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ABSTRACT

Aluminium Matrix Composites (AMCs) are finding a wide range of applications in
automobile, aerospace, defense, and general engineering sectors, because of their higher
specific strength and stiffness, good wear and seizure resistance, and improved high-
temperature properties as compared to the base alloy. Potential uses of these materials in
automobile sectors are found in making the components like brake drums, pistons,
cylinder heads, drive shafts, etc. Most of these components are subjected to abrasive and
sliding types of wear during operations and are presently either made of cast iron and
steels or aluminum alloys. AMCs are lighter than cast iron or steel and the former has a
better specific strength and wear resistance as compared to the latter one. Thus,
considerable efforts are being made to replace these components with AMCs. It will not
only improve the life of components but also reduce the weight and improve fuel

efficiency.

An Mg-Si-based Aluminium 6082 alloy with varying concentrations of CoCrFeMnNi
high entropy alloy (HEA) reinforced composites were fabricated through stir squeeze
casting assisted with an ultrasonic transducer probe. The composites were heat treated to
examine the age-hardening effect (T6) on microstructural changes, fracture mechanism,
and an interface between HEA particles and aluminium matrix. The evolution of
microstructure and topography of HEA particles, alloy, and composite at as cast and heat-
treated conditions, was investigated through field emission scanning electron microscope
(FESEM) with energy dispersive X-Ray Spectroscopy (EDS) and transmission electron
microscope (TEM). X-ray diffraction (XRD) is used to characterize the phase evolution
of HEA particles, alloys, and composites at the as-cast condition, and heat-treated
condition. In this study, the mechanical behavior of alloy and composite was investigated
and the cause of failure was studied through tensile fractured surface. Under the T6
condition, composites exhibit superior mechanical properties such as improved hardness,
yield strength, and ultimate tensile strength, however, the ductility of composites is less
as compared to the as-cast condition which might be due to the formation of precipitates.
The performance of industrial tribo-systems depends on advanced composites with
superior tribological characteristics. The effect of HEA particles on the dry sliding wear
performance of HEA reinforced Aluminium metal matrix composites was examined in

as-cast conditions using a pin-on-disc wear tester at varying pressure and constant sliding



speed, special emphasis is centered on response factors such as wear rate, and seizure
resistance. The composite showed an ability to withstand higher temperatures and better
seizure and wear resistance over the alloy. The topography of the worn-out surface was
examined through an optical profilometer and FESEM. In all the wear conditions, the
wear rate of 8 wt.% HEA/AA (T6) composite shows maximum resilience against wear,
the inclusion of HEA particles also influences the extent of the subsurface at the seizure
condition. Whereas, at higher applied pressures, the wear surface was depicted as a series
of parallel transverse as well as longitudinal cracks and damaged portions. The
propagation of longitudinal and transverse cracks resulted in the formation of flaky shape
debris. Furthermore, FESEM of the subsurface of alloy shows a mechanically mixed layer
(MML), a thin plastically deformed and bulk undeformed zones. With increased applied
pressure, the extent of subsurface deformation was increased. The flow of Al dendrite
was noted in a less deformed region. It depicted a highly plastically deformed region,
which was formed due to void formation and shear deformation of the alloy. During the
sliding action, this void joined together and formed subsurface cracks, which were in due

course joined together forming wear debris.
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CHAPTER -1

INTRODUCTION

Aluminium, the second most abundant element in the Earth's crust, has been instrumental in
the advancement of human civilization. Its unique properties make it an excellent substitute
for wood, copper, iron, and steel. It consumes more energy than all other nonferrous metals
and alloys combined with its lightweight, low density, thermal and electrical conductivity, and
excellent corrosion resistance. Its high utility index makes it an essential component in various

industries such as transportation, packaging, electrical, chemical, food, and architecture.

The aircraft industry was the first to demand aluminium alloys due to their excellent
combination of properties, including lightweight, high specific strength, stiffness, exceptional
corrosion resistance, and increased ductility. Although its poor mechanical properties,
including yield and tensile strength, have limited its wider use, significant efforts are being
made to increase the mechanical strength of aluminium to meet the demands of various

industries.

Aluminium is alloyed with various elements, including Cu, Zn, Mg, Si, and Mn, to increase its
mechanical strength and modulus. Al Zn-Mg alloys have demonstrated a significant increase
in mechanical strength and are widely used in structural parts for aircraft and automobiles.
Aluminium alloys can be categorized into two groups: cast and wrought alloys. The primary
method of property improvement for each group is further divided into alloys that can and
cannot be heated. Many alloys react to thermal treatment based on phase solubility. Quenching,
precipitation, age hardening, and solution heat treatment are examples of these processes.
Different wrought compositions can be work-hardened through mechanical reduction,
frequently in conjunction with various annealing techniques for property improvement. These

alloys are also known as work-hardening and non-heat treatable alloys.

The wrought aluminium alloys that respond to heat treatment strengthening, primarily by
aging, are classified into three main series: 2XXX (Al-Cu, Al-Cu-Mg), 6 XXX (Al-Mg-Si), and
TXXX (Al-Zn-Mg, Al-Zn-Mg-Cu). These alloys can be further divided into two categories
based on their weldability and strength. The first category comprises medium-strength and

easily weldable alloys, such as Al-Mg-Si and Al-Zn-Mg. The second category includes high-

13



strength alloys, such as Al-Cu, Al-Cu-Mg, and Al-Zn-Mg-Cu, which have limited weldability.
Alloys that cannot be heat-treated are hardened through cold working instead of heating,
typically from the 1 XXX, 3XXX, 4XXX, and 5XXX series. These alloys obtain their initial
strength from the hardening effect of their alloying elements, and cold working can provide

additional strengthening.

The majority of wrought compositions that do not respond to strengthening by heat treatment
consist of various grades of aluminium and alloys with manganese (Mn) or magnesium (Mg)
as the main additions. However, due to their low strength and stiffness at low and high
temperatures, low wear resistance, and low seizure resistance, aluminium alloys have a limited
range of applications. To address these limitations, Aluminium Matrix Composites (AMCSs)
have been developed by reinforcing aluminium with a wide range of materials, including
continuous or discontinuous fibers, whiskers, and particles. AMCs have become a significant
class of materials in industries such as automotive, aerospace, defense, and general
engineering, where there is a growing demand for lighter-weight and more durable

components. They have the potential to replace conventional materials currently in use.

There are various categories of processing techniques used for the production of AMCs,
depending on the primary treatment made for the matrix. These techniques include the liquid

phase technique, solid-phase technique, and semi-solid (mixed) phase technique

Solid-phase processing techniques, such as powder metallurgy, are capable of producing high-
quality products with a uniform dispersion of reinforcing phases. Spark plasma sintering offers
superior features such as high heating rates, shorter sintering times, full and uniform
densification, and reduced porosity compared to conventional sintering methods such as
pressure-less sintering, hot press, and hot isostatic sintering. Vacuum sintering is more
appropriate for larger-scale production with enhanced mechanical properties. Additionally,
microwave sintering can be used, which reduces energy consumption while improving product
properties. These techniques offer controlled porosity, minimizing machining by producing
components with superior dimensional accuracy. However, these methods are limited to

simple-shaped products, unlike liquid-state casting techniques.

Squeeze casting is a technique that allows for greater wettability between the elements,

uniform distribution of reinforcing phases, and limited porosity. Liquid phase techniques such
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as stir casting can produce products with both simple and intricate shapes and are being widely
adopted due to their simplicity and cost-effectiveness [1]. However, issues such as wettability
between constituents, porosity, and particle distribution arise in the stir-casting technique,

which can be resolved by incorporating appropriate modifications [2].

Furthermore, in addition to solid and liquid-phase processing techniques, other techniques such
as semi-solid phase techniques (composting, rheocasting, and thixocasting), in-situ techniques,
and spray deposition techniques are also adopted. Composting offers greater dispersion of
reinforcing particles, extremely reduced porosity, and improved wettability of the matrix with
reinforcement, resulting in superior mechanical properties such as yield strength, hardness, and
wear resistance compared to conventional stir casting. The in-situ technique enables a clean,
unoxidized interface between the matrix and reinforcement, greater interfacial strength, more

homogeneous reinforcement distribution, and superior wettability over ex-situ methods

Several studies have investigated the dry sliding wear behavior of aluminium matrix
composites (AMCs) against steels and found that the composites exhibit significantly higher
wear resistance than unreinforced aluminium alloys. Ceramic reinforcing particles typically
support the contact stresses under low contact loads and sliding speeds, minimizing the
consequences of frictional heating. The reinforcing phases restrain the matrix alloy, thereby
preventing subsurface plastic deformation and shear, and improving the ability to withstand
seizures due to higher temperature strength. The wear behavior of AMCs is significantly
impacted by microstructural features, such as the shape, size, distribution, and volume
percentage of the reinforcing phase, interface properties, and matrix microstructure. The wear

mechanism also varies between alloys and composites.

The impact of the aforementioned parameters on the sliding wear behavior of AMCs has not
been thoroughly studied. Identifying the wear mechanism offers a better understanding of
designing and developing improved wear and seizure-resistant components that are subjected
to sliding wear conditions. In constructing wear mechanism maps for Al alloys, Liu et al. [3]
proposed oxidation, delamination, severely plastic-deformed zone, and melt wear regimes.
Bembalge et al. [4] found abrasive wear modes, along with adhesive wear marks at lower loads
and speeds, which transformed into oxidational wear modes when undergoing higher limits of

applied pressure and sliding velocity. Wilson et al. [5] observed that incorporating 20% SiCp

15



to A356 Al alloy significantly extended the mild wear regime to a higher extent of applied load
and sliding speeds, hence inhibiting severe wear. Beyond a critical load, Zhang et al. [6]
observed a severe wear regime resulting in considerable surface degradation and material

transfer to the counter disc.

James et al. [7] observed that the wear behavior of AA6061 composite containing 5% ZrO»
was mild and smooth under static conditions. However, with an increase in the concentration
of ZrO; to 15%, agglomerated sites were evident, leading to severe wear in the form of deep
ploughing, grooving, and delamination. Ramchandra et al. [8] identified oxidation, micro-
cutting, and thermal softening as the dominant wear mechanisms. The development of the
mechanically mixed layer (MML) on the worn surface of metallic alloys was found to strongly
influence wear response [9]. Rosenberger et al. [10] characterized the MML as consisting of
the matrix material, counter surface, matrix oxides, and cracked ceramics reinforcement.
Basavarajappa et al. [11] observed an increase in microhardness near the worn end of the
subsurface due to the formation of a thicker MML.. They also noted that the addition of graphite
reinforcement reduced subsurface deformation. Venkataraman et al. [12] established a
correlation between the transitional load and material hardness based on variations in the
MML's nature, subsurface cracking, and other microstructural changes. They found that the
transition load increased with the hardness of the MML. Wear residues, material displacement
(transfer) from the counter disc, a coalition of mating surfaces under higher normal loads, and
greater heating due to friction were the main factors responsible for the evolution of the MML.
Uthayakumar et al. [13] reported that debris formation was significantly influenced by the
thickness of the tribo-layer and subsurface deformation. Lesser subsurface deformation led to
smaller wear debris with equiaxed dimensions. The effect of applied load and sliding distance
on the production and stability of the MML or oxide layer has not been fully established. In
the case of composites, the hard ceramic dispersoid on the surface of the composite could have
an abrasive effect on the counter surface. Material transfer between contacting surfaces is
likely to occur during sliding wear, and in composites, these particles may increase the amount
of counter-surface material on the specimen surface. Therefore, the amount of counter-surface

material transfer to the specimen surface may vary between alloys and composites
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Furthermore, the characteristics of MML in composites are distinct from those in alloys. In
addition, previous studies have only investigated the dry sliding wear behavior of AMCs with
single solid lubricant particle reinforcement, while the influence of hybrid particles composed
of strong ceramic and soft, brittle, and self-lubricating particles on the wear behavior of Al
alloy requires further investigation. The objective of the present study is to investigate how
two different types of reinforcing particles and heat treatment impact the mechanical and
tribological properties of the AA 6082 alloy and its composites. The wear experiments include
various extrinsic and intrinsic experimental variables such as applied pressure/load, sliding
distance, nature and weight fraction of reinforcements, and matrix microstructures. Heat
treatment is utilized to modify the matrix microstructure. The temperature and frictional force
during sliding wear are examined as a function of the applied pressure and sliding distance for
different materials. In order to achieve a better understanding of the sliding wear mechanism
in composites as opposed to alloys, future research is recommended to conduct a systematic
study of the MML characteristics and stability as a function of speed and applied load. X-ray
diffraction and SEM-EDX analysis of worn surfaces can be utilized to analyze the wear
mechanism maps for alloys and composites, showing the transition of wear regions based on

wear rate, temperature data, as well as wear surface and subsurface analysis.
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CHAPTER -2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter summarizes the available information pertaining to the effects of alloying
elements on the physical and mechanical properties of aluminium, the equilibrium diagram of
the AIMg, and AlSi phase, Metal Matrix Composites (MMCs), and their processing techniques
with special emphasis on Aluminium Matrix Composites (AMCSs), microstructures,
mechanical and tribological properties of AMCs as compared to the virgin alloy, types of wear,
the effect of experimental variables and microstructural characteristics on sliding wear
behavior of AMCs, and wear mechanisms. This literature survey was made to update my
knowledge and understanding of the present status of AMCs with special reference to the
mechanical and tribological behavior of these materials. Based on the literature survey, the

problem for the present investigation has been identified.
2.2 ALUMINIUM ALLOYS

Various combination of different alloying elements results in different kinds of alloys.
Aluminium alloys are broadly classified into three groups including (i) age-hardening alloys,
(i) casting alloys and (iii) work-hardening alloys. All age-hardening alloys contain alloying
elements that can be dissolved at elevated temperatures (solution heat treated) and precipitated
at lower temperatures (aged) to produce a significant increase in strength. In most casting
alloys, silicon (Si) is used as the major alloying element because Al-Si alloys can fill the mold
completely and are not sensitive to hot cracking. Silicon in shape casting produces a modest
increase in strength because of the large volume fraction of hard Si particles formed during
solidification. The work-hardening alloys are of two basic types; the Al-Mn-based alloys,
which form a fine dispersion of inter-metallic phase particles give a modest increase in
strength, and the Al-Mg-based alloys in which the Mg remains in solid solution, produces a
larger increase in strength, particularly after cold working. A combination of Al-Mg-Mn is
widely used in Al alloy beverage containers. All alloying elements will increase work

hardening, but the above two systems are extensively used because both of them remain stable
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during processing and have excellent corrosion resistance. Al-Mg-Si alloys represent the group
that shows the medium strength but high wear resistance property among all commercially
available Al alloys. They are being widely used in the automobile and aerospace sectors. These
alloys are heat-treatable and the binary phase diagram of Al-Mg-Si alloy is illustrated in Figure

2.1.
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Figure 2.1: Aluminium-magnesium-Silicon Phase diagram
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2.3 COMPOSITE MATERIALS

The term ‘Composite’ states to a combined form of material composed of a discrete
‘reinforcement’ distributed (dispersed/embedded) in a ‘matrix’ continuous phase and which
extracts its distinguishing characteristics from the properties, geometries, and architectures of
its constituents and the properties of the interfacial boundaries existing in the vicinity of these
constituents [14]. The significant advantageous features of composites lie in the tailorability
of their physical, mechanical, and tribological properties to approach the predetermined design
criteria. In MMCs, light metallic alloys (or pure metals) such as Mg, Al, Cu, and Ti alloys are
often used as matrix phases, and amongst all, Al or Al alloys are being broadly used owing to
their excellent specific strength, resistance against abrasion and corrosion, better toughness
[15]. In Polymer Matrix Composites (PMCs), matrix phases are usually cross-linked thermoset
polymers (e.g., polyester, epoxy, phenolics). Thermoset polymers reinforced with glass fibers
exhibit higher stiffness and strength-to-weight ratio; therefore, these polymers are mostly
employed in various automobile parts. PMCs also confine thermoplastic resins (e.g. Polyvinyl
Chloride, i.e. PVC, polyethylene, i.e. PE, Nylon) [16]-[18]. Ceramic Matrix Composites
(CMCs), consist of ceramic matrices such as C, Al,O3, and SiC embedded with similar or
different ceramic fibers and are being used in many sectors such as aero-engines and
automotive components [19]. In some recent studies, some evidence has been found regarding
the emergence of ultra-high temperature ceramics (UHTC) enabling an innovative class of
CMCs, namely ultra-high temperature ceramic matrix composites (UHTCMCs). Composites,
reinforced with particulates (particles) may consist of glasses, ceramics, metallic, and (or)
amorphous materials, and in such composites, the modulus is higher over the matrix, while
ductility and permeability are comparatively lower [20]. Thus, particulate composites provide
sustainability towards higher compressive, tensile, and shear stresses. In composites reinforced
with fibers (i.e. continuous fiber composites and short fiber composites), the modulus of
developed composites is superior as compared to that of a matrix owing to their robust covalent
bonds along the length of these fibers [21]. In such composites, the varying forms and the
relative fiber orientations also play a vital role in the alternation of the mechanical and
tribological properties. In addition to the aforementioned constituents of the composites (i.e.
matrix and reinforcement), there is another factor that has also a significant impact on the

expected properties, namely the ‘interface’ existing between the matrix and reinforcement [22].
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A discontinuous behaviour of many factors (such as chemical potential, strength, and elastic
modulus) at the interfaces appears due to the nonequilibrium thermodynamic natures of the
matrix and reinforcing phases [23]. Additionally, chemical compounds are also formed at the
interfaces because of the discontinuous chemical potentials of the constituents. This leads to
an interacting zone influencing the expected properties to some extent. Moreover, a
discontinuous coefficient of thermal expansion of the constituents may also result in thermal
stresses at the interfaces leading plastic deformation, deviation in the expected properties and

initiations of cracks under extreme conditions [24].

2.3.1 ALUMINIUM MATRIX COMPOSITES (AMCS)

The aluminium metal matrix composite received the attention of researchers, academia, and
engineers due to their diversified application of lightweight materials including transportation,
and aviation industries because of their low density, high strength-to-weight ratio, high
stiffness, and better dimensional stability [25], [26]. Most of the AMCs were commonly
reinforced with ceramic particles, alumina, and boride. Even though they are often utilized in
the strengthening phase, a poorer bonding interaction, poor wettability, and a sizable
differential in the thermal expansion coefficient between the ceramic particles are found [27],
[28]. Metallic reinforcement provides a suitable substitute as they exhibit superior interface
bonding between metal matrix and reinforcement. For example, Mo [29], B-AlzMg> [30], Ti
[31], and metallic glass-reinforced particles with AMCs exhibited better mechanical and
tribological properties. In recent, a new alloy design approach draw attention and provide
completely a new dimension in a metallurgical field that was unexplored. High entropy alloy
was first reported in 2004 individually by J W Yeh et.al. [32] and Cantor et. al. [33]. HEAs are
defined as alloys that have five or more principal elements which are in equiatomic or nearly
equiatomic ratio and the concentration of elements not exceeding 35% without any distinction
between solute and solvent [34]-[36]. The HEAs reportedly derived their distinct properties
through the main four core effects which are high entropy effect, severe lattice distortion,
sluggish diffusion, and cocktail effect which imparted excellent properties such as high
hardness, corrosion resistance, improved tribological properties, superior tensile strength,

better thermal stability, and other different novel physical properties [37]-[39].
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HEAs metallic powder is generally obtained through different processing techniques such as
atomization [40], and mechanical alloying [41]. Whereas mechanical alloying was reported
widely due to easy and better control of processing attributes such as milling atmospheric
condition, milling time, processing control agent, milling RPM, the ball-to-powder weight
ratio, and volume fraction of particles [42]. The desired particle size and morphology achieved
can be achieved by optimizing these process parameters. The dominant key attributes are
milling time and RPM followed by the ball-to-charge weight ratio and PCAs [43], [44].

