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Abstract
The main focus of this research work was to investigate the high-temperature mechanical

performance of the electrically conductive Ti2AIC and TisSiC, MAX phases. Using
microscopy techniques, it was found that Ti>AIC had a grain size approximately 4 times larger
than the TisSiC, material. Secondary phases were also found to be present in both materials.
Electron backscatter diffraction analysis revealed that both materials appeared to have a

random texture.

A Gleeble 3500 was used to test each materials response to high-strain rate, high-temperature
uniaxial compression testing. TisSiC> was found to generally have higher ultimate compressive
strengths for each test condition and thereby validating a Hall-Petch relationship. For TiAlC,
the slower the strain rate, the lower the ultimate compressive stress and also, for each strain
rate, the higher the temperature, the lower the ultimate compressive stress. The behaviour of
Ti3SiC, was more incoherent, although generally followed a trend of increasing ductility as the
temperature was increased and strain rate decreased. Both MAX phases were thermally
shocked while being subjected to a compressive load from either 1000°C or 1200°C. For the
1000°C samples, there was a slight increase in the ultimate compressive stress when the
compressive load was increased, while the for the 1200°C samples the change in compressive
loads under quenching had no significant effect on the mechanical properties.

The microstructure of the thermo-mechanically tested samples revealed substantial
deformation in the form of intergranular and transgranular cracking, kinking, delaminations,
voids and grain bending. The ductile samples saw a deformation ‘dead zone’ at the edges that
had been closest to the compression anvil. The EBSD analysis revealed that the primary phase
in samples tested at slower strain rates orientated favourably to the [0001] direction. These
samples also showed evidence of low angle grain boundaries. A GND analysis of both
materials was also undertaken and revealed higher GND densities with increasing strain rate

and temperature for TizSiC, samples, with the opposite being true of Ti2AIC samples.
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The Thermo-Mechanical Properties of novel
MAX phase ceramics

Chapter 1 - Introduction

The main focus of this research work is to investigate the high temperature mechanical
properties of high-density MAX phase electrically conductive ceramics. Particular attention
has been paid to the Ti,AIC and Ti3SiC> MAX phases. Several tests of these materials’
mechanical properties have been investigated following thermo-mechanical testing in a
Gleeble 3500 thermomechanical simulation unit. The following chapter will give a short
introduction to the MAX phase ceramics and their structure, properties, and applications. This
chapter will also touch upon the synthesis, fabrication techniques and applications of the MAX

phase ceramics.

The MAX phases are a class of layered ternary compounds with the general formula Mn+1AXn,
where M is an early transition metal, A is a group A element, X is either Carbon or Nitrogen
and n is a value between 1 and 3[1]. They were first discovered in powder form by Jeitschko
and Nowotny in the 1960’s, where they termed what was to become the 211 class, as a H-phase
[2-11]. More than 60 ternary carbides and nitrides have been identified since those early
discoveries [12]. The value of n determines the custom of referring to the M2AX, M3AX; and
M4sAX3 phases as 211, 312 and 413 phases respectively. It should be noted that there is also
experimental evidence for the existence of higher order MAX phases such as 514, 615 and 716
[13]. Although not studied in great detail in this work, the MAX phases also have the ability to
form substitutional solid solutions in each of the M, A and X elements [1]. However, this work

will predominantly focus on the M2AX and M3AX: phases.

All of the MAX phases have a layered hexagonal structure with a space group of P6s/mmc with
two formula units per unit cell. This hexagonal crystal structure consists of edge sharing MeX
octahedron interleaved with A layers. The structures of the 211, 312 and 413 phases have one
major difference in the number of M layers in between every two A layers. There are two in
211, three in 312 and four in 413 [1-13]. This layering is of great importance when it comes to
understanding the general properties of the MAX phases, and has been discussed in more detail

in later chapters.



A major characteristic of the MAX phase ceramics is their highly unusual properties. They
combine the advantageous attributes of both metallic and ceramic materials in possessing the
good electrical and thermal conductivity, high damage tolerance, readily machineability and
thermal shock resistance of metallic materials with the high temperature resistance, high elastic
moduli and good oxidation and corrosion resistance of ceramic materials. It is these unusual
properties that have led to some publications terming this class of materials as ‘metallic
ceramics’. As previously stated, the layered structure has a significant effect on the properties
of the MAX phases. This layered structure, with the predominantly metallic nature of the
exceptionally strong MX bonds together with the somewhat weaker MA bonds, give the
characteristic properties of the MAX phases. The layering has particular importance to the

mechanical properties of the MAX phases, the primary interest of this work [1,12-15].

One of the primary MAX phase ceramics investigated in this work was in the Ti-Al-C system,
namely the 211 phase, TiAIC. This is one of the most researched MAX phases and according
to Web of Science, around 600 papers have been published on this MAX phase alone. It is one
of the few MAX phases to be synthesized in fully dense bulk forms [16]. Ti.AIC was first
synthesized in powder form by a group of Russian scientists in the 1970’s, although their
microhardness results are very different to modern findings. Nowotny et al, who is credited as
having discovered the MAX phases first reported on Ti2AIC in 1980 [2-11]. Like most known
MAX phases, Ti2AIC is known to possess good electrical and thermal conductivity, with an
electrical conductivity of around 3.0x10°Q.m™ at 300K and a thermal conductivity of 46
W/mK. The mechanical properties of this MAX phase are also indicative of most MAX phases
in that it has good thermal shock resistance and is damage tolerant while also possessing high

compressive strengths and a hardness value around 4 GPa [1,17-21].

TisSiCz is the other MAX phase which has been investigated in this work. TizSiC, was the first
MAX phase to have its structure determined and was also the first MAX phase that was
synthesized by Nowotny in the early discoveries of the MAX phases. However, due to the
difficulties in fabricating single phase, bulk, polycrystalline samples, its potential to be used
for structural high temperature material was not fully realised [1,2,15,22]. Like Ti,AIC, those
early problems of fabricating a fully dense, bulk samples have been overcome and TisSiC; can

also now be purchased in various bulk forms [16]. TisSiC; also possesses a better thermal and



electrical conductivity than titanium metal, with values of 43 W/mK and 4.5x10°Q'm™*

respectively. It is also quite resistant to thermal shock and with a hardness of 4 GPa that is
anonymously low for a carbide. Like most MAX phases it is also readily machinable [22]. A
simple search for research papers online shows that TisSiC> is the most extensively studied
MAX phase so far.

The properties of both MAX phases will be discussed in further detail in the following chapters,
but it should be apparent just from this short introduction that these properties make the MAX
phases suitable for a variety of applications. Some applications involve utilising the high
temperature capabilities of the MAX phases, such as aerospace engines. The MAX phases also
have potential applications in areas such as substitution for machinable ceramics, kiln furniture,

wear and corrosion protection, low friction applications and electrodes.

It is due to these plethora of potential applications that investigating the reaction of the MAX
phases to extreme conditions such as the high strain rate, high temperature tests is of great
interest. While there have been several studies on the effect of similar conditions, this work has
attempted to combine the results of thermomechanical testing with the subsequent microscopic
and crystallographic analysis of samples into a cohesive report to understand the mechanisms
behind the failure of the MAX phases and their potential suitability for high temperature
applications. Crystallographic analysis techniques such as EBSD and GND have also been
employed to identify and understand such mechanisms, with these methods not having been

fully utilised in previous studies.



Chapter 2 - Aims

The aims of the project are as follows:

e To complete a literature review investigating MAX phase ceramics, with particular
focus on their mechanical properties and performance after being subjected to high

temperatures and uniaxial compression.

e To carry out a study on the original microstructure of the two MAX phase ceramics,
Ti2AIC and TisSiCo.

e To undertake an experimental study simulating the high temperature thermos-
mechanical performance of the MAX phase ceramics, using the Gleeble 3500
thermomechanical simulation unit. At high temperatures, different heating ‘regimes’
will be simulated. This will be performed by modifying various parameters in the

testing, such as the temperature, amount of strain and amount of strain rate.

e To undertake thermal shock tests on the MAX phase ceramics while subjected to
mechanical loads.

e To perform an investigation to characterise the deformation damage using scanning

electron microscopy techniques, including EDS and EBSD instruments.



Chapter 3 - Literature Review

3.1 Introduction to the Literature Review

This study is principally investigating the high temperature thermos-mechanical performance
of MAX phase ceramics. It is therefore necessary to compile a detailed literature review on the
MAX phases and their properties. The following chapter has been split into a few overarching
sections, with the first section reviewing the fundamentals of the MAX phases such as the

terminology, crystal structure and an introduction to other aspects and their properties.

The second and third parts will go into detail on the two MAX phases which will be studied
and tested for this work, Ti2AIC and TisSiC2. How these materials are synthesized, their
microstructure and thermal and electrical properties will just be a few of the topics discussed

here.

The following section will concentrate on what this work is predominantly based around, the
mechanical properties of all MAX phases and in particular Ti2AIC and TisSiC». The primary
aim for this section is to review literature on the high temperature mechanical properties, with
uniaxial compression, strain rates, resistance to thermal shock and deformation mechanisms
being of notable interest. Other related properties including the room temperature properties
and the residual effects of applying stress in areas such as electrical and thermal properties will
also be investigated.

High strain-rate testing of aerospace components will be touched upon in the following section,
as well as introducing the main piece of equipment to be used for the PhD, the Gleeble 3500
thermomechanical simulation unit. The penultimate section will then evaluate some of the high
temperature applications of the MAX phases, with particular emphasis on the aerospace
applications. The main findings of the literature review will be summarised in the final section,
which will also outline potential areas where further research and experimentation could be

taken.



3.2 The MAX phases: terminology, crystal structure, existing phases and physical
properties

The MAX phases were first synthesized by Jeitchko and Nowotny in the 1960’s. They have
been defined as a family of nanolaminated ternary nitrides and carbides. As the name suggests,
they possess a general formula of Ma+1AXn, with the value of n being between 1 and 3, M being
an early transition metal, A being a group A element and X being either Carbon or Nitrogen.
Among the early discoveries in the 1960°s was that these phases possessed a P63/mmc space
group and a hexagonal crystal structure. Figure 3.1 shows a periodic table with the location of
the M, A and X elements that go into forming the MAX phases [1,2,11,23,3-10].

H early transition group A carbon or He
e metal element nitrogen wonom

Figure 3.1: Location of the M, A and X elements that form the MAX phases in the periodic
table.[23]

Shown in Figure 3.2 (a) are the unit cells of the M2AX (211) and M3AX> (312) phases, the
phases that are being studied for this work. To complete the picture, the unit cell of the 3rd
most understood class of MAX phases in MsAX3 (413) phase is shown in Figure 3.2 (b). It has
been noted that each structure consists of edge sharing MeX octahedra which is interleaved
with A layers. This is identical to that found in the rock salt structure of the MX binaries [15].
The main difference between each unit cell shown in Figure 3.1 is, as the terminology suggests,
in the number of M layers separating the A layers, meaning that there are two M layers
separating the A layers in the 211 MAX phases, three in the 312’s and four in the 413’s. This
observation can be seen in the cross section of the MoAX, M3AX; and MsAX3 phases alongside



the unit cells in Figure 3.2, which appears similar to published HRTEM micrographs
[14,24,25].

As the MAX phases investigated for this work are Ti2AlC and TisSiCp, the 211 and 312 unit
cells are of more interest than the 413. Applying the figure to Ti.AIC, the red M circles
correspond to Ti, the white A circles Al and the grey circles C, meaning that the structure
consists of two adjacent Ti-C-Ti chains sharing one Al atom. Similarly, for TisSiCy, there are
two adjacent Ti-C-Ti-C-Ti chains sharing one Si (A) atom. It can also be seen that the 413
system also follows the same trend, with an extra layer of the M and X layers between each

row of A atoms. A well-known example of the 413 phases is TisAIN3 [1].
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Figure 3.2: (a) Unit cells for the 211 and 312 MAX phases with cross sections.
(b) Unit Cell for 413 MAX phase with cross section. [24,25]

Barsoum and others have so far reported that more than 60 MAX phases and solid solutions
have either been experimentally synthesized, calculated or predicted. The 211 phases are by
far the most common type of MAX phase, with some reports suggesting over 50. Since 2001,
when Barsoum compiled the first comprehensive review of the MAX phases and found only
three 312 phases and one 413 phase, synthesizing methods have improved and changed and
now the number in both classes has more than doubled. Figure 3.3 shows a table of the existing
MAX phases split into their different classes and sorted by stoichiometry and valence electron

configuration of M and A elements[12,23].



A-group element
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TI,TIC CrAlC
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V,GaC
Cr,GaC
Ti,AIN
Ti,GaN
Ti,InN
V,GaN
Cr,GaN
Zr;InC Zr,SnC Nb,PC Zr,5C
Zr,TIC 2r,PbC Nb,AsC Nb,SC
NE,AlE Nb,SnC
Nb,GaC
N hzmc
Mo,GaC
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312 Phases

H,SnN

I
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3 2
Ta,AlC,

413 Phases

Ti;AIN, Ti SiCy
V,AlC, Ti GeC,
Ti,GaC,

NbAlC,

Ta,AIC,

Figure 3.3: Table of the existing Mn+1AX, phases compiled
by Barsoum and his team. Table is sorted by stoichiometry
and valence electron configuration for the M and A elements.

It has already been touched upon that the main reason for the interest in MAX phases is that
they exhibit remarkable properties when compared to conventional ceramics and metals. The
reason for these unusual properties is due to the nanolayered structure through the mostly
metallic, with covalent and ionic contributions, nature of the exceptionally strong MX bonds
which are interleaved with A layers through the weak MA bonds. There are several published
articles and reports with tables and diagrams comparing the mechanical properties of all the
MAX phases that have been synthesized, together with some predicted and calculated results
of phases that have yet to be successfully synthesized. The MAX phases combine the virtues
of both metals and ceramics to give a class of materials that couldn’t be more different
mechanically from the physically similar MX ceramics. For example, like metals, they are
readily machinable, damage tolerant, relatively soft at 1-5 GPa, resistant to thermal shock and
deform plastically at elevated temperatures. As well as these mechanical properties, they are
both thermally and electrically conductive. Like conventional ceramics, MAX phases are



known to be oxidation resistant, relatively stiff, resistant to chemical attack and have a
relatively low coefficient of thermal expansion. Their impressive mechanical properties above
high temperatures has enhanced interest in the potential applications for the MAX phases with
aerospace being perhaps the most exciting area. These potential applications will be discussed

in greater detail later in this chapter [1,12,15]

3.3 Ti2AIC - Introduction

Of all the MAX phases that have been discovered, Ti2AlC is one of the most studied and most
promising. First discovered by Jeitschko and Nowotny in the 1960’s, the interest in this
particular layered ternary carbide stems from the ability to tailor their properties, which is due
to the fact that there are two distinct but structurally related ternary phases in the Ti-Al-C
system, Ti,AIC and TizAIC; [4,20]. The density of Ti,AlC is also relatively low at 4.11 g/cm?,
which is especially beneficial when it is used as a structural material for aerospace applications

or as a reinforcement for polymers and metals [17,18]

Crystallising in a P6z/mmc space group, the location of the atoms are at the following Wyckoff
positons: Ti at 4f, Al at 2c and C at 2a. The lattice parameters have been calculated as a=3.04
A and ¢=13.60 A with two formulae per unit cell [17]. An example of the same unit cell as
Ti2AIC can be found in Figure 3.2, with Ti occupying the red M dots, Al the white A dots and
C the grey X dots.

Ab initio calculations conducted at the turn of the century indicated that the chemical bonding
of Ti2AIC was metallic-covalent-ionic in nature. Zhou and Sun found that there was metallic
bonding in the Ti and Al layers. The Ti-C interaction was noted to be very strong and covalent
in nature, while the bonding between Ti and C was found to be ionic due to C being more
electronegative compared to Ti. lonic bonding was also found between Ti and Al due to the
more electropositive nature of Al [21]. It is this bonding that provides Ti>AlIC with its unusual
physical and mechanical properties. The metallic bonding is responsible for the good electrical
conductivity while the high strength, modulus and melting points has been credited to the

covalent and ionic bonding of Ti-C [15,21].



3.3.1 Synthesis

The production of ceramics is usually carried out using a process called sintering. This method
involves heating a powder compact at an elevated temperature which is below its melting point.
This causes the particles to fuse together and the voids between the particles to decrease until
eventually a dense, solid body is attained. Sintering technology has been used for thousands of
years and is well known for the manufacture of bricks and porcelain ware. Sintering is still
used today, but the technology has improved considerably and a number of different types have
been developed. The sum of the surface-free energy of a powder compact is not at its minimum

and therefore not in equilibrium.

When the system is heated, it tries to decrease its surface-free energy by decreasing its total
surface area and therefore forcing the powder particles to join together. The excess surface-
free energy of the powder compact has been noted to be the driving force of sintering. The
sintering process improves the physical and mechanical properties of the material [26].

Since the pioneering work conducted by Jeitschko and Nowotny in the early 1960’s in
discovering Ti>AlIC, numerous methods have been developed to prepare this ternary carbide.
One technique that has been explored significantly is that of hot isostatic pressing (HIP) or the
very similar hot pressing (HP). In 1976, a two step method involving first the synthesis of
powders and then the subsequent sintering of grounded powders was undertaken by lvchenko
et al. These compacts were recorded as being of 90 to 92 pct dense and their properties were
measured, however the results have do not compare well with later studies (ie. Hardness values
of >20 GPa compared to more recent studies which suggest a hardness of ~4.5 GPa) [19,27,28].
Wang and Zhou believed this could be explained by the nominal Ti2AlIC containing significant
amount of a TiCx phase [19]. It took over two decades before Barsoum et al were able to
produce high purity bulk samples of Ti2AIC. In 1997, using the HP process they hot pressed
powders of Ti, AlsCs and graphite at 1600°C for 4 hours under a pressure of 40 MPa and a
heating rate of 10°C/min. Under closer inspection using an SEM, it was discovered that the
material produced was fully dense Ti>AIC [18]. Later, in 2000, Barsoum et al employed the
HIP technique to mix Ti, AlsCs and graphite powders to form Ti2AIC. Increasing the amount
of time while the material was subjected to a pressure of 40 MPa at 1300°C led to a decrease
in the amount of the unwanted secondary phases of TiC1.x and TisAIC, until 30 hours, where
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TiAlIC was the only remaining phase. The first high purity Ti.AIC was developed by Barsoum
using these techniques [17]. Dense polycrystalline Ti.AIC was also synthesized by Bai et al
when they used self-propagating high-temperature synthesis (SHS) with the pseudo-HIP
process. The phase purity was noted to be highly dependent on the raw powders molar ratio.
After the SHS reaction, Ti.AIC was densified by applying pressure [29,30].

The spark plasma sintering (SPS) method has also been utilised by Zhou et al to prepare high
purity Ti2AIC. This process has advantages over HP and HIP by allowing sintering at both
shorter soaking times and lower temperatures. When treated at 1100°C under a 30 MPa

pressure for 1 hour, high purity Ti2AlC was obtained [31].
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Figure 3.4: (a) Schematic diagram of hot pressing. Hot pressing involves compacting a
powder in a die and pressed uniaxially while heated to high temperatures (b) Schematic
diagram of hot isostatic pressing. This process differs as an inert gas such as Ar is used as a
pressurisation medium and sinters in a high temperature, high pressure vessel. Powders are
then compacted in container in a similar manner to HP [26,30]

Combustion synthesis is also a common technique employed to produce Ti.AIC. Another name
for the SHS process, this method was used by Lopacinski et al in their attempt to synthesize
Ti2AIC. A direct reaction between Ti, Al and C was performed, which was indicated to be
strongly exothermic and resulted in the binary carbides of TiCa and Al4Csforming in a partially
molten state. The combustion temperature was significantly reduced when they adopted TiAl
as the source of Al, resulting in the formation of ternary titanium aluminium phases [32]. Zhou
et al. reported difficulties in obtaining Ti2AIC from the SHS process, with some minor phases
along with TiAIC being seen. However, they were eventually able to produce single phase
TioAlIC1.x when the carbon level was deficient with respect to the ratio 3Ti/1.5Al/C or
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2Ti/Al/0.7C [33]. A number of other papers have been written on the topic of using the SHS
process to produce Ti2AIC, but while improvements and breakthroughs have been made it
should not go unnoticed that samples prepared by combustion synthesis are never dense. A
post densification process associated with pressure is required to obtain dense samples. [28,34—
38]

Despite the HP, HIP and SPS methods being able to successfully produce dense, high phase
pure Ti.AIC in bulk form, there are drawbacks to these techniques. Major shortcomings include
the inefficiency that derives from pressure needing to be utilised during the process and the
difficulty of mass producing, particularly mechanical parts with complex shapes. Pressureless
sintering (PS) involves sintering the material from a green compact of powders without
mechanical pressure. Attempts to pressureless sinter Ti2AIC were made by Hashimoto et al.
When they sintered TiAIC without additives, the relative density was recorded as 94.2%.
Several oxides, including Al.O3z, Y203, MgO, Cao, or TiO2 of 5 wt pct were mixed in with the
Ti>AlC powders to improve densification, yielding a density of 96.0% when the sample mixed
with 5 wt pct of Al2O3 was tested [39].

It should now be apparent that there are a number of ways producing Ti2AIC. Some of these
methods have been touched upon once again when discussing the production of the TisSiC»
MAX phase. Despite only focussing on two of the MAX phases, these methods can generally
be applied to most other MAX phases, as evidenced by the studies on the other MAX phase in
the Ti-Al-C system, TisAIC,. Using similar composition of elemental powders and under
similar sintering conditions to Ti2AlC, researchers have been able to synthesize TizAICo.

The Ti2AIC MAX phase that was used for this thesis was produced by Kanthal, a subsidiary of
the Sandvik group, under the product name of Maxthal 211. In collaboration with Drexel
University, two patents were lodged by the group on the production of the MAX phases. These
patents suggest that the material used was manufactured using combustion synthesis
[22,40,41].

12



3.3.2 General information and microstructure

As is established, small changes in heat treatment conditions or starting materials can lead to
different microstructures and different materials. As with any material, the microstructure has
a pivotal role to play in its properties, including their physical, chemical and mechanical
properties. As such, this section will review the works done on characterising the

microstructure of Ti.AlIC.

Lin et al. undertook a comprehensive investigation of Ti2AlC as a monolithic ceramic material
with microstructural features. Before this, it had been well established that Ti,AlIC formed as a
precipitate in the Ti-Al alloys when carbon was added, leading to the enhancement of
mechanical properties [42,43]. For their work, Lin et al. prepared Ti2AIC by the solid-liquid
reaction/in situ HP method and discussed the microstructural characterisations of hexagonal
Ti2AIC and the crystallographic relationships of TisAIC>, TiC and TiAl with Ti2AIC [28]. As
has already been established with results from powder XRD and using selected area electron
diffraction (SAED) patterns, high-resolution transmission electron microscopy (HRTEM) and
their corresponding images, it was found to crystallise in the P6z/mmc space group. The high
temperature properties of polycrystalline ceramics are primarily determined by the grain
boundaries. The HRTEM images taken for that study can be found in Figure 3.5. From these
images, especially Figure 3.5a, it was observed that most of the grain boundaries in Ti2AIC are
large angle and also that grains with misorientation of a few degrees are present. Figure 3.5(a)
is HRTEM image of a Ti-AIC grain boundary and shows the absence of any secondary glass
phase. It has been noted the excellent high temperature oxidation resistance of Ti2AlC might
be due to this absence. The crystalline grain boundary may also provide this carbide with its

high temperature strength [43].

Lin et al. also discovered, using HRTEM imaging and energy dispersive spectroscopy (EDS)
analysis, intergrowth of TizAIC, and TiAlIC, and TiC and Ti>AIC in the otherwise single phase
sample. A lattice image of intergrowth of Ti2AIC and TisAIC; is shown in Figure 3.5(b).
According to image simulations, the white columns correspond to Al layers while the grey
columns correspond to Ti layers. It was realised that every three or two Ti layers were separated
by Al layers in the same grain. This observation, together with the fact the structurers of
TisAIC, and TiAIC are so that the number of Ti layers separated by Al layers is three in
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TisAlCz and two in Ti2AIC, led them to the conclusion that intergrowth of TisAlC; with Ti,AIC
was present. In addition to TizAIC,, TiC has also been seen to intergrow with Ti.AIC, as shown
in the HRTEM image in Figure 3.5(c). The orientation relationships between Ti2AlIC and TiC
were revealed to be (0001)Ti.AIC//(111)TiC and [1120]Ti.AIC//[110]TiC. Compositional
analysis using a high-angle annular dark-field detector (HAADF) in the scanning TEM also
confirmed this intergrowth. The HAADF image is shown in Figure 3.6(a) while the EDS line
scan profiles along the line are shown in Figure 3.6(b). As is evident from the figure, the results
show that the thin platelet is rich in I and lacking in Al. Lin et al. concluded that when combined
with the HRTEM image, that the thin platelet is TiC and that TiC can intergrow with Ti2AlC.
It was determined that the presence of the Ti>AIC-TisAIC2-Ti2AIC and Ti>AIC-TIiC-TizAlC>
intergrown structures was due to the local segregation of Ti and lack of Al [44].

0 \ 0 ~—=. L ‘:’ ‘ . : " Ay Teas seas P . % B
Figure 3.5: (a) Typical HRTEM image taken at a Ti»AIC grain boundary. Note that n
amorphous grain boundary phase is observed; (b) Lattice image showing intergrowth
of TisAICz with Ti2AIC; (c) Intergrowth of TiC with Ti>AIC [44]
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Wang et al. found that TiAl was an intermediate phase when they synthesised Ti,AIC from
elemental powders using a novel solid-liquid reaction synthesis and simultaneous densification
method [28]. Due to the transformation from TiAl to Ti.AIC not being fully understood, Lin et
al. hot pressed the elemental powder compact for 30 minutes at 1400°C and studied the
microstructure. Using XRD, they found that the as prepared sample was similar to the single-
phase (Ti2AIC) sample. They found a minor contribution from the TiAl (111) reflection in the
as-prepared sample. However, due to the weak intensity of the reflections of TiAl it was
determined that the TiAl content is small. A fine and uniform lamellar structure was identified
in the as-prepared sample using TEM. SAED analysis revealed that these lamellar structures
consisted of TiAl twins, while linear diffusion streaks suggested significant amounts of two-
dimensional defects. A HRTEM image of the TiAl twin boundaries showed the Ti>AIC thin
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platelet forms uniformly along the twinned Ti-Al laths and at the TiAl twin boundaries,
countering what had been reported by Chien et al [45]. Lin et al found that significant amounts
of TiAl twin boundaries and two dimensional defects provide rapid diffusion paths for carbon.
They also noted that large amounts of carbon helped accelerate the dissolution of TiAl laths,
leading to rapid formation of Ti>AIC [44].
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Figure 3.6: (a) HAADF image showing presence of thin platelets in Ti2AIC; (b) EDS
line-scanning profiles along the line shown in (a). [43]

3.4 TisSiCz2 - Introduction

TisSIC, is perhaps the most important MAX phase in the history of the layered ternary
compounds. It was this phase that was first synthesised by Jeitschko and Nowotny in the 1960’s
via a chemical reaction between TiH2, Si and graphite at 2000°C. Nickl et al. were the first to
realise that TisSiC, was atypical when they worked on chemically vapour deposited, CVD,
single crystals. Their work showed that TisSiC> was anomalously soft for a carbide. It was also
found that the despite this, the hardness was quite anisotropic and the hardness normal to the
basal place about 3 times that of the parallel to them [46]. Like most other MAX phases,
Ti3SIC, combines the prominent properties of both metals and ceramics. However, the main
stumbling block that hindered conclusive investigations into the properties was the difficulty
in synthesising monolithic-bulk-dense TisSiC,. However, the recent breakthroughs in synthesis

has allowed these properties to be more intensively examined.
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Barsoum et al recorded a relatively low density of 4.52 g/cm?, making it one of the least dense
MAX phases. This, like TiAlC, allows it to be considered for use as a structural material. Like
every MAX phase, TisSiC> crystallises with the P6a/mmc space group in a hexagonal structure
and lattice parameters of a=0.3068 nm and c=1.7669 nm [22]. An example of the TisSiC>
crystal structure can be found in Figure 3.2(b). There are two formula units per unit cell, with
the Wyckoff positions of Ti corresponding to 2a and 4f, Si to 2b and C to 4f. Similar to other
MAX phases in its 312 class, the structure of TisSiC> can be described as two edge-shared Tie

octahedron layers linked by a two-dimensional closed packed Si layer.

Many, including Zhang et al, found that the properties were strongly related to their bonding
characteristics and the layered microstructures. The fundamental relationship of
“microstructure-property” can be examined in greater detail using this exceptional material
[47].

3.4.1 Synthesis

Single-phase TisSiC> is notoriously difficult to be synthesized with the purity of a finished
sample depending on the processing parameters. Early attempts at synthesising TisSiC;
involved chemical vapour deposition (CVD) or the reaction of gaseous reactant at temperatures
as high as 2273K [2]. There are several problems with these methods however, with the
formation of the TiC, SiC, TisSis and TiSi2 impurity phases among them. Of these, TiC is the
main impurity and die to the close structural relationship between TiC and TizSiC; is difficult

to remove.

As previously stated, a popular early method for synthesising TizSiC> was to use CVD. This
method has been popularly used be several research groups, including Nickl et al, who
synthesised it first in 1972. When investigating the TiCls-SiCls-CCls-H2 system, they found a
deposition ternary diagram at T=1473K and p=10° Pa. However, the conditions favourable to
the deposition of pure TizSiC> were very narrow, particularly in terms of initial molar fraction
CCls. As was later confirmed by Goto et al, the final product was more often than not TisSiC>
with TiC, SiC, TiSiy, TisSiz or two of these binary compounds [46,48].
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Like Ti2AIC, TisSiC, was also synthesised using SHS by Lis et al in a series of papers. When
employed with hot isostatic pressing of TisSiCz-based powders, the SHS prepared specimens
were found to be dense and polycrystalline. They found the bulk material to possess a high
stiffness of E=350 GPa, a relatively low Vickers hardness of between 2 to 6 GPa, a high fracture
toughness close to 10 MPa.m'?, a pseudo-ductile character at room temperature, plastic
behaviour at elevated temperatures and high chemical and corrosion resistance. However,
TisSIC; tended to transform into cubic TiC when subjected to high temperatures and high
pressures [49]. The influence that high energy mechanical alloying has on the SHS of TisSiC»
was investigated by Riley et al. They concluded that the mechanical alloying pre-treatments
improved the SHS process, enabling the synthesis of higher purity TizSiCz. They also found a
beneficial relationship between milling time and ignition temperature: increasing homogeneity
of reactants improved purity or TisSiCo; (2) as the overall enthalpy of the reaction remained
constant, lowering the ignition temperature potentially decreased the combustion temperature,
and then reduced reactant losses through vapourisation; (3) greater densities of nucleation sites
promoted a more uniform combustion reaction, reducing thermal and concentration profiles

across the sample [50].

Arc melting involves using a furnace that heats charged material by means of an electric arc.
This method in relation to TisSiC, was first comprehensively studied by Arunajatesan et al,
where they synthesised bulk TisSiC> using arc melting and post annealing. Using Ti, Siand C
as starting materials they investigated the effect of various parameters on the phase purity of
TisSiCy, including the starting compositions, compaction techniques, arc melting of the
samples and annealing temperatures and time. Slightly Si-deficient and C-rich starting
compositions yielded their best bulk sample, containing a TiC second phase of approximately
2 vol. pct. They concluded that TisSiC; existed over a range of compositions, such as in the C-
deficient, C-rich and Si-deficient regions [51]. Abu et al. later also attempted to synthesise high
purity TisSiC, from elemental powders using the arc melting method. They found that samples
sintered at 80 s and arced at 30 A produced a near single phase of TizSiCz (99.2 wt%) with a
relative density of 88.9%, these results being dependent on the formation of macropores in bulk
samples and micropores in TiCx grains. They proposed that the TizSiC2 might be formed from
TiCx + Si, TisSisCx + C, and TisSisCx + TiCx at early arcing times while at between 15 and 80
s TiCx + TiSiz takes place. After 80 s, decomposition of TizSiC, into TiCy, TiSi2 and C was
observed [52].
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Synthesis of TisSiC» was notoriously difficult due to the normally solid-solid reaction that was
involved in the formation of TizSiC,. Zhimei et al. found that the formation of a liquid phase
in the Ti-Si-C was favourable for the formation of TisSiC,. NaF was added at elevated
temperatures to the powder mixtures and formed a liquid phase, dramatically increasing the
amount of the as-prepared TisSiC> [53]. Following this, Zhou et al. proposed using the in-situ
hot pressing/solid liquid reaction synthesis using elemental Ti, Si and graphite powders as the
initial materials. Their best results came from heating at 1550°C for 1 h under the pressure of
38 MPa. The solid-solid reaction process was changed to become the solid-liquid reaction
process by optimising the processing parameters, namely by melting Si and Ti-Si intermediate
phases and through the exothermic reaction during the formation of TizSiC,. This had the
positive effect of significantly promoting the reaction rate and decreasing the synthesising time,
while the liquid phase increased the relative density of as-prepared samples to more than
98.8%. This method not only exhibits itself with excellent recorded mechanical properties but

also the ability to form large-scale samples [54].

HIP was employed by Barsoum et al. when they fabricated bulk polycrystalline TisSiC, by
mixing 3Ti/2C/1SiC powders. The powders were cold pressed at 180 MPa and then hot pressed
at 1600°C for 4 h under a pressure of 40 MPa. XRD and SEM analysis was then utilised and
found that there was less than 2 vol. pct SiC and TiC in the final sample but no porosity. The
as-prepared samples were subjected to a variety of tests to determine their properties. They
recorded a compressive strength at room temperature of 600 MPa, which dropped to 260 MPa
a 1300°C. However, the mechanical response changed from brittle failure at room temperature

to a more plastic behaviour at high temperature [22].

The similar hot pressing method was used by Luo et al. when they synthesised TizSiC, from
mixtures of Ti, Si and active carbon powders. Like the process used in hot isostatic pressing,
the starting materials were firstly cold pressed at 100 MPa before the green compacts were hot
pressed at 1500 to 1700°C under a pressure of 25 MPa in flowing argon. They recorded a
Ti3SIC, content of higher than 99 wt pct [55].
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The similar spark plasma sintering (SPS) and pulse discharge sintering (PDS) methods have
also been used to synthesise bulk TisSiCz. Gao et al. rapidly synthesised and simultaneously
consolidated TisSiC, from a starting mixture of Ti/Si/2TiC using the SPS technique. Within
the 1250-1300°C sintering temperature range and depending on the applied pressure and
dimension of the sample, TisSiC, with 2 wt.% TiCx was produced. Using XRD, they also
detected preferential grain growth of TisSiC2 along the crystallographic basal place. The
anisotropic hardness of the material was due to the platelet grains tending to align perpendicular
to the loading surface [56]. The PDS technique was employed by Zhang et al when they
subjected Ti/SiC/TiC powders to temperatures of between 1250 and 1450°C to synthesise bulk
TisSiC2. The purity and density of the resulting TisSiC, was as high as 98 vol.% and 99%
respectively when the sintering temperatures were above 1350°C. Three microstructures were
observed, i.e. fine, coarse and duplex grains [57,58].

Li et al. investigated the pressureless sintering process of TisSiC, by subjecting the
mechanically alloyed elemental Ti, Si and C powder mixture starting materials to temperatures
of about 1500°C. At 1100°C, the mechanically alloyed elemental powders converted to Ti-
3SiCy, with densification occurring after increasing the sintering temperatures up to 1500°C.
The as-prepared sample possessed a density of over 98% and purity of nearly 80%, with a
secondary TiCyx phase. They found that the properties were similar to that of hipped TisSiC,
[59].

3.4.2 General information and Microstructure

The reaction processes to form TizSiC, are numerous and varying, with small alterations in the
starting materials resulting in a potentially totally different reaction process to form TizSiCa.
In the first of their two-part study investigating the processing and mechanical properties of
TisSiC», EI-Raghy and Barsoum used XRD and SEM techniques to identify TiCx and TisSisCx
as the intermediate phases that form in the HIP production of TisSiC, from Ti/SiC/C powders
after about 1200°C [60]. Wu et al. later further confirmed this when they used the in-situ
neutron powder diffraction to form TisSiC; [61,62].
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As is the case with many materials, the effect of time and temperature has a significant effect
on the microstructure of the material. Figure 3.7 shows this effect in the form of XRD patterns.
At 1200°C and no soak time only small peaks of TisSiC, are visible, with the main phases
being TiCx, TisSisCx and some unreacted Ti. At 1400°C and no soak time, Ti3SiC; is the major
phase, while a minor TiCx phase is also visible. The presence of TisSizCxis also visible in SEM
micrographs, fulfilling the mass balance criteria that requires a secondary phase with silicon
present. EI-Raghy and Barsoum produced a micrograph (Figure 3.8) which shows the 1400°C
sample etched in HF. They noted that the HF dissolves the TisSisCx, suggesting that nucleation
and growth of Ti3SiC> occurs within the TisSisCx phase. At 1600°C and between 2 to 4 h soak
time, the small amount of unreacted TiCy is removed and predominantly phase pure, fully dense

samples are now produced [60].
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Figure 3.7: XRD patterns of reaction products after hipping as a function of reaction
temperatures and times [60]

The reaction sequence of TisSiC> was outlined in the appendix of El-Raghy and Barsoum’s
study, along with the reaction formulas. The reaction for synthesising TisSiC from Ti/SiC/C
powders was described by the following equation:

6—4x—y

4 1
3Ti+SiC+C=§TiCX+§TiSSi3Cy+ 3

C = TisSiC,

The thermal stability of TizSiC> was also explored in EI-Raghy and Barsoum’s study. They

noted that some previous studies claimed that TizSiC. dissociates at temperatures as low as
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1450°C. However, by using two different annealing experiments and with the confirmation of
XRD they were able to dispel those earlier theories, finding that TisSiC: is the only phase
present after those heat treatments. Some samples were even fabricated at 1700°, confirming
that TisSiC; is stable at that temperature.

etched in a solution for 10 s. A ‘lighter’ TisSizCx phase has leached out, leaving only
the dark TisSiCz phase [60].

