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PREFACE

MAX phases are the promising class of materials owing to their superior combination
of both metal and ceramic properties. This includes high thermal and electrical conductivity,
good machinability, great damage tolerability, and outstanding thermal shock resistance. MAX
phases are also highly resistant to fatigue, creep, and oxidation. The reports on MAX phases
increased exponentially after the discovery of their derivative, i.e., MXenes. Attempts are being
made to develop novel MAX phases and their derivatives. This work sheds light on the
fundamental aspects, including structure and defects together with the synthesis protocols and
oxidation resistance of the MAX phases. The prime objective is to attain a stronger
understanding of the synthesis protocol and oxidation performance of the MAX phases. The
efforts have been carried out to bring insight knowledge related to mechanisms associated
during non-isothermal oxidation in the MAX phases. The oxidation kinetic analysis is
performed to gain further knowledge related to oxidation in the MAX phases. The complete
work conducted in the present thesis is systematically presented in the seven chapters.

Chapter 1: In this chapter, the current state of the MAX phases (M is an early transition
metals, A is a group 13 — 16 elements, X is either C or N) has been addressed. The objective is
to introduce basic fundamental aspects related to the MAX phases. A comprehensive
discussion referred to the crystal structure of the MAX phases is presented. The theoretical
understanding associated to electronic structure and atomic bonding in MAX phases is
elaborated. The classification of the MAX phases on the basis of chemical versatility is
reviewed. Efforts are also made to bring insight knowledge related to superior properties of the
MAX phases. Moreover, the emergent need and significance of Cr.AIC, TizsAIC, and V2AIC
MAX phases has been discussed.

Chapter 2: Presents the literature survey on the work done for MAX phases. The
progress in the synthesis and characterization of MAX phases has contributed to a stronger
understanding of the properties. This chapter focuses to address recent growth in the MAX
phase. A better understanding related to the vital role of processing routes to obtain highly pure
MAX phases is addressed. Novel synthesis approaches to prepare bulk as well as thin films are
highlighted. In addition, some of the MAX phases have shown good resistant to oxidation. The
isothermal and non-isothermal oxidation behavior of the MAX phases is elaborated. New
strategies developed to design MAX phases with better oxidation resistance and use these
phases in nuclear power plants and aerospace industries are discussed. According to literature
survey, drawbacks associated to obtain Cr.AIC, TisAIC, and V>AIC MAX phases and lack of
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non-isothermal oxidation studies are discussed. Finally, the objectives of the current thesis are
framed on the basis of lacuna observed in the literature.

Chapter 3: In this chapter, the materials and methods employed for the synthesis of
CrAlC, TizAIC, and V2AIC MAX phases are presented in details. The synthesis parameters
such as temperature, composition and holding time are optimized. The synthesized MAX
phases are characterized through numerous techniques such as X-ray diffraction (XRD), Field
emission scanning electron microscopy (FESEM), Transmission electron microscopy (TEM),
High resolution (HRTEM), Selected area energy diffraction (SAED), X-ray photoelectron
spectroscopy (XPS), Thermogravimetry analysis (TGA) and Differential thermal analysis
(DTA). A concise summary of all the characterization techniques is presented in this chapter.
The procedure adopted to examine the non-isothermal synthesis and oxidation kinetics of
CrAlC, TizAIC2 and VAIC is elaborated. The theoretical background associated with the
thermal kinetics analysis is presented.

Chapter 4: The formation of nanolaminated Cr.AIC MAX phase by using solid state
synthesis route has been investigated. The mixture of chromium (Cr), aluminum (Al) and
graphite (C) in different compositions are sintered at various temperatures (800 — 1300 °C).
The intermediate phases formed during synthesis of Cr.AlC phase are determined and reaction
pathway is established. The synthesis kinetics involved during formation of CroAlIC phase is
also determined. The prepared Cr.AIC phase is characterized through XRD, FESEM, HRTEM
and SAED techniques. The non-isothermal oxidation kinetics of the CroAIC phase is examined
through a TGA/DTA technique, at variable heating rates. The TGA/DTA results show that the
oxidation of the CroAIC phase occurred in two stages. The multi-stage Kkinetic analysis is
performed to establish the nature of the oxidation process. The kinetic triplets (activation
energy, pre-exponential factor and reaction mechanism) are estimated for the oxidation process
in the Cr.AIC MAX phase.

Chapter 5: The synthesis of TisAIC2 MAX phase is presented in the chapter. The role
of experimental conditions to obtain highly pure TisAIC; phase is investigated. The mixture of
titanium (Ti), titanium carbide (TiC) and aluminum in different molar ratios are pelletized and
heat treated in an argon atmosphere. The pathway responsible for the formation of TizAIC: is
identified. The synthesis kinetic parameters are also evaluated during formation of TizAIC;
MAX phase. The micrographs of fractured TisAIC, demonstrated a layered structure
corresponding to the MAX phases. HR-TEM, SAED and XPS analysis also confirmed the
formation of TizAlIC2, MAX phase. The oxidation stability of TizAlC; is testified under non-

isothermal condition through a DTA technique. The oxidation kinetics responsible for the
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oxidation of TizAIC2, MAX phases is evaluated. The Kinetic triplets involved during oxidation
process are determined. The oxidation reaction pathway is proposed and the oxidation reaction
mechanism is evaluated.

Chapter 6: The impact of synthesis parameters during the formation of V>AIC MAX
phase is studied. The formation pathway of VAIC is proposed with the help of XRD analysis.
A highly pure V>AIC phase is observed when the vanadium, aluminum and carbon are mixed
in 2:1.3:1 and sintered at 1500 °C in an argon atmosphere. The synthesized sample is
characterized through XRD, FESEM, HRTEM, SAED, XPS and DTA techniques. The stability
of V,AIC phase is examined in air atmosphere and oxidation kinetic analysis is performed. The
reactions involved during oxidation of V>AIC phase are determined through thermodynamic
calculations and XRD results. The DTA analysis demonstrated two exothermic peaks during
oxidation of V>AIC MAX phase. The kinetic parameters are evaluated for both oxidation
stages. Finally, the reaction mechanism responsible for the oxidation in V2AIC is proposed.

Chapter 7: The outcome of the present thesis is concluded in this chapter. The results
demonstrated that the synthesis parameters play vital role during synthesis of the MAX phases.
The oxidation of the MAX phases under non-isothermal conditions is outlined. The reaction
pathways responsible for the synthesis and oxidation of the MAX phases is compiled. The
oxidation kinetic analysis of CrAIC, TisAICz and V2AIC MAX phases is summarized. The
future prospective of the prepared MAX phases are suggested in the chapter.
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CHAPTER 1
INTRODUCTION

Overview

MAX phases are the class of layered nanolaminated materials that possess the combination of
astonishing properties of metals and ceramics. These include high thermal and electrical
conductivity, excellent machinability, good damage tolerability and superb thermal shock
resistance when compared with binary carbides and nitrides. In addition, some of the MAX
phases are good resistant to fatigue, creep, and oxidation. The reports on MAX phases
increased exponentially after the discovery of their derivative, i.e., MXenes. In this chapter, the
fundamental aspects, classification, properties and applications of MAX phases have been

discussed.
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Chapter 1 Introduction

1.1.  Introduction

Over the years, the refractory binary transition metal carbides and nitrides have emerged
as a crucial industrial materials [1]. These binary compounds are commonly named as MX
phases, in which M refers to transition metals and X refers to C or N. The MX phases possess
high elastic moduli, good mechanical properties, high oxidation, and corrosion resistance, etc.
These phases have shown great potential in variety of industrial applications such as cutting
and grinding tools, bearings, textile-machinery components, semiconductors and oxidation-
resistant gas burners etc. [2-5]. However, beside of their wide range of applications, MX
phases are poor in thermal and electrical conductivity, hard to machine, low damage tolerability
and highly brittle. A possible way to overcome these drawbacks is to introduce metallic
properties in the MX phases. This results into the discovery of the nano-laminated carbides and
nitrides known as MAX phases, here A represents metals.

The history of the MAX phases began with the report of Nowotny and co-workers [6]
in 1960s. They were the first to discover large number of layered carbides and nitrides and
labelled them as H-phases, where H denotes hexagonal close-packed structure. These phases
possess general formula M2AX and termed as 211 phases. Later in 1967, two new 312 phases
(TisSiC2 and TisGeCs,) with chemistry M3AX> were added by the Nowotny’s group [7,8].
Furthermore, the Russians in mid 70s also published series of reports on the MAX phases [9—
11]. Despite of this great success, these phases remained unexplored until 1990s. The interest
in the MAX phases was revived after approximately 30 years with the revolutionary
contribution of Barsoum and El-Raghy [12]. They synthesized pure phase TisSiC, and
investigated mechanical, electrical, and thermal properties. This research group recognized
MAX phase as thermodynamically stable class of layered nanolaminated compounds.
Afterwards, MAX phases significantly attracted the scientific community due to its remarkable
blend of both metal and ceramic properties [13]. These phases are light in weight, offers good
stiffness, easily machinable, high thermal shock and oxidation resistant. Through these reports,
it was confirmed that these phases have a basic structure and exhibit similar properties. The
unique combination of properties emphasizes the potential of MAX phases for plethora of
applications such as in high temperature structural applications, protective coatings, sensors,
low friction surfaces, electrical contacts and many more [14].

Recently, the discovery of quaternary MAX phases took the curtain back for many more
possible MAX phases. The chemical diversity is the potential pathway to hunt new MAX
phases with desired properties [15]. In addition, MAX phases are precursors to their two-

dimensional (2D) derivatives, i.e., MXenes [16]. The MXenes are proven to be large host for
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various technological applications. These advancements have boost attention of scientific
community in MAX phases. Several articles have been published to address various synthesis
procedure, chemical diversity, and properties of bulk as well as thin film MAX phases. Such
growth in research interest is advantageous for the development of novel MAX phases with
superior properties.
1.2.  Fundamental of the MAX phases

The Mn+1AXn phases are nanolaminated hexagonal compounds with space group
P63/mmc. This general term (Mn+1AXn) was latter abbreviated as MAX phase, where M is an
early transition metals, A is a group 13 — 16 elements, X is either C or N and n being integer (n
= 1to 3) [13]. Till date, the elements considered to prepare MAX phases are presented in Fig.

1.1. The fundamentals of MAX phases comprise of structure, and atomic bonding.

D M - elements D A - elements D X - elements i C i N
2

13 14 15 16
Al Si P S
3p
SE SP_| SE SP SE SE
21 22 23 24 25 26 27 28 29 130 131 132 33
Sc Ti v Cr Mn Fe Co Ni Cu Zn Ga Ge As
3d 4p
SEOP | SEOP | SEOP | SE OP
SE OP SP sP SP SP SP SE SE SP SE SP | SE SP SE
139 40 41 42 45 46 47 ~148 49 50 S1
Y Zr Nb Mo Rh Pd Ag Cd In Sn Sb
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SE OP | SE OP
op SP SP SE op SE SE SE SP SP
22 73 74 77 78 79 81 82 83
Hf Ta w Ir Pt Au Tl Pb Bi
5d 6p
SE OP | SE OP
P P oP SE SP SE SP SE SE SP
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A La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
op or or SE oP oP oP oP op SE SE SE

Single element Ordered phases Substituted phases
(Double M layers)

(no substitution)
Fig. 1.1 Elements in periodic table that reacts to form MAX phases.

1.2.1. Structure of the MAX Phases

The Mn+1AX, phases possess two formula units per unit cell. The M layers are
intercalated with a single A layer, having X in the octahedral sites between M layers [17]. The
atoms of the A layers are accommodated in the core of the larger right angled trigonal prism.
The major difference in the structure with different n values is the number of M layers splitting
A layers (Fig. 1.2) e.g. in the M2AX (211) phase, there are two, in M3AXz (312) phase, it is
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three and four in the MsAX3s (413) phase. The edge-sharing MXs octahedra are one of the
fundamental building blocks of MAX phases.
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Fig. 1.2 The crystal structure of 211, 312 and 413 MAX phases
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Fig. 1.3 The chemical order in (a-d) (M', M"3AXz, (M!, M')sAX3 0-MAX phases[18,19] and
(e) i-MAX phases [20]. (Taken with permission)

These octahedra have NaCl-type structure like that of the binary carbides and nitrides.

Moreover, there are two M sites in MaAX> (312) and M4AX3 (413) phases [21]. One of the M

site (M) is next to A and another one (M) is close to X. In addition to two M sites, the MsAX3

(413) MAX phases also possess two non-equivalent X sites (Xi, Xi). In 413 phases, M site is
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attached to X; and My with Xj. This results into the appearance of the MX layers twinning
with A layer as a mirror plane. Fig. 1.3 a-e demonstrates the twinning of the MX layers and the
typical ‘zig-zag’ stacking in the MAX phases.

In the MAX phases, there is a correlation between the lattice parameter and the distance
between M-M layers in the corresponding binary carbides and nitrides (dm-m). The M-M layer
distance in the MAX phases is almost similar with the MX phases. In the view point of the MX
phases, the MAX phases are considered as the interstitial compounds where A and X atoms are
located at the interstitial sites [22]. This results into increase in the ¢ parameter. Therefore, the
c parameter in 211, 312 and 413 MAX phases is composed of 4, 6 and 8 M layers per unit cell,
respectively. Further, the relationship between the ¢ parameter and diameter (da) of A element
is complex. When da < 2.5 A, the ¢ parameter is small and increases slightly with increase in
da. This is due to the small size of A atoms that allow to form strong d-d bonds between the
M-M layers. At around 2.5 A, the dependency of ¢ parameter is strong. In the case of da > 2.6
A, the value of ¢ parameter is more or less independent of da. It implies that the d-d bonds
between A atoms and M-M layers are not formed or quite weak and hence, c-axis increases.
The MAX phases own anisotropic structure and possess typical values of the lattice parameters.
The value of a lattice parameter is ~ 3 A for the 211, 312, and 413 MAX phases. However, the
value of ¢ parameters varies with the stoichiometry of the MAX phases i.e. ~ 13 A for 211, ~
18 A for 312, and ~ 23 — 24 A for 413 phases [21]. In the MAX phases, c/a ratio rely in between
4 — 8. It is worthwhile to point out that the integer n value in Ma+1AX, phases may be greater
than three. The literature evidenced the existence of TasAlCs [23], Ti;SnCe [24] and
(Tio5,Nbos)sAIC4 [25] MAX phases. However, the synthesis of these phases is complex and to
date, no MAX phase with n > 3 has been synthesized in the pure form. The increase in the
value of n also brings more similarities in the properties of the MAX phases and their
corresponding MX phases.

1.2.2. Electronic structure and atomic bonding

The MAX phases hold blend of metallic, covalent, and ionic bonding. Several research
groups are actively working to understand the electronic structure and bonding in MAX phases
through theoretical modelling [26,27]. The first theoretical study was conducted by Ivanovsky
and co-workers [28] on the electronic structure of TisSiC> MAX phase. In the early days, the
total density of states (DOS) and computed data was compared with the XPS experimental
results. Afterwards, the discovery of new MAX phases draws attention of many theoretical
scientist to explore their electronic structures. This led to the implementation of novel

computational methods to understand the electronic structure of the MAX phases [29]. Hence,
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literature evidenced various theoretical studies on the electronic structure and bonding in the
MAX phase. The theoretical work suggested that the electronic structure of MAX phases
exhibits strong covalent d orbitals of the M and 2p orbitals X atoms. These strong interactions
are observed in between -2 to -5 eV below the Er. While pds bonds form in between the M and
A atoms. The overlapping between the d electrons of M and p electrons of A are weaker as
compared to M-X bonding, in the energy range -1 to 0 eV from Er. The theoretical studies also
revealed that mostly d-d M orbitals are present at the Fermi level. Furthermore, the Raman
vibrations for the MAX phases were decoded and found to be comparable with the
experimental results [30]. In MAX phases, the low-energy shear mode and high-energy
vibrations are observed along a and c direction, respectively. The shear mode occurred due to
M and A atoms, while high energy vibrations are associated with the involvement of X atoms.
The low energy vibration clearly indicated the weak bonds between M and A atoms as
compared to the M-X. Since, a large number new MAX phases have been discovered, so, more
theoretical studies are required to understand and confirm the above conclusion related to the
electronic structure of MAX phases.
1.3.  Classification of MAX phases

MAX phases comprise of M (transition metals), A (metals) and X (carbon or nitrogen)
elements. In the periodic table, there are 24 M elements, 19 A elements, and 2 X elements (Fig.
1.1). The chemical versatility of MAX phases possesses several permutations and
combinations [31]. On the behalf of chemical versatility, the MAX phases can be classified in
four types such as MAX phases without substitution or doping, solid solutions of MAX phases,
ordered MAX phases and intergrown MAX phases.
1.3.1. MAX phases without substitution or doping

In these MAX phases, there are only three elements corresponding to transition metals
(M), metals (A) and carbon or nitrogen (X). For example, CroAIC, VAIC, Mo2GaC, Ti.AlC,
TisAlC2 and many more.
1.3.2. Solid solution of MAX phases

In MAX phases, there are multiple sites for substitution or doping. Therefore, solid
solutions can be formed either at M, A, X, or a combination. This brings new opportunities to
design and fabricate MAX phases for a specific application. Schuster and co-workers [32,33]
were first to attempt the synthesis of MAX phases solid solutions. After the renewed interest
in MAX phases, the previously prepared solid solutions were further optimized. The properties
of the MAX phases changes with the substitution such as addition of Mn and Fe at M site and
brought magnetic properties in different MAX phases such as (Cr,Mn).AIC [34], (Cr,Fe).AIC
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[34], and (V,Mn)sGaC: [35]. Magnetic MAX phases are also reported with substitution of Fe,
Co, Ni, Mn at A site [36]. The substitution of Cu at A site results in the change of MAX phases
symmetry to the monoclinic C2/c space group [37]. At X site, C is substituted with N for
example TizAl(CosNos)2 and Ti2Al(CxN-x) [38]. It is observed that these X site substituted
carbonitrides have 20 % vacancies on X site. A broadening of XRD peaks is observed in
carbonitrides. This strong broadening is associated with the content of C and N in the MAX
phases.
1.3.3. Ordered MAX phases

Ordered MAX phases have been discovered with M site substitution. The ordered MAX
phases can be classified into two types, i.e., out-of-plane (0-MAX) and in-plane (i-MAX)
ordered MAX phases. Lui and co-workers [39] were the first to discover (M', M'"sAC; (312)
0-MAX phase by substituting Ti with Cr in Cr2TiAIC,. The crystal structure, symmetry, and
stacking of the CroTiAIC; quaternary phase were the same as that of M3AX: (312) phases. The
general formula that describes o-MAX is (M', M'")4:1ACh. In the 0-MAX phases, one M' layer
is sandwiched in between two M'" layers in all M-X blocks. Fig. 1.3 demonstrates the chemical
order in (M', M'")sAX; and (M', M'")4AX35 0-MAX phases. In (M', M'"3AX2 0-MAX phase, M!
element is present at 4f Wyckoff site and M" element (substituent) resides at 2a Wyckoff site.
However, M' and M'" elements in (M', M')2AX3 0-MAX phases are positioned at two 4e and
two 4f Wyckoff sites, respectively. The origin of the 0-MAX phases is associated with the
interference of the M'" element that disturbs the stacking of the M' element. The substituent
(M") breaks the stacking of M' elements, where the rock salt structure is missing and restrict
center layer occupation. Meshkian and co-workers [40] used rare earth (RE) elements as a
substitute in MAX phases. They synthesized Mo2ScAIC, 0-MAX phase through pressureless
sintering at 1700 °C. However, very few MAX phases with substituted RE elements have been
synthesized. The i-MAX phases (In-plane ordered) possess general formula (M'23, M''1/3)ACs
and the ratio of M': M!! = 2:1. In these phases, the M'' atoms are encapsulated in the hexagonal
sequence of M' atoms (Fig. 1.3). Tao and co-workers [41] were the first to report
(Mo2/3Sc13)AIC, in-plane MAX phase in 2017. In i-MAX phases, A site atoms possess
Kagome lattice-like arrangement. These phases can crystalize in the Cmcm orthorhombic or
C2/c monoclinic structures. The M' and M'! atoms reside in the 8f Wycoff site as i-MAX phases
crystallize in the C2/c space group. However, A-site atoms acquire partial 4e and 8f Wyckoff
sites and X-site atoms partially acquire 4d and 8f. When the i-MAX phase crystallizes in the
Cmcm space group, the M' and M' atoms occupy 16h and 8f sites, respectively. While A-site
atoms acquire 8g and 4c and X-site atoms acquire 4b and 8e Wycoff sites.
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1.3.4. Intergrown MAX phases

Intergrown MAX phases are the combination of two lower integer n value MAX phases.
For example, 523 MAX phases comprised of 211 and 312 MAX phases. Palmquist and co-
workers [42] were the first to recognize intergrown phases. In intergrown MAX phase, the
stacking repeats thrice in the unit cells and the value of c-axis is nearly three times higher than
two lower integer n value MAX phases. This also results in failure of P63/mmc space group
symmetry. In 2011, Scabarozi et al. [43] prepare Ti7Si>Cs thin film, where combination of 312
and 413 was observed.
1.4.  Properties of MAX phases

The main motivation behind the emergent MAX phases is because of their exceptional
properties. In this section, the electrical, magnetic, tribological, and corrosion properties of
these nano-laminated compounds are discussed.
1.4.1. Electrical properties

MAX phases are metal-like electrical conductors with very less resistivity at room
temperature. Even Ti3SiCz and TizAIC> are superior conductors in comparison with Ti metal.
The electrical properties of the MAX phases are abstemiously anisotropic because of the
difference in the conductivity along the c-axis and a-axis [44]. Some MAX phases (Cr2AlIC and
V>AIC) exhibited higher anisotropy in electrical properties [45]. The resistivity significantly
varies with the choice of M element in comparison with A and X elements [46]. A linear
increment in the resistivity of MAX phases is observed with a temperature rise. The resistivity
also significantly depends on the purity, substitution, synthesis procedure, and crystallinity
[47]. The presence of lattice defects and impurities at room temperature results in residual
resistivity, which is temperature independent. Higher the ratio of residual resistivity (RRR)
signifies that defects or impurities are very few in a crystalline material [48].

