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Abstract

In the present research work, two different high entropy alloy systems (AlxCrFe; sMnNigs and
Alg 4FeCrNiCoy) have been studied. The high entropy alloys are fabricated by two different
techniques. The AIlCrFei;sMnNips (x = 0.3 and 0.5 mol) HEAs are developed through
mechanical milling and conventional sintering route and Al0.4FeCrNiCoy (x = 0, 0.25, 0.5 and

1.0 mol) HEAs are developed through arc melting route.

The phase analysis of Al CrFe;sMnNigs (x = 0.3 and 0.5 mol) HEAs is carried out using X-ray
diffractometry, and transmission electron microscopy. The surface morphology and composition
are investigated using scanning electron microscopy and energy-dispersive spectroscopy,
respectively. Thermodynamic parameters are calculated and analyzed to explain the formation of
a solid solution. The XRD analysis has revealed that the major and the minor phases in
AlFe; sCrMnNips (x = 0.3 and 0.5) high-entropy alloys are of BCC and FCC structure,
respectively. Analysis of selected area electron diffraction pattern of powder sample
of Al Fe; sCrMnNips (x = 0.3 and 0.5) HEAs concurred with the XRD analysis results.
Microstructural features and mechanism for solid solution formation have been conferred in
detail. Differential scanning calorimetric analysis have confirmed substantial change in phase at
a temperature of 935.12 °C in case of the AlgsFe;sCrMnNigs HEA. The effect of aluminum
content and different sintering atmosphere on phase evolution, hardness, density, and air jet
erosion property are investigated. The air jet erosion study of the sintered alloys is investigated at

90°, 75°, 60°, and 45 ° angle of impingement.

A sequence of Aly4FeCrNiCox(x=0, 0.25, 0.5 and 1.0 mol) high entropy alloys is developed by
arc melting route to investigate the effect of cobalt content on thermal, mechanical, and
microstructural properties. The phase, microstructure and chemical composition are analyzed
using X-ray diffraction, transmission electron microscope, and scanning electron microscope
with attached energy dispersive X-ray spectrometer. The obtained results have shown that
theAlp 4FeCrNiCox(x = 0 to 0.5 mol) high entropy alloys form a simple FCC+BCC type solid
solution, and the Aly4FeCrNiCox-; HEA forms a single phase FCC structure. The compressive



yield strength,microhardness and thermal conductivity are observed to decrease from 965.22
MPa to 233.37 MPa, 253.6 HV to 155.6 HV and from 4.87 W/mK to 2.674 W/mK, respectively,
whereas the electrical resistivity is observed to increase from 150.30 pQ-cm to 273.74 pQ-cm
with the addition of cobalt from x = 0 to 1 mol. Differential scanning calorimetry analysis has
indicated that the Aly4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) high entropy alloys are thermally
stable up to 1000°C.

The phase and microstructural characterizations of homogenizedAly 4FeCrNiCox(x=0, 0.25, 0.5
and 1.0 mol) HEAs are performed by utilizing X-ray photoelectron spectroscopy and scanning
electron microscope. The compressive yield strength in case of Aly4FeCrNiCoy (x =0, 0.25, 0.5
and 1.0 mol) HEAs is observed to decrease from 1169.35MPa to 257.63 MPa. Plastic
deformation up to 75% is achieved in the case ofAly4FeCrNiCox=1 HEA. The microhardness of
homogenized HEA samples is found to decrease from 377 HV to 199 HV after the addition of
cobalt content from x = 0 to 1.0 mol. Thermal analysis is performed using a differential scanning
calorimeter. It is confirmed that homogenized Al 4FeCrNiCox (x = 0, 0.25, 0.5 and 1.0 mol)
HEAs do not undergo any phase change up to 1000 °C.

The dry sliding wear behavior of homogenized Aly 4FeCrNiCoy(x=0, 0.25, 0.5 and 1.0 mol) high
entropy alloys (HEAS) at room temperature are investigated by varying sliding speed, sliding
distance and normal load conditions at room temperature. The wear analysis indicates that the
specific wear rate is highest in the case of Aly4sFeCrNiCox=1 HEA under all condition. The worn
surface is analyzed using scanning electron microscopy with attached energy dispersive x-ray
spectroscopy, 3D profiling, and X-ray photoelectron spectroscopy (XPS) in order to understand
the wear mechanism and the oxides formed during the wear process. The results have indicated
that the wear occurred due to adhesion along with delamination, plastic flow, and oxidative wear.
XPS results have confirmed the presence of Al,O3, Fe,03, Cr,03, and Co3O,4 oxides on the worn

surface.

The wear behavior of Alg4FeCrNiCox (x = 0, 0.25, 0.5 and 1.0 mol) HEAsunder oil lubricating
conditionsis also investigated undervarying sliding speed, sliding distance and normal load
condition at room temperature. The specific wear rate of Aly4FeCrNiCox-1HEA is observed to be
highest under all wearconditions. The worn surfaces are analyzed by SEM with attached energy-

dispersive spectroscopy, 3Dprofiling, and X-ray photoelectron spectroscopy (XPS)in order to

Vv



understand the wear mechanism and oxides formed during the wear process.The mode of wear is
observed to bethe combined effect of adhesive, abrasive wear alongwith plastic flow of
material. The XPS results have confirmedthe presence of Al,O3, Fe;,O3, Cr,Oz0xides on the worn
surface ofAly4sFeCrNiCoy-1HEA along with the presence of a high molecular weightpolymer or

alcoholic group.
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Chapter 1

Introduction

1.1 Background and Motivation

The development of human society is closely associated with the evolution of new materials. The
saga of human civilization is categories into stone, bronze, iron, and steel age etc. based on the
wide spread use of definite materials. In the 18" century, during the period of the first industrial
revolution and in the subsequent years the development of new materials started to satisfy the
need of the newer application fields. It resulted in the development of countless metallic
materials along with advanced alloys. These metallic materials were synthesized with various
compositions and were fabricated using different processing routes. In recent years, with
increasing innovation and growing industrial demand, the working environment of different
materials is increasingly becoming difficult, e.g., agriculture, power generation, automobile,
chemical industry, aviation industry and in heavy equipment, etc. Traditionally, in order to match
the needs of specific applications, the materials (metallic) are designed based on the one or two
elements as the base metal or solvent and various alloying elements or solute atom are then
added to achieve the enhanced property. In general, all the existing materials can be thought to
be present at the corners region and the edges of a phase diagram. This opens up countless
opportunities to investigate the hidden materials in the central part of the phase diagram which

have never been innovated.
1.2 Development of High entropy alloys

Cantor et al. and Yeh et al. working separately in different times put forward a new alloy design
concept called the equiatomic and non-equiatomic multi-component alloying or the high entropy
alloying [1, 2]. Cantor et al. have developed a five component Fe,oCroMnoNizCozo System on
melt spinning, forming a FCC type solid solution, and they called it multi-component alloys. On
the other hand, Yeh et al. have developed forty equiatomic alloys with 5 to 9 components by arc

melting route, and they called them as High Entropy Alloys (HEAS). The configurational entropy



of these alloys is supposed to be very high in their random solution state which drives the system

to form simple solid solutions, rather than complex microstructures with many compounds.

Traditionally, in conventional alloy system, only a small corner portion of a phase diagram is
focused. However, after the development of new HEA concept, researchers have also
concentrated on the central area of the phase diagram. Cantor et al. have also suggested that the
overall feasible number of alloys (N) that can be developed with (C) no. of component when
each alloy varies in composition by X % can be estimated as N = (100/x)°* [1]. If the total
number of elements in a periodic table that can make the alloys will be considered and if it will
be assumed that each alloy varies by 1%, then the overall alloys that can be formed is 10",

which is huge number.

The overall research and development that is taking place in the field of HEA can be summarized
by the HEA hypertetrahedron (Fig. 1.1), whose corners denote a particular factor relating to the
HEA like synthesis, composition, structure, properties, and modeling. The synthesis of HEAs
can be made possible by ball milling and followed by various sintering methods like spark
plasma sintering, conventional sintering, or microwave sintering. The fabrication of HEAs can
also be carried out through melting route which includes arc melting and induction melting. It
may be noted that each element present in the HEAs may be either of equiatomic or of non-
equiatomic compositions and the percentage of individual elements lies in between 5 at.% to 35
at. %. The phase formed in HEAs is generally simple FCC, BCC or mixed phase of FCC and
BCC. The reason behind the formation of these simple phases in multicomponent alloy is high
mixing entropy. Phase diagram of HEAs can be predicted by the ThermoCal software, and
CALPHAD is used to calculate their elastic properties. It is reported that these HEAs have better

oxidation, corrosion resistance, and good wear resistance than the traditional alloys.
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Fig.1.1 Summary of research and development taking place in the field of HEA [1]

1.3 Thesis Framework
The framework of the present research work is described as follows:
Chapter 1: Introduction

This chapter gives a brief background of high entropy alloys and indicating this research work

includes seven chapters.
Chapter 2: Literature review

This chapter describes the HEAS, their core effects, and a literature review on the development
of HEAs from the initials years to the present day. The main issues in the reported literature are
highlighted and explained, which are related to the present study. The discussion related to the
erosion, wear, phase formation and microstructures, thermal, mechanical, and physical properties

of HEAs are also included in this chapter.



Chapter 3: Materials and methods

This chapter includes a elucidation of the fabrication techniques used for the development of the
HEAs. A brief description of various equipment & theories related to synthesis, characterization

and property evaluation of HEAs is also included.

Chapter 4: Synthesis and characterization of AlyCrFe;sMnNips (x= 0.3 and 0.5 mol) HEA

through mechanical milling and conventional sintering route

This chapter includes discussion relating to the characterization of mechanically milled powder
as well as the sintered Al CrFe;sMnNigs (x= 0.3 and 0.5 mol) HEAs from the view point of
phase and microstructural evolution. Physical, thermal, and mechanical properties of the HEAs
and air jet erosion behavior of sintered AlxCrFe;sMnNigs (x= 0.3 and 0.5 mol) HEASs are also

presented and discussed in this chapter.

Chapter 5: Synthesis and characterization of Aly4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol)
HEA through arc melting route

This chapter includes characterization of Alg4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs in
as-cast and homogenized condition. Physical, thermal and mechanical properties of concerned

HEAs in as-cast, as well as in homogenized condition are also presented and discussed.

Chapter 6: Wear study of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEA under dry and oil

lubricating condition

This chapter includes wear analysis of HEAs under varying sliding speed, sliding distance, and
normal loading conditions, tested under different operating medium like, dry, and oil lubrication.
Besides, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), 3D
profiling, X-ray photoelectron spectroscopy (XPS) of the worn surface and that of wear debris

are also presented and discussed.



Chapter 7: Conclusions and future scope

This chapter summarizes, the research based on the outcome of various experiments and also
highlights the future possible work related to the present study.

In the next chapter literature review has been done related to high entropy alloys.

*kkk



Chapter 2

Literature Review

2.1 High Entropy Alloys (HEAS)

High entropy alloys is the brand new alloy design concept and it can be defined in two different
ways. High-entropy alloys have at least five principal elements, each of them has a concentration
between 5 and 35 at.%. It is noted that no elements in high entropy alloys exceed 35 at.%.
According to this definition, the high entropy alloys have three kinds of composition, equi-molar
composition, non-equimolar compositions, and composition with minor additions of other

elements [1, 3].

Figure 2.1 shows the division of alloys based on the configurational entropy. If the
configurational entropy is greater than 1.5 R (R : gas constant) at the random-solution state it is
called high entropy alloys and no. of elements in such system is 4 or more. If the configurational
entropy is between 1R and 1.5 R it is called medium entropy alloys and number of elements in
such system in between 3 to 4. If the configurational entropy is less than 1R, it is called low

entropy alloys and the number of elements in such system is less than 3 [1, 3].

HEA: CoCrFeNi,
CoCuFeNiV,
AlFeCrNiCo

High entropy alloys (HEA)
ASpix > 1.5R

MEA: Ni, Co,
base superalloys,
BMG

Medium entropy alloys (MLEA)
IR<AS<1.5R

Principle
clement

Low entropy alloys (LEA)
AS, < IR

LEA : Mg alloys,
Al alloys, 304SS

Fig. 2.1 Classification of alloys based on configurational entropy with examples [1]
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2.2 Four core effect of HEA

The properties and microstructure of high entropy alloys depend upon many factors they are

called four core effect.
2.2.1 High-entropy effect

Due to high number of element involved in the synthesis of HEA configurational entropy
(ASmix) becomes large which tends to reduce AGmix and makes formation of simple solid

solution structure more stable [4].

The governing equation known as Gibbs equation given by eq (1.1). It represents, if a system has
lowest free energy of mixing (AGnix) than that system is in thermodynamic equilibrium.

AGpix = AHpix — TASpix (1-1)

Where ASnix and AHpix are the mixing enthalpies and mixing entropy, it is observed that as the
number of participating element increase, the free energy of mixing AGnmix decreases by

increasing the entropy of mixing ASmix [1, 2].
2.2.2. Severe lattice distortion effect

The matrix of multi-element in the solid solution for the HEAs leads to high lattice stress and
strain mainly due to the different atomic radius associated with the individual elements. Figure
2.2 shows the lattice distortion effect neighboring where neighboring atom are not similar when

compared to the traditional alloys.

(a) One-component alioy Five-component alloy

BCC
No lattice distortion Severe lattice
distortion

Fig. 2.2 Large lattice distortion in (a) BCC lattice and (b) in AlFeCuCrMgx HEA [1, 5]



It affects various properties like increasing the hardness and strength by large solution
strengthing, and significantly reduces the electrical and thermal conductivity. For example, In
refractory HEA such as MoNbTaW and MoNbTaVW HEA, the large lattice distortion effect
increases their strength many times like 4455 MPa and 5250 MPa and increases their

microhardness three times as calculated from the rule of mixture [6].

2.2.3. Sluggish Diffusion Effect

It had been proposed that the sluggish diffusion in HEAs lowers the rate of diffusion in atoms
which intern slows the phase conversion rate in the matrix of multi-element phase. The new
phase formation from the old phase demands cooperative diffusion of many different kinds of
atoms to fulfill the partitioning of the composition. In crystalline HEA, the equilibrium vacancy
with least free energy of mixing at a fixed temperature is generated by the contest among the

mixing enthalpy and the entropy.
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Fig. 2.3 Comparison between pure metals, stainless steels, and CoCrFeMnNi HEA in terms
of normalized activation energy of diffusion and melting point, for Cr, Mn, Fe, Co, and Ni
in different matrices [1, 7]



Therefore, the slow diffusion in HEA brings several advantages like, easy to achieve the
supersaturated state, higher temperature of recrystallization, increased creep resistance, reduced
particle coarsening rate, and slower grain growth. Figure 2.3 indicates that CoCrFeMnNi HEA
has the highest melting point and normalized activation energy.

2.2.4. Cocktail Effect

The effect cocktail usually proposes that here can be unexpected properties obtained after mixing
numerous elements in an alloy system, which could not be obtained from any single element. It
is predicted that the total property of HEAs comes from the each phases. It results due to grain
and phase boundaries, grain-size distribution grain morphology and properties of each phase.
Following example are considered for better understanding. Refractory HEA like MoNbTawW
and MoNbTaVW have a melting point nearly 2600°C which is higher than those of superalloys
having Ni and Co. It is because the selected elements for alloying are refractory elements and,
these alloys have higher resistance to softening than superalloys and having a mechanical
strength of 400 MPa at 1600°C [8].

2.3. High Entropy Alloys classification

The development of materials is generally based on the requirements of particular application
and the selection of proper control elements plays an essential role in the end properties of the
material. Therefore, HEAs can be divided based on the suitable selection of the control elements.
On the basis of the control elements, the HEAs are divided as light weight HEAs, bulk metallic
glass HEAs, super alloys HEAs and refractory HEAs. These HEAs are discussed below.

2.3.1. Refractory HEAs

The refractory HEAs are the group of metallic material which has a melting point above 2123 K.
and It consists of the refractory elements like Cr, Ta, Mo, Ti, Nb, Zr, etc. Some examples of the
refractory HEAS are AIMoysNbTagsTiZr, TaNbHfZrTi, TiZrNbMoVy, and HfMoTaTiZr [9-11].

2.3.2. Lightweight HEAS

In lightweight HEASs elements having lower density like, Al, Mg, Sc, Li, Ti, etc are normally
selected. Some examples of the light weight HEAs are AlFeCuCrMgx (x =0, 0.5, 1, 1.7) HEAS



with density in the range of 6.0- 4.9 g/cm® [12], MgX(MnAIZnCu)ye0« having density in the
range of 4.29 - 2.20 g/cm® [13], and AlyLinMg10ScaTizo with density 2.67 g/cm® [14].

2.3.3. High entropy bulk metallic glasses

The HE-BMGs consist of a mixture of different elements like transition metals, p-block
elements, s-block and lanthanides. Some of the HE-BMGs are Cay(Lio.s5Mgo.45)20Sr20Yb20Zn20,
8815,7CU16,7Ni16.7Hf16_7Ti16.7ZI'16_7, and CUonfzoNiz Ti20 Zrzo, [15, 16]

2.3.4. High-Entropy Super alloys (HESAS)

Traditionally, the Ni-based superalloys have excellent high-temperature properties which further
improve upon the addition of refractory elements. The new HESAs follow the four core effect of
the HEAs which give an advantage for high-temperature application. It is observed that
Co15CrFeNiysTips HEAS have a higher hardness than IN718 at higher temperatures and hence

performs well in high-temperature application [17].
2.4. Thermodynamics for Phase formation in HEAs

In classical alloy design, the Hume-Rothery rule is the primary criteria to predict the solubility of
the binary alloy systems. According to this criterion, for solubility of one element into the other,
few conditions needs to be satisfied like, the elements should have same crystal structure,
electronegativity between the elements should be minimum, the valency of the elements should
be same and difference in atomic size between the elements should be less than 15%. However,

in case of HEAs, these conditions are not significant to predict the solid solution formation.

In HEA Hume — Rothery rule are not applicable because it does not give any explanation why
the addition of Al (FCC) changes the FCC type CoCrCuFeNi HEA to a BCC structure [18, 19]
and the equi-atomic alloys like, Cu(FCC)-Cr(BCC)- Fe(BCC)-Ni(FCC)-Co(HCP) alloys form an
FCC type solid solution. Zhang and Guo [19, 20] give the certain thermodynamic parameter
which can guess the solid solution phase formation, and phase stability in HEA. The parameters

are given in the Table 2.1.
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Table 2.1 Thermodynamic parameters predict the solid solution phase formation, and
phase stability in HEA

Enthalpy of mixing (AHmix) “
AHpix = z Q;;C;C;

i=1,i#j

Q;jj = 4 AHpix (AB)

Entropy of mixing ASpix = —RY1,C;InC;

Atomic size mismatch

6=100\/2§;1 ci(1- %)2

7= Yi=1 i1y
Valence electron concentration (VEC) VEC = )L, C; (VEC);
Parameter Q Q= TmASmix
IAHpix]

Pauling electronegativity
AX = \/Zlivzl Ci (Xi - Xavg)2

Xavg = XL CiX;

Theoretical melting point Tmth = 2it1 CGi(Tm)i

Where, AHnix (AB) is the binary mixing enthalpy between AB and AHmix (AB) (KJ/mol) is
estimated using Miedema's model in case of binary atomic pairs. C; and C; are the atomic
percentage of the i™ and the j component. R is the gas constant whose value is taken as 8.314
JK™mol™. No. of elements in the alloy system (n) and 7 is the average value of atomic radius,
and r;is the atomic radius of each of the constituting elements. X; is the electronegativity of the
ith element and Xay is the average value of electronegativity. (Tm)i is the melting point of the

individual elements present in the system and Ty, 1 is the theoretical melting point of the HEA.

2.5. Characteristics of different alloying elements

Table 2.2 shows some the relevant properties of different alloying elements like their atomic no.,
atomic weight, atomic radius. melting point, crystal structure, lattice parameter, VEC, and

Pauling electronegativity.
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Table 2.2 Atomic no., atomic weight, atomic radius. melting point, crystal structure, lattice

parameter, VEC, and Pauling electronegativity of different alloying elements [19]

Element | Atomic | Atomic | Atomic | Melting | Crystal Lattice VEC | Pauling

No. Weight | Radius | point structure | Parameter Electro
(amu) | (A) (°C) (A) negativity

Al 13 26.98 1.432 660.4 FCC 4.049 3 1.61

Fe 26 55.85 1.241 1538 BCC 2.866 8 1.83

Cr 24 51.99 1.249 1875 BCC 2.884 6 1.66

Mn 25 54.94 1.27 1246 BCC 8.912 7 1.55

Ni 28 58.69 1.246 1455 FCC 3.524 10 1.91

Co 27 58.93 1.251 1495 HCP 3.545 9 1.88

2.5.1. Enthalpy of mixing (kJ/mol) of possible atomic-pairs in Al-Fe-Cr-Ni-Co and

Al-Fe-Cr-Mn-Ni high entropy alloys

Table 2.3 shows the binary enthalpy of mixing of different atomic pairs used for calculating
various thermodynamic parameters of AlxFe;sCrMnNigs (x = 0.3 and 0.5 mol) HEAs and
Al 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs which can predict the phase formation.

Table 2.3 Binary mixing enthalpy between alloying elements based on the Miedema’s

model [21, 22]

Elements | Al Cr Fe Mn Ni Co
Al 0 -10 -11 -19 -22 -19
Cr 0 -1 2 -7 -4
Fe 0 0 -2 -1
Mn 0 -8 -5
Ni 0 0
Co 0
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2.6. Fabrication Techniques

Different techniques are available for the synthesis of HEAs as that of the conventional alloys.
The HEAs can be processed into different forms by processes like bulk casting, mechanical
alloying followed by sintering and coatings as represented in Fig. 2.4. The synthesis routs for
HEAs can be broadly divided into three parts powder metallurgy route, melting and casting

route, and deposition.

2.6.1. Melting and casting route

Melting and casting route has been popularly used for the synthesis of traditional alloys and as
well as HEAs [4]. The maximum numbers of HEAs reported are synthesized by melting and
casting route and different variations of this process are melting due to arcing, melting due to
induction heat, melting due to electric resistance, laser melting, laser cladding, and laser
enhanced net shape (LENS) forming. Melting and casting route has advantages such as energy
saving, cost-efficient, and reduced synthesis time which gives it an edge over other alloy
synthesis techniques. Basic limitations involved in the synthesis of HEAs through this route is
that at low cooling rates typically dendritic and interdendritic microstructures are formed in

HEASs due to elemental segregation [4].

Component elements

7N

Solid mixing Liquid mixing Gas mixing
/ ¥ \
Mechanical Arc melting,Bridgman solidification, Sputter,PLD,
alloying Laser cladding, LENS ALD MBE
\ J
1

High Entropy Alloys

Fig. 2.4 Various synthesis routes of HEAs [2]
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Fig. 2.5 Schematic diagram of arc melting method [23]

Zhou et al. [24] have processed the AICoCrFeNiTiy HEAs through arc melting route as
represented in Fig. 2.5 and have revealed that the HEAs have BCC solid solution structure with

better compressive strength, fracture strength, and work hardening capabilities.

2.6.2. Laser Fabrication

Direct laser fabrication process is used for the synthesis of HEAS as represented in Fig. 2.6. The
synthesis includes use of two hopper systems to avoid powder segregation. By controlling the
flow-rate of the elemental powder to the melt, alloys with different compositions can be
synthesized. To prevent oxide formation, high purity argon gas is regularly purged through the
sealed melt deposition region [4].
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Fig. 2.6 Schematic diagram of laser-engineered net shaping (LENS) [1]

2.6.3. Solid State Processing Route

Mechanical alloying involves solid state processing that allows the synthesis of a product from
both immiscible and miscible alloy materials. The process of mechanical milling is shown in Fig.
2.7 (a). Synthesis of HEAs through mechanical alloying technique was first reported by
Varalakshmi et al. [25], and the final microstructure was consisted of a BCC structure. In high
energy ball milling the mechanically alloyed powders are produced by continuous cold welding

and fracturing process as represented in Fig. 2.7 (b).

Compaction and then sintering of the milled powder is carried out to fabricate bulk alloys in
solid state processing and is mostly been done by a traditional method which leads to coarse
grains microstructure due to long duration heating. For the processing of nanocrystalline
microstructure, HEAs are prepared by spark plasma sintering (SPS) technique, as represented in
Fig. 2.8. They have many advantages over other traditional sintering process, such as, more
control over sintered materials like, density, porosity, and microstructure, energy efficient, and

fast sintering process.
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Fig. 2.7 (a) cross-section of milling in tumbler (b) phenomena of fracture and welding

during ball milling [1, 2]

p
Upper punch L
electrode  «ssessessennes

2 ! A J — SPS sintering press

£

Bt | |

g Upbér punch 8 § ‘ B

3 e A Pl oo 5

o ) [+] . % -3 ‘E

8 g ...... I I ........ Sintering die 8 8+ =

s i | | £ o o

= o .. I I 7] 8 | )

g “*Lower punch s =] e

E %) |

= B | Lower punch

L = .
(vacuum, air and argon gas!
T . V
Theromometer
P :

Fig. 2.8 Layout of SPS processing [2]

2.6.4. Sputtering

Sputtering is a process in which thin films are deposited over a substrate by the process atoms by
atom deposition from a selected material due to the bombardment of charged gas ions over the
target as represented in Fig. 2.9. The sputtering can be divided as direct current (DC) sputtering,
radio frequency (RF) sputtering and magnetron sputtering. Among these, magnetron sputtering
deposition is the most suitable method to fabricate the HEA films [1, 2, 4].
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Fig. 2.9 Schematic diagram showing the sputtering deposition process [2]

2.7. Erosion and wear behavior of HEAs

2.7.1. Erosion behavior of HEAs

Table 2.4 lists the previous work on erosion behavior of HEAs. From Table 2.4, it may be
observed that limited study has been done on the erosion behavior of HEAs. The summary gives
a brief idea about different synthesis routes of HEAs, type of erodent particle, medium and the
values of various parameters during the experiment on the erosion behavior of the HEAs. For
more illustration, some of the reported works are explained in detail as follows.