In-situ reaction, powder metallurgy, spray deposition, melt infiltration, casting procedures, and
others are among the fabrication techniques that are most frequently employed to develop
aluminium metal matrix composites [45]. The spray depositing technique is used to
simultaneously spray metal melt and reinforcing particles in an inert atmosphere environment
while fabricating composite materials. The undesirable particle segregation phenomena
substantially decreased, although the preparation method is complex, and a sophisticated
instrument is needed [46]. Melt infiltration used capillary force to bring hot, molten metal into
the preform. Although the approach provides a consistent material structure and a superior
combination of traits, Its drawbacks include a difficult process and a higher interface wetting
[47]. Even though the powder metallurgy technology yields better properties, production costs
are higher, and making any sizable products is just not feasible given the extensive processing
requirements and equipment requirements [48]. Due to its simplicity, low cost, and scalability,
the casting process is the most efficient for producing matrix composites for industry sectors
[49], [50].

It is widely acknowledged that mechanical properties greatly rely upon chemical composition,
microstructure, size and morphology of reinforcement particles, processing technique, and also
on some physical characteristics such as grain size, density, and porosity developed [49], [51],
[52]. Whereas, a comprehensive study that deals with the artificial ageing of AMCs is not
appropriately discussed. Thermal aging can enhance the properties such as hardness and
strength by microstructural stabilization [53]. Dutta and Surappa [54] revealed that thermal
aging can effectively be influenced by concentration, morphology, and distribution of
reinforcement in the AMCs, ageing time, and temperature. Kurita et al. [55] stated that due to

mismatch in thermal strain present in composite elements leads to dislocations and excessive
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vacancies which improve the precipitation kinetics vis-a-vis ageing behavior. Sekar et al. [50]
revealed that hardness and strength are influenced by ageing conditions. The composite
showed a decrease in strength while exceeding peak age temperature. It was observed that
composite possesses higher strength than matrix alloys at high temperatures. S.Z.Zhu et. al.
[56] investigated the hardening ability of peak artificial aged Al-Mg-Si alloy and SiCy/Al-Mg-
Si. It was noticed that stronger precipitation strengthening was an exhibit for composite than
the alloy owing to smaller precipitation size and larger volume fraction. In a different study,
R. Perez-Bustamante et. al. [57]studied the effect of artificial ageing on mechanical properties
and evolution of the microstructure of mechanically alloyed carbon nanotube/Al2024
composite. The finding of the study indicated the good distribution of Al4Cz and CNT; in the
Al matrix due to rapid growth in precipitation Kinetics. The composite possesses higher
mechanical characteristics owing to the better thermal stability of Als«Cszand CNTs in the Al
matrix. Itis well established that AA 6082 belongs to an Al-Mg-Si aluminium alloy which is
heat treatable and posse’s medium strength, superior, corrosion resistance, better weldability
as well as better processability [58], the alloy mainly found its application in automotive parts,
rail transit parts, and ship buildings. However, the strength of AA 6082 is not enough that used
for high-performance components. Therefore, the strengthening of AA 6082 is vital to improve

its applicability. Hence it is important to investigate the AA 6082 metal matrix composite.

The increase in service demands, requirements for improved performance, and the need to
create lighter-weight components have driven the need for innovation in cast metal and the
development of new lightweight materials and which has emerged as the strong reason for the
advent of lightweight metallic composites [14]. Among all available metallic matrices, Mg,
Cu, and Al metals (or their alloys) are being most commonly used materials. Development of
Mg metallic composites has been limited due to some disadvantageous characteristics arising
in it such as lower ductility and instant reactivity (oxidation) while exposed to higher
temperatures which require an inert (nonreactive) environment during fabrication [59]. Cu
metallic composites are mainly used where electrical and thermal properties are the major
requirements; however, the pure form of Cu metal is relatively less impressive as a matrix
since it poses inferior strength [60]. AMCs overcome these shortcomings to a significant extent
and are being prominently used since they offer excellent strength-to-weight ratio, resistance

to abrasion and corrosion, feasibility, and ease in processing through different techniques with
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relatively reduced cost [61]. Attaining expected properties through the developed AMCs,
selection of appropriate matrix and reinforcement is a very vital stage. Amongst all
commercially available Al alloys, A199, AA 2024, A356, AA 6061, and AA 7075 are the
frequently adopted matrix materials in the production of AMCs. On the other hand, there are
several categories of reinforcements such as particles (particulates), fibers, agricultural wastes
(agro-wastes), and industrial wastes with varying geometry and architecture and are being
significantly incorporated in the Al matrix for the development of AMCs [62]. The
advantageous features of whiskers such as SiCw, Al.Oz,, and SiNOs, or discontinuous
particulates such as mostly B4Cp, Al2Ozp, and SiCp in the comparison of continuous fibers in
the production of AMCs, can be found in the literature. However, higher cost, inferior ductility,
lower fracture strength, inability against corrosion, and deficient supply in many areas have
restricted the development of AMCs reinforced with discontinuous reinforcements. After
going through several research studies, it has been observed that the overall performance of
the developed discontinuously reinforced AMCs is a robust function of the reinforcements
embedded in the matrix. Additionally, based on these surveyed articles, to improve the overall
performance of AMCs, the following methodologies can be adopted; (i) first methodology
while dealing with limited availability and costlier reinforcements is to choose another
alternative and economical reinforcements such as derivatives of various agricultural and
industrial wastes with abundant availability and cheaper cost. The research study [63] reported
that the developed AMCs with these alternatives exhibited considerable enhancement over
unreinforced matrices, however, some inferior behaviors have also been noted as compared to
discontinuously reinforced AMCs, and (ii) in addition to these two remedies, another approach
is to optimize the reinforcement sizes to nanoscales while dealing with micron (or submicron)
ceramic particulates [64]. Mechanical properties such as ductility and fracture strength of
discontinuously reinforced AMCs improved without any compromise in the strength.
However, greater cost, scarce availability, and segregation of these nano particulates during
processing have been recognized as the major challenges in the development of
nanoparticulated AMCs [65]. In several research studies, AMCs containing conventional
ceramic reinforcements have reported many typical defects, such as extreme brittleness,
porosity, agglomeration, and detrimental interfacial reactions, that adversely restricted their

applications [66]. To eliminate these defects occurred in the AMCs, many novel
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reinforcements, such as Al based- (e.g. AlsaGdsNizCo3), Fe based- (e.g. Fe74aM04P10C7.5B2.5Si>)
[67], Ti-based- (e.g. Tiss.5Cu1s5Ni17.5Alg5) [68], Zr based- (e.g. Zrs7TigNb2.5Cu139Ni11.1Al75)
[69], Mg-based- (e.g. MgssCu2g5Gdi11Ag25) [70] metallic amorphous alloy/bulk glass particles
and fibers, high entropy alloy particles (CoNiFeAlo4TiosCros) [71], Ti-Al-Nb-Mo-B (TNM)
crystalline particles [72], and intermetallic have been incorporated significantly. The
aforementioned novel reinforcements offered extremely reduced porosity [73], and greater
interfacial properties (i.e. greater compatibility with the matrix material owing to their metallic
nature when compared with other conventional ceramic particles [74]. Moreover, the closer
coefficient of thermal expansion between the amorphous alloy reinforcement and the metallic
matrix resulted in improved interfacial stability, unlike that noticed in the case of conventional
ceramic reinforcements. These outcomes together significantly enabled the superior

mechanical performance of AMCs [75].
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Figure 2.2: Classification of reinforcement used in the aluminium metal matrix composite

2.3.2 HIGH ENTROPY ALLOY

Over the era, metals (alloys) have played a significant role in almost all aspects of human lives.
For many years, metals were used in hunting tools and agricultural equipment, and thereafter

it was applied in transportation, energy, and defense sectors [76]. The periodic development of
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metals and alloys is illustrated in Figure 2.3. Alloying of materials in material science and
engineering for centuries has followed the same principle of using two or three elements in
which one is the primary element in a larger concentration whereas the secondary element with
smaller concentration[77], [78]. Considering numerous research articles [79]-[83], several
alloys of iron, zinc, copper, aluminium, magnesium, and titanium have been developed and
investigated for mechanical, thermal, and tribological properties. Although in recent progress
the chemical composition of alloys has been extended, for example, Inconel 718 superalloy
and other elements are being used with Nickel alloy[84]. HEAs have considerably gained the
attention of researchers due to their superior properties over the traditionally used alloys [85],
[86]. These properties are not restricted to the higher hardness [87], while, combined with
greater strength, improved fatigue[88] as well as ductility [89], stability at elevated
temperature, exceptional resistance against corrosion[90], wear, and oxidation [91] are also
noticeable in such alloys. Thus, HEAs are familiarized as the front-most innovative class of
materials having a wide range of potential applicability in several sectors from the automobile
to marine [92], [93].

However, discussion on the effect of MA and its parameters on the performance of the HEAS
is noticed to be very scarce. Therefore, an effort has been made to critically assess the role of
MA in the processing of HEAs including various challenges and their prospects. Furthermore,
recommendations regarding various process variables associated with MA are also made to

assist and encourage ongoing and upcoming research.
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Figure 2.3: Periodic development in metals [94]

2.3.3 CONCEPT OF HIGH ENTROPY ALLOYS (HEASs)

HEAs were first investigated by cantor et al. [95] and yeh et al. [32] separately in 2004 and it
was conveyed that these materials were different from the conventional alloys in terms of the
design approach. In the last few decades, the alloying approach generally consists of two or
three elements, whereas the HEASs consisted of five or more principal elements maximum up
to thirteen in the equiatomic ratio [32], [96]. According to the binary and ternary phase
diagram, several phases would evolve with the involvements of multi-elements, while yeh et
al. [32] reported that configurational entropy was high enough to form stabilized single or
double phases with a simple crystal structure. Several researchers termed this new class of
materials as high entropy alloys (HEAS), whereas in many research articles, other terms were
also coined such as multi-principal elements alloys and compositionally complex alloys [89],
[97], [98]. The progressive evolution of the compositionally complex alloys is shown in Figure
2.4. In general, the concept of HEAs further broadened and categorized into three categories
such as high entropy alloys (more than five elements), medium entropy alloys (three or four

principal elements), and small entropy alloys (less than 3 principal elements) [99], [100] as
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shown in table 2.1. Moreover, HEAs are no longer limited to the development of perfect HEAs
but the focus of academia and researchers shifted to utilize the entropy and develop a specific

combination to attain desired mechanical and functional properties.

Compositionally Complex Materials

Figure 2.4: Evolution of compositionally complex materials [101]

Table 2.1. Classification of high entropy alloys based on the element range

Elements
Alloy Entropy Lattice Examples
range
00000 > | AlcoCrFeMnNi,
High B
9 [ ....:c CoCrFeMnNi,

Entropy
Alloys 5<n<13 ASconfig > 1.5R .... . —D AICrCuFeNIi,

0000000 |\ \iraw
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Medium ..... ._'A
B
Entropy .:.:.:._c CoCrNi,
Alloys 3<n<5 | 1R < ASconfig < 15R - )
o 0000 CoCrFeNi
- 0000000
000000 ¢ , v acy
Entropy 0. 0_0_0
AIons 1<n<3 ASconfig < 1R ..... ..... NICO
000000

Table 2.2: Difference between conventional dilute alloys and high entropy alloys considered

from different aspects

Conventional dilute
S.No. Aspects HEAs
alloys
o High- and hyper- ) )
1. Compositional space ) ) Low-dimensional
dimensional
_ Based on multi-principal | Based on one or two
2. Alloy design strategy o
elements principal elements
o Distinguishable
) ) undistinguishable solvent
3. Solid solution solvent and solute
and solute atoms
atoms
4. Composition Limitless restricted
Concentration of )
5. Concentrated Dilute
secondary elements
6. Phase diagram Central region Edges & corner
7. Modulus mismatch Severe Average
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Configuration entropy of _
8. o Higher Lower
mixing

9. Lattice distortion Severe Mild

10. Properties Enormous possibilities Limited possibilities

11. Atomic size mismatch Severe Mild

12. Microstructure More diversified Less diversified
Solid solution

13. _ Stronger weaker
strengthening

14, Diffusion Sluggish Relatively fast

In contrary to conventional alloys, the term "high entropy alloys™ was coined since it was
believed that random phases formed sooner than intermetallic compounds owing to the high
entropy of mixing, which stabilized the phases and formed a basic crystal structure [32].
Researchers have introduced terminologies like multi-principal element alloys and
compositionally complex alloys to describe this new class of materials [89], [97], [98]. Some
HEAs are classified according to their compositions and microstructures, while others are
classed according to their properties or a combination of properties and microstructure stated
in Table 2.3.

Table 2.3: Classification of High entropy alloys

S.No. | Based upon Classification Refer.

1. Composition | a) Equiatomic HEAs, b) non-equiatomic HEAs
a) Light weight HEAs, b) 3d transition metal HEAsS,

c) refractory metal HEAs, d) precious metals | [85]

2. | Composition ) N )
HEAs, e) interstitial compound HEAs, f) lanthanide

transition metal HEAs
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a)

Single-phase HEAs, b) dual-phase HEAs, ¢) multi-

3. | Microstructure
phase HEAs
a) FCC AICoCrCuFeNi and derivatives, b) FCC
4. | Microstructure CoCrFeMnNi and derivatives, ¢) BCC refractory
HEAs, d) HCP HEAs, e) other HEAS
) a) Random solid solutions, b) ordered solid solutions,
5. | Microstructure ) )
c) intermetallic phases
) a) Terminal solutions, b) intermediate solutions, c) | [102]
6. | Microstructure ] )
intermetallic compounds
) a) Simple disordered phases, b) simple ordered
7. | Microstructure
phases, ¢) complex ordered phases
a) Solid solutions, b) intermetallic compounds, ¢) a
8. | Microstructure mixture of solid solutions and intermetallic | [103]
compounds
] a) FCC strong and ductile HEAs, b) BCC refractory
Microstructure ] )
9. _ HEAs, ¢) HCP HEAs, d) lightweight HEAS, e) | [104]
+ properties ) )
precious functional HEAs
) a) FCC 3d-transition metals, b) transition metals with
Mechanical ) _
10. _ larger-atomic-radius elements, ¢) BCC refractory
properties [105]
metals, d) others
11.| Phase stability | a) Stable HEAS, b) metastable HEAs

2.34 FOUR CORE EFFECTS ASSOCIATED WITH HEAs
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HEAs derive their unique properties from four core effects which make them different from
the rest of the alloys [106], [34]. The core effect influences the morphology as well as the
intended properties of HEAs. The mechanics of the four core effects and their mutual

relationship with microstructural and mechanical properties are demonstrated in Figure 2.5.
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fatigue, creep, wear
mechanism etc.

Figure 2.5: Four core effects and their relationship with microstructure and properties [107]

2.34.1HIGH ENTROPY EFFECT

The high entropy effect is associated with the thermodynamic aspect of alloys and is
recognized as one of the four core effects. Based on the second law of thermodynamics, the
state which has the lowest Gibbs free energy is termed an equilibrium state[85], [106]. It is
observed that the high entropy raises the stability of solid-solution phase evolution. The high
entropy effect is crucial to inhibit the formation of intermetallic which are highly brittle and
thus difficult to analyze[105].

2.3.4.2 SLUGGISH DIFFUSION

The sluggish diffusion effect prevents the atomic diffusion of the elements, restricts the phase
transformation, and leads to the formation of fine precipitates, amorphous structure, slower
grain growth, higher recrystallization temperature, reduced coarsening rate, and enhance creep
resistance[108]. It also offers better control over the morphology and microstructure of HEAS

as well as enhances their performance [109], [71].
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2.3.4.3 SEVERE LATTICE DISTORTION

Severe lattice distortion causes due to the multi-principal elements in the matrix of the solid
solution phase in HEAs. Each atom is surrounded by a different kind of atom of varying atomic
size and is responsible for lattice stress and strain. Crystal structure and different bonding
energy cause higher lattice distortion because the electronic structure and nonsymmetrical
binding exist between the atoms and this non-symmetry differs from site to site in the lattice.
Lattice distortion avoids the thermal effect due to the significant solution hardening in a highly

deformed lattice and enables improved strength and hardness [110], [111].

2.3.4.4 COCKTAIL EFFECT

The cocktail effect is first coined by Ranganathan et al. [112] and stated that the cocktail effect
is highly stressed in HEAs as at least five principal elements are used to enhance the properties
of the materials. According to the composition and processing, HEAs can have single, or
multiple phases [113]. The derived properties are the result of the overall contribution of phase
distribution, the shape of phases, and the properties of the individual phase. Each phase is a
solid solution consisting of multiple elements and these solid solutions can be described as
atomic-scale composites. The obtained properties are the outcome of basic properties and
mutual interaction between the elements and severe lattice distortion [114], [115]. Figure 2.6

presents a lattice arrangement that leads to different core effects in HEAs.
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Figure 2.6: Lattice arrangement that leads to different core effects

2.4 PROCESSING METHODS FOR HEAs

The preliminary step in the processing of HEA is to obtain a fine metal powder, especially in
HEAs where five or more principal elemental metallic powders contribute to the alloy. From
different research articles, it is observed that mainly two routes are adopted for the processing
of HEAs. By using pre-alloyed powder as the preliminary material, and another is by
conventionally mixing metal powder and followed by cold isostatic pressing or spark plasma
sintering to provide the desired shape [116]-[123]. In fully pre-alloyed powder basically, two
methods are used i.e., atomization and MA, and other routes to obtain HEAs by melting and
then powdering by high energy milling [124], [125]. Figure 2.7 encompasses the various
methods including their percentage contribution in the processing of HEASs. In addition, table
2.4 significantly compares different HEAs processed through varying techniques including
their key features and applicability.

The pre-alloyed HEA powder is developed generally through MA and gas atomization
which is then consolidated through various consolidation techniques as shown in Figure 2.7.
MA followed by spark plasma sintering is proven to be one of the best combinations for the
bulk production of HEAs [126]. The most common method used for pre-alloyed powder is MA

as it gives the choice to researchers to get any composition feasible with enough energy and
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time duration. In SPS sintering, temperatures attain at the short interval and have low dwell
time which resulted in a highly dense structure and avoiding excessive grain growth. There are
some other methods such as hot pressing and hot isostatic pressing through which a highly
dense structure is obtained but that requires high temperature and needs to be kept for a long
duration which results in higher grain growth.

After the SPS, the next most famous consolidation technique for processing HEAs is the
conventional press and sintering route for large production. Most of the work is concentrated
on conventional uniaxial pressing whereas a few publications are reported where the cold
isostatic pressisused [127], [128]. Mostly HEAs are processed through traditional vacuum arc
melting (VCM) or induction melting (IM) followed by MA and then sintering using the spark
plasma method. In the melting technique [129], the casted material needs to be reheated several
times to prevent the non-uniformity of the elements. The time-consuming characteristics
yielded by both the techniques and some HEAs require higher cooling rates to diminish the
precipitation of unwanted intermetallic compounds/phases occurring through the solid solution
phase. In addition, based on the aforementioned discussion, the fabrication of some HEAs
through conventional techniques leads to laborious work, especially while dealing with
complex geometries [87].

