

2. At the temperature range of 1100 to 1350°C, the TiO content increased whereas the 

content of rutile (TiO2) decreased. This implies the presence of a zone of low 

oxygen partial pressure during oxidation. 
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3. Below 1000°C, a duplex layer of TiO2 and SiO2 initially formed as a glassy phase 

in the inner layer before it crystallized to cristobalite at temperatures greater than 

1300°C. Between 1300°C and 1350°C, the crystallization of cristobalite was 

observed.  However, this glassy phase can readily devitrify to form tridymite when 

it is cooled from 1100°C to room temperature.  

 

4. RECOMMENDATIONS FOR FURTHER WORK  

The effects of atmosphere, isothermal annealing and oxygen partial pressure on the 

thermal stability of Al2TiO5 have been studied for high-temperature applications. The 

grain-size has been shown to affect the propensity of thermal degradation in Al2TiO5. 

Coarse-grained Al2TiO5 exhibited the slowest rate of thermal decomposition, when 

compared to medium and fine-grained counterparts. The thermal stability of Al2TiO5 

increases as the grain-size increases. However, the effect of grain sizes on the kinetics 

of thermal stability is still not fully understood yet.  

 

Suggestions for further work on Al2TiO5-based ceramics: 

 In order to better understand, how thermal stability is critical in the development 

of low thermal expansion materials, the effect of different grain-sizes (coarse, 

medium, and fine) of Al2TiO5 on thermal stability should be further 

investigated.  

 The inter-relationship between the microcracking phenomenon of Al2TiO5 and 

increasing grain sizes needs to be analyzed. 

 The choice of method for doping Al2TiO5-based composites with sintering aid 

should be investigated in order to find out its effect on the resulting properties 

such as low thermal expansion, high thermal shock resistance, unique 

mechanical, thermal stability properties, and good insulating property as 

required for materials in efficient engine parts (such as catalytic converters, and 

diesel engine components) in the automobile, aircraft and other related 

industries.  
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A high-temperature vacuum annealing process was proposed for the designing of 

Ti
3
SiC

2
−TiC composites with graded interfaces. In the presence of vacuum or 

controlled atmosphere of low oxygen partial pressure, it was found that Ti3SiC2 

decomposed to form a surface layer of nonstoichiometric TiCx and/or Ti5Si3Cx at 

temperatures above 1200˚C. Also, the composition depth profiling at the near surface of 

vacuum-annealed Ti3SiC2 by XRD and SIMS, revealed composition gradation in the 

phase distribution of TiCx and Ti5Si3Cx.  Results showed that the phase stability and 

transition of Ti3SiC2 at elevated temperatures were strongly dependent on the oxygen 

partial pressure of the annealing atmosphere of the furnace. 

 

There remain several unresolved issues which relate to the thermal and phase stability 

of Ti3SiC2: 

 understanding of phase stability of ternary carbides in  vacuum and inert 

atmosphere.  

 purity of samples 

 vapour pressure of A elements 

 surface chemistry and kinetics of dissociation process.  

 temperature range and annealing time.  

 heating elements used. 

 

Suggestions for further work on Ti3SiC2-based ceramics are as follows: 

 

 An important future research direction for MAX phases is the systematic 

experimental studies of phase stability property.  

 

 On the synthesis side, research directions that should be pursued further include 

low temperature deposition of MAX phases (for thin-films), where novel 

approaches to reduce the deposition temperature below 400°C  would be 

important for widespread thin-film applications, such as low friction surfaces, 

electrical contacts, sensors, and tunable damping films for micro-

electromechanical systems.  
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 All the results from current research further underline the main point that the 

decomposition temperature depends strongly on the controlled atmosphere 

and impurities.  The vacuum annealing experiments showed that the 

chemical potential of Si in the various environments will determine the 

stability of Ti3SiC2. This reasoning is generally applicable to all MAX 

phases. 

 

 For better understanding, theoretical prediction of thermal stability of the 

high temperature resistance material Ti3SiC2, will be required. The phase 

stability of MAX phases is still needed to be fully understood.  The vapour 

pressure of element “A” is critical to the phase stability of MAX phases. If 

the vapour pressure of element “A” is high, the more susceptible the MAX 

phase is to phase dissociation at higher temperature.    

 

The oxidation behavior of Ti3SiC2, and its composition profile and phase transition have 

been studied in the temperature range of 20
o
-1400ºC by ND and XRD. The results show 

that, anatase formed at 600ºC and TiO2 (rutile) formed at temperatures of 750ºC and 

above; at 1350ºC, slow formation of SiO2 (cristobalite) was observed. SIMS analysis of 

the oxidation results showed a gradation in phase composition at the interface of the 

homogeneous rutile and heterogeneous cristobalite –rutle layers. 

 

Suggestions for further work on oxidation behavior of Ti3SiC2 material are as follows: 

 

Ti3SiC2 is considered a material suitable for applications at high temperatures, where the 

growth rates of the oxide layer formation, with respect to time and temperature, are 

found to be small, indicating that Ti3SiC2 has good oxidation resistance (Barsoum et al. 

1997). Other MAX phase materials could be similarly investigated to determine their 

respective temperature ranges for good oxidation resistance. This would help to identify 

materials suitable for application at high temperatures, such as Ti3(SiAl)C2, whose 

oxidation resistance may be improved by doping with Nb, Hf or Zr (Zheng et al. 2011). 
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Since SiC is thermodynamically stable with Ti3SiC2 and SiC has excellent oxidation 

resistance (Sun, 2011), Ti3SiC2-SiC was the earliest MAX based composite synthesized 

and investigated (Tong et al. 1995).  The oxidation growth rates and the weight change 

per unit area as a function of time and temperature of advanced   Ti3SiC2 composites 

should be investigated to seek further improvement of their oxidation resistance. This 

Ti3SiC2-SiC composite model should be developed for better understanding of the 

enhanced mechanisms of oxidation resistance.  

 

More experimental investigations on the oxidation properties of Ti3SiC2 are needed to 

improve its oxidation resistance, for example, monitoring the phase composition of 

oxide scales and the thickness of oxide layer of Ti3(SiAl)C2  at 1600°C by using Zr, Hf, 

or Nb doping. Doping would cause the slow-down of oxygen diffusion through the 

surface and bulk of Ti3SiC2 at high temperatures and thus the formation of thinner oxide 

layers and smaller grain sizes (Zheng et al. 2011).  It is suggested that further analysis 

of phase compositions of oxide scales for Ti3SiC2 could be carried out by using 

scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS). 
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5.     APPENDIX 1: SUPPLEMENTRY INFORMATION ON  

        PUBLICATIONS   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



110 
 

Appendix 1-A: Supplementary Information on “Effect of Atmospheres on the 

Thermal Stability of Aluminium Titanate” 

 

 

 

 LOW, I.M. OO. Z. & O‟CONNOR, B.H. 2006. Effect of Atmospheres on the Thermal 

Stability of Aluminium Titanate. Physica B, 385-386, 502-504. 
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Supporting Information 

 

The isothermal stability of Al2TiO5 at 1100ºC in air, argon and a combination of air and 

argon has been discussed in this thesis. Further calculations, figures and tables have 

been used to support the data analysis as follows: 

 

(a) Isothermal stability of Al2TiO5 at 1100ºC in air 

Neutron diffraction (ND) data collection was performed at the Australian Nuclear 

Science and Technology Organization (ANSTO) using the medium resolution powder 

diffraction (MRPD) and the Rietveld analysis method (Hill, Howard, and Hunter, 1995) 

to calculate the relative phase abundances.  

 

The model of Epicier et al. (1991) for Al2TiO5 gave the most suitable and acceptable 

results. The refinement parameters were the background profile   parameters   (B‟s),  

2θ-zero, scale factor (s), profile broadening parameters (U, V, W), lattice parameters (a, 

b, c), preferred orientation factor (PO), asymmetry factor (As), mixing parameter ( ) 

and atom isotropic thermal parameters (T). The atom coordinates (x, y, z) were not 

refined. The data sets of M22115 to M22127 were used to analyze isothermal stability 

of Al2TiO5 in air at 1100ºC for 12 h. The neutron diffraction difference plots for 

Al2TiO5 in air at a temperature of 1100ºC for 2 h is shown in Figure 5.1, and the 

figures-of-merit for samples obtained by Rietveld analysis are shown in Table 5.1.  

 

For the quality of refinement, the RB factors for the individual phases in each 

refinement with ND are 3 ~ 4% for Al2O3, 2 ~ 7% for Al2TiO5 and 2 ~ 4% for TiO2. 

The goodness of fit (GOF) for ND is 3.6 from the refined results and the Rexp value is 

4.9, which indicate that the qualities of refinements are acceptable. In Figures 5.1 and 

5.2, the observed data are shown by a (+) sign, and the calculated data are indicated by a 

solid line (red). The vertical blue bars represent the Bragg peak positions for Al2O3, 

Al2TiO5, and TiO2 from the top to the bottom respectively. The difference plot between 

observation and calculation is shown by the green line. The wavelength for ND is 1.665 

Å.  


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Figure 5.1: Neutron diffraction (MRPD) Rietveld difference plot for Al2TiO5 in air at 

1100˚C for 2 h. 
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Table 5.1   Figures-of-merit from Rietveld refinement with ND data for isothermal 

stability of Al2TiO5 in air at 1100˚C.  

  

Run 

number 

Time 

(h) 

Rwp Rexp GOF RB  

Al2O3 

RB  

Al2TiO5 

RB  

TiO2 

M22115 0 9.4 4.9 3.6 5.0 

 

5.0 5.4 

M22116 1 9.5 5.0 3.6 7.7 

 

5.4 6.7 

M22117 2 8.4 5.0 2.8 5.7 

 

4.9 3.1 

M22118 3 7.2 4.9 2.1 2.9 

 

4.7 4.0 

M22119 4 7.3 4.9 2.5 4.5 

 

5.1 4.0 

M22120 5 7.6 4.9 2.5 5.0 

 

5.1 2.0 

M22121 6 7.8 4.9 3.0 4.6 

 

5.5 4.3 

M22122 7 7.1 4.9 2.0 2.7 

 

4.1 5.3 

M22123 8 7.2 5.0 3.2 4.3 

 

5.6 4.6 

M22124 9 7.0 4.9 1.9 2.8 

 

4.6 2.3 

M22125 10 7.1 4.9 2.0 3.4 

 

4.4 3.1 

M22126 11 7.0 4.9 1.9 3.2 

 

4.5 2.7 

M22127 12 7.0 

 

4.9 1.9 3.1 4.3 2.2 
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(b) Isothermal stability of Al2TiO5 at 1100ºC in argon 

The figures-of-merit for M22131-M22143 runs obtained by Rietveld analysis with the 

ND data are presented in Table 5.2.  The RB factors for the individual phases in each 

composition obtained from ND are approximately 2 to 7%. The GOF values range from 

2.0 to 2.5, which indicate that the qualities of refinements are acceptable.  