Their microstructural evolution study of TisSiC> was conducted in the 1450-1600°C
temperature range. Three micrographs (Figure 3.9) were produced showing the effect of
soaking time on the microstructure. In general, it was seen that the higher the temperatures and
the longer the soak time, the coarser grained the microstructure. The microstructures in the
Figure 3.9 were described as small (3-5 um), large (~200 pm) and duplex grains, which is large
(100-200 pum) TisSiC, grains embedded in a much finer matrix. They postulated that the
microstructural evolution is determined by 3 dominant factors, namely: (i) unreacted phases
such as predominantly TiCy inhibiting grain growth; (ii) a large anisotropy in growth rates
along the ¢ and a directions (growth normal to the basal planes is approximately an order of
magnitude smaller than that parallel to these planes at 1450°C, while at 1600°C the ratio is 4)
and; (iii) the impingement of grains.
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Figure 3.9: Optical micrographs of polished and etched samples hipped sampes at
1450°C for (a) 8, (b) 16 and (c) 24 h [60].

3.5 Electrical and thermal properties

3.5.1 Electrical properties

One of the aspects that makes the MAX phases so promising is their electrical properties. As
will be further explained later, in order to test the mechanical properties in the Gleeble 3500 a
material must have thermocouples attached to it, therefore requiring a decent electrical
conductivity. Conventional electrically insulating ceramics are unable to be tested in this
manner. This is what makes the MAX phases almost unique amongst ceramics and why they
are thought of so highly.

The resistivity, p, of the MAX phases decreases linearly with decreasing temperatures, as has
been plotted in Figure 3.10 for 3 ‘AIC’ containing ternaries. Barsoum et al represented this in

an equation:

p= P0[1 + a(T - Tref)]

Where p,, a and T are, respectively, the resistivity at the reference temperature, Trer, the
temperature coefficient of resistivity, and the temperature in degree Kelvin. One of the reasons
that the MAX phases are sometimes classed as ‘metallic ceramics’ derives from the metal-like
conduction from the large density of states at the Fermi level N(Ef) of the compounds.
Theoretical results have demonstrated that the Ti d-orbitals dominates the N(Er) with these
properties being comparable to their transition metal Ti [63]. In an earlier study, Barsoum et
al. tested the resistivities of the Ti-containing ternaries, with the scatter in p and dp/dt being
narrow, indicating that these exist over a narrow range of stoichiometry and are therefore line

compounds [1,64].

22



0.80

0.70
0.60
0.50
0.40

0.30 F

Resistivity (u€2.m)

0.20 F

0.10 F

0.00 Loy L1 I P L1 L1y 1]
0 50 100 150 200 250 300 350
Temperature

(K)
Figure 3.10: (a) Temperature dependence of resistivity for 3 MAX phases in the range of 4.2-
300 K [64].

TisSiCz is one such MAX phase that possesses a relatively high conductivity in comparison to
other MAX phases in the same 312 class. In one of the first papers that took a comprehensive
look at the electrical properties, Barsoum et al measured the electrical resistance using a
microohmeter, from which they were able to calculate the electrical conductivity as 4.5 x 108
Q'm™? at room temperature [22]. Li et al., among others, later confirmed this high room
temperature conductivity with a similar value of 4.8 x 10° Q*m™. At 800°C and similar to the
earlier study, they found an electrical conductivity of 1.1 x 10° Q*m™, showing that, like
metals, Ti3SiC> shows decreasing electrical conductivity with increasing temperature [65].
When Barsoum et al undertook a study of the TizAIC>, TisAINs and TizSiC2 MAX phases, they
found that TizSiCz had the highest conductivity of those tested [66]. In their earlier study they
also found that the temperature coefficient of resistivity in the 50-300 K temperature range was
0.019°C™L. This, together with the fact that the electrical conductivity of TisSiCz is higher than
either pure Ti or TiC led Barsoum et al to conclude that delocalised electrons parallel to the Si

planes are contributing to the overall conductivity [22].

The room temperature electrical resistivity of bulk Ti.AIC was also determined by a
microohmeter, and it was found that the resistivity is different depending on the synthetisation
route. Bai et al. recorded that synthesis by the SHS/PHIP process yielded a resistivity of 0.40
+ 0.03 x 10% Q-m, this was comparable to that recorded for HIP (0.36 x 10° Q-m) but
substantially higher than the resistivity recorded after the HP process (0.23 x 10® Q-m). This
compares relatively favourably to pure Ti, which has a resistivity of 0.45 + 0.05 x 10° Q-m. It
was initially believed that the reason that HIP process employed by Barsoum et al. was higher

than the HP process used by Wang et al. was the presence of the Al.O3z impurity, something
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that was dispelled in the work of Bai et al [1,28,66,67]. Bai et al. concluded that Ti2AIC
synthesized by SHS/PHIP was nonstoichiometric, which would indicate many lattice defects
[29]. Calculating the reciprocal of the resistivities of hipped Ti2AIC gave an electrical
conductivity of 2.7 x 108(Qm)* similar to the 2.5 x 10%(Qm) given by the SHS/PHIP process,
while the sample that was hot pressed by Wang et al yielded a conductivity of 4.3 x 108(Qm)
1 [17]. The coefficient of thermal expansion () of Ti2AIC synthesized by SHS/PHIP process
was calculated to be 0.00200 K1, lower than the samples prepared by hipping (0.0035 K1) and
HP (0.00295 K™1). Bai et al determined that this was related to the high electrical resistivity due

to lattice defects (C vacancies). [1,67].

Before examining the mechanisms of electronic transport in the MAX phases, it is helpful to
look at the mechanisms of transition metals such as Ti. Hettinger et al derived a similar Bloch-
Grineisen expression to Kulikov of the resistivity of the transition metals:
1 N(Ep)A®

o (S ) 5@

o« — X
p nt n

where 7 is the scattering time, N(Es) the density of states at the Fermi level, A the electron-
phonon coupling factor, Js(x) the Grineisen integral, and ® the Debye temperature. This
equation, according to Hettinger et al. and assuming Matthiessen’s rule, W(T=0) «< A(RRR-
1)/N(Er) where (RRR-1) relates to the intrinsic resistivity. Hettinger et al. plotted the electronic
mobilities at 5K as a function of (RRR-1)/N(EF) for the compounds they tested, along with
reported corresponding values of other MAX phases. They found a linear relationship which
would indicate that the electron-phonon coupling is essentially constant for all materials. The
graphs of these can be found in Figure 3.11 [68,69].

e
=3
&

L ® T T 0.05 ! ! " T
@
(b) ©)
Ry ,
-m. TLAIC ;
Wil - 5 ool l. Ti,AIC g 0.05 |
v AIC = . R
- . ‘zflc - 3 v AIC £ 004}
= NbAIC s - g 23 LS Lt £
3 10t pa . Tm 2 RN \.\ :g 0031
e %e, E oo R = :
. 2 .
t\‘ ik\ . § cr,AlC 3 g 0.02[TiAlC, /
- AIL .- - ,\U 3 | B \ - CrAlC
- ., Aa. 5 0.01 nea . 059 Bem 2 0.01 1% z
A = 00
\// NbATL S ‘;i R .ﬁ:g Q‘Q ® Nb,AIC
, o AN
0 50 100 130 200 250 300 0 50 100 150 200 250 300 Eh s 05 1 15
Temperature (K) Temperature (K) (RRR-1)/N(E_) (eV-unit cell}

Figure 3.11: (a) Semilogarithmic plot of a as a function of temperature for several M>AIC
materials, (b) Temperature dependence of electron (solid shapes) and hole (open shapes)
mobilities, (c) Electron mobilities at 4K against (RRR-1)/N(Er). Linear relationship indicating
that the electron-phonon coupling is similar to all MAX phases studied to date [68]
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The mechanisms of electronic transport in the MAX phases can be determined by analysing
the magnetotransport and electrotransport results. The Hall coefficient, Ry is typically
measured when attempting to determine the concentrations and sign of the majority charge
carriers. The mobility is determined from the conductivity values using this information [70].
To explain the results, a temperature dependent Hall number requires at least a two-band model
to explain the results. Within this two-band framework, an expression to describe the Hall

number Ry is used:

_ _(wpp —pm)
" e(:upp + pnp)?

The unknows in the above expression are as follows: xp = hole mobility, un= electron mobility,
p= hole concentration, n=electron concentration. Three additional constraints are required to
solve each unknown. In the two-band model, the magnetoresistance Ap/p=[p(H)-

p(H=0)/p(H=0)] and the electrical conductivity ¢ are given by:

2
8p _ pa _ HnbprP(pn + “2”) B2
p (i + pip)

1
0= e(npn + pityp)

However, to solve the problem an additional constraint is required. Hettinger et al. found that
unlike most other metallic conductors, the MAX phases they tested (Ti.AIC, Cr.AIC and
V>AIC) possessed small Seebeck and Hall coefficients, making the reasonable assumption to
choose carrier concentrations that are temperature independent and as important, based on
existing previous work, roughly equal numbers for the densities of the electrons and holes. In
solving the above expressions, and assuming that n=p, it was found that at all temperatures for
the three materials with negative Hall coefficients (including Ti2AIC), up ~ 0.8-0.9un. The
temperature dependence of Ry isembedded in the mobility. Hettinger et al. recorded the carrier
concentration of Ti-AIC to be 1.0 x 10%”, comparing well with the more researched MzAXz
compounds TisSiC, and TisGeC, (=2.0 x 20%') [68]. They surmised that the electronic
properties of the MAX phases were dominated by the d orbitals of the M elements and that

these properties were comparable to those of transition metals. Typically, the sign of the
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Seebeck voltage is used to qualitatively determine the sign of the dominant charge carrier.
Taking this into consideration, it was expected that the Seebeck voltage would loosely follow
the sign and shape of Ru as a function of temperature. However, it became clear to Hettinger
et al that when they compared the Hall and Seebeck coefficients, as can be seen from Figures
3.12(a) and (b), that there were no obvious correlations between them. Three of the MAX
phases, including Ti.AIC show a noticeable change in signs of the Seebeck voltage with no
corresponding changes in Ry, providing additional evidence that these compounds are nearly
compensated [1,44,64,68].
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Figure 3.12: (a) Temperature dependence of Hall coefficients. Note Ti>AIC being negative.
Temperature dependencies also tend towards zero as temperature is lowered, with a few
points on the Ti>AIC line not keeping to the trend. (b) Plot of Seebeck coefficients as a
function of temperature. In general, the temperature dependencies are low, tending to
fluctuate around zero and changing sign with increasing temperatures. [68]

Over two papers, Barsoum et al measured the electrical conductivity, Hall effect and
thermopower of TisAIC,, TisAINz and TisSiC2 [66,71]. The paper on only TisSiC. investigated
the electromotive force or absolute thermopower, itself a function of temperature, of the
material. Over the 300-850 K temperature range they estimated that the thermopower as
0=0.18 + 0.22 pV K1, showing that @ is practically zero within + 0.22 pV K. The reason for
this is unclear, however it is known that in some transition metals such as Ti, both electrons
and holes are involved in the transport properties and that only be having oppositely charged
particles can ® disappear. The thermoelectric contributions by electrons and holes delicately
cancel each other out over the wide temperature range. They also found that the Hall coefficient
of TisSiC; fluctuates around O too, suggesting that the concentration, mobility and heat of
transport values of electrons are identical to those of the holes over temperature range
investigated [71]. The near-zero thermopower of Ti3SiC> lends itself to be used as electrodes

during thermopower measurements of other compounds.
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3.5.2 Thermal properties

Due to the MAX phases being candidates for high-temperature applications, it is necessary to
understand their thermal properties, including their thermal conductivities, heat capacities and
thermal expansion coefficients. They are generally described as being good thermal conductors
because they are good electronic conductors. However, before considering the conductivity

and thermal expansion coefficients it is useful to examine the specific heat of Ti>AlC.

As Ti;AIC is a metallic-like conducting material, at temperatures up to 10 K, the low

temperature heat capacity, cp, can be approximated using the relationship:
cp ~ ¢, =yT + BT3

Where vy and B are coefficients of electronic and lattice heat capacities, respectively and cy is
the heat capacity at constant volume, which is assumed to be cv. According to Scabarozi et al,
this relationship should yield plots of ¢,/T vs T? which should give straight lines with slopes B

and intercepts y [72].

The thermal properties of TizSiC> were measured by Barsoum et al in their early paper on the
synthesis and characterisation of the material. The thermal conductivity and specific heat
capacity of a sample of density of 4.48 gcm™ were recorded as 43 W/(mKk) and 588 J/(kgK),
being of similar value to pure Ti (31 W/(mk) and 523 J/(kgK) respectively. The similar values
strongly indicate that the thermal properties are dominated by the Ti atoms. They also measured
the thermal expansion coefficient in the temperature range 25-1000°C. The samples were
covered in TiC powder and the runs carried out under Ar in order to avoid oxidation. With a

calculated value of 10 + 1 x 108 °C™%, this value is slightly lower than that of pure TiC [22].

When it comes to thermal properties, the MAX phases share much in common with the similar
MX binaries. As previously stated, they are good thermal conductors because they are good
electrical conductors. Most MAX phases with the ‘A’ elements heavier than S are poor phonon
conductors because the combination of the rattling effect of the A-group element together with

enhanced mass, renders the A layers potent phonon scatters. However, the TiAIC phases are

27



an exception to the rule due to the Al atoms appearing to behave less as rattlers than the heavier

A atoms. Phonon conductivities are also quite sensitive to the presence of defects.

The atomic displacement parameters (ADPSs) are seen to increase with temperature, albeit still
being relatively low. The rattler nature is further confirmed when studying the A layers’ atomic
displacements, which are high than those of the other atoms in the structure, the displacements
also being found to be anisotropic and tending to favour the basal planes. The density functional
theory (DFT) calculations of the phonon DOS also predicted that vibrations of the A elements
along the basal planes should occur more readily than along [0001].

As a first approximation, the heat capacities at a constant pressure cps of the MAX phases was
assumed to be (n+1) times the ¢, of their corresponding MAX phases. The DFT calculations
can predict the heat capacities over a relatively wide temperature range reasonably well, but
only if the experimentally derived values of y are included. It was found that beyond 800°C the
theoretical and experimental values for heat capacity diverge. The body of work surrounding
thermal properties was further confirmed when the Debye temperatures were calculated from
the low temperature cp, with the results agreeing with those calculated from the velocity of
sound and from the ADPs. It was determined that the discrepancy between the DFT-calculated
density of states (DOS) and those derived from low-temperature heat capacity measurements
was most probably down to electron-phonon coupling, Aep, With most MAX phases possessing

a Aep value of around 0.4.

From room temperature to around 1000°C, the thermal expansion coefficients of most MAX
phases lie in the relatively narrow range of 6-10 x 10°°. The thermal decomposition of the MAX
phases generally occurs by the loss of the A element and formation of higher n-containing
MAX phases and/or MX. The MAX phases are only kinetically stable in most environments,
with their decomposition temperatures depending on their morphology (powder vs bulk) state
of surface oxidation, or whether a reaction product prevents the escape of the A-group element
[15]. As has been established, TisSiC was first synthesised in powder form in 1967 by Jeitshko
and Nowotny when they chemically reacted TiH2, Si and graphite at 2000°C, suggesting that
this material must have been stable up to at least that temperature [2]. Barsoum et al later
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confirmed this to some degree and challenged the findings of others that it decomposed at
1400°C, attributing this low temperature to impurity contamination. They found that under the
right conditions, pure TisSiC is stable up to at least 1700°C [22,60]. With regards to Ti2AlC,
Barsoum et al determined that under certain conditions that this MAX phase was
thermodynamically stable at 1600°C [18].

3.6 Mechanical Properties

One of the primary reasons for the interest in the MAX phases is their mechanical behaviour.
As outlined previously, the MAX phases possess properties of both ceramics and metals,
leading some to define them as ‘metallic ceramics’. This definition becomes more logical when
you consider that MAX phases are in the middle ground between metals, with their 5+
independent slip systems, and structural ceramics, including the relatively similar MX phases,
with effectively no slip systems. This middle ground sees the MAX phases perform differently
at both high and low temperatures. Generally, at higher temperatures, pseudo-plastic behaviour
is observed as the MAX phases are in constrained deformation modes and possess a highly-
orientated microstructure. However, at lower temperatures and in unstrained deformation, thin

form and especially in tension, the MAX phases behave in a brittle manner.

Among the many definitions of the MAX phases is that it is a ‘Layered Carbide’. The Other
similar ‘layered solids’ include ice and graphite which are, by definition, plastically
anisotropic. This means that they lack the five independent slip systems needed for ductility.
Therefore, when polycrystalline layered solids are loaded, these solids quickly develop large
internal stresses and uneven states of stress [73,74]. The soft grains which are favourably
orientated deform by glide of basal plane dislocations, which rapidly transfers load to hard
grains which are not favourably oriented to the applied stress. The formation of kink bands is

also another important consequence of plastic anisotropy.

In this section, some of the mechanical properties of the MAX phases studied in the literature
have been reported, including some mechanical properties that have been further explored and
studied in this thesis. One of the main avenues of work for this thesis is to investigate the high

temperature thermo-mechanical performance of the MAX phases, with much of the work
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focusing on Ti2AIC and TisSiC,, although similar phases such as TisAIC2 have also been
reported. As the majority of mechanical testing carried out for this work utilises a Gleeble 3500
thermomechanical simulation unit, research papers that utilise this machine or similar machines
have been reviewed. Alongside this, some of the other mechanical properties will be explored,
including the thermal shock characteristics, something closely aligned with the high
temperature thermo-mechanical performance and room temperature compression testing of the
MAX phases and the residual stress following testing. Some other mechanical properties of the
MAX phases have also been touched upon in this section.

3.6.1 Deformation Mechanisms and Dislocations

The next few sections will deal with both the room temperature and high temperature
mechanical properties of the MAX phases. However, before reviewing these properties, the
main deformation mechanisms should be understood, including the formation of kink bands
(KBs). Despite KB formation being quite ubiquitous in nature, the KBs in the MAX phases are

different in that they are dislocation-based.

Dislocations and stacking faults are the two primary types of defects within the microstructure
of the MAX phases. By utilising a TEM, both Wang et al and Barsoum et al were able to
observe dislocations in both as-received and deformed samples [75,76]. Barsoum et al
discovered that the TisSiC2 microstructure possessed a high density of perfect {0001} basal-
plane dislocations with a Burgers vector of 1/3(112 0), this being ascribed to the very
anisotropic structure of the MAX phases. Due to the dislocations being confined to the basal
planes, they are arranged in either arrays (pile-ups), where the dislocations exist on identical
slip planes, or in dislocation walls normal to the arrays. Due to the fact that the low angle kink
boundaries are mobile, Farber et al referred to them as mobile dislocation walls (MDWs). As
the walls consisted of both tilt and twist components, the boundary was interpreted to be
composed of parallel, alternating, mixed, perfect dislocations. They also noted that two
different burgers vectors lay in the basal plane 120° relative to one another [77]. In their study,
Barsoum et al found that shear deformation is caused by the arrays propagating across the
entire grains and also that the walls form due to KB formation [76].
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It is thus important to understand KB formation in the MAX phases, something which Barsoum
et al have dedicated a significant amount of work to achieve [1,15,78]. First proposed by
Orowan in 1942, the mechanism of kinking was expanded upon by first Hess and Barrett and
then Frank and Stroh. They derived an expression for the critical remote shear stress (CRSS)
using a Griffith-like approach, where a subcritical KB will become critical and rapidly grow,
similar to a crack, if the stress is above the CRSS. In their model, which was later expanded
upon and related to the MAX phases by Barsoum et al, when a critical remote applied shear
stress is exceeded, pairs of dislocations of opposite signs nucleate and grow at the tip of a thin
elliptical kink. MDWs are formed when the continuing stress forces the walls to part. This wall
formation process can then be repeated which results in the creation of more MDWs. A kink
boundary can then be formed following the collapse of the component dislocations in
successive walls. As can be seen in Figure 3.13(d), this collapse can occur sequentially from
one end of the kink boundary to the other. It was thus determined that accumulation of several
MDWs in a relatively narrow region results in a kink boundary. Frank and Stroh suggested that
the reason for this accumulation was due to successive changes of lattice direction causing each
wall to make a different angle to the external load, causing the increase in the shear stress for

each successive MDW formed moving faster [15,79].
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Figure 3.13: Schematic of kind band formation according to Frank and Stroh. (a) Kink band
initiation at tip of narrow kink T (b) The walls move apart in opposite directions after the
intersection of T with free surface removes the attractive energy between them (c, d) The
same process is repeated, which creates more MDWs, which ultimately become kink
boundaries [16]
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The concept of incipient kink bands (IKBs) was invoked by Barsoum et al to describe the
behaviour of the MAX phases, and TisSiC in particular when subjected to hysteretic nonlinear
elastic behaviour upon loading. Hysteretic stress strain loops were generated after repeatedly
and cyclically compressing TisSiC, under stresses up to 1 GPa [79]. They found that the loops
generated were independent of strain rate. Nested loops were obtained with a single loading
trajectory when the samples were cycled to progressively larger stresses. One test Barsoum et
al attempted was to eliminate microcracking as a possible mechanism by cycling a fine grained
(FG) sample 100 times to 700 MPa. Upon comparing the first and last loops, it was noted that
the last loop was slightly stiffer, excluding microcracking as the origin of the loops. The coarse
grained (CG) samples showed similar behaviour to the FG loops, as shown in Figure 3.14
[15,78,80]. Represented by hysteresis loop areas in Figure 3.15(c), the dissipated energy per
unit volume per cycle, Wqy was found to increase as the square of the maximum applied stress
with a threshold stress. Grain size also had a strong impact on Wq, with the larger grains
dissipating significantly more energy at the same stresses. Barsoum et al also noted that the Wyq

appeared higher for porous solids than for fully dense ones [81-83].
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Figure 3.14: Cyclic compressive spontaneously reversible stress/strain loop in coarse
grained (CG) and fine grained (FG) TisSiC2. Both were cycled 100 times, with the FG
sample to 700 MPa and the CG to 250 MPa [80]

An IKB consists of multiple, coaxial, parallel dislocation loops separated from each horizontal
slip plane by a distance D. Barsoum et al defined the IKB as a KB whose dislocation walls, for
whatever reason, remain attached at its ends in a lenticular shape and do not dissociate into
MDWs. If the walls separate then they can then be defined as KBs instead. This important
difference is necessary to understand due to the belief that the production and annihilation of
IKBs is a reversible process, while that of KBs is an irreversible one [78].
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The realisation that the behaviour witnessed in cyclically compressing TizSiC, was due the
IKB micromechanism led to Barsoum et al labelling such solids as kinking nonlinear elastic
(KNE). Elastic due to the absence of plastic deformation, nonlinear because the stress-strain
curves were clearly nonlinear, and kinking because it was the formation of dislocation based
IKBs that were responsible for the dissipation of energy [78]. In a later paper, Barsoum et al
determined that plastic anisotropy where the c/a ratio was higher than 1.4 in hexagonal crystals
would be sufficient condition for a solid to be KNE. It was found that most MAX phases can
be classified as KNE solids [84].

Mobile dislocation walls
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Figure 3.15: (a) Schematic showing an IKB with a length of 2o and a width 2. The
distance between the horizontal slip planes is denoted by D. (b) Same as (a) but also
showing the presence of MDWs. (c) Typical stress-strain loop with the definitions of
nonlinear strain en. and Wy. (d) Formation of an IKB within a grain. The IKB extends
to the grain boundaries where it is subsequently halted. (e) The IKBs can devolve into
MDWs at higher stresses and/or temperatures. (f) Kink bands and boundaries can form
due to the formation and collapse of several MDWs. (g) Schematic showing how an IKB
can form in a polycrystalline sample. IKBs are nucleated at a threshold stress.
Increasing this stress results in the IKBs growing ‘fatter’ and showing an increase in
2. The IKBs shrink upon the removal of the load, resulting in their ultimate
annihilation [15, 78].

Figure 3.15(c) shows an example of a stress-strain curve with a large hysteretic loop, a
consequence of deforming KNE solids. The total strain et at a stress o can be calculated by
additively decomposed into two parts, nonlinear strain (en.) and linear strain (e1). The latter can
be calculated from Hooke’s law, where €=c/E and E is the Young’s modulus of the material.
Generally, and in the absence of phase transitions and/or microcracking, the nonlinear fully

reversible strain en_ is made up of two components: ks and epp, Which are due to IKBs and
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dislocation pile-ups respectively. Even though both strains are in principle fully reversible due
to dislocation loops being confined to parallel planes, Barsoum et al generally only dealt with
kB, assuming that if epp was present, that it would be small and increase linearly with stress:
[84]

Etot = %"‘ €k T €pp
As was described earlier, Frank and Stroh were one of the first to expand the knowledge on the
mechanism of kinking. In an equation that was later modified by Barsoum et al for
polycrystalline materials loaded axially with a load equivalent to a remote axial stress o, they
considered an elliptic KB, with a length 2a and a width 23, where a>>p (Figure 3.15(a)),
demonstrating in the process that the remote critical shear stress tc needed to render such a

subcritical KB unstable is given by:

o, 4G?b b
T>T,~ t—\/ ycl

M~ | n?2a nwyc

where M is the Taylor factor relating ot to ¢, G is the shear modulus and b is the burgers vector
b and w is the dislocation core width [79, 80, 85]. For MAX phases, 2a. can be considered as
the grain dimension along the c-axis [84 - 86]. The dislocation core width, w, can be determined
by assuming that M=3 and by measuring the threshold stress (ct), a parameter that is otherwise
quite difficult to measure. The final remaining variable in the equation is the critical kinking

angle, yc, which can be calculated using the following equation: [79]

b 3V3(1—v)Te
- 2G

Ye =

=

Where v is the Poisson’s ratio, tioc 1S the local shear stress required to nucleate a pair of

dislocation and D is the distance between dislocation loops 2a, as seen in Figure 3.15(a).

As can be seen in Figure 3.15(a), an IKB consists of multiple parallel dislocation loops. Zhou
et al at first approximated that each loop would be made up of two edge and two screw
dislocation segments with lengths 2fx and 2Py, respectively. These are related to the applied
stress 6 and 20 assuming the following expression, which are modified from the original Frank

and Stroh paper to account for the polycrystalline nature of the materials tested [79,85].
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There are two stages in the formation of an IKB: nucleation and growth [86,87]. As nucleation
is not that well understood, the model put forward by Barsoum et al only concerns the growth
of IKBs from 2xc and Byc to 2px and 2y, respectively. The dislocation segment lengths of an
IKB nucleus, 2pxc and 2Pyc are assumed to either pre-exist, or to nucleate during pre-straining.
It follows that the nuclei grow for o > ot. The IKB induced axial strain resulting from their
growth is assumed to be given by :[79,86,88]

c _ AVNyY. _ Nkyc4na(ﬁxﬁy - ﬂcxﬁcy)
IKB k1 3k1

_An(1 - v)Nya®
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where my is the coefficient before the term in brackets in the fourth term, N is the number of
IKBs per unit volume, AV is the IKB volume change. The volume fraction of the material that
is kinked is given by the product VxNk. The factor ki relates the volumetric strain caused by
the IKBs to the axial strain along the loading direction. Nk can be estimated using the above

equation once mz has been determined experimentally.

Barsoum et al and Zhou et al developed an expression for energy dissipated per unit volume

per cycle, Wy, resulting from the growth of IKBs from fic to i and back to Bic again [84,86]

4QmN, 4n(1 —v)N Q
Wd = i ka (ﬁxﬁy ﬁxcﬁyc) = T[( y:l)wzka _( 0'152) —mz(d —O'tz)

where Q is the energy dissipated by a dislocation line sweeping a unit area, with /b being
proportional, if not equal, to the CRSS of an IKB dislocation loop. When the two previous

equations are combined, it gives rise to a new equation:

Q m,
Wy =3k, — b kB = _m €IKB
1

In their equation, Barsoum et al assumed for simplicities sake that the IKBs are cylinders with
a mean radius Pay — where Bav= (Bx + By)/2 — then the prev, OF reversible dislocation density due
to the IKBs is given by [84]:
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In the two previous equations, mi, mz, ot and 3Ky (€2/b) can be determined experimentally,
while to estimate Q/b, only knowledge of k1 in the above equation is required and Nk can be

determined from the equation to calculate gikg as long as ki and M are known.

After nested loops are obtained from hysteresis curves, m; and ot can be determined from the
slopes of plots of en versus 2. Similarly, mz and ot can be determined from Wjq versus o2 plots,
while 3k1(Q/b) can be determined from plotting Wy against €ni. It was therefore determined,
that if the assumptions made by Barsoum et al were correct, and that the micromechanism
causing the dependence of &n on o is identical to the one responsible for Wy, then the ratio
m2/my should equal 3k1(Q/b). This can otherwise be described as that if both expressions give
the same values for /b, then the same micromechanism that results in the parabolic

dependence of ¢ on &n, is the one responsible for Wy as well [15,78,84,86].

In review, it was found that large grains, less rigid solids and higher stresses all have an effect
in increasing Wq. The large grains and less rigid solids do this by reducing the threshold stresses
needed for IKB formation while the higher stresses increases the diameters of the dislocation
loops formed. Spontaneous collapse of the IKBs is the consequence of the removal of a load.
The energy dissipated, or damping, results from the friction associated with the back and forth

motion of IKB dislocations.

3.6.2 Room Temperature Compression Testing

Before examining the high temperature mechanical characteristics of the MAX phases, it would
be prudent to discuss their room temperature properties. Papers published at the turn of the
century started to investigate the mechanical properties of the MAX phases in much more
detail. In their paper on the processing and characterisation of Ti.AIC from 2000, Barsoum et
al tested its room temperature compressive deformation, yielding a compressive stress result
of 540 £ 21 MPa . They discovered that at room temperature the failure was quasi-plastic,

something which they noted had previously been associated with the formation of a shear band
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at 45 degrees to the direction of the applied load. This shear band cut across grains and was
bridged by full or partial grains that had rotated or kinked [17,74]. The following year a more
comprehensive study into the mechanical properties of TioAlIC was undertaken by Zhou et al.
They recorded a higher room temperature compressive stress of 763 MPa with the sample, like
in the previous study, maintaining its integrity. Figure 3.16 shows an SEM image of the sample,
when they examined these images it was noted that the main crack propagated along ~45
degrees off the axis of the cylinder, or the loading direction and that the damage was confined
to the vicinity of the crack. Void and cavity formation, branching and deflecting of the main
cracks, Ti2AIC grain pull-out and bridging of two halves of the sample by laminated Ti>AIC
grains were all seen in the SEM micrographs. The micro-scale deformation of Ti2AIC is shown
in Figure 3.16(b), where kinking and delaminating of Ti2AlC grains are obvious in the figure.
The break-up of laminated grains was also noted, as marked by A in the figure. Evidence that
Ti2AIC could confine the damage, as indicated by the delaminating crack that was confined
within the laminated Ti>AlC grains was also noted. Using the SEM observations, they deduced
that kinking, delaminating and pull-out of Ti.AIC grains, cavity formation and crack branching
were the main contributions to the room temperature deformation and damage confinement of
Ti2AIC [20].
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Figure 3.16: (a) SEM micrograph of sample surface after room temperature compressive test
(b) SEM micrograph showing microscale deformation due to kinking and delaminating of
laminated Ti,AlIC grains [20].

Barsoum et al conducted room temperature mechanical properties tests on TisSiC> in one of
their early papers on this MAX phase. They recorded a compressive strength of 580 + 20 MPa,
although noted that these values should be considered to be in a lower band due to the
conditions of the test [22]. In a later study, when testing the effect of grain size and deformation

temperature on TisSiC,, El-Raghy et al found that fine-grained samples produced a
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compressive stress of 1050 MPa, significantly higher than the 720 MPa value of the coarse-
grained samples. Incidentally, this figure is close to the value of compressive stress for Ti2AIC
calculated by Zhou et al. At a strain rate of 5 x 107 s, the failure was noted as brittle [20,89].
In a similar study on the room temperature ductile carbides, Barsoum et al loaded large-
grained, oriented, polycrystalline samples of TisSiC> in compression at room temperature
before interrupting the tests before the samples failed. They carried out tests along the x- and
z-axis (Figure 3.17), with tests along the x direction yielding a higher maximum yield stress
than along the z-axis, followed by a region of strain softening. They concluded that when basal
planes were orientated in such a way that allowed for slip, deformation occurs by formation of
shear bands. When the slip planes were parallel to applied load, a situation where it’s
impossible for ordinary glide to arise, deformation occurs by a combination of delamination
of, and kink band formation in, individual grains, as well as shear band formation. The material
therefore deforms plastically in any arbitrary orientation due to this unique multiplicity of

deformation modes [90].
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Figure 3.17: Schematic of grain orientation relative to loading directions. Basal planes
are for the most part parallel to the x-axis. Hot pressing direction it vertical [90]

Zhou et al also investigated the room temperature compression behaviour of TisSiC,. With the
help of scanning electron micrographs (Figure 3.18) of shear fractured samples, where, like
the test conducted on Ti2AIC, the crack was orientated ~45 deg to loading direction, they were
able to determine a number of features. Although the sample cracked, it did not break into a
number of small pieces. Figure 3.18(a(ii)) shows a high magnifcation image of voids and
cavities that are bridged by laminated TisSiC> grains. Figure 3.18(b) shows a micrograph after

breaking the shear fractured specimen into two parts, where two noticable features were
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identified: The shear deformation characeristic from the laminated TisSiC, grains and the
laminated TisSiC> grains consisting of a stack of the hexagonal slices with the nanometer size.
The deformation region from the fracture surface was the subject of Figure 3.18(c). This Figure
shows the kinking and delamination of individual grains together with intergranular fracture

contributing to deformation of polycrystalline TizSiC, under compression [54].

Figure 3.18: Scanning electron micrographs of typical fracture surfaces of TisSiC, after
compressive loading at room temperature and under a strain rate of 1x10*s™ [54]

To generalise, it has been found that the ultimate compressive stresses (UCSs) of the MAX
phases are a function of grain size, with CG TisSiC, samples being weaker than FG [75,89].
Compressive failure modes have also been studied in the literature, with them being realised to
be a function of grain size, loads at failure and strain rates. When FG samples were loaded at
high strain rates they tended to fail suddenly in a brittle manner, especially when the UCSs are
1.0 GPa or higher [18]. As was described earlier, not all of the MAX phases fail suddenly, with
some, especially the CG 211 and 312 phases, exhibiting graceful-failure behaviour with stress-
displacement gurves such as those seen in Figure 3.19(a) being closer to an inverted shalow V
than a sharp drop at the UCS [17,91].

Graceful failure, like the kind Tzenov and Barsoum set out in their paper, usually occurs along
a plane that is inclined ~20-40° to the loading axis. The angle of shear fracture, 6, upon
compression is typically in the range of 23-35°, deviating substantially from the maximum
shear stress plane of ~45° in behaviour that was noted to be reminiscent of Ice and other brittle
solids. Zhang and Sun noted that the appropriate failure criteria to use is the Mohr-Coulomb

criterion. The failure occurs when:

Tn t UOp 2 T
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where 7 is the critical shear fracture stress, p is an effective friction coefficient across the shear

plane, on and tn are the normal and shear stresses on the shear plane, given by:
— i 2
o = ogsin“6
T, = osinfcosf

where 0 is the angle between the stress axis and the shear plane. By combining the 3 above

equations and by determining the minimum with respect 8 it can be shown that:

_ cos20
"~ sin26

U

and also:
T, = 0rsinf.(cos6, — psinb,)

where of is the normal stress at failure. If one knows of and 0 from experiment then tc can be
calculated, which represents the resistance to shear of a polycrystalline sample in the absence
of friction [17,18,87].

A number of papers that subjected compression results of a select number of MAX phases to
Mohr-Coulomb analysis have been published. In general, these results showed that ¢ is a

function of grain size, with smaller values of 1¢ resulting from larger grains and also that p is

within the range of 0.2 to ~1.0 [17,87,90,92,93].

An example of a typical shear band can be seen inset of Figure 3.19(b). The extent of damage
to the grain boundaries can be seen in the higher magnification micrograph, where the typical
MAX phase energy absorbing mechanisms such as grain bending, grain decohesion, grain pull-
out and push in, crack deflections at the grain boundaries and KBs are all evident. It was
assumed that the grain deformation played an important part in the sudden loss in load bearing
capability, which was demonstrated in the stress-displacement curves in Figure 3.19(a)

[15,17,91]. These tests were undertaken at room temperature and a strain rate of 5 x 10%/s.
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Figure 3.19: (a) Characteristic room temperature stress-displacement curves obtained upon
loading CG TiAIX samples in compression at a strain rate of 5 x 10-%/s. Curves shifted to
the right for the sake of clarity [17]. (b) High magnification SEM micrograph showing a
shear band formed when a CG Ti3AIC2 sample was compressively loaded [91]

The effect of strain rates at ambient temperatures is not as well understood as it is for high

temperatures. However, a test on the effect of strain rates on the compressive stress-strain

curves of Nb2AIC and TiNbAIC was undertaken. The stress-displacement curves can be seen

in Figure 3.20, which show that Nb2AIC behaves in a manner similar to that of MAX phases

subjected to higher temperatures in that decreasing the strain rate increases the ductility but at

the expense of the ultimate compressive strength. Salama et al were surprised when they found

that the TiINbAIC solid solution behaved differently in that decreasing the strain rates resulted

in an increase in the ultimate compressive strengths and a slight increase in ductility, something

which they could not explain [93].
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3.6.3 Effect of temperature, amount of strain and strain rate

A key consideration when choosing materials for structural applications is their mechanical
behaviour at elevated temperatures. One potential area for the application of the MAX phases,
and the Al containing ones in particular, is in the field of aerospace, where the MAX phases
have been put forward as possible materials in turbines, where high temperatures and high
strains are present [94]. This is just one of many applications for the MAX phases but is perhaps
the most relevant for this thesis, which concentrates on the mechanical properties at high

temperatures.

To understand the high temperature mechanical properties of the MAX phases, one must
understand the nature of the brittle-to-plastic transition temperature (BPTT/BDTT) that these
phases go through. Unsurprisingly, the BPTT of each MAX phase is different, but for many of
the Al-containing phases, including Ti2AIC and also TisSiCo, it is between 1000 and 1100°C
[17,89].

Some of the investigations undertaken by Barsoum et al in their early studies on the MAX
phases included testing the compressive strength of TisSiCx in air at 1300°C using a crosshead
displacement rate of 0.0033mm/s. They recorded a compressive strength of 260 + 5 MPa, with
their load-displacement curves indicating substantial yield at 1300°C [22]. Barsoum et al later
performed similar tests on Ti2AIC and TisGeC> at 1150 and 1300°C. They noted that the 312
phases have higher yield points, around 250 MPa at 1300°C and 550 MPa at 1150°C than the
211 phases, which yielded at 250 MPa at 1150°C. All phases were also found to deform
plastically as opposed to the brittle failure at room temperature [18].

