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ABSTRACT

This thesis focused on the diffraction study of thermal stability in functionally-graded
aluminium titanate (Al,TiOs) and titanium silicon carbide (TisSiC;) based ceramic
composites, and the oxidation properties of Ti3SiC,. The main aims of the research were:
(a) to study the parameters that control the thermal stability of AlLTiOs- and Ti3SiCs,-
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 Ti3SiC; at elevated temperatures. These functionally-
graded Al,TiOs- and TisSiC,-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 Al,TiOs.

A high-temperature vacuum annealing process was proposed for the design of
functionally graded Al,TiOs- and Ti3SiC,- 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
Al,TiOs at 1100°C and its decomposition behavior in the temperature range of 20—-1400°C
were characterized by ND. There was no decomposition of Al,TiOs 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 Al,TiOs is reversible at

temperatures above 1350°C with phase abundance of Al,TiOs restored to 80 wt%.

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

of Ti,SiC,—TiC composites with graded interfaces. In the presence of vacuum or

controlled atmosphere of low oxygen partial pressure, it was found that Ti3SiC,



decomposed to form a surface layer of nonstoichiometric TiC and / or TisSisC at
temperatures above 1200°C. Also, the composition depth profiling at the near surface of
the vacuum-annealed TisSiC, by XRD and SIMS, revealed composition gradation in the
phase distribution of TiC and TisSizC. The results showed that the phase stability and
transition of Ti3SiC, 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 Ti3SiC, 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
(TiOy), TiO and cristobalite (SiO;) were detected at 1000, 1250 and 1300°C respectively,
when Ti3SiC, was exposed to an oxygen-rich environment. Ti3SiC, was oxidized in air at
1200°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 (Al,O3) 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 (Al,O3/Al,TiOs) and alumina-
zirconia /aluminium titanate (Al,O3-ZrO,/Al,TiOs) systems were synthesized using
TiCly or Ti(OC,Hs),4 as an infiltrant  (Skala, 2000; Low et al. 1996). Layer-graded



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 Al,TiOs—Al,O3; were developed (Pratapa, 1997; Pratapa
and Low, 1998; Skala, 2000). Aluminum titanate (Al,TiOs), is widely used as a
refractory material and as a thermal insulator in engine components by virtue of its low
thermal expansion coefficient (1 x 10%C™), high melting point (1860°C), low thermal
conductivity, and excellent thermal shock resistance (Cleveland et al. 1978; Buscaglia
et al. 1997). However, the full potential of Al,TiOs 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+1AX, 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 TizSiC,, TisGeC, and TisAIC, 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



elements, rocket engine nozzles, aircraft brakes, racing car brake pads and low-density

armour.

Ti3SiC, was first synthesized by Wolfgang Jeitschko and Hans Nowotny in 1967 via a
chemical reaction between TiH,, Si and graphite at 2273 K (Jeitschko & Nowotny,
1967). Dense polycrystalline samples of pure TisSiC, 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 1600°C. 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 um thickness exist within each grain and Ti3SiC, 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, TisSIC; is relatively soft, not wear resistant, and has a relatively low thermal
stability (<1700°C). Barsoum and co-workers (Barsoum et al. 1998) have improved the
surface hardness and oxidation resistance of Ti3SiC, 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 Ti3SIiC, 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



this project, the main objectives were: studying the parameters that control the thermal
stability in functionally- graded aluminium titanate (Al,TiOs) and titanium silicon carbide
(Ti3SIC,) based ceramics and evaluating the oxidation properties of TisSiC, at elevated

temperatures.

1.1.1 Aims and Significance

This study is aimed at designing and characterizing functionally-graded Al,TiOs- and
Ti3SiC,-based composites with improved properties for advanced engineering
applications.

The general objectives were:

o to synthesize functionally-graded Al,TiOs- and Ti3SiC,-based systems by using
a new approach: die-pressing followed by vacuum heat treatment.

o to study the parameters that control the thermal stability of functionally-graded
Al;TiOs-Al,O3 and TizSiC,-TiC systems produced by vacuum heat treatment.

o to analyze the characteristics of functionally-graded Al TiOs-Al,O; and
Ti3SIC,-TIC phase developments by X-ray diffraction (XRD), neutron
diffraction (ND), synchrotron radiation diffraction (SRD), scanning electron
microscopy (SEM).

o to conduct diffraction studies on the thermal stability of Al,TiOs—Al,O3

composites and the oxidation behavior of TizSiC,-TiC composites.

This study draws its significance from the following points:

o Al,TiOs-based ceramics by neutron diffraction (medium resolution powder
diffractometer - MRPD) is used to monitor the decomposition of Al,TiOs to
form Al,O3 and TiO, in temperatures ranging from 20°-1400°C.

o Al,TiOs-based ceramics exhibit thermal stability at 1100°C in different
atmospheres, oxygen partial pressure, and rate of change in temperature.

o Al,TiOs-based ceramics show the process of decomposition in Al,TiOs is
reversible and that self-recovery can occur readily when decomposed
Al,TiOs is re-heated above 1300°C.



o TisSiCy-based ceramics results in the formation of TiC when using high
temperature vacuum heat-treatment.

o TizSiC,-based ceramics represent an important role in the thermal stability
of TisSiC, which depends on the controlled atmosphere of vacuum and
argon.

o The characteristic of the oxidation of TisSiC; in the temperatures ranging
from 20°C to 1400°C, was investigated by in-situ ND and secondary ion
mass spectroscopy (SIMS).

o Understanding the structure-property relationships and the factors
controlling thermal stability will enable the unique multi-functional
properties of Al TiOs and Ti3SiC;, 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:

0] Processing of Al,TiOs— and Ti3SiC,—based systems

Vacuum heat treatment of reaction-synthesized Al,TiOs-based and Ti3SiC,-based

ceramics

The raw materials used in the synthesis of Al,TiOs-based ceramics consisted of high
purity commercial powders of Al,O3 (99.9%) and TiO, (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.



Similarly, for TisSiC,- based ceramics, vacuum heat—treatment of TisSiC, samples was
conducted at 1400-1600°C for 1- 4 h at 10 torr to convert the near surface layer into

TiC with graded interfaces.

(i)  Characterization:

1. The thermal stability of Al,TiOs-based ceramics in different atmospheres and
temperatures was analyzed by ND and SEM.

2. The reformations of phase composition of Al,TiOs— based ceramics were analyzed
by ND.

3. The thermal stability and phase transition of vacuum-annealed TisSiC, from the
23°C to 1500°C were analyzed by ND and SRD.

4. Depth-profiling of near-surface composition in vacuum-treated Ti3SiC, at 1500°C
was analyzed by XRD and SIMS.

5. The oxidation characteristics, phase abundances and phase transition of Ti3SiC;
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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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:
(N higher fracture resistance resulting in increased toughness due to crack
bridging in a graded volume fraction and,
(i) high temperature resistance by controlling of thermal stresses in elements
exposed to high temperatures (up to 1600°C) (Bahr et al. 2003).

10



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.
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Figure 1.3: (@) Structure of FGM showing composition variations, and (b) Structure of
non-FGM showing composition uniformity.

Legend: Ceramics (O), metal (®), fiber (¢ +) and micropore (©). (Koizumi and Niino,
1995)
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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 CVvD SiC/C, SiC/TiC, TiC/C, C/C-C
lon Plating TiN/Ti, TiC/Ti, ZrO,/Cu, C/Cr
Plasma Spraying YSZ/NICrAlY, YSZ/ NiCr

Liquid Electro-deposition Ni/Cu

(melt) Plasma spraying YSZ, NiCrAlY, YSZ/NiCr
Eutectic Reaction Si/ZrSiy

Solid Self-propagating  high TiB,/Cu, TiB/Ni, TiC/Ni
temperature synthesis ZrO,/Ni, PTZ/Ni, PZT/Nb
Smearing YSZ/SUS, YSZ/Mo, SizN4/Ni
Sintering Ni/Al
Diffusion

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 Al,O3/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 (Al,O3)

The most commonly used material for structure ceramics component is a-alumina. The
structure model of alpha-alumina (a-Al,O3) was first introduced by Bragg and Bragg
(1916), followed by Pauling and Hendricks (1930). Newham and DeHaan (1962)
published a refined structure model for a-Al,O3. Subsequently, Lewis, Schwarzenbach
and Flack (1982) reported that the crystal structure of o-Al,O3 is rhombohedral,
belonging to the space group R 3cwith unit cell parameters a = 4.7602 A and ¢ =
12.9933 A. 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 A, with the bonding between the
atoms being predominately covalent (Skala, 2000). In 1993, Maslen et al. (1993)
refined the a-Al,O3 crystal structure model using a synchrotron radiation X-ray study of
the electron density in a-Al,O3 diffraction data. Maslen et al. (1993) stated that the
lattice parameters of crystal structure of a-Al,Ozare a=b =4.754 (1) A, ¢ = 12.982(1)
A, space group R3cH , 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
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structure of a-Al,O3 consists of oxygen two negative (O?) ions in the A-B-A-B sequence
and aluminum three positive (AI**) ions in a P-Q-R-P-Q-R sequence. Therefore, a
hexagonal crystallographic structure for the a-Al,O; has hexagonal stacking closed
packed A-P-B-Q-A-R-B-P (Munro, 1997), and this gives a-Al,O3; good mechanical and
thermal properties. Figure 1.5 shows the crystallographic o-Al,O3 structure constructed
using Powder cell software package (Kraus and Nolze, 1999) by Manurung, 2001. The
ionic radii are proportional to 0.55 A for AI** (red) and 1.35 A for O (blue). The unit
cell of a-Al,Os is an acute rhombohedral of side length 5.2 A and phase angle of

approximately 55°.

Figure 1.5: Crystal structure of a-alumina. The parameters are based on Model ICSD
#73725. (Maslen et al. 1993)
Legend: A" (red) and O%(blue) (Kraus and Nolze, 1999)

1.2.2.2 Aluminum Titanate (Al,TiOs)

Aluminum titanate, (Al,TiOs) is synthesized by solid state reaction between alumina
(ALO3) and titanium oxide (TiO,) at a temperature above the eutectoid temperature of
1280°C:

Al,O3 + TiO» — AL TIiOs

14



a-Al;TiOs is stable up to a temperature of ~ 1820°C and B — Al,TiOs is only stable up
to a temperature of ~1400°C (Sekar and Patil, 1994). According to Epicier’s model
(Epicier et al. 1991) (Figure 1.6), Al,TiOs has as an orthorhombic unit cell crystal
structure with the lattice lengths and angles of a = 3.591 A, b =9.429 A, ¢=9.636 A
and o = B =y = 90° respectively. The chosen point positions in space group cm cm are
(4c) for one set of titanium (Til) 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, B-AlTiOs is used because it is one of several materials which are
isomorphous with the mineral pseudobrookite (Fe;TiOs) (Austin and Schwatz, 1953;
Morosin and Lynch, 1972). In this crystal structure, each AI** or Ti** cation is
surrounded by six oxygen ions forming distorted oxygen octahedra. These AlOg or TiOg
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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L

Figure 1.6: Orthorhombic crystal structure of aluminium titanate (Al,TiOs) 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 B-AlLTiOs 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 B-AlTiOs can be divided into two basic units which are repeated in
an M1 M2 M1 M2 fashion along ¢ axis. Norberg et al. (2005) re-determined the
preferential occupation of octahedral sites for Al and Ti. The larger Ti*" ion prefers

more regular 4c octahedral site to some extent.
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Table 1.2: Development of Al,TiOs crystal structure lattice parameters

*HRTEM = High Resolution Transmission Electron Microscopy

Description Space Lattice lengths Reference
group
a (A) b (A) c (A)
Crystal Structure  Ortho- CMCM 3.557(2) 9.436(5)  9.648(5)  Austin &
rhombic Schwartz
(1953)
Temperature 1600°C CMCM 9.360(30) 3.560(20) 9.680 (50) Hamelin
and duration for (1958)
6 hours
23°C- BBMM 9.429(2)  9.636(2)  3.591(1)  Morosin
600°C &
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 B-Al,TiOs crystal
structure (Austin & Schwartz, 1953).

1.2.2.3 Titanium Oxide (TiOy)

Titanium oxide (TiOz), 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). TiO, has been very widely used in catalysis as sensors.

TiO, has been studied extensively (Hanaor et al. 2012; Hanaor and Sorrell, 2011;
Valencia et al. 2010) because most crystal-growth techniques basically yield TiO; in
the rutile phase in the simplest structure. The most common form is rutile TiO, 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, TiO»,
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, ¢ 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/mn
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 A and ¢ = 2.9591 + 0.0003 A and the oxygen
parameter for rutile was 0.3056 + 0.0006 A. The unit cell structure of TiO, (rutile) and
TiO; (anatase) are shown in Figure 1.9. In rutile, there are four Ti-O distances of 1.946
+0.003 A, and two Ti-O distances of 1.984 + 0.004 A. In anatase, there are four Ti-O
distances of 1.937 + 0.003 A and two Ti — O distances of 1.964 + 0.009 A.

Shintani et al. (1975) reported that the rutile crystal structure is tetragonal, with bond
angles a. = =y = 90° as parameters. In this thesis, the TiO, 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 TiO,

crystal structure after 1960 are summarized below.

19



Table 1.3: Previous experimental studies on TiO; (rutile) crystal structure after 1960.

Year Reference Space Lattice ~ Parameters Remark
group
a(A) b(A) c (A)
1975 Shintani etal. P42/mnm  4.584(0) 4.584(0) 2.943(0) ED*
1986 Burdettetal. 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 (&) shows that rutile crystal structure has titanium ions (4") at the center of
octahedra of six O 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 26
(the largest Ti-O-Ti angle; the smallest O-Ti-O angle which concerns one apical and

one equatorial Ti-O bond).

20



Fig 1.8 (a) Fig 1.8 (b)

Figure 1.8: The basic unit cell crystal structures of TiO; (a) rutile (b) anatase.
(Cromer and Harrington, 1954)

1.2.2.4 Titanium Silicon Carbide (Ti3SiC,)

Titanium silicon carbide (TisSiCy) is unique in that it has desirable properties of both
metals and ceramics. Ti3SiC, was first synthesized over 30 years ago via a chemical
reaction between TiH,, 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 TisSiC, (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 Mp.1AX, 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 TizSiC, 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;
19974, 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 Ti3SICy, is
hexagonal in space group P63/mmc and space group number (194) with unit cell
dimension a = b = 0.30575(1) nm and ¢ = 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 A and ¢ = 17.67 A and a stacking sequence consisting of alternating double Ti-C
blocks and Si layers, each made up of two edge-sharing CTis octahedra. The CTis
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 TisSiC, using the Rietveld analysis method. This
model can explain electrical and mechanical properties and the oxidation resistance
characteristics of Ti3SIC, (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 Ti3SiC,

Item Kisi (1998) Jeitschko and
ICSD 86213 Nowotny (1967)
ICSD 25762
Unit cell x =3.0575(1) A x =3.068(2) A
y =3.0575(1) A y =3.068(2) A
z =17.62349(30) A z=17.669(6) A
Volume 144.03 m* 142.68 m*
Space group P63/mmc P63/mmc
Crystal structure Hexagonal Hexagonal
Atom Ti (4f) X =0.6667 A X =0.3333 A
Y =0.3333 A Y =0.6667 A
Z=0.1355 (1) A Z =0.1357(15) A
Atom Ti (2a) X =0.0000 A X =0.0000 A
Y =0.0000 A Y =0.0000 A
Z =0.0000 A Z =0.0000 A
Atom Si (2b) X =0.0000 A X =0.0000 A
Y =0.0000 A Y =0.0000 A
Z=0.75A Z =0.2500 A
Atom C (4) X =0.3333 A X =0.3333 A
Y =0.6667 A Y =0.6667 A
Z=0.0722 (1) A Z=0.570(4) A
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17.67A

Fig. 1.9: Unit cell of Ti3SiC, 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. Ti3SiC,, TisAIC,, Ti,AIC, Ti,GeC, Ti,SiCs, and TasAlC3) 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 Ti3SiC, by using the
arc melting method. Vishnyakov and co-workers (Vishnyakov et al. 2013) reported the
formation of Ti3SiC, using magnetron sputtering on multilayered deposits of Ti-Si-C at
650°C. Ti3SIiC, has been shown to be a promising candidate for high temperature

applications (Barsoum et al. 1996).
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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 Ti3SiC, 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°-1400°C for bulk materials, the Ti-Si-C system forms the
ternary compound TisSiCy, 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 Ti3SiC,, the C atomic sites are
relaxed towards the Si interlayer thereby shortening the Tig;)-C bond relative to the Ti)-
C bond and resulting in a distortion of the TigC octaherda (Kisi et al. 1998). Riley
(2003) reported TiC crystal structure as follows:

e Space group 0; — FM3 (225)

e Lattice parameters : a = 4.3280 A

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

e Atomic positions :

X Y Y4
Ti 0 0 0
C Yo Yo Yo

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) A and 90° 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 (Al,O3)

Alumina (Al,O3) 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 a-alumina can be varied by starting alumina
grade as well as processing procedures. The mechanical properties of 99.9% pure o—

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

1.2.3.2  Aluminium Titanate (Al,TiOs)

The thermo-mechanical properties can be tailored by varying the composition and
processing method. AL TiOs 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 Al,TiO:s.
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According to the bonding system of Al,TiOs, it has a mixture of ionic and covalent
characters with a theoretical density of 3700 kg.m™. The thermal expansion coefficients
are given in Table 1.6.

Table 1.5: Mechanical properties of 99.9% pure a—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 x 10°

Table 1.6: Thermal expansion coefficients of Al,TiOs along the three crystal axes (from

room temperature to 1200°C).

Source a(10°K™h b(10° K™ c(10° K™
Bayer (1971) -3.0 11.8 21.8
Skala (2000) -2.4 12.0 20.8

The mechanical properties of Al TiOs 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 Al,TiOs 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 Al,TiOs 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 Al,TiOs-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™K™) 2

Liu and Perera (1998) studied the high-temperature mechanical properties and thermal
stability of sintered Al,TiOs 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 (TiOy)
Pure titanium oxide (TiO,) 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 (TiO,). (Yan et al. 1981)

Property Value
Density (g.cm™) 4
Porosity (%) 0
Modulus of Rupture (MPa) 140
Compressive Strength (MPa) 680
Poisson’s Ratio 0.27
Fracture Toughness (MPa.m"?%) 3.2
Shear Modulus (GPa) 90
Modulus of Elasticity (GPa) 230
Microhardness (HVO0.5) 880
Resistivity (25°C) (ohm.cm) 10%
Resistivity (700°C) (ohm.cm) 2.5x10*
Dielectric Constant (1MHz) 85
Dielectric strength (kVmm™) 4
Thermal expansion (RT-1000°C) (K™) 9x 10°®
Thermal Conductivity (25°C) (Wm™K™) 11.7
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1.2.3.4 Titanium Silicon Carbide (Ti3SiC,)

Ti3SIiC, behaves like a soft ceramic compound making it easily machinable (Barsoum,
1997). Goto and Hirai (1987) reported the Ti3SiC; 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 Ti3SiC,-TiC composites as a function of TiC content and estimated that the
hardness of pure, polycrystalline Ti3SiC, to be ~ 4 GPa. Okano and co-workers (1995)
studied bulk, 95% dense samples that contained some secondary phases (TiCy and
titanium silicates), and they reported a flexural strength of 580 MPa and a fracture
toughness of 6.9 MPa.m"? 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
Ti3SIC,—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 Ti3SiC, 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 TisSiC, in air and argon and oxidation resistance of Ti3SiC, at elevated
temperatures have not been investigated. Hence, this current study focused on these

characterizations.

