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ABSTRACT

Transition metal carbides (TMC’s) emerged as an important class of materials for wide
range of industrial applications. The wide applicability of a TMC’s is limited due to their brittle
nature. To enhance the ductility of TMC’s, a metallic character has to be introduced. This lead
to development of novel class of materials known as MAX phases. These are nano-laminated
ternary compounds possess remarkable combination of both metallic and ceramic properties
such as high stiffness, high electrical conductivity, thermally stable and low thermal
coefficients. Herein, the synthesis of the Mo2TiAIC2 MAX phase via conventional sintering
method is investigated. The sintering parameters are optimized to obtain Mo, TiAIC; MAX
phase. The role of titanium carbide precursor for the synthesis of Mo.TiAIC, MAX phase is
studied. The structural properties of the prepared samples are studied through X-Ray
Diffraction Technigue. Also, the morphology of the prepared sample is studied via Scanning

Electron Microscopy (SEM).
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CHAPTER 1 - INTRODUCTION

1.1.  Introduction

Transition metal carbides (TMC’s) emerged as important class of materials for
industrial applications. These materials exhibit unique physical properties such as high melting
point, high hardness value, high electronic conductivity, and good corrosion resistant [1, 2].
However, the wide applicability of a TMC’s limits due to their brittle nature. So, to enhance
the ductility of TMC’s, metallic character has been introduced in it [3]. This has led to the
development of novel class of materials known as MAX phases. These ternary ceramics
possess general formula Mn+1AXn (n = 1,2,3...), where M is transition metal, A is 13 to 16
group elements in the periodic table, and X is carbon and/or nitrogen [4]. In MAX phases, the
M-X bonds are metallic-covalent in nature, which are relatively strong together with M-A bond
that is relatively weak.

MAX phases are firstly discovered by Nowotny and his co-workers in 1960’s [5]. These
phases were initially called as H-Phases and their relatives are TizSiC, and TisGeC.. Later in
2000, Barsoum and co-workers named these compounds as MAX phases [6]. According to
literature, there are total 10 elements in the periodic table which are considered as M elements
and 12 A elements as shown in figure 1.1.

-
I o

Al, As, Ga, Sb, In,
[ Ti, Zr, Hf, V, ] Bi. TI, Si, Ge, Sn, = J

Nb, Ta,Cr, Mo Pb, P

Fig. 1.1 Representation of M, A and X elements.

MAX phases possess remarkable combination of both metallic and ceramic properties
such as high stiffness, high electrical conductivity, thermally stable and low thermal
coefficients. These phases are polycrystalline solid that normally deform by a combination of
kink band and shear band formation together with delamination of individual grains [7]. In
these phases, dislocations multiply and are mobile at room temperature, glide exclusively on
the basal planes, and arranged in arrays or kink boundaries. Therefore, MAX phases are easily
machinable and exhibit very decent mechanical properties, especially at temperatures below
1000 °C [8]. Due to all these unique properties MAX phases are used for elevated temperature
structural applications, wear and corrosion protection, heat exchangers and for low friction

applications based on basal plane lubricity [9].
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CHAPTER 1 - INTRODUCTION

1.2.  Molybdenum based MAX phases

Among all the known MAX phases, molybdenum (Mo) based MAX phases are the least
studied, even though molybdenum (Mo) has high mechanical strength and hardness at elevated
temperature [14]. Recently, a double-layered Mo-containing ordered MAX phase has been
synthesized, i.e. MozTiAlICz2and MoTi2AIC3 in which molybdenum (Mo) is doped with
TisAlCzand TisAlCs ternary compounds [15]. In these MAX phases, Ti atoms are sandwiched
between two Mo layers and these Mo layers are bonded with Al layers to form Mo-Ti-Mo-Al-
Mo-Ti-Mo and Mo-Ti-Ti-Mo-Al-Mo-Ti-Ti-Mo stacking order [16]. However, the detailed
synthesis and the synthesis mechanism is not studied. So, it is crucial to understand the detailed
synthesis mechanism involved during the synthesis of double layered MAX phases.
1.3.  Crystal structure

More than 90 MAX phases of different chemical compositions share a common
hexagonal structure with P6z/mm symmetry [10]. In these compounds, M layer is intercalated
with single A layer, having X in the octahedral sites. The MgX octahedral with X atoms filling
the octahedra sites between M atoms, which are identical to those of rock salt structure of MX
binaries [11]. The octahedra alternate with A layers elements located at the centre of trigonal
prisms that are slightly larger and thus able to accommodate the larger A atoms [12]. Fig.1.2
shows the unit cells of MAX phases M2AX (211), M3AXz (312), MsAX3 (413). In 211 MAX
phases, two layers of M separate A layer. Similarly, in 312 and 413 MAX phases, A layers are
separated by three and four M layers respectively [13].

