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Abstract
MAX phases are promising candidates for high-temperature wear, hypersonic and nuclear
applications. Understanding the formation of MAX phase microstructures is crucial to their
application because they often coexist with phases such as M-A intermetallics, M-X or A-X
binary compounds which are intermediate products of the synthesis. The relation between
processing and fired microstructures in Ti2AlN ceramics made by spark plasma sintering
(SPS) was examined using a range of advanced microscopy techniques. When sintered at
1300 ºC, nearly single-phase Ti2AlN ceramics with elongated (~22×6×6 μm) grains were
obtained. After sintering at 1200 ºC and chemical etching, Ti2AlN nanowhiskers (150-200
nm dia., 1-5 μm long) were exposed in pores coexisting with TiAl, TiN and Ti2AlN grains.
The nanowhiskers are believed to form by diffusion of TiN into TiAl during SPS and are
exposed during the chemical etch. Microstructural studies of Ti3AlC2/W composites prepared
by SPS at 1300 ºC revealed “core-shell” microstructures in which a TixW1-x “shell”
surrounded a W “core” in a Ti3AlC2 matrix. Above 1200 ºC, W reacted with Ti out-diffused
from Ti3AlC2 to form TixW1-x solid solution with crystal structure isotypic with bcc W and
non-stoichiometric Ti3-xAlC2.
The oxidation mechanism of MAX phases is not fully understood which may limit their
applications at high temperature in oxidising atmosphere. To understand the fundamental
nature of the oxidation mechanism of MAX phases requires investigation of the
microstructural evolution of the oxide scale during oxidation. Microstructural development
during high-temperature oxidation of Ti2AlC below 1300 ºC involves gradual formation of an
outer discontinuous TiO2 layer and an inner dense and continuous α-Al2O3 layer. At 1400 ºC,
a mixed outer layer of TiO2 and Al2TiO5 and a cracked α-Al2O3 inner layer formed. During
high-temperature oxidation of dense Ti2AlN ceramics below 1200 ºC layered microstructures
containing anatase, rutile and α-Al2O3 formed on the surface. Above 1200 ºC, more complex
layered microstructures containing Al2TiO5, rutile, α-Al2O3 and continuous void layers
formed. The planar defects formed after Ti2AlC oxidation at 1200 ºC and Ti2AlN oxidation at
1100 ºC for 1h were identified as twins and stacking faults. After heating both Ti2AlC and
Ti2AlN to 1400 ºC for 1h and cooling to room temperature, cracks propagate in TiO2 grains.
Planar defects and cracks may arise from stress generation in the oxide scale. The thermal
stresses formed during cooling may result from thermal expansion mismatch of phases (TiO2,
3

Al2O3 and Al2TiO5) in the oxide scale, the high anisotropy of thermal expansion in Al2TiO5
and thermal expansion mismatch between the oxide scale and Ti2AlC or Ti2AlN substrate.
Growth stresses formed during isothermal oxidation treatment may arise from the volume
changes associated with oxidation reactions of Ti2AlC or Ti2AlN.
An oxidation mechanism for Ti2AlC is proposed, in which the growth of oxide scale is
caused by inward diffusion of O2- and outward diffusion of Al3+ and Ti4+. The weakly bound
Al leaves the Al atom plane in the layered structure of Ti2AlC, and diffuses outward to form a
protective inner α-Al2O3 layer between 1100 and 1300 ºC. However, the α-Al2O3 layer
becomes cracked at 1400 ºC, providing channels for rapid ingress of oxygen to the body,
leading to heavy oxidation. An oxidation mechanism for Ti2AlN is proposed, which involves
initial reaction with atmospheric oxygen to form oxide phases, demixing of the mixed oxide
phases, and void formation due to the Kirkendall effect and gaseous NOx release. The
oxidation resistance of Ti2AlC (up to 1400 ºC) is better than that of Ti2AlN (up to 1200 ºC).
Stress generation and gas formation appear to play important roles in the different oxidation
mechanisms of Ti2AlC and Ti2AlN.
Microstructural development during high-temperature oxidation of Ti3AlC2/W composites
involves α-Al2O3 and rutile formation ≥1000 ºC and Al2TiO5 formation at ~1300 ºC while
tungsten oxides may have volatilised above 800 ºC. Likely due to exaggerated, secondary
grain growth of TiO2-doped alumina, fine (<1 µm) Al2O3 grains formed dense, anisomorphic
laths on Ti3AlC2/5wt%W surfaces ≥1200 ºC and coarsened to large (>5 μm), dense, TiO2doped Al2O3 clusters on Ti3AlC2/10wt%W surfaces ≥1400 ºC, which were more protective
than well-dispersed Al2O3 grains. W may affect the oxidation behaviour of Ti3AlC2/W
composites in two ways: a) beneficially by weakening the Ti-Al bond in Ti3AlC2 by
attracting Ti to form Ti1-xWx resulting in a higher diffusivity of Al which diffuses outward to
form a protective α-Al2O3 layer during high-temperature oxidation; and b) detrimentally by
releasing volatile tungsten oxides so generating pores in the oxide scale. However, at high
temperature (≥1400 ºC) the former beneficial effects appear to be dominant over the latter
detrimental effect.
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1. Introduction
The development of non-oxide ceramics (e.g. carbides and nitrides) has lagged behind that
of oxides because they are rarely found in nature, need to be processed in controlled reducing
atmospheres and tend to oxidize in air at room temperature especially when in fine powder
form. As a result our understanding of their crystal chemistry and the processingmicrostructure-property relations is nowhere near that of e.g. titanates, silicates, phosphates
and other oxide systems.
Binary transition metal carbides and nitrides (e.g. TiC, TiN, WC, SiC and Si3N4) are
classical non-oxide ceramics. They are characterised by high hardness, high strength, high
melting point, good thermal shock and wear resistance, and chemical inertness. They are
widely used in extreme environments or as hard ceramics (Wuchina, et al. 2007). However,
most of these binary compounds suffer from poor oxidation resistance (active oxidation
occurs at above 500-800 ºC (Wuchina, et al. 2007)) and intrinsic brittleness, which has
restricted their technological application. Only silicon-based refractory compounds (e.g. SiC
and Si3N4) possess good oxidation resistance up to 1700 ºC in oxygen-rich atmospheres due
to formation of a protective SiO2 layer under a passive oxidation regime (Eakins et al., 2011,
Mallik et al., 2010). However, under active oxidation at >1350 ºC in oxygen-poor
atmospheres, direct formation of gaseous SiO occurs instead of a protective SiO2 layer
(Eakins et al., 2011). Moreover, decomposition of already-formed SiO2, or the interface
reaction between SiC and SiO2 can also lead to SiO formation.
MAX phases are a structurally-related family of layered ternary carbides and nitrides with
the general formula Mn+1AXn, where M is an early transition metal (typically Ti, V, Cr, Nb
and Ta), A is an A-group element (e.g. Si, Al, S, P, Sn, Ge and As), X is either C or N, and n
runs from 1 to 3. In the 1960s, Nowotny and collaborators (Nowotny, 1970) first explored
layered ternary transition-metal carbides and nitrides including the MAX phases, and they
identified 100 new ternary compounds during that decade. These compounds were studied
little in the 1970’s and 80’s due to an absence of information about their properties. The main
reason for this was that monolithic MAX phases, particularly bulk materials are notoriously
hard to obtain because of their narrow stability in M-A-X ternary phase diagrams (Wang and
Zhou, 2009). Extensive exploration of their properties started in the late 1990s when
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significant efforts were made to fabricate monolithic bulk MAX phases. Barsoum first
published a detailed review on MAX phases (Barsoum, 2000).
The MAX phases are described as thermodynamically stable nanolaminates that possess
properties of both ceramics and metals (Barsoum, 2000, Wang and Zhou, 2010). Like metals,
they are readily machinable, thermal-shock resistant, thermally and electrically conductive,
and damage tolerant; like ceramics, they are lightweight (4-5 gcm-3), refractory and
elastically stiff. These fascinating properties triggered extensive explorations on synthesis,
microstructure, property and design of MAX phases, and make them potential highperformance structural and functional ceramics, and promising candidates for hightemperature wear, hypersonic and nuclear applications. Chapter 2 is a literature review and
Chapter 3 a description of the experimental procedures used in this research.
Understanding the formation of MAX phase microstructures is crucial to their application
because they often coexist with phases such as M-A intermetallics, M-X or A-X binary
compounds which are intermediate products of their synthesis (Zhang et al., 2009, Wang and
Zhou, 2010). The use of different starting powders, solid compositions, atmospheres,
temperatures, pressures and heating rates will affect the microstructural evolution during
formation of MAX phases. Chapters 4&5 examine the relation between processing and fired
microstructures of typical MAX phases, Ti2AlC and Ti2AlN, made by hot-pressing (HP) and
spark plasma sintering (SPS), respectively, and characterised using a range of advanced
microscopy techniques. Chapter 6 investigates the microstructures of Ti3AlC2/W composites
prepared by SPS.
Oxidation mechanisms of MAX phases are not fully understood which may limit their
applications in high temperature oxidising atmospheres (Barsoum and El-Raghy, 2001, Cui et
al., 2011). In Chapters 4-6 of this thesis, oxidation mechanisms of MAX phases are
investigated by examining the microstructural evolution of oxide scales during hightemperature oxidation. Generally, the oxidation resistance of high-temperature ceramics and
alloys depends on the formation of a protective surface oxide. In an ideal case, the oxide layer
is highly stable, slow growing, free from pores or cracks, adherent and coherent (Prescott and
Graham, 1992). Few elements form oxides that are protective enough to be useful oxidation
barriers at temperatures>1000 ºC. The most notable oxides are those of Si, Al and Cr
(Hindam and Whittle, 1982). Formation of Al2O3 in general gives better high temperature
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protection than SiO2 or Cr2O3 (Hindam and Whittle, 1982). Many MAX phases contain
elements such as Si, Al or Cr in their crystal structures, including Ti2AlC, Ti2AlN, Ti3AlC2,
Cr2AlC and Ti3SiC2, so formation of protective oxides might be expected. The hightemperature oxidation behaviour of Ti2AlC and Ti2AlN is examined in detail in Chapters 4
and 5.
MAX phase/refractory metal composites are worthy of examination as they possess the
potential to combine the excellent properties of MAX phases and refractory metals (e.g. W).
In Chapter 6, the high-temperature oxidation behaviour of Ti3AlC2/W composites is
investigated.
Chapter 7 discusses the Ti2AlN nanowhiskers formation mechanism, the formation
mechanism of planer defects and cracks, and oxidation mechanisms of Ti2AlC, Ti2AlN and
Ti3AlC2/W composites. Chapter 8 is a final conclusions chapter while Chapter 9 discusses
future research needs in the area.
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2. Literature review
This chapter reviews important research achievements on Mn+1AXn ceramics, including
understanding of their crystal structures, processing, microstructures, high-temperature
properties and potential applications. It provides the background of this research; many of the
results presented in the following chapters are developed from this current understanding.

2.1 Crystal structures

Mn+1AXn ceramics (termed MAX phases) are a family of ternary compounds with general
formula Mn+1AXn, where M is an early transition metal (typically Ti, V, Cr, Nb and Ta), A is
an A-group element (e.g. Si, Al, S, P, Sn, Ge and As), X is either C or N, and n runs from 1 to
3 (Figure 1). For n=1 more than 50 M2AX compounds (termed 211 phases) have been
discovered; for n=2 six M3AX2 compounds (312 phases) i.e. Ti3SiC2, Ti3AlC2, Ti3GeC2,
Ta3AlC2, Ti3SnC2 and (V0.5Cr0.5)3AlC2 have been identified; and for n=3 five M4AX3
compounds (413 phases) i.e. Ti4AlN3, Ti4GeC3, Ta4AlC3, Nb4AlC3 and V4AlC3 have been
found.
The family of MAX phases has been regularly added to since 2000. It is possible to form
solid solutions from various ions on M-, A- and X-sites. Among the solid solutions that form
via the M-sites (Wang and Zhou et al., 2004a, Barsoum et al., 2002) are: (Ti,Cr)Al2C,
(Ti,V)2SC, (Nb,Zr)2AlC, (Ti,V)2AlC, (Ti,Nb)2AlC, (Ti,Ta)2AlC, (V,Nb)2AlC, (V,Ta)2AlC
and (Ti,Hf)2InC. Solid solutions forming via the A-sites (Finkel et al., 2004, Xu et al., 2008)
include Ti3(Ge,Si)C2 and Ti3(Si,Al)C2. Solid solutions that form via the X-sites include a
continuous series of solid solutions Ti2AlC0.8-xNx (x=0-0.8) occurs at 1490°C (Barsoum et al.,
2000b).
All Mn+1AXn ceramics are reported to crystallize in layered hexagonal crystal structures
with space group P63/mmc (Figure 2). The layered structure consists of repeated Mn+1Xn
slabs and planar-packed A-group atoms. The Mn+1Xn slabs have a NaCl-type (i.e. rock salt)
structure similar to that of the corresponding MX binary carbides (Figure 2) with X atoms
coordinated with octahedral M atoms. A-group atom planes intercalate between twinned MX
layers.
25

Table 1. Summary of lattice parameters and theoretical density of common MAX phases. The
MAX phases are grouped by their A elements (e.g. Al, Si, P, S, etc.). The format in this table
is: Mn+1AXn, the theoretical density (a value, c value). The theoretical density (g/cm3) is in
bold letters. The a and c lattice parameters (nm) are in brackets. Courtesy of M. W. Barsoum
(Barsoum, 2000).
IIB

III A

IVA

VA

VIA

Al

Si

P

S

Ti2AlC, 4.11

Ti3SiC2, 4.52

V2PC, 5.38

Ti2SC, 4.62

(0.304, 1.36)

(0.307, 1.767)

(0.308, 1.091)

(0.322, 1.122)

Ti2AlN, 4.31

Nb2PC, 7.09

Zr2SC, 6.20

(0.299, 1.361)

(0.328, 1.15)
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(0.31, 1.383)
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(0.308, 1.858)
Ti4AlN3, 4.76
(0.299, 2.337)
Zn

Ga

Ge
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Ti2GaC, 5.53

Ti2GeC, 5.68

V2AsC, 6.63

(0.307, 1.352)

(0.307, 1.293)

(0.311, 1.13)

Ti2GaN, 5.75

Ti3GeC2, 5.55

(0.3, 1.33)

(0.307, 1.776)

Cd

In

Sn

Ti2CdC, 9.71

Zr2InC, 7.1

Ti2SnC, 6.36

(0.31, 1.441)

(0.334, 1.491)

(0.316, 1.368)

Hg

Tl

Pb

Zr2TlC, 9.17

Ti2PbC, 8.55

(0.336, 1.478)

(0.32, 1.381)
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Sb

Te

Bi

Po

Figure 1. Periodic table with elements forming MAX phases highlighted. M: an early
transition metal; A: an element from group A, usually IIIA and IVA; X: C or N. Reprinted
from (Barsoum and El-Raghy, 2001).
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Figure 2. Crystal structures of 211, 312 and 413 MAX phases. Unit cells are indicated by
lattice parameters labeled a and c. Modified from (Barsoum and El-Raghy, 2001).
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c

c

a

a

Figure 3. Two polymorphs of Ti3SiC2 (α and metastable β), which have the same space group
P63/mmc, but differ from each other in Si atom positions in the (0 0 0 1) atomic plane (Zhang
et al., 2009). The Si atom occupies 2b (0, 0, 1/4) and 4d (2/3, 1/3, 1/4) Wyckoff positions,
respectively.

Polymorphism of MAX phases (i.e. from the most common α-Mn+1AXn to metastable βMn+1AXn) has been identified, and can be activated by shear stress/strain or temperature
(Zhang et al., 2009, Wang and Zhou, 2009). For M2AX and M3AX2 compounds, e.g. Ti2AlC
and Ti3SiC2, polymorphism is traced by variation of A-group atom location in the unit cell,
while the M-X slabs remain the same (Figure 3). Theoretical investigations show that the
polymorphic phase transformations arise from A-group atoms sliding along the (0 0 0 1)
basal plane between two local minima in the energy surface (Zhang et al., 2009). Liao et al.
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(2006) studied the deformation modes of the two possible basal-plane slip systems, [1 -2 1 0]
(0 0 0 1) and [-1 0 1 0] (0 0 0 1) in Ti2AlC. A polymorphic phase transformation was
predicted along the [1 -2 1 0] (0 0 0 1), but not along the [-1 0 1 0] (0 0 0 1), the shear path.
Music et al. (2007) predicted a first-order phase transformation for Ta3AlC2 at ~1000 K
driven by thermodynamic competition between the two polymorphs. For M4AX3 compounds,
Ta4AlC3 was distinguished from other Mn+1AXn ceramics by a polymorphism attributed to a
structural difference within the Ta4C3 slab. The common M4AX3 compounds (including αTa4AlC3) have a layer stacking sequence of ABABACBCBC along the [0 0 0 1] direction,
while β-Ta4AlC3 has a stacking sequence of ABABABABAB (Lin et al., 2006c) (the
underlined letters refer to A layers and the other letters refer to M layers).
Many mechanical and structural features of Mn+1AXn ceramics are inherited from their
binary counterparts, e.g. TiC, TiN, SiC and Si3N4, while many more novel properties emerge
because of new chemical bonds and atomic coordination at the boundaries of different slabs.
MAX phases have shown unusual mechanical properties combining those of both ceramics
and metals, such as damage tolerance, high elastic stiffness and microscale ductility (Eklund
et al., 2010). These properties are rarely exhibited by their binary counterparts. The physical
origin of the unusual mechanical properties is their layered characteristics at the atomic scale.
The first ab initio calculation on MAX phases was reported by Medvedeva et al. (1998). The
damage tolerance of Ti3SiC2 was explained for the first time by a weak coupling between the
Ti3C2 layers and the Si atomic planes. Since that time, the chemical bonding characteristics of
MAX phases and their relation with properties have been comprehensively investigated.
Important conclusions can be summarized as follows (Wang and Zhou, 2009):
(1) The M and X atoms form strong directional covalently bonded (M-X)n-M chains in
the M-X layers which contribute to the refractoriness and high elastic stiffness. The
M-X bonds are comparable to those in the MX binary counterparts.
(2) M-A bonds are somewhat weaker than M-X bonds and are able to stretch and
compress under shear deformation. There is strong overlap between the A p orbitals
and M d orbitals.
(3) The M d-M d metallic bonding states dominate the density of states at the Fermi level
and thus MAX phases show metallic-type electrical conductivity. The high
conductivity originates predominantly from the d-d bonding between transition-metal
atoms coordinated to A-group atoms.
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The high elastic moduli originate from the covalent M-X bonds, while the relatively weak
M-A bonds are responsible for e.g. easy basal-plane slip and low shear deformation
resistance (Wang and Zhou, 2004b, Liao et al., 2006). For instance, when Ti2AlC is shear
deformed, Al atoms slip smoothly along the basal plane due to its low shear sliding force
constant (Wang et al., 2005); in contrast, the strong covalent Ti-C bonds remain stable. Shear
deformation proceeds by a gradual softening of the Ti-Al bond, leading to small energy
fluctuations. As a result, Ti2AlC has low shear deformation resistance (Zhou and Wang,
2001).

2.2 Processing

It is experimentally difficult to obtain monolithic MAX phase ceramics because of their
narrow stability in M-A-X ternary phase diagrams. For example, Figure 4 shows Ti-Al-N
isothermal sections (N corner is not shown) at 1325 °C and 1000 °C from the Al-N-Ti ternary
phase diagram (Raghavan, 2006). MAX phases, i.e. Ti2AlN (τ2) and Ti4AlN2.9 (τ3), are only
stable in a very narrow region. Note Ti3AlN1−x (τ1), which has a perovskite-type cubic
structure, does not belong to the family of MAX phases.
Significant efforts to process monolithic MAX phases have been made over the last two
decades. Many attempts have been made to fabricate bulk MAX phases by combustion
synthesis, reactive sintering, hot pressing (HP), hot isostatic pressing (HIP) and SPS. Among
these, SPS and HP have been proven to be effective methods to fabricate high-purity bulk
MAX phases. Table 2 summarizes studies including details of processing conditions and
predominant products for experimental fabrication of bulk MAX phases. In addition, MAX
phase thin films have been prepared by reactive magnetron sputtering (Eklund et al., 2010).
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a

b

Figure 4. Ti-Al-N ternary phase diagram: isothermal section (N corner not shown) at (a) 1000
and (b) 1325 °C, respectively. MAX phases, i.e. Ti2AlN (τ2) and Ti4AlN2.9 (τ3), are stable in a
very narrow compositional region at high temperature. Redrawn from (Raghavan, 2006).
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Table 2. Summary of typical experimental fabrication of bulk MAX phases.

Compounds

Method

Processing conditions

Products

Ti3SiC2 (Racault et

Reactive

Starting materials: Ti, Si,

93 wt.% Ti3SiC2

al., 1994)

hot pressing

and graphite;

and 7 wt.% TiC

1450 to 1600 °C for 1 h
Ti2AlC (Lin et al.,

Reactive

Starting materials: Ti, Al,

Monolithic

2006d)

hot pressing

and graphite;

Ti2AlC

1100 to 1400 °C for 1 h
Ti2AlC (Zhou et

Spark plasma

Starting materials: Ti, Al,

Monolithic

al., 2005)

sintering

and graphite;

Ti2AlC

1100 °C for 8 min
Ti3AlC2 (Wang and

Reactive

Starting materials: Ti, Al,

Monolithic

Zhou, 2002)

hot pressing

and graphite;

Ti3AlC2

1500 °C for 5 min
Ti2AlN (Lin et al.,

Reactive

Starting materials: Ti, Al,

Monolithic

2007)

hot pressing

and TiN;

Ti2AlN

1400 °C for 1h
Ti2AlN (Yan et al.,

Spark plasma

Starting materials: Ti, Al,

Monolithic

2008)

sintering

and TiN;

Ti2AlN

1200 °C for 10 min
Cr2AlC (Tian et al.,

Reactive hot

Starting materials: Cr,

Monolithic

2006)

pressing

Al, Si, and graphite;

Cr2AlC

1400 °C for 1 h
Nb2AlC (Salama et

Hot isostatic

Starting materials: Nb,

Nb2AlC with

al., 2002)

pressing

Al4C3, and

2 vol. % Al2O3,

graphite;

1 vol. % Nb

1600 °C for 8 h

carbides
and aluminides

α-Ta4AlC3 (Etzkorn

Molten metal

Starting materials: Ta,

Monolithic

et al., 2007)

technique

Al, and graphite;

α-Ta4AlC3

1500 °C for 50 h
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β-Ta4AlC3 (Hu et

Reactive hot

Starting materials: Ta,

Monolithic

al., 2007)

pressing

Al, and graphite;

β-Ta4AlC3

1500 °C for 1 h

2.2.1

Pressure-assisted sintering

Pressure-assisted sintering (including HP and HIP), is the most popular fabrication method
for bulk MAX phases. Bulk MAX phases can be fabricated and simultaneously densified by
using this method.
Pressure-assisted sintering accelerates the densification kinetics by increasing the stress at
particle contact points and by assisting physical rearrangement of particles to improve
packing (Lee and Rainforth, 1994). The driving force for ceramic densification is the
chemical gradient between the atoms in the neck region and that at the pores (Barsoum, 2003).
This can be increased by applying a compressive pressure to the compact during sintering, i.e.
by the simultaneous application of heat and pressure. If the applied pressure is uniaxial, the
process is termed hot-pressing (HP). If it is isostatic then the process is termed hot isostatic
pressing (HIP).
These techniques have several advantages over pressureless sintering (Lee and Rainforth,
1994):
(a) Reduced sintering time and temperature so that less grain growth occurs, resulting in a
finer and more uniform microstructure;
(b) Lower residual porosity which along with lower grain growth results in higher strength;
(c) Reduced sintering aid contents are required so that less grain boundary glass remains
improving high-temperature properties;
(d) Suppression of decomposition and volatilization reactions;
(e) No need for binders or organic additives.
The inherent disadvantages of pressure-assisted sintering techniques are:
(a) only simple shapes can be fabricated;
33

(b) high costs associated with tooling and dies;
(c) products tend to have anisotropic properties due to reorientation of asymmetric grains.
HIP can potentially produce more complex shapes, with more isotropic properties,
although it is more expensive. In the HIP technology, high temperature and high fluid (liquid
or gas) pressure can be simultaneously applied to work pieces resulting in fully isotropic
material properties (Bocanegra-Bernal, 2004) (Figure 5). The ability to form product shapes
to precise tolerances (reducing costly machining) has been a major driving force for its
commercial development.
Although frequently found in Ti-Al alloys, Ti2AlC as a monolithic phase was rarely
investigated. Ivchenko et al. (1976) first attempted to prepare Ti2AlC in 1976. They first
synthesized powders, and subsequently sintered the ground powders. However, considering
the reported density (4.42 g cm-3, much higher than the theoretical 4.11 g cm-3), the nominal
Ti2AlC samples likely contain certain amount of denser TiCx (4.8-4.9 g cm-3). Barsoum et al.
(2000b) (at Drexel University, Philadelphia, PA, USA) prepared high-purity bulk Ti2AlC
samples from the blended powders of Ti, Al4C3 and graphite by either HP at 1600 °C and 40
MPa for 4h, or HIP at 1300 °C and 40 MPa for 30h. Lin et al. (2006d) (at Shenyang National
Laboratory for Materials Science, Shenyang, China) developed a HP process to fabricate
polycrystalline Ti2AlC from a stoichiometric mix of Ti, Al and graphite powders heated 1h at
1400 °C under 30 MPa pressure.
Ti3AlC2 was identified by Pietzka and Schuster (1994) (at University of Vienna, Vienna,
Austria) in 1994 during their investigation of the Ti-Al-C phase diagram. Impure Ti3AlC2
samples (containing Ti2AlC, Ti3AlC and TiC) were synthesized by sintering pellets cold
compacted from powers of Ti, TiAl, Al4C3 and graphite under H2-atmosphere for 20h at 1360,
1430 and 1530 °C. Tzenov and Barsoum (2000) prepared polycrystalline bulk Ti3AlC2 from
blended powders of Ti, Al4C3 and graphite by HIP for 16h at 1400 °C under a pressure of 70
MPa. Likely due to the hygroscopic Al4C3 used as a starting material, about 4 vol.% Al2O3
was present in the final product. Wang and Zhou (2002) developed a HP process to fabricate
polycrystalline Ti3AlC2 from powders of Ti, Al and graphite heated at 1500 °C and 20 MPa
for 5 min followed by annealing at 1200 °C for 20 min. When a powder composition of 3Ti:
1.lAl: 1.8 C (molar ratio) was used, nearly single-phase Ti3AlC2 samples were obtained.
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Ti2AlN was initially of interest in nitrogen-containing titanium alloys (Yun et al., 2000).
Jeitschko et al. (1963) discovered Ti2AlN in 1963. Schuster and Bauer (1984) confirmed this
compound when they investigated the Ti-Al-N phase diagram. Barsoum et al. (2000b)
prepared bulk Ti2AlN ceramics by HIPing 48h at 1400 °C and 40 MPa using Ti, Al4C3,
graphite and/or AlN powders as raw materials. The Ti2AlN samples contained 10-15 vol.%
secondary phases (Al2O3 and likely Ti4AlN3). Lin et al. (2007) developed a HP process to
fabricate nearly single-phase Ti2AlN ceramics from powders of Ti, Al and TiN (molar ratio
1:1:1) after heating 1h at 1400 °C and 25 MPa.
In this research, Ti2AlC samples prepared by HP and provided by Prof. Yanchun Zhou
were utilised in studies of its high-temperature oxidation behaviour (see Chapter 4).
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Figure 5. Schematic drawing of a HIP unit (Bocanegra-Bernal, 2004). During HIP, high
temperature and high fluid pressure are simultaneously applied to work pieces resulting in
fully isotropic material properties.

2.2.2

Spark plasma sintering

Bulk MAX phases can be fabricated and simultaneously densified by using SPS.
SPS is capable of rapidly producing fully dense ceramics at temperatures up to over
2000 °C by using a spark plasma believed to be momentarily generated in the gaps between
the powder particles by electrical discharge at the beginning of a DC pulse. Because plasma
formation could not be validated, other terms were used for this technique, such as pulse
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discharge sintering (PDS) or the field-assisted sintering technique (FAST) (Munir et al.,
2011).
The SPS process is a solid consolidation sintering process with simultaneous application of
a low voltage, high density pulse current and uniaxial pressure. The key benefit of this
sintering method include high density ceramics obtained in short times, and at lower sintering
temperatures than with conventional sintering and hot pressing. The reported relative
densities of SPS synthesized samples are all >99%.
However, the specific sintering mechanisms involved during SPS, either thermally,
electrically or mechanically, remain relatively unclear (Munir et al., 2011). It is generally
proposed that the dc current in the initial stage of the sintering process generates the spark
discharge and rapid heating between the particles. It is believed, but not yet validated that the
gas among the powder particles is ionised and transformed into newly-generated plasma. This
process promotes elimination of absorbed gases and oxide layers on the surface of the powder
particles and activates the sintering process. It has been suggested (Mamedov, 2002) that SPS
proceeds through three stages: plasma heating, joule heating and plastic deformation. During
plasma heating, electrical discharge between the powder particles gives rise to localized and
momentary heating of the particles surfaces up to several thousand ºC. The purified and
activated particle surfaces melt and fuse to each other forming “necks” between the particles.
During joule heating, the joule heat generated by the DC electrical current increases atom
diffusion in the necks regions enhancing grain growth. During plastic deformation, the
uniaxial force combined with diffusion result in densification of the powder compact.
A conceptual model, which is useful to illustrate the mechanisms involved during SPS, of
the sintering behaviour of porous alumina ceramics (Jayaseelan et al., 2002) has been
determined from empirical results (Figure 6). The plateau from 900-1050 °C (Figure 6)
corresponds to the rearrangement of particles with initial formation of necks. Necks form
because of the geometric amplification of pressure on the interparticle point contacts; but as
the neck grows the local pressure at the neck is substantially reduced. However, the pulsed
current in SPS can make a major contribution to densification during the sintering process
from 1050-1150 °C in Figure 6, and at these temperatures, surface diffusion is dominant
resulting in neck growth and a little shrinkage. After the particles have been connected
together, grain-boundary diffusion becomes the dominant densification mechanism. The
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highest temperature achieved in the necks provides the highest diffusion rate and thus
enhances mass transport towards the neck area. The linear change in shrinkage can be
monitored (from 1150-1300 °C in Figure 6) and the heating schedule can be interrupted here
to avoid unwanted later stages of sintering (e.g. coarsening).
HP and SPS have been directly compared, particularly on sintering of submicron alumina
(Langer et al., 2009). Some of the observations may apply when comparing HP and SPS of
MAX phases:
(1) The densification behaviour and characterization of the microstructure revealed that
SPS sintered samples reached a higher density compared with HP, in particular with
finer starting powders. An increase in dwell time was required to reach the same final
density by HP.
(2) Analysis of the sintering curves showed that the densification mechanism for both
sintering methods was grain boundary diffusion.
(3) The sintering trajectory showed that the grain size was only dependent on density and
was insensitive to the sintering method, in addition to showing a lack of preferential
grain orientation.
The basic SPS technique uses pulsed electrical current combined with rapid heating and
the application of pressure to achieve rapid sintering. The basic configuration of a SPS
system is shown in Figure 7. The powder mixture is directly loaded into a graphite die and
pressure is applied via graphite punches.
Zhou et al. (2005) used SPS to fabricate high-purity Ti2AlC samples from an Al-rich
powder mixture of Ti, Al and graphite (2Ti: 1.2Al: C, in molar ratio) heating at 1100 °C and
30 MPa for 1h. Excess Al was found to favour synthesis of Ti2AlC likely due to loss of Al
during the process due to its melting (at approximately 660 ºC) and evaporation. Zou et al.
(2008) prepared high-purity polycrystalline Ti3AlC2 by SPS from Ti, Al and TiC powders
(2Ti: 2Al: 3TiC, in molar ratio) heating at 1300 °C and 50 MPa for 15 min. Yang et al. (2009)
prepared Ti3AlC2 by mechanical alloying (MA) and SPS from elemental powder mixtures of
Ti, Al and graphite. High-purity bulk Ti3AlC2 (>99 wt. % Ti3AlC2 with <1 wt. % TiC) was
obtained at the relatively low temperature of 1050 °C for 10-20 min by SPS of MA powders
from starting mixtures of 3Ti/1.1Al/2C (molar ratio).
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SPS of Ti2AlN has been rarely reported. In a short paper, high-purity bulk Ti2AlN was
fabricated by SPS at 1200 °C and 30 MPa for 10 min from Ti/Al/TiN powders in
stoichiometric proportion (Yan et al., 2008).
The current project used SPS to generate Mn+1AXn ceramic and Mn+1AXn/metal composite
samples. SPS was carried out the assistance of Dr. Fawad Inam and Prof. Michael J Reece at
Nanoforce Technology Limited, Queen Mary, University of London.

Figure 6. Densification behaviour of porous alumina ceramics as a function of sintering
temperature. AZM: Al2O3/3 vol. % ZrO2/100 ppm MgO; AZTM: Al2O3/3 vol. % ZrO2/500
ppm TiO2/100 ppm MgO; AS: Al2O3/5 vol. % SiC. Courtesy of D.D. Jayaseelan (Jayaseelan
et al., 2002).
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Figure 7. (a) The SPS system (HPD 25/1, FCT Systeme, Rauenstein, Germany) at Nanoforce
Technology Limited, Queen Mary, University of London. (b) A photo showing a hot sample
being sintered in the sample chamber. (c) Basic SPS configuration. Courtesy of M. J. Reece.
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2.2.3

Thin films

MAX phase are technically attractive for thin film applications such as electrical contacts
and low friction materials (Eklund et al., 2010). In addition, MAX phase thin films are ideal
models for characterization of the anisotropy of properties, e.g. of thermal expansion. With
these purposes in mind, groups from Sweden (at Uppsala and Linköping) have developed
MAX phase thin films by magnetron sputtering techniques (Högberg et al., 2005).
Wilhelmsson et al. (2006) prepared epitaxial and high-purity Ti2AlC and Ti3AlC2 films
deposited on α-Al2O3 (0 0 0 1) substrates by using elemental targets of Ti, Al and C in an
ultra high-vacuum. To achieve good nucleation conditions for the MAX-phase films, a 200 Å
thick seed layer of TiC(1 1 1) was previously deposited on the substrate. The formation of
MAX phase films has been found to be strongly temperature dependent (Wilhelmsson et al.,
2006). At 900 °C epitaxial films of Ti2AlC and Ti3AlC2 were grown, while at 700 °C only a
cubic (Ti,Al)C phase was formed. Persson et al. (2007) reported the deposition of singlecrystal Ti2AlN (0 0 0 1) films onto MgO(1 1 1) substrates by reactive magnetron sputtering
from a 2Ti:Al compound target in a mixed argon/nitrogen atmosphere. Thin film growth of
MAX phases strongly depends on preparation conditions, such as targets, substrate, seed
layer, deposition temperature, atmosphere and bias voltage.

2.3 Microstructures

Microstructure plays an essential role in determining materials’ properties. Some unique
physical, mechanical and chemical properties of MAX phases are strongly affected by
characteristic features of the microstructures such as porosity, grain size, phase distribution,
texture and crystal defects. Before discussing the microstructure-property relationship of
MAX phases, their typical microstructures will be briefly reviewed.
When investigating microstructures of ceramic materials, it is important to note that there
are several different levels or hierarchies of microstructure (Lee and Rainforth, 1994). Firstly,
there is the macrostructure, particularly large grains and pores, which may be visible to the
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naked eye. However, most ceramics, e.g. MAX phases, do not reveal much of their
microstructures at this level. Secondly, optical microscopy can reveal a distribution of pores,
grains, second phases and aggregates, and indicate any texture. Scanning electron microscopy
(SEM), with higher resolution, is capable of revealing fine microstructural features not visible
optically and with energy-dispersive spectroscopy (EDS) may enable chemical analysis to be
performed. At the highest level, transmission electron microscopy (TEM) (including selected
area electron diffraction (SAED), high-resolution transmission electron microscopy
(HRTEM), convergent beam electron diffraction (CBED), electron energy loss spectroscopy
(EELS) etc.) can be used for example to detect grain boundary phases and to reveal crystal
defects such as dislocations, twins or stacking faults. Detailed descriptions of these
microscopy techniques can be found in Chapter 3.3.