 

 

Figure 5.2: Neutron diffraction (MRPD) Rietveld difference plot for Al2TiO5 in argon at 

1100˚C for 2 h.  
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Table 5.2: Figures-of-merit from Rietveld refinement with ND data for isothermal 

stability of Al2TiO5 in argon at 1100˚C.   

 

Run 

number 

Time 

(h) 

Rwp Rexp RB 

Al2O3 

RB  

Al2TiO5 

RB 

TiO2 

GOF 

M22131 0 7.5 4.9 3.9 3.7 3.9 

 

2.3 

M22133 1 7.1 4.9 3.4 3.3 2.2 

 

2.0 

M22134 2 7.3 4.9 3.5 3.4 2.4 

 

2.2 

M22135 3 7.3 5.0 3.9 2.7 2.6 

 

2.1 

M22136 4 7.5 5.0 3.5 2.8 2.6 

 

2.2 

M22137 5 7.7 5.0 4.1 7.0 3.0 

 

2.4 

M22138 6 8.0 5.0 4.4 4.8 3.0 

 

2.5 

M22139 7 7.8 5.0 4.5 5.6 3.0 

 

2.4 

M22140 8 7.7 5.0 4.6 4.6 2.5 

 

2.4 

M22141 9 7.7 5.0 4.6 6.7 2.7 

 

2.3 

M22142 10 7.6 5.0 4.2 5.2 3.1 

 

2.4 

M22143 11 7.7 5.0 4.7 3.4 3.0 2.4 
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(c)   Thermal instability of Al2TiO5 in the temperature range of 20-1400ºC in air 

The results of neutron diffraction studies on the thermal stability of Al2TiO5 in the 

temperature range 20–1400C in air are shown in Figures 5.3 and 5.4. In addition, 

Figures 5.3 and 5.4 show the observed and calculated pattern, indicated by black crosses 

(+) sign, and solid line (red) respectively.  Vertical blue bars represent the Bragg peak 

positions for Al2O3, Al2TiO5, and TiO2 from the top to the bottom respectively. The 

difference plot between observation and calculation is shown by the green line. The 

wavelength for ND is 1.665Å.  

 

Al2TiO5 was relatively stable at below 1100C and became visibly unstable, 

decomposing to form corundum and rutile at between 1100C -1280C. Beyond 

1300C, the thermal decomposition was arrested and the phase stability was restored.  

 

The success of refinement results, such as RB values for Al2O3, Al2TiO5, TiO2, Rwp, Rexp 

and GOF, are shown in Table 5.3 with acceptable results ranging 1.3 to 1.7.  
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Figure 5.3: Neutron diffraction Rietveld difference plot for Al2TiO5 in air at room 

temperature.  

 

 

Figure 5.4: Neutron diffraction Rietveld difference plot for Al2TiO5 in air at 1400˚C for 

2 h.  
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Table 5.3: Figures-of-merit from Rietveld refinement of ND data for Al2TiO5 in air 

from room temperature to 1400˚C.   

 

Temperature 

(°C) 

Rwp Rexp RB for 

Al2O3 

RB for 

Al2TiO5 

RB for  

TiO2 

GOF 

23 9.3 7.3 7.2 4.9 2.8 1.6 

600 9.1 7.3 6.3 5.0 3.3 1.5 

700 9.2 7.2 6.6 4.7 2.7 1.5 

800 8.6 7.2 5.7 4.4 2.5 1.4 

900 8.8 7.2 3.7 4.3 2.7 1.4 

950 8.7 7.2 4.2 4.5 2.9 1.4 

1000 9.0 7.2 3.7 4.5 1.9 1.5 

1050 8.5 7.2 3.5 4.0 2.1 1.3 

1100 8.7 7.2 4.3 3.9 1.8 1.4 

1150 8.8 7.2 4.6 9.4 3.3 1.4 

1200 9.0 7.3 4.1 4.3 4.4 1.5 

1250 9.3 7.2 4.4 7.4 3.9 1.6 

1300 9.4 7.1 5.1 5.2 3.9 1.7 

1350 8.6 7.2 4.3 3.5 2.6 1.4 

1400 8.8 7.4 3.2 6.5 2.1 1.4 
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(d)  Isothermal stability of Al2TiO5 at 1100ºC in atmosphere of 50% oxygen and 

50%  argon 

 

The difference neutron diffraction plots of the refinement of Al2TiO5 at 1100ºC in an 

atmosphere of 50% oxygen and 50% argon from 1 h to 16 h are investigated and their 

results are shown in Figure 5.5 (a) and (b). From Rietveld analysis, the qualities of fit 

are shown in the Table 5.4. Values such as Rp, Rwp, Rexp RB factors for all phases and 

GOF are acceptable for the isothermal stability of Al2TiO5.  
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(a)  

 

       

(b) 

Figure 5.5: ND diffraction Rietveld difference plots for isothermal stability Al2TiO5 at 

1100°C in an atmosphere of 50% of oxygen and 50% of argon for (a) 1 h, and (b) 16 h . 

Legend: AT = Al2TiO5, Al = Al2O3 
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Table 5.4: Figures-of-merit from Rietveld refinement with ND (MRPD) data for  

Al2TiO5 at 1100°C in the  atmosphere of 50%  oxygen and 50%  argon from 1 h to 16 h. 

 

Time 

(h) 

Rwp Rexp RB for 

Al2O3 

RB for 

Al2TiO5 

RB for  

TiO2 

GOF 

1 10.74 6.33 8.08 6.24 4.22 2.8 

4 10.27 6.21 8.00 5.29 4.10 2.8 

8 10.63 6.19 5.92 5.45 4.98 2.9 

12 10.82 6.17 5.91 5.89 5.23 3.0 

16 11.21 6.28 8.38 7.26 4.29 3.1 
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Appendix 1-B: Supplementary Information on “In-Situ Diffraction study of Self-

Recovery in Aluminium Titanate”. 

 

Appendix 1-C: Supplementary Information on “Reformation of Phase 

Composition in Decomposed Aluminium Titanate”     

 

 

LOW, I.M. & OO, Z. 2008. In-Situ Diffraction Study of Self-Recovery in Aluminium 

Titanate. Journal of the American Ceramic Society, 91, 1027-1029.  

 

LOW, I.M & OO, Z. 2008. Reformation of Phase Composition in Decomposed 

Aluminium Titanate. Materials Chemistry and Physics, 111, 9-12. 
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Supporting Information 

(a) Diffraction studies on self-recovery in Al2TiO5  

 

The characteristics of self-recovery in Al2TiO5 were observed when it is annealed at ≥ 

1300˚C in air using in-situ high-temperature neutron diffraction.    

 

The various diffraction plots for room temperature; 1400˚C and 1500˚C are presented in 

Figure 5.6. The observed data is shown by a (+) sign, and the calculated data by a solid 

line (red). Vertical blue bars represent the Bragg peak positions for Al2O3, Al2TiO5, and 

TiO2 from the top to the bottom respectively. The difference plots between observation 

and calculation are shown by green line. Table 5.5 shows the Figures-of-merit for 

Rietveld quality refinement results for self-recovery in the reformation of Al2TiO5 from 

room temperature to 1500˚C. The relative phase abundances are shown in Table 5.6.  
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(a) 

 

  (b) 

       

(c) 

Figure 5.6: ND Rietveld difference plots for Al2TiO5 at (a) room temperature, (b) 

1450˚C for 2 h, and (c) 1500˚C for 2 h. Wavelength for ND is 1.665Å. 
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Table 5.5: Figures-of-merit from Rietveld refinement of ND data for reformation of 

Al2TiO5 from 20˚C  to 1500˚C.  

  

Temperature  

(˚C) 

Rwp Rexp GOF RB 

Al2O3 

RB  

Al2TiO5 

RB  

TiO2 

20 

 

8.9 4.7 3.5 4.3 5.7 2.0 

300 

 

7.9 4.8 2.7 4.5 6.7 2.7 

600 7.6 4.8 2.7 4.5 6.7 2.7 

 

900 7.8 4.9 2.7 4.5 6.7 2.7 

 

1200 7.8 4.8 2.7 4.5 6.7 2.7 

 

1300 7.5 4.8 2.7 4.5 6.7 2.6 

 

1400 7.3 4.8 2.7 4.5 6.7 2.7 

 

1450 

 

7.2 4.8 2.2 4.2 5.1 3.2 

1500 

 

7.2 4.8 2.2 3.5 5.2 2.4 
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Table 5.6: Relative phase abundances from Rietveld refinement with ND (MRPD) for 

the self–recovery in Al2TiO5 from room temperature to 1500˚C  

 

Temperature 

(˚C) 

α-Al2O3 

(wt%) 

Al2TiO5 

(wt%) 

TiO2 

(wt%) 

20 

 

55.76 (1.08) 0.87 (0.31) 43.37 (0.89) 

300 

 

63.0 (0.94) 2.0 (0.30) 35.0 (0.80) 

600 63.0 (0.90) 2.0 (0.30) 35.0 (0.80) 

 

900 63.0 (0.90) 2.0 (0.30) 35.0 (0.80) 

 

1200 63.0 (0.90) 2.0 (0.30) 35.0 (0.80) 

 

1300 33.0 (0.91) 42.0 (0.22) 25.0 (0.75) 

 

1400 14.0 (0.85) 78.0 (0.26) 8.0 (0.50) 

 

1450 

 

1.80 (0.13) 97.16 (2.38) 1.04 (0.16) 

1500 

 

1.42 (0.12) 97.64 (2.4) 0.94 (0.16) 
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Figure 5.7: Phase abundance versus temperature for the formation of Al2TiO5 from 

room temperature to 1500˚C. (a) re-heating from room temperature to 1450C, and (b) 

controlled cooling from 1450C to room temperature. Error bars indicate two estimated 

standard deviations ±2σ.  

Legend:  Al2TiO5 =      , Al2O3 =     , TiO2 = 

        

The neutron diffraction results of reformation are as follows:  

(a) Re-heating from 20C to 1450C, it is evident that more than 98 wt% of Al2TiO5 

reformed.  

(b) Controlled cooling to 20C from 1450C, the subsequent decomposition of 

reformed Al2TiO5.  

 

It can be seen that, the sample remained quite stable during cooling from 1450 to 

1200C. However, on further cooling from 1200 to 1000C, 20 wt% of Al2TiO5 

commenced to decompose at 1000C.  No further decomposition was observed from 

600C to room temperature.   