=
/

M2AX MsAX> MiAX3
(211) (312) (413)

Fig. 1.2 Unit cells of MAX phases MoAX (211), M3AX2 (312), MaAXz (413).
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1.4, Synthesis methods

Numerous synthesis methods have been reported for the synthesis of MAX phases.
MAX phases can be synthesised in the form of thin film, thick film and bulk. Thin film of
MAX phases can be prepared through physical vapour deposition (PVVD) and chemical vapour
deposition (CVD) methods. The bulk MAX phases can be synthesised through sintering
process. The brief description of the synthesis of MAX phases is as follows:

1.4.1. Physical Vapor Deposition (PVD)

In this process, deposition occurs through the vaporization of a solid or liquid material
in a vacuum chamber. The vapours in the form of atoms or molecules are transported to the
substrate, where it gets condensed [17]. The thickness of the MAX phase films prepared
through this method can be varied from few nanometres to thousand nanometres. P\VVD can also
be used for the synthesis of multilayer coatings, graded composition, thick deposition, and self-
supporting structures [18]. The magnetic sputtering system is commonly used for the physical
vapor deposition. The schematic representation of the magnetic sputtering system is presented
in Fig 1.3.

SUBSTRATE
20 ® © @
layer
Vacuum
Chamber

Magnets

Fig. 1.3 Schematic diagram of magnetic sputtering system.
1.4.2. Chemical Vapour Deposition (CVD)
Chemical vapour deposition (CVD) process involves a chemical reaction through
which a solid or liquid material is deposited over the surface of substrate [19]. In this case,
reduction or decomposition of the chemical vapor precursor occurs to form a new compound.

In addition, plasmas can be used in CVD process to initiate the reaction between the precursors
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CHAPTER 1 - INTRODUCTION

[20]. MAX phases thin films prepared through CVD possess very low porosity and excellent

surface coverage. Figure 1.4 shows the schematic diagram of chemical vapour deposition.

Pressure 0

Heater

L I L
» » »

Film Deposition —  Gas

VT
B ]r“——

Gas Inlet

Fig. 1.4 Schematic diagram of chemical vapour deposition.

1.4.3. Sintering process

Sintering is the heat treatment process that involves compacting of powder into a solid
material [21]. Initially, the powder is cold pressed and then heat treated at desired temperature.
The driving force involved during sintering process is the reduction of the surface energy. The
heat treatment reduces the surface area through the formation of bonds between the particles.
Sintering process also reduces the porosity and enhances the ductility, strength and hardness
of the material [22]. The heating treatment is provided under the controlled temperature. In
case of the MAX phase, the sintering is performed in an inert atmosphere to avoid oxidation.
In general, sintering occurs in three steps: (a) Necking of the grains, (b) The growth of necking
of the grains followed by elimination of pores and (c) The pores get isolated shown in figure
1.5[23].

/
closed pore

N\
network of
open pores

\
open pore

Fig. 1.5 Steps of sintering process a) Necking of grains. (b) The necks and grain boundaries
grown followed by elimination of pores. (c) The pores get isolated [23].
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CHAPTER 1 - INTRODUCTION

There are mainly four types of sintering processes are used to prepare MAX phases i.e.
conventional sintering, hot pressing (HP), hot isostatic pressing (HIP) and spark plasma
sintering (SPS) [24]. In the conventional sintering, no mechanical pressure is induced on the
material during the heat treatment. However, in hot pressing (HP) and hot isostatic pressing
(HIP) sintering, the mechanical pressure is induced on the powder material under heat
treatment [25]. In order to prevent oxidation of the MAX phases, HP and HIP is performed in
vacuum or inert gas atmosphere [26]. The major advantage of HP and HIP methods is the
combination of mechanical pressure and heat treatment that results into good densification and
reduces the number of structural defects. Figure 1.6 shows the schematic diagram of hot

pressing (HP) process.

Pressure

Heating
element

Die

CNT-metal

Plunger —————

Fig. 1.6 Schematic diagram of hot pressing (HP) process.

In spark plasma sintering (SPS) technique, a direct electric current is applied to heat up
the electrically conductive devices through graphite die under low atmospheric pressure [27].
The powder is compacted by joule heating. This process was developed on the idea of using
plasma on electric discharge machine for sintering metals and ceramics [28]. There are various
names of spark plasma sintering such as plasma activated sintering, plasma electric current
sintering and electric current-activated sintering. In this method, electric current and
mechanical pressure is applied side by side for solidification and densification [29]. Figure 1.7

represents the schematic diagram of spark plasma sintering.
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1.5. Applications of MAX phases

MAX phases are used in wide applications because of its unique properties. The
properties such as low friction, good thermal and electrical conductors, good machinability
makes them attractive heating elements, gas burning applications, heat exchangers etc [12].
1.5.1. Elevated Temperature Applications

Graphite is refractory compound finding potential application in industries. This
material is a used for the hot pressing of diamond-cutting tools. Instead of graphite, MAX
phases have better wear and oxidation resistance. Moreover, MAX phases can be machined

easily due to high tolerance.

I Pressure

Vacuum

Pulsed DC Chamber

power suppl

Powder

\

_________________ $__—+— Graphite
Graphite — Punch

die

I Pressure

Fig. 1.7 Schematic diagram of spark plasma sintering.
1.5.2. Gas Burning Applications
MAX phases are widely used in gas burning applications. Due to its high-temperature
properties it forms a protective Al.Oz layer. For example, Mo2TiAlCz-based MAX phases are
used in gas burner nozzles. Figure 1.8 shows the Ti.AIC in comparison to steel nozzles used in
gas burners. The burner process temperature can be increased upto 1400°C when MAX phase

compounds are used instead of metallic alloys.