2.3.1

Microstructural evolution

Various routes have been developed to synthesize Mn+1AXn ceramics. The use of different
starting powders, solid compositions, atmospheres, temperatures, pressures and heating rates
will affect the microstructural evolution during formation of Mn+1AXn ceramics. In spite of
recent studies on the reactions occurring during synthesis of some Mn+1AXn ceramics, the
exact reaction mechanisms are a long way from being established.
Microstructural evolution in ceramics has traditionally been examined using simple
interrupted heat treatment and quench studies with the microstructures characterized post
mortem at room temperature (Lee et al., 2004). Dynamic, in-situ studies are being attempted
but particularly at high temperature are empirically difficult despite development of suitable
in-situ stages in appropriate characterization instrumentation such as optical microscopes,
high-temperature X-ray diffraction (XRD), SEM and TEM.

2.3.1.1 Ti2AlN

The microstructural evolution of Ti2AlN from Ti, Al and TiN powders provides a typical
illustration of the reaction mechanisms leading to formation of MAX phases. Lin et al. (2007)
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used Ti, TiN and Al powder mixtures (molar ratio 1:1:1) heated for 20 min at 700-1300 °C at
intervals of 200 °C and then cooled to ambient temperature prior to XRD analysis (Figure 8).
The microstructures were characterized post mortem (Figure 9).
The initial raw materials contained Ti, TiN and Al (Figure 8a). After heating at 700 °C for
20 min, Al disappeared and Ti XRD peak heights decreased (Figure 8b). Al melts at
approximately 660 °C, triggering the reaction between Ti and Al producing Ti-Al
intermetallics such as Al3Ti and Ti3Al:
Al ( s ) → Al (l )

(2-1)

Ti ( s ) + 3 Al (l ) → Al3Ti ( s )

(2-2)

3Ti ( s ) + Al (l ) → Ti3 Al ( s )

(2-3)

At 900 °C, two new Ti-Al intermetallics, Al2Ti, and TiAl, appeared associated with the
decrease of Al3Ti. Ti-Al intermetallics were typically formed around Ti particles (Figure 9a
and b):
2 Al3Ti ( s ) + Ti ( s ) → 3 Al 2Ti ( s )

(2-4)

Ti3 Al ( s ) + 2 Al (l ) → 3TiAl ( s )

(2-5)

At 1100 °C, the Al2Ti disappeared while the amount of TiAl increased. The amounts of
Al3Ti, Ti, TiN and Ti3Al phases diminished while Ti2AlN formed via consumption of TiN
(Figure 8c, 8d, 9b and 9c). The reaction between Ti3Al and Al2Ti formed TiAl. It is also
possible that Ti2AlN forms by reactions among Al3Ti, Al2Ti, Ti and TiN:
2 Al 2Ti ( s ) + Ti3 Al ( s ) → 5TiAl ( s )

(2-6)

Al3Ti ( s ) + Al 2Ti ( s ) + 3Ti ( s ) + 5TiN ( s ) → 5Ti 2 AlN ( s )

(2-7)

TiAl ( s) + TiN ( s) → Ti2 AlN ( s)

(2-8)

At 1300 °C, the level of Ti2AlN increased, accompanied by decrease in TiAl and TiN
(Figure 8c, 8d, 9c and 9d). At 1400 °C, only a trace of TiN and TiAl was detected.
Based on the above analyses, the formation of Ti2AlN from TiN, Ti and Al can be
summarized into two major steps. Firstly, Ti-Al intermetallics such as Al3Ti, Ti3Al, Al2Ti and
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TiAl, form through the interaction between Ti and Al. Then, the reactions among Ti, Ti-Al
intermetallics and TiN produce Ti2AlN.

Figure 8. XRD of (a) Ti, TiN and Al powder mixtures and (b-e) mixtures after heating for 20
min at 700, 900, 1100 and 1300 °C, respectively. From (Lin et al., 2007).
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Figure 9. Microstructural evolution of Ti2AlN: backscattered electron images (BEI) of Ti,
TiN and Al mixtures annealed for 20 min at: (a) 700 °C, (b) 900 °C, (c) 1100 °C and (d)
1300 °C. From (Lin et al., 2007).

2.3.1.2 Ti2AlC and Ti3AlC2

Microstructural evolution of Ti2AlC and Ti3AlC2 from elemental powders of Ti, Al and
graphite has been studied by Wang and Zhou (2002). BEI of the Ti, Al and graphite mixture
(3: 1.1: 1.8) heated from 800 to 1400 °C are presented in Figure 10. At 800 °C, Ti-Al
intermetallics of TiAl and Ti3Al formed grey regions in a black graphite matrix (Figure 10a).
The inner part of the grey region is pure Ti. At 1000 °C (Figure 10b), grey regions containing
Ti-Al intermetallics increased and appear to connect with each other, while the black region
containing graphite shrank. Carbides of Ti3AlC, Ti2AlC and TiC were present (Figure 10b),
which formed as a result of C diffusion into the Ti-Al intermetallics between 800 and
1000 °C. At 1200 °C (Figure 10c), further shrinkage of the black regions (containing graphite)
and growth of the grey regions (containing Ti-Al intermetallics and carbides) occurred. At
1400 °C (Figure 10d), black regions containing unreacted graphite were isolated by
connected grey regions consisting of Ti2AlC, Ti3AlC and TiC. At 1500 °C, only Ti3AlC2 was
present, the formation of which was a result of reactions between Ti2AlC, TiC, Ti3AlC and
graphite in the temperature range 1400-1500 °C.
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It has been suggested that the reaction path of Ti3AlC2 from the elemental powders of Ti,
Al and graphite is as follows (Wang and Zhou, 2002, Yoshida et al., 2010): firstly, Al melted
at 660 °C and coated Ti particles to form Ti-Al intermetallics such as Ti3Al and TiAl at
approximately 740 °C:
4Ti ( s ) + 2 Al (l ) → TiAl ( s ) + Ti3 Al ( s )

(2-9)

Secondly, C diffusion into the Ti-Al intermetallics resulted in formation of carbides e.g.
Ti2AlC, Ti3AlC and TiC:
Ti3 Al ( s ) + 2C ( s ) → Ti 2 AlC ( s ) + TiC ( s )

(2-10)

TiAl ( s ) + Ti3 Al ( s ) + TiC ( s ) + C ( s ) → Ti 2 AlC ( s ) + Ti3 AlC ( s )

(2-11)

Finally, Ti3AlC2 formed from reactions between Ti2AlC, Ti3AlC, TiC and unreacted
graphite at about 1420 °C:
Ti2 AlC ( s ) + Ti3 AlC ( s ) + TiC ( s ) + C ( s ) → 2Ti3 AlC 2 ( s )
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(2-12)
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Figure 10. Microstructural evolution of Ti3AlC2: BEI of Ti, Al and graphite mixtures heated
at (a) 800 °C, (b) 1000 °C, (c) 1200 °C and d) 1400 °C for 5 minutes. C=graphite; Ti-Al=
Ti3Al, TiAl; TAC= Ti2AlC, Ti3AlC, TiC. From (Wang and Zhou, 2002).

2.3.2

Microstructures of monolithic Mn+1AXn

In this section the microstructures of Mn+1AXn ceramics in the Ti-Al-C system including
phases such as Ti2AlC and Ti3AlC2 are described. However, these microstructures are
generally common to all Mn+1AXn ceramics, and the mechanisms for microstructure
formation are similar.
Figure 11 shows SEM images of a polished Ti2AlC sample (Lin et al., 2006d) hot pressed
for 1 h at 1400 ºC. The Ti2AlC grains are elongated in shape (typically 50×10×10 μm) on the
polished surface (Figure 11a), but appear as hexagonal plates (50-100 µm dia. and 10-20 µm
thick) on fracture surfaces (Figure 11b). The hexagonal surfaces are parallel to the Ti2AlC (0
0 0 1) planes. The laminated nature of Ti2AlC grains can be clearly seen (Figure 11b).
Similarly, lamellar Ti3AlC2 grains (Figure 12a) can also be observed in polished Ti3AlC2
samples hot pressed for 5 min at 1500 ºC (Wang and Zhou, 2002). Figure 12b shows a brightfield (BF) TEM image of the microstructure of a hot pressed Ti3AlC2 ceramic. The Ti3AlC2
grains crystallize in the form of slabs, which have dimensions of 1-3 μm in the [0 0 0 1]
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crystallographic direction, and tens of micrometres in the direction perpendicular to [0 0 0 1].
When imaged along the [h k i 0] direction, the grains appear as elongated lamellae with the
length perpendicular to [0 0 0 1], as seen in Figure 12b. Most of the Ti3AlC2 grains form
large angle grain boundaries, where no amorphous phase was observed.
Based on experimental observations, it has been suggested that some MAX-phases, such as
Ti2AlC and Ti3AlC2 (Liu et al., 2007), undergo preferential growth (i.e. each layer grows fast
and expands quickly) on the (0 0 0 1) basal plane and all layers are successively stacked
along the normal direction i.e. the c-axis (i.e. [0 0 0 1]) in the hexagonal structure. In the
layered structure of MAX-phases, close-packed M layers are interleaved with layers of pure
group A-elements, with X atoms located in octahedral M atom coordination (Figure 2). The c
axis is much larger than the a axis (e.g. Ti2AlC, a = 0.304 nm and c = 1.360 nm). Along the c
axis the M-A bonds are weaker than the M-M bonds in the (0 0 0 1) basal plane. Therefore,
the growth rate in the direction parallel to the c-axis should be lower than that in other
directions. Under equilibrium conditions, the MAX-phase grains appear as hexagonal plates
in which the hexagonal surfaces are parallel to the (0 0 0 1) planes (Figure 12b).
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Figure 11. SEM micrographs of a polished Ti2AlC sample hot pressed for 1 h at 1400 ºC: (a)
BEI and (b) secondary electron image (SEI) of fracture surface. From (Lin et al., 2006d).
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Figure 12. a) SEM image of a polished Ti3AlC2 sample hot pressed for 5 min at 1500 ºC. b)
BF-TEM image of a polycrystalline Ti3AlC2ceramic. The arrows indicate c=Ti3AlC2 [0 0 0 1]
direction. From (Wang and Zhou, 2002, Lin et al., 2007).
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The layer sequence of M and A atoms along the:
M2AX [0 0 0 1] direction is:ABABAB
M3AX2 [0 0 0 1] direction is: ACACABAB
M4AX3 [0 0 0 1] direction is:ABABACBCBC
The underlined letters refer to A layers and other letters denote M layers. The X atoms
occupy the octahedral interstitial sites of M atoms. Such stacking sequences can be observed
in HRTEM images when viewed along the [1 -2 1 0] direction (Figures 13 and 14).
An experimental HRTEM image (Lin et al., 2006d) with the electron beam parallel to
Ti2AlC [1 -2 1 0] direction is shown in Figure 13b. Image simulations using the Cerius2
software reveal that there is one-to-one correspondence between the Ti and Al atoms and the
bright spots in the image, which allows interpretation of the stacking sequence. The lattice
periodicity of 1.36 nm along the [000 1] direction can be clearly seen (Figure 13b). The C
atoms cannot be resolved in these HRTEM images. Taking Ti and Al into account, the
images can be interpreted as a layered stacking with the sequence of ABABAB along the
[0001] direction, which is consistent with the stacking sequence of Ti and Al atoms in the
structure (Figure 13a).
Figure 14b shows an HRTEM image (Lin et al., 2007) taken with the electron beam
parallel to the Ti3AlC2 [1 -2 1 0] direction. The image reveals a periodicity of 1.86 nm along
the [0001] direction (Figure 14b). The space between the Ti and C planes is about 0.125 nm,
but could not be resolved in this experimental HRTEM image. Along the [0001] direction,
the images can be interpreted as a layered stacking with the sequence ACACABAB.
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c

a
Figure 13. (a) Crystal structure of Ti2AlC showing its stacking sequence in a unit cell. (b)
HRTEM image of the Ti2AlC with the electron beam parallel to the [1 -2 1 0] direction
displaying the same stacking sequence as a). From (Lin et al., 2006d).

c

a
Figure 14. (a) Crystal structure of Ti3AlC2 with its stacking sequence in a unit cell. (b)
HRTEM image of the Ti3AlC2 with the electron beam parallel to the [1 -2 1 0] direction
displaying the same stacking sequence as a) with a period of 1.86 nm. From (Lin et al., 2007).
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Figure 15 show typical SAED patterns of Ti2AlC (Lin et al., 2006d), indexed as [0 0 0 1],
[1 -2 1 0] and [1 -1 0 0], respectively. From these low-index basic zone axis, the lattice
parameters can be derived as a=0.304 nm and c=1.36 nm. The SAED patterns also indicate
the extinction rules. All reflections appear in the [1 -2 1 0] zone axis, while the (0 0 0 l)
reflections with l= odd are absent in the [1 -1 0 0] axis. For structures with P63/mmc space
group, two general permitted reflections are: 0 0 0 l (l=even), and h h -2h l (l=even). The
presence of the {0 0 0 l}(l=odd) forbidden reflections in the [1 -2 1 0] zone axis can be
attributed to double diffraction. For example, the (1 -1 0 0) and (-1 1 0 1) combination gives
rise to a (0 0 0 1) reflection in the [1 -2 1 0] zone axis.
Figure 16 show typical SAED and CBED patterns from Ti3AlC2 (Lin et al., 2007). From
the three low-index basic zone axis (Figure 16a-c), the lattice parameters can be derived as
a=0.308 nm and c=1.86 nm. Similarly, all reflections appear in the [1 -2 1 0] zone axis, while
the (0 0 0 l) reflections with l= odd are extinct in the [1 -1 0 0] axis. Figure 16d shows an
SAED pattern in which the orientation is positioned between [1 -2 1 0] and [1 -1 0 0]. The (0
0 0 l) reflections with l= odd are also extinct. The presence of the {0 0 0 l} (l=odd) forbidden
reflections in the [1 -2 1 0] zone axis are attributed to double diffraction. Figure 16e shows a
CBED pattern indicating six-fold rotation symmetry about the [0 0 0 1] axis and also mirror
reflection symmetry across the (1 -2 1 0) (1 -1 0 0) planes. Figure 16f shows a CBED pattern
indicating the existence of a mirror plane on (0 0 0 1). A combination of the crystallographic
information from SAED and CBED patterns suggesting Ti3AlC2 has point group 6/mmm and
space group P63/mmc, which agrees well with that determined by XRD.
Grain boundaries play an important role in determining the high-temperature properties of
polycrystalline ceramics. A typical HRTEM image (from the Ti2AlC samples hot pressed for
1 h at 1400 ºC) taken at a Ti2AlC grain boundary is shown in Figure 17, showing the absence
of glass phase.
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Figure 15. Typical SAED patterns of Ti2AlC with incident beam parallel to zone axis of: (a)
[0 0 0 1], (b) [1 -2 1 0] and (c) [1 -1 0 0]. From (Lin et al., 2006d).

Figure 16. Typical SAED patterns of Ti3AlC2 with incident beam parallel to zone axis of: (a)
[0 0 0 1], (b) [1 -2 1 0] and (c) [1 -1 0 0]. (d) SAED pattern in which the orientation is
positioned between [1 -2 1 0] and [1 -1 0 0]. (e) CBED pattern indicating the symmetry of a
six-fold rotation about the [0 0 0 1] axis and also the symmetry of a mirror reflection across
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the (1 -2 1 0) (1 -1 0 0) planes. (f) CBED pattern indicating the existence of a mirror plane on
(0 0 0 1). A combination of the crystallographic information from SAED and CBED patterns
suggesting Ti3AlC2 has point group 6/mmm and space group P63/mmc. From (Lin et al.,
2007).

Figure 17. HRTEM image taken at a Ti2AlC grain boundary. No amorphous grain-boundary
phase was observed. Zone axis = [1 1 -2 0]. From (Lin et al., 2006d).

2.3.3

Intergrowth of Mn+1AXn with other phases

Understanding the multiphase microstructures of MAX phases is crucial to their
applications because MAX phases often coexist with phases such as M-A intermetallics, M-X
or A-X binary compounds and other MAX phases which are intermediate products of their
synthesis. These multiphase microstructures play important roles in determining the
mechanical properties and oxidation resistance of the ceramic products. Typical examples
will be given in the following: intergrowth of two MAX phases (Ti2AlC and Ti3AlC2),
intergrowth of M-X and MAX phase (TiC and Ti2AlC) and intergrowth of M-A and MAX
phase (TiAl and Ti2AlC).
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Figure 18 shows a lattice image of the intergrowth of two MAX phases: Ti2AlC and
Ti3AlC2. Image simulations indicated the white and grey columns correspond to Al and Ti
layers, respectively. The number of Ti layers separated by Al layers is three in Ti3AlC2 but
two in Ti2AlC.

[0 0 0 1]

Figure 18. Lattice image of the intergrowth structure between Ti2AlC and Ti3AlC2. Zone axis
= [1 1 -2 0] for both phases. From (Lin et al., 2006d).
TiC is a common impurity phase in Ti2AlC and Ti3AlC2 fabricated via different routes. TiC
can form directly from the starting materials, and also be an intermediate phase from the
reaction between titanium and carbon during the preparation of Ti2AlC and Ti3AlC2. The
effect of TiC on the properties of Ti2AlC and Ti3AlC2 is twofold. Incorporating TiC in
Ti2AlC was found to significantly increase the flexural strength and hardness (Liu et al.,
2010). However, TiC inclusions degrade the oxidation resistance of Ti2AlC at elevated
temperature (Wang and Zhou, 2003b). Therefore, understanding the crystallographic
relationships between TiC and Ti2AlC is important in controlling the processing and
properties.
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Figure 19a shows a BF-TEM image of thin TiC platelets (up to 30 nm wide, 0.5-30 µm
long) embedded in Ti2AlC grains. The platelets are parallel to the (1 1 1) plane of TiC. Figure
19b shows a HRTEM image of the intergrown Ti2AlC-TiC- Ti2AlC structure. Fast Fourier
transform (FFT) analysis reveals the orientation relationships are: Ti2AlC (0 0 0 1) // TiC (1 1
1), Ti2AlC [1 1 -2 0] // TiC [1 -1 0]. The TiC platelet width is around 5 nm (Figure 19b),
suggesting an inset of 20 TiC layers into Ti2AlC (0 0 0 1) planes (dTiC(111)= 0.25 nm). Figure
20a is a typical SAED pattern from the Ti2AlC grains. Figure 20b is the proposed interfacial
configuration of the Ti2AlC/TiC interface projected from the Ti2AlC [1 1 -2 0] // TiC [1 -1 0]
direction. The Ti-C bonding configuration at the Ti2AlC side is nearly the same as that on the
TiC side. First-principle calculations suggest that the Ti-C bond length in Ti2AlC is similar to
that in cubic TiC (Hettinger et al., 2005a). The structure of Ti2AlC can be described as a
nonstoichiometric and faulted TiC0.5 layer interleaved by Al layers. The formation of thin
platelets in Ti2AlC and linear streaks in diffraction patterns (Figure 20a) can thus be
understood as a result of local segregation of Ti and lack of Al (Lin et al., 2007).
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TiC

Ti2AlC

Ti2AlC

TiC
Ti2AlC

Figure 19. (a) BF-TEM image of thin TiC platelets embedded in the Ti2AlC grains. (b)
HRTEM image showing intergrowth of TiC and Ti2AlC. Zone axis = Ti2AlC [1 1 -2 0] // TiC
[1 -1 0]. From (Lin et al., 2006d).

60

Figure 20. (a) SAED pattern with the presence of linear streaks. Zone axis = Ti2AlC [1 1 -2
0]. (b) Atomic configurations of the Ti2AlC/TiC interface projected from the Ti2AlC [1 1 -2 0]
// TiC [1 -1 0] direction. From (Lin et al., 2006d).

TiAl is another intermediate phase that forms during synthesis of Ti2AlC and Ti3AlC2. In
addition, formation of Ti2AlC precipitates in γ-TiAl alloys is known to enhance their creep
resistance (Appel et al., 2003). Figure 21a shows a BF micrograph of Ti2AlC precipitates
along the γ-TiAl lath boundaries in a TiAl-based alloy after creep testing (Tian and Nemoto,
1997). The precipitates were formed during ageing at 900 °C for 24h. The Ti2AlC
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precipitates are long platelets with an average length of 200 nm. Figure 21b shows the
corresponding SAED pattern suggesting the orientation relationship between Ti2AlC
precipitates and the γ-TiAl matrix is: [1 1 -2 0]H// [0 -1 1]γ, (0 0 0 1)H//(1 1 1)γ, γ= TiAl,
H=Ti2AlC. The solubility of carbon in γ-TiAl alloys is extremely limited, and the driving
force for the carbide precipitation is found to be the accommodation of excess carbon (Tian
and Nemoto, 1997).
Figure 22 shows TEM images of Ti2AlC containing TiAl (Lin et al., 2006d). A fine and
uniform lamellar microstructure is observed in Figure 22a. An enlarged view of the lamellar
microstructure is shown in Figure 22b with the associated SAED pattern shown in Figure 22c.
The twinned diffraction patterns are indexed as TiAl twins with a (1 1 1) twin plane. Linear
diffusion streaks are also present in addition to the twinned diffraction patterns, suggesting
the presence of two-dimensional (2D) defects in TiAl. HRTEM imaging (Figure 22d)
revealed thin subnanometre Ti2AlC platelets in the TiAl twin boundaries. The 2D defects are
believed to provide rapid diffusion paths for carbon, leading to dissolution of TiA laths and
formation of Ti2AlC.
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a

b

Figure 21. (a) BF micrograph showing Ti2AlC precipitate particles (indicated by arrowheads)
are aligned with the γ-TiAl lath boundaries, which are observed edge on. Beam direction B is
close to γ-TiAl [0 -1 1]. (b) The corresponding SAED pattern showing the orientation
relationship of the Ti2AlC precipitate with γ-TiAl matrix. From (Tian and Nemoto, 1997).
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Figure 22. (a) BF-TEM image of Ti2AlC containing lamellar TiAl. (b) An enlarged view of
the lamellar structures in a). (c) SAED pattern from the area in b) (‘‘T’’ denotes twin). (d)
HRTEM image of a thin Ti2AlC precipitate at TiAl twin boundaries. From (Lin et al., 2006d).

2.4 High-temperature properties

2.4.1

Phase stability

At elevated temperatures, MAX phases usually undergo decomposition prior to melting
(Barsoum, 2000). Generally, Mn+1AXn ceramics decompose according to (Barsoum, 2000):

M n +1 AX n ( s ) ⎯
⎯→ M n +1 X n ( s ) + A( s )

(2-13)

This decomposition mode is usually explained by the high activity of A in the structure,
derived from the fact that the bonding between M and A is weaker than that between M and
X (Liao et al., 2009). Therefore, elemental “A” escapes from the substrate and only Mn+1Xn
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remains. Even at room temperature, Cr2GaN was observed to extrude gallium filaments
several centimetres long (Barsoum and Barber, 1999). Similar behaviour was also observed
in Zr2InC (Barsoum et al., 2004). The phase stability of MAX phases is believed to be closely
related to the behaviour of A-group atoms, as well as to the inherently weak M-A bonds
(Wang and Zhou, 2009). By contrast, the transition-metal carbide slabs are stable because of
the strong covalent bonds between M and C atoms.
Decomposition temperatures (Td) of MAX phases vary widely as summarized in Table 3.
Phase diagrams graphically illustrate the stability of MAX phases. Figure 23 show
isothermal sections of the Ti-Al-C ternary phase diagram at 1000, 1100 and 1300 ºC (Pietzka
and Schuster, 1994). Three ternary phases, Ti2AlC, Ti3AlC and Ti3AlC2 have been identified.
Among them, Ti3AlC has a perovskite-type cubic crystal structure (space group Pm3m ), and
is not a MAX phase. Ti3AlC melts incongruently at 1580 ±10 ºC into L (liquid) + TiC+
Ti2AlC (Bandyopadhyay et al., 2000). Ti2AlC, a MAX phase, appears to be the most stable
ternary phase in Ti-Al-C system. Ti2AlC decomposes incongruently at 1625±10 ºC into L+
TiC. Ti3AlC2, another MAX phase forms above 1100 ºC (Figure 23b and c) and decomposes
in the solid state at 1360 ºC (Pietzka and Schuster, 1994). All these ternary phases occupy a
small area in the isothermal sections, which means that they are stable over a narrow
compositional region at high temperatures.
Recently, Pang et al. (2010a) studied the high-temperature thermal stability of Ti3AlC2 in a
dynamic environment of high-vacuum using in situ neutron diffraction up to 1550 ºC.
Ti3AlC2 was observed to be stable in vacuum up to 1400 ºC but in situ neutron diffraction
showed it decomposed into TiCx above 1400 ºC (Figure 24) with concomitant sublimation of
Al and Ti species:

Ti3 AlC 2 ( s ) ⎯
⎯→ 2TiC ( s ) + Al ( g ) + Ti ( g )

T>1400 ºC

(2-14)

The microstructure of Ti3AlC2 after vacuum annealing at 1550 ºC is shown in Figure 25.
The formation of fine pores (<0.8 μm) on the TiCx surfaces in vacuum-annealed Ti3AlC2 is
indicative of sublimation of Ti and Al species from the substrate during its thermal
decomposition in vacuum. The cross-section microstructures (Figure 26) show a thick (~160
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μm) TiCx surface layer on the Ti3AlC2 substrate with pores scattered within the porous
decomposed layer.
Table 3. Summary of decomposition temperatures (Td) of typical MAX phases. The melting
points (Tm) of other main phases in the Ti-Al-C and Ti-Al-N ternary systems are also listed.
All the Td data of MAX phases are measured in Ar atmosphere or under vacuum (V).
(a) MAX phases

Td

Ti2AlC

Ti3AlC2

Ti2AlN

Ti4AlN3

Cr2GaN

Cr2AlC

Ti3SiC2

1625 ±10

1360 (Ar)

>1500

>1400

850

1524

>1800

(Ar)

(Pietzka

(V)

(V)

(V)

(Ar)

(Zhang et

(Pietzka

and

(Barsoum

(Xiao et

al., 2009)

and

Schuster,

al.,

and Bauer,

Schuster,

1994)

2010b)

1984)

1994)

<1400 (V)

, 2000)

(Pang et

(Ar)

(ºC)

(Pang et (Schuster

, 2000)

al., 2011) 2200 ±20
(Barsoum

al., 2010a)

(b) Other main phases in Ti-Al-C system (Pietzka and Schuster, 1994, Bandyopadhyay et al.,
2000)

Tm

Ti

Al

C1

TiAl

Ti3Al

TiAl3

TiAl2

TiC1-x

Al4C3 Ti3AlC

1670

660

2776

1462

1164

1393

1200

3066

2173

1580

(ºC)
1

±10

Graphite.

(c) Other main phases in Ti-Al-N system (Raghavan, 2006, Schuster and Bauer, 1984)

Tm

Ti

Al

TiAl

Ti3Al

TiAl3

TiAl2

TiN1-x

AlN

Ti3AlN

1670

660

1462

1164

1393

1200

3061

2432

>1300

(ºC)

66

a

b

67

c

Figure 23. Isothermal sections of Ti-Al-C phase diagram at (a) 1000, (b) 1100 and (c) 1300
ºC. From (Pietzka and Schuster, 1994).
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Figure 24. Phase evolution for the decomposition of Ti3AlC2 in vacuum as a function of
temperature during in situ neutron diffraction. An increase in Ti2AlC and TiCx contents due to
the decomposition of Ti3AlC2 was observed with increase of temperature above 1400 ºC.
From (Pang et al., 2010a).

Figure 25. SEI image of the microstructure of vacuum-annealed Ti3AlC2 at 1550 ºC for 200
min. From (Pang et al., 2010a).
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Figure 26. Cross-section microstructures of Ti3AlC2 vacuum-decomposed at 1550 ºC for 200
min: (a) SEI and (b) BEI image. From (Pang et al., 2010a).

Figure 4 (see Section 2.2) show isothermal sections (N corner not shown) of the Ti-Al-N
ternary phase diagram at 1000 and 1325 °C (Raghavan, 2006). Three ternary phases, Ti2AlN,
Ti3AlN and Ti4AlN3 have been recognized. Ti3AlN is isotypic with Ti3AlC, possessing a
perovskite-type cubic crystal structure. Ti2AlN and Ti3AlN have been found in isothermal
sections between 900 and 1325 °C, and Ti2AlN was observed to decompose at above 1500 °C
in vacuum (Pang et al., 2010b). Ti4AlN3, which was once regarded as Ti3AlN2, has been
confirmed to be a MAX phase with stoichiometry Ti4AlN3-x (x=0.1) (Barsoum, 2000).
Ti4AlN3 is stable only in a narrow temperature range between 1250 and 1400 °C (Raghavan,
2006).
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The thermal stability of MAX phases depends on the atmosphere and environment (Wang
and Zhou, 2009). For instance, bulk Ti3SiC2 was thermally stable in Ar to at least 1800 ºC
(melting point 2200 ±20 ºC (Barsoum, 2000)) but started to decompose at 1300 ºC in vacuum
which was triggered by the chemical reaction between Si and the surrounding C crucible
(Racault et al., 1994). Ti3SiC2 (0001) thin film decomposed rapidly by outward diffusion of
Si over the basal planes above 1100 ºC (Emmerlich et al., 2007). When Ti3SiC2 was present
in a Cu matrix, it decomposed at temperatures above 900 ºC (Zhang et al., 2007).

2.4.2

High-temperature oxidation

2.4.2.1 Oxidation of ceramics

Oxidation of ceramics is a class of engineering corrosion involving gases, as shown in
Figure 27. The temperature range for oxidation can be classified as ultra-high temperature
(>2000 ºC), high-temperature (1000-2000 ºC), intermediate-temperature (500-1000 ºC) and
low temperature (room temperature -500 ºC). Oxidation of ceramics has been studied under
both isothermal (i.e. at constant temperature) and cyclic (i.e. cyclic heating and cooling)
conditions.
As most engine and hypersonic leading edge applications will involve exposure to
oxidizing fuels or aero heating, all nonoxide materials will undergo oxidation to form some
combination of solid, liquid, or gaseous reaction product (Wuchina, et al. 2007). It is the
oxidation behaviour that is thus a primary property associated with the materials selection
process of high-temperature ceramics (HTCs) or ultra-high temperature ceramics (UHTCs).
In a real structural (load-bearing) application very high-temperatures are generated rapidly by
burning fuels or friction with the atmosphere (not at steady state). This will quickly eliminate
nearly all oxides due to their high thermal expansion and low thermal conductivity (Wuchina,
et al. 2007). Many binary carbides, nitrides and borides, such as TiC, TiN, TiB2, NbC and
NbB2, while having high melting temperatures, suffer shortcomings from poor oxidation
resistance (active oxidation occurs at above 500-800 ºC) and intrinsic brittleness. Silicon71

based refractory compounds (such as SiC, Si3N4 and MoSi2) possess excellent oxidation
resistance up to 1700 ºC in oxygen-rich atmospheres due to formation of a protective SiO2
layer under a passive oxidation regime (Eakins et al., 2011). However, under active oxidation
at >1350 ºC in oxygen-poor atmospheres, direct formation of gaseous SiO occurs instead of a
protective SiO2 layer (Mallik et al., 2010). Moreover, decomposition of already-formed SiO2,
or the interface reaction between SiC and SiO2 can also lead to SiO formation. ZrB2 and
HfB2-based compounds and composites are the most widely studied UHTCs due to their
superior melting temperatures and formation of stable high-melting temperature oxides
(Eakins et al., 2011, Guo and Zhang, 2010). However, pure diborides form liquid B2O3
during oxidation that evaporates at >1200 ºC and no longer provides a diffusion barrier
(Wuchina, et al. 2007). The addition of SiO2-forming second-phases (e.g. SiC addition) may
increase the oxidation resistance by formation of a borosilicate glass (Eakins et al., 2011).
The development of structural materials for use in oxidizing and rapid heating environments
at high-temperatures is therefore still challenging. MAX phases have high decomposition
temperature, low density, high strength and modulus, as well as damage tolerance and
toughness, good machinability and thermal shock resistance. All these properties make them
promising candidates for high or ultra-high temperature application. However, one concern is
their high-temperature oxidation resistance. The high-temperature oxidation behaviour of
MAX phases is the main focus of this project.
A major difficulty with non-oxide ceramics is their tendency to oxidize in air. As discussed
above oxidation reactions may be passive in which case a protective oxide layer forms or
active where the reaction continues until the body is completely oxidized (Lee and Rainforth,
1994). The design of oxidation-resistant materials depends on the presence of an element
which can oxidize and form a thin, adherent and protective oxide layer on exposure to oxygen.
Few elements form oxides that are protective enough to be useful oxidation barriers at
temperatures >1000 ºC. Most notable oxides are those of Si, Al and Cr (Hindam and Whittle,
1982). Formation of Al2O3 in general gives better high temperature protection than SiO2 or
Cr2O3 (Prescott and Graham, 1992). Many MAX phases contain Si, Al or Cr, such as Ti2AlC,
Ti3AlC2, Ti2AlN, Cr2AlC, and Ti3SiC2. The high-temperature oxidation behaviour of the first
three compounds is examined in this thesis.
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Corrosion of ceramics
Corrosion by gases
(O2, H2O, N2, CO, SiO…)

By liquids
(glasses, molten
salts…)

Oxidation
Isothermal

By solids
(silica, Pt…)

Cyclic

Figure 27. The classification of corrosion of ceramics, in which oxidation of ceramics is an
important topic belonging to corrosion by gases.

