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Synopsis

Zirconium containing high entropy alloys (HEAs) such as
FeCoNiCrZry , FeCoNiCrAlZrx and FeCoNiCrCuZry (x = 0, 2.5,
5.0, 7.5, 10) are designed with the help of CALPHAD technique
by using Thermocal simulation. Phase diagram obtained from the
CALPHAD technique shows formation of eutectic reaction due to
addition of the zirconium. The solidification pathways of the
designed HEAs are understood based upon thermodynamic
simulation results. Thermodynamic and Hume-Rothery parameters
that govern the morphology and composition of high entropy
alloys are also calculated to identify the formation of solid solution
phase(s). The high entropy alloys such as FeCoNiCrZry,
FeCoNIiCrAlZry and FeCoNiCrCuZrx (x = 0, 2.5, 5.0, 7.5, 10) are
synthesized by vacuum arc melting cum suction casting technique.
The detailed structural and microstructural characterization are
done to identify the phases and also to understand the sequence of
phase evolution during solidification. FeCoNiCrZryo alloy exhibits
bimodal eutectic morphology while FeCoNiCrCuZrio alloy shows
hypereutectic structure with acicular structure.FeCoNiCrZrio HEA
exhibits bimodal eutectic microstructure consisting of both
lamellar eutectics (i.e. L — FCC (a) + Co2Zr-type Laves phases
(y1)) and globular eutectics (i.e. L —+ FCC (a) + NizZr2). The
new pseudo-quasiperitectic reaction i.e. L + Laves phases (y1) —
FCC (a) + + Ni7Zr, has been proposed for FeCoNiCrZrio HEA.
While FeCoNiCrAlZrioHEA shows eutectic microstructure
consisting of BCC solid solution phase and Laves phase (i.e. L —
BCC solid solution (B2) + Laves phase). FeCoNiCrCuZrio HEA
shows bimodal eutectic microstructure (ie. L — FCC solid
solution (a1) + Laves phase and L— FCC solid solution (a2) +
NisZr). It is found that Zr containing HEA (ie.



FeCoNiCrZrioHEA) shows better hardness (=~259.9 HV) as
compared to other studied HEAs.

Secondly, various experiments are done using polyol process to
synthesize nanoparticles of high entropy alloys. Binary alloy
system of CuNi is successfully prepared through this process. In
case of FeNiCu and CoNiCu, ternary alloy systems, solid solution
phase is formed as a final product along with some other
organometallic compounds. While in case of CoNiCr alloy system,

only Cr gets reduced leaving other two.
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Chapter 1

Introduction
1.1 Overview

In this thesis, the mechanical behavior of the HEAs synthesized by the
solidification route has been studied for potential structural applications.
Secondly, nanoparticles of multicomponent alloys have been developed

using chemical route for potential functional applications.
1.2 High Entropy Alloys

Recently, high-entropy alloys (HEAS) have attracted increasing attention
because of their unique compositions, microstructures, and adjustable
properties. High entropy alloys are defined as the solid solution alloys
composed of at least five principal elements in equal or nearly equal
atomic percent (at. %)[1]. Normally principal elements are defined as the
elements having composition more than five percent of atomic fraction.
This alloys are coined as HEAs by Yeh et al. and named as

multicomponent alloys by Cantor et al [2].

Cantor et al. pointed out that a conventional alloy development strategy
leads to an enormous amount of knowledge about alloys based on one or
two components, but little or no knowledge about alloys containing
several main components in near-equal proportions[3]. Theoretical and
experimental works on the occurrence, structure, and properties of
crystalline phases have been restricted to alloys based on one or two main
components. Thus, the information and understanding are highly
developed on alloys close to the corners and edges of a multicomponent
phase diagram, with much less knowledge about alloys located at the
center of the phase diagram. This imbalance is significant for ternary
alloys, but becomes rapidly much more pronounced as the number of
components increases. For most quaternary and other higher-order

systems, information about alloys at the center of the phase diagram is
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virtually nonexistent except those HEA systems that have been reported

recently.

High entropy of mixing stabilizes disordered solid solutions. However, the
entropy term decreases linearly with a decrease in temperature. Ordered
intermetallic phases have considerably smaller enthalpy of formation than
the random solid solutions. With a decrease in temperature, diffusion and
thus kinetics of phase transformations slow down. For use in elevated
temperature applications, the microstructure of HEAs must be stable,
because any phase transformations occurring during use could deteriorate
properties, initiate creep or failure. At the same time, suppressed Kinetics
may lead to precipitation of very fine, nanometer-sized particles and
considerably improve properties of these alloys at ambient temperatures.
Therefore, as candidate materials for high-temperature structural
applications, studying of phase and microstructure stability in HEAS is

particularly beneficial.
1.3 Core effects of High Entropy Alloys

The HEAs consist of five or more components forming a complex system
whose properties and structure mainly depends on four core effects. Yeh

suggested four core effects that describe the properties of HEAS[3]:
(1) High entropy effects

High-entropy effect is the most important effect because it can enhance
the formation of solid solutions and makes the microstructure much
simpler than expected. High entropy effect helps in the formation of
simpler solid solution in HEAs rather than formation of different
intermetallics specially at higher temperatures [3]. The high entropy effect
facilitates the formation of disordered solid solution rather than ordered
intermetallics compound. Elemental phases have small negative AHmix and
ASmix because they are based on one major element. Compound phases

have large negative AHmix but small ASmix because ordered structures have
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small configurational entropy. But random solid solution phases
containing multicomponents have medium negative AHmix and highest
ASmix.

As the Gibbs free energy of mixing, AGmix, IS
AGmix = AHmix - TASmix

where AHmix and ASmix are the enthalpy of mixing and entropy of mixing,
respectively, higher number of element would potentially lower the
mixing free energy, especially at high temperatures by contributing larger
ASmix. Therefore, disordered solid solution phase is more stable at high
temperature than ordered intermetallic phases. It enhances the formation
of solid solution phase due to which solution hardening take place in
solution phase causing increase in the strength and ductility of HEAs. The
stronger bond energies will enhance the formation of solid solution rather

than intermetallics.
(2) Sluggish diffusion effect

HEAs consist of random solid solution phases along with ordered solid
solution, causing sluggish diffusion of atoms and vacancies leading to
chemical stability of the HEAs. A vacancy in the whole-solute matrix is in
fact surrounded and competed by different-element atoms during
diffusion. It has been proposed that slower diffusion and higher activation
energy would occur in HEASs due to larger fluctuation of lattice potential
energy (LPE) between lattice sites. The abundant low-LPE sites can serve
as traps and hinder the diffusion of atoms. This leads to the sluggish

diffusion effect.

It is expected that sluggish diffusion might affect phase nucleation, growth
and distribution, and morphology of new phase through diffusion

controlled phase transformation.



Sluggish diffusion helps in improving the properties and microstructure of
the HEAs. As sluggish diffusion leads to finer grain structure causing
good toughness and strength. It also improves the creep property causing

prolong life at high temperature.
(3) Severe lattice distortion effect

It is important to note that due to multicomponent matrix of different solid
solution phases in HEAs, each atom is surrounded by different kind of
atom thus causing severe lattice strain and stress due to the atomic size

difference.

Along with different atomic size difference, different bonding energy and
crystal structure of consisting elements also leads to higher lattice strain.
Lattice distortion not only affects various properties but also reduces the
thermal effect on properties. Lattice distortion causes significant electronic
scattering leading to decrease in electrical conductivity of HEAs. Phonon
scattering is also large in HEAs due to severe lattice distortion leading to

decrease in the thermal conductivity.

Lattice distortion caused by thermal vibration is less than the severe lattice
distortion in HEAs causing it insensitive towards the change of

temperature.
(4) Cocktail effects

This term is coined by Prof. Ranganathan to study the properties that gets
enhanced in HEAs[4]. The enhancement of properties of HEAs may be
due to interaction of different properties of different constituent phases
present in HEAs. Generally, mixture rule is used to calculate the value of
properties in conventional alloy system but when same rule is applied in
HEAs. There is severe difference in the experimental value and value that
obtained from the mixture rule. This variation in property of HEAS arises

not only due to basic properties of elements by the mixture rule but also



from the mutual interactions among all the elements and from the severe
lattice distortion. Mutual interaction and Lattice distortion also lead to
great change in the quantified values of the properties in case of HEAsS.
The cocktail effect brings many positive effects in HEAs such as high
magnetization, low coercivity, good plasticity, high strength, and high

electrical resistance.
1.4Hot Deformation Behavior

Hot deformation is an essential step in the processing route of industrial
alloys. The energy required for a shape change through hot working (Qd)
directly depends on the alloy deformation resistance. Measuring this
energy is crucial to the industrial design as well as to the scientific
community. Hence, many papers have been devoted so far to calculate Qd
for the hot deformation of different alloys. Due to the fact that Qd depends
on the deformation resistance, its value is calculated by using different
constitutive descriptions of flow stress[5]. The value of Qd strongly
depends on the material characteristics, which is particularly controlled by
the mechanism of dynamic softening, dynamic recovery (DRV), or
dynamic recrystallization (DRX). As a matter of fact, there is a
relationship between the stacking fault energy (SFE) and the deformation
resistance or Qd. In practice, the value of Qd is often lower for high-SFE
metals which are prone to DRV such as Al and ferritic stainless steels than
low SFE ones such as austenite, which undergo DRX[5]. However, there
have been controversies over the exact mechanism. Although the
mechanism of dynamic softening affects the required activation energy, it
is apparent that Qd should depend on the applied temperature and
deformation. It has been understood that the deformation resistance or Qd
depends on how easily the dislocations can overcome the obstacles during

plastic deformation.