Typically, the electrical charge transfer capability of a material is characterized by the
Hall Effect, the Seebeck Effect, and magnetoresistance (MR) measurements. MAX phases
possess a small value of Hall constant (Rn), which is less susceptible to the temperature. The
lowest positive value of Ry was observed with TisAIN3 where hole carriers were mainly
responsible for electrical conductivity [49]. The Hall constant (Rr) value of the TisSiC, MAX
phase strongly depends on temperature below 100K [50]. As the temperature is raised, the
dependency of Ry on temperature decreased for the TisSiC, MAX phase. At higher
temperatures, the mobility of free electrons is restricted owing to the mobilization of metal
ions. The Seebeck coefficient (S) or thermoelectric power values were low in the MAX phases

[47]. These studies concluded that the density of electrons and holes remains identical in most
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of the MAX phases. Furthermore, the mobility of the charge carriers in the MAX phases was
determined by measuring the magnetoresistance (MR). Scabarozi and co-workers [51] found
that the magnetoresistance coefficient (a) for different phases of Ti.GeC is positive. The thin
films of Ti2GeC have a higher magnetoresistance coefficient (o) compared to the bulk. Apart
from the above electrical properties, MAX phases also showed superconductivity. Mo.GaC
was the first to be recognized as a superconductor and showed a superconductivity transition
at 4.1 K [52]. The reason behind superconductivity in MAX phases might be associated with
the populated A layers [53]. It is expected that the T could be further improved with doping or
substitution in the MAX phases.
1.4.2. Magnetic properties

Several magnetic MAX phases have been theoretically predicted, but surprisingly few
were synthesized [54]. Most of the magnetic MAX phases were synthesized in the form of thin
films [55]. The bulk synthesis of magnetic MAX phases is challenging job and requires new
synthesis strategies. To date, comprehensive knowledge related to the magnetic behavior of
MAX phases is rare in literature. The unique mechanical properties of MAX phases open new
gateways to support or enhance their magnetic properties. The first theoretical magnetic MAX
phase (Cr2AIC) was thought to exhibit a metastable ferromagnetic configuration [56]. The
reason behind ferromagnetic ordering is associated with non-trivial blunders in the
calculations. Later, the theoretical model was revised and the antiferromagnetic (AFM)
ordering was found to be effective [57]. Unfortunately, both the predictions were not
appropriate for the experimental studies. Jaouen and coworkers [58] were the first to evaluate
magnetic properties of the CroAIC MAX phase. The average magnetic moment (0.002 g per
Cr atom) experimentally observed in CroAIC MAX phase was way less than the prediction (0.9
us per Cr atom).
1.4.3. Tribological properties

MAX phases possess superior mechanical properties that include excellent damage
tolerability, ease to machine, and offers high resistance towards thermal shocks. The Vickers
hardness of MAX phases lies in between 2-8 GPa. Some MAX phases exhibit a ductile to brittle
transition at a temperature above 1000 °C [59]. The nanolaminated structure of MAX phases
makes them a suitable candidate as lubricants. These extraordinary properties have shown the
application of the MAX phases in the field of tribology. EI-Raghy and co-workers [60] studied
the tribological behavior of the TisSiC2 MAX phase. They used the pin-on-disc method to
measure the coefficient of friction () and wear rate (WR). It was found that the friction

coefficient values linearly increased from 0.15 — 0.4 and then stabilized to 0.8 for fine and
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coarse TizSiC,. Whereas a high average sliding wear rate was observed for fine (1.34x1072
mm3/Nm) and course (4.25x10~2 mm?3/Nm) TisSiC.. Afterward, various test methods such as
oscillating pin-on-disc, ball-on-disc, tab-on-disk, and block-on-disk were used to investigate
the tribological properties of the TizsSiC, MAX phase [61].
1.4.4. Corrosion resistance

The corrosion resistance of many MAX phases has been investigated in acidic as well
as basic mediums. Barsoum and his colleagues [62—66] studied the corrosion resistance of
Ti2AIC, (Ti,Nb)2AIC, VL,AIC, V.GeC, CrAlC, TiAIN, TisAINz, TisSiCz and TizGeC2 MAX
phases. These studies indicated that Ti-based MAX phases were more susceptible to
passivation. A decent corrosion resistance observed in MAX phases is related to the distance
between A-layer and M-X layers. Among these MAX phases, TisSiC. demonstrated superior
corrosion resistance even better than pure Ti. The formation of a SiO2-based layer was the
major reason behind corrosion-resistant of TisSiC2. Zhu and co-workers [67] compared the
electrochemical corrosion behavior of TisSiC2 with commercially pure Ti. During the anodic
oxidation of TisSiC; surfaces, the corrosion behavior of TizSiC2 MAX phase was found to be
superior as compared to Ti [64]. The higher corrosion resistance of TisSiC> is due to the
formation of a thin layer of SiO> that passivate the surface from further corrosion. However,
under the conditions of the industrial electrolysis of HCI the passivation ability of Ti is found
to be higher than TisSiCa. The higher passivation ability results in better corrosion resistance.
The reason behind weaker passivation ability is associated with the layered structure of TisSiC:
MAX phase and distance between chemical bonds of Ti—C and Ti-Si. The weakly bonded Si
and Ti-C layer promoted outward diffusion of Si and resulted in further decomposition of the
TisSiC2 MAX phase. Consequently, a massive amount of Si and Ti was dissolved in the
solution with increasing polarization potential. The efficacy of the passivating layer was
reduced due to the inhomogeneous diffusion of Si and Ti. However, Ti atoms diffuse
homogenously, as a result, passivating ability is enhanced. Recently, the corrosion behavior of
Al/Ti3SiC, composite coating on carbon steel was also studied [68,69]. Increasing the content
of Ti3SiCz in Al coating increased the corrosion resistance. A substantial increase of 34% in
corrosion resistance was observed when 15 % of TisSiCz was added to the Al matrix. Therefore,
the addition of TisSiC> enhanced the durability of the Al coatings on the carbon steels. This
coating is highly promising to use carbon steels in the Marine industries.
1.5.  Applications of MAX phases

The MAX phases are promising materials for several applications. The potential

application of MAX phases in different fields are discussed in detail:
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1.5.1. Higher temperature applications

MAX phases possess excellent wear and oxidation resistance even at elevated
temperature. The heating element made of MAX phase possesses stable resistance, versatile
and applicable for higher temperatures upto 1400 °C in both inert (argon, nitrogen) and non-
inert (air, oxygen) atmospheres [70]. MAX phases are also used to develop foil bearing that
can be operatable upto 550 °C. The superior higher temperature properties of MAX phases also
make it suitable to replace metallic alloy-based nozzles in gas burner.
1.5.2. Electrical contacts

MAX phases have shown good electrical conductivity alongwith excellent tribological
properties and reasonable mechanical properties. This blend of properties is appropriate for a
conductive material used in spark plugs and other parts of an engine [70]. At present, MAX
phases are also used to develop pantographs for high-speed electric train in China. In addition,
TisSiC2 MAX phase is also found suitable for electric contacts with SiC based electronic
devices.
1.5.3. Nuclear industry

There are few titanium-based MAX phases that offers good damage resistance against
radiation. These MAX phases are applicable to enhance the tolerance of Zircaloy tubes to hold
the fuel [71]. In this case, MAX phases are sprayed over the Zircaloy tube. This makes Zircaloy
tubes more resistant to Pb (lead) or Pb-based alloys.
1.5.4. Aerospace

The coatings of MAX phases can be used to protect the surfaces of the engine
components used in the aircrafts [71].
1.5.5. Biomedical

Many researchers have reported biomedical application of TisSiC, MAX phase [72].
They found TisSiC,-hydroxyapatite composite suitable to repair or replace bones. Gao and co-
workers [73] suggested TisSiC> as a biocompatible material.
1.5.6. MAX phases for Catalysis

MAX phases have also shown potential for catalytic applications. Kumar and co-
workers [74] investigated the electrocatalytic activity of various MAX phases including
Ti2AIC, Ta2AIC, Ti2SnC, TisSiCz, V2AIC, M0o2TIAIC,, and Cr2AIC. The study suggested that
Mo, TiAIC2 MAX phase demonstrated better catalytic activity for hydrogen evolution reaction
in comparison to other un-doped MAX phases.
1.6. Cr2AIC, V2AIC and TisAlC2 MAX phases
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CrAlC, VLAIC and TisAlC2 MAX phases are extensively studied due to their unusual
electrical, magnetic and elastic properties. Among these phases, Cr,AlIC possess better
oxidation and corrosion resistance. Sun and co-workers [75] conducted theoretical studies on
the elastic properties of the five M>AIC phases (M: V, Cr, Ta, Ti, Nb). They suggested that the
Cr2AlC phase exhibits the highest Bulk Modulus, the Shear Modulus and the Young's Modulus
among the VLAIC, Ta2AlC, Ti>AIC and Nb2AIC phases [75]. Recently, Pei and co-workers
[76] testified that the CroAlIC possesses a self-crack healing property at elevated temperatures.
In addition, CroAIC MAX phase emerges as a potential candidate for concentrated solar power
(CSP) applications. Sarwar et al. [77] studied the thermal performance, flux transmission
performance and optical properties of CroAIC and Ti2AIC MAX phases. They suggested that
CroAlC is a better solar receiver as compared to Ti2AIC. In addition, Cr.AIC and V2AIC phases
have shown significant potential for magnetic applications in comparison to other MAX phases
[78]. The magnetic properties of these phases can be further improved with the substitution or
doping. The isothermal oxidation kinetics of Cr.AIC, V,AIC and TisAlC2 MAX phases have
been investigated because of the ease of the theoretical interpretation of the data [79-81]. All
these unique properties of the CroAIC, V2AIC and TisAlC, depends on the phase purity. These
phases have been synthesized in bulk as well as thin films by adopting different synthesis
protocols. The advancement in the synthesis protocols and oxidation resistance of these MAX

phases are discussed in the next chapter.
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CHAPTER 2
LITERATURE REVIEW

Overview

The exceptional properties of the MAX phases have drawn significant attention by the
scientific society. Many efforts are carried out to expand the MAX phase family for which
synthesis protocols are crucial. The appropriate selection of synthesis protocol also holds the
key to hunt many theoretically predicted MAX phases. Several synthesis protocols have been
followed to prepare MAX phases. Moreover, MAX phases are eminently applicable for higher
temperature applications owing to its superior oxidation resistance. In this chapter, an overview
is provided to widen the access of synthesis protocols to produce high-purity MAX phases in
bulk, thick and thin films with desired property. The focus is also given to address the oxidation

resistance of various MAX phases.
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In the previous chapter, details about the MAX phases, their classification, properties
and applications have been reviewed and presented systematically. It is realized that the
synthesis and thermal stability of the MAX phases are crucial parameters. Considering these
aspects, the details of the synthesis protocols and thermal properties of different MAX phases
are reviewed with aim to search the existing literature gap and also plan to the research work
to be carried for the award of the Ph.D. degree.

2.1.  Synthesis Protocols of the MAX phases

Numerous efforts have been made to develop suitable synthesis route to obtain single
phase of MAX phases. There are several review articles (Table 2.1) published to address
various synthesis protocols, chemical diversity, and properties of bulk as well as thin-film
MAX phases. Such expansion in research activity is helpful for the development of novel MAX
phases with superior properties. Different procedures have been adopted to get high purity
MAX phases. The basic aim of employing different procedures is to improve the purity of the
MAX phases. These include pressure-less sintering (PS), reactive hot pressing (HP), hot
isostatic pressing (HIP), pulse discharge sintering (PDS), spark plasma sintering (SPS), molten
salt method and arc melting. Moreover, thin and thick films of MAX phases are also prepared
by chemical vapor deposition (CVD) and physical vapor deposition (PVD) techniques. In this
section, synthesis of bulk and films of the MAX phases are reviewed.

2.1.1. Bulk synthesis of MAX phases

In general, synthesis of bulk MAX phase comprises of two processing steps, viz.,
shaping and sintering. For it the starting materials are milled and converted into desired shapes
through various shaping processes (uniaxial pressing, cold isostatic pressing, extrusion etc.).
After this, the shaped samples are sintered to obtain dense and strong component. There are
some methods that combine these two steps into one step such as HP, HIP and SPS. The early
synthesis of MAX phases began in 1960s, when Nowotny and coworkers [1-4] synthesized 30
Hagg phases and some relevant compounds like TisSiC> and TisGeCz along with impurity
phases. TisSiC, compound was synthesized through heat treatment of sealed precursors in a
graphite capsule at 2000 °C. A series of work on the synthesis of TisSiC, was reported by Lis
and co-workers [5-7]. They employed combustion synthesis method and thereafter combined
combustion method with HIP to obtain dense Ti3SiC>. The combustion synthesis method is
rapid but results into formation of impure phases. Consequently, the early attempts failed to
obtain pure TisSiC2 MAX phases and unwanted phases were observed in all the cases. Later,
Barsoum and El-Raghy [8] synthesized bulk Ti3SiC2 by employing HP route at 1600 °C for 4

h with applied load of 40 MPa. They investigated mechanical, electrical and thermal properties
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of the prepared TizSiC2, MAX phase. The results revealed that the compressive strength of the
material was 600 MPa, at room temperature. The prepared TisSiC, sample showed plastic
deformation at higher temperature.

Table 2.1 List of recent review articles published in last five years.

S.No. Focus/ Outlook Year Reference

1. — The review compared spark plasma sintering (SPS) with other 2020 [9]
synthesis methods of MAX-phases.

— The impact of different sintering techniques on the mechanical
behavior of the MAX phases is addressed.

2. — The review covered all synthesis protocol employed for the 2020 [10]
synthesis of MAX phases.

— Anoverview is provided to widen the access of synthesis routes
to produce high-purity MAX phases with desired property.

3. —  The review is focused on the variety of structural defects with 2020 [11]
different dimension in MAX phases.

—  The relationship between defects and properties of the MAX
phases have been discussed.

4. — The prime objective of the review is to present the chemical 2019 [12]
diversity of the MAX phases.

—  The conclusions are drawn related to the possibilities of hunting
novel MAX phases.

S. —  Thereview discussed variety of parameters that plays crucial role 2019 [13]
during thermal decomposition kinetics of Ti-based MAX phases.

6. — The review highlighted the chemical bonding and electronic 2017 [14]
structure in MAX phases through X-ray spectroscopy and DFT
(density functional theory).

— A comparison is provided on the trend and relationship between
the properties of the MAX phases to the parent binary MX
phases.

7. — The review discussed the synthesis and properties of MAX 2017 [15]
phases and their derivatives from a thin film perspective.

8. — The review summarized the toughening mechanisms in MAX 2017 [16]
phases and their composites.

—  Various ways to improve the toughening of MAX phases have
been discussed.

9. — The review is focused on the DFT studies conducted on MAX 2017 [17]
phases, including crystal structure, electronic structure, point
defects, lattice dynamics, and related properties, phase stability,
compressibility, and elastic properties.

10.  — The review presented the experimental and theoretical work on 2016 [18]
the magnetic MAX phases.

— It also summaries the magnetic properties of MAX phases that
can be tuned with substitution or doping.
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Afterwards, many MAX phases (TisAINs, TisGeCz, Ti2AIC, Ti:AIN, Ti2GeC, V,AIC,
Ta,AIC and Nb2AIC) were reported by Barsoum and co-workers by following reactive hot
pressing (HP) and hot isostatic pressing (HIP) synthesis routes [19,20]. In addition, reactive
hot isostatic pressing (HIP) technique was employed to prepare TisAIC, MAX phase [21]. The
results showed 4 vol% secondary phases (mostly Al.Oz) at a pressure of 70MPa and a
temperature of 1400 °C for 16 h. They observed that this compound is isostructural as
compared to TisSiC,. The obtained TisAIC2 MAX phase was relatively soft, elastically stiff
and easily machinable. The failure due to compression of TisAlIC, was somehow plastic. This
revealed that MAX phase compounds are promising nominee for structural applications at both
room and elevated temperatures. In order to hunt more suitable routes, many research groups
tried and compared different synthesis method to obtain pure and highly dense MAX phases.
Wang and Zhou [22] compared two synthesis routes i.e. solid-liquid reaction and HP to
fabricate a dense polycrystalline TisAIC2 MAX phase. In this work, the MAX phase
synthesized from simultaneous in-situ hot pressing process resulted into dense TisAlC2; MAX
phase. While in solid-liquid reaction, the milled starting materials were placed in Differential
Thermal Analyser (DTA) and the reaction path was investigated. They proposed the reaction
path for the formation of TisAIC from Ti, Al and graphite as follows: Firstly, Al powders were
melted at around 660 °C; then, Ti—Al intermetallics were formed. Simultaneously, the Ti
particles got embedded inside the molten aluminum at 740 °C. After that, the carbon diffusion
in the Ti-Al intermetallics at higher temperature led to the formation of carbides Ti>AIC,
TisAIC2 and TiC. Finally, at 1420 °C TisAlC2 MAX phase was obtained from the reactions
between carbides and unreacted carbon. Furthermore, mechanically activated self-propagating
high temperature synthesis (MASHS) route was also tested to obtain Ti>AIC and TizAlIC> [23].
The synthesis method combines short time milling process with a self-sustaining combustion
(SHS). The presence of TiC was found as impurity, even after taking exact stoichiometry of
starting compounds. The results revealed that the SHS method is suitable for MAX phase
synthesis because of short processing time that prevented TiCy saturation with C and Al. At
elevated temperatures, the SHS method was not found advantageous for the MAX phase
synthesis. The reactivity increased by milling process due to which the formation of MAX
phase delayed. The researchers also tested to get novel Mn+1AX, phases with higher n value by
heat treating prepared 211 phases or the lower n value phases. NbsAIC3s MAX phase was firstly
synthesized by Hu et al. [24] through annealing of bulk NbAIC at 1700 °C. It was found that
the crystal structure of NbsAICs was similar as that of TizAlINs. They also reported that the
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NbsAIC3 ceramic has superior anisotropic mechanical properties and exhibit quasi-plasticity
[25].

The major issue that arises in the synthesis of bulk MAX phases is the densification.
To overcome the issue, pulse discharge sintering (PDS) or spark plasma sintering (SPS) was
introduced. Through SPS method, highly dense and rapid sintering of ceramics can be
achieved. In this method, rapid sintering of the samples is carried out in a graphite die. The
heating is performed by applying direct current (DC) with electrodes connected at the top and
bottom of the graphite die. Zhang et al. [26] synthesized of bulk TisSiC2 MAX phase at 1200°—
1400 °C through SPS method. The TisSiC, was obtained with <5 wt% TiC, which was due to
the pure starting materials of Ti and Si. The sintering influenced the synthesis of the MAX
phase and high purity (> 97 wt%) Ti>SiC was successfully obtained even at lower temperatures
as compared to HIP. They also compared the synthesis of bulk TisSiC, by varying starting
mixture such as Ti/Si/C, Ti/SIiC/C and Ti/Si/TiC. The comparison revealed that the pure
TisSiC was fabricated with Ti/Si/TiC mixture at relatively lower temperature with the help of
SPS, as compared to other mixtures. Among all these efforts, mainly single phase and dense
TisSiC2 MAX phase was obtained. Afterwards, SPS method was also used to synthesis other
MAX phases [27-31]. Besides of all these advantages, HP, HIP and SPS methods cannot be
practically used for the large-scale production of MAX phases. In this context, pressureless
sintering (PS) method is economical and offers ease of fabrication. The downside of this
method is associated with the presence of high content unwanted phases. To overcome these
flaws, PS method is combined with HP, HIP and SPS to enhance the densification of MAX
phases.
2.1.2. Thin and thick films of MAX phases

In the early days, TisSiC> thin films were prepared through chemical vapor deposition
(CVD) synthesis method. In the first report, thin film of TisSiC, was deposited with a help of
gas mixture TiCls, SiCls, CCls and H [32]. Afterwards, efforts have been made to establish an
optimum condition to obtain pure film of MAX phase. Basically, to synthesize MAX phase
thin film through CVD technique required higher temperatures 1000 to 1300 °C. The resulting
thin films were impure may be due to the higher decomposition temperature and the presence
of unwanted phases on the surfaces. Interestingly, CVD technique shows that thin films of
MAX phases can be obtained through simultaneous deposition of all elements as well as a
reaction between solid and gas phases. This reaction termed as reactive CVD, which was used
to produce MAX phase films [33—-35]. To prepare TizSiCo thin films through reactive CVD, a
thin film of SiC is firstly deposited followed by deposition of TiCls/H> pulse. The formation of
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TisSiC2 occurred due the reaction of the gas with SiC. Besides all these efforts, thin film
obtained through CVD contains unwanted phases. Consequently, the CVD method was not
considered as an appropriate method for the development of MAX phases thin films.
Predominantly single-phase thin film of MAX phase can be prepared through the physical
vapor deposition (PVD) technique. Most of the thin films of the MAX phases are synthesized
by sputtering techniques. The first thin film of MAX phases was demonstrated by Seppanen et
al. [36] and Palmquist et al. [37] through magnetron sputtering technique. They successfully
prepared thin film of TisSiC2 MAX phase. An epitaxial c-axis oriented thin films of Nb2AIC
(211) MAX phase was synthesized by Scabarozi et al. [66] via magneto sputtering. The results
showed the growth of a secondary phase NbsAl3Cx with a- and c-axis lattice constants of 7.746
Aand 5.246 A, respectively. However, NbsAlsCx compound was not observed in bulk synthesis
of Nb2AIC. A single crystal thin films of Ge-based MAX phases (Ti.GeC, TisGeC> and
TisGeC3) was also synthesized by employing the same technique [44]. New phases TisGe2Cs
and TizGe2Cs were obtained when Ti-Ge-C system was deposited on (0001) Al,O3at 1000 °C.
Later, thin films of other MAX phases were prepared by adopting similar method. However,
most of MAX phases thin films were processed at substrate temperatures in the range 800—
1000 °C. This restricts the use of substrates that are sensitive to higher temperatures.
Furthermore, few MAX phases thin films (CroAIC [67] and V2GeC [68]) has been synthesized
at lower temperature at 450 °C with magneto-sputtering technique. The prime challenge is to
reduce the deposition temperature in PVD technique for the synthesis of thin films. In this
context, recent approaches such as cathodic arc deposition and pulsed laser deposition (PLD)
emerged as promising route for the synthesis of thin films at lower temperatures. Mockut and
co-workers [69] synthesized (Cri-x Mny)2AIC through cathodic arc deposition at 600 °C. The
Epitaxial (000n)-oriented (Crix Mny)2AIC showed a magnetic response for highest
incorporation Mn (10 at%) above room temperature. Consequently, they verified theoretical
prediction of an antiferromagnetic or ferromagnetic ground state for CroAIC upon alloying with
Mn. Recently, thin film of TisAIN3 has been synthesized at lower temperature ~ 450 °C by
using the same technique [70]. However, use of the cathodic arc deposition technique to
synthesis MAX phase thin film is scarce in literature.

Furthermore, PLD techniques offers capability to handle complex stoichiometries in
comparison with other PVD techniques. In other words, exact stoichiometric transfer can be
achieved with a single target and highly dense film is obtained. PLD technique require more
energy in comparison with other PVD techniques. As a result, processing temperature might

reduce during deposition. Many researchers failed to prepare thin film of pure MAX phase via

Page 24 | 146



Chapter 2 Literature Review

PLD method [71-75]. Lange et al. [76] attempted to synthesize Cr.AIC MAX phase by using
a pre-synthesized Cr2AIC target. However, variation in the composition was observed in the
prepared films. The thin film of Ti2AIC was synthesized on the single substrate made of Ti-
6AIl-4V alloy by using Nd:YAG laser [77]. Recently, Biswas and co-workers [78] successfully
developed TisAIC film through PVD technique. They observed that the film was highly
oriented along axis (103). Thin film of TisAIC, with 2 nm thickness possesses high
conductivity and optical transparency. These films demonstrated TENG-based biomechanical
touch sense ability. According to the literature survey, the synthesis of the pure MAX phase is
challenging, and many compounds of the family require processing breakthroughs.

2.2.  Chemical versatility of MAX phases

MAX phases comprise M (transition metals), A (metals) and X (carbon or nitrogen)
elements. In the periodic table, there are 24 M elements, 19 A elements, and 2 X elements. The
chemical versatility of MAX phases possesses several permutations and combinations [79].
The substitution or doping further extends the possibilities of newer MAX phases. Table 2.2
list all the MAX phases prepared to date without substitution or doping. Moreover, there are
three sites in MAX phases for substitution or doping. Therefore, solid solutions can be formed
either at M, A, X, or a combination. This brings new opportunities to design and fabricate MAX
phases for a specific application. Schuster and co-workers [65,80] were first to attempt the
synthesis of MAX phases solid solutions. After the renewed interest in MAX phases, the
previously prepared solid solutions were further optimized. Table 2.3 — 2.5 list all the MAX
phases with substitution at a single site or multiple sites. The properties of the MAX phases
changes with the substitution such as addition of Mn and Fe at M site brought magnetic
properties in (Cr,Mn).AIC [81], (Cr,Mn).GeC [82], (Cr,Mn).GaC [83], (Cr,Fe).AlC [81],
(Mo,Mn).GaC [84], (V,Mn)2AIC [85], and (V,Mn)3GaC: [86]. Magnetic MAX phases are also
reported with substitution of Fe, Co, Ni, Mn at A site [87]. The substitution of Cu at A site
results in the change of MAX phases symmetry to the monoclinic C2/c space group [88].
Horlaits and co-worker [89] prepared Bi-containing Zrz2(Al1xBix)C (0 > x < 1) MAX phases.
They successfully synthesized Zr(Al1-0.42Bios8)C at 1350°C with pressure-less sintering, as it
was the only stable composition in the Zr-Al-Bi-C system. Interestingly, the substitution of Bi,
Cu, and Au at the A site results in the development of novel MAX phases.

Additionally, ordered MAX phases have been discovered with M site substitution. The
ordered MAX phases can be classified into two types, i.e., out-of-plane (0-MAX) and in-plane
(i-MAX) ordered MAX phases. Table 2.6 presents ordered MAX phases synthesized to date.
Lui and co-workers [90] were the first to discover (M', M"sAC, (312) 0-MAX phase by
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substituting Ti with Cr in Cr2TiAIC,. Initially, they synthesized the Cr,AIC MAX phase by
using the hot pressing (HP) technique. Thereafter, CroAlIC was mixed with TiC in 1:1 and
pressureless sintering (PS) was performed at 1500 °C in an argon atmosphere. The crystal
structure, symmetry, and stacking of the Cr.TiAIC quaternary phase were the same as that of
M3AX; phases. The general formula that describes 0o-MAX is (M', M")n+1ACh.

Table 2.2 List of MAX phases prepared till date without substitution or doping.

Without substitution or doping

TMs 211 312 413 t."r%r;err
Ti  TiAIC Ti,GaC? TiAAIC®  TisSiC2  TisSiCaBY  TisAINs D Ti,SnCel!
Ti,ZnCH  Ti,SnC? TisGaC#  TisGeCr  TisGaCs*d  Ti,GeCs
Ti,GeC? Ti;TIC? TisZnC*4  TisInC,*l
TiInC? Ti,PbC? TisSNC48  TisAuC, 47
Ti,CdC®  Ti,SC? TislrCo7

TiAIN? Ti,GaNkel
Ti,ZnNM42 TizlnN?
Ti,AuNM
Cr  CrAlC? Cr,GeC?
Cr,GaC? Cr,GaN el
Vv VoAIC? V,PC? V4AIC;P
V,GeC? V,AsC?
V,GaC? V,GaN[M 8l
V,SnCBH V,ZnCl
Mn  Mn,GaCP

Zr  ZrAICE  7r,SC? ZrAICBPY  ZrSnCyl8l
ZrInC? ZralnN?
Zr,SnC? ZrPbC?
Zr,TIC? ZrTIN?
Nb  NbAIC? Nb,GeC5! NbsAIC;?4

Nb2AsC? NbzInC?
Nb2SnC? Nb>CuC
Nb,GaC? Nb,SC?