In their paper on the effect of grain size and deformation temperature on the mechanical
properties of TisSiC, El-Raghy et al used a servohydraulic testing machine to test the
compressive properties of the material. Using a strain rate of 5 x 103 s, they found that below
1200°C, the stress-strain curve was linear to failure, with a failure stress that decreases with
increasing grain size. At 1200°C, there was not much difference between the FG and CG
samples with regards to the strains to failure, which were recorded at being around 2.5%. At

1300°C, significant levels of plastic strain were attained, with the stress-strain response
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exhibiting three stages: 1) an elastic regime, ii) a transient ‘hardening’ regime and iii) a distinct
softening regime. At all temperatures, the FG material was found to be stronger than the CG
samples with a substantial decrease in strength at around 1200°C for both the FG and CG
samples. They determined that the inelastic deformation in TisSiC, was assisted by damage
formation in the form of grain boundary cracks, kinking, and delamination of grains. Damage
initiation does not result in catastrophic failure because TisSiC, has a capacity to confine the
spatial extent of the damage. The recorded UCS values at 1300°C were 330 MPa for high purity
and 270 MPa for low purity samples [89]. Barsoum et al (of the same research group as El-
Raghy et al) performed similar tests on Ti,AIX MAX phases, where, as would be expected,
deformation was more plastic at high temperatures. Similar to the TisSiC, samples tested earlier
by El-Raghy et al, the stress-strain curves exhibited four regimes: a linear regime, followed by
a hardening regime, then a region of distinct softening before finally a second hardening
regime, something which was not seen in the earlier study. The UCS of Ti,AIC was found to
be 340 MPa at 1200°C and 270 MPa at 1300°C for FG samples, comparable to those results
found for TisSiC> [17].

Sun et al were one of several groups that subsequently performed similar compression tests on
the MAX phases, with their paper investigating the deformation and fracture behaviour at
different temperatures. They found that the fracture stress decreases monotonically with
increasing temperature and like the previous tests, confirmed that above 1123 K (~850°C)
plastic deformation was observed, with pseudo-strain-hardening followed by strain softening.
Also, when tested above this temperature, many microcracks form homogenously on the
sample surfaces during compression. Figure 3.21 shows the multiple mechanisms by which
TisSiC2 deform under compressive loading, including basal plane slipping, kink band
formation, grain buckling, fracture of layers and delamination of the layered structure. They
confirmed that kink band formation was a common deformation mode especially at high

temperatures for TisSiC, [95].
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Figure 3.21: Schematic showing the mechanisms by which TisSiC. deform under compressive
loading: (a) Basal plane slip and the formation of a microcrack at the grain boundary, (b)
grain buckling and the induced microcracks, (c) Formation of kink bands and the associated
cracking (d) Grain fracture as a result of crack propagation and grain pullout formation [95]

As was touched upon in the section on kink bands earlier in this review, Barsoum et al
published an article on the cyclic compressive deformation of FG and CG Ti3SiC» at different
temperatures and strain rates. At high temperatures, they found that stress-strain hysteresis
loops were open and strongly dependent on strain rate and loading history, with cyclic
hardening observed. The loops continue to expand upon the removal of load. This phenomenon
was attributed to the IKBs dissociating and coalescing to form regular irreversible kink bands
[78]. Zhen et al, of the same research group as Barsoum, performed a further test of the cyclic
compressive loading of TisSiC2 when they investigated the effects of temperature, strain rate
and grain size on its compressive properties. At temperatures of over 1000°C, they found very
similar results to the earlier paper, with the hardening being explained by kink bands and
dislocation arrays interacting to form deformation cells that are smaller than the original grains
[80].

3.6.3.1 Split Hopkinson Pressure Bar testing

A number of papers have seen the use of the Split Hopkinson Pressure Bar (SPHB) to test the
compressive properties of the MAX phases. With regards to thermo-mechanical testing, this
equipment has its faults in that it is not as easy to accurately control and record a samples
response to high temperature, high strain rate testing as other methods but it can generally give
a good picture of the high strain-rate response of materials. The technique works by applying
a stress-wave to a specimen that is sandwiched between two long bars. A key advantage of this
method is that it a dynamic experiment, in contrast to the quasi-static servo-hydraulic testing
machines that most of the previous papers have based their results upon. The SPHB was utilised
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by Bhattacharya et al to investigate the high strain-rate response and deformation mechanism
of Ti2AIC, albeit at lower temperatures, they found that at very high strain rates (up to ~4700
s1) this MAX phase showed significant inelastic deformation and strain softening before
fracture. Maximum compressive strains as high as 7.5% were found from the constitutive
stress-strain response before any macroscopic cracks were formed. This paper also references

some impact design requirements for the SPHB technique with regards to ceramics [96].

Parrikar et al further developed the SPHB technique to test the mechanical response of Ti>AIC
under extreme thermo-mechanical dynamic loading conditions. They realised that part of the
appeal of the MAX phases is their performance in extreme environments. By utilising coiled
induction loops around the specimen, they were able to subject the samples to temperatures of
up to 1200°C and strain rates of 10 s and 500 s™*. As laid out in Figure 3.22, the dynamic
compressive peak stresses were always higher than under static loading conditions. Like
previous tests, the UCS decreases with increasing temperature, with the decrease being more
pronounced above the BPTT under both testing conditions. The BPTT was, however, found to
be higher in dynamic loading conditions than in quasi-static conditions for 200-300°C. The
BPTT under quasi-static conditions was in the range 800-900°C, with plastic strains exceeding
25% recorded above that temperature. Under dynamic conditions, however, the BPTT was
observed in the 1000-1100°C temperature range, with samples still failing in a predominantly
brittle manner even as high as 1200°C (strains to failure of less than 1.5%). The high UCSs
they reported prior to the BPTT under both conditions were amongst the highest ever recorded
for Ti>AIC, with this being attributed to finer grain size used than in previous studies. After the
BPTT, however, the UCS decreases rapidly with increasing temperature, reaching a value of
853 MPa at 1200°C from a peak of 1645 MPa at room temperature. With regards to the strain
rate sensitivity, they found that the material shows positive strain rate sensitivity exhibiting a
higher UCSs with increasing strain rate. In general, high temperatures and low strain rates were
seen to promote plastic behaviour of FG Ti2AIC [97].
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Figure 3.22: (a) True compressive stress-strain curve of TiAIC at various temperatures under
both quasi-static (strain rate = 10 s') and dynamic (strain rate = 500 s!) loading conditions.
(b) Effect of temperature on the compressive strength of both dynamic and quasi-static tests
[97]

A follow-up test on the effect of grain size under similar conditions was undertaken by Parrikar
et al. They again found that compressive strength was related to grain sizes at a given
temperature in a Hall-Petch type relationship. The Hall-Petch relationship is a common one
witnessed within materials science. This relationship describes materials with a finer grain size
usually having a higher strength than materials with a coarser grains size. The reason for this
is that during plastic deformation, slip or dislocation motion must take place across a common
grain boundary, with this grain boundary acting a barrier to dislocation motion. Due to there
being more grains and therefore more grain boundaries in fine grained materials, these
materials have a larger total grain boundary area than the coarse grain size materials. The higher
total grain boundary area acts in impeding dislocation motion and thereby leading to higher
strengths in fine grained materials [98]. The relationship is described by an equation, where

yield strength is oy, d is grain diameter and oo and ky are constants for a particular material:

k
0y=00+—y

Vd

As with their previous test, Parrikar et al witnessed brittle failure transition to graceful failure
with increasing temperature, with the propensity for graceful failure increasing with increasing
grain size. They determined that the strength of Ti>AIC is governed by the dislocation pile-up
on grain boundaries between soft and hard grains that in turn leads to high-stress concentrations
and fracture. The compressive strength decreases with increasing grain size under dynamic

loading due to grain boundary sliding being insignificant. A comparison of the post-mortem
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results of both the quasi-static and dynamic tests can be found in Figures 9 and 10 in the
Parrikar et al study, which generally shows two or three brittle fragments at lower temperatures
and barrelling at high temperatures for quasi-static tests, while under dynamic loading
conditions, numerous small fragments are formed at lower temperatures and at higher
temperature much of the sample stays together, although multiple cracks are formed. CG
Ti2AIC tested at 1100°C retained its integrity and did not fragment. The fracture surface
micrograph of the medium grained sample loaded to 1100°C can be found in Figure 3.23(a,
b), where a combination of cleavage fracture, delamination and kinking of grains is evident.
The graceful failure at high temperatures is a result of delamination of grains and the kinking
of grains leading to higher energy absorption. The secondary intergranular cracks seen in the
CG microstructure subjected to 900°C (Figure 3.23(c)) could be responsible for the early
transition to graceful failure due to them facilitating the kinking of grains [97,99].

Fiure 3.2 and b) Frature surfcs o te MG spcimen subjected to 1100°C, showing:
(a) grain refinement, and (b) grain kinking and delamination. c) fracture surface of the CG
specimen subjected to 900°C, showing secondary intergranular cracks [99]

3.6.3.2 Gleeble testing

Despite the previously outlined papers covering similar areas of interest to this thesis, there are
limits to the equipment, namely the split Hopkinson bar, that stop it from fully representing the
aims of this thesis. Despite this, some papers have made use of a Gleeble dynamic system,
similar to the equipment used for this work. As previously touched upon, Zhou et al deformed
polycrystalline Ti2AIC under compression using the Gleeble 1500 universal testing machine at
a strain rate of 1x10™s. They reported that Ti.AIC is damage tolerant at room temperature and
that the samples shear fractured upon failure. At higher temperatures of up to 1200°C Ti>AIC
was found to deform plastically, with them determining that the BDTT was between 1000 and

1050°C. Scanning electron microscopes were utilised after testing, which helped them declare
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that at high temperatures below the BDTT the deformation was a combination of cavities
formation and intergranular sliding and that due to the availability and mobility of a sufficient
number of dislocation systems, the deformation at temperature above the BDTT was mainly
plastic flow [20].

Zhang et al reported on the strain-rate dependent compression deformation behaviour of the
TisAIC, MAX phase at temperatures between 1000 and 1200°C and strain rates between 1072
and 10° s*. A Gleeble 3800 thermomechanical simulator, similar to the one used for this thesis,
was used to determine the deformation behaviour. When subjected to strain rates of 10 and
10 at 1000°C the samples deformed non-plastically before failing in a brittle manner.
However it was realised that as the temperature increases and strain rate decreases, TizAIC>
exhibits limited plasticity, as evidenced at 1200°C with a strain rate of 10, where the true
plastic strain was recorded as only 3%, after which strain softening following a short strain
hardening regime occurs. It was postulated that this softening was due to formation of localized
microvoids and microcracks. Upon decreasing the strain rate further to 10 s, strain hardening
instead of softening was witnessed, with the plastic strain reaching a value as high 27%. This
hardening was thought to stem from the dislocation reactions, formation of hexagonal
dislocation networks and dislocation entanglements among the dislocations, dislocation walls,
and dislocation networks. The exceptional compressive plasticity at a strain rate of 10° s at
1200°C was attributed to the initiation of nonbasal slip systems. The dislocations or dislocation
walls on basal planes can cross-slip onto nonbasal planes, or double cross-slip onto other basal
planes [100].

3.6.4 Thermal shock resistance

Due to the high melting point and excellent high temperature mechanical properties, ceramics
are ideally suited for high temperature applications. However, the inherent brittleness of these
conventional high temperature ceramics makes them more susceptible to thermal shock. After
thermal shock, most ceramics show catastrophic drops in mechanical properties, such as
flexural strength and elastic modulus. During quenching, the surface layer of the specimen

cools down while the core portions remain at higher temperatures, causing a transient tensile
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stress to form on the surface, resulting in the damage of the samples. The transient tensile stress

can be determined by:

_aEAT
)

Ot

where « is the coefficient of thermal expansion, E the elastic modulus, AT the temperature
difference and v the Poisson’s ratio. Increasing the quench temperature gives rise to higher
transient thermal stress. The damage degree of thermal shock therefore becomes more serious

with increasing quench temperatures [101].

The behaviour of the MAX phase ceramics in response to thermal shock, however, is unique.
The retained strengths of water-quenched MAX phase samples increase with increasing
quenching temperatures above a critical quench temperature. While there has been a limited
amount of work on the mechanical testing of the MAX phases, and the thermo-mechanical
testing in particular, there has been even less work that has examined this thermal shock

behaviour.

First observed by Barsoum and EI-Raghy in their paper on the characterisation of TisSiC», they
attributed the unique behaviour to a high fracture toughness [22]. It was also later observed in
TisAIC, Nb2AIC and (Ti, Nb)2AIC, among others [15,91,102,103]. EI-Raghy et al determined
that the response of TizSiC, to thermal shock depends on the grain size, with CG samples
quenched from 1400°C in ambient temperature water showing no detrimental effects in the
post-quench flexural strengths. The strengths were also found to not be a function of quench
temperature and that they actually get slightly stronger when quenched from 1400°C. FG
samples behaved differently in that their post-quenching strengths gradually decrease over a
500°C range from ~600°C [89]. Barsoum et al and Bao et al ascribed this behaviour to the
formation of oxide layers during thermal shock experiments which would produce compressive
stresses on the surface layer of samples, while Ganguly et al attributed the behaviour to the
formation of kink bands of substrate [1,15,89,103,104]. Wang et al estimated that this
phenomenon was caused by the closing up of the surface flaws at high temperatures [75].
However, these mechanisms had one common problem in that they were not confirmed by

experiments.
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Zhang et al proposed a new explanation in their paper on the abnormal thermal shock behaviour
of both TisSiCz and TisAlC,. Figure 3.24(a, b) displays the variation in residual flexural
strength of both MAX phases. As the thermal shock experiments were carried out in air, oxide
layers such as rutile TiO2 and AlOs formed on the sample surface during the heating process.
Compressive stresses would be generated in the surface layer after cooling, seeming to benefit
the flexural strength. This mechanism, however, was excluded as the oxide layers did not
contribute to the flexural strength of as-quenched specimens at room temperature. They
therefore determined that residual strength at ambient temperatures only depends on the
strength of the substrates. Figure 3.24(c) shows the retained strength vs numbers of quenching
for samples quenched from 1200°C. The substrate response to thermal shock indicated to
Zhang et al that thermal shock could not improve the strength of the substrates. The quench
strengthening behaviour is therefore not due to the fact that water quenching could increase the
strength of the substrates. The damage from thermal shock was also evaluated via the elastic
modulus measurement, which demonstrated the elastic modulus response to thermal shock
followed the same trend as the retained strength. This trend is that the less damage, the more
retained strength. The degree of damage of substrates was strongly influenced by the transient
tensile stress o. It is therefore important to understand the variation of the transient tensile stress

imposed on the substrates in order to understand the phenomenon [101].
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Figure 3.24: a and b) Residual function as a function of quench temperatures of as-
quenched (a) TisSiCz, and (b) TisAIC2 samples. (c) Retained strength vs numbers of
quenching for TisSiCz and TisAlC2 quenched from 1200°C in water. [101]

The transient tensile stress equation is based on the hypothesis of an infinitely fast quench in
which the possibility of heat conduction within materials is excluded. However, in practical
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cases, the surface heat transfer coefficient h, thermal conductivity of a material k and specimen
size H should be taken into account. Upon being reduced by a factor of v, the transient tensile

stress equation is altered to:

aEWAT
Oy =

1—v

where vy is a function of Biot modulus ()

1 15+3.25 0.5 ( 16)
— = 1. ——=05exp|——
p B PUs

The altered equation now reveals that the practical transient tensile stress o is proportional to
the product of AT because a, E and v are materials constants. The thickness of the oxide layers
would obviously increase with quench temperatures. Due to the low thermal conductivity of
oxides, the surface oxide layers essentially act as an additional thermal barrier that decreases
the effective cooling rate, in effect reducing the surface heat transfer coefficient h. The surface
heat transfer coefficient is further decreased with increasing quench temperatures, which cause
the thickness of the oxide layers to increase. The increase of the thickness of oxide layer
reduces the product of wAT, however an increase in quench temperatures increases AT, which
increases the product of wAT. The damage degree of the substrate therefore decreased with
quench temperature, accounting for the quench strengthening, a deduction further confirmed
by FEM [101,105,106].

Three major facts generally contribute to the excellent thermal shock resistance of the MAX
phases, and Ti3SiCy, TisAlC, and TiAIC in particular: (1) They are damage tolerant, therefore
showing excellent thermal shock resistance due to the significant resistance to crack
propagation; (2) Their thermal conductivities are higher than conventional brittle ceramics,
being desirable for high thermal shock resistance; (3) These ceramics are ductile at high
temperatures, with ductility inhibiting thermal failure [47,54].

In a later paper, Bhattacharya et al tested the thermal shock effects on dynamic deformation

mechanisms in Ti2AIC. They determined the suitability of the material for structural
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applications under extreme environmental conditions by heat treating in a furnace with a fixed
heating rate of 20°C/min before subjecting it to thermal shock followed by high strain rate
loading using the SHPB setup. At higher quenching temperatures (thermal gradients 530°C and
880°C), kink bands and grain buckling were observed for purely thermal loads, apart from a
change in surface morphology due to the formation of oxides. When the specimens were then
thermally shocked, they displayed lesser heterogeneities in displacement fields, different
values of elastic-inelastic transition and failure stress, with increasing quenching temperatures.
Despite an increase in temperature systematically leading to a decrease in local heterogeneities,
no particular trend was observed for the transition and/or failure stress. As can be seen in Figure
3.25, the retained strength increased from 0-200°C, decreased from 200-500°C before finally
increasing again from 500-900°C. The specimens with a greater amount of thermal shock
behaved differently in that they failed at relatively higher elongations, which they ascribed to

the formation of kink bands due to thermal stresses [107].
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Figure 3.25: Fracture strength vs Quenching temperature with standard deviation error bars
for Ti-AIC tested using SHPB at 5300 s, showing little statistical variation in the fracture
strength in high strain rate compression up to 900°C [107]

The Gleeble 3500 dynamic system used for this work has the ability to study the mechanical
properties of a material after thermal shock under a mechanical stress. Using a Gleeble 3500,
Adamaki et al subjected commercial Ti2AIC to combined thermal shock and mechanical
loading to determine its mechanical properties following thermal shock. They found that the

material retained its mechanical properties after thermal shock at 1200°C and a cooling rate of

52



90°C/sec; even when subjected to stresses of up to 150 MPa. This was further confirmed when
studying the microstructure of the sample, which indicated no significant changes or defects
following the thermal shock [108]. The paper by Adamaki et al used gas, or air, quenching,
Bao et al performed similar quenching conditions by quenching TisAIC: in air, where it was

found that the retained strength was enhanced with increasing temperature difference [103].

Bai et al determined the thermal shock behaviour Ti2AIC by heating samples to temperatures
of from 200°C to 1400°C before quenching them in various cycles and testing their retained
strengths afterwards using a flexural strength test. They determined that the post quench
strength shows features consistent with the kinetic propagation of “short initial cracks” [107].
They related the lack of a discontinuous decrease in retained strength to the micro-scale plastic
deformation associated with mobile basal dislocations. When they increased quench times to 5
cycles, there was a decrease in the retained flexural strength with a lower rate of decrease
compared to the first quench. Upon quenching at 300°C and above, they found voids after the
pullout of grains- features absent on the un-quenched samples -which indicated a weakening
of bonding among grains and the induced damage around the grain boundary during thermal
shock [109].

3.7 Applications

The unique properties of the MAX phases make them an attractive material to use for a variety
of applications. The list is long, but some of the high temperature applications include its use
for heating elements, high temperature foil bearings and gas burner nozzles, while some papers
have also suggested its use within the nuclear industry [15].

However, as this thesis is more directed towards the high temperature aerospace applications
it would be prudent to examine what structural ceramics are currently used within the industry.
Within the field of aerospace, ceramics have been used in the space shuttles for many years,
however recently they are increasingly being used in commercial and military aircraft. One of
the primary aspects that’s making ceramics more popular to use is that they are generally lighter
than metals, however the costs of working with advanced ceramics means that a clear

advantage over metals must be established by using them [110]. Structural ceramics are lighter
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than most metals and are stable at temperatures substantially above high grade technical
plastics. Conventional structural ceramics, such as the binary ceramics SiC, SizN4, Al.O3, SiO,
ZrO; etc. are currently widely used in the aerospace industry due to their low density, good
corrosion resistance, high fracture toughness and high strength at high temperatures [111-113].
As an example, Silicon Nitride produced by 3M has been used as an insulator in jet engine
igniters in applications where aluminium oxide insulators fail [113]. Other applications of
structural ceramics include thermal protection systems in rocket exhaust cones, insulating tiles
for the space shuttles and missile nose cones [110]. Technical ceramics have also been used for
various parts of a jet engine for over 30 years, however the drive for better fuel efficiency has
led to the development of SiC/SiC composites for use as turbine blades in jet engines.
Currently, cooling channels within the jet engine are needed to stop metal alloy blades from
melting. However, if the blades were made of ceramics or ceramic composites, which can deal
with temperatures in excess of 1500°C, the engine could run at higher temperatures, hence

increasing energy efficiency.

However, the relatively short lifetime until failure of these ceramics means that they are of
limited use when using them in extreme environments. This is mainly due to the accumulation
of damage, which can ultimately lead to the rapid and catastrophic failure of the ceramic
components. These ceramics are also known to be hard and brittle and difficult to machine with
traditional cutting tools, unlike the MAX phases, which are well known for their good
machinability. As has already been expanded upon widely in this chapter, the MAX phases
have an unusual set of properties that combine some of the advantageous properties of some

of the ceramics discussed in this section and of metals [114].

An emerging problem within the field of aerospace is that of environmental degradation in
turbines via gas phase embrittlement, oxidation and low temperature hot corrosion (LTHC) of
advanced disk alloys in the high pressure turbine stage. Due to the surface of the disk and blade
attachment points representing some of the most highly stressed areas of a turbine, any coating
or improvement of the material would significantly lessen the chance of a potential failure. The
Al containing MAX phases have the potential of excellent oxidation resistance due to the
formation of Al>Oz scales, with Ti2AIC exhibiting among the highest oxidation resistance.

Smialek et al of NASA Glenn research centre vacuum diffusion bonded MAX phase coatings
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in the form of thin CroAIC wafers to an advanced turbine disk alloy, LSHR, at 1100°C [94,115].
They postulated that this MAX phase could be used as a potential coating due to its strain
tolerance, which was in turn due to microlaminate kinking its relatively high CTE and good
Type | hot corrosion resistance. Despite the detrimental effects of an NiAl reaction zone, Cr;Cs
depletion zone and o-phase formation in the LSHR alloy, they determined that Cr,AIC MAX
phase coatings were relatively stable with Ni-base super alloys in 800°C cycling [94]. They
further explored these coatings and found that CroAIC was also mechanically compatible at
1100°C or above (100h) but not for very long. This, they believed, set limits on Cr.AIC as a
high temperature thermal barrier coating (TBC) on Ni-based super alloys, but could improve

corrosion resistance in lower temperature applications.

While design rules for the thermo-mechanical performance of ceramics for aerospace
applications have been hard to come by, a set of design requirements of ultra-high-temperature
ceramics (UHTCs) within the field of hypersonic applications were published by Squire et al
[112]. They suggested that some key aspects that make UHTC property measurements more
useful for analysts and designers are: 1) the temperature dependence of a materials properties,
especially the thermal conductivities, specific heat, emissivity, tensile modulus and thermal
expansion coefficients; 2) measurement techniques should be referenced to standard tests,
whenever possible; 3) Measurements should always be reported with well-defined errors; 4)
Isotropy and homogeneity of the UHTC materials should be confirmed, or failing that, the

orientation of test specimens relative to the manufacturing process.

3.8 Literature Review Summary

Reviewing the literature, it is clear that the MAX phases are at an exciting part in their history
and development. From their discovery in the 60’s, through the major breakthroughs in the mid
to late 90’s to the present day, the MAX phases have always surprised with their unique
amalgamation of properties of both metals and ceramics.

From examining the literature, a few of the aims stated at the beginning of the thesis can be
further expanded and possibly be subject to further experiments. The lack of heating regimes

explored in the literature suggests this could be an area that could be further examined in
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relation to thermal properties and the residual stress effects of then either cooling slowly or

thermally shocking the samples.

The amount of strain and strain rate applied has been explored in one paper in relation to the
TisAlC2 MAX phase, so another avenue of interest would be to determine the effects of
different strains and strain rates on the two MAX phases studied for this work using the Gleeble
3500. The effect of different strains at different temperatures and under different heating
regimes could also be another area of interest. From the literature it was apparent that while
many papers had tested the dynamic thermomechanical capabilities of Ti2AlC, less had tested
TisSiCo.

The review of aerospace applications and thermo-mechanical performance of such applications
led to the determination that there is a lack of a cohesive test of a materials properties at such
high temperatures using equipment such as the Gleeble 3500. Therefore, a set of design rules
to test the high strain rate resistance of materials for aerospace applications using the Gleeble
3500 could be developed.

In general, an overarching comparison of the two MAX phases studied in this literature, Ti2AIC
and TisSiCp, will be undertaken. This should involve not only the mechanical testing of the
materials but also the investigation of the materials microstructure both before and after this
mechanical testing, any residual internal stresses, deformation mechanisms and domain

formation via a variety of electron microscopy and XRD techniques.
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Chapter 4 - Experimental Procedure

4.1 Material Composition and Properties

As previously stated in the literature review, two different MAX phases have been investigated
for this study; Ti2AIC and TisSiC». The material was obtained from Kanthal (Sanvik, Sweden),
under the commercial names of Maxthal 211 (Ti2AIC) and Maxthal 312 (TisSiC») [16]. Table

1 shows the phase compositions of these materials recorded by Lambrinou et al [116].

Table 1: Composition (wt%) of Maxthal 211 and 312 MAX phase Ceramic
materials [115]

MAX phase Composition (wt%o)
MAXTHAL 211 (Ti2AIC) 55% TiAlIC 38% TisAIC> 7% TiAlz
MAXTHAL 312 (TisSiCz) 90% Ti.SiC> 10% TiC

They documented more properties of these Maxthal MAX phases. The density of the 211 MAX
phase was recorded as 4.02g/cm®, with a theoretical density of 98%. TisSiC2 also had a
theoretical density of 98% and a density of 4.42g/cm?®. The grain sizes could be described as
coarse grained for the Ti>AIC based MAX phase at 50-100um and fine grained for the TisSiC»
MAX phase, with a grain size of 5-10um. The Young’s modulus values generally compare
favourably to the ‘pure’ Ti2AIC or TisSiC, with values of 277 GPa and 322 GPa respectively
reported in the literature and 265 * 4 and 325 + 5 GPa for their Maxthal counterparts. There
are, however, slight differences in the hardness values, with pure Ti>AIC generally possessing
aHV of 5 £ 0.5 GPa, while Maxthal 211 has a HV of 3.2 £ 0.5 GPa. However, there are values
below this general figure, with Wang and Zhou reporting a HV of 2.8 GPa for Ti2AIC MAX
phase with a grain size of ~<50um, similar to Maxthal 211 [17,18,27,116]. The Vickers hardness
value for Maxthal 312 was recorded as 3.8 + 0.4 GPa, comparing more favourably to TizSiC»
than Maxthal 211, with values of 5 + 1 GPa [15,116].

Before being machined to the correct sample size, each grade came in cylindrical rods of
dimensions ~206mm in height and 62mm in diameter and 197mm in height and 54mm in

diameter for Ti>AIC and TisSiC; respectively. Using an electrical discharge machine (EDM),
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~15mm slices were cut before cylindrical uniaxial compression samples of dimensions
15mm/10mm were cut and then lightly ground using P1200 grinding paper to remove any oxide
layer in preparation for the welding of thermocouples. Each cut sample was given a code to
determine where it had been cut from within the material, i.e. samples cut from the centre were
given codes 1A-1D, while samples cut from the outer perimeter of the cylindrical slice were
given codes from 2A (left), 2B (right) to 6A and 6B. The primary reason that this was done
was to assess the homogeneity of the starting block of material.

4.2 High Strain Rate Testing

The need to test the high strain rate resistance of a material in the context of aerospace
applications is extremely important. High strain rate tests such as an impact test can
demonstrate whether a material can withstand the ingestion of debris in situations such as a
bird strike while a jet engine runs at high temperatures. To the best of the authors knowledge,
there are no set design rules for the impact testing of ceramic aerospace components using such
small samples, however numerous papers have impact tested aircraft components. Zhang et al
tested the ballistic penetration resistance of Titanium alloy TC4 engine casings by using air
guns, shooting at velocities ranging from 50 to 500 m/s, defined as moderate velocity. They
noted that a limitation of this approach is that impact tests cannot simulate the dynamics of a
released rotating blade, but can give valuable information about casing design, such as the
potential failure modes, deflection, and critical impact velocity [117]. Roberts et al impact
tested a ceramic composite for use as an aircraft engine fan case, determining that the panels
of such composites could approach that of metals. The protective ceramic surface layer was
seen as a promising approach for preventing fibre shear failure on the impact surface but not
for limited delamination. Some of the composites reached impact velocities of approaching
200 m/s [118].

The primary aim of this thesis is to test and evaluate the high strain rate response of novel MAX
phase ceramics. Conventional materials high strain rate testing can include impact testing,
which involves utilising standardised impact testing techniques such as the Charpy and 1zod
tests. These measure the impact energy, or notch toughness of a material by releasing a
swinging pendulum onto a supported sample. The problem with this technique, however, is

that the results are more qualitative and are of little use for design purposes. They also cannot
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perform tests at high temperatures and under a constant or increasing mechanical load [98].
The Gleeble 3500 utilised in this thesis, however, can test a materials mechanical properties at
very high loading rates and at high temperatures. It also has the ability to test these properties
under a vacuum. Therefore, while not being a conventional test of a materials impact resistance,
the Gleeble 3500 can still test the MAX phases resistance to high speed impacts, something

which could occur in the potential applications of the materials.

4.2.1 Gleeble 3500 Thermomechanical Simulation System

The Gleeble 3500 is a dynamic testing machine that possesses the capability to test and provide
experimental data for a plethora of thermal and mechanical events that a material may be
exposed to over its lifetime. It is these abilities that allow the Gleeble system to be used for the
high temperature thermo-mechanical testing that is the basis of this project. An example of the

Gleeble 3500 thermo-mechanical simulation unit can be found in Figure 4.1.

Figure 4.1: An example of Dynamic Systems Inc.’s Gleeble 3500 thermo-mechanical
simulation unit, together with an image of the Gleeble 3500 in uniaxial compression

The Gleeble 3500 can heat specimens at rates of up to 10,000°C/second using its direct
resistance heating system. High thermal conductivity grips hold the specimen, making it also
capable of high cooling rates. An optional quenching system can achieve even higher cooling
rates. As previously touched upon when discussing the thermo-mechanical testing of the MAX
phases, the SHPB method has been used in the past to test a materials response to high
temperature and/or high strains. The Gleeble 3500 system possesses more control over this
technique and allows the operator to program changes from one control mode to another during

a test using ‘quiksim’ software [119].
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To achieve thermal control of the sample, thermocouples are spot welded to the approximately
the centre of each of the tested samples. Type K thermocouples, which operate in the
temperature range 95-1260°C, were used with Ti2AIC and TisSiC, samples. Mechanical
control is realised through both computer control of stroke and force and the monitoring and

analysis of deformation parameters directly from the sample.

4.2.2 Uniaxial Compression Testing

The Gleeble 3500 was used in uniaxial compression mode to test the high temperature thermo-
mechanical performance of the MAX phases. This involved compressing ~10 mm g by 15 mm
long cylindrical MAX phase specimens between two well lubricated tungsten carbide anvils
(ISO-T) at high temperatures of up to 1200°C and at high strain rates. In order to perform a
compression test, uniform deformation and temperature during the compression must be
maintained. The direct resistance heating system works by constantly maintaining an
isothermal plane across the diameter of the cylindrical specimen during both heating and
cooling. A schematic diagram of the anvil setup can be found in Figure 4.2, while a basic model

of the test is displayed in Figure 4.3.

Before each test could be started, the sample was first prepared by welding thermocouples to
the centre, as demonstrated in Figure 4.3. Tantalum foil is then applied to the end of each
specimen to both reduce friction when the sample spreads under compression and to avoid
welding of the sample to the anvils. Nickel paste is added to lightly lubricate the contact

between the tantalum foil and the tungsten carbide anvils.

Each uniaxial compression test was performed under partial vacuum conditions. A vacuum
pump attached to the Gleeble was used to create an inert gas atmosphere in the main Gleeble
chamber. This partial vacuum has an effect in reducing the level of oxidation that would have

occurred on the sample surface, thereby also helping with the welding conditions.
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Figure 4.2: Schematic diagram of the Gleeble system set-up in Uniaxial Compression
mode

Figure 4.3: A basic model of the Gleeble system while in Uniaxial Compression mode. The
first image shows the set-up before deformation and heat have been applied. 1) Specimen, 2)
ISO-T Anvils, 3) Power Ram, 4) Thermocouples, 5) Gleeble Chamber. The second image
shows the heat being applied to the test specimen via the ISO-T tungsten carbide anvils from
both horizontal directions, while the power ram deforms the sample from the left hand anvil.
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As referred to in Section 4.2.1, mechanical control of the Gleeble is carried out by the computer
control of both stroke and force parameters. The stroke can be defined as a large transducer in
the Load Unit which measures position displacement of the moving (left) shaft. The stroke is
one of the two primary methods in which the displacement or deformation of the sample during
testing can be measured or controlled. The more accurate way to measure strain in the Gleeble
is by using the Lengthwise Strain Gauge (L-Gauge) system. The L-Gauge is an extensometer
used to measure the distance between the anvils and is mounted on both shafts inside the
Gleeble vacuum chamber. The L-Gauge can record both the strain each sample is subjected to
and also accurately control the amount of strain applied to a sample. In contrast, the stroke
control mode offers a faster deformation rate than the L-Gauge control mode, but has a lower
precision and lower resolution. In addition to its inability to perform and record very high
deformation rates, strain gauges such as the L-Guage can be sensitive to extreme temperatures

and can over time lose their accuracy due to conditions such as fatigue.

For the high temperature, high strain rate tests that were undertaken for this work, the L-Gauge
was used to apply the desired strain to each sample. For the quench tests, the L-Gauge was also
used to calculate the strain recorded during both the quenching process and the subsequent

mechanical testing. All tests were carried out using true axial stress calculations:
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4.3 Sample Preparation/Ceramography

Upon the completion of uniaxial compression tests in the Gleeble, the samples were removed
and prepared ready for electron microscopy. This process involved first cutting each sample
along its length using an ATM Brilliant 220 precision wet abrasive cutting machine before
mounting with ether resin or Bakelite. In addition to the samples tested in the Gleeble, ‘as
received’ samples, which had not undergone any mechanical testing, were also mounted and

prepared for electron microscopy investigations.

Table 4.2 outlines the grinding and polishing stages following mounting of the samples. Each
sample was ground and polished on successively finer grades of paper. Selected specimens
were then etched using a mixture of HF:HNO3:H2O at a ratio of 1:1:1 to further reveal their
microstructure. Following the final polishing and etching stages, selected specimens were then
inserted into a plasma cleaner to ensure that they were free from any residual debris that may

have gathered on the surface at this stage.

Table 4.2: Grinding and polishing stages
Stage Surface Lubricant Particle Size Speed
P120
P320
Grinding SiC Paper Water P600
P1200 150
P4000
Polishing Chemicloth | Colloidal Silica 0.06 um

4.4 SEM- Scanning Electron Microscopy

Scanning Electron Microscopes (SEM) were used to help quantify the effects of the different
thermo-mechanical sequences on the microstructure and nanostructure of the materials. Two
SEMs were utilised in Swansea University, a Carl Zeiss Evo LS25 and a Jeol Field Emission
JSM-7800F. To gain micrographs in which to compare general microstructures and
deformation and fracture mechanisms of the samples, systematic magnifications were recorded
between 100x and 4000x using both secondary and backscattered electron detectors on the Carl

Zeiss Evo LS25, an example of which can be found in Figure 4.4.
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As some samples had been mounted in nonconductive epoxy resin, they had to be covered with
conductive carbon and copper sticky tape before being inserted into the SEM. This ensures that

the samples have a good earthing circuit.

-

Figure 4.4: Swansea University’s Carl Zeiss EVO LS25 scanning ;lecron microscope, with
attached EDS detector

4.4.1 EDS- Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) was used to determine the elemental composition
of the materials. This identification technique was carried out using Oxford Instruments Aztec
EDS analysis software on both the Carl Zeiss Evo LS25 and Jeol JSM-7800F. To undertake
both the spot microanalysis and map methods, the accelerating voltage used was 15-20 kV
while the probe current was set to 500 pA. EDS was also utilised to determine the location of
the different phases that make up each MAX phase grade.

4.4.2 EBSD- Electron Backscatter Diffraction

A Jeol JSM-7800F was used to undertake electron backscatter diffraction (EBSD) imaging of
each sample. Due to the changes in crystallographic orientation that is caused by kink bands
(KB) and dislocation walls (DW) within individual grains, EBSD can be a useful tool when
attempting to analyse the evolution of deformation in the polycrystalline MAX phase samples.
These KBs and DWSs can be easily identified by EBSD when using inverse pole figures to
analyse the misorientations. EBSD also helped determine the coherency of the phases and how
they deform during different rates of deformation [120,121]
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Figure 4.5: Swansea University’s Jeol JSM-7800F field emission scanning electron
microscope with attached EDS and EBSD detectors

The EBSD detector was used in conjunction with Oxford Instruments Aztec analysis software
to help characterise the microstructure following the uniaxial compression of the samples. As
a high tilt is required to perform EBSD analysis, the sample was tilted 70° once inside the
vacuum chamber of the SEM. All scans were performed using an accelerating voltage of 20
kV at either 4x4 or 8x8 binning.

4.5 XRD- X-Ray Diffraction

An X-ray Diffractometer is a tool that allows the user to understand the crystal structure of a
material. The Bruker B8 Discover machine, like the one found in Figure 4.6, that was utilised
for this work uses a Cu K, radiation source and was useful in phase identification and
quantification. The test was performed under operating conditions of 40 kV and 40 mA. Each
sample was mounted and cleaned before being inserted on the stage. Diffraction patterns were
taken from both as received samples and those that were subjected to thermomechanical
testing. For both materials, the spectra were acquired in the 10° - 90° 26 range with a step size
of 0.04°.