Knowledge of thermodynamics and kinetics is required in understanding the oxidation
mechanisms of ceramics. Primarily, the compounds formed are determined by the
thermodynamics but the rate of oxidation is described by their kinetics.
The driving force for oxidation is the reduction in free energy of the system. In general, a
reaction can occur only if the free energy of the reaction is negative. The change in free
energy of an isothermal reaction at a constant pressure is given by:

ΔG = ΔH − TΔS

(2-15)

where G is the Gibbs free energy, H is the enthalpy, T is absolute temperature and S is the
entropy. The thermodynamics of reactions between ceramics and their environments can best
be represented by graphical stability diagrams. Probably the most useful graphical
representation are in Ellingham-Richardson diagrams (Barsoum, 2003), which show the
standard free energy of formation of product between a pure metal and one mole of oxygen as
a function of temperature at a constant total pressure. Unfortunately, Ellingham-Richardson
diagrams are usually available only for metals and alloys, with relatively few determined for
ceramics.
A lack of thermodynamic data for MAX phases is a problem when carrying out
thermodynamic calculations. As a first approximation, Barsoum (2000) suggested that the
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standard free energies of the MAX phases are (n+1) times those of the corresponding
binaries, i.e.:
∆G (Mn+1AXn) ≈ (n+1) ∆G (MX)

(2-16)

For example in the case of Ti2AlC:
∆G (Ti2AlC) ≈ 2 ∆G (TiC)

(2-17)

Kinetic theory is concerned primarily with the progress of a reaction with time. Thus, the
first task is to find relationships between oxidation and time. Empirically, the growth of the
oxide layer as a function of time generally can be represented by one of the following
equations (Hindam and Whittle, 1982) for thick films:
y = kt

(linear relationship)

(2-18)

y 2 = kt

(parabolic relationship)

(2-19)

y 3 = kt

(cubic relationship)

(2-20)

and for the thin films:
y = k log(at + t 0 )

(2-21)

1
= k1 − k 2 log t
y

(2-22)

where y is the film thickness, t is time, k is the rate constant (there are two rate constants, k1
and k2, in Equation 2-22), a and t0 are constants. Oxidation process are often more complex
than the simple mechanism of a single species diffusing through an oxide layer.
Combinations of two or more of the relationships listed above in a single oxidation-time
curve are also quite common. Some ceramics, metals and alloys are observed to start to
oxidize parabolically and then continue linearly (Hindam and Whittle, 1982).
Oxidation kinetics of ceramics are usually studied using thermogravimetry (TG) to
measure mass change as a function of time at the oxidation temperature (Barsoum, 2003).
This is why in the literature, oxidation kinetics are often given as the mass change per unit
area for a unit time. This can be converted to the thickness of the oxide per unit time by
dividing by the density of the material (Barsoum, 2003).
Let the clean surface of a ceramic be exposed to the attack of a gas such as oxygen
(Hindam and Whittle, 1982). The reaction will begin at the ceramic-gas surface, and unless
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the reaction products are volatile, an intermediate layer will form between the ceramic and
the gas. This layer may be compact or interspersed with pores or cracks, so that further
reaction may involve atomic diffusion or simply passage of gas molecules through the pores.
Diffusion may be through the grains, along grain boundaries or surfaces. When a ceramic
reacts, either one or all of its elements may form compounds (oxides) by reaction with the gas,
and the resulting layer may be a mixture of different particles or clearly subdivided into
individual layers. The latter may apply to a ceramic that forms several stable oxides of
different composition with the oxygen.
The possible steps that might be rate-controlling in the kinetics of oxidation of ceramics
are (Hindam and Whittle, 1982):
(1) Diffusion of the gas to the solid;
(2) Absorption of the gas molecule onto the solid surface;
(3) Surface diffusion of the adsorbed gas;
(4) Decomposition of the reactants at surface specific sits;
(5) Reaction at the surface;
(6) Removal of produces from reaction site;
(7) Surface diffusion of products;
(8) Desorption of gas molecules from the surface; and
(9) Diffusion away from the solid.
If the oxide scale is compact, atomic diffusion is probably the most important ratecontrolling step when evaluating the kinetics of ceramics oxidation. It is the concentration
gradient of O2 or ions (from the ceramic) within a homogeneous oxide scale that causes the
diffusion. These substances will spontaneously diffuse towards the region of lower chemical
potential according to Fick’s laws (Barsoum, 2003):
J = −D

∂c
∂ξ

(2-23)

∂
∂c
∂c
=
(D )
∂t ∂ξ
∂ξ

(2-24)

where J is the flux, D is the diffusion coefficient, c (ξ, t) is the concentration, t is the time,
∂c
∂c
is the concentration gradient, and
is the rate of change of the concentration. The
∂ξ
∂t
solutions of Equations 2-23 and 2-24, corresponding to suitable experimental conditions, can
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determine the concentration c (ξ, t) at a given location for a given time. The concentration
profiles of the diffusion substances can be calculated in this way, and experimentally can be
measured by using radioactive isotopes (i.e. tracers) (Prescott and Graham, 1992).
There are essentially three diffusion mechanisms in ceramics: vacancy, interstitial and
interstitialcy (Barsoum, 2003). The most important mechanism in ceramic materials is
diffusion by vacancy movement. The interstitial mechanism involves diffusion by movement
from one interstitial site to another. The interstitialcy mechanism is the least common, where
an interstitial pushes an atom from a regular site into an interstitial site. Other mechanisms
that provide high-diffusivity paths include diffusion aided by dislocations, free surfaces, or
grain boundaries.
To understand the mechanism of oxidation of ceramics, the phase composition and
microstructures of the oxide scale must be studied. The phases formed in the oxide scale are
often identified by using X-ray or neutron diffraction. The microstructures are revealed by
optical or electron microscopy (SEM and TEM) of plan view and cross-section samples to
show the air-scale and scale-ceramic interfaces. The microstructures are usually characterized
post mortem at room temperature from the cooled or quenched sample. Dynamic, in-situ
studies are being attempted but particularly at high-temperature are empirically difficult (Lee
et al., 2004).

2.4.2.2 Oxidation of MAX phases

MAX phases have better oxidation behaviour than their binary counterparts, i.e. binary
transition metal carbides and nitrides. Most binary transition metal carbides and nitrides
(except for some UHTCs, such as ZrC and HfC, see Section 2.4.2.1) are not oxidation
resistant in air above 500 to 800 ºC (Wuchina, et al. 2007, Eakins et al., 2011).
The oxidation behaviour of the MAX phases is also different from binary alloys, such as
Ti-Al, β-phases NiAl and FeAl. Both experimental results and thermodynamic calculations
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(Roy et al., 1996, Schmitz Niederau and Schutze, 1999) indicate a minimum Al content (~50
at. %) required in Ti-Al alloys for formation of a continuous and protective Al2O3 layer at
1100-1300 ºC. Al contents in MAX phases, Ti2AlC (25 at. %) and Ti3AlC2 (16.7 at. %), are
much lower, but they can still form a protective Al2O3 layer. Research on β-phase NiAl and
FeAl show that these aluminides can form an alumina layer. However, certain special
features render the oxide scale susceptible to accelerated oxidation and corrosion (Grabke,
1999, Yang et al., 1998). At 1000 ºC fast growing metastable γ-, δ-, and θ-Al2O3 are formed,
which are undergrown by stable α-Al2O3 and transform to α-Al2O3 slowly (Grabke, 1999).
Another drawback is formation of voids and cavities beneath the oxide scale, due to
consumption of Al and inward diffusion of Ni and Fe, respectively. The cavities result in
reduced oxide adherence and spalling of the scale, especially upon temperature change.
Unlike β-phase NiAl and FeAl, experimental results of Ti2AlC and Ti3AlC2 demonstrated the
absence of rapidly growing metastable modifications of alumina during the high-temperature
oxidation. In addition, oxide scales formed on Ti2AlC and Ti3AlC2 are almost void-free,
cavity-free and well adhered to the substrates (Lin et al., 2006b, Lin et al., 2006).
The parabolic rate constants for the high-temperature oxidation of typical MAX phases are
summarized in Table 4. Judging from the data, Ti2AlC, Cr2AlC and Ti3AlC2 have good
oxidation resistance, which is comparable to that of an oxidation-resistant alloy, Ni-52Al
(Grabke, 1999). The parabolic rate constants of Ti3AlC2 are two to four orders of magnitude
lower than those of Ti3SiC2 at the same temperature, suggesting Ti3AlC2 has much better
oxidation resistance than Ti3SiC2. However, by substituting a small amount of Si with Al, the
parabolic rate constants of Ti3Si0.9Al0.1C2 solid solution become the same order of magnitude
as those of Ti3AlC2 (Zhang et al., 2004). This behaviour will be discussed in Section 2.4.2.3.
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Table 4. Summary of parabolic rate constants (kp) and the apparent activation energy (Q) for
the high-temperature oxidation of typical MAX phases and a typical oxidation-resistant alloy,
Ni-52Al at 1000-1400 ºC in air (Wang and Zhou, 2010).
Parabolic rate constants, kp (kg2m-4s-1)

Temperature
(ºC)

Ti2AlC
-11

Cr2AlC

Ti3AlC2
-11

Ti3Si0.9Al0.1C2
-11

Ti3SiC2

Ni-52Al

-9

2.1×10-11

4.1×10

3.2×10

2.4×10

2.3×10-10

2.7×10-10

1.2×10-10

4.0×10-7 8.9×10-11

1.1×10-9

5.6×10-10

4.2×10-10

4.0×10-10

2.2×10-6 6.7×10-10

1300

1.8×10-9

3.0×10-9

1.1×10-9

2.4×10-9

9.6×10-6

1.6×10-9

1400

-

-

1.7×10-8

-

-

-

Q (kJ mol-1)

182

298

175

234

450

251

1000

7.8×10

1100

2.8×10-10

1200

1.1×10

-11

High-temperature oxidation of MAX phases generally obeys a parabolic rate law. TGA
analysis is usually conducted to evaluate the oxidation kinetics from the continuousisothermal-mass-change measurements (Wang and Zhou, 2003). For example, Figure 28a
shows the mass gain per unit area, (ΔW/A), as a function of time for oxidation of Ti3AlC2 in
air from 1000 ºC to 1400 ºC. The relationship between (ΔW/A)2 and oxidation time (Figure
28b) is approximately linear, which can be described as:

(ΔW / A) 2 = k p t

(2-25)

where kp is parabolic oxidation rate constant, t is oxidation time. The parabolic rate law can
be explained by the mass transport mechanism during oxidation which is generally accepted
to be diffusion controlled (Hindam and Whittle, 1982). A parabolic law assumes that the rate
of oxidation is controlled by diffusion through the oxide scale.
The parabolic rate constant and temperature can be generally correlated according to an
Arrhenius-type equation (Wang and Zhou, 2003, Barsoum and El-Raghy, 2001a):
k p = k 0 exp( −Q / RT )

(2-26)

where k0 is the pre-exponential factor, R the universal gas constant, T the absolute
temperature, and Q the apparent activation energy. However, Q could be referred to as
activation energy only in cases where the rate-controlling step is well defined (Wang and
Zhou, 2003a). As the nature of the diffusion medium may vary with temperature, the
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oxidation rate can also vary and Q values can change. Q is thus only a temperature coefficient
and not true activation energy (Wang and Zhou, 2010). Equation 2-26 can be rewritten as:
ln k p = ln k 0 − (Q / R )(1 / T )

(2-27)

According to Equation 2-27, Q can be determined from the slope of the lnkpvs1/T plot. Table
4 lists Q values of MAX phases while Figure 29 shows the temperature dependence of the
parabolic rate constant, kp, for Ti3AlC2 oxidation.
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Figure 28. Oxidation kinetics of Ti3AlC2 from 1000 ºC to 1400 ºC in air: (a) mass gain per
unit surface area as a function of time; (b) square of mass gain per unit surface area as a
function of time. From (Wang and Zhou, 2003a).
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Figure 29. Temperature dependence of kp for the Ti3AlC2 oxidation at 1000-1300 ºC in air.
Plotted with the data from (Wang and Zhou, 2003a).

The microstructures of the oxide scale are revealed to show the air-scale and scale-ceramic
interfaces, which provide better understanding of the oxidation mechanism. For example,
Figure 30 shows BEI of a polished cross-section of Ti3AlC2 samples oxidized for 20 h at
1000, 1100, 1200 and 1300 ºC (Wang and Zhou, 2003a). The oxide scales are layered with
continuous and adherent inner Al2O3 layers (grey) and outer TiO2 layers (bright) at
temperatures below 1200 ºC. At 1300 ºC, the outer bright region contains Al2TiO5 and TiO2,
and the inner layer is Al2O3. The scales formed below 1300 ºC adhere to the substrate and are
free of cavities. Figure 31 shows a BF image of the oxide scale formed on the Ti3AlC2
substrate after oxidation in air at 1200 ºC for 8 h (Wang and Zhou, 2003a). The scale is
approximately 3 μm in thickness. SAED analysis revealed that the outermost oxide layer is
discontinuous TiO2 and the inner oxide layer is an intact Al2O3 layer. The scales are well
bonded to the substrate. The composition of the substrate is almost the same as that before the
oxidation test and no apparent Al depleted layer is observed beneath the Al2O3 scale (Lin et
al., 2006b).
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The oxidation behaviour of Ti2AlC is analogous to that of Ti3AlC2 and for ceramics
with~23 μm average grain size and 4 vol % impurity phases containing O and P was initially
studied by Barsoum et al. (2001a). They observed formation of non-protective oxide scales
which are comprised mainly of a rutile-based solid solution (Ti1-yAly)O2-y/2 where y<0.05 and
some Al2O3. Later work e.g. Sunderberg et al. (2004) reported formation of a 15 μm thick
protective α- Al2O3 layer after 8000 oxidation cycles up to 1350 °C on commercial Ti2AlC
samples (Maxthal®). Wang and Zhou (2003) observed a continuous inner protective α-Al2O3
layer and a discontinuous outer layer of TiO2 up to 1300 °C on Ti2AlC ceramics (phase-pure
dense polycrystalline). Figure 32a shows a BF image of the oxide scale formed on a Ti2AlC
substrate after 10h oxidation at 1200 ºC (Lin et al., 2006). SAED analysis revealed that the
oxides are mostly Al2O3. Globular precipitates (TiO2) with 5-60 nm dia. are observed within
the Al2O3 scale. Figure 32b shows a HRTEM image of an Al2O3 grain containing a TiO2
subgrain. It is suggested that low solubility of TiO2 in the Al2O3 scale results in the TiO2
precipitation (Lin et al., 2006).
Reasons for these different observations likely include different as-made ceramic
microstructures, impurity contents, temperatures, times and atmospheres. Moreover, these
results reveal that the oxidation mechanism of Ti2AlC is not fully understood. To understand
the fundamental nature of the oxidation mechanism of Ti2AlC requires investigating the
microstructural evolution of the oxide scale during high-temperature oxidation. The
microstructural development during high-temperature oxidation of dense Ti2AlC ceramics
and the oxidation mechanism will be discussed in Chapter 4 of this thesis.
The oxidation mechanism of Ti2AlN has been little investigated and is also not fully
understood. A generalized model (Barsoum, 2001b) for oxidation of the ternary compounds
Tin+1AlXn (n=1-3 and X is C and/or N) has been proposed, based on oxidation via inward
diffusion of oxygen and outward diffusion of Al3+ and Ti4+ ions through a rutile-based solid
solution (Ti1-yAly)O2-y/2 where y<0.05. However, Ti2AlN was not included in the
experimental studies (Barsoum et al., 2001a) by the same authors. Their basic assumption is
the presence and demixing of the (Ti1-yAly)O2-y/2 layer. The results presented in this thesis
(Chapter 5) demonstrate that this phase was not observed in microstructural investigation of
oxidised SPS Ti2AlN. The microstructural development during high-temperature oxidation of
dense Ti2AlN ceramics and the oxidation mechanism will be discussed in Chapter 5 of this
thesis.
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Figure 30. BEI of cross-sections of Ti3AlC2 samples oxidized for 20 h at: (a) 1000, (b) 1100,
(c) 1200 and (d) 1300 ºC. The oxide scales are layered with continuous and adherent inner
Al2O3 layers (grey) and outer TiO2 layers (bright) at temperatures below 1200 ºC. At 1300 ºC,
the outer layer contains Al2TiO5 and TiO2. From (Wang and Zhou, 2003a).
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Figure 31. BF-TEM image of the oxide scales on a Ti3AlC2 substrate (after oxidation in air at
1200 ºC for 8 h). Fine-grained Al2O3 is adjacent to the carbide while TiO2 is in the outermost
layer. From (Lin et al., 2006).
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Figure 32. (a) BF-TEM image of the oxide scale on the Ti2AlC substrate. (b) A typical
HRTEM image of an Al2O3 grain containing a TiO2 subgrain. From (Lin et al., 2006d).
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2.4.2.3 MAX phase oxidation mechanisms

Extensive research has revealed that phases such as Ti2AlC, Cr2AlC, Ti3AlC2 and
Ti3Si0.9Al0.1C2 in the ternary Ti-Al-C, Cr-Al-C and Ti-Si(Al)-C systems show superior
oxidation resistance compared with other MAX phases (Table 4). The following summarizes
some recent progress in understanding the oxidation mechanisms of MAX phases; however,
the exact oxidation mechanisms are far from being established.
The oxidation mechanism of Al-containing MAX phases generally involves selective
oxidation of Al, leading to formation of continuous and protective Al2O3-rich scales on the
substrates (Prescott and Graham, 1992, Lin et al., 2006). Al, an “A” element, is found to be
weakly bonded in these MAX phases. As discussed in Section 2.1, the M-X bonding in MAX
phases is strongly covalent, whereas the M-A bonding is relatively weak. Strong reaction
between M and X would decrease the activity of M and result in an increased activity of A.
No observable Al-depleted, Ti-enriched or O-enriched zones have been observed in the
Ti2AlC or Ti3AlC2 substrates during high-temperature oxidation (Lin et al., 2006), suggesting
that Al in the substrate has a high diffusivity and oxygen solubility in the substrate is
negligible.
Vacancy-mediated diffusion is of great importance in the oxidation mechanism of hightemperature materials and the mechanism involved is believed to be indispensable for
comprehending the kinetic behaviour of these materials (Hindam and Whittle, 1982).
Theoretical investigation has demonstrated that the energy barriers involved in the vacancy
migration in Ti2AlC are 0.83, 2.38 and 3.00 eV, for VAl-, VTi- and VC-assisted diffusion,
respectively (Liao et al., 2008). These results suggest that vacancy-mediated diffusion in
Ti2AlC is most energetically favourable for VAl. Under an oxidizing environment, Al atoms
would diffuse outward via vacancy-mediated diffusion to form a protective Al2O3 scale.
Theoretical investigation of the phase stability of Ti2AlC containing Al vacancies (Wang et
al., 2008) shows that Ti2AlC can preserve its crystal structure down to a sub-stoichiometry of
Ti2Al0.5C.As a result of preferential migration of Al atoms from the Ti2AlC substrates, Al
vacancies exist while Ti2AlC preserves its crystal structure after long-term exposure in air,
providing sufficient Al atoms are present for formation of a protective Al2O3 scale.
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The oxidation resistance of Ti3SiC2 can be improved by forming a Ti3Si0.9Al0.1C2 solid
solution (Zhang et al., 2004, Lee et al., 2009) (Table 4). The parabolic rate constants of
Ti3SiC2 are two to four orders of magnitude higher than those of Ti3AlC2 at the same
temperature. However, by substituting 10 at.% of Si with Al, the parabolic rate constants of
Ti3Si0.9Al0.1C2 solid solution becomes the same order of magnitude as those of Ti3AlC2
(Zhang et al., 2004). In this case, the high-temperature oxidation resistance has a close
relationship with the weak covalent interactions between the titanium and silicon or
aluminium atomic layers. According to Mulliken’s population analysis (Xu et al., 2008), the
Ti-Al and Ti-Si bonds in the Ti3Si0.9Al0.1C2 solid solution are significantly weakened
compared to those in Ti3SiC2 and Ti3AlC2, implying the activities of Al and Si in solid
solutions are relatively higher. Consequently, the Al and Si atoms are able to escape outward
more easily to form Al2O3 and SiO2 protective oxide scales, so improving the oxidation
resistance.
The microstructural characteristics of the Ti3AlC2/Al2O3 interface have revealed the
crystallographic orientation relationship between Ti3AlC2 and Al2O3 (Lin et al., 2006b).
Figure 33a and c show BF-TEM images of the Ti3AlC2/Al2O3 interface. The composite
SAED patterns (Figure 33b and d) are taken across the interfaces, in which ‘‘a’’ and ‘‘H’’
denote α-Al2O3 and Ti3AlC2, respectively. The electron diffraction spots are sharp without
streaks or broadening indicating that the Al2O3 has good crystallinity. The orientation
relationships between Ti3AlC2 and Al2O3 can be expressed as (Lin et al., 2006b):
−

−

−

(0001)Ti3 AlC 2 //(0001) Al 2 O3 and [11 2 0]Ti3 AlC 2 //[1 2 1 0] Al 2 O3
−

−

(0001)Ti3 AlC 2 //(0001) Al 2 O3 and [11 2 0]Ti3 AlC 2 //[11 00] Al 2 O3
The lattice misfits for these two orientation relationships are 3.22 and 3.14 %, respectively.
−

−

Figure 34 shows an HRTEM image of a [11 2 0]Ti3 AlC 2 //[11 00] Al 2 O3 interface. The interface
was free of amorphous phase and the Al2O3 scale is nearly coherent with the Ti3AlC2
substrate. In addition, a small thermal expansion coefficient (TEC) difference between
Ti3AlC2 and Al2O3 ensures low thermal stresses at the interface (Table 5). The above results
indicate that the Ti3AlC2/Al2O3 interface has a low energy, which contributes to the stability
of the Al2O3 scale on Ti3AlC2 during high-temperature oxidation.
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The residual stress of alumina scales formed on Ti2AlC has been measured using
photoluminescence from 1000 to 1400 ºC (Byeon et al., 2007). The compressive residual
stress on the scales is homogeneous and <0.65 GPa for both isothermal and cyclic oxidation
of Ti2AlC, which may be explained by the small TEC difference between Ti2AlC and Al2O3
(Table 5).
The oxidation mechanisms of MAX phases are far from being established and those of
Ti2AlC and Ti2AlN and MAX composites (Ti3AlC2/W) are a focus of this thesis.
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Table 5. Summary of thermal properties of typical MAX phases and their oxidation products
(Al2O3, TiO2 and Al2TiO5).
Ti2AlC

Ti3AlC2

Ti2AlN

α-Al2O3

TiO2

Al2TiO5

(rutile)
Td (ºC)

1625 ±10

1360

>1500

Tm (ºC)
Thermal

33

40

conductivity 46

-

2072

1840

1860

30-35

11.7

1.5

(Wang and

(W m-1 K-1)

(Wang and Zhou,

at 300K

Zhou,

(Kim et
al., 2007)

2010)

2010)
TEC

αa=7.1±0.3 αa=8.3±0.1

αa=8.6±0.2 αa= 7.9

αa= 9.2

αa= 10.9

(10-6 K-1)

αc =10±0.5 αc=11.1±0.1 αc=7.0±0.5 αc =8.8

αc =7.1

αb =20.5

(25-1200
ºC)

αc =-2.7
8.2±0.21

9.0±0.21

1

1

8.2±0.21

(Kim et

8.8±0.2

9.2±0.1

(Barsoum,

al., 2007,

(Barsoum,

(Barsoum,

2000)

Bruno et

2000,

2000, Wang

Wang and

and Zhou,

Zhou,

2010)

al., 2010)

2010)
αa is normal to the c-axis, and αc is parallel to the c-axis.
1

Average TEC value.
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Figure 33. (a, c) BF-TEM images of Ti3AlC2/Al2O3 interface. (b, d) Corresponding composite
SAED patterns b) and d) taken from the regions shown in a) and b), respectively. ‘‘α’’ and
‘‘H’’ denote α-Al2O3 and Ti3AlC2, respectively. From (Lin et al., 2006b).
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Figure 34. HRTEM image of a Ti3AlC2/Al2O3 interface recorded with the incident beam
parallel to the Ti3AlC2 [1 1 -2 0]// Al2O3 [1 -1 0 0] direction. From (Lin et al., 2006b).

2.5 Potential applications of MAX phases

MAX phases are a new class of solids that behave as true laminates at the nanolevel
(Barsoum, 2000). They are thermodynamically stable to temperatures as high as 2200 ºC
(Table 3a). Because of their layered structure and mixed bonding features (covalent, metallic
and ionic bonding), MAX phases have a unique combination of properties between those of
metals and ceramics (Wang and Zhou, 2009, Barsoum and El-Raghy, 2001). Like metals,
they are readily machinable, thermal-shock resistant, thermally and electrically conductive
and damage tolerant; like ceramics, they are lightweight (4-5 g cm-3), refractory, elastically
stiff and oxidation resistant. This unique combination makes MAX phases promising
candidates for use in diverse fields, especially in high-temperature applications.
Potential applications of MAX phases have been explored extensively since the 1990s, and
their commercial use has been realized by Kanthal AB (European industrial heating
technology company) and “3-ONE-2” (founded by El-Raghy and Barsoum in USA). MAX

92

phases are expected to be used, or substitute for current materials, in the following typical
applications:
(1) Electrical heating elements
Because of its remarkable thermal shock resistance, damage tolerance, machinability and
electrical and thermal conductivity, Kanthal AB has manufactured Ti2AlC and Ti3SiC2 (trade
name: Maxthal) electrical heating elements (Figure 35a), which are capable of operating in
air up to 1400 ºC (Sundberg et al., 2004). Cyclic oxidation tests confirm that Ti2AlC
(Maxthal®) showed a parabolic and stable oxide growth rate up to 1400 ºC in air, forming an
adherent α-Al2O3 oxide scale (Sundberg et al., 2004).
(2) Structural materials for high-temperature applications
Compared with Ni-based superalloys, MAX phases (4-5 g cm-3) have roughly half the
density, roughly double the stiffness and most importantly good mechanical properties above
1000 ºC (Barsoum, 2000). Flexural strength of the recently-discovered Nb4AlC3 can be
retained up to 1400 ºC without any degradation (Wang and Zhou, 2009). Its continuous use
temperature is close to 1600 ºC in an inert atmosphere. In addition, MAX phases are readily
machinable, while Ni-based superalloys are difficult and expensive to machine.
(3) Oxidation resistant coatings
Because Ti2AlC and Ti3AlC2 are capable of forming protective α-Al2O3 layers at high
temperatures, they may be used as oxidation resistant coatings. Industrially applicable large
area deposition of Ti2AlC coating on steel has been attempted by a physical vapour
deposition (PVD) process (Frodelius et al., 2008). Brady et al. (2005) suggested a
carburization pretreatment to improve the oxidation resistance of Ti-Al intermetallic phases
by forming a surface coating of Ti2AlC or Ti3AlC2.
(4) Heat exchangers
MAX phases are excellent thermal conductors with thermal conductivity which does not
decrease much with increasing temperature. Together with their chemical stability, ease of
machinability and thermal shock resistance, they are promising candidates for heat
exchangers.
(5) Catalyst supports for automobiles
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The difference in TECs of Ti3AlC2 or Ti3SiC2 and the catalysts (such as CeO2) used in the
automobile for cleaning exhaust gas is small (Wang and Zhou, 2010). As a result, the
spallation resistance of catalysts during severe thermal cycling would be much enhanced by
using Ti3AlC2 or Ti3SiC2as catalyst supports. Together with their remarkable thermal
conductivity, oxidation and corrosion resistance, damage tolerance and thermal shock
resistance, porous Ti2AlC or Ti3AlC2 are attractive candidates for catalyst supports for
exhaust gas cleaning for the automobiles. For this purpose, nanocrystalline catalytic CeO2
coatings have been deposited through a cathodic electrogeneration method on the porous
Ti3AlC2 supports (Sun et al., 2010).
(6) Cladding materials in nuclear reactors
Ti2AlC has been tested for corrosion in molten lead at 650 and 800 ºC for possible
application as cladding materials in lead-cooled fast breeder nuclear reactors (Whittle et al.,
2010). The extent of corrosion was minimal, and the only observed interaction with the lead
was a result of surface cracks and strains produced by machining prior to exposure to the
lead. Recently, Ti2AlN demonstrated a high tolerance to 100 keV Ar2+ ion irradiation damage
induced by nuclear elastic interactions (Bugnet et al., 2010). Due to their exceptional thermal
and mechanical properties, these materials have attracted attention for potential application as
cladding materials for fuels in next generation nuclear reactors.
In addition to the above applications, MAX phases have also been developed as lightweight armour (due to their good ballistic properties) (Wang and Zhou, 2010), glove formers,
hot-pressing dies (to replace graphite, Figure 35b) and high-temperature bearings (Figure 35c)
(Barsoum, 2000).
However, challenges for their applications include cost and difficulty of fabrication, low
tensile strengths, low hardness, brittleness at low temperatures and creep properties at high
stresses (Barsoum, 2000). Forming MAX phase composites may improve their hightemperature properties (Wang and Zhou, 2009, Zhang et al., 2009). In Chapter 6 of this
thesis, Ti3AlC2 /W composites are investigated, with the aim of improving their hightemperature oxidation resistance.
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a

b

c

Figure 35. Industrial products of MAX phases: (a) Ti2AlC (Maxthal®) heating elements
developed by Kanthal AB; (b) hot-pressing dies; (c) Ta2AlC/Ag high-temperature bearings.
Courtesy of M. W. Barsoum.
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3. Experimental procedures

3.1 SPS processing

SPS has been used to synthesize Ti2AlN ceramics and prepare Ti3AlC2/W composites. The
former used Ti, Al and TiN powders as starting materials, while the latter used Ti3AlC2 and W
powders. After SPS, the microstructures of as-prepared samples were characterised using
XRD, SEM, focused ion beam (FIB) and TEM.

3.1.1

Ti2AlN

Commercially-available Ti (99.5% pure, < 45 μm), Al(99.5% pure, < 45 μm), and TiN
(99.7% pure, <10 μm) powders were used as raw materials to synthesize Ti2AlN by SPS. All
powders were purchased from Alfa Aesar (a Johnson Matthey Company, Heysham,
Lancashire, UK). The powders with a designed composition (Ti: 1.1Al: TiN) were mixed in a
glove box under Ar atmosphere to avoid oxidation. Mixtures were then milled for 24 h with
addition of ethanol (>99.7% pure) using Al2O3 grinding media (99.5% pure, purchased from
Dynamic Ceramic Ltd, Crewe, Cheshire, UK). After milling, powders were dried in a rotary
evaporator under vacuum.
For the SPS, powders were placed into 2 cm dia. graphite crucibles, sintered in vacuum for
10 min at 1200 ºC and 1300 ºC by using a SPS system (HPD 25/1, FCT Systeme, Rauenstein,
Germany). Temperature was measured using 2 pyrometers and 4 thermocouples. The samples
were heated at a rate of 80 ºC /min at a pressure of 30 MPa. Synthesized samples were 20
mm in diameter and 5-6 mm thick.
Bulk density was measured using the Archimedes method in water. Phases present were
characterized using an X-ray diffractometer (Philips PW1700, Eindhoven, The Netherlands)
with Cu-Kα radiation. JADE software (Materials DataInc., Livermore, CA, US) was used to
refine the lattice parameters from XRD peaks. Quantitative analysis was carried out using the
Reference Intensity Ratio (RIR) method (Karlak and Burnett, 1966, Hubbard et al., 1976).
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International Centre for Diffraction Data (ICDD) used were Ti2AlN (5.3, JCPDS 65-3496),
TiAl (5.53, JCPDS 65-0428), TiAl3 (4.99, JCPDS 65-2667), and TiN (4.07, JCPDS 01-0870628). Errors in quantitative analysis were determined by repeating calculations 3 times for
parallel samples.
The microstructures of as-sintered samples were investigated using a field emission gun
scanning electron microscope (FEGSEM, Gemini LEO 1525, Oberkochen, Germany)
operated in SEI and BEI modes, coupled with EDS for chemical analysis (Oxford
Instruments INCA, Oxford, UK, using an ultra-thin window (UTW) detector which is
capable of detecting light elements with atomic numbers Z>4). Before FEGSEM, the samples
were etched using HF+HNO3+H2O (1:1:1) (Lin et al., 2007) for less than 20s, and then
observed in reflected light in an optical microscope (OM). The grain size was statistically
measured for over 145 grains using Adobe Photoshop software. Since the Ti2AlN ceramics
are electrically conductive, no gold or carbon coating was needed.
100 nm-thick sections for TEM were prepared using the in situ lift-out technique on a dualbeam FIB instrument (FEI Helios 600 NanoLab, FEI Company, Acht, Eindhoven, The
Netherlands) and imaged using SEI and secondary ion imaging. During FIB section
preparation, a Pt protection layer was deposited to protect the feature of interest from Ga+
milling, and then a cross-section containing the feature of interest was lifted-out and attached
to a support grid that fits in a TEM specimen-holder. TEM was carried out with an electron
microscope operated at 200 kV (JEM 2000FX, JEOL Ltd., Tokyo, Japan) and a highresolution electron microscope operated at 200 kV (JEM 2010, JEOL Ltd., Tokyo, Japan).
Microstructures were examined in the TEM using BF and dark-field (DF) imaging and SAED
crystallographic analysis (operated using a double-tilt holder). Diffraction patterns were
solved using the SingleCrystal software (CrystalMaker Software Ltd., Yarnton, Oxfordshire,
UK). In addition, EDS chemical analysis in the JEM 2000 was performed using an UTW
detector (Oxford Instruments INCA, Oxford, UK).
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3.1.2

Ti3AlC2/W composites

Ti3AlC2 powders were supplied by Prof. Chang-an Wang (Tsinghua University, China) and
prepared by a pressureless synthesis method (Peng et al., 2006) from a starting mixture of
TiC (99.0% pure, <50 μm), Ti (99.4% pure, <30 μm), Al (99.5% pure, < 47 μm) and
activated carbon (98% pure) powders. The powders with a designed stoichiometric molar
ratio (2TiC: Ti: Al) were ball-milled in absolute alcohol for 24 h. After being dried in
vacuum, the blended powders were sieved with 100-mesh screen, and then calcined at 1350
ºC for 30 min in flowing argon atmosphere. The granular products were crushed by disk
milling, and then ball-milled with tungsten carbide balls for 48 h. After sieving through a
200-mesh (~74 μm) screen, the final powders were >97 wt % Ti3AlC2 as indicated by
quantitative phase analysis of the Ti-Al-C ternary system by XRD using the equations
developed by Wang’s group and described in ref. (Zhou et al., 2003). The average particle
size was approximately 5μm. Particle size was measured by laser diffraction using a laser
granulometer (Mastersizer 2000, Malvern Instruments Ltd., Malvern, Worcestershire, UK).
As-received Ti3AlC2 powders and commercially-available W powders (99.9% pure, < 45
μm, purchased from Alfa Aesar (a Johnson Matthey Company, Heysham, Lancashire, UK)
were used as raw materials to synthesize Ti3AlC2/W composites by SPS. The powders with a
designed composition (0 wt%, 5 wt%, 10wt% and 20wt% W) were mixed in a glove box
under Ar atmosphere to avoid oxidation. The mixture was then milled for 24 hours with the
addition of ethanol (>99.7% pure) using Al2O3 grinding media (99.5% pure, purchased from
Dynamic Ceramic Ltd, Crewe, Cheshire, UK). After milling, the powders were dried in a
rotary evaporator under vacuum. For the SPS, powders were placed into 2 cm dia. graphite
crucibles, sintered in vacuum (~0.5 Pa) at 1300 ºC for 8 min by using a SPS system (HPD
25/1, FCT Systeme, Rauenstein, Germany). Temperature was measured using 2 pyrometers
and 4 thermocouples. The samples were heated at a rate of 200 ºC /min at a pressure of 50
MPa. The synthesized samples were 20 or 40 mm in diameter and 5-6 mm thick.
Bulk density was measured using the Archimedes method in water. Vickers hardness was
measured using a microhardness tester (Zwick/Roell ZHV, Indentec Hardness Testing
Machines Ltd., Stourbridge, West Midlands, UK) at a load of 10 N with a dwell time of 15 s.
Phases present were characterized using an X-ray diffractometer (X’Pert MPD, Panalytical,
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Almelo, The Netherlands) with CuKα radiation. JADE software (Materials Data Inc.,
Livermore, CA, US) was used to refine the lattice parameters from XRD peaks. W (ICDD 4806) and TixW1-x (ICDD 49-1140) peaks overlap so they cannot be distinguished by XRD.
The microstructures of as-sintered samples were investigated using a FEGSEM (Gemini LEO
1525, Oberkochen, Germany) using SEI and BEI modes, coupled with EDS for chemical
analysis (Oxford Instruments INCA, Oxford, UK, using an UTW detector which is capable of
detecting light elements with atomic numbers Z>4). Before FEGSEM, some samples were
etched using HF+HNO3+H2O (1:1:1) for less than 20s. The grain size was statistically
measured using Adobe Photoshop software.
TEM sections were prepared using the in situ lift-out technique on a dual-beam FIB
instrument (FEI Helios 600 NanoLab, FEI Company, Acht, Eindhoven, The Netherlands).
TEM sample preparation and TEM analysis are the same with the description in 3.1.1.
In addition, cross-section microstructures of Ti3AlC2/10wt%W samples oxidized at 1400
ºC were investigated by a Auriga® 40 CrossBeam® (FIB-SEM) workstation (Carl Zeiss NTS
GmbH, Oberkochen, Germany). The sample surfaces were first coated with Cr to avoid
electrical charging, and then cross-sections made by Ga+ milling.