Chapter 2

Literature Review

HEAs were first reported in 1996 by JW. Yeh and K.H. Huang. Multi
component high entropy alloy is currently emerging as a new field to
researchers of metallic materials community[6][7][8]. HEAs generally
consist of five or more principle elements instead of one or two as in case
of conventional alloys. Discover of HEAs is a breakthrough in the field of
metallurgy as it lead to exploration of new materials and new properties.
HEA exhibits excellent physicochemical properties such as special
electrical and magnetic properties[9], a high strength as well as promising
resistances to wear, oxidation and corrosion[10][11][12], making them

promising candidates for future engineering applications.

From the literature, it is found that HEAs have a high softening resistance
at elevated temperatures[1][13] and sluggish diffusion kinetics[14].
Therefore, it is seen as a future material for high temperature application.
Before using it for high temperature application, there is some technical
challenge related to mechanical properties which need to be solved. In
case of HEAs having single phase there is problem related to balancing
of ductility and tensile strength[6][7]. As in case of HEAs having single
phase fcc structure, we get good ductility but not enough strength
[15][16]while in case of single phase bcc structure HEA, we have good
strength along with brittleness[17]. Therefore to solve this problem
researchers are now working in the direction of composite HEAs.
However simply adding both fcc and bcc phases without proper
structural design cannot solve this problem[18]. It may also lead to the

deterioration in the mechanical properties of the HEASs.



There are other difficulties also which downgrade the mechanical
properties of HEAs and hinder the use of HEAs for engineering
application. Poor castability along with compositional segregation of
constituent phases are the major problems that downgrade the properties
and limit the use of HEAs for engineering application[8][19].

So as to solve the above challenges related to HEAs researches come up
with the idea of eutectic alloys which is used to develop a composite
HEAs. The idea is to develop a eutectic alloy having mixture of both fcc
and bcc phases providing good ductility along with good strength. This
HEA should contain soft fcc phases along with hard bcc phases, which
helps in providing reasonable balance between high fractural strength and
high ductility. There are other advantages also in the use of eutectic alloys
[20]. They are as follows [21]:

i) Eutectic alloys have microstructures which are very near to
equilibrium causing greater resistance to high temperature along with

having greater reaction temperature.

i) Low energy phase boundaries

iii) Controllable microstructures

iv) High rupture strength

v) Stable defect structures

vi) Excellent high-temperature creep resistance

vii) Regular lamellar or rod-like eutectic organization, forming an in-situ

composite

Along with above advantages that are used to solve first problem related to
mechanical properties of HEAs. The problem of poor castability can also
be resolved by use of eutectic alloys. Also important to know that in

eutectic reaction the solidification transformation takes place at isothermal
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temperature so there is no solidification temperature range causing
problem of phase segregation along with shrinkage cavity to be
solved[20].

There are various techniques for manufacturing of HEAs such as arc
melting, mechanical alloying, laser cladding, thin film sputtering etc. The
most widely technique for the synthesis of HEAs is the melting and
casting route. Melting and casting route is used widely because it can
reach melting temperature of about 3273K which can melt most of the
metals used for making HEAs. It is also economical and feasible process
thus attracting significant attention from both the academia and the
industry field.

Due to size reduction of particle its property improves leading to increase
in the application potential of HEAs. Metallic nanoparticles due to their
unique properties are attracting lot of attraction from the academia and
industry. Due to reduction in their size metallic nanoparticles shows
unique physicochemical properties to their bulk counterparts. Many
physicochemical properties such as magnetic, catalytic and biomedical
properties gets improved for HEAs as their size decreases[22]. Therefore,

nanoparticle of HEA has become attractive topic for researches.

Many researches are working in this field by synthesizing them through
mechanical alloying method. But this technique has some limitation
causing to poor results. One of the great limitations of this method is that
grains produce is usually of larger size (> 30nm). This also leads to the
agglomeration of nano-grains into larger grains of size larger than
3um[23][24]. In mechanical alloying technique, the nanoparticles produce
does not have homogeneous chemical composition and have no control

over the growth process.

Polyol process is a rapid and economical synthesis technique for the

fabrication of particulate products and has been widely used for the



synthesis of a variety of metal and alloy nanoparticles, forming nano-
sized, homogeneous, and highly reactive powders through mixing
different metallic salts in the polyols [25]. Many bimetallic alloys such
as Fe-Pt, Cu-Ni are been developed by polyol process showing a great
potential of this method for the synthesis of nanocrystalline HEAS[26].

HEAs forms disordered and partially ordered solid solution phases
having FCC, BCC, or HCP structures, instead of a mixture of many
intermetallics due to the high configurational entropy possessed by these
alloys. As we know FeCoNiCr forms a single phase face centered
structure which has good ductility but poor yield strength while in case
of FeCoNiCrAl HEA, we have bcc structure with good yield strength but
low ductility[27].

Outcomes of Literature Review

1. To develop composite of eutectic HEAs having balance of
mechanical properties.

2. Limited study on hot deformation behavior of HEAs.

3. Simulated study of HEAs has not been highlighted extensively.

4. Limited study on development of the nanoparticles HEAs through

chemical route.
Objective of our project

1. To synthesize Novel HEAs by Solidification route and Chemical
synthesis method.

2. To understand the stability of HEAs i.e. both chemical and
thermal stability.

3. To study the deformation behavior of designed HEAs at different

temperature and strain rate.



Stable Solid Solution Formation Criteria for High Entropy Alloys

To predict the phase stability of the HEAs from fundamental properties of
the constituent elements is used by many as the starting point in the
development of the HEAs. Here we focus on the properties of the
individual elements and their interaction with the other alloying elements.
The idea here is to find out the rules governing the phase stability in HEAs
by statistically analyzing the collective behavior of the constituent
elements in a large database of HEAS, where different phases form,
including amorphous phases, solid solution phases or intermetallic phases.
.Some parameters are thermodynamic parameters while other is size
parameters. First attempt to study the stability of HEAs was done by
Zhang et al [1]. They use three parameters to predict the stability and

phase involved in the HEA system.
Various parameters taken into account in our project are as follows:
I. Gibbs free energy (AGmix)

The Gibbs free energy change of mixing determines whether the process is
spontaneous at a given pressure and temperature. This quantity combines
two physical effects—the enthalpy of mixing, which is a measure of the

energy change, and the entropy of mixing considered here.
Amix G = Amix H =T Amix S ...[28]
Where, Amix H = Change of Enthalpy
T = Temperature
Amix S = Change of Entropy
In HEAs, Gibbs free energy must be lowed to form an stable phases.

ii. Enthalpy of Mixing (Amix H)

10



Enthalpy is defined as thermodynamic quantity equivalent to the total heat
content of a system. It is equal to the internal energy of the system plus the
product of pressure and volume. Enthalpy of Mixing for HEAs is given
by[28];

AH o = Y0000, = 4aH ™)

i=Li#]
Where, AHTY* = Enthalpy of Mixing of binary liquid alloy AB,
Ci = Concentration of i'" element
iii. Configuration Entropy (AmixS )

Configuration entropy is described as the portion of the entropy related to
the discrete representative position of its constituent particles. The
configuration entropy of a crystal refers to the distinguishable ways the

atoms can be arranged on the lattice sites.

AS i =—R> (c;Inc;)
i=1

.. [28]

For HEAs alloy the value of configuration entropy is between 12 to 17.5 J/

K mol.
iv. Thermodynamic Parameters

As we know both enthalpy of mixing and configuration entropy plays
opposite role in the formation of solid solution. So by comparing the
values of AmixH and TAmixS, we can judge the formation solid solution.
Although the enthalpy of mixing is absolute larger, which is often in
kJ mol™, TASmix could be compared with the enthalpy of mixing at high
temperature. At high temperature the effect of the HE of mixing could

overcome the effect of the enthalpy of mixing, TASmix become the main
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factor affecting the solid-solution formation. So to deal with both factors a
new factor called Thermodynamic Parameter is defined[28]. It is

represented by Q.