Ti,AlIC Steel

Fig. 1.8 Ti2AIC steel nozzles used in gas burners [12].
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1.5.3. Heating Elements

MAX phase has found various application in heating elements. The heating elements
are made from different MAX phases and can be heated up to 1350 °C, cooled down to room
temperature for =10 000 cycles. Figurel.9 shows the Ti2AlC heating element is heated at
1450°C.

Fig. 1.9 Ti,AIC MAX phase heating element [6].

1.5.4. Application in Nuclear Industry

Cladding materials are coated with MAX phases to protect them from oxidation.
Cladding oxidation causes mechanical failure and leave the nuclear fuel unprotected which
leads to the fission of the product formed [30]. Therefore, it is important to coat the material
with high oxidation resistant at elevated temperature. The cladding materials such as zircolay
tube is used to hold the nuclear fuel. To coat Zircolay tubes thin layer of MAX phase (Ti2AIC
or TisAIC>) is sprayed on them. This thin layer of alumina protects the Zircolay tubes from
the coolant losses.
1.5.5. Foil bearings

The Ag-based MAX composites are used for foil bearing applications having low
friction. The bearings such manufactured undergo high rotations, while the loads are low.
Moreover, these foil bearings are capable to work at ambient as well as elevated temperatures.
Figurel.10 (a) shows the Ag/Ta,AIC composites cylinder and (b) super alloy foil. Further,
these composites undergo rigorous rig testing, where parts revolved at 50000 revolutions per

minute [16].

a)

Fig. 1.10 (a) Ag/Ta2AIC composites cylinder. (b) Super alloy foil [16].
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CHAPTER 2 - LITERATURE REVIEW

2.1  Literature Review
MAX phases have gained significant attention from various research groups all around

the globe. These phases possess superior properties of both metals and ceramics. Numerous
researchers investigated the synthesis of MAX phases and studied its properties. The brief
description of the efforts made by different researchers to study MAX phases are as follows:

In 2015, Anasori et al.[1] synthesized Mo.TiAIC: ternary compound by pressure-less
sintering. The powder mixture of Mo:Ti:Al:C was heated at 1600°C for 4h in the flowing argon
atmosphere. The X-ray diffraction (XRD) pattern were refined by rietveld analysis to calculate
the hexagonal lattice parameter a and c. High resolution transmission electron microscopy
(HRTEM) confirmed the formation of a highly ordered Mo,TiAIC, MAX phase in which Ti
layer was sandwiched between two Mo layers and followed the Mo-Ti-Mo-Al-Mo-Ti-Mo
stacking sequence.

In 2015, Anasori et al.[2] synthesized Mo.TIAIC, and Mo:Ti.AlC3 MAX phases via
pressure-less sintering technique. The elemental ratio mMo:(3-m)Ti:1.1Al:2C was heated to
1600°C for 4h under the flowing argon atmosphere. The quantity of titanium was varied as
m=1.5, 1.8, 2 or 2.2. The chemistries of Mo,TiAIC, and Mo>Ti>AlC3 were determined by X-
ray photonelectron spectroscopy (XPS) to be Mo.TiAIC1.7 and Mo2Ti19Alo.9C25. The layering
patterns as observed from high resolution scanning electron microscopy (HRSTEM) were Mo-
Ti-Mo-Al-Mo-Ti-Mo for Mo2TiAIC, and Mo-Ti-Ti-Mo-Al-Mo-Ti-Ti-Mo for Mo2Ti,AlCz. As
high density of states exists at Fermi level the obtained MAX phases exhibit metallic behaviour
as per resistivity measurement over 300 to 10 K.

In 2015 Liu et al.[3] synthesized pure Ti2AIN ternary nitride through thermal explosion
(TE) of elemental powders Ti, Al, TiN. These were sintered at temperature ranges form 600-
850°C in argon atmosphere for short holding time. XRD results revealed that, when the pellet
was heated at 850°C, Ti2AIN phase was present as pure phase along with intermetallic phases
such as TisAl, TiAlz and TiAl. During the formation of Ti2AIN, exothermic reaction between
Ti an Al powders occurred rapidly which led to the formation of molten TiAl. Further, TiN
particles were dispersed into TiAl molten and precipitate of Ti2AIN phase was formed during
cooling process.

In 2015 Lapauw et al.[4] synthesized fine grained Ti.SnC MAX phase by spark plasma
sintering. The precursors Ti, Sn and C were sintered at temperature ranges from 1200-1400°C.
However, the pure Ti2SnC phase was formed at 1325°C along with Sn and TiCx intermetallics
present as minor phases which was confirmed by XRD. The elastic properties of Ti.SnC

compound formed were determined experimentally at room temperature. At room temperature,
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the values of shear modulus, young modulus and possion ratio were found to be 83.9 GPa,
207.4 GPa and 0.2 respectively.