Figure 4.6: The Bruker B8 Discovef XRD used to undertake X-Ray Diffraction analysis
of the MAX phase ceramics samples.
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Chapter 5 - Original TisSiC. and Ti.AIC MAX phase Characterisations

5.1 Introduction

Prior to mechanical testing, the microstructures of both as received MAX phases were
characterised using various microanalytical tools. In this chapter, the results of this
characterisation are presented. The MAXthal grades of MAX phase studied for this work were

manufactured using the Cold Isostatic Pressing (CIP) method.

5.2 Microstructure Characterisation of As-Received MAX phases

The backscattered (BS) scanning electron images of both MAX phases are presented in Figures
5.1 and 5.2 using JEOL 7800F SEM. When comparing the two microstructures it is
immediately clear that, for the most part, the Ti.AIC MAX phase has a substantially larger
grain size than the TizSiC> MAX phase, something which has been explored quantitatively in
Section 5.5. The grain sizes of the minor secondary phases have also been explored in Section
5.5. The general microstructure of the as received (AR) MAX phases have been explored in

the current section, with the elemental analysis being discussed in Section 5.3.

It is clear from Figure 5.1, that the Ti>AIC MAX phase constitutes of 3 main phases. The exact
number of existing phases is further confirmed by image analysis tool, ImageJ. It seems that
the Ti-AIC MAX phase exhibited a homogenous microstructure in terms of phase and size
distributions. As indicated in Figure 5.1, the observed phases in the Ti.AIC material consists
of a (i) grey phase matrix, within which is the (ii) predominant elongated lighter phase, with a
(iii) darker phase largely forming on the grain boundaries of the elongated grains and scattered
around the general microstructure. Also noteworthy is the obvious layered structure to the
elongated lamellar type grains, a hallmark of the MAX phases, as indicated by a solid red
elliptical shape in Figure 5.1. Using ImageJ, the volume fraction percentages of each
constituent phase were estimated, where it was found the elongated lighter phase made up
around 84%, the grey phase 14% and the scattered dark phase accounting for about 2%. In the
micrograph presented, it’s almost certain, before any elemental characterisation is undertaken,
that the phase that makes up 84% of the microstructure is Ti2AIC in this alloy. Moreover,

compared to its TisSiC, counterpart, the amount of porosity appears to be relatively low. It
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must be noted that in some ImageJ analysis of electron images like the one shown in a Figure
5.3 that a potential 4" phase was identified, being very similar in characteristics and colour to
the elongated major phase. When adjusted accordingly, ImageJ can pick up this 4" phase
accounting for approximately 30% of the microstructure, with the primary phase now
accounting for about 58%, with remaining phases being roughly similar in fraction.
Considering the closeness in image morphology, it is reasonable to assume that this 4" phase
would have a similar elemental composition to the primary Ti2AIC phase, with the most likely
candidate being TisAlCx, as recorded by Lambrinou et al [115].

The microstructure of TizSiC2 MAX phase appears slightly more complex than the Ti>AIC
MAX phase. As indicated in Figure 5.2, two major phases can be seen, together with 1 or
perhaps 2 minor phases. The majority of the microstructure is made up of a fine, light in colour,
relatively elongated and lamellar phase. The second major phase is scattered throughout the
microstructure and is slightly darker in contrast compared to the first phase. One of the minor
phases is seen to predominantly lie on the grain boundaries of both major phases, it being much
whiter in colour compared to the other phases. It was rather difficult to identify the second
minor phase, which is the darkest of the phases that have a similar colour contrast as the
porosity. Furthermore, porosity is much more noticeable in this MAX phase than the Ti>AIC
MAX phase, which should have an impact on the materials performance when subjected to the
high temperature compression testing. The volume fraction percentage of each constituent
phase can be found in Table 5.1. The table shows that nearly three quarters of the microstructure
is made up of the major phase, in this case most likely TisSiC>. The remaining quarter is mostly

made up of the second major phase, with small contributions from the minor phases.

Although identifying the exact phases and their volume fractions in such complex
microstructure is very difficult, the overall findings of this are in general agreement with the
work carried out on the Kanthal MAX phases by Lambrinoue et al [115]. The manufacturing
process of this material was through cold isostatic pressing (CIP). They also found that TisAIC>
could be found in the Ti,AIC MAX phase produced by Kanthal, while the TisSiC> phase
compositions are relatively similar to the variations they found, in there being a not

insignificant concentration of a minor, secondary phase.
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Figure 5.1: SEM image showing the microstructure of As-Received (AR) TioAIC MAX
phase. The layered structure can be seen in the red ellipse.

Figure 5.2: SEM Image showing the microstructure 'of AR TisSiC2 MAX phase."An
example of the minor white phase can be seen in the red ellipse. An example of the
porosity can be seen within the red circle.
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Figure 5.3: Images of the ImageJ phase volume fraction analysis when taking into
consideration the potential presence of a fourth phase of similar image morphology to the
primary major phase: (a) Phase 1, (b) Phase 2, (c) Phase 3, (d) Potential phase 4.

Table 5.1: Volume Fraction of identified constituent phases for both MAX phases
calculated using ImageJ

Volume Fraction (%)
MAX phase
Phase 1 Phase 2 Phase 3 Phase 4
Ti2AIC 84 14 2 N/A
Ti2AIC (No.2) 58.71 7.92 2.1 31.27
TisSIC» 73.75 23.75 1.5 1
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5.3 Chemical Analysis of the Materials
EDS was used to determine the elemental composition of the MAX phase ceramics used in this

study as well as the composition and location of the constituent phases in both MAX phases.

5.3.1 TiAIC MAX phase

Figure 5.3 shows a backscattered electron micrograph of the microstructure of Ti2AlC, together
with the EDS elemental mappings of Ti, Al, C and O and the spectrum of the whole
microstructure, which also shows the chemical composition of the whole EDS map. Several
EDS spectra from individual points were also obtained to determine the chemical composition
of each phases. The results of the composition of several of these points and also the overall
composition of the Ti2AIC EDS map can be found in Table 5.2. The constituent elements of
Ti, Al and C were found to contribute 68.2wt%, 21.3wt% and 10.1wt% respectively to the
overall chemical composition of the TioAIC MAX phase material. In order to identify the
individual phases in each materials, it was clear from the elemental maps, that the elongated
grains of the primary phase have a substantial concentration of Ti when compared to the other
elements, Al and C, although both Al and C are still present, as proven by both the elemental
maps and the spectra taken on these elongated grains. The major secondary phase is the matrix
in between the large elongated grains, and it shows a very high concentrations of Al, especially
when compared to the elongated grains of the primary phase. The concentration of C appears
to be generally quite uniform throughout the microstructure, with the elongated grains showing
slightly higher concentrations than the matrix. The elemental map of O shows that this element
is being identified within the darker phase that was earlier identified using ImageJ, suggesting
either porosity and/or the presence of an oxide phase such as Al>Os. The presence of AlOz in
the MAX phases is not uncommon, with Hossein-Zadeh et al recording such a phase in their
SPS production of V4AIC3. The formation of this phase has been attributed to the presence of
O at the surface of the powders and/or the fact that the processing conditions can introduce O
to the system [122,123]. Several spectra were taken on the elongated phase, the elemental
compositions of a selection of these points can be found in Table 5.2. Most of the spectra taken
on the elongated phases have a similar elemental composition of around 73% Ti, 16% Al and
11% C, which supports the theory that the vast majority of these elongated grains are Ti-AlC.
The spectra that show small deviations in this elemental composition could be the areas of the

potential 4™ phase, TisAIC,. Spectra 12 and 15 were taken at areas in between the elongated
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phases, with these areas being seen to possess much higher amounts of Al than the elongated
phase. The similar Ti and Al contents could suggest the presence of a TiAl intermetallic phase,
as previously reported by Adamaki et al. [108,124]. The small, darker phase regions that were
picked up as pockets of O in the elemental maps were also subjected to Point and ID analysis
using the Oxford EDS software. These are Spectra 6, 7 and 14. As mentioned previously, this
area could be porosity, but the very low Ti and C counts and the high Al and O counts also

bring the possibility that this area could be pockets of Al>Ogz, or a similar Al rich or oxide phase.

Table 5.2: Spectrum percentages and overall composition of the AR Ti2AIC sample

Spectrum
Element 1 4 5 6 7 8 10 11 12 13 14 15 16 Overall
Comp (wt%)
Ti 732 | 707 | 444 | 11 | 33 | 734|703 | 724|468 | 724 |56.1| 739 | 727 68.2
Al 146 | 194 | 527 | 504 | 271 | 14 | 201 | 164 | 50 | 16.2 | 16.8 | 13.9 | 16.3 213
C 122 | 98 | 28 | 14 | 7.7 | 126 | 96 | 112 | 33 | 113 | 7.6 | 122 11 10.1
o 47.1 | 321 19.4
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Figure 5.3: a) Electron Image of Ti2AIC, b) Spectrum of the EDS Elemental Maps,
showing the relative composition of each element, c-f) EDS Elemental Maps of Ti,
Al, C and O respectively.
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5.3.2 TisSiC2 MAX phase

The EDS data collected for TisSiC> can be found in Figure 5.4 and Table 5.3. A backscattered
SEM image together with the locations of the Point and ID spectra can be found in Figure 5.4a.
The elemental maps, together with overall spectrum and elemental composition prove the high
compositions of the expected elements of Ti, Si and C throughout the microstructure. The
overall elemental composition of this material can be found in Figure 5.4e and Table 5.3, where
it was found that the contributions were as follows: 70.9wt% Ti, 13.7wt% Si and 15.4 C. These
elemental fractions also confirm the presence of slightly more C than Si, something that would
be expected in the overall composition of the TisSiC> MAX phase material. The amount of
porosity in this image seems higher than in the previous SEM image of the same material in
Figure 5.2. When superimposing each elemental map on the electron image map it is apparent
that the areas that are the brightest on the Ti elemental map appear as very dark areas on the Si
map. With regards to the C elemental map, the brighter areas of this map appear to correspond
to the same bright areas as the Ti map, giving weight to thought that these areas are in fact the
TiC phase that was previously in the work carried out on the Kanthal MAX phases by
Lambrinoue et al [115]. When comparing these elemental maps to the electron image it’s
apparent that they line up with the second major phase that constituted about a quarter of the
overall microstructure in the previous SEM image, which appeared grey in image texture. The
majority of the remaining general microstructure has concentrations of each element that would
correspond to the TisSiC, phase. The areas that appear bright on the Si elemental map
correspond approximately to a dark phase seen on the SEM image, suggesting a phase rich in
Si. When studying the Point and ID spectra, the points taken on the white grains (1-7) have a
composition not too dissimilar to the overall composition of the microstructure in consisting of
approximately 72% Ti, 13% Si and 15% C. These grains can therefore be confirmed with
relative certainty as the main Ti3SiC. phase of the microstructure. Spectra 3, 4 and 6 show quite
rich in both Ti and Si, with smaller amounts of C, suggesting that this phase could be a minor
TiSi phase. Spectrum 5, taken on the grey grains, are very rich in C, with small amounts of Ti
and negligible amounts of Si. The phase identified here could therefore be the TiC phase

proposed earlier in this section.

Table 5.3: Point Spectrum wt% and overall composition of the TisSiC, AR sample

Spectrum (wt%o) Overall Comp
Element 1] 2 3 4 5 6 7 (Wt%)
Ti 714 715 | 634 | 56.1 | 10.7 48 71.6 70.9
Si 135 128 | 285 | 373 | 09 | 449 | 135 13.7
C 151 ] 156 | 8.2 6.6 | 885 | 72 | 149 15.4

73



100pum ) 100pum

Figure 5.4: a) Electron Imae of Ti3SiC2, b-d) ES Elemental Maps of Ti, Si and C
respectively, e) Spectrum of the EDS Elemental Maps
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5.4 Phase Identification using XRD

X-ray diffraction technique was utilised on as received Ti2AIC and TisSiC, for phase
identification and to validate the exact phases present in each material. Using the MAUD XRD
refinement software, the peaks of the XRD spectra were identified.

Figure 5.5 shows the XRD spectrum taken for TiAlIC, where the presence of the dominant
Ti>AIC phase is confirmed, together with a few secondary phases. There is some debate as to
what phases the peaks represent, with Adamaki et al suggesting that the secondary phases are
TiC and AlTis, whereas Lapauw et al suggest that the peaks that would otherwise be TiC are
in fact TisAIC; and that the intermetallic AlTi phase is actually Ti2Als. The presence of a TiAl
intermetallic phase is further confirmed by Wang et al. [108,125,126]. It should be noted that
according to Lapauw et al. and Wang et al. that 2 of the 3 phases that they found are MAX
phases (Ti2AIC and TizAIC,). There were several other peaks that were possibility identified
as Al203, while some peaks were not identified, suggesting that these peaks belong to a phase
that is very similar in composition to the other phases present in this MAX phase. Using the
quantitative phase analysis tool within MAUD, when it was considered that the Ti.AIC MAX
phase material consisted of 4 phases, the volume fraction of the phases were estimated as 50%
Ti2AIC, 35% TisAlCz, 14% TiAl and 1% Al.Os, which is relatively comparable to what was
found using ImageJ when studying the SEM images of the Ti.,AIC MAX phase microstructure
in Figures 5.1 and 5.3.

The XRD spectrum for the as received TisSiC, sample is shown in Figure 5.6. This analysis,
backed up by the findings of Laupauw et al. and Lambrinou et al., when they showed that
TisSiC> is the dominant phase, with TiC as a minor secondary phase [116,125]. Several peaks
that were not either TisSiC> or TiC were also picked up by the XRD, which could account for
the minor phases identified when studying the micrographs through ImageJ and the EDS data.
The quantitative phase analysis tool within MAUD estimated that the volume fraction of the
phases were ~80% Ti3SiC> and ~20% TiC, which is similar to the fractions found using the

ImageJ and EDS analysis software.
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Figure 5.5: XRD spectrum for the nominally Ti>AIC Maxthal 211, showing the phases
present in the material. Note the peaks that have not been identified, suggesting minor
phases that are close in composition and formula to the ones identified
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Figure 5.6: XRD spectrum for the nominally TisSiC, Maxthal 312, showing the phases
present in the material
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5.5 EBSD Analysis of both MAX phase Materials

5.5.1 Grain Morphology (Size and Shape) Analysis

As previously stated in Section 5.2, when comparing the grain sizes of Ti2AlC and TisSiC», the
substantial grain size differences between the two MAX phases studied for this project is

immediately evident.

As shown in Figure 5.7 although there is a substantial presence of small grains of the Ti.AIC
phase, the Ti.AIC grains are generally quite large and are substantially bigger than the largest
grains of the TisSiC, phase in the TizSiC. MAX phase material. The high percentage of very
small grains measured could simply be as a result of the way the material is produced, which
is by cold isostatic pressing, or by the grain boundary threshold used for the EBSD and grain
analysis. The small grains could also represent sub grains and misindexing of the diffraction
patterns during the EBSD scan. Figure 5.7 also shows the grain area, grain diameter and aspect
ratio of the separate phases exhibited in each alloy. For the EBSD and grain analysis the
secondary phases were identified as TiAl for Phase 2 and Al,O3 for Phase 3. These phases are
unsurprisingly, due their nature as minor secondary phases, of much smaller area and diameter
than the larger, primary Ti2AIC phase. The highest grain diameter recorded for Ti>AIC was
around 65um, compared to around 9um for the TiAl phase and 7um for the Al,O3 phase. Of
note when analysing the grain area and diameter for the Ti>AIC phase is the extremely wide
range of grain sizes, something which is to be expected when a material has a relatively coarse
microstructure, nonetheless it is very different when compared to the other secondary phases
within the Ti>AIC MAX phase and TisSiC> MAX phase materials. The aspect ratios for the
TioAIC MAX phase were found to be consistently above 1 for each phase, with the greater
proportion of high aspect ratios unsurprisingly coming from the lamellar Ti.AIC phase, despite
the highest aspect ratio being anomalously found in the TiAl phase. When comparing the
number of neighbouring grains for each phase, its apparent that, with some anomalous Ti>AlIC
grains excepted, the phases have roughly the same amount of neighbouring grains as each
other. Maps showing the grain area and grain diameter of the primary Ti>AIC phase can be
found in Figure 5.8. The maps have been split into two, with one showing the relatively small

sub grains and the other the elongated lamellar grains.
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Figure 5.7: Grain Size Analysis graphs of the Ti,AIC MAX phase material, comparing
the separate phases. (a) Grain Area, (b) Grain Diameter, (¢) Number of Neighbouring
Grains and (d) Aspect Ratio.
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Figure 5.8: (a & b) Grain Area maps for the major Ti>AIC phase. (a) The grain areas
up to 50pum? (b) The grains that have an area of 50pum? and more. (¢ & d) Maps showing
the Grain Diameter for the major TiAlC phase. (c) The grains with a diameter up to
5um, (d) The grains with a diameter greater than 5um.
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Figure 5.9 shows the grain size analysis for the TisSiC> MAX phase. As previously stated
earlier in this section, when the primary Ti3SiC> phase is compared to the Ti2AIC MAX phase,
it is evident that the grain area and diameter is substantially smaller. The largest grain in
diameter recorded for the Ti3SiC> phase was about 15um, compared to about 65um for Ti,AIC.
Unlike the Ti2AIC material, the grain sizes and diameter of the secondary phase, TiC, are not
significantly smaller than the primary TisSiC. phase, with the largest TiC grains measuring
about 11pm. As seen in the TiAIC MAX phase, the aspect ratios of both major phases are
greater than 1, indicating that the phases are generally elongated in shape. In Figure 5.10 the
maps show the grain area and the grain diameter of the primary TisSiC> phase. Note how the
grain shapes of all the grains, and in particular the primary Ti3SiC, phase are generally quite

different to the Ti2AlC phase, with a very small amount of very elongated, lamellar grains.
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Figure 5.9i: Grain Size Analysis graphs for all phases of the TisSiC, MAX phase
material: (a) Grain Area, (b) Grain Diameter
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Figure 5.10i: (a & b) TisSiC> Maps showing the grain area for the grains of the TizSiC»
phase (a) The Ti3SiCz grains with a grain area up to 10pum?
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5.5.2 Detailed Phase, Orientation and Grain Boundary Characterisations

Several maps were created using the data collected by the EBSD software, some of which are
presented here. Figures 5.11 and 5.12 show the EBSD maps taken of the Ti.,AIC AR sample
while Figures 5.13 and 5.14 show the maps for the TisSiC> AR sample.

Figure 5.11a shows the band contrast map of the TioAIC MAX phase. When comparing this
map to the electron images discussed earlier in this chapter, it is evident that the microstructure
appears more complex, with the large elongated lamellar grains being identified as possessing
numerous subgrains within them, validating what was found in the previous section on the
grain size analysis of the materials. Figure 5.11b shows a map of the phases that were used to
map the EBSD data. The phases that were used were Ti;AIC, TiAl and Al;Os. The volume
fractions of these phases that were used for the EBSD analysis can be found in Table 5.4. Due
to the relatively high amount of nonindexed areas, the phase fractions do not directly correlate
to the phases identified using ImageJ, although if these nonindexed areas are assumed to be
porosity caused by the deformation of the samples during production or a potential 4" phase of
similar image morphology to that of Ti.AIC then the fractions are not too far away from what
was measured using ImageJ. From the phase map, the Ti2AIC phase is seen to be by far the
most dominant phase within the microstructure, however there are pockets of the phase
identified as TiAl appearing, as expected, in between the larger Ti.AIC grains and in some case
within the Ti2AIC grains. The final secondary phase, in this case identified as Al>Os, is found
to be located within the darker areas of the band contrast, corresponding with the dark phases
identified in the SEM images discussed earlier in Section 5.2. This phase, like the dark phases
identified earlier, is scattered randomly throughout the microstructure. As previously stated in
this section, the relatively high amount of unindexed areas could suggest either a phase that has
not been identified and/or the presence of some porosity. The IPF map in Figure 5.11c shows
the measured orientation and the IPF colour keys. The map allows a greater understanding of
the preferred orientation of each grain and phase. From the map, it appears that the grains have
a largely random texture, something which is further proved when plotting the orientations in
the colour key of the IPF. The grain boundaries were also identified by 4 separate colours in
Figure 5.12, with the low angle grain boundaries (LAGBs) being between 2 and 10° and
identified by red. The medium grain boundaries (MAGBS) are represented in blue for the 10-

20° and green for 20-40°, while yellow was used to signify the high angle grain boundaries
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(HAGBs) >40°. The histograms in Figure 5.13 and 5.14 show the data for the grain boundaries
between the different phases. From this, it can be seen that the misorientation angles of the
boundaries between the Ti2AIC grains are constant across the graph, indicating that the
orientations are distributed uniformly throughout the microstructure. The TiAI-TiAl grain
boundaries were recorded as being of a non-random distribution, with higher amounts of low
angle grain boundaries, with the TiAIC-TiAl grain boundaries having a peak at 10°-20° but
generally having a behaviour similar to the Ti2AIC-Ti2AIC grain boundaries, with the
misorientations having a uniform distribution throughout the microstructure within + 5°. The
Ti>AlC-Al>0O3 grain boundaries had a substantial number of medium misorientation angles,
with the peaks at 30°-40°. The Al.Oz-Al>03 and Al>Os-TiAl grain boundaries behave in a
similar manner, both generally possessing high angle grain boundaries, although the
distribution is close to the random (Mackenzie) profile.

Table 5.4: Phase Volume Fractions measured by EBSD
for the Ti-AIC MAX phase

Phase Volume Fraction(%b) Symmetry
Ti2AIC 70 6/mmm
TiAl 4.3 4/mmm
Al203 1.6 -3ml
Nonindexed 24.1 N/A
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Figure 5.11: EBSD Maps taken of the Ti>AIC control, AR sample. a) Band Contrast, b)
Phase Map, c) IPF-Y Orientation Map, with colour key (The two Ti-AIC colour keys are
for a grain area of under or above 50pum?)
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Figure 5.12: Grain Boundaries and Grain Boundary angle Map for
all phases
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Figure 5.13: Histograms showing the spread of the grain boundary angles from phase to
phase. (a) Ti2AIC-Ti2AIC, (b) TiAI-TiAl, (c) Ti2AIC-TiAl
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Figure 5.14: Histograms showing the spread of the grain boundary angles from phase to
phase. (a) Al.O3-Ti2AIC, (b) Al203-Al20s3, (¢) Al.O3-TiAl

87



The TisSiC, EBSD data can be found in Figures 5.15 and 5.16. From the band contrast map,
their appears, as was proposed in Section 5.2, two distinct major phases. In this case, a dark
phase and a bright phase. The EBSD phase map has been used to characterise these two phases
as TisSiC, and TiC respectively. The other phases proposed when using ImageJ appeared to
take up such a small fraction that EBSD phase classification would have been difficult. In
general, the major Ti3SiC. phase is seen to form randomly around the microstructure, although
there are small pockets where there are higher concentrations of the brighter, TiC phase.
Whereas it was difficult to index some areas of the Ti2AIC MAX phase, the TisSiC> MAX
phase is generally well indexed, although there are several areas that have not been indexed. In
a similar manner to the TioAIC MAX phase, these areas could either be phases that have not
been identified and/or areas of porosity. Due to the high amounts of porosity previously
identified using the electron image, it is more likely that these areas are porosity. The IPF map
in Figure 5.15¢ shows that, like the Ti2AIC MAX phase material, the orientation of both phases
is largely random in the AR sample, as proved by the IPF colour key in Figure 5.15c. The grain
boundaries of the TisSiC2 MAX phase were also split into the same parameters as Ti2AIC, in
that LAGBs were 2-10°, MAGBs were 10-20° and 20-40° and HAGBSs were >40°. The map of
the grain boundaries can be found in Figure 5.16 while the histograms of the grain boundaries
between the phases can be found in Figures 5.17 and 5.18. In a similar manner to the TiAlC-
TioAIC grain boundaries, the primary TisSiC, grains had a distribution of grain boundary
misorientation angles that were constant throughout the microstructure, where no one type of
grain boundary angle was seen to be dominant. The TiC-TiC grain boundaries were found to
be higher angle in nature, with the highest proportion of grains falling on or around a grain
boundary angle of 60°. The misorientation angles of the TisSiC,-TiC grain boundaries appear

to have a random, Mackenzie profile.

Table 5.5: Phase Volume Fractions measured by EBSD
for the Ti>SiC> MAX phase

Phase Volume Fraction(%b) Symmetry

TisSiC, 62 6/mmm
TiC 15 m-3m
Nonindexed 23 N/A
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Figure 5.15: EBSD Maps taken of the Ti> control, AR sample. a) Band Contrast, b)
Phase Map, ¢) IPF-Y Orientation Map, with colour keys (The two Ti.AIC colour keys are
for a grain area of under or above 50um?)
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Figure 5.16: Grain Boundary Angle map for all phases and the histograms showing the
spread of the grain boundary angles from phase to phase.
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Figure 5.17: Histograms showing the spread of the grain boundary angles from phase
to phase for (a) TisSiC2-TisSiCz, (b) TisSiC2-TiC
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Figure 5.18: Histogram showing the spread of the grain boundary angles between grains
of the TiC phase.

5.6 Summary and Conclusions

In this chapter, the microstructure of both TiAIC and TizSiC, have been characterised and
their grain size and shape and EBSD data were analysed. The SEM images collected for both
materials showed an obvious difference in microstructure, with only a few important
similarities. The grain size of the largest grains found in Ti.AIC were found to be several times
larger than the largest grains found in TisSiC, although the shape of these grains was found to
be relatively similar in being an elongated lamellar. Numerous smaller grains and subgrains
were also found in both MAX phases, with these grains belonging to both the major Ti;AIC
and TisSiC. phases, and also the secondary phases identified in both materials. The presence
of multiple minor secondary phases in both materials agrees with previous studies of similar

material.

The EDS data showed that, as was expected, the Ti2AIC and TisSiC2 MAX phases are rich in
their constituent MAX elements (M=Ti, A=Al or Si, and X=C). Of note in the Ti.AIC sample
were the areas high in Ti and Al between the large grains, an area that could otherwise be
described as the matrix. It was assumed that this area would be a TiAl intermetallic phase. The
spectrum taken on this phase showed that it had a chemical composition of approximately
47wt% Ti, 50wt% Al and 3.3wt% C, which further led credence to this assumption. Due to
their dominance of the microstructure the large, elongated phases were assumed to be the

primary Ti2AIC phase, something which was confirmed by the spectra taken on these grains,
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which had a composition of approximately 73wt% Ti, 15wt% Al and 12% C. The other phase
was found to possess high amounts of Al and potentially O. The overall chemical composition
of TiAIC was recorded as approximately 68wt% Ti, 22wt% Al and 10wt% C. The overall
chemical composition of the TisSiC, MAX phase was recorded as 70.9wt% Ti, 13.7wt% Si
and 15.4wt% C, which is in general agreement with the structure of the 312 MAX phases,
which contain more M and X layers than A layers. The primary TisSiC, phase was recorded as
having a similar composition to the overall microstructure, with approximate make up of
72wt% Ti, 13wt% Si and 15wt% C. The minor secondary phase, later identified as TiC, was
found to compose of negligible amounts of Si and higher amounts of Ti and C. The spectrum

taken on one grain of this phase had a composition of 10wt% Ti and 89wt% C.

XRD spectra for both MAX phases were analysed to help establish the phases present. The
TioAIC MAX phase was determined by the spectra to contain at least 3 potential phases, with
some peaks not belonging to any of the identified phases. The chemical compositions found
using EDS and the micrograph analysis using ImageJ could further confirm that the phases not
identified have a similar chemical structure to the major phases previously identified in this
study, namely the primary Ti>AIC phase and the secondary phases TiAl and Al>Os. TizAIC:
was proposed as one of the phases that was similar in both composition and structure to one of
the previously identified phases, namely Ti.AIC. With this phase included, the composition of
the Ti,AIC MAX phase was recorded as 50% Ti>AIC, 35% TizAIC,, 14% TiAl and 1% Al>Os.
The peaks of the Ti3SiC> MAX phase were assigned to more phases than the Ti>AIC alloy, with
Ti3SiC; and TiC being, as expected, the predominant phases. TizSiC; and TiC were recorded
as constituting 80wt% and 20wt% of the microstructure respectively. Despite this, there were
a few peaks that were left unassigned, potentially belonging to the minor phases that were

identified using the ImageJ and EDS software.

As mentioned previously in this section and in Section 5.5.1, the grain sizes of the Ti>AIC and
Ti3SIC, MAX phases was the one major difference in their appearance. The large grains of the
TiAIC MAX phase were identified as Ti2AIC and were found to be 4 times larger than the
largest TisSiC; grains in the TisSiC2 MAX phase alloy. The grain shapes of the most prevalent
phases are relatively similar, being roughly elongated and lamellar in nature. Due to the smaller

grain size of the Ti3SiC2, MAX phase, this material would be expected to have a higher ultimate

92



compressive strength than the TioAIC material. In materials with smaller grains, these grains
can behave as obstacles to the dislocation movement. This, in turn, can cause more strain
hardening, meaning that smaller grain materials such as TisSiC have more strength than larger
grain materials. In materials with large grains like Ti2AIC a dislocation can travel further
without being stopped by a grain boundary, indicating the potential for extensive plastic flow
and lower ultimate compressive strengths. This type of strengthening is known as Hall-Petch

strengthening.

The reasoning for the large difference in grain size is most likely due to differences in the
processing route of both MAX phases. The final grain size of a dense ceramic is governed by
many processing variables, with the starting powder size and sintering time and temperature
being the most important [127]. Grain size increases with increasing temperature due to the
enhancement of diffusion rate with increasing temperature, leading to the assumption that
Ti,AIC was sintered at higher temperature and for a longer period than the TisSiC, material
[98]. The starting powder size was also likely to have been much larger in the case of the

TioAIC material as opposed to the TisSiC, material.

The EBSD analysis of the Ti,AIC MAX phase alloy showed that the phases Ti.AIC, TiAl and
Al>O3 were all easily indexed within the microstructure. The nonindexed areas of black in the
microstructure could potentially be areas of another phase or porosity. The same is mostly true
for the TizSiCo, MAX phase, which is well indexed, except a few areas that seem to be porosity
rather than another phase. Both microstructures appear random in texture and orientation
distribution, as proven by the IPF colour keys for the both materials IPF maps. With regards to
the grain boundaries, the boundaries between the major phases, namely between TiAIC and
TioAIC and between TisSiC> and TisSiC, appear to behave quite similar in that the
misorientation angles are constant across the graph, indicating that the orientations are
distributed evenly throughout the microstructure. In both MAX phases, the grain boundaries
between the primary phase and the minor phases (i.e. Ti2AIC-TiAl), and also between the minor
phases (i.e. TiC-TiC) either have a prevalence towards a specific type of grain boundary or
have a random, Mackenzie type profile. LAGBs are characterised as consisting of an array of

dislocations, with their structure being a function of the misorientation.
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Chapter 6 - The Effect of Deformation Temperature and Strain Rate on the
Mechanical Behaviour of the MAX phases

6.1 Introduction

In this chapter, the results of high temperature mechanical testing of both MAX phase materials
used in the current project are presented. The high temperature mechanical testing of these
materials was conducted using the Gleeble 3500 Thermomechanical Simulator, a machine
discussed in more depth in Chapter 4.2. The results of the high temperature mechanical tests
and the high temperature quench tests are presented in this chapter, while also briefly
discussing the ramifications these results could have on the microstructures of the MAX

phases, something that will be explored in greater depth in Chapter 7.

6.2 Compression Testing Conditions and Parameters

Various parameters were used to test the MAX phases response to high temperature mechanical
testing. The samples were tested at 3 different high temperatures, 1000°C, 1100°C and 1200°C,
as well as a room temperature (RT) test in the Gleeble for comparison purposes. The heating
rate of 5°C/s was used for all high temperature tests. 5 different strain rates were utilised to test
any variation in mechanical response at the different temperatures. One example of this type
of heating cycle can be found in Figure 6.1. The samples were also photographed following
each high temperature compression test to show the effect the testing conditions had on the 10
x 15mm cylindrical samples. Each sample was given a code following a test, the details of the
coding system can be found in Table 6.1.

Table 6.1: Coding System for High Temperature Mechanical Testing
Samples and High Temperature Quenching Samples

Strain Rate/
Sample Coding System Example Temperature | Compressive
Load Stress

TXX-SR
XX=Temperature(°C) T11-3 1100°C 1x103%/s
SR=Strain Rate

QXX-SY
XX=Temperature(°C)
Y=Compressive Load
Stress(MPa)

Q12-S150 1200°C 150 MPa
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The MAX phases were also subjected to quench tests in air to determine their performance
after thermal shock. The samples were heated to either 1000°C or 1200°C, held at these
temperatures for 2 minutes before being quenched at a cooling rate of 60°C/s under a
compressive load stress. The samples were then tested under compression at room temperature
to determine if quenching the materials had had a detrimental effect on their mechanical
properties. Examples of the heating and cooling regimes can be found in Section 6.4. The

coding system for the quenched samples can be found in Table 6.1.
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Figure 6.1: A typical high temperature mechanical test regime, showing the initial heating
rate to the highest temperature, at which the sample is held for 5 mins to attain equilibrium
before the material is strained at a certain strain rate. In the case of this test, the material is
subjected to a strain of 0.4 at a strain rate of 1x10™/s at a temperature of 1000°C.

6.3 High Temperature Mechanical Testing results
Sample Code  Example Temperature  Strain Rate

_ _ -3
638 FAIC MAX Phase HO0 11070

The current section will outline the results of the high temperature mechanical testing of both
MAX phases. The performance of Ti2AIC at the different temperatures has been set out in
Figures 6.2 - 6.9, while the performance of the TizSiC, MAX phase under the same

temperatures can be found in Figures 6.10 - 6.17.
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6.3.1.1 Ti2AIC MAX phase Compression at Room Temperature

The stress-strain curves for the Ti.AlC sample tested at room temperature can be found in
Figure 6.2. As shown in the figure, the two samples were strained to -0.1 at the slowest strain
rates; 1x107%/s and 1x10/s, with both stress-strain curves showing great similarity. The peak
compressive stress is recorded as 500 MPa, while the strain to failure was approximately -0.04
for both samples. In terms of both strain and time, the samples failed very abruptly upon the
application of the mechanical load. The curves do not show any plasticity, with both samples
rupturing straight after the yield point. The stress drop recorded as the sample failed could be
explained by the sampling rate of the test rather than any evidence of ductility. The other
mechanical properties of the samples at room temperature can be found in Table 6.2. The
Young’s Modulus of both samples were 23+1 GPa, while the yield stresses were similar to the
UCS of both samples.
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Figure 6.2: Graph showing the stress-strain curves for the Ti2AIC samples tested at room

temperature and under a strain rate of 1 x1 0> /s and 1x10"/s

Table 6.2: Mechanical Properties of Ti2AlIC samples tested at 1000°C and under strain
rates of 1x107/s and 1x107/s

Test Ultimate Comp Young’s Yield Stress Compression
Stress (MPa) Modulus (GPa) (MPa) (0.02 (%)
Proof Stress)
TRT-3 -515.65 23.26 -513.13 -3.97
TRT-4 -497.7 22.08 -490.87 -4.00
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Following the room temperature compression tests, both samples were removed from the
Gleeble chamber and photographed. These images can be found in Figure 6.3 and show the
appearance of the samples following failure. The brittle nature of material failure is
immediately evident in these images, with numerous cracks noticeable throughout both
samples and, in the case of the TRT-3 sample, breaking into numerous separate pieces. The
direction of the main crack in the TRT-4 sample is approximately ~45° to the compression
axis, as highlighted by the red ellipse in Figure 6.3b. If the test had been carried out to a higher
strain of, for example, 0.4, then both samples would likely have been crushed even further and
split into several more pieces, as has been evidenced in the literature [99]. The brittleness of
ceramic materials at room temperature is caused by their general low resistance against crack
propagation. These observations are evidence that at room temperatures the Ti2AIC MAX
phase samples failed in a very brittle manner, something which has been noted consistently in
previous studies on the mechanical properties of the Ti,AIC MAX phase [1].

Figure 6.3: Pictures of the Ti2AIC samples following their room temperature compression

testing using the Gleeble. (a) TRT-3, (b) TRT-4, with the crack ~45° to the loading direction
highlighted with red ellipse

6.3.1.2: Ti2AIC MAX phase compression at 900°C

Figure 6.4 shows the stress-strain curves for the T.AIC samples tested at 900°C. The
mechanical properties of the tests can be found in Table 6.3. Similar to the testing undertaken
for the samples at 1000°C, two strain rates were tested; 1x107°/s and 1x10%/s. The peak
compressive strengths recorded are within 50 MPa for both samples, with the T09-3 sample
having the slightly higher compressive strength of -355.86 MPa. The compressive strain to
failure was recorded as ~6% for both samples. The behaviour of the samples is analogous to
that of the samples tested at room temperature in that the samples both failed abruptly after
reaching their yield points, not showing any plasticity thereafter. The Young’s Modulus of both

samples were significantly lower than those recorded for the samples tested at room
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temperature at ~8 and 9 GPa respectively for the T09-3 and T09-4 samples. The yield stresses

were very close to the UCS of both samples.
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Figure 6.4: Graph showing the stress-strain curves for the Ti2AIC samples tested at 900°C
and under a strain rate of 1 x1 0°/s and 1x10"/s

Table 6.3: Mechanical Properties of Ti2AIC samples tested at 900°C and under strain rates

of 1x10°%/s and 1x10"*/s
Test Ultimate Comp Young’s Yield Stress Compression
Stress (MPa) Modulus (GPa) (MPa) (0.02 (%)
Proof Stress)
T09-3 -355.86 7.784 -352 -5.81
T09-4 -321.84 8.86 -318 -5.71

The images of the samples upon the completion of the test can be found in Figure 6.5. Like the

samples tested at room temperature, the brittle nature of failure was immediately evident for

both samples, with a large crack that is approximately 45° to the compression axis. These

cracks are highlighted on Figures 6.5 by red ellipses. Smaller cracks can be seen emanating

from the larger crack. Both samples also appeared to stay together, despite the catastrophic

crack through each of them. The effect of temperature could therefore be said to slightly

improve the fracture mechanics of the samples tested in that the samples do not fracture into
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several pieces or succumb to numerous cracks, like that seen in the samples tested at room

temperature.