Wang et al. [26] have reported the air jet erosion wear behavior of Fe-2.5C-27Cr-0.8Si-x (x=V,
Nb, W, and B) HEAs. It is observed that with the addition of Nb, V, W, and B elements, various
types of carbides are getting formed and this helps in improving the hardness from 475 HV to
903 HV. The solid particle erosion test is performed using sand of particle size 50-70 AFS, at a
velocity of 50-80 m/s, at two different impingement angles of 45° and 90°. The result indicated
that at 45°, there is not much variation in the wear rate of all samples. However, in the case of
90° impingement angle, the HEA with Tungsten is observed to exhibit maximum wear rate. It is

also observed that the erosion at 90° impingement angle is higher than that at 45°.

Zhao et al. [27] have reported the erosion- corrosion resistance of AICrFeCoNiCu HEA after

annealing it at 600°C and 1000°C. They have varied the rotational speed of shaft in the range of
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300 rpm to 700 rpm and have used an angle of 90° between the slurry and the sample. The slurry
was consisting of 5 wt.% of sand particle with size range between 80-120 um and 3.5wt.% NaCl
in 10 L of water in a pot erosion tester. It is observed that the sample annealed at 600°C has
maximum hardness and hence exhibits lowest mass loss. The reason behind the lowest erosion is
stated as the formation of less and shallow craters during the test, and the enhancement of the

hardness.

Nair et al. [28] reported the slurry erosion behavior of Aly;CoCrFeNi HEAs at constant velocity
of 20 m/s and at different impingement angles of 30°, 60° and 90°. The test slurry was consisting
of sand particles with size range in between 75-150 mm and concentration 5 kg/m* mixed with
tap water. The distance between the nozzle and the sample was 20 mm. It is observed that as the
impingement angle decreases, the erosion rate against the slurry increases. The mentioned
possible reason is that at normal impingement angle the governing mechanism is plastic

deformation and at an oblique angle, hardness is the dominant factor that modulates the erosion.

Table 2.4 Literature on erosion behavior of HEAs prepared through different synthesis

routes, slurry, and tested under different slurry and testing parameters.

S. Year | HEAs Synthesis | Particle | Slurry | parameter Major finding Ref.

No. Route

1. 2018 | AlxFe.sCr MM and Al,O4 Al,O; | Mass flow rate Max erosion occur [29]
MnNig s CS 50um +dry 2 g/min, at 45 deg., ductile
(x=0.3,0.5) air velocity 70 m/s, | mode of erosion. Present

angle 45, 60, work
75, 90 deg.

2. 2013 | Fe-2.5C- AM sand Sand + | Angle 45, 90 Erosion at 90 deg. [26]
27Cr-0.8Si— (AFS dry air | deg. velocity 50 | Higher than 45 deg.
1B-2V- 50-70) to 80 m/s, mass
0.67Nb— flow rate 177
3.3W g/min,

3. 2016 | AlCrFeCo AM Sand Sand 300, 500 and Annealing at 600°C | [27]
NiCu (80-120 | +3.5% | 700 rpm, angle | HEA show better

pum) NaCl of 90° erosion —corrosion
sol

4, 2017 | Aly.CrCo IM and Sand Sand + | velocity of 20 Max. erosion occur | [28]
FeNi (HIP) (75-150 | tap m/s, angle 30°, | at 30 deg. HEA

mm) water | 60° and 90° show ductile mode
of wear

5. 2018 | Aly;CoCr IM and Sand Sand+ | Velocity 20 Max. erosion occur | [30]
FeNi HIP. (75-150 | 3.5 m/s, angle 30 at 30 deg.

pm) wit% and 90 deg.
NaCl
sol.
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6. 2018 | Aly,CoCr VAM - DI- Cavitation Erosion rates for [31]

FeNi and (HIP) water erosion tests- HEA - 0.0166
with frequency of 20 | mm®hr and SS316L
and +0.5 kHz, -0.1464 mm°®/hr

with amplitude 50
out 3.5 | um, time 20hrs,

wt. %
NaCl
7. 2018 | AlCrFeCo AM SiO, Water | Velocity linear related to [32]
NiCu 350- + 10.08m/s angle | erosive wear
600 um | 1%wt | 90 deg., time 30 | resistance and H/E
SiO, min ratio (R2=0.89)

2.7.2. Sliding wear behavior of HEAs under different medium

2.7.2.1. Wear under dry condition

Table 2.5 lists the previous literature reports on wear behavior of HEAs tested under dry
condition. The summary gives a brief idea about different synthesis routes of HEAs, machine
configuration for testing, different parameters of the experiments, hardness and major findings of
the experiments. For more illustration, some of the reported works are explained in detail as
follows.

Hsu et al. [33] have reported the abrasive wear resistance of CuCoNiCrAlysFeBx HEA. They
have observed that as boron content added hardness increases, and a maximum hardness is
reached at boron content x=1.0, which is 736 HV. The formation of more amounts of Cr and Fe
borides is mentioned as its reason. The abrasive wear test is conducted on a pin-on-belt tribo-
meter using 8mm diameter pin under a load of 3 kg and at a belt speed of 0.5 m/s. An Al,O3 belt
of 100-mesh is used for the current test. The result indicates that the wear resistance increases
with the increase of boron and this may be due to the increases in volume fraction of boride

precipitates.

Tong et al. [34] have studied the wear behavior of Al,CoCrCuFeNi (x = 0 to 3.0) HEAs
synthesized by arc melting in vacuum at 0.01 atm. The wear test is conducted on a pin-on-belt
tribo-meter under a different load of 9.8N and 29.4N without any lubrication. A test pin of 8 mm

diameter is used with a Al,O3 counter belt of 149um mesh and belt sliding speed of 0.5 m/s is
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maintained. It has been observed that with increase in aluminium content the hardness and wear

resistance and hardness increases due to transformation of FCC phase to BCC phase.

Chen et al. [35] have studied the vanadium content effect on wear resistance of
AlpsCoCrCuFeNiVy(x = 0 to 2.0) HEASs prepared by arc melting. The wear test is performed on
a pin-on-belt tribo-meter without any lubrication and under a load of 29.4N. In this test a test pin
of 8 mm diameter is made to slide over 149-um Al,O3 particles sand belt at velocity of 0.5
m/sec. It is reported when the vanadium content is in between 0.6 to 1.2, highest wear resistance

is achieved.

Chen et al. [36] have studied the titanium content effect on wear resistance of
AlpsCoCrCuFeNiITix (x = 0 to 2.0) HEAs synthesized by arc melting. It is observed that when
titanium content varies from x = 0 to 0.4, there is gradual increase in hardness. However, a sharp
increase occur when the titanium content varies from x = 0.4 to 1.0 and the hardness decreases
when titanium content is greater than x = 1.0. The decrease in hardness is reported to be due to
weak hardening in the FCC and BCC phases. The wear test is performed on a pin-on-belt wear
tester using a 8 mm diameter pin and under a load of 29.4N without any lubrication. The sliding
velocity is maintained at 0.5 m/s and the tests are conducted for a total sliding distance of 20 m
against a 149-um Al,Oj3 particle belt. The results of the test indicated that when titanium content
is in the range of 0 and 0.6, the samples exhibit wear resistance similar to that of
Al0.5CoCrCuFeNi HEA and the wear resistance increases from 0.93 m/mm3 to 1.24 m/mm3 as

the titanium content increases from x = 0.6 to 1.0.

Liu et al. [37] have studied the wear behavior of AlysCoCrCuFeNiSix (x = 0, 0.4, 0.8) HEAs
under dry condition and the alloy is prepared by arc melting in argon atmosphere. It is observed
that as silicon content increases BCC phase increases and FCC phase completely disappears at x
= 0.8. The wear test is performed on a pin-on-disk wear testing machine using a pin of 6 mm
diameter and height of 12 mm and a 70 mm diameter Cr;2MoV steel disk 760 HV as the counter
material. They have observed that on increasing the Silicon content from X=0.4 to X=0.8, the
hardness increases from 263 HV to 653 HV and the wear resistance increases from 0.10 km/mm?®
to 0.86 km/mm?>.
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Table 2.5 Literature on wear behavior of HEA synthesized by different routes under dry
condition and tested under different sliding condition. [SR: synthesis route, CB: counter
body, confg : configuration ]

S. Year | HEA SR Confg. | Parameter Hardness | Major Ref.
No. finding
1. 2019 | Aly4FeCrNi Co, | AM Pin on CB: EN 31, 377.7 HV | X=1 has max. [38]
(x=10,0.25, and disk Load: (5,10, 15, t0 199.5 wear rate. Present
0.5, 1.0 mol) homo 20)N, speed:(0.5, HV work
geniz 1,1.5, 2.0) m/s,
ation distance:(1000,
2000, 3000,
4000)m
2. 2004 | CuCoNiCr IM Pin-on- | CB:100-mesh 232HV to | wear resistance | [33]
AlysFeBy belt AlLOs. 736 HV of B=1 (1.76
(x=0,0.2,0.6, Belt speed: 0.5 m/s, m/mm3, and
1.0) distance : 20 m, higher wear
load: 3Kg resistance than
B=0 due to
higher boride
precipitates.
3. 2005 | Al,CoCrCu AM Pin-on- | CB:149 um Al,O; | 133 HV to | Al=0.5 better [34]
FeNi belt belt, Belt speed: 655 wear resistance
(x=0.5, 1.0, 2.0) 0.5m/s load: 9.8 HV than Al=1 due
and 29.4 N to better surface
hardening
capability
4. 2006 | AlysCoCrCu AM Pin-on- | CB:149 um Al,O; | 295 HV to | Wear resistance | [35]
FeNiVy belt belt, Belt speed: 749 HV increase x=0.6
(x=0t02.0) 0.5m/s, load:29.4 and at tol.2, and in
N, distance :20 m x=1, 998 bet. x =1.2to
HV 2.0no
significant
change in wear
resistance
5. 2006 | AlysCoCrCu AM Pin-on- | CB:149 um Al,O; | 225 HV to | maximum wear | [36]
FeNiTiy belt belt, Belt speed: 660 HV resistance occur
(x=0102.0) 0.5m/s, load:29.4 at x=1, wear
N, distance :20 m resistance
0.93 m/mm3
t01.24 m/mm3
6. 2006 | Al,CoCrCu AM pin-on- | speed:0.5m/sand | Al=2.0 With increasing | [39]
FeNi disk load: 29.4 N, has 560 Al content BCC
(x=0.5,1.0,2.0) distance :6000m HV phase, hardness,
wear resistance
increases
7. 2009 | AlysCrFe;s VM, pin-on- | CB:SKH-51 steel, 273 t0 462 | Wear rate are [40]
MnNigs disk speed: 0.5 m/s, HV minimum for
distance : AC-D-H-F
64800 m, load 2.93 x10-5
:29.4N
8. 2010 | AlCoCrFey arc pin-on- | CB: SKH51 steel 356 HV to | With addition [41]
Moy sNi smelti | disk Speed: 0.5 m/s, 730 HV of Fe content
(x=0.6,1.0, 1.5, | ng time : 24 hrs, load hardness
2.0) :29.4 N, and the wear
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resistance

decreases
9. 2010 | AlCrFe;sMn AM pin-on- | CB: Belt-Al,05100 | 297 Age-hardened [42]
Nigs belt grit, speed :50 HV to 480 | Al(0.5) has
(x=0.3and cm/s, distance : 20 | HV good wear
0.5) m, load:5 kg resistance
10. | 2010 | AlFeTiCrZnCu | MA pin-on- | CB: Ni-hard faced | 9.50 GPa | wear resistance | [43]
and disc disc (650 HV), of
(VHP load: AlFeTiCrznCu
) and 3 kg, is higher than
(HIP) track distance : the
(450, 800, 1200, commercially
and 1600 m). materials
11. | 2010 | AlysCrFe; s VM pin-on- | CB: SKH-51 steel 1250 HV. | the nitrided [44]
MnNig 5 disc Al0.5 HEA is
4677 times
better wear
resistance than
unnitrided
12. | 2011 | (Fe-20Cr-5C)- | AM pin-on- | Speed : 0.5 cm/s, 565 HV to | With increase in | [45]
Ti(x)-V(y)- disc load :10 N, 670 HV Ti,V,Mo
Mo(z) rotations: 10,000, content, the
CB: ball (silicon volume loss rate
nitride). decreases.
13. | 2011 | AlCo.sCrFe AM pin-on- | speed: 0.5 m/s, 487 HV AIO0TIi05 and [46]
Niy5Tiy disk load: 29.4 N, To717 HV | AIO2Ti05
distance: 5400 m undergo severe
14. | 2012 | Aly3CrFe; s VC. pin-on- | CB:-SKH-51 steel 445 HV to | nitrided Al0.3 is | [47]
MnNig s disc (890 HV), 633 HV 49 to 80 times
speed : 0.5 m/s, better than
distance: 43,200 m, un-nitrided
load:3 kg
15. | 2013 | AlysCrFe s VIM pin-on- | CB: Belt-400 317 t0 840 | HEAL1.4 time [48]
MnNig 5 belt mesh-Al,O5 belt, HV better wear
load: 1 kg, speed: resistance than
0.5 m/s SUJ2 and
SKD61 steels
16. | 2015 | AlysCoCr AM pin-on- | CB: Cr12MoV 263HVto | x=0.8is8.6 [37]
CuFeN:iSiy disk steel, speed: 0.8 653 HV times than x =0
(x=0,0.4,0.8) mm/s, load: 100
N,
17. | 2015 | Al,FeCuCo VAM | - Speed: 1 mm/s, 600 to x =1-5 better [49]
NiCrTi time: 1 hrs, 1100HV,.; | wear resistance
(x=0,0.5 Load: 100 N than others,
1.0,1.5.2.0)
18. | 2017 | CoCugsFeNi AM pin-on- | CB: SUJ2 bearing | 214 HV to | Max wear [50]
VTiy disc steel, load: 21 N, 660 HV resistance occur
(x=0,0.5,1, speed: 0.4 m/s at x=1and it is
1.5and 2) distance: 1500 m due to large
volume fraction
of BCC. wear
mechanism
includes
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adhesive wear
and abrasive
wear.

19. | 2018 | CoCrCuFeNi MA Pin-on- | - 329 HV With increase [51]
Moy and Disc of Mo content
(x=0,0.2,04 | SPS from 0 to 0.8,
and 0.8) coefficient of
friction
decreased to
0.65.
20. | 2017 | CoCrFeNi-(Ag- | MA ball-on- | CB: Ball-Inconel- 151 HV Addition of Ag | [52]
BaF2/CaF,) and disk 718 superalloy ( 6 and BaF2/
SPS mm), temp.: (RT, CaF2 maintain
200, 400, 600, and the COF (0.20-
800 C), load: 5 N, 0.26) from RT
speed: 0.28 m/s, to 800 C,
time:30 min,
distance: 504 m
21. | 2017 | AlyosTig75Co AM ball-on- | CB: Ball-WC 1090 HV | COF: (~0.3) [53]
CrFeNi disc (3mm) and wear rate
Load: 10N, 15N (~1.2x10°
and 20N, stroke mm%/Nm).
length: 1mm,
frequency: 5Hz,
time : 20min,
distance :15m
22. | 2017 | FeysCryNiyg - - CB: 65G steel Hir- 4.7 The wear [54]
Mny5Co10Alg (HRC =55-57), GPa intensity varies
load: (0.5 and 1) from 6.1 x 10*°
MPa, to 1.6x 10
sliding speed: (6.8 g/km
and 12 m/sec)
23. | 2017 | AICoCrFeNi AM ball-on- | CB:- AISI 52100 655 wear [55]
Tigs flat steel ball (9.6mm) HV 49 mechanism
relative humidity: includes
40%, , loads : 20 to abrasive,
60 N, time :20 min, adhesive and
frequency : 15 Hz, oxidative wear
stroke: 1 mm
24. | 2018 | (AICrFeMnV) MA ball-on- | CB: Ball Steel, Pbx = 643 | COF does not [56]
100,Biy) and disk Load: 2, 5,7, 10N, | HV to 396 | change with Pb
and SPS cycles: 40,000, HV content, and Bi
(CuCrFeTizn) speed :0.41 m/sec, | Bix=321 | decrease COF
100,Ph,) humidity: 50%, to 392 HV
25. | 2018 | FeCoCrNiMo MA ball-on- | sintered temp. : 350-520 Variation of the | [57]
and disc (1000, 1050 HV temperature and
SPS or 1100°C) and pressure has no
pressures: (30, 35 obvious
or 40 MPa) for 480 influence on the
s, and load: 50 N, wear.
frequency: 15 Hz,
time: 5 min,
26. | 2018 | AICoCrFeNi MA pin-on- | CB:- WC (1550 890 HV to | better wear [58]
Siy and disk HV), speed: 1009 HV | resistance were
(x=0,0.3,06 | SPS 500 rpm, load: achieved as the
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and 0.9) 50N, Si
content
increased from
0t00.9
27. | 2018 | Co;5CrFeNiys AM ball-on- | Load: 5N, 368 £ 13 Wear rate not [59]
Tigs disk Speed:0.1 m/s, CB: | HVq5 varies
Al,Oj3 ball, 100Cr6
steel ball (6mm),
Dista nce: 1000m,
28. | 2018 | CoCrFe MM ball-on- | CB: Si;N, ceramic | 259 Good wear [60]
NiSg s and disk ball, HV performance at
SPS Load: 5 N, high
Speed: 0.28 m/s, temperature due
Time: 30 min to formation of
metal oxide and
CrxSy
29. | 2018 | CrCoNiMoy, MM ball-on CB:Si;3Ny ball 244 HV to | Mo=1.0 shows [61]
(x=0,0.25, and disk Load: 5N 656 best wear
0.5,0.75 and SPS Speed: 0.28 m/s., HV performance
1.0) Time: 30min and mechanism
changes from
abrasive wear to
adhesive wear
30. | 2018 | AlxCrCo,.x MM - - 486 to 541 | With decrease [62]
FeNi and HV of Co and
(x=1.0,1.2,1.4,1 | SPS increase of Al
.6) wear
performance
increases
31. | 2018 | AICrFeNiTi VAM | pin-on- | CB: GCrl5 616.0 and | Mn0.5 shows [63]
and disk steel, 539.5 HV | higher mass
AICrFeNiITi Load:20N, loss, and wear
Mng 5 Speed:0.8m/s, mechanism:
Distance:1000m adhesive,
delamination
32. | 2019 | CoCrFeNi AM pin-on- | Load: 100 N, 136 HV to | Cu=1.0 have [64]
Cuy disk Speed: 95 rpm 169 HV better wear
(x=0,0.2,0.4, time: 1000 s resistance, wear
0.6, 0.8, 1.0) mechanism:
abrasive to
adhesive with
addition of Cu
at elevated
temperature.
33. | 2019 | AlyosCoCrFe AM ball-on CB: Si3N, ball, 2.53 With increasing | [65]
Ni disk Load: 10 N GPa temperature
time: 30 min wear rate
increases from
20°C to 600°C
34. | 2019 | AlygCoCrFe AM CB: Si3N, ball, 278 wear rate [66]
Ni ball-on | Speed: 300 r/min, to 480 HV | increases with
disk Time:30min, increasing
Load:10N temp. from
20°C to 600°C
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35. | 2019 | NiCoCrAl- MM ball-on- | CB: Si;N, balls 430.6 Max. wear [67]
(Ag, MoS,, and disk (1700 HV, 6.35 HVy3 occur at 400°C
LaF; and CeF3) | SPS mm), Speed: 18.8 and min wear
cm/s, Time :60min, occur at 800°C
load: 10 N, due to
Radius:5 mm, formation of
Temp.: RT, 200, silver
400, 600 and 800 molybdates and
°C. metallic oxide
which act like a
film.
36. | 2019 | Al,CoCrCu VAM | ball-on- | CB: Zr,0; ball 45 HRA With Al [68]
FeNi disk (5mm) to 75 addition wear
(x=0,05,1, Load: 10 N, HRA resistance
1.5,2) time:30 min increases
Distance: 10mm
37. | 2019 | CoCrFeNi AM pin-on- | CB: Si3sN, ball 542 HV, From RT to [69]
Nby disk (6.35mm) to 344 HV | 400°C the wear
(x =0.5, 0.65 Temp: (RT,25C, | (1000°C) | mechanism
and 0.8) 200 C, 400 C, 600 changes from
Cand 800 C) abrasion to
Load: 5N, adhesion and
Speed: 0.188 m/s near 600°C it
Time: 30 min was oxidation

and mechanical
wear
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2.7.2.2. Wear under oil and other medium

Table 2.6 summarize the reported work on wear behavior of high entropy alloys under different
sliding medium like oil, demineralized water and other medium, synthesis route, machine
configuration, working parameter, hardness and major finding. From Table 2.6 it has been
observed that the limited work is done. For more illustration, some of the reported work can be

explained in detail as follows.

Duan et al. [70] has conducted the wear study of AICoCrFeNiCu HEA under lubrication with
90% hydrogen peroxide solution and 10W-40 grade of lubricanting oil. The wear test is
performed on pin-on-disk machine with test pin of 8 mm diameter x 15mm height and on counter
part of SizN4 ceramics disk of 50 mm diameter and 8 mm thickness. The ceramic disk is rotated
with a speed of 0.471 m/s under a load of 30N.Under lubricating condition the friction
coefficient achieved a constant value from 0.05 to 0.045 with little variation. The wear weight
loss is higher under 90% hydrogen peroxide solution than lubricating oil, this is due to repetitive
action of oxidation and polishing effect during sliding. Many ploughed grooves occur under

lubricating oil condition indicates abrasion and micro-cutting wear.

Yu et al. [71] studied the wear behavior of AICoCrFeNiTips HEA under 90% concentrated
hydrogen peroxide solution. The test was performed on pin-on-disc with a normal load of 30N,
rotating speed of 0.471m/s against the counter body of SiC and ZrO,. It is observed that the COF
in case of ZrO,/ AICoCrFeNiTips HEA is 0.39 and in case of SiC/ AICoCrFeNiTips HEA is in
the range of 0.06 to 0.09. The wear losses in case of SiC are lower than that when it is sliding

against ZrO,.

Gorban et al. [72] studied the wear characteristics of FesCryoNixMnisCoipAlie high entropy
alloys under greased and ungreased condition with varying loads and sliding speed. 65G steel is
used as a counterpart with hardness of 55-57 HRC at a pressure of 0.5 MPa and 1.0 MPa and
sliding speed of 6-12 m/s. It is observed that under greased condition the COF varies in the
range of 0.26 to 0.21and in case of without greased condition the COF varies in between 0.32 to
0.34. The wear loss in case of greased condition is one order lesser than without greased

condition.
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Liu et al.[73] studied the tribological performance of AICrCuFeNi, HEA under different sliding

condition like in dry, artificial rain water, and DI water. The wear test is performed on ball-on-

block wear tester against SizN4 ceramic ball under varying loads of 5N to 15N. In case of dry

sliding condition at 5N the coefficient of friction varies in between 0.25 to 0.48, at load of 10N
the coefficient of friction (COF) fluctuate in between 0.3 to 0.5 and at load of 15N the coefficient

of friction varies in between 0.2 to 0.35. The coefficient of friction also decreases with increasing

loads in case of deionized water, and rain water. The wear mode in dry sliding condition is

mainly adhesive wear, and oxidation. In case of deionized water the wear is mainly due to

abrasive, adhesive, and plastic deformation.