In 2015 Duan et al.[5] synthesized high purity bulk CroAIC MAX phase using two-step
sintering process. The elemental mixtures of Cr, Al and C were heated via pressure-less
sintering in alumina crucible at 1400°C and coarse and fine grains of CrAIC powder were
obtained. Further, these fine and coarse grain powder of Cr,AlC were heat treated through
spark plasma sintering at 1250°C in presence of argon environment under pressure of 50 MPa.
It was observed in XRD patterns that the diffraction lines of the fine grained Cr.AIC powder
had broadened peak due to reduction in grain size after pressure-less sintering. The reduction
diffraction lines of fine grained Cr2AIC powder was observed after spark plasma sintering. The
hardness of fine grained CroAIC MAX phase was higher than coarse grained Cr.AIC MAX
phase. Thus, fine grained bulk CroAlC ceramic exhibit anisotropic behaviour.

In 2016 Lapauw et al.[6] Investigated the formation of Zr,AlC ternary compound by hot
pressing. The starting materials ZrH>, Al and C were heated at different temperatures 1475,
1525 and 1575°C. The atomic structure of Zr,AIC was evaluated by high resolution
transmission electron microscopy (HRTEM) which confirmed the 211-type atomic stacking.
The pure phase Zr,AlC was obtained at 1525°C and ZrC was present as secondary phase at
1475°C. The Vickers hardness of Zr,AIC material was found to be 6.4+0.1GPa under the load
of 30N.

In 2016 Lapauw et al.[7] synthesized two new HfsAIC3 and HfsAIC2 MAX phases in the
Hf-Al-C system by hot pressing. The precursors HfH2, Al and C were sintered at temperature
range of 1500-1550°C in the vacuum atmosphere. The X-ray diffraction pattern revealed the
formation of HfsAIC, and Hf2AIC phases. It was noticed that the HfC phase was present as
major phase along with some other intermetallic phase such as HfAl> Hf2Als. High resolution
transmission electron microscopy (HRTEM) confirmed the atomic structure in which the
mixture of 211 and 312 stacking sequence were observed inside a particular grain which also
included 512 stacking sequence.

In 2016 Lapauw et al.[8] synthesized Zr3AlIC> MAX phase by reactive hot pressing
technique. The elemental powder of ZrH,, Al, and C were heated at temperature of 1500°C.
The phases such as ZrsAlC», ZrC and ZrAl, obtained in X-ray diffraction (XRD) pattern were
determined by rietveld refinement. The vickres hardness of obtained material was found to be
4.4 GPa. Hence, the produced ZrsAIC, MAX phase has found potential applications for fuel
cladding.
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In 2016 Agne et al.[9] synthesized two Al-V2AIC composites from elemental powders
of Al:V:C as 9.8:2.0:1.0 and Al:V:C as 3.9 2.0:1.0. Elemental powders were heated to 1000°C
for 0.5, 2.5 or 10 hours under Ar flow. The synthesis of V>AIC composites was done by
quenching below 1000°C. XRD and SEM results revealed the nature of AIR (aluminium rich)
and VR (vanadium rich) phases, after quenching from 1000°C. Differential scanning
calorimetry (DSC) analysis indicated the V>AIC was unstable in liquid below 950°C. At 800°C,
the Al and V2AIC phases were found to be in equilibrium with both AlsV and Al4Ca.

In 2016 Shahin et al.[10] synthesized TisAIC, ternary compound by mechanically
induced combustion reaction (MSR). They studied the variation in ball milling time of initial
materials (Ti, Al, C). The presence of TizAIC, and TiC phases after the ball milling of 10h was
revealed by X-ray diffraction. Scanning electron microscopy (SEM) confirmed the layered
structure of TisAlC, together with formation of TiC grains. However, rapid combustion
reaction after 10h milling resulted in the formation of TizAIC2and TiC.

In 2016 Madhu et al.[11] synthesized the TizAIC2 aluminium composites by friction stir
processing (FSP) technique. The mixture of TiO»+C was heated at different temperatures (633,
710, 951 °C) to form aluminium matrix composite. The X-ray diffraction pattern showed the
formation of TisAlIC2, Al, TisAl and TiC phases at 633°C. Scanning electron microscopy
analysis indicated the uniform distribution of particles. However, at 633°C the formation of
TiC and TizAIC> phases were confirmed by DSC. It was stated that due to particle refinement
during FSP, activation energy of the reaction was lowered. This lowering of inactivation energy
led to the formation of TizAlICzand TiC phases.

In 2017 Kovalev et al.[12] synthesized (ZrosTios)AIC2 MAX phase by self-propagating
method. The precursors Zr, Ti, Al C were heat treated at 1200°C in the presence of argon gas
atmosphere. X-ray diffraction (XRD) and scanning electron microscopy (SEM) results
revealed the presence of two phases: first was layered structure of (ZrosTios)AIC2 phase and
second was carbide phase (ZrosTios5)C2 has round grains.