A B

Figure 6.5: Pictures of the Ti>AIC samples following their room temperature compression
testing using the Gleeble. (a) T09-3, (b) T09-4, with the crack ~45° to the loading direction
highlighted with red ellipse

6.3.1.2 Ti2AIC MAX phase Compression at 1000°C

The stress-strain curves of Ti2AIC samples tested at 1000°C can be found in Figure 6.6. It is
evident that all samples tested at the faster strain rates of 1/s through to 1x10%/s failed abruptly
in a brittle manner upon reaching their peak compressive stresses, showing no signs of strain
softening or hardening. The mechanical properties of each sample can be found in Table 6.4.
The peak stresses of all samples tested at this temperature are all in a similar region of between
320-380 MPa, which is approximately 100 MPa lower than the samples tested at room
temperature. The Young’s Modulus for samples tested at under the two fastest strain rates,
T10-0 and T10-1 was recorded as being 12+0.5 GPa. For the T10-2 and T104 samples, the
Young’s Modulus is slightly higher at values of 16.08 and 15.39 respectively. The T10-3
sample having a slightly anomalous value of 9 GPa. The yield stress values of samples that had
negligible to non-existent plasticity were very close to UCS of those samples. However, the
sample that did show plasticity, T10-4, did have a slight difference, with a yield stress ~20 MPa
less that the UCS. The T10-4 sample behaves differently in that it exhibits a short strain
hardening region before reaching a peak stress very similar to the peak stresses for the failed
samples. After reaching the yield point there appears to be a lengthy period of strain softening
until ~0.2 strain, the softening modulus of this period being recorded as -297.8 MPa. After 0.2
strain, moderate amounts of hardening were noted, having a hardening modulus of 97.12 MPa.
The sample then seems to soften once again right before the end of the test, having a softening
modulus of -170.9 MPa. It must be noted that the test was completed at 0.4 strain and the

sample was air cooled to room temperature.
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Figure 6.6: Graph showing the stress-strain curves for the Ti>2AIC samples tested at 1000°C

and under strain rates between 1/s and 1 %1 0_4/3

Table 6.4: Mechanical Properties of Ti,AlC samples tested at 1000°C and under strain rates between
Usand 1x10"/s

Test Ultimate Young’s Yield Stress | Compression Softening Hardening
Comp Stress Modulus (MPa) (0.02 (%) Rate Rate
(MPa) (GPa) Proof Stress) Ast | As2 AH1
T10-0 -321.05 12.04 -319.92 -6.55 - -
T10-1 -330.22 12.37 -329.08 -2.91 - -
T10-2 -366.93 16.08 -366.89 -5.01 - -
T10-3 -382.55 9.00 -379.4 -5.44 - -
T10-4 -369.06 15.39 -350 -40 -297.8 | -170.9 97.12

The images of some of the samples following their tests can be found in Figure 6.7. Upon
removing each sample from the Gleeble it was evident that the samples tested under the 4
fastest strain rates (1/s - 1x10%/s) appeared to have behaved and deformed in a very similar
manner, in that they exhibited a large crack that was ~45° to the compression axis that went
from the top to the bottom of each sample. These cracks are highlighted on Figures 6.7a-d by
red ellipses. Another aspect of note was that despite the samples cracking at relatively low
strains, each sample stayed together, in that the bulk of the sample either side of the ~45° crack

did not fall apart into several pieces. Like the samples tested at 900°C , it could be said that
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the increasing temperatures improve the fracture mechanics of the samples tested at the faster
strain rates so that the samples do not fracture into several pieces or succumb to numerous
cracks, like that seen in the samples tested at room temperature. The sample tested at the
slowest strain rate, T10-4, is, has already been discussed, the only sample to exhibit ductility
at this temperature and the image of it can be found in Figure 6.7d. This image shows that the
T10-4 sample experienced significant barrelling during the test. Highlighted within the yellow
ellipse in Figure 6.7d are cracks on the outside of the sample, indicating that the material has
failed, but not in the same way as the other samples tested at this temperature. The oxide layer
for the T10-4 is very different compared to the samples that were tested at a quick strain rates,

perhaps indicative of the effect the length of the test has on the oxide layer of the samples.

Figure 6.7: Pictures of the Ti,AIC samples following their high temperature compression tests at
1000°C. (a) T10-0, (b) T10-1, (c) T10-3, (d) T10-4. Cracks ~ 45° to the loading direction highlighted
with the red ellipse. Outer surface cracks of T10-4 highlighted with yellow ellipse

6.3.1.3 Ti2AIC MAX phase Compression at 1100°C

Figure 6.8 shows the stress-strain curves for the Ti>AIC samples tested at 1100°C. It is evident
once again that in general the peak stress for each strain rate has decreased with increasing
temperature and decreasing strain rates. The sample that produces the highest peak stress is the
sample tested at fastest strain rate, 1/s, with progressively lower peak stresses as the strain rate
gets slower. The peak compressive stress of the 1/s sample is -500 MPa, which is anomalously
much higher than other peak stresses recorded at high temperature for Ti2AIC, which are within
the -250 MPa to -400 MPa range. The samples tested at strain rates of 1x1071-1x107%/s have
peak stresses that fall into the -320 MPa to -380 MPa range, with the samples subjected to
strain rates up to 1x10%/s failing in a brittle manner once again, cracking abruptly at
approximately -0.03 strain. The samples tested at the two slowest strain rates, 1x107%/s and at
1x10*/s, behave in a ductile manner, with both samples having a linear elastic regime and then

showing significant periods of strain softening after reaching their peak stresses. Both samples
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also do not fail upon the conclusion of the test at -0.4 strain. As shown in Table 6.5, the sample
subjected to the slowest strain rate has the lowest peak stress of the high temperature tests taken
at 1100°C, with a stress of approximately -260 MPa. The Young’s Modulus is seen to follow
a general trend of getting higher with the faster strain rates, T11-1 and T11-2 being the mild
contradictions to this rule. The highest Young’s Modulus recorded was 29.18 GPa, for T11-0
sample, while 8.99 GPa was the lowest recorded, for the T11-4 sample. As was seen for the
tests at 1000°C, the yield stress for the samples that failed in a brittle manner were very close
to their respective UCS’s, while those that behaved in a ductile manner have a much lower
yield stress than UCS’s. Both T11-3 and T11-4 have substantial periods of strain softening,

and their softening moduli were recorded as -545 MPa and -441.1 respectively.
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Figure 6.8: Graph showing the stress-strain curves for the Ti2AIC samples tested at 1100°C

and under strain rates between 1/s and 1x1 0-4/S
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Table 6.5: Mechanical Properties of TiAIC samples tested at 1100°C and under strain
rates between 1/s and 1x10 /s

Test Ultimate Young’s Yield Stress | Compression Softening
Comp Stress Modulus (MPa) (0.02 (%) Rate
(MPa) (GPa) Proof Stress) A
T11-0 -493.49 29.18 -489.20 -2.85 -
T11-1 -317.10 15.08 -316.00 -3.09 -
T11-2 -360.16 19.90 -347.90 -2.73 -
T11-3 -332.66 11.40 -308.35 -39.58 -545.04
T11-4 -261.74 8.99 -213.23 -40.00 -441.1

The images of some of the samples following compression at 1100°C can be found in Figure
6.9. Once again it can be seen that the samples tested at the fastest strain rates exhibit the same
crack ~45° to the loading direction as the samples tested at fast strain rates at lower
temperatures. Like the samples tested at 1000°C, despite the crack going straight through the
sample at ~45° to the loading direction, the sample generally stays together with both pieces
of the sample either side of the ~45° crack not breaking away. As mentioned previously,
ductility is exhibited for the two samples that were subjected to the slowest strain rates, T11-3
and T11-4. The images for these samples in Figure 6.9c-d show the same type of barrelling
that was witnessed in the T10-4 sample tested at 1000°C. Like the T10-4 sample, small outer
surface cracks are once again witnessed on the T11-3 sample, with these highlighted by the
yellow ellipse in Figure 6.9c. These cracks are not apparent on the T11-4 sample. The oxide
layer appears different depending on the length of the test, with the shorter, T11-1 test showing
none of the reddish colouring of the T11-3 and T11-4 samples.

Figure 6.9: Pictures of the Ti2AIC samples following their high temperature compression
tests at 1100°C. (@) T11-1, (b) T11-2, (c) T11-3, (d) T11-4
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6.3.1.4 Ti2AIC MAX phase Compression at 1200°C

The previously identified trend of peak stress generally increasing with increasing strain rates
can once again be observed in Figure 6.10. The exception to this rule can be seen in the stress-
strain curves for the Ti>AIC samples tested at the fastest strain rates of 1/s and 1x10Y/s,
although these samples have a peak compressive stress in the similar -250 MPa to -350 MPa
range as the sample tested at 1x107%/s. The slower strain rates do follow this trend, however.
The trend of peak stress for each sample decreasing with the increase in temperature also
applies to the samples tested at 1200°C. It’s also worth noting that, like the samples tested at
1100°C, the peak stress decreases by approximately -125 MPa with the slower strain rates. The
highest peak stress recorded at this temperature was -350 MPa for the sample subjected to a
strain rate of 1x107/s, a strain rate that had yielded brittle behaviour up until this temperature.
The peak stresses for the samples subjected to strain rates of 1x10%/s and 1x10#/s was recorded
as ~-225 MPa and ~-100 MPa respectively. The tests on samples subjected to strain rates
between 1x107?/s and 1x107/s all have a relatively similar shape to their stress-strain curves,
with all 3 samples lasting until the end of the test at 0.4 strain. The rest of the mechanical
properties can be found in Table 6.6. The Youngs’s Modulus for the samples tested at this
temperature are generally lower than those calculated at lower temperatures, with the T12-2
sample having the highest value of 10.63 GPa and T12-3 the lowest of 7.24 GPa. The yield
stresses are close to each sample’s UCS at this temperature, especially for the slowest strain
rates. Another trend observed under slower strain rates at this temperature is the tendency for
the strain softening rate to decrease, as can be seen in the extreme sense for the sample tested
at 1x10™/s. The rate of softening also changes at ~0.225 for the T12-2 and T12-3 samples. For
the T11-2 sample, the first period of softening has a softening modulus of -978.8 MPa while
the second softening moduli was recorded as -553.1 MPa. There were similar rates of change
between the softening moduli for the T12-3 sample, with the first softening moduli recorded
as -608.2 MPa and the second as -275.3 MPa. The softening moduli for T12-4 was recorded as
being -170.09 MPa.
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Figure 6.10: Graph showing the stress-strain curves for the Ti2AIC samples tested at

1200°C and under strain rates between 1/s and 1 x1 0-4/s

Table 6.6: Mechanical Properties of Ti,AlC samples tested at 1200°C and under strain rates between 1/s
-4
and 1x10 /s

Test | Ultimate Comp Young’s Yield Stress Compression Softening Rate

Stress Modulus (MPa) (0.02 (%) A1 | A2
(MPa) (GPa) Proof Stress)

T12-0 -259.30 8.51 - -2.20 -

T12-1 -302.52 9.79 -300.90 -3.08 -

T12-2 -348.893 10.63 -333.95 -39.06 -978.7 | -533.1

T12-3 -227.92 7.24 -227.31 -39.97 -608.2 | -275.3

T12-4 -113.70 7.48 -113.70 -39.99 -170.09

The images taken upon the completion of each high temperature compression test can be found
in Figure 6.11. As has already been established, the samples that were subjected to the faster
strain rates and exhibit no plastic deformation fail in a brittle manner and are the ones with
cracks ~45° to the loading direction, as highlighted by the red ellipse in Figures 6.11a-b. The
samples at 1200°C that succumbed to this fate were T12-0 and T12-1, with both samples
exhibiting this crack once again from the top of the sample through to the bottom. Minor
fragments of each sample also cracked off but in general both samples, like other Ti.AIC

samples tested at high temperature did not break apart, with both parts of the sample either side
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of the ~45° crack staying attached. Minor cracks propagating from these major cracks could
also be witnessed, with these highlighted with an orange ellipse. The samples that were found
to show ductility when studying the stress-strain curves, T12-2, T12-3 and T12-4, showed
significant amounts of barrelling when their images taken post-testing were examined (Figures
6.11c-e). Of note are the number of outer surface cracks increasing with faster strain rates, with
the sample tested at the slowest strain rate, T12-4, exhibiting no obvious surface cracks. T12-
2, the sample that was subjected to the fastest strain rate but still showed signs of ductility
displayed both major and minor surface cracks, as highlighted by the yellow ellipse in Figure
6.11c. This shows a general trend of the slower the strain rate, the less likely cracks, both major

and minor, are to form in the Ti,AIC MAX phase.

Figure 6.11: Pictures of the Ti>AIC samples following their high temperature compression
tests at 1200°C. (a) T12-0, (b) T12-1, (c) T12-2, (d) T12-3, (e) T12-4

6.3.2 TisSiC2 MAX phase

6.3.2.1 TisSiC2 MAX phase Compression at Room Temperature

The TizSiC, samples were compressed in the Gleeble at room temperature before any high
temperature testing to establish the effect of temperature on the materials properties. The results
for the tests taken at room temperature with the strain rates of 1x10-/s and 1x10™/s, the slowest
strain rates used for the mechanical testing of the MAX phases in this work, can be found in
Table 6.7 and the stress-strain curves in Figure 6.12. Both samples behave in a near identical
manner, with a very linear elastic regime until the point of failure at approximately -480+£10
MPa and at strain of -0.02. The Young’s Modulus of both samples are relatively similar at 28+2
GPa. There is no yield point or any strain softening or hardening for the samples tested under
these conditions, with both samples failing after being compressed ~2%. Just like their Ti.AIC

counterparts tested under the same conditions, the observations seen are an indication that these
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samples fail in a very brittle manner when subjected to even the slowest of strain rates at room

temperature.
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Figure 6.12: Graph showing the stress-strain_curves for the Ti3SiC> samples tested at room

temperature and under a strain rate of 1x10 /s and 1x10 /s

Table 6.8: Mechanical Properties of TisSiC, samples tested at Room Temperature and under strain
rates of 1x10 /s and 1x10 /s

Test Ultimate Comp Young’s Modulus | Yield Stress (MPa) | Compression (%)
Stress (MPa) (GPa) (0.02 Proof Stress)
TRT-3 -472.91 26.35 - -1.87
TRT-4 -483.20 29.80 - -1.74

The brittle nature of failure is further proved when studying the images in Figure 6.13, taken
after both samples were removed from the Gleeble chamber. Unlike the Ti2AlC samples that
were tested under the same conditions, the TisSiC2 samples break into several small pieces,
with only one part of the disintegrated TRT-3 and TRT-4 samples, highlighted with the red
ellipse, showing any sign of not failing completely. Of note is the angular nature to broken
pieces, although the inner surfaces of the broken samples are relatively smooth when studied
more carefully. The observed brittle failure of the TizSiC> MAX phase material at room
temperature under similar testing parameters as those used here has also been consistently

witnessed in previous studies on their mechanical behaviour.
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Flgure 6.13: Pictures of the TizSiC> samples following tests at room temperature in the
Gleeble. (a) TRT-3, (b) TRT-4. Red ellipses showing the parts of the sample which didn't
break apart into several pieces.

6.3.2.2 TisSiC2 MAX phase Compression at 900°C

Like the sample tested at room temperature, only the two slowest strain rates were used when
testing the performance of the TisSiC2 MAX phases at 900°C. The stress-strain curves of the
samples tested at this temperature can be found in Figure 6.14 and the mechanical properties
derived from this data can be found in Table 6.9. Unlike the samples tested at room
temperature, the peak stresses were not similar, with T09-4 having the higher peak stress of -
744 MPa, compared to T09-3 with a peak stress of -537 MPa. T09-4 has a Young’s Modulus
more than twice as big as that of the T09-3 sample. Both samples behaved in a linear elastic
manner and succumbed to instant brittle failure upon reaching their peak stresses. The T09-3

sample compressed 7.46% before failure, while the T09-4 sample compressed 5.46%.
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Figure 6.14: Graph showmg3 the stress- stmm curves for the Ti3SiCz samples tested at 900°C
under a strain rate of 110 /s and 1x10 /s
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Table 6.9: Mechanical Properties of Ti3SiC2 samples tested at 900°C and
under strain rates of 1x10-3/s and 1x10-4/s

Test Ultimate Comp Young’s Modulus | Compression (%)
Stress (MPa) (GPa)
T09-3 -537.56 7.80 -7.45
T09-4 -744.21 18.99 -5.76

Images of the samples tested at 900°C can be found in Figure 6.15. Both samples can be seen
to have cracked into several pieces, with the T09-3 sample staying together slightly more than
the T09-4 sample, albeit with numerous internal and external cracks. The behaviour of both
samples is similar to that of the Ti3SiC, samples tested at room temperature. The brittle nature
of failure at this temperature further proves that the brittle to ductile transition temperature for
TisSiC; is higher than 900°C.

A

B

Figure 6.15: Pictures of the Ti3SiC> samples following tests at 900°C in the Gleeble. (a)
T09-3, (b) T09-4.

6.3.2.3 TisSiC2 MAX phase Compression at 1000°C

The stress-strain curves of the samples tested at 1000°C can be found in Figure 6.16. The peak
stresses of the samples tested at this temperature are generally around -700 MPa, with the
sample tested at 1/s behaving anomalously by reaching a stress of -512 MPa at a strain to failure
of -0.04. The samples tested at the fastest strain rates (1/s-1x107/s) behaved in a linear elastic
manner and succumbed to brittle failure upon reaching their ultimate compressive stresses. The
samples that were tested to a strain of -0.1 at strain rates between 1x107/s and 1x10%/s all
failed at around -0.04 strain with peak stresses in the range of -670-720 MPa. This behaviour
is similar to the Ti>AIC samples tested at this temperature, where all the strain rates yielded
very similar peak stresses. The Young’s Modulus of all the samples can be found in Table
6.10. The lowest Young’s Modulus is for the T10-0 sample, while the highest Young’s
Modulus was for the T10-3 sample. The other Young’s Modulus values are relatively similar

at 15+2 GPa. The sample that was tested at the slowest strain rate behaved in a very similar
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manner to that of Ti2AIC, in that it was the only sample that showed ductility, with the sample
not failing upon the completion of the test at 0.4 strain. The yield stress of the T10-4 sample
was found to be much less than its UCS, with a value of -585.20 MPa. This yield point was
followed by a short period of strain hardening and significant period of strain softening. The
Strain hardening region can be split into two sections, the first hardening moduli being 7327
MPa and the second 1572 MPa. The softening moduli can also be split into two sections, with
the first -1934 MPa and the second moduli much smaller at -689.2 MPa.
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Figure 6.16 Graph showing the stress-strain curves for the TizSiC> samples tested at
1000°C and under strain rates between 1/s and 110" /s

Table 6.10: Mechanical Properties of TisSiC, samples tested at 1000°C and under
strain rates between 1/s and 1x10 /s

Test Ultimate Young’s Yield Stress Compression | Softening Rate
Comp Stress Modulus (MPa) (0.02 (%) A
(MPa) (GPa) Proof Stress)
T10-0 -512.59 11.81 - -4.34
T10-1 -723.20 17.72 - -4.21
T10-2 -662.08 16.68 - -4.21
T10-3 -696.79 19.76 - -3.93
T10-4 | -724.43 13.72 -585.20 -39.96 -1934 | -698.2
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The images of the samples following compression testing at 1000°C can be found in Figure
6.17. Unlike the Ti2AIC samples tested under the same conditions, the performance of the
Ti3SiC, when subjected to the faster strain rates at 1000°C is very similar to that of the samples
tested at room temperature in that rather than staying together the sample breaks into several
pieces. This is true for all samples tested at this temperature except the sample that showed
ductility, T10-4. A crack ~45° to the loading direction is a feature that was previously identified
in some of the Ti.AIC samples and is seen again in the T10-0 sample, as highlighted with a red
ellipse. The other samples that failed showed no obvious feature, with these samples exhibiting
relatively smooth fracture surfaces on their generally angular fractured pieces. The sample that
showed ductility, T10-4, behaved in a similar manner to its Ti,AIC counterpart in showing

significant barrelling and cracks on its outer surface, as highlighted with the yellow ellipse.

Figure 6.17: Pictures of the Ti3SiC> samples following their high temperature compression
tests at 1000°C. (a) T10-0, (b) T10-1, (c) T10-2, (d) T10-3, (e) T10-4. Red ellipse
highlighting the crack ~45° to the loading direction and the yellow ellipse highlighting the
small surface cracks
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6.3.2.4 TisSiC2 MAX phase Compression at 1100°C

The trend that has been observed so far in both MAX phases, namely that in general the peak
stress for each strain rate decreases with increasing temperature, is once again on show in
Figure 6.18, showing the stress-strain curves for the TizSiC, samples tested at 1100°C. The
previously observed trend of faster strain rates providing the highest peak stresses for a given
temperature is not applicable to the samples tested at this temperature, with the sample tested
at the fastest strain rates of 1/s and 1x10Y/s giving very similar peak stresses of ~-380 MPa
before failing abruptly at this stress and at a strain to failure of -0.02. The sample tested in the
mid-range of the strain rates, 1x107%/s, performed slightly better in that it reached a strain of -
0.03 and a peak stress of ~-620 MPa at failure. The abrupt failures of the samples at fast strain
rates are proof of the materials brittle performance under these conditions. This peak stress is
close to the ultimate peak stress witnessed at this temperature for TisSiC. of ~-675 MPa for the
sample tested at 1x107/s. The samples tested 1x10%/s and 1x10™#/s were the only samples that
showed ductility until the end of their respective tests. The peak stress for the sample tested at
the slowest strain rate of is approximately 200 MPa lower than that of the sample tested at
1x103%/s. All samples tested at this temperature show a linear elastic regime until their peak
stresses, upon which they either fail, as is the case for the samples tested at the 3 fastest strain
rates, or continue onto a short period of strain hardening followed by a lengthy period of strain
softening until the completion of the test, as is the case for the samples tested at the 2 slowest
strain rates. The Young’s Modulus for the samples can be seen in Table 6.11. All samples
appeared to have a very similar linear elastic region judging from the shapes of the stress-strain
curves in Figure 6.18. This was proved to be the case, with the Young’s Modulus being 17+3
GPa for all samples. Similar to tests at other temperatures at the faster strain rates for the
TisSIC, MAX phase, there are no easily defined yield points. The samples that did show
ductility had yield stresses much lower than their respective UCS’S. For both the T11-3 and
T11-4 samples, there is a short period of strain hardening following the yield point, with the
hardening regions of both samples having two different hardening rates. The first hardening
moduli of T11-3 was recorded as 12918 MPa, with the second moduli being much lower at
3140 MPa. Similarly, for the T11-4 sample, the first hardening moduli is higher than the
second. Following the UCS for both T11-3 and T11-4, there is a long period of strain softening
which, like the hardening moduli, can be split into two softening rates. For T11-3, the first
softening moduli was recorded as -3203 MPa and the second as -1037 MPa. The softening
moduli of T11-4 is much lower, with the first moduli -1012 MPa and the second as -389.1
MPa.
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Figure 6.18: Graph showing the stress-strain curves for the Ti3SiC> samples tested at

1100°C and under strain rates between 1/s and 1x1 0-4/s

Table 6.11: Mechanical Properties of TiszSiC, samples tested at 1100°C and under
strain rates between 1/s and 1><10'4/s

Test Ultimate Young’s Yield Stress | Compression Softening
Comp Stress Modulus (MPa) (0.02 (%) Rate

(MPa) (GPa) Proof Stress) Ast | As2

T11-0 -376.18 18.20 - -4.09

T11-1 -388.68 17.45 - -2.27

T11-2 -614.06 18.88 - -3.41

T11-3 -679.07 19.38 -594.30 -39.99 -3203 | -1037

T11-4 -471.68 15.27 -368.85 -39.95 -1012 | -389.1

Figure 6.19 shows the images taken upon removing each sample from the Gleeble chamber.
These images show that the Ti3SiC, samples fail in a similar manner to those tested at 1100°C
by breaking into numerous pieces when subjected to the 3 fastest strain rates, confirming the
brittle nature of the TisSiC2 MAX phase under those conditions. Like those samples tested at
1000°C, the surfaces of each angular fractured piece appear relatively smooth. As was the case

in the Ti2AIC samples tested under these conditions, the T11-3 and T11-4 samples exhibited
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significant barrelling and in the case of the T11-4 sample considerable amounts of cracking on
the outer surface on the sample, as highlighted with the yellow ellipse. This is contrary to the
trend witnessed for Ti.AIC where it was found that the slower the strain rate, the less cracks
that appear. The colour of the oxide layer appears to change with decreasing strain rates. The
samples tested at strain rates from 1/s to 1x107?/s appear to show little to no oxide layer, while

the slowest strain rate samples seem to exhibit a moderate amount of yellowish oxide layer.

Figure 6.19: Pictures of the Ti3SiC> samples following their high temperature compression
tests at 1100°C. (a) T11-0, (b) Tli-1, (c) T1I-2, (d) T1I-3, (e) T1I-4. Yellow ellipse
highlighting the surface cracks on the T11-4 sample
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6.3.2.5 TisSiC2 MAX phase Compression at 1200°C

The stress-strain curves for the samples tested at 1200°C can be found in Figure 6.20. It is
immediately clear from studying the curves that all tests undertaken at this temperature
produced very inconsistent results, suggesting that this material is more unstable at this
temperature than the Ti>AIC samples. As also laid out in Table 6.12, the samples that were
tested at 1/s and 1x10°Y/s, once again yielded very similar peak stresses of ~-500 MPa. Like
was witnessed for the TisSiC, samples tested at lower temperatures, the fastest strain rates
generally do not show an obvious yield point, the exception being -484.25 MPa recorded for
the T12-0 sample. Also, like the tests conducted at 1100°C, the fastest strain rates do not
provide the highest peak stresses, which was found in one of the samples tested at 1x107?/s.
This sample failed abruptly at a stress of -650 MPa and at a strain to failure of ~-0.035. As
further proof of the unstable nature of TisSiC; at this temperature, a repeat test at a strain rate
of 1x10?/s showed that the material could deform in a ductile manner. The ductile T12-2
sample was able to reach a strain of ~-0.2 before the test had to be stopped and showed signs
strain softening after reaching its peak stress of -575 MPa. The softening rates of this sample
can be found in Table 6.10. The first softening moduli was recorded as -5262.9 MPa, while the
following softening moduli were much smaller at -3177.2 MPa and -397.1 MPa. The samples
tested at the two slowest strain rates gave very different shaped curves to that of the Ti>AIC
samples tested under the same conditions. The sample tested at 1x107%/s started yielding at a
stress of -298.4 MPa before reaching a peak stress of -320 MPa. Following this there is a
lengthy period of strain softening until 0.3 strain, after which the sample seems to exhibit some
strain hardening until the end of the test. Like previous tests, the softening rate is seen to change
during the test. The first softening moduli was measured as -1175.8 MPa, with a second period
of strain softening starting at ~0.2 strain and having a smaller softening modulus of -376.2
MPa. The hardening modulus towards the end of the test was recorded as 627.8 MPa. The
performance of the sample tested at 1x10/s is further proof of the materials instability at this
temperature, which appears to show significant ductility but also a nonlinear elastic region and
substantial strain hardening regime until -0.25 strain. After the yield point of -112.7 MPa, five
different hardening rates were noted, following by periods of both strain softening and
hardening. As can be seen from Table 6.13, the hardening modulus decreases and then
increases again twice until the onset of strain softening at the UCS of 515.29 MPa. The sample
was also found to strain soften at two different rates from this point, with the first softening
modulus having a value of -1565 MPa, which is much lower than the second softening modulus

of -5249.1 MPa. Following this period of strain softening, the sample once again hardens at
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two different rates before softening until the completion of the test. The Young’s Modulus of
all samples tested at this temperature generally followed a trend of decreasing with decreasing
strain rate, the exception to this being the brittle T12-2 sample which, at 19.59 GPa, was the
highest recorded at 1200°C. Excepting the brittle T12-2 sample, the highest Young’s Modulus
recorded was 14.49 for the T12-0 sample and the lowest being 6 for the T12-4 sample.
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Figure 6.20: Graph showing the stress-strain curves for the Ti;SiC> samples tested at

1200°C and under strain rates between 1/s and 1 %1 0_4/s.

Table 6.12: Mechanical Properties of TizSiCo samples tested at 1100°C and

under strain rates between 1/s and 1 %1 0-4/s

Test Ultimate Young’s Yield Stress Compression
Comp Stress Modulus (MPa) (0.02 (%)
(MPa) (GPa) Proof Stress)
T12-0 -548.62 14.49 484.25 -4.59
T12-1 -491.83 12.42 - -3.99
T12-2 -646.10 19.59 - -3.42
T12-2 -560.08 12.45 -488.50 -19.40
T12-3 -318.42 6.70 -298.40 -38.89
T12-4 -515.29 6.00 -112.70 -38.89
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Table 6.13: Hardening and Softening Moduli of TisSiCo samples tested at 1100°C and under

strain rates between [ x1 0_2/S and 1x1 0_4/S

Softening Modulus Hardening Modulus
Test (MPa) (MPa)
Asy Asz As3 An1 An2 Ans Ana Ans Ane Anz
T12-2 | -5262.9 | -3177.2 -397.1 - - - -
T12-3 | -1175.8 | -376.2 - 627.8 - - -
T12-4 -1565 | -5249.1 | -1552.6 2910 1156 2676.4 | 328.8 1221 2298.4 | 354.9

The images of the TizSiC, samples following testing at 1200°C can be found in Figure 6.21.
As was found when studying the stress-strain curves in Figure 6.16 it was apparent from the
images that the samples subjected to the fastest strain rates, T12-0 and T12-1, failed in a
catastrophically brittle manner, breaking into several pieces with numerous cracks inside the
samples also visible, as highlighted by the red ellipses in Figure 6.21a-b. The samples that
showed ductility, T12-2-T12-4 show the signature barrelling of both MAX phases at this
temperature. The T12-2 sample shown in Figure 6.21c is the sample that showed ductility
before it failed at 0.2 strain. Like was seen multiple times in the Ti.AIC MAX phase, a crack
approximately ~ 45° to the loading direction can be seen, as highlighted with the yellow ellipse,
along with numerous smaller cracks on the outer surface of the sample. The T12-3 and T12-4
samples see significant barrelling but no cracks on the outer surface, fitting a trend which was
previously witnessed happening throughout the Ti2AIC MAX phase: The slower the strain rate,
the less likely cracks are to form on the outer surface of the specimen. The different colours of
the oxide layers for each sample were also noted, with the T12-4 sample having a dark, reddish
appearance compared to the pinkish colour of the T12-2 and T12-3 samples.
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Figure 6.21: Pictures of the Ti3SiC> samples following their high temperature compression
tests at 1200°C. (a) T12-0, (b) T12-1, (c) T12-2 (2B(2)), (d) T12-3, (e) T12-4. Red ellipse
highlighting areas of very small cracks and the yellow ellipse highlighting the crack ~45°

to the loading direction.
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6.4 The Effect of High Temperature Quenching on Deformation Mechanisms of MAX
phases

As discussed in the literature review in Chapter 3, the properties of the MAX phases following
thermal shock is of great interest when proposing their future use for potential applications.
The high temperature quenching tests undertaken for this study have explored the effect of
thermal shock under mechanical stress on both Ti>AIC and TizSiC, MAX phases. Two
temperatures were chosen, 1000°C and 1200°C, to study the effects of quenching from
different starting temperatures. These temperatures were chosen as previous studies have found
areas of interest in the 1000-1200°C temperature region when quenching the MAX phases. The
MAX phases studied for this work have previously been found to start exhibiting ductile
behaviour and potential phase changes in this region[108]. The loading conditions proposed
are also of interest when considering these MAX phases for use in high temperature
applications, such as in aerospace components, where similar conditions could occur. The
heating ramp before thermal shock and the quenching regime of the quenching tests can be
found in Figures 6.22-6.26 for the Ti2AlC samples quenched at 1000°C and in Figures 6.28-
6.33 for those tested at 1200°C. The heating and quenching regimes for the TizSiC> samples
can be found in Figure 6.35-6.39 for those tested at 1000°C and in Figures 6.41-6.46 for those
tested at 1200°C. The effect of thermal shock on the mechanical properties following each test

has been explored in Section 6.4.3.

6.4.1 Ti2AIC High Temperature Quenching Trials

The thermal profile of the Ti.AIC samples thermally shocked at a starting temperature of
1000°C while subjected to a compressive stresses of either 0, 50, 150 or 200 MPa can be found
in Figures 6.22-6.26. The strain was recorded as well as the heating and cooling regime to
detect any effect the regime could have on the mechanical properties of the samples during
each test. All samples were heated to 1000°C at a rate of 5°C/sec and maintained at this
temperature for 2 minutes to attain equilibrium. Each sample was then rapidly cooled by

guenching with air at a cooling rate of ~60°/sec.

Figures 6.28-6.33 show the thermal profile of the Ti>AlIC samples being subjected to thermal
shock at a temperature of 1200°C under a compressive stress of between 0 and 200 MPa. The
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heating and quenching rates were the same as those at 1000°C. For both the 1000°C and
1200°C quenching tests the cooling rate decreased as it got closer to room temperature. Upon
the completion of the tests the temperature of the samples quenched from 1000°C was recorded
as approximately 300°C and 400°C when quenched from 1200°C. After this point the samples

air cooled to room temperature.

In Figures 6.22-6.26 nothing of note was recorded during the heating regime of all of the
samples quenched at 1000°C. All samples heated to 1000 successfully, while the strain only
performed slightly differently for the Q10-SO sample, which was recorded as at ~0.02 upon the
completion of the heating of the sample, compared to the other samples which had a strain of
between 0.03 and 0.04. Upon the application of compressive stresses, a general trend can be
seen that the strain decreases with the reduction in temperature. The largest reduction in strain
can be seen for the Q10-S200 sample, where the strain was recorded as ~0 at the end of the
test. The strain profiles of each of the quenching regimes also show no major deviations from

the standard curve.

The images of the samples after they were quenched at 1000°C can be found in Figure 6.27.
As can be seen, the colouring of the samples are slightly different post quench, perhaps more
of an indication of sample preparation rather than any consequences of the quench. Each

sample remained intact when concurrently quenched and compressively stressed at this

temperature.
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Figure 6.22: (a) Heating and (b) quenching regime of a Ti>AIC sample heated to 1000°C
and then quenched under no load stress. Sample code: Q10-S0
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Figure 6.23: (a) Heating and (b) quenching regime of a Ti2AIC sample heated to 1000°C
and then quenched under a load stress of 50MPa. Sample code: Q10-S50
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Figure 6.24: (a) Heating and (b) quenching regime of a Ti;AIC sample heated to 1000°C
and then quenched under a load stress of 100MPa. Sample code: Q10-S100
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Figure 6.25: (a) Heating and (b) quenching regime of a Ti>AIC sample heated to 1000°C
and then quenched under a load stress of 150MPa. Sample code: Q10-S150
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Figure 6.26: (a) Heating and (b) quenching regime of a Ti2AIC sample heated to 1000°C
and then quenched under a load stress of 200MPa. Sample code: Q10-S200

Figure 6.27: Pictures of the Ti>AIC samples thermally shocked at 1000°C: (a) Q10-S0, (b)
010-550, (c) Q10-S100, (d) Q10-S150, (e) Q10-S200.

Figure 6.28 shows the temperature and strain profiles recorded during heating and quenching
of sample Q12-S0, which was quenched from 1200°C with no load stress applied. Nothing of
note is recorded when studying the strain slope in Figure 6.28a, although there is a slight
change in the slope immediately after the cooling starts in Figure 6.28b. The sample was
recorded as having a strain of ~0.025 at the completion of the test. As was discussed previously
in the introduction to this section, the sample starts to cool at the previously set cooling rate of
60°C/sec until ~700°C, when the cooling rate decreases. This decrease in the cooling rate

means that the final recorded temperature for the sample at end of the test was ~425°C.

More Ti2AIC samples were then subjected to similar heating and quenching cycles in the
Gleeble. These samples were quenched under a compressive stress of either 50, 100, 150 or
200 MPa. Figures 6.29-6.33 show the results of these tests and, in general, a trend can be seen
that the strain decreases with the reduction in temperature, potentially due to the application of
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the additional loads. The Q12-S200 sample witnesses the greatest reduction in strain from the

beginning of its quenching regime, with a final strain recorded of ~0.007.

Small changes in the strain slope can be seen for each sample at approximately 1000°C as the
sample is quenched, as indicated by the green ellipse in Figures 6.29-6.33. This could be an
indication of the brittle-to-ductile transition temperature (BDTT) for the Ti2AIC MAX phase
that was proposed by Zhou et al [20]. They found that the temperature where the deformation
mechanism changes was approximately 1050°C. This type of reaction to quenching from high
temperature was previously witnessed by Adamaki et al where they surmised that due to the
availability and mobility of dislocation systems such as cavities formation, grain rotation and
intergranular sliding at high temperatures, the deformation can occur more plastically [108].
The absence of this feature from the 1000°C quench tests could be further evidence of the
transition temperature in action during the higher temperature quenching from 1200°C.

Unlike the samples quenched at 1000°C, 2 of the samples tested at 1200°C under the higher
stress conditions did start to crack on the outside surface. These samples were the only
quenched samples to exhibit any form of obvious deformation and can be found in Figure 6.34
The cracked parts are highlighted with a red ellipse. All other TiAIC samples subjected to this
type of quenching regime remained intact following their tests.
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Figure 6.28: (a) Heating and (b) quenching regime of a Ti>AIC sample heated to 1200°C
and then quenched under no load stress. Sample code: Q12-S0
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Figure 6.29: (a) Heating and (b) quenching regime of a Ti>AIC sample heated to 1200°C

and then quenched under a compressive load stress of 50MPa. Sample code: Q12-S50
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Figure 6.30: (a) Heating and (b) quenching regime of a Ti2AIC sample heated to 1200°C
and then quenched under a load stress of 100MPa. Sample code: Q12-5100a

0.05 0.05
— Straln p 1200 - 1200
Temperature e -
0.04 1,000 004 T S 1,000
A - - O, =
[ 1) 1)
800 _g AN 800 _g
0.03 p 0.03
c | ~ e c NS o
— S ,/ = .= N =
n ‘ Ve r Q4 m o r Q
] ~ [ I = 2 [ =
F=] / c < S c
0 ~ = 0 Ny =
0.02 e o 0.02 - o
1 e r ~— 1 S ~—
~ ~ F400 o S 400 o
- 0 h 0
- S L=
0.01 e - 0.01 -
A 200 b a0
e
] e A B I
0 T T 0 0 T T 0
0 50 100 150 200 250 360 365 370 375 380 385 330
Time (s) Time (s)

Figure 6.31: (a) Heating and (b) quenching regime of a Ti>AIC sample heated to 1200°C
and then quenched under a load stress of 100MPa. Sample code: Q12-S100b
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Figure 6.32: (a) Heating and (b) quenching regime of a Ti2AIC sample heated to 1200°C
and then quenched under a load stress of 150MPa. Sample code: Q12-S150
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Figure 6.33: (a) Heating and (b) quenching regime of a Ti>AIC sample heated to 1200°C
and then quenched under a load stress of 200MPa. Sample code: Q12-S200

Figure 6.34: The only samples tested under quench and load conditions to show any form
of failure. (a) Q12-S150b (b) Q12-S200b. Cracked parts highlighted with red ellipse
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6.4.2 TisSiC2 High Temperature Quenching Trials

The TisSiC, MAX phase samples were also thermally shocked from the two different
temperatures of 1000°C and 1200°C while concurrently being subjected to compressive
stresses of between 0 and 200 MPa.