Q= TmASmix

‘AH mix‘
For solid solution formation, the value of Q must be positive and Q =1
should be proposed as a critical value to form the solid solution. If Q > 1,
the contribution of TASmix will exceed that of AHmix for solid-solution
formation, and the multi-component HEAs are mainly composed of the
solid solutions; if Q <1, AHmix is the predominant part of the free energy,
and intermetallic compounds and segregations are prior to solid-solution
phases to form in HEAs. Thus the value of Q is used to estimate the solid-

solution formation ability.
In this melting point (Tm) is calculated by Vagard’s mixture rule,
n
Tm= Z C; (Tm)i
=1 ...[28]
v. Atomic size difference (6)

The atomic size difference factor is used to describe the effect of size of

constituent elements on the formation of solid solution.

n 2
5=.>.c (1—&}
i=1 r

Where, riis the radius of the i element and r is the mean radius of all the

elements given by,

12



r= Zn:ciri
i=1

vi. Valence electron concentration (VEC)

Valence electron concentration determines the structure of the solid
solution formed in HEAs.

Here VEC is calculated using mixture rule,

VEC = Zn:ci (VEC),

i=1
Where (VEC); is the valence electron concentration of the i element.
(1) > 8.0 (FCC phase only)
(1) 6.87 < VEC < 8.0 (FCC and BCC phase co-exist)
(iii) < 6.87 (BCC phase only)
Vi. Electronegativity (AL])

The electronegativity difference among constituents determines the
formation of intermetallics in any complex alloy system. In HEAs also
electronegativity difference between different constituting elements plays

a important role in the formation of intermetallics [29];

Az=\/iZ:,Ci(zi —7f

Where

(i is the pauling electronegativity for the i element.

13
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Vii. A — Parameter

As we know that configuration entropy ASmix increases the possibility of
solid solution formation while on the other hand atomic size difference 0
acts in the opposite way by decreasing the probability of formation of
solid solution. So to study the effect of both factor simultaneously
geometric factor is used[30];

A = ASmix / 82

The A — Parameter is used to guide the nature of the compound formed

and its volume fraction.
For the formation of single phase DSS A > 0.96
Solid solution Phase mixtures 0.24 <A <0.96 and

Mixtures containing solid solution phases with intermetallics when A <

0.24.
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Chapter 3

Processing Routes

The HEAs materials can be processed through different manufacturing
routes, and to fully explore the possibilities for high throughput
fabrication, all possible techniques should be considered. This section will
cover two particular techniques used for the synthesis of HEAs materials
in this project.

3.1 Solidification Route

Solidification route is the most widely used method for the synthesis of the
HEAs. Vacuum arc melting is used vastly for the formation of the both
equimolar and non—equimolar HEAs. The vacuum arc melting process is
most popular because here temperature obtained is very high ( upto 3000°
C) which can be used to melt most of the metals needed in the preparation
of HEAs. The disadvantage of this method is that there is the possibility of
evaporation of certain low boiling metals like aluminum, copper during

preparation of HEAs making composition control difficult.

Vacuum arc melting is a process for the production of metal ingots with
high chemical and mechanical homogeneity. In over project we are using

vacuum arc melting cum casting unit to synthesis samples.
It consists of three units:-

i. Vacuum unit

ii. Welding unit

iii. Chilling unit

Vacuum unit
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In vacuum unit vacuum and turbo pump are used to generate the vacuum
in the chamber. The switches used in it are pneumatic control powered by
the compressor of 2HP. The vacuum chamber consists of the water cooled
copper die in which metals gets melted with the help of tungsten electrode.
Direct current is used to generate the arc in the presence of the argon
atmosphere. The electrode is maintained at constant arc length during
melting and the electric arc is maintained by a DC power supply
connected to the electrode and the die. The electrode can reach upto
3000°C temperature.

Image of Vacuum Unit

Welding unit

This is a simple TIG welding unit used as a constant DC power supply
source. Max voltage is 30V while max current reached is 400A. It is used
as a DC power supply to supply current at constant rate so as to maintain

proper arc.
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Image of Welding unit

Chilling unit

The vacuum arc melting cum casting unit is also provided with a chilling
unit which supplies cold water to copper die and electrode. It is used to
maintain temperature of the die and electrode. It helps in fast cooling of
the die and electrode.

Image of Cooling Unit
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Advantages:

I. The high temperature and high vacuum environment helps in the
removal of entrapped gases and high pressure elements.

ii. The high melting temperature produces the segregation of metallic
and non metallic inclusion.

iii. High density with desirable grain structure and low macro. The
typical grain structure of parts produced by arc melting consists of
columnar for small diameter parts or a mixture of columnar and

equi-axed grains for larger parts.
Disadvantages

This technique cannot be used for low melting point materials such as Mg,

Zn, Mn where it cannot control the composition of the alloys.
Procedure

The multi-components FeCoNiCrZry ,FeCoNICrAlZry and
FeCoNiCrCuZry were prepared by arc melting cum casting machine from
highly pure Co, Fe, Cr ,Ni and Zr elements in a Ti-gettered ultra high-
purity argon atmosphere to get arc melted alloy button. The alloy button
was re-melted 5-6 times to make sure that the alloy was chemically
homogenized in liquid state. Further, buttons were suction casted in the

form of cylindrical rod having 6 mm diameter.

3.2 Chemical Route

Polyol method is a robust strategy for preparation of well-defined metal
nanoparticles in terms of size, shape, composition and crystallinity. In
polyol process there is reduction of metal precursors in the presence of

some capping agent at elevated temperature. The polyol process is first
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used by Fievets group in 1989 for the synthesis of metal nanoparticles. It
is a versatile liquid-phase method utilizing high boiling and multivalent
alcohols to produce nanoparticles. Polyols is an organic compound having
multiple hydroxyl groups. It this polyol plays dual role of solvent and
reducing agent for metal precursors. It also helps in controlling the growth

of the metallic nanoparticles.
Advantages of Polyol synthesis route:

i. High boiling point of polyols helps in reaching high reaction
temperature of 473-593K without the use of high pressure and
autoclave.

ii. Good solubility of metallic precursors in polyols helps as to use
cheap and simple precursors as starting reactants.

iii. Chelating ability of polyols is a key factor that helps in controlling
the nucleation, growth and agglomeration of nanoparticles.

iv. Reductive ability of polyols at high temperature helps in reducing

the metal solution into nanoparticles.
Procedure

All hydrated metal salts (acetates, hydroxides, and chlorides), polyols
ethylene glycol (EG), propylene glycol (PG), diethylene glycol (DEG),
tetraethylene glycol (TEG), and butylene glycol (BG), NaOH, and
methanol were used without any further purification. The general
procedure involves the preparation of 0.1 M metal salt in 25 mL of polyol,
followed by the addition of NaOH (1.0 M). A small amount of AgNQ3 is
added as a nucleating agent. Then the mixture is heated in programmable
electric oven for about 3hrs at 180C (Figure 3.1). Final products were
centrifuged and washed several times with methanol. The samples were

then dried in a vacuum oven at room temperature (25°C) prior to analysis.
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Processing route of Polyol method

Reduction and

nucleation

Fig. 3.1 Processing route of Polyol technique
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Chapter 4

Methodology

4.1 Microscopic techniques
4.1.1 Optical Microscopy

Optical microscopy functions by the transmission of light through a
material or reflection of light from a material surface. Objects are usually
placed in the focal plane of a lens. In metallic materials, optical
microscopes are used for preliminary evaluation of a material surface to
determine surface roughness and whether the sample can be evaluated
with other microscopic techniques requiring flat surfaces to determine
other microstructural features. It is mostly used at mechanical polishing
intervals for metal and alloys and comes in handy for quick analysis. It
gives a general overview of a material, though limitations exist due to the
resolution limit of submicron particles approaching the wavelength of
visible light (400 to 700 nm). The Carl Zeiss Axiovert Alinverted

microscope was used in our preliminary studies.
4.1.2. Scanning Electron Microscopy (SEM)

This microscopic technique works at very small wavelengths (3.7 pm at
100 KeV) and electrons are deflected by a magnetic field. Electrons
interact with particles of the material, and several characteristic signals
such as backscattered electrons, secondary electrons, x-rays, etc. are
obtained. These signals can be used to get a further understanding of the
material structure by coupling with appropriate detectors. The backscatter
electrons are high energy electrons reflected from the sample surface via
elastic scattering. This is useful for phase contrast analysis due to atomic
size contrasts of different elements. The secondary electrons are low
energy electrons obtained from few nanometers interaction 22 with the

sample surface via inelastic scattering. Imaging with this technique
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ensures a better surface topography. Consequently, very small surface
features can be identified, such as grain boundaries, pore, voids,
inclusions, precipitates, etc. SEMs can be used to study surface
morphology and topography of materials at a resolution of 10 nm. It is
therefore an essential tool for texture analysis. In this study, the INSPECT
F SEM coupled with a Back-Scatter detector and the FEI dual beam SEM
coupled with the secondary electron detectors were used.