1n 2017 Christoplous et al.[13] investigated the intrinsic defects in M3AIC, (M=V, Ti,
Ta, Zr) MAX phases via density functional theoretical calculations. Among the intrinsic
disordered mechanism, Frenkel defect and Antisite defects were more dominant defects
reactions. DFT calculations revealed that TisAlC> MAX phase has high intrinsic defects energy
as compared to other MAX phases. Therefore, TisAlIC> MAX phase has greater radiation
tolerance. It was concluded that the concentration of point defect affects the lattice stability and

the ability of MAX phase to amorphize below radiation environment.
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In 2017 Rasid et al.[14] synthesized TisC2 MXene from TisAlC2 MAX phase after
chemical etching of 20 h. The TisAlC> ternary compound was prepared by low cost pressure-
less sintering method at 1350°C. XRD results revealed the presence of four phases TizAlC,
TiO2 and TiC before sintering. The same four phases were observed after sintering as observed
in XRD pattern. However, it was observed that after chemical etching with hydrofluoric acid,
the TisAIC; phase has fully diminished. Scanning electron microscopy (SEM) images showed
the clusters of Al,Ozand graphite which confirmed the formation of TizC, MXene layer. Hence,
the 2D Ti3C, MXene was successfully synthesized by this method.

In 2018 Hamm et al. [15] synthesized bulk V>AIC and Mn-doped (V1xMny)2AIC via
microwave heating and spark plasma sintering. The elemental mixture of V, Mn, Al and C was
firstly heated in microwave for 30 min and then for densification sample was heated at
temperature 1000°C. X-ray diffraction pattern indicated that V2AIC obtained at x= 0.5 single
phase, (V1xMnx)2AIC single phase was obtained at x=0.1 and 0.15. By performing electron
microscopy at various length scales, the level of Mn doping was determined. Therefore, the
average doping level of Mn was 2% analogous to (Vo.96+0.02,MNo.04+0.02)2AlC. The Mn doped
MAX phases showed the metallic character which was revealed by electronic property. Hence,
the Mn doped MAX phase with chemical composition (Vo.9sMno.os)2AIC showed the
combination of Pauli and Langevin paramagnetism.

In 2018 Mane et al. [16] synthesized TisGeC>, MAX phase powder by pressure-less
sintering technique. The elemental mixture of Ti, Ge and C were sintered at temperature range
of 1200 to 1500°C under the flowing Ar. It was observed that the formation of pure TisGeC>
phase, when sintered at different temperatures (1200, 1400 and 1500°C) was confirmed by the
X-ray diffraction (XRD) results. It was found that the powder of TisGeC; revealed the lack of
densification during sintering process and slow grain growth as compared to other MAX
phases.

In 2018 Jankowiak et al.[17] synthesized NbsAIC3 MAX phase via in-situ hot pressing
reaction of initial materials Nb, Al, NbC, which were heated upto 1735°C under the argon
environment. The pure NbsAIC3 phase was obtained at 1735°C which was confirmed by DTA
results. It was also observed from the DTA that porosity of the sample decreases along with
increase in densification as the temperature increases. XRD pattern confirmed the formation of
NDbAIlz along with intermetallics such as Nb.Al and NbzAl around 1000°C. The obtained
material had average grain size of 7-10 um. NbsAICs phase contained 13% alumina contents

in comparison to 50% contained in NbAlz and their oxidation performance was evaluated at

1100°C.
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In 2018 Christoplous et al.[18] investigated intrinsic defects in TisAC (A=Al, Si, Ga, Ge,
In, Sn) MAX phases by density functional theory. Among the intrinsic disordered mechanism,
it was calculated that Frenkel defect was more dominating . DFT calculations revealed that
TisSnC, MAX phase has high intrinsic defects energy as compared to other MAX phases.
Therefore, TisAIC2 MAX phase has high tolerance. On the basis of elastic properties of TizAC>
ternary compound, it was observed that TizSiC> was the hard and TisSnC, was soft MAX
phases. It was concluded that TisAC> phases are non-central forces and brittle in nature. On the
other hand, Ti3SiC, was elastically more anisotropic and TizAlIC2 was isotropic in nature.

In 2018 Akhlaghi et al.[19] synthesized TizAIC, ternary compound through wave
propagation and thermal explosion of elemental powders Ti, Al and C. These powders undergo
combustion reaction in reaction chamber and the combustion reaction was carried out in tube
furnace around 1000°C. XRD results revealed the presence of TisAIC, phase as major phase
together with formation of TiC as by product. Scanning electron microscopy (SEM)
micrographs demonstrate the dark-colored layered microstructure of TizAIC> phase and light-
colored spherical phase of TiC by product and TisAIC, had thicker grains. Layered TisAlC>
phase contained higher Al content as compared to spherical phases was verified by energy
dispersive spectroscopy.

In 2018 Wang et al.[20] synthesized Tiz(Si,Al)C> intermetallic compound through high
energy consumption synthesis process. The elemental powder of Ti, Al, Si and C were
compacted by conventional die pressing method under the pressure of 150 MPa. These powder
mixtures were heated in vacuum furnace at 1300°C. The produced porous Tiz(Si,Al)C:
quaternary compound exhibit good pore structure property and had average pore size of 4.4
pm. The synthesized porous Tis(Si,Al)C> quaternary compound was characterized by a

substitution solid solution based on TisSiC2 with a percentage of Si replaced by Al atoms.
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3.1 Raw Materials

The initial precursor used for the synthesis of Mo.TiAIC, MAX phase were molybdenum
(Sigma Aldrich), titanium carbide (Sigma Aldrich), aluminium (SD Fine Chem Limited) and
graphite (Sigma Aldrich). All chemicals were used without any further purification.
3.2 Methodology

The experiments were categorized in two series based on titanium source used for the
synthesis of Mo.TiAIC,. The experimental details are presented in the flow chart (Fig. 3.1)

given below.