The thermal and strain profile of the samples tested at 1000°C can be found in Figures 6.35-
6.39. Each sample had a very similar heating regime to the target temperature and were all
found to have quenched to ~400°C by the end of the 20 seconds of quenching. The strains
recorded for each sample at the end of the heating regime was within a range of between 0.03
and 0.04 strain.

The quenching regime of QZ10-SO, the sample subjected to no compressive stresses, can be
found in Figure 6.35b. The strain profile of this sample does not see any major features, with
the test finishing with the strain recorded as ~0.02. The strain slope on the Q10-S50 sample
does show some changes, as highlighted by the green ellipse in Figure 6.36. A similar feature
was also found in Figure 6.39, also highlighted by a green ellipse. These changes in strain
could be an indication of a phase change or a change in deformation mechanism [108]. With
the exception of the Q10-S150 sample, a general trend of a greater reduction in strain with

increasing compressive stress can be seen.

The images of the TizSiC2> MAX phase samples following thermal shock can be found in Figure
6.40. Most of the samples have a similar appearance to each other, with the only exception
being the Q10-S200 sample which has a small crack on the outer surface, as shown by the red

ellipse in Figure 6.36e.
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Figure 6.35: (a) Heating and (b) quenching regime of a Ti3SiC> sample heated to 1000°C
and then quenched under no load stress. Sample code: Q10-S0
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Figure 6.36: (a) Heating and (b) quenching regime of a Ti3SiC> sample heated to 1000°C
and then quenched under a load stress of 50MPa. Sample code: Q10-S50
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Figure 6.37: (a) Heating and (b) quenching regime of a Ti3SiC> sample heated to 1000°C
and then quenched under a load stress of 100MPa. Sample code: Q10-S100
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Figure 6.38: (a) Heating and (b) quenching regime of a Ti3SiC> sample heated to 1000°C
and then quenched under a load stress of 150MPa. Sample code: Q10-S150
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Figure 6.39: (a) Heating and (b) quenching regime of a Ti3SiC> sample heated to 1000°C
and then quenched under a load stress of 200MPa. Sample code: Q10-5200

Figure 6.40: Pictures of the Ti;SiC> samples thermally shocked at 1000°C: (a) Q10-S0, (b)
Q10-550, (c) Q10-S100, (d) Q10-S150, (e) Q10-S200.
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The thermal profile of the TisSiC, samples subjected to thermal shock at 1200°C while under
the compressive load stress of either 0, 50 or 100 MPa can be found in Figure 6.41-6.45. While
quench tests under a compressive stress of 150 MPa and 200 MPa were also carried out, the
thermocouple detached upon the application of the stress. Despite this, the strain data was
recorded as the samples completed their 20 seconds of quenching from 1200°C and these can
be found in Figures 6.44 and 6.45.

When comparing the TizSiC> MAX phase with that of the TiAIC MAX phase under the highest
loads at this temperature, the same general trend of strain decreasing with the reduction in
temperature was also witnessed for this MAX phase alloy, once again this could be explained
by the application of the additional stresses. The final strain recorded for the samples quenched
while stressed at 150 MPa and 200 MPa was noticeably lower than the lower stressed samples,

giving a final strain for both samples of ~0.015.

Like their Ti2AIC MAX phase counterparts, the strain slopes for the TizSiC, MAX phase are
generally free from any noticeable features during the heating stage up to 1200°C. The strain
slopes in the cooling stage do show some small changes, as highlighted by the green ellipses
on Figures 6.41 and 6.43. These could be, as was expected for the Ti2AIC sample, an indication
of the BDTT deformation mechanism. In thermal shock tests undertaken by El-Raghy et al,
they believed that the BDTT for TisSiC> occurred at ~1200°C. They surmised that this
transition was attributable to one of two sources: (i) activation of a new, not yet determined
slip system in the TisSiC. phase, in addition to slip on the basal planes; or (ii) an increase in
the ease of kinking and accompanying lattice rotation of individual grains as a result of thermal

activation [89].
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Figure 6.41: (a) Heating and (b) quenching regime of a Ti3SiC> sample heated to 1200°C

and then quenched under no load stress. Sample code: Q12-S0
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Figure 6.42: (a) Heating and (b) quenching regime of a Ti;SiC> sample heated to 1200°C
and then quenched under a load stress of 50MPa. Sample code: Q12-550

0.06
— Strain o~ 1200
] Temperaturs /
0.05] .
o 1,000
_|
[ [1]
004 e 3
v o
£ ,‘,,/ £ £
Eo.o; o leo oF _g
wn A i EI b
] ,./ .-hﬂ,}‘-f“ o
002 /// .Jun'll‘url'lll 400 ‘-:
~/ _m"‘mﬂh ‘ Q
4 e /_r/h L
0.01 /// 200
.,
1 -
o= : : 0
a 50 100 150 200 250
Time (s)

0.06
1200
0.05
I =
(1]
0.04 3
T
(V]
=
0.03 -
£
(1]
0.024 S~
0
S’
0.01 200
4] T T 0
360 365 370 375 380 335 390
Time (s)

Figure 6.43: (a) Heating and (b) quenching regime of a Ti3SiC> sample heated to 1200°C
and then quenched under a load stress of 100MPa. Sample code: Q12-S100
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Figure 6.44: Strain profile of the (a) Heating and (b) quenching regime of a Ti3SiC> sample
heated to 1200°C and then quenched under a load stress of 150MPa. Sample code: Q12-
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6.4.3 Mechanical Properties of Ti2AIC and TisSiC2 MAX phases following Thermal Shock

To better understand the effect of thermal shock on the mechanical properties of the Ti2AIC
and TisSiC2 MAX phases, Room Temperature compression tests were performed on the
samples following their subjection to thermal shock. All of these room temperature

compression tests were carried out at a strain rate of 1/s.

The stress-strain graphs for the Ti2AIC samples quenched at 1000°C can be found in Figure
6.46, with the mechanical properties derived from this data shown in Table 6.14. With the
exception of the Q10-S100 sample, a general trend of the ultimate compressive stress
increasing with the increase in compressive load stress when quenching was found. This could
suggest that the thermal shock conditions might have an effect on the ultimate compressive
stress of the Ti2AlIC mechanical properties at this temperature. As previously stated, the only
outlier was the stress recorded for the Q10-S100 sample, which at -323.49 MPa was
significantly lower than the stress recorded for Q10-SO at -384.13 MPa. A short period of
further compression followed after the UCS before all samples failed catastrophically at 3-

4.5% compression.
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Figure 6.46: Graph showing the stress-strain curves for the Ti2AIC samples tested at room
temperature and under strain rate of 1/s

132



Table 6.14: Room Temperature Mechanical Properties of quenched Ti-AIC

samples
Test Ultimate Young’s Yield Stress Compression
Comp Stress Modulus (MPa) (0.02 (%)
(MPa) (GPa) Proof Stress)
Q10-S0 -384.13 15.86137 ) -3.53006
Q10-S50 -408.21 18.76624 - -4.48361
Q10-100 -323.49 14.88348 - -3.46793
Q10-150 -467.31 17.64753 - -3.19633
Q10-200 -482.4 18.01693 - -3.01051

The images of the Ti,AlIC samples quenched at 1000°C following their room temperature
compression tests can be found in Figure 6.47. Like the samples tested at faster strain rates at
all temperatures that were not quenched, a 45° crack through the sample can be seen. The
obvious lack of any plastic deformation is also apparent. Small cracks emanating from this
large crack can also be seen, especially in the sample quenched while being subjected to a
compressive stress of 200 MPa.

A

B C

Figure 6.47: Pictures of the Ti2AIC samples thermally shocked at 1000°C following their
room temperature compression tests. (a) Q10-S0, (b) Q10-S100, (¢) Q10-S200

The stress-strain graphs for the Ti.AIC samples quenched at 1200°C can be found in Figure
6.48, while the mechanical properties derived from this data can be found in Table 6.15. The
ultimate compressive stress of all of the samples falls within a 50 MPa range of between -390
to -420 MPa, suggesting thermally shocking Ti2AlC from 1200°C does not have a significant
effect on this aspect of the MAX phases mechanical properties. The UCS of the samples tested
was generally followed by a short period of further compression before the ultimate failure of

the samples, with the compression generally being around 5%.
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Figure 6.48: Graph showing the stress-strain curves for the Ti>2AIC samples tested at room
temperature and under strain rate of 1/s

Table 6.15: Room Temperature Mechanical Properties of quenched TiAlC

samples
Test Ultimate Young’s Yield Stress Compression
Comp Stress Modulus (MPa) (0.02 (%)
(MPa) (GPa) Proof Stress)
Q12-S0 -390.31 9.34 -380.37 -5.55
Q12-S50 -422.49 15.56 -422.27 -5.09
Q12-100 -315.66 7.99 312.22 -5.1
Q12-150 -409.42 12.90 -397.34 -5.43
Q12-200 -409.85 19.14 -400.12 -4.9

Figure 6.49 shows the images taken of the quenched Ti>AIC samples following the
compression tests. Like the samples quenched at 1000°C, these images generally portray a
similar picture to the one seen in the samples tested at the faster strain rates at all temperatures
that were not quenched, namely the 45° crack through the sample and the lack of any form of
plastic deformation. The 45° crack feature is particularly prevalent in the samples subjected to
higher stresses upon quenching: Q12-S150 and Q12-S200. The samples that were quenched at
lower stresses perform slightly different in that there are two 45° cracks on the surface of those

samples.
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Figure 6.49: Pictures of the Ti;AIC samples thermally shocked at 1000°C following their
room temperature compression tests. (a) Q12-S0, (b) Q12-S50, (¢) Q12-S100, (d) Q12-
S150, (e) Q12-5200.

Figure 6.50 shows the stress-strain curves of the TisSiC, compression tested at room
temperature following their quenching at 1000°C. The mechanical results derived from this
data has been outlined in Table 6.16. A non-linear elastic region is evident from the Q10-S0,
Q10-S100 and Q10-S150 samples. These samples, together with the Q10-S50 sample, have a
ultimate compressive stress of between -317 and -367 MPa, with the Q10-200 sample showing
a significantly higher UCS of -568 MPa. With the exception of the Q10-S50 sample, all
samples fractured catastrophically at their UCS points.
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Figure 6.50: Graph showing the stress-strain curves for the Ti;SiC2 samples tested at room
temperature and under strain rate of 1/s
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Table 6.16: Room Temperature Mechanical Properties of quenched 7i35iC2

samples
Test Ultimate Young’s Yield Stress Compression
Comp Stress Modulus (MPa) (0.02 (%)
(MPa) (GPa) Proof Stress)
Q10-50 -366.977 11.80281 - -3.2728
Q10-850 -339.391 16.07306 - -2.91252
Q10-100 -317.397 9.050698 - -3.44257
Q10-150 -325.305 11.3407 - -3.19555
Q10-200 -568.418 26.68414 - -2.16412

Figure 6.51 shows the images of room temperature compression tested TizSiC2 samples which
were quenched at 1000°C. Like those seen in the quenched Ti,AIC samples, the images are
very similar to those seen when conducting high strain rate tests at both room and high
temperature. All samples were found to disintegrate upon failure, once again indicating the
brittle nature of these ceramics at room temperature. Of note is the almost ripple like features
that can be found macroscopically on the fracture surface of the Q10-SO and Q10-S100
samples, as highlighted by the red ellipses.

Figure 6.51: Pictures of the thermally shocked TisSiC2 samples following their room
temperature compression tests. (a) Q10-S0, (b) Q10-S100, (c) Q10-S200
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The stress-strain curves for the TizSiC, samples are shown in Figure 6.52. Table 6.17 shows
the mechanical data derived from this stress-strain data. The ultimate compressive stresses of
each sample falls between 310 and 440 MPa, showing a larger range than that seen in Ti2AIC.
The highest UCS recorded, -441.58 MPa, was for the sample subjected to a stress of 50 MPa
when being quenched, with the lowest being that of the sample that was quenched under a
stress of 100 MPa. The sample that wasn’t subjected to any stress upon quenching behaved
slightly differently in that its UCS occurred following a period of yielding. All samples
fractured at their UCS points. The Young’s Modulus for Q12-S50 was calculated as being
double that of both Q12-SO and Q12-S100. Apart from the Q12-S150 sample, each sample

was noted to have a nonlinear elastic regime before failing abruptly at the peak stresses.
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Figure 6.52: Graph showing the stress-strain curves for the Ti3SiC2 samples tested at room
temperature and under strain rate of 1/s
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Table 6.17: Room Temperature Mechanical Properties of quenched TisSiC,

samples
Test Ultimate Young’s Yield Stress Compression
Comp Stress Modulus (MPa) (0.02 (%)
(MPa) (GPa) Proof Stress)
Q12-S0 -404.38 10.14 -347.70 -5.01
Q12-S50 -441.58 19.66 - -4.94
Q12-S100 -310.45 10.14 - -5.00
Q12-S150 -567.39 22.68 - -2.85
Q12-S200 -446.74 17.10 - -4.61

The images of the compression tested quenched TisSiC. samples can be found in Figure 6.53.
The images are very similar to those seen when compression testing the TisSiC, samples at
high strain rates at both room and high temperature, namely the very brittle nature to the failure
and the samples splitting into several pieces. However, the Q12-S100 sample seems to have

maintained its integrity better than the samples quenched under different stresses.

Figure 6.53: Pictures of the thermally shocked Ti;SiC> samples following their room
temperature compression tests. (a) Q12-50, (b) Q12-550, (¢) Q12-S100
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6.5 Summary and Conclusions

The results of the high temperature testing of the Ti>AlIC and TisSiC2 MAX phases have been
investigated in this chapter. Microstructural studies in subsequent chapters have further
explored the microstructure and deformation mechanisms of the Ti.AIC and TizSiC. MAX
phases following their high temperature compression tests. A summary of each materials
response to different strain rates and temperature can be found in Figures 6.54-6.55. These
figures show the ultimate compressive strength (UCS) reached at each strain rate and
temperature. There are two general trends seen for the Ti2AIC MAX phase in Figure 6.54: (i)
The slower the strain rate, the lower the UCS; and (ii) for each strain rate, the higher the
temperature, the lower the UCS. These trends are generally satisfied, except for the sample
tested under the very fastest strain rate at 1100°C, which was recorded as having a peak stress
of ~-500 MPa. The samples tested with the medium range strain rate of 1x10°%/s also see a
minor deviation from the trend, although the results at all temperatures under this strain rate
are within a stress value of ~50 MPa. The slower strain rates follow the previously stated trends,
with the peak stress of each temperature roughly equidistant by ~150 MPa for the samples
tested at 1x10™/s. Increasing the strain rate for a given temperature generally has an effect in
decreasing the ductility of the MAX phases. This could be attributed to an increase in the
internal stresses within the sample. At slower strain rates and higher temperatures, dynamic
recovery mitigates internal stresses and may halt crack nucleation and therefore produce
improved ductility. At both high and room temperature, if the MAX phase grains are highly
oriented and/or the deformation is confined, the MAX phase material can exhibit significant

ductility, mostly due to the formation of shear bands [15].
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The response of the TisSiC> by strain rate and temperature is summarised in Figure 6.55. When
compared to the response of Ti.AlIC in Figure 6.54, it can be asserted that the results of TizSiC>
when subjected to different strain rates at various temperatures are more incoherent. The UCS
fluctuates across the range of strain rates for most temperatures at which the sample was tested.
As was mentioned in Section 6.3.1.1, the UCS for most strain rates at 1000°C are generally
within 75 MPa of each other, excepting the UCS of the T10-0 sample. This is similar to the
response of the TiAIC samples, which were also within ~75 MPa for most of the range of
strain rates. For the slowest strain rate, the UCS of both of the samples tested at room
temperature were found to be ~-475 MPa, which is much lower than that of the samples tested
at 1000°C and about the same as the samples tested under the slowest strain rate conditions at
1100°C and 1200°C. This is generally the opposite of what would usually be expected for the
fine grained TisSiC, material, where samples fail at stresses sometimes exceeding 1 GPa
[17,95,128]. One reason for this is the production method of the MAX phase samples used
here, creating a sample that perhaps doesn’t have the density or purity of the samples tested in
previous studies or the testing conditions [96]. It is likely that, despite the microstructure of the
bulk sample being determined to be generally homogenous, that small chemical composition
variations have affected the generated microstructure and the overall phase distribution across
the samples. The biggest UCS fluctuations for the TisSiC> MAX phase are for the samples
tested at 1100°C and 1200°C.
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Figure 6.55: Graph comparing the ultimate compressive strengths at different temperatures
of the Ti3SiC> samples by strain rate
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The photographs taken of each sample upon the completion of their tests were helpful in
proving the failure mechanisms of the samples under the different strain rates and temperatures.
For both MAX phases, the room temperature failure was found to be brittle. As previously
stated, materials started to exhibit significant plastic deformation in the form of barrelling as
the temperature was increased and the strain rate decreased. The barrelling shape that is present
when a material is ductile is as a result of the mechanics of a compression test. The material
spreads in the lateral direction and increases the samples cross sectional area. The sample
generates a frictional force when held between the anvils, which opposes the lateral spread.
This frictional force is not constant across the entire cross section of the specimen, with the
edges of the sample that are connected to the anvil having a higher frictional force than the
centre of the sample. The faster the strain rate, the less time the frictional force has in order to
develop a barrelling shape to the sample. The stress/strain distribution relationship across a
barrelled sample is generally inverse to the frictional force. A sample which has barrelled
generally possesses a triaxial strain state, with higher levels of strain witnessed at the centre of
the sample as opposed to the sample edges. Wang et al found that both temperature and strain
rate have an effect on the barrelling of a material. They found that the effect of barrelling
decreases as the temperature increases. They attributed this to the softening of material at
elevated temperatures, which increases material flow behaviour. They found that strain rate
had a more complex relationship with barrelling. At a constant friction coefficient and
temperature, barrelling at first increases when the strain rate is increased, and attributed this to
strain hardening. However as the strain rate was increased further the softening of stress-strain

curves occurs [129].

As was discussed in the literature review in Chapter 3, the temperature at which the MAX
phases start behaving in a ductile manner varies depending on the processing route and the
MAX phase studied. For the Ti2AIC and TisSiC> MAX phases, the BDTT was generally found
to be between 1000°C and 1100°C, with it also being strain rate sensitive. Several reasons for
this behaviour have been given in Section 6.4, where changes in the strain slope during the

quenching of both MAX phases were proposed as proof of a change in the failure mechanism.

At lower strain rates, plastic deformation can generally be treated as isothermal, where the

temperature remains constant throughout the test, but conditions transition to adiabatic as the
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strain rate is increased. Adiabatic heating is a process which takes place when the energy used
for deforming a material turns into heat, but this heat cannot dissipate fast enough to its
surroundings, so the temperature of the material increases. This increase in temperature can
cause thermal softening, microstructural evolution and can change the active deformation
mechanisms of the material. Consequently, adiabatic heating has a strong effect on the

mechanical response of the material.[130-133]

As can be seen from the photographs of the samples following each test. For Ti2AIC, the higher
the temperature and slower the strain rate, the more likely a sample is not to show any evidence
of cracking on the outer surface. At slightly faster strain rates and lower temperatures cracking
does occur on the outer surface of samples that still failed in a ductile manner. This is
particularly the case when studying the photographs of the samples tested at a strain rate of
1x10*/s at different temperatures, where increasing the temperature has an effect in halting the
nucleation of external cracks until 1200°C, where no cracks appear. A similar relationship can
also be seen in the Ti3SiC. samples, particularly when studying the photographs of the samples
tested at 1200°C, which show no external cracking on the surface. The orientation of these
external cracks is seen to be generally parallel to the compression direction.

A comparison of the ultimate compressive strengths of both quenched MAX phases can be
seen in Figures 6.56 and 6.57. In Figure 6.56 it can be seen that increasing the compressive
load stress while quenching from 1000°C has a small effect on the UCS of TiAIC. With the
exception of the Q10-S100 sample, the UCS gradually increased with increasing compressive
load stress. No obvious trend can be seen for the TisSiC2 samples. The UCS of each sample is
~-350 MPa, with the exception of the Q10-S200 sample, which has a significantly higher UCS
of ~-575 MPa.
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Figure 6.56: Graph comparing the ultimate compressive strength of both MAX phases
quenched at 1000°C under different compressive load stress conditions.

Figure 6.57 shows the UCS’s of the MAX phases quenched at 1200°C under different
compressive load stress conditions. Unlike the Ti2AIC samples quenched from 1000°C, it
appeared that increasing the compressive load stresses during quenching did not have a
significant effect on the UCS of either MAX phase. Like the samples quenched at 1000°C, the
lowest recorded UCS’s were for the Q12-S100 samples. The highest UCS was recorded for the
Ti3SiC, Q12-S150 sample.
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Figure 6.57: Graph comparing the ultimate compressive strength of both MAX phases
quenched at 1200°C under different compressive load stress conditions.
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Chapter 7 - Microstructural Characterisation of the MAX phases Following
Mechanical Deformation

7.1 Introduction

The characterisation of the microstructure and nanostructure of both MAX phase materials are
presented in this chapter. Following both room and high temperature mechanical testing of
these materials, each sample was prepared and examined using the scanning electron
microscopes Carl Zeiss Evo LS25 and Jeol Field Emission JSM-7800F. These SEMs were
utilised, in conjunction with attached EBSD and EDS detectors, to help determine the
deformation mechanisms present and the effect of the mechanical testing on overall

microstructure and texture of both MAX phase materials.

7.2 Grain Morphology (Size and Shape) Analysis Post Deformation

7.2.1 Microstructural Analysis of Ti2AIC Samples Compression Tested at both Room and
High Temperatures

7.2.1.1 Microstructural Analysis of Samples Tested at Room Temperature

The microstructures of both Ti.AIC samples tested at room temperature can be found in
Figures 7.1 and 7.2. From first observations, the microstructures of the samples tested at strain
rates of 1x107%/s and 1x10#/s appear heavily deformed. The locations of the SEM images have
been outlined in Figures 7.1 and 7.2, also showing the samples orientation with respect to the
compression direction. The micrograph of Figure 7.1a was taken at the ‘tip’ of the broken
sample while Figure 7.1b was taken at the left centre edge of the sample. As seen in Figure
6.3a, the sample broke into several pieces rather than staying together, hence the unusual shape
to the SEM sample. The lamellar structure of the TioAIC MAX phase is evident in both samples
in Figures 7.1b and 7.2b, with kinks in the lamellar structure being particularly evident in
Figure 7.2b.
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Figure 7.1: Electron Micrographs of the TRI-3 sample, compression tested at room
temperature at a strain rate of 1x107/s. B) Lamellar microstructure particularly evident

Figure 7.2: Electron Micrographs of the TRT-4 sample, compression tested at room
temperature at a strain rate of 1x10*/s. A) High levels of deformation at the tip of the
sample, B) Evidence of kinking and delaminations
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7.2.1.2 Microstructural Analysis of Samples Tested at 1000°C

Like the samples tested at room temperature, most of the tests conducted at 1000°C yield
sample microstructures that also exhibit a heavily deformed microstructure. Significant
transgranular and intergranular cracks can be seen throughout the microstructure, with Figures
7.3D and 7.5A in particular showing this formation. It must be noted that the T10-1 sample
was cut in a different direction to the T10-0 and T10-2 samples with regards to the substantial
crack/breakage that was previously noted in the post deformation photographs of the samples
in Chapter 6 (i.e. the red ellipse in Figure 6.7A). Figure 7.4 shows the different cutting
axis/direction for each sample. Evidence of kinking is also found in Figure 7.3A and 7.6A. The
microstructure within the close proximity of the large cross-sample crack is much more heavily
deformed than the rest of the microstructure, as can be seen when comparing the microstructure
around the large crack (Figures 7.5 and 7.6), with images which were taken at the sample
corners and do not show significant cracking or delamination (Figures 7.3B and C). As has
been shown in the post deformation images of the samples in Chapter 6, the samples that failed
in a predominantly ductile manner, such as T10-4, did not show any significant crack across
the width or length of the specimen, rather areas that were substantially more deformed than
others. Evidence of this can be seen when comparing Figure 7.7A, an image taken at the sample
edge that was in contact with the ISO-T compression anvil, with Figures 7.7B, C and D, taken
respectively at the right edge, centre and bottom right edge in contact with the anvil. These
later figures show that high deformation damage occurs at areas that were not in direct,
substantial contact with the anvil, showing grains that are highly deformed, kinking and
delaminating. In contrast, the shape of the grains in Figure 7.7A appears to be relatively similar
to the shape of the grains in the as received sample seen in Figure 5.1, with no kinking or
delamination in them. This phenomenon could be explained by low levels of strain close to the
surface, something which was seen by Buckingham et al in their study of forging a nickel based
superalloy (Figure 7.8). This so-called ‘dead zone’ that was found in their forging trials (using
a very similar set up to the high temperature compression testing of this work) can vary in size
depending on the testing parameters, but is typically shaped as a cone, within which the
deformation levels are generally low. [134]
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Figure 7.3: Electron Micrographs of the T10-0 sample, compression tested at 1000°C at a
strain rate of 1/s. A) Delaminated Ti2AIC grain, B & C) No major cracks or delaminations
at the edges of the sample. A & B) Transgranular and intergranular cracks are particularly

evident

Figure 7.4: Diagram showing the cutting direction (green dotted line) with relation to the
large external crack/sample breakage seen following brittle failure of the Ti2AIC MAX
phase. A) Samples such as T10-0, with a large, roughly horizontal crack from one side to
the other of the cross section, were cut in a way outlined in Figure 7.4A, with the cut going
through only a small part of the large crack/breakage. B) Samples such as T10-1, where the
cross section has a large crack going through the sample 45° to the loading direction, were
cut in a way as shown in Figure 7.4B.
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Figure 7.5: Electron Micrographs of the T10-1 sample, compression tested at 1000°C at a

strain rate of 1x1 0'/s showing high levels of deformation close to the major crack.

Figure 7.6: Electron Micrographs of the T10-2 sample, compression tested at 1000°C at a
strain rate of 1x1 075, A) Kinked grain, B) High levels of deformation at the major crack
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Figure 7.7: Electron Micrographs of the T10-4 sample, compression tested at 1000°C at a
strain rate of 1x107*/s. A) A potential deformation ‘dead zone’ close to the sample edge,
where the grains generally retain their original shape, B, C & D) High levels of

deformation, showing delaminated grains.

> Deadzone

Figure 7.8: A Deform 2D effective strain map created by Buckingham et showing the visual
contours of strain distribution throughout forging of a cylindrical nickel alloy compression
specimen. [134]
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7.2.1.3 Microstructural Analysis of Samples Tested at 1100°C

As has been established in Chapter 6, the higher the testing temperature and the slower strain
rate, the more ductile the Ti2AIC MAX phase becomes. The large T-shaped cracks throughout
the cross section of the microstructure for the T11-0 and T11-2 samples are further evidence
of the brittle nature of the Ti2AIC MAX phase under the high strain rate conditions. The
clearest evidence yet of kinking and delamination of the Ti2AIC MAX phase under these
conditions can be found in Figure 7.9C, which also shows the layered structure of the MAX
phase in general. Figure 7.10A was taken at the intersection between the substantial T
crack/breakage, and a significant amount of deformation around this intersection can be seen.
T11-3, the sample that failed in a ductile manner, like the other low strain rate samples tested
at lower temperatures, exhibits a significant amount of deformation throughout the
microstructure, in particular at the corners and the sides. As can be seen both from the
photograph of the sample surface and the selection of micrographs in Figure 7.11, each corner
of the sample has a large, wide crack, something that was also witnessed on the outer surface

of the samples in Figure 6.7C. These cracks, or large voids created by the compression of the

sample, are generally at an angle 45° to the compression axis.
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Figure 7.9: Electron Micrographs of the T11-0 sample, compression tested at 1100°C at a
strain rate of 1/s. A) Distinctive intergranular cracks, B) Lamellar structure evident within
a small area of cracking, C) Magnified area of (B) showing the kinks and lamellar structure
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Figure 7.10: Electron Micrographs of the T11-2 sample, compression tested at 1100°C at
a strain rate of 1x107?/s. A) ‘Junction’ of the major T crack propagating throughout the
sample. B) Magnified area of the T area showing the a very flat lamellar structure
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Figure 7.11: Electron Micrographs of the T11-3 sample, compression tested at 1100°C at a
strain rate of 1x107/s. A-D) High levels of deformation at every corner of the sample.

7.2.1.4 Microstructural Analysis of Samples Tested at 1200°C

Most of the samples tested at 1200°C have a microstructure similar to the samples that failed
in a ductile manner in the lower temperature tests with a highly delaminated structure being
the typical feature of the T12-2, T12-3 and T12-4 samples. The exception, as would be
expected, is from the sample that failed in a brittle manner (T12-0). The fracture surface of the

T12-0 sample was also taken, with the surface being that of the *45° crack’ that was created
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when the samples failed in a brittle manner. For most tests the sample stayed together but for
the T12-0 test of this sample, both parts of the sample either side of the ‘crack’ detached,
allowing inspection of the fracture surface. The lamellar structure was once again evident in
these images, as was the large crack in Figure 7.12B. Both trans and intergranular cracks can
be seen in Figure 7.12C, with the transgranular cracks generally running through the length of
the long Ti2AIC grains. Figures 7.13B & C and Figure 7.15C respectively show areas of the
microstructure of the T12-2 and T12-3 samples that have an unusually fine appearance when
compared to the rest of the microstructure. The large voids or cracks 45° to the compression
axis that were previously seen in the samples tested at 1100°C have also occurred in the ductile
samples at this temperature, with the microstructure in the areas around the voids showing
higher levels of deformation than other areas of the microstructure. Evidence of grain bending
of the Ti2AIC grains was also found in Figures 7.16A & B of the T12-4 sample. In Figure 7.16,

high levels of deformation in the larger Ti2AIC phase grains was also witnessed.

Figure 7.12: A & B) Fracture surface electron micrographs of the TI2-0 sample,
compression tested at 1200° at a strain rate of 1/s. C) Electron micrograph showing the
microstructure of the same sample
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Figure 7.13: Electron Micrographs of the T12-2 sample, compression tested at 1200°C at

a strain rate of 1 x107%/s. A-D) High levels of deformation B & C) Areas of very fine grains
amongst the elongated Ti2AIC grains.
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Figure 7.14: Electron Micrographs of the T12-3 sample, compression tested at 1200°C at
a strain rate of 1x107/s. A-D High levels of deformation throughout the microstructure.
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Figure 7.15: Electron Micrographs of the T12-3 sample, compression tested at 1200°C at
a strain rate of 1x107/s. C) Similar to T12-2, an area with a very fine structure. D) Large

Figure 7.16: Electron Micrographs of the T12-4 sample, compression tested at 1200°C at
a strain rate of 1x10*/s A) Kinked Ti>AIC grain B) Long transgranular crack through
elongated Ti>AIC grain. C) Small cracks at the edge of a large Ti>AIC grain
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7.2.2 Microstructural Analysis of TisSiC2 Samples Compression Tested at both Room and
High Temperatures

7.2.2.1 Microstructural Analysis of Samples Tested at Room Temperature

Figures 7.17 and 7.18 show the microstructures of the TisSiC, samples tested at room
temperature. As was outlined in the images of the TisSiC> samples post deformation in Section
6.3.2 of Chapter 6, the samples that failed in a brittle manner generally disintegrated into
several smaller pieces. This resulted in microstructural samples of varying shapes and sizes, as
opposed to the majority of the Ti2AlC samples, which generally maintained their integrity and
cracked into two or three pieces. Both the microstructures of the TRT-3 and TRT-4 samples
showed evidence of substantial deformation throughout their respective structures, as
particularly evidenced in Figures 7.17B & 7.18C. Kinking and delaminating of the major
Ti3SIiC, phase was also found in the TRT-3 sample, as seen in Figure 7.17A. An obvious
difference between the two MAX phases when tested under room temperature conditions is the
plethora of cracks and the direction of these cracks in the TizSiC2 MAX phase. Whereas the
Ti2AlIC MAX phase samples tested at room temperature had a few areas of minor cracks, the
cracks in the TRT-3 and TRT-4 TisSiC, samples can be seen to propagate throughout the whole

microstructure and form ‘branches’ of cracks that are interconnected with other larger crack

formations.
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Figure 7.17: Electron Micrographs of the TRT-3 sample, compression tested at room
temperature at a strain rate of 1x10%/s. A) Kinked Ti;SiC> grain, B) Very high levels of
deformation, with numerous transgranular and intergranular cracks.

155



S

Figure 7.18: Electron Micrographs of the TRT-4 sample, compression tested at room
temperature at a strain rate of 1x107/s A) Large crack emanating through the
microstructure, B) Intergranular cracks, C) ‘Branches’ of cracks interconnected with other
large crack formations

7.2.2.2 Microstructural Analysis of Samples Tested at 1000°C

The microstructure of the TizSiC, samples deformed at 1000°C can be found in Figures 7.19-
7.22. Figures 7.19A & B show the typical intergranular cracks found in a TisSiC, sample that
deformed in a brittle manner, with the cracks propagating throughout the fine grained
microstructure. As previously mentioned, the TisSiC2 samples that deformed in a brittle manner
broke into several pieces and the fracture surface of two of those pieces were investigated, as
shown in Figures 7.19C & D. From Figure 7.19C, a small crack can be seen on the tip of the
fracture surface. Further evidence of the brittle nature to the failure of this specimen could be
found in the presence of cone shaped features on the fracture surface of another piece of the
sample in Figure 7.19D. The aforementioned intergranular cracks were also found in the T10-
2 sample, as shown in Figure 7.20. For the sample which did not fail in a catastrophically brittle
manner, T10-4, no major differences in the microstructure were found when comparing it with
the samples that did fail in a brittle style. Intergranular cracks were still prevalent, although
some transgranular cracks can be seen in Figure 7.22C. Also of note was the presence of a
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large phase that appeared to be inside a crack, as seen at the top of Figure 7.22B and in Figure
7.22C. As seen in Figure 7.22B, most of the large cracks are filled in with non-conductive

resin, so the presence of a conductive substance within the crack seen in Figure 7.22C was a

surprise. Other features noted from the T10-4 sample include the small crack propagating from
the vertical crack in Figure 7.22A and the crack that connects the two much larger cracks in

Figure 7.22B.

Figure 7.19: Electron Micrographs of the T10-0 sample, compression tested at 1000°C at
a strain rate of 1/s A & B) Transgranular cracks, C & D) Fracture surface of the T10-0
sample, C) Small crack at tip of fracture surface, D) Cup and cone shaped feature on the
fracture surface

thure 7.20: Electron Mzcrographs of the T10-2 sample compression tested at 1000°C at
a strain rate of 1x107/s A) Deformed area, B) Intergranular cracks
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Figure 7.22: Electron Micrographs of the T10-4 sample, compression tested at 1000°C at
a strain rate of 1x10*/s A) Small crack emanating from a larger, vertical crack B) Small
crack connected to two larger cracks, C) Potential small conductive secondary phase within
a large crack
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7.2.2.3 Microstructural Analysis of Samples Tested at 1100°C
High levels of deformation were found at the edge of the T11-1 sample (Figure 7.23A), while
significantly less deformation was recorded at the bottom centre of the same sample (Figure

7.23B). A similar feature was also noted in the Ti2AIC samples, in particular those tested at
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1000°C. The deformation noted composed of two large cracks of similar shape propagating
from one large crack to the bottom edge of the sample. A similar feature to that found in the
T10-4 sample of a vertical intergranular crack with horizontal cracks branching off of it was
found in the T11-2 sample in Figure 7.24. The fracture surface of a separate piece of the same
sample was also found to possess a large crack at the tip of the cone, similar to the T10-0
sample. Substantial levels of deformation were recorded in the microstructure of the T11-4
sample, with both transgranular and intergranular cracks prevalent throughout the
microstructure of the sample. Figure 7.25A and its inset of Figure 7.25B once again show
cracks that branch out directly perpendicular to the compression direction. The cracks in these
figures also showed the extremely fine nature to the microstructure. The vertical TisSiC; grain
in Figure 7.25C is almost directly parallel to the compression direction and as such, a large

amount of both intergranular and transgranular cracks were found. Evidence of kinking within

this grain was also noted.
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Figure 7.23: Electron Micrographs of the T11-1 sample, compression tested at 1100°C at
a strain rate of 1x107'/s A) High levels of deformation in the corner of the sample, B)
Potential ‘dead zone’ at the bottom edge of the sample, with the microstructure having a
similar appearance to the as-received sample
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Figure 7.24: Electron Micrographs of the T11-2 sample, compression tested at 1100°C at
a strain rate of 1x107/s A) vertical intergranular crack with horizontal cracks branching
off B) Fracture surface showing a small crack at the tip of the ‘cone’ of the sample
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Figure 7.25: Electron Micrographs of the T11-4 sample, compression tested at 1100°C at
a strain rate of 1 x10™*/s. A) Extremely fine microstructure, B) Inset of (4) showing a crack
branching out perpendicular to compression direction. C) Vertical Ti3SiC2 grain almost
directly parallel to compression direction showing kinking and intergranular and
transgranular cracks
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7.2.2.4 Microstructural Analysis of Samples Tested at 1200°C

The microstructure of the TisSiC, samples tested at 1200°C can be found in Figures 7.26-7.28.
As previously shown in Section 6.3.2.4, the samples tested at a strain rate of 1/s or 1x10-1/s at
1200°C failed in a catastrophically brittle manner while the other samples tested at slower strain
rates didn’t break apart into pieces, with their final form resembling an almost barrel shape, as
further evidenced in the images of the cross sections of the samples shown in Figures 7.26-
7.28. Figure 7.26 shows both the microstructure and fracture surface of pieces of the T12-1
sample. As shown in in Figure 7.26A, large, straight cracks were once again found in
microstructure, while also being found in the fracture surface in Figure 7.28D. Whereas the
T12-1 sample appeared to display pockets of areas of high levels of deformation, the T12-2
and T12-3 samples show a highly deformed microstructure of similar levels to that found in
the T11-4 sample. Transgranular and intergranular cracks are evident in Figures 7.27 and 7.28.
Also of note is the appearance of voids and/or cracks forming parallel to the compression

direction in Figure 7.27B.