Nb,PC? Nb,CuC®6]
Mo  Mo,GaC? Mo,AuCk
Hf HfzSCa Hf2|ﬂc[58] Hf38ﬂC2[28] Hf3A|C2[59]

Hf,SnC? Hf,SnNIEO]
Hf,PbC? Hf,AIC?
Ta TaAlC? Ta,GaC? TazAIC,1*H TaAIC1  Ta,GaCs*l  TasAlICsHE!
Lu  LuSnCIs3d
TMs = Transition Metals. 2Early MAX phases discovered by Nowotny and co-workers [64,65].
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Table 2.3 List of MAX phases prepared till date with M-site substitution or doping.

M-site substitution

TMs
211 312 413 Higher Order
T (TinNDRAICH  (TiosVos)AIC™ (TiosNbo )sAIC
(TizxTay)AlCE
(TizxVy)-AICHE4
(Ti,Zr)2InCl®2
(Ti,Hf)2InCle!
(TirxMoy)AIC4
V. (MogsMnoas)2AICEST  (V1,Cr)sAICET  (VosCros)sAlCsE"] (V05Cros)sAl,C4*")
Cr (CrixMny),GeCF (CrixTi)sAIC, (CrsjgTisg)sAlC3M0]
(CrixV,).GeCl®
(CrixFey).GeClto
(CrixTiy)2GeCl200
(CrosMnos)2AuCiol]
(CrosMngs),GaCltot
(CrixFey).AlCEY
(CrixMny),AlCIEU
(CrixVy),AICI02
(CrixTiy)2AlC[03]
Zr (Zr1Nby),AICE! (ZrixTi)sAICHET  (Zr1Nby)sAIC,HT]
Nb  (NbixZry)AlCE] (NbosVos)sAIC5%!
(Nbz_xVy)AICH (NbogTio.2)sAIC110]
(Nb2:3Scy/3)2AICHE (NDo 5Zr0.2)sAlC4l110)
(NbogTio1)sAlCs1Y
(Nbo.9Zro.1)4AICs1H
(NbogHfo.1)sAIC,MY
(NbogVo.1)sAICsH
(NbogTao.1)sAlCsM!
Mo MosVAIC,112
Ta (TarxHE)AIC,I

(Tal,xN bx)4A| C3[113]

TMs = Transition Metals.

In the 0-MAX phases, one M' layer is sandwiched in between two M'" layers in all M-

X blocks. Vanadium (V) was also used as a substituent to prepare Cr.VAIC, (312) and

Cr2V2AIC, (413) 0-MAX phases through a single step pressureless sintering route [102]. In

Cr2VAIC,, the layers of V are fully ordered and 25% V atoms were found in the center of Cr
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layers. However, 30 % and 75 % V atoms were confined in the inner of Cr and V layers in
Cr2V2AIC,, respectively. Moreover, C vacancies were substantial in CraVAIC, and CraV2AIC,
0-MAX phases. These vacancies were considered aiding in upholding the structure of the MAX
phase. In 2015, Ti act as a substituent in Mo2TIAIC, and Mo2Ti2AlC2 0-MAX phases by a
pressureless sintering route at 1600 °C [114]. In the Mo2TiAIC; phase, 25 % of Ti atoms were
present in the center of Mo layers, while 100 % of Ti atoms were present in Ti layers. While
in Mo2Ti2AIC,, 23% and 14% Ti atoms were occupied by the inner of Mo and Si layers,
respectively. The ratio of M atoms occupied outside the M' layer was increased from 2 to 3
with an increase in integer value (n). In other words, the total number of My, layers were higher
in 312 in comparison with 413. In (M', M""3AX; 0-MAX phase, M' element is present at 4f
Wyckoff site and M"" element (substituent) resides at 2a Wyckoff site. However, M' and M"
elements in (M', M'")4AX3 0-MAX phases are positioned at two 4e and two 4f Wyckoff sites,
respectively. The origin of the 0-MAX phases is associated with the interference of the M"
element that disturbs the stacking of the M'element. The substituent (M") breaks the stacking
of M! elements, where the rock salt structure is missing and restrict center layer occupation.
Meshkian and co-workers [115] used rare earth (RE) elements as a substitute in MAX phases.
They synthesized Mo2ScAIC, 0-MAX phase through pressureless sintering at 1700 °C.
However, very few MAX phases substituted with RE elements have been synthesized.
Furthermore, 0-MAX phases gained more attention not entirely due to their unique structure
but also in bringing alternative opportunities for the synthesis of MXenes. For example, the
synthesis of Cr-based MXenes from CrsAlC; is not feasible but with the substitution of Ti,
Cr,TiAIC, 0-MAX phase has been synthesized [116]. The etching of (Cr23Ti13)sAlIC2 0-MAX
phase results in the formation of 2D MXenes flake.

The i-MAX phases (In-plane ordered) possess general formula (M'zs, M''13)AC3 and
the ratio of M': M!! = 2: 1. In these phases, the M' atoms are encapsulated in the hexagonal
sequence of M' atoms. Tao and co-workers [117] were the first to report (MozsScus)AlC; in-
plane MAX phase in 2017. They calcined the elemental mixture of Mo, Sc, Al, and C at 1500°C
for 20 hr in an argon atmosphere. In i-MAX phases, A site atoms possess Kagome lattice-like
arrangement. These phases can crystalize in the Cmcm orthorhombic or C2/c monoclinic
structures. The M' and M" atoms reside in the 8f Wycoff site as i-MAX phases crystallize in
the C2/c space group. However, A-site atoms acquire partial 4e and 8f Wyckoff sites and X-
site atoms partially acquire 4d and 8f. When the i-MAX phase crystallizes in the Cmcm space
group, the M'and M" atoms occupy 16h and 8f sites, respectively. While A-site atoms acquire

8g and 4c and X-site atoms acquire 4b and 8e Wycoff sites. Afterward, the Dahlqvist group
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[118] discovered four new i-MAX phases i.e., (V23Zriz)2AIC, (Mo23Y13)2AIC,
(Mo23Y13)2GaC, and (Mo23Sc13)2GaC. The Ga-based i-MAX phases were synthesized by
mixing elemental powders of Mo, Sc, or Y and C with shots of Ga in a molar ratio of 4:2:3:3
[119]. The mixture was heat-treated in the presence of an argon atmosphere. Later, Sc and Y
rare earth (RE) elements were also used to synthesize W-based i-MAX phases, i.e.,
(W2/3Sc13)2AIC and (W23Y 113)2AIC [120]. The swift expansion in the chemical diversity with
the discovery of i-MAX phases attracted the scientific community, and many new i-MAX
phases have been developed. Lu and colleagues [121] also used RE elements and synthesized
Cr-based MAX phases. They observed that (Crz3Scu3)2AlC and (Crz3Y 13)2AIC i-MAX phases
crystalize in the C2/c monoclinic structure and Cmcm orthorhombic structure, respectively. It
was interesting to note that (Crz3Scy3)2AIC phases possess C2/c symmetry in majority and
Cmcm in minority. However, the reverse was observed in (Crz3Y13)2AIC i-MAX phase. The
DFT studies also suggested both the symmetry have similar energy and Sc elements form in-
plane ordered MAX phases. However, the discovery of (Nbz3Scy3)2AIC MAX phase was
disordered [122]. Consequently, it is not always required that the substitution of Sc and Y
elements results in the formation of i-MAX phases. Recently, two new phases have been
included to the list of i-MAX phases such as (V2:3Zr13)2AIC and (Crz3Zrys)2AlC [123].

Table 2.4 List of MAX phases prepared till date with A-site and X-site substitution or doping.

A-site substitution X-site substitution
211 312 211 312
Ti3(G€17xSix)C2[124]
Ti3(Siy xPdx)Co1*%
Ti Ti2(Alg1Cup g)CPe! Tis(Al1xSn)Co1?1  TiAl(CxN 1)1 TisAl(CosNo.5)2t*2
Ti3(A|1,xCUx)C2[127]
Tiz(Al1Siy)C,128

TMs

v Vo(AlLGay )Cld
Cra(Alo.g7Sio.03)C1!
Cra(AlGer )Lt
Zrz(All,XSnx)Cll?’Z]
Z1a(Al Bi,)CLE

Cr

= Zra(Alo.3Sho.7)CH¥2 Zr3(Al1sSiy G
Zry(Alg 35Pbg 65) C1132
Mo,(Gag 3sFeo sAug 1) C134
Mo 2(Gap.a3FeosAUo.16)

Mo2(Au;- ,Gay),CP

2.3.  Oxidation resistance of the MAX phases
For high temperature applications, thermal stability of MAX phases is important. MAX

phases demonstrated superior oxidation resistance even at elevated temperatures as compared
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to their binary compounds. The oxidation properties of the MAX phases can be investigated
through isothermal and non-isothermal experiments.

Table 2.5 List of MAX phases prepared till date with double-site substitution or doping.

™ 0-MAX phases i-MAX phases
S
312 413 211
\Vi (V2zZrys),AlCHE!
(V2/3SCus3) AICIEE
(Cra;3Scas) AlCEA
Cr (Crz/aTi1/3)3A|C2[l39] (Cr v )A|C (102 (Cr2/3Y1/3)2A|C[121]
(Cra3Va3)3AlCo102] 2V2jAT3 (CraaZrys),AlCH2]
(Cr2/3801/3)26a0[14°1
Mn (Mn2/3301/3)2GaC[140]
(M02SC)AIC,119] _ (Mo2sM1ys).AlCI42
Mo . Mo, Ti,) AlC5141]
(Mo Ti)AIC, 14U (Mo2Tiz) 8 (M02sM2473),GaCli43]
Wo/3SC1/3)2AICH20
w (WossSc3)2

(Was3Y173)AlCH20
TMs = Transition Metals, M1: Ce, Pr, Nd, Sm, Gd, Th, Dy, Ho, Er, Tm, and Lu
M2: Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu

Table 2.6 List of out-of-plane (0-MAX) and in-plane (i-MAX) ordered MAX phases prepared

till date.
Double-site substitution
TMs
211 312 413
Ti (Ti, Cu)a(Al,Cu)C,*%I
21 (Zr, Nb)2(Al, Sn)Clr3l
(Zr, Ti)2(Al, Sn)C¥
Ta (Ta, Nb)a(Al, Sn)Clit3 (Ta, Hf)4(Al, Sn)CsH3l

(Ta, Nb)a(Al, Sn)C4l13]

2.3.1. Isothermal oxidation

It was observed that oxidation kinetics of TisSiC2 MAX phase was parabolic, when
isothermal heating was performed in the temperature range 900 — 1400 °C for 12 h [144]. The
rate of oxidation reduced with the formation of oxides (SiO2 and TiO). Initially, amorphous
SiO, formed at lower temperature and with increase in temperature (1240 °C) crystalline SiO>
appeared. In this case, oxygen tends to diffuse inside the MAX phase, while Ti and C diffuse
outwards. This results into the formation of SiO layer over the surface of the MAX phase at
1000 °C. When isothermal heat treatment was given for 1500h in the temperature range 875 —
1200 °C, then the oxidation kinetics became linear [145]. The reason behind the transformation
might be associated with the presence of microcracks at the surface. However, literature
evidenced no clear explanation related to the transition of parabolic to linear with increase in
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time. Similar, results were obtained when TizAIC, phases were heat treated in the presence of
air [146]. The study revealed that there was formation of oxide layer (TiO2 and Al.O3) over the
surface of MAX phases. The oxide layer enhances the oxidation resistance of the MAX phases.
TisAlIC, demonstrated better oxidation resistance in comparison to TisSiC. Basically, Al2Os3
protective layer formed underneath TiO> layer and both layers act as a protective shield for the
MAX phase. Hence, oxidation resistance improved significantly. It was found that parabolic
oxidation kinetics dominates in TizAlIC2 MAX phase. However, a careful analysis revealed that
the oxidation kinetic was cubic rather than parabolic. In general, the oxidation Kinetics is
crucial to be known before designing a material for a particular application. A material with
cubic oxidation kinetics is more durable and offers better oxidation resistance.

Furthermore, Ti2AIC also exhibit good oxidation resistant. Sundberg and co-workers
[147] found 15 pum thin layer of dense alumina over the surface of TiAIC after 8000 cyclic
heating up to 1350 °C. It was identified in the earlier studies that the oxidation of T,AIC was
parabolic. However, recent studies confirmed that the oxidation Kinetic is cubic in Ti2AIC
[148]. In this case, isothermal heating of the Ti.AIC for 25 h was done at 1400 °C. A protective
layer of Al2O3 with thickness ~ 15 um was observed over the surface of Ti2AIC. The oxidation
kinetics was found to be cubic in nature. Afterwards, the performance of Ti2AlIC was testified
for 120 h at 1000 — 1300 °C in air and water vapours [149]. The oxidation kinetics was found
to be cubic and activation energy was 270 kJ/mol. The formation of Al,Os layer with TiO> was
observed in both cases. However, TiO. layer got volatized to form TiO(OH). at temperature
above 1200 °C in water vapours. Fig. 2.1 compares the parabolic vs. linear vs. cubic oxidation
kinetics. To further confirm the oxidation behaviour of Ti2AIC, long term isothermal oxidation
was studied [150]. The oxidation was performed at 1200 °C for different dwell durations (25,
100, 500, 1000, 2000 and 2873 h). It led to formation of 21 um thickness Al>Oz layer after
2873 h. The most probable reason behind outstanding oxidation behaviour relied with the close
match of thermal expansion of Ti.AlC and protective layer (Al203). Interestingly, the formation
of Al,TiOs was observed after heating Ti2AIC above 1400 °C. The crack formation during
cooling was found to be a dominant reason behind Al>TiOs formation. Hence, it is crucial to
avoid formation of Al>TiOs to obtain better oxidation properties. The oxidation behavior of
TisAIC, and Ti,AIC was found to be similar. There was formation of alumina layer of 14.1
pm, 15.9 pm, 19.1 pm and 24.7 pm thickness after 20 h isothermal oxidation of TizAIC; at
1000, 1100, 1200 and 1300°C, respectively [146].

In addition, these phases demonstrated a self-crack healing property. This phenomenon

occurred due to the oxidation reactions that results into the formation of oxides that fill the
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crack faces. These oxides constitute Al2O3 and some TiOz. The filling of cracks mainly
occurred during high temperature oxidation reactions. The weakly bonded Al element oxidized
to form a-Al2O3 and fills the cracks with decent bonding. The reason behind good adhesion is
related to the close value of thermal expansion coefficient of a-Al,O3 (7.5-9.6 x 10 °* K™1) and
Ti2AIC (8.2 x 10°°K™Y) MAX phase. Another reason is associated with the stiffness of the
crack filler with the parent material that refurnish the tensile strength of the filled crack.
Interestingly, a drop in the value of fracture toughness from = 6.5 MPa/m?, to about 3 MPa/m?
was observed when the crack got extended to 7 times in Ti,AIC MAX phase [152]. The
extension of crack was performed in a way that healing of crack occurred in between every
extension. It was noticed that after 7" crack extension the crack was healed about 1 mm. In
addition, Ti2AIC has shown potential for multiple crack healing. The healing of crack was
observed due to the formation of oxide layers. However, the initiation of crack healing occurred
at higher temperatures, i.e., ~ 900 °C. Consequently, the reduction in crack healing temperature

may further enhance the oxidation resistance of Ti2AIC MAX phase.
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Fig. 2.1 Comparison of parabolic vs. linear vs. cubic vs. logarithmic oxidation kinetics [151].

Sloof and co-workers [153] have shown repeated crack healing potential of Ti>AlIC
MAX phase by employing 4D in situ synchrotron X-ray tomographic microscopy. The study
suggested that the crack formation might follow the previous pathway in the process of
mechanical re-loading. In other words, cracking would initiate from earlier filled cracks during
re-loading process. A zig-zag growth of crack occurred along the basal planes of randomly
oriented grains of Ti.AIC. This also results in the flat appearance of the fracture surfaces.
TioAIC MAX phase possesses typical feature of grain pull-out, crack branching and bridging.
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Recently, substitution of Sn was done at A-site to reduce the crack healing temperature to 700
°C [154]. The layer of SnO and TiO; act as crack filler in Ti;AIC.

Moreover, the oxidation properties of CroAIC MAX phases are still unclear. Most of
researchers have shown that oxidation of Cr.AIC dominated by parabolic oxidation kinetic
[155-159]. After a careful investigation, it was found that the oxidation kinetics was neither
parabolic nor cubic. The oxidation of Cr,AlC at 700 °C, 1000 °C, and 1300 °C was slower than
cubic and exponent was below 1/3. At 1200 °C, the oxidation kinetic was more likely to be
cubic [150]. The oxidation occurred in two steps: first steps involved the formation of Al,O3
layer, while in the second step densification of Al.Oz layer occurred. There was a formation of
thick Cr7Cz layer underneath Al>Oz layer. The reason behind formation of Cr;Cz was due to the
Al consumption in top layer to form Al,Os. Among all the MAX phases, Cr.AIC is the only
phase that demonstrated the formation of carbide layer. The oxidation resistant improved with
the strong bonding between Cr-C and Cr-Cr in Cr7Csz layers. It was found that after 30 days of
isothermal oxidation of CroAIC at 1000 °C the thickness of Al.O3 (3.5 um) tends to remain
constant. An increment of only ~ 2 um was seen when isothermal heating was extended to 330
days. Beside superior oxidation properties, the oxidation resistance reduced in Cr.AIC during
cyclic oxidation due to formation of the voids. Interestingly, CroAIC has proven to the best
strength recovery after healing the cracks in comparison to other MAX phases [160]. The
recovery strength of CroAIC significantly depends on the healing time. The cracks in CroAIC
were filled with oxides and strong bonding was observed on the crack faces. The composition
of crack filler changes by varying the healing time. When the healing time was 4 h, then cracks
filler composition was Al-containing Cr203. Whereas, only a-Al>O3 was found as crack filler
if the healing time was 100 h. The consumption of Cr.AIC and evaporation of Cr.Oz increased
with healing time. It was suggested that the cracks filled with a-Al2O3 possess more strength
recovery. The cubic oxidation kinetic was found to be dominant during oxidation of Cr.AIC.

Recently, Wang and colleagues [161] reported that the parabolic oxidation kinetics is
responsible in CroAIC coatings. They studied 40 h isothermal oxidation at 900, 1000 and 1100
°C. At 900 °C, a protective layer of Al,O3 appeared and results into reduction of Al in Cr2AlC.
As the content of Al reduced, formation of Cr7Cs and CrsC> phases were observed underneath
Al>O3 layer. When the temperature was further increased, mixed layer constituting Cr.Oz and
Al>;0O3 was observed. At higher temperature, formation of a-Al203 significantly improved the
oxidation resistance of Cr.AIC. A self-crack healing phenomenon was also observed in the
case of Cr,AlC MAX phase. Pie and co-workers [162] revealed that the crack filler constitute

Cr7Cs phase beneath Al.O3, when the crack width exceeds 2 um. About 12 um crack width was
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completely healed during oxidation at 1200 °C within 12 h. It was observed that the formation
of crack in Cr2AIC also followed the basal plane and as a result zig-zag growth of the crack
occurs. This zig-zag shape of crack also brought difficulties in transferring oxygen from the
crack surface to root. Consequently, the rate of crack healing with oxides might vary depending
upon the partial pressures of oxygen at a particular crack location. There was presence of two
sublayer consisting of dense (1.5 um) and porous (I um) Al,Os on the surface of 4h
isothermally oxidized Cr.AIC at 1200 °C. The crack tip has the dense Al.Oz layer. These
studies indicated that the strength recovery in Cr.AlIC MAX phase significantly depends on the
structure and region of the crack.

2.3.2. Non-isothermal oxidation

The non-isothermal oxidation studies provide significant understanding related to the
feasibility of a material to be used for practical applications. These experiments also offer
advantages over isothermal experiments such as no leakage of gas and very less or no rapid
change in temperature, time, and gas flow rate [163]. However, non-isothermal studies on
MAX phases are very few in the literature. Several researchers investigated oxidation of variety
of materials though non-isothermal studies [164—170]. They used thermal analysis techniques
(Thermogravimetry analysis (TGA), Differential scanning calorimetry (DSC), and Differential
thermal analysis (DTA)) to explore the oxidation behaviour under non-isothermal conditions.
In non-isothermal conditions, the experiments must be performed at variety of heating rates.
The oxidation kinetics involved during non-isothermal heating is crucial to forecast material’s
oxidation properties at higher temperatures. The Kinetic triplets (activation energy, pre-
exponential factor, and reaction mechanism) that governs the non-isothermal oxidation are
determined. The activation energy is the minimum energy required for a reaction to initiate.
Whereas pre-exponential factor is related to the vibrations in a particular reaction. Later,
reaction mechanism provides information about the mechanism followed by a reaction.

There are several reaction mechanisms that have been proposed. These include random
nucleation, nucleation and growth, diffusion and phase boundary-controlled mechanisms.
Furthermore, these kinetic triplets are determined by following the model fitting and model
free kinetic methods. The detailed theoretical description related to non-isothermal kinetics is
discussed in the next section. Recently, Mane and co-workers [171] investigated the non-
isothermal oxidation kinetics of TisGeC, MAX phase by using thermogravimetry analysis
(TGA) and differential scanning calorimetry (DSC) techniques. They performed thermal
analysis at 5, 10, 12.5, and 15 °C/min from room temperature to 1200 °C. The results indicated

that the oxidation of TisGeC; occurred in three temperature zones. The value of activation
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energy and pre-exponential factor were determined by using the Kissinger’s model for each
temperature zone. The study indicated that the formation of TiO2 occurred first and then CO
and GeO2 formed.

2.4.  Gaps in study

According to the literature survey, the unique properties of the MAX phases
significantly depend on the phase purity. Still the synthesis of pure MAX phase is challenging
job, and many compounds of the family require processing breakthrough. The pressureless
sintering method turned out to be suitable method to obtain pure bulk MAX phases. However,
no pure Cr2AIC, V,AIC and TisAIC, MAX phases have been reported to date. There is always
a formation of unwanted carbide phases along with MAX phases as is evident from the X-ray
diffraction patterns in the published literature [11,12]. Hence, there is a need to investigate the
optimum synthesis condition for the formation of a highly pure Cr.AIC, VAIC and TisAlC>
MAX phase. In this context, it is crucial to study the thermal kinetic parameters involved during
non-isothermal synthesis of Cr.AlIC, VAIC and TisAlC; MAX phases. The reports on the
synthesis kinetics of CroAIC, V2AIC and TizAlC are scarce in the literature.

Furthermore, these MAX phases have shown oxidation resistance. There are several
reports conducted on the isothermal oxidation of Cr.AIC, V2AIC and TizAIC2 MAX phases
because of the ease of the theoretical interpretation of the data. However, non-isothermal
oxidation studies on these phases are rarely available in the literature. In fact, a non-isothermal
heating process is practically involved during oxidation of a particular compound [17]. The
non-isothermal oxidation study will provide guidelines for the practical application of the
MAX phases. Also, the isothermal oxidation experiments suffer from certain limitations such
as leakage of gas and sudden variation in temperature, time, and gas flow rate [17]. These
parameters significantly affect the accuracy of the isothermal oxidation process. So, it is crucial
to investigate non-isothermal oxidation kinetics of CroAIC, V2AIC and TisAlC2 MAX phases.

The aim of the present study is to synthesis pure CroAIC, V2AIC and TizAIC; MAX
phases via pressureless sintering route. The role of composition in the synthesis of the MAX
phases will be explored. In order to obtain pure MAX phases, the impact of temperature and
dwell time is examined. The thermal Kkinetics parameters such as activation energy, pre-
exponential factor and reaction mechanism involved during oxidation of these MAX phases
will be investigated. On the basis of gaps in study, following objectives have been framed in
the present study:

1. To synthesize MAX phase compounds with Cr, V, Ti as M-elements Al as A-

element and C as X-element.
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2. To study the oxidation kinetics of the as-prepared MAX phases.
3. To investigate structural and thermal properties of the as-prepared MAX phases.