Atomization Mecha.nlcal
alloying

11% 79% 10%

47% 7% 1

I I Stirring

. HP :Hot pressing
| High Entropy CC :Cold Compaction

Alloys

SPS :Spark plasma Sintering
HIP :Hotisostatic pressing
SR G Rolling SpS :Solid phasesintering
LpS :liquid phase sintering
JEEIEESS HAEEESS EMS: Electro magnetic

Figure 2.7: Different methods and their contribution in the processing of HEAs



Table 2.4. HEAs synthesized through different processing techniques
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2.5 MECHANICAL ALLOYING
The fabrication of HEAs via MA was first reported by S. Vara Lakshmi et al. [37] who
developed nanocrystalline AICrCuFeTiZn HEA. Afterward, an upward trend is realized in
research publications that dealt with MA. At present, there are only three review articles
available on mechanical alloyed HEAs [130]-[132]. Thereby, this review aims to provide the
latest development in the field of mechanical alloyed HEAs and subsequently mechanical &
functional properties enabling potential applications. MA is a non-equilibrium process suitable
for powder processing of alloys containing low/high melting point constituents, synthesis of
nanocrystalline materials with uniform microstructures and compositional homogeneity, as
well as for achieving an extension of solid solubility. MA is a solid-state fabrication technique
used for the development of smart and advanced materials [133], [134]. The main objective of
milling is to reduce the particle size, mixing and blending, and reshaping of the particles [135],
[136]. In MA, particles embedded the reinforcement phase into the matrix during the repetitive
welding-fracturing-welding period [137]. During the milling, metal powder trapped between
the balls or in the ball-wall surface leads to deformation, fracture, or welding that depends on
the mechanical characteristics of the metallic powder [138]. A steady-state equilibrium is
reached between the rate of welding and fracturing after milling for a certain time [139]-[141].
This approach requires the strengthening process to be homogeneously distributed and
supersaturated solid solutions to be formed. In the next step, the particles get deformed which
results in a change of their morphology from straightened to the original one. The welding
process, which produces equiaxed particle formation, predominates in the following step.
Oriented welding lines are observed at this stage, thereafter welding and fracturing processes
achieve equilibrium, and spontaneously aligned welding lines predominate in the forming of
particles. The end-stage is characterized by the phase of steady-state in which refinement of
microstructure begins, but the distribution of particles and size remains roughly constant
[142]-[144]. The key characteristics of MA include the development of a fine mixture of
secondary phase particles, expansion of solid solubility limits, refinement of grain sizes down
to the nanometer range, synthesis of novel crystalline and quasi-crystalline structures,
formation of amorphous phases, and encouragement of chemical reactions at low temperatures
[145], [146]. The whole mechanism of MA can be understood in Figure 2.8.
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Figure 2.8: Planetary ball milling and different stages in MA [147]

MA depends on various major factors as shown in Figure 2.9, that play a vital role in the
development of homogenous compounds. These factors control the end product properties
such as final stoichiometry, amorphization, and the degree of disorder. Better control of these
factors results in improved powder development. The current status of research articles dealing
with the associated variables of MA is portrayed in Figure 2.10. Furthermore, different factors

and their effects on HEASs crystal size and lattice strain are comprehensively discussed in table

2.5.

Salient Features for mechanical alloying

= MA includes shorter time, lower energy consumption, better adhesion of coatings, and
favorable flexibility to form various structural coatings.
= It provides better compositional accuracy and can overcome the problem of segregation.

= Best-suited technique to produce nanostructured alloy or composites with better chemical

homogeneity.
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It exhibits a higher diffusion rate.

It is best suited to produce different classes of materials i.e. amorphous, quasi-crystalline
materials and oxide dispersion strengthened, etc.[148]

HEA alloy powder is the preferable technique for achieving nanocrystalline nature,

however difficult to retain its nature for bulk material. [148]

Ball to powder
weight ratio

Milling time

Process
Control
Agent

Atmospheric
conditions

Figure 2.9: Different major factors associated with MA
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Figure 2.10: Current status of research publications on different factors associated with MA

Table 2.5. Different HEAs processed through the MA technique

Feed Milling
HEA Powder Stock Parameters . Crystallin
Lattice . Refe
. e size Phase
strain (%) r.
. (nm)
. Particl . Ball-to-
Purit e size Speed | Time powder
0,
yO6) | or L ®ew) | () | P
CoCrCuNi 99.5 - 300 15 101 ; 6-10 BC%+FC [149]
ALCOCrFeMnNi | 99 45 600 14 1811 0.84-128 | 7.4-114 FCC | [150]
Co«CrCuFeMnNi | 995 | 75 | 300 | 50 101 | 105184 | 56-8.9 BCCC+FC [151]
A'XCOFE'I"LSVO-SC 95 | 48 | 300 | 70 101 | 121152 | 6377 BCCC+FC [152]
X
CrFeMoVMnx 99 75 200 15 1011 - ; 6+BCC | [153]
(A'CrFeE';\f”V)m' 99.5 - 200 25 20:1 - - Bi+BCC | [154]
X X
AICOCIFeNiSi 75 75 300 30 1011 0.73 117 BC%+FC [155]
AlCoFeNiSiB | 995 | 75 350 | 140 15:1 - - BCC | [156]
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BCC+FC

AICoCrFeCu | 99.5 | - 300 | 15 10:1 05 10 . [157]
AICoCrFeMnNi | 99 | 45 | 200 | 40 101 | 024070 | 15-20 BCC | [141]
Alo4CoFeNiSios | 99 - 300 | 70 20:1 ; ; BCCFC | pusey
AICOCICUFeTix ; 45 | 30 | 20 10:1 Py 1358 | POUFC | psg)

AIo.aCoi.rg_sFeNiTi 99.6 30 ) 30 10:1 0175 7 BC%+FC [160]
AICrFeTiznCu | 995 | 45 | 300 | 20 101 | 131-152 | 9-10 BCC | [37]
CoCuFeNi 995 | - 300 | 15 10:1 0.73 9 Fcc | [157]
Co15CrFeNisTios | 99.5 | - 250 | 30 10:1 ; - BCCC+FC [161]
CoCrFel\gzNiTioaC 99.5 ) 250 45 15:1 ) ) BC%+FC [162]
CrFeNiTi 99.9 | 50 | 400 | 10 25:1 15 6.53 FcCc | [163]

AICoFeNiCu 99 - - 10 5:1 - 71 BCCC+FC [164]

ALCIFeMoV | 995 | - 200 7 10:1 : : BCC | [153]
AICoCrFeNiMo | 99 i i 10 5.1 : 83165 | BCC | [164]

CoCIFeNiTi 9.9 | 50 | 400 | 10 25:1 14 6.38 FcC | [163]

AINITiZrCu 9.5 | 70 350 - 15:1 - - Amosrphou [165]

NbMoWZrV 995 | 50 - 100 | 101 0.58 11 BOCHFC | Laee)

CoCrFeNi 995 | - - 15 10:1 ; 10 BCCFC | 167
Alo.1sc_(|)_i£:CuFeNi %%59 180 500 36 15:1 i i BC%+FC [168]
AICOCrFeNiCuTi | 99 - - 10 5:1 ; 6.8 BOCHFC | l1eq)

CoCrFeMnNi | 99.9 | - 250 | 45 15:1 ; ; FcCc | [162]

NbMoTaw 99.9 | 48 | 300 | 60 10:1 0.688 11.8 BCC | [140]

CoCrCuFeNi | 995 | - 300 | 15 101 1 7 BOCHFC | sy

CoCrFeNi 995 | - 300 | 15 10:1 0.83 6 BOCHFC T sy
(Cucrfsgxizn)m 995 | - 200 | 44 20:1 Pt - BOCHFC | lasq)
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(CUCIFeTiZn)100. ] , ] ] BCC+FC
il 99.5 200 | 25 201 CCTEC | pisa)
NbMoTaWwV | 995 | 75 | 300 6 10:1 0.96 66.1 BCC | [169]

Fe1sNi23Co25Cra1M .
s 995 | 70 | 90 | 24 60:1 : i Moty | [170]
NbMoTaWVTi | 999 | - i 40 13:1 : i BCC | [171]
CoCrFeMnNi | 999 | 300 | 1100 | 1 10:1 i 11 FcCc | [172]
FeCoNiMnV | 999 | 20 | 350 | 96 10:1 - - BOCHFC T g
. , 0.2893-

AICUNiFeCr | 998 | 45 | 580 5 10:1 ey 14 BCC | [174]

FCC+BC
FeCoCrNiMn | 999 | 45 | 250 | 45 15:1 : 11.4 C+o | [175]

+Cr23C6
FeCrvNbMn | 995 | 45 | 500 | 10 10:1 1.06 40 FcC | [176]
MoNbTaTiv. | 99.9 | 48 | 350 | 40 10:1 0.89 12.9 BCC | [177]
WMoVCrTa | 995 250 | 32 6:1 : 3.1586 BCC | [178]
CoCiNiCuzn | 995 | 45 | 300 6 20:1 0.70 13 BCC | [179]
AICOCIFeNiSik | 99.5 300 | 20 1011 0.87 3 BCC | [180]

251 PHASE EVOLUTION IN HEAs

Phase evolution and its stability are one of the pivot themes of ongoing research in HEAs [141],
[181]. Configurational entropy is the main aspect that allows the formation of solid solution
phases in HEAs [37]. ASconfig effect is based on the second law of thermodynamics for an
irreversible process that occurs only in a single direction for a low free energy state which can

be represented by

AGmix = AHmix — TASmix (1)

Where AHmix isthe enthalpy of mixing, AGmix is Gibbs free energy and ASmix is the entropy

of mixing respectively, which are discussed in the given equation;
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ASmix = ASconfig + ASthermal (2)

By the given equation it is clear that with an increase in ASmix , the free energy of the solid

solution decreases.
According to Boltzmann’s analysis, ASconfig can be calculated from the given expression,
ASconfig = —RY XilnXi, (3)
Where R is the universal gas constant and Xi is the mole fraction,
ASconfig(max) for Xi = 1/n 4)
Hence,
ASconfig(max) = Rilnn (5)

where n is defined as the number of components/elements. ASconfig alone is not a sufficient
parameter to stabilize the solid solution but other parameters also involve to find the criterion
for solid solution formation. Zhang et al [182] described certain conditions that have to be

fulfilled for the formation of a solid solution.

ASconfig > 1.5R (6)
—15KJ/mol < AHmix < 5K]J/mol @)
5 < 6.6% )

Where § = size factor

Prediction of phase stability (e.g., mole fraction and number of phases) of HEAs is the function
of temperature and composition. Whereas, the enthalpy of mixing is another important key

parameter after ASconfig, which is often expressed as follows [183].

AHmix = ?=1,iij ‘Ql] CiCj (9)
T ASmix
0= Tl 40

44



Where ¢; and ¢; are the atomic percentage of im and jin component respectively. (2;; =
(4 AHIEX), AHU* s the enthalpy of mixing for the binary alloys AB. If AHTY is positive, it
indicates that elements in HEASs tend to part away easily. Whereas, intermetallic compounds
are formed when AHY* is negative [184]. The ratio omega of T,,AS,,;,, and |AH,,;,| is used

to evaluate the solid solution formation ability [185], [186].

Valence electron concentration (VEC) is the deciding factor for the formation of a solid

solution,

For BCC solid solution,

VEC < 6.87 11)
For FCC solid solution,
VEC > 8 (12)
If BCC and FCC coexist,
6.87 < VEC > 8 (13)

Table 2.6 shows the values of melting temperature, change in mixing enthalpy and entropy,
atomic size mismatch, and valence electron concentration resulting in various phases for
different HEAs. Moreover, Figure 2.11 presents the phase distribution mapping of different

HEAs regarding varying element numbers.

Table 2.6. High entropy alloys with their values of aforementioned variables

HEA Tm[k] AHmix ASmix VEC 0 Phase Ref.
CoCrCuFeMnNi 1720 1.44 14.9 8.5 0.99 FCC [95]
FeCoNiMnV 1528.80 -8.96 13.38 7.80 3.47 BCC [173]
AICUCrNiFeCr - -4.00 13.38 7.6 5.62 BCC [174]
FeCoCrNiMnAl, 1517.8 -4.16 13.381 8 3.48 FCC [175]
FeCoCrNiMnAlg 1 1500.9 -5.24 13.921 7.90 4.07 | FCC+BCC [175]
FeCoCrNiMnAlg 3 1469.3 -7.16 14.432 7.72 449 | FCC+BCC [175]
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FeCoCrNiMnAlgs 1439.8 -8.79 14.697 7.55 4.85 FCC+BCC [175]
FeCoCrNiMnAlg; 14125 -10.18 14.834 7.39 5.16 FCC+BCC [175]
FeCoCrNiMnAl g 1374.9 -11.89 14.897 7.17 6.56 FCC+BCC [175]
AICrCuFeMnNi 1580.58 -5.11 14.9 7.5 473 BCC [187]
CrCuFeMoNi 1985 4.64 13.38 8.2 2.92 FCC [188]
AlCoCrFeNi 1675.10 -12.32 13.38 7.2 5.25 BCC [189]
AlCoCrFeNi - -12.32 13.38 7.2 5.77 FCC+BCC [180]
AICoCrFeNiSigs - -18.18 14.43 7.0 6.12 FCC+BCC [180]
AICoCrFeNiSigg - -22.75 14.77 6.8 6.37 FCC+BCC [180]
AICoCrFeNiSigg - -26.32 14.89 6.7 6.56 BCC [180]
FeNi(CoCrMn) 1400 -3.87 12.80 8.33 2.65 FCC [181]
FeMnNi(CoCrNbC) 1400 -4.83 12.70 8.22 4.60 FCC [181]
e :
5 I ' WNbTaTi Alermv |
| i
2 FeMnCoCr AuPdSnCo .
4 4 . | . ‘ |
§ :* FeMnNiCoCr . PtFeCoNiCu |
© : |
:—é_ 3 ’ ﬂ o ] . AlLIMgScTi CrMnFeCoNi |
g = : O CoCrCuGdMnNiV ‘ ZeNbTIVHE |
2
§ ® ® | [:] CoCrCuGdInMnNiV . FeCoNiMnAl :
. I AlCoCrFeNi O TiAlFeCoNi |
1 :
* %6 00 00 © i i
! O AlCoCrCuFeNi ﬂ AuAgCuCoNi |
0 3 H z & 7 5 9 : ) Auconisnpb Q PtCoNiFeCuAu |
Number of elements : |
I O CoCrLaMnNiV O PtPdCoNiFeCuAu |

Figure 2.11: Phase distribution map of HEAs with respect to element number [98], [190]-
[204].
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HEAs are multicomponent alloys in which the control of configurational entropy of mixing
and other parameters, already described in the literature, such as atomic size mismatch (3),
enthalpy of mixing (H), valence electron concentration (VEC), and electronegativity (y) has
allowed the formation of simple solid-solution phases rather than intermetallic compounds.
The most interesting in studying HEAs is the wide range of compositions to be explored in the
central regions of composition space and the consequent wide range of properties that can be
achieved. The criterion, proposed by Zhang et al. [182] to predict the obtention of disordered
solid-solution phases, and would also be changed by the mechanical energy. A higher value
would be obtained with the introduction of tungsten (W), even when the temperature is
relatively small, favoring the formation of a solid-solution phase rather than an ordered phase
by using MA [42].

MA has proven as an efficient path for HEAs to accomplish superior properties by
modifying microstructure and phases. It has been found that elements such as Co, Cu, Mn, and
Ni promote the FCC phase while Al, Cr, V, and Ti enhance the formation of BCC phases [205].
Al plays a key role to influence the mechanical, physical, and tribological properties as well as
control phase formation [206]. Chung et. al studied AlxCrCoCuNiFe (x=0 and 0.3) HEAs and
observed that with an increase in Al concentration BCC phase became more prominent which
resulted in improved hardness. In another work, Al was reported as a BCC stabilizer and acting
as a hardening agent in solid solutions [207]. In Milling, alloying behavior of individual
elements of HEA follows systematically. In a study, Vikas Shivam et. al [141] discussed
alloying behavior and phase stability of AICoCrFeNizZn. After initial milling time, elements
(Al, Zn, and Co) having lower melting points started losing their identity and formed BCC
solid solution. Due to the higher diffusion rate, Al and Zn were initially affected. Co-
dissolution was due to complex interaction and Fe acted as the host lattice as Cr had a higher
lattice parameter than Fe. The order of elements' dissolution is represented as shown in Figure
2.12. With milling time diffraction peak broadened which attributed to a decrease in crystal

size and an increase in lattice strain.
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Figure 2.12: Dissolution order with milling time [141]

2.5.2 VARIOUS ATTRIBUTES OF MECHANICAL ALLOYING

It is a challenging task to achieve fine-grain particles, controlled morphology, and
microstructure. It can be only achieved by optimizing the process parameters. A methodology

is suggested through a flow chart shown in Figure 2.13. The process parameters and their effect
on MA are as follows:
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Figure 2.13: Methodology for achieving optimum process variables

2.5.2.1 BALL-TO-POWDER WEIGHT RATIO (BPR)

The amorphization rate highly depends on the kinetic energy of the ball mill charge so particles
reacted and interdiffusion. The amorphization rate increases with BPR. In the early 48 h of ball
milling, an amorphous phase fraction is observed, and then after when it further increases
crystalline phase is observed due to the heat generation. At a higher BPR fine particles are
obtained however there is a disadvantage of overusing a high weight ratio is the contamination
[208]. Whereas, at lower BPR varied crystallite size indicated that differences existed in the

effectiveness of the milling process and incomplete phase formation [209].

2.5.2.2 ROTATING SPEED

The morphology of the particles is also affected by rotating speed. Higher speed promotes
welding as the ball hits the ball or vial surface with great intensity. It is noticed that at higher
rotating speeds the particle size increased. At higher RPM the greatest impact energy is attained

whereas at lower speed the efficiency of milling time was found to be low [210]. Ciprian
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Alexandru Manea et al. [211] synthesized HfNbTaTiZr HEA and investigated the influence of
rotational speed on HEASs. They observed while varying the RPM between 200 and 300 RPM
that optimum particle size was attained at 300 RPM. My Khailo Semen’ko et al. [212]
introduced the concept of high energetic milling in the synthesis of high entropy alloys. A
single-phase FCC CoCrFeNi HEA is produced within 2 h while conventional milling takes
around a few 10 h. In an investigation, Salemi et al. [213] even after 50 h of milling duration
and rotational speed 300 RPM alloying was properly not achieved. Whereas when rotational
was increased to speed 350 RPM, single-phase FCC was attained. It is reported that with an
increase in rotational speed, energy transfer to the HEA powder is estimated to increase by 1.7
times (at 350 RPM). Tan et al. [214] fabricated Al,NbTizV2Zr at rotating speeds of 350 RPM
and 150 RPM. It was reported that high-energy milling was far more effective than low-energy

milling.

2.5.2.3 MILLING DURATION

In milling, a fracturing cold-welding mechanism took place. In the early stage of milling, cold-
welding predominates over fracturing, and particle size increases sharply, then particle size
decrease as the fracturing mechanism dominates over cold welding. The extent of alloying can
be determined through an X-ray diffraction plot at different milling durations. After a certain
time, dynamic balancing occurs where cold welding comes in equilibrium with fracturing.
Furthermore, the milling time should not be too large because the increased milling time
weakens the diffraction peaks. This indicates a long milling time impacts adversely and phase
identification of the powder becomes difficult. It is also observed that with an increase in
milling time, the crystal size decreases, and lattice strain increases [139]. At a long duration of
milling time, unwanted phases and contamination problems are also occurred [215]. At a lower
milling duration, milling is unfavorable and unable to achieve desired properties [103]. Table

2.7 exclusively presents the effect of milling duration on the desired properties from HEAs.
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Table 2.7. Effect of varying and fixed milling duration on mechanically alloyed HEAS

Varying Milling Time

HEA

Milling time

Remarks

Ref

CoCrFeMnNiTio1

10h, 15h, 20h | e

Yield strength and hardness were
improved by 33% and 20%
respectively at 20h milling time.
Reduction in the size of produced
phases as a robust function of
milling time.

[216]

AICrCuFeZn

2.5h, 10h, |e
20h, 40h

Two highly saturated and disordered
solid solution phases (FeAlCr and
CuZn) were observed.

The highest hardness was reported as
661 for the FeAICr BCC.

[217]

AlICoFeMoNITi

10h, 20h .

The morphology of the particles got
affected by MA.

MA enhanced the
properties

mechanical

[218]

MoNbTaTiV

5h, 10h, 15h | e

Up to 5h, cold welding, and plastic
deformation dominate, 5 to 20h
fracture dominates, and after 20h a
dynamic balance was observed
between lattice strain and grain size.

[177]

AICoCrFeNi

10h, 20h, 30h | e

Excellent soft magnetic properties,
high hardness, and yield strength.

[148]

CoCrFeMnNi

20 Min, °
60Min

ZrO; peaks were observed due to the
contamination of zirconia balls.

[172]

FeCoNiMnV

0,48h,72h, |e
96h

As Milling time reaches 72h,
primary phase composition
approaches stoichiometry, and phase
distinction becomes more apparent.

[173]

AICuNiFeCr

1h, 2h, 3h, 4h |e
& 5h

Homogenized supersaturated
solution with BCC phase attained at
5h milling.