In addition, TisSiC, is thermal shock resistant compared to most ceramics (Barsoum
and El-Raghy, 1996) though fine-grained samples have shown a of Ti3SiC, decrease in
strength when quenched from temperatures above 750°C (El-Raghy, 1999c). A
plausible explanation for this behaviour is the gradual change of Ti3SiC, from brittle
condition at room temperature to plastic condition at temperatures above 1200°C
(Barsoum and EI-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 Ti3SiC, 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 Ti3SiC, at room temperature are 180 MPa, 720 MPa and
350 MPa respectively (Radovic et al. 2002., EI-Raghy et al. 1999., Gilbert et al. 2000),
while the ultimate tensile, compressive and flexural strengths of fine-grained TisSiC,
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*?) and
(8.5-16 MPa.m"?) respectively (Radovic et al. 2002., EI-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).

Ti3SIiC, samples were tested to undergo brittle to plastic transition (BPT) (Barsoum et
al. 2000., EI-Raghy et al. 1999) mechanism at higher temperature (1300°C). It is
important to understand the high-temperature response of the TizSiC, 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 Ti3SiC, 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 TizSiC,. 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 Ti3SiC, and 340 GPa for TizsGeC, (Barsoum and Radovic 2011).

Barsoum and Radovic (2011) also pointed out that, Ti3SiC, has a low coefficient of
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friction (us = 2-5 x10™®). The deformation mechanism dominant in TisSiC, 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 TisSiC,-TiC
composites could be improved hardness, fracture toughness and flexural strength. The
in-situ addition of TiC particles to TizSiC, matrix can prevent evidently the coalescence
of Ti3SiC, 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
Ti3SiC, 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 TiO; in a temperature range

from 1900° to 2700°C and was associated with the following reaction (Equation 1.1).
TiO, (s) + 3C(s) — »TiC(s) + 2CO(g) (1.2)

1.2.4 Ceramic Systems Containing Al,O3-Al,TiOs

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
Al,O3 and the secondary phase is Al,TiOs. This process has a greater improvement rate

compared to grain growth scaling.

Al,TiOs is widely used as a refractory material and as a thermal insulator in engine
components due to its low thermal expansion coefficient (1 x 10 °C™), high melting
point (1860°C), low thermal conductivity, and excellent thermal shock resistance. The
reaction between Al,O3 and TiO; to form Al,TiOs is reversible and occurs at ~1300° C.
In 1952, Lang and colleagues reported that Al,TiOs is thermodynamically stable from
~1280° C to the melting temperature, 1860°C. Buscaglia and Nanni (1998) found that
the decomposition rate of Al,TiOs is very slow, below ~800° C. The full potential of
Al,TiOs has therefore been limited by its low fracture toughness, low mechanical

strength and poor high—-temperature stability below 1280°C. Through the addition of
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stabilizers such as SiO,, Fe;,O; and MgO, the thermal and mechanical performance of
Al,TiOs 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

Al,03/ZrO, composites

Tape casting

Boch, Chartier and
Huttepain, 1986

hexaluminate composites

Trilaminate composites Lamination Harmer, Chan and
Miller, 1992
Alumina/calcium- Lamination An et al. 1996

Alumina/ALTiOs

Reaction sintering

Hasselman et al.

and AI203-CaAI12019

composites

composites 1993
Alumina/Al,TiOs Duplex—bimodal Bueno et al. 2005;
composites composites Runyan and
Al,03/Al,O4 Bennison, 1991;
Padture, Bennison
and Chan, 1993;
Braun, Bennison
and Lawn 1992
Alumina/Al,TiOs and Infiltration Skala, 2000; Low
alumina-zirconia/ Al,TiOs et al. 1996a
composites
Alumina-mullite, Al,O3-AT | Infiltration Marple and Green,

1991; Skala, 2000;
Asmi et al. 1999
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1.2.5 Decomposition Behavior of Al,TiOs

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. Al,TiOs has found many applications as an

engineering ceramics material.

Al;TiOs 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 Al,O3; and TiO, with an overall decomposition process as follows (Lang et al.
1952) (Equation 1.2):

AlLTiOg —» a-ALO3; + TiO, (12)
For pure Al TiOs, the rate-controlling step in the decomposition is the transport to AI**
ions through the TiO,-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 Kkinetics of pure Al,TiOs in
oxidizing atmospheres (oxygen, argon or air) (Kameyama and Yamaguchi, 1976; Kato
et al. 1979; Thomas et al. 1989). The decomposition rate of Al,TiOs at 1100°C is
significantly enhanced by vacuum (10 torr) or argon where > 95% of Al,TiOs
decomposed in 5h of soaking when compared to less than 30% decomposition in
atmospheric air (Low et al. 2002, Manurung, 2002). Below 900°C, the decomposition
rate of Al,TiOs 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 Al,TiOs by the formation of
intermediate metastable AlLTiOs-Ti;Os (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 Al,TiOs 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 AI** (0.050 nm) and Ti*" (0.068 nm) and the presence of small
number of AI** ions. Furthermore, the decomposition of Al,TiOs is expected to be very
sensitive to the ageing annealing atmosphere, because Ti*" is progressively reduced to
Ti** if the oxygen partial pressure is decreased. Sperisen and Mocellin (1991) attempted
to explain the decomposition of Al,TiOs by the formation of intermediate metastable
Al;TiOs-TisOs (tialitie-anosovite) solid solutions. Duran et al. (1994) studied the
beginning of decomposition of Al,TiOs— based materials at 975°C under a nitrogen
gas/oxygen gas mixed atmosphere using spectroscopic techniques. The decomposition

detection of Al,TiOs solid solution is explained in Equation 1.3

ALTiOs — Al Ti* 1T 2xO0s.aomx + XALO3 + (X/6) O, (1.3)
(tialitie-anosovite)

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

o The maximum decomposition rate is in the range of 1100° - 1150°C.

o 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.

o 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.

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

expansion anisotropy of the individual Al,TiOs grains.
In view of the decomposition behavior of Al,TiOs discussed above, significant effort

has been directed towards improving the thermal stability of AIl,TiOs through
substitution of stabilizers such as Fe,O3, MgO, etc. (Rezaie et al. 2009).
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The decomposition of Al,TiOs treated with TiO, has been reported by Hwang,
Nakagawa and Hamano (1993). The presence of TiO, was found to accelerate the
decomposition, but the residual thermal stresses decreased. Decomposition of Al,TiOs
was accompanied by the formation of the rutile grains and pores at the interfaces with
AlOs.

Mechanical properties strongly depend on the microstructures of Al,TiOs. 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 Al,TiOs, the formation of a TiO; 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 Al,O3 and rutile (Figure 1.11 (b) and (c)).
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Figure 1.11: Microstructures (BS-SEM) of Al,TiOs after (a) 1h, (b) 8h, and (c) 25h
annealing at 1100°C. (Legend: TiO,, rutile is white, AL, TiOs is light gray, Al,Os is dark

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

Microstructures of Al,TiOs 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 Al,O3; core and a

TiO, shell, grow at the maximum rate in comparison to other morphological features,

37



because the slow diffusion of titanium is avoided. Another factor is that the plastic
deformation of TiO, occurs at lower temperatures than in Al,O3; at 1000°C (Hirthe and
Brittain, 1963).
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Figure 1.12: Schematic diagram showing the possible decomposition mechanisms of
Al,TiOs (Buscaglia and Nanni, 1998).

The mechanism by which Al,TiOs decomposes is shown in Figure 1.12. In the case M1,
growth of the AlOs layer occurs by unidirectional diffusion of AI** and O% ions
through the TiO, shell. In the case M2, the A" flux is coupled with a countercurrent of
Ti** 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 TiO,

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 Ti;SiC, became unstable at temperatures greater than 1400°C in an inert
atmosphere (e.g. vacuum or nitrogen), by dissociating into Si, TiCy and/or TisSizCy
(Low 2004; Low and Pang 2011). A similar phenomenon has also been observed for
Ti3AIC, whereby it decomposes in vacuum to form TiC and Ti,AlC (Pang et al. 2010;
Pang and Low 2009; Low et al. 2011).
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In other studies, Zhang et al. (2008) reported TisSiC, to be thermally stable up to
1300°C in nitrogen, but above this temperature drastic degradation and damage
occurred due to surface decomposition. Feng et al. (1999) annealed the Ti3SiC,-based
bulk samples at 1600°C for 2h and 2000°C for 0.5 h in vacuum (107 Pa) and found that
TiCx was the only phase remaining on the surface. According to Gao et al. (2002) the
propensity of decomposition of TisSiC, to TiCx was related to the vapour pressure of Si,
i.e., the atmosphere where the Ti3SiC; exits. They believed that the partial pressure of Si
plays an important role in maintaining the stability of Ti;SiC, whereby it has a high
propensity to decompose in N2, O, or CO atmosphere at temperatures above 1400°C.
This process of surface-initiated phase decomposition was even observed to commence
at temperatures as low as 1000—1200°C in Ti3SiC, thin films during vacuum annealing
(Emmerlich et al. 2007). The large difference in observed decomposition temperatures
between bulk and thin-film TisSiC, has been attributed to the difference in diffusion
length scales involved and measurement sensitivity employed in the respective studies.
In addition, Ti3SiC, has also been observed to react readily with molten Al, Cu, Ni and

cryolite (NazAlFsg) at high temperatures.

In contrast, Barsoum and co-workers (1996) have shown that TizSiC, was
thermodynamically stable up to at least 1600°C in vacuum for 24 h and in argon
atmosphere for 4 h. They further argued that the reduced temperature at which Ti3SiC,
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 Ti3SiC,
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, Ti3SiC, was shown to be stable in a tungsten-heated furnace for
10 h at 1600°C and 1800°C in an argon atmosphere, but dissociated to TiCy 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 107 torr, most MAX phases

will tend to become unstable at 1400°C and begin to decompose (Figure 1.13).
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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 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 Ti3SiC,
which may be attributed to the release of gaseous Si by sublimation during the
decomposition process. For TisAlC,, its decomposition into TiC and Ti,AlC as lower
order or intermediate phase was observed at > 1400°C. However, at higher
temperatures, when compared to TiC, a smaller growth rate for Ti,AIC may indicate
that Ti,AlC experienced further decomposition into TiC via the sublimation of Al,
similar to decomposition of Ti3SiC,. In contrast to TisAIC,, no intermediate or lower
order phase was observed for the decomposition of Ti3SiC,, Ti,AIC or Ti;AIN. This
difference can be attributed to the fact that TisSiC; is the only stable ternary phase in Ti-
Si-C system and Ti,AIC is the lowest order phase in the Ti-Al-C system. The same
applies to Ti,AIN where it is the lowest order phase in the Ti-Al-N system. Fig. 1.14
(e) shows the excellent stability of Ti,AIN at 1500°C for up to 350 minutes. The inferior
thermal stability of TisAIN3 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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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 (ie. <5 x 10 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 Ti,AIN and TisAIN3 which shows that Ti;AIN has a

superior resistance to thermal decomposition.
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Figure 1.15: Variation of weight loss as a function of temperature for Ti;AIN3 (m) and
Ti,AIN (¢) (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 TisSiC, is more resistant to
decomposition than TizAIC, or Ti,AIN (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.,

I\/|n+1 Axn - I\/|n+1xn +A
Mh+1Xn > (n+1)MXnjn+1) (1.4)

As previously shown in Figure 1.14, the weight losses of up to 11.6% and over 20% in
decomposed Ti;AIN3 and Ti,AIN (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. < 5x10™ 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 5x107 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 Ti3SiC, is more
resistant to decomposition than TizAIC, or TisAIN; because Si has a lower vapour

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

MAX phase Activation energy Pore size (um)  Proposed reaction
(KJ mol™)
Ti3SIC, 169.6 1.0-3.0 Ti3SIC,—3TiC gg7 + Si 1
Ti3Slg.95Alo.05 Co 76.7 2.0-10.0 Ti3Si0.95Al0,05C2—3TiCo671t0.95S1 1
+0.05 Al 1
TisAIC, (bulk) -71.9 0.5-0.8 TisAIC, —»3TiCoe7 + Al 1
TisAIC, (powder)  71.9 >1.0 TisAIC, »3TiCoe7 + Al 1
Tib,AIC 85.7 2.0-10.0 Ti,AlIC -2TiCos + Al 1
Tib,AIN 573.8 2.0-8.0 TizAIN —3TiNgs + Al 1
TisAIN3 410.8 1.8-3.0 TisAIN3 —4TiNg 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 TizAIC,. However,
when powder of Ti3AlC, 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
Ti3AlC, decreased with increasing temperature due to the dense TiC surface layer with
very fine pores (<1.0 pum), 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 pm) formed in other
MAX phases and in powdered TizAlC, 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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(b) (d)
Figure 1.17: Scanning electron micrographs of the surface microstructures of vacuum-
decomposed MAX phases; (a) Ti>AIN, (b) Ti;AIN3, (¢) TisSiCs,, and (d) TizAlC, (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") (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
Ti,AIN and TisSiC, 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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Figure 1.18: Time-dependent phase abundance and Avrami fit isothermal
decomposition of (a) Ti.AIN, (b) TisSiC, 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)™
TisAIN; 0.18 0.37

Ti,AIN 0.62 0.004

TizAIC, 0.0023 0.93

Ti,AIC 0.11 0.608

TisSiC, 8.93x 10 2

Moreover, above 1400°C, MAX phases decomposed to binary carbide (e.g. TiCy) or
binary nitride (e.g. TiNy), primarily through the sublimation of A-elements such as Al
or Si, which results in a porous surface layer of MXy being formed. Positive activation
energies were determined for the decomposition of MAX phases except for Tiz;AIC,
where negative activation energy of 71.9 kJ mol™ 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 MgX 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 Ti3SiC,

Oxidation behavior is necessary to investigate the materials at high temperatures.
Ti3SIiC, is a promising structural material for high temperature because of its unique

combination of metal-like properties.

The oxidation of Ti3SiC, was reported by Recault et al. (1994) to commence at
temperature as low as 400°C through the formation of an anatase-like TiO, 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 SiO, and more TiO,. 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 Ti3SiC,
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 SiO; surface layers.

Barsoum et al. (1997) studied the oxidation of polycrystalline samples of Ti3SiC, 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 TiO, (rutile), and the inner layer consisted of a
mixture of SiO, and TiO,. 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 TizSiC; 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
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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 Ti3SiC; is expressed below in Equations 1.6 and 1.7:

TisSiC, + 50, (J) — 3TiO, + SiO, + 2CO (g) (1.6)
or
TisSiC, + SiO, + 40, (§) —  3TiO, + 2SiO (g) + 2CO (g) (1.7)

Sun and colleagues (2001) also explained the formation of the SiO; layer within the
outer TiO,. The oxidation at 1100-1200°C formed a two-layer scale after a short
oxidation time; an outer layer of coarse grained TiO, and an inner layer of a mixture of
fine grained TiO, and SiO,. 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 SiO, when the oxygen pressure was

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

SiO(g) +%02(q) —» SiO; (5) (1.8)

Therefore SiO, precipitated in the outer TiO; layer as the oxygen pressure in the outer

TiO, 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 SiO,, instead of SiO
(Sun et al. 2001).
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Zhou et al. (2004) reported the oxidation resistance behavior of Ti3SiC, by heating a
Ti3Sig9Alp1C, solid solution at 1000-1350°C for 20h in air. At 1000-1100°C, the
oxidation resistance of Ti3Siog9Alo1C, was significantly improved because of the
formation of a scale consisting of a continuous a-Al,O3 inner layer and a discontinuous
TiO; (rutile) outer layer. At 1200-1300°C, the continuous inner layer was a-Al,O3 and
outer layer was a mixture of TiO, (rutile) and Al TiOs. However, the oxidation
resistance of TisSipoAlo1C; deteriorated at 1350°C because of the depletion of a-Al,Os.
This depletion was caused by the extensive reaction between TiO; (rutile) and a-Al,O3
to form Al TiOs.

Zhou et al. (2006) investigated the reaction path to synthesize TizSiC, 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 Ti3SiC, was presented. The influenced of Al
content on the preparation of TisSi(Al)C, was also examined. Al doping improves the
oxidation resistance of Ti3SiC;, by generating a continuous inner layer of a-Al,O3 and a
discontinuous outer layer of TiO, (rutile) at 1000-1100°C. At 1200-1300°C, the
oxidized layers consists of a continuous inner layer of a-Al,O3 and two discontinuous
outer layers of TiO, (rutile) and Al,TiOs. Zhou et al. (2006) described the oxidation
behavior of Ti3SiC, at 1400°C and 1500°C respectively. At 1400°C, TiCyacts as a “real
initial material” and “effective TiCx” but at 1500°C, TiCy presents “invalid TiCy”. The
addition of a small amount of Al, the amount of effective TiCx is increased and
relatively decreased that of “invalid TiCyx”. In summary, the impurity phase of TiCy is
removed from Ti3SiC, 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 TizSiC,. In the case of Ti3SIiC, and TisSi(Al)C, 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 SiO; or Al,O3. 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

51



formation of the continuous a-Al,O3 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)C; solid solution could be achieved by Nb (niobium) doping. The oxidation
Kinetics of (TiNb)3;(SIAI)C, at 1000-1300°C obeyed the parabolic law and the oxidation
process of (TiNb)s(SIAIC, at 1000-1300°C was diffusion controlled. However, the
oxidation process of Ti3(SiAI)C, was diffusion controlled only at 1000°C. Moreover,
Zheng et al. (2011) compared the values of oxide layer thickness (AX) (where AX is the
change in thickness of oxide layer formed with respect to the temperature), for
(TiNDb)3(SIAI)C, and Tis(SIAI)C, 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)C, was thinner
and smaller in grain size than that formed in Ti3(SIAI)C,.

Zheng et al. (2011) also presented the phase composition of oxide scales formed in
(TiNb)3(SIAIC, and Ti3(SiAl)C, during oxidation at 1000-1300°C in air for 20 h. The
common oxide scales of rutile (TiO,), a-Al,O3 and cristobalite (SiO,) were identified
during the oxidation of (TiNb)3(SIAI)C, and Tis(SIAI)C, at 1000° and 1100°C
respectively. Tiz(SiAl)C, oxidized to form an outer layer of rutile (TiO,) and Al,TiOs at
1300°C whereas (TiNb)3(SiAl)C, oxidized to form a duplex structure with an outer thin
layer of TiO, and an inner mixed layer of rutile (TiO;) and amorphous SiO,. Zheng et
al. (2011) found that with increasing temperature, the thickness of the oxide scales
increased. Nb doping of Ti3(SiAl)C, 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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Abstract

Aluminium titanate (Al,TiOs) is a promising engineering material because of its low thermal expansion coefficient, excellent thermal
shock resistance, good refractoriness and non-wetting with most metals. However, it is susceptible to thermal dissociation in the
temperature range ~1100-1300 “C which degrades its desirable properties. In this work, the effect of atmospheres (i.e., air, argon, 50%
oxygen/50% argon) on the isothermal stability at 1100°C as well as the thermal instability of ALTiOs in the temperature range
20-1400 “C has been characterized by neutron diffraction to study the temperature- and time-dependence microstructural changes in real
time. Results show that the thermal stability of Al,TiOs is strongly influenced by both temperature and atmosphere, but the temperature

range of thermal instability is not dependent on the ageing atmosphere.
Crown Copyright «© 2006 Published by Elsevier B.V. All rights reserved.