The procedure adopted for the above objectives have been discussed in the next chapter.
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CHAPTER 3
MATERIALS & METHODS

Overview

The experimental procedure adopted to synthesize CroAlIC, V2AIC and TisAIC2 MAX phases
is presented in this chapter. The formation of various phase(s) is examined by X-ray diffraction
technique (XRD). The morphology and surface characteristics are studied with the help of Field
emission scanning electron microscopy (FESEM), Transmission electron microscopy (TEM),
High resolution (HRTEM), Selected area energy diffraction (SAED) and X-ray photoelectron
spectroscopy (XPS). Further, non-isothermal oxidation kinetics is performed to testify the
stability of MAX phases in air atmosphere. The details related to the theoretical background of
Kinetic analysis is described. A complete calculation procedure used for kinetic analysis is also

presented in this chapter.
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3.1.  Precursors

To synthesize MAX phases with M-elements as Cr, V, Ti, A-element as Al and C as
X-element various precursors are procured. The source of Cr, V, Al and C is chromium metal
powder (99 %, Loba Chemie), vanadium metal powder (99.7 %, Sisco Research Laboratories),
aluminum metal powder (99 %, SD fine) and graphite powder (99.99 %, Sigma Aldrich),
respectively. However, two sources are used for Ti, i.e, titanium metal powders (99 %, Sigma
Aldrich) and titanium carbide powder (98 %, Sigma Aldrich).
3.2.  Synthesis of MAX phases

To prepare Cr2AIC, VAIC and TisAlC, MAX phases, synthesis parameters are
optimized by varying the composition and temperature. The variation in aluminum content (10
— 50 mol %) from the stoichiometry ratio is done to prepare these MAX phases. Firstly, the
size of chromium and vanadium metal powders is reduced to <45 pm through a PM-100 Retsch
Ball Mill. In this step, the ball milling is performed at 400 rpm for 4 hours with the charge ratio
14:01. Since the size of Ti precursors is < 45 pum, so, Ti precursors are not milled for size
reduction. Fig. 3.1 presents the schematic diagram related to the complete synthesis protocol
used in the present work. Many experiments with different probable combinations have been
done. However, only those where tendency of formation of MAX phases are observed have
been reported in the thesis. The stoichiometry ratio, synthesis temperature and dwell time
adopted for Cr.AIC, VLAIC and TisAIC, MAX phases was different and details are described
below:
3.2.1. CrAlIC MAX phase

To synthesize CroAIC MAX phase, all the starting materials, i.e., the milled chromium,
aluminum, and graphite were mixed in the five different molar ratios (Cr: Al: C = 2:1.1:1,
2:1.2:1, 2:1.3:1, 2:1.4:1 and 2:1.5:1) for 30 minutes in a ball mill at 200 rpm with the charge
ratio 14:1. These five powder samples were named as CAC-1, CAC-2, CAC-3, CAC-4 and
CAC-5, respectively.
3.2.2. V,AIC MAX phase

The milled vanadium metal powder was mixed with aluminum and the graphite in four
different molar ratios (V: Al: C=2:1.1:1, 2:1.2:1, 2:1.3:1, 2:1.4:1). The mixing was performed
in the same way as above. The milled samples were labelled as VAC 1, VAC 2, VAC 3 and
VAC 4.
3.2.3. TizAIC2; MAX phase

TisAIC2, MAX phase was synthesized by mixing the titanium metal powder, titanium

carbide, aluminum and graphite in four different molar ratios (Ti: TiC: Al: C=1:1: 1.1: 1.9,
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1:1:1.2:1.9,1: 1: 1.3: 1.9and 1: 1: 1.4: 1.9). The mixing was performed in the same way as
above. The milled samples were named as TAC 1, TAC 2, TAC 3 and TAC 4.

Sintering

== (o~

Tungsten
Carbide Balls

Tungsten
Carbide Jar

( Mixing of elements in a ball )

Ball mill

Fig. 3.1 The schematic diagram related to the complete synthesis protocol used in the present
work.

3.2.4. Pressureless sintering

In order to prepare CrAlC, VLAIC and TisAIC; MAX phases the mixed powder
samples were pelletized (10 mm Dia. x 5 mm Thickness) by using a Hydraulic Press. The
description related to sintering is published elsewhere [1,2]. The pressure-Less sintering of all
the pellets was carried out in a Lenton Tubular Furnace (LTF 18/75/300, U.K.). The sintering
of the pellets is performed by varying temperature and holding time. The tube used for sintering

was made of recrystallized alumina. Before sintering, the sample was placed on an alumina
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plate (120 mm Length x 60 mm Breadth x 4 mm Thickness) in the middle of tubular furnace
and titanium turning were used at both ends of the tube to avoid oxidation. Further, Ar gas was
flushed for 30 minutes to remove the air from the tube prior to sintering. The complete synthesis
process is performed under the high purity argon atmosphere.

3.3.  Characterization of MAX phases

The prepared MAX phases were characterized by various techniques as described here.
3.3.1. X-ray diffraction technique

The phase formation in the samples is examined through a PANalytical X'Pert PRO
with the Ni filter. The voltage and the current of the machine are kept at 40 kV and 45 mA,
respectively. All the crystalline peaks observed in the diffractograms are analyzed by the X'Pert
High Score and the Origin software. The International Centre for Diffraction Data (ICDD)
standard cards are used for matching the phases present in the prepared samples. The volume
fraction of all the phases is calculated though XRD peak fitting by using pseudo-voigt function.
Moreover, the Rietveld refinement of all the prepared samples is performed by using FullProof
software. The Wycoff position for the CroAIC, TisAIC, and V2AIC are taken from the literature
[3-5]. The shape, full width at half maxima (FWHM), background, scale, overall b-factor and
cell parameters are optimized step-by-step.

3.3.2. Surface morphology

The morphological and the microstructural features of the synthesized MAX phases
was examined through the Field-Emission Scanning Electron Microscope (FE-SEM, Hitachi
SUB8010, Tokyo) and the Transmission Electron Microscope (TEM, JEOL JEM-F200, Tokyo)
[6].

3.3.3. X-ray Photoelectron Spectroscopy (XPS)

The surface chemical composition and the valency states in the MAX phases was
examined through the X-ray Photoelectron Spectroscopy (XPS, Physical Electronics PHI 5000
VersaProbe |11, USA) with the Auger Electron Spectroscopy (AES) Module. For XPS
measurements, Al-Ka radiation of 1486.7 eV was used at voltage 15 kV and current 15 mA.
3.3.4. Thermal Analysis

The oxidation kinetics of the MAX phases was analyzed through the Thermogravimetry
Analysis (TGA) and the Differential Thermal Analysis (DTA) by using instruments
PerkinElmer Pyris Diamond TG-DTA (USA) and SIl 6300 EXSTAR (Canada). The thermal
analysis was performed at multiple heating rates in the air atmosphere.

3.4. Oxidation kinetics of MAX phases

The rate of thermal oxidation reaction can be expressed as [7]:
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a_ o 3.1
o kDf @ (31)
K(T) = Ae 7 (3.2)

where t is time (s), T is absolute temperature (K), k(T) is the rate constant, f (a) is the
differential form of the degree of conversion (a), R is gas constant (8.314 J/mol), A is the pre-
exponential factor (min?), and E, is the activation energy (kJ/mol). In DTA analysis,
conversion value () is expressed [8]:
Ar

a:
Ay

(3.3)

where Ar is the area under a DTA peak at temperature T and Ay is final area under the curve

at final temperature of a DTA peak.
The final equation for the non-isothermal oxidation process at a linear heating rate (8)

can be expressed as:

Z—; = %e"Ea/RTf(a) (3.4)

Heating rate (B) is defined as the change in the temperature with respect to time. In a

heat treatment process, heating rate plays a crucial role and affect the formation or

decomposition or phase transition in a reaction. The kinetic analysis performed at various

heating rate is considered as more efficient in comparison to single heating rate [9,10]. There

are several iso-conversional kinetic methods that have been developed by considering the

above equation as a base. These Kkinetic methods adopted different temperature integral

approximations for the calculation of kinetic parameters. The general equation applicable to all
kinetic methods can be written as:

In (%) = constant — C (%) (3.5)

The activation energy can be calculated by plotting In (:%) vs. 1/T and the slope of

the plotted curve is equal to C (i—;)

Among these kinetic models, Kissinger—Akahira—Sunsose (KAS) [11], and Flynn-
Wall-Ozawa (FWO) [12] methods are appropriate to calculate activation energy. The KAS and
FWO methods are integral iso-conversional kinetic models. The former method (KAS) is based
on Striank approximation [13] and can be expressed as:

ln( 'B ) =In (%) +In <%(;)> — 1.008& (3.6)
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The FWO method is based on the Doyle approximation [14] and can be expressed as:

1 =1 AEq 5.331 1052E“ 3.7
n(p) = n(g(a)R>_ PO T RT B.7)

The activation energy is determined through linear fitted plots obtained from KAS

In (=£-) vs.22%) and FWO (In B vs. —20), Moreover, the reaction mechanism involved
T T

T1.92
during a non-isothermal oxidation process is identified by using the integral master plot [15]
method. Through this method, the experimental and theoretical master curves are generated
and compared. The integral master plot method can be expressed as:

AE
g(a) = B—RP(u) (3.8)
where, g(a) is the integral function of conversion fraction a, u = E/RT and P(u) is
the temperature integral. where, g(a) is the integral function of conversion fraction a, u =
E/RT and P(u) is the temperature integral, which can be derived from relation given below:

exp(—1.0008u — 0.312)
u1.92

P(u) =

(3.9)

Table 3.1 Several reaction models responsible for thermal processes in a material.

Reaction models Integral form g(a) Differential form f(a)

Diffusion reaction models

D; (1 — D diffusion) a? (1/2)a

D. (2 — D diffusion) a+(1-a)(n(l-a)) 1/In(1 — @)

D3 (3 — D diffusion) 1-—(1—-a)/3)? 31— a)?3/2(1— (1 —a)'/?)
D4 (Ginstling- 1-2a/3—(1-a)?3 3/2((1 — @)™1% = 1)

Brounshtein)
Reaction order models

F1 (First order) —In(1-a) 1-a

F2 (Second order) 1/(1 - a) (1 — a)?

Fs (Third order) 1/2(1 — ) (1-a)d
Nucleation models

A, (Avrami-Erofeyev) (—In(1 — a))/? 2(1 — a)(—In(1 — a))/?
A; (Avrami-Erofeyev) (—In(1 — a))/3 3(1 — a)(—In(1 — a))?/3
A, (Avrami-Erofeyev) (=In(1 — a))V/* 4(1 — a)(=In(1 — a))3/*
P2 (Power law) at/? 2at/?

P3 (Power law) al/3 3a?/3

P4 (Power law) al/t 4a3/*
Geometric contraction models

R (contracting area) 1-(1—a)/? 2(1— a)/?

Rs (contracting volume) 1-(1-a)/3 3(1—a)?/3
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The exact reaction mechanism can be identified by using the predetermined value of

activation energy and employing a = 0.5 as a reference, Eq. (3.8) become as:

AE

g(0.5) = B—RP(uo.s) (3.10)

From Eqg. (3.8) — (3.10), the equation for integral master-plots can be derived as:

P
9@ _ P 1)
g(0.5) P(0.5)

Through this method the reaction mechanism is identified through comparison of
theoretical curves g(a)/g(0.5) (LHS of eg. 19) based on Table 3.1, while the experimental

curves (RHS of eq. 11) are generated from P(u)/P(0.5).

EXPERIMENTAL
STEPI DTA Data

Non-isothermal oxidation (u, do/dt)

4

STEPII [ ACTIVATION ENERGY (E ) ]

[ Kissinger—Akahira—Sunsose (KAS) j [ Flynn-Wall-Ozawa (FWQ) J
(=20} = i (2B 4 i (YD) _ 4 gogEa 1 —in(2Ea 5.331—1.052 %
Mrrez) =) T T ) T V0% l “(f”*“m)‘- TLO02er

REACTION MECHANISM (g(a))

STEP 111
Integral Master Plot method
Comparison of experimental curves and theoretical curves
I
[ Experimental Curves ] [ Theoretical Curves ]
gl _ P
g(0.5)  P(0.5)
STEP IV PRE-EXPONENTIAL FACTOR
“)
A linear fitted curve between:
E
g(a) and B—RP(u)
Fig. 3.2 The flow diagram of a step-wise procedure followed to perform non-isothermal kinetic
analysis.
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Further, to calculate pre-exponential factor eq. (3.8) is modified by substituting value

of reaction mechanism (g (a)). The pre-exponential factor is determined by using the average

activation energy in Eqg. 3.8. The pre-exponential factor is calculated from the slope of the
linear fitted curve between g(a) and ;—RP(u). Finally, the calculated kinetic triplets are

determined for a non-isothermal oxidation process. The flow diagram (Fig. 3.2) shows the steps

followed to perform non-isothermal kinetic analysis.
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CHAPTER 4

SYNTHESIS & OXIDATION KINETICS
OF Cr2AIC MAX PHASE

Overview

High purity Cr,AIC MAX phase is prepared through the sintering method by varying the
aluminum content. The formation of Cr2AIC is confirmed through XRD, FESEM, HRTEM,
SAED and XPS analysis. It is observed that the aluminum content is crucial to obtain highly
pure CrAlIC phase. The exact sintering temperature is also identified by changing the
temperature 700 — 1300 °C. A highly pure Cr2AlC is obtained at 1300 °C, when Cr:Al:C =
2:1.4:1. The intermediate phases formed during synthesis of Cr,AIC are determined and
formation pathway is proposed. The kinetic triplets (activation energy, pre-exponential factor
and reaction mechanism) involved during the synthesis of CroAlC are estimated with the help
of DTA technique. The non-isothermal oxidation kinetics of the CroAlC phase is also examined
through a DTA technique, at variable heating rates. The DTA results show that the oxidation
of the Cr2AIC phase occurred in two stages. The multi-stage kinetic analysis is performed to
establish the nature of the oxidation process. The activation energy is calculated by following
the iso-conversional kinetic methods. The reaction mechanism involved during the oxidation

process is proposed through the integral master-plots method.
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4.1. Introduction

In the current scenario, the MAX phases have received significant attention from the
scientific point of view for their promising practical applications [1]. The reason behind the
growing demand of the MAX phases is their extraordinary combination of properties which
include both metals and ceramics. The properties include the high thermal and electrical
conductivity, excellent machinability, good damage tolerability, high oxidation and corrosion
resistance at higher temperatures, and superb thermal shock resistance [2]. These interesting
properties have placed the MAX phases as a potential candidate for the higher temperature
applications [3,4]. Furthermore, etching of A element in MAX phases leads to the formation
of new class of materials, i.e., MXenes (two-dimensional transition metal carbides). MXenes
are the potential candidate for energy conversion and storage applications [5].

In the current study, the impact of the aluminium concentration on the formation of a
highly pure Cr.AIC was conducted. The thermal stability of the Cr,AIC MAX phase was
estimated through the Thermogravimetry Analysis (TGA) and the Differential Thermal
Analysis (DTA) techniques. The focus of the present work is to evaluate the optimum condition
for the synthesis of CroAIC phase and to study its oxidation behaviour under non-isothermal
conditions. The kinetic parameters are calculated by following the Kissinger-Akahira-Sunose
(KAS) and the Flynn-Wall-Ozawa iso-conversional kinetic methods. The reaction mechanism
involved during the oxidation process has been proposed by using the integral master plots
method.

4.2.  Synthesis of Cr2AIC MAX phase

According to the experimental details mentioned in the previous chapter, synthesis of
CroAIC was studied. Firstly, the synthesis temperature of CroAIC MAX phase was determined.
In this process, the CAC 4 sample (Cr:Al:C = 2:1.4:1) was sintered at 700, 800, 900, 1000,
1100, 1200, and 1300 °C in an argon atmosphere for 1 hour. Accordingly, the nomenclature
and experimental conditions of all the prepared samples are tabulated Table 4.1.

4.2.1. XRD analysis

Fig. 4.1 shows the formation of intermediate phases at different temperatures during the
synthesis of Cr,AIC MAX phase. It was observed that the elemental weight percentage
remained nearly identical. Initially, Al melts at around 665 °C (Eq. 1) and reacts with Cr (Eqg.
2) to form CrsAlg intermetallic compound. The peaks associated with CrsAlg phase were more
pronounced in 7CAC 4 and 8CAC 4 samples heated at 700 and 800 °C, respectively. The

volume fraction of distinct intermediate phases observed in Fig. 4.1 is estimated through the
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XRD data and presented in Table 4.1. Also, the presence of unreacted Cr and C was observed
in 7CAC 4 and 8CAC 4 samples.

Table 4.1 Nomenclature of all the samples prepared at different experimental conditions.

samples Molar ratio Sintering Volume Fraction (%)
ID o c Al poorihe Cr C  Crels CRAl CRAIC CriC
(°C) for 1 hr. 5Alg 2 2 73
7CAC4 2 1 14 700 62.34 6.23 31.43 - - -
8CAC4 2 1 14 800 4334 534 513 - - -
9CAC4 2 1 14 900 1223 489 1723 36.33 29.31 -
10CAC4 2 1 14 1000 16.46 6.98 1441 12.86 49.27 -
11CAC4 2 1 14 1100 1006 - 1526 7.68 5952  7.88
12CAC1 2 1 11 1200 - - - 463 8951 586
12CAC2 2 1 12 1200 - - - 169 9609 221
12CAC3 2 1 13 1200 - - - 2.08 9378  4.13
12CAC4 2 1 14 1200 - - - 0.83 96.26 291
12CAC5 2 1 15 1200 - - - 421 90.89 4.88
13CAC1 2 1 11 1300 - - - - 92.44 7.56
13CAC2 2 1 12 1300 - - - - 92.49 7.51
13CAC3 2 1 13 1300 - - - - 94.51 5.49
13CAC4 2 1 14 1300 - - - - 98.17 1.82
13CAC5 2 1 15 1300 - - - - 90.07 9.93

BCr xC JAICry; *Cr,Al «Cr,AlC aCr,Cs

@)
11CAC 4 N
. X 1100 °C
) a .

I . i

10CAC 4
—~ | 1000 °C
S 3 3 [] ° ° o o
g 5 A A . |
> |9cAc4
g ° * X

o *

5 i1 jv . 5 p 900 c‘,L
£ oB

20 (degree)
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« Cr,AIC aCr,Cy

®(103
13CAC 4 o3 (b)

(002)
[ ]

1300 °C

(1(26) (120) (10.9)(1.16)
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1200 °C
L] [ ]
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Fig. 4.1 The formation of intermediate phases at different temperatures during the synthesis
of Cr2AlC.

Further, increase in temperature up to 900 °C (9CAC 4 sample), results in the formation
of Cr2Al (Eg. 3, 4) and Cr2AIC (Eq. 5, 6) phases along with minor phases of Cr, C and CrsAls.
In this case, Cr2Al phase was present in majority as compared to other phases (Cr.AIC, Cr, C
and CrsAlg).

Al = Al (4.1)

5Cr + 8Al - CrsAlg (4.2)

2Cr + Al - Cr,Al (4.3)
CrsAlg + 13Cr + Al - 9Cr,Al (4.4)
CrsAlg + 11Cr + 8C — 8Cr,AlC (4.5)
Cr,Al + C - Cr,AlC (4.6)

7Cr + 3C - Cr,C; 4.7)

At 1000 °C, the peaks associated with CroAlC becomes more pronounced along with
minor phases of Cr,Al, Cr, C and CrsAlg in 10CAC 4 samples. However, peaks associated with
CrsCy are observed in 11CAC 4 sample heated at 1100 °C. The formation of Cr3C7 ascribed to
the reaction between unreacted Cr and C (Eq. 7). It was observed that the formation of Cr,AIC
MAX phase was favorable at 1200 °C and 1300 °C. Therefore, the composition variation was
done at these two temperatures. The content of aluminum was varied from 10 — 50 mol % and
five samples CAC 1, CAC 2, CAC 3, CAC 4 and CAC 5 were sintered at 1200 °C and 1300

°C for an hour in argon atmosphere.
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Fig. 4.2 XRD patterns of (a) 12CAC-1 — 12CAC-5 samples and (b) 13CAC-1 — 13CAC-5
samples sintered at 1200 °C and 1300 °C, respectively.

Fig. 4.2a shows the XRD patterns of 12CAC 1 — 12CAC 5 samples heated at 1200 °C
for an hour. The percentage composition of the distinct phases observed in these samples are
estimated through the XRD data and given in Table 4.1. It is visible from Fig. 4.2 and Table
4.1 that the variation of the aluminum content influences the formation of a pure hexagonal
Cr.AIC MAX phase. The samples heated at 1200 °C (Fig. 4.2a) reveal the formation of three
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distinct CroAIC, Cr7Cs, and Cr2Al phases. It is observed in a 12CAC 4 sample (Fig. 4.2) that
the intensity of the secondary phases (Cr7Cz and Cr2Al) decreased with an increase in the
aluminum content up to 40 mol%. This indicates that the formation of the CroAIC phase is
favored with an increase in the aluminum content.

Comparable results are also reported for the synthesis of the other MAX phases by
increasing the aluminum content from the stoichiometry ratio [6-8]. However, any further
increment in the aluminum content in a 12CAC 5 sample leads to an increase in the peak
intensity of the secondary phases (Cr7Cz and Cr2Al). This could be ascribed to the excessive
aluminum present in the system, which favors the formation of the CroAl phase and results in
more residual carbon. This residual carbon reacts with the chromium and forms a carbon-
deficient chromium carbide (Cr;Cs) phase [9]. At 1200 °C (Fig. 4.2a), the maximum purity of
the Cr.AIC phase (96.3%) is observed in 12CAC 4 sample. The presence of the intermediate
phases in all the samples sintered at 1200 °C (Fig. 4.2a) reveals that the reaction temperature is
not sufficient enough for the formation of a highly pure CroAIC MAX phase. It could be
possible that at the higher temperature (> 1200 °C), where the intermediate phases (Cr;Cz and
Cr2Al) react with one another to form the Cr.AIC MAX phase.

Table 4.2 The lattice parameters of Cr.AIC phase present in prepared samples.

Lattice Parameters of Cr,AIC
Temperature

coyforthr. SAMPIES Ay a2 Cell(\//&g;ume Rup
12CAC-1 2860 12779 126 9099 182
12CAC-2 2865 12815 116 9105 139
1200°C  12CAC-3 2859 12811 115 9032 154
12CAC-4 2861 12801 122 9048 192
12CAC-5 2864 12778 131 9087 221
13CAC-1 2862 12803 116 9063  16.3
13CAC-2 2.858 12815 113 9054  17.8
1300°C  13CAC-3 2.861 12800 129  90.86 195
13CAC-4 2.863 12818 104 9100 113
13CAC-5 2.866 12821 133  90.89  20.2

Further, 13CAC 1 — 13CAC 5 samples are sintered at higher temperature (1300 °C).
Fig. 4.2b shows the XRD patterns of all these samples. In Fig. 4.2b, there are two distinct
phases, i.e., CroAIC and Cr7Cs are present in all the samples. It is observed that an increase in
the temperature favors the formation of the CroAIC phase. However, no peak associated with

the Cr Al phase is observed. An increase in the amount of the aluminum content up to 40 mol%
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results in the decrease in the intensity of the secondary phase (Cr;Cs). However, further

increment in the aluminum content to 50 mol% again increases the intensity of the Cr7Cz phase.

— Observed (13CAC-4)

— Calculated

— Observed - Calculated
Bragg's Position

Intensity (a.u.)

U N Y

e S
\
5

10 20 30 40 50 60 70 80 90

20 (degree)
Fig. 4.3 Rietveld refinement plot of 13CAC-4 sample.

It is observed from Fig. 4.2 and Table 4.1 that the hexagonal Cr.AIC MAX phase of
purity 96.3 %, and 98.2 % is obtained in 12CAC 4 and 13CAC 4, respectively. Further, Fig.
4.3 shows Rietveld refinement plots of 13CAC 4 sample and the lattice parameters along with
cell volume for all the samples is presented in Table 4.2.

4.2.2. Synthesis kinetics of Cr,AIC MAX phase

It is observed in the previous section that the pure CroAlC phase in obtained when CAC
4 sample with molar ratio Cr:Al:C =2:1.4:1 is sintered at 1300 °C. To gain more insight related
to the formation of CroAIC MAX phase, synthesis Kinetic analysis is performed. Many research
groups conducted synthesis kinetic analysis through thermal analysis techniques [10-16]. They
determined kinetic triplets (activation energy, pre-exponential factor and reaction mechanism)
involved during a synthesis process by using a model based and model free kinetic methods.
The model free kinetic method is most suitable to conduct kinetic analysis because this method
involves no assumption of the kinetic model. In this work, kinetic analysis on the formation of
Cr,AlC MAX phase is studied at various heating rates (10, 20, 30, 40 °C/min) by using
differential thermal analysis (DTA). The kinetic triplets are calculated by using the iso-
conversional model free kinetic method. The value of activation energy is calculated by
following most commonly used Kissinger-Akahira-Sunsose (KAS) [17,18] and Friedman (FR)
[19] kinetic methods. The reaction mechanism is identified by following integral master plots
method [20].

Page 64 | 146



Chapter 4 Synthesis & oxidation kinetics of Cr2AIC MAX phase

Fig. 4.4 presents DTA curves of the milled pelletized sample of chromium (Cr),
aluminum (Al) and graphite (C) in ratio 2:1.4:1 at multiple heating rates (10, 20, 30, 40 °C/min)
in an argon atmosphere from ambient temperature to 1250 °C. Two endothermic peaks are
observed at ~ 665 °C and ~ 1053 °C in DTA curves, at 10 °C/min (Fig. 4.4a). First endothermic
peak (Fig. 4.4b) is related to the melting of Al, whereas, second endothermic peak (Fig. 4.4c)
corresponds to the formation of Cr,AIC MAX phase.
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Fig. 4.4 (a) DTA curves of the milled pelletized sample of chromium, aluminum and graphite,
(b) First endothermic peak, and (c) second endothermic peak at multiple heating rates
(10, 20, 30, 40 °C/min) in an argon atmosphere.