3.2 Oxidation studies

Oxidation behaviour of the MAX phase ceramics and composites (Ti2AlC, Ti2AlN and
Ti3AlC2/W composites) was investigated by isothermal oxidation tests from 900-1400 °C in
air (in an open hearth furnace) and by TG experiments (in a thermal analyzer). After the
oxidation tests, the microstructures of oxide scale (both plan view and cross-section) of the
samples were characterized post mortem at room temperature (i.e. on samples heated to the
oxidation temperature and cooled) by XRD, SEM, FIB and TEM.
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3.2.1

Ti2AlC

Ti2AlC samples were prepared by uniaxial hot-pressing Ti, Al and graphite starting
materials at 1400 °C for 1h at 30 MPa in flowing Ar and were supplied by Prof. Yanchun
Zhou (Shenyang National Laboratory for Materials Science, Chinese Academy of Sciences).
More details of sample processing are found in reference (Lin et al., 2006d). The as-received
samples are predominantly single-phase Ti2AlC ceramics as determined by XRD analysis,
with densities of 4.10 g/cm3 (99.8% theoretical) measured by the Archimedes method.
Samples for oxidation experiments were cut by diamond saw to ~ 4×4×4 mm3 in size. The
surfaces were ground to 1200 grit, polished to 1 μm, followed by degreasing in acetone.
TG experiments were performed in a thermal analyzer (Netzsch STA 449C Jupiter,
Netzsch Instruments, Aldridge, UK) by heating the Ti2AlC samples (approximately
3.5×3.5×3.5 mm3 in size) from ambient temperature to 1200 °C at a rate of 10 and 20 °C min1

in a flowing air atmosphere. The samples used for TG were the same as those for oxidation

tests (only smaller in size to fit into the α-Al2O3 crucibles) in order to understand the phase
evolution associated with Ti2AlC oxidation. Differential thermogravimetry (DTG) curves
were derived from the TG curves using Origin Pro 7.5 software (OriginLab Corp.,
Northampton, MA, US). During oxidation experiments, samples were placed on a Pt crucible
and heated to temperature at 20°C/min in an open hearth furnace. Isothermal oxidation runs
were performed for 1h from 900-1400 °C in air before samples were removed and air cooled.
In addition, both cyclic and isothermal oxidation at 1400 ºC were carried out in a thermal
analyzer (Netzsch STA 449F1, Netzsch Instruments, Aldridge, UK) by heating the same
sized Ti2AlC samples (approximately 3.5×3.5×3.5 mm3) in a flowing air atmosphere. During
the cyclic oxidation experiments, in each cycle the sample was heated to 1400 ºC at
20°C/min, held at 1400 ºC for 1h, before cooling to room temperature at 20°C/min. In total
10 cycles were carried out continuously. During the isothermal oxidation experiments, the
sample was heated to 1400 ºC at 20°C/min, held at 1400 ºC for 10h, before cooling to room
temperature at 20°C/min.
Microstructures of the oxide scales on the Ti2AlC samples were characterized post mortem
at room temperature. Phases present in oxidized samples were characterized using an X-ray
diffractometer (Philips PW1700, Eindhoven, The Netherlands) with Cu Kα radiation.
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Quantitative analysis was carried out by calculating the normalized intensity of the highest
diffraction peaks of each phase (Wang and Zhou, 2003). The errors of quantitative analysis
were determined by repeating calculations 3 times for parallel samples. The surface and
cross-section microstructures were investigated using a FEGSEM(Gemini LEO 1525,
Oberkochen, Germany) operated with SEI, coupled with EDS for chemical analysis (Oxford
Instruments INCA, Oxford, UK, using an UTW detector which is capable of detecting light
elements with atomic number Z>4). Prior to FEGSEM, a thin layer of chromium was
sputtered on the surface of the oxidized samples to avoid electron charging, because the
electrical conductivity of oxidation products (TiO2 and Al2O3) is low. The crack densities
were quantified from the SEI images by a stereological intercept method (Russ, 2000).
100 nm-thick sections for TEM were prepared using the in situ lift-out technique on a
single-beam FIB instrument (FEI FIB200, FEI Europe Ltd., Cottenham, UK). An FEI FIB
200 single-beam workstation using a 30 keV gallium liquid metal ion source and a platinum
gas injection system was modified and fitted with a Kleindiek piezo-electric
micromanipulator to enable specimen lift-out to be performed in situ (Lekstrom et al., 2008).
TEM sections of Ti2AlC oxidized 1h at 900 °C were prepared using the in situ lift-out
techniqueon a dual-beam FIB instrument(FEI Helios 600 NanoLab, FEI Company, Acht,
Eindhoven, The Netherlands).
TEM sample preparation and TEM analysis were as described in Section 3.1.1.

3.2.2

Ti2AlN

Ti2AlN samples (SPS for 10 min at 1300 °C) for oxidation experiments were cut by
diamond saw to about 4×4×4 mm3 in size. The surfaces were ground to 1200 grit, polished to
1 μm, followed by degreasing in acetone.
During oxidation experiments, samples were placed on a Pt crucible and heated to
temperature at 20 °C/min in an open hearth furnace. Isothermal oxidation runs were
performed for 1h from 900-1400 °C in air before samples were removed and air cooled. TG
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experiments were performed in a thermal analyzer (Netzsch STA449F1, Netzsch Instruments,
Aldridge, UK) by heating the Ti2AlN samples (approximately 3.5×3.5×3.5 mm in size) from
ambient temperature to 1400 °C at a rate of 20 °C min-1 in a flowing air atmosphere and then
air cooled. DTG curves were derived from the TG curves. To reveal the phase evolution in
the oxide scale associated with TG, Ti2AlN samples were placed on a Pt crucible and heated
to temperature at 20 °C/min, holding for 0h (i.e. no holding time) at 900, 1000 and 1200 °C,
respectively, in an open hearth furnace before samples were removed and air cooled. Samples
used for these oxidation tests were prepared in an identical manner as those for TG to
understand the phase evolution associated with Ti2AlN oxidation using XRD as described
below.
Microstructures of oxide scales on Ti2AlN samples were characterized post mortem at
room temperature. Phases present in the oxide scale after 0h and 1h oxidation at temperature
were characterized using an X-ray diffractometer (Philips PW1700, Eindhoven, The
Netherlands) with CuKα radiation. Quantitative analysis was carried out using the RIR
method. ICDD data used included Ti2AlN (5.3, JCPDS 65-3496), α-Al2O3 (0.87, JCPDS 01088-0826), anatase (4.89, JCPDS 01-073-1764), rutile (3.45, JCPDS 01-073-1765) and
Al2TiO5 (1.54, JCPDS01-081-0030). Errors in quantitative analysis were determined by
repeating calculations for 3 times for parallel samples. Surface and cross-section
microstructures were investigated using a FEGSEM (Gemini LEO 1525, Oberkochen,
Germany) operated with SEI, coupled with EDS for chemical analysis. Samples for FEGSEM
were unetched, and were chromium coated to avoid electrical charging, because the electrical
conductivity of oxidation products (e.g. TiO2 and Al2O3) is low.
100 nm-thick sections for TEM were prepared using the in situ lift-out technique on a dualbeam FIB instrument (FEI Helios 600 NanoLab, FEI Company, Acht, Eindhoven, The
Netherlands) and imaged using SEI and secondary ion imaging.TEM sample preparation and
TEM analysis techniques used were the same as described in Section 3.1.1.
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3.2.3

Ti3AlC2/W composites

Ti3AlC2/W composite samples made by SPS (50 MPa, 8 min at 1300 ºC) for oxidation
experiments were cut by diamond saw to ~ 4×4×4 mm3 in size. The surfaces were ground to
1200 grit, polished to 1 μm, followed by degreasing in acetone.
During oxidation experiments, samples were placed on a Pt crucible and heated to
temperature at 10°C/min in an open hearth furnace. Isothermal oxidation runs were
performed for 1h at 1000-1400 °C in air before samples were removed and air cooled. TG
experiments were performed in a thermal analyzer (Netzsch STA 449F1, Netzsch
Instruments, Aldridge, UK) by heating the samples (approximately 3.5×3.5×3.5 mm3 in size)
from ambient temperature to 1300 °C at a rate of 10°C min-1 in a flowing air atmosphere,
then holding isothermally at 1300 °C for up to 3 hours. The samples used for TG were
prepared in an identical manner as those for oxidation tests to understand the phase evolution
associated with the oxidation. DTG curves were derived from the TG curves.
The oxide scale microstructures of the samples were characterized post mortem at room
temperature. Phases present in the oxide scale were characterized using an X-ray
diffractometer (Philips PW1700, Eindhoven, The Netherlands) with Cu Kα radiation. The
surface and cross-section microstructures were investigated using a FEGSEM (Gemini LEO
1525, Oberkochen, Germany) operated with SEI and BEI modes, coupled with EDS for
chemical analysis. The samples for FEGSEM were unetched, and were chromium coated to
avoid electrical charging.
100 nm-thick sections for TEM were prepared using the in situ lift-out technique on a dual
beam FIB instrument (FEI Helios 600 NanoLab, FEI Company, Acht, Eindhoven, The
Netherlands) and imaged using SEI and secondary ion imaging. TEM sample preparation and
TEM analysis were as described in Section 3.1.1.
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3.3 Characterization techniques

3.3.1

XRD

The theory of XRD (Cullity and Stock, 2001) is based on the diffraction of X-rays by
crystalline planes in the radiated specimen. The angle of diffraction follows Bragg’s law:

2d sin θ = nλ

(3-1)

where d is the inter-planar spacing in the crystal, θ is half of the diffraction angle, n is an
integer, and λ is the wavelength of the X-rays. By recording the diffraction angles of a sample
with a known X-ray wavelength, the crystal structure can be identified from the interplanar
distances and peak densities.
In this study, XRD was used to identify the phase composition of the SPS samples and the
oxide scales on oxidized samples. Lattice parameters were refined from XRD peaks. To
measure peak angles accurately, each required peak is scanned with a slow scanning step of
0.01-0.02 degree and is scanned for a sufficient time (typically 40s) to acquire adequate
intensity.
RIR is a method used for quantitative analysis by XRD powder diffraction (Karlak and
Burnett, 1966, Hubbard et al., 1976). The RIR method is based upon scaling all diffraction
data to the diffraction of standard reference materials. In the RIR method, ratios are scaled to
a common reference (e.g. corundum). The assumption is that all the factors, except
concentration of the analyte, are reduced to a constant. By using ratios and measuring peak
intensities, relative concentration of phase a and b can be determined:
( I )a
Ia
Ic X a
=
Ib ( I )b X b
Ic

(3-2)

where Ia and Ib are intensities of phase a and b, Xa and Xb are wt fraction of phase a and b.
Generally, corundum is used as the international reference and the scale factor is defined by:
intensity of analyte / intensity of corundum= I / Ic.
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3.3.2

Thermal analysis

TG is a thermal analysis technique to determine changes in sample mass in relation to
change in temperature or time. TG is often used to estimate the kinetics in high temperature
oxidation (Hindam and Whittle, 1982).
DTG analysis can be used to tell the point at which mass change is most apparent. TG and
DTG can be used in parallel for thermal investigations (Ozawa, 2000).This method possesses
the advantage that the same thermal change can be observed and characterized by the change
of weight and the change of temperature simultaneously, the two sets of measurements
checking each other, or indicating by differences some changes which would not otherwise
have been observed.
TG is also often performed combined with other thermal analysis, such as differentials
canning calorimetry (DSC). DSC is a thermoanalytical technique in which the difference in
the amount of heat required to increase the temperature of a sample and reference are
measured as a function of temperature. Both the sample and reference are maintained at
nearly the same temperature throughout the experiment. Generally, the temperature program
for a DSC analysis is designed such that the sample holder temperature increases linearly as a
function of time. The result of a DSC experiment is a curve of heat flux versus temperature or
versus time. The main application of DSC is in studying phase transitions, such as melting,
glass transitions, or exothermic decompositions (Ozawa, 2000).
In this study, TG was used in two ways. Firstly, TG-DTG was performed to determine
changes in mass in relation to change of temperature. Secondly, TG was performed to
determine changes in mass in relation to change in time at an oxidation temperature. The
former analysis provided information about the oxidation of the samples at different
temperatures. The latter was used to estimate the kinetics of oxidation at the oxidation
temperature.

106

3.3.3

SEM

The SEM is one of the most versatile instruments available for examination and analysis of
the microstructural characteristics of solids. In SEM, the area to be examined, or the
microvolume to be analyzed, is irradiated with a finely-focused electron beam, which may be
static or swept in a raster across the surface of the specimen.
Basic interactions of electron-specimen interactions in SEM are shown in Figure 36. The
primary electron beam undergoes a number of interaction events with either the electrons or
the nucleus of the sample atoms or both. Interactions with sample electrons involving a
significant amount of energy loss are inelastic scattering events (e.g. X-ray production,
phonon and plasmon scattering, and cathodoluminescence). Those interactions with the
sample atom nucleus which result in zero or only a small loss of incident electron energy, but
may lead to a change in electron trajectory, are elastic scattering events (e.g. generation of
backscattered electrons). Secondary effects refer to interactions resulting from a combination
of events (e.g. generation of secondary electrons). Typical depths from which the various
signals arise are shown in Figure 36.
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(~1-2 μm)

(~2-5 μm)

Figure 36. The interaction volume between a primary electron beam and the sample in an
SEM, indicating the relative depths from which various signals can escape the surface. The
signals for SEM imaging are the secondary and backscattered electrons, and those for EDS
are characteristic X-rays (in the image, E is the energy of an electron, Ec is the critical energy
required to produce characteristic X-rays) (Williams and Carter, 2009).

In SEM, the signals of most interest are the secondary electrons, since these vary as a result
of differences in surface topography as the electron beam is swept across the specimen. The
secondary electron emission is confined to a volume near the beam impact area, permitting
SEI to be obtained at relatively high resolution. Since the secondary electrons have low
energy (typically around 20 eV), these electrons only escape from the outermost (Figure 36)
regions of the sample, consequently they contain important information about the surface
topography. The three dimensional appearance of the images is due to the large depth of field
of the SEM as well as to the shadow relief effect of the secondary contrast (Williams and
Carter, 2009).
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Back-scattered electrons are beam electrons that are reflected from the sample by elastic
scattering. Because the intensity of the back-scattered electrons signal is strongly related to
the atomic number (Z) of the specimen, BEI can provide information about the distribution of
different elements in the sample. The backscattered electron coefficient, η (a measure of
intensity), increases with Z (Lee and Rainforth, 1994):

η = −0.254 + 0.016 Z − 1.86 × 10 −4 Z + 8.3 × 10 −7 Z 3

(3-3)

The magnitude of the atomic number contrast C is (Lee and Rainforth, 1994):

C=

η1 − η 2
η2

(3-4)

Therefore, assuming that an average atomic number can be obtained by the law of mixtures
and that density differences can be ignored, differences in contrast may be evaluated.
SEM is often coupled with an EDS system for chemical analysis. Characteristic X-rays are
emitted when the electron beam removes an inner shell electron from the sample, causing a
higher energy electron to fill the shell and release energy. These characteristic X-rays are
used to identify the composition and measure the abundance of elements in the sample.
Microanalysis of ceramics is more difficult than that of metals because the oxygen, carbon or
nitrogen in them cannot be fully detected and the stoichiometry of the ceramic is often
assumed (Lee and Rainforth, 1994). The use of an ultra thin window (UTW, often made of
aluminium or polymer, which is capable of detecting light elements with atomic number Z>4)
or completely windowless detectors for EDS has allowed the detection of light elements
which generate low energy soft X-rays. However, the proportion of these low energy X-rays
detected compared to the number generated remains small as a result of absorption in the
detector and the sample. Wavelength dispersive spectroscopy (WDS) can provide light
element analysis, although the equipment is more expensive and the technique more time
consuming and difficult to undertake.
For conventional imaging in the SEM, specimens must be electrically conductive, at least
at the surface, and electrically ground to prevent the accumulation of electrostatic charge at
the surface. Metal objects require little special preparation for SEM except for cleaning and
mounting on a specimen stub. Nonconductive specimens need to be coated with a thin
conductive film such as gold, chromium and graphite (Williams and Carter, 2009). The
coating is necessary to eliminate or reduce the electric charge which builds up rapidly in a
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non-conducting specimen when scanned by a beam of high-energy electrons. In the current
research, the MAX phases are conductive ceramics so normally no coating was needed.
Coating was needed, however, for the oxidized samples the surfaces of which are covered
with oxides, because the electrical conductivity of oxidation products (e.g. TiO2 and Al2O3) is
low.
The SEM facility used in this research is a FEGSEM, coupled with EDS for chemical
analysis using an UTW detector. FEGSEM employs a high resolution field emission gun
(FEG), which provides narrow probing beams at low as well as high electron energy,
resulting in both improved spatial resolution and minimized sample charging and damage.
Therefore, very high resolution images may be obtained by this FEGSEM using low
accelerating voltages (e.g. 5 kV) (Lee and Rainforth, 1994).

3.3.4

FIB

The FIB system uses a Ga+ ion beam to raster over the sample surface and sputters a small
amount of material, which produces secondary ions, neutral atoms and secondary electrons
(Williams and Carter, 2009). In this way cross-sections can be made on a specific location.
The resulting samples can either be studied directly in the FIB or be transferred to a TEM for
more analysis. In this research, FIB is used mainly for TEM sample preparation.
FIB is a versatile instrument that is able to perform a number of operations including:
(1) Imaging: secondary electrons or ions produced by the primary ion beam can be
collected for imaging. FIB can thus have two imaging modes: SEI and secondary ion
imaging.
(2) Sputtering/Milling: the primary ion beam is focused to an nm ultimate spot size to
sputter the surface with great precision enabling thin sections that are electron
transparent to be produced for TEM. Many variables and material properties affect the
sputtering rate, which include beam current, sample density, sample atomic mass and
incoming ion mass (Williams and Carter, 2009).

110

(3) Deposition: conductive or insulator materials can be deposited with the aid of a gas
source. The gas sources often deposited are either Pt or C.
A FIB was initially a single-beam instrument which only had an ion column. The newly
developed dual-beam FIB (Figure 37a) has an electron column in addition to an ion column,
which allows for high-resolution imaging using SEM. A schematic of a dual-beam FIB is
given in Figure 37b. The advantage of imaging using electrons instead of ions is that surface
features are better preserved because much less sputtering occurs from the impinging
electrons, which is particularly important for TEM sample preparation.
The stages in the TEM sample preparation process using the in situ lift-out technique are
shown in Figure 38. During FIB section preparation, a Pt protection layer was deposited
(Figure 38a) to protect the feature of interest from Ga+ milling, and then a cross-section
containing the feature of interest was lifted-out (Figure 38c) and attached to a support grid
(Figure 38d) that fits in a TEM specimen-holder.
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a

Omniprobe
Metal
Ion column sources

Load sample

b

Figure 37. (a) The dual-beam FIB instrument (FEI Helios 650 NanoLab), which combines
high-resolution SEM imaging with a high-resolution FIB imaging and machining. Courtesy
of FEI Company. (b)

Schematic of the two-beam (electron and ion) FIB instrument

(Williams and Carter, 2009).
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Needle
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Sample
TEM grid
Needle

Figure 38. Stages in making TEM samples using the in situ lift-out technique on a FIB
instrument. (a) A platinum layer is deposited to protect the feature of interest from the Ga+
beam. (b) displays the surface of a sample in which two parallel trenches are sputtered (tilted
at 45 degree). In between the trenches a sample is situated containing the feature of interest.
(c) An OmniProbe needle touches and is platinum welded to the sample, in order to perform
in-situ lift-out. (d) After lift-out, the sample is attached to a supporting grid that fits in a
TEM-holder. After cutting-off from the needle, the sample is further thinned to obtain
optimal electron transparency (less than about 100 nm thick). These figures are from the
author’s research.
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3.3.5

TEM

TEM has revolutionized our understanding of materials by completing the processingstructure-properties links down to atomistic levels. Modern TEM instruments can provide
almost all the structural, phase and crystallographic information of the materials.
The interaction of an electron beam with a thin diffracting sample has been a dominant
research topic for over a century. The subject is too broad to cover in detail; however a brief
description of image formation is attempted here. The identification of planar defects by
TEM is emphasized since it was a key part of this research.

3.3.5.1 Image formation

The dominant image contrast mechanism in thin samples of crystalline materials is that of
diffraction contrast (Hirsch et al., 1965). Electron diffraction occurs at those planes orientated
at or near the Bragg angle. By inserting an objective aperture which cuts out the diffracted
beams, the regions undergoing strong diffraction would appear dark while those not
diffracting appear light. This can give rise to a BF image. Consequently, high contrast can be
achieved by using small objective apertures. If the unscattered electrons are removed, the
image is formed only from the diffracted electrons and a DF image is produced. DF images
typically have considerably higher contrast than BF images although the intensity is greatly
reduced. As well as diffraction contrast, mass-thickness contrast can be observed from
regions where electron absorption is strong i.e. at regions of greater thickness, density and
atomic number (Lee and Rainforth, 1994). The mass-thickness contrast mechanism is
important when examining the amorphous phases or pores found in ceramics.
Once a high-quality, thin sample has been made and the microscope correctly aligned, the
most significant variable that can be controlled by the operator is the crystal orientation.
Three conditions can be envisaged where diffraction occurs thereby providing image contrast
(Lee and Rainforth, 1994). Firstly, the crystal is orientated such that the electron beam is
parallel to a zone axis. At the zone, equal diffracted intensity is obtained from all planes in
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that zone (Figure 39a). Secondly, the sample is re-orientated so that the beam is close to the
zone axis but tilted a few degrees away such that only one plane is diffracting and this plane
is diffracting strongly. This is the two-beam condition in which equal electron intensity is
achieved in a single diffracted beam and the transmitted beam (Figure 39b). Finally, the
sample may be orientated well away from a zone axis, but still be diffracting from one or
several planes. Under this condition the image contrast will be low and some microstructural
details may not be observed.
To characterize a microstructure in the TEM and to interpret the images with confidence,
only the first two diffraction conditions should be considered (Lee and Rainforth, 1994,
Hirsch et al., 1965). Firstly, a zone axis is orientated exactly parallel to the electron beam and
secondly, a two-beam condition with a known diffraction g is achieved. In practice, twobeam conditions can be achieved by tilting to a zone axis and then tilting out along a Kikuchi
(K) band so that only the transmitted and one diffracted spot remain bright (Figure 39b). The
Kikuchi bands arise from elastic Bragg scattering of inelastically scattered electrons (better
observed in thick samples) (Williams and Carter, 2009).
Two prominent theories exist which attempt to quantify the diffracted intensity and
therefore the image. Kinematical theory (Hirsch et al., 1965) considers that the diffracted
intensity is weak, although diffraction can occur in several beams. This theory can be applied
to some situations, but is restricted to thin areas of the sample where diffraction remains weak.
Two beam dynamical theory (Hirsch et al., 1965) allows for strong diffraction by considering
that only two beams (the transmitted and one diffracted beam) exist. Diffraction can become
very strong and the diffracted beam can be rediffracted back into the transmitted beam. In
addition, absorption can be allowed for the thicker regions (Hashimoto et al., 1962). In the
two-beam dynamical theory, the Howie-Whelan equations describe the diffracted and
transmitted intensity as a function of distance from the surface of a perfect crystal.
The dynamical theory accounts for image contrast variations in a perfect crystal, i.e.
contrast arising from artefacts (Lee and Rainforth, 1994). These include bend contours where
the sample is bent, or thickness fringes at the sample edge under two beam conditions.
The dynamic theory can also be used to predict the contrast produced by crystal defects.
Dislocations, twins and many other microstructural features can be described by a
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displacement vector, R, which the defect induced in to the perfect crystal. A defect modifies
the expressions of diffracted and transmitted intensity of a perfect crystal in the HowieWhelan equations by the addition of a factor (Lee and Rainforth, 1994):
exp[ −2πi ( g ⋅ R )]

(3-5)

where g is the diffraction vector at the two-beam condition. Therefore, when g ⋅ R =0, the
defect does not alter the diffraction conditions. In other words, the defect is “out of contrast”,
which means it is invisible. Alternatively, g ⋅ R can have discrete values (e.g. integer for
perfect dislocations and fractional for partial dislocations) such that the defect contributes to
the image contrast.
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Figure 39. Diffraction patterns showing a zone axis in (a) and a two-beam condition (b)
obtained by a small tilt in the direction of g. Redrawn from (Lee and Rainforth, 1994).

3.3.5.2 Identification of planar defects

Planar defects are significant in this research. They are two-dimensional defects (Figure 40)
which are probably the most important defects in crystalline engineering materials. Planar
defects can be classified as (Williams and Carter, 2009):
(a) Translation boundaries, RB. Any translation R(r) is allowed, θ is 0, and both regions
are identical and perfectly aligned. A stacking fault is a special case.
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(b) Grain boundaries, GB. Any value of R(r), n and θ is allowed, but the chemistry and
structure of the two grains must be the same. A twin boundary is a special case.
(c) Phase boundaries, PB. As for a GB, but the chemistry and/or structure of the two
regions can differ. A surface is a special case of PB where one phase is gas.
The definitions of R(r), n and θ are shown in Figure 40.
A stacking fault (SF) is often found in FCC, HCP, diamond-cubic and layered materials.
SFs play an important role in the mechanical properties of many materials, e.g. SiC ceramics
and FCC metals (Lee and Rainforth, 1994).
When discussing the image contrast produced by SFs, anomalous absorption effects
(Hashimoto et al., 1962) must be taken into account. Figure 41a shows a computed SF
intensity profile for the α=+2π/3 with anomalous absorption effects included referring to a
FCC crystal of thickness t=7.25ξg (ξg is the extinction distance (Williams and Carter, 2009)).
α is the phase shift induced by the SF:

α = 2πg ⋅ R

(3-6)

where g is the diffraction vector at the two-beam condition, and R is the displacement vector
as shown in Figure 40. For SF occurred in FCC lattice, α is often ±2π/3 or 0 (Williams and
Carter, 2009). If α is 0 then SF would become invisible.
BF and DF intensity profiles are shown as continuous and broken lines respectively (Figure
41a). The absorption has the effect of reducing the visibility of the fringes near the centre of
the fault and also of destroying the complementary nature of the BF and DF images
(Hashimoto et al., 1962). The fringes have a separation corresponding roughly to a depth
periodicity of ξg. This occurs by a gradual suppression of alternate fringes, the suppression
being greater near the edges of the fault.
Notice also that while BF images are symmetrical about their centres, DF images are
asymmetrical, tending to be similar to the BF images at one edge and pseudo-complementary
at the other (Hirsch et al., 1965). These symmetry principles are distinctive characteristics of
SFs. In addition, the edge where DF and BF images are similar corresponds to the
intersection of the fault with the top surface of the crystal (P in Figure 40), while the other
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edge is the intersection with the bottom surface (Q in Figure 40) (Hirsch et al., 1965).
Therefore it is possible from DF and BF images taken in conjunction to determine the sense
of the intersection of a fault with the crystal surfaces.
Figures 41b and c show BF and DF images of a SF recorded for α=+2π/3 using g=(-1 -1 1)
in a Cu+7% Al alloy (Hirsch et al., 1965, Hashimoto et al., 1962). The theoretical intensity
profiles of Figure 41a have been calculated to match these images. The decrease in visibility
of the fringes towards the centre of the fault, the symmetric nature of the BF image and the
asymmetrical nature of the DF image are all clearly visible in Figure 41b and c. All these
facts provide striking confirmation of the importance of absorption in the interpretation of
images (Hirsch et al., 1965). If the absorption is absent the DF image would be symmetrical
with no difference between the edge P and Q.

P

Q
Figure 40. A specimen containing a planar defect. The upper grain is held fixed while the
lower one is translated by a vector R(r) and rotated through an angle θ about the vector v,
relative to the upper grain. The defect plane normal is n, the foil normal is m. Slightly
modified from (Williams and Carter, 2009).
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Figure 41. Stacking faults in FCC materials. (a) Computed SF intensity profile for α=+2π/3
with anomalous absorption effects included. BF and DF intensity profiles are shown as
continuous and broken lines respectively. z refers to the distance from the centre of the faults.
ξg is the extinction distance. BF (b) and DF (c) images of a SF recorded for α=+2π/3 using
g=(-1 -1 1) in a Cu+7% Al alloy. The stacking fault fringe intensity is similar at the top
surface (P) but complementary at the bottom (Q). From (Hirsch et al., 1965, Hashimoto et al.,
1962).
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Twins, another type of planar defects, are two regions of a crystal which have the same
crystal structure but in a different orientation related by a composition or mirror plane (twin
plane) (Lee and Rainforth, 1994). Twinning provides an alternative deformation mechanism
to slip and is common in many ceramics. In slip the crystal elements translate over one
another without rotation whereas in twinning they are homogeneously sheared with the twin
and matrix remaining in contact at the composition plane (Lee and Rainforth, 1994). Figure
42a shows a twin in a FCC crystal with (1 1 1) twin plane. The atom positions above the trace
of the twin plane are obtained by reflexion across it or by a 180 degree rotation about the twin
plane normal.
Figure 42b shows the corresponding diffraction pattern of the twin (Williams and Carter,
2009). A ‘streak’ (arrowed in Figure 42b) in the diffraction pattern rather than a spot can be
observed. The ‘streak’ extends in the [1 1 1] because the twin is a very thin platelet. The
matrix and the twin diffraction pattern are a mirror reflexion across (1 1 1) twin plane.
The reflexions from the twin may be determined by using them to form DF images or
obtaining diffraction patterns solely from the matrix by excluding the twin from the aperture
(Lee and Rainforth, 1994). After solving the matrix pattern the twin spots are obtained by
rotating the matrix pattern 180 degree about the normal to the twin plane, which is indicated
by the common row of reflextions.
Other important planar defects include the anti-phase boundary (APB) often found in
materials with ordered structures (e.g. Ll0 structure of NiAl). These are out of the scope of
this thesis and the relevant references can be found elsewhere (Williams and Carter, 2009).
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Figure 42. (a) Schematic of a twin in a FCC crystal with (1 1 1) twin plane. (b) Diffraction
pattern with a streak (arrowed) normal to the twin plane. From (Williams and Carter, 2009).
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4. High-temperature oxidation of Ti2AlC ceramics
In this chapter, the microstructural evolution of Ti2AlC ceramic during oxidation from
900-1400 °C in air is investigated. During oxidation, planar defects such as twins and
stacking faults, and cracks formed in the oxide scale, and their formation mechanism is
discussed in Section 7.2. The Ti2AlC oxidation mechanism is discussed in Section 7.3.1.

4.1 Microstructures of as-received Ti2AlC ceramics
The as-received Ti2AlC samples are predominantly single-phase Ti2AlC ceramics as
determined by XRD analysis (Figure 43a). During Ti2AlC synthesis, typical impurity and
second phases are TiC, Ti-Al intermetallics, Al4C3, Ti3AlC2 or Ti3AlC (Lin et al., 2006d,
Yoshida et al., 2010), see e.g. the Ti-Al-C phase diagram (Figure 23). However, none of
these phases were detected by XRD in our samples.

SEI of the polished and etched Ti2AlC samples is shown in Figure 43b. SEI of a typical
fracture surface is in Figure 43c. The size of the lamellar grains in Ti2AlC ceramics is ~50100 μm long, ~3-10 μm thick and ~10-20 μm wide. The sample density was 99.8±0.02 % as
described in (Lin et al., 2006d).
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Figure 43. (a) XRD of the as-received Ti2AlC samples. Miller indices (h k l) of Ti2AlC are
shown. (b) SEI of the polished and etched Ti2AlC samples (Lin et al., 2006d). (c) SEI of
typical fracture surface of Ti2AlC samples.

4.2 Phase evolution during Ti2AlC oxidation

Figure 44 shows XRD after oxidation of Ti2AlC samples at 900-1400 ºC in air for 1 h.
Phases present in the oxide scale detected via XRD are given in Table 6, which reveals TiO2
(rutile), α-Al2O3, and Al2TiO5. The intensity of Ti2AlC diffraction peaks decreases with
increasing oxidation temperature, suggesting that Ti2AlC is oxidized at temperatures from
900 to 1400 ºC. By 900 ºC TiO2 (rutile) starts to be detected in the oxide scale, but the rutile
peak intensity remains nearly constant after oxidation from 900-1400 ºC (Table 6). α-Al2O3 is
initially present in the oxide scale after oxidation at 1000 ºC, and α-Al2O3 peak intensity
increases significantly with temperature.
Al2TiO5 forms by reaction between TiO2 and Al2O3 above 1200 ºC (Bruno et al., 2010):
TiO 2 + Al 2 O3 ⎯
⎯→ Al 2TiO5

∆V=10.8%, ∆m= 0

(4-1)

where ∆V is volume change and ∆m mass change on reaction.Al2TiO5 is present in the oxide
scale after heating at 1400 ºC. The intensity of diffraction peaks associated with TiO2 (rutile)
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after oxidation at 1400 ºC reveals a small drop compared with that after oxidation at 1200 ºC,
suggesting formation of Al2TiO5 consumes some rutile.
TG and the corresponding DTG curves for Ti2AlC are shown in Figure 45. TG reveals a
significant mass increase near 920 ºC (at a heating rate of 10 °C min-1) or 940 ºC (at 20 °C
min-1), suggesting significant oxidation products were formed at this temperature. Below this
temperature, the sample mass increased slowly. XRD revealed that after 0h oxidation at 900
ºC, the oxidation product is mainly TiO2 (rutile) (Table 6). Thus, the gradual increase in
weight before 920 ºC (at 10 °C min-1) or 940 ºC (at 20 °C min-1) is mainly associated with
TiO2 (rutile) formation. A DTG peak occurred at 999.2 ºC (at 10 °C min-1) or 1009.8 ºC (at
20 °C min-1). XRD revealed that after 0h oxidation at 1000 ºC, α-Al2O3 was present in the
oxide scale indicating the DTG peak is likely associated with formation of α-Al2O3. The
formation of α-Al2O3 triggers a large mass increase (as shown in Equation 4-3), which
corresponds to the peak in the DTG curve.
Based on the above analysis, oxidation of Ti2AlC occurs via the reactions:
Ti2 AlC + xO2 ⎯
⎯→ Ti2− x AlC + xTiO2 ( rutile ), x ≤ 0.051

Ti2 AlC +

(T< 940 ºC)

(4-2)

(T > 940 ºC)

(4-3)

1
15
O2 ⎯
⎯→ 2TiO2 (rutile) + α − Al2 O3 + CO2
4
2

∆V=59.0%, ∆m=56.4%

At 1400 ºC, as discussed above (Equation 4-1), TiO2 (rutile) and α-Al2O3 reacted to form
Al2TiO5. In reaction 4-2, the x value was estimated from the TiO2 (rutile) content in the oxide
scale at 900 ºC (Table 6). Clearly, the Gibbs free energies of reactions 4-2 and 4-3 depend on
the temperature and oxygen partial pressure. In addition, the Gibbs free energy of reaction 43 also depends on the CO2 partial pressure. Gaseous products are CO/CO2. At the air/oxide
scale interface, CO2 is likely formed due to the high oxygen pressure. At the Ti2AlC/oxide
scale interface, CO is likely formed due to the low oxygen pressure.
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Table 6. Phases present in the samples oxidized at temperatures of 900-1400 ºC.
Oxidation

Normalized intensity of the highest diffraction peaks of each phase

temperature

(%)

(ºC)

Ti2AlC

TiO2 (rutile)

α-Al2O3

Al2TiO5

(1 0 3)

(1 1 0)

(1 1 3)

(1 1 0)

900

94.9 ± 0.3

5.1 ± 0.3

0

0

1000

86.4 ± 0.4

9.0 ± 0.2

4.6 ± 0.2

0

1200

82.2 ± 0.3

7.0 ± 0.1

10.8 ± 0.2

0

1400

43.7 ± 0.2

5.9 ± 0.1

38.7 ± 0.2

11.7 ± 0.1

Figure 44. XRD after oxidation of Ti2AlC at temperatures from 900 to 1400 ºC in air for 1 h.
TiO2 (rutile) and α-Al2O3 start to be detected in the oxide scale after oxidation at 900-1000
ºC, Al2TiO5 is initially present at 1400 ºC.
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Figure 45. TG showing a significant mass increase near 940 ºC (at a heating rate of 20 ºC
min-1) or 920 ºC (at 10 ºC min-1) which is associated with TiO2 (rutile) and a little Al2O3
formation. The DTG peak at 1009.8 ºC (at 20 ºC min-1) or 999.2 ºC (at 10 ºC min-1) is likely
associated with formation of α-Al2O3.