Keywords: Thermal stability; Oxygen partial pressure; Aluminium titanate; Atmospheres

1. Introduction

Aluminium titanate (Al TiOs) is an excellent refrac-
tory and thermal shock resistant material due to its
relatively low thermal expansion coefficient
(~1 % 107°°C™" and high melting point (1860 °C). It is
one of several materials which is isomorphous with the
mineral pseudobrookite (Fe>TiOs) [1.2]. In this structure,
each AI*" or Ti*" cation is surrounded by six oxygen ions
forming distorted oxygen octahedra. These AlO; or TiOgq
octahedra form (001) oriented double chains weakly
bonded by shared edges. This structural feature is
responsible for the strong thermal expansion anisotropy
which generates localised internal stresses to cause severe
microcracking. Although this microcracking weakens the
material, it imparts a desirable low thermal expansion
coefficient and an excellent thermal shock resistance.

In addition. Al,TiOs5 is only thermodynamically stable
above 1280 “C and undergoes a eutectoid-like decomposi-
tion to @-Al,O5 and TiO» (rutile) within the temperature
range 900-1280 °C [3-7]. This undesirable decomposition
has limited its wider application. Hitherto, the mechanisms
of decomposition are poorly understood but experimental

*Corresponding author. Tel.: +61892667544; fax: +61892662377.
E-mail address: rlowim(@curtin.edu.au (.M. Low).

evidences suggest a nucleation and growth-controlled
process. It is generally agreed that the decomposition rate
peaks at 1100 °C and that residual alumina particles might
act as preferred nucleation sites for the decomposition [3].
The impact of this thermal instability can be improved
through the use of various stabilisers such as MgO, Fe->O;
and S10,.

In recent studies by Low and co-workers [8-11], the
ageing environment or atmosphere has been observed to
have a profound influence on the thermal stability of
Al TiOs. For instance, the decomposition rate of AlLTiOs
at 1100 °C is significantly enhanced in vacuum (10~* Torr)
where >90% of AlLTiOs decomposed after only 4h
soaking when compared to less than 10% in atmospheric
air [8]. This suggests that the process of decomposition of
Al TiOs is susceptible to environmental attack or sensitive
to the variations in the oxygen partial pressure during
ageing. The stark contrast in the mechanism of phase
decomposition is believed to arise from the vast differences
in the oxygen partial pressure that exists between air and
vacuum. In addition, it is still unclear whether the variation
of oxygen partial pressure has any influence on the range
and onset of decomposition temperature of Al,TiOs.

In this paper, we present results on the effect of
atmospheres on the isothermal stability of ALTiOs at
1100 °C as well as its decomposition behaviour in the

0921-4526/$ - see front matter Crown Copyright «© 2006 Published by Elsevier B.V. All rights reserved.
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temperature range 20—-1400 “C. The temperature-dependent
thermal stability and isothermal decomposition of Al,TiOs
have been dynamically monitored and characterized using
neutron diffraction to study the structural changes
occurring during phase decomposition in real time.

2. Experimental procedure

The starting powders used for the synthesis of AL TiOs
(AT) consisted of high-purity commercial alumina (99.9%
Al,O3) and rutile (99.5% Ti0O5,). One mole of alumina
powder and one mole of rutile powder were initially mixed
using a mortar and pestle. The powder mixture was then
wet mixed in ethanol using a Turbula mixer for 1h. The
slurry was then dried in a ventilated oven at 100 °C for 24 h.
The dried powder was uniaxially pressed in a steel die at
150 MPa to form cylindrical bars of length 20mm
and diameter 12 mm, followed by sintering at 1500 °C in
air for 2 h.

The collection of neutron diffraction data of isothermal
phase stability of ALTiOs at 1100°C for up to 12h in
different atmospheres, namely air, argon (99.99% purity)
and 50% argon—50% oxygen, was performed using a
medium resolution powder diffractometer (MRPD) lo-
cated at the Australian Nuclear Science and Technology
Organisation (ANSTO) in Lucas !—leighls. NSW. The
operation conditions were 4 = 1.667 A, 20 range = 4-138",
step size = 0.1°, counting time ~40-50s/step, monochro-
mator of 8 Ge crystals (115 reflection), and 32 ‘He
detectors 4° apart. The relative abundance of phases
present was computed using the Rietveld method. The
models used to calculate the phase abundance for MRPD
were Maslen et al. [12] for alumina, Epicier et al. [13] for
AL TiOs, and Howard et al. [14] for rutile. The software
used to analyse the data was Rietica 1.7.7.

3. Results and discussion

Fig. 1 shows the isothermal stability of ALTiOs at
1100 °C in air for a duration of 12 h. The sample remained
fairly stable with no apparent phase decomposition for up
to 5h. Further ageing caused only ~5% decomposition. In
contrast, substantial phase decomposition was observed
when AL TiOs was aged in an argon atmosphere (Fig. 2)
where more than 98% of the sample decomposed to form
corundum (Al,O3) and rutile (TiO,) after only 5h of
ageing. When the ageing atmosphere was changed to 50%
argon and 50% oxygen (Fig. 3), the decomposition rate
was considerably reduced compared with the rate for 100%
argon but more substantial than the rate for air.

A closer look at the results in Figs. 1-3 suggests that the
rate of phase decomposition of AL TiOs is dependent on
the atmosphere or oxygen partial pressure during isother-
mal ageing. This implies that the oxygen partial pressure in
the atmosphere plays a key role in triggering the thermal
instability via oxygen nonstoichiometry changes and/or
disordering of cations in Al,TiOs [6]. Indeed, nitrogen
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Fig. 1. Isothermal stability of ALTiOs at 1100°C in air. Error bars
indicate two estimated standard deviations +2 0. Legend: B = AL TiOs;
¢ = AlLO;3; A = TiO».
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Fig. 2. Isothermal stability of ALLTiOs at 1100 °C in argon atmosphere.
Error bars indicate two estimated standard deviations +2¢. Legend:
B = ALTiOs; ¢ = ALLO3; A =TiO,.

atmosphere has also been observed to cause enhanced
thermal instability in ALTiOs [15]. Similar observations
have also been observed for the enhanced dissociation of
Ti5SiC5 in vacuum and argon which can also be attributed
to the role of oxygen partial pressures [16,17].

It is postulated that in the presence of very low oxygen
partial pressure, the titanium ions in TiO, are very
susceptible to non-stoichiometry, thus triggering the release
of oxygen atoms and the concomitant decomposition
process. However, the exact mechanism of enhanced phase

75



504 L.M. Low et al. /| Physica B 385-386 (2006) 502-504

= ALTIO; 4 ALO, ATIO,
120
100
T35
2 g0 - B -
E TR
o 601 X
o
& 40
20
0 == M
0 5 10 15 20
Time (hr)

Fig. 3. Isothermal stability of ALTiOs at 1100 °C in the atmosphere of
50% oxygen and 50% argon. Errors bars indicate two estimated standard
deviations +20. Legend: B = ALTiOs; ¢ = Al,O5: A = TiO,.
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Fig. 4. Thermal stability of AL, TiOs in air over the temperature range
20-1400°C. Note the display of pronounced thermal decomposition at
~1150-1300°C. Errors bars indicate two estimated standard deviations
+20. Legend: M = ALTiOs; ¢ = AlLOs; A = TiO-.

decomposition in argon or inert atmosphere remains
unclear, especially in relation to the role of oxygen partial
pressures in reducing the free energy change for thermal
decomposition of Al,TiOs. If the oxygen partial pressure is
the cause, then the decomposition rate of AL TiOs should
depend on the variation of the oxygen partial pressure as
indicated in Fig. 3. It follows that an increase in the oxygen
partial pressure should reduce the rate of decomposition
and vice-versa. This further implies that the thermal

stability of Al,TiO5 will be improved in an atmosphere of
100% oxygen when compared to ageing in air.

The thermal stability of ALTiOs in the temperature
range 20-1400 “C in air is shown in Fig. 4. Clearly, Al,TiOs5
was stable up to ~1100 °C and became unstable at between
~1150 and 1300 “C. Beyond 1300 °C, the thermal decom-
position was arrested and the phase stability was restored.
This suggests that the process of thermal decomposition is
reversible or recoverable provided the restricted tempera-
ture range of between ~1150-1300 °C is not transgressed.
Interestingly, the use of either argon or oxygen atmosphere
did not appear to alter or affect the temperature range of
thermal decomposition. To the best of our knowledge, this
is the first time that the in situ display of the temperature
range for thermal decomposition of Al,TiOs5 during ageing
as shown in Fig. 4 has been reported in the literature.
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Aluminum titanate (Al TiOs) is an excellent refractory and
thermal shock resistant material due to its relatively low-ther-
mal expansion coefficient and high melting point. However,
ALTiOs is only thermodynamically stable above 1280°C and
undergoes a eutectoid decomposition to o-AlL,O; and TiO,
(rutile) in the temperature range of 900°—1280°C. In this paper,
we describe the use of high-temperature neutron diffraction to
study the properties of self-recovery in AL TiOs when it is an-
nealed at > 1300°C in air. It is shown that the process of de-
composition in ALTiOs is reversible and that self-recovery
occurs readily when decomposed Al TiOs is reheated above
1300°C. It is further shown that the existence of a temperature
range (900°—1280°C) in which AL, TiOs is prone to decomposi-
tion can be explained by the competing dominance of self-re-
covery at > 1280°C and decomposition at <1280°C.

I. Introduction

ALUMINUM TITANATE (Al,TiOs) is an excellent refractory and
thermal shock-resistant material due to its relatively low
thermal expansion coefficient (~ 1 x 10°%°C 1 and high melt-
ing point (1860°C). It is one of the several materials which is
isomorphous with the mineral pseudobrookite (Fe,TiOs).! ™ In
this structure, each AP’ or Ti*" cation is surrounded by six
oxygen ions forming distorted oxygen octahedra. These AlOg or
TiOg octahedra form (001) oriented double chains weakly bond-
ed 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 an excellent thermal shock
resistance.

In addition, ALTiOs is only thermodynamically stable
above 1280°C and undergoes a eutectoid decomposition to
2-AlLO5; and TiO, (rutile) within the temperature range of
900°-1280°C.>® This undesirable decomposition has limited
its wider application. Hitherto, the mechanisms of decomposi-
tion are poorly understood but experimental evidence suggests a
nucleation and growth-controlled process. It is generally agreed
that the decomposition rate peaks at 1100°C and that residual
alumina particles might act as preferred nucleation sites for the
decomposition.® The impact of this thermal instability can be
improved through the use of various stabilizers such as MgO.
Fe>0;. and Si0,.>10-12

Hitherto. the reason or underlying cause for the existence of a
temperature range (900"—12807C) in which AL, TiOs is prone to
decomposition remains an enigma. In addition. the kinetics of
decomposition are poorly understood and it is still unclear
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whether the process of phase decomposition is a reversible or
irreversible process. If the process is reversible, it may be pos-
sible for the decomposed Al TiOs to undergo self-recovery
or “self-healing™ when it is reheated to elevated temperatures
(i.e.. =1300°C).

In this paper. we present iz-situ neutron diffraction (ND) re-
sults to confirm the capability of previously decomposed Al,.
TiOs5 to undergo full self-recovery when it is reheated to a
temperature above 1300°C in air. It is further shown that the
existence of a temperature range (900°—1280°C) in which Al,.
TiOs5 is sensitive to decomposition can be explained by the for-
mation of ALTiIOs in a metastable state. A novel “top-down”™
approach has been successfully used to study the dynamics of
isothermal decomposition in high-purity Al,TiOs.

II. Experimental Procedure

(1) Sample Preparation

The starting powders used for the synthesis of AlLTiOs samples
consisted of high-purity commercial alumina (99.9% Al,O3) and
rutile (99.5% Ti0,). One mole of alumina powder and one mole
of rutile powder were initially mixed using a mortar and pestle.
The powder mixture was then wet mixed in ethanol using a
Turbula mixer for 1 h. The slurry was then dried in a ventilated
oven at 100°C for 24 h. The dried powder was uniaxially pressed
in a steel die at 150 MPa to form cylindrical bars of length 20
mm and diameter 12 mm, followed by pressureless sintering at
1500°C in an air-ventilated furnace for 2 h and then furnace-
cooled to room temperature. The heating and cooling rates were
3.0°C/min.

(2) ND

A medium resolution powder diffractometer (MRPD) located at
the Australian Nuclear Science and Technology Organization
(ANSTO) in Lucas Heights, NSW was used for ND study of
thermal decomposition and self-recovery in Al,TiOs in air at the
elevated temperature. Two approaches were used to study the
dynamics of thermal decomposition in ALTiOs at 1100°C in air
atmosphere for up to 12 h. In the first approach (i.e.. bottom-
up). the samples were heated up to 1100°C from room temper-
ature and held at this temperature for up to 24 h to monitor the
complete decomposition of ALTiOs. In the second approach
(i.e.. top-down). the previously decomposed samples from the
bottom-up approach were reused to study the capability of this
material to self-recover when heated again to elevated temper-
ature. Here the samples were heated up to 1450°C for 2 h before
the temperature was lowered to 1100°C and held at this tem-
perature for up to 12 h to monitor the dynamics of phase de-
composition in self-recovered AlLTiOs. Figure 1 shows the
schematic representation of the two approaches.

Finally, a new set of samples were heated from room tem-
perature to 1400°C in order to study the ““forbidden™ temper-
ature range in which ALTiOs becomes susceptible to thermal
decomposition. Diffraction patterns were collected over 1 h
for every 50°C rise from 600° to 1400°C. This allows the
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Fig.1. Schematic representation of the bottom-up and top-down
approaches for the study of isothermal decomposition in Al,TiOs at
11007C.

temperatures for the onset of decomposition and self-recovery to
be determined. .

The operation conditions of the MRPD were A = 1.667 A. 20
range = 4°—-138", step size = 0.1, counting time ~40-50 s/step.
monochromator of 8 Ge crystals (115 reflection), and 32 3He
detectors 4 apart. The relative abundance of phases present was
computed using the Rietveld method. The models used to cal-
culate the phase abundance for MRPD were Maslen er al.'? for
alumina, Epicier et al? for ALTiOs. and Howard er al.'* for
rutile. The software used to analyze the data was Rietica 1.7.7.
During Rietveld analysis. constraints such as background B0 Bl
B2 B3 and BS5 were used but no restraints were used. A typical
difference plot showing the quality of fit is shown in Fig. 2 to-
gether with the corresponding values for the agreement indices
such as Ry, %2, and Rpg.

III. Results and Discussion

(1) Temperature Range of Thermal Decomposition

The thermal stability of Al,TiOs in the temperature range 20°
1400°C in air as revealed by ND is shown in Fig. 3. Clearly.
Al,TiOs was relatively stable to just below 1100°C and became
visibly unstable. decomposing to form corundum and rutile at
between 1100°-1280°C. Beyond 1300°C. the thermal decompo-
sition was arrested and the phase stability was restored. This
implies that the process of thermal decomposition is reversible
and will self-recover according to Eq (1) provided the restricted
temperature range of between 1100°-1280°C is not traversed.
Hitherto, there has been no hypothesis to explain the existence
of this temperature range.

It is proposed here that the existence of a temperature range
(1100°-1280°C) as shown in Fig. 3 wherein AL, TiOs is prone to
decomposition can be explained in terms of the vital role of the
temperature-dependent atomic diffusion rates and the compet-
ing dominance between self-recovery and decomposition. At
temperatures below ~ 1000°C, the decomposition of the mate-
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Fig.2. A typical dillerence plot [rom Rietveld analysis showing the
quality of fit for as-sintered Al,TiOs at room temperature. Ryp, = 4.32;
72 (GoF)=3.68; Rp (corundum)=2.59; Rp (AlTiOs)=23.05; Rg
(rutile) = 1.99.
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Fig.3. Thermal stability of Al,TiOs in air over the temperature range
20°-1400°C. Note the display of pronounced thermal decomposition at
~ 1100°-1300"C. Errors bars indicate two estimated standard deviations
+2c. W, ALTIOs; &, ALOs; A, TiO,.

rial is insignificant because the rates of atomic diffusion are too
low. As the temperature rises above ~ 1000°C the diffusion rates
become high enough for a significant decomposition to take
place. However, as the temperature rises beyond 1280°C, self-
recovery dominates and occurs rapidly to form Al,TiOs because
of very high atomic diffusion rates. It is this competing domi-
nance between self-recovery and decomposition that gives rise to
the observed decomposition range.

(2) Phase Decomposition and Self-Recovery
Figure 4 shows the isothermal decomposition of AlLTiOs at
1100°C in air for up to 24 h using the bottom-up approach. The
sample commenced to decompose very rapidly within the first 4
h where more than 80% of the sample had decomposed to torm
corundum (Al,Oj3) and rutile (TiO5) in the first 2 h. This rapid
process of phase decomposition in ALTiOs has also been ob-
served in vacuum or argon atmosphere.'>'® The presence of re-
sidual corundum and rutile in the starting sample was due to the
unavoidable spontaneous decomposition of Al TiOs when the
samples were furnace cooled to room temperature. It would be
necessary to rapidly quench the samples from 1500°C to over-
come or minimize the spontaneous decomposition, but this
would weaken the samples considerably due to severe
microcracking.

However, when this previously decomposed Al,TiO5 sample
was reheated from room temperature to 1450°C for 2 h, self-
recovery took place through the rapid reaction of corundum and
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Fig.4. Isothermal decomposition of sintered AlLTiOs at 1100°C in air
according to the bottom-up approach. Errors bars indicate two estimat-
ed standard deviations +2c. Wl . ALTIOs: ¢. AlLO3; A, TiO5.
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Fig.5. Formation of AL TiOs through self-recovery in the previously
decomposed sample by reheating it to 1450°C and dwelling for 2h. A,
ALTiOs: W, ALO;: A, TiO5.

rutile to form AL TiOs with >98 wt% phase purity as shown in
Fig. 5 as compared with only ~ 80 wt% phase purity in sintered
samples (Fig. 4). This capability of self-recovery further suggests
that the process of decomposition is spontaneous and reversible
as follows:

AlLO3 + TiO; «» Al TiOs (@Y)

This high phase purity would be lost in the sample if it was
cooled down to room temperature due to the tyranny of spon-
taneous decomposition as described in Eq. (1). In order to
maintain the high phase purity in the sample, the temperature
in the furnace was lowered from 1450° to 1100°C (i.e., the top-
down approach), and the dynamics of decomposition in self-
recovered Al,TiOs was analyzed over a period of 12 h as shown
in Fig. 6. In both approaches. the samples were almost com-
pletely decomposed within a period of 10-12 h. When compared
with the sample decomposed using the bottom-up approach. the
decomposition in self-recovered Al TiOs using the top-down
approach appeared less rapid probably due to its higher AL TiO5
content (=98 wt%). However, if a correction is made for the
bottom-up approach sample (~80 wt% AL TiOs), the rate of
decomposition is almost similar in both approaches.
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Fig.6. Comparison of isothermal decomposition of ALTiOs at 1100°C
in air between the bottom-up and top-down approaches. l , top-down;
4. bottom-up.
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Hitherto, it is unknown at this stage what will be the likely
effect of self-recovery on the physical, thermal and mechanical
properties of Al,TiOs. Further research is necessary to elucidate
this phenomenon. Nevertheless, the implication of this phenom-
enon is far-reaching whereby it may just be possible to restore
any previously decomposed Al,TiOs to its original condition by
thermal annealing in air at > 1400°C through self-recovery and
perhaps self-healing of the microcracks formed.!”!® The ability
of AlLTiOs to be recycled will allow a much longer service life of
this material. In addition, high-purity Al,TiOs may be produced
as a refractory material without the use of stabilizers that may
alter its intrinsic thermal and physical properties because at the
service temperature it will adopt the desired phase.