[174]

FeCrNiAlCo

5h, 10h, 15h, |e
20h

Sequential alloying affects the
corrosion behavior of HEA.

[219]

Fixed Milling Time

FeCoNii1sCuYo.

60h .

The addition of boron increases
strength and hardness.

Compromise with plasticity and soft
magnetism.

[220]

AICoCrFeNi

28h .

Milling and sintering control the
formation of unwanted phases and
impurities and shorten the duration
of the process

[221]
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AICoCrFeNi 4h e High plastic strain and strength, | [222]
good lubricity, and anti-adhesive
nature were achieved.
FeCoNiAICry 90h e Excellent heat resistance, corrosion | [223]
resistance, and soft magnetic
properties made it a promising
material for microwave absorbent.

2.5.2.4 PROCESS CONTROL AGENT (PCA)

Controlling the morphology and particle size is always a critical task in which milling
conditions play a crucial role [42], [224] One of the methods used to avoid severe welding is
the use of surface-active compounds which are also known as process control agents [225].
These surface-active compounds are absorbed on the particle surface and minimize the surface
tension [226], interfere with cold welding, and inhibit agglomeration. Various control agents
such as toluene, stearic acid, methanol, propyl glycol, and ethyl propyl alcohol are often
reported in MA [227]. PCA affects the intrinsic nature by reacting with material surface
particles and impacting the solubility levels, refining crystal size, and consequently modifying

the final mechanical properties [228].

2.5.2.5 ENVIRONMENTAL CONDITIONS

Milling atmospheric conditions are considered one of the most important factors that affect
elemental powder [229]. During the milling, very fine powder is obtained which has a large
surface area, thus prone to not only being highly reactive with oxygen and form oxides but also

to other gases like nitrogen, sulphur or hydrogen, etc. [113].

2.5.3 RECOMMENDATIONS

To derive the best possible properties, the process variable must be optimized. The spherical
morphology of elemental powder gradually transforms during MA depending on various
parameters such as a low ball-to-powder ratio (10:1) and moderate speed <= 300 RPM for the

optimized period that can significantly preserve the morphology of the powder [230]-[232]
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Milling time should not be too large, an increase in milling time weakens the diffraction peaks.
This indicates a long milling time impact adversely and phase identification of the powder
becomes difficult. In the MA continuous welding-fracturing process to make an equilibrium
between welding and fracturing, stearic acid is the most suitable surface-active agent. Based
on the above discussion, the parameters with varying ranges and recommended values are

described in the given table 2.8.

Table 2.8. Recommended values of process variables in MA

S. No. Process variables Range Recommendation
1 Particle grain size (Microns) 20-300 40
2 Ball-to-powder weight ratio 6:1-60:1 10:1
3. Rotational speed (RPM) 200-1100 300
4 Milling duration (h) 6-90 42

Methanol, ethanol, n-heptane,
5. Process control agent (PCA) stearic acid, toluene, ethyl glycol, Stearic acid
ethyl propyl alcohol
6. PCA Concentration (wt.%) 1-5 15

7. Environmental conditions Ambient, argon, Nitrogen, helium, Argon

vacuum

And also, some course of preventive actions is suggested for MA

1. Instead of directly pouring metallic particles into the vial first, the different particles
should be mixed properly and then pour into the vial.

2. The processing control agent must be added in a small quantity otherwise these
particles settle down and milling becomes ineffective.

3. A run should be stopped after a certain period depending on various factors like
materials for processing, RPM, vial, and ball materials to reduce the temperature inside
the vial and wear on the motor of the jar [233].

4. A regular inspection must be made to prevent agglomeration of the powder particles

permitting inferior milling.
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5. After milling, the powder should be kept in a jar for a suitable time, as the powder is in
a red-hot state and lead to an uninvited incidence.

6. Before the compaction and sintering stage particles should place inside the vacuum
induction furnace to remove moisture and PCA from HEAs so they get free from any

impurity.

2.6 PROPERTIES AND POTENTIAL APPLICATIONS OF HEAs
2.6.1 MECHANICAL PROPERTIES

Regarding the durability and quality of the material, mechanical properties are the most
important deciding factor where phases play a critical role. For example, FCC-based HEAS
exhibit low yield strength and excellent plasticity whereas BCC poses high yield strength and
low plasticity. Mechanical alloyed HEAs exhibited microhardness ranging from 375 to 699
HV. HEAs processed through MA followed by some consolidation techniques had the
advantage of nano-twin formation, multiple hardening mechanisms, and formation of
precipitates which enhanced the strength of HEAs. CoCrFeNi processed through MA followed
by SPS exhibits a hardness of 570 HV [41] which was nearly four times the hardness (150 HV)
by as-cast alloy [234]. AICrCoFeNi fabricated through MA followed by SPS accomplished
compressive strength of 2.6 GPa [235], which was near twice the strength possessed by As-
cast HEA [236]. While processing of AlICoFeNiMoTi HEA through MA nano precipitates
formed which imparted higher strength than as-cast HEAs [218]. NbMoTaW HEA fabricated
through MA and SPS possessed extraordinary compressive yield strength (2612MPa) and
plasticity of 8.8 %. In another work, the same HEAs were synthesized through arc melting in

which strength and plasticity were reported as 1246 MPa and 1.7 % respectively [237].

Non-equimolar Co1.5CrFeNi1sTios HEA processed through MA and SPS was investigated for
mechanical properties and bend-strength of 2.6GPa, the tensile strength of 1.4 GPa, hardness
of 4.4 GPa, and plastic strain 4% were observed which were far better than traditionally as-
cast HEAs [161]. An AlCoFeNiTi HEA fabricated by MA and SPS formed a major FCC phase
with precipitates of B, phase and AlsTi particles [238]. Solid solution strengthening twin
boundaries observed in the FCC phase resulted in high compression strength of 2.9 GPa and

plastic strain of 5.9 % to the HEAs [238]. Because the presence of NisTi precipitates and TiO>
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particles in the FCC phase of Co1.5CrFeNi1sTios exhibited a better combination of strength of
1460 MPa and ductility of 14.5 % [239]. Al7.5C025Cu17.sFe2sNi HEA imparted high strength
1795 MPa and hardness of 454 HV [240]. Table 2.9 compares the major outcomes from

different HEASs processed through varying techniques.

Table 2.9. Major outcomes from different HEAs developed through various processing

techniques
Major outcomes Ref
Tensile strength Compressive strength
Processing Ulti
HEAs . . . imate -
- Yield |Ultimate | Yield Plasticity
technique | Hardness _ Compressive .
strength | tensile | strength Strain
Strength
(MPa) |strength | (MPa)
(MPa)
(MPa)
CrMnFeCoNi MA+SPS | 526Hv - 1055 - - 6.3 ¢r [241]
CrMnFeCoNi MA+HIP 699+14 1900 2000 0.5 ¢ [242]
CrMnFeCoNi MA+SPS | 625Hv - - - 1907 11.16 & [243]
(FeCrNiCo)Alg 75Cuo2s | MA+VAM | 375 HV 859 2787 43.6 &
(FeCrNiCo)Alg.7sCuo 25 1637 2972 31.8 ¢ [244]
+10vol%TiC
Ni15C015CrFeTigs MA+SPS | 442Hv 1308 1384 - - 4.01¢r [161]
Al0.5CoCrCuFeNi Arc 399Hv 1292 1406 - - 6ér [245]
Melting
Alg 2sCoCrFeNi Arc 401.3 Hv | 691 736 - - 12.5ér
. [246]
Melting
FeNiCrCog3Alo 7 MA+SPS | 624+26 | - - 2033441 | 263555 8.12+0.51 [247]
Hv €
FeNiCrCoAl Arc - - - 1250.96 | 2004.23 32.7 &
. [248]
Melting
FeCoCrNi PM - 359 712.5 - - 56 &1 [249]
CoNiFeAlg4TigsCros- | MA+HPS | 15.2 GPa | 336.2 | 362 - - 8.4¢r [250]
Al
CoCrFeMnNi-C Arc - 527 1616 - - 1.84 &1
. [251]
melting
FeCoCrNiMnAl, MA+HPS | 415Hv | - - 1314 2026 20.3 & [39]
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FeCoCrNiMnAlg 1 432 Hv | - - 1631 2086 12.6 &
FeCoCrNiMnAlo 3 511 Hv - - 1836 2341 4.9 &
FeCoCrNiMnAlgs 553 Hv | - - 1932 2376 3.8 &
FeCoCrNiMnAlo 7 622Hv | - - 2230 2552 1.69 &
AlgsCoCrFeMogsNi Arc 571 Hv 1091 2117 - - 18 &t [252]
Melting

FeCoNiCrMnAl MA+SPS 3.7GPa | - 1011 - - - [253]
Nb2sMO02s5TazsWas MA+SPS 7.8GPa - - 2460 3016 16.8 &
TizgNb2sMo2sTazWaes | MA+SPS 7.35GPa | - - 2377 3340 26.3 & [254]
Nb2sM025TazsWas VAM 4.46GPa | - - 1058 1211 2.6 &

Nano crystalline HEAs has shown superior mechanical properties at elevated temperature.
These HEAs exhibit higher yield strength in compression with improved ductility. In nano
crystalline materials grain boundaries have more influence than their compositions on
mechanical properties [255]. Nano-structured HEAS' thin film coating exhibits superior
properties to their bulk counterparts. Gao et al. [256] successfully developed CoCrFeNiAlg3
nano metallic film and its hardness was reported approximately 4 times that of bulk material.
A single-phase CoCrFeMnNi nano HEA possessed high tensile strength ~ 1 GPa,
extraordinary ductility, and excellent fracture toughness. Chaoqun Dang et al. [257]
synthesized CoCrFeMnNi thin film coating of nano-structured HEAs that showed high
hardness ~ 6.8 GPa which is far better than its bulk counterpart.S Varalakhsmi et al.
[37]synthesized nanocrystalline AlFeTiCrZnCu HEAs through MA followed SPS route in
which hardness is observed nearly 2 GPa that suggesting nanocrystalline HEAs solid solution
have high strength. Fu et al. [258] prepared nanocrystalline CoNiFeCrAlgsTio.s HEAS in which
supersaturated solid solution of metastable BCC phase and FCC phase was observed that
resulted in higher hardness 5.6 GPa and compressive yield strength 2.08 GPa were noticed. Ji
et al. [259] successfully synthesized and investigated the mechanical properties of nano
crystalline CoCrFeNiAl that imparted high hardness and compressive yield strength of 6.1 GPa
and 1.9 GPa respectively.
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26.2 TRIBOLOGICAL CHARACTERISTICS

It is challenging to develop a high wear-resistant material without compromising mechanical
properties such as compressive and tensile strength [260]. However, HEAs present a novel
design approach to develop a material with exceptional tribological properties as well as good
mechanical properties, a proper balancing between alloy matrix and self-solid lubricating
element or hard particles must be established. The HEA solid solution achieved significant
chemical disorder and topological order, overcoming the strength-ductility trade-off

unconventionally [261].

The coefficient of friction (COF) and rate of wear is used to assess the tribological behavior of
materials. Three configurations, namely block on block, ball on disc, and pin on the disc were
employed to evaluate the tribological behavior of newly designed HEAS [262]. Various aspects
such as applied load, the rotation speed of the disc, and time or total distance impact the wear
rate in the methods described above. Although the majority of HEA research is focused on
structural properties, tribological behavior research has lately garnered attention. Cantor alloys
have been extensively studied for their tribological properties; revealing the intrinsic wear
characteristics of cantor alloys is critical. Nagarjuna et al. [263] examined the wear behavior
of CoCrFeMnNi HEA utilizing a ball on a disc. The surface of the HEAs was scratched with
some adherent debris at the start of the wear testing, as shown in Figure 2.14. When the applied
load rises, the stress at the contact surfaces increases, causing surface cracking and
delamination. So, the result indicated that the transition occurred from adhesive and abrasive
wear to delamination as the duration of wear continued and examined the variation of CoF
with load, sliding speed, and time [264]. Dollmann et al. [265]investigated the wear behavior
of CoCrFeMnNi HEAs in a separate study. A soft fcc HEA has a low hardness value for the
undeformed surface, while the hardness value increases significantly to 500 HV for the
deformed surface. HEAs with exceptional wear resistance qualities have received a lot of
attention. Ceramics and carbides are commonly used in the strengthening phase of HEASs, but
oxides are also used. Jiang et al. [266]observed in their investigation that the addition of TiC
particles to CoCrFeCuAl HEA lowered the wear rate and CoF as shown in Figure 2.15. The
hardness increased to 10.8 GPa with the addition of 50% TiC, resulting in a decreased wear

rate of 9.6 10> mm3/Nm. Guo et al. [267] also observed that the inclusion of CrsC, greatly
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improved the wear performance of single-phase CoCrFeMnNi HEA. Cai et al
[268]investigated the pinning effect of TiC particles on the strengthening of CoCrFeMnNi
HEAs, which resulted in grain boundaries and grain size refinement and reduction from 76um
to 26 um for a 15% TiC-CoCrFeMnNi Composite. The use of TiC improves hardness from
213 HV to 288 HV. TiC particles reduce plastic deformation and adhesive wear, increasing
wear resistance. Surface hardening, namely nitriding, and boronizng, can enhance the

tribological behavior of HEAS.

The thickness of the surface hardening layer protects against wear. However, researchers
investigate the role of self-lubrication on the tribological behavior of HEAs. It has been found
that solid lubricant plays a key role in controlling wear rate. The several kinds of solid
lubricants utilized in high entropy alloys such as graphite, MoS,, BaF,, Cu, and Ag are
reported. The soft phase Ag and Cu, which have low shear strength, are purportedly employed
in CoCrFeNi HEA, which improves HEA wear resistance. Verma et al [269]evaluated the
tribological properties of CrCoFeNiCuyx (x=0 to 1, at 0.2 mean intervals) HEAs. Cu particle
segregation at the grain boundaries of CrCoFeNiCux HEAs reduces wear rate at room
temperature and 600 C. The wear rate of CrCoFeNiCux HEAS bearings at higher temperatures
is stated to be lower than at room temperature. To achieve self-lubricating capabilities, HEAs
are designed with a tailored composition that includes lubricating additives with self-
lubricating properties. S. Kumar et al. [270] carried out a wear investigation of Alg4FeCrNiCox
(x=0,0.25, 0.5, 1.0 M) HEAs under oil lubrication by varying the normal load, sliding distance,
and sliding speed. The effect of varying Co was also carefully examined. It was stated that
maximal wear was observed for Co=1 HEA for two reasons: (i) when cobalt concentration
increases, hardness decreases, and (ii) an oil film breakdown occurs. The wear surface revealed
peeling off, flow material, and cracks seen perpendicular to the sliding direction. Another work
used demineralized water with and without a 3.5 % NaCl solution to conduct wear testing. The
wear mode reported during the investigation were combined effect of adhesion with
delamination, plastic flow, abrasive, and oxidation [271]. Furthermore, other articles on wear

characteristics of HEAs are enlisted in Table 2.10.
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Figure 2.14: (a) shows the schematic diagram of ball-on-disc while sliding in reciprocation
motion, (b) illustrates the variation of average COF, and (c) specific wear rates of
CoCrFeMnNi HEA with increasing sliding time (1, 5, 10, 15, and 20 minutes.), load (2, 4, 6,
8, and 10 N) and velocities (0.02, 0.05, 0.1, 0.15, and 0.2 m/s) in dry and atmospheric
conditions. SEM top view shows the wear tracks with sliding time; (d) 5 minutes, (e) 10
minutes, and (f) 20 min at a constant load of 6 N and sliding velocity of 0.1 m/s. SEM cross-
sectional micrographs of wear tracks examined parallel to the sliding direction specifying the
extent of subsurface plastic deformation with an increase in sliding time (g) 5 minutes, (h) 10
minutes, and (i) 20 minutes [263].
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Table 2.10: Summary of literature results on wear rate and friction, processed via different

synthesis routes whereas the main focus is on mechanical alloying.
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2.6.3 FUNCTIONAL PROPERTIES

HEAs are newly developed materials in which the area of research is limited to microstructure
and mechanical properties. A little progress is observed on the functional properties of the
HEAs. These properties include irradiation resistance, soft-magnetic properties, thermoelectric
properties, and catalytic properties as described in table 2.11. These properties are affected by
their unique structure feature which is a multi-principal element solid solution. The functional
properties play a vital role in applications such as solar plates, electromagnetic interference

shielding, and nuclear magnetic resonance.

Table 2.11. Functional properties and intended applications of HEAs

Application HEA Characteristics Ref
Environmental AICrFeMn, AlICrFeNi, +  Removal of contaminants by [272], [273]
protection AlFeMnTiCr absorbing them
«  Low activation energy barrier
< Higher recyclability
Gas Storage CoFeMnTiVZr, <+ Suitable to store hydrogen fuels [274]-[277]
and sensing | TiZrNbMoV, HfNbTiVZr, | <  Higher bulk density, better safety,
ZrTiVCrFeNi and reversibility
Radiation AlLCoCrFeNi, CrMNFeNi, | <  Higher-strength and toughness [278]-[281]
Protection TioZrHfVo5Moo2 ¢+ Withstand harsh conditions

Higher irradiation due to self-healing

capabilities

Thermoelectri

Ni,CuCrFeAly

Convert direct heat energy into

[282]-[284]

¢ Materials YxCrCoFeNi, electricity
Al 3CoCrFeNi, PbSnTeSe | « Improve engine efficiency by
recovering waste heat
Energy AICoCrFeNi, «»  Ultra-high-power density, long life [154], [180]
storage FeNiCoMnCu, span, and rapid energy transfer
FeNiCoMnMg < Large storage capacity.
Magnetocalori Gd20 Th20DY20Al20M20 «  More energy efficient than [285]-[287]
¢ Materials (M=Co, Fe and Ni), traditional refrigeration mode
FeCoNiCuMn, <+ Economical, higher efficiency, and

Mn27Cr7Ni33Ge25Sig

environment friendly.
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Electromagnet FeCoNiCrAl, < Excellent capability to absorb [139], [288]
ic Wave FeCoNiSig sAlg 4, electromagnetic and microwave.
absorption FeCoNiCuzn < High conductivity and better
permeability.
Catalyst PtsoFe11Co1oNi11Cui0Ags, | %+ Reduce energy consumption, and [289], [290]
Materials Ni2oFe20M010C035Cr1s, improve the rate of reaction.
AINiCuPtPdAu, «  Improve the selectivity and even
AINiICuPtPdAuCoFe change the elementary reaction.
Superconducti TagaNbasHfsZr14Ti, < Superconductivity, Meisner effect, [291]-[293]
ng materials Hf21NDb25 TiisV1sZr24 and strong electron-phonon
coupling.
Shape Tiie.667Z16.667HF16.667Ni2sC | %+ Improve plastic deformation ability. | [38], [294]
memory alloy | ugs,Tiiee67Zr16.667Hf16.667CO | * Implant material in biomedical
10NizsCuss, TiZrHFAIND

2.7 POTENTIAL APPLICATIONS

In science and engineering demands for functional and structural materials are increasing in
several sectors such as mining, transportation [295], naval [296], and aviation over the
conventionally used superalloys. Figure 2.16 displays the existing potential applications of

different HEASs in various sectors.
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Figure 2.16: Existing applications of different HEAS in various sectors

1. HEA exhibits distinct properties such as forming simple solid solution phases of FCC and
BCC with excellent thermal stability which can withstand extremely high-temperature
conditions [15] and hardness nearly reported as 110 HV. Thus, it makes HEAs potential
candidates for engine materials, chemical plants, steam turbine blades, boiler pipes, and
tubes of heat exchangers which are subjected to high pressure and high temperature.

2. Based on the high strength-to-weight ratio and excellent cold formability, TiisV3CrsSnsAl
HEA is being used as an integrated aircraft component [297]. Whereas, TisAlgVeCraZrsMo
attains a place in the aviation industry due to its combined properties such as high strength
& plasticity, maintainability of high cycle fatigue, and excellent fracture toughness [298].
Having superior ductility and lightweight ratio, TiioV2FAlsFe is being successfully applied
in the landing gear system of Boeing 777 and A-40-500/600 [299].