Mo Al C TiC

Ball Milling

\ 4

.ntional Sintering ]

A 4

Werization

Figure 3.1: Flow chart for the synthesis of Mo, TiAIC..

In both series, the powders were dry milled in a tungsten carbide jar (100 ml) for 1 hr at
200 rpm in argon environment using RESTCHPM-100 ball mill. The charge ratio was 15:1 for
the milling process and tungsten carbides balls (10 mm Dia) were used for milling purpose.
Afterwards, the powder was cold pressed by applying 200 MPa pressure in a hydraulic press
(CAP-15T, Pciss). The pellets of ~ 10 mm diameter and ~ 3 mm thickness were prepared.
Further, the prepared pellets were sintered in a tubular furnace (LTF 18/75/300, Lenton
Thermal Design) at 5 °C/min heating rate. All the experiments were performed in high purity
argon. The initial composition and sample naming of ball milled samples in series is presented

in Table 3.1. Further, the ball milled samples of series was sintered at various temperatures i.e.
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1400 °C, 1500 °C and 1600 °C. Also, the dwell time was varied to obtain Mo2TiAIC; MAX
phase. Figure 3.2 shows the schematic representation of the synthesis process of series.

After sintering at desired temperature, the pellets were cooled to room temperature in the
furnace itself with continuous argon flow. The sintered samples ID of series is presented in

( Pelletization )

Table 3.2 respectively.

200 MPa

Precursors -

=
Pellet

+

Hydraulic Press

1

L Sintering J

—
445

Tubular Furnace

E Characterization }

Figure 3.2: Schematic representation of synthesis for Mo>TiAIC> MAX phase.
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Table 3.1 The initial composition and sample 1D of all samples in series.

SERIES

Sample Precursors

ID Mo TiC Al C
MAC1 1
MAC?2 1.1
MAC3 2 2 1.2 1
MAC4 1.3
MAC5 14

Table 3.2 Sintered samples ID of series.

S.No. | Sample ID | Temperatures | Dwell Time
(°C) (Hrs.)

1 14-MAC1

2 14-MAC2

3 14-MAC3 1400

4 14-MAC4

5 14-MACS

6 15-MAC1

7 15-MAC2

8 15-MAC3 1500 1
9 15-MAC4

10 15-MAC5

11 16-MAC1

12 16-MAC2

13 16-MAC3 1600

14 16-MAC4

15 16-MAC5

16 14-MAC1-4

17 14-MAC2-4

18 14-MAC3-4 1400 4
19 14-MAC4-4

20 14-MAC5-4
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21 15-MAC1-4
22 15-MAC2-4
23 15-MAC3-4 1500 4
24 15-MAC4-4
25 15-MAC5-4

3.3 Characterizations
3.3.1 X-ray Diffraction (XRD)

XRD diffraction analysis of prepared samples were done by PANalytical Xpert Pro XRD
diffractometer having Cu-Ka radiation A= 1.5418 A to determine the corresponding peaks of
MAX phase. The applied voltage was kept at 45 kV and current at 40 mA. All synthesized
samples were placed in a sample holder and scanned in defined range of 26 from 10° - 90° with
step size of 0.0131. The corresponding peaks of all samples were identified by using X Pert
Highscore Plus software with reference International Centre for Diffraction Data (ICCD) card.
3.3.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is generally used for the characterization of surface
morphology of the prepared samples. In this technique, the beam of electrons generated in a
vacuum and that beam is collimated by electromagnetic lenses, fixated by an objective lens and
scanned over the surface of the sample. In SEM, samples were analysed by placing them on
the C-tape. The samples were analysed with JEOL (JSM-IT100). EDS analysed the chemical

composition of the sample.
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4.1. X-Ray Diffraction (XRD) Analysis

Fig 4.1 shows the XRD patterns of MAC1- MACS5 samples ball milled for 1hr at a 200
rpm. In these samples the content of aluminium is varied from the stoichiometry ratio to higher
side. Several researchers also varied aluminium concentration to synthesis pure MAX phases.
Similar variation of aluminium in Ti-Al-C MAX phase was done by Hendaoui et al. [1] to get
pure phase. To obtain high purity TisSiC2 MAX phase the variation in aluminium was also
done by Jiaoqun et al. [2]. However, there is no significant variation in the XRD patterns of
ball milled samples is observed with increase in aluminium concentration. The XRD patterns
almost remain the same with increase in aluminium content. The volume fraction of the
prepared samples is calculated by using Gaussian curve fitting. Table 4.1 shows the volume

fraction of the distinct phases present in the XRD patterns.

YMo ¢TiC «C S Al

Y —— MAC1 —— MAC2
—— MAC3 —— MAC4
—— MACS5

Intensity (a.u.)

2Theta(Degree)

Figure 4.1 XRD pattern of ball milled MAC1-MACS5 samples.