Table 4.3 The initial, maximum, and final temperatures of both endothermic peaks at all
heating rates.

Heating Rates Peak I Peak 11
(K/min) Ti(°C) To(°C) T:(°C) Ti(°C) Tp(°C) T:(°C)
10 657.47 666.31 671.46 1040 1051.76 1058.99
20 657.92 667.25 674.37 1040 1051.84 1063.58
30 658.12 667.37 674.65 1040 1053.22 1066.32
40 659.98 667.39 676.22 1040 1054.38 1070.49

It is observed that the endothermic peaks shifted toward higher temperatures with an
increase in heating rates. This could be ascribed due to the delayed heat transfer time between
the sample and the furnace. If the heating rate is slow, then the heat transfer time is more, and

argon gas gets enough time to equalize the temperature of the sample and the furnace. However,
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heat transfer time is less at the higher heating rate and peaks get shifted [21]. Another possible
reason behind shifting is poor thermal conductivity of the reaction that resulted into thermal
gradient. At slow heating rate, the value of thermal gradient is less. However, thermal gradient
increased with increase in heating rate. Consequently, the reaction shifted towards higher
temperature at higher heating rates. Further, the initial, maximum, and final temperatures of
both endothermic peaks at all heating rates are presented in Table 4.3. The reaction involved
during the formation of Cr.AIC can be written as:

2Cr + Al+ C - Cr,AlC (4.8)

To obtain more information related to the formation of Cr.AIC MAX phase, kinetic
analysis was performed. Through kinetic analysis, kinetic triplets such as activation energy,
pre-exponential factor and reaction mechanism were estimated. The procedure adopted and
kinetic background is discussed in the chapter 3. The activation energy is related to the energy
barrier of a reaction, while the pre-exponential factor is frequency of the vibrations occurring
during a reaction. The formation of CroAIC MAX phase is an endothermic process, as observed
from Fig. 4.4. Fig. 4.5 shows the variation of the conversion value («) (Fig. 4.5a) and derivative
of conversion value (da/dt) (Fig. 4.5b) with temperature.

Fig. 4.6 shows the linear fitted curves obtained from KAS (Fig. 4.6a) and FWO (Fig.
4.6b) methods for CAC 4 sample. The calculated value of activation energy along with standard
error at each conversion value, is presented in Table 4.4. Standard error associated with
activation energy is calculated by following the theory of propagation of uncertainty [22]. The
activation energy calculated from both methods (KAS and FWO) demonstrated R? > 0.8.
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Fig. 4.5 (a) The variation of the conversion value (o)) and (b) derivative of conversion value
(da/dt) with temperature.

The average activation energy value calculated from KAS (5567.17 kJ/mol) is higher
than the FWO (5316.19 kJ/mol). The variation in the average activation energy value is due to
different mathematical approximations used in kinetic methods (KAS and FWO). However,
the trend of activation energy (Table 4.4 and Fig. 4.7) w.r.t. conversion value (a) is similar, as
calculated from KAS and FWO methods.
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Fig. 4.6 The linear fitted curves obtained from (a) KAS and (b) FWO methods for CAC 4
sample.

Activation Energy (kJ/mol)

7000 ~

6000 -

5000 -

4000

3000 -

2000

i

1

:

KAS
FWO

%ﬁ

1@
@1 HEH

0.2

0.3

T T T T T T T
0.4 0.5 0.6 0.7 0.8

Degree of Conversion (o)

Fig. 4.7 Variation trend of activation energy calculated from KAS and FWO Kkinetic methods.

Page 68 | 146



Chapter 4 Synthesis & oxidation kinetics of CroA1C MAX phase

Table 4.4 The variation of activation energy w.r.t. conversion value («), as calculated from
KAS and FWO methods.

KAS method FWO method
Conversion ] .
Value (k3/mol) Error R2 (ka/mol) Error R?
0.2 6789.93  193.27 0.851 6526.01 193.27 0.852
0.25 6594.77 20856  0.821  6339.02 208.57 0.821
0.3 6573.47 17851 0.863 6318.63 178,51 0.864
0.35 6147.73  164.99 0.866 5910.70  164.99 0.867
0.4 5737.56  156.03 0.862 5517.70 156.04 0.864
0.45 5951.03  138.84 0.896 5722.24  138.84 0.897
0.5 5455.02  122.33  0.903 5246.99 122.34 0.905
0.55 5617.89 10541 0.931 5403.05 105.42 0.932
0.6 5189.57  112.27  0.911 4992.65 112.27 0.911
0.65 483458 11081 0.899 465252 110.80 0.901
0.7 4520.98 96.85 0.911  4352.04 96.85 0.913
0.75 4298.38 72.95 0.943  4138.76 7296 0.944
0.8 4143.32 77.11 0.932  3990.20 77.10 0.933

Moreover, the reaction mechanism involved during the synthesis of Cr,AIC MAX

phase is identified by using the integral master plot [20] method. Through this method, the

experimental and theoretical master curves are generated and compared.
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Fig. 4.8 A comparison of the experimental and theoretical master curves.
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Fig. 4.8 shows a comparison of the experimental and theoretical master curves. It is
observed that the F2 (second order reaction) mechanism dominated the formation of Cr,AIC
MAX phase. The F2 mechanism is the simplest based on the homogenous kinetics. The rate of
reaction is directly related to the concentration, amount or fraction of remaining reactant(s)
raised to a particular power (integral or fractional) which is the reaction order. In the F2

mechanism, random nucleation with two nuclei on the individual particle occurs [23,24].
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Fig. 4.9 (a) The linear fitted curve between (1/1 — a) and ;—RP(u). (b) The variation of pre-
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Further, to calculate pre-exponential factor eq. (3.8) is modified by substituting value

of g(a) corresponding to F2 mechanism i.e. (g(a) = (1;)). Consequently, eq. (3.8) can be

written as:

g(a) =

1
T ﬁR P(u) (49)

Further, the pre-exponential factor is determined by using the average activation energy

in Eg. 4.1. The pre-exponential factor is calculated from the slope of the linear fitted curve
between (1/1 — ) and ;—RP(u) (Fig. 4.9a). The variation of pre-exponential w.r.t. heating
rates along with the standard error is shown in Fig. 4.9b. Finally, Table 4.5 represents the

calculated kinetic triplets involved during the formation of Cr,AIC MAX phase.
Table 4.5 Kinetic triplets involved during formation of Cr,AlC MAX phase.

Kinetic triplets

Average activation energy . Reaction
Average pre-exponential factor -
KAS FWO mechanism
5527.25 + 133.69 5316.19 + 133.68 3.16 x 10%%° + 0.37 x 10%%° F2

4.2.3. Microstructure Analysis

The formation of Cr,AIC MAX phase after DTA is also confirmed through FE-SEM
(Fig. 4.10) and TEM (Fig. 4.11) analysis. Fig. 4.10 shows the micrographs of the fractured
CAC-4 sample after DTA analysis. A lamellar structure appears in Fig 4.10a, which
corresponds to the MAX phase. A typical characteristic of the MAX phase, i.e., nano-laminated
structure with the stacking of layers emerged in Fig. 4.10b. However, the complete stacking of
layers is not observed due to the presence of impurities (Cr2Al and Cr7C3). HR-TEM image of
a CAC-4 sample after DTA is shown in Fig. 4.11a.

c 4 0 Y A 3 n
Flg 4.10 FESEM mlcrographs of the fractured CAC 4 sample after DTA anaIySIS
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Fig. 4.11 (a) HR-TEM ad (b) SAED images of a CAC 4 sample after DTA analysis.
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Fig. 4.12 The FE-SEM micrographs of fractred (a-b) 12CAC-4 and (c-d) 13CAC-4 samples.
The HRTEM (e) and SAED (f) image of 13CAC-4 sample.
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Fig. 4.13 (a) TEM image and (b) elemental composition 13CAC 4 sample. (c) The combined
EDS mapping of Cr, Al and C in 13CAC 4 sample. The distribution of (d) Cr, (e) Al
and (f) C in 13CAC 4 sample.

Fig. 4.11 demonstrated that the lattice fringes (0.25 nm) correspond to (100) plane of
hexagonal Cr.AIC. Furthermore, a SAED pattern (Fig. 4.11b) of CAC-4 sample after DTA

analysis shows different planes. It can be seen that all the observed planes are related to the
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hexagonal structure of Cr.AIC MAX phase. Fig. 4.12 shows the FE-SEM micrographs of the
fractured 12CAC 4 and 13CAC 4 samples sintered at 1200 °C and 1300 °C, respectively. A
characteristic signature of the Cr.AIC MAX phase formation is observed in both the samples.

It is visible in Fig. 4.12a that a lamellar sheet structure corresponding to the MAX
phases is formed after sintering at 1200 °C. However, the layers are delaminated, and the
presence of the kink bands are observed in Fig. 4.12a. A belt type layered structure is also
observed in a 12CAC-4 sample (Fig. 4.12b), which indicates the deformation capability of
these structures. Also, the thickness of these stacked layers is non-uniform (inset of Fig. 4.12b).
In a 12CAC 4 sample, the layered structure of the MAX phases is formed, but the complete
stacking of layers is not achieved. This could be due to the presence of the CrAl and the Cr;Cs
phases, as observed from the XRD results. When the sintering temperature increased to 1300
°C (13CAC 4), a highly stacked layered structure appears (Fig. 4.12c). The signatures of the
kink bands, the delamination of the layers, and the particle pinning are also observed in the
fractured sample. An interwoven knot of lamellar structure is also observed in 13CAC 4
sample, as is evident in Fig. 4.12c. Nano-laminated structure of the Cr.AIC MAX phase
appears in Fig. 4.12d. The inset of Fig. 4.12d also indicates that the stacked layers are non-
uniform in thickness.

HR-TEM image of a 13CAC 4 sample is shown in Fig. 4.12e. This figure shows a
typical signature, i.e., the nano-laminated structure of the MAX phases. The lattice fringes in
the HR-TEM image corresponds to (100) and (103) planes of a hexagonal CroAIC MAX phase.
Also, a SAED pattern (Fig. 4.12f) shows various planes of a hexagonal Cr,AlIC MAX phase.
The planes identified in a SAED pattern are analogous to the XRD results. Further, the
distribution of chromium (Cr), aluminum (Al), and carbon (C) in a 13CAC 4 sample (sintered
at 1300 °C) are identified through the EDS mapping (Fig. 4.13). It is observed that all the
elements are homogeneously distributed in a 13CAC 4 sample.

4.2.4. X-ray photoelectron spectroscopy (XPS) analysis

A typical Crzp, C1s, Alop and O1s XPS spectra of a 13CAC 4 sample is presented in Fig.
4.14. The Crzp spectra (Fig. 4.14a) shows two peaks associated with the spin orbitals of 2pa.
and 2pu2. The splitting of these spin orbitals depends on the oxidation states of the chromium.
It is well reported that the spin-orbit splitting of 9.7 — 9.9 eV and 8.7 — 9.4 eV is ascribed to
Cr¥* and Crb compounds, respectively [25,26]. In a 13CAC 4 sample, the oxidation states of
the chromium are Cr*3 and Cr*®, as is evident from the difference in the binding energies (Eb).
Also, the peak observed at E, ~ 574.6 eV corresponds to Cr-C weak bond in the Cr,AIC MAX
phase [27].
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Fig. 4.14 The typical (a) Crzp, (b) Cys, (c) Al2p and (d) O1s XPS spectra of 13CAC 4 sample.

The spectra of Cys (Fig. 4.14b) shows the contribution of three different peaks at Ep ~
283, 284, 288 eV in the sample. The former peak (~ 283 eV) is associated with the Cr-C bond,
as reported for the CroAIC MAX phase [27]. The second peak observed at ~ 284 eV
corresponds to the residual adsorbed carbon while the third peak at ~ 288 eV ascribed to the
C-O bonding [28]. In the Alzp spectra, a single peak (E, = 72.92 eV) emerges in a 13CAC 4
sample due to the Al-C bonding. Moreover, the Ogs spectra show two peaks at Ep ~ 530 and
528 eV. The former peak corresponds to the O-Cr.AIC/CrC while the last peak ascribes to
oxygen bonded with the various alloys (CrxAly). In the case of the Ti2AIC MAX phase, Zhang
et al. [29] also observed a similar peak at 528 eV and suggested that this peak corresponds to
oxygen bonded with the alloys. The results obtained from the XPS confirmed the formation of

the CroAIC MAX phase.
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4.2.5. Oxidation kinetics of CroAIC MAX phase

Fig. 4.15a-b shows the TGA/DTA curves of a 13CAC-4 sample in the air environment
at variable heating rates (10, 20, 30, 40 °C/min). The TGA curves (Fig. 4.15a) demonstrated
the higher thermal stability for a 13CAC-4 sample up to ~ 700 °C. The mass gain ~ 17 % is
observed when the sample is heated above 700 °C. Also, the DTA curves (Fig. 4.15b) show
two exothermic peaks (650, 950 °C), which indicate that the oxidation of a 13CAC-4 sample
occurred in two stages. Fig. 4.15c-d shows the variation of the conversion fraction with the
temperature for both the oxidation stages of a 13CAC-4 sample. The exothermic peaks shifted
towards the higher temperatures with an increase in the heating rates. The oxidation in stage |
(~ 600 — 830 °C) shows a mass gain of ~ 2 %, which may correspond to the oxidation of the

surface aluminum and the impurity phase (Cr;Cs) present in a 13CAC 4 sample.
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Fig. 4.15 (a) TGA and (b) DTA curves of 13CAC 4 sample in air environment at 10, 20, 30,
40 °C/min heating rates. The variation of conversion values with temperature for (c)
stage | and (d) stage II.

According to the Ellingham/Richardson diagrams, the formation of the Al.O3
compound (AG = - 921.5 kJ/mol at 650 °C) is more favorable as compared to the Cr203 (AG =
- 545.6 kJ/mol at 880 °C) [30]. Li et al. [31] also proposed that the oxidation of the Cr.AIC

phase occur in two stages: an early stage relates to the formation of the Al.Oz compound, while
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the latter stage relates to the formation of a dense alumina layer over the surface of the Cr,AlIC
MAX phase. In stage Il (~ 850 — 1190 °C), the oxidation of the Cr.AIC MAX phase occurred
with a significant mass gain of ~ 15 %. The oxidation of the other MAX phases (Ti2AIC,
TisAIC,, and ZrzAlsCs) begins at 400 °C, while the Cr,AIC MAX phase shows the higher
oxidation resistance [32-34]. Lin et al. [3] reported that the oxidation of the Cr,AIC MAX
phase begins at ~ 800 °C. They also proposed the possible reactions, which could occur during
the oxidation of the CroAIC MAX phase. The possible reactions are given below:
4Cr,AlC + 130, - 4Cr,05 + 2Al,05 + 4CO, (4.10)
28Cr,AlIC + 230, — 8Cr,C3 + 14Al,05 + 4CO, (4.11)

According to these reactions, the theoretical mass gain corresponding to Eg. 4.10 and
Eq. 4.11 should be ~ 42 % and 16 %, respectively. The mass gain observed in stage Il (~ 15%)
corresponds to the theoretical mass gain of Eq. 2. However, the TGA curves (Fig. 4.15a) show
no mass stability above ~ 1200 °C. This mass instability indicates that the oxidation of a
13CAC-4 sample is incomplete. It may be possible that the oxidation of the Cr.AIC MAX
phase proceeds by following both the reactions, simultaneously. Also, there is no mass loss
observed in Fig. 4.15a, which indicates that the layer of metal oxide (Al.O3) act as a shield for
the decomposition/oxidation of the CroAIC phase.

Multi-stage Kinetic Analysis is performed up to 1200 °C, to obtain more information
related to the oxidation behavior of the CroAIC MAX phase. This analysis helps to derive the
Kinetic triplets viz. the activation energy, the pre-exponential factor, and the reaction
mechanism. These kinetic parameters are essential to understand the thermal behavior of a
material [35]. The value of the activation energy relates to the energy barrier and the pre-
exponential factor associated with the frequency of the vibrations in the activated complex.
The iso-conversional kinetic methods are extensively used to calculate the activation energy
involved during thermal decomposition of a material [12,36-40]. These methods are based on
the iso-conversional principle, which states that the rate of the reaction at each conversion
fraction is the function of temperature. The activation energy calculated from these methods is
independent of the reaction mechanism followed by the thermal decomposition process. There
are several iso-conversional kinetic methods which have been reported based on different
temperature integral approximations for the calculation of kinetic parameters [41-46].

According to the recommendation of the International Confederation for Thermal
Analysis and Calorimetry (ICTAC) committee, the Kissinger-Akahira-Sunose (KAS) and the
Flynn-Wall-Ozawa (FWOQO) are used for calculating kinetic parameter [41]. The linear fitted
curves obtained from the KAS and FWO method for both oxidation stages of a 13CAC-4
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sample are presented in Fig. 4.16 — 4.17. At each value of the conversion, the activation energy
is calculated from KAS and FWO kinetic methods and given in Table 4.6 — 4.7.
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Fig 4.16 Linear fitted plots obtained from KAS iso-conversional kinetic methods for (a)
oxidation stage I and (b) oxidation stage II.

The average value of the activation energy calculated from FWO method (154.62
kJ/mol) is slightly higher than the KAS method (146.38 kJ/mol) for the oxidation stage I.
However, the trend of activation energy (Table 4.6 — 4.7) w.r.t. conversion fraction («) is
similar, as calculated from KAS and FWO methods. In oxidation stage Il, the average value of
activation energy calculated from the KAS method (513.44 kJ/mol) is also higher than that of
the FWO method (511.80 kJ/mol). It is observed that the activation energy for the oxidation
stage Il is significantly higher than the oxidation stage | of a 13CAC-4 sample. The higher
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activation energy observed in the oxidation stage Il could be associated with the formation of
the Al2Os layer over the surface of the CroAIC MAX phase. This layer also acts as an oxidation
protective layer. Fig. 4.18 shows the variation in activation energy at each conversion value

calculated for oxidation stage | (Fig. 4.18a) and stage Il (Fig. 4.18D).
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Fig 4.17 Linear fitted plots obtained from FWO iso-conversional kinetic methods for (a)
oxidation stage | and (b) oxidation stage II.

The reaction mechanism involved in the oxidation of the Cr,AIC MAX phase is
identified by employing integral master plots method [20,41]. According to this method, the
experimental curves at different heating rates are compared with various theoretical models.
The theoretical curves are obtained from g(a)/g(0.5), while the experimental curves are
generated from P(u)/P(0.5). Fig. 4.19 shows the comparison of the theoretical master curves

and the experimental curves for both the oxidation stages of the 13CAC-4 sample.
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Table 4.6 The value of activation energy (Ea) evaluated for each degree of conversion through
KAS and FWO methods for oxidation stage I.

Oxidation Stage |

Conversion KAS method FWO method
value Ea Error R? Ea Error R?
(kJ/mol) (kJ/mol)
0.2 150.69 0.153  0.999 158.19 0.900 1.000
0.25 147.97 0.201  0.999 155.68 0.744  1.000
0.3 145.64 0.304  0.999 153.56 0.783 0.999
0.35 144.37 0.334  0.998 152.44  0.821 0.999
0.4 143.54 0.370  0.998 151.73 1.080 0.999
0.45 142.77 0.457  0.997 151.08 1.114  0.998
05 142.48 0.511  0.997 150.90 1.031 0.998
0.55 143.43 0.568 0.996 151.89 1451 0.997
0.6 143.63 0.696  0.995 152.17 1.455 0.996
0.65 145.38 0.755  0.994 153.95 1509 0.996
0.7 147.67 0.898 0.992 156.23 1569 0.994
0.75 150.46 0.936  0.992 159.02 0.895 0.994
0.8 154.86 0.917 0.992 163.35 0.647 0.994

Table 4.7 The value of activation energy (Ea) evaluated for each degree of conversion through
KAS and FWO methods for oxidation stage II.

Oxidation Stage 11

Conversion KAS method FWO method
value Ea Error R? Ea Error R?
(kJ/mol) (kJ/mol)
0.2 456.99 5638 0969 45695 3.836 0.972
0.25 468.11 5221 0975 467.74 4217 0.977
0.3 475.97 5184 0976 47540 4.652 0.978
0.35 483.63 5080 0977 48287 4762 0.980
0.4 494.56 5207 0977 493.46  5.024 0.979
0.45 505.88 5197 0978 50442 5.630 0.980
0.5 519.18 5617 0976 517.30 6.586 0.978
0.55 529.11 6.013 0974 52693 7.289 0.976
0.6 540.35 6.578 0971 537.83 7.641 0.973
0.65 547.79 6.842 0968 545.08 7.070 0.971
0.7 551.81 6.851 0.969 549.06 6.404 0.971
0.75 553.23 6.592 0971 55056 5.768 0.974
0.8 548.13 6.173 0974 54582 4.156 0.976
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Fig. 4.19 The comparison of the theoretical master curves and the experimental curves for the
(a) oxidation stage | and (b) oxidation stage Il of the 13CAC-4 sample.
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In the oxidation stage 1, the First Order Random Nucleation (F1) Mechanism dominates
the oxidation of the 13CAC-4 sample. However, the Third Order Random nucleation (F3)
mechanism is involved during oxidation in stage 11 of the 13CAC-4 sample. The change in the
reaction mechanism could be ascribe to the formation of an alumina layer over the surface of
the 13CAC-4 sample. Moreover, to determine the value of pre-exponential factor eg. (3.8) is
modified by substituting value of g(a) corresponding to F1 and F3 mechanism for oxidation
stage | and stage Il, respectively. Consequently, eq. (3.8) can be modified for stage I (Eq. 4.12)
and stage Il (Eq. 4.13) as:

AE
g@=—-In(1-a)= ﬁ_RP(u) (4.12)
1 AE
g(a) = -0 B—RP(H) (4.13)

Further, the pre-exponential factor is determined by using the average activation energy

in Eq. 4.1. The linear fitted curve between —In (1 — a) and ;—RP(u) (Fig. 4.20a) gives the

value of the pre-exponential factor for stage I. The pre-exponential factor for stage Il is

calculated from the slope of the linear fitted curve between (1/2(1 — a) and ;—RP(u) (Fig.

4.20b). The variation of pre-exponential w.r.t. heating rates along with the standard error is
shown in Fig. 4.21. Finally, Table 4.8 represents the calculated kinetic triplets involved during

the formation of Cr,AIC MAX phase.
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Fig. 4.21 The variation of pre-exponential w.r.t. heating rates along with the standard error for
(a) oxidation stage | and (b) oxidation stage II.

Table 4.8 Kinetic triplets involved during oxidation of Cro,AIC MAX phase.

Kinetic triplets

Average activation energy Average pre- .
(kJ/mol) exponential factor miizgtr:?snm
KAS FWO (min)
Stage | 146.37 £ 0.54 154.62 + 1.07 2.02x107+ 2.47x10° F1
Stage Il 513.44+5.86 511.80+5.61  3.89x10% +1.02x10%8 F3
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CHAPTER 5

SYNTHESIS & OXIDATION KINETICS
OF TisAlC2 MAX PHASE

Overview

TisAlC2 MAX phase was prepared by using pressureless sintering route. The role of aluminium
content during the synthesis of TizAIC, was examined. The impact of temperature was also
studied to obtain TizAIC2 MAX phase. A highly pure TisAIC, MAX phase was obtained at
1500 °C when stoichiometric ratio was Ti:TiC:Al = 1:1:1.3. The formation reaction pathway
involved during synthesis of TizAIC, MAX phase was identified through XRD analysis. The
synthesis kinetics was also studied and Kkinetic parameters were determined. The non-
isothermal oxidation stability of TisAlC2 MAX phase was also examined through TGA/DTA
technique. The reaction pathway during oxidation was identified. The oxidation of TizAIC;
MAX phase occurred in three stages. The kinetic parameters responsible for the oxidation of
TisAlC2 MAX phase were determined.
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5.1. Introduction

TisAlC2 MAX phase emerged as potential candidate for variety of technological
applications such as heating element, coating material, pantographs and many more [1,2]. This
phase is also used as a precursor for the development of two dimensional TizC> MXene [3].
The outstanding merits of TisAIC2 MAX phase includes high temperature stability, corrosion
resistance, oxidation resistance, superior electrical properties, machinability and high damage
tolerance [4]. This blend of interesting properties made TizAIC> phase suitable for high
temperature applications. The isothermal oxidation stability of TizAIC2 MAX phase is studied
extensively [5,6]. In the process of oxidation, a protective layer of oxides (TiO2 and Al2O3)
form on the surface of TisAIC phase. This protective layer enhances the oxidation resistance.
It is critically important to know the kinetics involved during oxidation. This will help for better
material designing for a particular purpose. However, non-isothermal oxidation stability of
TisAlC2 MAX phase is scarce in literature.