4.3 Microstructural evolution during Ti2AlC oxidation

To fully understand the microstructural evolution of the oxide scale on Ti2AlC, both plan
view and cross-section samples after oxidation at 1000-1400 ºC were investigated by
FEGSEM, EDS and later FIB-TEM (see Section 4.4).
Typical surface morphologies of the oxide scales formed after oxidation at different
temperatures are presented in Figure 46. The surface morphologies and compositions of
phases formed on Ti2AlC changed with temperature. After oxidation at 900 ºC (Figure 46a),
small grains (<1 μm) were present on the surface of Ti2AlC, which EDS indicated were
mainly Ti and O presumably present as TiO2-x. Intermediate TiO2-x phases have also been
found during low temperature oxidation of Ti (McCoy et al., 1994). For example, Ti oxidises
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after heat treatment at 370 ºC through a series of intermediate TiO2-x phases until complete
oxidation to rutile TiO2 occurs at ~500 ºC (McCoy et al., 1994). After oxidation at 1000 ºC
(Figure 46b), large angular surface grains (5-10 μm) were observed which EDS suggests are
TiO2, while the smaller grains (<1 μm) were probably α-Al2O3 as indicated by EDS. After
oxidation at 1200 and 1300 ºC (Figure 46c and d), large TiO2 (rutile) grains (5-15 μm)
containing planar defects were dispersed throughout the small (<2 μm) angular α-Al2O3
grains. The planar defects present in the TiO2 grains will be discussed in Section 4.4. After
oxidation at 1400 ºC (Figure 46e), small nodular grains (~1.2 μm) have developed along the
edge of large (5-20 μm) TiO2 grains. EDS analysis revealed that the Ti/Al atomic ratio is
close to 1:2. Supported by the results of XRD phase analysis of samples oxidized at 1400 ºC
(Table 6), the small nodular grains are most likely to be Al2TiO5. The planar defects in TiO2
grains, which were present at 1200 and 1300 ºC are no longer present after oxidation at 1400
ºC. In addition, cracks developed in TiO2 grains at 1300 and 1400 ºC (Figure 46d and e).
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Figure 46. Typical SEI surface morphology of Ti2AlC oxidized at (a) 900 ºC, (b) 1000 ºC, (c)
1200 ºC, (d) 1300 ºC and (e) 1400 ºC. Arrows in d) and e) indicate cracks.

Figures 47-49 show SEI images of cross-sections of Ti2AlC samples oxidized at 1000,
1200 and 1400 ºC respectively, and the corresponding EDS line-scanning profiles.
After oxidation at 900 ºC, a thin (less than 1 μm) oxide layer formed (not shown). FIBTEM investigations of the cross-section of the oxide scale after 1h oxidation at 900 ºC are
described in Section 4.5.
After oxidation at 1000 ºC (Figure 47a), over most of the Ti2AlC surface, a thin (about 1
μm) oxide layer was formed. In addition, thick asperities (1-4 μm thick) are distributed over
the oxide scale at intervals of several microns. To investigate the microstructure of the thin
oxide layer and the thick asperities, EDS line-scans were made along the black and grey
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arrows, which cross the thin oxide layer and a thick bump, respectively. EDS line-scanning
profiles along the black arrow are shown in Figure 47b. The peaks of Al and O
concentrations are clearly observed in the oxide scale, indicating formation of α-Al2O3
throughout the oxide scale. Ti concentration decreases from the unoxidised Ti2AlC side to the
oxide scale surface, and a small Ti peak is present near the oxide scale surface, indicating
more TiO2 formed there. The microstructure of the thin layer in Figure 47a is a mixture of
TiO2 and α-Al2O3, with more TiO2 formation near the oxide scale surface. EDS line-scanning
profiles along the grey arrow (Figure 47c) which cross the thick asperities, reveal different
features. A peak of Al concentration and a peak of Ti concentration are present at the inner
and outer parts of the oxide scale, respectively, which suggests that an outer layer of TiO2 and
an inner layer of α-Al2O3 are formed on the thick asperities. As will be shown later, such a
microstructure is similar to that of the oxide scale on Ti2AlC at 1200 ºC, implying that the
oxidation of Ti2AlC in thick asperities is enhanced relative to that in the thin layers. This
behaviour may be explained by the presence of polishing defects (cracks and scratches) at the
positions of the asperities on the original Ti2AlC surface, which decreased the activation
energy for oxidation. In addition, it is interesting to note that the asperities also penetrate into
the original Ti2AlC surface. This will be discussed further in Section 7.3.1.
After oxidation at 1200 ºC (Figure 48a), a uniform and continuous thick (2-4 μm) oxide
scale was formed. EDS line-scanning profiles along the black vertical line are shown in
Figure 48b. A peak of Al concentration and a peak of Ti concentration are present in the inner
and outer parts of the oxide scale, respectively, suggesting that the outer layer is TiO2 and the
inner layer is α-Al2O3. Clearly, in samples oxidized from 1100 to 1300 ºC, a two-layer
microstructure forms.
In samples oxidized at 1400 ºC, the oxide scale grows to 5-10 μm thick and becomes
cracked (Figure 49a). EDS analysis (Figure 49b) revealed that Al and O are present
throughout, indicating that α-Al2O3 is the major phase in the oxide scale. A small Ti peak is
present on the outer part of the oxide scale. SEM revealed that the surface of the sample
oxidized at 1400 ºC is covered by TiO2 and Al2TiO5 (Figure 46e). Thus, it can be concluded
that the oxide scale microstructure after 1400 ºC is cracked α-Al2O3 in the inner part, while
the outer layer comprises TiO2 and Al2TiO5.
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Figure 47. (a) Cross-section SEI of a Ti2AlC sample oxidized in air at 1000 ºC. (b) EDS linescanning profiles along the black arrow in a). (c) EDS line-scanning profiles along the grey
arrow in a).
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Figure 48. (a) Cross-section SEI of a Ti2AlC sample oxidized in air at 1200 ºC. (b) EDS linescanning profiles along the black arrow in a).
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Figure 49. (a) Cross-section SEI of a Ti2AlC sample oxidized in air at 1400 ºC indicating
cracks (arrowed) in α-Al2O3 layer. (b) EDS line-scanning profiles along the vertical black
arrow in a).

4.4 Planar defects: FIB-TEM investigation

After oxidation at 1200 and 1300 ºC, surface TiO2 (rutile) grains contain planar defects
(Figure 46c and d). FIB sectioning was performed on samples oxidized 1h at 1200 ºC to
further understand the nature of these planar defects. Two types of planar defect were
observed, twins and stacking faults.
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Figure 50a shows a BF image of TiO2 twins. The SAED pattern shown in Figure 50b was
recorded along the [0 1 1] zone axis and consists of overlapped patterns corresponding to
each crystal located on either side of the mirror plane. The twins have tetragonal rutile
structure, showing the (2 0 0) mirror planes (= twin planes). (1 0 0), (-1 0 0), (3 0 0), (-3 0
0)…, which are forbidden reflections along the rutile [011] zone axis, are present due to
double diffraction.
Figure 51a, b, c and d shows BF image, DF image, SAED pattern and HRTEM image of
stacking faults in TiO2 grains. Alternating bright and dark fringes are observed and the fringe
visibility decreases towards the centre of the fault. The symmetrical nature of the BF image
and the asymmetrical nature of the DF image, due to anomalous absorption effects, are
clearly visible (Hirsch et al., 1965) confirming these are stacking faults. In addition, these
stacking faults are bounded by partial dislocations (arrowed in Figure 51b) lying inside the
grain.
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Figure 50. (a) BF image of the TiO2microtwins for sample oxidized at 1200 ºC. (b)
Corresponding SAED pattern along the [0 1 1] rutile direction. (c) Indexed schematic
showing the twin and matrix patterns.
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Figure 51. BF (a) and DF (b) images of the stacking faults in TiO2 grains, recorded with g=1
0 -1 along the rutile [1 1 1] zone axis. Arrows in b) indicate partial dislocations. (c)
Corresponding SAED pattern along the rutile [1 1 1] zone axis. (d) HRTEM image of
stacking faults recorded along the [0 1 1] zone axis.
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4.5 Early stages of oxidation: FIB-TEM investigation

To fully understand the early stages of Ti2AlC oxidation, cross-sectional TEM, EDS and
electron diffraction was performed on Ti2AlC oxidized 1h at 900 ºC.
Figure 52a shows typical plan view surface morphology of the oxide scale formed after 1h
oxidation at 900 ºC. EDS indicates the small (<1 μm) grains were composed of TiO2 and
Al2O3. The rectangular frame in Figure 52a shows the region where a Pt protection layer was
coated and then the cross-sectional lamina was lifted-out for TEM observations (see Section
3.2.4). Figure 48b is a low-magnification BF-TEM image of the cross-section of Ti2AlC
oxidized 1h at 900 ºC. The arrowed region in Figure 52b is a bent over thin layer caused by
Ga+ milling during FIB. As revealed by EDS and SAED, the cross-section consisted of three
parts (from the left to right): Ti2AlC substrate (A), intermediate layer (B) and oxide scale (C).
An enlarged view of the A/B interface is shown in Figure 53a. A SAED pattern from A
(Figure 53b) indexed as single-crystal Ti2AlC [0001]. A ring pattern from B (Figure 53c) also
indexed as polycrystalline Ti2AlC structure (space group P63/mmc, ICDD 29-0095). EDS
from A (e.g. Figure 53d) suggests the Ti/Al ratio is close to 2. EDS from B (e.g. Figure 53e),
however, indicates the Ti/Al ratio is close to 4. Combining SAED and EDS results, the
intermediate layer B is likely to be nonstoichiometric Ti2AlxC (x<1). HRTEM (Figure 53f)
revealed nanocrystallines (<20 nm) distributed in the intermediate layer B. A typical fringe
periodicity is 1.30 nm (arrowed in Figure 53f), coinciding with the theoretical lattice spacing
of Ti2AlC (0 0 0 1) planes (d=1.36 nm, ICDD 29-0095).
A first-principles theoretical investigation of the phase stability of Ti2AlC containing Al
vacancies predicted that Ti2AlC may contain Al-vacancies down to a sub-stoichiometry of
Ti2Al0.5C (Liao et al., 2008). When x<0.5, Ti2AlxC tends to decompose to twinned Ti2C and
Al (Liao et al., 2008, Wang et al., 2008). In the layered structure of Ti2AlC (see Figure 2 in
Chapter 2.1), Al monolayers intercalate between twinned Ti2C layers with the Al layer as the
mirror plane. The thermodynamically-stable Ti-C-Ti slabs with strong covalent bonds are
separated by softer Ti-Al-Ti slabs with weaker bonds (Zhou and Sun, 2000). Due to the
weaker Ti-Al bonds, Al atoms can diffuse out leaving Al vacancies. However, this research is
the first experimental observation of Ti2AlxC. Zhang et al. (2007) investigated the phase
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stability of a similar MAX phase, Ti3AlC2, in a Cu matrix, and they revealed Ti3AlC2 retains
its structure under partial loss of Al (although they did not quantify how much). The
depletion of Al results in highly defective Ti3AlC2 which finally decomposes and transforms
into cubic TiCx. Rao et al. (2011) investigated the initial oxide scales of Ti2AlC after 3 min
oxidation at 1200 ºC. They observed a Ti-rich intermediate layer that consists mostly of TiC
transforming from Ti2AlC matrix due to depletion of Al atoms.
An enlarged view of the B/C interface is shown in Figure 54a. The intermediate layer B
was polycrystalline Ti2AlxC as discussed above. The oxide scale C consisted of an outer layer
C1 (200-300 nm) and inner layer C2 (~400 nm). EDS from layer C1 (e.g. Figure 54b) and
layer C2 (e.g. Figure 54c) indicates that C1 was a TiO2-rich layer (Ti: Al≈2:1) while C2 was
an Al2O3-rich layer (Al: Ti≈2:1). Because the EDS probe size in this TEM is several
nanometres, it appears that both C1 and C2 were a mixture of TiO2 and Al2O3. However, a
SAED pattern from the oxide layers C1 and C2 (e.g. Figure 54d) suggests that the oxide scale
was almost amorphous. There may be two possible reasons for this observation:
(1) 900 ºC is too low temperature for complete crystallization of rutile TiO2 and α-Al2O3.
During Ti2AlCoxidation, a large amount of rutile TiO2 and α-Al2O3 form above 1000 ºC
(Table 6 and Figure 44).
(2) Ga+ ion beam damage in FIB and e- beam damage in TEM may amorphise very fine
crystals especially in a glassy matrix (Williams and Carter, 2009).
However, it is also very difficult to distinguish broad ring patterns from amorphous
material from those from small nanocrystals.
These microstructural observations of Ti2AlC oxidized 1h at 900 ºC, together with those in
Sections 4.2, 4.3 and 4.4, will be discussed in Section 7.3.1.
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Figure 52. (a) Plan view surface morphology (SEI taken from FIB) of Ti2AlC oxidized 1h at
900 ºC. Rectangular frame indicates the region where a Pt protection layer was coated and
then the cross-sectional lamina was lifted-out. (b) Low-magnification BF-TEM image
showing the cross-section of Ti2AlC oxidized 1h at 900 ºC. A: Ti2AlC substrate; B:
intermediate layer; C: oxide scale. The arrowed region is a bent over thin layer caused by Ga+
milling during FIB.
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Figure 53. (a) An enlarged view of the A/B interface in 48b). A: Ti2AlC substrate; B:
intermediate layer. (b) SAED pattern from A indexed as single-crystal Ti2AlC [0001]. (c)
SAED pattern from B indexed as polycrystalline Ti2AlxC. (d) EDS from the circular region in
A. (e) EDS from the circular region in B. (f) HRTEM image of B.
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Figure 54. (a) An enlarged view of the B/C interface in 48b). B: intermediate layer; C: oxide
scale; C1: Ti-rich oxide layer; C2: Al-rich oxide layer. (b) EDS from the circular region in
C1. (c) EDS from the circular region in C2. (d) SAED pattern from C1 and C2.

4.6 Cyclic vs. isothermal oxidation

Both cyclic and isothermal oxidation experiments on the Ti2AlC samples were carried out
at 1400 ºC for 10h. Figures 55a and b show the mass and temperature change as a function of
time during cyclic and isothermal oxidation of Ti2AlC samples, respectively. The sample
after cyclic oxidation has greater mass gain (about 14.7%) than that after isothermal oxidation
(about 10.3%). In addition, the isothermal oxidation kinetics at 1400 ºC, the parabolic
oxidation rate constant (see Section 2.4.2.2), can be estimated to be (1.75±0.02)×10-7 kg2m-4s1

.
Figures 56a and b show the typical surface morphologies of Ti2AlC samples after cyclic

oxidation and isothermal oxidation at 1400 ºC, respectively. Clearly, the sample after cyclic
oxidation (Figure 56a) not only has higher crack density (0.0160±0.0012 µm-2), but the small
cracks also grew into long cracks. The sample after isothermal oxidation (Figure 56b) has
fewer cracks and less crack growth (crack density= 0.0106±0.0008 µm-2). In addition, the
sample after cyclic oxidation has more mass gain (about 14.7%) compared with that after
isothermal oxidation (about 10.3%).
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The results of these cyclic and isothermal oxidation experiments are discussed further in
Section 7.2.2.
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Figure 55. Mass (TG) and temperature change as a function of time during (a) cyclic and (b)
isothermal oxidation of Ti2AlC samples.
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Figure 56. Typical SEI surface morphology of Ti2AlC samples after (a) cyclic oxidation and
(b) isothermal oxidation at 1400 ºC. Arrows in a) and b) indicate cracks.
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4.7 Summary

(1) Microstructural development during high-temperature oxidation of Ti2AlC has been
investigated. Below 1300 ºC, a discontinuous outer TiO2 layer and a dense and
continuous inner α-Al2O3 layer were gradually formed. After oxidation at 1400 ºC, a
mixed outer layer of TiO2 and Al2TiO5 and a cracked α-Al2O3 inner layer were formed.
(2) After 1h oxidation at 1200 ºC, two types of planar defect were identified in surface
TiO2 grains: twins with (2 0 0) twin plane and stacking faults bounded by partial
dislocations.
(3) After 1h oxidation at 1400 ºC, cracks developed in TiO2 grains propagating into the αAl2O3 layer.
(4) After 1h oxidation at 900 ºC, the oxide scale consisted of a TiO2-rich outer layer and an
Al2O3-rich inner layer. Between the oxide scale and Ti2AlC substrate, an intermediate
Ti2AlxC layer formed due to out-diffusion of Al.
(5) Ti2AlC after cyclic oxidation at 1400ºC for 10h has higher crack density and more mass
gain than that after isothermal oxidation at 1400ºC for 10h.
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5. High-temperature oxidation of Ti2AlN ceramics
This chapter examines the relation between processing and fired microstructures in Ti2AlN
ceramics made by SPS, and the microstructural evolution of Ti2AlN ceramics during
oxidation in air from 900-1400 °C. A possible mechanism for Ti2AlN nanowhisker formation
is proposed in Section 7.1. During oxidation, planar defects such as stacking faults, and
cracks formed in the oxide scale, and their formation is discussed in Section 7.2. The
mechanism of oxidation of Ti2AlN is discussed in Section 7.3.2 and compared with that of
Ti2AlC in Section 7.3.3.

5.1 Nanowhisker-containing microstructures

Figure 57 shows XRD from Ti2AlN ceramics sintered at 1200 and 1300 ºC by SPS.
Samples were obtained from a mixture of Ti +1.1Al +TiN (in molar ratio) raw materials
sintered at 1200 and 1300 ºC for 10 min, respectively, under a pressure of 30 MPa.
Quantitative analysis (Table 7) reveals that the crystalline phases present in the samples
sintered at 1200 ºC are Ti2AlN, TiAl and TiN. As the temperature was increased to 1300 ºC,
Ti2AlN became the dominant crystalline phase (96.6 wt%) with 2.7 wt% TiN and 0.7 wt%
TiAl3. This XRD analysis suggests the following reactions are possible during SPS (Lin et
al., 2007, Barsoum et al., 2000b):
Al ( s ) → Al (l )

(5-1)

Ti ( s ) + Al (l ) → TiAl ( s )

(5-2)

Ti ( s ) + 3 Al (l ) → TiAl 3 ( s )

(5-3)

TiAl ( s) + TiN ( s) → Ti2 AlN ( s)

(5-4)

Al melts at approximately 660 ºC (reaction 5-1) while reaction between Ti and Al forms TiAl intermetallics such as TiAl and TiAl3 (Lin et al., 2007) at approximately 700-900 ºC. TiAl intermetallics have also been detected during synthesis of layered ternary ceramics such as
Ti2AlC (Barsoum et al., 2000b, Mei et al., 2004) and Ti3AlC2 (Wang and Zhou, 2002,
Yoshida et al., 2010). It is also possible that Ti2AlN forms by reactions between TiN and TiAl intermetallics (Lin et al., 2007, Barsoum et al., 2000b).
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The density of bulk Ti2AlN samples sintered at 1300 ºC was 4.26 g cm-3, which is 99.0 %
of the theoretical value of 4.30 g cm-3. The crystal structure of Ti2AlN is hexagonal (space
group: P63/mmc). Based on this structure, the lattice parameters of Ti2AlN were refined to a
= 0.2980 nm and c = 1.3573 nm, respectively, in reasonable agreement with the theoretical
values (a = 0.2994 nm and c = 1.3610 nm), given in JCPDS 65-3496 for Ti2AlN.
OM (Figure 58a) and SEM (Figure 58b) of etched Ti2AlN samples sintered at 1300 ºC
revealed typical elongated grains (typically 22×6×6 μm) with an average aspect ratio of 3.7.
EDS analysis suggested that the atomic ratio of Ti to Al is about 2:1 in all grains, indicating
they are Ti2AlN.
For comparison, microstructures of samples sintered at 1200 ºC were also investigated.
Unetched samples contained pores (Figure 59a). After etching, Ti2AlN nanowhiskers
(approximately 10 vol. %) are revealed in the pores (Figure 59b), while EDS suggested the
phases in pores beneath nanowhiskers are most likely TiAl. High magnification imaging
(Figure 59c) of these Ti2AlN nanowhiskers revealed that they are 150-200 nm dia. and 1-5
μm long. In addition, TiN grains appear in the Ti2AlN matrix with different contrast (Figure
59d). EDS analysis confirms that these grains contain no Al, with the atomic ratio of Ti to N
being close to 1:1.
BF-TEM images from Ti-Al-N samples sintered at 1200 ºC reveal straight (Figure 60a)
and bent Ti2AlN nanowhisker (Figure 60b) morphologies in a TiAl matrix. EDS revealed the
atomic ratio of Ti to Al is close to 1:1 for the TiAl matrix, while it is close to 2:1 in the
nanowhiskers. SAED patterns from a matrix region A (Figure 60c) in Figure 60a index as
TiAl [-1 0 1]. Overlapping SAED patterns were recorded from region B (Figure 60d)
containing the nanowhisker. An indexed SAED pattern for region B is shown in Figure 60e.
The orientation relationship between Ti2AlN nanowhiskers and TiAl matrix is:
(0 0 0 1)H // (1 1 1)γ, [1 1 -2 0]H // [-1 0 1]γ, H=Ti2AlN, γ=TiAl
This relationship is consistent with previous work on nitride precipitates in L10-ordered TiAl
(Tian and Nemoto, 2005). In addition, SAED revealed the Ti2AlN nanowhiskers are singlecrystal.
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Table 7. Phase composition after SPS at 1200 and 1300 ºC.
Sintering

Crystal structure and weight fraction of each phase (wt

(g/cm3)

temperature %)
(ºC)

1300

Ti2AlN

TiN

TiAl

TiAl3

(Hexagonal, (Cubic,

(Tetragonal, (Tetragonal,

P63/mmc)

P4/mmm)

I4/mmm)

0

0.7 ± 0

96.6 ± 0.4

Density

−

Fm 3 m)
2.7 ± 0.4

(% theoretical)

4.26 ± 0.02
(99.0)

1200

71.7 ± 0.3

16.6 ± 0.2

11.7 ± 0.2

0

3.86 ± 0.02
(89.8)

Figure 57. XRD of Ti-Al-N prepared by SPS at 1200 and 1300 ºC. Miller indices (hkl) are
shown.
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Figure 58. (a) Optical micrograph and (b) SEI of etched Ti2AlN sintered at 1300 ºC by SPS.
Elongated grains are predominantly Ti2AlN.
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Figure 59. SEI of a) unetched and b) etched Ti-Al-N sintered at 1200 ºC by SPS. (c) High
magnification image of the Ti2AlN nanowhiskers. (d) BEI of the same sample, showing TiN
grains in Ti2AlN matrix.
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Figure 60. BF-TEM images of a) straight and b) bent Ti2AlN nanowhiskers in a TiAl matrix.
The TEM sections were from Ti-Al-N sintered at 1200 ºC. (c) SAED pattern from a matrix
region A in a), indexed as TiAl [-1 0 1]. (d) Overlapping SAED patterns from region B in a)
containing the nanowhisker. (e) Indexed schematic for (d). d*(1 1 1)γ/d*(0 0 0 1)H = 4.30 nm1

/0.737 nm-1≈ 6. d*(1 1 1)γ is the reciprocal lattice distance of (1 1 1) plane of TiAl. d*(0 0 0

1)H is the reciprocal lattice distance of (0 0 0 1) plane of Ti2AlN.

5.2 Phase evolution during Ti2AlN oxidation

Figure 61 shows XRD of Ti2AlN (sintered for 10 min at 1300 ºC) after oxidation at 9001400 ºC in air for 1 h. The phase composition of the oxide scale detected via XRD is
summarized in Table 8. The phase evolution of oxidation products: anatase (TiO2), rutile
(TiO2), α-Al2O3, and Al2TiO5 can clearly be seen.
The intensity of diffraction peaks associated with Ti2AlN decreases with increasing
oxidation temperature and these peaks could not be identified in the oxide scale after heating
for 1h above 1100 ºC, suggesting that Ti2AlN is oxidized during the 1h hold at temperatures
from 900 to 1400 ºC. With increasing oxidation temperature, α-Al2O3 and the two
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polymorphs of TiO2, anatase and rutile, form in the oxide scale formed at or above 900 ºC.
After oxidation for 1h from 1000 to 1400 ºC, the weight percentages of α-Al2O3 and rutile are
higher than the other phases (Table 8), suggesting that they are the main phases of the oxide
scale. Anatase peak heights decrease in samples held for 1h from 900 to 1100 ºC and could
not be identified after oxidation above 1100 ºC. Compared with anatase, rutile is a more
stable polymorph of TiO2 at high temperature (Hanaor and Sorrell, 2011). Therefore, anatase
gradually transformed to rutile with increasing temperature, and at 1200 ºC, all anatase has
been transformed to rutile in the oxide scale. Al2TiO5 arises in the oxide scale after oxidation
for 1h at 1200 ºC. Al2TiO5 formed by reaction between TiO2 and Al2O3 (Naderia et al.,
2009):
TiO 2 + Al 2 O3 ⎯
⎯→ Al 2TiO5

∆V=10.8%, ∆m= 0

(5-5)

where ∆V is volume change and ∆m mass change on reaction. Concomitant with the presence
of Al2TiO5, is a decline in the weight % of rutile after 1h oxidation at 1200 ºC (from 87.8% to
67.4%) compared with that after 1h at 1100 ºC, implying formation of Al2TiO5 consumes
some rutile (TiO2).
TG and the corresponding DTG curves for Ti2AlN are shown in Figure 62. TG reveals
significant mass increase starting from near 1000 ºC, suggesting that large amounts of
oxidation products were formed at temperatures >1000 ºC. Below this temperature, the
sample mass increased slowly. When the mass of the specimen suddenly increased, DTG
peaks can be observed because DTG is the differential curve of TG. DTG peaks occurred at
1040, 1209 and 1379 ºC. XRD (Figure 63) revealed that after 0h oxidation at 1000 ºC, the
TiO2 (rutile) content in the oxide scale was much greater than after 0h oxidation at 900 ºC,
indicating the 1040 ºC DTG peak is likely associated with formation of TiO2 (rutile). XRD
(Figure 63) revealed that Al2TiO5 arises in the oxide scale after 0h oxidation at 1200 ºC,
suggesting that the 1209 ºC DTG peak corresponds to Al2TiO5 formation. The 1379 ºC DTG
peak is likely associated with further extensive oxidation of Ti2AlN, a hypothesis supported
by the observation of crack formation in surface TiO2 grains after oxidation at 1400 ºC
(Figure 64f) providing channels for rapid ingress of oxygen to the body, leading to heavy
oxidation (discussed further in Section 7.3.2).
The above analysis suggests oxidation of Ti2AlN occurs via the reactions:
Ti2 AlN + O2 ⎯
⎯→ TiO2 ( rutile ) + TiO2 ( anatase ) + α − Al 2 O3 + NO x
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∆V=59.5%, ∆m= 54.1%

(T<1200 ºC)

(5-6)

(T>1200 ºC)

(5-7)

Ti2 AlN + O2 ⎯
⎯→ TiO2 (rutile ) + α − Al 2 O3 + Al 2TiO5 + NO x

∆V=59.5~76.7%, ∆m= 54.1%

In Equations 5-6 and 5-7, NOx (x=1-2) refers to the gaseous oxidation products of Ti2AlN. In
Equation 5-7, ∆V increased with increased Al2TiO5 formation. It appears that the theoretical
mass gain calculated at e.g. T<1200 °C (Equation 5-6) is +54.1% while the observed mass
gain from TG is much smaller (e.g. ~+1.5% for T<1200 °C). The smaller mass gain in TG is
because only the surface of the Ti2AlN samples was oxidized while the bulk was unchanged;
a clear kinetic effect.

Table 8. Phase composition of oxide scale after oxidation of Ti2AlN from 900 to 1400 ºC.
Oxidation

Crystal structure and weight% of each phase

temperature Ti2AlN
(ºC)

Anatase

Rutile

α-Al2O3

Al2TiO5

(Hexagonal, (Tetragonal, (Tetragonal, (Rhombohedral, (Orthorhombic,
P63/mmc)

I41/amd)

P42/mnm)

900

47.5 ± 1.0

4.4± 0.2

23.0 ± 0.4

25.1 ± 0.4

0

1000

1.4± 0.2

1.7± 0.2

79.0 ± 1.2

17.9 ± 0.2

0

1100

0.7± 0.1

1.2± 0.1

87.8± 1.6

10.3± 0.2

0

1200

0

0

67.4 ± 1.0

22.6± 0.6

10.0± 0.4

1300

0

0

74.0 ± 1.2

16.4 ± 0.2

9.6± 0.2

1400

0

0

65.0 ± 1.0

27.6 ± 0.4

7.4± 0.2
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Cmcm)

Figure 61. XRD after 1h oxidation of Ti2AlN from 900 to 1400 ºC in air. Oxidation products:
anatase, rutile, α-Al2O3 and Al2TiO5 are shown.

Figure 62. TG-DTG curves recorded during heating of Ti2AlN to 1400 ºC at a rate of 20 ºC
min-1 in flowing air.
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Figure 63. XRD after 0 h (i.e. no holding time) oxidation of Ti2AlN at 900, 1000 and 1200ºC
in air.

5.3 Microstructural evolution during Ti2AlN oxidation

To further understand the microstructural evolution of the oxide scale on Ti2AlN, both plan
views and cross-sections of samples after 1h oxidation at 900-1400 ºC were investigated
using SEM.
Typical plan view surface morphologies of the oxide scales formed after 1h at different
temperatures are shown in Figure 64. The surface morphologies formed on Ti2AlN changed
along with the composition at different temperatures. After 1h oxidation at 900 ºC (Figure
64a), small nano-scale (<0.2 μm) grains were formed on the Ti2AlN surface. The size of these
grains is beyond the resolution limit of EDS in the SEM (typically 1 μm3 in volume (Lee and
Rainforth, 1994)) and so EDS analysis of their composition was inconclusive although later
TEM analysis (Figure 66b) confirms they are a mixture of TiO2 and α-Al2O3. After 1h
oxidation at 1000 and 1100 ºC (Figure 64b and 64c), EDS indicated the grains (2-10 μm after
1000 ºC; 3-15μm after 1100 ºC) were TiO2, which suggests that after 1h at these temperatures
the surface of the oxide scale on Ti2AlN is covered predominantly with TiO2 while Al2O3 is
beneath the TiO2 (see Figure 65b). In addition, after 1h oxidation at 1100 ºC, planar defects
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occur in the TiO2 grains. TEM characterization of the planar defects is shown in Section 5.4.
After 1h oxidation at 1200 ºC (Figure 64d), fine (<1μm) grains have developed along the
edges of large (5-15 μm) TiO2 grains. After oxidation at 1300 ºC (Figure 64e), small (<2 μm)
globular grains have developed along the edges of the large (5-20 μm) TiO2 grains. EDS
analysis revealed that the Ti/Al atomic ratio of these small grains is close to 1:2. Combined
with the results of phase analysis of the sample oxidized for 1h at 1200 and 1300 ºC (Figure
61), these small grains are most likely Al2TiO5. In addition, at these temperatures, the planar
defects can still be seen in the TiO2 grains although fewer in number. After 1h oxidation at
1400 ºC (Figure 62f), small (2-5 μm) globular Al2TiO5 grains were formed along the edges of
large (10-50 μm) TiO2 grains. The planar defects in TiO2 grains, which were present after
oxidation from 1100 to 1300 ºC, are no longer present after oxidation at 1400 ºC. In addition,
cracks developed in TiO2 grains (Figure 64f).
Typical cross-sections of the scales formed on Ti2AlN surfaces after 1h oxidation from 900
to 1400 ºC are presented in Figure 65. After 1h oxidation at 900 ºC (Figure 65a), the oxide
scale microstructure consisted of an outer dense layer (1-2 μm thick) and an inner porous
layer (1-2 μm thick). FIB sectioning was performed on samples oxidized 1h at 900 ºC to
characterize the oxide scale microstructure. BF images of the inner porous layer and the outer
dense layer are shown in Figure 66. In the porous layer (Figure 66a) loose angular TiO2
grains (~100 nm in size) were predominant and EDS indicated that no Al is present in this
layer. In the dense layer (Figure 66b) angular TiO2 grains (<100 nm) were distributed in a
dense α-Al2O3 grain (<100 nm) matrix.
After 1h oxidation at 1000 (Figure 65b) and 1100 ºC, the outermost layer was dense TiO2
(6-7 μm thick at 1000 ºC and 8-12 μm thick at 1100 ºC), over dense α-Al2O3 (6-7 μm thick at
1000 ºC and 6-8 μm at 1100 ºC). The outer dense layer after 1h at 900 ºC, which was a
mixture of TiO2 and α-Al2O3, has demixed into TiO2 and α-Al2O3 layers after 1h at 1000 and
1100 ºC. The innermost porous layer (10-12 μm thick at 1000 ºC, 24-28 μm at 1100 ºC) was a
mixture of TiO2 and α-Al2O3 and the Ti/Al atomic ratio is close to 2:1. An enlarged view of
the porous layer in Figure 65b is shown in Figure 65c in which TiO2 appears light and αAl2O3 appears dark. A number of pores (submicron, arrowed in Figure 65c) are distributed
uniformly in α-Al2O3, and their origin needs discussion. The fact that the pores were
distributed uniformly in α-Al2O3 indicates the Al3+ anions likely dissolve in the oxide scale
and diffuse outward to precipitate as α-Al2O3 (at the higher oxygen potential side) in the
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dense α-Al2O3 layer (Figure 65c). The rapid outward diffusion of Al3+, which cannot be
balanced by inward diffusion of O2-, requires a countercurrent vacancy flux resulting from the
Kirkendall effect (Gong and De Cooman, 2010, Kuenzly and Douglass, 1974). The vacancies
accumulate and when the saturation level is exceeded, the vacancies coalescence and
condense as voids. Barsoum et al. (2001a) observed similar pores in Ti2AlN0.5C0.5 samples
oxidized at 1100 ºC for 2 and 16h, and suggested the origin of pores is the continual outward
diffusion of the Al3+ions as a result of demixing of a (Ti1-yAly)O2-y/2 layer. However, no such
(Ti1-yAly)O2-y/2 layer was observed in microstructural observation of the oxidised SPS Ti2AlN
of this study. In this case, the pores are likely developed by void formation due to the
Kirkendall effect. Similar void formation resulting from the Kirkendall effect has been
observed during high temperature oxidation of e.g. β-TiAl (Umakoshi et al., 1989) and Ni3Al
containing yttrium (Kuenzly and Douglass, 1974). Another possibility is that the pores are
caused by the release of gaseous oxidation products (NOx in this case), as observed during
high temperature oxidation of Ti3AlC2 (Wang and Zhou, 2002) and Ti2SnC (Zhou et al.,
2004), and oxidation of TiAlN/VN coatings at 550 ºC-700 ºC (Zhou et al., 2007). Once they
are formed, these pores provide channels for the rapid ingress of oxygen causing rapid
growth of the oxide scale.
After 1h oxidation at 1200 ºC (Figure 65d), the outmost dense layer was a mixture of TiO2,
α-Al2O3 and Al2TiO5 (25-50 μm thick) and the Ti/Al atomic ratio is close to 2:1. A
continuous void layer (12-50 μm thick) formed below the dense layer. As discussed above,
the void layer is likely developed due to the Kirkendall effect and gaseous NOx release. The
inner porous layer was a mixture of TiO2, α-Al2O3 and Al2TiO5 (105-120 μm thick) and the
Ti/Al atomic ratio is close to 1:1.
After 1h oxidation at 1300 ºC (Figure 65e), the outmost dense layer was a mixture of TiO2,
α-Al2O3, and Al2TiO5 (15-35 μm thick) and the Ti/Al atomic ratio is close to 2:1. A
continuous void layer (35-45 μm thick) formed below the dense layer. Below the void layer
was a porous layer which was a mixture of TiO2, α-Al2O3 and Al2TiO5 (~100 μm thick) and
the Ti/Al atomic ratio is close to 1:1. A second continuous void layer (~10 μm thick) formed
below the porous layer. Below the second void layer was a porous layer which was a mixture
of TiO2, α-Al2O3, and Al2TiO5 (50-55 μm thick) and in which the Ti/Al atomic ratio is close
to 1:1. The inner layer adjacent the Ti2AlN substrate was a porous 5-10 μm thick TiO2 layer.
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After 1h oxidation at 1400 ºC (Figure 65f), the outmost dense layer was a mixture of TiO2
and Al2TiO5 (40-55 μm thick). EDS analysis showed that this layer is enriched in Ti. A
continuous (<30 μm thick) void layer formed below the dense layer. Below the void layer
was a porous α-Al2O3 layer (100-140 μm thick). A second void layer (<30 μm thick) formed
below the α-Al2O3 layer. Below the second void layer was a porous TiO2 layer (150-190 μm
thick). A third void layer (10-40 thick) formed below the TiO2 layer. Below the third void
layer is another porous layer (30-60 μm thick), which was a mixture of TiO2, α-Al2O3 and
Al2TiO5. A porous TiO2 layer (120-140 μm thick) formed adjacent the Ti2AlN substrate.
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Figure 64. Typical surface morphology (SEI images) of Ti2AlN oxidized at (a) 900 ºC, (b)
1000 ºC, (c) 1100 ºC, (d) 1200 ºC, (e) 1300 ºC and (f) 1400 ºC.
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Figure 65. Cross-section SEI images of Ti2AlN oxidized at (a) 900 ºC, (b) 1000 ºC, (d) 1200
ºC, (e) 1300 ºC and (f) 1400 ºC. (c) An enlarged view of the porous TiO2-Al2O3 mixed layer
in b), indicating the presence of submicron pores (arrowed).
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Figure 66. BF images of (a) the porous TiO2 layer and (b) the dense Al2O3-TiO2 mixed layer
in Figure 64a (Ti2AlN oxidized at 900 ºC). In a) loose angular TiO2 grains (~100 nm) are
predominant; in b) angular TiO2 grains (<100 nm) are distributed in a dense Al2O3 grain
(<100 nm) matrix.
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5.4 Planar defects

After oxidation at 1100, 1200 and 1300 ºC, surface TiO2 (rutile) grains contain planar
defects (Figure 64c, d and e). FIB sectioning was performed for samples oxidized for 1h at
1100 ºC to further understand the nature and formation mechanism of these planar defects.
These planar defects were identified as stacking faults.
Figure 67a, b and c show BF, DF and SAED of stacking faults in TiO2 grains. Alternating
bright and dark fringes are observed and the fringe visibility decreases towards the centre of
the fault. The symmetrical nature of the BF image and the asymmetrical nature of the DF
image, due to anomalous absorption effects, are clearly visible (Hirsch et al., 1965)
confirming these are stacking faults. In addition, these stacking faults are bounded by partial
dislocations (arrowed in Figure 67a) lying within the grain.
Apart from stacking faults, TEM revealed angular Al2O3 precipitates (<0.5 μm)
occasionally formed at TiO2 grain boundaries (Figure 68). Their presence at TiO2 grain
boundaries indicates that they are most likely formed by outward grain-boundary diffusion of
Al3+ and inward grain-boundary diffusion of O2-.
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5.5 Summary

(1) Ti2AlN ceramics sintered by SPS at 1300 ºC from a starting mixture of Ti/Al/TiN
powders are nearly single-phase with elongated grains.
(2) The microstructure of unetched Ti2AlN ceramics sintered at 1200 ºC contained TiN,
TiAl, and pores. Chemical etching removed TiAl exposing Ti2AlN nanowhiskers
(150-200 nm dia., 1-5 μm long) in the pores. FIB-TEM studies revealed Ti2AlN
nanowhiskers are single-crystal in a TiAl matrix. The orientation relationship between
the Ti2AlN nanowhiskers and TiAl is [1 1 -2 0]H// [-1 0 1]γ, (0001)H//(111)γ, γ= TiAl,
H=Ti2AlN.
(3) Microstructural development during high-temperature oxidation of Ti2AlN has been
investigated. After 1h below 1200 ºC, layered microstructures containing anatase,
rutile and α-Al2O3 were gradually formed. After 1h above 1200 ºC, more complex
layered microstructures containing Al2TiO5, rutile, α-Al2O3 and continuous void
layers were formed. The porous layers and the void layers are likely developed by
void formation due to the Kirkendall effect and gaseous NOx release.
(4) After heating to 1100 ºC for 1h and cooling to room temperature, planar defects in
surface TiO2 grains were identified as stacking faults bounded by partial dislocations.
The planar defects were annealed out by 1400 ºC.
(5) After heating to 1400ºC for 1h and cooling to room temperature, cracks were
developed in TiO2 grains, providing channels for rapid ingress of oxygen to the body,
leading to extensive heavy oxidation above 1400 ºC.
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Figure 67. BF (a) and DF (b) images of the stacking faults in TiO2 grains for samples
oxidized at 1100 ºC, recorded with g=1 -1 0 along the rutile [1 1 3] zone axis. Arrows in a)
indicate partial dislocations. (c) Corresponding SAED patterns along the rutile [1 1 3] zone
axis.
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Figure 68. BF image of an alumina precipitate on TiO2 grain boundaries (indicated by
arrows) for sample oxidized at 1100 ºC.