128 
 

             Appendix 1-D: Supplementary Information on (i) “Effect of Vacuum Annealing on  

              the Phase Stability of Ti3SiC2”, (ii) “Diffraction Studies of a Novel Ti3SiC2-TiC 

System with Graded Interfaces” 

 

 

LOW, I.M., OO, Z. & PRINCE, K.E. 2007. Effect of Vacuum Annealing on the Phase 

Stability of Ti3SiC2, Journal of the American Ceramic Society, 90, 2610-2614. 

 

LOW, I.M., OO, Z. 2002. Diffraction Studies of a Novel Ti3SiC2-TiC System with 

Graded Interfaces, Journal of the Australian Ceramic Society. 38, 112-116.  
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Supporting Information 

The thermal stability of titanium silicon carbide (Ti3SiC2) in vacuum at high 

temperature was studied using XRD, ND, SIMS, and SRD.  

 

XRD data collected were utilized to map the phase composition depth profiles at the 

near surface for vacuum–annealed Ti3SiC2 samples. The models of Kisi et al. (ICSD 

#86213) for Ti3SiC2, Christensen et al. (ICSD #1546) for TiC and Nowotny et al. (ICSD 

#44386) model for Ti5Si3Cx were used for the Rietveld analysis to evaluate the effect of 

vacuum-annealing on the phase stability of Ti3SiC2. Figure 5.8 (a) and 5.8 (b) show 

XRD Rietveld difference plots for Ti3SiC2 at the first depth of 0 µm and the sixth depth 

of 50 µm respectively.   Measured and calculated patterns are indicated by crosses 

(black) and solid line (red) respectively. Vertical bars (blue) represent the allowable 

peak positions for each of the phases (from top to bottom: Ti3SiC2, TiC, Ti5Si3Cx). 

Intensity differences between the two patterns are shown along the bottom of the plot 

(green). The best fitting quality for Rietveld refinement with XRD data for vacuum-

annealed Ti3SiC2 depth profile is shown in Table 5.7. The residuals values of 

refinements are R-weighted pattern (Rwp) ranged from 14.59 to 18.59 and R-expected 

(Rexp) ranged from 11.18 to 12.30 respectively, and the GOF  (
2
) is from 2.1 to 2.9. The 

good quality of refinement for depth-profiling of Ti3SiC2 by XRD is shown in Table 

5.8. 
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                                                               (a) 

 

  (b) 

Figure 5.8: (a) and (b): XRD Rietveld difference plot for Ti3SiC2 first-depth (0 µm 

thick) and sixth-depth (50 µm thick) 

Legend:  + = Measured pattern, Solid Red = Calculated pattern, Blue = (Vertical lines) 

Allowable peak positions for each of the phases, Green = Intensity differences between 

the two patterns                          
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Table 5.7: Relative phase abundances determined by Rietveld analysis for XRD  

 data:  Composition depth profiles of vacuum-annealed Ti3SiC2.  

 

Depth  

(μm) 

 Ti3SiC2 

(wt%) 

TiC 

(wt %) 

Ti5Si3C  

(wt%) 

0 0.27(0.27) 95.98(2.21) 3.16(0.27) 

 

10 0.24(0.07) 90.1(1.2) 9.67(0.26) 

 

20 0.29(0.07) 74.91(1.11) 24.8(0.45) 

 

30 5.59(0.28) 33.77(1.34) 60.64(1.09) 

 

40 31.43(0.92) 18.34(0.98) 50.23(1.51) 

 

50 42.68(1.22) 13.32(0.82) 44.01(1.55) 

 

60 61(1.30) 13.69(0.65) 25.31(1.00) 

 

70 92.5(2.51) 4.21(0.31) 3.29 (0.44) 
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Table 5.8: Figures-of-merit for Rietveld refinements based on XRD depth-profiling data 

for thermal stability of Ti3SiC2.    

  

      Depth 

(µm) 

Rwp Rexp RB   

    TiC 

RB   

Ti3SiC2 

RB 

       Ti5Si3Cx

    

GOF 

0 18.03   12.15 4.74 9.04 16.6 2.2 

 

10 18.06 12.30 4.42 7.96 9.9 2.1 

 

20 14.59 12.21 7.20 8.18 11.7 2.9 

 

30 15.45 11.96 1.60 8.09 13.46 2.9 

 

40 18.59 11.18 2.00 7.09 10.08 2.7 

 

50 16.97 11.70 1.6 6.27 9.84 2.1 

 

60 16.93 11.60 5.1 7.3 10.1 2.3 
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Appendix 1-E: Supplementary Information on “Dynamic Study of the Thermal 

Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction” 

 

OO, Z., LOW, I.M. & O‟CONNOR, B.H. 2006. Dynamic Study of the Thermal 

Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction, Physica B, 385- 

386, 499-501. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



134 
 

Supporting Information 

(a) The thermal stability of impure Ti3SiC2 in argon 

The neutron diffraction difference plot for the Ti3SiC2 annealed in argon at 1200˚C is 

shown in Figure 5.9, and the difference plots from room temperature to 1400˚C are 

shown in Figure 5.10. The measured and calculated patterns are indicated by crosses 

(black) and solid line (red) respectively. The consistency between measurements and 

calculations is shown in green. Vertical bars (blue) represent the Bragg peak positions 

for each the phases from the top to the bottom are Ti3SiC2, TiC, Ti5Si3C, -Al2O3, TiO2.  

 

The results of best-fit Rietveld refinement and relative phase compositions as 

determined by using MRPD are shown in Table 5.9 and Table 5.10 respectively. 

According to the results, there was no apparent dissociation of Ti3SiC2 to form TiC at 

temperatures below 1200ºC. It can be seen that dissociation began slowly at 1200º-

1300ºC but the process progressed rapidly from 1400º to 1500ºC. The formation of 

TiO2 was also observed at 1300ºC. The transient phase Ti5Si3C is believed to convert 

eventually into stable TiC at elevated temperature. 
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Figure 5.9: Neutron diffraction Rietveld difference plot for Ti3SiC2 annealed at 1200°C 

in argon for 2 h.  
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Figure 5.10: Stacking ND diffraction patterns for the Ti3SiC2 during heat treatment in 

argon from room temperature to 1400˚C. The measured and calculated patterns are 

indicated by crosses (black) and solid line (red) respectively.  

Legend: 1 = Ti3SiC2, 2 = TiC, 3 = Ti5Si3C, 4 = Al2O3, 5 = TiO2 
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Table 5.9: Figures-of-merit from Rietveld refinement with ND (MRPD) data for 

Ti3SiC2 annealed in argon from room temperature to 1400°C   

 

Temperature 

(˚C) 

Rwp Rexp GOF RB  

Ti3SiC2 

 

RB  

TiC 

RB 

Ti5Si3C  

RB 

Al2O3 

RB 

TiO2 

23 

 

3.9 1.07 13.3 3.37 1.8 2.36 - - 

1000 

 

5.0 2.0 6.2 3.6 0.42 2.23 2.98 3.51 

1100 

 

4.86 2.0 5.9 3.17 0.22 1.6 2.27 3.14 

1200 

 

4.49 2.0 5.2 3.09 0.23 1.94 1.88 2.25 

1250 

 

5.04 1.94 6.7 3.15 0.4 5.59 2.68 2.15 

1300 

 

5.28 1.92 7.5 3.14 0.51 1.92 1.59 2.17 

1350 9.08 4.28 4.5 4.17 0.67 8.99 3.91 4.75 

 

1400 8.36 4.32 3.7 3.47 0.82 6.27 3.08 5.1 
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Table 5.10: Relative phase abundances determined from Rietveld refinement using 

MRPD data for Ti3SiC2 annealed in argon from 20°C to 1400°C.   

 

Temperature 

(ºC) 

Ti3SiC2 

(wt%) 

TiC 

(wt%) 

 

Ti5Si3C 

(wt%) 

TiO2 

(wt%) 

23 68.5 

(1) 

 

19.4 

(1) 

12.1 

(0.7) 

- 

1000 67.6  

(1.3) 

 

17.51 

(1.6) 

 

11.5 

(0.8) 

3.36 

(1.02) 

1100 64.8 

(1.3) 

 

17.67 

(1.7) 

11.17 

(1.1) 

6.33 

(0.3) 

1200 61.4 

(1,3) 

 

21.1 

(1.6) 

9.79  

(1.6) 

7.48  

(0.3) 

1250 56.76  

(1.3) 

 

29.38  

(1.8) 

5.41   

(1.1) 

 

8.48  

(0.4) 

1300 51.52  

(1.1) 

 

39.01  

(1.0) 

0.63  

(0.1) 

 

10.1  

(0.5) 

1350  

 

38.84  

(1.8) 

 

54.89  

(3.6) 

5.58  

(1.8) 

 

0.68   

(0.3) 

1400 

 

25.97  

(1.2) 

64.73  

(3.5) 

7.04  

(1.6) 

2.24  

(0.3) 

 

 

 

 

 

 

 

 

 

 

 



139 
 

(b) Oxidation of Ti3SiC2 in air 

The neutron diffraction profile description plots for the Ti3SiC2 oxidized in air at 

1350°C are shown in Figure 5.11 (a & b). Tables 5.11 and 5.12 show the relative phase 

abundances (wt%) Ti3SiC2 oxidized in air from room temperature to 1350ºC. This was 

analyzed by the Rietveld method and figures of merit, where the best fit is located 

between 2.3 and 4.7 from room temperature to 1350˚C. The Bragg factor RB ranges 

from 0.6 to 5.5 which show all results are acceptable for the quality refinement.  The 

crystal structure models used in the calculation were taken from the Inorganic Crystal 

Structure Data Base (ISCD-Fach Informations Zentrum and Gmelin Institut, Germany): 

ICSD (#86213 for Ti3SiC2), (#1546 for TiC), (#64987 for TiO2), (#44095 for SiO2 

(Cristobalite)), (#29343 for SiO2 (Tridymite)), (#1089 for TiSi2), (#60483 for TiO) and 

(#1089 for TiSi2) respectively. 
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Figure 5.11:  (a)  Neutron diffraction Rietveld difference plot for the Ti3SiC2 oxidised in 

air at 1350°C. 

Legend: From top to bottom T = TiC, A = TiO2 (rutile), C=SiO2 (Cristobalite), O = 

TiO.    

 

Figure 5.11:  (b)  Neutron diffraction Rietveld profile plot for the Ti3SiC2 oxidised   in 

air cooling from 1350°C to room  temperature.    

Legend: From top to bottom T = TiC, A = TiO2 (rutile) C = SiO2,                                      

(Cristobalite), Tr = SiO2 (Trydimite) and O = TiO. 
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Table 5.11: Relative phase abundances determined from Rietveld refinement using 

MRPD, in-situ ND results for Ti3SiC2 oxidized in air from room temperature to 1350°C  

and from 1350°C to room temperature on cooling. 