Figure 7.26: Electron Micrographs of the T12-1 sample, compression tested at 1200°C at
a strain rate of 1x107/s A) Large straight cracks through the microstructure, B) Localised
area of intergranular cracks, C & D) Fracture surface images showing large cracks
throughout the microstructure.
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Flgure 72 7 Electron Mlcrographs of the T12-2 Sample compression tested at 1 200°C at
a strain rate of 1x107%/s. Transgranular and intergranular cracks at the edge of the sample

Flgure 728 Electron Mlcrographs of the T12-3 sample, compression tested at 1 200°C at
a strain rate of 1x107/s. A) Voids and/or cracks forming parallel to the compression
direction, B) Inset of (A)

7.2.3 Summary

In this section of the chapter, the microstructure of the Ti>AIC and TisSiC, samples have been
studied and analysed. It has already been established in Chapter 5 that, despite their crystal
structural similarities, the microstructures of both materials are quite different, with Ti2AIC
generally having a coarser grain size than TisSiC». Despite this difference, the microstructures
of each material do share some features in their response to both room temperature and high

temperature compression testing.

The microstructures of both Ti>AIC and TisSiC. following room temperature compression
testing confirm what has previously been found in various sources, with substantial

deformation throughout each microstructure and evidence of kinking and delaminations
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present amongst the highly deformed zones [75,80,90,97,135]. As previously stated in Chapter
6, both materials did not retain their integrity after room temperature compression testing,
although whereas Ti.AIC samples broke into several large pieces, the TisSiC, samples

disintegrated upon failure, creating numerous pieces both large and small.

As the testing temperature was increased, the samples retained their integrity slightly better
than when tested at room temperature, with this especially being the case for the Ti2AlIC
samples. The Ti2AlC samples tested at the faster strain rates were found to generally break into
2 large pieces or retain their general integrity with a large shear crack 45° to the compression
direction. The areas around these large cracks generally were areas of highest deformation and
both transgranular and intergranular cracks could be seen around these areas of each Ti>AIC
sample tested under these high strain rate, high temperature conditions. Kinking and heavily

delaminated areas were also recorded under these conditions.

Intergranular cracks were found to be particularly prevalent in the TisSiC, samples which were
tested under high strain rates and high temperatures. Unlike the Ti,AIC samples, certain areas
throughout each TisSiC, sample suffered from high levels of deformation, with cracks both
large and small seen emanating from several points in the microstructure. Cracks branching off
in several directions from larger cracks were also recorded, while the fracture surfaces of some
of the samples tested at higher strain rates showed evidence of cup and cone formations, as

well as several cracks.

As previously established in Chapter 6, as the strain rate was decreased at the higher
temperatures, the more ductile both MAX phases behave. This was further confirmed in the
microstructure of each sample deformed under these conditions. For both MAX phases these
samples generally did not show any significant large crack across the width or length of the
specimen but rather areas which were substantially more deformed than other areas. For several
samples tested at the slowest strain rates, it was seen that micrographs taken of the sample
edges in contact with the compression anvil showed grains that were generally of a similar size
and shape to that of the as received sample. Micrographs taken at edges of each sample not in

contact with the compression anvil did show grains that were highly deformed, kinked and
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delaminated. This behaviour was attributed to a potential ‘dead zone’, where deformation
levels are generally low. Other features recorded for these samples that failed in a more ductile
manner included grain bending and voids within the areas of high deformation at the corners
and sides of each sample. Transgranular cracks were generally more prevalent throughout the
samples of both MAX phases tested under these conditions, although intergranular cracks were

still recorded.

164



7.3 EBSD Analysis of Ti2AIC and TisSiC2 Samples Compression Tested at both Room
and High Temperatures

Following standard scanning electron microscopic inspection of the Ti.AIC and Ti3SiC> MAX
phases, both sets of materials were examined via EBSD using the JEOL 8700F SEM. The data
was then analysed and maps were created using the MTEX MATLAB software. EBSD is a
helpful tool when analysing the evolution of deformation in the MAX phases due to its ability
to locate kink bands and dislocation walls. These features can result in changes in the
crystallographic orientation, or misorientation, within individual grains and can be easily

identified when analysing misorientations on inverse pole figure (IPF) maps.

For each sample, the data collected was presented in the form of several maps. These maps
included a phase map of each sample, an IPF map in the Y (compression) direction, and a map
of the misorientation angles. Also produced were band contrast images from the areas of each
sample selected for analysis. A map and histogram of the grain boundary misorientation angle

was also produced for each sample.

7.3.1 EBSD Analysis of Ti2AIC Samples Compression Tested at both Room and High
Temperatures

7.3.1.1 EBSD analysis of Ti2AIC samples tested at Room Temperature

The EBSD maps in Figures 7.29 & 7.30 represent the data collected for the TRT-3 Ti2AIC
sample. IPF maps of the as-received Ti2AlIC MAX phase microstructure in Figure 5.11c from
Chapter 5 showed that the grains have a largely random texture before being tested, something
which was further proved when plotting the orientations in the colour key of the IPF. The IPF
map of the TRT-3 and TRT-4 samples can be found in Figures 7.29b and 7.31b respectively.
Figure 7.33 shows a plot of the orientations of each grain on the colour key of each phase.
From this it can be deduced that, similar to the as-received sample, the TRT-3 sample has a
more random orientation for all the phases. The TRT-4 sample, however, appears to have much
more orientation than the TRT-3 sample. The Ti2AIC phase, for all grain sizes, has a preferred
orientation to the [0001] direction, while the orientation of the TiAl and Al.O3 phases appear

to be more random.
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Figure 7.29: EBSD Maps of the TRT-3 Ti>AIC Sample: A) Phase Map, (R=Ti>AIC, Y=TiAl,
B=A41,03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation
Angles, F) Map locations

Like the colour coding of the grain boundaries in Figure 5.12, each set of grain boundaries
were identified by 4 separate colours for the data in Chapter 7. The low angle grain boundaries
(LAGBS) being between 2 and 10° and identified by red. The medium angle grain boundaries
(MAGB:S) are represented in blue for the 10-20° and green for 20-40°, while yellow was used
to signify the high angle grain boundaries (HAGBs) >40°. The histograms in Figures 7.30A
&B and 7.32A & B show the data for the grain boundaries between the different phases. For
both samples, the misorientation angles of the boundaries between the TiAIC grains are
constant across the graph, indicating that the orientations are distributed uniformly throughout
the microstructure. For the TRT-3 sample, the TiAl-TiAl grain boundaries were recorded as
being of a non-random distribution, with high amounts of the grain boundaries falling in
between the two ranges of 20°-30° (MAGBSs) and also 80°-90° (LAGBSs). The TRT-4 sample

was also found to have a non-random distribution for the grains boundaries between these
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phases, with peaks recorded between 2° and 20° (LAGBs and MAGBs) and also 80°-90°
(HAGBsS) were recorded for the TRT-4 sample. The Ti2AIC-TiAl grain boundaries for both
samples have a uniform distribution throughout the microstructure within £ 10°. For both
samples, the Ti>AIC-Al,O3 grain boundaries had a substantial number of medium
misorientation angles, with the peaks at 20°-30°. The Al203-Al,03 and Al,Os-TiAl grain
boundaries behave in a similar manner for both samples, with the distribution close to the

random (Mackenzie) profile.
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Figure 7.30: A) Line graph showing an average of the grain boundary misorientation
angles across the recorded sites, with the grain boundaries between each phase shown; B)
EBSD map showing the misorientation angles of the grain boundaries in Site 3 of the TRT-
3 Ti;AIC sample; C) Inset of A, showing the data for the Ti2AIC-TiLAlIC, Ti2AIC-TiAl and
Al>;O3-TiAl grain boundaries.
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Figure 7.31: EBSD Maps of the TRT-4 Ti>AIC Sample: A) Phase Map, (R=Ti>AIC, Y=TiAl,

B=A41;03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 1

40+

©I
w“«
1

< TIAITIAl P
- AlLOs-TiAIC
- A|203'A|zo3

Relative Frequency (%)

0 5 10 15 2 25 30 35 40 45 5 55 60 6 70 75 80 8 90 95
Misorientation Angle (°)

100
Figure 7.32i: A) Line graph showing an average of the grain boundary misorientation

angles across the recorded sites. Graph shows the grain boundaries between phases that
produced the highest peaks
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Figure 7.32ii: B) EBSD map showing the misorientation angles of the grain boundaries in
Site 1 of the TRT-4 Ti>AIC sample; C) Same line graph as A, showing the grain boundaries
between phases that produced the lowest peaks.
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Figure 7.33: Y-direction Inverse Pole Figure keys of the separate phases found in the Ti>AIC
MAX phase deformed at Room Temperature, with the orientation spread of the separate
grains superimposed. IPF Keys: A) Ti>AIC grains with a grain area of under 50um’, B)
Ti>AIC grains with a grain area of over 50um’, C) TiAl grains, D) AL O, grains
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7.3.1.2 EBSD analysis of Ti2AIC samples tested at 1000°C

The EBSD data collected for the Ti2AIC samples tested at 1000°C can be found in Figures
7.34-7.40. As has already been established in previous sections, each sample tested at 1000°C
under the faster strain rates failed in a brittle manner, with most samples generally splitting into
two pieces, with the large crack running through the sample 45° to the loading direction being
the predominant macroscopic feature. This brittle nature of failure invariably means that the
microstructure of the sample is, for the most part, similar to that of the as-received samples.
From the band contrast images in Figures 7.34C and 7.35C, it is evident that the grain shape
of the T10-0 and T10-2 samples is similar to that of the as received sample. The IPF maps of
each sample tested at the fastest strain rate can be found in Figures 7.34B and 7.35B, while the
plot of the orientation of each grain on the IPF colour keys can be found in Figure 7.40. From
these figures it can be seen that there is generally a random orientation for all phases for both
the T10-0 and T10-2 samples.

444
13579

Figure 7.34: EBSD Maps of the T10-0 Ti>AIC Sample: A) Phase Map, (R=Ti>2AIC, Y=TiAl,
B=A41;03), B) IPF-Y Map, C) Band Contrast showing Sites 2, 6 and 10, D-E) Misorientation
Angles of Site 2, F) Map locations
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Figure 7.35: EBSD Maps of the T10-2 Ti>AIC Sample: A) Phase Map, (R=Ti:AIC, Y=TiAl,
B=A41,03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 1, F) Map locations

The grain boundaries misorientation angle data for the T10-0 and T10-2 samples is presented
in Figures 7.36 and 7.37. For both samples, the misorientation angles of the boundaries
between the Ti>AIC grains are constant across the graph, indicating that the orientations are
distributed uniformly throughout the microstructure. A uniform distribution is also present for
the grain boundaries between the Ti2AIC and TiAl phases for both samples. There is a non-
random distribution for the boundary misorientation angles between the TiAl grains for both
samples, with the majority of grains having a high angle grain boundary of between 80°-90°.
The misorientation angles between Al>Os grains for both samples were also found to have a
non-random distribution, with a noticeable peak between 50°-60° for both. The Al.Os-TiAl
grain boundaries for the T10-0 sample appear more uniform than those of the T10-2 sample,

which have a slight random, Mackenzie distribution.
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Figure 7.36: A) Line graph showing an average of the grain boundary misorientation
angles across the recorded sites. Graph shows the grain boundaries between phases that
produced the highest peaks; B) EBSD map showing the misorientation angles of the grain
boundaries in Site 3 of the T10-0 Ti>AIC sample; C) Same line graph as A, showing the
grain boundaries between phases that produced the lowest peaks.
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Figure 7.37i: A) Line graph showing an average of the grain boundary misorientation
angles across the recorded sites. Graph shows the grain boundaries between phases that
produced the highest peaks
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Figure 7.37ii: B) EBSD map showing the misorientation angles of the grain boundaries in
Site 1 of the T10-2 Ti>AIC sample; C) Same line graph as A, showing the grain boundaries
between phases that produced the lowest peaks.

The EBSD maps for the T10-4 sample can be found in Figures 7.38 and 7.39. The changed
microstructure is immediately evident when studying the phase and band contrast maps. The
size and shape of the Ti>AIC grains in particular is significantly different from the earlier tests,
with the larger grains breaking down into numerous smaller grains. This is especially true for
the map taken closest to the centre of the sample, while the map closest to the compression
anvil has a microstructure more in common with the as-received sample. Also of note is the
TiAl phase being almost entirely absent from the phase map in Figure 7.38A. The IPF map in
Figure 7.38B shows that the colour in each grain is much less uniform than both the as received
sample and the samples that failed in a brittle manner. The IPF colour key interpolated with a
plot of the orientation of each grain can be found in Figure 7.40. This colour key not only
confirms the relative lack of TiAl when compared to the previous samples tested at 1000°C
(Figure 7.40C), but also that the Ti,AIC grains with a grain area over 50um?have an orientation
to the [0001] direction. This feature is not as obvious for the Ti-AIC grains under 50um?, which

appear slightly more randomly orientated than the larger grains.
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Figure 7.38: EBSD Maps of the T10-4 Ti>AIC Sample: A) Phase Map, (R=Ti2AIC, Y=TiAl,
B=A41,03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 1, F) Map locations

The grain boundary misorientation angles of the T10-4 sample are shown in Figure 7.39. From
the histogram it is evident that the majority of the grain boundaries possess a non-random
distribution, with only the boundaries between the Al,O3 grains and the AlO3 and TiAl grains
showing a random, Mackenzie distribution. For the boundaries between the Ti.AIC grains, the
majority fall into the misorientation angles of between 2°-10° (LAGBSs) and 10°-20° (MAGBS).
Like the T10-0 and T10-2 samples, the TiAl-TiAl and AlO3-Ti;AIC grain boundaries have
the majority of their misorientation angles in the 80°-90° (HAGBs) and 20°-30° (MAGBS)
regions respectively. The TiAl-Ti2AlC grain boundaries also have a non-random distribution,

having generally high angle grain boundaries, with a peak between 50°-60°.
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Figure 7.39: A) Line graph showing an average of the grain boundary misorientation
angles across the recorded sites. Graph shows the grain boundaries between phases that
produced the highest peaks; B) EBSD map showing the misorientation angles of the grain
boundaries in Site 2 of the T10-4 Ti>AIC sample; C) Same line graph as A, showing the
grain boundaries between phases that produced the lowest peaks.
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Figure 7.40: Y-direction Inverse Pole Figure keys of the separate phases found in the Ti>AIC
MAX phase deformed at 1000°C, with the orientation spread of the separate grains
superimposed. Tests: 1) T10-0, 2) T10-2, 3) T10-4. IPF Keys: A) Ti>AIC grains with a grain
area of under 50um?, B) Ti>AIC grains with a grain area of over 50um?, C) TiAl grains, D)
AL O, grains
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7.3.1.3 EBSD analysis of Ti2AIC samples tested at 1100°C

Figures 7.41-7.47 show the EBSD data for the samples tested at 1100°C. Like the samples
tested at 1000°C, the samples tested at the faster strain rates, T11-0 and T11-2, show a
microstructure not too dissimilar from the as-received sample. When studying the phase maps
of T11-0 and T11-2 in Figures 7.41A and 7.42A it can be seen that the overall grain shape, with
elongated Ti>AIC grains amongst a TiAl matrix, with small areas of Al>Oz grains is reminiscent
to that of the as-received sample. The band contrast images are similar, although there is a more
deformed microstructure in the T11-2 sample. When comparing the IPF maps of the T11-0 and
T11-2 samples it can be seen that the colour in each grain is still generally quite uniform across
the microstructure, independent of phase. The IPF colour key of these two samples in Figure
7.47 shows that the Ti-AIC grains smaller than 50um? have more orientation to the [0001]
direction than the larger grains. For the other phases, the orientation of each grain is still seen

to be random.
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Figure 7.41: EBSD Maps of the T11-0 Ti>AIC Sample: A) Phase Map, (R=Ti:AIC, Y=TiAl,
B=A41,03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 2, F) Map locations
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Figure 7.42: EBSD Maps of the T11-2 Ti>AIC Sample: A) Phase Map, (R=Ti:AIC, Y=TiAl,
B=A1>03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 3, F) Map locations

Figures 7.43 and 7.34 show the grain boundaries misorientation angle data for the T10-0 and
T10-2 samples. Both samples have a very similar profile with regards to their grain boundary
misorientation angles. A uniform distribution was found to be present in both samples for the
boundaries between the Ti>AIC grains and also between the Ti.AIC and TiAl grains. For both
samples a non-random distribution for the boundary misorientation angles between the TiAl
grains was found, with the peaks suggesting a high angle grain boundary of between 80°-90°.
The boundaries between the Al.O3 grains show an random Mackenzie type distribution for
both samples, although peaks at 60°-70° and 50°-60° (both HAGBS) for the T11-0 and T11-2
samples respectively suggest a slightly less random distribution than has been seen before. The
misorientation angles between the Al.Oz and Ti2AIC grains for both samples were found to
have a generally non-random distribution, with a noticeable peak between 20°-30° (MAGB)
for both, although the relatively small peak for the T11-0 sample suggests a slightly more
uniform distribution. The Al,Oz-TiAl grain boundaries for both samples have a more random,

Mackenzie type distribution
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Figure 7.43: ';A) ”L‘Linenﬁradpth showing an average of the grain boundary misorientation
angles across the recorded sites. Graph shows the grain boundaries between phases that
produced the highest peaks; B) EBSD map showing the misorientation angles of the grain
boundaries in Site 3 of the T11-0 Ti»AIC sample; C) Same line graph as A, showing the
grain boundaries between phases that produced the lowest peaks.
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Figure 7.44i: A) Line graph showing an average of the grain boundary misorientation
angles across the recorded sites. Graph shows the grain boundaries between phases that
produced the highest peaks
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Figure 7.44ii: B) EBSD map showing the misorientation angles of the grain boundaries in
Site 2 of the T11-2 Ti>AIC sample; C) Same line graph as A, showing the grain boundaries
between phases that produced the lowest peaks.

The EBSD maps for the T11-4 sample can be found in Figures 7.45 and 7.46. Similar to the
T10-4 sample also tested with the slowest strain rate, the size and shape of the grains within
the microstructure is substantially different to the T11-0 and T11-2 samples. The large Ti2AIC
grains previously seen are seen to break down into numerous smaller grains. This feature is
particularly evident in maps taken closer to the centre of the sample, as can be seen in the band
contrast maps in Figure 7.45C. From Figure 7.45C(3) it can be seen that in general, the closer
to the surface of the sample that was in contact with the compression anvil, the less deformed
the microstructure. Like the T10-4 sample, the TiAl phase is almost completely absent from
the phase map in Figure 7.45A. Figure 7.45B shows the IPF map of the T11-0 sample, in which
it can be seen that the colour in each individual grain, regardless of phase, is substantially less
uniform than seen in the T11-0 or T11-2 samples. The IPF colour keys in Figure 7.47 show
that the TiAIC grains smaller than 50pum? generally have an orientation to the [0001] direction.
For Ti2AlC grains larger than 50um? most appear to have an orientation to the [0001] direction,
although a small number of grains also appear to orient to both the [1210] and the [1100]
directions.
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Figure 7.45: EBSD Maps of the T11-4 Ti>AIC Sample: A) Phase Map, (R=Ti:AIC, Y=TiAl,
B=A1>03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 1, F) Map locations

The grain boundary misorientation angles of the T11-4 sample are shown in Figure 7.46. Like
the T10-4 samples, it is evident from the histogram that the majority of the grain boundaries
possess a non-random distribution. For the boundaries between the Ti>AlC grains, the majority
fall into the misorientation angles of between 2°-10° (LAGBs) and 10°-20° (MAGBS). The
TiAI-TiAl grain boundaries have the majority of their misorientation angles in the 80°-90°
region, although there are also substantial amounts of grain boundaries that have a
misorientation angle of 2°-20° (LAGBs and MAGBS). A substantial number of the Al,O3-TiAl
grain boundaries have a misorientation angle between 40°-50°, also suggesting a non-random
distribution. The Al>Os-Ti2AIC grain boundaries have the majority of their misorientation
angles in the 20°-30° (MAGBS) region. The TiAl-Ti2AIC grain boundaries generally have a
uniform distribution, while the boundaries between the Al>Oz grains have the Mackenzie

distribution.
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Figure 7.46: A) Line graph showing an average of the grain boundary misorientation
angles across the recorded sites. Graph shows the grain boundaries between phases that
produced the highest peaks; B) EBSD map showing the misorientation angles of the grain
boundaries in Site 1 of the T11-4 Ti>AIC sample; C) Same line graph as A, showing the
grain boundaries between phases that produced the lowest peaks.
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Figure 7.47: Y-direction Inverse Pole Figure keys of the separate phases found in the Ti>AIC
MAX phase deformed at 1100°C, with the orientation spread of the separate grains
superimposed. IPF Keys: A) Ti>AIC grains with a grain area of under 50um’, B) Ti,AIC
grains with a grain area of over 50um’, C) TiAl grains, D) Al ,0; grains
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7.3.1.4 EBSD analysis of Ti2AIC samples tested at 1200°C

Figures 7.48-7.54 show the EBSD data for the Ti2AIC samples tested at 1200°C. The maps for
the T12-0 sample can be found in Figure 7.48. The T12-0 sample, in addition to the T12-1
sample, were the samples tested at this temperature that failed in a brittle manner, and has a
grain morphology very similar to the other samples tested at faster strain rates at lower
temperatures. This is further evident when comparing the microstructure of the sample to the
T12-2 and T12-4 samples, which appear much more compact and with significantly less large
straight, elongated Ti,AIC grains. The IPF map of the T12-0 sample shows that the colour in
each grain is not quite as uniform as samples tested under the same strain rate conditions at
lower temperatures. The IPF colour key in Figure 7.53 shows that all grains for the T12-0

sample have a random orientation, regardless of grain size or phase.
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Figure 7.48: EBSD Maps of the T12-0 Ti>AIC Sample: A) Phase Map, (R=Ti:AIC, Y=TiAl,
B=A41,03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 1, F) Map locations
The grain boundary misorientation angle data for the T12-0 sample can be found in Figure
7.49. The Ti,AIC-Ti,AIC, Ti.AIC-TiAl and Al,Os-TiAl grain boundaries all appear to have to
have a generally uniform distribution to their misorientation angles, while the grain boundaries

between the Al,O3 grains appear to have a random Mackenzie profile. The misorientation
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angles of the boundaries between both the TiAl grains and the boundaries between the Al>O3
and Ti2AIC grains are non-random, with them having HAGBs in the region of 80°-90° and
MAGB:s of between 20°-30° respectively.
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Figure 7.49: A) Line graph showing an average of the grain boundary misorientation
angles across the recorded sites. Graph shows the grain boundaries between phases that
produced the highest peaks; B) EBSD map showing the misorientation angles of the grain
boundaries in Site 1 of the T12-0 Ti>AIC sample; C) Same line graph as A, showing the
grain boundaries between phases that produced the lowest peaks.

Comparing the EBSD data for the T12-2 and T12-4 samples in Figures 7.50-7.52 it can be seen
that features which were also witnessed for the T10-4 and T11-4 samples are on display here
as well. These features being the relative lack of the TiAl phase when compared to the samples
tested at faster strain rates, the generally compact microstructure and the number of large
TiAlIC grains that have deformed into numerous smaller grains. The IPF maps for both samples
and their related IPF colour keys, are also characterised by grains orientating to the [0001]
direction for all TiAIC grain sizes. The two other phases have a random orientation in both

samples.
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Figure 7.50i: EBSD Maps of the T12-2 Ti2AIC Sample: A) Phase Map, (R=Ti2AIC, Y=TiAl,
B=A10>03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D) Misorientation Angles,

E) Map location, F) EBSD map showing the misorientation angles of the grain boundaries
in Site 1 of the T12-0 Ti>AIC sample.
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Figure 7.50ii: G) Line graph showing an average of the grain boundary misorientation
angles across the recorded sites. Graph shows the grain boundaries between phases that
produced the highest peaks; H) Same line graph as A, showing the grain boundaries
between phases that produced the lowest peaks
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Figure 7.51: EBSD Maps of the T12-4 Ti>AIC Sample: A) Phase Map, (R=Ti2AIC, Y=TiAl,
B=A41;03), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D) Misorientation Angles,

E) Map location
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As can be seen from the histograms in Figures 7.50F and 7.52, the grain boundary
misorientation angles for both the T12-2 and T12-4 samples are very similar. For both samples,
the Ti2AIC-Ti2AIC, TiAI-TiAl and Al.O3-Ti.AIC grain boundaries were found to have a non-
random distribution with regards to misorientation angle. The boundaries between the Ti>AIC
grains for both samples were seen as being close to uniform, although the misorientation angle
peaks for both samples were in the LAGB and MAGB range of 2°-20°. Like for most of the
Ti2AIC samples, the peak for the boundaries between the TiAl grains was between a
misorientation angle between 80°-90° (HAGB), while the peak for the Al>O3-Ti,AIC grain
boundaries was between 20°-30° for both samples. The misorientation angle for the boundaries
between the Ti2AIC and TiAl grains was determined to be uniform, while both the Al,03-Al;03

and Al,Oz-TiAl grain boundaries were found to have a random, Mackenzie distribution.
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Figure 7.52: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 3 of the T10-0 Ti.AIC sample; B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites. Graph shows the grain boundaries between
phases that produced the highest peaks; C) Same line graph as B, showing the grain
boundaries between phases that produced the lowest peaks.
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Figure 7.53: Y-direction Inverse Pole Figure keys of the separate phases found in the Ti2AIC
MAX phase deformed at 1200°C, with the orientation spread of the separate grains
superimposed. IPF Keys: A) Ti>AIC grains with a grain area of under 50um?, B) Ti>AIC
grains with a grain area of over 50um’, C) TiAl grains, D) AL, O, grains
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7.3.2 EBSD Analysis of TisSiC2 Samples Compression Tested at both Room and High
Temperatures

7.3.2.1 EBSD analysis of TisSiCz samples tested at Room Temperature

Figures 7.54 and 7.55 represent the EBSD data collected for the room temperature compression
tests of Ti3SiC,. The EBSD graphs for the TRT-3 sample can be found in Figure 7.54, in which
it can be seen that apart from the two large cracks running through Site 3 in Figure 7.54C(3),
the microstructure is largely unchanged from that of the as-received sample seen in Figure 5.15
in Chapter 5. The porosity that was found in the as-received samples is also evident for both
the TRT-3 and TRT-4 samples. The EBSD graphs for the TRT-4 sample can be found in Figure
7.55. The IPF maps of both samples tested at room temperature show that, like the as-received
microstructure, the grains have a largely random texture regardless of phase. This is further
confirmed by the IPF colour key with the orientations of each grain overlayed onto it in Figure
56, with the colour keys split into both TisSiC and TiC grains smaller and larger than 10um.
For both samples, the grain boundary misorientation data can be found in Appendix 1, where it
can be seen that for both samples, both the TisSiC.-TiC and TiC-TiC grain boundaries have a

random, Mackenzie profile, while the misorientation is uniform for the TizSiC»-TizSiC> grain

boundaries.

B B ——— A )

Figure 7.54: EBSD Maps of the TRT-3 TisSiC, Sample: A) Phase Map, (R=TisSiC,, B=TiC), B) IPF-Y
Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles of Site 3, F) Map locations

191



Figure 7.55: EBSD Maps of the TRT-4 Ti;SiC> Sample: A) Phase Map, (R=Ti;SiC>,
B=TiC), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 1, F) Map locations
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Figure 7.56: Y-direction Inverse Pole Figure keys of the separate phases found in the Ti3SiC>
MAX phase deformed at Room Temperature, with the orientation spread of the separate
grains superimposed. IPF Keys: A) Ti;SiC> grains with a grain area of under 10um?®, B)
Ti3SiC> grains with a grain area of over 10um’, C) TiC grains with a grain area of under
10um?, D) TiC grains with a grain area of over 10um’
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7.3.2.2 EBSD analysis of TisSiC2 samples tested at 1000°C

The EBSD maps derived from the data collected for the TizSiC, samples tested at 1000°C can
be found in Figures 7.57-7.60. Each sample tested at the strain rates between 1/s to 1x107/s at
1000°C failed in a brittle manner, while the sample tested at 1x10*#/s showed ductility, as
previously established in Chapters 5 and 6. Similar to what was seen in the Ti.AIC sample
tested under the same conditions, the grain morphology of the T10-0 sample seen in Figure
7.57 is similar to that of the as-received TizSiC, sample. However, with slower strain rates, the
microstructure appears to become more deformed, with this particularly evident in the T10-4
sample seen in Figure 7.59. The IPF maps of the T10-0 and T10-2 samples can be found in
Figures 7.57B and 7.58B respectively, while the plot of the orientation of each grain on the IPF
colour keys can be found in Figure 7.60. From these figures it can be seen that there is generally
a random orientation for both phases for the T10-0 and T10-2 samples, with the exception of
the T10-2 TisSiC; grains smaller than 10um?, which has a slight orientation to the [0001]

direction.

Figure 7.57: EBSD Maps of the T10-0 Ti3SiC> Sample: A) Phase Map, (R=Ti3SiC>,
B=TiC), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 1, F) Map locations
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Figure 7.58: EBSD Maps of the T10-2 Ti3SiC> Sample: A) Phase Map, (R=Ti3SiC>,
B=TiC), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 3, F) Map locations

As previously witnessed in the Ti.AIC samples, when a MAX phase sample fails in a ductile
manner, the centre of that sample is significantly more deformed than the outer edges of the
sample. As seen in the band contrast image and IPF map in Figures 7.59B & C(2), taken at the
centre of the specimen, this was found to be the case for the T10-4 sample. The IPF map and
its related colour key in Figure 7.60 show that while the TiC phase has a random orientation
regardless of grain size, the grains of the TizSiC> phase have a much higher orientation in one
direction. All grains of the TisSiC phase have an orientation to the [0001] direction, although
this orientation is slightly more random in grains smaller than 10um? than grains larger than

10pm?.

The grain boundary misorientation data for all samples tested at 1000°C can be found in
Appendix 1, where it can be seen that for all samples that both the TizSiC,-TiC and TiC-TiC
grain boundaries have a random, Mackenzie profile, while the misorientation is uniform for
the TisSiC,-TisSiC; grain boundaries.
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Figure 7.59: EBSD Maps of the T10-4 Ti3SiC> Sample: A) Phase Map, (R=Ti3SiC>,
B=TiC), B) IPF-Y Map, C) Band Contrast showing Sites 2, 7 and 11, D-E)
Misorientation Angles of Site 3, F) Map locations
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Figure 7.60: Y-direction Inverse Pole Figure keys of the separate phases found in the Ti3SiC>
MAX phase deformed at 1000°C, with the orientation spread of the separate grains
superimposed. IPF Keys: A) Ti;SiC> grains with a grain area of under 10um?, B) TizSiC>
grains with a grain area of over 10um?, C) TiC grains with a grain area of under 10um?, D)
TiC grains with a grain area of over 10um?’
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7.3.2.3 EBSD analysis of TisSiC2 samples tested at 1100°C

Figures 7.61-7.64 show the EBSD maps for the TisSiC> samples at 1100°C. The EBSD data
for the T11-0 sample can be found in Figure 7.61, while Figure 7.62 shows the data for the
T11-2. When comparing the IPF maps of the T11-0 and T11-2 samples it can be seen that the
colour in each grain is still generally quite uniform across the microstructure, independent of
phase. This is further confirmed when studying the related IPF colour keys in Figure 7.64, on
which the orientation of each grain was plotted. A generally random orientation for both phases

can be seen for both samples under these testing conditions.
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Figure 7.61: EBSD Maps of the T11-0 Ti3SiC> Sample: A) Phase Map, (R=Ti3SiC>, B=TiC),
B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles of Site 1,
F) Map locations
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Figure 7.62: EBSD Maps of the T11-2 Ti3SiC> Sample: A) Phase Map, (R=Ti3SiC>, B=TiC),
B) IPF-Y Map, C) Band Contrast, D-E) Misorientation Angles, F) Map locations
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The EBSD maps for the T11-4 sample can be found in Figure 7.63. As previously seen for
samples tested at a strain rate of 1x10/s, the grain morphology appears different to samples
tested at faster strain rates; a generally finer microstructure, especially with regards to the
Ti3SIC, phase is evident from the band contrast images and the phase map. The IPF map in
Figure 7.63B also shows a relative lack of colour uniformity when compared with the samples
tested at faster strain rates. The IPF colour key in Figure 7.64 shows that while the TiC grains
have a random orientation, the TizSiC, grains are more orientated to the [0001] orientation.
This is especially true for grains larger than 10pum?.

The grain boundary misorientation data for all samples tested at 1100°C can be found in
Appendix 1, where it can be seen that for all samples that both the TisSiC,-TiC and TiC-TiC
grain boundaries have a random, Mackenzie profile, while the misorientation is uniform for

the TisSiC,-TisSiC; grain boundaries.

S e

Figure 7.63: EBSD Maps of the T11-4 Ti3SiC> Sample: A) Phase Map, (R=Ti3SiC>, B=TiC),
B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles of Site 2,
F) Map locations
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Figure 7.64: Y-direction Inverse Pole Figure keys of the separate phases found in the Ti3SiC>
MAX phase deformed at 1100°C, with the orientation spread of the separate grains
superimposed. IPF Keys: A) Ti;SiC> grains with a grain area of under 10um?, B) TizSiC>
grains with a grain area of over 10um?, C) TiC grains with a grain area of under 10um’, D)

TiC grains with a grain area of over 10um’
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7.3.2.4 EBSD analysis of TisSiC2 samples tested at 1200°C

The EBSD data for the samples tested at 1200°C can be found in Figures 7.65-68. As can be
seen in Figure 7.65, the T12-0 sample shows the hallmarks of previous samples tested at the
fastest strain rate, namely a microstructure generally devoid of any noticeable features. As can
be seen from the band contrast images taken at different sites across the sample, the
compression test does not seem to have a considerable effect on the microstructure, indicating
the brittle nature to the failure of the sample. The IPF map of the sample, shown in Figure
7.65B, shows that colour in each grain is generally very uniform. When studying the IPF colour
key interpolated with the orientation of each individual grain it can be seen that the orientation
of all phases, regardless of grain size is generally random. The grain boundary misorientation
data for the T12-0 sample can be found in Appendix 1, where it can be seen that the boundaries
between the TisSiC, and TiC grains and the boundaries between the TiC grains have a random,

Mackenzie profile, while the misorientation is uniform for the TisSiC,-TisSIiC2 grain
boundaries.

56738

=
1| e e S

Figure 7.65: EBSD Maps of the T12-0 Ti3SiC> Sample: A) Phase Map, (R=Ti3SiC>,
B=TiC), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 1, F) Map locations
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As shown in Chapter 6, both the T12-2 and T12-4 samples have been found to have failed in a
ductile manner. It is therefore reasonable to compare these two samples, with both showing
similar features following their EBSD analysis. For both samples, areas of greater porosity can
be seen from maps taken near the centre of the sample (Site 1 for T12-2 and Site 2 for T12-4),
while the microstructure also appears distinctly finer than that of the T12-0 sample When
studying the IPF maps of both samples it can be seen that the colour uniformity previously seen
for the T12-0 sample is no longer applicable for the T12-2 and T12-4 sample. The IPF colour
key in Figure 6.68 also reveals that while the TiC phase has random orientation irrespective of
grain size for both samples, the TisSiC> does have an orientation to the [0001] direction. This

orientation is more prevalent in the grains larger than 10pum? for both samples.

Figure 7.66: EBSD Maps of the T12-2 Ti3SiC> Sample: A) Phase Map, (R=Ti3SiC>,
B=TiC), B) IPF-Y Map, C) Band Contrast showing Sites 1-3, D-E) Misorientation Angles
of Site 1, F) Map locations
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Figure 7.67: EBSD Maps of the T12-4 Ti3SiC> Sample: A) Phase Map, (R=Ti3SiC>,
B=TiC), B) IPF-Y Map, C) Band Contrast showing Sites 2, 6 and 12, D-E) Misorientation
Angles of Site 12, F) Map locations

A B C D

[1100] [1100] [111] [111]

Ti12-0

onn1| [1210) § [po01 |1210] (001 011] 001] 011]

[1100] [1100] [111]

T12-2

(| [1210] | [pu01 [1270] [001 011] 001] 011]

[1100] [1100]

TI12-4

(| [1210] | (D001 |1210] [oo1 011] 001]

Figure 7.68: Y-direction Inverse Pole Figure keys of the separate phases found in the TisSiC>
MAX phase deformed at 1200°C, with the orientation spread of the separate grains
superimposed. IPF Keys: A) Ti;SiC> grains with a grain area of under 10um?, B) TizSiC>
grains with a grain area of over 10um?’, C) TiC grains with a grain area of under 10um?, D)
TiC grains with a grain area of over 10um?’
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The grain boundary misorientation data for all samples tested at 1200°C can be found in
Appendix 1. Like all of the TisSiC, samples tested, the grain boundary misorientation angles
between the TisSiC,-TiC and TiC-TiC grains have a random, Mackenzie profile. However, the
boundaries between the TisSiC; grains in the T12-2 and T12-4 samples have a slightly non-
random profile. While the profile is still generally uniform, there are peaks at 2°-20°, indicating

a slightly low angle grain boundary between the TizSiC> grains.

7.3.3 Summary

In this section of Chapter 7, the EBSD results of the Ti>AIC and TizSiC, samples have been
studied and analysed. As was established in Chapter 5, the MAX phases used for this work
were found to have multiple secondary phases and all of these, as well as the primary phase
(Ti2AIC or TisSiCy) were found to have a largely random texture before being tested.

The EBSD results for both MAX phases under room temperature compression conditions
revealed no major changes to the orientation of either the primary phases or the secondary
phases, with the exception of the TRT-4 Ti,AIC sample, where it was recorded that for all grain
sizes, the Ti2AIC phase generally favoured the [0001] direction. The grain boundary
misorientation between the grains of the major phases (Ti2AIC-Ti2AIC or TisSiCa-TisSiCy)
either have a random, Mackenzie profile or are uniform. The grains between the Ti,AIC phase
and its secondary phases and amongst the secondary phases appear to favour MAGBs or
HAGBs.