4.1.3 Energy Dispersive Spectroscopy (EDS)

The energy dispersive spectroscopy (EDS) technique is usually coupled
with the SEM to evaluate the elemental composition of a material.
Characteristic X-ray signals unique to individual elements are obtained
from the SEM and this can be used to probe elemental constituents in a
material, either by line scans, mapping, or point analysis at specific sites.
The INSPECT F SEM coupled with Oxford INCA 300 X-ray Energy

Dispersive Spectrometer (EDS) was used in this study.
4.2 Mechanical experiments
4.2.1 Vickers Hardness Test

Hardness is a characteristic of a material, not a fundamental physical
property. It is defined as the resistance to indentation, and it is determined
by measuring the permanent depth of the indentation. A square base

pyramid shaped diamond is used for testing in the Vickers scale.
4.2.2 Hot Deformation Behavior

To understand the deformation of HEAs at high temperature and at
different strain rates, we used Gleeble 3800 — GTC thermo — mechanical
simulator coupled with general MCU is used to perform isothermal hot
compression tests. Specimen used is cylindrical rod (@ 6 mm and aspect
ratio of 1.5:1). The cylindrical specimen was deformed to approximately
50% reduction in the height.
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4.3 Phase Analysis
4.3.1 X ray Diffraction (XRD)

X-ray powder diffraction (XRD) is a rapid analytical technique primarily
used for phase identification of a crystalline material and can provide
information on unit cell dimensions. The interaction of the incident rays
with the sample produces constructive interference (and a diffracted ray)
when conditions satisfy Bragg's Law (nA=2d sin 0). This law relates the
wavelength of electromagnetic radiation to the diffraction angle and the
lattice spacing in a crystalline sample. These diffracted X-rays are then
detected, processed and counted. The crystal structure of studied HEA
was identified by Bruker D2 phaser X-ray diffractometer with Cu-
K. (1. =1.54056 A) radiation, operating at 45 kV and 30 mA, with step
size 0of 20=0.017°

4.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) is a technique used to
obtain an infrared spectrum of absorption or emission of a solid, liquid or
gas. Infrared spectroscopy (IR spectroscopy or vibrational spectroscopy)
involves the interaction of infrared radiation with matter. It covers a range
of techniques, mostly based on absorption spectroscopy. As with all
spectroscopic techniques, it can be used to identify and study chemicals.
IR spectroscopy is often used to identify structures because functional
groups give rise to characteristic bands both in terms of intensity and
position (frequency). To study the functional group mid infrared band of
4000-400 cm™ is used. The mid infrared region is used to study the
fundamental vibrations and associated rotational vibration of the
functional group associated with the sample. To identify the functional
groups Perkin Elmer FTIR spectrometer is used with mid infrared band of

wave number 4000- 350 cm™ and wavelength of 2.5 — 25um.
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Chapter 5

Thermodynamic Simulation

Phase diagrams are the essential factor in the development of high-
entropy alloy formation. Long-term stability of high entropy alloys
(HEAs) at high temperature is a critical factor in the design and practical
application of HEAs. It has been discovered that many HEAs have a
kinetically-stabilized metastable phases, and recent experimental studies
have confirmed this result by observing HEA decomposition after long-
term equilibration[31]. In our project, we demonstrate the use of the
CAlLculation of PHAse Diagrams (CALPHAD) approach for the
prediction of HEA stability.

Thermodynamic and phase equilibrium data are used to determine Gibbs
free energies of individual phases in the system. For a solid solution phase,
a, the Gibbs free energy (G.) is defined by,
G = 5 X; GF - TSHES + %Gy

Where, xi is the composition of component i, G& Gibbs energy of i
component in the o phase, T is the temperature, S%% is the ideal
configurational entropy (i.e., RY Xi In X;, where R is the universal gas
constant.) and **Gm is the excess Gibbs energy. Databases containing these
free energy descriptions are used for the prediction of phase equilibrium
and other properties for large, multicomponent alloys at various

compositions by combining the data of simpler subsystems.

For complex solid solution systems (such as HEAs), the CALPHAD
approach help us to predict the thermodynamic properties, such as phase
stability accurately. In CALPHAD approach both ideal configuration
entropy and excess Gibbs energy are taken into account for predicting the

stability of HEAs The excess Gibbs energy (**Gm) corresponding to the
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non-ideal mixing enthalpy and entropy and is defined by a Redlich-Kister
polynomial in CALPHAD;

=1 ¢
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[31]

Where xi is the composition of i component, YLjj are the binary interaction
parameters that determines the non-ideality of the binary solid solution
between components i and j, v is the order of the interaction (e.g., 0 is
regular, 1 is sub-regular, etc.), and °Lijx is the regular ternary solution
interaction parameter for elements i, j and k. The dependence of the L
parameters on the temperature defines an excess entropy contribution to
the system. The interaction parameters are compared to experimental or
theoretically predicted thermodynamic data. For a large number of
components, the solid-solution thermodynamics parameters are predicted
by summing over all of the subsystem interactions parameters. Generally

ideal configuration entropy acts as a stabilizing force for the HEAs.

Thermodynamic Simulations

The thermodynamic simulation is done to predict the phases formed in
alloys to determine the properties of the alloy system. To predict the
phases develop in HEAs thermodynamically, CALPHAD approach is
used. In CALPHAD approach various thermodynamic functions such as
Gibbs energy (G), Helmholtz energy (A) etc are used to evaluate different

phases that may form.

The phase diagram for FeCoNiCr system is shown in Fig. 1a. The phase
diagram of FeCoNiCr suggests the liquid is completely converted into
FCC(L12) phase. From figure 1b and c it is concluded that the entire
liquid is converted into FCC (L12) phase. FeCoNiCr completely solidified
into FCC (L12) phase. Fig. 1b also suggests the effect of heat treatment on
FeCoNiCr system.
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Fig. 5.1 a) Phase diagram b) Phase fraction Vs Temperature Phase diagram c)
Solidification diagram of FeCoNiCr HEA

Thermocalc result for FeCoNiCrZrio system is shown in figure 2. Fig. 2a
is the phase diagram of FeCoNiCrZrio, showing that Zr = 10% is very
close to eutectic point in which liquid gets solidified into three phases. At
1598K the liquid solidifies into FCC (L12), C15 laves phase and NizZr».
The composition of the FeCoNiCrZryo is showed in Fig. 2b. The FCC
(L12) phase is the major phase with about 0.6 mol fractions after that C15
laves phase comes forming about .3 mole fraction of our system while
NizZr, has only 0.1 mole fractions in our system. Fig 2c shows us about
way in which our system solidifies. Firstly liquid gets converted into FCC
(L12) phase till 0.1 mole fraction of solid is formed after that it converts
into C15 laves phase and FCC (L12) phase till we get 0.85 mole fraction
of solid. Then after this we get FCC (L12), C15 laves and NizZr till liquid

gets completely solidified.
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Solidification diagram of FeCoNiCrZrio HEA

Thermocalc result for FeCoNiCrAl is shown in Fig. 3. The phase diagram
of Fig. 3a for FeCoNiCrAl shows hypereutectic system for Al = 20% in
this some liquid gets converted into BCC (B2#2) phase then the remaining
liquid gets converted into FCC (L12) phase. Figure 3b the solidification
curve ¢ for FeCoNiCrAl shows that first some liquid gets converted into
BCC (B2#2) phase at 1700K then at 1598K the remaining liquid gets
converted into BCC (B2) and FCC(L12) phase. The solidification pathway
is shown in figure 3c in which about .9 mole fraction of liquid gets
converted into BCC (B2#2) phase while remaining 0.1 mole fraction of
liquid solidifies into BCC (B2) phase and FCC (L12) phase . The final
composition of FeCoNiCrAl system is shown in fig. 3b. The BCC (B2#2)
phase is the major phase while BCC (B2) and FCC (L12) are the minor
phases. As the concentration of Al increases the FCC phase will decrease

while the BCC phases will increase.
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Fig. 5.3 a) Phase diagram b) Phase fraction Vs Temperature Phase diagram c)
Solidification diagram of FeCoNiCrAl HEA

Themocalc results for FeCoNiCrAlZryo are shown in Fig. 4. The phase
diagram for FeCoNiCrAlZryo is represented in fig. 4a showing that system
is eutectic at 1600K temperature. Phase diagram suggest that after
solidification BCC (B2), Hagg (HL21), Laves phase (C15), BCC (B2#2)
and FCC(L12) phases gets evolved from the liquid system. The figure 4b
is the solidification curve telling us about the composition of the
FeCoNiCrAlZryg at various temperatures. From the solidification curve we
can say that the BCC (B2) phase is the dominant phase while other phases
are minor phases.
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Solidification diagram of FeCoNiCrAlZrioHEA

Thermocalc result for the FeCoNiCrCuZryo is shown in fig. 5. The phase
diagram for FeCoNiCuZry is represented in fig. 5a shows eutectic point at
about 1450K temperature and mole percentage of 8%. So
FeCoNiCrCuZryo is a hyper eutectoid system having mixture of eutectic
and dendritic phases. Solidification curve fig. 5c suggest during
solidification Laves phase (C15), FCC phase (L12&L.10) and intermetallic
of NizZr. will be formed. The figure 5b is the solidification curve telling
us about the composition of the FeCoNIiCrCuZrio at various temperatures.
From the solidification curve we can say that the FCC (L10&L12) phases

are the dominant phases while other phases are minor phases.
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Chapter 6