 

Temperature 

(ºC) 

Ti3SiC2 

(wt%) 

TiC 

(wt%) 

TiO2 

(wt%) 

SiO2 

Crist 

(wt%) 

SiO2 

Trid  

(wt%) 

TiO 

(wt%) 

23 91.99 

(0.82) 

 

7.73 

(0.11) 

0.28 

(0.09) 

- - - 

500 91.61 

(1.16) 

 

6.97 

(0.16) 

1.42 

(0.14) 

- - - 

750 71.29 

(1.26) 

 

5.36 

(0.24) 

23.35 

(0.99) 

- - - 

1000 46.75 

(0.95) 

 

2.71 

(0.28) 

50.54 

(0.93) 

- - - 

1100 20.83 

(1.38) 

 

5.38 

(0.86) 

73.79 

(1.74) 

- - 

 

- 

 

1200 16.43 

(1.06) 

 

9.71 

(0.65) 

72.5 

(1.76) 

- - 1.36 

(0.42) 

1300 8.39 

(1.1) 

 

11.01 

(0.83) 

69.28 

(2.03) 

- - 11.32 

(1.85) 

1350 - 12.63 

(0.45) 

 

45.73 

(1.13) 

9.35 

(0.49) 

- 

 

32.3 

(0.85) 

1350-cool  

 

- 10.59 

(0.71) 

 

45.76 

(2.84) 

12.53 

(0.96) 

0.41 

(0.07) 

30.71 

(4.0) 
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Table 5.12: Figures-of-merit from Rietveld refinement with ND (MRPD) data for 

Ti3SiC2 oxidized in air from room temperature to 1350°C   

 

Run 

number   

 

Temperature 

(˚C) 

Rwp Rexp GOF RB  

Ti3SiC2 

 

RB  

TiC 

RB 

TiO2 

RB 

TiO 

RB 

SiO2 

13986 23 

 

2.2 3.5 2.3 2.2 3.2 2.7 - - 

13987 500 

 

6.6 3.4 3.7 3.7 0.8 4.6 - - 

13988 750 

 

6.6 3.4 3.8 4.4 1.1 3.5 - - 

13989 1000 

 

6.2 3.1 3.9 4.6 0.6 2.7 - - 

13990 1100 

 

6.5 3.0 4.7 2.4 1.4 2.6 - - 

13991 1200 

 

6.8 3.0 4.0 2.7 0.3 3.1 2.4 - 

13992 1300 

 

7.7 3.0 4.0 4.0 1.9 3.5 1.2 - 

13993 1350 

 

7.2 3.0 4.1 - 1.1 3.2 5.5 5.1 
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(c)   Further evidence of oxidation in Ti3SiC2   

At high oxygen partial pressure, impure Ti3SiC2 oxidizes readily to stoichiometric oxide 

phase rutile (TiO2) and cristobalite (SiO2).  Ti3SiC2 is not phase pure possibly because 

of thermal dissociation during sintering in the vacuum furnace. In-situ neutron 

diffraction results for impure Ti3SiC2 is shown in Table 5.11, with the phase abundance 

of cristobalite (SiO2) of 9.35 wt% at 1350ºC and 12.53 wt% at lower temperatures. The 

phase abundance of TiO increases from 1.36 wt% at 1200
o
C to 32.3 wt% at 1350ºC, 

while that of TiO2 drops from 72.5 wt% at 1200
o
C to  45.73 wt% at 1350ºC.  

 

To understand more about oxidation of Ti3SiC2, commercially pure sample (Maxthal 

312) of Ti3SiC2 was investigated. In-situ neutron diffraction plots for Ti3SiC2 were 

obtained for cylindrical bar Maxthal 312 samples, 15 mm in diameter and 50 mm in 

length, oxidized in air at 1400°C (Figure 5.12 (a-c). The Maxthal 312 samples have the 

following physical properties: density of 4.47 g/cm
3
, porosity of ~1% and about 10 wt% 

in TiC content. Table 5.13 shows the relative phase composition (wt%) of Ti3SiC2 

(Maxthal 312) obtained by Rietveld analysis. Table 5.14 presents the figures of merits 

where the GOF values are found to fall between 1.2 and 1.7 for heating from 23°C to 

1400˚C and cooling from 1400˚C to 23˚C. The Bragg factor RB ranges from 1.09 to 3.0, 

which show all results, are acceptable for the quality refinement. The crystal structures 

models used in the calculation were taken from the Inorganic Crystal Structure Data 

Base (ISCD-Fach Informations Zentrum and Gmelin Institut, Germany) –ICSD (# 

86213 for Ti3SiC2), (#1546 for TiC), (#64987 for TiO2, - rutile), (#44095 for SiO2 

Cristobalite), (#43801 for SiO2 (Tridymite), (#60483 for TiO) and (#1089 for TiSi2) 

respectively.  

 

Comparing the results in Table 5.11 and Table 5.13, it was found that the oxidation 

characteristics, composition profiles and phase transition are temperature-dependent. 

The results also strongly suggested that the Ti diffused outward to form the outer layer 

TiO2 and oxygen was transported inward to form the inner duplex layer TiO2 and SiO2. 

The carbon from Ti3SiC2 was liberated into the air in the form of CO or CO2.   
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According to the analysis above, anatase formed at 650ºC and rutile formed rapidly at 

above ~750ºC (See Figure 5.13).  The outer homogeneous layer of TiO2 (rutile) became 

the protective film on the surface of the inner duplex layers of SiO2 and TiO2. At 

1450ºC, formation of SiO2 (cristobalite) was observed. When cooling from 1450ºC to 

room temperature, cristobalite transformed to tridymite in the lower temperature range.   
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Figure 5.12: (a) Neutron diffraction Rietveld difference plot for the as-received Maxthal 

Ti3SiC2 at air for room temperature.  

 

 

Figure 5.12: (b) Neutron diffraction Rietveld difference plots for Maxthal Ti3SiC2 

oxidized in air at 1400˚C for 2 h.  
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Figure 5.12: (c) Neutron diffraction Rietveld difference plots for                           

Maxthal Ti3SiC2 oxidized in air at 1400˚C and then cooled to 23˚C.  

Legend:  SiO2 (C) = Cristobalite, SiO2 (T) = Tridymite 
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Table 5.13: Relative phase abundance determined from Rietveld analysis                      

refinement using ND results for Ti3SiC2 (Maxthal 312) oxidized in air from 23°C to 

1400°C  and cooled from 1400°C to 23°C 

 

Temperature 

(ºC) 

Ti3SiC2 

(wt%) 

TiC 

(wt%) 

TiO2 

(wt%) 

TiSi2  

(wt%) 

SiO2 

(T)  

(wt%) 

SiO2 

(C) 

(wt%) 

23 79.23 

(0.51) 

15.38 

(0.19) 

- 5.39 

(0.3) 

 

- - 

600 79.99 

(0.80) 

14.82 

(0.17) 

- 5.19 

(0.32) 

 

  

800 80.65 

(1.21) 

13.9 

(0.35) 

0.70 

(0.01) 

4.75 

0.43) 

 

  

1000 80.14 

(0.93) 

14.3 

(0.27) 

0.69 

(0.01) 

4.87 

(0.32) 

 

  

1100 80.14 

(0.93) 

14.9 

(0.29) 

0.29 

(0.1) 

4.68 

(0.32) 

 

  

1200 79.12 

(0.87) 

14.76 

(0.27) 

0.99 

(0.1) 

5.13 

(0.31) 

 

  

1300 80.86 

(1.09) 

15.12 

(0.32) 

0.7 

(0.1) 

3.00 

(0.35) 

 

- 0.32 

(0.01) 

1400 79.14 

(1.02) 

14.61 

(0.31) 

3.39 

(0.14) 

2.67 

(0.33) 

 

- 0.2 

(0.01) 

1400-cool  

 

75.09 

(0.84) 

14.29 

(0.26) 

5.29 

(0.14) 

4.57 

(0.14) 

 

0.07 

(0.02) 

0.71 

(0.1) 

23 73.02 

(0.71) 

14.54 

(0.21) 

6.24 

(0.14) 

5.15 

(0.31) 

0.14 

(0.05) 

0.89 

(0.1) 

                  SiO2 (T) = Tridymite  

                  SiO2 (C) = Cristobalite 

 

 

 

 



148 
 

Table 5.14: Figures-of-merit from Rietveld refinement with ND data for Ti3SiC2 

(Maxthal 312) oxidized in air from room temperature to 1400°C   

   

Temp 

 

(˚C) 

Rwp Rexp GOF RB  

Ti3SiC2 

RB  

TiC 

RB 

TiO2 

RB 

TiSi2 

RB 

SiO2 (T) 

RB 

SiO2 (C) 

23 6.15 5.40 1.4 

 

2.83 1.20 - 3.22 - - 

600 5.98 5.10 1.3 

 

2.67 1.28 - 2.67 - - 

800 8.14 7.18 1.2 

 

2.30 0.72 3.64 3.66 - - 

1000 6.02 5.07 1.4 

 

1.76 1.14 4.23 2.33 - - 

1100 5.92 5.05 1.3 

 

1.50 0.68 2.92 2.32 - - 

1200 5.54 5.02 1.2 

 

1.26 0.28 1.78 2.65 - - 

1300 6.64 5.01 1.7 

 

1.09 1.30 2.93 3.92 - 2.56 

1400 5.95 4.98 1.4 

 

1.36 0.34 3.27 3.46 - 2.09 

1400 

to 

cool 

6.14 5.01 1.5 2.93 1.18 2.61 2.61 3.07 3.63 

SiO2 (T) = Tridymite  

SiO2 (C) = Cristobalite 
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Figure 5.13: Variations of phase evolution during the in-situ oxidation of Ti3SiC2          

(Maxthal 312) as revealed by neutron diffraction.  

Legend: Ti3SiC2 =   , TiC =    , TiO2 rutile =    , TiSi2 =    , SiO2 cristobalite =         
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(d)  XRD studies and microstructural analysis of Ti3SiC2 oxidation   

 

For more evidence on the existence of oxidation in Ti3SiC2, a Nikon optical microscope 

was used to analyze the microstructural details of Ti3SiC2 at 1300˚C, as shown in Figure 

5.14. The XRD analysis confirms the depth-profiling of phase difference plots and 

abundances in Ti3SiC2 as shown in Figures 5.15 and 5.16 respectively. The figures 

show that TiO2 appeared at the outer layer, a mixture of TiO2 and SiO2 at the inner layer 

and Ti3SiC2 at the bulk. Tables 5.15 and 5.16 present the phase abundances and best 

fitting of oxidization behavior of Ti3SiC2 oxidized at 1300°C for 20 min in air.  

 

                      

 

  

Figure 5.14: Optical micrograph showing the microstructural details of Ti3SiC2 oxidized 

at 1300˚C for 20 min in air. 
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Figure 5.15:   XRD Rietveld diffraction pattern for Ti3SiC2 (40 micron). 
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Table 5.15: Relative phase compositions determined from Rietveld refinement with 

XRD data for depth-profiling of phase abundances in Ti3SiC2 oxidized at 1300°C for 20 

min in air.  