1V. Conclusions

The use of high-temperature ND has shown that the process of
decomposition in AlLTiOs is reversible and that self-recovery
can occur readily when decomposed AL TiOs is reheated above
1300°C. It is further shown that the existence of a decomposition
temperature range in AlLTiO5 can be explained by the compe-
tition in the dominance of self-recovery at > 1280°C and de-
composition at < 1280°C.
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The ability of decomposed Al>TiOs to undergo reformation in phase composition has been characterised by
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1. Introduction

In the Al;03-TiO, system, aluminium titanate (Al,TiOs) is the
only thermodynamically stable compound above 1280°C, up to its
melting point.Itis one of several materials thatis isomorphous with
the mineral pseudobrookite (Fe;TiOs) [1-4]. It is both an excellent
thermal shock resistant material and refractory with a relatively
low thermal expansion coefficient (~1 x 10-6°C-1) and a melting
point of 1860°C. Below 1280°C, metastable Al;TiOs undergoes a
eutectoid decomposition to «-Al,03 and TiO, (rutile) within the
temperature range 900-1280°C[5-9].1tis generally agreed that the
decomposition rate peaks at 1100 °C. This undesirable decomposi-
tion has limited its wider applications as an engineering material.

Hitherto, the kinetics of decomposition is poorly understood and
it is still unclear whether the process of phase decomposition is a
reversible or irreversible process. If the process is reversible, it may
be possible for the decomposed Al,TiO5 to undergo self-recovery
or “reformation” when it is reheated to elevated temperature (i.e.
>1300°C). Although “self-healing” of cracks in Al;TiOs has been
observed atelevated temperature [ 10-12], recovery in decomposed
Al TiOs by “reformation” has hitherto remained a mystery. In this
paper, we present results from neutron diffraction and differential
thermal analysis to confirm the capability of previously decom-
posed Al>TiOs5 to undergo reformation in phase composition when
it is re-heated to a temperature above 1300°C in air.

* Corresponding author. Tel.: +61 8 9266 7544; fax: +61 8 9266 7544.
E-mail address: rlowim@cc.curtin.edu.au (.M. Low).

2. Experimental procedure
2.1. Sample preparation

The starting powders used for the synthesis of Al;TiOs samples consisted of
high purity commercial alumina (99.9% Al;03) and rutile (99.5% TiOz ). One mole of
alumina powder and one mole of rutile powder were initially mixed using a mortar
and pestle. The powder mixture was then wet mixed in ethanol using a Turbula
mixer for 1 h. The slurry was then dried in a ventilated oven at 100°C for 24 h. The
dried powder was uniaxially pressed in asteel die at 150 MPa to form cylindrical bars
of length 20 mm and diameter 12 mm, followed by pressureless sintering at 1600 °C
in an air-ventilated furnace for 4 h and then furnace-cooled to room temperature.
The heating and cooling rates were 3.0°Cmin~'.

2.2, Neutron diffraction

A medium resolution powder diffractometer (MRPD) located at the Australian
Nuclear Science and Technology Organisation (ANSTO) in Lucas Heights, NSW was
used for neutron diffraction study of phase decomposition and reformation in
Al>TiOs in air at elevated temperatures. In order to achieve full phase decomposition,
the cylindrical bar sample was heated from room temperature to 1100°C and held
at this temperature for up to 22 h. The same decomposed sample was then re-used
to study the capability of this material to self-recover when heated again to elevated
temperatures. Here the sample was heated up to 1450°C and held for 2 h, followed
by controlled cooling to room temperature. The dynamics of phase self-recovery
during re-heating and phase decomposition during cooling were monitored in real
time. The use of neutron diffraction is the most suitable technique for the work pro-
posed here as it allows the bulk information on the thermal decomposition process
to be obtained because of the bulk sampling and penetrating nature of neutrons.
In contrast, X-ray diffraction only provides surface information which may not be
representative of the sample. In addition, neutron diffraction allows measurements
under non-ambient conditions and environments to be conducted with ease.

The operation conditions of the MRPD were A= 1.665 A, 26 range = 4-138°, step
size=0.1°, counting time ~40-50sstep~!, monochromator of 8Ge crystals (115
reflection), and 32 3He detectors 4° apart. The relative abundance of phases present
was computed using the Rietveld method. The models used to calculate the phase
abundance for MRPD were Maslen et al. [13] for alumina, Epicier et al.[3] for Al;TiOs,

0254-0584/$ - see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.
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Fig. 1. A typical neutron diffraction profile plot of reformed Al,TiOs at 1450°C
after Rietveld refinement. Measured pattern indicated by crosses, calculated pat-
tern indicated by solid line. Intensity differences between the two patterns are
shown along the bottom of the plot. The three rows of vertical bars represent
the allowable peak positions for each of three phases (top, a-Al;03; middle,
Al TiOs; lower, rutile-TiO;). The corresponding phase abundances (wt%) are: a-
Al03=0.6; Al;TiOs=98.3; rutile=1.1. Quality of fit: R, =5.8; x2 (GoF)=2.18; Rp
(corundum)=2.59; Rg (Al;TiOs)=3.05; Rg (rutile)=1.99.

and Howard et al. [14] for rutile. The software used to analyse the data was Rietica
1.7.7. During Rietveld analysis, constraints such as background B0, B1, B2, B3 and B5
were used but no restraints were used. A typical difference plot showing the quality
of fit is shown in Fig. 1 together with the corresponding values for the agreement
indices such as Rp, x? and Rg.

2.3. Differential thermal and gravimetric analysis (DTA/TGA)

The DTA/TGA measurement of decomposed Al,TiOs powder was carried in
flowing air on a SETARAM instrument. This was done in order to monitor the ther-
mochemical reactions that occurred during the chemical reaction of reformation in
decomposed Al;TiOs. Specimen weighing 10 mg were placed in a platinum crucible
and heated to a maximum temperature of 1450°C at a heating rate of 10°Cmin—!
with an empty reference.

3. Results and discussion

The microstructure of as-sintered Al,TiOs sample is shown in
Fig. 2(a) where relatively large and smooth grains of 10-20 pm
formed with occasional appearance of microcracks in certain
large grains. When this sample was isothermally decomposed at
1100°C for 22 h, finer grains of rutile (white) and a-Al,05 (light
gray) can be seen to form in situ within the original Al;TiOs
grain as shown in Fig. 2(b). This physical separation or decom-
position of Al,TiOs into finer grains of alumina and rutile has
not resulted in observable shrinkage or disintegration of the
decomposed sample. In fact, the decomposed sample appears
to be harder and stronger due to the presence of alumina and
rutile in the microstructure. However, development of secondary
intragranular porosity can be seen in the decomposed microstruc-
ture which concurs with the work of Hennicke and Lingenberg
[15]. The formation of fine grains of alumina and rutile dur-
ing decomposition may also aid in the reformation of Al;TiOs
by virtue of enhanced atomic diffusion and shorter diffusion
paths when the decomposed sample was re-heated to above
1300°C.

Fig. 3(a) shows the diffraction pattern of Al,TiOs that was
isothermally decomposed at 1100°C in air for 22 h. The sample
almost decomposed completely forming ~55wt% corundum (a-
Al,03) and ~45wt% rutile (TiOz). This rapid process of phase
decomposition in Al,TiOs has also been observed in vacuum or
argon atmosphere [16,17]. However, when this previously decom-
posed Al,TiO5 sample was re-heated from room temperature to
1450°C for 2 h, self-recovery took place through the rapid reac-
tion of corundum and rutile to form Al,TiO5 with >98 wt% phase

[),un

- “ Q‘h *

-campoased middle region
; —

Fig. 2. Back-scattered electron micrographs showing the microstructure of (a) as-
sintered Al;TiOs and (b) isothermally decomposed Al;TiOs at 1100°C for 22 h.
(White phase is rutile (TiO2), light gray is Al;TiOs, dark gray is a-Al,03 and black
are pores and cracks.)

purity as shown in Fig. 3(b). This capability of reformation is verified
by differential thermal analysis that showed a sharp endotherm at
1362 °C (Fig. 4) which can be attributed to the formation of Al; TiO5
through solid state reaction between corundum and rutile [8,9].
This further suggests that the process of decomposition is sponta-
neous and reversible as follows:

Al,03 +TiO3 < Al TiOs5 (1)

Fig. 5 shows the in situ neutron diffraction results of (a) ref-
ormation when previously decomposed Al,TiOs was re-heated
continuously from room temperature to 1450°C at a heating
rate of ~20°Cmin~!, and (b) the subsequent decomposition of
reformed Al,TiOs during controlled cooling to room tempera-
ture at ~10°Cmin~!. It is evident that reformation or recovery
in phase composition occurred when decomposed Al,TiO5 was
re-heated to 1450°C, where more than 98 wt% Al,TiOs self-
recovered. During cooling from 1450 to 1200°C, the sample
remained quite stable without any visible phase degradation. How-
ever, on further cooling from 1200 to 1000 °C, rapid decomposition
of Al,TiOs commenced with ~20% of the sample decomposed at
1000°C. When compared to isothermal decomposition at 1100°C
[16,17], the rate of non-isothermal decomposition observed here
is much slower. Further cooling to 600°C and room tempera-
ture did not cause any further degradation of the sample. It is
postulated that at temperatures below ~1000°C, the decompo-
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and rutile (R) in Al,TiOs sample that was isothermally decomposed at 1100°C for 22 h and (b)

self-healing of the same sample in (a) after re-heating to 1450°C for 2 h (legend: AT, Al;TiOs).
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Fig. 4. A plot of DTA-TGA for decomposed Al;TiOs showing a sharp endotherm at
1362 °C, which can be attributed to self-healing and re-formation of Al;TiOs.

sition of metastable Al,TiOs5 is insignificant because the rates
of atomic diffusion are too low. As the temperature rises above
~1000°C the diffusion rates become high enough for a significant
decomposition to take place. However, as the temperature rises
beyond 1300°C, reformation or recovery dominates and occurs
rapidly to form Al,TiO5 because of very high atomic diffusion
rates.
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Fig. 5. In situ neutron diffraction results showing the variations of phase content
of previously decomposed Al TiOs during (a) re-heating from room temperature to
1450°C (legend: (M) Al TiOs; (#) Al2O3; (a) TiO3) and (b) controlled cooling to room
temperature from 1450 °C (legend: (O) Al TiOs; (¢) AlaOs3; (A) TiO3).

4. Conclusions

The use of high-temperature neutron diffraction and differen-
tial thermal analysis has shown that the process of decomposition
in metastable Al;TiOs5 is reversible and that reformation can occur
readily when decomposed Al,TiOs5 is re-heated above 1300°C. It is
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further shown that decomposition of Al;TiOs during cooling below
~1200°C is governed by the temperature-dependent atomic diffu-
sion rates.
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SUMMARY

A high-temperature vacuum heat-treatment
process has been proposed for the designing of
TiySiC,—TiC composites with graded interfaces.
The phase evolution and the graded nature of
this system have been characterised by x-ray
diffraction (XRD), synchrotron radiation
diffraction (SRD) and neutron diffraction (ND).
Results of SRD and ND in the temperature
range 1000-1500°C show that the TiC layer
commenced to form near the surface at 1200°C
and grew rapidly in thickness with rising
temperature. Depth-profiling of the TiC layer by
XRD and SRD has revealed a distinct gradation
in phase composition.

KEYWORDS
TiC, Ti3SiC,, x-ray diffraction, neutron
diffraction, synchrotron radiation diffraction

INTRODUCTION

Ti3SiC, displays a unique combination of
mechanical, electrical, thermal and physical
properties [1-7]. 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 ?‘aphite. Itis
also relatively light (4.5 g/cm’), oxidation
resistant, exhibits a ultra-low friction coefficient
(1 = 3 x 10), and is elastically rigid. However,
with a Vickers hardness (H,) of only 4 GPa and
a Young’s modulus (E) of 320 GPa, the low
value of H,/E suggests a mechanical behaviour
of Ti;SiC, somewhat similar to that of ductile
metals.

However, unlike traditional binary carbides (eg.
WC, SiC and TiC), which are among some of
the hardest (> 25 GPa), stiffest, and most
refractory (~2000°C) materials known, the
ternary carbide Ti;SiC, is relatively soft, not
wear resistant, and has lower thermal stability
(~1700°C). To counteract this, Barsoum and
co-workers improved the surface hardness and
oxidation resistance of Ti;SiC, by using both

carburization and silicidation to form surface
layers of TiC and SiC [8].

Here, we propose an alternative method for the
formation of TiC layer on Ti;SiC,. This
approach involves the controlled heat-treatment
of Ti;SiC, in vacuum at high temperature. It has
been proposcd that the very low partial pressure
of oxygen in the vacuum treatment may
facilitate the surface formation of TiC via the
following thermal dissociation reaction [9]. By
interfacing Ti;SiC, and TiC it is hoped that the
combination of the hard-wearing surface layer
of TiC and the tough under-layer of Ti;SiC, will
produce a composite that is stronger and more
resistant to fatigue, wear and damage.

In this paper, we present results on the evolution
of phase composition of vacuum heat-treated
Ti3SiC, at elevated temperatures. The
development of TiC in the temperature range
1000-1500°C was monitored dynamically using
ncutron diffraction. Depth-profiling of the near-
surface composition of TiC layer has been
conducted by x-ray diffraction and grazing
incidence synchrotron radiation diffraction.

EXPERIMENTAL METHOD

Sample Preparation

Ti;SiC, samples were fabricated by reaction-
sintering and hot-isostatic-pressing of Ti, SiC
and C powders. The powder compacts were
initially prepared by mixing in the proper molar
ratio, cold pressed, followed by reaction-
sintered in a vacuum furnace (~107 torr) at
1500°C for 1 h, and finally hot-isostactically-
pressed (HIPed) in argon at 1650°C for 2 h with
a pressure of 150 MPa. Figure la shows a
typical XRD plot of an as-HIPed Ti;SiC,
sample. In order to study the temperature range
of thermal dissociation of Ti3;SiC; in vacuum to
form TiC by x-ray and synchrotron radiation
diffraction, thin slices (~2 mm) of HIPed
samples were heated-treated in an Elatec™
vacuum furnace (~2 x107 torr) at 900 — 1500 C
for 1 - 8 h. Figure 1b shows a typical XRD plot
of a wvacuum heat-treated TiSiC, sample.
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Samples were accurately weighed before and
after thc vacuum-trcatment to monitor mass
change due to thermal dissociation of Ti;SiC; to
form TiC at various tcmperatures.

ath ww mee

Fig. 1: Typical XRD plots of HIPed Ti;SiC; (a)
before and (b) after vacuum hecat-treatment at
1500°C for 8h.

X-ray Diffraction (XRD)

Laboratory XRD pattemns of vacuum-treated
Ti;SiC, samples werc obtained with an
automated Siemens D500 Bragg-Brentano
instrument using CuKa radiation (A = 0.15418
nm), produced at 40 kV and 30 mA over the 20
range 5° — 130° step size 0.04 and counting
time 2.4 s/step. Samples were mounted onto
aluminium sample holders using a viscous
adhesive and adjusted to the correct height with
a glass slide. To obtain the graded composition
profiles, the vacuum-treated samples were
lightly polished with an emery paper to reach
the desired depth. The relative phase abundance
of Ti3SiC; and TiC formed was computed using
the Rietveld refinement method.

Synchrotron Radiation Diffraction (SRD)
The purpose of thesc cxperiments was (o
conduct in-situ dcpth-profiling of the necar-

surface phase composition of Ti,SiC, heat-
trecated in vacuum at various temperatures and
dwelling  times. Synchrotron  radiation
diffraction (SRD) patterns of vacuum-treated
samples were collected using the BIGDIFF
diffractometer at the Australian National
Beamline Facility in Tsukuba, Japan. Imaging
plates were used to record the patterns over 26
of 10-100°. The diffractometer was operated in
Debye-Scherrer mode under vacuum  with
wavelength of 0.8 A and grazing incidence
angles of 0.1, 0.3, 0.5, 1.0, 3.0, 5.0 and 10°. An
incident beam of height 10 mm and width 100
pm and an exposure time of 20 min were used
for each run. For the purpose of comparison,
multi-wavelength SRD patterns (A = 0.8-1.54
A) were also collected. The relative phase
abundance of TiC formed was estimated using
the relative peak intensity ratio of (111) for TiC,
and (102) for Ti,SiC,.

Neutron Diffraction (ND)

High temperature time-of-flight neutron
diffraction was used to monitor the real time
structural cvolution of phase development of
HIPed Ti;SiC; in vacuum from 20 to 1500°C.
Neutron diffraction data were collected using
the Polaris medium resolution, high intensity
powder diffractometer at the UK pulsed
spallation neutron source ISIS, Rutherford
Appleton Laboratory. Two diffraction patterns
were collected at 17°C and at every 100°C
between 1000 and 1500°C with a rate of
20°C/min. A total of 6 patterns were collected at
1500°C. The data acquisition times were | h
(~200uAh) for the room temperature diffraction
pattern, and 15 min (~50uAh) for cach of the
diffraction pattems collected at elevated
temperatures. The relative phase abundance of
TiC formed was estimated using the relative
peak intensity ratio of (111) for TiC, and (102)
for TiJSiCz.

RESULTS AND DISCUSSION

Evolution of Phase Development

Figure 2 shows the relative abundance of TiC
formed at various temperatures in vacuum.
There is clearly no apparent dissociation of
Ti;SiC; to form TiC at temperatures below
1100°C. It dissociates initially slowly at 1100-
1200°C but the process becomes quitc rapid
from 1250 to 1500°C. However, in addition to
TiC, a transient phase of TiSiC is also
observed [10]. This phase is believed to form at
the initial dissociation stage of Ti;SiC, and it
cventually converts to the stable TiC at elevated
temperaturc. Figurc 3 shows the in-situ
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necutron diffraction of Ti;SiC. heat-trcated in
vacuum from 17-1500°C with a dwelling time 3
h at 1500°C. Below 1500°C, Ti;SiC, is
relatively stable and it commences to dissociate
rapidly to form TiC only when the tempcrature
approaches 1500°C. The relative abundance of

TiC formed increases very rapidly with
dwelling time of 1 to 3 h.
20 8
® |
ol
"8 15 s ;
- @ i
Y
:cz"u 10
= <
= @
s
£ S
i
L 2 |
o - oy i A x gl
0 500 1000 1500

Temperature (°C)

Figure 2: The relative abundance of TiC formed
at various temperatures in vacuum as revealed
by synchrotron radiation diffraction.
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Fig. 3: The relative abundance of TiC formed at
various temperatures and dwelling time (0-3 h)
at 1500°C in vacuum as revealed by in-situ
neutron diffraction.
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The apparent discrepancy in the commencement
tempcrature for rapid Ti;SiC, dissociation to
form TiC as revealed by SRD and ND can be
attributed to the diffecrence in depths of
information provided by both techniques. The
former provides the near-surface information
while the latter gives the average or bulk
information which results in a much lower
averaged phasc content. This discrepancy also
implies that the mechanism of Ti;SiC;
dissociation is surface-initiated rather than a
bulk process. This suggests that a diffusion-
controlled process may be responsible for the
observed dissociation which starts at the surface
and progresses slowly into the bulk. This further
implies that the initially formed TiC surface
layer may be of only a few nanometres at
~1100°C which can only be detected by SRD
due to its high brightness and excellent
sensitivity. The initial TiC surface layer formed
will increase rapidly in thickness with rising
temperature. With a dwelling time of 3 h at
1500°C, it may reach a thickness of ~100 pm
which can be readily detected by ND. This
hypothesis of surface-initiated dissociation in
vacuum-treated Ti;SiC, is corroborated by the
depth-profiling results to bc presented in the
next section.