In the present work, the formation of TisAIC2 MAX phase was investigated by changing
the aluminium content. The role of sintering temperature was examined. The reaction pathway
involved during formation of TisAIC> MAX phase was identified. The formation kinetics was
also studied. The formation of TisAIC2; MAX phase was confirmed with the help of XRD,
FESEM, TEM and XPS analysis. The main motto of the work was to determine the suitable
experimental conditions to obtain TisAlC2 phase. Moreover, oxidation stability of the TisAIC,
was examined with the help of the Thermogravimetry Analysis (TGA) and the Differential
Thermal Analysis (DTA) techniques. The oxidation reaction pathway and Kinetics involved
during oxidation of TisAIC, phase was studied. The kinetic parameters such as activation
energy, pre-exponential factor and reaction mechanism were calculated.

5.2.  Synthesis of TisAIC2 MAX phase

According to the experimental details mentioned in the chapter 3, synthesis parameters
to achieve TizAIC; MAX phase is studied. Firstly, the synthesis temperature of TisAIC; MAX
phase was determined. In this process, the TAC 4 sample (Ti:TiC:Al = 1:1:1.4) was sintered at
800, 1000, 1200, 1400 and 1500 °C in an argon atmosphere for 1 hr. followed by optimization
of Al content. The nomenclature of the samples prepared at different experimental conditions
are presented in Table 5.1.

5.2.1. XRD analysis

Fig. 5.1 shows the XRD patterns of 8TAC 4, 10TAC 4, 12 TAC 4, 14 TAC 4 and 15
TAC 4 samples. Firstly, the aluminium melts at ~ 660 °C (Eqg. 5.1) and reacts with titanium to
form AlzTi (Eq. 5.2) phase. The peaks corresponding to AlsTi are prominent in 8TAC 4 sample
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sintered at 800 °C. The volume fraction of different compounds is calculated with the help of
XRD patterns observed in Fig. 5.1 and presented in Table 5.1.

Al = Al (5.1)

Ti + 3Al - Al;Ti (5.2)

Table 5.1 Nomenclature of all the samples prepared at different experimental conditions.

Samples Molar ratio Sintering Volume Fraction (%)
D — temperature X X — -

Ti TiC Al (oC)for 1 hr. Ti C TiC AlTi TiCs TisAIC,
8TAC4 1 1 14 800 292 813 69.32 19.63 - -
10TAC4 1 1 14 1000 436 — 8296 6.32 4.87 1.49
12TAC4 1 1 14 1200 529 - 7104 6.93 1243 431
14TAC1 1 1 11 1400 - - 8.31 - - 91.69
14TAC2 1 1 12 1400 - - 8.13 - - 91.87
14TAC3 1 1 13 1400 - - 4.28 - - 95.72
14TAC4 1 1 14 1400 - - 2.87 - 6.22 90.91
15TAC1 1 1 11 1500 - - 411 - - 95.89
15TAC2 1 1 12 1500 - - 4.03 - - 95.97
15TAC3 1 1 13 1500 - - 2.06 - - 97.94
15TAC4 1 1 14 1500 - - 3.88 - - 96.12

¢ Ti3AIC, * TIC ATiCg ¢ Al,Ti oC o Ti
15TAC 4
;'\ i A A j H A. ;\
8 . T4TAC 4
> - fobe i AN
= .
c
O
E ,
20 [la
o ] . I 8TAC 4
L \ * M * *
A s n n I *
T T T T T T T T T T T T T
10 20 30 40 50 60 70 80
20 (degree)
Fig. 5.1 The formation of intermediate phases at different temperatures during the synthesis
of TisAIC,.

The peaks associated with TiC, Ti and C are also observed in 8TAC 4 sample. Hendaoui

and co-workers [7] also observed the presence of AlsTi during the synthesis of TisAIC, by
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taking excess Al content. The samples (10 TAC4 and 12 TAC4) sintered at 1000 and 1200 °C

demonstrated the peaks associated with TiC, Ti, AlsTi and TiC compounds.
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Fig. 5.2 XRD patterns of (a) 14TAC 1 - 14TAC 4 samples and (b) 15TAC 1 - 15TAC 4
samples sintered at 1400 °C and 1500 °C, respectively.
In addition, a peak associated with TisAIC> MAX phase is also observed in the samples
sintered at 1000 and 1200 °C. Further increase in temperature to 1400 °C resulted in the

formation of TisAIC2, MAX phase with the presence of small amount of TiC and TiCsg
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compounds. This indicated that TiC and AlsTi reacted to form TisAIC2 MAX phase by
following reaction Eq. 5.3 — 5.4.
ALLTi 4 2TiC — TizAIC, + 2Al (5.3)
7Al15Ti + 58TiC — 21Ti3AIC, + 2TiCg (5.4)
At 1500 °C, the peaks associated TisAlIC2 becomes more pronounced along with minor
phases of TiC in 15TAC 4 sample. The results revealed that the formation of TizAIC, MAX
phase is favorable at 1400 and 1500 °C. Consequently, the role of aluminium content is
investigated at 1400 and 1500 °C. The concentration of aluminium is varied from 10 — 40 mol
%. In this regard, four samples TAC 1, TAC 2, TAC 3 and TAC 4 are sintered at 1400 and
1500 °C for an hour in argon atmosphere. The labelling samples are presented in Table 5.1.
Fig. 5.2a presents the XRD diffractograms of 14TAC 1 — 14TAC 4 samples. The volume
fraction of phases present in these samples is given in Table 5.3. The results indicated that the
formation of TizAIC, depends on the aluminium content. The formation of TisAlC, alongwith
TiC, AlzTi and TiCg is observed in samples 14TAC 1, 14TAC 2 and 14TAC 4. However, the
peak associated with TiCg is not seen in 14TAC 3 sample. This designated the synthesis of

Ti3AlC> phase depends on the aluminium content.

Table 5.2 The lattice parameters of TisAlC phase present in prepared samples.

Lattice Parameters of TizAlIC,

Samples a A cd) 2 Cell Vglume Ruwp
(A%)
14TAC1 3.071 18568 1.12 91.03 19.23
14TAC2 3.075 18.562 1.22 90.45 18.26
14TAC3 3.073 18571 1.02 90.82 18.45
14TAC4 3.072 18.578 1.18 91.01 19.88
15TAC1 3.075 18.577 1.09 91.24 17.24
15TAC2 3.077 18.581 1.29 91.36 18.01
15TAC3 3.074 18.576 1.08 90.98 16.92
15TAC4 3.076 18.579 1.16 91.23 18.33

Similar results are also reported during the synthesis of other MAX phases by varying
the aluminium content [8,9]. However, excessive increase in Al content led to the formation
secondary phases as observed in 14TAC 4 sample. The maximum amount of TisAIC: is
observed in 14TAC 3 sample sintered at 1400 °C. It might be possible that secondary phases
(TiC, AlsTi and TiCs) could react to form TisAlC2 MAX phase at higher temperature. Hence,
TAC 1 - TAC 4 samples are sintered at 1500 °C.
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Fig. 5.2b shows the XRD patterns of 15TAC 1 — 15TAC 4 samples sintered at 1500 °C.
In these samples, the peaks associated with TisAlC> alongwith TiC are observed. This indicates
that increase in temperature favored the formation of TizAIC; MAX phase. In addition, there
is no peak related to AlsTi phase. It is observed that increase in Al content upto 30 mol%
favored the formation of TisAIC,. While further increase in Al content favored the formation
of carbide. The maximum volume fraction of TisAIC2 MAX phase is obtained in 15TAC 3
sample, as is evident from Fig. 5.2 and Table 5.2. Moreover, Rietveld refinement is performed
to calculate the lattice parameters and cell volume (Table 5.3) for TizAIC>. Fig. 5.3 presents
the Rietveld refinement of 15TAC 3 sample.

—— Observed (15TAC 3)

Calculated

—— Observed - Calculated
| Bragg's position

Intensity (a.u)

"

10 ' 20 ' 30 ' 40 50 60 70 80
20 (degree)
Fig. 5.3 Rietveld refinement plot of 15TAC 3 sample.

5.2.2. Synthesis kinetics of TizAlIC2 MAX phase

To get better knowledge associated with the formation of TizAlC2 MAX phase, it is
crucial to study the synthesis kinetics. Several research groups investigated the synthesis
kinetics of variety of materials with thermal analysis techniques (thermogravimetry analysis
(TGA), Dilatometry, differential thermal analysis (DTA) and differential scanning calorimetry
DSC). In this regard, DTA technique is employed to investigate the synthesis kinetics of
TisAlC2. Accordingly, the milled and pelletized TAC 3 sample is heated from ambient
temperature to 1300 °C at various heating rates (5, 10, 15, 20 °C/min) in an argon atmosphere.
The heat flow and change in mass w.r.t. temperature and time is recorded. Fig. 5.4 demonstrate
the DTA curve of TAC 3 sample. There are two endothermic peaks detected at ~ 665 °C and
~ 965 °C that are observed in DTA curves obtained at heating rate of 10 °C/min (Fig. 5.4a).
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The former endothermic peak (Fig. 5.4b) designated to the Al melting. However, the second
endothermic peak (Fig. 5.4c) is related to the synthesis of TisAlC2 MAX phase. These
endothermic peaks shifted toward higher temperatures with an increase in heating rates. Similar
shifting of peaks is also observed in the case of CroAIC MAX phase (Chapter 4). The initial,
maximum, and final endothermic peak temperatures at all heating rates are presented in Table
5.3. Fig. 5.1 and Fig. 5.4 indicated that the second endothermic peak could be associated with
the reaction between TiC and AlsTi to form TisAlC, MAX phase.

—— 20 °C/min (b)
—— 15 °C/min
—— 10 °C/min
—— 5 °C/min

%

T T T T T T
635 640 645 650 655 660 665 670
\ Temperature (°C)
(©) — 20 °C/min

—— 15 °C/min
—— 10 °C/min

V\
— L

T T T T T
940 950 960 970 980 990 1000

Temperature (°C) Temperature (-C)
Fig. 5.4 (a) DTA curves of the milled pelletized TAC 3 sample. (b) First endothermic peak,
and (c) Second endothermic peak at multiple heating rates (5, 10, 15, 20 °C/min) in an

argon atmosphere.
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Table 5.3 The initial, maximum, and final temperatures of both endothermic peaks at all
heating rates.

Heating Rates Peak I Peak 11
(K/min) Ti(°C) Tp(°C) T:i(°C) Ti(°C) Tp(°C) T (°C)
5 657.47 666.31 67146 1040 1051.76 1058.99
10 657.92 667.25 67437 1040 1051.84 1063.58
15 658.12 667.37 67465 1040 1053.22 1066.32
20 659.98 667.39 676.22 1040 1054.38 1070.49
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Fig. 5.5 (a) The variation of the conversion value (o) and (b) derivative of conversion value
(da/dt) with temperature.

Fig. 5.5 shows the change in conversion fraction (o) with temperature for second
endothermic peak. The kinetic parameters responsible for second endothermic peak are
calculated according to the methodology presented in Chapter 3. Fig. 5.6 presents the linear
fitted curves obtained from KAS (Fig. 5.6a) and FWO (Fig. 5.6b) methods for TAC 3 sample.
The activation energy calculated for each conversion fraction along with standard error is
tabulated in Table 5.4. The average activation energy calculated from KAS (632.39 kJ/mol) is
higher than the FWO (630.09 kJ/mol).
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Fig. 5.6 The linear fitted curves obtained from (a) KAS and (b) FWO methods for TAC 3
sample.
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Fig. 5.7 Trend of activation energy calculated from KAS and FWO kinetic methods.

The difference in the average activation energy value is due to different mathematical
approximations used in kinetic methods (KAS and FWO). However, the trend of activation
energy (Table 5.4 and Fig. 5.7) remains the same, as calculated from both kinetic methods.
Furthermore, the reaction mechanism responsible for the formation of TisAlC: is recognized
by using master integral plot method. According to this method, the theoretical values

corresponding to various reaction models are compared with the experimental results. The
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detailed description related to the integral master plot method is presented in the Chapter 3.
The comparison of theoretical and experimental curves is presented in Fig. 5.8. The results
revealed that A4 (nucleation growth model) mechanism is responsible for the formation of
TisAIC2, MAX phase. This suggested that the growth of TizAIC: initiated at ~ 960 °C and later
the increase in temperature resulted into complete growth of TisAlC; phase.

Table 5.4 The variation of activation energy w.r.t. conversion value («), as calculated from
KAS and FWO methods.

. KAS method FWO method
Conversion E. i E. )
Value (kJ/mol) Error R (kd/mol) Error R
0.2 1632.81 40.48 0.884  1588.62  40.55 0.887
0.25 1553.10 37.95 0.887 151225  38.08 0.891
0.3 1476.89 35.61 0.890 1439.24 35.78 0.893
0.35 1409.25 33.10 0.895 1374.43 33.19 0.899
0.4 1351.23 31.81 0.895 1318.85 31.91 0.898
0.45 1308.76 29.45 0.903 1278.16  29.53 0.907
05 1252.68 28.60 0.901 1224.43 28.64 0.904
0.55 1202.00 26.90 0.904 1175.88 27.01 0.908
0.6 1154.07 25.43 0.907 1129.96 2555 0911
0.65 1110.79 23.63 0.913 1088.50 23.72 0917
0.7 1069.59 22.72 0.913 1049.03 2293 0917
0.75 1023.86 21.65 0.914 1005.22 21.78 0918
0.8 980.26 19.97 0.920 963.45 2012 0.924
15 —— — 1.5
] [ B
1.4 - A g L 1.4
13{ —F1 = 10°C/min - o w13
& | = —-F3 & 30°C/min AR P b4 aaie:
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Fig. 5.8 A comparison of the experimental and theoretical master curves.
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In general, there are two types of restrictions that hinders the growth of nuclei, i.e.,
Ingestion and Coalescence [10]. The former restriction occurred due to the growth of an
existing nucleation site that eliminate the potential new nucleation site. The later restriction is
related to the loss of interface between reactants and products when distinct nuclei merge.

Furthermore, the third Kkinetic parameter (pre-exponential factor) is calculated by
substituting average activation energy and g(a) corresponding to A4 mechanism, i.e.,
(g(a) = [-In (1 — @)]*/*). Hence, eq. (3.8) can be rewritten as:

9(@) = [-In (1= Q* = 22 P (55)
The value of pre-exponential factor is determined from the slope of the linear fitted

curve between [—In (1 — a)]*/* and :—RP(u) (Fig. 5.9a). The variation of pre-exponential

w.r.t. heating rates along with the standard error is shown in Fig. 5.9b. Finally, Table 5.5
represents the calculated kinetic triplets involved during the formation of TisAIC, MAX phase.
Table 5.5 Kinetic triplets involved during formation of TizAlC2 MAX phase.

Kinetic triplets

Average activation energy

Average pre-exponential factor Reagtion
KA FWO mechanism
1271.18 + 29.02 1242.16 + 29.13 3.69 x 102 + 1.23 x 10% Al
1.2
|@ .
114 ® 5°C/min ‘{A“‘
e 10 °C/min '/A A
A 15°C/min y&
1.0 -
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Fig. 5.9 (a) The linear fitted curve between (1/1 — a) and ﬁiRP(u). (b) The variation of pre-
exponential w.r.t. heating rates along with the standard error.
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Fig. 5.10 The FE-SEM micrographs of fractured (a-b) 14TAC 3 and (c-d) 15TAC 3 samples.
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5.2.3. Microstructure Analysis

The fractured surface morphology of 14TAC 3 and 15TAC 3 samples with higher
volume fraction of TizAIC, is presented in Fig. 5.10. These micrographs show a typical
nanolaminated structure of the MAX phases. Fig. 5.10a-b presents the growth of layered
structure, where the layers of TisAIC; are bound in 14TAC 3 sample. Delamination in the
layered structure is also observed. The stacking of layers became more prominent in 15TAC 3
samples (Fig. 5.10c-d). This might be associated with less carbide content in 15TAC 3 sample.
It is also visible that the thickness of the layers is non-uniform (Fig. 5.10c-d). HR-TEM (High-
Resolution Transmission Electron Microscopy) and SAED (Selected Area Electron
Diffraction) micrographs of a 15TAC 3 sample is shown in Fig. 5.11. These micrographs
demonstrated specific traits of the MAX phases. The value of d-spacing (2.63 nm) calculated
from lattice fringes of 15TAC 3 sample corresponds to (101) plane of TisAlC>, as is evident
from Fig. 5.11a. The formation of TizAIC> MAX phase is also confirmed with the SAED
pattern (Fig. 5.11b). The results of microstructure analysis are analogous with the XRD pattern.
Further, the distribution of titanium (Ti), aluminium (Al), and carbon (C) ina 15TAC 3 sample
(sintered at 1500 °C) are identified through the EDS mapping (Fig. 5.12). It is observed that all

the elements are homogeneously distributed in a 15TAC 3 sample.

-

Fig. 5.11 (a) The HRTEM and (b) SAED image of 15TAC 3 sample.

5.2.4. X-ray photoelectron spectroscopy (XPS) analysis
A high resolution XPS spectra of Ti2p, C1s, Al2p and O1s of 15TAC 3 sample is shown
in Fig. 5.13. The solid spheres correspond to the experimentally determined data points and
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lines are associated with fitting curves through Shirley procedure. In the Ti2p spectra (Fig.
5.13a), six peaks are observed at 453.88, 455.18, 458.04, 459.92, 462.75 and 464.10 eV, as is

evident from Fig. 5.13a.

Tikal

= 0 kal
Fig. 5.12 (a) SEM image and (b) elemental composition 15TAC 3 sample. The distribution of
(c) Al, (d) Ti, (e) C and (f) O in 15TAC 3 sample.
The peaks at 453.88 and 459.92 correspond to the Ti-C bond [11]. The remaining four

peaks are assigned to TiO, (458.04 and 464.10 eV) and TiO (455.13 and 462.75 eV) [12-14].
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The C1s spectra (Fig. 5.13b) observed for 15TAC 3 sample demonstrated four peaks at 280.98,
284.46, 285.30 and 287.17 eV. The former peak (280.98 eV) is assigned to Ti-C, while peak
at 284.46 eV corresponds to the residual adsorbed carbon C-C [11,15-17]. The latter two peaks
at 285.30 and 287.17 eV are assigned to C-O [18]. Further, three peaks are observed in Al2p
spectra of 15TAC 3 sample. The peak at 71.84, 73.67 and 74.60 eV originated due to Ti-Al,
Al-C and Al-O bond, respectively [19,20]. The Oss spectra of 15TAC 3 sample demonstrated
two peaks at Ep ~530.33 and 531.87 eV. The former peak is assigned to O-TizAlC/Ti>AIC/TiC
while the latter peak ascribed to O=C [21]. The XPS results also confirmed the formation of
TisAlC2 MAX phase.

(@) 458.03 eV Ti 2p (b) ° C1ls

284.46 eV

459.93 eV @R %
b4 & 454.00ev
v

Intensity (a.u.)
Intensity (a.u)

531.87 eV
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Intensity (a.u.)
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Fig. 5.13 The typical (a) Tizp, (b) Cis, () Alzp and (d) O1s XPS spectra of 15TAC 3 sample.
5.2.5. Oxidation kinetics of TizAIC2 MAX phase

TisAlC2 MAX phase offers good oxidation resistance [22]. To design a material with
good oxidation resistance, it is important to gain information related to oxidation kinetic under
isothermal and non-isothermal conditions. The oxidation kinetic is commonly studied with the
help of thermal analysis techniques [23,24]. An exhaustive work has been done to investigate
the oxidation kinetics of TisAIC, MAX phase under isothermal conditions [25]. However,
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studies related to non-isothermal oxidation behavior of TisAIC, are scarce in literature.

Therefore, non-isothermal oxidation Kkinetic is performed through TGA/DTA technique.
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Fig. 5.14 TGA/DTA curves of 15TAC 3 sample in air environment at 10 °C/min.
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Fig. 5.15 DTA curves of 15TAC 3 sample in air environment at 7.5, 10, 12.5 and 15 °C/min.
Fig. 5.14 presents TGA/DTA curves of TisAlC, MAX phase at heating rate of 10
°C/min. These curves demonstrated that the mass remained constant upto 350 °C and then the
mass gain occurred due to the oxidation. The oxidation reaction completed at ~ 1100 °C, as is

evident from the stability in mass. There are three exothermic peaks (~ 522, 628 and 860 °C)
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that are observed in the DTA curve (Fig. 5.14). Wang and Zhou [26] also reported similar
exothermic peaks in DSC curve of TizAIC,. The former two peaks correspond to the oxidation
of TiC impurity present and formation of Al>O3 on the surface of the MAX phase. It is reported
that the formation of Al>Os layer occurred underneath the TiO2 layer [26] . Both these layers
protect the TisAIC; MAX phase and improve it’s oxidation resistance. The total mass gain (~
40 %) as observed in TisAlC> is comparable with the literature. To gain more information
related to the oxidation, DTA experiments are performed at various heating rates (7.5, 10, 12.5,
15 °C/min). Fig. 5.15 demonstrate three oxidation peaks of TisAlC, MAX phase. A shifting is
observed in all the peaks with increase in heating rate. Similar, shifting is also observed during
oxidation of CroAIC MAX phase (Chapter 4). The probable reaction involved during oxidation
of TizsAIC: is given below:
4TizAlC, + 230, - 12TiO, + 2Al,05 + 8CO, (5.6)
Moreover, conversion fraction for each peak is evaluated to perform kinetic analysis.
The detailed procedure opted for kinetic analysis is presented in Chapter 3. Fig. 5.16 presents

the calculated value of conversion fraction for all peaks.
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Fig. 5.16 The variation of conversion values with temperature for (a) peak I, (b) peak Il and
(c) peak 1ll.
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Table 5.6 The value of activation energy (Ea) evaluated for each degree of conversion through
KAS and FWO methods for oxidation peak I.

Oxidation Peak |

Conversion KAS method FWO method
value Ea Error R? Ea Error R?
(kJ/mol) (kJ/mol)
0.2 294.15 2.82 0.98 300.10 2.99 0.98
0.25 301.76 2.88 0.98 307.42 2.93 0.98
0.3 302.68 3.38 0.97 308.34 3.46 0.98
0.35 311.60 3.92 0.97 316.94 4.03 0.97
04 317.03 4.37 0.96 322.17 4.44 0.97
0.45 324.02 4.03 0.97 328.90 4.18 0.97
05 330.73 4.54 0.96 335.36 4.62 0.97
0.55 340.47 4.68 0.96 344.73 4.73 0.97
0.6 346.75 4.90 0.96 350.78 5.02 0.96
0.65 359.28 4.76 0.96 362.82 4.83 0.97
0.7 366.42 4.62 0.97 369.70 471 0.97
0.75 381.16 4.37 0.97 383.87 4.45 0.98
0.8 390.43 3.86 0.98 392.79 3.99 0.98

Table 5.7 The value of activation energy (Ea) evaluated for each degree of conversion through
KAS and FWO methods for oxidation peak I1.

Oxidation Peak 11

Conversion KAS method FWO method
value Ea Error R? Ea Error R?
(kJ/mol) (kJ/mol)
0.2 971.84 3941 0.73 950.76  39.49 0.74
0.25 943.24 3519 0.76 92340 3526 0.77
0.3 954.75 3417 0.78 934.48 3422 0.79
0.35 938.03 3403 0.77 91850 34.15 0.78
0.4 959.26 31.17 081 938.88 31.24 0.82
0.45 951.30 31.87 0.80 931.29 3143 081
0.5 943.09 3284 0.79 92346 3293 0.80
0.55 969.96 3460 0.78 949.25  34.88 0.79
0.6 990.04 3471  0.79 968.52 34.82 0.79
0.65 985.38 39.03 0.74 964.11 3956 0.75
0.7 1019.74 43.21 0.71 997.08 4342 0.71
0.75 1071.22  49.13 0.67 1046.45 49.38 0.68
0.8 1157.01 58.07 0.62 112870 5856 0.63
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Table 5.8 The value of activation energy (Ea) evaluated for each degree of conversion through
KAS and FWO methods for oxidation peak I1.

Oxidation Peak 111

Conversion KAS method FWO method
value Ea Error R? Ea Error R?
(kJ/mol) (kJ/mol)
0.2 473.12 2.94 0.99 475.74 2.98 0.99
0.25 478.98 1.66 1.00 481.42 1.73 1.00
0.3 494.72 0.98 1.00 496.55 1.03 1.00
0.35 511.14 1.70 1.00 512.34 1.79 1.00
04 527.93 2.07 1.00 528.48 2.13 1.00
0.45 541.37 2.60 1.00 541.41 2.65 1.00
0.5 547.50 3.33 0.99 547.34 3.42 0.99
0.55 554.44 4.08 0.99 554.04 4.69 0.99
0.6 566.53 3.70 0.99 565.66 3.83 0.99
0.65 576.60 4.55 0.99 575.37 4.58 0.99
0.7 591.09 4.86 0.99 589.29 4.92 0.99
0.75 600.13 4.84 0.99 598.00 4.89 0.99
0.8 611.32 4.47 0.99 608.78 4.53 0.99
1250
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Fig. 5.18 The variation in activation energy at each conversion value calculated for oxidation
peak I, peak Il and peak IlI.