 

Depth  

(μm) 

Ti3SiC2 

(wt%) 

TiO2 

(rutile) 

(wt%) 

SiO2  

(wt%) 

esd for 

Ti3SiC2 

esd 

for 

TiO2 

esd 

for 

SiO2 

GOF 

0 

 

0 100 0 0 0 0 5.0 

25 

 

0 100 0 0 0 0 3.7 

40 

 

3.23 84.71 12.06 0.37 1.41 1.27 2.0 

50 

 

18.54 80.74 0.72 0.63 1.8 0.23 2.8 

60 

 

35.16 64.33 0.51 0.7 1.12 0.01 2.8 

70 

 

60.12 39.88 0 1.07 0.91 0 3.4 

 

 

Table 5.16: Figures-of-merit from Rietveld refinement with XRD data for Ti3SiC2 

oxidized at 1300°C for 20 min in air. 

 

Depth 

(μm) 

Rwp Rexp RB  

Ti3SiC2 

RB 

TiO2 

RB 

SiO2 (C ) 

0 15.60 16.28 - 5.0 

 

- 

25 15.43 16.39 - 5.6 

 

- 

40 16.20. 16.88 6.3 5.9 

 

7.9 

50 15.09 16.07 6.0 4.6 

 

5.7 

60 14.02 15.80 5.6 6.1 

 

6.0 

70 15.54 16.55 6.0 6.5 7.5 
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Figure 5.16: XRD depth-profiling of phase abundances for Ti3SiC2 oxidized at 1300ºC 

for 15 min in air  

Legend: TiO2 =      , Ti3SiC2 =      , SiO2 (Cristobalite) =         
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5. 2   Appendix 1-F: Supplementary Information on “All Publications Used as 

Part of Thesis” 
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5.2.1 Rietveld Data Analysis 

The Rietveld analysis method (Rietveld, 1967) for the X-ray diffraction, neutron 

diffraction and synchrotron radiation patterns is well established. This method uses 

crystal structure and diffraction peaks profile to generate x-ray or neutron diffraction 

patterns via a process of least square refinement which minimizes the differences 

between the observed and the calculated patterns. Crystal structure data including atom 

coordinates and unit cell parameters were taken from the Inorganic Crystal Structure 

Database (ICSD) (see Appendices I-G). The computations involved adjustment of the 

specimen displacement, phase scale factors, zero adjustment, polynomial fit parameters 

for the pattern-background, refinable lattice parameters, individual atom thermal 

parameters, overall thermal parameters, instrumentation parameters such as U, V, W, 

asymmetry parameter  AS and 2θ – scale offset and peak profile functions (pseudo-

Voigt with asymmetry). 

 

In the least- squares procedure, the best fitted model is obtained when the residual R is 

minimized, where R is defined as, (Young, 1993), 

  ∑             
                              (5 .1 ) 

 

where Yio is the observed intensity and Yic is the calculated intensity at point i , and Wi is 

the weighting factor for point i in the pattern which is normally set as the reciprocal of 

the measured intensity at point i given by: 

                                            (5 .2 ) 

The calculated intensity Yic at each point i in the pattern for a number of phases k is 

determined by summing all the contributions of neighbouring reflection and the 

background. The intensity of diffracted beams is dependent on diffractometer optics. X-

ray diffraction (XRD), synchrotron radiation diffraction (SRD) and neutron diffraction 

(ND) were employed in this research.  

 

By using Bragg-Brentano optics to examine infinitely thick specimen, the calculated, Yic 

formulated by Warren (1969) is as follows: 

2

1

i

iw



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                                         (5.3) 

K is the instrument constant, which is dependent on instrumental parameters and 

incident beam characteristics but independent of the specimen, Ai is the absorption 

factor, mjk is the multiplicity factor, Ljk is the Lorentz-polarization factor for the 

reflection jk, Fjk is the structure factor, Gijk is a normalized peak profile function, Pjk is 

the preferred orientation function, Ck is the volume fraction of k and Vk is the 

corresponding cell volume, and Yib is the background contribution for point i. 

 

The calculated intensity of diffracted beams with Debye-Scherrer optics (SRD and ND) 

for cylindrical, semi-transparent specimens (Kisi, 1994) is given by 

                                                          (5.4) 

 where Ai(r,θ) is the attenuation factor for specimen radius r and Bragg angle θ, and v , 

is the volume of the specimen. 

 

Hunter and Howard (1998) have changed the simplified forms of equations 5.2 and 5.3 

as follows:   for Bragg-Brentano 

                                                (5.5) 

 sk is the Rietveld scale factor, and it is given by: 

                                                                                     (5.6)              

 for Debye-Scherrer, 

                                                   (5.7) 

Where sk is the Rietveld scale factor, which is given by   

                                                                                                                  (5.8) 
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                                                            (5.9) 

where fj is the scattering factor or scattering length of atom j, and hk, rj and Bj are 

matrices representing the Miller indices, atomic coordinates and anisotropic thermal 

vibration parameters respectively. 

 

The background intensity yib may be modeled using the polynomial (Rietveld, 1969): 

                                                                                         (5.10) 

where Bm is refinable parameters and 2θ is the diffraction angle. The background model 

were 3
rd

 order for X-ray diffraction (XRD), 3
rd

 order for neutron diffraction (ND) data, 

and 5
th

 order for synchrotron radiation diffraction (SRD). There are basically two 

approaches for dealing with the background in a powder diffraction pattern. It can either 

be estimated by linear interpolation between selected points of  peaks or subtracted, or it 

can be modelled by an empirical or semi-empirical function containing several refinable 

parameters. For a simple pattern, where most peaks are resolved to the baseline, both 

approaches tend to work well and the fit is easily verified with a plot. For complex 

patterns with a high degree of reflection overlap, the majority of the peaks are not 

resolved to the baseline. For this reason, the estimation of the background is difficult.  

 

In the pseudo-Voigt peak shape function, Gik is given by                                                                                                                  

                  (5.11) 

where C0 = 4, C1 = 4 ln 2, Xik = (2θi - 2θk) / Hk, γ is a mixing parameter which varies 

from 0 to 1 and represents the fraction of Lorentzian character in this composite 

function. 

 

The variation of the full-width-at-half-maximum (FWHM) of the Gaussian component 

of the peak shape as a function of 2θ is usually modelled with the equation derived by 

Caglioti et al. (1958) for low-resolution neutron data, 
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        FWHM
2
 = U tan

2
 θ + V tan θ   +  W                                          (5.12) 

where U, V and W  are refineable parameters. 

Peak asymmetry can be modelled using the semi-empirical function (Rietveld, 1969).       

                                     (5.13) 

where AS is asymmetry parameter determined from refinement. 

Refinement trials of two types were conducted – the first with random orientation (RO) 

assumed for all phases, and second with the Dollase method (1986) who proposed 

correcting the intensities Ik of Bragg peaks for preferred orientation (PO), using the 

preferred correction.  

                                        (5.14) 

where  is the refineable preferred orientation (PO) parameters. 

 

Pattern-background polynomial parameters were used to fit the background of data 

collections. Polynomial coefficient B0, B1, B2 and B3 and diffraction angle 2θ is related 

as follow:  

                            (5.15) 

B0, B1, B2, and B3 was satisfactory for the pattern background refinement, but 

sometimes higher orders B4 and B5 were needed depending on data behavior collection 

from XRD, ND and SRD.  

  

Refinement strategies on Rietveld phase composition were determined in powder 

mixtures using the “ZMV” expressions (O‟Connor and Li, 1998) 

Relative phase compositions:  

                                                                                               (5.16) 

where Wk   the weight fraction of phase k, Sk is the Rietveld phase scale factor, Z is the 

number of formula per unit cell, M is the mass of formular weight and V is the unit cell 

volumes. 
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The estimated standard deviation (esd) parameter, σj was performed, as depicted in the 

following equation: 

                                                                                   (5.17) 

Mjj is the diagonal element of the inverse of matrix Mjk, which is given by the equation 

below:    

                                        (5.18)  

 xj and xk are adjustable parameters. 

 

The figures-of-merit or R-values after refining, some formulae are presented as follows.  

 

Bragg R factor for every phase:  

                                              (5.19) 

 

where Iko and Ikc are observed and calculated intensities for Bragg reflection k. 

 

Profile R factor 
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                                                   (5.22) 

where N = number of observations and P = number of least – squares parameters being 

estimated.  

The GOF is determined by the following equation. 

                                       (5 .23 ) 

Equation (5.23) is the last statement of the Rietveld analysis because the best value of 

GOF should be 1.0. However, some researchers have suggested that the value should be 

less than four for phase abundance data analysis (Kisi, 1994). The difference plots 

between the observation and the calculation patterns play an important role for 

assessing the determination of good refinement. The two patterns should give a flat 

difference for a well-refined model. The difference plots may show indication of the 

presence of undetected phases or inaccuracies in the background or peak shape 

modeling.  
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Table 5.17:   List of structure models, ICSD numbers and authors used for the Rietveld 

Analysis 

 

Structural model ICSD 

number 

Author 

α-Al2O3  73725 Maslen et al. 

 

Al2TiO5  71356 Epicier et al. 

 

TiO2 (Rutile) 64987 Shintani et al. 

 

Ti3SiC2  86213 Kisi et al. 

 

TiC  1546 Christensen  

 

TiO  60483 Loehman et al. 

  

SiO2 (Cristobalite)  44095 Feng Liu et al. 

 

SiO2 (Tridymite)  29343 Fleming et al. 

 

TiSi2 1089 Jeitschko et al. 

 

Ti5Si3Cx 

 

Ti5Si3C 

 

44386 

  

 unknown 

Nowotny et al.* 

 

Riley
#
 

 

* For X-Ray Diffraction            
#
 For Neutron Diffraction              
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5.3  Appendix I-G: Supplementary Information on (i) “Effect of Vacuum   

Annealing on the Phase Stability of Ti3SiC2”, (ii) “Diffraction Studies of a   Novel 

Ti3SiC2-TiC System with Graded Interfaces” 

 

LOW, I.M., OO, Z. & PRINCE, K.E. 2007. Effect of Vacuum Annealing on the Phase 

Stability of Ti3SiC2, Journal of the American Ceramic Society, 90, 2610-2614. 

 

 LOW, I.M. & OO, Z.  2002. Diffraction Studies of a Novel Ti3SiC2-TiC System with 

Graded Interfaces, Journal of the Australian Ceramic Society, 38, 112-116. 
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5.3.1 POLARIS Medium-Resolution, High Intensity Powder Diffractometer  

In situ ToF diffraction patterns were collected using the Polaris medium resolution and 

high intensity diffractometer at the UK pulsed spallation neutron source ISIS, at the 

Rutherford Appleton Laboratory in the UK.  In-Situ ToF diffraction is used to monitor 

the structural evolution of phase decomposition in Ti3SiC2 at high temperature in real 

time. 