177

178

6. Microstructure and high-temperature oxidation behaviour of
Ti3AlC2/W composites
Ti3AlC2/W composites possess the potential to combine the excellent properties of Ti3AlC2
and W, such as the good high-temperature oxidation behaviour of Ti3AlC2 and the high
density and high-temperature strength of W. Ti3AlC2/W composites are promising materials
for various high-temperature applications, such as oxidation and corrosion protection (Lee
and Park, 2011, Qian et al., 2011). In this chapter, the microstructures formed by reaction
between Ti3AlC2 and W is characterised, and the high-temperature oxidation behaviour of
Ti3AlC2/W composites is investigated. The effect of W addition on the oxidation mechanism
of Ti3AlC2/W composites is discussed in Section 7.3.4.

6.1 Ti3AlC2/W composite microstructures

Figure 69 shows XRD from Ti3AlC2 ceramics and Ti3AlC2/W composites sintered at 1300
ºC by SPS. Ti3AlC2 was the dominant crystalline phase in all samples. The Ti3AlC2 lattice
parameters (a=0.3072±0.0005 nm, c=1.8643±0.0022 nm) agree reasonably well with the
theoretical values (a = 0.3069 nm and c = 1.8510 nm) given in ICDD 52-0875 for Ti3AlC2. W
and TixW1-x (0<x<1) were detected by XRD in Ti3AlC2/W composites with greater than
10wt% W addition. The Ti-W binary phase diagram (Figure 70) indicates Ti and W can form
a continuous solid solution, TixW1-x, above approximately 1200 ºC (in this case the sintering
temperature is 1300 ºC). In addition, there is a small difference (∆2θ<0.02°) between the peak
positions of TixW1-x (ICDD 49-1140) and those of W (ICDD 4-806). Therefore, W and
TixW1-xpeaks overlap so these two phases could not be distinguished by XRD. Bulk densities
for Ti3AlC2, Ti3AlC2/5wt%W, Ti3AlC2/10wt%W and Ti3AlC2/20wt%W are: 4.270±0.010,
4.292±0.014, 4.448±0.008 and 4.489±0.031 g cm-3, respectively. Bulk densities of Ti3AlC2
ceramics approached the theoretical value (ρ= 4.285 g cm-3, given in ICDD 52-0875). As the
wt% W increases the density of Ti3AlC2/W composites increase due to tungsten’s high
density (ρ= 19.25 g cm-3).
SEI (Figure 71) of etched Ti3AlC2 ceramics made by SPS (50 MPa, 8 min at 1300 ºC)
revealed elongated Ti3AlC2 grains (typically 8×2×2 µm) with an average aspect ratio of 4.
Al2O3 (<5 µm, <4 vol. %) grains with dark contrast are likely contamination from Al2O3
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milling balls or arose from oxidation of Ti3AlC2 by residual oxygen trapped in the ceramics
during SPS.
BEI of Ti3AlC2/10wt% W samples is shown in Figure 72a. W (5-20 µm) appears in the
Ti3AlC2 matrix with bright contrast. TixW1-x appears with grey contrast with some grains
surrounding bright W grains, forming “core-shell” microstructures. Contaminant Al2O3 (<5
µm, <4 vol. %) grains have dark contrast. The atomic concentrations (Figure 72b) were
measured along line A-B (Figure 72a) that crosses the “core-shell” microstructure, recorded
about every 4.5 μm. The atomic concentration of C is not included due to the low accuracy of
UTW EDS for light elements such as C. The dashed lines indicate the Ti3AlC2/TixW1-x and
TixW1-x /W boundaries. The distance ‘0’ is defined as point “A” (Figure 72a). It is observed
that over a distance of 0 to 9 μm (in the Ti3AlC2 matrix), the Ti: Al ratio is 3.3-3.5, and the
atomic concentration of W is below 5 at.%. From 9-22 μm (in the TixW1-x region), the atomic
concentration of Al decreases dramatically to ~2 at.%. The atomic concentration of W
increases from the Ti3AlC2/TixW1-x to TixW1-x /W boundaries, and accordingly the atomic
concentration of Ti decreases. From 22-31 μm (in the W region), W becomes predominant
while atomic concentrations of Ti and Al gradually decrease to 0. BEI of etched
Ti3AlC2/10wt% W samples is shown in Figure 72c. The chemical etch revealed the elongated
nature of Ti3AlC2 grains, and preferentially attacked the TixW1-x leaving behind etch pits.
BF-TEM images of Ti3AlC2/10wt% W samples revealed more details of the “core-shell”
microstructure. BF images of Ti3AlC2 matrix (e.g. Figure 73a) showed elongated Ti3AlC2
grains (1.4-2 μm wide, up to 10 μm long) enclosing small (<1 μm) bright Al2O3 grains which
are a processing impurity. A BF image of the TixW1-x grains is shown in Figure 73b and EDS
indicated the Ti/W ratio ranges from 1.30 to 2.46 for these grains, suggesting
x=0.56~0.71.An SAED pattern (inset Figure 73b) from a TixW1-x grain (central grain in
Figure 69b) can be indexed as TixW1-x [1 1 1], showing a body-centred cubic (bcc) crystal
structure isotypic with bcc W.
Reaction between MAX-phase and metal is likely to be a key factor in controlling the
microstructure and properties of the composites. Possible reactions can be divided into three
groups (B= the metal): (I) de-intercalation of the A element from MAX-phase to react with B
(Zhang et al., 2007, El Raghy et al., 2001); (II) reaction between M and B; (III) separation of
X (carbon or nitrogen) to react with B (Gu et al., 2006). If reaction (I) occurs, the reaction
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products are MX compounds and B (A) solid solution or B-A intermetallics depending on
temperature (Zhang et al., 2007, El Raghy et al., 2001, Gu et al., 2003). If reaction (III)
occurs then X would react with B to form BX compounds (Gu et al., 2006). No type (II)
reactions have been reported. The reaction between Ti3AlC2 and W belongs to group (II):
reaction between M and B. The reaction products are non-stoichiometric Ti3-xAlC2 and
TixW1-x.
Ti3 AlC 2 + (1 − x )W ⎯
⎯→ Ti3− x AlC 2 + Ti xW1− x

(0<x<1)

T>1200 ºC

(6-1)

The Vickers hardnesses for Ti3AlC2, Ti3AlC2/5wt%W and Ti3AlC2/10wt%W are compared
in Figure 74. Similar to other studies of MAX phases (El-Raghy et al., 1997), the Vickers
hardness of Ti3AlC2 and Ti3AlC2/W composites was dependent on the applied load. Their
Vickers hardness values initially decrease with increasing applied load, but then asymptote
(stabilise) at higher loads. The asymptotic values at 10N for Ti3AlC2, Ti3AlC2/5wt%W,
Ti3AlC2/10wt%W and Ti3AlC2/20wt%W are: 3.394±0.087, 3.975±0.107, 4.083±0.169 and
4.340±0.133 GPa, respectively, which reveals that the composite hardnesses increase with W
addition. The hardening effect is likely achieved by formation of the “core-shell”
microstructure consisting of a TixW1-x interfacial layer which forms strong bonds between
Ti3AlC2 and W, and by W. Both TixW1-x solid solution (3.35-5.28 GPa (Jie et al., 2011)) and
W (~3.432 GPa (Kim et al., 2006)) have higher hardness than Ti3AlC2 (2.22-3.46 GPa (Wang
and Zhou, 2010)).
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Table 9. (a) ICDD and crystal date used for phase analysis of Ti3AlC2/W composites.
Phase

Ti3AlC2

W

TixW1-x

Al2O3

Crystal system&

Hexagonal,

Body-centred

Body-centred

Rhombohedral,

space group

P63/mmc

cubic, Im3m

cubic, Im3m

ICDD card

52-0875

04-0806

49-1440

−

R 3c

01-088-0826

number
(b) ICDD and crystal date used for phase analysis of the oxidation products.
Phase

TiO2

Al2O3

Al2TiO5

Crystal system&

Tetragonal,

Rhombohedral, Orthorhombic,

space group

P42/mnm

ICDD card

01-073-1765

−

R 3c

01-088-0826

WO3
Monoclinic,

Cmcm

P21/n

026-0040

43-1035

number

Figure 69. XRD of Ti3AlC2 and Ti3AlC2/W composites prepared by SPS at 1300 ºC. Ti3AlC2
was the dominant crystalline phase in all samples. W and TixW1-x phases were detected in
Ti3AlC2/W composites with ≥10 wt% W addition.
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L+ Ti1-xWx

bcc Ti1-xWx

bcc
W

bcc
Ti

hcp
Ti

Figure 70. The Ti-W binary phase diagram (Bhagat et al., 2009). Continuous solid solution
TixW1-x (bcc crystal structure isotypic with bcc W) forms above approximately 1200 ºC.
TixW1-x starts to form at 750 ºC.
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Figure 71. SEI image of etched Ti3AlC2 ceramic. Elongated grains are predominantly
Ti3AlC2. Dark contrast Al2O3 grains are from sample preparation or from oxidation of
Ti3AlC2 by internal oxygen during SPS.
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Figure 72. (a) BEI of unetched Ti3AlC2/10wt% W composite. W appears in the Ti3AlC2
matrix with bright contrast. TixW1-x has grey contrast with some grains surrounding bright W
grains, forming “core-shell” microstructures. Al2O3 with dark contrast is from sample
preparation. (b) Measured atomic concentrations along a line A-B that crosses the “coreshell” microstructure shown in a). The dashed lines indicate the Ti3AlC2/TixW1-x and TixW1-x
/W boundaries. (c) BEI of etched Ti3AlC2/10wt% W composite. The chemical etch
preferentially attacked TixW1-x.
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Figure 73. BF-TEM images of (a) Ti3AlC2 matrix and (b) TixW1-x grains in Ti3AlC2/10wt%
W composite with (inset) SAED pattern from a TixW1-x grain, indexed as TixW1-x [1 1 1]. In
a), elongated grains are Ti3AlC2 while small (<1 µm) bright grains are Al2O3.
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Figure 74. Vickers hardness versus indentation load for Ti3AlC2 and Ti3AlC2/W composites.
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6.2 Oxidation behaviour

XRD of Ti3AlC2 and Ti3AlC2/10wt%W after oxidation at 1000-1400 ºC in air for 1 h is
shown in Figure 75. Similar phase evolution of oxidation products: rutile (TiO2), α-Al2O3 and
Al2TiO5, was observed for Ti3AlC2, Ti3AlC2/5wt%W (not shown) and Ti3AlC2/10wt%W.
The oxidation products are also similar to those formed during high-temperature oxidation of
Ti2AlC ceramics (Cui et al., 2011), a similar MAX phase. With increasing oxidation
temperature, α-Al2O3 and rutile (TiO2) formed in the oxide scale ≥1000 ºC. Al2TiO5 was
detected in the oxide scale ≥1300 ºC and formed by reaction between TiO2 and α-Al2O3. No
tungsten oxides were detected by XRD in the Ti3AlC2/W composites (Figure 75b), and had
they been present most would have volatilised above 800 ºC (Gulbransen and Andrew, 1960,
Koutsospyros et al., 2006).
TG and the corresponding DTG curves for Ti3AlC2 and Ti3AlC2/10wt%W are shown in
Figure 76. TG revealed significant mass increase starting from near 900 ºC for Ti3AlC2
(Figure 76a) and Ti3AlC2/5wt%W (Figure 76b) and near 1100 ºC for Ti3AlC2/10wt%W
(Figure 76c), suggesting that significant oxidation products were formed above these
temperatures. Below these temperatures, the sample mass increased slowly. DTG peaks
occurred at 986 and 1266 ºC for Ti3AlC2 (Figure 76a), at 986 and 1276 ºC for
Ti3AlC2/5wt%W (Figure 76b), and at 1116 and 1276 ºC for Ti3AlC2/10wt%W (Figure 76c).
XRD revealed that significant α-Al2O3 and rutile (TiO2) formed after 0h oxidation at 1000 ºC
for Ti3AlC2 and Ti3AlC2/5wt%W, indicating their 986 ºC DTG peak is likely associated with
formation of large amounts of α-Al2O3 and rutile (TiO2). For the same reason, the 1116 ºC
DTG peak for Ti3AlC2/10wt%W is also likely associated with formation of significant αAl2O3 and rutile (TiO2). The delay in the DTG peak from 986 (for Ti3AlC2) to 1116 ºC (for
Ti3AlC2/10wt%W) when W addition increased from 0 to 10wt% might be related to the
weight loss associated with W oxidation, because tungsten oxides are highly volatile above
800 ºC (Gulbransen and Andrew, 1960, Koutsospyros et al., 2006). At higher temperature
(~1100 ºC), oxidation of Ti3AlC2 became more severe causing greater weight gain which
exceeds the mass loss caused by the release of volatile tungsten oxides, resulting in a DTG
peak (at 1116 ºC) for Ti3AlC2/10wt%W. XRD revealed that Al2TiO5 arises in the oxide scale
after 0h oxidation at 1300 ºC, suggesting that the DTG peaks at 1266 ºC for Ti3AlC2 and
1276 ºC for Ti3AlC2/5wt%W and Ti3AlC2/10wt%W correspond to Al2TiO5 formation.
189

Typical plan view surface morphologies of the oxide scales formed at 1200-1500 ºC for
Ti3AlC2, Ti3AlC2/5wt%W and Ti3AlC2/10wt%W are shown in Figures 77-80. After 1h
oxidation of Ti3AlC2 at 1200 ºC (Figure 77a), the large aggregated grains (1-3 μm) were
TiO2, while the smaller grains (<1μm) were Al2O3 as indicated by EDS. For
Ti3AlC2/5wt%W, the major difference was that some Al2O3 grains grew into laths (1-2 μm
wide, <10 μm long, indicated by arrows in Figure 77b). For Ti3AlC2/10wt%W (Figure 77c),
large TiO2 grain aggregates (1-4 μm) were distributed among smaller Al2O3 grains (<1μm).
After 1h oxidation at 1300 ºC for Ti3AlC2 (Figure 78a) and Ti3AlC2/5wt%W (Figure 78b),
the large bright grains (1-4 μm for Ti3AlC2; 1-2 μm for Ti3AlC2/5wt%W) were TiO2 while
the smaller grains (<1μm) were Al2O3. In addition, Al2O3 laths (2-4 μm wide, <10 μm long
for Ti3AlC2; 1-2 μm wide, <10 μm long for Ti3AlC2/5wt%W) were formed over large areas
(about 20-30% of total surface) of the surface (Figure 78a and b). For Ti3AlC2/10wt%W
(Figure 78c), large (2-6 μm) TiO2 grain aggregates were distributed among smaller Al2O3
grains (<1μm).
After 1h oxidation at 1400 ºC for Ti3AlC2 (Figure 79a) and Ti3AlC2/5wt%W (Figure 79b),
the surfaces were covered by small Al2O3 grains (<5 μm) and Al2O3 laths (1-2 μm wide, <20
μm long), although the laths are fewer in number compared with after 1h at 1300 ºC. In
contrast, for Ti3AlC2/10wt%W (Figure 79c) coarsened Al2O3 clusters formed over large areas
(about 30-40% of total surface) of the surface, with small Al2O3 grains (<5 μm) between
them.
After 1h oxidation at 1500 ºC Ti3AlC2 (Figure 80a) and Ti3AlC2/5wt%W (Figure 80b)
surfaces were covered by Al2O3 grains (<10μm), without Al2O3 laths. In contrast,
Ti3AlC2/10wt%W (Figure 80c) revealed coarsened clusters over large areas (about 30-40% of
total surface) of the surface and small Al2O3 grains (<5 μm) were present between them.
Formation of the laths and coarsened grains needs further elucidation. BEI of a typical
cross-section of the coarsened region after 1h at 1400 ºC (Figure 79c) is shown in Figure 81a.
The top layer of oxide scale (beneath the Cr coating) in the coarsened region is a thin layer
(~1 μm over most regions with ~ 2 μm thick bump), which EDS suggested is a mixture of
Al2O3and TiO2 (Ti: Al≈1:2). This thin Al2O3and TiO2 mixed layer is discontinuous, only
190

present in the coarsened region. A continuous Al2O3 scale (4-5 μm) is common to all regions
over the Ti3AlC2/10wt%W substrate. BF-TEM images of the Al2O3 scale (e.g. Figure 81b)
showed that angular α-Al2O3 grains (0.4-2 µm) were predominant, while fine (~100 nm)
globular Al2TiO5 precipitates occasionally formed inside Al2O3 grains (arrowed in Figure
81b) as indicated by EDS analysis. Moreover, careful EDS analysis indicated titanium
segregation occurred at the Al2O3 grain boundaries. Figure 81d shows typical EDS spectra
collected from with the Al2O3 grains (“a” and “b” in Figure 81c), from grain boundary (“c” in
Figure 81c) and from the triple junction (“d” in Figure 81c), respectively. The increased
titanium concentration at the grain boundary and triple junction relative to the grain interior
suggested the titanium segregation occurred at the Al2O3 grain boundaries.
The addition of a small amount (<0.4 wt%) of TiO2 is known to enhance densification and
promote grain growth during alumina sintering (Horn and Messing, 1995, Kebbede et al.,
1997, Yoshida et al., 2005). TiO2 forms a solid solution with α-Al2O3 above 1150 ºC, and the
solubility limit of TiO2 in Al2O3 is about 0.27 wt% from 1300 to 1700 ºC (Horn and Messing,
1995). Beyond the solubility limit, excess TiO2 coexists with α-Al2O3 as rutile and Al2TiO5
(Yoshida et al., 2005). The enhanced alumina densification by TiO2 is attributed to formation
of aluminium vacancies which maintain charge neutrality (Yoshida et al., 2002). On the other
hand, it has been found that 0.15-0.4 wt% TiO2-doped alumina undergoes exaggerated, or
secondary grain growth also known as coarsening and large anisomorphic, platelet-shaped
alumina grains can form (Horn and Messing, 1995, Sathiyakumar and Gnanam, 2002). The
exaggerated grain growth is believed to be related to TiO2 segregation at grain boundaries
(Horn and Messing, 1995, Yoshida et al., 2005) perhaps involving the presence of liquid
phase (Sathiyakumar and Gnanam, 2002). In this study, because titanium segregation
occurred at the Al2O3 grain boundaries (Figure 81c and d), anisomorphic, platelet-shaped
coarsened grains may have been thus formed due to enhanced densification and grain growth
of TiO2-doped alumina as observed in Figures 79c and 80c. Formation of Al2O3 laths
(Figures 77b, 78a, 78b, 79a and 79b) is also likely due to enhanced densification and grain
growth of TiO2-doped alumina considering their anisomorphic nature and the extent of TiO2
distribution in the oxide scale.
Oxide scale thicknesses as a function of oxidation temperature for Ti3AlC2,
Ti3AlC2/5wt%W and Ti3AlC2/10wt%W are shown in Table 10. Scale thicknesses increase
with oxidation temperature for the three materials. Oxide scales on Ti3AlC2/5wt%W were
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thinner than those on Ti3AlC2 at all temperatures from 1200-1500 ºC, indicating its superior
oxidation resistance. Thus, 5wt%W addition is seen to improve the oxidation resistance of
Ti3AlC2. 10wt%W addition, further improved oxidation resistance of Ti3AlC2 at temperatures
greater than 1400 ºC, since the oxide scale thickness for Ti3AlC2/10wt%W was the smallest
at 1400 and 1500 ºC (Table 10).
Microstructural observations of oxide scale cross-sections revealed that, at or below 1300
ºC, an outer discontinuous TiO2 layer and an inner dense and continuous α-Al2O3 layer
formed on the surface of Ti3AlC2, Ti3AlC2/5wt%W and Ti3AlC2/10wt%W (not shown).
These observations are consistent with previous work on high-temperature oxidation of
Ti3AlC2 ceramics (single-phase dense polycrystalline) at 1000-1400 °C in air (Wang and
Zhou, 2003a, Barsoum et al., 2001a).
Typical cross-sections of the scales formed on Ti3AlC2, Ti3AlC2/5wt%W and
Ti3AlC2/10wt%W surfaces after 1h oxidation at 1400 ºC are presented in Figure 82. EDS
analysis suggested α-Al2O3 was the dominant phase in the oxide scales while TiO2 was
present near the oxide scale outer surface. The oxide scale formed on Ti3AlC2 (Figure 82a,
8.15±0.82µm) was wrinkled with a number of cavities and cracks. Similar observations have
been made during high-temperature oxidation of Ti2AlC (Cui et al., 2011) and Ti2AlN (see
Section 5.3). Crack formation may result from thermal expansion mismatch (Table 5) of
phases such as rutile (αa= 9.2 ×10-6 K-1, αc= 7.1 ×10-6 K-1), α-Al2O3 (αa= 7.9 ×10-6 K-1, αc =
8.8 ×10-6 K-1) and Al2TiO5 (αa= 10.9 ×10-6 K-1, αb= 20.5 ×10-6 K-1, αc= -2.7 ×10-6 K-1, 0-1273
K) in the oxide scale, the high anisotropy of thermal expansion in Al2TiO5 and volume
changes associated with reactions during Ti3AlC2 oxidation. Cavity formation might be
associated with release of gaseous oxidation products (CO2 for Ti3AlC2 oxidation; CO2 and
volatile tungsten oxides for Ti3AlC2/W oxidation), as observed during Ti2AlN oxidation (see
Section 5.3). Once they are formed, these cavities and cracks provide channels for rapid
oxygen ingress into the body causing further growth of the oxide scale. The scale formed on
Ti3AlC2/5wt%W (Figure 82b, 7.60±0.69µm) was thinner and contained fewer cavities and
cracks, and thus is more protective. For Ti3AlC2/10wt%W (Figure 82c), the scale was
uniform and thinnest (5.32±0.53µm), indicating oxidation resistance of Ti3AlC2/10wt%W is
the highest of these 3 materials at 1400 ºC.
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Table 10. Oxide scale thickness as a function of oxidation temperature for Ti3AlC2 and
Ti3AlC2/W composites.
Oxide scale thickness (µm) after heating 1h in air
1200 ºC

1300 ºC

1400 ºC

1500 ºC

Ti3AlC2

1.69 ± 0.37

2.64 ± 0.32

8.15 ± 0.82

9.44 ± 1.24

Ti3AlC2/5 wt% W

1.33 ± 0.35

2.38 ± 0.15

7.60 ± 0.69

8.89 ± 1.21

Ti3AlC2/10 wt% W 4.08 ± 0.64

4.18 ± 1.20

5.32 ± 0.53

8.00 ± 1.33
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Figure 75. XRD after oxidation of (a) Ti3AlC2 and (b) Ti3AlC2/10wt%W at 1000 to 1400 ºC
in air for 1 h. Oxidation products: anatase, rutile, α-Al2O3 and Al2TiO5 are shown. No
tungsten oxides were detected by XRD for Ti3AlC2/W composites.
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Figure 76. TG-DTG curves recorded during heating of (a) Ti3AlC2, (b) Ti3AlC2/5wt%W and
(c) Ti3AlC2/10wt%W to 1300 ºC at a rate of 10 ºC min-1 in flowing air.
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Figure 77. Typical surface morphology (SEI images) of (a) Ti3AlC2, (b) Ti3AlC2/5wt%W and
(c) Ti3AlC2/10wt%W oxidized 1h at 1200 ºC. In b), arrows indicate Al2O3 laths.
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Figure 78. Typical surface morphology (SEI images) of (a) Ti3AlC2, (b) Ti3AlC2/5wt%W and
(c) Ti3AlC2/10wt%W oxidized 1h at 1300 ºC.
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Figure 79. Typical surface morphology (SEI images) of (a) Ti3AlC2, (b) Ti3AlC2/5wt%W and
(c) Ti3AlC2/10wt%W oxidized 1h at 1400 ºC.
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Figure 80. Typical surface morphology (SEI) of (a) Ti3AlC2, (b) Ti3AlC2/5wt%W and (c)
Ti3AlC2/10wt%W oxidized 1h at 1500 ºC.
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d

Figure 81. (a) Typical cross-section microstructure (BEI taken from Auriga® 40 FIB-SEM) of
the coarsened region of Ti3AlC2/10wt%W oxidized 1h at 1400 ºC shown in Figure 73c.The
cross-section was viewed at a tilt of 54 degree. Cr is from Cr coating on the surface of
sample. (b) BF-TEM image of the Al2O3 scale marked by a rectangle in a). Arrow shows a
globular Al2TiO5 precipitate (~100 nm) inside an Al2O3 grain. (c) A high-magnification BFTEM image of the Al2O3 grains. (d) EDS from “a” “b” “c” and “d” in Figure 81c,
respectively. “a” and “b” indicates two regions in grain A and B, respectively, ~100 nm away
from the grain boundary (GB). “c” indicates a region at GB. “d” indicates the triple junction
(TJ). The electron-beam probe is <10 nm diameter for EDS chemical analysis.
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Figure 82. Cross-section BEI of (a) Ti3AlC2, (b) Ti3AlC2/5wt%W and (c) Ti3AlC2/10wt%W
oxidized 1h at 1400 ºC.
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Figure 83. Cross-section BEI of (a) Ti3AlC2, (b) Ti3AlC2/5wt%W and (c) Ti3AlC2/10wt%W
oxidized 1h at 1200 ºC. In c), cavity formation (arrowed) was revealed in the scale and at the
scale/substrate interface.

205

6.3 Summary

(1) Ti3AlC2 ceramics and Ti3AlC2/W composites have been prepared by SPS at 1300 ºC.
(2) Above 1200 ºC, W reacted with Ti out-diffused from Ti3AlC2 to form TixW1-x solid
solution with crystal structure isotypic with bcc W and non-stoichiometric Ti3-xAlC2. This
reaction resulted in “core-shell” microstructures where TixW1-x “shells” surrounding W
“cores”, in Ti3AlC2 matrices.
(3) Composite hardness increased with W addition. The hardening effect was likely
achieved by the TixW1-x interfacial layer providing strong bonding between Ti3AlC2 and W,
and by the presence of hard W.
(4) Microstructural development during high-temperature oxidation of Ti3AlC2/W
composites has been investigated. α-Al2O3 and rutile (TiO2) formed in the oxide scale at or
above 1000 ºC. Al2TiO5 formed at about 1300 ºC by reaction between TiO2 and α-Al2O3.
Tungsten oxides appear to have volatilised above 800 ºC.
(5) Likely due to anisotropic grain growth of TiO2-doped alumina, some Al2O3 grains grew
into laths on Ti3AlC2/5wt%W surfaces ≥1200 ºC. These formed large, dense, coarsened TiO2doped Al2O3 grains on Ti3AlC2/10wt%W surfaces ≥1400 ºC. Al2O3 laths and coarsened
clusters were more protective than well-dispersed Al2O3 grains.
(6) Oxide scales on Ti3AlC2/5wt%W (e.g. 7.60±0.69 µm at 1400 ºC) were thinner than
those on Ti3AlC2 (e.g. 8.15±0.82 µm at 1400 ºC), indicating that 5wt% W addition improved
the oxidation resistance of Ti3AlC2. Scale on Ti3AlC2/10wt%W (e.g. 5.32±0.53 µm at 1400
ºC) were thinnest at 1400 and 1500 ºC, indicating that 10wt% W further improved the
oxidation resistance.
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7. Discussion

7.1 Ti2AlN nanowhisker formation mechanism

After SPS at 1200 ºC and chemical etching, Ti2AlN nanowhiskers (150-200 nm dia., 1-5
μm long) were exposed in pores coexisting with TiAl, TiN and Ti2AlN grains (Chapter 5.1,
Figure 59b). A 4-step mechanism (Figure 84) for formation of Ti2AlN nanowhiskers is
suggested based on the microstructural observations.
At room temperature, a mixture of Ti+1.1Al+TiN (in molar ratio) particles were used as
starting materials for SPS (Figure 84). During SPS, TiAl intermetallic formed by reaction
between Ti and Al at approximately 700-900 ºC (Equation 5-2) (Lin et al., 2007) (Figure 84).
At 1200 ºC, Ti2AlN formed by reaction between TiN and the TiAl intermetallic (Equation 54) (Lin et al., 2007, Yan et al., 2008). There are two routes for Ti2AlN formation: TiN
diffusing into TiAl forming Ti2AlN nanowhiskers, and Ti2AlN grains forming around TiN
particles (Figure 84). The nucleation and growth of nanowhiskers is caused by diffusion of
TiN into TiAl. After heating 10 min at 1200 ºC, as more Ti2AlN formed, the final
microstructures evolved in which TiAl and TiN are distributed in a Ti2AlN matrix with
Ti2AlN nanowhiskers embedded in isolated regions of TiAl (Figure 84). Etching using
HF+HNO3+H2O (1:1:1) solution removes TiAl exposing Ti2AlN nanowhiskers (Figure 59b).
It appears the chemical etch preferentially attacked the TiAl, over the Ti2AlN (Jovic et al.,
2006).
This first observation of Ti2AlN nanowhiskers has significant implications for MAX-phase
nanostructures. MAX whiskers may have unique properties, for example, they may have
higher tensile strength and be more resistant to chemical attack (including oxidation)
compared with bulk materials because they are single crystal and single phase.
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Figure 84. A proposed mechanism for Ti2AlN nanowhisker formation: step 1, at room
temperature, a mixture of Ti+Al+TiN particles; step 2, 700-900 ºC, TiAl intermetallics
formed by reaction between Ti and Al; step 3, at 1200 ºC, Ti2AlN whiskers formed by
diffusion of TiN into TiAl, and Ti2AlN formed around TiN particles by reaction between
TiAl and TiN; step 4, after 10 min at 1200 ºC, TiAl and TiN distributed in the Ti2AlN matrix
and Ti2AlN whiskers scattered in TiAl, forming the final microstructure. Etching removes
TiAl exposing Ti2AlN nanowhiskers (Figure 59b).
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7.2 Formation mechanisms of planar defects and cracks

After Ti2AlC oxidation at 1200 and 1300 ºC for 1h and air cooling to room temperature
(RT), surface TiO2 (rutile) grains contain planar defects (Figure 46c and d). TEM studies
have revealed these planar defects are twins (Figure 50) and stacking faults (Figure 51).
Similarly, after Ti2AlN oxidation at 1100, 1200 and 1300 ºC for 1h and air cooling to RT,
surface TiO2 (rutile) grains contain planar defects (Figure 64c, d and e) which were identified
as stacking faults by TEM (Figure 67). Planar defects were no longer present in TiO2 grains
after Ti2AlC and Ti2AlN oxidation at 1400 ºC, and they are probably annealed out.
After Ti2AlC oxidation at 1300 and 1400 ºC for 1h and air cooling to RT, cracks developed
in the surface TiO2 grains (Figure 46d and e). Similarly, after Ti2AlN oxidation at 1400 ºC for
1h and cooling to RT, cracks developed in the surface TiO2 grains (Figure 64f).