Table 2.6 Literature on wear behavior of HEAS, synthesis by different route under oil and
other medium and performed at different sliding condition

[SR: Synthesis route, Confg.:

configuration]

S. Year | HEA SR Conf | Medium | Parameter Hard Major Ref.
No. g. ness finding
(HV)
1. 2018 | Alg4FeCr AM | Pin SAE Load: (5,10, 15, 377.7 Max specific [74]
NiCoy on Grade: 20)N, speed:(0.5, | HV to | wear occur at Prese
(x=0, 0.25, disc 20W-40 | 1,1.5,2.0) m/s, 199.5 | x=1, normal load | nt
0.5, 1.0 Engine distance:(1000, HV is the most work
mol) oil 2000, 3000, influencing
4000)m parameter.
2. 2013 | AlCoCr AM | pin- 90% normal load - 30 475.3 High wear [70]
FeNiCu on- hydrogen | N, velocity-0.471 | HV resistance was
disk peroxide, | m/s, time- 30 min, observed in oil.
and SAE | counter disk- Wear under
10W-40 | SisN, ceramics hydrogen
lubricant peroxide sol due
oil to oxidation
peel of oxide,
abrasive wear
3. 2014 | AlCoCr VIM | pin- 90% Counter disk SiC | 655to | SiC ceramic: [71]
FeNiTigs on- hydrogen | and ZrO,, normal | 750 COFs and
disc peroxide | load-30N, speed- | HV wear loss are
0.471 m/s, sliding lower than wear
time-30min, against ZrO2
ceramic.
4. 2015 | FeysCry casti | Recip | Grease Counter disk-65G | HIT / COF with [72]
NiyMnys ng rocati | and dry steel, Er- grease: 0.26
CoyAlyg ng Load: 0.5and 1.0 | 0.032 COF without
unit MPa, grease :0.34
sliding speed : 6—
12 m/s,
5. 2016 | AlCrCu AM | ball- | dry, Counter body- 400 wear resistance [73]
FeNi, on- simulate | Si3;N, ceramic HV better in
block | d ball, simulated
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rain loads : 5, 10, and rainwater at 15
water 15N, N, and wear
(PH=2), | sliding speed: under dry
and DI 0.2 m/s, condition worst
water
6. 2015 | AlCoCr AM | pin- 90% CB:1Cr18Ni9Ti 4,757 | Ti0.5/SiC [75]
CuFeNi on- H,0, steel, ZrO, and GPa ceramic have
and disc Con. SiC ceramic disk, | and better wear
AlCoCr load - 35 N, Ti(0.5) | properties than
FeNiTigs sliding speed 6.707 the ZrO2
(0.690 m/s), time | GPa
- 30 min.
7. 2016 | AlCoCr AM | ball- | gearoil, | humidity - 40%, 780 Under gear oil, [76]
FeNiTigs on- and steel ball- AISI HV,49 | abrasive grooves
flat multiply | 52100, load- 100 occur with some
alkylated | and 200 N, some
cyclopen | frequencies of 20— delamination,
tanes 30 Hz (linear and Under
(MACs) | speed of 0.04— MACs, both
0.06 m/s), time- 1 grooves and
mm and 20 min delamination
behaviors occur
8. 2017 | Al 3Co AM | ball- dry, DI Ball- SizN, As cast | Both in as-cast [77]
CuFeNi, and | on- water (5mm), load -3N, | (340 and nitrided
PN block | and acid | sliding speed- HV) to | condition COF
rain 0.2m/s, nitride | under acid rain is
(PH=2) Amplitude-5mm, | d (587 | lower than dry
condition | time- 1200s. HV) and deionized
. condition
9. 2018 | CoCrFe VA | ball- dry and Ball-Si3N4 1.32 Wear property in | [78]
MnNi M on- marine (3mm), Normal to 1.52 | marine
and Aly,Co flat environm | load — 1N, GPa environment is
CrFeNi ents frequency : 20 Hz, better than dry
stroke length :1 condition
mm,
Time: 30 min
10. | 2018 | AICoCr AM | ball- dry, DI Ball- Si;N, As- The lowest wear | [79]
FeNi and | on- water (5mm), load -3N, | cast rate for the as-
PN block | and acid | sliding speed- (522 cast and nitrided
rain 0.2m/s, HV) to | HEASs were
(PH=2) Amplitude-5mm, | nitride | obtained in the
condition | time- 1200s. d acid rain
(720 condition
HV)
11. | 2018 | AlggCo AM | ball- Dry, DI GCr15 steel ball, 120to | COF is highest [80]
CrFeNi on- water, amplitude- 5 mm, | 740 in dry than
flat simulate | sliding time- 1800 | HV simulated
d acid s, humidity of 55+ seawater
rain 5%, normal load -
(PH52), [ 5N,
and frequencies at 2,
simulate | 3,4,and 5 Hz
d
seawater
12. | 2019 | AICoCr AM | Pin- 90 wt.% | CB: SisN, Ti(0.5) | Ti(0.5) better [81]
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FENiTi0_5
and
AlCoCr
FeNiCu

on-
disk

H202
sol.

wt.% 30 wt. %, 60

(15GPa), track :6.70
radius: 22 mm, GPa
Load: 50 N, and

Speed: 0.69 m/s 4.75
H202 con.: 0 GPa

wt. % and 90 wt.
%;
Time: 1800 s.

corrosion
resistance after
14 days,
HEA/Si;N,
reaction give
better wear
resistance.

2.8. Literature on synthesis route, phase and mechanical properties of high entropy alloys

2.8.1. Literature on Al-Cr-Fe-Mn-Ni HEA system

Table 2.7 summarizes the previous literature on Al-Cr-Fe-Mn-Ni HEA system. It gives brief idea
about synthesis route, phase formed, density, hardness and yield strength achived. It has been

also observed that limited work is done on this system and for more illustration, some of the

reported work can be explained in detail as follows.

Chen et al.[42] synthesized the Al CrFe;sMnNigs (x = 0.3 and 0.5) HEA through arc melting
route and formed FCC+ BCC and BCC phase in as-cast. It observed that when it is aged at
700°C for 20hrs it forms FCC, BCC, CrsFesMng phase and BCC, CrsFegMng phase for

AlCrFe; sMnNigs (x = 0.3 and 0.5) HEA respectively and shown in Fig. 2.10.
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Fig 2.10 XRD patterns of as-cast and aged sample of Al,CrFe;sMnNigs (x =0.3 and 0.5) [42]
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The SEM micrograph of as-cast AlyCrFe; sMnNigs (x = 0.3 and 0.5) HEA is shown in Fig. 2.11
and representing dendrite and interdendrite region. It is observed from the EDS results that the
dendrite region rich in Al and Cr content than interdendrite zone. Hardness result indicating that
AlLCrFe; sMnNigs (x = 0.3 and 0.5) HEA in as-cast condition achieved hardness of 297HV and
396 HV respectively.

T
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Fig. 2.11 SEM micrograph of as-cast AlyCrFe; sMnNips HEA (a) x = 0.3 and
(b) x = 0.5 (DR: dendrite, ID: interdendrite) [42]

Meng et al.[82] synthesis FeNiMnAICr HEA by utilizing arc melting and annealed at 800°C. The
results indicated the formation of FCC and B2 phase. The FCC phases have rich content of Fe,
and Mn and B2 phase have rich content of Al and Ni. It is observed that the hardness varies from
261 HV to 303 HV for as cast HEA.

Wang et al. [83] processed Feso.4Nii13MnzqsAl7sCrg HEA system through arc melting and XRD
result indicating the formation of FCC phase in as-cast condition and FCC, BCC phase formed
after cold rolling and annealing. It is observed that on varying the annealing condition the yield
strength varies from 416MPa to 219 MPa. The possible reason reported for the decrease in the

yield strength is because of the increase in grain size from 5um to 19 um.
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Table 2.7 Literature on Al-Cr-Fe-Mn-Ni HEA system with synthesis route, phase,

hardness, yield strength, and density

S.N | Year HEA Synthesis | Phase Hardness | Yield density | Ref.
0. Route Strength
1. 2018 Al,CrFe; sMn MM and BCC+ 210.0 630 MPa | 5.797 to | [29]
Nigs conventio | FCC HV to to 5.852 Present
(x=0.3and 0.5 nal 386.7HV | 1160.1 glem® | work
mol.) sintering MPa
2. 2008 Al,CrFe; sMnNigs AM - 300to 450 | - - [84]
(0, 0.3 0r0.5mol) HV
3. 2008 AIXCrFel.5Mn AM - - - - [85]
Ni0.5
(x=0, 0.3,0.5)
4. 2010 Al,CrFe; sMnNigs AM FCC+B | X=0.3 - - [42]
(x=0.3and 0.5) CcC (297
HV),
x=0.5 (396
HV)
5. 2012 Al sCrFe; sMn Nigs | AM FCC+ 298.8HV | - - [86]
BCC+
AINi
and
Cr5Fe6
Mn8
6. 2013 Al sCrFe; sMn Nigs | VIM FCC+B | 317HV - - [48]
CC+AIC
r+MnNi
7. 2015 FeNiMnAICr AM FCC+B2 | 261HV - - [82]
8. 2016 FeNiMnCr AM FCC - 450MPa - [87]
9. 2016 Fes.4Niq13 AM FCC - 159+11 | - [88]
Mnz, gAl75Crg MP
10. | 2017 Fes.4Niq13 AM FCC - 219MPa - [83]
Mnz, gAl75Crg to416
MPa
11. | 2017 FessMny Crig AM BCC1+ | 420 990 7.18 [89]
NigsAlyg BCC2
12. | 2018 (FesoMn,5Crayg VAM FCC, 200MPa [90]
Niss5)100xAly BCC, B2 to 1000
(x=0,2,6,10,14) MPa
13. | 2018 AICrFeMn-M MM BCC, - - - [91]
(M=Mg, Ti, Ni) FCC
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14, 2019 AICrFeNiMn VAM BCC 378 HV - - [92]

15. 2019 Al,CrFeMnNi AM BCC, 353 HV- 1091- [93]
(x=05-0.8) B2 386 HV 1200 MPa

2.8.2. Literature on equiatomic Al-Fe-Cr-Ni-Co HEA system

Table 2.8 summarizes the reported work on equiatomic AlIFeCrNiCo HEA with different
fabrication technique, phase formed, hardness, tensile or compressive strength and density of the
equimolar AlFeCrNiCo high entropy alloys. For more illustration, some of the reported work can

be explained in detail as follows.

Munitz et al. [94] synthesis the AIFeCrNiCo HEA through arc melting. XRD results indicated
that the as-cast HEA formed BCC and B2 phase. It is observed that the SEM micrograph
represents dendrite and interdendrite region and EDS results indicating that dendrite core contain
Ni and Al rich and interdendrite region contain Cr and Fe rich. The hardness result of as cast
HEA indicated that the dendrite region have 4.5 GPa and interdendrite region have 5.1 GPa. The

compressive yield strength of as-cast sample have 1380 MPa with strain of 10%.

Shiratori et al. [95] fabricated the AIFeCrNiCo HEA by using selective electron beam melting
(SEBM) and conventional casting method. It is found that FCC, BCC, B2 phase appear in
(SEBM) and BCC, B2 phase appear in casting method and the BCC and B2 region region have
rich content of Fe-Cr and Al-Ni respectively. The hardness value in case of SEBM is 400 HV
and in case of casting is 500 HV. The compressive yield strength and strain % in case of SEBM
is 1015 MPa, and 26%. In case of cast HEA sample yield strength is 1308MPa and strain % is
5.6%.

Tang et al.[96] synthesis the AlFeCrNiCo HEA through arc melting and further by hot isostatic
pressed and homogenized (HP). The XRD result indicate that the as-cast HEA have (A2+B2)
phase phase and HP sample have (A2+B2+Al+c) phase. It is observed that the SEM micrograph
of as-cast sample shows the dendrite and interdendtrite region. EDS result indicated that the
dendrite region rich in Al-Ni and and interdendtrite region have rich content of Fe-Cr and Co is

uniformly distributed. HP sample indicate that the B2 phase rich in AINi and A2 and o rich in
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Fe, Cr, and nano precipate rich in Fe, Cr, Co. The yield strength of as-cast 395 MPa and HP

sample has value of 295 MPa. Strain % in case of as-cast sample is 1% and in case of HP sample

is 11%.

Table 2.8 Literature on equiatomic Al-Fe-Cr-Ni-Co HEA system with different synthesis

route, phase, hardness, yield strength, and density.

S.No | Year | HEA Synthes | Phase Hardness | Yield Stain % | density | Ref.
is route (HV) stren (g/cm®)
gth
(MPa)
1. 2013 | AICoCrFeNi | VLM Cr-Fe and - - - [97]
Al-Ni rich
pricipitate
2. 2015 | AICoCrFeNi | AM B2 543 HV0.5 | - - [98]
3. 2015 | AICoCrFeNi | IM B2 - 1308.3 - [99]
+77.3
4, 2015 | AICoCrFeNi | AM and | BCC+B2 4.3 to 8.9 | 395 1% and | 7.0 [96]
HIP GPa and 11%
295
5. 2016 | AICoCrFeNi | AM BCC+B2 46 to 5.1 | 1380 10% - [94]
GPa
6. 2016 | AICoCrFeNi | SEBM BCC+B2+ | 400 1015 26% - [95]
FCC
7. 2016 | AICoCrFeNi | AM BCC - 1320 - [100]
8. 2017 | AICoCrFeNi | MA+ BCC+ - - - [101]
SPS FCC+o
9. 2018 | AICoCrFeNi/ | VIM BCC and | 0.47GPato | 96MPa | 36% to [102]
Al composite | and BCC,FCC | 8.884GPa | to 137 | 50%
MM, MPa
SPS
10. | 2019 | AlCoCrFeNi | AM BCC, B2 - - - - [103]
11. 2019 | AICoCrFeNi | Con. BCC, B2, | 4.9 GPato | 1203 26% to | - [104]
sintering | FCC, sigma | 5.2 GPa MPa to | 32 %
phase 1461
MPa
12. | 2019 | AlCoCrFeNi | SLM, BCC and - - - - [105]
IM FeCr, AINi
13. 2019 | (AICoCrFe AM BCC,FCC | 7.2-7.8 1426 29% to | - [106]
Ni)100.xCx GPa MPa to | 35%
(x=0to0 8) 1376
MPa
14, 2019 | AlICoCrFeNi | SLM BCC, A2, |6328HV |- - 6.25 [107]
B2 phase glem®
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15. 2019 | AlCoCrFeNi LMand | BCC, B2 519HV 1631 17% and | - [108]
AM and 493 MPa 25%
HV and
1209
MPa
16. 2019 | AICoCrFeNi | AM FCC, BCC, | - - - - [109]
B2

2.8.2.1. Effect of Al in Al-Fe-Cr-Ni-Co HEA system

Table 2.9 summarizes the previous work on effect of Al in AIFeCrNiCo HEA system with
different fabrication technique, phase formed, hardness, tensile or compressive strength and
density of the AlxFeCrNiCo high entropy alloys. For more illustration, some of the reported
work can be explained in detail as follows.

Shun et al. [110] have synthesize the Aly3CoCrFeNi HEA through induction melting and aged
further at 700°C and 900°C for 72 hrs. The results indicated that FCC structure formed in case of
as-cast and aged sample. The second phase appears in case of sample aged at 900°C and form B2
structure. Yield strength under tension for as-cast and aged sample varies from 170 MPa to 330
MPa and strain varies from 60% to 45% in case of as-cast to aged sample respectively.

Kao et al. [111] synthesized the AlyCoCrFeNi (0 < x < 2) HEA through vacuum arc melting and
compared with homogenized and deformed condition. The XRD pattern of as-cast result
indicates that as the Al content increases the transformation from FCC phase to BCC phase
occur. On increasing the Al content hardness increases from 116 HV to 509 HV and in case of
Al=0.375 HEA is 130 HV. After homogenization at 1100°C for 24hrs. XRD results indicate that
transformation of FCC to BCC occur along with formation of B2 phase which are rich in AINi as
shown in Fig. 2.12. The SEM micrograph of homogenized AlCoCrFeNi (0 < x < 2) HEA as
shown in Fig. 2.13 indicate the formation of needle shaped morphology which are rich content of
Al-Ni inside the FCC matrix. The hardness of homogenized AliCoCrFeNi (0 < x < 2) HEA
varies from 113 HV to 512 HV and in case of Al=0.375 HEA is 196 HV.

34



3500 4 . H-x (x =0~2), f= FCC
| H-2 0- L a=BCC, o = ordered BCC
3000 - | o o o
— 25004 H-! 3(; |
5 {HI | p . B
> 2000 H-0.875 o
g 15004 H-0.75 _ | 1 : S R T
o .5 o o
l(x](] -"l_il_.:‘_—:— - A.JI»_-J&- - —— - . | W
H-0.375 oL
5004 H4).25 l y | &
BT S e D 55
20 4‘ 0 o’u 5'. ) 100

26) (degree)

Fig. 2.12 XRD pattern of homogenized AlyCoCrFeNi (0 < x <2) HEA [111]
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Fig. 2.14 TEM of Aly3CoCrFeNi HEA and the selected area diffraction patterns (SADP) of
region A and B [112]
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Li et al. [112] have developed the Aly3CoCrFeNi HEA through vacuum levitation melting.
Further the HEA ingot is hot drawn into smooth fibers. The XRD result indicated that the as-cast
formed FCC structure and TEM result of hot drawn Aly3CoCrFeNi HEA fibers confirms the
formation of FCC and B2 phase as shown in Fig. 2.14.

Table 2.9 Literature on effect of Al in Al-Fe-Cr-Ni-Co HEA system

S.No | Year | HEA Synthesis | Phase | Hard | Yield Strain density | Ref.
route ness strength % (glem?)
(HV) | (MPa)
1. 2009 | Aly3CoCrFeNi IM FCC+ | - 170 to As-cast: | - [110]
BCC 330MPa 60% and
aged:
45%
2. 2009 | Al,CoCrFeNi AM FCC, 116 - - - [111]
(0<x<2) FCC+ | to
BCC, | 509
and HV
BCC
3. 2011 | Al0.5CoCrFeNi | AM FCC+ 247 - - [113]
BCC
4. 2015 | Al,CoCrFeNi AM FCC, - 200 to 1400 | 78% - - [114]
(x=0.3,0.6, and BCC, 25%
0.85) B2
5. 2016 | Aly;CoCrFeNi | AM FCC 135 100 Mpa - [115]
to
482
6. 2017 | Alg3CoCrFeNi VLM FCC - 1147 - [112]
7. 2017 | Aly1CoCrFeNi VIM FCC 181.3 | 300 10 % - - [116]
+10 45%
8. 2017 | AlygCoCrFeNi | AM FCC+ | - 1100 - [117]
BCC
9. 2018 | Al,CoCrFeNi AM FCCto | - 50MPa to More - [118]
(x=0.3,0.6, FCC+ 180 MPa (in | than 90%
0.9) HEAs BCC Temp.)
10. 2018 | AlysFeCoCrNi | SLM BCC, 262 579 MPa 22% - [119]
FCC HV
11. 2018 | Al,CoCrFeNi AM FCCto | - 160 MPato | 64% to - [120]
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(x=0.3,0.7) BCC 1076 MPa 20%
and
L12
12. 2018 | Aly3CoCrFeNi | AM FCC, 160MPato 65% to - [121]
BCC, 1850 MPa 5%
B2
13. 2019 | Aly3CoCrFeNi | AM FCC, 150H | 243MPato 60% to [122]
and V to 463MPa 40%
BCC 366
HV
14. 2019 | Aly3CoCrFeNi | VAM FCC, - 900 MPa 25% - [123]
B2,
sigma
phase
15. 2019 | AlysCoCrFeNi AM BCC, - 325 MPato | 40% - [124]
FCC 390 MPa
16. | 2019 | Alg,sCoCr PAF FCCto | 188 |- - - [125]
FeNi FCC,B | HVqs
CC, to
B2, 1136
CrB HVos

AM-Arc melting, MA-mechanical alloying, SPS, spark plasma sintering, IM-Induction melting,

VIM- Vaccum induction melting, VLM- vacuum-levitation melting
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2.8.2.2. Effect of Fe, Cr and Ni in Al-Fe-Cr-Ni-Co HEA system

Table 2.10 summarizes the previous work on effect of Fe, Cr, and Ni in AlFeCrNiCo HEA
system with different fabrication technique, phase formed, hardness, tensile or compressive
strength and density of the AIFeCrNiCo high entropy alloys. For more illustration, some of the

reported work can be explained in detail as follows.

Lu et al. [126] have processed AlCoCrFeNi,;HEA through vacuum induction melting. The XRD
results shows that the major phase formed is FCC and the minor phase formed is B2. The major
phase rich in COCrFe and the B2 phase rich in AINi. The tensile strength at room temperature in
case of AICoCrFeNi,; HEA is 150 MPa and strain of 25%.

Chen et al. [127] synthesized the AICoCrFexNi (0.2 to 2.0) HEAs through arc melting. The XRD
results indicate that with addition of Fe content BCC and B2 are the main phase. It is found that
with the increase in Fe content, the hardness value decreases from 637.2 HV to 460.2 HV. The
compressive yield strength decreases from 2335 MPa to 2100 MPa and strain increases from
10% to 40%.

Chen et al. [128] studied the Aly4CraososxFe20 COz Nizgsosx (X= 2, 4.5, 7, 9.5) HEA and
reported that as Cr and Ni content increases, the Al content decreases. The XRD patterns
indicated that with increase of Cr and Ni content BCC phase increases and microstructure shows
dendrite and interdendrite structure. At higher content of Cr and Ni the microhardness decreases
from 508 HV to 245 HV and impact toughness increases from 12 KJ/m? to 477 KJ/m® At

highest Cr and Ni content maximum strain of 25% observed at 750 MPa of yield strength.

38



Table 2.10 Literature on effect of Fe, Cr and Ni in Al-Fe-Cr-Ni-Co HEA system

S.No. | Year | HEA Synth Phase | Hardness | Yield Strain density
esis (HV) strength | (%) (g/lem®) | Ref.
route (MPa)
1. 2014 | AlCoCrFeNi, VIM FCC+ | - 150 25% 7.38 [126]
B2
2. 2015 | Alg,sCoCrFe s | AM FCC 167 92 - [129]
Niy 25
3. 2015 | AICoCrFeyNi AM B2, 637.2to 2335to 10%to | - [127]
(0.2t0 2.0) BCC, | 460.2 2100 40%
Cr3Ni
2
4. 2016 | Aly. AM FCC + | 508- 6% to - [128]
«Cl20+0.5xF€20 BCC 245HV 25%
Coy Nio+05x
(x=2,45,7,
9.5)
5. 2017 | AlCoCrFeNiy VIM FCC+ | - 1100 - - [130]
BCC
6. 2017 | AlCoCrFeNip; | AM FCC+ | - - - [131]
BCC -
7. 2017 | AlCoCrFeNiy; | IM FCC+ | - - - - [132]
BCC
8. 2018 | Aly;NiCo AM BCC,F | 562 1523 8% to [133]
Fe;sCris CC, HV to 334 | MPato 38%
B2, HV 941 MPa
sigma
9. 2018 | AlCoCrFe AM FCC, - 1150 18%to | - [134]
Ni, BCC MPa to 48%
B2, 250 MPa
L12
10. 2019 | AlCoCr,FeNi, | AM FCC, - 840 7.4% - [135]
BCC MPa
B2,

VIM- Vaccum induction melting

2.8.2.3. Effect of Co in Al-Fe-Cr-Ni-Co HEA system

Table 2.11 summarizes the previous work on effect of Co in AlFeCrNiCo HEA system with
different fabrication technique, phase formed, hardness, tensile or compressive strength and
density of the AIFeCrNiCo HEA. For more illustration, some of the reported work can be

explained in detail as follows.

Qin et al. [136] developed the (AICoCrFeNi)100-xCoyx (X=0, 4, 8, 12, 16,) HEA system through arc
melting technique. The XRD result indicated that as cobalt content added from 0% to 16% the
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FCC phase fraction increases from 0% to 77%. The microstructure has two regions indicating
FCC and BCC structure. The FCC region poor in Al and BCC region rich in Al. With the
increase of Co content the compressive yield strength decreases from 1300 MPa to 750 MPa and
plastic strain increases from 27% to 40%.

Kang et al. [137] synthesized the AlCo4CrFeNi (x = 0, 0.25, 0.5, 0.75, and 1) HEASs through
suction casting technique. XRD results indicated that as the Co content increases, the HEA
sample have similar A2 (BCC) and B2 (ordered BCC) structure. After heat treatment at 1300°C
for 6 hrs, the XRD pattern shows FCC, BCC, B2 and sigma phase. The compressive yield
strength of as HEA indicate that as cobalt content increases the yield strength varies in between
1271.2 MPa to 1363.3 MPa and strain varies in between 14% to 20%.

Table 2.11 Literature on effect of Co in Al-Fe-Cr-Ni-Co HEA system

S.N | Year | HEA Synth | Phase | Hardness | Yield Strain | density | Ref.
0. esis (HV) strength | (%) (glem?)
route (MPa)

1. 2019 | Aly4FeCrNiCo, | AM FCC+ | 253.6t0 965.22 70% 7.224t0 | Present
(x=0, 0.25, 0.5, BCC+ | 155.6 to 233.37 7.787 work
and 1.0 mol) B2

2. 2015 | AlysFeNiCry | MA+ | FCC+ | 577 2221 - [138]
(x=Co, Ti) SPS BCC

3. 2018 | AlLCrCo,4FeNi | MA+ FCC+ | 48610576 | 860to - [62]
(x=1.0,1.2,1.4, | SPS BCC+ | HV0.05 105
1.6) B2+o

4. 2018 | (AICoCrFe AM FCC+ | - 1300 to 27%to | - [136]
Ni)100.xCOx BCC 750 40%

(x=0, 4, 8, 12,
16,)

5. 2018 | AlCo,CrFeNi AM A2,B2 | B2:7.25t0 | 1271.2 to | 14% to [137]
(x=0,0.25, 0.5, 6.13 GPa 1313.7 20%
0.75,and 1) A2:4.19to

4.95 GPa
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2.9. Research Gap

The literature review is carried out based on the various criteria like synthesis route, property-
based, alloying element based, most cited HEA system, etc. Following research gap are

concluded.

O Limited works on erosion behavior of high entropy alloys under different operating
condition are available.

O Limited studies are available on sliding wear of high entropy alloys under different
operating condition.

O Large numbers of literature are available on equimolar high entropy alloys which have
higher strength and lower ductility. However, wear study of HEAs having higher strength

and higher ductility is rare.

2.9.1. Proposed objective of the present research work

Based on the research gap from the available literature, the objectives of the research work are

outlines as follows:

% To study the thermodynamic aspect of the HEA formation.

%+ Development of AlxFe;sCrMnNigs (x = 0.3 and 0.5 mol) HEAs through mechanical
milling and conventional sintering technique.

% To investigate the thermal, mechanical and erosion behavior of AlxFe; sCrMnNigs
(x =0.3 and 0.5 mol) HEAs.

%+ Development of Alg4FeCrNiCox (x =0, 0.25, 0.5 and 1.0 mol) HEAs through arc melting
route.

% To investigate the effect of cobalt content on thermal, mechanical and physical property
of Alg4FeCrNiCoy (x =0, 0.25, 0.5 and 1.0 mol) HEAs.