 

For a ToF neutron diffraction measurement, the time of flight, t, as a reflection of its d-

spacing is determined by three instruments or diffractometer constants, namely, DIFC, 

DIFA and ZERO. 

 

                                         t = DIFC × d + DIFA × d
2 
+ ZERO                                  (5.24) 

 

DIFC is a constant relating to the theoretical time-of-flight of a measured Bragg 

reflection to its d-spacing and can be calculated by Bragg Law, 

             λ = 2d sin                                                             (5.25) 

with the de Broglie wavelength, 

                                                           (5.26) 

To have the expression for time-of-flight, 

                                                    (5.27) 

where t = total time-of flight, m = mass of the neutron (1.67×10 
-27

 kg), L = total time 

flight path from moderator to sample to detector, d =  spacing, = ½ of Bragg 

reflection angle (2 ), h = Planck‟s constant 6.62 × 10
-34

 Js. 

 

After substituting and simplification, the Equation (5. 27) becomes, 

                                                                                      (5.28) 

                                      

 where t is in µs, L is in m , and d is in Å  

 

Therefore, it is found that,  
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                   DIFC = 505.56Lsin                                                                    (5.29) 

DIFA describes the wavelength dependence of the neutron absorption cross-section of 

an atom. Shorter wavelength neutrons will experience less absorption than the larger 

wavelength neutrons. Thus, the average penetration of the sample, the apparent total 

flight path and the scattering angle will vary with the neutron wavelength and the 

observed ToF. DIFA introduces a minor correction to the calculated ToF of a reflection 

to allow for peak shift due to absorption in the sample. Empirically it has been found 

that the quadratic equation depends on d
2
 and it provides a good fit to observe shifts in 

reflection positions. Note that DIFA is initially set to a fit value but refinable. 

 

The constant “ZERO” accounts for all differences between the various timing signals in 

the accelerator and the instrument data acquisition system, and also allows for the finite 

response times in the detector electronic. “ZERO” is a fixed value of the samples 

measured by the beamline scientists. The values of these diffractometer constants and 

the measurement conditions using POLARIS at ISIS are 4571.08 for DIFC constant, -

0.69 (refinable) for DIFA value and 1.9 (fixed) for ZERO. The operational conditions 

used in the experimental work are tabulated in Table 5.18. 
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Table 5.18: (a), (b) and (c) Operational conditions when using in POLARIS                         

Table 5.18 (a)  

Requirement Setting 

 sample dimension : 10mm × 10mm  × 40mm (rectangular bar shape) 

 sample collection 

temperature 

: 20°C and at every 100 °C between   1100°C  and 

1500°C at a rate of 20°C per minute 

 data collection time :15 min for elevated temperature  and 1 h for room 

temperature diffraction patterns 

 d – spacing range  : 0.4 - 3.2 Å 

 time channel size dT/ T : 0.0005 

  

Table 5.18 (b)  

Requirement Setting 

Radiation  

 neutron beam : Polychromatic white neutron beam ( 316K ) 

 moderator : H2O 

 incident wavelength : 0.6 to 6.2 Å 

 resolution, ∆d/d  : 0.007 

 Neutron flight path : 12.75 to 12.85 m 

  

Table 5.18 (c )  

Requirement Setting 

Beam size  

 incident beam : 10 × 40 mm 

 scatter beam : 11-mm gap in collimating slit 

Atmosphere  

 Vacuum furnace : ~ 10
-4

 torr  

Detector : fiber coated ZnS : Ag/6LiF Scintillation      

detector 

Data collection format : GSAS, General Structure Analysis System  
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5.3.2 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) patterns of oxidized and vacuum-annealed Ti3SiC2 samples at 

various temperatures were obtained with an automated Siemens D500 Bragg-Brentano 

instrument (Eindhoven, the Netherlands).  

 

A crystal structure of a crystalline material can be analyzed using XRD. When a beam 

of X - ray of a single wavelength strikes the materials, X- rays are scattered in all 

directions. The X-rays are diffracted when conditions satisfy the Bragg‟s Law.  

 

2d Sin  = λ                                                   (5.30) 

 

Angle  is half the angle between the diffracted beam and the original beam direction, 

λ is the wavelength of the x-rays, d is the inter planer spacing between the plane that 

causes the constructive reinforcement of the beam. In a diffractometer, a moving X-rays 

detector records the 2  angle at which the beam is diffracted giving a characteristic 

diffraction patterns (Callister, 2003). 
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Table 5.19: Operational conditions when using XRD 

       

Requirement                                                         Setting 

  sample dimension : 3 mm thick (thin flat plate)  

  X-rays beam :  Cu K radiation   

  required voltage and current :  40 kV, 30 mA 

  incident wavelength : λ = 0.15418 nm 

  2θ range : 5°   -  130° 

  step size : 0.04  

  counting time : 2.4 sec  per step 

  sample holder : Al 
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5.4 Appendix I-H: Supplementary Information on (i) “Effect of Vacuum 

Annealing on the Phase Stability of Ti3SiC2”, (ii) “Dynamic Study of the Thermal 

Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction” 

 

LOW, I.M., OO, Z. & PRINCE, K.E. 2007. Effect of Vacuum Annealing on the Phase 

Stability of Ti3SiC2, Journal of the American Ceramic Society, 90, 2610-2614. 

 

OO, Z., LOW, I.M. & O‟CONNOR, B.H. 2006. Dynamic Study of the Thermal  

Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction. Physica B, 385-

386, 499-501. 
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5.4.1 Secondary Ion Mass Spectroscopy (SIMS) 

Secondary ion mass spectroscopy (SIMS) is one of the methods for gathering 

compositional information about the surface and near-surface regions of solid materials. 

It is also particularly suitable for the measurement of concentration profiles. The 

Cameca ims-5f SIMS of the Australian Nuclear Science and Technology Organization 

(ANSTO) facility was used to achieve the mapping of elemental and characterization of 

phase relations and properties in air-oxidized Ti3SiC2.  

 

SIMS involves the bombardment of a sample surface with a primary ion beam followed 

by mass spectrometry of the emitted secondary ions, as shown in Figure 5.18; SIMS is a 

semi destructive surface analytical technique. It has the advantage of being able to 

produce ions from solid samples without the intermediate stage of vaporization.  

 

During SIMS analysis, the sample surface is slowly sputtered away by the primary ion 

beam, which can be focused to a spot of less than 1m in diameter and can also be 

directed, enabling microanalysis and the measurement of the lateral distribution of 

elements on a microscopic scale. There are two modes available, static and dynamic. In 

the static mode a low sputtering rate gives only surface information and minimizes 

damage to the sample. Dynamic SIMS involves a high sputter rate, which leads to the 

formation of a crater in the sample. This produces information as a function of depth, 

called a depth profile. Continuous detection of these sputtered secondary ions allows 

SIMS to create a depth profile of the surface (10 µm).   

 

The SIMS line-scans and depth-profiles of air-oxidized Ti3SiC2 samples were obtained, 

while monitoring the yield of 
48

Ti, 
12

C, 
28

Si and 
16

O at the near-surface. The samples 

were gold-coated to avoid charging. According to the principle of SIMS, to study the 

characterization of phase relations and properties in air-oxidized Ti3SiC2, positive 

secondary ion depth profiles were taken using 150 nA (for depth profiling) or 2nA (for 

line scan) primary Cs
+
 ion current at 3 keV net impact energy, rastered over a 250 x 250 

μm
2
 area. The ion current rates in all mass channels were normalized to the Cs

+
 

secondary ion counts rate to minimize the effect of variation in the primary ion beam 
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current, and as a mechanism for reducing matrix effects. Depth-profiling was conducted 

on samples with surface oxide layers of less than 10 μm. Line-scans were conducted on 

the cross-section of samples with relatively thick surface oxide layers (>50 μm).  

 

Since a sample will gradually erode with time, a depth profile can be obtained by 

recording the detector signal as a function of time. The depth-profiling of oxidized 

Ti3SiC2 samples was obtained through the elemental imaging of Ti, Si, C and oxygen on 

the near-surface. 

 

 

 

 

                                   

Figure 5.17:  Schematic diagram for the Secondary Ion Mass Spectroscopy (SIMS) 

Source: Institute for Research in Materials, Dalhousie University Canada. 

(http://www.hiden.com.cn)  

http://www.hiden.com.cn/
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5.5 Appendix I-I: Supplementary Information on “Reformation of Phase 

Composition in Decomposed Aluminium Titanate”     

 

 

LOW, I.M & OO, Z. 2008. Reformation of Phase Composition in Decomposed 

Aluminium Titanate. Materials Chemistry and Physics, 111, 9-12. 
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5.5.1 Differential Thermal Analysis (DTA) and Thermogravimetric Analysis 

(TGA) 

 

The simultaneous DTA/TGA is used to study the phase decomposition and reactions 

during heating and cooling. It can also show whether the reaction mechanism is 

endothermic or exothermic reactions corresponding to the thermal energy changes in 

the sample. 

  

Table 5.20:   Operational condition when using DTA/TGA 

 

Requirement Setting 

* instrument : SETARAM 

* atmosphere : Air 

* sample weight : 10 mg 

* temperature : 1450 ˚C 

* heating rate : 10˚C min
-1

 

* crucible : Al2O3 
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.5.5.2 Scanning Electron Microscopy (SEM) 

 

Microstructural characteristics were examined using the SEM Phillips XL30 at the 

Department of Imaging and Applied Physics, Curtin University, Australia. Scanning 

Electron Microscopy (SEM) has been used for generating high resolution images of the 

samples, mainly showing the cross-sectional microstructure of the materials.  For this 

reason, scanning electron microscopy has been limited to observing microstructure and 

the microcracks of as-sintered Al2TiO5 (AT). 
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5.6  Appendix I-J:   Supplementary Information on (i) “Effect of Atmospheres on 

the Thermal Stability of Aluminum Titanate”, (ii) “Reformation of Phase 

Composition in Decomposed Aluminium Titanate”, (iii) “In Situ Diffraction study 

of Self-Recovery in Aluminum Titanate” and (iv) “Dynamic Study of the Thermal 

Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction”  

 

 

LOW, I.M. OO, Z. & O‟CONNOR, B.H. 2006. Effect of Atmospheres on the Thermal 

Stability of Aluminum Titanate, Physica B, 385-386, 502-504. 

 

LOW, I.M & OO, Z. 2008. Reformation of Phase Composition in Decomposed 

Aluminium Titanate. Materials Chemistry and Physics, 111, 9-12. 