It can be observed from the table 4.1 that with increase in aluminium content, the
volume fractions of aluminium phase increased from 3.70 to 5.69. However, the volume
fractions of molybdenum (Mo), graphite (C) and titanium carbide (TiC) phases decreased. In
these samples Mo exists as major phase, whereas other phases like TiC, C, and Al as secondary
phases.

Further, to synthesis Mo,TiAIC, phase the samples (14-MAC1 — 14-MAC5) were
sintered at 1400°C for one hour of dwell time. Fig. 4.2 present the XRD of the samples sintered
at 1400°C. In this figure, the formation of multiphase alloys i.e. Mo3Al.C, MoTiC2, MoTiAle
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and Mo,C was observed. Formation of Mo.TiAIC, does not occur. The volume fraction of all
the phases present in the samples sintered at 1400°C are presented in table 4.2. It is observed
from the table that the volume fraction of all the phases remains same. Also, no significant
impact of aluminium content is observed in these samples. Moreover, this indicates that the
reaction requires more energy for the formation of Mo.TiAIC, phase. So, the sintering

temperature is increased to 1500°C and dwell time remains the same.

Table 4.1 Volume fractions of distinct phases present in samples MAC1 — MACS.

Volume Fraction (%)
Mo TiC C
MAC1 3.70 8528 10.01 1.22
MAC?2 3.18 84.56 11.04 1.15
MAC3 482 84.83 9.25 1.09
MAC4 598 84.60 7.68 1.40
MAC5 5.69 84.56 7.23 1.40

Sample ID

#Mo,C & MoTiC, ® Mo AlL.C & MOTIAl

—— 14MAC1 14MAC2
¢ —— 14MAC3 —— 14MAC4
—— 14MAC5
— 'Y K] o
=] L) - ¢ ¢ (04
KU - "LQﬂ?'Ill]lf. | 017'1 1IN 1
> . 4 . o
= K3 & * o
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£ . * ¢ L0
IR 1| (EREE G- ) 05
%! 3 . ¢ oL
BRI EE 01 1| ST I SO O 3+
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+ o g 2+ ML, PR S 1
T 1 T ! T ' T ' 1 1 1 ! T
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Figure 4.2 XRD pattern of 14MAC1- 14MAC5 samples sintered at 1400°C for 1 hr.
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Table 4.2 Volume fractions of distinct phases in 14MAC1 - 14MAC5 samples sintered at
1400°C.

Volume Fraction (%)
Mo.C  MozsAl,C  MoTiC2  MoTiAls
14MAC1 81.47 8.43 11.91 46.38
14MAC2 78.80 10.15 11.51 44,50
14MAC3 76.16 9.95 10.95 44.18
14AMAC4 78.58 7.59 10.67 45.27
14MAC5 78.89 6.92 9.76 55.05

Sample ID

Fig. 4.3 represents the XRD pattern of the samples (15-MAC1 — 15MACS5) sintered at
1500°C. In this case, Mo and Mo3Al.C phases are found to be the major phase in all the
samples. Also, no peak associated with Mo, TiAIC, phase is observed. The volume fraction
(table 4.3) of MosAl>C increased when the samples sintered at 1500°C as compared to 1400°C.
However, the formation of Mo2TiAIC; phase is not observed in 15-MAC1 — 15MAC5 samples.
Therefore, the reaction temperature was further increased to 1600°C for the formation of
Mo, TiAIC> phase.

#MoC eMoAIC BTIC

. —— 15MAC1 —— 15MAC?2
> —— 15MAC3 —— 15MAC4
—— 15MAC5
— 4
E o o * .’ﬁ’ H I . ?dt .‘f é:i e o
>
= I I B M
20 SR DO 6 7Y W N ORI 3 (A0 I £ S
£ b B
° ¢ poe
AR EY 5 | (O ST S X 5 S
¢
QﬁO B ® e
R, ;,M%f Lot oteft .
*pe * B ° ®e
e s el Loe 3t A8 .
T T T T T T T T T T T T T Y
10 20 30 40 50 60 70 80 90
2Theta(Degree)

Figure 4.3 XRD pattern of 15MAC1 — 15MACS5 samples sintered at 1500°C.
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Table 4.3 Volume fractions of distinct phases in 15MAC1 — 15MAC5 samples sintered at
1500°C.

Volume Fraction (%)
Mo.C MosAl.C TiC
15MAC1 61.38 26.57 15.26
15MAC2 57.06 25.66 13.96
15MAC3 46.70 34.24 34.88
15MAC4 44.52 36.47 24.61
15MAC5 50.84 36.39 26.40

Sample ID

Fig. 4.4 represents the XRD results of samples (16-MAC1 — 16-MACS5) sintered at
1600°C for 1 hr. The presence of Mo2C as major phase and TiC as secondary phases is
observed in the XRD patterns. The volume fractions of observed phases are summarized in
table 4.4. As aluminium increases from 0 to 40 mol%, the volume fractions of Mo2C increased
gradually, whereas the volume fraction of TiC decreased. However, the formation of
Mo2TiAIC: is not observed in all the samples sintered at 1400°C, 1500°C and 1600°C. So, in
the next step the dwell time is varied to 4 hours to investigate the formation of Mo,TiAIC;

phase.