% To study the effect of cobalt content on wear behavior of Aly4FeCrNiCoy (x =0, 0.25, 0.5

and 1.0 mol) HEAs under dry and under oil lubricating conditions at room temperature.
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2.10. Working methodology for synthesis and characterization of HEAs

2.10.1. Working methodology for the development of HEAs through mechanical milling

and conventional sintering route

Development of Al,Fe, sCrMnNig s (x = 0.3 and 0.5) HEAs through mechanical milling and conventional sintering l

A 4

Thermodynamic | Al, Fe, Cr, Ni, and Mn
feasibility “| Powder
4, Characterization

20 hrs mechanical milling :r:er’;:\?:g:n of »| Morphological

of AlyFe, CrMnNig —> . analysis
~ milled powder
(x=0.3 and 0.5 mol.) HEAs after20hrs

. . ¢ N 'I’herm.al 3
Sintering analysis
(air/vacuum)

v

Characterization and property determination of

\ 4

sintered HEAs
Morphological Phase Hardness, | | Air jet erosion study with
analysis analysis Density Al, 0, particle

| S S

| Material-structure property-correlation of Al Fe, sCrMnNig (x = 0.3 and 0.5) HEAs |«

Fig. 2.15 Working methodology for the development AlxFe; sCrMnNigs (x = 0.3 and 0.5
mol) HEAs
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2.10.2. Working methodology for the development of HEASs through arc melting route

| Development of Al, FeCrNiCox{x=0.0, 0.25, 0.5 and 1.0)HEAS through arc melting |

Al, Fe, Cr, Ni, and Co i
oy 1 ¢ LTt ] e ] =
Characterization and " 1 N
i property determination _ —’{ Morphological analysis |
Hand mixed of as cast HEA
and cold Compressed A L3 Thermal analysis j=— >
Pelletof Arc melted Thermal analysis
Alp (FeCrNiCo, > Al ,FeCrNiCo, -
(x=0,0.25, 0.5, 1.0 (x=0,0.25,0.5and 1.0mol) | || Mechanical property
mol) I Hardness/ yield strength
Homogenization Physical property
At 1100 °c for 24 hrs > Density/thermal conductivity/
| Phase analysis €] ¥ Electrical resistivity
Characterization and property
q_l Morphological analysis l <] | determination of homozenized HEA _y| Worn surface and wear
7 debris morphology
” o
Thermal analysis X m g Surface profiling
w 1
- g § 5 > of worn surface
Mechanical property . ‘ X -ﬁ
Hardness/ yield § 52 -
strength L dry Lubricating oil | g g N ::;:::Ivsusof worn >

| Material-structure property-correlation of Al, FeCrNiCox{x=0.0,0.25, 0.5 and 1.0)HEAs |«

Fig. 2.16 Working methodology for the development of Aly4sFeCrNiCoy (x = 0, 0.25, 0.5 and
1.0 mol) HEAs
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Chapter Summary
This chapter includes

> Previous literature on various aspects of HEAS.
» The research gap based on the reported studies on HEAsS.
» The objectives of the research work based on the research gap.

In the next chapter fabrication of high entropy alloys and various characterization techniques

were briefly discussed.

* % % %
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Chapter 3

Materials and Methods

This chapter discusses about the different materials used and the methods adopted for the
development as well as testing of the HEAs.

In the present work, two different HEA systems have been developed using two different
synthesis techniques as highlighted below.

1. Synthesis of AlxFe;sCrMnNips (X = 0.3 and 0.5 mol) HEAs through mechanical alloying
and conventional sintering route.
2. Synthesis of Al 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs through arc melting route.

3.1. Materials and synthesis technique
3.1.1. Properties of alloying elements used for the development of HEAs

The research on HEAs indicates that elements from the entire part of the periodic table can be
used as the alloying elements, whether it is s, p, d, or f-block elements. Each element has its
unique characteristic features which can play an important role to develop the desired property in
the HEA for a specific application. Generally, the most common alloying elements used for the

development of HEAs are the d-block (transition) elements.

In the present study, two different HEA systems are designed with two different synthesis
techniques. The first HEA system is consisting of Al, Fe, Cr, Mn, and Ni elements, whereas the
other HEA system has Al, Fe, Cr, Ni, and Co elements. The physical and the mechanical

properties of individual elements are listed in Table 3.1.
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Table 3.1 Physical and mechanical properties of various elements [139, 140]

S.No. | Physical property Al Fe Cr Ni Co Mn
1 Structure FCC BCC BCC |FCC |HCP |BCC
2 Melting Point (°C) 660.4 1538 1875 | 1455 1495 | 1244
3 Boiling Point (°C) 2480 2750 2672 | 2732 2927 | 2095
4, Density at 20 °C (g/cm3) 2.71 7.87 719 [890 |89 7.44
5 Thermal conductivity (W/mK) | 237 80.2 93.7 |83 100 29.7
6 Vicker Hardness 167 608 1060 | 640 1043 |9.81
7 Tensile strength (MPa) 90-100 193-206 | - 317 255 -

8 Elastic modulus (GPa) 70.2 211 145 220 204 196

3.1.2. Fabrication of AlxFe;sCrMnNigs (x = 0.3 and 0.5 mol) HEAs through mechanical

milling and conventional sintering route

Fritsch Pulverisette (P6) high-energy planetary ball mill with tungsten carbide balls was used to
mechanically alloyed the metallic elemental powders of Al (98 %), Fe (99.5 %), Cr (99 %), Ni
(99.9 %), and Mn (99 %) purity. The elemental powders used for the development of HEA is
purchased from Loba chemical, India. The weight ratio of ball-to-powder was kept as 10:1 and to
avoid excessive cold welding and protecting the medium to avoid oxidation, toluene is used as a
process controlling agent (PCA) [141, 142]. The rotational speed of the disk over which the vial
was attached is maintained at 300 rpm, which resulted in a vial speed of 546 rpm. During milling
the alloy formation is confirmed by taken out the powder first after 10 minutes of milling and
then after every 5 hrs of interval (5 hrs, 10 hrs, 15 hrs, and 20 hrs of milling). After 20 hrs of

milling, the powder is taken out for further consolidation and characterization.

Hot compaction of AlgsFe1sCrMnNigs and AlgsFe; sCrMnNips HEA is carried out in a 12 mm
inner-diameter high-speed steel die under a load of 10 tons by utilizing a manual hydraulic press
(Kimaya Engineers-15 tons) at a temperature of 230 °C. Sintering of the compacted HEAs is

performed in an electric resistance furnace and in a vacuum induction furnace at a temperature of
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800 °C and for a time period of 2 hrs. The sintering atmosphere in case of the electric resistance
furnace was normal furnace atmosphere, and in case of the vacuum induction furnace, it was

protective vacuum environment having vacuum level of 10 atm.

3.1.3. Fabrication of Alg4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) HEAs through arc

melting route

The bulk ingots of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs are synthesized by arc
melting method under a protecting atmosphere of argon in a water-cooled copper mold. The bulk
material is prepared using the cold compacted pellet (Fig. 3.1) as the raw material in arc melting
furnace. The cold compaction is carried out in manual hydraulic press (Kimaya Engineers - 15
Tones) at load of 10 tone in a high-speed steel die of 12 mm inner diameter at room temperature.
The elemental powders of Al, Fe, Cr, Ni, Co (Loba Chemie, India) with purity more than 99.5%
are used for this purpose, and are hand mixed in appropriate proportion before compaction. The
bulk ingot samples are flipped and remelted several times to achieve the better chemical
homogeneity. The final ingots are either near cylindrical in shape with dimension of (@ 14 mm x

45 mm) or circular button shape with dimension of (& 16 mm x 12 mm) as shown in Fig.3.1.

Fig. 3.1 (a) cold compacted pellet and as casted HEA samples in (b) cylindrical shape and

(c) button shape
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3.1.4. Homogenization of as-cast Alp4FeCrNiCoy(x =0, 0.25, 0.5 and 1.0 mol) HEAs

Homogenization of as cast HEA samples were performed in chemical vapour deposition (CVD)
furnace. In which argon is utilized to give protective environment to the samples. The sample is
induction heated from room temperature (25 °C) to 1100 °C and than the samples is kept at 1100
°C for 24 hrs. The HEA samples is than cool inside the furnace to room temperature and than

removed for further processing.
3.2. Characterization of high entropy alloys
3.2.1. Phase evolution study of HEAs using X-ray diffraction (XRD)

The phase examination of samples after milling for different periods of time, after conventional
sintering of the as-milled powders, as-cast ingots and of homogenized samples is carried out
using a X-ray diffractometer (Panalytical, X pert Pro USA) fitted with Cu target (Cu Ka, A =
0.1540598 nm), operated at 40 A, 40 V, and at a scan rate of 2 deg/min. X-ray diffraction results
are also used to calculate the crystallite size, lattice strain, phase fraction and lattice parameter of
as-milled powder. Gaussian function is used to deconvolute the overlapped peaks and Scherrer

formula is used to calculate the crystallite size which is given by equation (1).

kA
D= PcosO (1)

Where, k is the shape factor whose value is generally taken as 0.9 [143], A is the X-ray
wavelength, B is the FWHM i.e full width at half maxima, © is the Bragg angle and D is the
crystallite size.

3.2.2. Microstructural examination of HEA using scanning electron microscope (SEM)

The morphology of as-milled powder and the microstructure of sintered, as cast, and
homogenized HEAs are analyzed by FE-SEM (Nova Nano 450SEM, FEI, North America) which
is operated at 30 kV. The sample is analyzed in both the imaging modes, i.e., secondary electron
(SE) mode, and back scattered electron (BSE) mode. The as-milled powder samples are

examined by spreading the as-milled powder over the double side carbon tape.
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In case of sintered, as-cast and homogenized samples, it is first mounted and grounded over a
series of SiC emery paper from 120 to 2000 grit size. Then fine polishing is done using 3 micron
alumina powder and then 1 micron, polycrystalline diamond suspension over a cloth polisher.
The chemical composition of the phases are obtained with the help of energy dispersive x-ray

spectroscopy (EDS) detector (Bruker, Germany).
3.2.3. Phase evolution study of HEAs using Transmission electron microscopy (TEM)

The nanocrystalline nature of the as-milled powder is confirmed from the TEM study. In order to
examine the crystallite size, morphology, d-spacing, and phases of as-milled powder. TEM dark
field, bright field, HRTEM images, and selected area electron diffraction (SAED) pattern are
obtained. The transmission electron microscope (Tecnai G2 20 FEI) is operated at 200 KV. For
TEM studies, powder samples are ultrasonicated for about 50 minutes in ethanol, and then are
allowed to settle down for 10 minutes. Powder sample is then collected from the top part of the
ethanol and is then spread over the top surface of a carbon-coated Cu grid (200 mesh). TEM-
EDS of as-milled powder and as-cast HEA samples were also obtained to know the chemical
composition homogeneity.

In case of the as-casted HEA sample, grinding and polishing operation is performed in a
MetaServ® 250 (Buehler) high-speed twin grinder-polishers, so as to achieve a thickness of less
than 100 microns. After that, the pre-thinned sample is cut into a circular shape with the help of a
disc cutter. Then it is followed by precision ion milling system (PIPS I, GATAN) to thin down
the material by ions in order to allow the electron to pass through the sample.

3.3. Physical, thermal and mechanical analysis of high entropy alloys
3.3.1. Density

The densities of the sintered and as-cast HEA samples were measured according to Archimedes
principle using water as a medium in a density measuring instrument (Mettler Toledo). The

working formula to calculate the density is given by equation (2).

Pexp = [ o ]Xpm 2

(Wa—wmn)
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Where pexp IS the experimental density, w, is the weight in air, wy, is the weight in a medium and
pm IS the density of the medium.

3.3.2. Thermal conductivity

The thermal conductivity of the as-cast HEA samples is measured by the hot disk thermal
constant analyzer (Model: TPS 500, Gothenburg, SWEDEN). The thermal conductivity
experiment is based on the principle of transient plane source (TPS) in which heat source coated
with Kapton film on a spiral shaped hot disk, and temperature response sensor was placed in
between the HEA samples of dimension (@ 16 mmx 5 mm). The electrical power flows through
the sample, and the thermal conductivity is measured as a function of time. The data recorded
with the help of hot disk software, and each experiment is performed five times to ensure the
repeatability of the result.

3.3.3. Differential scanning calorimetry (DSC)

The thermal stability of as-milled powder, as-cast and homogenized sample are analyzed by
differential scanning calorimetry (Netzsch, DSC 404 F3) in the temperature range of ambient (23
°C) to 1000 °C with a heating rate of 10 K/min. In this analysis the sample is placed in an
alumina crucible, and a baseline correction is performed before acquisition of the heat flow curve
in each experiment. It is tried to maintain zero temperature difference between the sample holder
and the referenced. For any phase change, heat may be absorbed or evolved, and the system is
required to maintain the zero temperature difference by flowing an appropriate amount of heat to

either the sample or the holder.

3.3.4. Microhardness measurements

For microhardness measurement, the sintered, as-cast and homogenized HEA samples are
prepared according to ASTM E3-11 standards and then tested in a microhardness tester (VMHT,
Walter-Uhl) by applying a load of 200 gf for a dwell time of 15 s. For each sample average of
ten measurements are recorded on the mirror polished surface. The hardness is evaluated by the
equation (3).

HV =0.1891 — ©)

Where N is the applied normal load in (Kgf) and D is the diagonal length of the indentation.
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A empirical relation is used to calculate the yield strength of the sintered HEA from

corresponding hardness.

oy (MPa) = 3 xHv (HVN) (4)

3.3.5. Room temperature Compression testing

The compression testing of the as-cast and the homogenized sample of Aly4FeCrNiCoy (X = 0,
0.25, 0.5 and 1.0 mol) HEAs is performed on BISS UT 21 testing machine according to ASTM
E 9 standards. Cylindrical samples of dimension (84 mmx 4mm) are prepared with the help of
electric discharge machining (EDM). The tests are performed at room temperature with a rate of

0.5 mm/min.

Fig. 3.2 Specimen for compression test

3.4 Air jet erosion and sliding wear measurement

3.4.1 Air jeterosion test

Air jet erosion study of sintered AlxFe;sCrMnNigs (x = 0.3, 0.5 mol) HEAs is performed
according to ASTM G76 standards by utilizing air jet erosion tester (DUCOM, TR-471-800) at
four different angles, i.e., 90°, 75° 60° and 45°. The tester consists of a nozzle made up of

alumina with a diameter of 1.5 mm and a length of 50 mm, an erodent feeding device and the
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target mount. Alumina (Al,O3) particles with an average particle size of 50 um are used as the
erodent material. The mass flow of the erodent is fixed at 2 g/min, and the erodent velocity on
the target was maintained at 70 m/s. The distance between the nozzle exit and the target is
maintained at 10 mm. The erosion value is calculated using the following equation.

Volume loss of the specimen( mm?)

Erosion Value = 4

Erodent Consumed (g)

3.4.2 Sliding wear test

The wear tests of homogenized Alg4FeCrNiCox (x = 0, 0.25, 0.5 and 1.0 mol) HEAs is
performed according to ASTM G99 standards at room temperature using a pin on disk tribometer
(DUCOM, CM9112). Cylindrical specimens of dimensions (& 8mm x 23 mm) as shown in Fig.
3.3 are tested under dry condition as well as under commercially available engine oil (SAE
Grade: 20W-40) with viscosity of (13.5 -15.5 at 100 °C, cSt), viscosity index of (114), flash
point of (240 °C), pour point of (-21 °C). The HEA pin samples are slid against a standard EN-31
steel disc of dimensions (8100 mm x 8 mm) and with a hardness of 60-65 HRC. The HEA
samples are grounded before each experiment with a series of emery papers (220, 400, 600, 800,
1000 grit) followed by ultrasonic cleaning in an acetone bath. The wear tests are carried out
under different sliding parameters as listed in Table 3.2. The coefficient of friction (COF) is

recorded automatically through computer-controlled LabVIEW software.

(a) (b)

"E:'; 3 4
i f‘-hh‘ﬂ

Fig. 3.3 Specimen for pin-on-disk
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Table 3.2 Parameters for pin-on-disk test

Parameters Value

HEA Pin Composition (mol) 0,0.25,05,1

Sliding speed (m/s) 05,1,15,2

Sliding distance (m) 1000, 2000, 3000, 4000
Normal load (N) 5, 10, 15, 20

Track radius (mm) 25 mm

Medium Dry and 20W-40 oil
Temperature Room temperature (25 °C)
Counter Part EN-31 disk

Each experiment is repeated three times, on separate samples, to ensure the repeatability of the
result. The specific wear rate of the HEA specimens is calculated according to the following

equation.

Am

W = oo ®

Where, Ws is the specific wear rate in mm?®/Nm, Am is the mass loss after the wear test in grams,
p is the density of HEASs in g/cm®, Vs is the sliding speed in m/s, t is the wear test duration time
in second, fn is the normal load in Newton. After the wear test the worn surface morphology and
the composition of the HEA pin samples are analyzed using a SEM and EDS, respectively to
predict the wear mechanism. White light interferometer attached with a 10X objective lens was
used to generated the 3D profile of the worn surfaces. The oxide and the other unknown
compounds formed on the worn surface during the wear process are analyzed using X-ray

photoelectron spectroscopy (XPS).

53



Chapter summary
This chapter includes.

» Various properties of alloying elements.

> Brief discussion about the fabrication technique.

» Thermal, mechanical and physical characterization.
» Erosion and sliding wear characterization.

In the next chapter results and discussion of synthesis, characterization and air jet erosion
study of AlyFe; sCrMnNigs(x = 0.3 and 0.5 mol) HEAs is briefly discussed.

* % % %
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Chapter 4

Synthesis, characterization and air jet erosion study of AlxFe; sCrMnNigs
(x =0.3 and 0.5 mol) HEAs

4.1 Introduction

The AlxFe1sCrMnNigs (x = 0.3 and 0.5 mol) HEAs are synthesized by mechanical alloying
(MA) and conventional sintering technique. The effect of aluminium content on the phase
evolution of HEAs is investigated using XRD, SEM, EDS, HRTEM, SAED. Thermal,
mechanical, and physical properties are measured. Air jet erosion test is performed to investigate
erosion behavior of sintered HEA. For convenience in writing, AlgsFe;sCrMnNigs HEA is
denoted as (Al0.3), AlysFe;sCrMnNigsHEA sintered in a vacuum is designated as S-1, and
Al sFe; sCrMnNigs HEA sintered in the air is designated as S-2 in subsequent text. Similarly,
AlgsFe; sCrMnNigs HEA is being denoted as (Al0.5), AlgsFe;sCrMnNigs HEA sintered in
vacuum designated as S-3, and AlysFe1sCrMnNigs HEA sintered in the air is designated as S-4

in subsequent text.
4.2 Phase evolution of AlxFe;sCrMnNigs (x = 0.3 and 0.5 mol) HEAs

Figure 4.1(a) represent the XRD pattern of milled powder of AlysFe;sCrMnNigs HEA for
different milling times. It can be observed that the individual peaks of all elements can be
identified after only 10 mins of milling and then after every 5hrs. As the time progresses, Al is
the first element to dissolve, and it completely disappears after 5 hrs of milling. In a similar
manner, the intensity of peaks of other elements also decreases as the milling progresses from 10
min to 20 hrs. The width of peaks corresponding to (110) plane is observed to increase
throughout the milling process. All other peaks vanish with the progress of milling which

indicates the formation of the solid solution [144, 145].

The d-spacing and the lattice parameter value of the 20 hrs of milled powder in the reflecting
plane (110) are observed to be d = 2.043 A and a = 2.889 A, respectively. In case of pure Cr, the
d-spacing and the lattice parameter value for the (110) plane is observed to be d = 2.039 A and a
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=2.884 A respectively. This gives an indication that other elements prefer to diffuse into the

(110) plane lattice site of Cr. Due to higher melting point and lower diffusion coefficient, the

diffusion of Cr into another lattice site become difficult. [48, 146]
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Fig. 4.1 XRD patterns of milled powders after 10 min, 5 hrs, 10 hrs, 15 hrs, 20 hrs of

milling in case of (a) Alp3CrFe; sMnNigs HEA and (b) AlpsCrFe;sMnNigs HEA.

In case of the AlysFe; sCrMnNigs HEA, as shown in Fig. 4.1(b), the d-spacing and the lattice

parameter values of the 20 hrs of milled powder in the reflecting plane (110) are found to be d=

2.04315 A, and a = 2.889 A, respectively, and that of pure Cr corresponding to the (110) plane is

found to be 2.039 A and 2.899 A, respectively. This observation also suggests that all other
elements diffuse into Cr [48, 146]. In case of both the HEAs, i.e., AlyFe;sCrMnNigs (X = 0.3,
and 0.5), primarily BCC phase is observed to be getting formed after 20 hrs of ball milling along

with a small fraction of FCC phase. The phase fraction of FCC in BCC matrix is calculated after

deconvoluting the peaks as seen in Fig. 4.2(a) and Fig. 4.2(b) using eq. (1) [147] . The minor
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FCC peak and the major BCC peak have shown a lattice parameter of 3.645 A and 2.889 A,
respectively. The phase fraction of FCC in BCC phase after 20 hours of milling in
AlxFe; sCrMnNigs (x = 0.3, 0.5 mol) HEAs is found out to be 29.35 % and 24.76 %,

respectively.
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Fig. 4.2 Deconvoluted XRD pattern of 20 hrs milled powder of (a) Aly3CrFe;sMnNigs HEA
(b) A|0_5CFF61_5MnNio_5 HEA
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Fig. 4.3 Crystallite size and lattice strain as a function of milling time for the BCC phase of
(a) A|0,3F91_5chnNio_5 HEA and (b) A|0_5F61.5CFMnNi0.5 HEA.
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Figure 4.3(a) and Fig. 4.3(b) shows the variation in crystallite size and lattice strain of the BCC
phase formed in AlxFe; sCrMnNigs (X = 0.3 and 0.5) HEA. Crystallite size and lattice strain are
calculated using Scherrer’s formula [143]. It can be observed from Fig. 4.3(a) that as the milling
time increases from 0 hrs to 20 hrs, the crystallite size decreases from 20.8 nm to 9.64 nm in case
of the Aly3CrFe;sMnNigs HEA, and in case of the AlysCrFe;sMnNigs HEA, it decreases from
18.56 nm to 5.3 nm as shown in Fig. 4.3(b). The calculation has been carried out only
considering the BCC phase. At the same time, the lattice strain is observed to increase with the
increase in milling time, and it reaches up to 1.94 % and 1.79 % for the BCC phase in case of
Alg3CrFe; sMnNigs HEA and AlysCrFe; sMnNigs HEA as shown in Fig. 4.3(a) and Fig. 4.3(b)

respectively.
4.3 Morphology and mechanism of alloy formation

At the start of the milling, all the elemental powders get combined and decrease the inter
lamellar spacing of the resultant crystal due to cold welding. As the milling progresses, work
hardening of the powder particles increases, and this increases the brittleness, which in turn starts

the fracturing of the particles.

Fig. 4.4 Morphology of AlysFe; sCrMnNigs (Al0.3) HEA after different milling times (a) 10 min (b)5
hrs (c) 10 hrs (d) 20 hrs.
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With the increase in milling time, the crystallite size decreases as shown in Fig. 4.3 and the
diffusion of the individual atoms start. However, the diffusion is only possible when the inter
lamellar spacing between the elements decreases to a certain level. Microstrain increases as a
result of diffusion of one atom into the lattice defect of other elements which in turn have

originated from severe plastic deformation during milling.

Fig. 4.5 Morphology of AlgsFe; sCrMnNig s (Al0.5) HEA after different milling time (a) 10
min (b) 5 hrs (¢) 10 hrs and (d) 20 hrs.

SEM images of as-milled powders after a milling period of 10 mins, 5 hrs, 10 hrs, and 20 hrs, in
the case of AlysFe; sCrMnNigs and AlgsFe1 sCrMnNigs HEAS are shown in Fig. 4.4 and Fig. 4.5,
respectively. From Fig. 4.4 and Fig. 4.5, it is observed that most of the particles are irregular and
the average particle size is in between 2 pm and 5 um. It has also been found that as the
aluminum content increases from x= 0.3 to 0.5 mol, the amount of cold welding also increases in

comparison to the fracturing process and this causes the formation of layered structure [148].
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4.4 TEM analysis of AlyFe; sCrMnNigs (x = 0.3 and 0.5) HEA after milling

Figure 4.6 shows the variation between the expected and the observed chemical compositions of
20 hrs milled powder measured from TEM-EDS, and this indicates little variation between
expected and observed value as shown in Fig. 4.6(a) and Fig. 4.6(b). Figures 4.7 and Fig. 4.8
show the TEM bright-field, dark-field, SAED, and HRTEM images of the 20 hrs of milled
AlgsFe; sCrMnNigs HEA and AlgsFe; sCrMnNigs HEA, respectively which confirm the nano
crystalline nature of the milled powder. SAED analysis verifies the formation of the BCC phase.
The average crystallite sizes of AlgsFe;sCrMnNigs HEA and AlgsFe; sCrMnNigs HEA as
observed in TEM dark field image are observed to be 1.739 nm and 1.457 nm, respectively.

4
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Fig. 4.6 TEM-EDS analysis of 20 hrs milled powder of (a) Alp3CrFe;sMnNigs and (b)
A|0.5CFF91.5MnNi0.5 HEA.

60



» T

(e)

Frequency

[

:

AlysFoy CrMnNip HEA |
Avg. Crystallite = 1.7396 nm

.

H H .
Diameter (nm)

Fig. 4.7 Typical TEM micrographs of 20 h milled powder of Aly3CrFe; sMnNigs HEA, (a)
bright field image, (b) SAED pattern (¢) HR-TEM image, (d) TEM dark field image, and
(e) crystallite size distribution which gave us an average crystallite size of 1.739 nm
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Fig. 4.8 Typical TEM micrographs of 20 hrs milled powder of AlysCrFe; sMnNips HEA (a)
bright field image (b) SAED pattern (¢) HR-TEM image, (d) TEM dark field image, and (e)
crystallite size distribution, which give an average crystallite size of 1.457 nm.