Results and Discussion

6.1 Parameters Calculation for design of high entropy alloys

Thermodynamic and Hume-Rothery parameters for FeCoNiCrZry HEAS
were calculated. There values were exhibited in Table 1. The AGmix IS
lowering, forming stable phases at room temperature. Increase in Zr
content leading to increase in value of AHmix Showing evolution of
intermetallics in the alloy. The value of ASmix is also increasing with the
increase of Zr content. As we know that increase in mixing enthalpy
(AHmix) will lead to formation ordered intermetallics, while on other hand
increase in mixing entropy will lead to evolution of disordered solid
solution phases. Therefore, to compare the effect of both parameters we
use Q to determine the phases involved in HEA. As in case of FeCoNiCr
Q is very large, the mixing entropy is predominant our enthalpy thus there
is a formation of single solid solution phase. But as the Zr content raise the
value of Q decreases reveals the effect of mixing enthalpy is rising faster
as compared to entropy, thus showing increase in the formation of
intermetallics phases in the HEAs. Similarly the melting temperature
calculated through mixture rule for FeCoNiCrZry HEA system also
increases with the rise of Zr content. The atomic size difference (8) for
FeCoNiCr is very low showing formation of solid solution phases. As
value of atomic size difference (0) increase with rise in Zr content
showing evolution of intermetallics along with decrease in solid solution
phase. The valence electron concentration (VEC) value of FeCoNiCrZry
HEA system is around to 8 showing formation of face centered solid
solution. The value of electronegativity difference (A1) for FeCoNiCr
system is very low shows evolution of single solid solution phase. While
the increase in Zr content leads to increase in electronegativity difference

(AD) revealing the formation of intermetallics. To combine the effect of
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mixing entropy (ASmix) and atomic size difference (5) a new parameter A
is introduced. The value of A for FeCoNiCr is very large reveals that
mixing entropy (ASmix) is predominant over atomic size difference (J)
factor thus there is evolution of single solid solution phase. But due to
addition of Zr the value of A decreases causing evolution of eutectic
structure having solid solution phase along with intermetallics.

Table 6.1

a) Thermodynamic Parameters

Alloy AHmix | ASmix | AGmix | Tm(K)
FeCoNiCr -3.75 | 11.525 | -7.210 | 1858
FeCoNiCrZrzs | -6.66 | 12.209 | -10.323 | 1864.67
FeCoNiCrZrs |-9.42 |12.6 -13.2 1871.35
FeCoNiCrZrss | -12.0 | 12.876 | -15.883 | 1878.02
FeCoNiCrZryo | -14.47 | 13.075 | -18.39 | 1884.7

b) Hume-Rothery factors

Alloy Q 5%) |VEC [AD [A

FeCoNiCr 571 |3 825 |0.097 |128.05
FeCoNiCrZros | 342 | 4.44 |8.143 |.122 | .619
FeCoNiCrzrs |25 |6.15 |8.037 |.142 |.333
FeCoNiCrzZrss | 202 | 7.37 |7.931 |.160 |.237
FeCoNiCrzZry | 1.7 |834 |7.825 |.234 |.1879

For FeCoNIiCrAlZrx HEAs the trend in AGmix, AHmix and ASmix vValues are
similar to the result of FeCoNiCrZrx HEA as shown in table 2.Therefore
in case of FeCoNiAlICr Q is more than one, the mixing entropy is
predominant our enthalpy thus there is a formation of solid solution phase.

But as the Zr content raise the value of Q decreases reveals the effect of
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mixing enthalpy is rising faster as compared to entropy, thus showing
increase in the formation of intermetallics phases in the HEAs. Similarly
the melting temperature calculated through mixture rule for
FeCoNiCrAlZry HEA system also increases with the rise of Zr content.
The atomic size difference (8) for FeCoNiCrAl is less than 6.6%, showing
formation of stable solid solution phases. As value of atomic size
difference (6) for FeCoNiCrAlZry (X = 2.5,5.0,7.5,10.0) is more than
6.6%, reveals that rise in Zr content causes evolution of intermetallics
along with decrease in solid solution phase. The valence electron
concentration (VEC) value of FeCoNiCrAlZrx HEA system is in between
6.87 to 8 showing formation of body centered and face centered solid
solution. The value of electronegativity difference (Al1) for FeCoNiCrAl
system is less shows evolution of stable solid solution phase with
intermetallics. While the increase in Zr content leads to increase in
electronegativity ~ difference (A1) revealing the formation of
intermetallics. To combine the effect of mixing entropy (ASmix) and
atomic size difference (8) a new parameter A is introduced. The value of
A for FeCoNiCrAl is very large reveals that mixing entropy (ASmix) IS
predominant over atomic size difference (6) factor thus there is evolution
of stable solid solution phase along with some intermetallics. But due to
addition of Zr the value of A decreases causing evolution of eutectic

structure having solid solution phase along with intermetallics
Table 6.2

Thermodynamic Parameters

Alloy AHmix | ASmix | AGmix | Tm(K)
FeCoNiCrAl -12.32 13.38 -16.33 | 1673.1
FeCoNiCrAlZrys | -15.046 | 14.02 |-19.252 | 1684.52
FeCoNIiCrAlZrs | -17.616 | 14.362 |-21.925 | 1695.7
FeCoNiCrAlZrzs | -20.032 | 14.60 |-24.412 | 1706.98
FeCoNIiCrAlZry | -22.30 14.75 | -26.725 | 1718.30
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Hume — Rothery factors

Alloy Q 5(%) | VEC | AL A
FeCONiCrAl | 1.817 | 572 | 7.2 121 | 408
FeCONiCrAIZros | 157 | 6.85 | 7.12 | .1381 | .298
FeCONICrAIZrs | 1.382 | 7.72 | 7.04 | .1527 | .241
FeCONICrAIZrrs | 1.244 | 843 | 6.96 | 0.1654 | .205
FeCoNiCrAIZry, | 1.136 | 9.032 | 6.88 | 0.1765 | 0.181

Thermodynamic and Hume Rothery factors for FeCoNiCrCuZrx HEA
were calculated to analyze the morphology of the alloy system. The
calculated values for this system are shown in Table 3. The trend for
AGmix values for this system is negative showing formation of stable
phases. Similarly, AHmix value is between 5 to -15 KJ/mol showing
formation of solid solution. High value ASmix also shows formation of
stable solid solution.. Therefore, to compare the effect of both parameters
we use  to determine the phases involved in HEA. As in case of
FeCoNiCuCr Q is more than one, the mixing entropy is predominant our
enthalpy thus there is a formation of solid solution phase. But as the Zr
content increases the value of Q decreases reveals the effect of mixing
enthalpy is rising faster as compared to entropy, thus showing increase in
the formation of intermetallics phases in the HEAs. Similarly the melting
temperature calculated through mixture rule for FeCoNiCrAlZry HEA
system also increases with the rise of Zr content. The atomic size
difference (0) for FeCoNiCrAl is less than 6.6%, showing formation of
stable solid solution phases. As value of atomic size difference (d) for
feCoNICrAlZry (X = 2.5,5.0,7.5,10.0) is increasing, reveals that rise in Zr
content causes evolution of intermetallics along with decrease in solid
solution phase. The valence electron concentration (VEC) value of

FeCoNiCrCuZrx HEA system is more than 8, showing formation of face
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centered solid solution. The value of electronegativity difference (A[1) for
FeCoNiCrCu system is very less shows evolution of stable solid solution
phase. While the increase in Zr content leads to increase in
electronegativity ~ difference (A1) revealing the formation of
intermetallics. To combine the effect of mixing entropy (ASmix) and
atomic size difference (8) a new parameter A is introduced. The value of
A for FeCoNiCrCu is very large reveals that mixing entropy (ASmix) IS
predominant over atomic size difference (8) factor thus there is evolution
of stable solid solution phase along with some intermetallics. But due to
addition of Zr the value of A decreases causing evolution of eutectic

structure having solid solution phase along with intermetallics

Table 6.3
Thermodynamic Parameters

Alloy AHmix ASix AGnmix Tm (K)
FeCoNiCrCu 3.20 13.38 -0.814 1757.95
FeCoNiCrCuZr,s 0.117 14.02 -4.089 1767.13
FeCoNiCrCuZrs -2.812 14.362 -7.121 1776.31
FeCoNiCrCuZr7s -5.587 14.60 -9.967 1785.5
FeCoNiCrCuZryo -8.208 14.75 -12.633 1794.66

Hume — Rothery Factors

Alloy Q (%) VEC Al A
FeCoNiCrCu 7.35 1.033 8.8 092 1254
FeCONIiCrCuZros | 211.75 | 4.45 8.68 0.12 0.71
FeCoNiCrCuzrs | 9.07 6.08 8.56 0.14 0.39
FeCoNiCrCuZrss | 4.66 7.27 8.44 0.16 0.276
FeCoNiCrCuZrio | 3.225 8.21 8.21 0.17 0.22
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6.2 Characterization of HEAs synthesized through Solidification route

To evaluate the phases and structure of our samples various
microstructural analysis techniques like XRD, SEM are used. The results
obtained by this technique are shown in this chapter.