The effect of prolonged dwelling time during
vacuum heat-treatment at 1500°C has been
observed to increase thc abundance and
thickness of the TiC layer formed, indicating a
time-dependent dissociation process [9]. A
dwelling time of more than 10 h would be
necessary to form a sufficiently thick layer of
pure-TiC on Ti;SiC,.

The exact surface chemistry of this TiC
formation in vacuum remains unclear. It is
proposed here that in the presence of a very low
oxygen partial pressure as in vacuum, the
surface of TiySiC, may undergo a high
temperature thermal dissociation process to
form TiC and TisSiyC in two stages as follows:

3Ti;SiIC, + 0 — 4TiC(,) = o TisSiJC(s) - CO(S)

TisSiz;C+ 70 —> TiC(s) == 3Si0(g) + 4Ti0(s)

According to the above equations, the mass of
samples following the heat-treatment should
decrease as the temperature increases due to an
increased volatility of CO, SiO and TiO. This
hypothesis is collaborated by the observation of
an increase in mass loss in vacuum as the heat-
treatment temperature increases (Fig. 4)
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Fig. 4: Variation of mass loss as a function of
temperature during vacuum heat-treatment.

Depth-Profiling of Phase Composition

The presence of graded composition in
vacuum-treated Ti;SiC, has previously been
revealed by XRD [9]. Before polishing with an
emery paper, the as-treated surface contained
>98% TiC. The content of TiC decreased
rapidly the surface to the bulk. Table 1 shows
the depth-dependent wvariation of phase
abundances of a Ti;SiC, sample vacuum-treated
at 1500°C for 1 h as revealed by XRD. The
results clearly show that the near-surface TiC
layer has a graded composition with the top
surface very rich in TiC and its content
decreases rapidly with an increase in depth.

Table 1: Depth-profiling of relative phase
abundance of a Ti;SiC, sample vacuum-treated
at 1500°C for 1 h

Depth TiC (wt%) | Ti,SiC,
(pm) (wt%)
0 85.8 14.2
~10 79.9 20.1
~50 48 95.2
~150 3.0 97.0

The graded nature of the near-surface
composition of vacuum-treated Ti3SiC, has also
been verificd by the variation of phase
composition at different wavelengths [11,12].
The composition is a minimum on the surface
(A =154 A) and increases as the depth
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increases, reaching a maximum for A =1.0 A.
This display of composition gradation at the
near-surface is more pronounced when the
grazing incident angle increased from 0.5 to
5.0°. These results support the above-mentioned
hypothesis of a surface-initiated process for the
formation of TiC. It is further proposed here
that the dissociation to form TiC occurs initially
on the surface by a nucleation and growth
mechanism. As the dissociation progresses, this
mechanism propagates into the bulk of the
sample through a diffusion process.

CONCLUSIONS

The feasibility of using the high-temperature
vacuum heat-treatment to deposit a graded layer
of TiC on TiySiC, through a controlled
dissociation process has been verified in this
study. The graded nature of this system has
been confirmed by x-ray diffraction and
synchrotron radiation diffraction. Much work is
still needed to examine the microstructure and
to measure the microhardness and wear-
resistance of the TiC layer. However, the
nanostructure of this layer may pose
considerable challenges both in microstructural
and mechanical properties evaluation.

For this system to exhibit superior wear
properties, the TiC layer needs to have a dense
and fine grained microstructure. In addition, the
TiC formed must be an equilibrium or
stoichiometric phase with a cubic and not a
hexagonal structure. Non-stoichiometric TiC,
and/or hexagonal TiC is known to be very much
softer than its cubic and stoichiometric
counterpart. Hence, a rigorous crystallographic
work based on the Rietveld refinement method
would be necessary to fully ascertain the
structure and composition of the TiC formed.
Complementary analytical tools such as x-ray
fluorescence, high resolution electron
transmission electron, and electron microprobe
should also be used to unravel the true nature
and property of the TiC phase formed following
the high-temperature thermal dissociation of
Ti3SiC; in vacuum.

Hitherto, it is unclear how the surface
dissociation process would affect the quality of
the TiC layer formed. It is quite likely that the
evaporation of CO, TiO and SiO during the
thermal dissociation of Ti;SiC, may cause the
formation of a porous TiC layer. In addition, it
remains unknown whether the similar high-
temperature dissociation will occur in an inert
atmosphere such as argon or nitrogen wherec a
low oxygen partial pressure may exist as in
vacuum. Under these circumstances, new
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strategies will need to be sought which require a
full understanding of the surface chemistry and
chemical processes involved during the thermal
dissociation to form TiC.

ACKNOWLEDGMENTS

This work was supported by funding from
AINSE (Project 02/075), ISIS (Proposal
RB13248) and the Australian Synchrotron
Research Program (ANBF proposal 01/02-AB-
36). We thank Dr D. Perera of ANSTO, Dr. R.
Smith of ISIS and Dr. J. Hester of ANBF for
experimental assistance in the HIPing of
samples and the collection of ND and SRD data
respectively.

REFERENCES

1. Barsoum, M.W. & El-Raghy, T. “Synthesis
and Characterisation of a Remarkable
Ceramic: Ti;SiC,.”” J. Am. Ceram. Soc. Vol.
79 (1996) 1953.

2. Barsoum, M.W., Brodkin, D. & El-Raghy,
T. “Machineable Layered Ceramics for
High Temperature Applications.” Scr. Met.
et. Mater. Vol. 36 (1997) 535.

3. Low, LM, Lee, SK., Barsoum, MW. &
Lawn, B.R. “Contact Hertzian Response of
Ti;SiC, Ceramics.” J. Am. Ceram. Soc. Vol.
81 (1998) 225.

4. Low, LM. “Vickers Contact Damage of
Micro-layered Ti;SiC,.” J. Europ. Ceram.
Soc. Vol. 18 (1998) 709.

5. Barsoum, M.W. and El-Raghy, T. “Room
Temperature Ductile Carbides.” Metall.
Mater. Trans., Vol. 30A, (1999) 363.

10.

1.

12.

91

J. Aust. Ceram. Soc., [38], 2, 2002, 112-1 16

El-Raghy, T., Zavaliangos, A., Barsoum,
M.W. & Kalidindi, S.R. “Damagc
Mechanisms Around Hardness Indentations
in TiySiC,.” J. Am. Ceram. Soc., Vol. 80
(1997) 513.

Barsoum, M.W., Zhen, T., Kalidindi, S.R.,
Radovic, M. & Murugaiah, A. “Fully
Reversible Dislocation-based Compressive
Deformation of to | GPa” Nature
Materials. Vol. 2 (2003) 107.

El-Raghy, T. Barsoum, M. W. “Diffusion
Kinetics of the Carburisation and
Silicidation of Ti;SiCy_ “ J. Appl. Phys. Vol.
83 (1998) 112.

Low, I.M., Manurung, P., Smith, R.I. &
Lawrence, D. “A Novel Processing Method
for the Microstructural Design of
Functionally Graded Ceramic Composites.”
Key Engineering Materials Vol. 224-226
(2002) 465.

Low,I.M. “Characterisation of Vacuum
and Argon Heat-Treated Ti;SiC,.” pp.191-
192 in Proc. of AUSTCERAM 2002 (Eds.
I.M. Low & D.N. Phillips), 30 Sept — 4 Oct.
2002, Perth, WA.

Low, I.M., Singh, M., Manurung, P., Wren,
E., Sheppard, D.P. & Barsoum, M.W.
“Depth Profiling of Phase Composition and
Texture in Layered-Graded ALO;- &
Ti;SiC,-Based Systems using X-ray and
Synchrotron Radiation Diffraction.” Key
Engineering Materials Vol. 224-226 (2002)
pp. 505-510.

Sheppard D.P & Low, LM.
“Characterisation of Phasc Composition
Character in High-Temperature Vacuum
Treated TiySiC,.” pp.162-171 in Proc. 2001
Joint AXAA/ WASEM Conference (Eds. M.
Saunders et al) 21-23 Sept. 2001,
Mandurah, WA.



2.5 Effect of Vacuum Annealing on the Phase Stability of Ti3SiC,

LOW, I. M., OO, Z. & PRINCE, K. E. 2007. Effect of Vacuum Annealing on the Phase
Stability of TisSiC,, Journal of the American Ceramic Society, 90, 2610-2614.

92



J. Am. Ceram. Soc., 90 [8] 26102614 (2007)
DOI: 10.1111/j.1551-2916.2007.01817.x
© 2007 The American Ceramic Society

jou rnal

Effect of Vacuum Annealing on the Phase Stability of Ti;SiC,
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The effect of vacuum annealing on the thermal stability and
phase transition of TizSiC, has been investigated by X-ray dif-
fraction (XRD), neutron diffraction, synchrotron radiation dif-
fraction, and secondary ion mass spectroscopy (SIMS). In the
presence of vacuum or a controlled atmosphere of low oxygen
partial pressure, TizSiC, undergoes a surface dissociation to
form nonstoichiometric TiC and/or TisSi;C, that commences at
~1200°C and becomes very pronounced at > 1500°C. Com-
position depth profiling at the near surface of vacuum-annealed
Ti;SiC, by XRD and SIMS revealed a distinct gradation in the
phase distribution of TiC and TisSi;C, with depth.

I. Introduction

IGH-temperature thermochemical stability in bulk and thin-
film Ti3SiC, has hitherto generated considerable contro-
versy among researchers. For instance, several researchers have
reported that Ti3SiC, becomes unstable at temperatures
> 1400°C in an inert atmosphere (e.g., vacuum, argon, or
nitrogen), by dissociating into Si, TiC,, and/or TisSi;C,. lee
Feng er al.® annealed Ti;SiC,-based bulk samples at 1600°C
for 2 h and 2000°C for 0.5 h in vacuum (10~2 Pa) and found that
TiC, was the only phase remaining on the surface. According to
Gao et al.,” the propensity of decomposition of Ti3SiC, to TiC,
was related to the vapor pressure of Si, i.e., the atmosphere
where the Ti;3SiC, exists. They believed that the partial pressure
of Si plays an important role in maintaining the stability of
Ti3SiC,, whereby it has a high propensity to decompose in a
N>, O,, or CO atmosphere at temperatures above 1400°C. This
process of surface-initiated phase decomposition was even ob-
served to commence at a temperature as low as 1000°~1200°C
in Tl;SlCz thin films during vacuum annealing.®® The large dif-
ference in the observed decomposition temperatures between
bulk and thin-film Ti;SiC, has been attributed to the difference
in diffusion length scales involved and measurement sensitivity
used in the respective studies. In addition, Ti3SiC, has also been
observed to react readily with molten Al, Cu, Ni, and cryolite
(Na3AlFg) at high temperatures.'®
In contrast, Barsoum and colleagues'>'> have shown that
Ti3SiC, was thermodynamically stable up to at least 1600°C in
vacuum for 24 h and in an argon atmosphere for 4 h. They fur-
ther argued that the reduced temperature at which Ti;SiC, de-
composed as observed by others was due to the presence of
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impurity phases (e.g., Fe or V) in the starting powders, which
interfered with the reaction synthesis of Ti3SiC,, and thus de-
stabilized it following prolonged annealing in an inert environ-
ment.'® However, mixed results have been reported by
Radakrishnan ez al.'” In their investigation, Ti;SiC, was shown
to be stable in a tungsten-heated furnace for 10 h at 1600° and
1800°C in an argon atmosphere, but dissociated to TiC, under
the same conditions when using a graphite heater. These con-
flicting results suggest that the thermochemical stability of
Ti3SiC;, is still poorly understood, although its susceptibility to
thermal decomposition is strongly influenced by factors such as
the purity of the powders and sintered materials, temperature,
vapor pressure, atmosphere, and the type of heating elements
used. In addition, the nature and composition of the decom-
posed surface layer formed during annealing remain controver-
sial, especially in relation to the presence of TisSi3C, and the
composition variation at the near surface.

In this paper, the effect of vacuum annealing on the thermal
stability of Ti3SiC, has been investigated by X-ray diffraction
(XRD), synchrotron radiation diffraction (SRD), and neutron
diffraction (ND) in the temperature range 1000°—1500°C. The
roles of controlled atmosphere with low oxygen partial pressures
in the complex surface chemistry of thermal dissociation of
TizSiC, are discussed.

II. Experimental Procedure

(1) Sample Preparation

TizSiCy samples were fabricated using a procedure described
elsewhere.!® Essentially, powders of Ti, SiC, and C were mixed
in the proper molar ratio, cold pressed, and then hot isostatically
pressed at 1600°C for 4 h at a pressure of 40 MPa to produce
dense Ti3SiC, samples with a grain size in the range of 10-30 pm
and with ~3 wt% TiC as an impurity (Fig. 1(a)). Thin flat plates
of ~3-mm thick were cut from the HIPed Ti3SiC, sample using
a diamond blade. One of the plates was used as a control and the
remaining plates were each annealed in vacuum (~2 X 10°°
torr) at 1000°-1500°C for 1.0-8.0 h. Vacuum annealing was
conducted in an Elatec” vacuum furnace (Wilmington, MA) fit-
ted with graphite heating elements at a heating rate and cooling
rate of 5.0°C/min. Figure 1(b) shows the pronounced formation
of TiC, on a vacuum-annealed sample at 1500°C for 8 h.

(2) XRD

Laboratory XRD patterns of vacuum-annealed Ti;SiC, samples
were obtained with an automated Siemens D500 Bragg-Brentano
instrument (Eindhoven, the Netherlands) using CuKo radia-
tion (A =0.15418 nm), produced at 40 kV and 30 mA over the
20 range 5°—-130°, step size 0.04, and counting time 2.4 s/step.
Samples were mounted onto aluminum sample holders using
a viscous adhesive and adjusted to the correct height with a
glass slide. To obtain graded composition profiles, the vacuum-
treated samples were lightly polished with an emery paper to
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Fig.1. (a) Phase compositions of as-prepared Ti;SiC, as determined
by X-ray diffraction. The presence of a minor TiC phase (#) is evident;
(b) dissociated Ti3SiC> after vacuum annealing at 1500°C for 8 h. Note
the pronounced formation of TiC due to vacuum annealing. The pres-
ence of residual Ti3SiC, ( %) is also evident.

attain the desired depth. A precision digital micrometer was
used to measure the change in thickness after each abrasion. The
relative abundances of the phases formed were computed using
the Rietveld refinement method.!” The models of Kisi et al.
(ICSD #86213) for Ti3SiC,, Christensen ez al. (ICSD #1546) for
TiC, and Nowotny et al. (ICSD #44386) for TisSizC, were used
for the Rietveld analysis.

(3) SRD

Flat plates of vacuum-annealed Ti;SiC, in the temperature
range 1000°-1500°C were analyzed at the Photon Factory us-
ing the BIGDIFF diffractometer (Clayton, Australia). Imaging
plates were used to record the patterns over the 20 range of
5°-90°. The diffractometer was operated in the Debye—Scherrer
mode under vacuum with a wavelength of 0.8 A and at an
incidence angle of 1°.

(4) ND

High-temperature time-of-flight ND in a vacuum furnace
(~107* torr) fitted with tantalum elements was used to moni-
tor the structural evolution of phase decomposition in Ti3SiCy
from 20° to 1500°C in real time. A dense rectangular bar sample
of Ti3SiC, with dimensions 10 mm x 10 mm x 40 mm and ~ 10
wt% TiC as an impurity was used for the study. ND data were
collected using the Polaris medium-resolution, high-intensity
powder diffractometer at the U.K. pulsed spallation neutron
source ISIS, Rutherford Appleton Laboratory.?° The diffraction
patterns were collected at 20°C and at every 100°C between
1100° and 1500°C at a rate of 20°C/min. The data acquisition
times were 1 h (~200 pA - h) for the room-temperature diffrac-
tion pattern, and 15 min (~ 50 pA - h) for each of the diffraction
patterns collected at elevated temperatures. Normalized data
collected in the highest resolution, backscattering detector bank
over the d-spacing range of ~0.4-3.2 A were analyzed by the
Rietveld method using the General Structure Analysis System?'
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to compute the changes in the phase content of Ti3SiC, and TiC
during vacuum annealing at elevated temperatures.

(5) Secondary Ion Mass Spectroscopy (SIMS)

SIMS is an analysis technique for gathering compositional in-
formation about the surface and near-surface regions of solid
materials, and is particularly suited to the measurement of con-
centration profiles. It uses a beam of primary ions to eject sec-
ondary ions from near-surface regions of the target. The
secondary ions are collected and focused through a mass spec-
trometer, and then directed into a detector. Because a sample
will be gradually eroded with time, a depth profile can be ob-
tained by recording the detector signal as a function of time.
A profilometer was also used to measure the depth of the crater
formed—at the end of each SIMS run—and this allowed the
thickness of the TiC, layer to be determined directly from a
depth versus time calibration curve. The depth profiling of vac-
uum-treated Ti;SiC, samples was conducted through the ele-
mental imaging of titanium, carbon, silicon, and oxygen on the
near surface. The enhanced elemental sensitivity of SIMS allows
the detection of oxygen (if present) within the structure of the
near-surface layer.

The facility used in this work is the Cameca ims-5f SIMS of
the Australian Nuclear Science and Technology Organisation
(ANSTO). Positive secondary ion depth profiles were taken us-
ing 150 nA primary Cs* ion current at 3 keV impact energy,
rastered over a 250 um % 250 um area. The ion count rates in all
mass channels were normalized to Cs* secondary ion counts
rate to minimize the effect of variations in the primary ion beam
current.

III. Results and Discussion

(1) Thermochemical Stability of Ti;SiC, at Elevated
Temperature

The phases present and their relative abundance after Ti;SiCy
samples were vacuum treated at 1000°, 1200°, 1400°, and 1500°C
as revealed by SRD, and are listed in Table I. There was no
apparent dissociation of Ti3SiC, to form TiC at temperatures
below 1200°C. It dissociated initially slowly at 1200°-1300°C
but the process became quite rapid from 1400° to 1500°C. The
formation of TisSizC, was also observed at 1400°C. This tran-
sient phase is believed to convert eventually into stable TiC, at
an elevated temperature. The detection of phase dissociation at
~1200°C in this study is consistent with the observations of
Eklund et al.® and Emmerlich er al.,” where decomposition of
epitaxial Ti3SiC, thin films was found to occur at 1000°C in
vacuum (~ 1 x 107'° torr) by synchrotron radiation photoemis-
sion and at 1100°-1200°C by in situ XRD. This detection of a
much lower decomposition temperature when compared with
the ty?ical temperature of 1400°—1600°C reported in the litera-
ture'’ can be attributed to the use of much intense and higher
sensitivity of synchrotron radiation as well as the very short
diffusion length scales involved. In addition, the use of a much
higher vacuum (~ 1 x 10" !° torr) may also have provided a
reduced chemical potential for the breakdown of TizSiCs

Table I. Relative Peak Intensity of the Phases Present
in TizSiC,; Vacuum Annealed at Elevated Temperatures as
Revealed by SRD

Temperature (°C) TizSiC, TIC TisSizC
25 vs w —
1000 vs w —
1200 vs m —
1400 s m w
1500 w s m

vs, very strong; s, strong; m, medium; w, weak; t, trace; SRD, synchrotron ra-
diation diffraction.
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Fig.2. Thermal stability of Ti3SiC, under vacuum: effect of
temperature on the weight percentage of Ti3SiC, (A) and TiC (M ), as
determined by neutron diffraction.

through deintercalation of Si and the concomitant formation
of TiC,.®

To the best of our knowledge, the in situ study of the thermal
dissociation of Ti3SiC; in vacuum by ND has not been reported
previously. Figure 2 shows the dynamic structural changes of
Ti3SiC, during thermal dissociation into TiC, in vacuum in the
temperature range 20°-1500°C as revealed by ND. From room
temperature to 1400°C, the phase concentration of Ti3SiC, and
initial TiC, remained quite stable and constant. At ~ 1500°C,
Ti3SiC, dissociated quite rapidly to form TiC,. The detection of
a higher decomposition temperature here can be attributed to
the lower intensity and sensitivity of neutrons when compared
with synchrotron radiations. In addition, the high penetration of
neutrons provides the average composition of the bulk, whereas
the average composition at the near surface several micrometers
in depth is provided by the photons. It is worth mentioning here
that the existence of TisSiz;C, as a transient phase was not de-
tected by ND in this study, although it was detected by SRD
shown in Table I as well as when Ti;SiC, was annealed in ar-
gon.* This observation may be due to the very small amount of
this phase formed, which was below the detection limit of the
neutrons. It is also interesting to note that this phenomenon of
pronounced thermal instability at an elevated temperature is
strikingly similar to that of aluminum titanate when it is an-
nealed in vacuum?? or argon.?® It should also be noted that the
observed phenomena concerning the decomposition of Ti3SiCs
are similar to those of SizNy, wherein the powders decompose at
1300°-1400°C while bulk materials decompose at temperatures
higher than 1700°C.