The Kkinetic parameters (activation energy, pre-exponential factor and reaction
mechanism) are determined by following the procedure mentioned in Chapter 3. To determine
the activation energy, the linear fitted plots obtained from KAS and FWO kinetic methods for
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all peaks are presented in Fig. 5.17. The activation energy calculated from these linear fitted
curves is tabulated in Table 5.6 — 5.8. The average value of activation energy calculated for
KAS method for peak I, peak Il and peak 111 is 335.88, 988.83 and 544.22 kJ/mol, respectively.
There is a slight difference in the magnitude of activation energy calculated from FWO method
for peak 1 (340.30 kJ/mol), peak 11 (967.30 kJ/mol) and peak I11 (544.19 kJ/mol). This variation
in the magnitude arises due to different temperature integral approximations used in KAS and
FWO kinetic methods.

Furthermore, the variation of activation energy with change in conversion fraction
remains identical as calculated from KAS and FWO iso-conversional kinetic methods. Fig.
5.18 shows the variation in activation energy for peak I, peak Il and peak Ill. The figures
indicate that the trend of activation energy remains identical as calculated from the KAS and
FWO methods for all peaks. The higher activation energy for peak Il might be associated with
the formation of protective layers of Al.Oz and TiO.. The reaction mechanism responsible for
the oxidation corresponding to peak I, peak Il and peak Il is recognized by using integral
master method. The exact reaction mechanism is determined by comparing the experimental
and theoretical curves for peak | (Fig. 5.19), peak Il (Fig. 5.20) and peak I1I (Fig. 5.21).
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Fig. 5.19 The comparison of the theoretical master curves and the experimental curves for the
oxidation peak I 15TAC 3 sample.
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Fig. 5.20 The comparison of the theoretical master curves and the experimental curves for the
oxidation peak Il 15TAC 3 sample.
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Fig. 5.21 The comparison of the theoretical master curves and the experimental curves for the
oxidation peak I11 15TAC 3 sample.
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The comparison reveals that F2 reaction mechanism dominates the oxidation peak | and
peak I11. However, F3 reaction mechanism is found to be responsible for oxidation peak I1. The
change in the mechanism is associated with the formation of protective oxidation layer of Al,O3
and TiO». Furthermore, the third Kinetic parameter, i.e., pre-exponential factor is determined
by substituting the value of reaction mechanism in Eq. 3.8. Accordingly, Eg. 3.8 can be
rewritten for peak | (Eq. 5.7), peak Il (Eg. 5.8) and peak Il (Eq. 5.7):

AE
g9(a) = A—a) ﬁ_RP(u) (5.7)
1 4E
gla) = 0-a) B—RP(U) (5.8)

To calculate the pre-exponential factor the average value of activation energy as
calculated from KAS method for peak I, peak Il and peak Il is employed. Fig. 5.22
demonstrates the linear fitted curves to determine the pre-exponential factor for peak I, peak 11
and peak Ill. The trend of pre-exponential factor with change in heating rate is presented in
Fig. 5.23. Finally, the kinetic triplets responsible for the oxidation of TizAIC; in peak I, peak
Il and peak Il are tabulated in Table 5.9.

Table 5.9 Kinetic triplets involved during oxidation of TisAIC2 MAX phase.

Kinetic triplets

Average activation energy Average pre-exponential .
(kJ/moI) factor Reactlgn
o mechanism
KAS FWO (min™)
Peak | 335.88+4.09  340.30+4.10 5.55x10%2 + 7.69x10%° F2
Peak 11 988.83+38.26 967.30+38.22  3.58x10% + 3.06x10% F3
Peak 111 54422 +3.21 544.19 + 3.19 6.69x10% + 2.34x10% F2
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CHAPTER 6

SYNTHESIS & OXIDATION KINETICS
OF V2AIC MAX PHASE

Overview

Nanolaminated V.AIC MAX phase has been synthesized through pressureless sintering. The
effect of change in aluminium content (10 — 40 mol%) is investigated. The optimum sintering
temperature is also identified by varying sintering temperature from 800 — 1500 °C. It is
observed that V>AIC MAX phase is obtained at 1500 °C, when V:Al:C = 2:1.3:1. The formation
reaction pathway of V>AIC is studied through XRD analysis. The oxidation stability of the
V,AIC is studied under non-isothermal conditions through a TGA/DTA technique at multiple
heating rates in the air atmosphere. It is observed that the oxidation of V2AIC occurred in two
different stages. Thermodynamic calculations are also performed to predict the oxidation
reaction pathway of V,AIC MAX phase. The kinetic triplets (activation energy, pre-
exponential factor and reaction mechanism) involved during oxidation of V2AIC are

determined for both stages of oxidation.
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6.1.  Introduction

V,AIC is a ternary nano-laminated hexagonal compound that belongs to the family of
MAX phases. The general formula of the family is Mn+1AX,, where M refers to the transition
metal, A is metal and X is carbon or nitrogen [1]. The MAX phases emerge as a promising
candidate for a plethora of applications such as protective coatings, sensors, low friction
surfaces, electrical contacts, cladding material, heat exchangers, concentrated solar power and
higher temperature applications [2]. The MAX phases are also used to synthesize their 2D
derivatives, i.e., MXenes [3]. The MXenes have shown tremendous potential for a wide range
of applications especially in energy conversion and storage [4]. The discovery of MXenes has
further boosted the interest of the scientific community in MAX phases.

MAX phases offer high resistance to oxidation that makes them suitable for many
industrial applications. The oxidation behavior of Ti;AIC, TisAIC,, CrAlC and TisSiC, MAX
phases have been extensively studied [5-8]. In the MAX phase, oxygen diffuses inward but M
and X elements diffuse outward. This results in the formation of a protective oxide layer that
improves the oxidation behaviour of MAX phases. The aluminium-based MAX phases are
proven to exhibit higher oxidation resistance due to the formation of a stable Al.Oz layer. In
addition, self-crack healing behaviour is also observed in MAX phases [9-11]. The weakly
bonded oxides formed during the oxidation reaction fills the crack. The self-crack healing
behaviour is mainly associated with the near value of the thermal expansion coefficient of
oxides and MAX phases. In addition, stiffness of the oxide filler with that of MAX phase helps
to regain the strength of the filled crack [12].

In the present study, the effect of Al content on the synthesis of V2AIC is investigated.
The non-isothermal oxidation behaviour of the V>,AIC MAX phase is studied through
Thermogravimetry Analysis (TGA) and the Differential Thermal Analysis (DTA) techniques.
The thermal kinetics analysis is also performed during the oxidation of V2AIC. The Kinetic
triplets such as activation energy, reaction mechanism and pre-exponential factors are
determined. Moreover, thermodynamic calculations are performed to identify the reaction
pathway involved during oxidation of the V2AIC MAX phase.

6.2.  Synthesis of V2AIC MAX phase

The details related to the experiments performed are presented in the previous chapter
3. Initially, the synthesis temperature of V>AIC MAX phase was determined. In this process,
the VAC 4 sample (V:Al:C = 2:1.4:1) was sintered at 800, 1000, 1100, 1200, 1300, 1400 and
1500 °C in an argon atmosphere for 1 hour. Accordingly, the nomenclature and experimental

conditions of all the prepared samples are tabulated Table 6.1.
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Table 6.1 Nomenclature of all the samples prepared at different experimental conditions.

Samples Molar ratio tefrir;zergtnfre Volume Fraction (%)

ID V. C Al (C)forlhr C AV VAL, VC;  VLAIC
8VAC4 2 1 14 800 16.04 1123 7273 - - -
10VAC4 2 1 14 1000 232 1032 7825 9.11 - -
12VAC4 2 1 14 1200 - 422 7453 2125 - -
13VAC4 2 1 14 1300 - - - 61.62 8.23 15.24
14VAC1 2 1 11 1400 - - - 523 1234 8243
14VAC2 2 1 12 1400 - - - 496 8.04 86.98
14VAC3 2 1 13 1400 - - - 0.83 7.85 91.32
14VAC4 2 1 14 1400 - - - 6.93 9.31 83.77
15VAC1 2 1 11 1500 - - - - 6.18 93.82
15VAC2 2 1 12 1500 - - - - 5.45 94.55
15VAC3 2 1 13 1500 - - - - 4.02 95.98
15VAC4 2 1 14 1500 - - - - 7.64 92.36

6.2.1. XRD analysis

Fig. 6.1 presents the diffraction pattern of 8VAC 4, 10VAC 4, 12 VAC 4, 13VAC 4,
14 VAC 4 and 15 VAC 4 samples. In this case, Al metal melts and reacts with vanadium to
form AlzV compound. At 800 °C, the peaks corresponding to AlsV, V and C are observed.
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Fig. 6.1 The formation of intermediate phases at different temperatures during the synthesis of
V>AIC MAX phase.

This indicated that the formation of V2AIC phase require higher temperature due to the
presence of unreacted C and V, as observed in XRD patterns. In 10VAC 4 samples, the
formation of V3Al>, compound is observed. Afterwards, the peaks associated with V3Al,
became more prominent in 12VAC 4 and 13VAC 4. A few peaks related to VsC7 and V2AIC
compounds are also observed. To investigate the formation of V>AIC MAX phase temperature

is further increased to 1400 °C and 1500 °C.

e VLAIC *VgC, 0 VAL 1400 °C
() i
- * 14VAC 4
S A A
L
P
= .
c | 14VAC3 .
8 P
£
* 14VAC 2
| A
*14VAC1 .
A -
—_—
10 20 30

20 (degree)

Page 118 | 146



Chapter 6 Synthesis & oxidation kinetics of V2AIC MAX phase
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Fig. 6.2 XRD patterns of (a) 14VAC 1 — 14VAC 4 samples and (b) 15VAC 1 - 15VAC 4
samples sintered at 1400 °C and 1500 °C, respectively

At 1400 °C, the peaks associated with V>AIC MAX phase became more prominent. In
addition, some peaks of VeC7 and V3Al; are also observed. Further increase in temperature to
1500 °C resulted into formation of V2AIC phase alongwith VgC7 phase. The results revealed
that 1400 and 1500 °C are the suitable temperatures to obtain V>.AIC MAX phase. Therefore,
effect of Al composition on the synthesis of V>AIC at 1400 and 1500 °C is studied. The X-ray
diffractograms of samples (14VAC 1 — 14VAC 4) sintered at 1400 °C are presented in Fig.
6.2a. The volume fraction of different phases observed is tabulated in Table 6.1. There are four
phases (V2AIC, VsC7, V4Al23 and V3Al,) observed in all the samples sintered at 1400 °C. The
peaks associated with V>AIC becomes more pronounced with the increase in Al content upto
30% in 14VAC 3 sample. However, a further increase in Al content to 40% in 14 VAC 4
resulted in a decrease in the intensity of peaks associated with MAX phases. Similar results are
also reported during the synthesis of other MAX phases by varying the Al content [8,13,14].
The increment in the Al content favours the formation of V>AIC MAX phase upto some extent.
However, after a certain limit excessive amount of Al content favours the formation of V-Al
based alloys. This results in more residual carbon in the system that reacts to form VgC- carbide.
In this way, variation in Al content significantly affects the formation of MAX phase. The
volume fraction of V>AIC MAX phase is found to be maximum in 14VAC 3 sample sintered
at 1400 °C. The intermediate phases observed at 1400 °C (Fig. 6.2a) indicated that the reaction
temperature for the formation of the V>AIC MAX phase is not sufficient. The possibilities of
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reaction between intermediate phases (VsC7, V4Al2z and V3Alz) could increase at a higher
temperature to form the V>AIC MAX phase. Therefore, the samples are sintered at a higher
temperature (1500 °C).

Table 6.2 The lattice parameters of V>AIC MAX phase present in prepared samples.
Lattice Parameters of V.AIC

Temperature Samoles Cell Ruwp
(°C) P a(d) ¢ Volume
(A%

14VAC1 2911 12155 1.16 97.86 17.23
14VAC?2 2912 13.156 1.19 97.23 18.37

1400 °C
14VAC3 2918 13149 1.24 97.09 19.22
14VAC4 2915 13158 1.29 96.99 17.56
15VAC1 2919 12155 1.30 97.33 19.44
1500 °C 15VAC 2 2.915 13.153 1.12 97.38 19.02
1I5VAC3 2916 13.163 1.08 97.44 17.05
15VAC 4 2.916 13.169 1.15 97.08 18.88
— Observed (15VAC 3)
— Calculated
—— Observed - Calculated
Bragg's position
5
8
2>
‘»
c
()
=
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Fig. 6.3 Rietveld refinement plot of 15VAC 3 sample.

Fig. 6.2b shows the diffractograms of samples (15VAC 1 — 15VAC 4) sintered at 1500
°C. There are two phases (V2AIC and VgC7) observed in all the samples. Most of the prominent
peaks observed in XRD (Fig. 6.2b) are associated with the V>.AIC MAX phase in all the
samples. The formation of V>AIC is favoured with increase in the temperature. In addition, no
peak(s) related to V-Al based alloys are observed in these samples. This could be ascribed to
the reaction of intermediate phases to form the V>AIC MAX phase at higher temperatures.
When the Al content is 30 % in 15VAC 3, then the amount of V,AIC phase is maximum.
However, a further increase in Al content to 40 % (15VAC 4) enhanced the intensity of the
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secondary phase (VsCv). It is observed from Table 6.1 that the 15VAC 3 samples demonstrated
a maximum (94.6 %) volume fraction of V>,AIC MAX phase among all the prepared samples.
Furthermore, the lattice parameters and cell volume for V,AIC phase are also calculated
through Rietveld refinements and presented in Table 6.2. Fig. 6.3 shows the Rietveld
refinement of 15VAC 3 sample.
6.2.2. Synthesis kinetics of V,AIC MAX phase

To investigate the synthesis kinetic of V2AIC MAX phase, DTA technique is employed.
VAC 3 sample is heated at multiple heating rates (5, 10, 15, 20 °C/min) in an argon atmosphere
from room temperature to 1300 °C. Fig. 6.4 shows the DTA curve of VAC 3 sample.

5°C/min
—— 10 °C/min
g —— 15°C/min
w —— 20 °C/min
7
S
=
X
o
! /\'\
[e)
o
c
w

200 400 6OO 800 1000 1200 1400
Temperature (°C)

Fig. 6.4 DTA of VAC 3 sample at 5, 10, 15 and 20 °C/min.

It is observed from the Fig. 6.4 that the formation of V>AIC MAX phase did not show
any endo or exothermic peak. There is only one endothermic peak assigned to melting of Al is
observed. In comparison to Cr.AIC and Ti2AlC MAX phases, the synthesis kinetic analysis of
V>AIC MAX phase is not feasible. However, on the basis of XRD results the reaction pathway
involved during formation of V>,AIC MAX phase is proposed. When the mixture of V, Al and
C are subjected to heat treatment then Al melts (Eqg. 6.1) first at around ~ 660 °C. Afterwards,
Al reacts with V (Eq. 6.2 — 6.4) to form V-Al based alloys and VsC- carbide. Finally, V-Al
based alloys reacts with carbon or VsC7 (Eq. 6.5 — 6.6) to form V2AIC MAX phase. The
reaction responsible for the formation of the product phase(s) are as follows:

Al — Al (6.1)
V + 3Al - ALV (6.2)
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3V + 2Al - V,AlL (6.3)
8V + 7C - V,4C, (6.4)
9ALV + 7VeC, + 11V;AL, — 49V,AIC (6.5)

8V,Al, + VgC, + 9C — 16V,AIC (6.6)

S ) v‘:'t /&‘ \ 4 “- " 1 . - .
i A A \fES
- RSP )S T TR 2Rl L) SR ronk

Fig. 6.5 The FE-SEM micrographs of fractured (a-b) 14VAC 3 and (c-d) 15VAC 3 samples.

6.2.3. Microstructure Analysis

The morphology of the fractured 15VAC 2 and 15VAC 3 samples sintered at 1500 °C
are presented in Fig. 6.5. These FE-SEM images demonstrated the typical layered structure of
the MAX phases in both the samples. Fig. 6.5a-b presents the formation of a nanolaminated
structure, where the layers of V2AIC are bound in 15VAC 2 sample. The nanolaminated layers
are found to be delaminated and formation kink bands are also observed. Moreover, the
thickness of these nanolaminated layers is non-uniform as observed from Fig. 6.5b. The
stacking of V2AIC MAX phase layers (Fig. 6.5¢-d) is more pronounced when the Al content is
30 % in 15VAC 3 sample. The reason behind improved stacking (inset of Fig. 6.3d) is ascribed

to the lower content of the secondary phase in 15VAC 3 sample.
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Fig. 6.7 (a) SEM image and (b) elemental composition 15VAC 3 sample. The distribution of
(c) Al, (d) V, (e) Cand (f) O in 15VAC 3 sample.
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HR-TEM (High-Resolution Transmission Electron Microscopy) and SAED (Selected
Area Electron Diffraction) image of a 15VAC 3 sample is presented in Fig. 6.6. The figure
demonstrated characteristic features of MAX phase. The lattice fringes corresponding to the
(100) plane is observed in Fig. 6.6a. The SAED pattern (Fig. 6.6b) also confirmed the
formation of the hexagonal V>AIC MAX phase. Further, the distribution of vanadium (V),
aluminum (Al), and carbon (C) in a 15VAC 3 sample (sintered at 1500 °C) are identified
through the EDS mapping (Fig. 6.7). It is observed that all the elements are homogeneously
distributed in a 15VAC 3 sample.
6.2.4. X-ray photoelectron spectroscopy (XPS) analysis

Fig. 6.8 presents high-resolution XPS spectra of VV2p, C1s, Al2p and O1s of 15VAC 3
sample. The solid circles represent original measured data and solid lines correspond to the
fitted curves using the Shirley deconvolution method. There are three peaks observed in V2p
XPS spectra (Fig. 6.8a) that corresponds to 2p3/2 and 2p1/2 spin orbitals. These peaks are
further deconvoluted into four peaks, i.e., 524.79, 523.21, 517.08 and 513.46 eV.
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Y ]
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Fig. 6.8 The typical (a) V2p, (b) C1s, (c) Al2p and (d) O1s XPS spectra of 15VAC 3 sample.
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The peaks at 532.21 and 513.46 eV are associated with the VV-C bond with oxidation
state V*. Whereas, the peaks at 527.79 and 517.08 eV correspond to V-O bond with V4
oxidation state [15]. Fig. 6.8b shows three peaks (286.47, 283.38 and 282.65 eV) in C1s XPS
spectra of 15VAC 3 sample. The first peak is related to the C-O bonds, while the other two are
associated with the C-C (283.38 eV) and C-V (282.65 eV) bonds [16,17]. Basically, the peak
at 283.38 eV arises due to the free carbon adsorbed on the surface of the MAX phase. In the
XPS spectra of Al2p, two peaks (75.52 and 72.89 eV) are related to Al-O and Al-C/Al-Al
bonds, respectively [15]. In addition, O1s spectra also demonstrated two peaks at 532.25 and
530.66 eV in 15VAC 3 samples. The former peak is ascribed to Al-O bonding. The later peak
is associated with VV-O bonding [18]. The XPS results revealed the formation of the V,AIC
MAX phase.

6.2.5. Oxidation kinetics of V,AIC

MAX phases are promising industrial material due to their high oxidation resistance. In
comparison to other MAX phases, few studies are conducted to investigate the oxidation
behaviour of V>AIC MAX phase. Kulkarni and co-workers [19] studied the thermal stability
of V2AIC in an inert atmosphere. They confirmed that V.AIC MAX phase remains stable in an
inert atmosphere upto 950 °C. Baben et al. [20] studied the oxidation of VAIC thin film and
reported that the oxygen replaces carbon in V2AIC that resulted in the formation of oxides. The
oxidation behaviour of bulk V>AIC was also investigated by Gupta and Barsoum [21] through
isothermal TGA (Thermogravimetry Analysis) experiments. In 2017, Wang et al. [22] studied
the non-isothermal oxidation behaviour of V>AIC prepared through the molten salt method.
However, thermal kinetics involved during non-isothermal oxidation behaviour of bulk V,AIC
MAX phase is scarce in the literature. To gain more insight, it is critically important to conduct
comprehensive non-isothermal oxidation studies on the bulk V>AIC MAX phase.

The TGA/DTA curves of 15VAC 3 sample in the temperature range from 300 °C to
800 °C at heating rate7.5 °C/min are presented in Fig. 6.9. It is observed that mass (%) remains
nearly constant till 450 °C. Afterward, a mass gain of ~ 60 % is observed in two stages. Similar
mass gain is also observed by Wang and co-workers [22] during oxidation of V.AIC MAX
phase. In addition, two sharp exothermic peaks in the DTA curve (Fig 6.9) are also observed
at ~ 629 °C and ~ 666 °C. These exothermic peaks are associated with the oxidation of V2AIC
MAX phase. Gupta and Barsoum [21] proposed that the isothermal oxidation of the V>AIC
MAX phase occurred by the following reaction:
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2V,AIC + (4.25 — 1.25x — 0.75y + 0.52)0,
- 0.5(1 — x + y)V,05 + (1 — y)VAIO, + V,AlL,0, + CO, (6.7)
Later, Wang and co-workers [22] did non-isothermal oxidation of V,AIC and
confirmed the formation of V20s. According to them, the oxidation of V.AIC might have
occurred leading to formation of VV2Os with the help of the following reaction:
2V,AIC + 8.50, — 2V,05s + 1Al,0; + 2CO, (6.8)
The results of the above studies are contradictory. Hence, thermodynamic calculations

and oxidation kinetic analysis are performed to identify the exact oxidation pathway.
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Fig. 6.9 TGA/DTA of 15VAC 3 sample at 7.5 °C/min.

Fig. 6.10 shows the XRD patterns to confirm the formation of phases at 500 °C, 650 °C
and 800 °C. The peaks related of V2AIC MAX phase dominated the XRD pattern of 15VAC 3
sample heated at 500 °C. An increase in temperature to 650 °C, resulted in the oxidation of
V>AIC phase. The peaks associated with V2AIC, V205, VO, Al,0O3 and VC7 are observed at
650 °C. It is observed that the prominent peaks are related to V,AIC followed by V20s, Al>Og,
VO and VgCy. The presence of peaks corresponding to V2AIC phase indicated that complete
oxidation is not achieved. At 800 °C, most of the XRD peaks correspond to V20s. The observed
mass gain might correspond to the formation of various vanadium-based oxides or carbides
and alumina. It might be possible that the formation of carbides occurred first and then oxidized

to form different vanadium-based oxides.
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Fig. 6.10 XRD patterns of 15VAC 3 sample oxidized at 500 °C, 650 °C and 800 °C.

The probable reactions involved during oxidation of V2AIC MAX phase are listed in
Table 6.3. The value of Gibb’s free energy is calculated and the initial parameters required for
calculations are presented in Table 6.4 [23-25]. The reaction with the least value of Gibb’s free
energy is considered to be favourable. To calculate the Gibb’s free energy from given heat
capacity (Cp) equation (Table 6.4) following empirical expressions are used:

AG = AH — TAS (6.9)
T

298
T

f C, dT = a[T — 298] + b.[0.5.1073. (T2 — 2982)] + ¢.[106(298~* — T~1)]
298

+d. E 1076(T3 — 2983)] (6.11)

ST == 5298 + f C — (612)
298

T

dT T

= - -3 _ _ 6 -2 _ -2
fcp - a.1n<298)+b.[10 (T = 298)] — ¢.0.5.[105(T~2 — 29872)]
298

+d. E 1075(T2 — 2982)] (6.13)
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Table 6.3 List of possible reactions involved during oxidation of V>,AIC MAX phase.