The samples for both MAX phase materials tested under high strain rate conditions at 1000°C
were found to have a largely random texture, with only the TisSiC> grains smaller than 10um
for the T10-2 sample having a slight orientation to the [0001] direction. However, the primary
phase for the T10-4 samples for both MAX phases were recorded as having a significant
orientation to the [0001] direction. The secondary phases for both MAX phases still retained a
random texture. The Ti2AIC T10-4 sample was the only sample for this aforementioned MAX
phase that had a different grain boundary misorientation angle behaviour to the samples tested
at room temperature. This sample showed that the grain boundaries between the grains of the
Ti>AIC phase generally had low angle misorientation angles of between 2-10°, while the

relationship between some of the secondary phases also favoured the MAGBS or HAGBs. The
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behaviour of the grain boundaries for each testing condition for the TizSiC2 MAX phase at this
temperature were all the same, with the TisSiC,-TisSiC2 boundaries having a uniform
distribution and TisSiC,-TiC and TiC-TiC grain boundaries having a random, Mackenzie
profile.

From the IPF maps it was found that colour throughout each grain in the maps of the T11-0
and T11-2 Ti,AIC samples tested at 1100°C were generally uniform. It was also found that the
smaller grains have more of an orientation to the [0001] direction than the larger grains, while
for the secondary phases the orientation of each grain was still random. The same colour
uniformity across each grain was also seen for the TisSiC> samples under the same testing
conditions, although orientation for both phases was seen to be random. The band contrast
images for the T11-4 samples show further evidence of a deformation ‘dead zone’, where the
deformation is minimal at the edge of the sample in connection with the compression anvil.
The colour uniformity in each grain is also absent from this sample. The smaller grains
generally had an orientation to the [0001] direction, with the larger ones also mostly having an
orientation to the [0001] direction, although other grains do have an orientation to the [1210]
and the [1100] directions. The same change in colour uniformity could be seen in the T11-4
Ti3SiC, samples, which also had the TisSiC> grains orientated to the [0001] direction. For the
faster strain rates, the behaviour of the grain boundaries is similar to the samples tested 1000°C,
while the T11-4 sample once again sees the grain boundaries between the Ti,AIC grains having
an LAGB relationship. This was also true for the grains between the TiAl phase. The TizSiCo-
-TiC and TIiC-TiC grain boundaries have a random, Mackenzie profile, while the
misorientation is uniform for the TisSiC,-TisSiC grain boundaries.

The T12-0 Ti2AIC sample was found to have a generally random orientation, regardless of
grain size or phase, while the T12-2 and T12-4 samples failed in a ductile manner, having
similar EBSD maps to the T10-4 and T11-4 samples. The grains in both of these samples
generally orientate to the [0001] direction for all Ti.AIC grain sizes. Similar behaviour was
found in the TisSiC, samples, where the grains in the T12-0 sample had a generally random
orientation. The TisSiC, phase in both the T12-2 and T12-4 samples were found to have an
orientation to the [0001] direction, with the orientation being more prevalent in the grains larger

than 10um? for both samples, while the TiC phase was once again found to be random. Whereas
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the Ti>AIC T12-0 sample had a similar grain boundary misorientation relationship to the other
samples compression tested at a high strain rate, the T12-2 and T12-4 samples once again
having LAGBs for the boundaries between the Ti2AIC grains. The T12-2 and T12-4 TisSiC»
samples are the only TisSiC, samples recorded as having a slightly different grain boundary
misorientation angle relationship. While both still have a profile that is generally uniform, the
peaks between the TisSiC> grains are at 2-20°, indicating a slightly low angle grain boundary.
The LAGBs that were recorded in the EBSD data for both MAX phases are features that have
been reported before in the MAX phases. They can generally be seen as evidence of kink bands

and dislocation walls.

In general it was found that for both MAX phases, samples which were tested at slower strain
rates, and therefore to higher strains, had a greater orientation to the [0001] direction than
samples tested at faster strain rates and which ultimately failed at lower strains. This is an
indication of the substantially more deformed microstructure of the samples tested at slower

strain rates.
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7.4 GND Analysis of Ti2AIC and TisSiC2 following high temperature compression testing

To further understand the deformation mechanisms involved in the testing of the MAX phases
at high temperatures, the Geometrically Necessary Dislocation (GND) density of each sample
was also calculated.

Within crystalline materials, plastic deformation is generally accepted to be accommodated by
dislocation multiplication, annihilation, movement (glide and climb) and interactions between
microstructural features such as grain boundaries or secondary phases. Both Nye and Kroner
suggested that there are two types of dislocations: geometrically necessary dislocations (GNDs)
and statistically stored dislocations (SSDs). GNDs can be defined as representing the excess
dislocations stored within a Burgers circuit and also contribute to the curvature of the lattice.
Within SSDs however, there is no curvature of the crystal lattices at sufficiently larger enough
scales, with these dislocations consisting of dipoles, multiples and loops within the Burgers
circuit [136,137].

Deformation in a crystal lattice gives rise to changes in interplanar angles. This corresponds to
the movements of features contained within diffraction patterns. Using cross-correlation
methods, these movements can be measured and then related to both the elastic strain and lattice
rotations, which are measured with respect to the reference pattern within each grain on a
polycrystalline sample map. Due to the comparably negligible contribution from the elastic
strain, only the lattice curvature is used when calculating the GND of a sample. The total
dislocation density consists of the individual dislocation densities from each dislocation slip
system [136-140]. Both Ti2AIC and TisSiC> are hexagonal crystals, so the GNDs for these are
assumed to be either pure edge dislocations (36 types) or pure screw dislocations (9 types),
giving 55 GND types in total for the primary phase of each MAX phase material. As the TiC
phase has an FCC crystal structure, the GNDs for this phase are assumed to be either pure edge

(12 types) or pure screw (6 types).
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7.4.1 GND comparison of Ti2AIC and TisSiC2 and their constituent phases

Figures 7.69-78 show the mean GND per pixel and GND Density per grain values distributed
across each MAX phase sample for their separate phases, with Site, or Map 1 being the centre
of the sample, and Site 10 (for Ti>AIC samples) or Site 12 (for TisSiC, samples), being the
bottom edge of the sample, in connection with the compression anvil. The results for each
sample are coloured with regards to their testing temperature, with samples tested at 1000°C
having a shade of red, samples tested at 1100°C a shade of green and samples tested at 1200°C
a shade of blue. The GNDs were calculated using the MTEX Matlab software [141,142]. The
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Figure 7.69i: The mean GND values distributed across each Ti2AIC sample for the separate
phases: A) Ti2AIC; B) Al;O3, with Site 1 being the centre of the sample and Site 10 being the
bottom edge of each sample (in connection with the compression anvil).
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Figure 7.69ii: The mean GND values distributed across each Ti>AIC sample for the separate
phases: C) Inset of A; D) Inset of B

The graphs of the mean GND per pixel values for the Ti,AlC samples can be found in Figures
7.69 and 7.70. From Figure 7.69 it can be seen that, in general, the sites closest to the centre
of the sample have a higher GND value than sites situated close to the sample edge which was
in contact with the compression anvil. Figure 7.70 shows the average of each EBSD site for
each sample with respect to their mean GND. As seen in Figure 7.69 and further outlined in
Figure 7.70, samples tested to a strain rate of 1x10™#/s generally have the highest GND value
regardless of temperature, while the samples tested at 1/s generally have the lowest, with the
only noticeable exception being mean GND values for the Al>O3 phase in the T12-4 sample.
The mean GND for the control sample was also measured and this has a similar value to the

samples tested at the fastest strain rate of 1/s.
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Figure 7.70i: Graph showing the average mean GND for each Ti;AIC sample* A) Ti>AIC
phase. *Average of each EBSD data site
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Figure 7.70ii: Graph showing the average mean GND for each Ti2AIC sample* B) Al,O;
phase. *Average of each EBSD data site

Figures 7.71 and 7.72 show the mean GND data for the TisSiC. samples. Figure 7.71 shows
the distribution of the mean GND values by EBSD map site location. As previously seen in the
Ti>AlC samples, the sites close to the centre of the samples have the highest mean GND values,
while the sites near the edge in connection with the compression anvil have the lowest mean
GND values. As seen in Figure 7.72, unlike the 2 phases in the Ti2AlC samples, both of the
main phases in the TisSiC2 MAX phase sample; TisSiCz and TiC, follow a near identical pattern
with regards to their average mean GND across every site for each sample. The as received
control sample and the samples compression tested at the fastest strain rates of 1/s and 1x10
?/s generally have a very low mean GND compared to the samples tested at 1x10/s, regardless
of temperature. The only exception is the T12-2 sample, although it should be noted that this

sample did deform in a ductile manner similar to the samples tested at 1x10™/s.
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Figure 7.72: Graph showing the average mean GND for each TisSiC> sample* A) Ti3SiC>
phase and B) TiC phase. *Average of each EBSD data site

Figures 7.73-76 show the GND density per grain values for both the Ti>AIC and TizSiC;
samples. From Figure 7.73 it can be seen that unlike the mean GND values for Ti,AIC, the
GND density distribution across the Ti.AIC samples is slightly more uniform for both of the
phases recorded here, with the sites near the centre of each sample not having a significantly
higher GND density than those nearer the sample edge. Figure 7.74 shows the average GND
density across each sample. For both phases, the average GND density across every site for

each sample is random when compared to the average mean GND.
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A) Ti3SiC> phase and B) TiC phase. *Average of each EBSD data site

GND Density per grain distribution maps for the Ti2AIC phase can be found in Figure 7.75.
The figure shows the Site 1 (centre of the sample) density distributions for samples tested at
all temperatures under both the fastest (A-C) and slowest (D-F) strain rates (1/s and 1x10™%/s
respectively). As shown in Figure 7.73, Site 1 was found to be generally the location with the
highest GND density distribution.
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Figure 7.75: EBSD maps showing the total GND density distributions for the Ti2AIC phase
at Site 1 (the centre of each sample) for the following Ti>AIC samples: A) T10-0, B) T11-0,
C) TI12-0,D) T10-4, E) T11-4, F) T12-4.

Figures 7.76-78 show the GND density per grain for the TizSiC, samples. Unlike the GND
density data for the TiAIC samples, Figure 7.76 shows a more established trend of the GND
density being higher in the centre of the samples and lower in the sites mapped closer to the
sample edge in contact with the compression anvil. As seen in Figure 7.77, showing the
average GND density of every site across each sample, both the TisSiCz and TiC phase behave
in a very similar manner. Like what was seen in the average mean GND values in Figure 7.72,
the samples tested under a strain rate of 1x10*#/s have the highest GND density values for both

phases at all temperatures, while the samples tested under strain rate conditions of 1/s or 1x10"
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2s have a comparatively low average GND density very similar to that of the as-received

control sample, with the ductile T12-2 once again being the exception.
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Figure 7.76: The GND density per grain values distributed across each Ti3SiC> sample for
the separate phases: A) Ti3SiCz, B) TiC, C) Inset of A, D) Inset of B, with Site 1 being the
centre of the sample and Site 12 being the bottom edge of each sample (in connection with
the compression anvil).
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Figure 7.77: Graph showing the average GND density per grain for each Ti3SiC> sample*
A) TisSiC> phase and B) TiC phase. *Average of each EBSD data site

Figure 7.78 shows the GND Density per grain distribution maps for Site 1 (centre of each
sample) of both the TisSiC, and TiC phases within the TizSiC2 MAX phase. The maps shown
in the figure are of the samples which were recorded as having the highest relative GND
Density per grain, namely all the samples tested at the slowest strain rate (1x10/s) for each
temperature. Of note when comparing the GND distributions of the different phases is the
direction of the area of high density. In the Ti3SiC> grains, the GNDs appear to be going parallel
to the loading direction, while in the TiC grains, the GNDs appear to be more evenly distributed
throughout each grain and not favouring one direction over another. The high levels of
deformation resulted in a high amount of non-indexing for the T10-4 and T12-4 EBSD maps,
this feature is particularly prevalent in the T11-4 sample (Figure 7.78 C & D).
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Figure 7.78: EBSD maps showing the total GND density distributions for the Ti3SiC2 phase
(A, C & D) and TiC phase (B, D & F) at Site 1 (the centre of each sample) for the following
Ti3SiC> samples: A& B) T10-4, C& D) Tl1l-4, E & F) T12-4.
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7.4.2 Analysis of the Basal and Non-Basal GNDs for the Ti2AIC and TisSiC2 phases

As has already been established, the primary phase of both of the MAX phase materials have
55 total GND types due to the variety of slip systems that could be activated within a hexagonal
crystal, namely Basal, Prismatic and Pyramidal. The GND types for both the MAX phases were
split into either basal or non-basal GNDs and the results of these findings can be found in
Figures 7.79-7.82.

The graphs in Figure 7.79 & 80 show the average mean GND density per pixel for both the
fastest and slowest strain rates for each testing temperature for both MAX phases. A noticeable
feature that was witnessed is that the basal GND densities are substantially greater than the
non-basal GND densities for both materials, with the basal GND densities being approximately
1x10% and the non-basal GND densities being approximately 1x10'*. Anomalous peaks for
the basal GNDs were noted for both the T11-4 and T12-0 samples for both materials, with the
trend otherwise being that of lower GND densities for the samples tested at faster strain rates
than the samples tested at slower strain rates. This trend is more noticeable for the non-basal
GNDs for both materials, although the mean GND densities decrease with increasing

temperature in Ti2AIC and increase with increasing temperature for the TizSiC, samples.
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Figure 7.79i: Graph showing the average mean GND density per pixel for the fastest and
slowest strain rates for each temperature for the Ti2AIC phase in the Ti>AIC samples® A)
Basal GND types. *Average of each EBSD data site
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Similar trends were seen in the Figures 7.81 & 82 showing the average GND density per grain,
with the basal GND densities being a substantial order of magnitude greater than those of the
non-basal GND densities. The decrease and increase of non-basal GND densities for the

TioAIC and TisSiC2 materials respectively with regards to increasing temperature was also

witnessed.
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Figure 7.81: Graph showing the average GND density per grain for the fastest and slowest
strain rates for each temperature for the Ti2AIC phase in the Ti2AIC samples®* A) Basal
GND types and B) Non-Basal GND types. *Average of each EBSD data site
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GND EBSD maps of both MAX phases comparing the basal and non-basal densities can be
found in Figures 7.83 & 7.84. It is evident in Figure 7.83A that the grains that appear to be
more heavily deformed in the Ti2AIC T10-0 sample are areas with a very high basal GND
density. The same area in the non-basal GND density map does not have any significant change
in density. Similar trends were also seen in the Ti.AIC T12-4 sample in Figures 7.83C & D.
Like the GND maps in Section 7.4.1, the maps displayed here are from Site 1, with this being
the area in which the highest total GND density values were recorded for each sample.
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(A & C) and non-basal GNDs (B & D) at Site 1 (the centre of each sample) for the following
Ti>AIC samples: A& B) T11-0, C & D) T12-4.

Figure 7.84 shows the total GND density distributions for both the basal and non-basal GNDs
of the TisSiC> T10-0 and T11-4 samples. The maps for both samples were taken from Site 1,
the closest site to the centre of the sample, where the highest GND density values have
generally been recorded. The effect of strain rate and temperature is immediately evident when
comparing Figure 7.84A and Figure 7.84C, where the basal GND densities are far higher in
the T11-4 sample than in the T10-0 sample. Whereas the non-basal GND densities are still high
in the T11-4 sample, they are not substantially higher than those found in the T10-0, something
further evidenced in Figure 7.82B.
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Figure 7.84: EBSD maps showing the total GND density distributions for the basal GNDs

(A & C) and non-basal GNDs (B & D) at Site I (the centre of each sample) for the following
Ti3SiC> samples: A& B) T10-0, C & D) T11-4.
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Chapter 8 - General Discussion

The experimental work presented in Chapters 5-7 has investigated the Ti2AIC and TisSiC,
MAX phases and their response to high temperature thermo-mechanical testing. The original
microstructure of both MAX phases were studied in Chapter 5, where it was established that
the Ti>AIC MAX phase tested here has a much coarser grain size than the TizSiC> MAX phase.
The presence of secondary phases within both MAX phase materials was also noted, which
were attributed to the manufacturing process of the original MAX phase material studied for
this work. When studying the results of both the room temperature and high temperature
compression tests it was evident that the grain size relationship between the two MAX phases
studied here agreed with the Hall-Petch relationship. The Hall-Petch relationship is well
established in correlating the grain size with material strength. This relationship predicts that
materials with fine grains usually have a higher UCS than materials with coarse grains. This
relationship is most prominent when studying the two primary phases of Ti2AIC and TisSiCo,

with these phases making up a considerable part of their respective MAX phase materials.

Figure 8.1 compares the coarse grained Ti2AIC with the fine grained TisSiC> and the effect of
temperature on their respective compressive strengths. It is evident from the graph that the
TisSiC2 material is generally the stronger of the two materials over most strain rates and
temperatures. Bhattacharya et al have previously tested the high strain rate response of TisSiC;
and they surmised that the scatter in peak stress values were as a result of variations in
microflaws and impurity phase concentrations [96]. This could be the case for the TisSiC,
MAX phase tested for this work, as it was found to contain a secondary phase in the form of
TiC, potentially acting as a catalyst for the stress variations. Parrikar et al surmised that the
strength of Ti>AIC is governed by the dislocation pileups on grain boundaries between soft
grains that in turn leads to high stress concentrations and fracture. They also proposed that
kinking and delamination of grains during high temperature testing was the reason for the
ductile nature of failure of the samples they tested [99].
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Figure 8.1: Effect of temperature on the UCS of fine grained Ti3SiC> (red) and coarse
grained (blue) MAX phase materials.

Figure 8.2 shows the effect that temperature and strain rate has on the ductility of both MAX
phases. Both MAX phases have a similar relationship in that they reach ductility under the
same strain rate and temperature conditions, with the Ti-AIC MAX phase showing the more
coherent relationship of the two materials. As previously mentioned in Chapter 6, each test at
the slower strain rates were programmed to stop at 0.4 strain, although it is evident that for the
highest temperature tests in particular that increasing the final strain would have seen even

greater ductility for the samples.
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Figure 8.2ii: Effect of temperature and strain rate on the ductility of fine grained TisSiC>
MAX phase materials.

The stress-strain response of the samples that failed in a ductile manner were found to generally
exhibit three main stages, as indicated by regions I, Il and 11l in Figure 8.3, a subset of Figure
6.14: (i) A linear elastic regime; (ii) a brief hardening regime; and (iii) a long softening regime
until the end of the test. This response has also been witnessed in several other similar tests on
these two MAX phase materials [100]. The longer hardening regimes that were sometimes
witnessed for the MAX phases, the TisSiC; in particular, were explained by EIl Raghy et al as
due to damage initiation early in the elastic regime resulting in initially localised plastic
deformation. [17,76].

In previous studies Ti2AIC has been recorded as being damage tolerant but fracturing in a shear
manner under room temperature compressive loads. This was theorised by Zhou et al as being
due to an insufficient number of dislocation systems at room temperature, which in turn leads
to kinking and delamination of the laminated Ti>AlIC grains, basal plane dislocation slip and
the formation of voids and cavities within the vicinity of the main crack. At high temperatures
below the BDTT, deformation was found to still be a combination of cavities formation, with
grain rotating and intergranular sliding also occurring at this stage. At temperatures above the
BDTT, plasticity was thought to occur due to availability and mobility of dislocation systems
[20,108]. The activation of new slip systems, an increase in the ease of kinking due to thermal
activation and the presence of viscous grain boundary films were theories proposed as reasons
for the BDTT in TisSiC [89].
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As was detailed in the literature review in Section 3.6.4, there are generally three major
contributing factors to the excellent thermal shock resistance of the MAX phases: (1) They are
damage tolerant, therefore showing excellent thermal shock resistance due to the significant
resistance to crack propagation; (2) Their thermal conductivities are higher than conventional
brittle ceramics, being desirable for high thermal shock resistance; (3) These ceramics are
ductile at high temperatures, with ductility inhibiting thermal failure [47,54].
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Figure 8.3: Subset of Figure 6.14 showing the three stages of the stress-strain curve for the

1i3SiC> sample tested at 1100°C and under a strain rate of 1x1 0.

The schematic in Figure 8.4 can help summarise the response of the MAX phases at both room
temperature and at the fastest strain rates at the higher temperatures. It was found that the main
crack formed in the Ti2AIC MAX phase propagated ~45° to the compression direction and that
the damage was generally confined to the immediate vicinity of the crack, as best shown in
Figure 7.3. With regards to the TisSiC> MAX phase, as previously stated in Chapters 6 and 7,
the samples tested at both room temperature and the faster strain rates at higher temperatures
generally disintegrated into several pieces, and cracks could be seen throughout the
microstructure at several angles, as opposed to the large main crack witnessed for the Ti>AIC

samples. The formation of voids and cavities, as well as the branching and deflection of both
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the main and minor cracks were seen in both MAX phases. Grain pull-out of all the phases in
both the Ti>AIC and TisSiC, materials could also be seen. The kinking and delamination of
both Ti2AIC and the TisSiC> grains seen here in the samples that failed in a brittle manner is
something that has been witnessed before in the literature [20,90]. Delaminating cracks being
confined within laminated Ti>AIC grains, as shown in Figure 7.2A is evidence of the ability
Ti2AIC has in confining damage. At both room temperature and under the conditions at high
temperature which allow a brittle failure, it was found that the main deformation modes and
resultant damage confinement was the formation of voids/cavities and crack branching, and the
kinking, delaminating and pull-out of the MAX phase grains [143][28].

Figure 8.4i: Schematic showing the deformation mechanisms present in both MAX phases
after testing under fast strain rate conditions at both low and high temperatures. A-C)
Schematic showing the formation of incipient kink bands within a grain that eventually form
kinks like those seen in F; A) An IKB forming within a grain, halted at the grain boundary,
B) At higher stresses and/or temperatures, mobile dislocation walls can form upon the
devolution of IKBs,; C) The formation and subsequent collapse of several MDWs can lead
to the formation of kink bands and boundaries; D & E) Pictures of Ti2AIC and Ti3SiC>
samples after testing;, F) Micrograph showing kinks and delamination in Ti:AIC; G)
Micrograph showing the substantial cracking in Ti3SiC> grains
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Figure 8.4ii: Schematic showing the deformation mechanisms present in both MAX phases
after testing under fast strain rate conditions at both low and high temperatures. H)
Schematic showing intergranular cracking, the most prevalent grain cracking mechanism
in samples under these conditions; 1) Typical grain boundary misorientation angles for
TisSiC2 under these conditions, note the generally uniform relationship for the TisSiCo-
TisSiC» grain boundaries; J & K) EBSD maps showing the total GND density distributions
for the Ti2AIC phase in the T10-0 and T12-0 samples; L) IPF keys of the Ti.AlC phase for
the T11-0 sample

As previously mentioned in Chapter 6 and 7, there is a similarity to the sample failure and the
microstructure of the samples that failed at room temperature and the samples tested at the
fastest strain rates at elevated temperatures. For the Ti2AIC samples in particular, upon
increasing the testing temperature up to 1000°C, the samples still shear fractured, although
unlike the samples tested at room temperature these samples maintained their integrity. The
TisSIC, samples did not maintain their integrity at either room temperature or at elevated
temperature under the faster strain rates. Cavities, intergranular and transgranular cracks were
found to be features of the microstructures of the samples that failed in a ductile manner, as

seen in Figure 8.5.
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Figure 8.5: Schematic showing the deformation mechanisms present in both MAX phases
after testing under slow strain rate conditions at low-medium range high temperatures. A)
Schematic showing the main deformation mode under these conditions: Intergranular and
Transgranular cracking; B) Micrograph showing kinks and grain bending in Ti2AIC
grains; C & D) Pictures of Ti>AIC and TisSiC, samples after testing; E) Micrograph
showing the substantial Transgranular and Intergranular cracking in TisSiC, grains,
parallel to the loading direction; F & G) EBSD maps showing the total GND density
distributions for the Ti.AIC phase (F) and TisSiCz phase (G) inthe T10-4 and T11-4 samples
respectively; H) IPF keys of the Ti>AIC phase for the T11-4 sample

Using the Cerius®> computer program based on the Donnay-Harker theory, Zhou et als
simulations showed that the hexagonal surfaces of Ti,AIC were parallel to {200} and the side
surfaces parallel to the {100} planes of Ti.AIC [20,144]. As has been established in Chapters
2 and 4, laminated Ti>AIC grains are made up of thin hexagonal slices of micro-lamellae. In
TisSiC> these hexagonal slices are wormed when the growth rate on {002} is slowest among
that of {002}, {100} and {101} surfaces [54,145]. The hexagonal slices in TisSiC> were also
found to be weakly bonded, resulting in the occurrence of easy shear slip. Macro-fracture is

also suppressed by the weak boundaries deflected incipient surface cracks away from the
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directional tensile stress trajectory, in turn increasing its resistance to damage [146]. Ti2AIC
was also thought by Zhou et al to be weakly bonded, allowing for the easy shear slip and
delamination that was found in Chapter 7. Under room temperature conditions, the kinking and
delaminating of laminated Ti.AIC grains, together with intergranular fracture, were found by
both Zhou et al and in this work to be the main deformation mode of Ti>AIC under
compression. Due to the relative structural and crystallographic similarities between Ti>AlIC
and Ti3SiC», a number of theories proposed for Ti3SiC> can generally be seen to be applicable
to Ti.AIC and vice versa. Shear band formation by dislocation arrays, cavities and the creation
of dislocation walls and kink boundaries, buckling and delaminations of TisSiC, grains was
proposed by Barsoum et al as the main deformation modes for TisSiC> [89,90]. It is also well
established that at room temperature, only basal places dislocations are mobile, with a slip trace
of basal plane dislocation observed previously in TisSiC> [20,90].
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Figure 8.6i: Schematic showing the deformation mechanisms present in both MAX phases
after testing under slow strain rate conditions at high temperatures. A) Schematic showing
the main deformation mode under these conditions: Intergranular and Transgranular
cracking, with the large laminated grains breaking up into smaller grains; B) Micrograph
showing grain bending and Transgranular cracking in Ti2AIC grains; C & D) Pictures of
Ti2AIC and TisSiC, samples after testing, note the lack of outer surface cracks; E) IPF keys
of the Ti;AIC phase for the T12-4 sample; F) Micrograph showing the substantial
Transgranular and Intergranular cracking in TisSiC. grains.
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Figure 8.6ii: Schematic showing the deformation mechanisms present in both MAX phases
after testing under slow strain rate conditions at high temperatures. G) Graph showing the
grain boundary misorientation angles in the TisSiC tested under these conditions, note the
increased amount of LAGBs for the TisSiC2-TisSiC2 grains compared to the faster strain
rate conditions; H) EBSD map showing the total GND density distributions for the Ti-AIC
phase in the T12-4 sample.

As outlined in both Chapter 6 and 7, and summarised in Figures 8.5 and 8.6, the increase in
temperature leads to the MAX phases performing differently once subjected to compressive
loads. Whereas kinking and delaminating and intergranular shear fracture was observed for
samples tested at room temperature, for samples tested at 1000°C and above and at the lower
strain rates, the failure is mixed mode intergranular and transgranular in nature. Unlike previous
studies by Zhou et al, where the layered nature of the MAX phase disappears upon deforming
the samples at high temperature, the layered nature of the microstructure was still found to be
prevalent throughout every sample tested for this work. As well as the cavities and
transgranular cracks seen by Zhou et al, they also witnessed the rotation of grains and, at
temperatures above 1100°C, evidence of plastic flow. It has been established in literature that
the BDTT of a material is controlled by the mobility of dislocations and that therefore the
deformation mechanisms at temperatures above the BDTT can be attributed to the availability

and mobility of sufficient dislocation systems [20,147].

The shape of the stress-strain graphs in Chapter 6 and summarised in this chapter show in
general that the amount of strain decreases below 1000°C and increases above this temperature,
but that this increase is strongly dependent on the strain rate. The shape and slope of the stress-
strain curves is similar to the flow stress behaviour observed by Sun et al in TizSiC,. However,
due to the strain rate dependence, their theory of this behaviour being explained by the Kear-
Wilsforf mechanism was not held to be valid [148]. Both MAX phases studied for this work
have been known to exhibit anisotropic and laminated MAX phase grains, which are made up
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of several thin hexagonal slices. At room temperature the grains kink and delaminate and are
also susceptible to shear slip and buckling. These factors contribute to the large compressive
strain that the MAX phases suffer from at room temperature. At high temperatures, however,
the bonding between the thin hexagonal slices is stronger, inhibiting the slip of the hexagonal
slices and thus resulting in less compressive strain. A sufficient number of mobile dislocations

are available at temperatures above the BDTT, with the compressive strain increasing [20].
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Chapter 9 - Conclusions
The aim of this work was to investigate the high temperature thermo-mechanical performance

of high-density MAX phase ceramics. The two MAX phases which were used for this work
were the Kanthal produced MAXthal 211 and MAXthal 312, which are the commercial names
for the Ti>AIC and TisSiC based MAX Phases respectively. A microstructural characterisation
was undertaken of each MAX phase before they were subjected to high temperature

compression testing. The main conclusions when comparing the microstructures are:

e The Ti2AIC based MAX phase has a substantially larger grain size than the TizSiC,
MAX phase, with the largest TiAIC grains being approximately 4 times larger than
the relatively fine grained TisSiC,. The grain shapes of the large Ti2AIC and TisSiC»
phases were found to be relatively similar, being roughly elongated and lamellar in
nature.

e Using microscopy, XRD and EDS techniques it was determined that both MAX
phases had secondary phases present in their structure. The secondary phases present
in TiAIC included TiAl and Al>Os, while TiC was the secondary phase detected in
the TisSiC2 MAX phase.

e For both MAX phases, the grains appeared to have a random texture and orientation,
with the grains not favouring one predominant direction. Misorientation angles
between the major phase grain boundaries were recorded as being quite uniform,
while grain boundaries between the other phases either have a prevalence towards an

LAGB, HAGB or have a random, Mackenzie type profile.

After the characterisation of the as received samples, the high temperature mechanical
properties of both MAX phases were tested. Several samples of both MAX phase were
subjected to a variety of heating and mechanical testing regimes to determine the effect of
deformation temperature and strain rate had on the MAX phases. The temperatures at which
samples were tested were room temperature (23°C), 900°C, 1000°C, 1100°C and 1200°C,

while the strain rates used ranged from 1/s to 1x10/s. The general trends witnessed were:

e For Ti2AIC, the slower the strain rate, the lower the ultimate compressive stress, and
also, for each strain rate, the higher the temperature, the lower the ultimate
compressive stress.

e The results of TisSiC, when subjected to different strain rates at various temperatures
were more incoherent. Relatively low UCS at room temperature suggested that small
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chemical compositional variations during processing could have affected the overall
microstructure and phase distribution.

The fine grained TisSiC; generally has a higher UCS than Ti>AC for the same testing
conditions, showing an example of the Hall-Petch relationship with regards to grain
size. The highest UCS recorded for Ti3SiC, was ~-740 MPa (T09-4), while the highest
for Ti,AlIC was ~-510 MPa for the TRT-3 sample.

The Ti2AIC samples which failed in a brittle manner mostly retained their integrity after
fracturing, with the main indication of failure being a large crack/breakage 45° to the
compression direction. This feature was found on the majority of Ti.AlIC samples tested
at the faster strain rates.

The TisSiC, samples which failed in a brittle manner generally disintegrated into
several pieces.

Both MAX phases exhibited significant plastic deformation in the form of barrelling as
the temperature was increased and the strain rate decreased, with the transition

temperature recognised as being around 1000°C.

High temperature quenching trials were also undertaken to investigate the effect of thermal

shock on the MAX phases. Each thermal shock test involved heating the sample to its testing

temperature and then air quenching it while being subjected to a mechanical load of between

0-200 MPa. After the quenching trials each sample was compression tested to determine the

effect quenching while under different loads had on the UCS of each sample. The main results
of these tests established that:

The majority of the samples maintained their integrity following the application of a
load while being thermally shocked, with the only exception being the Ti2AlC samples
of Q12-S150 and Q12-S200.

With the exception of the Q10-S100 samples for both MAX phases, the samples
quenched from 1000°C do see a slight increase in their recorded UCS after being
guenched under a compressive load. The Q10-S200 samples for both MAX phases have
their highest recorded UCSs.

The change in compressive loads during quenching did not have a significant effect on
the samples quenched from 1200°C, although both MAX phases recorded similar

values for each test.
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The microstructure of both MAX phases were studied following the thermo-mechanical trials
in the Gleeble. When comparing the response of both MAX phases to both room and high
temperature compression testing, several trends were established:

e Atroom temperature, areas of substantial deformation revealed evidence of kinking and
delaminations, with TisSiC, showing substantially more deformation than Ti.AIC

e In Ti;AIC, areas around the large cracks that were 45° to the compression direction
were the areas with the highest levels of deformation, with both transgranular and
intergranular cracks in evidence. At the high strain rates at high temperature, kinking
and heavily delaminated areas were also recorded.

e Intergranular cracks are particularly prevalent in TisSiC, samples tested under high
strain rate, high temperature conditions. Cracks branching between cracks were also
seen for both large and small cracks.

e Fracture surfaces of TisSiC. samples tested at higher strain rates showed evidence of
cup and cone formation, as well as several cracks.

e No large, cross sample cracks for the samples tested under slower strain rate conditions
at higher temperatures were recorded.

e Areas of both MAX phase samples that were in contact with the compression anvil
showed very little deformation. This was attributed to a deformation ‘dead zone’, where
deformation levels are generally low in areas in direct contact with a compression anvil
at high temperature.

e The areas of high deformation were recorded as being at the corners and sides of both
MAX phase samples that were tested at high strain rate, high temperature conditions.
Grain bending and voids within these areas were witnessed, while transgranular cracks
were generally more prevalent in both MAX phases, although intergranular cracks were

still recorded.

Electron backscatter diffraction (EBSD) was also utilised to investigate the microstructure

following thermo-mechanical testing. The main results of these investigations established that:

e The faster strain rates samples for all temperatures generally have a very similar overall
microstructure and texture to the as received samples previously investigated. This

being that for each phase of both MAX phases their texture is generally random.
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e The grain boundary misorientation angles of the Ti>AIC samples tested at a faster strain
rate generally fall into 3 categories: either random (Mackenzie), uniform, or with peaks
indicating a generally medium angle or high angle grain boundary.

e For both MAX phase materials, the samples tested at a slower strain rates generally had
a favourable orientation to the [0001] direction. The likelihood of a sample fulfilling
this trend increased with increasing temperature.

e The grain boundaries of the TiAIC samples tested at slower strain rates at high
temperature behaved differently to those at slower strain rates. The boundaries between
the Ti2AIC grains were found to generally have LAGBs of between 2-10°, while the
relationship between the secondary phases also yielded grain boundaries that adhered
to MAGB or HAGB relationships.

e For the majority of the TisSiC, samples, the grain boundary misorientation angles
between the TisSiC,-TiC and TiC-TiC grains have a random, Mackenzie profile, while
the boundaries between each Ti3SiC> grain are generally uniform. The exception to this
rule was witnessed in the T12-2 and T12-4 samples, which had a more LAGB

relationship than the other samples.

A further EBSD study on the GND of both materials following high temperature compression

testing was also undertaken. The results of these investigations found that:

e For both materials, the GND density was found to generally be higher in EBSD map
sites closest to the centre of each sample.

e Samples tested at the slowest strain rate of 1x10*/s generally have the highest GND
density regardless of temperature, with samples tested at 1/s having the lowest.

e TisSiCz and TiC phases were found to behave in an almost identical manner with
regards to their GND densities, despite their structural differences.

e Basal GND densities are substantially greater in number than the non-basal GND
densities for both materials.

e Higher GND densities for samples tested at slower strain rates.

e GND densities increased with increasing temperature for TizSiC, samples, with Ti.AIC
densities decreasing with the increase in temperature.

e High GND density areas are located around broken or kinked Ti2AIC grains.
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To summarise, an in depth comparison study has been undertaken on the Ti>AIC and TisSiC,
MAX phases. The microstructure and high temperature compression study revealed a Hall-
Petch relationship with regards to grain size and the UCS of the materials studied. The high
temperature compression studies also determined that the deformation behaviour of both MAX
phases was dependent on strain rate and temperature. Microstructural studies of the
mechanically tested samples revealed several features, including kinked grains, delaminations,
microvoids, microcracks and both transgranular and intergranular cracks. Using EBSD, the
microstructure was also found to be highly orientated to the [0001] direction at the slowest
strain rates, while the presence of dislocation walls were proposed in the form of LAGBs. A
deformation ‘dead zone’ was also proposed in areas of each sample closest to the compression
anvil, while the GND study revealed higher GND densities with increasing strain rate and

temperature for TisSiC> samples, with the opposite being true of Ti>AIC samples.
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Chapter 10 — Future Work
Due to time constraints and access to the relevant equipment, not all the work which was

planned at the beginning of the PhD turned out to be possible. Therefore, there is scope for

continuing the work presented in this thesis. Some ideas for any potential further work include:

e Investigations into multi-hit tests of the MAX phases, as well as potentially replicating
these tests on materials similar to the MAX phases, such as MXenes.

e Further EBSD analysis, particularly on the samples which were quenched.

e A more in depth GND analysis to further understand the relationships between the
different phases.

e TEM analysis of both the fracture surfaces and general microstructure to further
understand the dislocations present and the deformation mechanisms involved.

e Electrical measurements, to determine whether the electrical properties of the MAX

phases change once subjected to thermo-mechanical testing.
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Figure 10.1: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 2 of the TRT-3 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each
phase shown.
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Figure 10.2: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 2 of the TRT-4 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each
phase shown.
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Figure 10.3: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 1 of the T10-0 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each
phase shown.
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Figure 10.4: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 2 of the T10-2 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each
phase shown.
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Figure 10.5: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 3 of the T10-4 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each
phase shown.
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Figure 10.6: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 1 of the T11-0 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each
phase shown.
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Figure 10.7: A) EBSD map showing the misorientation angles of the grain boundaries in
the T11-2 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each
phase shown.
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Figure 10.8: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 1 of the T11-4 Ti3SiC> sample, B) Line graph showing an average of the grain boundary

misorientation angles across the recorded sites, with the grain boundaries between each
phase shown.
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Figure 10.9: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 1 of the T12-0 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each

phase shown.
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Figure 10.10: A) EBSD map showing the misorientation angles of the grain boundaries in
Site 2 of the T12-2 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each

phase shown.
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Figure 10.11 A) EBSD map showing the misorientation angles of the grain boundaries in
Site 6 of the T12-4 Ti3SiC> sample, B) Line graph showing an average of the grain boundary
misorientation angles across the recorded sites, with the grain boundaries between each

phase shown.
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