(2) Composition Depth Profiles at the Near Surface

Figure 3 shows the depth-dependent variation of phase abun-
dances of a Ti3SiC, sample vacuum treated at 1500°C for 8 h as
revealed by XRD. The results clearly show that the near-surface
TiC layer has a graded composition, with the top surface being
very rich in TiC, (i.e., >90 wt%), and its content decreases
rapidly with an increase in depth. Note the presence of a small
amount of TisSi;C, on the surface but its content increases to a
maximum value of over 60 wt% at a depth of ~30 um. The
existence of TisSiz;C, is not unexpected as this phase has also
been reported previously.*7:1>162426 [t s very likely that
Ti3SiC, may have dissociated initially into TisSi;C, as an inter-
mediate phase before its final dissociation into TiC,. The for-
mation of a surface layer of TiC, has the potential to impart
high hardness and wear resistance to the otherwise soft but
damage-resistant Ti;SiC,'%?7? if the TiC, layer formed has a
nonporous cubic or NaCl structure.?”
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Fig.3. X-ray diffraction depth profiling of phase abundances in
vacuum-annealed Ti3SiC, at 1500°C for 8 h. ¢, Ti;SiC,; W, TiC; A,
TisSisC,.

The high sensitivity of SIMS has provided further evidence of
a graded composition within the dissociated TiC, layer in the
near surface. As would be expected, the control sample shows
no variations in the elemental compositions of Ti, Si, and O with
depth. In contrast, the sample vacuum treated for 4 h shows
an initial decline in the concentration of Si before leveling off
after 1000 s. Its concentration then increases again after 5000 s
(Fig. 4). This implies that the near surface of the sample is
covered mainly (~90 wt%) with a thin layer of TiC, (~5 pm)
following vacuum annealing. The presence of a graded compo-
sition at the Ti3SiC,—TiC, interface has been verified. The ap-
parently high level of the H element in Fig. 4 is probably due to
the H, present in the sample chamber atmosphere of the SIMS
equipment during measurement.

More complex results are observed for the sample vacuum
treated at 8 h (Fig. 5). High concentrations of Ti, Si, C, and O
are present at the near surface (0-3000 s), which indicates that in
addition to TiC,, a second phase coexists, i.e. TisSi;C, with
dissolved O,. This phase is believed to have caused the color of
Ti3SiC, to turn brownish following a prolonged vacuum treat-
ment at 1500°C. The TisSi;C, (with dissolved O,) phase acts as
an intermediate or precursor phase for the eventual formation of
TiO, and SiO,. This further suggests that TisSi;C, can act as a

1.00E+06
48Ti
46Ti
1.00E+05
48Ti+ 12C
o
]
2 1.00E+04 1 12C
3 1H
8
1.00E+03 - ) TG =)=
268§ TizSIiC,/
e TigSi3C,

(o] 2000 4000 6000 8000
Sput. Time (s)

Fig.4. Elemental composition versus time/depth in Ti3SiC, vacuum
treated at 1500°C for 4 h, as determined by secondary ion mass
spectroscopy. Note the rapid increase in Si content after 5000 s.
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Fig.5. Elemental composition versus time/depth in Ti3SiC, vacuum

treated at 1500°C for 8 h, as determined by secondary ion mass
spectroscopy. Note the large O, peak (see arrow) at 2000 s.

“sponge” to soak up oxygen and when a supersaturated state is
reached as in during air oxidation, the TisSi;C, (with supersat-
urated O;) will segregate out to form TiO, (anatase or rutile)
and SiO, (tridymite or cristobalite) with the concomitant release
of CO.

(3) Chemistry of Thermochemical Dissociation

From this study, it is quite obvious that Ti3SiC, becomes ther-
mally unstable in vacuum at an elevated temperature (i.e.,
> 1200°C) and dissociates to form TiC, and TisSi;C,. Accord-
ing to Wu et al.,’ the initial dissociation of Ti3SiC, to TisSizCy is
more favorable to TiC, because silicon has a low diffusion rate
in TiC-related systems. Thus, the TisSiz;C, phase is more likely
to nucleate on TizSiC, because this mechanism would not con-
tain any long-range diffusion of Si atoms. In view of this, it is
proposed that the pathways for the thermal dissociation of
TizSiC, in the presence of a low oxygen partial pressure to
form TiC and TisSizC, occur in two steps

3Ti3SiCs + O — 4TiC + TisSi;C + CO %))
Ti3SiC,+CO — 3TiC + SiO %)

The release of a highly reducing CO gas in step 1 would in-
variably result in enhancement of further decomposition of
TizSiC, in step 2 with the concomitant release of SiO vapor.

The proposed volatility of gaseous of CO and SiO released is
consistent with the observed results of an increasing mass loss
when Ti3SiC, is annealed in vacuum at elevated temperatures.
In addition, the highly reducing effect of CO vapor in the de-
composition process may help to explain why there is a much
greater propensity for Ti3;SiC, to undergo thermal dissociation
when annealed in a graphite-element furnace than in a tungsten-
element furnace.'” The use of a furnace with graphite elements
would release additional CO vapor which may exacerbate the
kinetics of dissociation through the evaporation of Si from
Ti3SiC,. This process of structural breakdown that involves
deintercalation of Si from Ti3SiC, with the concomitant forma-
tion of TiC is consistent with the models proposed previously by
Barsoum®® and Zhou and Sun.*! According to Barsoum, the
decomposition process occurs through the removal of Si from
the structure with the concomitant detwinning of the Ti;SiC,
layers to form TiC,.

It should be pointed out that carbon nonstoichiometry exits
in both TiC, and TisSi3C, and its defect concentration is
sensitive to the variation in the oxygen partial pressure and
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tem]::erature.s'n‘33 In the case of TiC,, the value of x has an as-
tonishing range from 0.5 to 0.97, without a change in crystal
structure.”’ However, recent photoemission studies by Eklund
et al® using synchrotron radiation have detected the presence
of graphitic carbon in TiC, formed when Ti3SiC, thin films
were annealed in vacuum at 1000°C. This implies that the dis-
sociated TiC, layer formed in this study and others may also
have graphitic carbon, which, together with high porosity,
are undesirable for imparting high hardness and wear resis-
tance. The ease of removal of the TiC, layer even by emery
paper as described above for the XRD depth-profiling work is
a good indication of poor wear resistance and thus low hard-
ness by virtue of high porosity in the dissociated TiCy
microstructure.

The presence of Ti ions in Ti3SiC, having an unstable oxida-
tion state is believed to enhance carbon content variations with
a concomitant susceptibility to surface dissociation. Changes
in the oxidation state of titanium from 4% to 3% at low
oxygen partial pressure give rise to carbon vacancy formation.
The change in defect concentrations in TiC, and TisSi;Cy
with atmosphere may be attributed to the variation in
charge-compensation mechanisms to form carbon vacancies
and other defects. Indeed, nonstoichiometry in TiC, has been
ascribed to the existence of defects such as stacking faults and Si
solid solution.>* A thorough study of the defect chemistry is es-
sential to gain a complete understanding of the nonstoichiome-
try and defects associated with the thermal dissociation of
Ti3SiC, in a controlled atmosphere of varying oxygen partial
pressure.

IV. Conclusion

The phase stability and transition of Ti;SiC, at elevated tem-
perature are strongly dependent on the oxygen partial pressure
of the annealing atmosphere within the furnace. In the presence
of vacuum or low oxygen partial pressure, it dissociates slowly
to nonstoichiometric TiC, and TisSi;C, at ~1200°C but be-
comes quite rapid at > 1500°C. The use of a vacuum furnace
with graphite elements may accelerate the thermochemical pro-
cess of Ti3SiC, dissociation during annealing due to the release
of highly reducing CO gas. Composition depth profiling at the
near surface of vacuum-annealed Ti;SiC, by XRD and SIMS
has revealed a distinct gradation in the phase distribution of
TiC, and TisSi;C, with depth.
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Abstract

The dynamic thermal stability and topotactic phase transition of impure Ti3SiC5 in air and argon have been investigated by neutron
diffraction (ND). In the presence of a low oxygen partial pressure as in argon, Ti3SiC, underwent a surface dissociation and TiC and/or
Ti5513C were detected at 1200 “C. In contrast, oxide layers of rutile (TiO,), TiO and cristobalite (Si0O,) were detected at ~1000, 1250 and
1300 °C respectively when exposed to an oxygen-rich environment. Near-surface depth profiling of Ti3SiC, oxidized in air at 1200 °C by
secondary ion mass spectroscopy (SIMS) has revealed a distinet gradation in phase composition at the interface of homogeneous rutile

and heterogeneous cristobalite rutile layers.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium silicon carbide (TizSiC,) exhibits a unique
combination of mechanical, electrical, thermal and physi-
cal properties such as good high-temperature strength, and
excellent corrosion and damage resistance [1-5]. This
remarkable ceramic has electrical and thermal conductiv-
ities greater than that of titanium and machinability similar
to graphite. However, Ti;SiC, is thermally stable in air
only up to ~1700°C. Recently, we have observed the
dissociation of TizSiC, in vacuum to form TiC at a
temperature well below 1700 °C [6-10]. In atmospheres of
low oxygen partial pressure. the formation of TiC as a
surface layer commenced at ~1200 "C and it grew rapidly
in thickness with rising temperature. In contrast, it oxidizes
to rutile (TiO>) and cristobalite (SiO>) at elevated
temperature in the presence of high oxygen partial pressure
such as air [10.11].

In this paper. the in situ thermal stability of impure
Ti3S1C5 in argon and air has been investigated by neutron
diffraction (ND) in the temperature range 23—-1400 "C and
analysed using the Rietveld method. The role of the oxygen
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0921-4526/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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partial pressure on the chemistry of thermal dissociation in
argon and diffusion-controlled oxidation in air is discussed.

2. Experimental procedures

Samples of Ti3SiC» were fabricated by mixing the proper
molar ratio of Ti, SiC and C powders in Tubular mixer for
at least 1 h. The powder mixture was then placed in a steel
mould, uniaxially pressed at 150 MPa and then reaction
sintered in an Eletec vacuum furnace (~107>Torr) at
1500 “C for 1 h, followed by hot-isostatic pressing in argon
for 2h at 1650°C at a pressure of 150 MPa. The HIPed
cylindrical samples were 15mm in diameter, 20mm in
height and contained ~30% open pores.

The in situ ND of HIPed TisSiC; in air and argon was
performed using a medium-resolution powder diffract-
ometer (MRPD) [12] located at the Australian Nuclear
Science and Technology Organization (ANSTO), Lucas
Heights, NSW. The MRPD was used to monitor the bulk
evolution of dissociation-induced phase changes within the
cylindrical bars of HIPed TisSiC5 from 23 to 1350 “C in air
and from 23 to 1400 °C in argon, using a wavelength of
1.665 A. The holding time at each temperature was 2 h and
the angle range 20 was 10-135°. The relative abundances of
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the phases formed were computed using the Rietveld
refinement method. The models of Kisi et al. (ICSD
286213) for TizSiC-, Christensen et al. (ICSD #1546) for
TiC, Shintani et al. (ICSD #64987) for TiO, -rutile, Liu
et al. (ICSD #44094) for SiO--Cristobalite, Fleming et al.
(1ICSD #43801) for SiO>-Tridymite and Loechman et al.
(ICSD #60483) for TiO were used for the Rietveld analysis.

A Cameca ims-5 SIMS was used for the depth profiling
of air-oxidized TisSiC> samples through the elemental
imaging of titanium, carbon, silicon and oxygen on the
near-surface. The enhanced eclemental sensitivity of SIMS
allows the detection of oxygen within the structure of the
surface oxide layers. Positive secondary ion depth profiles
were taken using 150 nA primary Cs' ion current at 3 keV
impact energy. rastered over a 250 x 250 pm? area. The ion
count rates in all mass channels were normalized to Cs'
secondary ion counts rate to minimize the effect of
variations in the primary ion beam current.

3. Results and discussion

Fig. 1 shows the temperature dependence of the relative
phase abundances during the dissociation of TisSiC, in
argon. From room temperature to 1000 °C, the phase
concentrations of Ti3SiC»> and TiC remain quite stable and
constant. At 1100 "C, TizSiC> commences to dissociate to
form TiC. Below 1200 °C, the thermal-dissociation process
is slow but the process becomes quite rapid from 1250 to
1400 "C. In addition, a small amount ol TisSi;C is observed
as a transient phase from 20 to 1400 °C. This phase is
believed to form during the initial decomposition stage of
TizSiC, and converts to the stable TiC at elevated
temperature. Rutile (TiO») is also observed to have formed
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Fig. 1. Relative phase abundances of TiC (H), TisSi;C (A), Ti;SiCs (@)
and TiO; ( % ) present during the heat treatment of Ti;SiC, in argon from
room temperature to 1400 C. Error bars indicate two estimated standard
deviations + 2.

with an initial content of ~3.4wt% at 1000 °C due to
partial oxidation. Its content increases to ~10.1wt% at
1300 “C but decreases again to 3.7 wt% at 1400 "C.

From this study, the sintered TisSiC, appeared to be
thermally unstable in argon from 1100°C and above. A
small amount of TiO> also formed as a result of partial
oxidation due to the fact that the alumina tube used to
deliver the argon became porous at elevated temperatures.
The intermediate phase TisSi;C slowly disappeared at
around 1400 “C but significant amounts of Ti3SiC, and TiC
remained. In the presence of a very low oxygen partial
pressure, it was previously postulated that the surface of
TizSiCs;  might undergo a high-temperature thermal-
dissociation process to form TiC as follows [8]:

TizSiCa+02 — 2TiC + TiO + Si0. (1)

However, this chemical reaction is inconsistent with the
above observations and it does not explain the existence of
TisSi;C. According to Wu et al. [13] the growth of Ti;SiC,
upon crystallites of TisSiC occurs during the synthesis of
TizSiCs. It follows that the reverse reaction will prevail
during the thermal dissociation of TisSiCs,. The dissocia-
tion of TizSiC-> TisSizC is deemed more favourable to TiC
because silicon has a low diffusion rate in TiC-related
systems. Thus the TisSi3C phase is more likely to nucleate
on Ti;SiC5 because this mechanism would not contain any
long-range diffusion of Si atoms. In view of this, it is
proposed that the pathways for the topotactic thermal
dissociation of TisSiC, in the presence of low oxygen
partial pressure together with the release of reducing gas
CO to form TiC and TisSi;C are as follows:

3Ti3SiCa + 0.502 — 4TiC + TisSi;C 4+ CO, (2)

TisSizCh + 4CO — STiC + 3Si0 + 0.50s. 3)

The proposed volatility of CO, SiO and O, released is
consistent with the observed results of reduced TizSiCs,
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Fig 2. Relative phase abundances of TiC (H), TiO, (<), TizSiC, (@)
TiO (<) and SiO5 () during the oxidation of Ti;SiC5 in air from room
temperature to 1350°C. Error bars indicate two estimated standard
deviations +2c.
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Fig. 3. Elemental composition versus time/depth in air-oxidized Ti3SiCp
at 1200 °C for 15min. Note the rapid rise in the Si content at time
=>4000s.

mass following the heat treatment in vacuum or argon
[8.9]. The release of Os in reaction (3) may also contribute
to the partial oxidation of Ti;SiC, as observed in Fig. 1.
Fig. 2 shows the phase evolution of TizSiC, during
oxidation and relative abundance of oxidized phases
formed at various temperatures as revealed by in situ
ND. Before oxidation, the phases present in sample were
mainly Ti3SiC, with TiC as a minor phase. At ~750 °C, a
portion of Ti;SiC, commenced to oxidize to form rutile
(TiO») which reached a maximum content of ~75wt% at
1100 °C before it started to become unstable and decom-
posed to form TiO. It is interesting to note that the increase
in content of TiO from 1100 to 1350 °C is commensurate
with a decrease in the content of TiO,. This suggests that a
zone of low oxygen partial pressure existed within the

sample during oxidation which facilitated the reduction
process as follows:

2TiO; — 2TiO + O,. 4)

Since the process of oxidation is diffusion controlled by
the ingress of oxygen, a zone deficient in oxygen can exist
within the bulk of sample during oxidation. As previously
mentioned, the reduction reaction of TiO> to form TiO is
highly possible when an atmosphere of low oxygen partial
pressure exists, as indicated by Reactions (1)-(3). This
hypothesis is further collaborated by the observation of an
increasing TiC content at the same temperature range when
TiO is formed (see Fig. 1).

Fig. 3 shows the existence of an outer surface layer of
TiO» on Ti3SiCs that was oxidized at 1200 °C for 15 min as
revealed by SIMS. Interestingly, an inner layer of duplex
TiO>/SiO5 is also evident which serves to suggest the
formation of a glassy phase prior to its devitrification to
form cristobalite at 1350 °C.
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3. CONCLUSIONS

The effect of atmosphere and annealing time on the thermal stability of Al,TiOs-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 Al,TiOs at 1100°C was analysed.

The major conclusions are as follows:
1. Al TiOs 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 Al,TiOs was aged at 1100°C
for 5 h in an argon atmosphere. More than 98 wt% of the Al,TiOs was decomposed
to form corundum (Al,O3) and rutile (TiOy).

3. There was a marked difference in the effect of atmosphere on the isothermal
stability of Al,TiOs at 1100°C. In an atmosphere of 50% argon and 50% oxygen,
the decomposition rate was considerably reduced as compared to 100% argon, but
Al,TiOs was fairly stable with no decomposition in air for up to 5 h dwell. It was
found that the rate of phase decomposition of Al,TiOs 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
Al TiOs.

The effect of temperature and annealing time, on the thermal stability of Al,TiOs in the

temperature range of 20-1400°C, was also studied.

The major conclusions are as follows:

1. Below 1100°C in air, Al TiOs was relatively stable but became visibly unstable at
between 1100-1280°C, decomposing to ~55 wt% corundum (Al,O3) and ~45 wt%
rutile (TiO,). Beyond 1300°C, the thermal decomposition was arrested and the

phase stability was restored.
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When the previously decomposed Al,TiOs sample was re-heated from room
temperature to 1450°C for 2 h, self-recovery took place through the rapid reaction of
corundum (Al;,O3) and rutile (TiO;) to form Al,TiOs with greater than ~ 98 wt%
phase purity.