7.2.1

Stress generation during high-temperature oxidation

The formation of planar defects and cracks may be related to stress generation in the oxide
scale. Stress generation in the oxide scale developed on high temperature materials may
induce scale cracking and spalling, which in turn, leads to loss of protective properties and
accelerates material degradation (Liu et al., 1993). Stresses can be generated during cooling
(i.e. thermal stresses) and during the isothermal oxidation treatment (i.e. growth stresses)
(Barsoum, 2003, Liu et al., 1993).
Before the stress generation is discussed, it is necessary to clarify the phases and their
thermal expansion coefficients (TEC) (Table 5) in the oxide scale after Ti2AlC and Ti2AlN
oxidation, respectively. After Ti2AlC oxidation for 1h below 1300 ºC, a discontinuous outer
rutile TiO2 (αa= 9.2 ×10-6 K-1, αc= 7.1 ×10-6 K-1) layer and a dense and continuous inner αAl2O3 (αa= 7.9 ×10-6 K-1, αc = 8.8 ×10-6 K-1) layer were gradually formed. After Ti2AlC
oxidation for 1h at 1400 ºC, a mixed outer layer of TiO2 and Al2TiO5 (αa= 10.9 ×10-6 K-1, αb=
20.5 ×10-6 K-1, αc= -2.7 ×10-6 K-1, 0-1273 K) and a cracked α-Al2O3 inner layer were formed.
After Ti2AlN oxidation for 1h below 1200 ºC, the oxide scale is a mixture of rutile TiO2,
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anatase TiO2 (αa= 8.4 ×10-6 K-1, αc= 4.5 ×10-6 K-1) and α-Al2O3. After Ti2AlN oxidation for
1h above 1200 ºC, the oxide scale is a mixture of rutile TiO2, α-Al2O3 and Al2TiO5.
We will now discuss thermal and growth stresses in turn. Firstly, the thermal stresses
formed in the oxide scale during cooling may have three origins, as discussed below:
a) From TEC mismatch of the phases in the oxide scale (TiO2, Al2O3 and Al2TiO5).
Because the oxide scale is a mixture containing TiO2, Al2O3 and Al2TiO5, a simplified
model for the multiphase materials developed by Eshelby (Barsoum, 2003) might apply. For
simplicity, consider a two-phase system where one phase can be regarded as an inclusion and
the other as the matrix, with the TEC αi and αm, respectively. At equilibrium, the thermal
stress can be given by (Barsoum, 2003):

σ i ,eq = σ m,eq =

(α − α i )ΔT
ΔαΔT
= m
1 + 1
1 + 1
Ei
Em
Ei
Em

(7-1)

where Ei and Em are Young’s modulus of the inclusion and the matrix, respectively. ΔT is
temperature difference.
In the oxide scale after Ti2AlC oxidation, the small difference of TEC of rutile and α-Al2O3
suggests that below 1300 ºC, the thermal stress is small. At 1400 ºC, the TEC mismatch of
rutile and α-Al2O3 is small while those of TiO2-Al2TiO5 and α-Al2O3-Al2TiO5 are significant,
and so the thermal stresses generated by these TEC mismatches are significant. In the oxide
scale after Ti2AlN oxidation, the small TEC differences between rutile, anatase and α-Al2O3
suggests that below 1200 ºC, the thermal stress is small. Above 1200 ºC, the TEC mismatch
of rutile and α-Al2O3 is small while those of TiO2-Al2TiO5 and α-Al2O3-Al2TiO5 are
significant, and so the thermal stresses caused by these TEC mismatches are significant.
b) From high anisotropy of TEC in Al2TiO5.
Thermal stress can be also induced by anisotropy in the TEC of single-phase solids
(Barsoum, 2003, Ohya et al., 1987). The high anisotropy of TEC in Al2TiO5 (αa= 10.9 ×10-6
K-1, αb= 20.5 ×10-6 K-1, αc= -2.7 ×10-6 K-1, 0-1273 K) is known to trigger spontaneous
microcracking upon cooling when a critical grain size is exceeded (Ohya et al., 1987).
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A grain size effect has been observed in the microcracking of Al2TiO5 (Barsoum, 2003).
The microcracking becomes less severe with decreasing grain size, and below a critical grain
size, it is no longer observed. The critical grain size, dcrit, is (Barsoum, 2003, Ohya et al.,
1987):
d crit = k

Gc , gb

(7-2)

E (ΔαΔT ) 2

where k is a constant, Gc,gbis the grain boundary fracture toughness, E is Young’s modulus,
∆α is the maximum anisotropy of the thermal expansion coefficient, and ∆T is the
temperature difference.

In this research, ∆T= 1400-25=1375 ºC. Given that for Al2TiO5, Gc,gb= 0.5 J m-2, Y= 250
GPa, k=184 μmºC-2, and ∆α=23.2 K-1 (Barsoum, 2003). The critical grain size, dcrit, is
calculated from Equation 7-2 to be 0.4 μm.

After Ti2AlC oxidation at 1400 ºC, the Al2TiO5 grain size observed is about 1.2 μm (Figure
45e). After Ti2AlN oxidation at 1400 ºC, the Al2TiO5 grain size observed is about 2-5 μm
(Figure 58f). The Al2TiO5 grain size is much larger than the critical grain size. Therefore, it is
possible that the crack formation is triggered by microcracking caused by high anisotropy of
TEC in Al2TiO5 upon cooling from 1400 ºC.

c) From the TEC mismatch between the oxide scale and Ti2AlC /Ti2AlN substrate.
Since the oxide scale thickness is much smaller than those of Ti2AlC /Ti2AlN substrates, it
is considered that the oxide scale is under in-plane stress conditions (Byeon et al., 2007). The
theoretical in-plane stress can be estimated from (Byeon et al., 2007, Qian et al., 2011):

σ ox = −

E ox
(1 − ν ox )

(α ox − α s )ΔT
E (1 − ν s ) hox
1 + ox
E s (1 − ν ox ) hs

(7-3)

where subscripts ox and s refer to oxide scale and substrate, respectively and h represents the
thickness.
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The TEC of Ti2AlC is: αa= (7.1±0.3) ×10-6 K-1, αc= (10±0.5) ×10-6 K-1, 297-1573K (Table
5). Rutile and α-Al2O3 have small TEC differences from Ti2AlC while Al2TiO5 has a large
difference. Consequently, the oxide scale average TEC (a mixture of rutile and α-Al2O3)
below 1300 ºC is close to that of the Ti2AlC substrate, while that of the oxide scale (a mixture
of rutile, α-Al2O3 and Al2TiO5) at 1400 ºC is significantly different. As a result, the thermal
stress between the oxide scale and Ti2AlC substrate is small below 1300 ºC, and significant at
1400 ºC.
The TEC of Ti2AlN is: αa= (8.6±0.2) ×10-6 K-1, αc= (7.0±0.5) ×10-6 K-1, 297-1573K (Table
5). Rutile, anatase and α-Al2O3 have small TEC differences from Ti2AlN while Al2TiO5 has a
large difference. Consequently, the oxide scale average TEC (a mixture of rutile, anatase and
α-Al2O3) below 1200 ºC is close to that of the Ti2AlN substrate, while that of the oxide scale
(a mixture of rutile, α-Al2O3 and Al2TiO5) above 1200 ºC is significantly different. As a
result, the thermal stress between the oxide scale and Ti2AlN substrate is small below 1200
ºC, and significant above 1200 ºC.
Secondly, the growth stresses formed in the oxide scale during the isothermal oxidation
treatment may arise from the volume changes associated with oxidation reactions of Ti2AlC
(Equations 4-2 and 4-3) or Ti2AlN (Equations 5-5 and 5-6). The stresses arising from volume
changes can be approximated by (Barsoum, 2003):

σ≈

ΔV
E
3(1 − 2ν ) V0

(7-4)

where ΔV and V0 are volume change and original volume, respectively. The growth stresses
increase with ΔV.
Therefore, after Ti2AlC oxidation the growth stresses increased with temperature because
formation of significant amounts of oxide products generated large volume changes
according to Equation 4-3.The growth stresses are larger at 1400 ºC because formation of
more significant amounts of Al2TiO5 generated additional volume changes according to
Equation 4-1.
After Ti2AlN oxidation the growth stresses generated above 1200 ºC are larger than those
below 1200 ºC, because Equation 5-6 (occurring above 1200 ºC) has a larger volume change
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than Equation 5-5 (occurring below 1200 ºC). The growth stresses are larger at 1400 ºC
because formation of more significant amounts of Al2TiO5 generated larger volume changes
according to Equation 5-6.
Combining thermal and growth stresses reveals on Ti2AlC oxidation the stresses generated
at 1400 ºC are larger than those below 1300 ºC. After heating to 1200 and 1300 ºC for 1h and
air cooling to RT, planar defects (Figure 46c and d) formed in surface TiO2 grains. After
heating to 1300 and 1400 ºC for 1h and air cooling to RT, cracks (Figure 46d and e)
developed in surface TiO2 grains. Therefore, crack formation is directly related to the larger
stresses at 1400 ºC. At 1300 ºC, it appears that the stresses are released by both cracks and
planar defects. Below 1300 ºC, it appears that the relatively smaller stresses are released
mainly by planar defects.
Combining thermal and growth stresses reveals on Ti2AlN oxidation the stresses generated
above 1200 ºC are larger than those below 1200 ºC. The stresses are larger at 1400 ºC
because both thermal and growth stresses are larger. After heating to 1100, 1200 and 1300 ºC
for 1h and air cooling to RT, planar defects (Figure 64c, d and e) formed in surface TiO2
grains. After heating to 1400ºC for 1h and air cooling to RT, cracks (Figure 64f) developed in
surface TiO2 grains. Therefore, crack formation is directly related to the larger stresses at
1400 ºC. Below 1400 ºC, it appears that the relatively smaller stresses are released mainly by
planar defects.

7.2.2

Cyclic vs. isothermal oxidation

To evaluate the above analysis of stress generation and to understand the effects of thermal
expansion mismatch of the phases and the volume changes on crack formation, both cyclic
and isothermal oxidation experiments on the Ti2AlC samples were carried out at 1400 ºC.
The results are shown in Section 4.6.
The sample after cyclic oxidation (Figure 56a) not only has higher crack density
(0.0160±0.0012 µm-2), but the small cracks also grew into long cracks. The sample after
isothermal oxidation (Figure 56b) has fewer cracks and less crack growth (crack density=
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0.0106±0.0008 µm-2). In addition, the sample after cyclic oxidation (Figure 55a) has more
mass gain (about 14.7%) compared with that after isothermal oxidation (Figure 55b, about
10.3%). This can be explained by the greater crack density in the sample during cyclic
oxidation, providing channels for rapid ingress of oxygen to the body. Oxygen passes through
these cracks, and then reacts with Ti2AlC to form more α-Al2O3, TiO2 and Al2TiO5. As a
result, the sample after cyclic oxidation has more severe oxidation and more mass gain. The
results of the cyclic oxidation experiments indicate that thermal expansion mismatch between
the phases present causes cracks to form on cooling. In addition, the volume changes may
also cause cracks. Compared with the sample after isothermal oxidation at 1400 ºC for 1h
(Figure 46e, crack density=0.0082±0.0010 µm-2), the sample after isothermal oxidation at
1400 ºC for 10h (Figure 56b) has greater crack density. The increase of isothermal oxidation
time allows more Ti2AlC to oxidize, generating more oxidation products and thus more
stress, causing more cracks to form.
These experimental results support the analysis of stress generation in Section 7.2.1.
Although only Ti2AlC was examined experimentally, the same behaviour is expected to
occur in Ti2AlN.

The planar defects may also arise as growth defects as is commonly observed in TiO2
(Peng, 2008). In addition to the stress relaxation caused by microcrack formation, creep
relaxation (Lee and Rainforth, 1994, Barsoum, 2003) might also be occurring. In this study, a
number of dislocations were observed by TEM in the oxidized Ti2AlC or Ti2AlN samples,
and thus dislocation creep (Barsoum, 2003) might occur. However, the samples were
oxidized at 1400 ºC for 1 hour, which is probably too short a time for creep to have much
effect.
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7.3 Oxidation mechanisms

7.3.1

Ti2AlC

Ti2AlC oxidation kinetics have been measured by various researchers (Table 4). Parabolic
oxidation kinetics were observed, which implies growth of the oxide scale is diffusioncontrolled (Hindam and Whittle, 1982). In Ti2AlC, oxide scale growth occurs by inward
diffusion of O2- and outward diffusion of Al3+ and Ti4+ (Wang and Zhou, 2003, Rao et al.,
2011). Al3+ and Ti4+ are from Ti2AlC, and diffuse outward through the oxide scale. O2- is
from O2 in air, and diffuses inward through the oxide scale. In this study, thick asperities
which were present in the oxide scale (Figure 47a) provide some indication of the modes of
diffusion during oxide scale growth. One side (the oxide scale/substrate interface) of the
bump penetrates into the Ti2AlC substrate, while the other side of it is above the oxide scale
surface. The penetration of thick asperities into the Ti2AlC substrate is caused by the inward
diffusion of O2-, while the outward growth of asperities is caused by the outward diffusion of
Al3+ and Ti4+.
Based on the above analysis (and also including results from Chapter 4), microstructural
(Figure 85) and atomistic (Figure 86) schemes can be proposed to describe the oxide scale
formation mechanism on Ti2AlC. The characteristic structure of Ti2AlC is layered, in which
the alternate stacking of Ti2C layers and the Al atom plane repeat (Figure 85).
At 900 and 1000 ºC (Figure 85a, 85b & 86a), TiO2 and Al2O3 are formed on the surface of
Ti2AlC by inward diffusion of O2- and outward diffusion of Ti4+ and Al3+ from Ti2AlC.
Because α-Al2O3 is more thermodynamically stable than TiO2 (Rao et al., 2011), α-Al2O3 is
more likely to be formed than TiO2. On the other hand, compared with Ti, Al is weakly
bound (Liao et al., 2009, Zhou and Sun, 2000) in the structure of Ti2AlC. Therefore, it is
easier for Al3+ to migrate from the Al atom plane in the layered structure of Ti2AlC, than for
Ti4+. For these reasons, in the inner part of the oxide scale, increasing numbers of α-Al2O3
grains are nucleated and grow by inward diffusion of O2- and outward diffusion of Al3+ from
Ti2AlC. As the concentration of α-Al2O3 rises, a continuous layer of α-Al2O3 is formed at the
inner part of the oxide scale from 1100-1300 ºC (Figure 85c & 86b). In contrast, TiO2 forms
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an outer discontinuous layer of oxide scale. Once the continuous α-Al2O3 layer is formed,
because the structure of α-Al2O3 is highly stoichiometric and highly stable, either the inward
diffusion of O2- or the outward diffusion of Al3+ and Ti4+ is suppressed. All the oxide scale
becomes slow growing due to the formation of this α-Al2O3 layer. At 1400 ºC (Figure 85d &
86c), in the outer regions of the oxide scale, Al2TiO5 precipitates by reaction between TiO2
and α-Al2O3 (Equation 4-1). The oxide scale outer layer becomes a mixture of TiO2 and
Al2TiO5. The TEC mismatch of TiO2-Al2TiO5 is so large (rutile: αa= 9.2 ×10-6 K-1, αc= 7.1
×10-6 K-1; Al2TiO5: αa= 10.9 ×10-6 K-1, αb= 20.5 ×10-6 K-1, αc= -2.7 ×10-6 K-1) (Table 5) and,
along with the TEC anisotropy in Al2TiO5 grains and the volume changes associated with the
reactions during Ti2AlC oxidation, it causes cracks which propagate into α-Al2O3 grains
(small arrows in Figure 49a). The inner α-Al2O3 layer thus becomes cracked, providing
channels for rapid ingress of oxygen to the body (Figure 85d & 86c). Oxygen passes through
these cracks, and then reacts with Al3+ and Ti4+ from Ti2AlC to form α-Al2O3 and TiO2,
leading to heavy oxidation at 1400 ºC.
The oxidation resistance of high-temperature ceramics and alloys is dependent on the
formation of a protective surface oxide. In an ideal case, the oxide layer should be highly
stable, slow growing, free from pores or cracks, adherent and coherent (Prescott and Graham,
1992). α-Al2O3 is an oxide which comes close to satisfying these requirements. Between
1100-1300 ºC, a continuous, stable and crack-free α-Al2O3 layer is formed in the oxide scale
(Figure 85c & 86b). Such an α-Al2O3 layer is protective preventing Ti2AlC from further
extensive oxidation. In addition, the TECs (Table 5) of Ti2AlC (αa= (7.1±0.3) ×10-6 K-1, αc=
(10±0.5) ×10-6 K-1) and α-Al2O3 (αa= 7.9 ×10-6 K-1, αc =8.8 ×10-6 K-1) are small in magnitude,
so generating low thermal stresses at the α-Al2O3/Ti2AlC interface during oxidation.
However, the large TEC mismatch of TiO2-Al2TiO5, the TEC anisotropy in Al2TiO5 grains,
and the large volume changes associate with the reactions during Ti2AlC oxidation reactions,
cause cracks which propagate into the α-Al2O3 layer (Figure 49a), making it non-protective
for Ti2AlC at 1400 ºC. Therefore, the oxidation resistance of Ti2AlC is limited up to 1400 ºC.
The cracks increase the ingress of oxygen into the body. Therefore, when the temperatures
are higher than 1400 ºC, Ti2AlC undergoes heavy oxidation because O2 can pass through
these cracks in the oxide scale to react with Ti2AlC.
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Figure 85. Schematic illustration summarizing the microstructural evolution during Ti2AlC
oxidation.
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Figure 86. Schematic illustration of the formation mechanism of oxide scale on Ti2AlC.
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7.3.2

Ti2AlN

Based on the microstructural observations, the evolution of the oxide scale during high
temperature oxidation of Ti2AlN is shown schematically in Figure 87. After 1h at oxidation
temperatures below 1200 ºC, layered microstructures formed on the Ti2AlN surfaces
containing anatase, rutile, and α-Al2O3. After 1h at oxidation temperatures higher than 1200
ºC, more complex layered microstructures formed. Two major characteristics of the oxide
scales at temperatures higher than 1200 ºC are: first, continuous void layers formed due to the
Kirkendall effect and gaseous NOx release; second, Al2TiO5 was present, formed by reaction
of TiO2 and α-Al2O3.
The oxidation resistance of high-temperature ceramics is dependent on the formation of a
protective surface oxide. In the case of Ti2AlN, the dense layer formed on the surfaces of
Ti2AlN would be more protective than porous layers. After 1h oxidation at 1000-1100 ºC
(Figure 65b), a dense and continuous α-Al2O3 layer formed, which is protective. However,
after 1h oxidation at 1200 ºC (Figure 65d), no continuous α-Al2O3 layer formed, in addition a
continuous void layer formed in the oxide scale. Therefore, Ti2AlN has reasonable oxidation
resistance for 1h at temperatures up to 1200 ºC. Oxide scale thickness as a function of
oxidation temperature is plotted in Figure 88. An obvious inflection in the thickness of oxide
scale occurred when the oxidation temperature becomes higher than 1100 ºC on holding for
1h. Oxide scale is much thicker after 1h at 1200 ºC than that after 1h at 1100 ºC, which
means that Ti2AlN would undergo heavy oxidation at and above 1200 ºC. In addition, at 1400
ºC the large TEC mismatch of TiO2-Al2TiO5 and the TEC anisotropy in Al2TiO5 grains
causes cracks in surface TiO2 grains (Figure 64f) providing channels for rapid ingress of
oxygen to the body, leading to extensive heavy oxidation after 1h above 1400 ºC
(corresponding to the DTG peak at 1379 ºC, Figure 63).
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Figure 87. Schematic illustration of oxide scale formation during high-temperature oxidation
of Ti2AlN.

Figure 88. Ti2AlN oxide scale thickness as a function of 1h at oxidation temperature.
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7.3.3

Comparison of oxidation mechanisms of Ti2AlC and Ti2AlN

The oxidation mechanisms of these two MAX-phases which have similar chemical
composition, i.e. Ti2AlC and Ti2AlN, can be compared. The major differences between the
oxidation mechanisms of Ti2AlN and Ti2AlC are: first, at relatively low temperature (900 ºC)
the oxide scale on the surface of Ti2AlN becomes partly porous (Figure 58a) and at relatively
low temperature (1200 ºC) a continuous void layer is formed (Figure 58d), while in the case
of Ti2AlC, the oxide scale has no porosity or void layers from 900-1300 ºC and only becomes
cracked after oxidation above 1400 ºC. This result implies that the oxide scale on the surface
of Ti2AlC is more stable than that on Ti2AlN. Second, a continuous inner layer of α-Al2O3 is
formed on the surface of Ti2AlC after 1h oxidation at 1100-1300 ºC, whereas the α-Al2O3
layer is formed on Ti2AlN after 1h at 1000-1100 ºC. Because α-Al2O3 is protective, this
explains why the oxidation resistance of Ti2AlC (up to 1400 ºC) is better than that of Ti2AlN
(up to 1200 ºC). The reasons for such a significant difference between the oxidation
mechanisms of Ti2AlC and Ti2AlN are not clear, but may be related to the following factors:
(1) Al2TiO5 formed on Ti2AlN during 1h oxidation at 1200 ºC while it formed during 1h at
1400 ºC on Ti2AlC. Because of the Al2TiO5 formation, large stresses are generated in the
oxide scale on Ti2AlN above 1200 ºC and on Ti2AlC at 1400 ºC (see Section 7.2.1).
Therefore, it is likely the stress generation plays an important role in the different oxidation
mechanisms of Ti2AlC and Ti2AlN.
(2) Carbon oxides (CO/CO2, gaseous oxidation products of Ti2AlC) and nitrogen oxides
(NOx, gaseous oxidation products of Ti2AlN) might play different roles in the formation of
the oxide scales. Because of the gas formation, the local atmospheres in the oxide scale on
Ti2AlC and Ti2AlN may be different. Further investigations are needed to understand the
effect of gas evolution on the oxide scales densification.

7.3.4

Effect of W on the oxidation mechanism of Ti3AlC2/W composites

W may affect the oxidation behaviour of Ti3AlC2/W composites in two ways. The Ti-W
binary phase diagram (Figure 64) indicates Ti and W can form a continuous solid solution
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TixW1-x above approximately 1200 ºC. As a result, above 1200 ºC, W can “attract” Ti atoms
from Ti3AlC2 forming TixW1-x (Figure 66a). In the crystal structure of Ti3AlC2, the Ti-Al
bond is relatively weak and Al has a relatively high diffusivity (Barsoum, 2000, Barsoum and
El-Raghy, 2001). After addition of W into Ti3AlC2, W further weakens the Ti-Al bond in
Ti3AlC2 by attracting Ti, resulting in a higher diffusivity of Al in Ti3AlC2. This is a key
positive factor to the oxidation behaviour of Ti3AlC2/W composites: the more weakly bound
Al would leave the Ti3AlC2 and diffuse outward to form a protective α-Al2O3 layer on the
substrate during high-temperature oxidation (Wang and Zhou, 2003a, Wang and Zhou,
2003c). In addition, TiO2 enhances Al2O3 densification and grain growth during sintering
(Horn and Messing, 1995, Yoshida et al., 2005). As a result, at 1200 ºC Al2O3 laths form on
the Ti3AlC2/5wt%W surface (arrows in Figure 71b) but not on the Ti3AlC2 surface. The laths,
due to their dense nature, are more protective than well-dispersed Al2O3 grains. Therefore,
5wt%W addition helps generate more Al2O3, and the α-Al2O3 layer formed on
Ti3AlC2/5wt%W is denser and more protective than that formed on Ti3AlC2. Once the dense
α-Al2O3 layer is formed, because the structure of α-Al2O3 is highly stoichiometric and highly
stable, either the inward diffusion of O2- or the outward diffusion of Al3+ and Ti4+ is
suppressed (Prescott and Graham, 1992). The oxide scale becomes slow growing due to the
formation of the α-Al2O3 layer. Therefore, the oxide scale on Ti3AlC2/5wt%W was thinner
than that on Ti3AlC2 at 1200-1500 ºC (Table 10), indicating the oxidation resistance of
Ti3AlC2/5wt%W is better than that of Ti3AlC2.
On the other hand, the W addition may also impact negatively on the oxidation behaviour
of Ti3AlC2/W composites. The tungsten oxides (WO3, WO2, W4O11, etc.) formed by
oxidation of W are highly volatile above 800 ºC (Gulbransen and Andrew, 1960,
Koutsospyros et al., 2006). The release of these gaseous tungsten oxides may generate
cavities in the oxide scale, providing channels for the rapid ingress of oxygen causing growth
of the oxide scale. Figure 83 shows typical cross-sections of the oxide scale formed on
Ti3AlC2, Ti3AlC2/5wt%W and Ti3AlC2/10wt%W surface after 1h oxidation at 1200 ºC.
Figure 83c reveals cavity formation (arrowed) in the scale and at the scale/substrate interface.
In comparison, the oxide scales formed on Ti3AlC2 (Figure 83a) and Ti3AlC2/5wt%W (Figure
83b) at 1200 ºC were more uniform, thinner and had fewer cavities. When the W addition
increased from 5 to 10wt%, the oxide scale formed on Ti3AlC2/10wt%W at 1200 and 1300 ºC
was less protective. The oxide scale thickness for Ti3AlC2/10wt%W was largest at 1200 and
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1300 ºC (Table 10). Moreover, no protective Al2O3 laths formed on Ti3AlC2/10wt%W
surfaces at these temperatures (Figures 77c and 78c).
However, at 1400 and 1500 ºC, the oxide scale formed on Ti3AlC2/10wt%W becomes more
protective. Coarsened Al2O3 clusters formed over large areas of the Ti3AlC2/10wt%W surface
at 1400 and 1500 ºC (Figures 79c and 80c) likely due to exaggerated grain growth of TiO2doped alumina, while few (at 1400 ºC, Figure 79a and b) or no (at 1500 ºC, Figure 80a and b)
laths formed on Ti3AlC2 and Ti3AlC2/5wt%W surfaces. The coarsened clusters, due to their
dense nature, are more protective than the well-separated Al2O3 grains. In addition, the oxide
scale on Ti3AlC2/10wt%W was thinnest at 1400 and 1500 ºC (Table 10). These results
suggest that the α-Al2O3 layer formed on Ti3AlC2/10wt%W was denser, more protective and
slower growing than that formed on Ti3AlC2 and Ti3AlC2/5wt%W at 1400 and 1500 ºC.
Despite the release of the volatile tungsten oxides leaving pores in the oxide scale, 10wt%W
addition beneficially weakens the Ti-Al bond causing easier release of Al which diffuses
outward to react with O2 to form alumina. In addition, TiO2 enhances Al2O3 densification and
grain growth during sintering, which along with enhanced diffusion of Al3+ and O2- at
elevated temperature enables as-formed alumina to densify at or above 1400 ºC removing any
residual pores formed by volatile tungsten oxides.
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7.4 Summary

(6) A formation mechanism for Ti2AlN nanowhiskers has been proposed. The nucleation
and growth of nanowhiskers is caused by diffusion of TiN into TiAl during SPS.
(7) Planar defects formed after both Ti2AlC oxidation at 1200 ºC and Ti2AlN oxidation at
1100 ºC were identified as twins and stacking faults.
(8) Cracks propagate in TiO2 grains after Ti2AlC oxidation at 1300 and 1400 ºC and
Ti2AlN oxidation at 1400 ºC, providing channels for rapid ingress of oxygen to the
body, leading to extensive heavy oxidation above 1400 ºC.
(9) Formation of planar defects and cracks may arise from stress generation in the oxide
scale. Thermal stresses formed during cooling may result from thermal expansion
mismatch of phases (TiO2, Al2O3 and Al2TiO5) in the oxide scale, the high anisotropy
of thermal expansion in Al2TiO5 and thermal expansion mismatch between the oxide
scale and Ti2AlC or Ti2AlN substrate. Growth stresses formed during the isothermal
oxidation treatment may arise from the volume changes associated with oxidation
reactions of Ti2AlC or Ti2AlN.
(10) A mechanism for Ti2AlC oxidation has been suggested, in which oxide scale growth
is caused by inward diffusion of O2- and outward diffusion of Al3+ and Ti4+. The
weakly bound Al leaves the Al atom plane in the layered structure of Ti2AlC, and
diffuses outward to form a protective inner α-Al2O3 layer between 1100 and 1300 ºC.
However, due to crack propagation the α-Al2O3 layer becomes cracked at 1400 ºC,
providing channels for rapid ingress of oxygen to the body, leading to heavy oxidation.
(11) An oxidation mechanism for Ti2AlN ceramics has been proposed, which is more
complex. The oxide scale becomes partly porous at 900 ºC. Continuous void layers are
formed above 1200 ºC. Porous and void layers are formed due to the Kirkendall effect
and gaseous NOx release. The oxidation of Ti2AlN is limited for 1h up to 1200 ºC,
above which Ti2AlN ceramics undergo heavy oxidation.
(12) The oxidation resistance of Ti2AlC (up to 1400 ºC) is better than that of Ti2AlN (up to
1200 ºC). Stress generation and gas formation appear to play important roles in the
different oxidation mechanisms of Ti2AlC and Ti2AlN.
(13) W may affect the oxidation behaviour of Ti3AlC2/W composites in two ways. W
weakens the Ti-Al bond in Ti3AlC2 by attracting Ti to form Ti1-xWx, resulting in a
higher diffusivity for Al. The more weakly-bound Al diffuses outward to form a
224

protective α-Al2O3 layer during high-temperature oxidation. On the other hand, release
of volatile tungsten oxides leaves pores in the oxide scale. However, at high
temperature (≥1400 ºC) the former beneficial effects appear to be dominant over the
latter detrimental effect.
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8. Conclusions
(1) Ti2AlN ceramics sintered by SPS at 1300 ºC from starting mixtures of Ti/Al/TiN
powders are nearly single-phase with elongated grains. The microstructure of unetched
Ti2AlN ceramics sintered at 1200 ºC contained TiN, TiAl, and pores. Chemical etching
removed TiAl exposing Ti2AlN nanowhiskers (150-200 nm dia., 1-5 μm long) in the
pores. FIB-TEM studies revealed Ti2AlN nanowhiskers are single-crystal in a TiAl
matrix. The orientation relationship between the Ti2AlN nanowhiskers and TiAl is [1 1
-2 0]H// [-1 0 1]γ, (0001)H//(111)γ, γ= TiAl, H=Ti2AlN.
(2) A possible mechanism for Ti2AlN nanowhisker formation has been proposed. The
nucleation and growth of nanowhiskers is caused by diffusion of TiN into TiAl during
SPS.
(3) Ti3AlC2 based Ti3AlC2/W composites have been prepared by SPS at 1300 ºC. Above
1200 ºC, W reacted with Ti out-diffused from Ti3AlC2 to form TixW1-x solid solution
with crystal structure isotypic with bcc W and non-stoichiometric Ti3-xAlC2. This
reaction resulted in “core-shell” microstructures where TixW1-x “shells” surrounding W
“cores”, in Ti3AlC2 matrices. Composite hardness increased with W addition. The
hardening effect was likely achieved by the TixW1-x interfacial layer which formed
strong bonds between Ti3AlC2 and W, and by the presence of hard W.
(4) Microstructural development during high-temperature oxidation of Ti2AlC has been
investigated. After 1h below 1300 ºC, a discontinuous outer TiO2 layer and a dense and
continuous inner α-Al2O3 layer were gradually formed. After 1h at 1400 ºC, a mixed
outer layer of TiO2 and Al2TiO5 and a cracked α-Al2O3 inner layer were formed.
(5) Microstructural development during high-temperature oxidation of Ti2AlN has been
investigated. After 1h below 1200 ºC, layered microstructures containing anatase, rutile
and α-Al2O3 were gradually formed. After 1h above 1200 ºC, more complex layered
microstructures containing Al2TiO5, rutile, α-Al2O3 and continuous void layers were
formed.
(6) Microstructural development during high-temperature oxidation of Ti3AlC2/W
composites has been investigated. α-Al2O3 and rutile (TiO2) formed in the oxide scale
at or above 1000 ºC. Al2TiO5 formed at about 1300 ºC by reaction between TiO2 and αAl2O3. Tungsten oxides appear to have volatilised above 800 ºC. Likely due to
anisotropic grain growth of TiO2-doped alumina, some Al2O3 grains grew into laths on
Ti3AlC2/5wt%W surfaces ≥1200 ºC. These formed large, dense, coarsened TiO2-doped
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Al2O3 grains on Ti3AlC2/10wt%W surfaces ≥1400 ºC. Al2O3 laths and coarsened
clusters were more protective than well-dispersed Al2O3 grains. Oxide scales on
Ti3AlC2/5wt%W (e.g. 7.60 ± 0.69 µm at 1400 ºC) were thinner than those on Ti3AlC2
(e.g. 8.15 ± 0.82 µm at 1400 ºC), indicating that 5wt% W addition improved the
oxidation resistance of Ti3AlC2. Scale on Ti3AlC2/10wt%W (e.g. 5.32 ± 0.53 µm at
1400 ºC) were thinnest at 1400 and 1500 ºC, indicating that 10wt% W further improved
the oxidation resistance.
(7) Planar defects formed after both Ti2AlC oxidation at 1200 ºC and Ti2AlN oxidation at
1100 ºC were identified as twins and stacking faults.
(8) Cracks propagate in TiO2 grains after Ti2AlC oxidation at 1300 and 1400 ºC and
Ti2AlN oxidation at 1400 ºC, providing channels for rapid ingress of oxygen to the
body, leading to extensive heavy oxidation above 1400 ºC.
(9) Formation of planar defects and cracks may arise from stress generation in the oxide
scale. The thermal stresses formed during cooling may result from thermal expansion
mismatch of phases (TiO2, Al2O3 and Al2TiO5) in the oxide scale, the high anisotropy
of thermal expansion in Al2TiO5 and thermal expansion mismatch between the oxide
scale and Ti2AlC or Ti2AlN substrate. Growth stresses formed during isothermal
oxidation treatment may arise from the volume changes associated with oxidation
reactions of Ti2AlC or Ti2AlN.
(10) A possible mechanism for Ti2AlC oxidation has been suggested, in which oxide scale
growth is caused by inward diffusion of O2- and outward diffusion of Al3+ and Ti4+. The
weakly bound Al leaves the Al atom plane in the layered structure of Ti2AlC, and
diffuses outward to form a protective inner α-Al2O3 layer between 1100 and 1300 ºC.
However, due to crack propagation the α-Al2O3 layer becomes cracked at 1400 ºC,
providing channels for rapid ingress of oxygen to the body, leading to heavy oxidation.
(11) A possible oxidation mechanism for Ti2AlN ceramics has been proposed, which is
more complex. The oxide scale becomes partly porous at 900 ºC. Continuous void
layers are formed above 1200 ºC. Pores and void layers are formed due to the
Kirkendall effect and gaseous NOx release. The oxidation of Ti2AlN is limited after 1h
at temperatures up to 1200 ºC, above which the thickness of oxide scale grows quickly
and Ti2AlN ceramics undergo heavy oxidation.
(12) The oxidation resistance of Ti2AlC (up to 1400 ºC) is better than that of Ti2AlN (up to
1200 ºC). Stress generation and gas formation appear to play important roles in the
different oxidation mechanisms of Ti2AlC and Ti2AlN.
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(13) W may affect the oxidation behaviour of Ti3AlC2/W composites in two ways. W
weakens the Ti-Al bond in Ti3AlC2 by attracting Ti to form Ti1-xWx, resulting in a
higher diffusivity for Al. The more weakly bound Al diffuses outward to form a
protective α-Al2O3 layer during high-temperature oxidation. On the other hand, release
of volatile tungsten oxides leaves pores in the oxide scale. However, at high
temperature (≥1400 ºC) the former beneficial effects appear to be dominant over the
latter detrimental effect.
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9. Future work
According to this thesis and other published research (Zhang et al., 2009, Wang and Zhou,
2009), the maximum temperature at which MAX phases can resist oxidation is 1400 °C.
Among all the MAX phases, Ti2AlC has the best oxidation resistance, but its protective αAl2O3 scale becomes cracked at 1400 ºC, providing channels for rapid ingress of oxygen to
the body, leading to heavy oxidation (Chapter 4).
Oxidation resistance and other high-temperature properties may be improved by
development of solid solutions. M element (e.g. Ti) may be substituted by Cr, V, Nb and Ta
(Barsoum et al., 2002, Hettinger et al., 2005a, Salama et al., 2002) and A element (e.g. Al)
may be substituted by Si and Ge (Xu et al., 2008, Ganguly et al., 2004). The substitution will
change the bonding characteristics and hence the properties. It was revealed that in Ti2AlC
ceramics the substitution of Ti by V can improve the mechanical properties such as hardness
and flexural strength (Meng et al., 2005). Because V is smaller and has one more valence
electron than Ti, it can form stronger bonding with Al in (Ti,V)2AlC. In Ti3SiC2 ceramics 10
at.% substitution of Si by Al leads to improved oxidation resistance (Zhang et al., 2004): the
parabolic rate constants of the Ti3Si0.9Al0.1C2 solid solution are decreased by two to four
orders of magnitude compared with those of Ti3SiC2 and are comparable to those of Ti3AlC2
(see Section 2.4.2.3).
Another route, which has been attempted in this research (see Chapter 6 for Ti3AlC2 /W
composites), is to make MAX phase composites. Addition of yttrium to form (Y,Al)2O3 may
increase the adherence of the oxide scale (Yan et al., 2011, Lin et al., 2009). Addition of
SiO2-forming second-phases (e.g. SiC addition) may increase the oxidation resistance by
formation of a protective SiO2 layer in the oxide scale. Addition of whiskers and short fibres
to monolithic MAX phase can improve their mechanic properties by toughening mechanisms
including crack deflection, bridging and pullout (Lee and Rainforth, 1994). However, a
potential problem may exist that the additions can react with MAX phases forming complex
microstructures and hence affect the properties, as in the studies of Ti3AlC2/W composites
(Chapter 6).
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Multiscale modelling of oxidation mechanisms may be also useful for designing oxide
scale microstructures e.g. which have minimum stress generation to avoid scale cracking and
spalling (see Section 7.2.1).
Theoretical modelling can be also extended to predict new layered ternary carbides and
nitrides with high performances by tailoring and constructing selected structural slabs in one
unit cell. Phase diagram investigation will also aid the discovery of new ternary carbides and
nitrides. Recently, a family of Zr-Al-C and Hf-Al-C ternary ceramics (e.g. ZrAl3C3, Zr2Al3C4,
Zr3Al3C5, Hf2Al4C5 and Hf3Al4C6) has been discovered by both theoretical and experimental
investigations. These ternary compounds have (TC)n(Al3C2)m or (TC)n(Al4C3)m formulae,
where T=Zr or Hf, n and m runs from 1 to 3, and they crystallize in layered structures with
−

space group P63/mmc or R3m/R 3 m (Wang and Zhou, 2009). Compared with MAX phases,
Zr-Al-C and Hf-Al-C ternary ceramics have been little investigated. They are new candidates
for ultra-high temperature applications, with higher toughness and bending strength and
better oxidation resistance than their binary counterparts ZrC and HfC (Lin et al., 2006a). ZrAl-C ceramics demonstrate excellent high-temperature mechanical properties, e.g. the
Young’s modulus of Zr3Al3C5can be maintained up to 1600°C, while that of Ti3AlC2 is
limited to 1200°C (Wang and Zhou, 2009). A review of Zr-Al-C and Hf-Al-C ternary
ceramics is in ref. (Wang and Zhou, 2009).
The following research aimed at industrial applications of MAX phases should be pursued:
a) Large-scale coating techniques;
b) Development of low-cost methods, e.g. pressureless sintering, to fabricate and sinter
dense monolithic MAX phases and composites with large dimension and complex
shapes;
c) Joining MAX phases with metals and ceramics to form large and complex components;
d) Creep behaviour at high stresses and high-temperature, of which very little is known to
date;
e) Early stages of oxidation, i.e. at short times (<1h) and relatively low temperatures
(<900°C);
f) In situ oxidation studies using e.g. neutron diffraction in hot stage facilities at
DIAMOND synchrotron source (Harwell, UK) or ESRF (Grenoble, France).