3. Inultra-supercritical boilers, outstanding properties are derived with excellent mechanical
properties at high temperatures, oxidation, and corrosion resistance that are required for
proper operation [300], [301]. Currently, HR3C steel is frequently used for this application
and can be effectively replaced by AlxCoCrFeNi HEA which can withstand the

supercritical environment [302].
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10.
11.

12.

13.

Tailoring material for a marine application is a critical task that needs a comprehensive
overview of antifouling nature, tribological behavior, anti-corrosion properties, and
improved mechanical properties. In a study, Yuan et al. [303] fabricated AICoCrFeNiCugs
which achieved superior antifouling properties, and better resistance to wear and corrosion.
Zhou et al. [304] reported the antibacterial nature of Alp4CoCrFeNiCuyx. Whereas Verma
etal. [305] in a separate study discussed the superior tribological behavior of CoCrFeNiCuy
as the concentration of Cu increased.

Nanocrystalline HEAs are the most suited class of materials to develop tiny devices that
are subjected to harsh environmental conditions [306]. Due to their superior properties in
high-stress and high-temperature applications in civilian infrastructure, aerospace, nuclear
components, and energy sectors [307].

In recent research, progress testified remarkable super magnetic properties, high
ferromagnetic properties, and promising soft magnetic properties.

The higher irradiation and corrosion resistance of HEAs could make them the best suitable
candidates for extremely high-pressure vessels and nuclear fuel cladding materials.

The high-entropy approach might be applied to nuclear reactors to simulate the fission
reaction.

Heat or wear-resistant coatings might be made from HEAs. To make HEASs coatings more
homogeneous and cohesive with substrates, new methods are required.

The application of refractory metallic HEAs as thermal barrier coatings should be explored.
The peculiar characteristics of HEASs carbides and nitrides are equally intriguing. They can
have amorphous or solid solution structures, as well as excellent hardness and strength.
They might be utilized as hard coatings and diffusion barriers on tool-cutting steels or high-
speed steels. Recent research has also revealed that high-entropy carbides and nitrides may
be used as biomedical coatings. [151].

The unusual physical features of the HEAs such as the near-constant resistivity of
Al 08CoCrFeNi make them excellent for electronic applications [308]. As a result, these
types of HEAs should be investigated further.

Researchers develop lightweight HEAs, which may be employed in battery anode

materials, as well as casings for mobile facilities and the transportation sector.
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2.8 CHALLENGES AND THE OPPORTUNITIES

Figure 2.17 reveals the existing status of research articles dealing with the processing of
different HEAs through MA. Herein, it is evident that MA is being prominently used in the
development of HEAs, however, it has some challenges that need to be addressed
appropriately. Therefore, this section effectively discusses the existing challenges and their
possible prospects. Moreover, the challenges and opportunities are schematically illustrated in

Figure 2.

Figure 2.17: Status of research publications relating to the processing of HEAs through MA

1. Although HEA materials exhibit excellent mechanical properties such as enhanced strength
at elevated temperature, improved ductility, improved hardness, and higher toughness
under cryogenic conditions yet they rarely found any practical application where it replaces
well-established standard alloys such as titanium, nickel-based superalloys, and steel which
have well-established properties like high stiffness, strength with appropriate ductility,

creep resistance, and wear resistance. Work on HEAs is mostly limited to their

18.

j — - HEAs publications |

- MAed HEAs publications
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microstructure and morphology, mechanical properties, and tribological behavior, So
HEAs' future may not sustain while reproducing the properties which can be achieved

through their predecessor class of materials.

HEA's future development lies in achieving superior mechanical properties along with
functional properties related to better weldability, stress corrosion resistance, soft and hard
magnetic material, resistance to hydrogen embrittlement, a combination of magnetic and
invar response, superconductivity, shape memory effect, thermoelectric energy harvesting
capabilities, anti-bacterial and anti-fouling surface oxides layers. So HEAs should be
tailored for superior mechanical properties with advanced functional properties at a low

overall cost.

A study on the role of interstitial elements in HEAs is not convincing yet, also limited work
is performed on the C atom in which its effect on HEAs is investigated for mechanical
properties, phase stabilization, change in microstructure, and carbide formation. While

other elements like B, H, O, and N are unexplored yet need to be addressed properly.

In a recent development, HEAs explored morphology and microstructure, tribological
behavior, and mechanical properties. The focus must be shifted more to application-based
HEAs development. HEAs should be specifically designed based on the functional
properties that may lead to developing new products and processes as per the future
generation demand. It should be designed to create multifunction elements with
exceptional properties that are difficult to attain by a single element. HEAs with superior
mechanical properties remain to be explored by our metallurgy academia and materials
scientists, and engineers to achieve properties like wear against oxidation and stress
corrosion. These challenges pave a path to design and develop new materials according to
next-generation demand for aviation, marine, energy, transportation, and structural

applications.
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5. As the catalyst, nanocrystalline HEAs hold great potential with a wide range of
compositional space. However, the critical task is associated with the rational and
controllable synthesis of these intrinsically complex materials [309]. Advancement in
Computational aided rational design provides a way for rapid and effective synthesizes of
HEAs at high temperatures with excellent thermal stability [310], [311].

In prior studies, it is observed that the main focus of discussion is the bulk form of HEAs,
whereas small dimension HEAs are almost neglected. However, demand for micro and
nanoscale devices for high-temperature and rough environmental applications sharply
increases. At elevated temperatures, in nanocrystalline materials grains drastically coarsen
with the time that resulted in poor thermal stability. Therefore, the synthesis of

nanocrystalline HEAS needs to be studied.

6. Cost-effectiveness: HEAs can only replace existing established material if it is sustainable
and cost-effective (considering all aspects such as elements cost, processing cost, and
handling cost). The focus is not only on pricing but also on how to use the waste scrap and
recyclable material. Another area that needs to be focused on is the durability of HEASs in

harsh environmental conditions so the lifespan of the material can be improved.

7. Weldability: There is a vast research gap in the weldability of HEA-HEA materials and
HEA-non HEA materials as it is in the beginning stage. To be used in any application
weldability is an important factor that cannot be ignored, thereby special emphasis should
be given to exploring more about the weldability of HEAs. There is promising work carried
out on CoCrFeNiMn HEA but still, there is a need for the optimization of process
parameters to achieve a highly efficient joint with improved mechanical properties. From
the study, it is clear that HEA can accommodate impurities which leads to unexpected
phases generally in non-equilibrium solidification which resulted in improved mechanical
properties of joints although impurities do not need to always improve their properties so

there is a need to improve the homogeneity in the microstructure.

8. HEA alloy powder is mostly processed through MA, HEA powder prepared through

other techniques such as electrolytic processing and gas atomization is rarely studied.
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9. The industrial development of many industries requires new structural and tool
materials with improved operational properties which can work under high temperatures,
intensive wear, and dynamic mechanical loads. Improving the working capacity of such

materials is an urgent and important task.

* Formation of Complex intermetallic
Challenges compounds.
* Contamination by Milling Media.

Appropriate material selection in accordance with the property requirement

opportunities * Selection of process variables, RPM, Millingtime, sinteringtemperature.
Exploration of novel material to full fill advanced future demand in sector like
aerospace, industries, agriculture and biomedical equipment

Assessmentof technique to recycle the constituent of HEAs.
Processing of HEAS through 3 D printing.

SE— * Reduces minor defects, sustainability, high
Predominantly tempgrature ‘strength, enhanced fatigue and
corrosion resistance.

~—
Expected

outcomes
* HEA with enhanced mechanical and functional

Secondarily properties.

Figure 2.18: Challenges and Research opportunities associated with HEAS
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CHAPTER -3

SCOPE OF THE PRESENT WORK AND OBJECTIVES

The need for lightweight, high-performance, cost and energy-efficient materials is the prime
goal for material researchers. With this goal in mind, Aluminium Matrix Composites (AMCSs),
a new class of material, developed by material scientists exhibit an excellent combination of
physical, mechanical, electrochemical, and tribological properties and find a wide range of
applications in the aerospace, defense, automobile and general engineering sectors. AMCs are
tailor-made materials that can be designed and synthesized as per one’s specific needs.
Depending on the applications, the method of synthesis and the type of matrix alloy and
reinforcements are selected. Particle-reinforced AMCs lead to significant improvement in
strength, and significant improvement in wear and seizure resistance depending on the shape,
size, volume fraction, distribution of particle reinforcements, and the interface between the
particle and the matrix. Considerable research has been carried out on the wear behavior of
AMCs in terms of sliding, abrasive, and fretting wear characteristics under different applied
loads, sliding speeds, and abrasive sizes. Effects of microstructural parameters on the wear
characteristics have also been studied in detail giving special emphasis on particle size,
distribution, and interface characteristics. It has been reported that as long as the reinforcing
particles are not fractured or fragmented and not debonded from the matrix, the composite
exhibits higher wear resistance over the monolithic alloys. In the case of structural applications,
there is always a need of joining and fixing the structural parts with nuts and bolts or through
riveting. The materials in these areas are subjected to fretting type of wear and the effectiveness
of these joints primarily depends on the fretting wear resistance of the material. Fretting wear
is the wear of the contact surfaces, which are in the oscillation of lower magnitudes. Thus, the
fretting wear resistance and sliding wear resistance could be interlinked with each other.
Materials with higher wear and seizure resistance in sliding wear conditions could give better
fretting wear resistance. Thus, there is a need of exploring the sliding wear characteristics of
structural Al alloys and composites under different applied loads, sliding speeds, and sliding
distances. However, inadequate studies are conducted on the sliding and fretting type of wear

characteristic of the AMCs in different test conditions. The present investigation deals with the
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synthesis, microstructural, mechanical, and sliding wear characteristics of wrought Al alloy-
based composites reinforced with CoCrFeMnNi high entropy alloy particles. The matrix
microstructure could be varied either by using alloys of different compositions or by different
heat treatment cycles. The interface structure as well as the matrix microstructure away from
the interface get varied due to thermal aging. Thermal aging is a precipitation phenomenon in
which a super-saturated solid solution becomes unstable and the second phase precipitates
nucleate and grows in the primary alloy matrix. Heating at higher temperatures accelerates
thermal ageing. Aluminium alloys are generally aged from 175°C to 200°C. The heat treatment
may also lead to variation in the interfacial characteristics. Precipitation at the interface may
lead to mechanical locking of the particles in the matrix, which protects the particle from being
scooped off from the matrix. However, during sliding, there is always frictional heating and
the temperature rise may be of the order of 80° to 140°C. But the actual temperature at the
contact surface may be higher than the recorded value. In addition, the surfaces are under
applied pressure. Thus, the contact surfaces are under normal as well as shear stress and the
localized stress may be higher than the average pressure applied on the pin surface. This leads
to a situation of faster nucleation and growth of precipitates at the surface and subsurface under
high temperatures and stress. This also makes one suspicious about the effect of heat treatment
on the sliding wear behavior of the alloy and composites under different applied loads and
sliding distances. The present investigation examines this fact for Al alloy and different
composite systems under varying test conditions. The sliding wear mechanism of Al alloys
against steel counter surface is studied in detail which reported that the wear mechanism in the
alloy lies in two regimes depending on the applied load and sliding speed. At lower applied
load and sliding speed, mainly mild oxidational wear took place; whereas at higher applied
load and sliding speed, primarily localized adhesion and delaminating wear mechanisms were
prevailing. During sliding, mutual transfer of material between the counter surface and pin
surface took place, which strongly dictated the wear behavior of the alloy. The presence of
metallic HEA reinforcement completely changes the surface characteristics of the alloy, and
the HEA particles remain protruded over the matrix surface and control the effective contact
between the counter surface and pin surface. Additionally, these reinforcements are
considerably harder and their angular nature makes these particles as micro-machining tools.

The abrasive action of these reinforcements over the counter surface may lead to a higher order
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of material transfer from the counter surface and this phenomenon may be varying with the
reinforcement concentration, applied load, and sliding speed. Again, the reinforcing HEA
particles may get smeared out due to their fracture and fragmentation, which may cause either
abrasive action over the worn surface leading to more wear, or may get mechanically mixed
with the other wear debris and counter surface materials to form a mechanically mixed layer
(MML). Thus, the MML in the composite may have different characteristics as compared to
that of the alloy. Also, the mechanism of formation and the stability of MML in composites
may be different as compared to the alloy. The present thesis also aims at a detailed study of
worn surface and subsurface through FESEM-EDX analysis to understand the phenomena of
formation of MML in alloy and composites and the stability of MML in the alloy and
composites as a function of reinforcement content, applied load, and sliding distance. The
reported literature stated that during a seizure, the worn surface of the alloy was free from
MML. However, there was an indistinct detection of whether the MML was at all formed on
the wear surface or not. If it was formed at all, what would be the critical applied load, and
sliding distance at which MML gets destabilized. This has not been studied so far. The present
thesis deals with the effect of applied load on destabilizing MML and the critical applied load
at which MML gets completely destabilized.

Considering the deficiencies in the aforementioned areas for the understanding of mechanical
and sliding wear behavior of aluminium alloys and composites, the present investigation has

been carried out with the following objectives;

() Development of equiatomic CoCrFeMnNi HEA reinforcement through mechanical
alloying processing technique. The concentration of HEA particles was varied as 0-
2-4-6-8 wt.% while synthesizing the AMCs.

(i) Microstructural characterization of HEA particles and composite material at as-cast
and heat-treated conditions to understand HEA particle distribution and interface
bonding with Aluminium matrix.

(i)  Optimization of the T6 heat treatment cycle with respect to different aging
temperatures to identify the under-ageing, peak ageing, and over-ageing conditions in
the AA 6082 alloy. Examination of mechanical properties e.g., hardness, impact

strength, and tensile strength for different materials in as-cast and T6 HT conditions.
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(iv)

v)

(vi)

Field emission scanning electron microscopic (FESEM) analysis of fracture surfaces
generated during tensile loading to recognize the prime causes of material failure.
Study of the effect of varying concentrations of HEA,, reinforcement in AMCs on the
wear response variables such as wear rate, temperature rise, coefficient of friction,
and seizure pressure. Study of the effect of T6 heat treatment (artificial aging) on the
sliding wear behavior of AA6082 alloy and composites

Characterization of worn surfaces through understanding the prevalent wear
mechanisms in alloy and composites. Scanning electron microscopic (SEM)
examination of the subsurface to understand the microstructural change and level of

deformation in the sublayer under different conditions.
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CHAPTER -4

MATERIALS AND METHODS

4.0 INTRODUCTION

This chapter deals with the materials and various experimental procedures used to carry
out the present investigation. These include raw material characterization, particle size
analysis, synthesis of alloy and composites, specimen preparation, heat treatment, tensile
testing, hardness measurement, impact testing, fracture surface study during a tensile test,
microstructural characterization by scanning electron microscopy, X-ray diffraction analysis,
sliding wear tests, worn (wear) surface study, subsurface study, and surface roughness
measurement. The proposed methodology of the present work, in brief, can be better

appreciated in light of the aforementioned objectives by referring to Figure 4.1.

Synthesis of Material selection,Optimizing MillingParameters, Processing of HEA
Materials Particles, Stir Squeeze @sting, Heat Treatment

Physical Properties Particle Size Analysis, Density, and Porosity Measurement

Optical Microscope Analysis, FESEMEDX Analysis, TEM-EDX Analysis,

Microstructure 3 . :
Optical Profilometry Analysis

Mechanical
Properties and
Wear Behavior

Hardness, Tensile, and Impact Strength, Fractography (FESEM)
Worn Surface Analysis, Subsurface Analysis

Figure 4.1: Demonstrating the proposed methodology of the present research work
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4.1 SELECTION OF MATERIALS

The primary material used was Aluminium 6082 cylindrical bars and Table 4.1
presented the elemental configuration of the materials. Whereas, CoCrFeMnNi HEA opted
as the reinforcement material. The compatibility and stability of the principal elements were
the main criteria for their adoption. According to the thermal stability criterion HEAs
Composition was selected, criteria described in Section 6.0. The CoCrFeMnNi HEA was
developed by ball-milling mixtures of Co, Cr, Mn, Fe, and Ni with a purity level of more than

99.5% and an average particle size range between 60 pm and 80 pum.

Table 4.1. AA 6082 alloy chemical composition.

Mass fraction (wt.%)
Si Mg Fe Ti Mn Cu Cr Zn Al
AA 6082 | 0.7-1.3 | 06-1.2 | 05 01 |04-10| 01 0.25 0.2 Bal.

Materials

(AA XXXX first digit represents the principal alloying element, the second digit
indicates a modification of a specific alloy, and the third and fourth digits are arbitrary

numbers assigned to specific alloys.)

4.2 METHODS

421 PREPARATION OF HIGH ENTROPY ALLOY PARTICLES THROUGH
MECHANICAL ALLOYING

Ball milling was performed in an Al-VPB-2 vertical planetary ball mill with stainless
steel and tungsten carbide ball vials for 42 h at 300 rev min. Isopropyl alcohol was utilized
as a processing control agent (PCA), and a powder-to-ball weight ratio of 1:10 was adopted.
The milled powder is then maintained for 48 hours in a vacuum chamber to remove moisture

and PCA and preserve it free of impurities.
4.22 SYNTHESIS OF AS-CAST ALLOY AND COMPOSITES

Stir-squeezed casting route aided with a purging attachment, ultrasonic transducer, and
bottom pouring arrangement was incorporated to synthesize different HEA-reinforced
composite and matrix alloys, the setup is shown in Figure 4.2. Herein, the AA 6082 matrix

was melted at 720 °C in a bottom-pouring electrical resistance furnace. Reinforcing particles
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(CoCrFeMnNi HEAs) were preheated at 450 °C in a muffle furnace. Preheating of milled
HEA particles was to eliminate moisture and improve wettability and avert sudden
temperature fall during mixing. Coverall-11 flux powder had impinged during the molten
state for the removal of impurities and dross removal from the melt. Purging was carried out
through dry N to prevent any unwanted reactions during the casting. For the proper
distribution of HEA particles in the molten matrix, stirring was carried out at 450 RPM,
whereas an ultrasonic transducer was incorporated at the frequency of 20 kHz for 8 min to
accomplish more significant mixing and to avert clustering of particles in the melt. The
molten composite was then transferred to the squeezer through a runaway preheater
maintained at 280 °C. 150 MPa was applied onto to composite mixture using a hydraulic

press. Solidification of the composite was allowed in predefined permanent molds.

Ultrasonic proQe |

Figure 4.2: Stir Squeeze casting assisted with ultrasonic transducer
423 MICROSTRUCTURAL ANALYSIS
The phases of milled HEA powder and composite specimens were identified using the

RIGAKU-JAPAN X-ray diffractometer (XRD) technique (Figure 4.3 (i)), which utilized Cu-
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Ka radiation at a wavelength of 1.54 A to identify the phases. The diffraction angle (26) range
and scanning speeds were 20-100° and 0.02 (28) S respectively. The diffracterograph was
obtained given the relationship between the diffraction angle (26) and the relative intensity.
The optical microscope AXIO imager Carl Zeiss Pvt Ltd. (Figure 4.3 (ii)) was used to study
grain boundaries and different phases evolved. Whereas, the field emission scanning electron
microscopy (Nova Nano FE-SEM 450 (FEI)) (Figure 4.3 (iii)) was used to examine the
microstructure and morphology of the composite assisted with EDS for the elemental
composition, and mapping for the distribution of elements in the specimen developed through
mechanical alloying followed by squeeze stir cast technique. Keller reagent was used as the
etchant containing 1% HF, 1.5% HCL, 2.5 % HNOg3, and, remaining water.
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Figure 4.3: (i) X-Ray Diffractometer at MSME Department MANIT; (ii) Optical
Microscope at MRC MNIT Jaipur; and (iii) FESEM Facility at Material Science and

Engineering Department IIT Kanpur.