6.2.1 Structural Characterization

The x-ray diffraction (XRD) pattern of FeCoNiCrZry (X=0, 2.5, 5.0, 7.5,
10) is shown in fig. 6.1. It is found that the XRD pattern of FeCoNiCr
alloy reveals the diffraction peaks corresponding to only FCC phase.
While the XRD patterns of FeCoNiCrZry (X= 2.5, 5.0, 7.5, 10) show the
diffraction peaks corresponding to FCC solid solution phase and Laves
phase. It is to be noted that the Laves phase is observed to form with the
addition of Zr in the base FeCoNiCr alloy and also the amount of Laves

phase increases with the increase of Zr concentration.

+ FCC Phase
* Laves Phase VAP

Intensity (a.u.)
.

26 (deg.)

Fig 6.1 XRD of FeCoNiCrZry (X=0, 2.5, 5.0, 7.5, 10) samples
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Fig. 6.2 shows XRD pattern of FeCoNiCrAlZrx (X= 0, 2.5, 5.0, 7.5, 10)
HEAs.

The XRD pattern reveals the presence of BCC phase and Laves phase.
The addition of Al in FeCoNICr leads to the formation of a BCC solid
solution phase. The addition of zirconium in FeCoNiCrAl will lead to the
development of Laves phase. As the zirconium contain increases, the

amount of Laves phase in FeCoNiCrAlZrx also increases.

e BCC
* Laves phase
55 e
5.0 4 . A £ o X=10%
45 ; i . R
4.0 1 "\f
I ) - X=75%

A
3.54 B i 2 o T DN B WV SR> SR | V. P | VR

3.0
25 X =5.0%
2.0
B e o X =2.5%
1.0
05? WMWM’ILNJW\/ X=0.0%
0.0 -

T T T T T T T

20 30 40 50 60 70 80
20 (degrees)

Offset Y values

Fig. 6.2 XRD pattern of FeCoNiCrAlZry (X=0, 2.5, 5.0, 7.5, 10) sample.

The x-ray diffraction pattern of FeCoNiCrCuZrx (X=0, 2.5, 5.0, 7.5, 10) is
given in Fig. 6.3. The addition of Cu in FeCoNiCr leads to the
transformation of single fcc solid solution phase into two fcc solid solution
phases. The XRD pattern of FeCoNiCrCu HEA shows the formation of
two fcc solid solution phases; first is matrix of solid solution while other is
ordered Cu-rich phase. The addition of Zr leads to the formation of Laves

phases.
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Fig. 6.3 XRD pattern of FeCoNiCrCuZrx (X=0, 2.5, 5.0, 7.5, 10) samples

6.2.2 Microstructural characterization

The optical micrograph of FeCoNiCrZrx (X= 0, 2.5, 5.0, 7.5, 10) are
shown in fig. 6.4. The optical micrograph determines the surface
morphology of the samples. Fig. 6.4a shows the optical image of
FeCoNiCr having a plane morphology suggesting presence of single
phase. Fig. 6.4b shows an optical micrograph of hypoeutectic
FeCoNiCrZrzs sample. This micrograph shows small amount of eutectic
morphology along with some columnar dendritic microstructure. In fig.
6.4e, the optical micrograph shows the hypoeutectic FeCoNiCrZrio sample
having two types of eutectics. First one is lamellar eutectic while second
one is globular eutectic having predominant dendritic microstructure. It is
observed from Fig. 6.4a to 6.4e that the volume fraction of eutectic

morphology increases with increase of Zr concentration.
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Fig. 6.4 Optical Micrograph of FeCoNiCrZr«(X =0, 2.5, 5.0, 7.5, 10.0)

The optical micrograph for FeCoNICrAlZry (X = 0.0, 2.5, 5.0, 7.5, 10) is
represented in fig. 6.5. The optical image of FeCoNiCrAl is shown in fig.
6.5a. The optical micrograph shows the equiaxed-dendrite morphology
having fine-scale structure with alternating bright and dark interconnected
phases. In fig. 6.5b, the optical micrograph of FeCoNICrAlZr, s reveals the
eutectic morphology along with non-equiaxed dendritic microstructure.
Due to the addition of Zr in FeCoNiCrAl system, the evolution of eutectic
morphology develops(as shown in the micrograph). From fig. 6.5b to
6.5e,it is observed that as the concentration of Zr increases, the volume
fraction of eutectics also increases along with evolution non-equiaxed

dendritic microstructure.
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Fig. 6.5 Optical micrograph of FeCoNiCrAlZry(X=0, 2.5, 5, 7.5, 10)

The optical micrograph of FeCoNiCrCuZrx (X = 0.0, 2.5, 5.0, 7.5, 10.0)
are shown in fig. 6.6. In fig. 6.6a, optical micrograph of FeCoNiCrCuZr.s
shows the columnar dendritic microstructure. The alternating dark and
bright phases in interdendritic region are signature of eutectic
microstructure. It is to be noted that the alloy is transformed from two
phase fcc solid solution phases to eutectic morphology due to addition of
zirconium. In fig. 6.6 a to c, it is also seen that the volume fraction
eutectics increases due to increase of Zr content. Fig. 6.6d shows the
optical image of FeCoNiCrCuZrie which consists of large amount of
needle shape dark phase along with eutectic microstructure. It is found that
FeCoNiCrCuZr7s (as shown in fig. 6.6¢c) is nearly eutectic HEA with

minute fraction of dendritic phases.
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Fig. 6.6 Optical micrograph of FeCoNiCrCuZry (X = 2.5, 5.0, 7.5, 10.0)

Field emission scanning electron microscopy was used for microstructural
characterization of the designed HEAs. The backscattered electron (BSE)
mode of SEM is used to distinguish the different phases in microstructure
of HEAs due to Z-contrast. The SEM images at low magnification for
FeCoNiCrZrx (X= 0, 7.5, 10) alloy system in BSE mode are represented in
fig.6.7 while high magnification SEM images for systems are shown in
fig. 6.8.

Fig. 6.7a and 6.8a exhibits single phase face centered solid solution
morphology of FeCoNiCr. While fig. 6.7b and 6.8b exhibits a typical
hypoeutectic morphology for FeCoNiCrZr7s. FeCoNiCrZr7s alloy system
consists of dendrite face centered solid solution phase along with eutectic
phase (as shown in fig. 6.7b). The eutectic phase has lamellar morphology,
which consists of mixture of face centered solid solution phase and Laves
phase. Fig 6.7c exhibits fully eutectic morphology for FeCoNiCrZrig
HEA. Fig. 6.8c reveals a bimodal eutectic system for FeCoNiCrZrio HEA.
First is lamellar eutectic phase which consists of mixture of face centred
solid solution and Laves phase. Second one is globular eutectics consisting

of mixture of face centered solid solution and intermetallics.
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Fig. 6.7 Low magnification SEM images of FeCoNiCrZry (0, 7.5, 10)

5 um

Fig. 6.8 High magnification SEM images of FeCoNiCrZry (X =0, 7.5, 10)

The Energy-dispersive X-ray spectroscopy (EDS) for FeCoNiCrZr7s and
FeCoNiCrZryo is shown in fig. 6.9 and 6.10, respectively. Fig. 6.9a for
FeCoNiCrZrzs exhibits darker phase is Zr deficient. While fig. 6.9b
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exhibits that brighter phase is rich in Zr. The elemental analysis of both
the phase for FeCoNiCrZrzs is given in Table 3. The EDS for the
FeCoNiCrZrio HEA (fig. 6.10) reveals that brighter phase is very rich in
Zr along with other elements. The elemental composition analysis for
brighter phase of FeCoNiCrZrig HEA is given in Table 4. The elemental
analysis of both the phase for FeCoNiCrZryo is given in Table 4.
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Fig. 6.9 a) EDS mapping for Darker region in FeCoNiCrZrzs HEA b) EDS mapping for

brighter region in FeCoNiCrZr;5 HEA
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Table 6.4

Elements |Fe (at. [Co (at. [Ni (at. |Cr (at.|Zr (at.
%) %) %) %) %)
Darker 31.25 25.58 24.73 17.65 0.79
region
Brighter | 21.15 24.19 26.90 16.31 11.45
region
cps/eV
il
] Co
10
] Fe
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Fig. 6.10 EDS mapping of brighter region of FeCoNiCrZrio HEA

Table 6.5
Elements Fe Co Ni Cr Zr
Atomic percent (%) | 12.98 24.80 38.14 5.07 19.01

The FESEM images at for FeCoNiCrCuZry (X= 2.5, 5.0, 7.5, 10) alloy

system in BSE mode are shown in fig.6.11.