Mo, C B TiC

1 —— 16MAC1 —— 16MAC2
—— 16MAC3 —— 16MAC4
—— 16MAC5
; I_BLL B M M °
R S ~ L. A m XR.AK s 2
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@ lﬁ‘ i * ¢ %
S e l.u A | Bl D R
= TS R .
e JLKJJLRJ L -~ l}l K E‘k‘l\. ¢ ¢
¢
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- . LRLU\ 1 N
¢ ¢
L LRL,[R. L. NI IR
=5
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Figure 4.4 XRD pattern of 16MAC1 — 16MACS5 samples sintered at 1600°C.
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Table 4.4 Volume fractions of distinct phases in 1l6MAC1 — 16MAC5 samples sintered at
1500°C.

Volume Fraction (%)
Mo2C TiC
16MAC1 50.19 26.57
16MAC2 63.84 25.66
16MAC3 68.51 34.24
16MAC4 74.87 36.47
16MAC5 82.91 36.39

Sample ID

Fig. 4.5 shows the XRD patterns of the samples (14MAC1-4 — 14MAC5-4) sintered at
1400°C for 4 hours of dwell time. XRD patterns depicted the presence of four phases i.e. Mo,
C, TiC and MosAl. In this case, Mo exists as major phase and other phases C, TiC, and MozAl
as secondary phases. Based on the XRD patterns volume fractions of observed phases were

calculated and listed in table 4.5.

Y Mo &«C ¢TiC \% M03AI
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Figure 4.5 XRD pattern of 14MAC1-4 — 14MAC5-4 samples sintered at 1400°C for 4 hrs.

Comparable results are obtained when the samples (15MAC1-4 — 15MAC5-4) were
sintered at 1500°C for fours of dwell time. The XRD patterns results of sintered 15MAC1-4 —
15MAC5-4 samples are shown in Fig. 4.6 and the volume fraction calculated for distinct
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phases. It is observed from the XRD pattern that Mo is present as main phase, while C and

Mo2C as secondary phases and some of the peaks were unidentified.

Table 4.5 Volume fractions of distinct phases in 14MAC1-4 — 14AMAC5-4 samples sintered at

1400°C for 4 hours.
Volume Fraction (%)

Sample ID

Mo C MosAl TiC
14MAC1-4 87.49 4.14 5.98 2.28
14MAC2-4  87.81 4.27 5.51 2.39
14MAC3-4  86.18 4.64 6.67 2.45
14MAC4-4 84.89 4.67 7.87 2.60
14MAC5-4  82.68 4.93 7.96 2.93
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Figure 4.6 XRD pattern of 15MAC1-4 — 15MAC5-4 samples sintered at 1500°C for 4 hours.

The experimental conditions seem to be not appropriate for the formation of Mo, TiAIC>
MAX phases. The formation of a material/alloy requires choice of suitable initial precursor.

So, in the next series pure titanium is used as titanium source for the synthesis of MAX phase.
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Table 4.6 Volume fractions of distinct phases in 15MAC1-4 — 15MAC5-4 samples sintered at

1500°C for 4 hours.
Volume Fraction (%)
Sample ID
Mo2C Mo C

15MAC1-4 19.58 73.63 6.53
15MAC2-4  25.72 67.59 6.68
15MAC3-4  23.22 69.43 7.34
15MAC4-4 27.33 65.84 6.82
15MAC5-4  31.92 60.89 7.19

4.2  Scanning Electron Microscopy (SEM)

Fig 4.7 shows the micrographs of samples 1I5MAC3-4 sintered at 1500°C for one hour.
The microstructure analysis revealed the presence of nano-laminated structure, which
corresponds to the MAX phase. The specific feature of the MAX phase is observed in all the

images.
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Figure 4.7 SEM images of 15MAC3-4 sample sintered at 1500°C.

pace



CHAPTER 4 - RESULTS & DISCUSSION

Also, EDS mapping was done to examine the distribution of the elements and to identify
the elemental composition of all the element. Fig. 4.8 - 4.9 shows the EDS elemental

composition and mapping of 15MAC3-4 sample.

Al a1 Ti kal

Mo Lad kel _2

Figure 4.8 EDS mapping of 15MAC3- 4 sample sintered at 1500°C.
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Figure 4.9 Elemental composition of 15MAC3-4 sample sintered at 1500°C.
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5.1.  Conclusion and Future Scope

The Mo,TIAIC, MAX phase was successfully synthesized by conventional sintering
technique. In series I, titanium carbide was used as the source of titanium, while in series Il
pure titanium was used. The XRD pattern revealed the peaks of Mo,TiAIC2, MAX phase in
the case of pure titanium when heated at various temperatures i.e. 1400 °C, 1500 °C and 1600
°C for one - hour holding time. The surface morphology of as-prepared samples revealed that
layers started forming at 1500°C and complete layers are formed with kink bandings at 1600°C.

To obtain a pure MAX phase the optimization in technical parameters like ball to powder
ratio, variation in sintering temperatures as well as in dwell time could be done. Concentration
of titanium could be varied instead of variation in aluminium. Moreover, electrical properties
of obtained MAX phase could be studied. In addition to this, etching of A layer element from
MAX phase could be done to obtain a corresponding MXene. Furthermore, the potential

application in electrochemistry of prepared MXenes could be studied.