The inter planar spacing as determined from the X-ray diffraction analysis is 0.2023 nm for the
Alg3CrFe; sMnNigs HEA, and 0.2094 nm for the AlpsCrFe; sMnNigs HEA is in close agreement
with the inter planar spacing measured from the HR-TEM image and from the SAED patterns. In
case of AlysCrFe;sMnNigs HEA, the d-spacing as determined from SAED pattern is 0.201 nm
and from HR-TEM is 0.198 nm. In case of the AlysCrFe; sMnNigs HEA, the d-spacing value as
measured from the XRD analysis, SAED pattern, and HRTEM image are 0.2094 nm, 0.1986 nm,

and 0.195 nm, respectively.

62



4.5 Thermal analysis of 20 hrs milled AlxFe; sCrMnNigs (x = 0.3 and 0.5) HEAs

Figure 4.9 shows the DSC curve of 20 hrs milled powder of AlxFe;sCrMnNigs (x=0.3 and 0.5)
HEAs over the temperature range from ambient (23 °C) to 1000 °C and for a heating rate of 10

°C/min.
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Fig. 4.9 DSC scan of 20h milled powder of AlxCrFe; sMnNigs (x = 0.3 and 0.5) HEAS

At the temperature of around 537 °C, the mechanically alloyed AlysFe; sCrMnNigs HEA shows
an exothermic peak at 537.025 °C which is associated with release of internal stresses and the
peak around 935.12 °C for AlgsFe; sCrMnNigs HEA shows an endothermic peak which is related
with phase change.

4.6 Thermodynamic Parameter of AlxCrFe; sMnNigs (x = 0.3 and 0.5) HEAs

Thermodynamic parameters such as: the atomic size difference (6), the enthalpy of mixing
(AHmix) and the entropy of mixing (ASmix) were commonly used to characterize the collective
behavior of the constituent elements in the multi-component alloys [149].

The atomic size difference () is defined by eq. (2)
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5=100 \/ s, c(1- %)2 )

Where, r = ¥"_, C;r;, ¢ and r; are the atomic percentage and atomic radius of the i element. The
numerical factor 100 is used to amplify the data for clarity. The theoretical value of c; is taken
from Table 4.1.

The enthalpy of mixing (AHpix) can be represented by eq. (3)
AHpix = Xizq iz Q4 CiC; (3)

Where Qjj = 4 Amix(AB); Amix(AB) is the enthalpy of mixing of binary liquid AB alloys, and
entropy of mixing (ASmix) can be represented by eq. (4)

ASpmix = =R Y-, C;InC; (4)

Where, R is the gas constant. In addition to the above thermodynamic parameters, VEC is

another parameter which helps in determining the phase stability of alloys [149]. VEC is defined
by eq. (5)

VEC = Xz, G (VEC); ()

Where, (VEC)i is the VEC for the ith element. Thermodynamic parameters are calculated by
using the required data listed in Table 2.2 and Table 4.1 [19]. The enthalpy of mixing (kJ/mol) of
different atomic pairs in the AlxFe;sCrMnNips HEA system is shown in Table 2.3 [150] and
they have been used to calculate the enthalpy of mixing of the HEA.

Table 4.1 EDS results (in at.%) of 20 hrs milled AlxFe; sCrMnNigs (X = 0.3 and 0.5) HEAS

Composition elements Al% Fe% Cro%o Mn% Ni%
Al(0.3) theoretical 6.97 34.88 23.25 23.25 11.62
average 6.37 33.56 23.07 23.36 10.73
Al(0.5) theoretical 11.11 33.33 22.22 22.22 11.11
average 10.01 33.71 23.28 21.34 10.12
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Table 4.2 Thermodynamic parameters of AlxFe;sCrMnNigs (x = 0.3 and 0.5) HEAs.

Composition | ASconig Delta (6) | AHnix VEC AX Tm Q Ref.
(I/mol-K) (kJ/mol) (°C)

Al(0.3) 10.2389 | 0.03709 |-5.5041 | 7.1857 | 0.1559 | 1484.96 | 2.762 | [149]

Al(0.5) 12.661 0.04502 | -7.2576 | 6.9993 | 0.1287 | 1448.22 | 2.526 | [149, 151]

Calculated values of ASmix, AHpmix, VEC and & for the present AlxFe;sCrMnNips (x = 0.3 and
0.5) HEA is listed in Table 4.2, which is consistent with the criteria of solid solution formation
and the phase stability of HEA given in previous studies of Zhang and Guo [19, 20], i.e., if 15
kd/mol < AHpix < 5 kd/mol, and VEC > 8.0 forms FCC, VEC < 6.87 forms BCC and 6.87 < VEC
< 8.0 mixed FCC and BCC phases provided, Q > 1 and 1 < 6 <6. The high value of entropy of
mixing (ASmix) iS mainly responsible for the formation of solid solution, and the value of VEC
confirms the mixture of BCC and FCC phases [3, 151].

4.7 Microstructure and phase analysis of sintered AlxCrFe;sMnNigs (X = 0.3 and 0.5)
HEAs

Figures 4.10(a) and Fig. 4.10(b) show the detailed XRD analysis of AlxCrFe;sMnNigs (x = 0.3
and 0.5) HEAs sintered at 800°C in the air and vacuum atmosphere. In both the air and vacuum
sintering conditions, similar XRD pattern are observed for AlxCrFe; sMnNigs (x = 0.3 and 0.5)
HEAs. The crystal structure of the sintered alloys consists of FCC and BCC solid solutions in
both air- and vacuum-sintered conditions. The regions rich in (Fe, Ni, Cr) mainly have BCC
phase with a lattice parameter of 2.87 A. This is because the binary enthalpy of mixing of FeCr is
(1 kdJ/mol) and that of FeNi is ( 2 kJ/mol) [150] and Al and Cr elements are BCC stabilizers. On
the other hand, the regions rich in (Mn, Ni, Cr) have FCC phase because Mn and Ni elements are
FCC stabilizers and binary enthalpy of mixing of MnNi is (-8 kJ/mol), and that of CrNi is ( 7
kJ/mol) [150]. It is also expected that in the BCC matrix, AINi precipitate of ordered BCC (B2)
structure may form due to the highest negative binary enthalpy of mixing of AINi (22 kJ/mol) [3,
44, 48]. In addition to this, many X-ray diffraction peaks are observed to appear in between 40°
and 50°, which denote p phase (JCPDS No.-00-036-1373) and is composed of CrsFesMng having
a tetragonal structure with lattice constants a = 9.09 A° and ¢ = 9.99 A° as reported in previous
literature [42, 44].
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Fig. 4.10 XRD analysis of HEA sintered at different environment (a) Alo3CrFe;sMnNigs

HEA (b) A|0,5C|’F91,5MnNio.5 HEA

Fig. 4.11

BSE micrographs of AlFe;sCrMnNips (x=0.3, 0.5) HEA (a) Al0.3, vacuum

sintered (S-1) (b) Al0.3, air sintered (S-2) (c¢) Al0.5, vacuum sintered (S-3) (d) AIOQ.5, air

sintered (S-4)
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The formation p phase occurs due to the transformation of BCC phase, as with an increase in p
phase, the BCC phase is observed to decrease. Figure 4.11 shows the BSE micrograph, and the
chemical compositions of Aly3CrFe; sMnNips HEA and AlpsCrFe; sMnNips HEA, in the air- and
vacuum-sintered conditions. The black spot in the BSE micrograph corresponds to the porosity.
The morphology is observed to be like a circular plate. The approximation of grain size is made
by assuming the grain to be circular in 2D view of the SEM image for both air- and vacuum-
sintered conditions in case of AlyFe;sCrMnNigps (x = 0.3 and 0.5) HEAs. It has been found that
the average grain size diameter in S1is 1.79 pum, in S2 is 1.37 pm, in S3 is 1.27 pym, and in S4 is
1.12 um. Hence, the sizes of the grains in the samples sintered in the air are slightly smaller than

that of the samples sintered in a vacuum. This may be due to faster cooling during air sintering.

4.8 Bulk density and microhardness of AlxFe; sCrMnNigs (x = 0.3 and 0.5 mol) HEAs

Table 4.3 shows the variation of density and microhardness with the sintering condition. The
experimental density is calculated by Archimedes principle, and the theoretical density
calculated using the rule of mixture as shown below [152].

Y. CiA;
Pmix = CilAil (6)
X0

Here, A; and p; are the atomic weight, and the density of i"" element, respectively. The calculated
value of p,,;, for AlgsFe;sCrMnNigs and AlgsFe; sCrMnNigs HEAS are 7.228 g/cm® and 6.959
glem®, respectively. The microhardness of AlxFe; sCrMnNigs (x = 0.3 and 0.5) HEAs are listed
in Table 4.3, and based on the following empirical relation and is used to calculate the yield

strength of the corresponding HEAS.
oy (MPa) = 3 x Hv (HVN) (7)

The yield strength as determined from eq. (7) is listed in Table 4.3. It is observed that the
AlgsFe1sCrMnNigs HEA sintered in air exhibits a maximum value of hardness and yield
strength of 386.7 HV and 1160.1 MPa, respectively.
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Table 4.3 Variation of density and microhardness with sintering condition

Sample Sintering | Sinter | Micro Yield Density | Theoratical | Theoratical
condition | ing hardness | strength | (Exp.) Density MP (°C)
Temp. | (HV) (MPa) glem® | glem®
(C)
AlysFe; sCrMnNigs | Vacuum 800 210 630 5.797 7.228 1484.96
Alo_gFel_schnNio_s Air 800 253.1 759.3 5.752
AlysFe; sCrMnNip | Vacuum 800 319.9 959.7 5.852 6.959 1448.22
AlgsFe;sCrMnNigs | Air 800 386.7 1160.1 5.823

The higher value of hardness and in turn yield strength in case of air sintered sample is due to the
presence of finer grains as a result of faster cooling rate in case of air-sintering as compared to
sintering of HEA in vacuum environment. It is suggested that the density and mechanical
strength may further be improved by selecting suitable sintering process such as spark plasma
sintering (SPS) and hot iso-static pressing (HIP).

4.9 Air jet erosion test

The air jet erosion behavior of the AlxFe; sCrMnNigs(x = 0.3 and 0.5) HEAS is evaluated using
an air-jet erosion tester. The tester consists of a nozzle made up of alumina with a diameter of 1.5
mm and a length of 50 mm, an erodent feeding device and the target mount. Alumina (Al,Os3)
particles with an average particle size of 50 um are used as the erodent material. The mass flow
of the erodent is fixed at 2 g/min, and erodent velocity on the target is maintained at 70 m/s. The
target is mounted at different jet impact angles of 90°, 75° 60°, and 45°. The distance between
the nozzle exit and target is maintained at 10 mm. The erosion value is calculated using the

following eq. (8) for duration of 10 minutes.

Volume loss of the specimen ( mm?3) ®)

Erosion Value =
Erodent Consumed

From Fig. 4.12(a) and Fig. 4.12(b), it may be observed that there is an increase in erosion value
of the alloys with decreasing angle of impingement irrespective of the sintering conditions and
presence of the alloying elements. The maximum erosion occurs at a 45° impingement angle in

case of both the alloys. On comparing the erosion value of AlysFe;sCrMnNigs HEA and
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AlysFe; sCrMnNips HEAS in both air- and vacuum-sintered conditions, it is observed that the
AlysFe; sCrMnNigs HEA exhibits lesser erosion value under all sintering conditions. However, a
comparison of the erosion value between the air- and the vacuum-sintered HEAs shows that the
erosion value is less for the air-sintered HEAs. This is because of the higher value of hardness of
the HEA sintered under air [153].

Figure 4.13 shows the optical macrographs of eroded surfaces of the AlysFe;sCrMnNigs HEA
tested at impingement angles of 45°, 75° and 90°. It is seen that at 45° impact angle, elliptical
eroded shape gets formed on the surface, and this is attributed to the higher divergence of the
eroded particle stream [154]. On the other hand, at 90° and 75° impact angles, circular and oval
shape depression is observed. The eroded surface reveals three regions; first region ‘A’ where
severe erosion has taken place, second region ‘B’ of faint color, where medium erosion has

occurred, and an outside region ‘C’, where lowest amount of erosion has taken place.

0‘0 1 1 " 1 " 1 3 0.40 I A i A 1 o 3 o 4
1 (a) Al ;Fe, .CrMnNi, ; HEA —s— S-1 (b) Al, sFe, CrMnNi, s HEA —a—53
~ 0354 - §-2 0.354 —e—S.4
g 8
™ 1 P
E £ 0.30-
g 0.30 4 g
H ' @ 0.26-
2 0254 2
o ] >
5 g 0204
2 0204 2 S
o : 8 0154
-
w 0.5+ \ w
) 0.104
0.104 \\
s 0 B o &0 50 60 70 80 90
40 50 60 70 0 0
Angle(degree) Angle(degree)

Fig. 4.12 Variation of erosion value with a different angle of impingement (a)
AlgsFe1sCrMnNips HEA and (b) AlgsFe1sCrMnNigs HEA for sintered under different
conditions.
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Fig. 4.13 Optical macrograph of AlysFe; sCrMnNiys HEA showing the eroded surface at
various impact angles (a) 45° (b) 75° and (c) 90°.

From Fig. 4.12, it is seen that the erosion rate at 45° impact angle is higher as compared to 90°
impact angle. This is due to more systematic formation and cutting of platelets by the erodent. At
lower angles of erosion, shear-type plastic deformation occurs as a result of sliding action of the
erodent particles and at higher angles, indentation and crater are formed due to the impact of the
erodent, and these features generally occur in the ductile mode of erosion [155].

Fig. 4.14 Eroded surface profile of AlysFe; sCrMnNigsHEA at various impact angles (a) 45°
(b) 75° and (c) 90°

Figure 4.14 shows the eroded surface profiles of AlgsFe;sCrMnNigs HEA at different impact
angles of 45° 75° and 90°. The change in eroded surface profile depends upon the angle of
impact and velocity [156]. It can be seen that at 45° impingement angle, elliptical erosion shape
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gets formed and at 90° oval shape with the deepest point of profile gets formed. The different
region represented by various colors in an eroded profile shows the intensity of erosion. In
Figure 4.14(a), region A (dark blue color) has highest erosion rate while region B (cyan color)
has moderate erosion and region C (white color) has the lowest erosion.

4.10 Comparison with reported results

Chen et al. [42] have synthesized AlCrFe; sMnNigs (X = 0.3 and 0.5) HEAS through arc melting
route and have reported that the as-cast samples of x=0.3 and x=0.5 form FCC + BCC and BCC
type structure, respectively. The hardness of the as-cast samples is observed to vary in between
297 HV and 396 HV. Lee et al. [84] have developed AlLCrFe; sMnNigs (x =0, 0.3 and 0.5) HEA
system through arc melting route. They have reported that the HEA forms primarily BCC
structure along with some amount of FCC and a-FeCr phases. The hardness is observed to
increases from 300 HV to 450 HV with increase in aluminium content from x= 0 to 0.5. Chuang
et al. [48] have developed Aly3CrFe;sMnNips HEA system through arc melting route and
reported that the system forms FCC + BCC type structure along with CrsFesMng tetragonal

structure.

In the present study the AIlCrFe;sMnNigs (x = 0.3 and 0.5) HEA system were developed
through ball milling and conventional sintering route. After ball milling the major and the minor
phase are observed to be BCC and FCC, respectively. After conventional sintering the BCC and
FCC phases appeared along with CrsFesMng which is of tetragonal structure. The microhardness
is observed to vary from 210 HV to 386 HV which are similar to the reported result.
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Chapter Summary

This chapter includes

» Characterization of milled and sintered AlxFe; sCrMnNigs (x = 0.3 and 0.5 mol) HEAs.

> Physical, thermal and mechanical analysis of AlxFe1sCrMnNigs (x = 0.3 and 0.5 mol)
HEAs.

» Air jet erosion of AlxFe; sCrMnNigs (x = 0.3 and 0.5 mol) HEAs.

In the next chapter result and discussion of synthesis and characterization of as-cast and
homogenized Aly4FeCrNiCox (x = 0, 0.25, 0.5 and 1.0 mol) HEASs is briefly discussed.

*kkk
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Chapter 5

Synthesis and characterization of as-cast and homogenized Aly sFeCrNiCoy
(x=0,0.25, 0.5 and 1.0 mol) HEAs through arc melting route

5.1 Introduction

The Aly4FeCrNiCoy (x =0, 0.25, 0.5 and 1.0 mol) HEAs is fabricated through arc melting route.
The phase and microstructure of as-casted ingot and homogenized samples were carried out by
using X-Ray diffractometry (XRD), scanning electron microscopy (SEM), and energy dispersive
spectroscope (EDS). Physical, thermal and mechanical properties were also measured. For ease
of  representation,  Alg4FeCrNiCox=o, Alo4FeCrNiCox=025, Alg4FeCrNiCoyx=5  and
Alg4FeCrNiCoy-1 HEASs were denoted as Co=0, Co=0.25, Co=0.5 and Co=1 HEAs in the text,

respectively.

5.2 Analysis of as-cast Alg 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs

5.2.1 Microstructure and phase analysis of as-cast Alp4FeCrNiCox (x =0, 0.25, 0.5 and 1.0
mol) HEASs

Figure 5.1 shows the XRD pattern of as-cast Alg4FeCrNiCoy(x = 0, 0.25, 0.5 and 1.0 mol)
HEASs. The peak reflection for Alg4FeCrNiCoy(x = 0 to 0.5 mol) HEAs has mixed phase of FCC
plus BCC solid solution. Whereas in case of Co=1 HEA has FCC structure. The lattice constants
and volume fraction of BCC and FCC are calculated from the x-ray diffraction and SEM
micrograph as listed in Table 5.1. The calculated value of lattice constant for both the phases is
in close agreement with the available literature [111, 157, 158]. As the concentration of cobalt
increases from x = 0 to 0.5 mol, BCC peaks start vanishes and completely disappear at x = 1.0
mol. The volume fractions of FCC phase increases from 83% to 98% and BCC phase decreases
from 16% to 1.4%. It is also observed from XRD graph as seen in Fig. 5.1, that the peak intensity

of (111) plane is gradually increasing with increase in the amount of cobalt. From the above
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discussion, one can conclude that cobalt is an FCC former in Aly4FeCrNiCox (x = 0, 0.25, 0.5
and 1.0 mol) HEAs.

Figure 5.2 shows the SEM micrograph of as-cast HEAs with varying cobalt content and it is
observed that the Co=0, C0=0.25, Co=0.5 HEA form mixed phase of face-centered cubic (FCC)
plus body-centered cubic (BCC) structure and the two regions is designated as region A and
region B. The microstructure for Co=1 HEA shows only single region of FCC phase. The

compositional analysis of different region obtained from EDS and listed in Table 5.2.
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Fig. 5.1 X-ray diffraction of as-cast Aly4FeCrNiCoy(x =0, 0.25, 0.5 and 1.0 mol) HEAs

Table 5.1 Lattice constant and volume fraction of as-cast Aly4sFeCrNiCoy (x =0, 0.25, 0.5
and 1.0 mol) HEAs

HEAs Lattice Constant (A) Volume fraction (%)

FCC phase BCC phase FCC phase BCC phase
Co=0 3.594 2.868 83.5 16.5
C0=0.25 3.595 2.867 93.0 7.0
Co=0.5 3.593 2.870 98.5 1.5
Co=1 3.578 0.0 100 0.0
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Fig. 5.2 SEM micrograph of as-cast (a) Co=0 HEA (b) C0=0.25 HEA(c) Co=0.5 HEA
(d) Co=1HEA

Table 5.2 EDS results (in at.%6) of as-cast Aly4sFeCrNiCox (x =0, 0.25, 0.5 and 1.0 mol)

HEAS[AS: area scan, PS: point scan]

HEAs Region Al(at%) Fe(at%) Cr(at%o) Ni(at%o) Co(at%)
Theoretical 11.76 29.41 29.41 29.41 -
Co=0 Overall, (AS) 13.78 27.67 28.14 30.41 -
A (FCC), (PS) 10.60 30.24 27.82 31.34 -
B (BCC), (PS) | 21.56 22.01 26.81 29.62 -
Theoretical 10.95 27.39 27.39 27.39 6.84
Co=0.25 Overall, (AS) 10.23 27.96 28.37 26.50 6.94
A (FCC), (PS) 9.96 28.18 28.09 26.18 7.59
B (BCC), (PS) 19.0 20.87 26.23 27.88 6.02
Co=0.5 Theoretical 10.25 25.64 25.64 25.64 12.82
Overall, (AS) 7.96 27.02 25.80 25.79 13.49
A (FCC), (PS) 8.06 25.59 26.21 26.79 13.35
B (BCC), (PS) 17.50 16.06 42.16 15.82 8.46
Co=1 Theoretical 9.09 22.72 22.72 22.72 22.72
Overall, (AS) 6.57 23.68 22.01 23.71 24.03
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Fig. 5.3 TEM bright field, SAED pattern and dark field of as-cast HEA (a-c) Co=0 HEA
(d-f) Co=0.25 HEA (g-i) Co=0.5 HEA
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The EDS results show that the region poor in Al formed FCC structure as reported in the
previous literatures [136, 159]. Region rich in Al and (Fe, Cr) formed BCC structure and the
rich Al combined with Ni to form AI-Ni rich phases or B2 phase. The reason behind the
formation of Al-Ni is due to the larger negative enthalpy of mixing between Al-Ni (-22KJ/mol)
than the other atomic pairs present in the alloy system and this inference is consistent with the
previous studies [110, 111].

Figure 5.3 shows the TEM bright field, dark field, and SAED pattern of as-cast Aly4FeCrNiCoy
(x =0, 0.25 and 0.5 mol) HEAs. In the bright field image Fig. 5.3(a, d and g) all the phases can
be easily distinguished by image contrast. Chemical composition (in at.%) of phase present in as
cast HEAs are identified by the TEM-EDS as seen in Fig. 5.4. The result indicates that both
darker and lighter portion has uniform composition of (Co, Cr, Fe and Ni). Fig. 5.3(b, e, h)
shows the SAED pattern of brighter region indicating FCC phase of Aly4FeCrNiCoy (x =0, 0.25
and 0.5 mol) HEAs.

As the cobalt concentration increases, uniform homogeneous mixture (Fe, Cr, Ni, Co) forms. It is
in accordance with the TEM-EDS results of HEAs, and this confirms the formation uniform
solid solution of (Fe, Cr, Ni, Co) as seen in Fig. 5.4. The solid solution of (Co, Cr, Fe, Ni) having
FCC crystal structure as reported in previous studies also [160].
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5.2.2 Thermal analysis of Aly4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) HEAs

Thermal behavior of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs was carried out by using
differential scanning calorimetry (DSC) in the temperature range from room temperature to 1000
°C with a heating rate of 10 K/min. The DSC curve as seen in Fig. 5.5 indicates that there is no
any evidence of significant peak up to 1000 °C. This confirms that the AlysFeCrNiCox (x = 0,
0.25, 0.5 and 1.0 mol) HEA is does not show any phase transition up to 1000 °C.

A A A A A A A A A " ' A '

] 1 Al FeCrNiCo, (x=0,0.25,0.5,1.0 mol) HEAs

1 N
- Co=0.25

4 N

Exothermic (a.u)
4
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Temperature ('C)

Fig. 5.5 DSC analysis for as-cast AlpsFeCrNiCox (x = 0, 0.25, 0.5 and 1.0 mol) HEAs

5.2.3 Thermal conductivity of as-cast Aly4FeCrNiCoy (x =0, 0.25, 0.5 and 1.0 mol) HEAs

Figure 5.6 shows the variation in thermal conductivity of Aly4FeCrNiCoy (x = 0, 0.25, 0.5 and
1.0 mol) HEAs with cobalt content. The thermal conductivity was recorded by average of five
readings. From the figure it is observed that with increase in cobalt content from x = 0 t01.0 mol
the thermal conductivity decreases from 4.87 W/mK to 2.674 W/mK. It is because as the
aluminium content decreases as listed in Table 5.2, on addition of cobalt content from x = 0 to
1.0 mol, the BCC phase decreases from 16.5% to 0% as listed in Table 5.1.
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Fig. 5.6 Thermal conductivity of Aly4FeCrNiCoy (x =0, 0.25, 0.5 and 1.0 mol) HEAs

It is noted that the thermal conductivity of Al is highest among all other elements and as Al
content decreases thermal conductivity decreases. Similar results were reported in the previous
study [161, 162] indicated that BCC structure have more open structure than FCC structure and
which has higher phonon velocity than FCC structure. Therefore, as the cobalt content increases
the BCC phase decreases which results in decreases of thermal conductivity.

The phonon velocity is calculated from equation (1) [161].
1/2
phonon velocity = (g) (1)

Where, E is the Young's modulus (in GPa), and p is the density (in g/cm3). It is observed that the
phonon velocity decreases from 919.66 m/s to 775.24 m/s with an increase in cobalt content
from x = 0 to 1.0 mol and therefore thermal conductivity decreases from 4.87 W/mK to 2.674
W/mK. According to Wiedemann—Franz law [161], the ratio of thermal conductivity (k) to
electrical conductivity (o) of a metal is directly proportional to temperature, and it is represented

by equation (2).