To examine the crystal structure and nanocrystalline nature of milled CoCrFeMnNi
HEA powder particles JEOL JEM 300 FS (300 KV) transmission electron microscope
(TEM) was used. The milled powder was kept in the ultrasonicator in ethanol for 5 minutes
which prevent it from agglomeration. The HEA particles were then dried and mounted over
the gold-coated grid for analysis. For the aluminium alloy and composite thin slices of 1.2-
1.5 mm chip of through diamond cutter with rotating speed 80 RPM (Figure 4.4). The thin
slices were then polished to 80-95 um using different grit (800, 1200, 1500, 1800 Numbers)
of emery paper as the grinding media. The scratches and deformed layers that arise during
slices were removed by initial polishing. The direction of polishing changes continuously to
avoid any further scratches and prevent the formation of any deformed zones. The disc punch
is used to draw a 3mm diameter specimen which was followed by ultrasonication in ethanol
to remove the tiny debris from the surface. The TenuPol-5 twin-jet electropolishing system
(Figure 4.5) was used for the perforation of the TEM specimen. The specimen was placed in
the holder which was placed in the electrolyte solution of 1200 ml CH3OH and 300 ml HNO3
at voltage 6V and the temperature set for the electrolyte was -30 °C at a single flow. The
system turned off automatically as the perforation was completed. Finally, the post as post-
ion polishing was carried out using Gatan pips 1l 695 ion beams milling (Figure 4.6) for 4
minutes and 30 Seconds. The specimen of alloy and composite then were examined through
HRTEM (Figure 4.8). The optical profilometer (Figure 4.9) was used to study the worn

surface of alloy and composites.
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Figure 4.4: (i) and (ii) slow-speed diamond saw; (iii) Hot plate; (iv) Digital Micrometer; and

(v) punch

Figure 4.5: Twin Jet Polishers (Struers)
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Figure 4.7: Single tilt holder
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Figure 4.8: Transmission Electron Microscope Facility at the Department of Metallurgical

and Materials Engineering, 1T Roorkee.

Figure 4.9: Bruker contour GT-K model setup at IIT Kanpur
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4.2.4 DENSITY AND POROSITY MEASUREMENT

Following ASTM C693 standards density measurement was carried out of the casted
materials in which the water displacement method was used which obeyed Archimedes
principle. With the help of the following equation porosity level of the casted material was

determined.

porosity % = [(pt’;ﬂ)] x 100 (1)

m

Where, p,, was the measured density (actual) and p,,was the theoretical density. A precise
measurement using the Archimedean principle revealed the actual density. The theoretical
densities derived from the mixing law were evaluated by the following expression:

Pth = Pai X Wen t Pupa X WHEA (2)

Where, p:n, pai, and pyg4 Were the theoretical density of composite, the density of matrix

alloy, and the density of HEA. Here, the p,; was 2.71 g/cm?® and the py g4 Was 7.88 g/cmd,

425 HARDNESS MEASUREMENT

Hardness tests were performed on the polished surfaces of alloy and composites in the as-
cast condition. Digital Rockwell Tester (FIE make, model: RANSE-1) was used for examined
hardness which follows the ASTM E-18 standard. The specimens were tested through a 1/16”
steel ball indenter based on the B scale, whereas a 100 N load was applied for 10 seconds. The
tests were performed randomly at 12 different locations which reduce any possibility of an
indenter effect existing on HEAs reinforcing particles, and then the average of all twelve

readings was stated.

4.2.6 TENSILE BEHAVIOR

The tension tests were performed on a universal testing machine (illustrated in Figure 4.10)
that adheres to the ASTME E-8M standard, and several tensile parameters such as yield stress,
ultimate tensile strength (UTS), and ductility (% elongation) were analyzed. The test was
performed at the ambient condition with a constant rate of strain 0.01 S on the specimens that
were deformed to failure. For each composition, 3 specimens were tested which ensured the

repeatability and reproducibility of the test result, and their mean value was reported.
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Figure 4.10: Automated Universal Testing Machine

4.2.7 ARTIFICIAL AGEING

The artificial ageing of AA 6082 was optimized to peak aged temperature. To examine the
age-hardening characteristics of the alloy, hardness measured of requisite alloy as the function
of ageing temperature as shown in Figure 4.11. The peak aged temperature is optimized
through three distinct stages which are categorized as follows, the primary stage is solution
heat treatment for 8hr at 490 £ 5 °C that could dissolve solute elements, the secondary stage is
classified as oil bath quenching which prevents the formation of solute precipitate formation
that led to attaining supersaturated solid solution (SSSS), whereas in the tertiary stage was
artificial ageing (reheating) of the alloy at 9 distinct aged temperature i.e., 115 °C, 130 °C, 145
°C, 160 °C, 175 °C, 190 °C, 205 °C, 220 °C, and 235 °C for 6 hr to examine the overaged,
peak aged, and under-aged condition. For each sample, eight readings of hardness
measurements were recorded. It is worth noting that optimization of peak ageing temperature
was investigated only on AA 6082 and not for composites. The Muffle furnace used for heat

treatment is depicted in Figure 4.12.
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Figure 4.11: T6 Heat treatment cycle utilized to optimize peak ageing temperature of AA
6082.

Figure 4.12: Depicting actual Programmable Heat Treatment Furnace (At Nanocomposite
Lab, MANIT, Bhopal, India)
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428 DRY SLIDING WEAR

The tribological properties of the composites were investigated over dry sliding tests at
various concentrations of HEA reinforcement, applied loads, and sliding distances. The tests
were conducted on a Ducom TR-201 CL Pin on Disc Wear Apparatus (Figure 4.13), in
accordance with G99-95 ASTM standard and the schematic diagram is shown in Figure 4.14.
Specimens with a diameter of @ = 10 mm and a height of h = 35 mm were fabricated from the
composites for the wear tests. The sliding surfaces of the pins were carefully polished with
emery paper and cleaned with ethyl alcohol before testing. To minimize measurement error,
three composite samples were tested for each reinforcement condition. After each test, the track
surface of the disc was thoroughly cleaned with acetone to eliminate any adhesion of wear
debris. The weight loss was determined using an electronic microbalance with an accuracy of
+0.01 mg by comparing the weight of the specimen before and after the test. The test was
performed for a sliding distance of 5000 m or until melting or seizure was observed, indicated
by intense vibration, an unpleasant noise, and an abrupt temperature rise. The pressure and
sliding distance were recorded at the moment of seizure to assess the wear response parameters.
These parameters are listed in Table 2.

A weight loss approach was employed to determine the dry sliding wear rate of the
fabricated alloy and composite, which was then represented as volumetric loss per unit sliding
distance (mm3/m). A type K bare thermocouple tip was placed into a 2 mm diameter hole on
the pin sample's lateral surface, 2 mm distant from the contact zone, to measure temperature.
The pin samples were held in such a way that a 4 mm portion of it protruded from the sample
holder. It is important to note that the temperature readings obtained during these tests
represent the temperature at the location of the thermocouple, and the actual temperature in the

contact zone may be higher than the obtained values.
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Figure 4.13: Pin-on-disk wear setup (at the Material testing lab, MANIT)
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Figure 4.14: Schematic diagram of dry sliding wear machine
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Table 4.2. Details of wear test parameters

S.No. Wear test attributes Parameter Values
1. Ambient temperature 27-29 °C
2. Humidity 65-70 %
3. Cylindrical pins dimension $10 x 35 mm?
4. Counter disk material EN-32 Grade steel
5. Track diameter 80 mm
6. Sliding speed 400 RPM (fixed)
7. Normal applied Pressure 0.25,0.50,0.76, 1.1, 1.27 MPa
8. Sliding distance 5000 (fixed)

429 WORN-OUT SURFACE AND SUBSURFACE STUDIES

In these studies, the dominant wear mechanism in terms of microstructural changes and
subsurface deformation was anticipated through the use of Field Emission Scanning Electron
Microscopy (FESEM). The wear-affected surfaces were cross-sectioned to facilitate a detailed
subsurface analysis. Subsequently, a Vickers microhardness test was performed on the
polished and etched subsurface at incremental depths of 20 pm, beginning 20 um from the
worn surface. The force applied was 20 gf for 15 seconds. Microhardness measurements were
repeated at 20 um intervals until the deviation between microhardness and the bulk material

hardness was no longer noticeable.
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CHAPTER -5

RESULTS

5.0 CHARACTERIZATION OF CoCrFeMnNi HEA POWDER

Figure 5.1 (a) illustrates the XRD pattern of CoCrFeMnNi HEA particles as a result of
varying milling time. At 0 h, raw material peaks are noticed. The powder morphology of raw
materials of Fe, Co, Cr, Mn, and Ni particles is shown in Figure 5.2. At 6 h milling, it is
observed that peaks of all constituent elements start to decrease or get broadened. Whereas,
due to the lesser melting point of Mn and Ni the diffraction peaks began to decrease or even
disappeared completely at 6 h and 12 h respectively which is an indication of the complete
dissolution of Mn and Ni. Moreover, peaks corresponding to Co are merely noticed at 18 h,
whereas peaks associated with Fe are completely diminished at 24 h. Furthermore, major peaks
of Cr sharply decreased after 30 h which completely vanished at 36 h. At 36 h, the presence of
the FCC phase is confirmed. However, to confirm all the constituent elements completely
dissociate and grain refinement and uniformity in composition milling continued for 42 h
which confirmed the successful development of CoCrFeMnNi HEA powder. It is noticed that
elements having a lower melting point temperature has a higher diffusion rate in the solid state
to their weak bonding power of atoms as compared to higher melting point elements [312].
Therefore, it is concluded that the dissolution order of HEAs is as followed Mn — Ni — Co
— Fe — Cr. After excluding the instrumental contribution, the XRD pattern is utilized to
estimate the lattice strain and crystallite size which is illustrated in Figure 5.1 (b) using the

Scherrer equation as given below:

D K. A 1
~ B.cos6 M
B

6_4.tan9 @

Where D is the average crystallite size (nm), K is the Scherrer constant, 1 is the X-ray
wavelength, g is the line broadening at FWHM (radians) and © is the Bragg angle in degrees.

XRD peak broadened is only due to strain i.e., crystal imperfection and distortion. € is the
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micro-strain in radians, which is the ratio of peak width to the peak position. The crystallite
size decreases while the lattice strain increases drastically. The lattice strain and crystallite
size for 42 milling are reported to be 0.45 and 15.69 nm, respectively. Lattice strain and

crystallite size are inversely i.e., lattice strain increase with decrease in crystallite size.

The average particle size distribution of CoCrFeMnNi HEA powder varied during milling.
At 6h, a unimodal pattern with a larger width of 80 um to 380 um and an average particle size
of 280.3 um can be observed. From 6h to 24h, the average particle size declines rapidly from
280.3 um to 34.11 um. And at 42 h the average particle size of HEA is 0.8362 um which can

be categorized under submicron.
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Figure 5.1: (a) XRD pattern, and (b) lattice strain and crystallite size for different milling

time.

The cross-sectional morphology, microstructure evolution, and the size of the HEA
particles for 6 h, 24h, and 42 h are illustrated in Figure 5.3 (a) — 5.3 (b), 5.3 (e) — 5.3 (f), and
5.3 (i) — 5.3 (j), respectively. Whereas the particle size distribution and elemental composition
for the space through EDS can be visualized in Figure 5.3 (c) — 5.3 (d), Figure 5.3 (g) — 5.3
(h), and Figure 5.3 (k) — 5.3 (I). It is observed that at initial milling hours up to 6h, irregular
and large-size particles are obtained. After that up to 24 h, finer particles are observed, and the
average particle size decreased sharply. At 42 h, the particle is observed to be more uniform

Figure 5.3 (i) — 5.3 (j) shows the spherical morphology of the particles.
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Figure 5.2: Raw material powder (a) Fe, (b) Co, (c) Cr, (d) Mn, and (e) Ni
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Figure 5.3: High magnification FESEM images of HEA particles (a), (e), and (i); low
magnification FESEM images of HEA particles (b), (f), and (j); particle size distribution (c),
(9), and (k); EDS analysis (d), (h), and (l) for 6 h, 24 h, and 42 h milling time respectively.
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cross-section corresponding to image (v); (b) (i) Bright-field STEM of HEA particle; (ii)
Dark field STEM of HEA particle; (iii) Elemental mapping; (iv) EDS analysis.

Figure 5.4 (a)(i) illustrates the bright field and dark field STEM (Scanning Transmission
Electron Microscopy) image of 42 hr milled CoCrFeMnNi HEA particles with a corresponding
fast Fourier transform (FFT) pattern and selected area electron diffraction (SAED) through
Figure 5.4 (a)(ii) and Figure 5.4 (a)(iii) respectively. The SAED of the milled HEA particle in
Figure 5.4 (a)(iii) confirms the formation of FCC phase HEA. TEM assisted with EDX was
used to examine the distribution of elements in the particle for accurate study (Figure 5.4
(b)(iv)). A large particle was chosen in the TEM grid and observed that all the elements Cr,
Co, Ni, Mn, and Fe were evenly distributed. TEM is good for morphology scan but it required
a quite huge number of images for statistical reliability which is not an easy and cheap thing.
While on the other hand, XRD can gives a crystal size distribution related to the millions of

diffracted crystals illuminated by X ray during the experiment.

5.1 MICROSTRUCTURE OF THE COMPOSITES

Microstructural study of as cast AA 6082 and HEA/AA composite revealed the formation
of a-Al phase and the presence of CoCrFeMnNi HEA particles additionally, different
intermetallic phases are formed. The nucleated intermetallics are of different geometry such as
polyhedron, round (plate form), and rod shapes. The HEA particles, a-Al phase, and
intermetallics are confirmed through XRD diffractogram. The investigation of different
intermetallics phases of etched specimen alloy and composites is carried out using optical
microscopy along with an XRD pattern (Figure 5.5 (2)). It is observed that Keller reagents are
capable to impart distinct colour to different intermetallics which are as follows: a-Al(FeMn)Si
(dark phases), B-AlsFeSi (grey phases), and Mg.Si (black phases) which are illustrated in
Figure 5.5 (b). The evolution of solute intermetallic phases evolved as a result of eutectic
or/fand peritectic reactions that take place during the solidification of solid solution
[313][314][315]. The cluster of a-Al(FeMn)Si solute eutectic intermetallic formed near and at
grain boundaries can be observed in Figure 5.5 (b) (vi). The plate form f-AlsFeSi intermetallic
phases is generally reported at the inter-dendritic zone (Figure 5.5 (b) (vii)). The MgSi (black
phases) intermetallics are noticeable at grain boundaries in Figure 5.5 (b) (ii), Figure 5.5 (b)
(vi), and Figure 5.5 (b) (x).
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L — o-Al + B-AlsFeSi
L — a-Al + Mg.Si
L +AlsFe — a-Al + a-Al(MnFe)Si

The morphological Structures of different intermetallics phases are very intricate so along

with optical microscopy FESEM with EDS is used to differentiate among different phases.
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Figure 5.5: (a) XRD diffractogram of AA6082 and HEA/AA6082 composites; (b) Optical
microscope images of AA 6082 and HEA/AA composites.

Figure 5.6 and Figure 5.7 depict the microstructure of the FESEM images of the AA
6082 alloy and HEA/AA composite with varying reinforcement content processed through a
stir-squeeze casting technique assisted with the ultrasonic transducer. EDS analysis of FESEM
images in Figure 5.6 and Figure 5.7 (a) shows the elemental concentration of particles in the
composites given in Table 5.1. The addition of HEA particles in the Al matrix has been
successfully carried out and particles are uniformly distributed as shown in Figure 5.6 (a) — 5.6
(1)- The microstructure for the alloy is presented in Figure 5.6 (a) — 5.6 (b), whereas Figure 5.6
(c) — 5.6 (d), Figure 5.6 (e) — 5.6 (f), Figure 5.6 (g) — 5.6 (h), and Figure 5.6 (i) — 5.6 (j)
presented microstructure of 2 wt.% HEA/AA, 4 wt.% HEA/AA, 6 wt.% HEA/AA, and 8 wt.%
HEAJ/AA respectively. While analyzing Figure 5.6 (b), 5.6 (d), 5.6 (f), and 5.6 (h), the
incorporation of HEA particles considerably refined the grain size of the AA 6082 alloy.

The grain size was calculated by the linear intercept approach using image-j software.
It is witnessed that as the reinforcement concentration increased the grain size decreased. The
maximum grain size is reported for as-cast AA 6082 alloy (131.089 pm), and the minimum is
reported for 8wt.% HEA/AA (12.897 um) as seen in Figure 5.6 (b) and 5.6 (j) respectively.
However, the grain size of 8wt.% HEA/AA composite is higher than average grain size as
compared to 4 wt.% HEA/AA. Figure 5.6 (b), 5.6 (d), 5.6 (f), 5.6 (h), and 5.6 (j) shows lower
magnification microstructure whereas, Figure 5.6 (a), 5.6 (¢), 5.6 (e), 5.6 (g), and 5.6 (i) shows
higher magnification microstructure of HEA/AA composite. Most HEA particles are dispersed
along grain boundaries, with some also found within the grains, confirming a homogeneous
distribution, according to FESEM images. The smaller the particles larger will be the specific
surface area and surface energy of the particles, and the greater the forces between the particles,
the faster the particles agglomerate. As seen in Figure 5.7 (a), HEA particles certainly form
agglomeration during the addition process. During casting, severe reactivity between the HEA
particle and the Al matrix is observed under a thermodynamic scenario. Figure 5.7 (a)
illustrates the homogenous distribution of HEA particles, which is well retained in the Al

matrix of the 8 wt.% HEA/AA composite. Moreover, the interfacial layer of length 2 — 3 um
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can be seen at the interface of the Al matrix and HEA particles in Figure 5.7 (b). Whereas,
Figure 5.7 (d) shows the XRD pattern of HEA/AA composites for different reinforcement
percentages. The primary phases of composites can be seen to be Al, HEA, and Mg.Si. At
43.37°, the peak of the strengthening HEA phase is observed, which is comparable to that of
42 h milled HEA powder, indicating that no phase transition happened in HEA throughout the

processing stage [71].
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Figure 5.6 FESEM images: (a)-(b) AA 6082 Alloy; (c)-(d) 2 wt.% HEA/AA; (e)-(f) 4 wt.%
HEA/AA; (g)-(h) 6 wt.% HEA/AA,; (i)-(j) 8 wt.% HEA/AA.
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Figure 5.7: FESEM images (a)-(b) 8 wt.% HEA/AA composite; (¢) EDS mapping analysis of
8wt.% HEA/AA composite; (d) XRD plots of HEA/AA Composites.

The EDS mapping analysis of 8 wt.% HEA/AA samples is shown in Figure 5.7 (c).
EDS mapping images reveal the element distribution of the composite. As demonstrated in
Figure 5.7 (a), the grains noticed in composites are equiaxed ultrafine grains or fine elongated
grains. These materials are obtained through the stir squeeze casting route, which accounts for
controlled grain [316]. The average grain size of the 8 wt.% HEA/AA composites is 12.897
Km which is significantly smaller than AA 6082, which demonstrates that due to the inclusion
of HEA particles grain refinement occurred. It is concluded that the inclusion of HEA particles
inhibited grain boundary motion and reduced grain expansion during thermomechanical
processes. It is noteworthy that the grain of the HEA/AA composite exhibits a heterogeneous

grain structure that consists of ultrafine grains and a few large elongated grains [317].

103



Table 5.1. The elemental concentration (wt.%) is shown in Figure 5.6, and Fig. 5.7 (a) by

EDS analysis.