 

LOW, I.M. & OO, Z. 2008. In Situ Diffraction study of Self-Recovery in Aluminum 

Titanate. Journal of the American Ceramic Society, 90, 1027-1029.  

 

OO, Z., LOW, I.M. & O‟CONNOR, B.H. 2006. Dynamic Study of the Thermal 

Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction. Physica B, 385- 

386, 499-501. 
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5.6.1  MRPD-Medium Resolution Powder Diffraction (Neutron Diffraction) 

The ND data collection was performed using a medium resolution powder 

diffractometer (MRPD) located at the Australian Nuclear Science and Technology 

Organization in Lucas Heights, NSW.  

   

Neutron Diffraction is a crystallographic method for the determination of atomic  and/or 

magnetic structure of materials (Hill and Howard, 1987). It offers bulk information of 

the sample materials, routinely used in complex and extreme environment.  

 

Table 5.21:  Operational conditions when using MRPD to analyze Al2TiO5  

 

Requirement       Setting 

* instrument : MRPD diffractometer, Lucas Heights, NSW, Australia 

* wavelength (λ) : 1.667 Å 

* range (2θ) : 4 – 138º 

* sample size : 20 mm  length × 12mm in diameter 

* step Size : 0.1º 

* counting time : ~ 40 – 50 sec per step 

* monochromator :  8 Ge crystals (115 reflection), 

* detectors : 32 
3
He detectors 4º apart. 

* analysis method : Rietveld analysis   
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Table 5.22:   Operational conditions when using MRPD to analyze Ti3SiC2  

 

 Requirement Setting 

* instrument   MRPD diffractometer, Lucas Heights, NSW, Australia 

* wavelength (λ) : 1.665 Å 

* range (2θ) : 10 – 135º 

* step Size : 0.1º 

* counting time : ~ 40 – 50 sec per step 

*monochromator :  8 Ge crystals (115 reflection), 

*detectors : 32 
3
He detectors 4º apart. 

*analysis method :  Rietveld analysis  
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5.7 Appendix I-K: ICSD Crystal Structure Data 

 

The following ICSD information is available in 

 

Bergerhoff, G. & Brown, I.D. in “Crystallographic Databases”, F.H. Allen et al. 

(Editor) Chester, International Union of Crystallography, (1987). 

 

Alpha-Alumina (Al2O3) 

 

Data for  ICSD #73725 

Chemical Name Aluminum Oxide 

Structure Al2O3 

Mineral Name Corundum 

Unit Cell 4.75450(5), 4.75450(5), 12.9820(6), 90º. 90º.120º  

Space Group R -3 C H 

SG Number 167 

Symmetry Trigonal/ Rhombohedral 

 

Atomic positions 

 

Atom Number Wyckoff 

Site 

x y z 

Al 1 12c 0 0 0.35227 

O 1 18e 0.6939 0 0.25 

 
Reference:  

 

Maslen, E. N., Streltsov, V. A., Streltsova, N. R., Ishizawa, N. & Satow, Y. 1993. 

Synchrotron X-ray Study of the Electron Density in Alpha-Al2O3, Acta 

Crystallographica, B49, 973-980. 
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Aluminium Titanium Oxide (Al2TiO5) 

 

Data for  ICSD # 71356 

Chemical Name Dialuminum Titanium oxide 

Structure (Al2Ti)O5 

Mineral Name Aluminum Titanate 

Unit cell 

parameters 

3.591, 9.429, 9.636, 90º, 90º, 90º 

Space Group Cm Cm 

SG Number 63 

Symmetry Orthorhombic 

 

Atomic positions 

 

Atom Number Wyckoff 

Site 

x y z 

Ti 1 4C 0 0.1863 0.25 

Al 1 4C 0 0.1863 0.25 

Al 2 8F 0 0.1351 0.5613 

Ti 2 8F 0 0.1351 0.5613 

O 1 4C 0 0.759 0.25 

O 2 8F 0 0.048 0.118 

O 3 8F 0 0.317 0.075 

 

Reference: 

 

Epicier, T., Thomas, G., Wohlfromm, H. & Moya, J. S. 1991. High Resolution Electron 

Microscopy Study of the Cationic Disorder in Al2TiO5, Journal of Materials Research, 

6, 138-145. 
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Rutile (TiO2) 

 

Data for  ICSD # 64987 

Chemical name Titanium oxide 

Structure TiO2 

Mineral  Name Rutile 

Unit Cell 4.5845(1), 4.5845(1), 2.9533(1), 90º, 90º, 90º 

Space Group P 42 /m n m 

SG Number 136 

Symmetry  Tetragonal 

 

Atomic positions 

 

Atom Number Wyckoff 

site 

x y z 

Ti 1 2a 0 0 0 

O 1 4f 0.3049 0.3049 0 

 

 

 

Reference: 

 

Shintani, H., Sato, S. & Saito, Y. 1975. Electron-Density Distribution in Rutile Crystals, 

Acta Crystallographica, B 31, 1981-1982. 
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Titanium Silicide Carbide (Ti3SiC2) 

 

Data for  ICSD # 86213 

Chemical 

name 

Titanium  Silicide Carbide 

Structure Ti3SiC2 

Unit Cell 3.30575(1),  3.0575 (1),  1.762349(30),  90°  90°  120° 

Space 

Group 

P 63 /m m c 

SG 

Number 

194 

Symmetry Hexagonal 

 

Atomic positions 

 

Atom Number Wyckoff 

site 

x y z 

Ti 1 2a 0 0 0 

Ti 2 4f 0.6667 0.3333 0.1355(1) 

Si 1 2b 0 0 0.75 

C 1 4f 0.3333 0.6667 0.722(1) 

 

 

Reference: 

 

Kisi, E. H., Crossley, J. A. A., Myhra, S. & Barsoum, M. W. 1998. Structure and 

Crystal Chemistry of Ti3SiC2, Journal of Physics and Chemistry of Solids, 59, (9), 

1437-1443. 
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Titanium Carbide (TiC)  

 

Data for  ICSD # 1546 

Chemical 

name 

Titanium  Carbide(1/1) 

Structure TiC 

Unit Cell 4.328(2), 4.4328(2), 4.4328(2),  90°  90°  90° 

Space 

Group 

 F m -3m 

SG Number 225 

Symmetry Cubic 

 

Atomic positions 

Atom Number Wyckoff 

site 

x y z 

Ti 1 4a 0 0 0 

C 1 4b 0.5 0.5 0.5 

 

 

Reference: 

 

Christensen, A. N. 1978. The Temperature Factor Parameters of some Transition Metal 

Carbides and Nitrides by Single Crystal X-ray and Neutron Diffraction, Acta Chemica 

Scandinavica, Series A.  32, 89-90.  
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Silicon Oxide (Cristobalite) SiO2 

 

Data for  ICSD # 44094 

Chemical 

name 

Silicon oxide-Ht 

Structure SiO2 

Mineral Name Cristobalite  

Unit Cell 4.9586,  4.9586,  6.9074,  90°  90°  90° 

Space Group P 41 21 2 

SG Number 92 

Symmetry Tetragonal 

 

Atomic positions 

Atom Number Wyckoff 

site 

X Y Z 

Si 1 4a 0.3028 0.3028 0 

O 1 8b 0.2383 0.1093 0.1816 

 

Reference: 

 

Feng, L., Garofalini, S. H., King–Smith, D. & Vanderbilt, D. 1994. First-Principles 

Study of Crystalline Silica, Physical Review B – Condensed Matter and Materials 

Physics, 49, 12528-12534. 
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Tridymite (SiO2) 

 

Data for  ICSD # 29343 

Chemical 

name 

Silicon oxide- Subcell 

Structure SiO2 

Mineral Name Tridymite 2H low 

Unit Cell 5.01,  5.01,  8.18,  90°  90°  120° 

Space Group P 63 2 2 

SG Number 182 

Symmetry  Hexagonal 

 

Atomic positions 

Atom Number Wyckoff 

site 

x y z 

Si 1 4f 0.3333 0.6667 0.47 

O 1 2c 0.3333 0.6667 0.25 

O 2 6g 0.425 0 0 

 

 

Reference:  

 

Fleming, J. E. & Lynton, H. 1960.  A Preliminary Study of the Crystal Structure of Low 

Tridymite, Physics and  Chemistry of Glasses, 1, 148-154.  
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Titanium Oxide (TiO) 

 

Data for  ICSD # 60483 

Chemical 

name 

Titanium Oxide     

Structure TiO 

Mineral Name Titanium Oxide     

Unit Cell 4.2493   

Space Group Fm-3m 

SG Number 225 

Symmetry Cubic FCC 

 

Atomic positions 

Atom Number x y Z Occupancy 

Ti 1 0.000 0.000 0.000 0.000 

O 1 0.500 0.500 0.500 0.000 

 

Reference:  

 

Loehman, R. E., Rao, C. N. R. & Honig, J. M. 1969.   Crystallography and Defect 

Chemistry of Solid Solutions of Vanadium and Titanium Oxides, Journal of Physical  

Chemistry,  73, 1781-1784. 
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Titanium Silicon Carbide (Ti5Si3C)  

 

Chemical  

Name 

Titanium Silicon Carbide 

Structure Ti5Si3C 

Unit Cell 7.4067  5.3062   

Space 

Group 

P 63/ m c m  

SG 

Number 

193  

 

Atomic positions 

Atom Number Wyckoff 

site 

x y z 

Ti 1 4d 0.3333 0.6667 0 

Ti 2 6g 0.25 0 0.25 

Si 1 6g 0.615 0 0.25 

C 1 2b 0 0 0 

 

Reference:  

 

(Adopted from) RILEY, D. P. 2003. In-situ Neutron Diffraction Analysis of Titanium 

Silicon Carbide (Ti3SiC2) during Self-Propagating High-Temperature Synthesis PhD 

Thesis, The University of Newcastle, Australia. 
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Titanium Silicon (TiSi2)  

 
Data for  ICSD #1089 

Chemical name Titanium Silicon 

Structure TiSi2 

Unit Cell 8.267, 4.800, 8.550  90. 90. 90  

Vol 339.3 

Space Group Fddd (70) 

SG Number 167 

Symmetry Orthorhombic 

 

 
Reference:    

 

Jeitschko, W. 1977.  Refinement of the Crystal Structure of TiSi2 and some Comments 

on Bonding in TiSi2 and Related Compounds, Acta Crystallographica, Sec B, 33. 2347-

2348.        
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6.  APPENDIX II-A: STATEMENT OF CONTRIBUTIONS OF OTHERS 
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6.1  Appendix II-A: Statement of Contribution of Others for “LOW, I.M.   