During cooling from 1450°C to room temperature, it was found that Al,TiOs was

quite stable up to 1200°C, without any visible phase degradation.

Upon further cooling from 1200 to 1000°C, rapid decomposition of Al,TiOs
commenced with ~ 20 wt% of sample decomposed at 1000°C. At temperatures

below 1000°C, the decomposition of Al TiOs was insignificant.

Al,TiOs 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 Al,TiOs was re-heated above 1300°C.
It was further shown that the existence of a temperature range in the decomposition
of AL TIOs 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 Ti3SiC, 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 Ti3SiC, to form TiC at temperatures below
1100°C. However, at 1100°C onwards, Ti3SiC, commenced to dissociate to form
TiC at a slow rate initially, but the process became quite rapid from 1400°C to
1500°C.

Phases of TiC (~90 wt%), TisSisCx (~9 wt%) and Ti3SiC, (~1 wt%) were observed
on the existence of the graded composition at the near top surface (~5 pm) of

Ti3SIC, 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 TisSi;C increased to a maximum value of

over 60 wt% at a depth of ~30 um.

The phase stability of TisSiC, 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 Ti3SiC, in argon
showed that TisSiC, 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.

The intermediate phase of TisSi3C was observed in the temperature range of 23°C
to 1400°C. The phase abundance of TisSizC 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 Ti3SiC, in air, for temperatures ranging from 1000°C to
1500°C was also studied.

The major conclusions were as follows:

1.

In air, Ti3SiC, oxidized readily to rutile (TiO;) and cristobalite (SiO,). During the
oxidation of TisSiC,, at ~600°C, formation of amorphous-like anatase (TiOy)
commenced and at 750°C, rutile (TiO,) formed. The maximum content of ~75 wt %
of rutile (TiO;) was formed on the outer surface at 1100°C and ~30 wt% of

cristobalite (SiO,) was observed at 1350°C.
At the temperature range of 1100 to 1350°C, the TiO content increased whereas the

content of rutile (TiO;) 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 TiO; and SiO, 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 Al TiOs have been studied for high-temperature applications. The

grain-size has been shown to affect the propensity of thermal degradation in Al,TiOs.

Coarse-grained Al,TiOs exhibited the slowest rate of thermal decomposition, when

compared to medium and fine-grained counterparts. The thermal stability of Al,TiOs

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 Al,TiOs-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 Al TiOs on thermal stability should be further
investigated.

The inter-relationship between the microcracking phenomenon of Al,TiOs and
increasing grain sizes needs to be analyzed.

The choice of method for doping Al,TiOs-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.

105



A high-temperature vacuum annealing process was proposed for the designing of
Ti,SiC,—TiC composites with graded interfaces. In the presence of vacuum or
controlled atmosphere of low oxygen partial pressure, it was found that TisSiC;
decomposed to form a surface layer of nonstoichiometric TiCyx and/or TisSisCx at
temperatures above 1200°C. Also, the composition depth profiling at the near surface of
vacuum-annealed Ti3SiC, by XRD and SIMS, revealed composition gradation in the
phase distribution of TiCy and TisSisCx. Results showed that the phase stability and
transition of Ti3SIC, 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 TisSiCy:

e understanding of phase stability of ternary carbides in vacuum and inert

atmosphere.

e purity of samples

e vapour pressure of A elements

e surface chemistry and kinetics of dissociation process.

e temperature range and annealing time.

e heating elements used.

Suggestions for further work on Ti3SiC,-based ceramics are as follows:

e 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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e 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 Ti3SiC,. This reasoning is generally applicable to all MAX
phases.

e For better understanding, theoretical prediction of thermal stability of the
high temperature resistance material TisSiC,, 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 Ti3SiC,, and its composition profile and phase transition have
been studied in the temperature range of 20°-1400°C by ND and XRD. The results show
that, anatase formed at 600°C and TiO; (rutile) formed at temperatures of 750°C and
above; at 1350°C, slow formation of SiO, (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 Ti3SiC, material are as follows:

Ti3SiC; 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 Ti3SiC, 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)C,, 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 Ti;SiC, and SiC has excellent oxidation
resistance (Sun, 2011), Ti3SiC,-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 TizSiC, composites
should be investigated to seek further improvement of their oxidation resistance. This
Ti3SiC,-SiC composite model should be developed for better understanding of the

enhanced mechanisms of oxidation resistance.

More experimental investigations on the oxidation properties of Ti3SiC, are needed to
improve its oxidation resistance, for example, monitoring the phase composition of
oxide scales and the thickness of oxide layer of Ti3(SiAI)C, 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 Ti3SiC; 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 Ti3SIiC, could be carried out by using

scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS).
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Appendix 1-A: Supplementary Information on “Effect of Atmospheres on the
Thermal Stability of Aluminium Titanate”

LOW, .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 Al,TiOs at 1100°C 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:

(&) Isothermal stability of Al,TiOs at 1100°C 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 Al TiOs gave the most suitable and acceptable
results. The refinement parameters were the background profile parameters (B’s),
20-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, Yy, z) were not
refined. The data sets of M22115 to M22127 were used to analyze isothermal stability
of Al,TiOs in air at 1100°C for 12 h. The neutron diffraction difference plots for
Al,TiOs in air at a temperature of 1100°C 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 Rg factors for the individual phases in each
refinement with ND are 3 ~ 4% for Al,O3, 2 ~ 7% for Al,TiOs and 2 ~ 4% for TiO,.
The goodness of fit (GOF) for ND is 3.6 from the refined results and the Rex, 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 Al,Os,
Al,TiOs, and TiO, 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

A
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Figure 5.1: Neutron diffraction (MRPD) Rietveld difference plot for AL, TiOs 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 Al,TiOs in air at 1100°C.

Run  Time Ry Rep GOF Rs Re Re
number (h) AlL,O;  ALTIOs TiO;
M22115 0 94 49 3.6 5.0 5.0 5.4
M22116 1 9.5 5.0 3.6 1.7 5.4 6.7
M22117 2 8.4 5.0 2.8 5.7 4.9 3.1
M22118 3 72 49 2.1 2.9 4.7 4.0
M22119 4 7.3 4.9 2.5 4.5 5.1 4.0
M22120 5 76 49 2.5 5.0 5.1 2.0
M22121 6 78 49 3.0 4.6 5.5 4.3
M22122 7 71 49 2.0 2.7 4.1 5.3
M22123 8 7.2 50 3.2 4.3 5.6 4.6
M22124 9 70 49 1.9 2.8 4.6 2.3
M22125 10 71 49 2.0 3.4 4.4 3.1
M22126 11 70 49 1.9 3.2 4.5 2.7
M22127 12 70 49 1.9 3.1 4.3 2.2
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(b) Isothermal stability of Al,TiOs at 1100°C 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 Rg 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.

Counts
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Figure 5.2: Neutron diffraction (MRPD) Rietveld difference plot for Al,TiOs 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 Al TiOs in argon at 1100°C.

Run  Time Rwy Rep Rs Re Rs GOF
number (h) A|203 A|2TiO5 T|02

M22131 0 7.5 49 3.9 3.7 39 23

M22133 1 7.1 49 3.4 3.3 22 20

M22134 2 73 49 3.5 3.4 24 2.2

M22135 3 7.3 5.0 3.9 2.7 26 21

M22136 4 7.5 50 3.5 2.8 26 22

M22137 5 7.7 50 4.1 7.0 30 24

M22138 6 80 50 4.4 4.8 3.0 25

M22139 7 7.8 50 4.5 5.6 3.0 24

M22140 8 7.7 50 4.6 4.6 25 24

M22141 9 7.7 50 4.6 6.7 27 23

M22142 10 76 50 4.2 5.2 31 24

M22143 11 7.7 50 4.7 3.4 3.0 24
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(c¢) Thermal instability of Al,TiOs in the temperature range of 20-1400°C in air

The results of neutron diffraction studies on the thermal stability of Al,TiOs 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 Al,O3;, Al;TiOs, and TiO, 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 1.665A.

Al TiOs 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 Rg values for Al,O3, Al;TiOs, TiO2, Rup, 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 Al,TiOs in air at room
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Figure 5.4: Neutron diffraction Rietveld difference plot for Al,TiOs 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 Al,TiOs in air

from room temperature to 1400°C.

Temperature Ry Rexp Rg for Re for Rg for  GOF

(°C) Al,O;  AlLTiOs  TiO,

23 93 73 12 4.9 28 16
600 91 73 63 5.0 33 15
700 92 72 66 4.7 27 15
800 86 72 57 4.4 25 14
900 88 72 37 4.3 27 14
950 87 72 42 45 29 14
1000 90 72 37 45 19 15
1050 85 72 35 4.0 21 13
1100 87 72 43 3.9 18 14
1150 88 72 46 9.4 33 14
1200 90 73 41 4.3 44 15
1250 93 72 44 7.4 39 16
1300 94 71 51 5.2 39 17
1350 86 72 43 3.5 26 14
1400 88 74 32 6.5 21 14
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(d) Isothermal stability of Al,TiOs at 1100°C in atmosphere of 50% oxygen and
50% argon

The difference neutron diffraction plots of the refinement of Al,TiOs at 1100°C 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 Ry, Ruwp, Rexp Re factors for all phases and

GOF are acceptable for the isothermal stability of Al,TiOs.
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Figure 5.5: ND diffraction Rietveld difference plots for isothermal stability Al,TiOs at
1100°C in an atmosphere of 50% of oxygen and 50% of argon for (a) 1 h, and (b) 16 h .

Legend: AT = Al,TiOs, Al = Al,O3
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Table 5.4: Figures-of-merit from Rietveld refinement with ND (MRPD) data for
Al,TiOs at 1100°C in the atmosphere of 50% oxygen and 50% argon from 1 h to 16 h.

Time Rwp Rexp Rg for Rg for Rg for GOF
(h) AlbO3;  ALTIOs TiO,
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 6.17 591 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.LM & 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 Al,TiOs

The characteristics of self-recovery in Al,TiOs 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 Al,O3, Al,TiOs, and
TiO, 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 Al,TiOs from

room temperature to 1500°C. The relative phase abundances are shown in Table 5.6.
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Figure 5.6: ND Rietveld difference plots for Al,TiOs at (a) room temperature, (b)
1450°C for 2 h, and (c) 1500°C for 2 h. Wavelength for ND is 1.665A.
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Table 5.5: Figures-of-merit from Rietveld refinement of ND data for reformation of
Al TiOs from 20°C to 1500°C.

Temperature Ry Rexp GOF Rs Rs Rs
(“C) ALO; ALTiOs TiO;
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 Al;TiOs from room temperature to 1500°C

Temperature a-Al,0O3 Al;TiOs TiO,
q®) (Wt%) (Wt%) (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 Al,TiOs 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 +2c.

Legend: AL TiOs= B ALO;= @TiO,= A

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 Al,TiOs

reformed.

(b) Controlled cooling to 20°C from 1450°C, the subsequent decomposition of
reformed Al,TiOs.

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 Al,TiOs
commenced to decompose at 1000°C. No further decomposition was observed from

600°C to room temperature.
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Appendix 1-D: Supplementary Information on (i) “Effect of Vacuum Annealing on

the Phase Stability of TisSiC,”, (ii) “Diffraction Studies of a Novel Ti3SIiC,-TiC
System with Graded Interfaces”

LOW, I.M., OO, Z. & PRINCE, K.E. 2007. Effect of Vacuum Annealing on the Phase
Stability of TisSiC,, Journal of the American Ceramic Society, 90, 2610-2614.

LOW, .M., OO, Z. 2002. Diffraction Studies of a Novel Ti3SiC,-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 (TisSiC;) 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 TisSiC, samples. The models of Kisi et al. (ICSD
#86213) for Ti3SiC,, Christensen et al. (ICSD #1546) for TiC and Nowotny et al. (ICSD
#44386) model for TisSisCy were used for the Rietveld analysis to evaluate the effect of
vacuum-annealing on the phase stability of TisSiC,. Figure 5.8 (a) and 5.8 (b) show
XRD Rietveld difference plots for Ti3SiC, at the first depth of O pum and the sixth depth
of 50 um 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: Ti3SiC,, TiC, TisSisCy).
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 TisSIiC, 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 (y%) is from 2.1 t0 2.9. The
good quality of refinement for depth-profiling of Ti3SiC, by XRD is shown in Table
5.8.
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Figure 5.8: (a) and (b): XRD Rietveld difference plot for TizSiC, first-depth (0 pm
thick) and sixth-depth (50 pm 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 Ti3SiCo.

Depth TisSiCa TiC TisSisC

(km) (Wt%) (Wt %) (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 TisSiCo.

Depth  Rup Rexp Rs Rs Rs GOF

(um) TiIC  TisSiCs TisSisCx
0 18.03 1215 474  9.04 16.6 2.2
10 18.06 1230 442  7.96 9.9 2.1
20 1459 1221 720 818 11.7 2.9
30 1545 1196 160  8.09 13.46 2.9
40 1859 1118 200  7.09 10.08 2.7
50 16.97  11.70 1.6 6.27 9.84 2.1
60 1693 1160 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 Ti3SiC; in Argon and Air by Neutron Diffraction”

00, Z., LOW, IL.M. & O’CONNOR, B.H. 2006. Dynamic Study of the Thermal

Stability of Impure Ti3SiC, in Argon and Air by Neutron Diffraction, Physica B, 385-
386, 499-501.
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Supporting Information

(2) The thermal stability of impure TisSiC; in argon

The neutron diffraction difference plot for the Ti3SiC, 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 TisSiC,, TiC, TisSisC, a-Al,O3, TiO,.

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 TizSiC, to form TiC at
temperatures below 1200°C. It can be seen that dissociation began slowly at 1200°-
1300°C but the process progressed rapidly from 1400° to 1500°C. The formation of
TiO, was also observed at 1300°C. The transient phase TisSisC is believed to convert

eventually into stable TiC at elevated temperature.
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Figure 5.9: Neutron diffraction Rietveld difference plot for Ti3SiC, annealed at 1200°C

in argon for 2 h.
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Figure 5.10: Stacking ND diffraction patterns for the Ti3SiC, 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 = TisSiCy, 2 =TiC, 3 = TisSisC, 4 = Al,03, 5 =TiO;

136



Table 5.9: Figures-of-merit from Rietveld refinement with ND (MRPD) data for
Ti3SiC, annealed in argon from room temperature to 1400°C

Temperature pr Rexp GOF Rs Rs Re Re Rg
C) TisSIC, TiC TisSiC ALO; TiO,

23 39 107 133 3.37 1.8 2.36 - -

1000 50 20 6.2 36 042 223 298 351

1100 48 20 59 3.17 0.22 1.6 227 3.14

1200 449 20 52 3.09 023 194 1.88 2.25

1250 5.04 194 6.7 315 04 5.99 268 215

1300 528 192 7.5 3.14 051 1.92 1.59 217

1350 9.08 428 45 417 0.67 8.99 391 475

1400 836 432 3.7 347 082 6.27 3.08 51
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Table 5.10: Relative phase abundances determined from Rietveld refinement using
MRPD data for Ti3SiC, annealed in argon from 20°C to 1400°C.

Temperature Ti3SiC, TiC TisSisC TiO,
(°C) (wt%) (Wt%) (Wt%) (Wt%)
23 68.5 19.4 12.1 -
1 1) (0.7)

1000 67.6 17.51 115 3.36
(1.3 (1.6) (0.8) (1.02)

1100 64.8 17.67 11.17 6.33
(1.3 (1.7) (1.2) (0.3)

1200 61.4 21.1 9.79 7.48
(1,3) (1.6) (1.6) (0.3)

1250 56.76 29.38 541 8.48
(1.3) (1.8) (1.1) (0.4)

1300 51.52 39.01 0.63 10.1
(1.1) (1.0) (0.1) (0.5)

1350 38.84 54.89 5.58 0.68
(1.8) (3.6) (1.8) (0.3)

1400 25.97 64.73 7.04 2.24
(1.2) (3.5) (1.6) (0.3)
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(b) Oxidation of Ti3zSiC; in air

The neutron diffraction profile description plots for the TisSiC, 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%) Ti3SiC, oxidized in air from room temperature to 1350°C. 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 Rg 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 TisSiC,), (#1546 for TiC), (#64987 for TiO,), (#44095 for SiO,
(Cristobalite)), (#29343 for SiO, (Tridymite)), (#1089 for TiSi,), (#60483 for TiO) and
(#1089 for TiSiy) respectively.

139



TiC

|t b b
| IE;:I 4|:I E;:I BEI 1DD 12|:|

2 theta (deg)

Figure 5.11: (a) Neutron diffraction Rietveld difference plot for the Ti3SiC, oxidised in
air at 1350°C.

Legend: From top to bottom T = TiC, A = TiO, (rutile), C=SiO, (Cristobalite), O =
TiO.
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Figure 5.11: (b) Neutron diffraction Rietveld profile plot for the Ti3SiC, oxidised in
air cooling from 1350°C to room temperature.

Legend: From top to bottom T = TiC, A = TiO, (rutile) C = SiO,,
(Cristobalite), Tr = SiO, (Trydimite) and O = TiO.

140



Table 5.11: Relative phase abundances determined from Rietveld refinement using
MRPD, in-situ ND results for Ti3SiC; oxidized in air from room temperature to 1350°C
and from 1350°C to room temperature on cooling.

Temperature Ti3SiC, TiC TiO,  SIiO; SiO, TiO
(°C) (Wt%)  (wt%) (Wt%)  Crist Trid (Wt%)
(Wt%)  (wt%)
23 91.99 7.73 0.28 - - -
(0.82) (0.11) (0.09)
500 91.61 6.97 1.42 - - -
(1.16) (0.16) (0.14)
750 71.29 5.36 23.35 - - -
(1.26) (0.24) (0.99)
1000 46.75 2.71 50.54 - - -
(0.95) (0.28) (0.93)
1100 20.83 5.38 73.79 - - -
(1.38) (0.86) (1.74)
1200 16.43 9.71 72.5 - - 1.36
(1.06) (0.65) (1.76) (0.42)
1300 8.39 11.01 69.28 - - 11.32
(1.2) (0.83) (2.03) (1.85)
1350 - 12.63 45.73 9.35 - 32.3
(0.45) (1.13) (0.49) (0.85)
1350-cool - 10.59 45.76 12.53 0.41 30.71

0.71)  (2.84) (0.96) (0.07)  (4.0)
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Table 5.12: Figures-of-merit from Rietveld refinement with ND (MRPD) data for
Ti3SIC;, oxidized in air from room temperature to 1350°C

Run  Temperature Rwp Reyp GOF Rs Re Re Rs Rs

number O TizSIC, TIiC TiO, TiO SiO,
13986 23 22 35 23 2.2 3.2 27 - -
13987 500 6.6 34 37 37 08 46 - -
13988 750 6.6 34 38 44 11 35 - -

13989 1000 6.2 31 39 4.6 06 27 - -

13990 1100 6.5 3.0 47 2.4 14 26 - -
13991 1200 6.8 3.0 4.0 2.7 03 31 24 -
13992 1300 7.7 3.0 40 4.0 19 35 12 -
13993 1350 7.2 3.0 41 - 1.1 32 55 51
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(c) Further evidence of oxidation in TizSiC,

At high oxygen partial pressure, impure Ti3SiC, oxidizes readily to stoichiometric oxide
phase rutile (TiO2) and cristobalite (SiO;). TisSIC; is not phase pure possibly because
of thermal dissociation during sintering in the vacuum furnace. In-situ neutron
diffraction results for impure TisSiC, is shown in Table 5.11, with the phase abundance
of cristobalite (SiO;) of 9.35 wt% at 1350°C and 12.53 wt% at lower temperatures. The
phase abundance of TiO increases from 1.36 wt% at 1200°C to 32.3 wt% at 1350°C,
while that of TiO; drops from 72.5 wt% at 1200°C to 45.73 wt% at 1350°C.