Elements Al Mg | Si | Zn | Mn | Fe | Co | Cr | Ni | Cu | Ti
Figure
5.6(0) AA 6082 | 96.06 | 1.46 | 097 | 0.44|055(029| - |0.06| - |0.06|0.04

Figure | 2 wt.%
5.6(d) | HEA/AA

9543|152 |1.64|041|0.35|0.06|0.15|0.06 | 0.13|0.19 | 0.04

Figure | 4 wt.%
5.6(f) | HEA/AA

9481149122 |053|0.61|0.41|0.10|0.08 | 0.58 | 0.14 | 0.03

Figure | 6 wt.%
5.6(h) | HEA/AA

9456|158 |1.16|0.45|0.73 | 0.64 | 0.06 | 0.09 | 0.51 | 0.19 | 0.04

Figure | 8 wt.%
5.6(j) | HEA/AA

91.46|131/090|0.79|0.75|1.21|1.26 | 046 | 1.15| 0.63 | 0.07

Figure | 8 wt.%
5.7(@) | HEA/AA

90.70 | 2.87 | 0.56 | 0.49 | 0.84 | 1.09 | 1.30 | 0.79 | 0.91 | 0.41 | 0.05

5.2T6 AGEING CYCLE

The ageing behavior of an Al-mg-Si matrix alloy was examined during heat treatment
optimization for several ageing temperature ranges, notably 115, 130, 145, 160, 175, 190, 205,
220, and 235 °C at a constant ageing duration of 6 hr. Table 5.2 shows the reported hardness
value during optimization. The hardness of the AA6082 matrix increased with the ageing
temperature and reached a maximum of 190 °C, although when the ageing temperature
increased further, the hardness achieved reduced. As a result, the maximum ageing temperature
(T6 peak) for monolithic alloy was specified as 190 °C. Figure 5.8 (a) shows an Al-Mg-Si
matrix alloy's hardening behavior at differing ageing temperatures, allowing a schematic

interpretation of how precipitates change in microstructure as the ageing temperature rises.

The sequencing of precipitates produced by the supersaturated solid solution (SSSS)
for medium-strength aluminium alloys could be written as SSSS — early precipitation region

(GP region) — 3 phase — 3’ phase — ” (Mg2Si).
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Table 5.2: Variation of hardness with varying artificial ageing (T6) temperature

Artificial Ageing | 115 | 130 145 160 175 190 205 220 235

Temperature (°C)
Hardness (HRB) 50.01 | 54.77 | 59.04 | 63.80 | 68.52 | 74.814 | 70.03 | 63.41 | 60.91

The microstructure of aged alloy and composite is well depicted in Figure 5.8 (b) and
the elemental distribution of alloy and composites is listed in Table 5.2. FESEM images of
matrix alloy under peak aged conditions showed very fine Guinier-Preston region (GP region)
precipitates evenly distributed across the grains, as well as the coarser size and less spaced
grain boundary precipitates. The existence of such a finer precipitates structure of the GP

region and metastable phase is the primary reason for matrix alloy strengthening.
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Figure 5.8: (a) Transformation of Microstructure during artificial ageing; (b) Metallographic
microstructure for the artificial ageing condition: (i) AA 6082; (ii) 2 wt.% HEA/AA
composite; (iii) 4 wt.% HEA/AA composite; (iv) 6 wt.% HEA/AA composite; (v) 8 wt.%
HEA/AA composite.

Table 5.2: Elemental distribution in AA-6082 and HEA/AA composite for as-cast condition
and artificial aged condition.

lements| Al Mg Si Mn Zn Fe Cu Cr Ti Co Ni

Figures

Figure 5.8 | 96.06 | 1.46 | 0.97 | 055 | 044 [0.29 [ 015 [0.06 [0.04 |- -
0]
Figure 5.8 9249 [ 1.25 [0.65 | 062 |1.26 | 042 |0.78 [ 037 [ 024 |1.06 | 0.86
(1)
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Figure 58| 9186|248 | 118 | 0.26 |1.60 | 0.36 |0.67 |030 |0.18 | 045 | 0.65
(iii)
Figure 58| 91.05|219 |1.04 | 288 | 067 | 021 | 038 |024 |021 |043 |0.70
(iv)
Figure 5.8 |89.28 | 2.16 | 083 | 257 | 180 | 127 | 058 |0.28 |0.19 | 057 |0.46
v)

The analysis clearly shows that coherent precipitates have a very high probability of
forming at peak ageing temperatures. Up to a specific temperature limit, the as-cast matrix
phase and the precipitates have lattice coherency; however, once that temperature limit is
exceeded, lattice vibration results in non-coherent precipitates inside the matrix. Additionally,
it is well known that a moderate amount of fine precipitates that develop on the soft matrix
phase of the alloy during artificial ageing after solution heat treatment (SHT) improve its
mechanical properties [318]. Nevertheless, above-peak aged coarsen precipitates were seen,

which led to mediocre alloy hardening.

It should be emphasized that the research (which includes measurements of hardness,
impact behavior, and tensile strength of alloy and composite) uses the optimal peak ageing
state or 190 °C.

5.3 MECHANICAL PROPERTIES

The densities and porosities of the AA 6082 alloy and HEA/AA composites are
illustrated in Figure 5.9 (a) It is clear that the actual densities, regardless of composition, are
lower than the predicted densities, indicating the existence of pores. The actual densities
increased as the HEA content increased, and the maximum density was obtained for 8wt.%
HEAJ/AA composite. It is also unveiled that theoretical densities nearly matched actual density
with a difference of 2-5 %. The porosity observed in 6 wt.% HEA/AA more than 4 wt.%
HEA/AA, which may be attributed to factors such as (i) casting flaws, (ii) H2 evolution, (iii)

gas trapped during cooling, and (iv) HEA particle agglomeration.

107



3209 320 : : 275
(a) 315 515 |[~® Theoretical density
__|— =—Measured density L5 5
, 3104, 310+ |=o—Porosity '
Ez0s]5 |
S 2 L 2.25
)
>\3.00 1> 3.00
g 2.95 4 g L 200
[
52900
B285] 3 L 1.75
52804 2
3 - 3 L 1.50
754
= =
2.70 L 105
2.65
2.60 - 1.00

HEAs Reinforcemnet (wt %)

(b) o

| B Hardnessl—m

90

[00]
()]
1

(o]
o
1

Hardness (HRB)

~
o
1

70

AA 2

4

6

HEAs Reinforcement (wt %)

108

Porosity (%)



400 —— Al 6082
' m—— 2 Wt.% HEA
3507 e 4 W% HEA
200 6 Wt.% HEA
| e 8 W1.% HEA
_|
T 250
o
=
& 200 -
(7]
o
{3 150 1
100 -
50 -
oO+——7——77—7T—T 7T T T
0 2 4 6 8 10 12 14 16 18
Strain (%)
400 400+ —=— Yield strength
—~3751 375 %\ —m— Ultimate tensile strengthfl] 1,4
S ] ] —o— % Elongation
=S 350 350

~— 4~ 4 T
< 325+ 325 - \ /f
300 {2 300 5

e
2 2501 G 2501 p \ 5
) 15 . i
$ 225 9 225 4 /; 10 ui
SR e / ; S
© 200 1@ 200 E

g =1 . —

£ 1757 1754 W — \\j;\

= 150 150 pd

125—: 125—: §/ \§ °

100~ 100

AA 2 4 6 8
HEAs Reinforcement (wt %)

Figure 5.9: (a) Variation in density (measured and theoretical) and porosity; (b) Variation of
hardness with varying HEA concentrations; (c) Engineering stress vs strain curve; (d) Tensile
strength of HEA/AA composites
The average value of hardness for the AA 6082 alloy and composites is depicted in Figure 5.9

(b). It is confirmed that in composites irrespective of the content, the hardness obtained is
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superior to the base alloy which indicates that the inclusion of HEA particles contributes
significantly to the material's hardness. Whereas the 8wt.% HEA/AA shows the highest
hardness and is more than 28.57 % from matrix alloy. The decrease in hardness value for 6
wt.% HEA is due to accumulation of HEA particles within the matrix phase which are
responsible for voids. However, the increase in the hardness value for 8 wt.% HEA/AA is due

to back stress hardening and dislocation hardening.

The specimens for tensile strength testing have been processed according to the ASTM
E8M standard for the as-cast alloy and composites. The tensile strength was evaluated for each
distinct reinforcement condition using computerized universal testing equipment ((FIE make,
model: UNITEK 94100-100 kN). Figure 5.9 (c) illustrates the engineering stress-strain curve
whereas, Figure 5.9 (d) depicts the alloy and composite characteristics, such as percentage
elongation, yield strength, and ultimate tensile strength that are investigated for varying HEAs

reinforcement content at room temperature.

With the inclusion of HEA particles mechanical properties of HEA/AA are highly
improved irrespective of the reinforcement content when equated to base alloy, which has a
yield strength of 112 MPa. The yield strength, ultimate tensile strength, and fracture strain of
2 wt.% HEA/AA composite is reported as 169 MPa, 234 MPa, and 13.1 % respectively. The
HEA/AA composite obtained at 8 wt.% HEA reinforcement content exhibited optimal
mechanical properties, and its yield strength, ultimate tensile strength, and fracture strain are
reported as 201 MPa, 327 MPa, and 7.6 % respectively. The percentage elongation eventually
decreases as the HEA reinforcement content increases which might also be ascribed to an
increase in porosity. All the composites demonstrated a greater strain hardening rate in the
initial stages of deformation than the as-cast AA 6082 alloy, indicating that the HEA particles
are capable of successfully capturing sliding dislocations and aggregating dislocation in the
aluminium matrix [319][320]. As a result, several dislocations occur and congregate nearby
HEA particles in the composite samples in the initial phases of deformation, resulting in an
improved rate of strain hardening and better yield strength of the composites than the as-cast
AA 6082 alloy [321]. It is observed that 4wt.% HEA/AA composites with a uniform
distribution of HEA particles are often more competent in accruing dislocations in the

aluminium matrix and surrounding the HEA particles than 6 wt.% HEA/AA composites. As a
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result, 4wt.% HEA/AA composites composite yield strength and ultimate tensile strength
improved. Dislocation hardening and Back stress hardening are two key factors that 8 wt.%
HEA/AA composites composite has superior mechanical characteristics than 6 wt.% HEA/AA
composites composite, which is primarily due to the establishment of clearly heterogeneous
grain structure. [31], [322], [323]. Also, the grains are refined by the inclusion of HEA
particles, which affect grain growth and act as heterogeneous nucleation during the
solidification process, potentially increasing the number of grains and refining the grains. The

finer the metal matrix grains, the greater the measured strength.

The fractured surface morphology of AA 6082 alloy and HEA/AA composites with
varied concentrations of HEA reinforcement are presented in Figure 5.10 The fracture surfaces
have dimples and tear ridges, revealing that ductile fracture developed in the matrix alloy under
tensile deformation. When the reinforcing weight percent exceeds 4%, the dimples get
shallower and the tear ridges become blunted. The interfacial de-bonding between HEAs and
Al matrix, as well as brittle fracture of HEA particles, are found to be the two most common
failure mechanisms in the HEA/AA composite. Particle pull-out and particle fracture are two
types of HEA particle failure. The findings confirmed that particle failure is a major key
element in the failure of HEA/AA composites, indicating that the optimum load distribution
occurred from the Al matrix to the HEA reinforcement particles. With a rise of HEA-reinforced
particles, this tendency is accompanied by a substantial loss in ductility. As a result,
deformation and fracture failure are predominantly caused by three fracture mechanisms in
HEA/AA composites. i.) HEA particle fracture ii.) aluminium matrix ductile fracture, 3.)

interface de-bonding between the Al matrix and HEA particles.
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Figure 5.10: FESEM images of fractured surfaces of composites with varying concentrations
of CoCrFeMnNi HEA reinforcement: (a)-(b) AA 6082 alloy; (c)-(d) 2wt.% HEA/AA
composite; (e)-(f) 4 wt.% HEA/AA ; (g)-(h) 6 wt.% HEA/AA,; (i)-(j) 8 wt.% HEA/AA.

From Figure 5.11 (c) it is evident that with the inclusion of HEA, particles resulted in
improved mechanical properties significantly. The improved properties may be derived from
the strengthening mechanism of nano and submicron HEA reinforcement particles in Al matrix
composite. It is observed that the dislocation line when encountering the undeformed HEA
particles passes nearby and forms dislocation rings around the particles can be seen in Figure
5.11 (c)(v). As the dislocation rings accumulated it causes obstacles that tend to enhance the
strength of the composite [324]. In various studies, it is revealed that as the particles dispersed
in the grains, orowan strengthening predominates, this is due to dislocation lines traveling grain
to grain boundaries and as the HEA particles segregated near grain boundaries and owing to

the effect hindrance of nano and sub-micron HEA particles get diminish, that is why yield
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strength increase by orowan strengthening, which is consistent with one of the existing results
[325].

Further, the microstructural investigation of as-cast aluminium and HEA-reinforced
composite were carried out through TEM. Figure 5.11 (b) (i) and Figure 5.11 (b) (ii) represent
the bright field image whereas Figure 5.11 (b) (iii) depicts the corresponding FFT, and Figure
5.11 (b) (iv) and 5.11 (b) (v) represent the composite. The dislocation density in the composite
is inevitably more as compared to the as-cast alloy which is due to the presence of HEA
particles. The interface between HEA particles and the aluminium matrix is smooth which

proves the high wettability between the aluminium matrix and HEA particles.
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Figure 5.11: (a) Hardness value at different HEA reinforcement content corresponding to as-

cast, and artificial Ageing conditions, (b) TEM images of dislocations evolved: (i) As-cast
AA 6082, (ii) high magnification image of as-cast AA 6082, (iii) FFT of as-cast AA 6082,
(iv) and (v) 8 wt.% HEA/AA composite, and (vi) FFT of 8 wt.% HEA/AA composite.

The inclusion of HEA particles in an Aluminium alloy matrix leads to grain refinement
which is classified into two parts 1.) HEA particles distributed at grain boundaries and, 2.)
HEA particles at the liquid-solid interface hinder grain growth with controlled solidification,
act as heterogenous nucleation, refinement of grains, and increase the count of grains. As the
grain was finer it resulted in enhanced strength, toughness, and plasticity of alloy [326]. The
grain boundaries restrict the motion of dislocations and promote the accumulation of

dislocation near grain boundaries which is the main reason to increase the strength of alloys or
composites.
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5.4 THERMAL AGEING'S EFFECTS ON TENSILE PROPERTIES

Figure 5.12 demonstrates the impact of thermal ageing on the tensile behavior of the Al-
Mg-Si matrix alloy. When compared to as-cast conditions, thermally aged alloy and composite
materials showed higher UTS and yield stress. The maximum yield stressand UTS of the aged
hardened 8% composites are 303 MPa and 486 MPa, respectively. The material condition, on
the other hand, demonstrated a hazy ductility trend. The ductility of all as-cast materials was
greater than that of the T6 condition material. The reported value of artificial aged as-cast alloy
was 13.34 % which decreases with reinforcement and reached the lowest of 6.1 % for artificial
aged 8 wt.% HEA/AA.
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Figure 5.12: Mechanical properties of as-cast and artificial aged (T6): a) Stress vs strain

Curve, b) yield strength variation with HEA content, (c) ultimate tensile strength variation

with HEA content, (d) % elongation variation with HEA content.

From Figure 5.12 (iv) it is observed that with the heat treatment elongation of the composite
decreased. The main cause of to decline in elongation is the formation of uniform and finer
precipitates which are the main source of the strengthening phase after ageing [54]. The matrix
alloy/composite distorts by the strengthening phase, when the alloy is deformed, this distortion

will impede the dislocation movement and impair the plasticity of the metal elements.

The mobility of dislocations is restricted when the secondary phase precipitates grow to
their ideal size, increasing the strength [327]. For the further movement of dislocations, it needs
to slice through the precipitates or penetrates through them. In both cases, higher stress is vital
in comparison to the matrix which doesn’t comprehend precipitated particles. The TEM
analysis was utilized to identify the secondary phase particles near and within the grain
boundaries as shown in Figure 5.13. The bright field and dark field images of alloy and
composites confirm the round shape of dispersoids (B), and needle shape fine precipitates (B’).

The confirmation of the most likely precipitate i.e., Mg2Si (B”) contributes maximum in
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improvising the hardness of the alloy/composites which are dot at one end and followed by
needle arranged perpendicular in the Aluminium matrix with the 3 cube axes. It is important
to notice that a tiny spherical solute cluster formed just after SHT by natural ageing in AA
6082.

Figure 5.13: TEM Micrographs of As-cast and artificial aged AA6082 and HEA/AA
composite: (i) Bright-field image of as-cast AA6082 embedded with FFT, (ii) bright field
image of artificial aged AA6082, (iii) dark field image of artificial aged AA6082, (iv) SAED
image of AA6082, (v) bright field image of 4 wt.% HEA/AA embedded with FFT, (vi) bright
field image of artificial aged 4 wt.% HEA/AA, (vii) dark field image of artificial aged 4 wt.%
HEA/AA, (viii) SAED image of 4 wt.% HEA/AA.

5.5DRY SLIDING WEAR ATTRIBUTES

Figure 5.14 and Figure 5.15 depicts the rate of wear for the corresponding materials as the
function of sliding distance (fixed 5000 meters) and normal applied pressure values of 0.25
MPa, 0.5 MPa, 0.75 MPa, 1.1 MPa, and 1.27 MPa, respectively for as-cast and heat treated
(T6) conditions the selection of normal applied pressure and sliding distance selected on the
basis of prior literature. The obtained results revealed that an increase in wear is noticed with

the sliding distance for all normal applied pressures. The AA 6082 alloy had the highest rate
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of wear among all compositions and normal applied pressures. On the other hand, the addition
of HEA particles improved the wear resistance and reduced the wear rate. The 8 wt.% HEA/AA
(HT) composite had the lowest wear rate among all compositions and normal applied
pressures. It is noteworthy to mention that the wear rate was almost constant in the initial
sliding distance, but increased sharply after reaching the critical value, leading to a
phenomenon known as the seizure. During the seizure, the material not only experiences loss
of material but also adheres to the counter surface material. Chattering noise and high
vibrations were reported at the seizure point. The as-cast AA 6082 alloy gets seizure at a sliding
distance of 4000 m and normal applied pressure of 0.75 MPa, with a corresponding wear rate
of 6.788 x 10 mm3/m whereas for heat-treated condition AA 6082 gets seizure at a sliding
distance of 4000 m and normal applied pressure of MPa and wear rate reported as 5.20 x 103
mm3/m. Meanwhile, the 2 wt.% HEA/AA composite seized at a sliding distance of 5000 m
and normal applied pressure of 0.75 MPa, with a corresponding wear rate 0f 5.31 x 10 mm3/m
however the heat treated 2 wt.% HEA/AA composite get seizure at 4000 m and normal applied
pressure of 1.018 MPa and the wear rate noticed was 5.5 x 103 mm3/m. The 8 wt.% HEA/AA
composite seized at a sliding distance of 5000 m and normal applied pressure of 1.27 MPa,
with a corresponding wear rate of 7.09 x 10 mm3/m and the heat treated 8 wt.% HEA/AA
composite seized at a sliding distance of 5000 m and normal applied pressure 1.2732 MPa and

the wear rate reported as 6.509 x 103 mm?3/m.
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Figure 5.14: Wear rate corresponding to the sliding distance for different material

compositions at a normal applied pressure of 0.254 MPa.
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Figure 5.15: Wear rate corresponding to the sliding distance for different material

compositions at a normal applied pressure of 0.509 MPa.

121



—m— AA S
] |—o— 2 wt.% HEA/AA
—A— 4 wt.% HEA/AA
1 |—v— 6 wt.% HEA/AA
8 wt.% HEA/AA S

o
(e}
]

o
o
]

o
I
1

»
(o]
]

w
(e}
]

Wear rate x 10 (mm3/m)
w IN
o N
1 1

)
I
1

v

=
oo
L

1 ' 1 ' 1 ' 1 ' 1
1000 2000 3000 4000 5000
Sliding Distance (m)
Figure 5.16: Wear rate corresponding to the sliding distance for different material

compositions at a normal applied pressure of 0.763 MPa (S: Seizure).
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Figure 5.17: Wear rate corresponding to the sliding distance for different material

compositions at a normal applied pressure of 1.018 MPa (S: Seizure).
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Figure 5.18: Wear rate corresponding to the sliding distance for 8 wt.% HEA/AA Composite
ata normal applied pressure of 1.2732 MPa (S: Seizure).
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Figure 5.19: Wear rate corresponding to the sliding distance for different material

compositions at a normal applied pressure of 0.254 MPa (HT).