S=1T )
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Where L is the proportionality constant known as the Lorenz number. The value of L is 2.44 x
10® WK™ and T is the temperature in Kelvin. From the equation (2), the electrical conductivity
of Aly4FeCrNiCo,(x=0, 0.25, 0.5, 1.0 mol) HEAs is observed to decrease from 6.65 x 10° m™'Q™
to 3.65 x 10° m™ Q™. The electrical resistivity (p) is defined as the reciprocal of the electrical

conductivity and is given by equation (3).
p=; ®3)

Based upon the above equation, the electrical resistivity of the Aly4FeCrNiCox (x=0, 0.25, 0.5
and 1.0 mol) HEAs are observed to vary from 150.30 pQ-cm to 273.74 pQ-cm which is
consistent to the values as reported in previous literature [161, 162]. It can be concluded that the
amount of phases present and the chemical composition of these phases are the key parameters to

decide the thermal and electrical conductivity of HEAS.

5.2.4 Mechanical Property of as-cast AlpsFeCrNiCox (x = 0, 0.25, 0.5 and 1.0 mol) HEAs

The microhardness of as-casted Alg4FeCrNiCox (X = 0, 0.25, 0.5 and 1.0 mol) HEAs were
measured under a load of 200 gf and dwell time of 15 seconds and average of ten value are
recorded from each specimen and listed in Table 5.3. It is found that as cobalt content increases
hardness decreases from to 253.6 HV to 155.6 HV.

The engineering stress-strain curve of as-cast Aly4FeCrNiCoyx (x = 0, 0.25, 0.5 and 1.0 mol)
HEAs, under compression at room temperature is shown in Fig. 5.7. The compressive vyield
strength (oy), Plastic strain (), of Alp4FeCrNiCox (x =0, 0.25, 0.5 and 1.0 mol) HEAs are listed
in Table 5.3.
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Fig. 5.7 Engineering stress—strain curves of as-cast, Alp4FeCrNiCox(x =0, 0.25, 0.5 and 1.0
mol) HEAs under compression at room temperature.

Table 5.3 Mechanical properties of Aly4sFeCrNiCoy (x =0, 0.25, 0.5 and 1.0) HEAs at room

temperature

HEAs Yield Plastic Microhardness | Volume
strength strain (HV) fraction of
(oy) in Mpa | (€, %) BCC (%)

Co=0 965.22 73.31 253.6 16.5

Co0=0.25 521.91 75.08 205.4 7.0

Co=0.5 464.37 75.58 189.3 1.5

Co=1 233.37 81.32 155.6 0

It is noted that the compressive yield strength decreases from 965.22 MPa to 233.37 MPa for the
rise in cobalt content from x=0 to 1.0 mol. A maximum plastic strain of 81% was observed in
case of Aly4FeCrNiCoy-1 HEA and the sample remains unfractured at the end of the experiment.
There are two potential reasons for the decrease in compressive yield strength and microhardness
values in case of Alg4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) HEAs: (i) the vol.% of BCC phase
varies from 16.5% to 0% as a result of addition of cobalt which plays a key role, and (ii) the
amount of stacking faulty present in FCC phase and its corresponding energy change their

mechanical characteristics, responsible to lowering of its mechanical strength.
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5.2.5 Thermodynamic Parameters of Aly4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) HEAs

In conventional alloys the solid solution only forms when it satisfies the condition of the Hume-
Rothery rule such as atomic size difference (less than 15%), and having similar crystal structure,
valency, and electronegativity [1]. In case of high entropy alloys simple solid solution like face-
centered cubic (FCC), body-centered cubic (BCC) or mixed phase of (FCC+BCC) can be

predicted, when it follows certain thermodynamic equations as discussed below [163].

AHpix = Xizq iz Q4 CiC; (4)
ASpix = —RYi-1 C;InC; ®)
8=100\/Z?=1 ci(1- %)2 (6)
Q- % @
VEC = ¥, C; (VEC); )
AX =[S G (K = Xang)? ©
T = Ziz1 Ci(Tm)i (10)

Where AHnix is the enthalpy of mixing of a multi-component alloy, ASnix is the entropy of
mixing of regular solid solution, & is the atomic size mismatch, Q is the thermodynamic
parameter used to predict the solid solution formation, VEC is the valence electron concentration
which helps in predicting the formation of FCC, BCC and dual phase of FCC+BCC, AX is the
electronegativity difference which help in understanding the phase stability, and T, is the
theoretical melting point of multi component alloys. The value of individual elements were taken
from the previous literature [19, 140, 164-165] and listed in Table 2.2 and Table 2.3.

Figure 5.8(a, b) and Fig. 5.9 show the variation of thermodynamic parameter with cobalt content.

From the Fig. 5.8(a) it can be seen that valence electron concentration (VEC) increases from 7.4
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to 7.8 with addition of cobalt content from x=0 mol to x=1.0 mol which indicate the

transformation of FCC+BCC to FCC. Fig. 5.8(b) represents variation of enthalpy of mixing (AH)

and entropy of mixing (AS) with cobalt content. From the figure it is observed that AS increases

from 11.0 J/K mol™ to 13.0 J/K*mol™? and AH varies from -9.4 KJ/mol to -8.2 KJ/mol with

addition of cobalt from x=0 mol to x=1.0 mol. Figure. 5.9 shows the variation of thermodynamic

parameter Q and 6% and from the figure it is observed that Q increases from 1.177 to 2.38 and

atomic radius mismatch (6%) decreases from 0.047 to 0.041
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It indicates that if Q > 1 then TAS is more than that of AHpix and HEA form a solid solution. AX
varies from 0.115 to 0.110 which satisfy the condition of no topologically close-packed (TCP)
phase formation i.e. AX < 0.117 [166]. Theoretical melting temperature of HEAs estimated from
the equation (7) and which varies from 1509.06 °C to 1506.16 °C with addition of cobalt content

from x=0 mol to x=1.0 mol respectively.

It is noted that the calculated values of thermodynamic parameter satisfies the Zhang et al. [164]
and Guo et al. [19, 165] criterion for solid solution formation i.e. 11 < ASpix< 19.5 J/(K mol), -
22 < AHpix< 7 Kd/mol, 0 < 6 < 8.5 and VEC < 6.87 only body-centered cubic (BCC) would
form, when 6.87 < VEC < 8 both BCC + FCC will form and when VEC > 8 only FCC phase

will form.
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5.3 Analysis of homogenized Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs

5.3.1 Microstructural, and Phase analysis of homogenized Aly4sFeCrNiCoy(x=0, 0.25, 0.5
and 1.0 mol) HEAs

Figure 5.10(a) shows the X-ray diffraction pattern of homogenized Aly4sFeCrNiCoy (x=0, 0.25,
0.5 and 1.0 mol) HEAs samples. The graph reveals that with the addition of cobalt content from
x =0 to 0.5 mol, a mixed phase of FCC+BCC gets formed and a single phase FCC gets formed
for x=1.0 mol [167]. It is observed that as cobalt content increases the intensity of the BCC phase
decreases and it completely disappears for x=1.0 mol. The lattice parameter of the BCC phase
increases from (2.869 A to 2.891 A) and that of the FCC phase increases from (3.592 A to 3.594
A) which are in accordance with the previous literature [62, 111, 136]. Figure 5.10(b) shows the
variation of phase fraction with cobalt content (as calculated from the XRD graph). The graph
indicates that with the addition of cobalt content from x = 0 to 0.5 mol, the BCC phase decreases

from 91 % to 35 % and it completely vanishes at x=1.0 mol.

Figure 5.11 shows the SEM micrographs of homogenized Aly sFeCrNiCoy (x=0, 0.25, 0.5 and 1.0
mol) HEAs, representing the microstructural evolution with the addition of cobalt. The SEM
micrographs indicate that for Co=0, the HEA shows dendritic and interdendritic regions along
with various precipitates as shown in Fig. 5.11(a). The different regions in the microstructure are
denoted as A, B, C, D, and E and their chemical compositions were listed in Table 5.4. The
region A denotes the dendritic region, and region B denotes the interdendritic region, and the

various precipitates are denoted as C, D, and E as reported in previous literatures [111, 168].

The EDS results as listed in Table 5.4 indicated that the dendritic region (A) is rich in Fe, Cr, and
Ni and is poor in Al and the interdendritic region (B) is rich in Fe, Cr, and Ni and is rich in Al.
The precipitates are observed to be rich in Al and Ni and poor in Fe and Cr. In order to examine
the distribution of elements and phases, the EDS mapping of Aly4FeCrNiCoy (x = 0, 0.25, 0.5
and 1.0 mol) HEAs were analysed as shown in Fig. 5.12. The result of Alg4FeCrNiCoy=o
confirms that the dendrite region (A) rich in Fe, and Cr and poor in Al, and Ni. Interdendritic
region (B) along with various precipitates are rich in Al and Ni and poor in Fe and Cr. Similar
findings have also been reported by Zhao et al. [62]. It is observed that as Co content increases,
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the interdendritic region (B) decreases and completely disappears at x=1.0 mol with the
formation of a homogenized region rich in Fe, Cr, Ni, and Co as listed in Table 5.6 and shown in
Fig. 5.11(d).

™ s 2 ' & L 2 ' ™ A " 4 2 L 2 1“
| Homogenized @ BCC X y = : i '
Al, (FeCrNiCo (x=0,0.250.5,1.0)HEAs ¢ FCC . —-BCC .
B2 -a-FCC
(a) . - %1(b)
Co=1 l ¢ . ¢ 5 4 o
35 1 A Q
s ] % 601
§ Co=0.5 I .§ ' i
c 404
£
4 Co=0.25 @ (110) (220) 1 £
6 .
+(200) @11)  (220)f i %
(100) (111) N Jf 2 I
Ly
Co=0 ¢ 4 ® 0-
o
b L} M L) by L} v ) - L} v AJ - L i 1 > T v T \d T
20 30 40 S0 60 7O 8O0 80 100 Co=0 Co=0.25 Co=0.5 Co=1
Angle 20 (degree) High ent "

Fig. 5.10 (a) X-ray diffraction pattern of homogenized AlysFeCrNiCoy (x=0, 0.25, 0.5 and
1.0 mol) HEAs (b) variation of phase fraction with cobalt content

Fig. 5.11 SEM micrographs of homogenized (a) Co=0 (b) C0=0.25 (c) C0=0.5 (d) Co=1
HEA:s.
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Table 5.4 EDS results of homogenized Al 4FeCrNiCox(x=0, 0.25, 0.5, 1.0 mol) HEAs

HEA region Al Fe Cr (at.%0) Ni (at.%0) Co (at.%)
(at.20) (at.20)
Co=0 Overall 12.01 29.98 27.81 30.20 -
7.25 33.48 27.61 31.66 -
B 11.85 27.13 38.39 22.63 -
C 30.98 17.09 13.80 38.13 -
D 38.56 11.19 6.51 43.75 -
E 39.64 1151 6.88 41.97 -
Overall 11.64 25.87 27.12 27.82 7.55
Co=0.25 A 8.18 29.29 28.88 25.02 8.63
B 7.29 29.84 30.38 24.73 7.76
C 34.19 13.68 9.72 37.65 4.76
Co=0.5 Overall 8.09 14.12 25.19 26.26 14.12
A 7.04 26.57 25.58 26.15 14.67
B 30.11 12.23 14.32 35.56 7.78
Co=1 Overall 7.48 22.67 21.79 23.60 24.46

It is also observed that the interdendritic region (B) is rich in Al and Ni as indicated by the EDS
results and listed in Table 5.4. The region rich in Al and Ni has B2 phase and it is formed
because of relatively large negative enthalpy of mixing between the Al and the Ni than the other
atomic pair in the alloy system. The enthalpy of mixing of various atomic pairs according to
Miedema’s approach is AI-Ni (-22 KJ/mol), Fe-Cr (-1 KJ/mol), Cr-Co (-4 KJ/mol) Cr-Ni (-7
KJ/mol), Fe-Co (-1 KJ/mol), and Fe-Ni (-2 KJ/mol). According to EDS results as listed in Table
5.6, with the addition of cobalt, the Al content decreases and Fe, Cr, Ni, and Co content
increases. Therefore, the chance of formation of region rich in (Al, Ni) is reduces, in the

interdendritic region (B) with the increasing content of cobalt and completely disappear at x=1.0

mol.
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Fig. 5.12 EDS Mapping of homogenized Aly4sFeCrNiCoy(x = 0, 0.25, 0.5 and 1.0 mol) HEAs.

It is clear that the dendrite formation takes place when a solid grows into a super cooled liquid
and the heat transfer takes place through the liquid rather than the solid. The dendrite arm growth
direction depends upon the direction of preferential heat transfer and the direction of low-energy

atomic planes. Based on the present study, it can be concluded that the addition of cobalt not
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only changes the thermal conductivity of the system, but also leads to a change in low energy
atomic planes. Both of these factors is believed to change the direction, shape, and size of the

dendrites and its arms, which in turn results in a change in interdendritic region.
5.3.2 Thermal analysis of homogenized Aly sFeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) HEA

Figure 5.13 shows the DSC micrograph of homogenized AlysFeCrNiCox (x=0, 0.25, 0.5 and 1.0
mol) HEA in the temperature range from ambient to 1000 °C with a heating rate of 10 K/min.
The graph indicates that the homogenized Alg4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEA
does not show any significant endothermic or exothermic peak. For Co=0 HEA there is a small

exothermic peak appears at 470.77 °C.
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Fig. 5.13 DSC micrograph of homogenized Al 4sFeCrNiCox(x=0, 0.25, 0.5 and 1.0 mol)
HEAs

The small exothermic peak appears at 470.77 °C may be due to the formation of a very small
amount of FeCr based sigma phase [169]. This type of transformation behavior has been
observed in case of only one sample i.e. Co=0 HEA. It can be concluded that the increase in the
Co content in the proposed series of the HEAs may lead to the suppression of unwanted

transformation i.e. crystallization of sigma phase.
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5.3.3 Density of homogenized Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs

The density of homogenized Alg4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) HEAs is observed to
increases with the addition of cobalt from x= 0 t0o1.0 mol. The experiments were performed in
water as a medium. The recorded density values for Al 4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol)
HEAs is found to be 7.224 g/cm ®, 7.294 glcm®, 7.430 g/cm® and 7.787 g/lcm® respectively.

5.3.4 Microhardness of homogenized Alg 4sFeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs

The microhardness measurements of homogenized Aly4FeCrNiCoy (X =0, 0.25, 0.5 and 1.0 mol)
HEAs were performed at a load of 200 gf and dwell time of 15 s. The average value of ten
different sites across the polished sample was recorded. It is found that with the addition of
cobalt from x= 0 to1.0 mol, the microhardness of the HEAs decreases. The microhardness values
are observed to be 377.7 + 16.57 HV, 264.3 £ 21.47 HV, 211.9 + 11.93 HV and 199.5 + 8.23
HV, respectively for the HEAs with cobalt content from x=0 to 1.0 mol. The high values of
standard deviation are due to the presence of grains with precipitate in the microstructure which
has different responses against the applied load [170].

The following might be the reasons for the decrease in microhardness as cobalt content increases
from x=0 to 1.0 mol. First, as the cobalt content increases in the HEAs, the amount of FCC
phases increases and the amount of BCC phase decreases and hence the hardness decreases. This

has been reported by many researchers previously [62, 136, 171] .

Second, the chemical enthalpy of mixing of Co-Cr, Co-Fe, Co-Ni, Co-Al are 8 kJ mol?, 13 kJ
mol ™, 17 kJ mol ™, -24 kJ mol™, respectively. On the other hand, the chemical enthalpy of
mixing of Cr-Fe, Cr-Ni, Cr-Al, Fe-Ni, Fe-Al, and Ni-Al are 13 kJ mol?, 3 kJ mol ™, -6 kJ mol ?,
-10 kJ mol ™, and -30 kJ mol™* respectively. Similarly, if the chemical mixing enthalpy of all
other elements will be considered, then it will be observed that the combinative force of cobalt
with other elements in the alloy is weakest. Therefore, with the addition of cobalt, the
combinative force decreases and this in turns decreases the strength and hardness of the system
[172].

Third, the atomic size of cobalt is (1.251 A) is lower than that of the aluminium (1.432A).
Hence, when the aluminium atom occupies the lattice sites, the lattice distortion energy increases
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to a greater extent than when the cobalt atoms occupy the lattice sites. For this reason, the
addition of cobalt causes solid solution strengthening to a lesser extent than the addition of

aluminium and thus the strength and hardness decreases with the addition of cobalt [172].

Fourth, the formation of AI-Ni type precipitate or B2 phase as shown in Fig. 5.11(a-d) and
confirmed from EDS results as listed in Table 5.6. It is reported that these precipitates help in
increasing the hardness of the high entropy alloy [110, 111]. Since the amount of aluminium in
the high entropy alloy decreases with the addition of cobalt from x=0 to 1.0 mol, and it reduces

the probability of formation of the Al-Ni precipitates and hence the hardness decreases.

5.3.5 Compressive strength of homogenized Aly4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol)
HEAs

Figure 5.14(a) shows the engineering stress strain curve under compression at room temperature
and Fig. 5.14(b) represents the image of the sample before and after the experiment. From the
Figure 5.14(a) it is observed that the compressive yield strength of homogenized Aly4FeCrNiCoy
(x=0, 0.25, 0.5 and 1.0 mol) HEAs decreases from 1169.35 MPa to 257.63 MPa with addition of
cobalt content from x=0 to 1.0 mol.
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Fig. 5.14 (a) Engineering stress-strain curve of homogenized Aly4FeCrNiCoy (x=0, 0.25, 0.5
and 1.0 mol) HEAs under compression at room temperature, (b) image of Co=1 HEA
sample during the compression test.
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The decrease in compressive yield strength is due to the increase in FCC phase with the addition
of cobalt as shown in Fig. 5.10(b). It may be noted that the BCC phase is stronger than the FCC
phase because the slip along the closest packed plane in BCC structure {110} is more difficult
than slip along closest packed plane in FCC structure {111} [35]. Plastic strain more than 75%
is achieved in all the HEAs without failure of the sample as shown in Fig. 5.14(a). The
compressive yield strength of Co=1 HEA is observed to be 257.63 MPa, and similar results were

also reported by Joseph et al.[114].

5.4 Comparison with reported results

Shun et al. [110] have developed Alp3CoCrFeNi HEA system through induction melting and
casting route and have reported FCC and B2 phase formation in their system. The yield strength
and the strain of the as-cast sample are observed to be approximately 175 MPa and 60 %. Kao et
al. [111] have synthesized the AlxCoCrFeNi (0 < x < 2) HEAs through vacuum arc melting and
have compared them with homogenized one. The XRD patterns of the as-cast samples
indicates that as the Al content increases the transformation from FCC phase to BCC
phase occur. On increasing the Al content hardness increases from 116 HV to 509 HV and in
case of Al=0.375 HEA it is observed to be 130 HV. After homogenization (at 1100°C for 24hrs)
transformation of FCC phase to BCC phase is observed to occur along with the formation of B2
phase which are rich in AINi. The hardness of the homogenized AlxCoCrFeNi (0 < x < 2)
HEAs are observed to vary from 113 HV to 512 HV and in case of Al= 0.375 HEA, it is
observed to be 196 HV. Qin et al. [136] have developed the (AICoCrFeNi)100xCox (x=0, 4, 8, 12,
16,) HEAs systems through arc melting technique. The XRD results of their samples have
indicated that as the cobalt content increases from 0% to 16%, the FCC phase fraction increases
from 0% to 77%. The microstructure of the HEAs is observed to have two regions indicating
FCC and BCC structure. The FCC region is poor in Al and BCC region is rich in Al
With the increase of Co content, the compressive yield strength decreases from 1300 MPa to 750
MPa and the plastic strain increases from 27% to 40%.

In the present study, Aly4FeCrNiCox (x =0, 0.25, 0.5 and 1.0 mol) HEAs developed through arc
melting technique and the XRD patterns of as-cast ingots shows FCC and BCC structure along
with B2 structure for X=0. It is observed that the volume fraction of BCC phase decreases from
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16% to 0% with the increase in cobalt content from x=0 to x=1.0. The microhardness of the as-
cast ingot decreases from 253.6 HV to 155.6 HV, and the compressive yield strength decreases
from 965.22 MPa to 233.37 MPa with the addition of cobalt from x = 0 to x = 1.0 mol. Plastic
strain increase from 73.31 % to 81.32 % at the same time. On homogenization at 1100°C for 24
hrs, FCC, BCC and B2 phases get formed in the structure and the volume fraction of the BCC
phase decreases from 91 % to 35 %. The microhardness of homogenized samples decreases from
377.7 HV to 199.5 HV and the compressive yield strength decreases from 1169.35 MPa to
257.63 MPa with a maximum plastic strain of 75 % after the homogenization.

Chapter Summary
This chapter includes

» phase analysis of as-cast and homogenized Aly 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol)
HEAs.

» Include microstructural and thermal characterization of as-cast and homogenized
Alg 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs.

» Mechanical analysis of as-cast and homogenized Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0
mol) HEAs.

In the next chapter wear behavior of Al 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs were

discussed under dry and oil lubrication condition

*kkk
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Chapter 6

Wear behavior of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs under
different environment

6.1 Introduction

In this chapter the wear behavior of Alg4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) HEAs is
investigated at different sliding condition like, varying sliding speed of (0.5, 1, 1.5, 2) m/s,
varying sliding distance of (1000, 2000, 3000, 4000) m, and normal loads of (5, 10, 15, 20) N
under dry and lubricating oil medium. The worn surface and wear debris were also analyzed by
using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and 3D
profiling to understand the wear mechanism. The unknown oxides formed during the sliding

were examined by X-ray photoelectron spectroscopy.

6.2 Correlation between specific wear rate, hardness, and cobalt content

Figure 6.1 shows the relationship between specific wear rate and hardness along with the cobalt
content. For correlation, the wear is carried out under the constant wear conditions of 1000 m

sliding distance, 1 m/s sliding speed, and 10 N normal load for all HEA samples.

From the Fig. 6.1 it is observed that as the cobalt content increases from x= 0 to 1.0 mol, the
hardness decreases from 377.7 HV to 199.5 HV and the specific wear rate increases, therefore
follows Archard’s wear law which indicate hardness is inversely proportional to material loss.
The specific wear rate of AlgsFeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) HEAs is inversely related
to their hardness which in turn depends upon the phase transition from FCC+BCC to FCC as
seen in Fig. 5.10. This observation is also closely related to the findings of Khruschov et
al.[173].
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Fig. 6.1 Variation of microhardness and specific wear rate of Alg4FeCrNiCox (x=0, 0.25,
0.5 and 1.0 mol) HEAs as a function of cobalt content

6.3 Wear behavior of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs under dry

condition

6.3.1 Effect of sliding Speed on wear behavior of Aly4FeCrNiCox (x=0, 0.25, 0.5 and 1.0
mol) HEAs

Figure 6.2 (a) shows the variation of the average coefficient of friction with varying sliding
speed under constant wear conditions of 10 N normal load and 1000 m sliding distance. From the
graph it is observed that at sliding speed of 0.5 m/s the COF values for Alg4FeCrNiCoy (X=0,
0.25, 0.5 and 1.0 mol) HEAs is 0.307, 0.366, 0.356, and 0.419 respectively and in case of 2 m/s
for Alp4FeCrNiCoyx (x=0, 0.25, 0.5 and 1.0 mol) HEAs are 0.198, 0.213, 0.215, and 0.228
respectively. Therefore the percentage decrease in COF value with increase in speed from 0.5
m/s to 2 m/s for Aly4FeCrNiCoyx (x=0, 0.25, 0.5 and 1.0 mol) HEAs are 35.50%, 33.60%,
39.60%, and 45.58% respectively. The results indicate that as the sliding speed increases, the
coefficient of friction decreases. It is because at higher sliding speed the interface temperature
between the sliding disk and HEA sample is high which helps in forming a protective oxide
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layer, and in turns smoothens the surface [174, 175] and it is confirmed by SEM and EDS
analyses listed in Fig. 6.4 and Table 6.1.

The coefficient of friction of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs is observed to
vary in two different regimes as seen in Fig. 6.2 (a). In the first regime (sliding speed up to 1
m/s), the coefficient of friction decreases rapidly and in the second regime, (sliding speed
between 1 m/s and 2 m/s), the coefficient of friction changes gradually. It is because at lower
sliding speed the oxide formation is insufficient and formation of the smooth protective surface
is restricted. Therefore more metal to metal contact occurs, and coefficient of friction has a
higher value [176]. At higher sliding velocity the contact temperature is higher which help in the

formation of the oxide layer and smooth surface, therefore coefficient of friction decreases.
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Fig. 6.2 Effect of variation in sliding speed on (a) coefficient of friction and (b) specific wear
rate of Alp4FeCrNiCox (x=0, 0.25, 0.5 and 1.0 mol) HEAs

Figure 6.2 (b) shows the variation in specific wear rate with sliding speed. It is observed that in
case of 0.5 m/s sliding speed the specific wear rate of AlgsFeCrNiCox (x=0, 0.25, 0.5 and 1.0
mol) HEAs are 2.391 x10™ mm®/Nm, 3.006 x10™* mm*Nm, 3.303 x10* mm®Nm and 3.375x10™*
mm®Nm respectively. The specific wear rate in case of 2 m/s sliding speed for AlysFeCrNiCoy
(x=0, 0.25, 0.5 and 1.0 mol) HEAs are 4.983 x10™ mm?*/Nm, 6.112 x10* mm*Nm, 6.912 x10™
mm3/Nm, and 7.702 x10™* mm®Nm. Therefore the percentage increase in specific wear rate on
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increasing the sliding speed from 0.5 m/s to 2 m/s for Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0
mol) HEAs are 108.40%, 103.32%, 109.32% and 128.20% respectively.

The results indicate that as the cobalt content increases from x= 0 to x=1.0 mol, the specific wear
rate increases for all high entropy alloy samples and maximum specific wear rate occurs in the
case of Co=1 HEA. It is due to increase in FCC phase with the addition of cobalt content which
in turn decreases the hardness. Furthermore, with the increase in sliding speed, the temperature at
the contact point of the sample and the counter material increases and this leads to damage to the
sample surface. The damage, in turn, leads to enhanced adhesive wear and delamination.
Okonkwo et al. have reported the effect of sliding speed for steel-tool steel pair and found that

the increase in sliding speed leads to the rise in interface temperature [177].