            OO, Z. & O‟CONNOR, B.H. 2006. Effect of Atmospheres on the Thermal  

            Stability of Aluminium Titanate. Physica B, 385-386, 502-504”. 
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Statement of Contribution of Others for “Effect of Atmospheres on the Thermal  

Stability of Aluminium Titanate 

 

27 June 2013 

 

To Whom It May Concern 

 

I, Mr Zeya Oo, contributed by samples preparation and all Rietveld analysis of ND data 

to the paper publication entitled  

 

LOW, I.M. OO, Z. & O‟CONNOR, B.H. 2006. Effect of Atmospheres on the Thermal 

Stability of Aluminium Titanate. Physica B, 385-386, 502-504, 

 

Under taken with Zeya Oo 

 

 

 

 

(Signature of Co-author 1) 

            Zeya Oo 

 

 

 

(Signature of First author) 

           I.M Low 

 



190 
 

Statement of Contribution of Others for “Effect of Atmospheres on the Thermal  

Stability of Aluminium Titanate 

 

27 Jun 2013 

 

To Whom It May Concern 

 

I, Prof B. H. O Connor, contributed by specialist technical advice and manuscript 

editing to the paper/publication entitled  

 

LOW, I.M. OO, Z. & O‟CONNOR, B.H. 2006. Effect of Atmospheres on the Thermal 

Stability of Aluminium Titanate. Physica B, 385-386, 502-504, 

 

Under taken with Zeya Oo 

 

 

 

 

(Signature of Co-Author 2) 

            B.H. O‟Connor 

 

 

 

 

(Signature of Co-Author 1) 

              Zeya Oo 
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Statement of Contribution of Others for “Effect of Atmospheres on the Thermal  

Stability of Aluminium Titanate 

 

27 June 2013 

 

To Whom It May Concern 

 

I, Prof B. H. O Connor, contributed by specialist technical advice and manuscript 

editing to the paper/publication entitled  

 

LOW, I.M. OO, Z. & O‟CONNOR, B.H. 2006. Effect of Atmospheres on the Thermal 

Stability of Aluminium Titanate. Physica B, 385-386, 502-504, 

 

Under taken with Zeya Oo 

 

 

 

(Signature of Co-Author 2) 

            B.H. O‟Connor 

 

 

 

 

(Signature of First-Author) 

             I. M. Low 
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6.2  Appendix II-B: “Statement of Contribution of Others” for LOW, I.M. 

             & OO, Z. 2008. In Situ Diffraction study of Self-Recovery in Aluminium  

             Titanate. Journal of the American Ceramic Society, 91[3], 1027-1029”.  
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Statement of Contribution of Others for “In Situ Diffraction study of Self-Recovery in 

Aluminium Titanate” 

 

27 June 2013 

 

To Whom It May Concern 

 

I, Mr Zeya Oo, contributed by samples preparation and all Rietveld analysis of ND data 

to the paper/publication entitled  

 

LOW, I.M. & OO, Z. 2008. In Situ Diffraction study of Self-Recovery in Aluminium  

Titanate. Journal of the American Ceramic Society, 91[3], 1027-1029”.  

 

 

Undertaken with Zeya Oo 

 

 

 

(Signature of Co-Author) 

             Zeya Oo 

 

 

 

 

(Signature of First Author) 

            I. M. Low 
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6.3  Appendix II-C: “Statement of Contribution of Others” for “LOW, I. M.   

            & OO, Z. 2008. Reformation of Phase Composition in Decomposed  

            Aluminium Titanate. Materials Chemistry and Physics, 11, 9-12”.  
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Statement of Contribution of Others for “Reformation of Phase Composition in 

Decomposed Aluminium Titanate” 

 

27 June 2013 

 

To Whom It May Concern 

 

I, Mr Zeya Oo, contributed by samples preparation, microstructure evaluation, and all 

Rietveld analysis of ND data to the paper/publication entitled  

 

LOW, I. M. & OO, Z. 2008. Reformation of Phase Composition in Decomposed  

Aluminium Titanate. Materials Chemistry and Physics, 11, 9-12”.  

 

 

 

Undertaken with Zeya Oo 

 

 

 

(Signature of Co-Author) 

             Zeya Oo 

 

 

 

(Signature of First Author) 

            I. M. Low 
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6.4  Appendix II-D: “Statement of Contribution of Others” for “LOW, I.M.   

            and OO, Z. 2002. Diffraction Studies of a Novel Ti3SiC2-TiC system with  

            Graded Interfaces. Journal of the Australian Ceramic Society, 38, 2, 2002,  

           112-116”.  
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Statement of Contribution of Others for “Diffraction Studies of a Novel Ti3SiC2-TiC 

system with Graded Interfaces” 

 

 

27 June 2013 

 

To Whom It May Concern 

 

I, Mr Zeya Oo, contributed by samples preparation, microstructure evaluation, and all 

Rietveld analysis of ND data and XRD data to the paper/publication entitled  

 

LOW, I.M.  & OO, Z. 2002. Diffraction Studies of a Novel Ti3SiC2-TiC system with  

 Graded Interfaces. Journal of the Australian Ceramic Society, 38, 2, 2002, 112-116.  

 

 

Undertaken with Zeya Oo 

 

 

(Signature of Co-Author) 

             Zeya Oo 

 

 

(Signature of First Author) 

            I. M. Low 
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6.5  Appendix II-E: “Statement of Contribution of Others” for “LOW, I.M.,             

            OO, Z., & PRINCE, K. E.  2007. Effect of Vacuum Annealing on the  

            Phase Stability of Ti3SiC2.  Journal of the American Ceramic Society, 90,  

            2610-2614”.  
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Statement of Contribution of Others for “Effect of Vacuum Annealing on the  

Phase Stability of Ti3SiC2”  

 

27 June 2013 

 

To Whom It May Concern 

 

I, Dr. K. E. Prince, contributed by specialist technical advice and instrument usage to 

the paper/preparation entitled  

 

LOW, I.M., OO, Z., & PRINCE, K. E.  2007. Effect of Vacuum Annealing on the  

Phase Stability of Ti3SiC2.  Journal of the American Ceramic Society, 90, 2610-2614.  

 

Undertaken with Zeya Oo 

 

 

(Signature of Co-Author 1) 

             Zeya Oo 

 

 

 

 

(Signature of Co-Author 2) 

             K. E Prince  
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Statement of Contribution of Others for “Effect of Vacuum Annealing on the  

Phase Stability of Ti3SiC2”  

 

27 June 2013 

 

To Whom It May Concern 

 

I, Mr Zeya Oo, contributed by samples preparation, microstructure evaluation, and all 

Rietveld analysis of ND data and XRD data to the paper/publication entitled  

 

LOW, I.M., OO, Z., & PRINCE, K. E.  2007. Effect of Vacuum Annealing on the  

Phase Stability of Ti3SiC2.  Journal of the American Ceramic Society, 90, 2610-2614.  

 

Undertaken with Zeya Oo 

 

 

(Signature of Co-Author) 

             Zeya Oo 

 

 

 

 

(Signature of First Author) 

            I. M. Low 
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Statement of Contribution of Others for “Effect of Vacuum Annealing on the  

Phase Stability of Ti3SiC2”  

 

27 June 2013 

 

To Whom It May Concern 

 

I, Dr. K. E. Prince, contributed by specialist technical advice and instrument usage to 

the paper/preparation entitled  

 

LOW, I.M., OO, Z., & PRINCE, K. E.  2007. Effect of Vacuum Annealing on the  

Phase Stability of Ti3SiC2.  Journal of the American Ceramic Society, 90, 2610-2614.  

 

Undertaken with Zeya Oo 

 

 

 

(Signature of Co-Author 2) 

             K. E Prince  

 

 

 

(Signature of First Author) 

            I. M. Low 
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6.6  Appendix II-F: “Statement of Contribution of Others” for “OO, Z.,  

            LOW, I.M. & O‟ CONNOR, B. H. 2006. Dynamics Study of the Thermal  

            Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction. Physica  

            B, 385-386, 499-501”.  
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Statement of Contribution of Others for “Dynamics Study of the Thermal Stability of 

Impure Ti3SiC2 in Argon and Air by Neutron Diffraction”  

 

27 June 2013 

 

To Whom It May Concern 

 

I, Prof. B. H. O Connor, contributed by specialist technical advice and manuscript 

editing to the paper/publication entitled  

 

OO, Z., LOW, I.M. & O‟CONNOR, B. H. 2006. Dynamics Study of the Thermal  

Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction. Physica  B, 385-

386, 499-501.  

 

Undertaken with Zeya Oo 

 

 

 

(Signature of Co-Author) 

           B. H. O‟Connor 

 

 

  

(Signature of First Author) 

            Zeya Oo 
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Statement of Contribution of Others for “Dynamics Study of the Thermal Stability of 

Impure Ti3SiC2 in Argon and Air by Neutron Diffraction”  

 

27 June 2013 

 

To Whom It May Concern 

 

I, Prof. I. M. Low contributed by project supervision and manuscript editing to the 

paper/publication entitled  

 

OO, Z., LOW, I.M. & O‟CONNOR, B. H. 2006. Dynamics Study of the Thermal  

Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction. Physica  B, 385-

386, 499-501.  

 

Undertaken with Zeya Oo 

 

 

(Signature of Co-Author) 

            I. M. Low 

  

 

 

 

(Signature of First Author) 

            Zeya Oo 
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7. APPENDIX  III: COPYRIGHT FORMS 
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7.1   Appendix III-A : Elsevier Journal Articles 

 

Copyright information relating to:  

 

LOW, I. M., OO, Z. & O‟CONNOR, B. H. 2006. Effect of Atmospheres on the 

Thermal Stability of Aluminium Titanate . Physica B, 385-386, 502-504. 

 

LOW, I. M. & OO, Z. 2008. Reformation of Phase Composition in Decomposed 

Aluminium Titanate. Materials Chemistry and Physics, 111, 9-12. 

 

OO, Z., LOW, I. M. & O‟ CONNOR, B. H. 2006. Dynamic Study of the Thermal 

Stability of Impure Ti3SiC2 in Argon and Air by Neutron Diffraction. Physica B, 385-

386, 499-501. 
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7.2 Appendix III-B: Wiley Inter-Science Articles  

 

Copyright information relating to:  

 

LOW, I. M. & OO, Z. 2008. In Situ Diffraction Study of Self-Recovery in Aluminium 

Titanate. Journal of the American Ceramic Society, 91, 1027-1029.  

 

LOW, I. M., OO, Z. & PRINCE, K. E. 2007. Effect of Vacuum Annealing on the 

Phase Stability of Ti3SiC2, Journal of the American Ceramic Society, 90, 2610-2614. 
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7.3 Appendix III-C: Journal of the Australian Ceramic Society Article  

 

Copyright information relating to:  

 

LOW, I. M. & OO, Z. 2002. Diffraction Studies of a Novel Ti3SiC2-TiC System with 

Graded Interfaces. Journal of the Australian Ceramic Society. 38, 112-116. 
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