Fig. 6.11a exhibits hypoeutectic morphology for FeCoNiCrCuZr,s HEA

system. FeCoNiCrCuZr.s HEA consists of two different types of face

centered solid solution phases with dendritic morphology. Fig. 6.11b

exhibits increase in eutectic region along with dendritic morphology in
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FeCoNiCrCuZrso. FeCoNiCrCuZrzs HEA (as shown in fig. 6.11c) reveals
a fine eutectic morphology consist of finely spread intermetallics into face
centered solid solution. FeCoNiCrCuZryo (as shown in Fig. 6.11d) reveals
the hypereutectic morphology consisting of dendrite and interdendritic

eutectic morphology.

Fig 6.11 SEM images in BSE mode for FeCoNiCrCuZry (x = 2.5, 5.0, 7.5, 10)

The EDS mapping of FeCoNiCrCuZrx (x = 2.5, 5.0, 7.5, 10) is shown in
fig. 6.12, 6.13, 6.14 and 6.15, respectively.

FeCoNiCrCuZr; s consists of two face centered solid solution phases along
with some eutectic region. Brighter region (spectrum 1) is copper rich
solid solution phase while darker region (spectrum 2) is FeCoNiCr rich
solid solution phase as shown in fig. 6.12. The elemental analysis of the
FeCoNiCrCuZrzs HEA is given in Table 5.

The EDS analysis of FeCoNiCrCuZrso HEA is done to determine the
composition of phases in the microstructure (as shown in fig. 6.13). The

elemental analysis of the FeCoNiCrCuZrso HEA is given in Table 6.

EDS mapping of FeCoNiCrCuZr7s is done at four points to determine the

composition of constituent phases in the microstructure (as shown in fig.
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6.14).The elemental analysis of the FeCoNiCrCuZrss HEA is given in
Table 7.

EDS mapping of FeCoNiCrCuZryo is done at four points to determine the
composition of phases as shown in fig. 6.15.The elemental analysis of the
FeCoNiCrCuZrio HEA is given in Table 8.

Fig. 6.12 EDS mapping of FeCoNiCrCuZr s

Table 6.6

Element Fe Co Ni Cr Cu Zr

Brighter | 4.92 4.79 8.67 291 78.69 0.01

Darker 24.3 23.63 22.56 16.76 12.49 0.25

Spectrum1
Spectrum 2
Spectrum 3

Ch0 MAG: 2000x HV: 30 K

Fig. 6.13 . EDS mapping of FeCoNiCrCuZrs
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Table 6.7

Element Fe Co Ni Cr Cu Zr

Spect.1 7.57 15.49 38.22 4.07 18.45 16.21

Spect.2 3.17 3.16 6.80 2.13 84.45 0.29

Spect.3 24.79 25 18.28 22.58 0.28 0.1

Fig. 6.14 EDS mapping of FeCoNiCrCuZr7s

Table 6.8
Element | Fe Co Ni Cr Cu Zr
Spect.1 | 14.29 17 25.96 4.45 19.37 18.92

Spect.2 | 37.45 12.59 5.41 41.28 2.57 0.7

Spect.3 | 37.00 13.24 5.52 40.99 2.69 0.56

Spect.4 | 14.56 17.50 25.98 5.36 19.55 17.05

52



20 pm
Ch0 MAG: 1600x HV: 30KV WD:11.8mm Px: 80 nm = = . &

Fig. 6.15 EDS mapping of FeCoNiCrCuZrig

Table 6.9

Element Fe Co Ni Cr Cu Zr

Spect.1 10.35 23.84 30.18 1.97 15.83 17.83

Spect.2 | 28.56 22.46 13.74 12.56 20.97 1.72

Spect.3 10.14 24.12 29.74 1.78 15.09 19.13

Spect.4 | 31.68 25.26 14.64 13.98 12.81 1.63

6.3 Characterization _of multicomponent alloys, synthesized through

chemical route

6.3.1 Structural characterization of binary alloys

X-ray diffraction (XRD) analysis was used to identify the phase and
crystallinity of nanoparticles. The XRD patterns of CuNi nanoparticles
prepared by chemical routes are shown in figure 6.16a. The sharp
diffraction peak emerges at 20 angles of 43.469, 51.8 ,72.4 and 90 for
polyol synthesized CuNi nanoparticles, corresponds to 111, 200 , 220 and

113 crystal planes, respectively, suggesting face-centered cubical structure
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(ICSD: 628549). Some minor peaks at 31.5, 34.3 and 45.1" corresponding

to impurities present in the samples.
6.3.2 Spectroscopic analysis of binary alloys

FTIR spectroscopy is used to study the interaction between different
species and changes in chemical environment of the mixture. Figure 6.16b
shows the FTIR spectra of CuNi nanoparticles synthesized by chemical
and chemical routes recorded in the range of 400-4000 cm™. The FTIR
spectrum of CuNi nanoparticles synthesized by chemical route exhibits an
absorption band at 1575, 1220, 1065, 772 and 384 cm™ which refers to
CuO stretching, NiO stretching, stretching vibration of -CHO group and
CuNi stretching, respectively.[32]
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Fig. 6.16 a) X-ray diffraction pattern b) FTIR pattern for CuNi alloy

54



6.3.3 Structural and spectroscopic characterization of ternary alloys

The X-ray diffraction (XRD) patterns of FeCuNi nanoparticles prepared
by chemical routes are shown in figure 6.17a. The sharp diffraction peak
emerges at 20 angles of 42.81, 50.8 and 72.4 for polyol synthesized
FeCuNi nanoparticles, corresponds to 111, 200 and 220crystal planes,
respectively, showing face-centered cubical structure for copper (ICSD:
53755). The peaks emerge at 20 values of 44.836, 65.536 and 83.26
corresponds to 011 ,002 and 112 crystal planes, respectively, revealing
body centered cubic structure for iron (ICSD: 631728). Similar peaks
emerge at 26 values of 43.695, 56.08Z and 74.827 corresponds to 111, 002
and 022 crystal planes suggesting face centered cubic structure for gamma
nickel (ICSD: 1633554). Peaks emerging at 26.744, 31.144 and 35.387

show cubic structure for FeCOs.

From the figure 6.17b shows the FTIR spectra of FeCuNi nanoparticles
synthesized by chemical routes recorded in the range of 400-4000 cm™.
The IR spectrum of FeCuNi nanoparticles synthesized by chemical means
covers a transmittance band at 1597, 1066,762 and 589 cm™ which refers
to NiO stretching, stretching vibration of -CHO group, CuNi stretching,
and FeO stretching, respectively. Fig 6.17 ¢ and d shows SEM image and
EDS mapping of FeCuNi alloy.
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Fig. 6.17 a) X-ray diffraction for FeNiCu b) FTIR spectrum of FeNiCu alloy

c) SEM image of FeNiCu d) EDS image of FeCuNi alloy
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The X-ray diffraction (XRD) patterns of CoNiCr nanoparticles
prepared by chemical routes are shown in figure 6.18a. The sharp
diffraction peak emerges at 20 angles of 44.21, 64.30 and 81.35 for
polyol synthesized CoNiCr nanoparticles, corresponds to 011, 002
and 112 crystal planes, respectively, suggesting cubical structure
for chromium (ICSD: 53798). Similarly, peaks emerges at 20
values of 41.80, 48.65, 71.26 and 86.17 corresponds to
111,002,022 and 113 crystal planes, respectively, suggesting cubic
structure for nickel hydride (ICSD: 56077). Similarly, peaks
emerge at 20 values of 37.282, 43.33, 62.917and 75.57
corresponds to 101, 012,110 and 113 crystal planes suggesting
hexagonal structure for nickel oxide (ICSD: 92130). Cobalt has
hexagonal structure having peaks at 20 values of 25.04, 32.61,
38.59, 42.787 , 66.07, 76.31 and 76.66 corresponding to 012, 104,
110, 113, 214, 00 12 and 217 (ICSD: 61066). Metastable cobalt of
hexagonal structure is also observed at peaks of 20 values 0f 33.99,
40.53, 41.41 and 43.649 corresponding to 004, 114, 032 and 220
crystal planes, respectively (ICSD: 52933).

Figure 6.18b shows the IR spectra of CoNiCr nanoparticles synthesized by
chemical routes recorded in the range of 400-4000 cm™. The IR spectrum
of CoNiCr nanoparticles synthesized by chemical means covers
antransmittance band at 3339, 2874, 1602, 1462, 1356, 1124, 1060, 900
and 616 cm™ which refers to -OH stretching, -CH stretching vibration,
C=C stretching, -CHO stretching, -NiH stretching and last two may be for
some metal oxides stretching, respectively. Fig 6.17 ¢ and d shows SEM

image and EDS mapping of CoNiCr alloy.