6.3.1.1 worn surface and wear debris analysis under sliding speed condition

Figure 6.3 (a-d), Fig. 6.4 (a-1), and Fig. 6.5 (a-d) shows the optical micrograph of worn surface,
SEM micrograph of worn surface, EDS results, 3D profile and wear debris of Aly4FeCrNiCoy
(x=0, 0.25, 0.5 and 1.0 mol) HEAs after the wear test operating at the constant dry sliding
condition (i.e. 2 m/s sliding speed, 10 N normal load and 1000 m sliding distance). It is observed
from the Fig. 6.4 (a) that the worn surface micrograph of Co=0 HEA reveals scratches,
microgrooves and material deformation along the sliding direction as confirmed by the 3D
profile in Fig. 6.4 (c). Due to the lateral crack and delamination, thin, flat, irregular, and
multilayer flake type debris are generated as shown in Fig. 6.5 (a). The average diameter of wear
debris of Co=0 HEA as calculated from SEM micrograph is in the range of 23.9 pum to 28.042
pm. The difference in elemental compositions of the alloy surface before and after the wear test
can also be observed in Table 5.6, and Table 6.1. The major changes occur in an atomic
percentage of aluminium and nickel and a slight change in other elements gives an indication
that material is transferred between the HEA pin sample and the rotating disc, due to frictional

heat generated during the wear process [178, 179].

The worn surface is observed to contain a significant amount of oxygen i.e. 31.7 at.% (average
value of Area-1, Area-2 and wear debris), which form oxide with the sample elements and
decreases the material loss as seen in Fig. 6.2 (b) and the specific wear rate in case of Co=0 HEA
is 4.983 x10™ mm®*Nm under constant sliding condition of (2 m/s, 10N, 1000 m) and similar
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observation was also made by Ji et al. [180]. The wear mechanism is the combined effect of
adhesive wear along with delamination and oxidative wear. Wu et al. [39] conducted the wear
study of Al,CoCrCuFeNi HEA and reported that the delamination is the main reason for sliding
wear in the ductile, high entropy alloys.

Figure 6.4 (d) shows the SEM micrograph of the worn surface of Co=0.25 HEA under similar
operating conditions as in the case of Co=0 HEA. The SEM micrograph shows deep grooves,
flow of material along the sliding direction as confirmed by a 3D profile in Fig. 6.4 (f). The
cracks on the surface generate the thin, flat and flake type wear debris with an average diameter
in the range of 26.94 um to 35.32 um as shown in Fig. 6.5 (b). The elemental composition of
worn surface and wear debris of Co=0.25 HEA indicate the presence of oxygen, i.e., 17.7 at.%
(average value of Area-1, Area-2 and wear debris) which form oxide with the sample elements
and help in reducing the wear [180]. Therefore the percentage increase in specific wear rate in
case of Co=0.25 HEA is 22.65% is higher than Co=0 HEA at the similar sliding condition of (2
m/s, 10 N, 1000 m).

Figure 6.4 (g) shows the SEM micrograph of the worn surface of Co=0.5 HEA under the similar
operating condition as in the case of Co=0 HEA. The SEM micrograph shows, scratches, micro-
grooves and flow of material along the sliding direction as confirmed by 3D-profile in Fig. 6.4
(i). The wear debris produced under same operating condition was observed to be thin, flat, and
flake type with plastic deformation as shown in Fig. 6.5 (c). The average diameter of wear debris
is calculated from SEM micrograph and in the range of 35.22 um to 40.68 um. The elemental
composition of worn surface and wear debris of Co=0.5 HEA indicate the presence of oxygen,
i.e. 14.62 at.% (average value of Area-1, Area-2 and wear debris) which form oxide and help in
reducing the wear [180]. Therefore, the percentage increase in specific wear rate in case of
Co=0.5 HEA is 38.71% percentage is higher than in case of Co=0 HEA at the similar sliding
condition of (2 m/s, 10 N, 1000 m).
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Fig. 6.3 (a-d) Optical micrographs of worn surfaces of Alp4sFeCrNiCoy (x=0, 0.25, 0.5 and
1.0 mol) HEA s tested under the constant wear conditions of 2 m/s sliding speed, 1000 m
sliding distance, and 10 N normal load.
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Fig. 6.4 (a, d, g and j) SEM micrographs of worn surfaces, (b, e, h and k) EDS result of
worn surface and (c, f, i, and I) 3D profile of Aly4FeCrNiCoy (x=0, 0.25, 0.5, and 1.0 mol)
HEAs tested under the constant wear conditions of 2 m/s sliding speed, 1000 m sliding
distance, and 10 N normal load.
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Fig. 6.5 (a-d) SEM micrographs of wear debris of Aly4sFeCrNiCoy (x=0, 0.25, 0.5 and 1.0
mol) HEAs tested under the constant wear conditions of 2 m/s sliding speed, 1000 m sliding
distance, and 10 N normal load.
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Table 6.1 EDS results of worn surfaces and wear debris of AlpsFeCrNiCoy (x=0, 0.25, 0.5

and 1.0 mol) HEAs tested under the wear conditions of 2 m/s sliding speed, 1000 m sliding

distance, and 10 N normal load

HEA Area Al Fe Cr Ni Co @)
Area-1 3.62 25.14 10.28 8.52 - 52.44
Co=0 Area-2 6.0 27.11 18.94 18.06 - 29.89
debris 5.77 24.53 25.13 31.54 - 13.03
Area-1 10.16 25.21 28.14 24.26 6.61 5.62
Co=0.25 | Area-2 8.71 18.44 18.14 17.30 4.24 33.17
debris 7.24 21.60 24.58 26.08 5.90 14.60
Area-1 7.27 22.31 20.75 22.93 22.28 4.46
Co=0.5 Area-2 3.38 38.65 7.87 11.39 13.43 25.28
debris 7.97 15.18 19.20 26.97 14.56 14.12
Co=1 Area-1 6.64 16.32 16.20 17.09 13.53 30.22
Area-2 8.92 25.47 22.99 25.68 13.92 3.02
debris 9.87 24.43 25.63 26.76 13.32 0
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Figure 6.4 (j) shows the SEM micrograph of the worn surface of Co=1 HEA under similar
operating as in the case of Co=0 HEA. The worn surface indicates the sliding marks, grooves,
ploughing and material flow along the sliding direction as confirmed by a 3D profile in Fig. 6.4
(I). The wear debris collected during the wear process resembles thin, flat and flake type debris
with an average diameter in the range of 25.25um to 30.46um as shown in Fig. 6.5 (d).

The elemental composition as listed in Table 6.1, indicates the presence of oxygen, i.e., 11.08
at.% (average value of Area-1, Area-2 and wear debris) which forms an oxide with the sample
elements and helps in reducing the wear [180]. It is observed that the percentage of oxygen
decreases with increase in cobalt and in turns decreases the protective oxide layer thickness
[181]. Therefore the specific wear rate in case of Co=1 HEA is 54.56% higher than Co=0 HEA
at the same sliding condition of (2 m/s, 10 N, 1000 m).

6.3.2 Effect of normal loading on wear behavior of AlysFeCrNiCox(x=0, 0.25, 0.5 and 1.0
mol) HEAs

Figure 6.6 (a) shows the effect of varying normal load on the coefficient of friction under the
constant sliding conditions of 1 m/s sliding speed and 1000 m sliding distance. It is observed that
the coefficient of friction (COF) value in case of 5 N load for Aly4FeCrNiCoy (x=0, 0.25, 0.5 and
1.0 mol) HEAs are 0.271, 0.293, 0.296, and 0.301 respectively. The COF value in case of 20 N
normal load for Al 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs are 0.219, 0.226, 0.232, and
0.251 respectively. Therefore the percentage decrease in COF on increasing the normal loads
from 5 N to 20 N is 19.18%, 22.86%, 21.62% and 16.61% respectively. Results indicated that on
the increase the load, coefficient of friction decreases for all HEA samples. The COF decreases

gradually in between 5 N to 15 N, and after 15 N it decreases rapidly.

102



0.40 . = . = Y = T 6 T v T v T \ T
| @) MoafoCriCo,(x=0025051) —e—cCo=0 | | { Al JFeCrNiCo, (x=0,0.25,0.5,1.0)HEA ) J
oss]  Widing distance -1000m [Py | € s Sliding distance-1000m
‘ 1 sliding speed -1avs sy pel Sliding Speed-1m/s 2
- Co=1 - 1
L 4 z =
0.30 . o 44 —a— Co=0
E ~a—C0=0.25
— I E 1 —4—Co=05
w0254 i - 8 34 —v—Co=1
9 &
Q L
m
0.20 4 - $ 2d
)
- -
©
0.15 B g 4.
2]
0.10 T y \J 04 L )4 T 0 + - +
‘ » 3¢ - 5 10 15 20
Normal Load (N) Normal load (N)

Fig. 6.6 Effect of variation in normal loading on (a) coefficient of friction (b) specific wear
rate of Alp4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs.

It is because of two reasons, first reason as the load increases, the area of contact between the pin
samples and the rotating disk increases, which increases the interface temperature and form
oxide layer which give lubricating effect [182] and decreases the coefficient of friction. In the
second reason, the presence of lose wear debris, came in contact between the two mating surface

and decreases the real contact point and result in decreases of coefficient of friction.

Figure 6.6 (b) shows the variation of specific wear rate of Aly4FeCrNiCo (x=0, 0.25,0.5and 1.0
mol) HEAs with increasing normal loads. It is observed that, the specific wear rate in case of 5 N
normal load for Alg4FeCrNiCoy (x= 0, 0.25, 0.5 and 1.0 mol) HEAs is 0.704 x10™* mm?®Nm,
0.853 x10™* mm®/Nm, 0.946 x10™* mm?*Nm, and 1.175 x10™ mm?*/Nm respectively. The specific
wear rate in case of 20 N normal loads is 2.638 x10™ mm*/Nm, 3.912 x10™ mm*/Nm, 4.221 x10°
* mm®/Nm, and 4.482 x10* mm*/Nm respectively. Therefore the percentage increase in specific
wear rate on increasing the load from 5N to 20N is 274.33%, 358.46%, 346.03% and 281.19%
respectively. The result indicates that on increasing the load, the specific wear rate increases, and
similar trends were observed for all HEAs in different wear condition. The figure indicates that
the specific wear rate varies in two different regimes. In First regime (normal load 5 N to 15 N)
the specific wear rate increases rapidly. It is due to lose adherent of the oxide layer to the sample
surface by frictional heating in between 5 N to 15 N. In the second regime (normal load 15 N to
20 N) the specific wear rate varies gradually. It is because at the higher loads more stable oxide

layer form which avoids metal to metal contact and controls the wear rate.
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6.3.2.1 Worn surface and wear debris analysis under normal loading condition

Figure 6.7 (a-d), Fig. 6.8 (a-1), and Fig. 6.9 (a-d) shows the optical micrograph of worn surface,
SEM micrograph of worn surface, 3D profile, and wear debris of Aly4FeCrNiCoy (x=0, 0.25, 0.5
and 1.0 mol) HEAs after the wear test operating at the constant dry sliding condition (i.e., 20 N
normal load, 1 m/s sliding speed, and 1000 m sliding distance). It is observed from the Fig. 6.8
(a) that the SEM micrograph of the worn surface of Co=0 HEA reveals scratch marks,
microgrooves and material flow along the sliding direction as confirmed by 3D profile as seen in
Fig. 6.8 (c).

Fig. 6.7 Optical micrograph of worn surface of Alyg4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0
mol) HEAs tested under 20 N normal load, 1000 m sliding distance and 1 m/s speed.

The wear debris generated during the wear process is thin, flat, and flake type with a
multilayered structure. The average diameter of wear debris varies from 33.83 um to 45.35 um
which is calculated from the SEM micrograph as shown in Fig. 6.9 (a). The elemental
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composition of the sample before and after the experiment is listed in Table 5.6 and Table 6.2. It
indicates that the atomic percentage of chromium and nickel varies which indicate the material
transfer occurs between the HEA sample and rotating disc. The presence of oxygen in case of
Co=0 HEA is 13.10 at.% (average of area-1, area-2, and wear debris) percentage which form an
oxide with the sample element and restricts the wear [180]. The specific wear rate in case of
Co=0 HEA is 2.638 x10™* mm®Nm under the constant sliding condition of (20 N, 1 m/s, 1000m).

Figure 6.8 (d) shows the SEM micrograph of the worn surface of Co=0.25 HEA under similar
wear condition as in the case of Co=0 HEA. It is observed that the scratch marks, microgrooves
and material flow along the sliding direction as confirmed by a 3D profile in Fig. 6.8 (f). The
wear debris generated during the wear process is thin, flat and flake type with a multilayered
structure. The average diameter of wear debris varies from 23.76 pum to 31.33um as calculated
from the SEM micrograph as shown in Fig. 6.9 (b). The oxygen content in the case of C0=0.25
HEA is 9.84 at.% which combine with the sample elements and form oxide, which restrict the
wear [180]. The specific wear rate in case of Co=0.25 HEA is 48.29 % higher than in the case of
Co=0 HEA.

Figure 6.8 (g) shows the SEM micrograph of the worn surface of Co=0.5 HEA under similar
condition as in the case of Co=0 HEA. The worn surface indicates scratch marks and plastic
deformation as confirmed by 3D-profile in Fig. 6.8 (i). Due to cracks and delamination, the wear
debris produced during the wear process is thin, flat, and an irregular shape, as indicated in Fig.
6.9 (c). The average diameter of wear particle is in the range of 28.33 um to 38.42 um. The
presence of oxygen in case of Co=0.5 HEA is 8.27 at.% which forms protective oxide layer and
restricts the wear [39, 179-180]. The specific wear rate in case of Co=0.5 HEA is 60.0% higher
than in the case of Co=0 HEA.

Figure 6.8 (j) shows the SEM micrograph of the worn surface of Co=1 HEA under the similar
operating condition as in the case of Co=0 HEA. The worn surface after the wear test shows
scratch marks, grooves, and plastic deformation along the sliding direction as confirmed by a 3D
profile in Fig. 6.8 (I). Due to cracks and delamination, the wear debris produced during the wear
process appears thin, flat, and irregular, as shown in Fig. 6.9 (d) the average diameter of wear

particle is in the range of 31.63 um to 38.44 um.
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Fig. 6.8 (a, d, g and j) SEM micrographs of worn surfaces, (b, e, h and k) EDS result of
worn surface and (c, f, i, and I) 3D profile of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol)
HEAs tested under 20 N normal load, 1000 m sliding distance and 1 m/s speed.
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Fig. 6.9 (a-d) SEM micrograph of wear debris of Aly4sFeCrNiCoy (x=0, 0.25, 0.5 and 1.0
mol) HEAs tested under 20 N normal load, 1000 m sliding distance and 1 m/s speed

At high magnification, the wear debris shows the cylindrical roller type structure, and it is
generated due to the transformation of the thin, flat and irregular type of debris. It occurs when
the flat type of debris detaches itself from the worn surface and continues to stay within the
interface of the contacting surfaces.

Under these conditions, the debris gets plastically deformed and rolled into a cylindrical type
[183] and help in decreasing the COF value [184]. The presence of oxygen in case of Co=1 HEA
is 4.06 at.%. It is observed that as the cobalt content increases from x=0 to 1 mol, the oxygen
content decreases from 13.10 at.% to 4.06 at.% and in turn decreases the protective oxide layer
thickness [181]. The specific wear rate in case of Co=1 HEA is 69.90% higher than in the case of
Co=0 HEA.
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Table 6.2 EDS results of worn surface and debris of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0
mol) HEA tested under 20 N normal load, 1000 m sliding distance and 1 m/s speed.

HEA Area Al Fe Cr Ni Co @)
Area-1 10.81 27.36 33.56 25.06 - 3.22
Co=0 Area-2 9.08 29.09 28.69 27.73 - 5.41
debris 6.35 16.18 18.79 27.99 - 30.69
Area-1 9.92 26.68 27.78 25.46 6.48 3.32
Co=0.25 | Area-2 8.32 24.69 24.97 24.04 6.14 11.84
debris 9.01 21.43 25.43 24.03 5.73 14.37
Area-1 3.07 15.04 16.95 43.61 11.34 9.99
Co=0.5 Area-2 6.47 18.71 17.99 28.51 17.46 10.86
debris 7.77 20.79 21.59 25.15 20.73 3.97
Area-1 7.28 27.34 24.45 25.06 13.48 2.39
Co=1 Area-2 7.17 27.26 25.52 23.90 13.33 2.82
debris 7.61 21.80 24.75 28.70 10.15 6.99

6.3.3 Effect of sliding distance on wear behavior of Alg4FeCrNiCox(x=0, 0.25, 0.5 and 1.0
mol) HEAs

Figure 6.10 (a) represents the average coefficient of friction of AlgsFeCrNiCox (x=0, 0.25, 0.5
and 1.0 mol) HEAs with varying sliding distance under constant wear condition of 10 N normal
load, 1 m/s sliding speed. From the graph it is observed that the COF in case of Aly4FeCrNiCoy
(x=0, 0.25, 0.5 and 1.0 mol) HEAs at sliding condition of (1000 m, 1 m/s, 10 N) is 0.276, 0.282,
0.316, and 0.335 respectively. The COF under sliding condition of (4000 m, 1 m/s, 10 N) for
Al 4FeCrNiCoy (x=0, 0.25, 0.5, 1.0 mol) HEAs is 0.410, 0.421, 0.479, and 0.519 respectively.
Therefore the percentage increase in COF value with increase in sliding distance from 1000 m to
4000 m for Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs are 48.5%, 49.2%, 51.5%, and
54.9% respectively. The reason for the higher increase in the percentage of COF for x=1.0 mol
HEA is due to the lowest value of hardness and strength which may cause more wear debris and

as a result more rough surface. Therefore, higher value of COF.

Figure 6.10 (b) shows the variation of specific wear rate of Aly4FeCrNiCox (x=0, 0.25, 0.5 and
1.0 mol) HEAs with sliding distance. From the graph, it is observed that the specific wear rate

occurs in two different regimes. In the first regime when sliding distance varies from 1000 m to
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3000 m, the specific wear rate increases slowly. The specific wear rate of Co=0, C0=0.25,
Co0=0.5 and Co=1 HEAs under (1000 m, 1 m/s, 10 N) sliding condition is 2.289 x 10 mm®Nm,
2.436 x 10" mm*Nm, 3.003 x 10®* mm?*Nm, and 3.817 x 10” mm*/Nm respectively. The
specific wear rate under (3000 m, 1 m/s, 10 N) sliding condition is 3.492 x 10 mm?®*Nm, 3.697
x 10* mm®/Nm, 4.123 x 10 mm?®*Nm, and 4.739 x 10™* mm®/Nm respectively. In the case of the
second regime when sliding distance between 3000 m to 4000 m, the specific wear rate increases
rapidly. The specific wear rate of Co=0, C0=0.25, C0=0.5 and Co=1 HEAs under (4000 m, 1
m/s, 10 N) sliding condition is 5.508 x 10 mm*Nm, 6.501 x 10 mm%Nm, 7.068 x 10™

mm®Nm, and 7.855 x 10 mm?®/Nm respectively.
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Fig. 6.10 Effect of variation in sliding distance on (a) coefficient of friction and,(b) specific
wear rate of Al 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs

Therefore, the percentage change in specific wear rate of Co=0, C0=0.25, C0=0.5, and Co=1
HEA in first regime is 52.5%, 51.7%, 37.2%, and 24.1%. In second regime between, 3000 m to
4000 m. The percentage change in specific wear rate for Co=0, C0=0.25, C0=0.5, and Co=1
HEA is 57.7%, 75.8%, 71.4%, and 65.7% respectively.
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6.3.3.1 Worn Surface and wear debris Analysis under sliding distance condition

Figure 6.11 shows the SEM micrograph of the worn surface, wear debris and distribution of wear
debris diameter at the constant sliding condition of 4000 m sliding distance, 10 N normal load,
and 1 m/s sliding speed for Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs. Figure 6.11 (a)
shows the surface features after the wear test, that it reveals scratches, microgrooves, and
material deformation along the sliding direction.

Due to delamination and cracks, thin flat, irregular, and multilayer flake type debris is generated
as shown in Fig. 6.11 (b). The average diameter of wear debris of Co=0 HEA as calculated from
SEM micrograph is 73.08um. Table 6.3 indicates the EDS results of worn surface and wear
debris indicating the presence of oxygen on the worn surface which form oxide and may
influence the loss of material. Therefore, the mode of wear is adhesion, plastic deformation, and
delamination along with oxidative wear. Wu et al. [39] studied the wear behavior of

Al,CoCrCuFeNi HEA and observed that delamination causes wear in ductile high entropy alloys.

Figure 6.11 (d, g and j) shows the SEM micrograph of the worn surface of Co=0.25, Co=0.5, and
Co=1 HEAs. It reveals similar features as in the case of Co=0 HEA like scratches, microgrooves,
cracks, and plastic deformation. The wear debris reveals thin, flat, irregular, and multilayer flake
types which are generated due to crack and delamination as shown in Fig. 6.11 (e, h and k). The
average debris diameter of C0=0.25, C0=0.5, and Co=1 HEAs are 93.58 pum, 68.67 um, and
123.11 pm respectively.

From Table 6.3, it is observed the changes in the atomic percentage of aluminium, iron, and
nickel on the worn surface indicates that material is transferred between the high entropy pin
sample and the counter-rotating disk, due to frictional heat generated during the sliding wear
[178, 179]. It is noted that the presence of oxygen on the worn surface form oxide film which
gives the lubricating effect and may decrease the material loss [182]. It is observed that the

percentage of oxygen decreases with increase in cobalt content as listed in Table 6.3.
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Table 6.3 EDS results of worn surface and wear debris of Aly4sFeCrNiCox (x=0, 0.25, 0.5
and 1.0 mol) HEA produced under 4000 m sliding distance, 10 N normal load, and 1 m/s
speed.

HEA Region Al% Fe% Cr%o Ni% Co% 0%
Co=0 Area-1 1.18 12.21 16.32 65.47 - 3.36
Area-2 1.55 9.67 28.67 33.18 - 26.93
debris 4.70 12.83 16.40 33.18 - 32.88
Co0=0.25 | Area-1 7.45 28.36 28.36 25.95 6.90 2.98
Area-2 10.10 18.02 21.01 31.51 451 14.85
debris 4.60 14.40 20.21 44.10 3.46 13.23
Co=0.5 Area-1 8.26 22.28 20.81 26.48 9.42 12.75
Area-2 7.92 19.28 19.81 31.48 8.42 13.9
debris 6.74 19.34 21.83 38.66 8.52 4.92
Co=1 Area-1 7.67 23.65 22.29 21.38 22.13 2.88
Area-2 5.69 20.45 19.66 22.58 19.68 11.94
debris 4.90 14.64 15.99 30.96 12.41 21.10

Therefore, the specific wear rate of Co=0 HEA having higher oxygen content is lower than that
of the Co=1 HEA which has lower oxygen content as shown in Fig. 6.10 (b). Another reason for
the higher value of specific wear rate of Co=1 HEA is the lowest value of hardness among all
HEA:s.

6.3.4 X-ray photoelectron spectroscopy of Aly4sFeCrNiCoy-1 HEA under dry condition

Figure 6.12 (a-g) shows the x-ray photoelectron spectra (XPS) of the worn surface of
Aly4FeCrNiCoy-; HEA obtained after the wear test under the dry sliding conditions of 1 m/s
sliding speed, 1000 m sliding distance and 10 N normal load. All the XPS spectra were recorded
after sputtering the few atomic layers of the worn surface by argon ion. The XPS spectra

were analyzed by using the NIST open-access database and the literature.
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Figure 6.12 (a) shows the survey spectra of worn surface indicating that the entire element
presents in the binding energy range of (0 t01000 ev). Figure 6.12 (b) shows the high-resolution
XPS spectra of Al2p3/2, and the peak at a binding energy of 73.99+0.2ev indicating the presence
of Al,O3 oxide.

Figure 6.12 (c) shows the deconvoluted spectra of Fe2p3/2 and the peak at a binding energy of
706.51+0.2ev, 707.87+0.2ev, and 711.59+0.2ev associated with the pure metallic iron and Fe,O3
oxide. Figure 6.12 (d) shows the deconvoluted XPS spectra of Cr2p3/3, and the peaks at binding
energy of 573.78+0.2ev and 575.87+ 0.2ev confirm the presence of pure metallic chromium and
Cr,03 oxide.

Figure 6.12 (e) shows the high-resolution XPS spectra of Ni2p3/2 and the sharp peaks at a
binding energy of 852.42+0.2ev confirms the presence of pure metallic nickel without any oxide
formation. Figure 6.12 (f) shows the deconvoluted XPS peaks of Co2p3/3, and the peaks at a
binding energy of 777.80+0.2ev, and 779.51+0.2ev indicate the presence of pure metallic cobalt
and Coz04 oxide. Figure 6.12 (g) shows the deconvoluted XPS peaks of O1s, and the binding
energy associated with the peaks at 529.82+0.2ev, 530.50+0.2ev, 531.11+0.2ev, and
531.62+0.2ev, confirms the presence of Fe,O3, Cr,03, Co304 and Al,O3; oxides on the worn

surface of Co=1 HEA. Similar observations were also reported in the literature [77, 79].