To understand more about oxidation of TisSiC,, commercially pure sample (Maxthal
312) of Ti3SiC, was investigated. In-situ neutron diffraction plots for TisSiC, 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®, porosity of ~1% and about 10 wt%
in TiC content. Table 5.13 shows the relative phase composition (wt%) of Ti3SiC,
(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 Rg 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 TisSiCy), (#1546 for TiC), (#64987 for TiO,, - rutile), (#44095 for SiO,
Cristobalite), (#43801 for SiO, (Tridymite), (#60483 for TiO) and (#1089 for TiSiy)

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
Ti0O, and oxygen was transported inward to form the inner duplex layer TiO, and SiO,.

The carbon from Ti3SiC, was liberated into the air in the form of CO or CO..
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According to the analysis above, anatase formed at 650°C and rutile formed rapidly at
above ~750°C (See Figure 5.13). The outer homogeneous layer of TiO, (rutile) became
the protective film on the surface of the inner duplex layers of SiO, and TiO,. At
1450°C, formation of SiO; (cristobalite) was observed. When cooling from 1450°C 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

Ti3SiC; at air for room temperature.
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Figure 5.12: (b) Neutron diffraction Rietveld difference plots for Maxthal TisSiC,
oxidized in air at 1400°C for 2 h.
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Legend: SiO; (C) = Cristobalite, SiO; (T) = Tridymite

146



Table 5.13: Relative phase abundance determined from Rietveld analysis
refinement using ND results for TisSIC, (Maxthal 312) oxidized in air from 23°C to
1400°C and cooled from 1400°C to 23°C

Temperature  Ti3SIiC, TiC TiO, TiSi, SiO, SiO,
(°C) (wt%)  (wt%)  (wi%)  (wi%) (M) (©)
(wt%)  (wt%)

23 7923 15.38 - 5.39 - -
(0.51)  (0.19) (0.3)
600 79.99  14.82 - 5.19
(0.80)  (0.17) (0.32)
800 8065 139 070 475
(1.21)  (0.35) (0.01)  0.43)
1000 80.14 143 069  4.87
0.93)  (0.27) (0.01) (0.32)
1100 80.14 149 029 468
0.93) (029) (0.1)  (0.32)
1200 79.12 1476 0.9 5.13
(0.87) (027) (0.1)  (0.31)
1300 80.86 1512 0.7 3.00 - 0.32
(1.09) (0.32) (0.1)  (0.35) (0.01)
1400 79.14 1461  3.39 2.67 - 0.2
(1.02)  (0.31) (0.14)  (0.33) (0.01)

1400-cool  75.09 1429  5.29 4.57 007 071
(0.84)  (0.26) (0.14) (0.14) (0.02)  (0.1)

23 73.02 14.54 6.24 5.15 0.14 0.89
(0.71) (0.21)  (0.14)  (0.31) (0.05) (0.1)
SiO, (T) = Tridymite

SiO; (C) = Cristobalite
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Table 5.14: Figures-of-merit from Rietveld refinement with ND data for TisSiC,
(Maxthal 312) oxidized in air from room temperature to 1400°C

Temp pr Rexp GOF Rg Rg Rg Rg Rg Rg
TikSIC, TiC  TiO, TiSi, SiOx(T)  SiO; (C)
(O
23 6.15 5.40 1.4 2.83 1.20 - 3.22 - -
600 598 5.10 1.3 2.67 1.28 - 2.67 - -

800 814 718 1.2 2.30 0.72 3.64 3.66 - -

1000 6.02 5.07 1.4 1.76 1.14 423 233 - -

1100 592 505 13 1.50 0.68 292 232 - -

1200 554 502 1.2 1.26 028 1.78 2.65 - -

1300 6.64 501 17 1.09 130 293 3.92 - 2.56
1400 595 498 14 1.36 0.34 3.27 3.46 - 2.09
1400 6.14 501 15 2.93 1.18 261 261 3.07 3.63
to
cool

SiO; (T) = Tridymite
SiO; (C) = Cristobalite
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Figure 5.13: Variations of phase evolution during the in-situ oxidation of TisSiC,
(Maxthal 312) as revealed by neutron diffraction.
Legend: TisSiC; =4, TiC =l TiO, rutile =A, TiSi, =@, SiO, cristobalite = @
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(d) XRD studies and microstructural analysis of Ti3SiC, oxidation

For more evidence on the existence of oxidation in Ti3SiC,, a Nikon optical microscope
was used to analyze the microstructural details of TisSiC, at 1300°C, as shown in Figure
5.14. The XRD analysis confirms the depth-profiling of phase difference plots and
abundances in Ti3SiC, as shown in Figures 5.15 and 5.16 respectively. The figures
show that TiO, appeared at the outer layer, a mixture of TiO, and SiO; at the inner layer
and TisSiC; at the bulk. Tables 5.15 and 5.16 present the phase abundances and best

fitting of oxidization behavior of TizSiC, oxidized at 1300°C for 20 min in air.

Figure 5.14: Optical micrograph showing the microstructural details of TizSiC, oxidized
at 1300°C for 20 min in air.
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Figure 5.15: XRD Rietveld diffraction pattern for TizSiC, (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 TisSiC, oxidized at 1300°C for 20

min in air.

Depth TisSiC,  TiO, SiO, esd for esd esd GOF
(um)  (wt%)  (rutile) (wt%) TisSIiC, for for

(Wt%) TiOz S iOz
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 0.37 141 127 2.0

50 18.54 80.74 0.72 0.63 1.8 0.23 2.8

60 35.16 64.33 0.51 0.7 112 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 Ti3SiC,
oxidized at 1300°C for 20 min in air.

Depth pr Rexp RB RB RB
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 Ti3SiC, oxidized at 1300°C

for 15 min in air
Legend: TiO,= M, TisSiC, = @ SiO, (Cristobalite) = A\
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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 20 — 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),

R=ZiWi (Yio_Yic)z (51)

where Yi, is the observed intensity and Yj 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:

w =1 (5.2)

2
oF

The calculated intensity Y;c 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:
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C

v + Y (5.3)

Yie = KA ijk ij‘ij‘zGijk Pi
ik

K is the instrument constant, which is dependent on instrumental parameters and
incident beam characteristics but independent of the specimen, A; is the absorption
factor, mj is the multiplicity factor, Lj is the Lorentz-polarization factor for the
reflection jk, Fj is the structure factor, Giy is a normalized peak profile function, Pj is
the preferred orientation function, Cy is the volume fraction of k and Vi is the
corresponding cell volume, and Yj, 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
2 C
Yie = KA (1,0 m, L [Fy | Gy Py, V—;+ Vi (5.4)
ik k

where Ai(r,6) is the attenuation factor for specimen radius r and Bragg angle 6, 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
2
Yic = Azskmjk ij‘ij‘ Gijk ij + Y (5-5)
ik

sk is the Rietveld scale factor, and it is given by:
_KC,

S 5.6
k ,qu2 ( )
for Debye-Scherrer,
2
Yie = A (r’g)zskmjk ij‘ij‘ Gijk Pu + Vi (5.7)
ik
Where sy is the Rietveld scale factor, which is given by
VKC,
S, = 5.8
k sz ( )

The structure factor, Fi is given by
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F, = le f, exp[27i(h,r, —h,B,h)] (5.9)
=

where f; is the scattering factor or scattering length of atom j, and hy, r; and B; are
matrices representing the Miller indices, atomic coordinates and anisotropic thermal
vibration parameters respectively.

The background intensity yi, may be modeled using the polynomial (Rietveld, 1969):

n

Yib = Z B, (20)" (5.10)

m=-1
where By, is refinable parameters and 26 is the diffraction angle. The background model
were 3" order for X-ray diffraction (XRD), 3" order for neutron diffraction (ND) data,
and 5™ 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, Gix is given by

Cl/Z o Cl/2
Gy =72l CoX 2] + (W )~ exp[-C, X 2] (5.11)
H. 7 H

where Co = 4, C; = 4 In 2, Xy = (26; - 26k) | Hy, y is a mixing parameter which varies
from O 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 26 is usually modelled with the equation derived by

Caglioti et al. (1958) for low-resolution neutron data,
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FWHM?=Utan’0+Vtan o + W (5.12)
where U, V and W are refineable parameters.
Peak asymmetry can be modelled using the semi-empirical function (Rietveld, 1969).
A, =1- A[sign(26, - 26,)](26, - 26,)? cot 6, (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 Iy of Bragg peaks for preferred orientation (PO), using the
preferred correction.
P, =(r?cos’ a, +r*sin®a,)*? (5.14)

where r is the refineable preferred orientation (PO) parameters.

Pattern-background polynomial parameters were used to fit the background of data
collections. Polynomial coefficient By, B, B, and B3 and diffraction angle 26 is related
as follow:

Yo = B, +B,(20,) + B,(26,) + B,(26,)° (5.15)
Bo, B1, Bz, and Bz was satisfactory for the pattern background refinement, but
sometimes higher orders B, and Bs 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:
= S ZMV), (5.16)
> S (ZMV),
where Wy 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, o; was performed, as depicted in the

following equation:

N
Zwi(yio _yic)2
-1 i=
o =|Mj = N_P (5.17)

M;; is the diagonal element of the inverse of matrix Mj,, which is given by the equation
below:

82yic _ayic 8yic
OX;0X,  OX; OX,

]

My = _ZWi (Yio = Yic) (5.18)

xjand X are adjustable parameters.
The figures-of-merit or R-values after refining, some formulae are presented as follows.

Bragg R factor for every phase:

l, — |
R, :M (5.19)

2o
where I, and Iy are observed and calculated intensities for Bragg reflection k.

Profile R factor

;|yio - yic|
io (5.20)

Weighted profile R factor

R =|:zwl(y|o_y|c)2:ll/2
" ZWi Yo

(5.21)
Expected R factor
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N P 1/2
R = {;:l
exp 2
2 Wi (5.22)

where N = number of observations and P = number of least — squares parameters being
estimated.

The GOF is determined by the following equation.

R

2
GOF:(RW"J (5.23)
exp
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 Author
number

a-Al,O3 73725 Maslen et al.
Al;TiOs 71356 Epicier et al.
TiO; (Rutile) 64987 Shintani et al.
Ti3SIC, 86213 Kisi et al.
TiC 1546 Christensen
TiO 60483 Loehman et al.
SiO; (Cristobalite) 44095 Feng Liu et al.
SiO; (Tridymite) 29343 Fleming et al.
TiSi, 1089 Jeitschko et al.
TisSi3Cy 44386 Nowotny et al.*
TisSisC unknown 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 TisSiC,”, (ii) “Diffraction Studies of a Novel
Ti3SIC,-TiC System with Graded Interfaces”

LOW, I.M., OO, Z. & PRINCE, K.E. 2007. Effect of Vacuum Annealing on the Phase
Stability of TisSiC,, Journal of the American Ceramic Society, 90, 2610-2614.

LOW, I.LM. & OO, Z. 2002. Diffraction Studies of a Novel Ti3SiC,-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 Ti3SiC; 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 x d + DIFA x d’+ 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,

A =2dsing (5.25)
with the de Broglie wavelength,
L-n _ht (5.26)
mv mL

To have the expression for time-of-flight,
t= (ZTm)Lsin oxd (5.27)

where t = total time-of flight, m = mass of the neutron (1.67x10 *’ kg), L = total time
flight path from moderator to sample to detector, d = spacing, = % of Bragg

reflection angle (2 6), h = Planck’s constant 6.62 x 10" Js.

After substituting and simplification, the Equation (5. 27) becomes,
t =505.56Lsin@xd (5.28)

where tisinps, Lisinm,and disin A

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? 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
sample collection
temperature

data collection time

d — spacing range

time channel size dT/ T

: 10mm x 10mm x 40mm (rectangular bar shape)

: 20°C and at every 100 °C between 1100°C and
1500°C at a rate of 20°C per minute

:15 min for elevated temperature and 1 h for room
temperature diffraction patterns

:0.4-32A

: 0.0005

Table 5.18 (b)

Requirement

Setting

Radiation

neutron beam
moderator

incident wavelength
resolution, Ad/d

Neutron flight path

: Polychromatic white neutron beam ( 316K )
: H0

10.6t06.2 A

: 0.007

:12.7510 12.85 m

Table 5.18 (¢)

Requirement

Setting

Beam size

incident beam

scatter beam

110 x 40 mm

: 11-mm gap in collimating slit

Atmosphere
e Vacuum furnace : ~10™ 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 Ti3SiC, 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 Sing =2 (5.30)

Angle o is half the angle between the diffracted beam and the original beam direction,
A 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 29 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
e sample dimension : 3 mm thick (thin flat plate)
e X-rays beam : Cu Ka radiation
e required voltage and current : 40 kV, 30 mA
e incident wavelength :A=0.15418 nm
e 20 range :5° - 130°
e step size :0.04
e counting time : 2.4 sec per step
e sample holder Al
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54  Appendix I-H: Supplementary Information on (i) “Effect of Vacuum
Annealing on the Phase Stability of Ti3SiC,”, (ii) “Dynamic Study of the Thermal
Stability of Impure Ti3SiC; 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 TisSiC,, Journal of the American Ceramic Society, 90, 2610-2614.

OO0, Z., LOW, .M. & O’CONNOR, B.H. 2006. Dynamic Study of the Thermal

Stability of Impure Ti3SiC, in Argon and Air by Neutron Diffraction. Physica B, 385-
386, 499-501.
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5.4.1 Secondary lon 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 Ti3SiCs.

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 1um 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 um).

The SIMS line-scans and depth-profiles of air-oxidized Ti3SiC, samples were obtained,

while monitoring the yield of **Ti, **C, #Si and *°0 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 Ti3SiC,, 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
2

um® 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 pm. Line-scans were conducted on

the cross-section of samples with relatively thick surface oxide layers (>50 pum).

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
Ti3SiC, samples was obtained through the elemental imaging of Ti, Si, C and oxygen on

the near-surface.

mass
spectrometer

Ar- gun

Figure 5.17: Schematic diagram for the Secondary lon Mass Spectroscopy (SIMS)
Source: Institute for Research in Materials, Dalhousie University Canada.

(http://www.hiden.com.cn)
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5.5 Appendix I-1: Supplementary Information on “Reformation of Phase

Composition in Decomposed Aluminium Titanate”

LOW, I.LM & 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™
* crucible : AlLOs
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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 Al TiOs (AT).
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5.6 Appendix 1-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 Ti3SiC; 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.LM & 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.

OO0, Z., LOW, ILM. & O’CONNOR, B.H. 2006. Dynamic Study of the Thermal

Stability of Impure Ti3SiC, 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 Al,TiOs

Requirement Setting
* instrument : MRPD diffractometer, Lucas Heights, NSW, Australia
* wavelength (\)  : 1.667 A
* range (20) 14 -138°
* sample size : 20 mm length x 12mm in diameter
* step Size :0.1°
* counting time . ~ 40 — 50 sec per step

* monochromator : 8 Ge crystals (115 reflection),
* detectors : 32 ®He detectors 4° apart.

* analysis method : Rietveld analysis
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Table 5.22: Operational conditions when using MRPD to analyze TisSiC,

Requirement Setting
* instrument MRPD diffractometer, Lucas Heights, NSW, Australia
* wavelength (\) :1.665 A
* range (20) 110 —135°
* step Size :0.1°
* counting time  : ~ 40 — 50 sec per step

*monochromator : 8 Ge crystals (115 reflection),
*detectors : 32 *He detectors 4° 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 (Al,O3)

Data for ICSD #73725

Chemical Name Aluminum Oxide

Structure Al,O3

Mineral Name Corundum

Unit Cell 4.75450(5), 4.75450(5), 12.9820(6), 90°. 90°.120°
Space Group R-3CH

SG Number 167

Symmetry Trigonal/ Rhombohedral

Atomic positions

Atom Number Wyckoff x y z

Site
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-Al,Os;, Acta
Crystallographica, B49, 973-980.
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Aluminium Titanium Oxide (Al,TiOs)

Data for ICSD # 71356

Chemical Name Dialuminum Titanium oxide
Structure (AL Ti)Os

Mineral Name Aluminum Titanate

Unit cell 3.591, 9.429, 9.636, 90°, 90°, 90°
parameters

Space Group CmCm

SG Number 63

Symmetry Orthorhombic

Atomic positions

Atom Number Wyckoff x y z

Site
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
0] 1 4C 0 0.759 0.25
0] 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 Al,TiOs, Journal of Materials Research,
6, 138-145.

178



Rutile (TiO,)

Data for ICSD # 64987

Chemical name Titanium oxide

Structure TiO,

Mineral Name Rutile

Unit Cell 4.5845(1), 4.5845(1), 2.9533(1), 90°, 90°, 90°
Space Group P42/mnm

SG Number 136

Symmetry Tetragonal

Atomic positions

Atom Number  Wyckoff x y z
site

Ti 1 2a 0 0 0

@) 1 4f 0.3049 0.3049 O

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 (Ti3SiC,)

Data for ICSD # 86213

Chemical | Titanium Silicide Carbide
name
Structure | TisSIC,

Unit Cell | 3.30575(1), 3.0575 (1), 1.762349(30), 90° 90° 120°

Space P63/mmc
Group

SG 194
Number

Symmetry | Hexagonal

Atomic positions

Atom Number Wyckoff x y z
site
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 TisSiC,, Journal of Physics and Chemistry of Solids, 59, (9),
1437-1443.
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Titanium Carbide (TiC)

Data for ICSD # 1546
Chemical Titanium Carbide(1/1)
name

Structure TiC

Unit Cell 4.328(2), 4.4328(2), 4.4328(2), 90° 90° 90°
Space Fm-3m

Group
SG Number | 225
Symmetry | Cubic

Atomic positions

Atom Number Wyckoff x y z
site

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) SiO,

Data for ICSD # 44094

Chemical Silicon oxide-Ht

name

Structure SiO;

Mineral Name | Cristobalite

Unit Cell 4.9586, 4.9586, 6.9074, 90° 90° 90°

Space Group P41212

SG Number 92

Symmetry Tetragonal

Atomic positions

Atom Number Wyckoff X Y 4
site

Si 1 4a 0.3028 0.3028 O

0 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 (SiO,)

Data for ICSD # 29343

Chemical Silicon oxide- Subcell

name

Structure SiO;

Mineral Name | Tridymite 2H low

Unit Cell 5.01, 5.01, 8.18, 90° 90° 120°
Space Group P6322

SG Number 182

Symmetry Hexagonal

Atomic positions

Atom Number Wyckoff x y z
site
Si 1 4f 0.3333 0.6667  0.47
0] 1 2¢ 0.3333 0.6667 0.25
0] 2 69 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 Titanium Oxide

name

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
0 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 (TisSizC)

Chemical | Titanium Silicon Carbide
Name
Structure | TisSisC

Unit Cell | 7.4067 5.3062

Space P63/mcm
Group

SG 193
Number

Atomic positions

Atom Number Wyckoff x y z
site
Ti 1 4d 0.3333 0.6667 O
Ti 2 69 0.25 0 0.25
Si 1 69 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 (Ti3SiC,) during Self-Propagating High-Temperature Synthesis PhD

Thesis, The University of Newcastle, Australia.
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Titanium Silicon (TiSiy)

Data for ICSD #1089
Chemical name Titanium Silicon
Structure TiSi,
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 TiSi, and some Comments
on Bonding in TiSi, and Related Compounds, Acta Crystallographica, Sec B, 33. 2347-
2348.
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