57



intensity

(counts)

Transmittance (%)

CoNiCr

1.0 4
.
\% ;
0.8 * NiH
v NiO
¢ CoCO,4
0.6 -
0.4 - ¢
0.2 -
.
0.0
T T T T 1
0 20 40 60 80 100
20
(degrees)
a
CoNiCr
102 4
101 4
100 4
805 616
o] 3339 900
97 4
96 4 1124
95 -
1060
9

T T T T T T T T T T
4400 4000 3600 3200 2800 2400 2000 1600 1200 800 400
wavenumbers (cm™)

58



Co 2:33
Ni ST/
Cr 1.98
C 62.59
0 24.33

Fig. 6.18 a) X- ray diffraction for CoNiCr b) FTIR spectrum of CoNiCr alloy

c) SEM image of CoNiCr alloy d) EDS mapping of CoNiCr alloy

The X- ray diffraction pattern of CoNiCu nanoparticles synthesized
through polyol process is represented by fig. 6.19a. The sharp diffraction
peak emerges at 20 angles of 43.2, 50.30, 73.88 and 89.62 for polyol
synthesized CoNiCu nanoparticles, corresponds to 111, 002, 022 and 113
crystal planes, respectively, suggesting face centered cubical structure for
copper (ICSD: 53246). Similarly, sharp peaks at 20 values of 45.502,
53.045 and 78.324, corresponds to the crystal plane 111, 002 and 022,
respectively, revealing face centered cubic structure for nickel (ICSD:
41508). Similarly, same peaks at 20 values of 16.50, 24.86, 31.57, 38.95
and 39.707, corresponds to the crystal plane 002, 003, 200 ,111 and 112,
respectively, revealing monoclinic structure for cobalt dioxide (ICSD:
95440). Similarly peaks at 20 values of 13.35, 18.2, 28.37, 30.19, 34.303,
44.039 and 55.1 , corresponds to 010, 111, 212, 113, 311, 304 and 132
respectively, revealing orthorhombic structure for CuC,He¢O7; (ICSD :
240734).

Figure 6.19b shows the IR spectra of CoNiCu nanoparticles synthesized
by chemical routes recorded in the range of 400-4000 cm®. The IR
spectrum of CoNiCu nanoparticles synthesized by chemical means covers
an transmittance band at 3320, 2868, 1590, 1354, 1056, 904, 618 and 518
cm* which refers to -OH stretching vibration, stretching vibration of -CH

group, C=C stretching vibration, stretching vibration -CHO group,
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stretching vibration of ether (C-O-C) group and last three belong to some
metallic oxide stretching, respectively. Fig 6.17 ¢ and d shows SEM image
and EDS mapping of CoCuNi alloy.
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Fig. 6.19 a) XRD pattern of CoNiCu b) FTIR spectrum of CoNiCu

¢) SEM images of CoNiCu d) EDS mapping of CoNiCu alloy

6.3.4 Structural and spectroscopic characterization of quaternary

alloys

The X-ray diffraction (XRD) pattern for FeCoNiCu alloy synthesized
through chemical route is shown in fig. 6.20a. The 20 values of 43.30,
50.42, 74.1 and 89.87, corresponds to 111, 002 , 022 and 113 crystal
planes respectively, revealing face centered cubic structure of copper
(ICSD: 53757). Similarly the XRD peaks at 20 values of 45.46, 66.25 and
84.03, corresponds to 011, 002 and 112 crystal planes, respectively,
revealing body centered cubic structure of iron(ICSD: 159354). There is
formation of CussNio2, revealed by the XRD peaks of 20 values of 43.47,
50.63 and 74.42 corresponds to 111, 002 and 022 crystal planes having
face centered cubic structure(ICSD: 628549). The XRD peaks at 24.87,
29.46, 30.54, 31.96 and 32.57 is related to 130, 223, 040 and 125 crystal
planes, respectively, showing formation of orthorhombic structure cobalt
carbonyl (Co4(CO)12) (ICSD: 88529). Similarly the formation of
orthorhombic structure iron carbide (FesCos3) Was revealed through the
XRD peaks at 20 values of 43.51, 45.20, 60.54, 65.85 and 78.68 |,
corresponding to 11 12 , 020 , 021 , 00 24 and 220 crystal planes
respectively(ICSD: 9860). The XRD pattern of FeCoNiCu suggests the

reduction of some cuprous chloride and ferric chloride into copper and
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iron while formation of cobalt carbonyl shows that polyols at 180 C is not
reduced cobalt chloride into cobalt.

The FTIR spectrum of FeCoNiCu is represented by fig. 6.20b. The IR
spectra of FeCoNiCu alloy prepared through chemical route was recorded
in the range of 4000-400cm™. The IR spectrum of FeCoNiCu covers
transmittance band at 3354, 2920, 1623, 1372, 1054, 890 and 662 cm™
which corresponds to —OH group stretching, -CH stretching vibration,
C=0 stretching vibration, C-Cl (halogenated group), C-O-C (ether group)
and last two belong to organometallic group.
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Fig. 6.20 a) XRD pattern b) FTIR spectra of FeCoNiCu alloy
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Chapter 7
Mechanical Properties of HEAS

7.1 Hardness measurements of the HEAs

The hardness of the developed HEAs have been measured using Vickers
Hardness tester was performed on the samples to determine the
mechanical properties. At least five measurements were carried out for
each sample. The average value with error bars indicating the standard
deviation has been indicated in the figure. Fig. 7.1, 7.2, 7.3 show the plot
of hardness value w.r.t. Zr concentration for the developed FeCoNiCrZry,
FeCoNiCrAlZry and FeCoNiCrCuZrx HEAs system. From the Bar chart
(Figure 7), it can be clearly seen that hardness value of the HEAS increases
with the increase of Zr content. The hardness value of FeCoNiCr alloy
system as shown in bar chart (Figure 7.1) is lowest as compared to other
HEAs without addition of Zr. This is attributed to the presence of single
face centered cubic (FCC) solid solution phase. While it is observed that
the hardness value for FeCoNiCrAl ((Figure 7.2) is higher as compared to
other HEAs without addition of Zr. This is because of the presence of
body centered cubic (BCC) solid solution phase. It is also observed that
with addition of Zr, hardness value increases (as shown in Figure 7.1, 7.2,
7.3). It is to be noted that the eutectic microstructure develops with
addition of Zr. The eutectic microstructure consists of solid solution phase
(FCC or BCC) and intermetallic compound. Therefore, the high value of
hardness is attributed to several factors such as solid solution phase,

intermetallic compound, eutectic morphology, fineness of microstructure.
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Bar chart 7.1 shows Hardness value for FeCoNiCrZry (X =0, 2.5, 5.0, 7.5, 10) HEASs

Bar chart 7.2 shows Hardness value for FeCoNiCrAlZr«(X =0, 2.5, 5.0, 7.5, 10) HEAs
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7.2 Hot Deformation Behavior

The true stress-strain curves of the multicomponent of BCC FeCoNiCrAl
HEA at different temperatures (700°C, 800°C, 900°C, 1000°C, 1050°C,
1100°C and at fixed strain rate of 10 s were obtained for the suction cast
cylinder samples with diameter (¢p) = 6 mm having an aspect ratio of 1.5:1.
Figure 7.4 shows the true stress strain curve of BCC FeCoNiCrAl HEA at
various temperatures with constant strain rate. It is also evident from
figure 7.4 that the flow stress decreases with increase in temperature at a
given strain rate (€).The flow stress reaches a maximum value at a critical
strain followed by a softening that continues up to a strain of 0.7. The drop
in stress value after yield point could be due to dynamic recrystallization,

which in general is attributed to softening during hot deformation.
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temperatures and constant strain rate of 0.1s™.
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Chapter 8

Conclusions and Future Scope

8.1 Conclusion

Based upon results and discussion on the developed HEAs, the following

conclusion can be drawn:

VI.

VII.

VIII.

The high entropy alloys have been successfully prepared by
solidification technique.

Solidification pathways for FeCoNiCrZrio and FeCoNiCrCuZryo
have been determined using Thermocal simulations.

Effect of Zr on the morphology of the HEA is studied by using
thermodynamic and Hume Rothery parameters.

Microstructural analysis of Zr containing alloys is done.
FeCoNiCrZryx shows a unique bimodal eutectic structure while
FeCoNiCrCuZrx gives a hypereutectic structure with a acicular
structure.

Hardness test result shows that hardness value increases with
increase of Zr content. This happen due to formation of eutectic
structure, intermetallics and solid solution.

Highest hardness value is 497.5 HV of FeCoNiCrAlZri. This is
due to formation of BCC solid solution and intermetallics along
with eutectic structure.

The lowest hardness value is 113.52HV of FeCoNiCr because it
consists of single FCC solid solution phase only.

By Polyol process, binary alloy(CuzgNio2) was synthesized
successfully along with some ternary alloys like FeNiCu and
CoNiCu. XRD pattern clearly shows formation of some type of

solid solution for the alloys.
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IX.  Some ternary alloys such as CoNiCr and quaternary alloys like
FeCoNiCu doesn’t form solid solution as required due to large

difference in the reduction potential of the elements.

8.2 Scope for future work

I.  Mechanical behavior study, especially hot deformation behavior,
of FeCoNiCrZryo, FeCoNiCrAlZrio and FeCoNiCrCuZrio will be
taken into consideration.

I[I.  More experiments on the Polyol process special in-situ
experiments must be done for the synthesis of HEA nanoparticles.
This will give us the clear ideal about way in which our reaction is

proceeding.
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