Therefore the presence of Al,O3, Fe;O3, Cr,03, and Coz04 oxides on the worn surface of Co=1
HEA formed during the wear process act as the protective film or third body which may depend
up on sliding velocity, normal load, and the environment [185]. It was reported that the oxide
formed can protect or damage the sliding material depend upon thickness and composition of the
oxide [181]. Generally, the metallic oxide causes high wear and intermediate friction, and the

metallic iron causes severe adhesion [186].
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6.4 Wear behavior of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs under oil condition

6.4.1 Effect of Sliding Speed on wear behavior of Aly4sFeCrNiCox(x=0, 0.25, 0.5 and 1.0
mol) HEAs under lubricating oil condition

Figure 6.13 (a) and 6.13 (b) shows the variation of coefficient of friction (COF) and specific
wear rate of Alg4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs with varying sliding speed tested
for a constant sliding distance of 1000 m under a normal load of 10 N and under oil lubrication
condition. From Fig. 6.13 (a) it is observed that COF fluctuates in between 0.065 to 0.060 in case
of Co=0 HEA. The initial decrease in COF in case of Co=0 HEA is due to the formation of the
oil film in between the mating surfaces which keeps the two contacting surfaces separated
against the normal load. In case of C0=0.25 HEA, the COF increases rapidly from 0.064 to 0.086
as sliding speed increase from 0.5 m/s to 1 m/s and afterward decreases gradually from 0.086 to

0.068 with an increase in sliding speed from 1 m/s to 2 m/s.
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Fig. 6.13 Variation of (a) coefficient of friction and (b) specific wear rate of Aly4FeCrNiCoy
(x=0, 0.25, 0.5 and 1.0 mol) HEAs under oil lubrication with varying sliding speed

The gradual decrease in COF values from 0.086 to 0.068 is due to formation of a continuous oil
film at higher speed which reduces the chance of metal to metal contacts. In case of Co=0.5 and
Co=1 HEA COF initially increases from 0.054 to 0.094 and from 0.059 to 0.113 as sliding speed

increases from 0.5 m/s to 1 m/s, respectively. The reason behind the increase in COF is due to
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breakage of the oil film at the interface which in turn due to the entrapment of wear debris. It is
observed that on further increase in sliding speed, from 1 m/s to 2 m/s, the COF value decreases
from 0.094 to 0.064 and from 0.113 to 0.067 in case of Co=0.5 and Co=1 HEAs, respectively. It
IS because, at higher sliding speed, under boundary lubrication condition, the tribo film is more

effective than at lower speed.

Figure 6.13 (b) represents the variation of specific wear rate of Aly4FeCrNiCoy (x=0, 0.25, 0.5
and 1.0 mol) HEAs with varying sliding speed and at the constant wear condition of 1000 m
sliding distance, and 10 N normal load. It is seen that as sliding speed increases from 0.5 m/s to 2
m/s, the specific wear rate of all HEA samples decreases. The higher specific wear rate at lower
sliding speed is because of the fact that at lower sliding speed the lubricating oil film is not
adequate and there is more metal to metal contact. The specific wear rate decreases from 3.240
x10™ mm*/Nm to 2.023 x10”°> mm?®/Nm in case of Co=0 HEA, i.e., a 37.56 % decrease in specific
wear rate with an increase in sliding speed from 0.5 m/s to 2 m/s. In case of C0=0.25 HEA, the
specific wear rate decreases from 4.833 x10™° mm®/Nm to 2.279 x10° mm*/Nm, i.e., a 52.84 %
decrease in specific wear rate with an increase in sliding speed from 0.5 m/s to 2 m/s. In case of
Co=0.5 HEA, the specific wear rate decreases from 5.770 x10° mm*Nm to 2.588 x10°
mm?®Nm, i.e., a 55.14 % decrease in specific wear rate with an increase in sliding speed from 0.5
m/s to 2 m/s. In case of Co=1 HEA, the specific wear rate decreases from 7.080 x10° mm®/Nm
to 2.149 x10° mm?/Nm, i.e. 69.64 % decrease in specific wear rate with an increase in sliding

speed from 0.5 m/s to 2 m/s.

6.4.2 Effect of sliding distance on wear behavior of Aly4sFeCrNiCox(x=0, 0.25, 0.5 and 1.0
mol) HEAs under lubricating oil condition.

Figure 6.14 (a) and 6.14 (b) shows the variation of coefficient of friction and specific wear rate
of Alg4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs with varying sliding distance tested under
the constant sliding speed of 1 m/s and a normal load of 10 N and under oil lubrication condition.
It is observed that as sliding distance varies from 1000 m to 4000 m, the COF varies in the range
of 0.060 to 0.143 and follows similar trends for all HEAs. According to Fig. 6.14 (a), Co=1
HEA, has maximum COF value in every case, and this is due to a lower hardness value of Co=1

116



HEA, among all HEA samples. For Co=1 HEA, COF initially decreases from 0.10 to 0.096 as
sliding distance increases from 1000 m to 2000 m. The decrease in COF value is due to the
removal of frictional heat and debris by lubricating oil which smoothens the wear process.
Afterward in between 2000 m and 4000 m, the COF start increasing from 0.096 to 0.143 in case
of Co=1 HEA. The increase in COF after 2000 m is due to the presence of debris in oil between
the disc and sample. It results in breakage of lubricating oil film and increases the metal to metal

contacts between the surfaces and therefore, COF increases.
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Fig. 6.14 Variation of (a) coefficient of friction and (b) specific wear rate of Aly4sFeCrNiCoy
(x=0, 0.25, 0.5 and 1.0 mol) HEAs under oil lubrication with varying sliding distance

Figure 6.14 (b) shows the variation of specific wear rate of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and
1.0 mol) HEAs with varying sliding distance under oil lubrication. It is observed that as sliding
distance increases from 1000 m to 4000 m, the specific wear rate increases. For Co=0 HEA, the
specific wear rate increases from 4.215x 10 ° mm*/Nm to 5.280 x 10 > mm®Nm i.e. a 25.2 %
increase in value when the sliding distance increases from 1000 m to 4000 m. For C0=0.25 HEA,
the specific wear rate increases from 4.766 x 10> mm*/Nm to 6.830 x 10 > mm%*Nm i.e. a 30.2
% increase in value when the sliding distance increases from 1000 m to 4000 m. For Co=0.5
HEA, the specific wear rate increases from 6.315 x 10 > mm*/Nm to 9.423x 10 > mm®*Nm i.e. a
32.9 % increase in value and in case of Co=1 HEA, the specific wear rate increases from 7.032 x

10" °> mm*/Nm to 11.080 x10 °> mm*/Nm i.e. a 36.5 % increase in value when sliding distance
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increases from 1000 m to 4000 m, respectively. The maximum value of the specific wear rate in

case of Co=1 HEA among all sample is due to its lower value of hardness.

6.4.3 Effect of Normal Loads on wear behavior of Aly4FeCrNiCox (x=0, 0.25, 0.5 and 1.0

mol) HEAs under lubricating oil condition

Figure 6.15 (a) and 6.15 (b) show the variation of coefficient of friction and specific wear rate of
Alg4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs with varying normal loads tested for a
constant sliding distance of 1000 m and at a sliding speed of 1 m/s under oil lubrication
respectively. It is observed from Fig. 6.15 (a) that as normal load increases from 5 N to 20 N, the
coefficient of friction also increases in case of all Alp4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol)

HEAs respectively.
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Fig. 6.15 Variation of (a) coefficient of friction and (b) specific wear rate of AlysFeCrNiCox
(x=0, 0.25, 0.5 and 1.0 mol) HEASs under oil lubrication with varying normal load.

The increase in coefficient of friction with the increase in load is mainly due to an increase in
contact area between the rotating disc and the HEA pin samples which requires more energy to
break the contact and hence the COF value increases.

Figure 6.15 (b) shows the variation of specific wear rate with normal loads, and it is observed

that as normal load increases, the specific wear rate also increases in three different regimes in
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case of Aly4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs. In the first regime as load increases
from 5 N to 10 N, the specific wear rate increases rapidly in case of all HEAs and it is noted that
the Co=1 HEA exhibits maximum specific wear rate among all HEAs. In the second regime, as
the load increases from 10 N to 15 N, the specific wear rate varies gradually in case of all HEAs.
In the third regime, as the load increases from 15 N to 20 N, the specific wear rate again
increases in case of all HEAs. The reason behind these particular regimes with the increases in
loads is mainly due to the variation in real contact area between the mating surfaces. As the load
increases, more metal to metal contact occurs, and this leads to more material loss. As a result,
the specific wear rate for Co=0 HEA increases from 3.262 x 10° mm%Nm to 5.843 x 10°
mm?/Nm, i.e., 79.12 % increase in value when normal load increases from 5 N to 20 N. For
C0=0.25 HEA the specific wear rate increases from 3.572 x 10° mm*Nm to 7.505 x 10°
mm?/Nm, i.e., 110.10 % increase in value as the normal load increases from 5 N to 20 N.
Similarly, in the case of Co=0.5 HEA, the specific wear rate increases from 3.768 x10° mm®/Nm
to 8.040 x10° mm*/Nm, i.e., 113.37 % increase in value and in case of Co=1 HEA, the specific
wear rate increases from 4.124 x10° mm®/Nm to 8.871 x10° mm*/Nm, i.e., 115.10 % increase in
value when normal load increases from 5 N to 20 N. The reasons behind 115.10 % increase in
the value of specific wear rate in case of Co=1 HEA. First, it is due to lower value of
microhardness in case of Co=1. Second, due to lower value of oxygen content on the worn
surface in case of Co=1 HEA as listed in Table 6.4 indicates lesser protective tribo film in
comparison to other high entropy alloy specimen during wear process and hence lesser

protectiveness in case of Co=1 HEA and more will be the material loss.

6.4.4 Worn surface and wear mechanism under lubricating oil condition

Figure 6.16 (a-d) shows the SEM micrographs of worn surfaces of Aly4FeCrNiCoy (x=0, 0.25,
0.5 and 1.0 mol) HEAs, after the wear test at the high magnification, with constant wear
condition of (1000 m, 10 N, 1 m/s) under oil lubrication. The corresponding EDS results of a
selected area of Alg4FeCrNiCoyx (x=0, 0.25, 0.5 and 1.0 mol) HEAs are listed in Table 6.4. The
micrograph was obtained after degreasing the oiled surface in the acetone bath. Figure 6.16 (a-d)
illustrates the surface characteristic generated while sliding the HEA pin samples against the
rotating disc under lubrication. The worn surface looks very smooth and indicating polishing of

the worn surface. Figure 6.16 (a) indicate the SEM micrograph of Co=0 HEA and shows fine
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scratches and grooves which are parallel to the sliding direction. It is also noted that the worn
surface does not have any cracks, spalling, or damage surface. The specific wear rate of Co=0
HEA is minimum and that of Co=1 HEA is maximum among all HEAs as illustrated in Fig. 6.13
(b), Fig. 6.14 (b) and Fig. 6.15 (b) and this may be due to following reasons. First reason, the
minimum specific wear rate of Co=0 HEA is due to the formation of a stable or unbreaked oil
film which minimizes the heating and washes away the debris generated during the wear process
resulting in lower material loss. On the other hand, the maximum specific wear rate exhibited by
Co=1 HEA, is due to the breakdown of the oil film. The unstable oil films or breakage of oil
films is due to the presence of lose wear debris in between the mating surfaces, which leads to

scratches, grooves and plastic deformation of the material as shown in Fig. 6.16 (d).

Table 6.4 EDS result of worn surface of Alg4FeCrNiCoy(x=0, 0.25, 0.5 and 1.0 mol) HEAs
at (1000m, 10N, 1m/s) wear condition under oil lubrication.

HEA Region Al% Fe% Cr%o Ni% Co% 0%
Co=0 Area-1 5.85 25.47 26.27 21.39 - 18.23
Area-2 7.49 22.88 22.60 22.38 - 21.22
Co=0.25 | Area-1 7.54 18.42 22.98 18.19 5.24 27.62
Area-2 8.47 22.0 25.53 22.38 6.24 15.38
Co=0.5 Area-1 6.60 19.58 20.02 19.90 11.01 22.89
Area-2 8.13 20.12 24.22 20.68 11.81 15.04
Co=1 Area-1 5.20 19.21 18.39 24.41 20.68 12.11
Area-2 5.75 20.46 20.63 24.48 21.70 6.99

The generated grooves or unsmooth surface provide a side passage for the lubricant to flow out.
The side leakage causes reduction or complete collapse of the oil film or breakdown of the oil
film or the generation of an unstable oil film [187, 188]. So more metal to metal contacts occur
and this increases the material loss. The second reason is due to the higher hardness of Co=0
HEA among all HEA samples. According to Archard wear equation, hardness is inversely
proportional to material loss [174]. Therefore Co=0 HEA has the highest hardness among all

HEA samples. This means that higher the hardness lower will be the material loss. The third
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reason is might be due to the presence of oxygen on the worn surface of Co=0 HEA as listed in
Table 6.4. It is observed that the oxygen content decreases from 19.72 at.% to 9.55 at.% (average
value of area-1 and area-2) with the addition of cobalt from x=0 t0o1.0 mol. It is known that the
presence of oxygen on the worn surface forms a protective tribo layer and helps in reducing the
material loss [181]. It is also noted that by the addition of cobalt, microstructural differences
arise within the HEAs as shown in Fig. 5.11 (a-d). As the cobalt content increases, the amount of
precipitate is observed to decrease in the microstructure (Fig. 5.11(a-d)). The EDS results as
listed in Table 5.4 indicate that these precipitates are rich in aluminium and nickel. It is reported
that these precipitate help in increasing the hardness of the alloy and hence decrease the material
loss during wear. Therefore, with increasing cobalt content, the precipitate decreases and

decreases the hardness as a result increases the wear [110, 111].

Figure 6.16 (b-d) shows the SEM micrographs of the worn surface of Co=0.25, C0=0.5, and
Co=1 HEAs, respectively. The micrographs have illustrated the similar features as in the case of
Co=0 HEA, but form deep scratches and grooves which are parallel to the sliding direction. The
micrographs also reveal that there are some regions where peeling off, flow of material and
formation of cracks occur in a direction perpendicular to sliding direction. Similar features are
also observed in Fig. 6.16 (e-h) which shows the 3D profile of the worn surface of
Al 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs after the wear.

The 3D profile also confirms that the scratches and grooves along with the material flow are
parallel to the sliding direction during the wear process. The deep scratches and grooves in case
of Co=1 HEA is because of two reasons. First, as cobalt content increases the hardness of HEA
sample decreases and the second reason is due to the breakdown of the oil film. It occurs when
the wear debris gets stuck in between the contacting surfaces and creates deep scratches as
indicated in Fig. 6.16 (c, d) and Fig. 6.16 (g, h). It is observed from the Table 6.4 that as cobalt

content increases from x=0 to 1 mol, the oxygen content decreases.
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Fig. 6.16 (a-d) SEM micrographs, (e-h) 3D surface profile of worn surface of
Alg4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs at constant wear condition of (1000m,
10N, 1m/s) under oil lubrication.
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Therefore, the protective nature of the tribofilm is lowered in the case of Co=1 HEA than in case
of Co=0 HEA. The XPS spectra confirm that the oxide formed in Co=1 HEA is mainly consists
of Al,O3, Fe;,0O3 and Cr,03 as seen in Fig. 6.16. Hence it may be concluded that the mode of
wear is the combined effect of adhesive, and abrasive wear along with the third body and plastic

flow of material.

6.4.5 X-ray Photoelectron Spectroscopy of Aly4FeCrNiCox-1 HEA under lubricating oil

condition

Figure 6.17 (a-h) shows the XPS spectra of the worn surface of Alp4FeCrNiCox-1 HEA, after the
wear test at the constant sliding condition of (1000 m, 10 N, 1 m/s) under oil lubrication. Before
the examination, the sample was properly cleaned and degreased with acetone by ultrasonicating
for 10 to 15 min and then dried. The XPS spectra were recorded after argon ion etching the
surface with few atomic layers. Figure 6.17 (a) shows the XPS survey spectra in the binding
energy range from O to 1000 ev, which includes the entire element present in the
Alo4FeCrNiCoyx-; HEA along with carbon and oxygen. Figure 6.17 (b-h) illustrate the
deconvoluted XPS spectra of Ols, Al2p, Fe2p, Cr2p, Ni2p, Co2p, and C1s, respectively. The
deconvoluted XPS spectra of O1s in Fig. 6.17 (b) indicate the presence Cr,03, Fe,03, and Al,O3
oxides at the binding energies of 529.90 +0.2 ev, 530.33+0.2 ev, and 531.42+0.2 ev. Figure 6.17
(c) shows the XPS spectra of Al2p3/2 and the deconvoluted peak at the binding energy of
72.10+0.2 ev represent presence of pure Al metal, and the peaks at 73.85+0.2 ev, and 74.90+0.2
ev, represents Al,Os. Figure 6.17(d) indicate the deconvoluted peak of Fe2p3/2 and the peaks at
the binding energies of 706.40+0.2 ev, 707.51+0.2 ev, represent the presence of pure Fe metal
and the peak at 711.21+0.2 ev represents Fe,Os.
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Figure 6.17(e) shows the XPS spectra of Cr2p3/2 and the deconvoluted peaks at the binding
energies of 573.76+0.2 ev, and 575.90+0.2 ev indicate the presence of pure Cr metal and Cr,0s.
Figure 6.17(f) and 6.17(g) represent the XPS spectra of Ni2p3/2 and Co2p3/2, respectively and
the peaks at the binding energies of 852.40+0.2 ev, and 777.75+0.2 ev represent the presence of
pure Ni and Co metal. Figure 6.17 (h) shows the XPS spectra of Cls at 285.01+0.2 ev
representing the presence of high molecular weight polymer like (-CH2CH2-)n. Its presence
might be due to the contamination during ultrasonication of the HEA sample with acetone [189]
or due to the formation of (alcoholic or ketone) group [190] by the thermal reaction of
hydrocarbons present in the lubricating oil, which take place in four steps as follows. Similar

findings have also been reported by Bhushan et al.[190, 191].

Step 1: Initiation

RH - R+ H

Step 2: Propagation

R+ + 0, — ROO-

ROO+ + RH — ROOH + R
Step 3: Branching

ROOH - RO+ + HO-

RO+ + RH — ROH +R-
HO+ + RH - H,0 +R-

Step 4: Termination

R*+ Re alcohols

Re + ROO- N aldehydes
ROO+ + ROO- ketones

RO* + R acids

Therefore, during the wear process under oil lubricating condition, Al,O3, Fe;O3, and Cr,03

oxide gets formed on the worn surface of Aly4FeCrNiCoy=; HEA. This is because according to
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the Ellingham diagram, the Gibbs free energy change for oxidation reaction show increasing
trends Al,03 < Cr,03< Fe,03< NiO< CoO. Therefore, Al,03, Cr,03, and Fe,O3 oxides have most
negative values and have tendencies to form oxides even at room temperature. These oxides may
decrease the material loss by providing a protective film or increase the material loss depending
upon the sliding speed, normal load, environment, and film thickness [192]. Also, there is the
presence of high molecular weight polymer or alcoholic group which may arise due to thermal
reaction with hydrocarbon present in the lubricating oil or due contamination during
ultrasonication of high entropy samples in the acetone bath after the wear test.

6.5 Comparison with reported work

Tong et al. [34] have studied the wear behavior of AIXCoCrCuFeNi (x = 0 to 3.0) HEAs
synthesized by arc melting in vacuum at 0.01 atm. The wear testis conducted on a pin-on-
belt tribo-meter under different loads of 9.8N and 29.4N without any lubrication. A test pin of 8
mm diameter is used with a Al,O3 counter belt of 149um mesh, and a belt sliding speed of 0.5
m/s is maintained during the test. It has been observed that with increase in aluminium content

the hardness and wear resistance increases due to transformation of FCC phase to BCC phase.

Du et al. [65] have studied the wear behavior of Aly2sCoCrFeNi HEA at various temperatures
from room to 600°C. It is observed that on increasing the temperature, the wear rate increases
due to high temperature softening of the samples. The dominant wear mechanism of the HEA
changed from abrasive wear at room temperature to delamination wear at 200°C,
delamination and oxidative wear at 300°C and became completly oxidative above 300°C.

Moreover, the adhesive wear existed concomitantly below 300°C.

Chen et al. [66] have studied the wear behavior of AlosCoCrFeNi HEA in ambient air, deionized
water, simulated acid rain, and simulated seawater conditions. They have observed that the wear
rate of the as-cast HEA in the ambient air condition is significantly higher than that in any of the
liquid environments. The wear resistance in seawater is superior to that in ambient air, deionized
water, and acid rain. The dominant wear mechanism in the ambient air condition and deionized
water is observed to be abrasive wear, delamination wear, and oxidative wear. By contrast, the
wear mechanism in acid rain and seawater is mainly corrosion wear, adhesive wear, abrasive

wear, and oxidative wear.
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In the present study the wear behavior of Aly4FeCrNiCox(x = 0, 0.25, 0.5, and 1.0 mol) HEAS
are studied under dry and engine oil conditions against a EN31 steel counter body. It is observed
that the specific wear rate under dry condition, in all sliding conditions is higher than the wear
under lubricating oil condition. The wear mechanism, in case of dry condition is observed to be
the combined action of adhesive wear, plastic deformation, delamination and oxidation. The
wear mechanism in case of lubricating oil condition is the combined action of adhesive and

abrasive wear along with third body wear, and plastic flow of material.

Chapter summary
This chapter includes.

» Wear behavior of Alp4FeCrNiCox(x=0, 0.25, 0.5, 1.0 mol) HEAs under dry sliding
condition.
» Wear behavior of Aly4FeCrNiCoy(x=0, 0.25, 0.5, 1.0 mol) HEASs under oil lubricating

condition.
» Worn surface and wear debris analysis of Aly4FeCrNiCoyx(x=0, 0.25, 0.5, 1.0 mol) HEAs

after dry and oil lubricating condition.

In the next chapter, experiment results were summerizes and putting suggestion for future

work.

*kkk

127



Chapter 7

Conclusions and scope for future work

Based on the experimental work on Synthesis, and characterization of AlxFe; sCrMnNigs (x= 0.3
and 0.5) high entropy alloys through mechanical milling and conventional sintering, and air jet
erosion study of AlxFe; sCrMnNigs (x= 0.3 and 0.5). Synthesis, and characterization of as-casted
and homogenized Alg4FeCrNiCoy (x= 0, 0.25, 0.5 and 1.0 mol) HEAs through arc melting route.
Wear behavior of AlgsFeCrNiCoyx (x=0, 0.25, 0.5 and 1.0 mol) HEAs under dry and oil

lubricating condition. Following conclusion can be drawn.

7.1 Present research work can be summarized as follows

1. Thermodynamically AlxFe;sCrMnNigs (x = 0.3 and 0.5 mol) HEAs satisfy the phase
stability criterion.

2. After 20 hrs of milling the major phase is observed to be of BCC structure and the minor
phase is observed to be of FCC structure.

3. DSC analysis has shown an exothermic peak at 537.0 °C in case of AlgsFe; sCrMnNigs HEA,
and an endothermic peak at 935.1°C in case of the AlgsFe;sCrMnNigs HEA.

4. After sintering AlxFe; sCrMnNigs (x = 0.3 and 0.5 mol) HEAs in air and vacuum atmosphere
BCC, B2, FCC and CrsFesMng phases got formed.

5. Air sintered HEAs have been observed to exhibit better hardness and yield strength than
vacuum sintered HEAs.

6. Erosion at 45° impingement angle is found to be higher than erosion at 90° angle.

7. Thermodynamically AlgsFeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs satisfies phase
stability criterion.

8. In as cast HEA the transformation of FCC+BCC to FCC phase occurs and BCC phase

decreases from 16.5% to 0%, with addition of cobalt from x=0 to 1 mol.
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10.

11.

12.

13.

14.

15.

Microhardness, compressive yield strength and thermal conductivities of as-cast HEAS
decrease from 253.6 HV to 155.6 HV, 965.22 MPa to 233.37 Mpa, and 4.87 W/mK to 2.674
W/mK, respectively in case of Al 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAS
Homogenized Alg4FeCrNiCox(x=0, 0.25, 0.5 and 1.0 mol) HEAs show the formation of
FCC+BCC, FCC, and B2 phases and BCC phase content decreases from 91.5% to 0% with
the addition of cobalt from 0 to 1.0 mol.

The microhardness and room temperature compressive yield strength for homogenized
Al 4FeCrNiCoy (x=0, 0.25, 0.5 and 1.0 mol) HEAs decreases from 377.7 HV to 199.5 HV
and 1169.35 MPa to 57.63 Mpa, respectively.

The Co=1 HEA shows a maximum specific wear rate under all wear conditions tested under
dry situation and the wear mechanism is observed to be of adhesive type along with
oxidation, plastic deformation, and delamination.

XPS analysis confirms the formation of Al,0O3, Fe,O3, Cr,03, and Coz04 oxides on the worn
surface in case of Co=1 HEA under dry condition.

The Co=1 HEA also shows maximum specific wear rate under all wear conditions tested
under oil lubrication and the wear mechanism observed to be of adhesive, abrasive, three
body type along with oxidation and plastic flow of material.

XPS analysis confirms the formation of Al,Os3, Fe,O3, and Cr,03 oxides along with high
molecular weight polymers or alcoholic groups on the worn surface of Co=1 HEA for the

wear test under oil lubrication condition.
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7.2 Scope for future Work

Based on the present experimental work following research work can be performed in future.

1. The detailed study on electrical and magnetic property of proposed high entropy can be
conducted.

2. The detailed study on machineability and weldability of proposed high entropy can be
conducted.

3. Oxidation behavior of proposed high entropy alloys may be performed to suggest its
application in high temperature.

4. Corrosion resistance of proposed high entropy alloys may be performed at different
electrolytes and concentration

5. Rolling operation on the proposed high entropy alloys can be performed under different

temperatures.

*kk*k
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