232

References
Appel, F., Paul, J. D. H., Oehring, M., Fröbel, U. and Lorenz, U. (2003) Creep behavior of
TiAl alloys with enhanced high-temperature capability. Metallurgical and Materials
Transactions.A, Physical Metallurgy and Materials Science, 34 (10), 2149.
Bandyopadhyay, D., Sharma R. C. and Chakraborti N. (2000) The Ti-Al-C system (titaniumaluminum-carbon). Journal of Phase Equilibria and Diffusion, 21 (2), 195.
Barsoum, M. W., Hoffman, E. N., Doherty, R. D., Gupta, S. and Zavaliangos A. (2004)
Driving force and mechanism for spontaneous metal whisker formation. Physical Review
Letters, 93 (20), 206104.
Barsoum, M. W. (2003) Fundamentals of Ceramics {McGraw-Hill Series in Materials
Science and Engineering}., Institute of Physics Publishing, New York.
Barsoum, M. W. and El-Raghy, T. (2001) The MAX phases: unique new carbide and nitride
materials. American Scientist, 89, 334.
Barsoum, M. W. (2000) The MN+1AXN phases: a new class of solids. Progress in Solid State
Chemistry, 28, 201.
Barsoum, M. W., Tzenov, N., Procopio, A., El-Raghy, T. and Ali, M. (2001a) Oxidation of
Tin+1AlXn (n= 1-3 and X= C, N) II. experimental Results. Journal of the Electrochemical
Society, 148 (8), 551.
Barsoum, M. W. (2001b) Oxidation of Tin+1AlXn (n= 1-3 and X= C, N). Part 1.model.
Journal of the Electrochemical Society,148 (8), 544.
Barsoum, M. W., El-Raghy, T. and Ali, M. (2000b) Processing and characterization of
Ti2AlC, Ti2AlN, and Ti2AlC0.5N0.5. Metallurgical and Materials Transactions.A, Physical
Metallurgy and Materials Science, 31 (7), 1857.
Barsoum, M. W. and Farber L. (1999) Room-temperature deintercalation and self-extrusion
of Ga from Cr2GaN. Science, 284 (5416), 937.
Barsoum, M. W., Procopio, A.T. and El-Raghy, T. (2000) Synthesis of Ti4AlN3 and phase
equilibria in the Ti-Al-N system. Metallurgical and Materials Transactions.A, Physical
Metallurgy and Materials Science, 31 (2), 373.
Barsoum, M. W., Salama, I., El-Raghy, T., Golczewski, J., Seifert, H. J., Aldinger, F., Porter,
W. D. and Wang, H. (2002) Thermal and Electrical Properties of Nb2AlC, (Ti, Nb)2AlC and
Ti2AlC. Metallurgical and Materials Transactions.A, Physical Metallurgy and Materials
Science, 33 (9), 2775.
Bhagat, R., Jackson, M., Inman, D. and Dashwood, R. (2009) Production of Ti–W alloys
from mixed oxide precursors via the FFC cambridge process. Journal of the Electrochemical
Society, 156, E1.

233

Bocanegra-Bernal, M. H. (2004) Hot Isostatic Pressing (HIP) technology and its applications
to metals and ceramics. Journal of Materials Science, 39 (21), 6399.
Brady, M. P., Tortorelli, P. F., More, K. L., Payzant, E. A., Armstrong, B. L., Lin, H. T.,
Lance, M. J., Huang, F. and Weaver, M. L. (2005) Coating and near‐surface modification
design strategies for protective and functional surfaces. Materials and Corrosion, 56 (11),
748.
Bruno, G. Efremov A., Wheaton, B., Bobrikov, I., Simkin, V. G. and Misture, S. (2010)
Micro-and macroscopic thermal expansion of stabilized aluminum titanate. Journal of the
European Ceramic Society, 30 (12), 2555.
Bugnet, M., Cabioc’h, T., Mauchamp, V., Guérin, Ph., Marteau, M. and Jaouen, M. (2010)
Stability of the nitrogen-deficient Ti2AlNx MAX phase in Ar2 -irradiated (Ti,Al)N/Ti2AlNx
multilayers. Journal of Materials Science, 45 (20), 5547.
Byeon, J. W., Liu, J., Hopkins, M., Fischer, W., Garimella, N., Park, K. B., Brady, M. P.,
Radovic, M., El-Raghy, T. and Sohn, Y. H. (2007) Microstructure and residual stress of
alumina scale formed on Ti2AlC at high temperature in air. Oxidation of Metals, 68 (1), 97.
Cui, B., Jayaseelan, D. D. and Lee, W. E. (2011) Microstructural evolution during hightemperature oxidation of Ti2AlC ceramics. Acta Materialia, 59 (10), 4116.
Cullity, B. D. and Stock, S. R. (2001) Elements of X-Ray Diffraction (3rd Edition). Prentice
Hall, Upper Saddle River, US.
Eakins, E., Jayaseelan, D. D. and Lee, W. E. (2011) Toward oxidation-resistant ZrB2-SiC
ultra high temperature ceramics. Metallurgical and Materials Transactions.A, Physical
Metallurgy and Materials Science, 42 (4), 878.
Eklund, P., Beckers, M., Jansson, U., Högberg, H. and Hultman, L. (2010) The Mn+1AXn
phases: Materials science and thin-film processing. Thin Solid Films, 518 (8), 1851.
El-Raghy, T., Barsoum, M. W. and Sika, M. (2001) Reaction of Al with Ti3SiC2 in the 8001000 °C temperature range. Materials Science Engineering.A, Structural Materials:
Properties, Microstructure and Processing, 298 (1-2), 174.
El-Raghy, T., Zavaliangos, A., Barsoum, M. W. and Kalidindi, S. R. (1997) Damage
mechanisms around hardness indentations in Ti3SiC2. Journal of the American Ceramic
Society, 80 (2), 513.
Emmerlich, J., Music, D., Eklund, P., Wilhelmsson, O., Jansson, U., Schneider, J. M.,
Högberg, H. and Hultman, L. (2007) Thermal stability of Ti3SiC2 thin films. Acta Materialia,
55 (4), 1479.
Etzkorn, J., Ade, M. and Hillebrecht, H. (2007) Ta3AlC2 and Ta4AlC3-single-crystal
investigations of two new ternary carbides of tantalum synthesized by the molten metal
technique. Inorganic Chemistry, 46 (4), 1410.

234

Finkel, P., Seaman, B., Harrell, K., Palma, J., Hettinger, J. D., Lofland, S. E., Ganguly, A.,
Barsoum, M. W., Sun, Z., Li, S. and Ahuja, R. (2004) Electronic, thermal, and elastic
properties of Ti3(Si1-xGex)C2 solid solutions. Physical Review.B, Condensed Matter, 70 (8),
085104.
Frodelius, J., Sonestedt, M., Björklund, S., Palmquist J. P., Stiller, K., Högberg, H. and
Hultman, L. (2008) Ti2AlC coatings deposited by high velocity oxy-fuel spraying. Surface
Coatings Technology, 202 (24), 5976.
Ganguly, A., Zhen, T. and Barsoum, M. W. (2004) Synthesis and mechanical properties of
Ti3GeC2 and Ti3(SixGe1-x)C2 (x= 0.5, 0.75) solid solutions. Journal of Alloys and Compounds,
376 (1-2), 287.
Gong, Y. F. and De Cooman, B. C. (2010) Kirkendall void formation during selective
oxidation. Metallurgical and Materials Transactions.A, Physical Metallurgy and Materials
Science, 41 (9), 2180.
Grabke, H. J. (1999) Oxidation of NiAl and FeAl. Intermetallics, 7 (10), 1153.
Gu, W. L., Yan, C. K. and Zhou, Y. C. (2003) Reactions between Al and Ti3SiC2 in
temperature range of 600-650°C. Scripta Materialia, 49 (11), 1075.
Gu, W. and Zhou, Y. C. (2006) Reactions between Ti and Ti3SiC2 in temperature range of
1273-1573 K. Transactions of Nonferrous Metals Society of China, 16 (6), 1281.
Gulbransen, E. A. and Andrew, K. F. (1960) Kinetics of the oxidation of pure tungsten from
500 to 1300°C. Journal of the Electrochemical Society, 107, 619.
Guo, W. M. and Zhang, G. J. (2010) Oxidation resistance and strength retention of ZrB2-SiC
ceramics. Journal of the European Ceramic Society, 30 (11), 2387.
Hanaor, D. A. H. and Sorrell, C. C. (2011) Review of the anatase to rutile phase
transformation. Journal of Materials Science, 46(4),855.
Hashimoto, H., Howie, A. and Whelan, M. J. (1962) Anomalous electron absorption effects
in metal foils: Theory and comparison with experiment. Proceedings of the Royal Society of
London. Series A, Mathematical, Physical and Engineering Sciences, 269 (1336), 80.
Hettinger, J. D., Lofland, S. E., Finkel, P., Meehan, T., Palma, J., Harrell, K., Gupta, S.,
Ganguly, A., El-Raghy, T. and Barsoum, M. W. (2005a) Electrical transport, thermal
transport, and elastic properties of M2AlC (M= Ti, Cr, Nb, and V). Physical Review.B,
Condensed Matter, 72 (11), 115120.
Hindam, H. and Whittle, D. P. (1982) Microstructure, adhesion and growth kinetics of
protective scales on metals and alloys. Oxidation of Metals, 18 (5), 245.
Hirsch, P. B., Howie, A., Nicholson, R. B., Pashley, D. W. and Whelan, M. L. (1965)
Electron microscopy of thin crystals, Butterworths, London.

235

Högberg, H., Hultman, L., Emmerlich, J., Joelsson, T., Eklund, P., Molina-Aldareguia, J. M.,
Palmquist, J. -P. Wilhelmsson, O. and Jansson, U. (2005) Growth and characterization of
MAX-phase thin films. Surface Coatings Technology, 193 (1-3), 6.
Horn, D. S. and Messing, G. L. (1995) Anisotropic grain growth in TiO2-doped alumina.
Materials Science Engineering.A, Structural Materials: Properties, Microstructure and
Processing, 195, 169.
Hu, C., Lin, Z., He, L., Bao, Y., Wang, J., Li, M. and Zhou, Y. (2007) Physical and
mechanical properties of bulk Ta4AlC3 ceramic prepared by an in situ reaction
synthesis/hot‐pressing method. Journal of the American Ceramic Society, 90 (8), 2542.
Hubbard, C. R., Evans, E. H. and Smith, D. K. (1976) The reference intensity ratio, I/Ic, for
computer simulated powder patterns. Journal of Applied Crystallography, 9 (2), 169.
Ivchenko, V. I., Lesnaya, M. I., Nemchenko, V. F. and Kosolapova, T. Ya. (1976) Some
physical properties of ternary compounds in the system Ti-Al-C. Powder Metallurgy and
Metal Ceramics, 15 (5), 367.
Jayaseelan, D. D., Kondo, N., Brito, M. E. and Ohji, T. (2002) High‐strength porous alumina
ceramics by the pulse electric current sintering technique. Journal of the American Ceramic
Society, 85 (1), 267.
Jeitschko, W., Nowotny, H. and Benesovsky, F. (1963) Kohlenstoffhaltige ternäre
Verbindungen (V-Ge-C, Nb-Ga-C, Ta-Ga-C, Ta-Ge-C, Cr-Ga-C und Cr-Ge-C). Monatshefte
Für Chemie, 94 (5), 844.
Jie, X., Liang, S., Wang, Q., Zhao, X., Fan, Z. and Wang, X. (2011) The effect of sintering
temperature on mechanical and electrical properties of a W-10Ti alloy prepared by hot press
sintering. Journal of Materials Engineering and Performance, in press.
Jovic, V., Jovic, B. M., Gupta, S., El-Raghy, T. and Barsoum, M.W. (2006) Corrosion
behavior of select MAX phases in NaOH, HCl and H2SO4. Corrosion Science, 48 (12), 42744282.
Karlak, R. F. and Burnett, D. S. (1966) Quantitative phase analysis by X-ray diffraction.
Analytical Chemistry, 38 (12), 1741.
Kebbede, Messing, G. L. and Carim, A. H. (1997) Grain boundaries in titania-doped αalumina with anisotropic microstructure. Journal of the American Ceramic Society, 80 (11),
2814.
Kim, H. C., Lee, K. S., Kweon O. S., Aneziris, C. G. and Kim, I. J. (2007) Crack healing,
reopening and thermal expansion behavior of Al2TiO5 ceramics at high temperature. Journal
of the European Ceramic Society, 27 (2-3), 1431.
Kim, Y., Hong, M. H., Lee, S. H., Kim, E. P., Lee, S. and Noh. J. W. (2006) The effect of
yttrium oxide on the sintering behavior and hardness of tungsten. Metals and Materials
International, 12 (3), 245.
236

Koutsospyros, A., Braida, W., Christodoulatos, C., Dermatas, D. and Strigul, N. (2006) A
review of tungsten: From environmental obscurity to scrutiny. Journal of Hazardous
Materials, 136 (1), 1.
Kuenzly, J. D. and Douglass, D. L. (1974) The oxidation mechanism of Ni3Al containing
yttrium. Oxidation of Metals, 8 (3), 139.
Langer, J., Hoffmann, M. J. and Guillon, O. (2009) Direct comparison between hot pressing
and electric field-assisted sintering of submicron alumina. Acta Materialia, 57 (18), 5454.
Lee, D. B. and Park, S. W. (2011) Corrosion of Ti3AlC2 at 800-1100 °C in Ar-0.2% SO2 gas
atmosphere. Corrosion Science,53 (8), 2646.
Lee, D. B., Nguyen, T. D. and Park, S.W. (2009) High-temperature oxidation of
Ti3Al0.5Si0.5C2 compounds between 900 and 1200 °C in air. Journal of Alloys and
Compounds, 469 (1-2), 374.
Lee, W. E. and Rainforth W. M. (1994) Ceramic microstructures: property control by
processing. Chapman & Hall, London.
Lee, W. E., Zhang, S. and Karakus, M. (2004) Refractories: Controlled microstructure
composites for extreme environments. Journal of Materials Science, 39 (22), 6675.
Lekstrom, M., McLachlan, M. A., Husain, S., McComb, D. W. and Shollock, B. A. (2008)
Using the in situ lift-out technique to prepare TEM specimens on a single-beam FIB
instrument. Journal of Physics.Conference Series, 126, 012028.
Liao, T., Wang, J. Y. and Zhou, Y. C. (2008) Ab initio modeling of the formation and
migration of monovacancies in Ti2AlC. Scripta Materialia, 59 (8), 854.
Liao, T., Wang, J. Y. and Zhou, Y. C. (2006) Basal-plane slip systems and polymorphic
phase transformation in Ti2AlC and Ti2AlN: a first-principles study. Journal of
Physics.Condensed Matter, 18, 6183.
Liao, T., Wang, J. Y. and Zhou, Y. C. (2009) Chemical bonding and mechanical properties of
M2AC (M= Ti, V, Cr, A= Al, Si, P, S) ceramics from first-principles investigations. Journal
of Materials Research, 24 (02), 556.
Liao, T., Wang, J. Y. and Zhou, Y. C. (2006) Deformation modes and ideal strengths of
ternary layered Ti2AlC and Ti2AlN from first-principles calculations. Physical Review.B,
Condensed Matter, 73 (21), 214109.
Lin, P., Zhou, H., Li, W., Li, W., Zhao, S. and Su, J. (2009) Effect of yttrium addition on the
oxide scale of AM50 magnesium alloy. Corrosion Science, 51 (5), 1128.
Lin, Z. J., Zhuo, M. J., He, L. F., Zhou, Y. C., Li, M. S. and Wang, J. Y. (2006a) Atomicscale microstructures of Zr2Al3C4 and Zr3Al3C5 ceramics. Acta Materialia, 54 (14), 3843.
Lin, Z. J., Zhuo, M. J., Zhou, Y. C., Li, M. S. and Wang, J. Y. (2006b) Interfacial
microstructure of Ti3AlC2 and Al2O3 oxide scale. Scripta Materialia, 54 (10), 1815.
237

Lin, Z. J., Zhuo, M. J., Zhou, Y. C., Li, M. S. and Wang, J. Y. (2006c) Structural
characterization of a new layered-ternary Ta4AlC3 ceramic. Journal of Materials Research,
21, 2587.
Lin, Z. J., Zhuo, M. J., Zhou, Y. C., Li, M. S. and Wang, J. Y. (2006d) Microstructural
characterization of layered ternary Ti2AlC. Acta Materialia, 54 (4), 1009.
Lin, Z. J., Li, M. S. and Zhou, Y. C. (2007) TEM investigations on layered ternary ceramics.
Journal of Materials Science Technology, 23 (2), 145.
Lin, Z., Zhuo, M. J., Zhou, Y. C., Li, M. S. and Wang, J. Y. (2006) Microstructures and
adhesion of the oxide scale formed on titanium aluminum carbide substrates. Journal of the
American Ceramic Society, 89 (9), 2964.
Lin, Z., Zhuo, M. J., Li, M. S., Wang, J. Y. and Zhou, Y. C. (2007) Synthesis and
microstructure of layered-ternary Ti2AlN ceramic. Scripta Materialia, 56 (12), 1115-1118.
Liu, C., Huntz, A. M. and Lebrun, J. L. (1993) Origin and development of residual stresses in
the Ni-NiO system: in-situ studies at high temperature by X-ray diffraction. Materials
Science Engineering.B, Solid-State Materials for Advanced Technology, 160 (1), 113.
Liu, G., Chen, K., Zhou, H., Guo, J., Ren K. and Ferreira, J.M.F. (2007) Layered growth of
Ti2AlC and Ti3AlC2 in combustion synthesis. Materials Letters, 61 (3), 779-784.
Liu, L. F., Wang, L. J., Jiang, W., Chen, L. D., Shi, L. and Zhong, H. B. (2010)
Microstructure and properties of Al2O3-TiC-Ti3SiC2 composites fabricated by spark plasma
sintering. Advances in Applied Ceramics, 109 (7), 394.
Mallik, M., Ray, K. K. and Mitra, R. (2010) Oxidation behavior of hot pressed ZrB2-SiC and
HfB2-SiC composites. Journal of the European Ceramic Society, 31 (1-2), 199.
Mamedov, V. (2002) Spark plasma sintering as advanced PM sintering method. Powder
Metallurgy, 45 (4), 322.
McCoy, M., Dregia, S. A. and Lee, W. E. (1994) Evolution of phases and microstructure in
optical waveguides of lithium niobate. Journal of Materials Research, 9 (8), 2040.
Medvedeva, N. I., Novikov, D. L., Ivanovsky, A. L., Kuznetsov, M. V. and Freeman, A. J.
(1998) Electronic properties of Ti3SiC2-based solid solutions. Physical Review.B, Condensed
Matter, 58 (24), 16042.
Mei, B., Zhou, W., Zhu, J. and Hong, X. (2004) Synthesis of high-purity Ti2AlC by spark
plasma sintering (SPS) of the elemental powders. Journal of Materials Science, 39 (4), 1471.
Meng, F. L., Zhou, Y. C. and Wang, J. Y. (2005) Strengthening of Ti2AlC by substituting Ti
with V. Scripta Materialia, 53 (12), 1369.
Munir, Z. A., Quach, D. V. and Ohyanagi, M. (2011) Electric current activation of sintering:
a review of the pulsed electric current sintering process. Journal of the American Ceramic
Society, 94 (1), 1.
238

Music, D., Emmerlich, J. and Schneider, J. M. (2007) Phase stability and elastic properties of
Tan+1AlCn (n= 1–3) at high pressure and elevated temperature. Journal of Physics.Condensed
Matter, 19, 136207.
Naderi, G., Rezaie, H. R., Shokuhfar, A., Naghizadeh, R. and Atashgar, S. (2009) The effect
of talc on the reaction sintering, microstructure and physical properties of Al2TiO5 based
ceramics. Journal of Ceramic Processing Research, 10 (1), 16.
Nowotny, H. (1970) Struktuchemie Einiger Verbindungen der Ubergangsmetalle mit den
elementen C, Si, Ge, Sn, Prog. Solid State Chemistry, 2, 27.
Ohya, Y., Nakagawa, Z. and Hamano, K. (1987) Grain boundary microcracking due to
thermal expansion anisotropy in aluminum titanate ceramics. Journal of the American
Ceramic Society, 70 (8), C184.
Ozawa, T. (2000) Thermal analysis--review and prospect. Thermochimica Acta, 355 (1-2), 35.
Pang, W. K., Low, I. M. and Sun. Z. M. (2010a) In situ high‐temperature diffraction study of
the thermal dissociation of Ti3AlC2 in vacuum. Journal of the American Ceramic Society, 93
(9), 2871.
Pang, W., Low, I. M., Kennedy, S. J. and Smith, R.I. (2010b) In situ diffraction study on
decomposition of Ti2AlN at 1500-1800 °C in vacuum. Materials Science Engineering.A,
Structural Materials: Properties, Microstructure and Processing, 528 (1), 137.
Peng, C., Wang, C., Song, Y. and Huang, Y. (2006) A novel simple method to stably
synthesize Ti3AlC2 powder with high purity. Materials Science Engineering.A, Structural
Materials: Properties, Microstructure and Processing, 428 (1-2), 54.
Peng, H. (2008) First-principles study of native defects in rutile TiO2. Physics Letters.B, 372
(9), 1527.
Persson, P. O., Kodambaka, S., Petrov, I. and Hultman, L. (2007) Epitaxial Ti2AlN (0 0 0 1)
thin film deposition by dual-target reactive magnetron sputtering. Acta Materialia, 55 (13),
4401.
Pietzka, M. A. and Schuster, J. C. (1994) Summary of constitutional data on the aluminumcarbon-titanium system. Journal of Phase Equilibria and Diffusion, 15 (4), 392.
Prescott, R. and Graham, M. J. (1992) The formation of aluminum oxide scales on hightemperature alloys. Oxidation of Metals, 38 (3), 233.
Qian, X., He, X. D., Li, Y. B., Sun, Y., Li, H. and Xu, D. L. (2011) Cyclic oxidation of
Ti3AlC2 at 1000-1300 °C in air. Corrosion Science, 53 (1), 290.
Racault, C., Langlais, F. and Naslain, R. (1994) Solid-state synthesis and characterization of
the ternary phase Ti3SiC2. Journal of Materials Science, 29 (13), 3384.
Raghavan, V. (2006) Al-N-Ti (Aluminum-Nitrogen-Titanium). Journal of Phase Equilibria
and Diffusion, 27 (2), 159.
239

Rao, J. C., Pei, Y. T., Yang, H. J., Song, G. M., Li, S. B. and De Hosson, J. Th. M. (2011)
TEM study of the initial oxide scales of Ti2AlC. Acta Materialia, 59, 5216.
Roy, T. K., Balasubramaniam, R. and Ghosh, A. (1996) High-temperature oxidation of Ti3Albased titanium aluminides in oxygen. Metallurgical and Materials Transactions.A, Physical
Metallurgy and Materials Science, 27 (12), 3993.
Russ, J. C. and Dehoff, R. T. (2000) Practical stereology. Kluwer Academic/ Plenum
Publishers, New York.
Salama, I., El-Raghy, T. and Barsoum, M. W. (2002) Synthesis and mechanical properties of
Nb2AlC and (Ti,Nb)2AlC. Journal of Alloys and Compounds, 347 (1-2), 271.
Sathiyakumar, M. and Gnanam, F. D. (2002) Influence of MnO and TiO2 additives on density,
microstructure and mechanical properties of Al2O3. Ceramics International, 28 (2), 195.
Schmitz Niederau, M. and Schutze, M. M. (1999) The oxidation behavior of several Ti-Al
alloys at 900 C in air. Oxidation of Metals, 52 (3), 225.
Schuster, J. and Bauer, J. (1984) The ternary system titanium-aluminum-nitrogen. Journal of
Solid State Chemistry, 53 (2), 260.
Sun, Z. Q., Liang, Y., Li, M. S. and Zhou, Y. C. (2010) Preparation of reticulated
MAX‐phase support with morphology‐controllable nanostructured ceria coating for gas
exhaust catalyst devices. Journal of the American Ceramic Society, 93 (9), 2591.
Sundberg, M., Malmqvist, G., Magnussona, A. and El-Raghy, T. (2004) Alumina forming
high temperature silicides and carbides. Ceramics International, 30 (7), 1899.
Tian, W. H. and Nemoto, M. (1997) Effect of carbon addition on the microstructures and
mechanical properties of γ-TiAl alloys. Intermetallics, 5 (3), 237.
Tian, W. H. and Nemoto, M. (2005) Precipitation behavior of nitrides in L10-ordered TiAl.
Intermetallics, 13 (10), 1030.
Tian, W., Wang, P., Zhang, G., Kan, Y., Li, Y. and Yan, D. (2006) Synthesis and thermal and
electrical properties of bulk Cr2AlC. Scripta Materialia, 54 (5), 841.
Tzenov, N. V. and Barsoum, M. W. (2000) Synthesis and characterization of Ti3AlC2.
Journal of the American Ceramic Society, 83 (4), 825.
Umakoshi, Y., Yamaguchi, M., Sakagami, T. and Yamane, T. (1989) Oxidation resistance of
intermetallic compounds Al3Ti and TiAl. Journal of Materials Science, 24 (5), 1599.
Wang, J. Y. and Zhou, Y. C. (2004a) Ab initio elastic stiffness of nano-laminate (MxM'2x)AlC (M and M'= Ti, V and Cr) solid solution. Journal of Physics.Condensed Matter, 16,
2819.
Wang, J. Y. and Zhou, Y. C. (2004b) Polymorphism of Ti3SiC2 ceramic: First-principles
investigations. Physical Review.B, Condensed Matter, 69 (14), 144108.
240

Wang, J. Y., Zhou, Y. C., Liao, T., Zhang, J. and Lin, Z. J. (2008) A first-principles
investigation of the phase stability of Ti2AlC with Al vacancies. Scripta Materialia, 58 (3),
227.
Wang, J. and Zhou, Y. (2009) Recent progress in theoretical prediction, preparation, and
characterization of layered ternary transition-metal carbides. Annual Review of Materials
Research, 39, 415.
Wang, J. Y., Zhou, Y. C., Lin, Z. J., Meng, F. L. and Li, F. (2005) Raman active phonon
modes and heat capacities of Ti2AlC and Cr2AlC ceramics: first-principles and experimental
investigations. Applied Physics Letters, 86 (10), 101902.
Wang, X. H. and Zhou, Y. C. (2003) High-temperature oxidation behavior of Ti2AlC in air.
Oxidation of Metals, 59 (3), 303.
Wang, X. H. and Zhou, Y. C. (2010) Layered Machinable and Electrically Conductive
Ti2AlC and Ti3AlC2 Ceramics: a Review. Journal of Materials Science Technology, 26 (5),
385.
Wang, X. H. and Zhou, Y. C. (2002) Oxidation behavior of Ti3AlC2 powders in flowing air.
Journal of Materials Chemistry, 12 (9), 2781.
Wang, X. H. and Zhou, Y. C. (2003a) Oxidation behavior of Ti3AlC2 at 1000-1400 °C in air.
Corrosion Science, 45 (5), 891.
Wang, X. H. and Zhou, Y. C. (2003b) Oxidation behavior of TiC-containing Ti3AlC2 based
material at 500-900 °C in air. Materials Research Innovations, 7 (6), 381.
Wang, X. H. and Zhou, Y. C. (2003c) Stability and selective oxidation of aluminum in nanolaminate Ti3AlC2 upon heating in argon.Chemistry of Materials, 15 (19), 3716.
Wang, X. and Zhou, Y. (2002) Solid-liquid reaction synthesis of layered machinable Ti3AlC2
ceramic. Journal of Materials Chemistry, 12 (3), 455.
Whittle, K., Blackford, M. G., Aughtersona, R. D., Moricca, S., Lumpkin, G. R., Riley, D. P.
and Zaluzec, N. J. (2010) Radiation tolerance of Mn+1AXn phases, Ti3AlC2 and Ti3SiC2. Acta
Materialia, 58 (13), 4362.
Wilhelmsson, O., Palmquist, J. P., Lewin, E., Emmerlich, J., Eklund, P., Persson, P. O. A.,
Högbergb, H., Li, S., Ahuja, R., Eriksson, O., Hultman, L. and Jansson, U. (2006) Deposition
and characterization of ternary thin films within the Ti-Al-C system by DC magnetron
sputtering. Journal of Crystal Growth, 291 (1), 290.
Williams, D. B. and Carter, C. B. (2009) Transmission Electron Microscopy. Springer
Science& Business Media, New York.
Wuchina, E., Opila, E., Opeka, M., Fahrenholtz, W. and Talmy, I. (2007) UHTCs: Ultra-high
temperature ceramic materials for Extreme Environment Applications. The Electrochemical
Society Interface, Winter, 30.
241

Xiao, L., Li, S. B., Song, G. M. and Sloof, W. G. (2011) Synthesis and thermal stability of
Cr2AlC. Journal of the European Ceramic Society, 31 (8), 1497.
Xu, X.,Wu, E., Du, X., Tian, Y. and He, J. (2008) First-principle study of electronic
properties of Ti3Si1-xAlxC2 solid solutions. Journal of Physics and Chemistry of Solids, 69 (56), 1356.
Yan, J., Gao, Y., Shen, Y., Yang, F., Yi, D., Ye, Z., Liang, L. and Du, Y. (2011) Effect of
yttrium on the oxide scale adherence of pre-oxidized silicon-containing heat-resistant alloy.
Corrosion Science, 53 (11), 3588.
Yan, M., Mei, B., Zhu, J., Tian, C. and Wang, P. (2008) Synthesis of high-purity bulk Ti2AlN
by spark plasma sintering (SPS). Ceramics International, 34 (6), 1439.
Yang, C., Jin, S., Liang, B., Liu, G., Duan, L. and Jia, S. (2009) Synthesis of Ti3AlC2 by
spark plasma sintering of mechanically milled 3Ti/xAl/2C powder mixtures. Journal of
Alloys and Compounds, 472 (1-2), 79.
Yang, J. C., Schumann, E., Levin, I. and Rühle, M. (1998) Transient oxidation of NiAl. Acta
Materialia, 46 (6), 2195.
Yoshida, H., Hashimoto, S. and Yamamoto, T. (2005) Dopant effect on grain boundary
diffusivity in polycrystalline alumina. Acta Materialia, 53 (2), 433.
Yoshida, H., Ikuhara, Y. and Sakuma, T. (2002) Grain boundary electronic structure related
to the high-temperature creep resistance in polycrystalline Al2O3. Acta Materialia, 50 (11),
2955.
Yoshida, M., Hoshiyama, Y., Ommyoji, J. and Yamaguchi, A. (2010) Microstructural
evolution during the formation of Ti3AlC2. Materials Science Engineering.B, Solid-State
Materials for Advanced Technology, 173 (1-3), 126.
Yun, J. H., Wee, D. M., Oh, M. H., Inui, H. and Yamaguchi, M. (2000) Nitrogen-doped TiAl
alloys Part I Microstructure control. Journal of Materials Science, 35 (18), 4527.
Zhang, H. B., Bao, Y.W. and Zhou, Y. C. (2009) Current status in layered ternary carbide
Ti3SiC2, a review. Journal of Materials Science Technology, 25 (1), 1.
Zhang, H. B., Zhou, Y. C., Bao, Y.W. and Li, M. S. (2004) Improving the oxidation
resistance of Ti3SiC2 by forming a Ti3Si0. 9Al0.1C2 solid solution. Acta Materialia, 52 (12),
3631.
Zhang, J., Wang, J. Y. and Zhou, Y. C. (2007) Structure stability of Ti3AlC2 in Cu and
microstructure evolution of Cu-Ti3AlC2 composites. Acta Materialia, 55 (13), 4381.
Zhou, A. Wang, C. and Huang, Y. (2003) A possible mechanism on synthesis of Ti3AlC2.
Materials Science Engineering.A, Structural Materials: Properties, Microstructure and
Processing, 352 (1-2), 333.

242

Zhou, W. B., Mei, B. C., Zhu, J. Q. and Hong, X. L. (2005) Rapid synthesis of Ti2AlC by
spark plasma sintering technique. Materials Letters, 59 (1), 131.
Zhou, Y. C. and Wang, X. H. (2001) Deformation of polycrystalline Ti2AlC under
compression. Materials Research Innovations, 5 (2), 87.
Zhou, Y. C., Dong, H. Y. and Wang, X. H. (2004) High-temperature oxidation behavior of a
polycrystalline Ti2SnC ceramic. Oxidation of Metals, 61 (5), 365.
Zhou, Y. and Sun, Z. (2000) Electronic structure and bonding properties of layered
machinable Ti2AlC and Ti2AlN ceramics. Physical Review.B, Condensed Matter, 61 (19),
12570.
Zhou, Z., Rainforth, W. M., Rodenburg, C., Hyatt, N. C., Lewis, D. B. and Hovsepian, P.E.
(2007) Oxidation behavior and mechanisms of TiAlN/VN coatings. Metallurgical and
Materials Transactions A, 38A(10), 2464.
Zou, Y., Sun, Z. M., Hashimoto, H. and Tada, S. (2008) Synthesis of high-purity
polycrystalline Ti3AlC2 through pulse discharge sintering Ti/Al/TiC powders. Journal of
Alloys and Compounds, 456 (1-2), 456.

243

List of Publications
1. Cui, B., Jayaseelan, D. D. and Lee, W. E. (2011) TEM study of Ti2AlC oxidation at
900 ºC, will be submited to Scripta Materialia.
2. Cui B., Zapata-Solvasa, E., Wang. C., Reece, M. J. and Lee, W. E. (2011)
Microstructure and high-temperature oxidation behaviour of Ti3AlC2/W composites,
will be submited to Acta Materialia.
3. Cui, B., Sa, R., Jayaseelan, D. D., Inam, F., Reece, M. J. and Lee, W. E. (2011)
Microstructural evolution during high-temperature oxidation of spark plasma sintered
Ti2AlN ceramics, Acta Materialia, under 2nd review.
4. Cui, B., Jayaseelan, D. D. and Lee, W. E. (2011) Microstructural evolution during
high-temperature oxidation of Ti2AlC ceramics, Acta Materialia, 59, 4116.
5. Cui, B., Sa, R., Jayaseelan, D. D., Inam, F., Reece, M. J. and Lee, W. E. (2010)
Microstructural evolution during high-temperature oxidation of Ti2AlN ceramics,
12th International ceramic congress, Advances in Science and Technology, 65, 106.

244