R1
R2
R3
R4
R5
R6
R7
R8

R9

R10

R11
R12
R13
R14

R15

R16

R17

R18

R19

R20

R21

4V,AIC + 110, - 8VO + 2Al,0; + 4CO,
4V,AIC + 150, - 8V0, + 2A1,05 + 4CO,
4V,AIC + 130, — 4V,05 + 2Al,05 + 4CO,
4V,AIC + 170, — 4V,05 + 2A1,05 + 4CO,
12V,AIC + 410, - 8V,0s + 6AL,0,5 + 12CO,
2V,AIC + 70, - V,0, + Al,0; + 2CO,
28V,AIC + 330, — 4V,C, + 14AlL,0, + 24V0

28V,AIC + 450, — 4V,4C, + 14AL,0, +
24V0,

28V,AIC + 390, — 4V,4C, + 14AL,0, +
12V,0,

28V,AIC + 510, — 4V,4C, + 14AL,0, +
12V,05

28V,AIC + 410, — 4V,C, + 14Al1,0, + 8V,05
14V,AIC + 210, — 2VgC, + 7A1,0; + 3V,0,
4V,AIC + 30, — 4V,C + 2A1,0,

4V,AIC + 5.680, — 4VCq g3 + 2A1,0; +

4V0 + 0.68C0,

4V,AIC + 7.680, — 4VCq g3 + 2A1,0; +

4V0, + 0.68C0,

2V,AIC + 3.340, — 2VCp g3 + Al, 05 + V,05 +
0.34C0,

2V,AIC + 4.340, — 2VCq g3 + Al, 05 + V,05 +
0.34C0,

12V,AIC + 21.040, — 12VCy g3 + 6AL,05 +
4V,05 + 2.04C0,

8V,AIC + 14.360, — 8VCygs + 4A1,05 +
2V,0, + 1.36C0,

4V,AIC + 5.680, — 4VCq g, + 2A1,0; +

4V0 + 0.68C0,

4V,AIC + 7.680, — 4VCqy g, + 2A1,05 +

4V0, + 0.68C0,

R22
R23
R24

2V,AIC + 3.340, - 2VCy gy + Al,05 + V,0; + 0.34C0,
2V,AIC + 4340, - 2VCy g, + Al,05 + V,05 + 0.34C0,

12V,AIC + 21.040, - 12VCyg, + 6A1,05 + 4V,05 +
2.04C0,

8V,AIC + 14.360, — 8VCy g, + 4AL,05 + 2V,0, +
1.36C0,

4V,AIC + 5.680, — 4VCq g5 + 2A1,05 + 4V0 + 0.68CO,
4V,AIC + 7.680, — 4VC,y gg + 2A1,05 + 4VO0, + 0.68CO,
2V,AIC + 3.340, — 2VCqgg + Al,0; + V,05 + 0.34CO,
2V,AIC + 4.340, — 2VCqgg + Al,05 + V,05 + 0.34CO,

12V,AIC + 21.040, — 12VCq gg + 6Al,05 + 4V,0; +
2.04C0,

8V,AIC + 14.360, — 8VC, g5 + 4A1,05 + 2V,0, +
1.36C0,

4V,AIC + 5.680, — 4VCq ¢, + 2A1,0; + 4V0 + 0.68C0,
4V,AIC + 7.680, — 4VCq ¢, + 2A1,0; + 4V0, + 0.68CO,
2V,AIC + 3.340, - 2VCy 4, + Al, 05 + V,05 + 0.34C0,
2V,AIC + 4340, — 2VCy 4, + Al, 05 + V,05 + 0.34C0,

12V,AIC + 21.040, - 12VCy; + 6A1,05 + 4V,05 +
2.04C0,

8V,AIC + 14.360, — 8VC, ¢, + 4Al,05 + 2V,0, +
1.36C0,

12V, AIC + 130, — 4V,C5 + 6AL,04 + 8V0
12V,AIC + 170, — 4V,C; + 6AL,0, + 8VO0,
12V,AIC + 150, — 4V,C; + 6AL,0, + 4V, 0,
12V,AIC + 190, — 4V,Cs + 6AL,05 + 4V,0¢
R42 36V,AIC + 470, — 12V,Cs + 18A1,05 + 8V,0;
R43 6V,AIC + 80, — 2V,C; + 3A1,05 + V,0,

R44 v,C, + 110, - 8V0 + 7CO,

R45 v,C, + 150, - 8V0, + 7CO,

R46 V,C, + 130, — 4V,0; + 7CO,

R25

R26
R27
R28
R29
R30

R31

R32
R33
R34
R35
R36

R37

R38
R39
R40
R41

R47
R48
R49
R50
R51
R52
R53
R54
R55
R56
R57
R58
R59
R60
R61
R62
R63
R64
R65
R66
R67
R68
R69
R70

ViC, + 170, — 4V,05 + 7CO,
3V,C, + 410, — 8V,0¢ + 21CO,
VC, + 140, - 2V,0, + 7CO,
V,C + 20, - 2VO + CO,

V,C + 30, - 2V0, + CO,
2V,C + 50, - 2V,05 + 2C0,
2V,C + 70, - 2V,05 + 2C0,
3V,C + 80, — 2V,05 + 3CO,
4V,C + 110, - 2V,0, + 4CO,
2V0 + 0, > 2V0,

4V0 + 0, - 2V,054

4V0 + 0, - 2V,0;

3VO0 + 0, - V50

8V0 + 30, — 2V,0,

4V0, + 0, - 2V,0s

2V,05 + 0, - 4V0,

V,05 + 0, - 2V,0¢

6V,05 + 0, > 4V,0;

4V,0, + 0, - 2V,0,

2V,05 + 0, - 6V0,

4V,0¢ + 50, - 6V,0

8V,0; + 0, > 6V,0,

2V,0, + 0, > 8V0,

2V,0, + 30, - 4V,0;
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Table 6.4 Initial parameters required to calculate the Gibb’s free energy.

C, = b1073T + c10°T 2
AG = fy + f1T + foT2 + f4TIn(T) p=at te

AG +d1076T2 AH AS Temperature
Ph kJ/mol 298 298 p Ref
ases (k3/mol) ( ) (3/mol K) (kJimol) (Jmol)  Range (K) eferences
fo f1.10%  £,.10%  f3  f,.108 a b c
—192500 298 — 1400
V2AIC +284.T - - - - - - - - - - [28]
—271005 300 — 1400 [28]
VaCs +20.5.T N - N - N - - - N -
- 2 - 14 2
VCasi +%ng? . B B B B B B B B B B 300 — 1400 [28]
—101830 298 — 1400 28
VCo.ss +56.T - - - _ - _ _ _ _ _ [28]
VoC - 18096 513.67 -170 1290 -83.12 - - - - - 298 — 1600 [29]
VCoss - 43749 8623 1175 932  18.29 - - - - - 298 — 2000 [29]
VCosgr - 21136 26721 0 0 -42.27 - - - - - 298 — 2000 [29]
VeCr - 12389 27413 -156 608  -43.46 - - - - - 298 — 1400 [29]
VO - - - - - - 50.21 11.84 135  -4318 39 298 — 1973 [30]
VO3(a1) - - - - - - 73.01 2.43 15 7138 471 298 — 341 [30]
VOz(B) - - - - — - 74.68 7.11 -1.65 -707 67.5 341 -1818 [30]
V203 - — - - - - 112.97 19.29 -15 -1218.8 98.1 298 — 2000 [30]
V205 - - — - - - 141 42.86 -2.34 -1550.2 130.5 298 — 952 [30]
V305 - — - - - - 176.46 34.78 -2.46 -1933 163 298 — 1000 [30]
V407 - - - - - - 239.95 50.27 -3.42 -2640 218 298 — 1000 [30]
Al,Os - - - - - - 117.49 10.38 371 -1675.7 51 298 — 2000 [30]
CO; - - - - - - 51.13 4.37 -1.47 -393.5 213.8 298 — 3000 [30]
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Here, AG, AH and AS are the Gibb’s free energy, change in enthalpy and change in
entropy, respectively. AH,q5 and S,qg are enthalpy and entropy at 298 K. C,, AHy and Sy are
the specific heat, change in enthalpy and change in entropy at absolute temperature T (K). a, b,
c and d are the thermodynamic parameters.

In the scheme Il, V>AIC could react with oxygen to form vanadium carbides (V2C,
VsC7, V4Cs, VCose1, VCoss, VCos7, VCosgs), different vanadium oxides (VO, VO3, V203, V205,
V305 and V107) and alumina (Al203). Accordingly, there are 37 probable reactions (R7 — R43)
as listed in Table 6.3.
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(c)

-1x10%° -
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1 ——RI10
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1 —<—R12
-6x10'° 4 —— R13

Gibb's free energy (J/mol K)

'7X1015 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1
300 400 500 600 700 800 900 1000
Temperature (K)
Fig. 6.11 The variation of the Gibb’s free energy w.r.t. temperature for reactions (a) R1 — R6,

(b) R7 —R43 and (c) R7 — R13.

The variation of the Gibb’s free energy for all probable reactions are shown in Fig.
6.11b. The suitable reactions among R7 — R43 are presented in Fig. 6.11c. The figure clearly
indicated that the R13 reaction is most favorable among all the reactions. In addition, R7 — R11
reactions are second most favorable reactions. The results indicated that V2,AIC MAX phase
could oxidize to form different vanadium-based oxides and alumina alongwith V2C or VsCy.

Furthermore, V2C or VgC7 phases could oxidize to from various vanadium oxides and
carbon dioxide by following reactions R44 — R55. Fig. 6.12a shows the variation of Gibb’s free
energy for the reactions that might be responsible for the oxidation of V.C or VsCy. It is
observed that reactions related to the formation of VO, VO, V203, V205 and V407 are more
favorable during oxidation of VsC7. However, the formation of VO and VO is found to be
favorable during oxidation of V.C. Among these vanadium-based oxides, V20Os is the most
stable. There are 15 probable reactions (R56 — R70) that could be responsible for the formation
of V20s from other vanadium oxides (VO, VO, V203, and V407). Fig. 6.12b shows the
variation of Gibb’s free energy for reactions R56 — R70. It is observed from the figure that
vanadium-based oxides such as VO, VO3, V203 and V30s could react with oxygen to form
V407. Later, V4O7 converts to more stable vanadium oxide, i.e., V20s. Accordingly, the
oxidation reaction pathway of V>,AIC MAX phase is predicted via thermodynamic calculations
and presented in Fig. 6.13.
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7x10%°
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Fig. 6.12 The variation of the Gibb’s free energy w.r.t. temperature for reactions (a) R44 — R55
and (b) R56 — R70.

To gain further knowledge about the oxidation behavior of V>,AIC MAX phase, multi-
stage kinetic analysis is done upto 800 °C. The multi-stage kinetic analysis enables to evaluate
kinetic parameters (activation energy, pre-exponential factor, and reaction mechanism)
responsible for oxidation of V>AIC MAX phase. The background of the kinetic analysis is
published elsewhere [26-28]. To perform Kinetic analysis effectively, DTA curves (Fig. 6.14a)
are obtained at various heating rates (7.5, 10, 12.5 and 15 °C/min).
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28V,AIC + 330, — 4V3C; + 14A1,05 + 24V0 VgC7 + 110, - 8VO + 7C0;

AV0 + 30, = 2,0,
28V, AIC + 450, — 4V4C; + 14A1,05 + 24V0, VeCy + 150, — 8V0, + 7CO,
4'VO£ + 02 i ZVZOS

> 28V,AIC + 390, — 4V4Cy + 141,04 + 12V,05 VyCy + 130, > 4V,0; + 7€0,
V203 + 02 - ZVZOS
28V, AIC + 510; — 4V3Cy + 14A1,05 + 12V,054 VgCr; + 170, — 4V,05 + 7CO,

2V,| 07 + 302 i 4V205

28V, AIC + 410, = 4V5C; + 14A1,05 + 820« V3C7 + 140, — 2V,0; + 7C0,

20, - 4V, 4+ 24,0, V,C + 20, - 2V0 + €O, 4V0 + 30, - 2V,0c

Vzc + 302 e ZVOZ + COZ 4'V02 aF 02 i 2V205

4V,AIC + 170, - 4,05 + 241,04 + 4C0,

» 4V30;5 + 50, — 6V,05

12V,AIC + 410, — 8V;05 + 641,05 + 12C0,

Temperature

Fig. 6.13 The oxidation reaction pathway of V.AIC MAX phase predicted via thermodynamic calculations.
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Fig. 6.14 (a) DTA of 15VAC 3 sample at 7.5, 10, 12.5 and 15 K/min. The variation of
conversion fraction (o) w.r.t. temperature for (b) stage I and (c) stage II.
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The exothermic peaks observed at all heating rates shifted towards higher temperatures
with increased heating rate. The variation in conversion fraction w.r.t. temperature for both
stages of oxidation is presented in Fig. 6.14 (b-c). The activation energy is calculated for both
stages of oxidation by using model-free kinetic methods such as Kissinger-Akahira-Sunose
(KAS) [29] and Flynn-Wall-Ozawa (FWO) [30]. These methods are helpful to calculate the
activation energy at each conversion value without assuming any reaction model. Several
kinetic methods by using different temperature approximations have been proposed [31].
Among all kinetics methods, KAS and FWO kinetic methods are considered suitable methods

for the calculation of activation energy. The activation energy is determined through linear
B

T1.92

fitted curves obtained from KAS (ln( )vs.%) and FWO (ln(ﬁ) Vs.%) kinetic methods at

each conversion fraction. Fig. 6.15 shows the linear fitted curves obtained from KAS and FWO
kinetic methods for both oxidation stages.
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Fig. 6.15 Linear fitted plots obtained from KAS and FWO iso-conversional kinetic methods
for (a-b) oxidation stage | and (c-d) oxidation stage 1.
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The variation in activation energy w.r.t. conversion fraction (Fig. 6.16) calculated from
KAS and FWO methods is found to be identical for oxidation stage | (Fig. 6.16a) and stage Il
(Fig. 6.16b). However, the activation energy value calculated from FWO method is slightly
higher than the KAS method. Furthermore, the average value of activation energy calculated
from KAS and FWO methods for oxidation stage | is 290.02 kJ/mol and 313.05 kJ/mol,
respectively. However, activation energy is higher for stage 1l as compared to stage I. The
average activation energy for stage Il is 596.55 kJ/mol and 622.54 kJ/mol as calculated from

KAS and FWO methods, respectively.
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Fig. 6.16 The variation of activation energy w.r.t. temperature for (a) oxidation stage I and (b)
oxidation stage Il of the 15VAC 3 sample.

The integral master plots method is used to estimate the reaction mechanism involved
during oxidation of VoAIC MAX [32,33]. The detailed description related to the integral master
plots method is published elsewhere [34,35]. In this method, the experimental curves are

compared with theoretical curves corresponding to various kinetic mechanisms (Table 3.1).
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Fig. 6.17 The comparison of the theoretical master curves and the experimental curves for the
oxidation stage Il of the 15VAC 3 sample.

The theoretical curves are calculated from g(a)/g(0.5) based on different kinetic
mechanisms (Table 3.1). The experimental curves are calculated from P(w)/P(0.5) by using
the average activation energy calculated from KAS method. Fig. 6.17 demonstrated the
comparison of the theoretical and experimental curves for both the oxidation stages. It is
observed that P4 and A4 nucleation reaction mechanisms dominated the oxidation of V,AIC in
stage | (Fig. 6.17a) and stage Il (Fig. 6.17b), respectively. The value of pre-exponential factor
is calculated by substituting the predetermined value of activation energy and reaction
mechanism in a relation below:
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AE
g(a) = ﬁ_RP(u) (12)

The linear fitted curves (Fig. 6.18a-b) between g(a) and ;—RP(u) gives the value of
pre-exponential factor for both stages of oxidation. The value of pre-exponential factor
calculated at all heating rates for both stages of oxidation is presented in Fig. 6.18c-d. Finally,
Table 6.5 shows the value of Kkinetic triplets calculated for both oxidation stages of V,AIC
MAX phase.

100 Stage | 12 Stage Il
(@) - (b) -
0.95 4 A e "’y
o . v 1.1 P
‘v
0.90 A
1.0+
0.85 <
.
R A B
S 2 ]
5 0.80 1 N ) 0.9
S ! =
. -
0.75 4 R ‘, . —
. ~ = 7.5°C/min 0.8+ N = 7.5°C/min
0.70 1 M,/ v e 10°C/min YA ® 10°C/min
7 . A 12.5°C/min 07d 7 A 12.5°C/min
. A n .
0.65 1 v 15°C/min ’ v 15 °C/min
—— Linear Fits Linear Fits
060 T T T T T 06 T T T T
3.20E-017 3.60E-017 4.00E-017 4.40E-017 4.80E-017 5.20E-017 8.00E-034 1.00E-033 1.20E-033 1.40E-033 1.60E-033 1.80E-033
E P(u)/fR E P(u)/R
2 64101 Stage | 110 Stage Il
(c) } (d)
o o 1x10% o %
= 2.4x10'° 4 =
E E 1x10% 1
g @ s
© 2.2x10'° 4 o
8 B 9x10%2 }
g 16 ] § § 8x10%2
Q 2.0x10 2
o o
o o 3
X X 7x10° o
@ @
© 1.8x10% 4 o
o B 6x10% }
1.6x10'6 T 5x10%2 T

7.5 1(;.0 12I.5 15I.0 7.5 1(;.0 12I.5 15.0
Heating rate (°C/min) Heating rate (°C/min)
Fig. 6.18 (a) Linear fitted curve between (a)* and EP(u)/BR for stage I. (b) Linear fitted curve
between [-In(1-a)]¥* and EP(u)/BR for stage II. Variation of pre-exponential w.r.t.
heating rates along with the standard error for (c) stage | and (d) stage II.

Table 6.5 Kinetic triplets involved during oxidation of V,AIC MAX phase.
Kinetic triplets

Average activation energy Average pre- .
(kJ/mol) exponential factor miii(;trll?:m
KAS FWO (min*)
Stage | 290.02 £ 4.32 313.05+4.31 2.14x10%+0.052 x 10 P4
Stage Il 596.55+12.52 622.54+ 1251 8.61 x 10+ 0.36 x 10* Ad
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CHAPTER 7
CONCLUSIONS & FUTURE SCOPE

Overview

This chapter outlines the complete work done on the synthesis of CroAIC, TizAIC; and V,AIC
MAX phases. The optimization of synthesis parameters such as composition and temperature
are discussed. The reaction pathway involved during formation of these MAX phases on the
basis of experimental results is proposed. The non-isothermal oxidation performance of the
MAX phases is compiled. The course of oxidation in the MAX phases is summarized. The
outcomes of oxidation kinetics analysis of Cr2AIC, TisAlC, and V2AIC MAX phases are
summed up. The Kinetic triplets (activation energy, pre-exponential factor and reaction
mechanism) responsible for the oxidation in the MAX phases are concluded. The future scope

on the behalf of current research outcome is presented at the end of this chapter.
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7.1.  Conclusions

MAX phases are the layered ternary carbides or nitrides that own rare combination of
metal and ceramic properties. These remarkable properties of MAX phases made them suitable
candidate for a wide range of industrial applications. The efficacy of a MAX phase
substantially depends on its purity. The methodology and experimental condition play an
indispensable role during the synthesis of high purity MAX phases. The MAX phases are also
proven to be good oxidation resistant even at elevated temperature. On the basis of research
work conducted in the present thesis, the conclusions drawn are presented below:

e The impact of the aluminum (Al) content on the formation of the Cr,AIC MAX phase
is systematically studied. A highly pure Cr.AIC MAX phase is obtained, when a CAC-
4 sample is sintered at 1300 °C. The formation of CroAIC was confirmed through X-
ray diffraction (XRD) analysis. The kinetic involved in the formation of CroAIC MAX
phase has been studied by using differential thermal analysis (DTA) at multiple heating
rates. The Kinetic triples (activation energy, pre-exponential factor and reaction
mechanism) responsible for the formation of Cr.AIC MAX phase are determined.
Furthermore, a typical signature of the MAX phase is identified in the micrographs.
The results of the FE-SEM and TEM analysis are analogous to the XRD results. The
X-ray photoelectron spectroscopy (XPS) of Cr2p, C1s, Al2p, and O1s also confirms
the formation of the Cr.AIC MAX phase. The non-isothermal oxidation kinetics of the
Cr,AlC MAX phase is studied. The TGA/DTA results reveal that the oxidation
occurred in two stages. It is observed that the value of the activation energy is
considerably greater for the oxidation stage Il as compared to the oxidation stage I. The
higher activation energy in the oxidation stage Il may correspond to the formation of
the Al.Oz layer over the surface of the Cr,AIC MAX phase. Finally, the reaction
mechanism involved during oxidation of the Cr.AIC MAX phase is proposed. The first
order random nucleation (F1) dominates the oxidation process in stage I, while the third
order random nucleation (F3) dominates in the oxidation stage 11 of the CroAIC MAX
phase.

e A ternary nanolaminated TisAlC> MAX phase is successfully synthesized through
pressureless sintering route. The composition and the sinterring temperature is
optimized to obtain highly pure TizAlC2 MAX phase. The reactions involved during
formation of TisAIC, are identified and reaction pathway is proposed. The thermal

kinetics accountable during synthesis of TisAIC: is detemined through DTA technique.
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In addition, kinetic triplets are calculated for the endothermic peak assigned to the
formation of TizAIC,. The morphological features of fractured surface of TisAlC; phase
shared a typical nanolaminated structure of the MAX phases. The stacking of layers
became more prominent in highly pure TizAIC, due to less carbide content. The
thickness of the stacked layers is found to be non-uniform. The HRTEM (High-
Resolution Transmission Electron Microscopy) and SAED (Selected area (electron)
diffraction) demonstrated planes corresponding to hexagonal TisAlIC> phase. The
synthesis of TizAIC: is also verified through XPS spectra of Ti2p, C1s, Al2p, and O1s.
Moreover, non-isothermal oxidation behaviour of TisAIC: is also examined by using
DTA technique. The MAX phase is heated from room temperature to 1300 °C in air
atmosphere at multiple heating rates. The oxidation reaction route is determined
through XRD and DTA techniques. Three exothermic peaks (~ 522, 628 and 860 °C)
are observed during DTA analysis of the TisAIC, phase. The former two peaks
correspond to the oxidation of TiC impurity present and formation of Al,Oz on the
surface of the MAX phase. The oxidation kinetics involved in all three exothermic
peaks is studied. The value of activation energy and pre-exponential factor are
determined. The results of kinetic analysis demonstrated that the oxidation in peak |
and peak 111 occurred due to F2 (second order reaction) reaction mechanism. However,
the F3 (third order reaction) reaction mechanism dominated the oxidation in peak II.

e The variation in aluminium content is found to be helpful to obtain nanolaminated
V,AIC MAX phase through pressureless sintering. The V,AIC MAX phase is
successfully synthesized at 1500 °C when the initial composition is V:AIl:C = 2:1.3:1.
The reaction pathway involved during formation of V2AIC is proposed with the help of
XRD results. The characteristic morphology of MAX phase is observed in the prepared
samples. The formation of V.AIC MAX phase is confirmed through XPS spectra of
V2p, Cls, Al2p, and O1s. The oxidation stability of the V2AIC is studied under non-
isothermal conditions through a DTA technique at multiple heating rates in the air
atmosphere. It is observed that the oxidation of V>AIC occurred in two different stages.
Moreover, thermodynamic calculations are presented to predict the oxidation reaction
route of V.AIC MAX phase. The kinetic triplets (activation energy, pre-exponential
factor and reaction mechanism) are determined for both stages of oxidation. The results
indicated that the nucleation mechanism dominated the oxidation process in the V2AIC
MAX phase. P4 and A4 nucleation reaction mechanisms are found to be responsible
during oxidation stage I and stage I, respectively.
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7.2.  Summary

The outcome of the present work related to the synthesis and oxidation kinetics of
Cr2AlC, TizAIC; and V2AIC MAX phase is presented in Table 7.1 — 7.2. Table 7.1 shows the
synthesis parameters and the volume fraction of the MAX phases observed in the work done.
Table 7.2 shows the results of oxidation kinetic analysis and kinetic triplets determined for the
synthesized MAX phases.

Table 7.1 Experimental conditions and the volume fraction (%) of phases present in the
prepared MAX phases

MAX Molar ratio Sintering Volume Fraction (%)

Phases Ti/V/Cr TIiC/IC Al temperature cr,c; TiC V:C; CrAIC TiAIC, VLAIC

Cr,AIC Cr=2 C=1 14 1300 °C 1.82 - - 98.17 - —
TiAIC; Ti=1 TiC=1 13 1500 °C - 2.06 - - 97.94 —
V,AIC V=2 cC=1 13 1500 °C - - 4.02 - - 95.98

Table 7.2 Kinetic triplets involved during oxidation of Cr2AIC, TizAIC, and V2AIC MAX

phases.
Kinetic triplets
MAX Average activation energy Average pre-
Reaction
Phases (kJ/mol) exponential factor
) mechanism
KAS FWO (min)

Stage | 146.37 £ 0.54 154.62 £ 1.07 2.02x10"+ 2.47x10° F1
CI’zAlC

Stage Il 513.44 + 5.86 511.80 £5.61 3.89x10%° + 1.02x10'® F3
TisAIC,  Stage | 335.88 £ 4.09 340.30 £ 4.10 5.55x10% + 7.69x10%° F2

Stage Il 988.83+38.26 967.30 + 38.22 3.58x10% + 3.06x10° F3

Stage 111 54422 +3.21 54419 + 3.19 6.69x10% + 2.34x10% F2

Stage | 290.02 £ 4.32 313.05+4.31 2.14x10% + 0.052x10% P4
V2AIC

Stage Il 596.55+ 1252 622.54+12.51 8.61x10% + 0.36x10%* A4
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7.3.  Future Prospective

The synthesis protocol suggested in the thesis can be utilized for the synthesis of other
MAX phases and MAX phase-based composites. The prepared MAX phases are promising
candidates for the development of their two-dimensional derivatives, i.e., MXenes. The
MXenes are promising candidates for plethora of technological applications. In addition, the
good oxidation resistance of the prepared MAX phases even at elevated temperatures makes
them suitable for several applications such as heating elements, coating material, foil bearing
and gas nozzle. Further, a systematic isothermal oxidation kinetic analysis must be performed
to get more information related to the oxidation of the MAX phases. The doping or substitution
of rare earth elements or other transition metals need to be investigated to improve the oxidation
performance of the prepared MAX phases. This will bring new opportunities and expansion in
the MAX phase family.
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