123



34 — AA Heat Treated

3o [~ 2wt.% HEA/AA
= 1 |-+ 4wt.% HEA/AA
& > |-+ 6 wt.% HEA/AA
8wt.% HEA/AA

T T T T T " T ' '
1000 2000 3000 4000 5000
Sliding Distance (m)
Figure 5.20: Wear rate corresponding to the sliding distance for different material

compositions at a normal applied pressure of 0.509 MPa (HT).
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Figure 5.21: Wear rate corresponding to the sliding distance for different material

compositions at a normal applied pressure of 0.763 MPa (S: Seizure) (HT).
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Figure 5.22: Wear rate corresponding to the sliding distance for different material

compositions at a normal applied pressure of 1.018 MPa (S: Seizure) (HT).
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Figure 5.23: Wear rate corresponding to the sliding distance for 8 wt.% HEA/AA Composite
at a normal applied pressure of 1.2732 MPa (S: Seizure) (HT).
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5.6 COEFFICIENT OF FRICTION VISA-A-VIS SLIDING DISTANCE

Figure 5.16 and Figure 5.17 depicts the evolution of the coefficient of friction of as-cast
and heat-treated condition alloy and composites as a function of sliding distance under various
normal applied pressures of 0.25 MPa, 0.50 MPa, 0.76 MPa, 1.1 MPa, and 1.27 MPa,
respectively. The trend of the coefficient of friction with sliding distance exhibits a zigzag
pattern, making it challenging to deduce a clear conclusion from the observed trends. However,
it can be observed that the as-cast AA6082 alloy exhibits the highest coefficient of friction,
and the heat treated 8 wt.% HEA/AA composite exhibits the lowest coefficient of friction,
regardless of the applied pressure. As the normal applied pressure increases, the values of the
coefficient of friction converge. Beyond a critical sliding distance, the coefficient of friction
suddenly increases, which marks the onset of the seizure. The as-cast AA6082 alloy
experiences seizure at 0.75 MPa, where the coefficient of friction was reported as 0.53, and for
the heat-treated AA 6082 alloy seizure get at 0.75 MPa and the coefficient of friction value
reported was 0.51. Similarly, the 2 wt.% HEA/AA composite experiences seizure at 0.75 MPa
with a corresponding coefficient of friction of 0.49 however the heat treated 2 wt.% HEA/AA
gets seized at 1.018 MPa and the corresponding value of the coefficient of friction is reported
as 0.56. The 4 wt.% HEA/AA and 6 wt.% HEA/AA composites experience a seizure at 1.01
MPa with corresponding coefficients of friction of 0.58 and 0.56, respectively, Likewise, the
heat treated 4 wt.% HEA/AA and 6 wt.% HEA/AA composites experience a seizure at 1.01
MPa with corresponding coefficients of friction of 0.58 and 0.56, respectively. The 8 wt.%
HEA/AA composite experiences seizure at 1.27 MPa with a corresponding coefficient of
friction of 0.61 and the heat treated 8 wt.% HEA/AA composite experiences seizure at 1.27

MPa with a corresponding coefficient of friction of 0.61.
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Figure 5.25: Variation of coefficient of friction with sliding distance for different material

compositions at a normal applied pressure of 0.509 MPa.
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Figure 5.26: Variation of coefficient of friction with sliding distance for different material

compositions at a normal applied pressure of 0.763 MPa (S: Seizure).
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Figure 5.27: Variation of coefficient of friction with sliding distance for different material

compositions at a normal applied pressure of 1.018 MPa (S: Seizure).
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Figure 5.28: Variation of coefficient of friction with sliding distance for 8 wt.% HEA/AA

Composite at a normal applied pressure of 1.2732 MPa (S: Seizure).
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Figure 5.29: Variation of coefficient of friction with sliding distance for different material

compositions at a normal applied pressure of 0.254 MPa (HT).
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Figure 5.30: Variation of coefficient of friction with sliding distance for different material

compositions at a normal applied pressure of 0.509 MPa (HT).
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Figure 5.31: Variation of coefficient of friction with sliding distance for different material

compositions at a normal applied pressure of 0.763 MPa (S: Seizure) (HT).

0.64 -
0624 |~ 2 wt.% HEA/AA S

0.604 [—— 4 wt.% HEA/AA
=058 [—v— 6 wt.% HEA/AA S
= 0.56 8 wt.% HEA/AA
0.54
0.52 -
0.50
0.48
0.46
0.44
0.42
0.40 -
0.38
0.36
0.34
0.32
0.30 -

Coefficient of Friction (u

T T T T T T T T T
1000 2000 3000 4000 5000
Sliding Distance (m)
Figure 5.32: Variation of coefficient of friction with sliding distance for different material

compositions at a normal applied pressure of 1.018 MPa (S: Seizure) (HT).
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Figure 5.33: Variation of coefficient of friction with sliding distance for 8 wt.% HEA/AA
Composite at a normal applied pressure of 1.2732 MPa (HT).

5.7 WEAR COEFFICIENT VIS-A-VIS APPLIED PRESSURE

Figure 5.18 and Figure 5.19 present the correlation between the normal applied pressure
and the wear coefficient of alloy and composites at as-cast and heat-treated conditions. It was
discovered that as the normal applied pressure increases, a decline in the wear coefficient is
observed for all composites. The as-cast AA6082 alloy and the 2 wt.% HEA/AA composites
were found to have seized at a normal applied pressure of 0.75 MPa, resulting in a marginal
increase in the wear coefficient of the alloy from 4.13 to 5.09 while the wear coefficient of the
2 wt.% HEA/AA composite changed from 4.01 to 4.33.

For the 4 wt.% HEA/AA and 6 wt.% HEA/AA composites, a sharp decrease in the wear
coefficient trend was noted, especially between the normal applied pressures of 0.25 MPa to
0.50 MPa. A further decrease was observed from 0.50 MPa to 0.75 MPa, although at a slower
rate. An increase in the wear coefficient was recorded for both composites as the normal
applied pressure was increased from 0.75 MPa to 1.00 MPa, with the corresponding wear
coefficients at seizure being 4.88 and 4.33 respectively.

However, the wear coefficient for the 8 wt.% HEA/AA composite remained relatively constant
between the normal applied pressures of 0.50 MPa to 1.1 MPa. The seizure for this composite
was reported at 1.27 MPa, with the corresponding wear coefficient being 4.254.

For the heat-treated condition, the trend is almost similar to the as-cast condition in which the
wear coefficient value of the respective alloy and composite decreased initially while
increasing after certain normal applied pressure. As in AA 6082 alloy and 2 wt.% HEA/AA
composite the sharp value of wear coefficient declined notice between 0.25 MPa to 0.50 MPa
which changes from 6.95 to 3.609 and 6.75 to 3.5625 and then a slight increment is noticed
between normal applied pressure 0.50 MPa to 0.75 MPa. For 4 wt.% HEA/AA composite and
6 wt.% HEA/AA a sharp decrease in the value of the wear coefficient is observed between
0.25 MPa to 0.50 MPa and a further decrease is observed between 0.50 MPa to 0.75 MPa. The
wear coefficient then increases between 0.75 MPa to 1.018 MPa and attained seizure at 1.018
MPa and the respective wear coefficient value visualized at seizure was 4.028 and 3.3

respectively. Whereas as the wear coefficient value of 8 wt.% HEA is almost constant between
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0.50 MPa and 1.018 MPa and an increase in value is noticed between 1.018 and 1.25 MPa the
corresponding wear coefficient value is observed as 2.33 and 2.8. At 1.25 MPa which was also

a seizure pressure for the composite, the coefficient of wear was noticed as 3.9.
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Figure 5.34: Variation of wear coefficient with Normal applied pressure for different material
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5.8 WEAR-OUT SURFACE ANALYSIS

In the wear sliding test, when surfaces come in contact, asperities to asperities contact
occurred. In this work, softer aluminium asperities slide over harder steel asperities which
grooves to form an aluminium surface. As the load increases which resulted in an increase of
pressure at contact lead to deep grooves which can be visualized. At the intermediate pressure,
grooves get deeper and more damage to the surface. It was evident that at high-pressure
conditions initiation and propagation of cracks are more predominant. It is noteworthy to
mention during sliding motion, with an increase in pressure cracks developed at the surface
and propagate transversely and longitudinally. The transverse cracks meet the grooves and
form small debris at the worn surface. The AA 6082 gets seizure at 0.75 MPa, as the alloy
experience intense frictional heat that is realized at higher pressure, the material gets softened
and the micro weld is visualized more often at seizure condition severe damage surface with

surface tearing and wear patches illustrates in Figure 5.20 (b)-((i)-(ii)).
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Figure 5.36: low and high magnification wear micrographs with EDS graph (a) AA6082; (b)
4wt.% HEAJAA,; (c) and (d) 8wt.% HEA/AA.

For the 4 wt.% HEAJ/AA composition the seizure is observed at 1.01 MPa and is
categorized by severe surface damage, surface tear, and development of parallel lips as shown
in Figure 5.20 (b)-((i)-(ii)). for the 8wt.% composite at lower pressure of 0.25 MPa grooves
formation is not observed, and the wear surface is almost smooth with minute scratches. when
the pressure reaches 0.75 MPa shallow grooves are observed. At this juncture, small debris can

be observed. When the pressure reaches 1.25 MPa, the material gets seizure and severe
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damage, as well as the parallel lips can be seen in Figure 5.20 (c)-((i)-(ii)). Figure 5.20 (d)
revealed the worn surfaces at seizure condition for 8 wt.% HEA/AA composite at the different
parts of the wear surface.

Figure 5.21 portrays a typical wear surface of a HEA-reinforced composite in T6 HT condition
at seizure, demonstrating crack propagation and wear debris on the surface. Notably, in this
case, the wear surface damage is less prominent. The Figure shows a damaged region that
clearly depicts HEA particles protruding from the wear surface, alongside surface cracks in
both the longitudinal and transverse directions. The sample experiences severe damage and
cracking, producing large flaky-shaped debris, as shown in Figure 5.21 (a) (ii) and b(ii). This
pressure leads to the seizure of the composite sample, characterized by the emergence of wear
patches and the formation of parallel lips. Figure 5.21 (c) (i) and (ii) depicts a prototypical
wear surface of an as-cast 8 wt.% HEA/AA composite at an applied pressure of 1.21 MPa.
Notably, it displays continuous pits and grooves, which may arise from the coexistence of a
soft matrix interface with the hard particle phases. As the applied pressure is raised, the wear
surface exhibits the formation of deep wear grooves and pitting, as well as a more noticeable

initiation and spread of cracks. These cracks typically amalgamate to form flaky-shaped debris.

> Wear debrig.
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Figure 5.37: Low and high magnification wear micrographs with EDS graph at heat treated
condition (a) AA6082; (b) 4wt.% HEA/AA,; (c) and (d) 8wt.% HEA/AA.

The optical profilometer micrograph was utilized to analyze the worn surface of AA6082
alloy and HEA/AA composites at as-cast and heat-treated (T6) conditions which provide an
overview of the wear behavior of alloy and composites illustrated in Figure 5.22 and Figure

5.23. The wear surfaces have peaks and valleys which were developed due to loss of material
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during the sliding wear test and the intensity of wear was evaluated by average roughness
which is obtained in XZ (X profile) and YZ (Y profile) form through optical profilometer. It
is important to note as the HEA content increased wear resistant properties improved, as the

specific wear rate decreased with HEA content, and also with the artificial ageing the wear-

resistant properties improved.
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Figure 5.38: Optical profilometer micrographs for different material compositions at seizure:
(@) AA 6082; (b) 2 wt.% HEA/AA composite; (c) 4 wt.% HEA/AA composite; (d) 6 wt.%
HEA/AA composite; (e) 8 wt.% HEA/AA composite
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Figure 5.39: Optical profilometer micrographs for different material compositions at seizure
for heat treated condition: (a) AA 6082; (b) 2 wt.% HEA/AA composite; (¢) 4 wt.%
HEA/AA composite; (d) 6 wt.% HEA/AA composite; (e) 8 wt.% HEA/AA composite

5.9 SUBSURFACE ANALYSIS

The microstructural analysis of the subsurface of AA6082 and HEA/AA composites at
as-cast and heat-treated (T6) conditions revealed three distinct regions: 1) the Undeformed
Region (UDR), 2) the Plastically Deformed Region (PDR), and 3) the Mechanically Mixed
Layer (MML). Figure 5.24 (i)-(ii) and Figure 5.25 (i)-(ii) showed that at 0.763 MPa, the MML
was observed to be approximately 132.17 pum and 91.32 um respectively for as cast and heat-

treated conditions in thickness, with the PDR measuring 72.215 pum and 69.983 pum. It was
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noted that crack initiation occurred at the intersection of the bulk UDR and the severely
deformed zone, which moved in the longitudinal direction and eventually transformed into
MML over time. Further, sliding wear action caused the detachment of the MML and generated
wear debris.

It was also noted that during the sliding motion, the grains of aluminium below the PDR flowed
along the direction of sliding. The subsurface of as cast and heat treated 2 wt.% HEA/AA
subjected to seizure under normal applied pressure (0.763 MPa and 1.018 MPa respectively)
was depicted in the micrograph (Figure 5.24 (iii)-(iv) and Figure 5.25 (iii)-(iv)). Figure 5.24
(v)-(vi) and Figure 5.25 (v)-(vi) showed two different zones of as cast and heat treated 4 wt.%
HEA/AA composite, the bulk deformed zone, and the highly deformed zone. During the
seizure, the MML was detached from the subsurface, the thickness was reported as 61.3167
pm (as-cast) and 20.018 um (T6), and the PDR was evaluated as 39.814 pum (as-cast) and 45.31
um (T6).

The research emphasized the nucleation and propagation of cracks, microstructure, and
phase morphology of the different zones. Figures 5.24 (vii)-(viii) and 5.25 (vii)-(viii)
represented the subsurface formation of the as-cast and heat treated 6 wt.% HEA/AA
composite at 1.018 MPa pressure, revealing an MML thickness of approximately 56.31 pum
and 45.91 um depth respectively. The PDR, measuring approximately 47.87 pum (as-cast) and
19.71 um (T6), was found below the MML. It was noteworthy, at this stage, the HEA particles
remained intact and no fragmentation of particles was observed in the MML. There was no
observed particle pullout or debonding, which confirmed the good interfacial bonding between
the HEA particles and the aluminium matrix. The 8wt.% HEA/AA get seizure at 1.273 MPa
for as cast and heat-treated (T6) condition as well, the composite underwent seizure and the
MML (30.416 um (as-cast) and 12.31 um (heat treated) transformed into the PDR, as shown
in Figure 5.24 (ix)-(x) and Figure 5.25 (ix)-(x). The plastically deformed zone extended up to
34.681 pm (as cast) and 17 um (T6) at 1.25 MPa

142



MML

143



Figure 5.40: Lower and higher magnification micrograph images at seizure for the as-cast
condition: (i) and (ii) AA 6082 (MPa); (iii) and (iv) 2 wt.% HEA/AA (MPa); (v) and (vi) 4
wt.% HEA/AA (MPa); (vii) and (viii) 6 wt.% HEA/AA (MPa); 8 wt.% HEA/AA (MPa).
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Figure 5.41: Lower and higher magnification micrograph images at seizure for heat treated
condition: (i) and (ii) AA 6082 (MPa); (iii) and (iv) 2 wt.% HEA/AA (MPa); (v) and (vi) 4
wt.% HEA/AA (MPa); (vii) and (viii) 6 wt.% HEA/AA (MPa); 8 wt.% HEA/AA (MPa).
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CHAPTER -6

DISCUSSIONS

6.0 EVOLUTION OF PHASES IN CoCrFeMnNi HEA

Contrary to traditional alloys, the development of solid solution phases in HEAS is
counterintuitive to the principles of physical metallurgy. Simple solid solutions form in HEAs
due to the high entropy effect as it is evident that it enhances solid solution solubility limits.
The evolution of phases of CoCrFeMnNi HEA can be estimated using different
thermodynamic parameters as shown in Table 6.1 such as AH,,;, (enthalpy of mixing), AS,,x
(entropy of mixing), VEC (valence electron concentration), and & (atomic size mismatch). The
mixing enthalpy of CoCrFeMnNi HEA was evaluated using Miedema's approach [328] which
utilizes binary mixing enthalpy as listed in Table 6.2 and AH,,;, isreported as —4.16 KJ /mol.
Furthermore, the entropy of mixing is determined as per the Boltzmann hypothesis [329] to be
13.38 J/mol.K. 2 is also a crucial thermodynamic attribute which is defined as the ratio
between the entropy of mixing and enthalpy of mixing. The development of stable solid
solution 2 > 1, whereas 2 < 1, favors the emergence of intermetallic phases in HEAs. 2 for
CoCrFeMnNi is reported as 5.77 which indicates the formation of stable solid solution phases
in CoCrFeMnNi HEAs. As proposed by Zhang et al. [329] & atomic size mismatch is around
0.98 % from the expression mentioned in Table 6.2 in which atomic radii of ith elements listed
in Table 6.3, 7, 4 is the average atomic radii. The VEC > 8, encourages the formation of FCC
phase, while VEC < 6.87 leads to emergence of BCC phase. In the current investigation of
CoCrFeMnNi HEA, VEC = 8.3 and 2 = 5.77, supporting the claim of forming FCC phase
solid solution of CoCrFeMnNi HEA.

6.1 GOVERNING MECHANISM DURING MECHANICAL ALLOYING

It is widely recognized that the microstructure of mechanically alloyed HEA has a
significant impact on its morphology. Figure 6.1 (a) illustrates the HEA particle behavior
during mechanical alloying and based on the revelation milling is categorized into three

different regions such as cold welding dominated region, fracture dominated region, and
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dynamic equilibrium region. The morphology of HEA particles at different milling time

illustrated the Figure 5.2 and Figure 5.3.

Table 6.1 Binary mixing enthalpy of diverse pairs of CoCrFeMnNi HEA

Table 6.2 Different important thermodynamic parameters and corresponding values of
CoCrFeMnNi HEA.

Thermodynamic _ )
Equation CoCrFeMnNi HEA
Parameters
n
.. ] K
Enthalpy of Mixing AHpir = 4 Z x; X AHZY —4.16 X
i=1i%] mol
n
Entropy of Mixing ASix = —R Z x; Inx; 13.38 J
- mol K
Q = M 577
|AHmix|
n 2
. . . Ti
Atomic Size Mismatch §(%) = 100 in <1 - ) 0.92
= ravg
i=1
Valence electron =
_ VEC = Z x; (VEC); 8.33
concentration P

Table 6.3 The atomic radius of different elements in CoCrFeMnNi HEA.

Elements ‘ Co ‘ Cr ‘ Fe ‘ Mn ‘ Ni ‘ Refer. ‘
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Radius 0.12510 0.12491 0.12412 0.13500 0.12459 [182]

(nm)

In this study, HEA powder is relatively softer from 0 h to 6 h. Cold welding and plastic
deformation are noticeable, culminating in a perceptible increase in particle size as well as
irregular and angular morphology. From 6 h to 24 h milling time grain refinement took place
whereas, lattice strain increased. Furthermore, persistent atom diffusion and dissolution led to
severe lattice distortion [14]. These factors caused the milled powder to harden, in order to
make it easier to fracture, and henceforth it can be concluded that during milling between 6 h
and 24 h, fracturing dominated region form. The size of the milled powder progressively
stabilized as the milling duration reached 42 h, as the cold welding and fracturing reached a
dynamic equilibrium, and spherical morphology appeared. As the milling period exceeds 42 h,
it becomes unfavorable, and continued milling has a negative influence on the phase
identification of powder [103], undesired phases are noticed, and contamination issues are
noticeable [221]. As a finding, the optimal milling time for CoCrFeMnNi HEA is 42 h.

6.2 STRENGTHENING MECHANISM FOR CoCrFeMnNi HEA

The mechanical properties of the composites predominately relied on the microstructure
and distribution of HEA-reinforced particles. From the FESEM micrograph as shown in Figure
5.6 (j) and Figure 5.7 (a) it is evident that the HEA particles distribution in 8 wt.% HEA/AA
has more uniform as compared with other composites, which leads to better plasticity and
strength [330][331]. 8 wt.% HEA/AA composites have the highest strength and heterogeneous

grain structure is the predominant cause for superior properties [332][333].

It is widely acknowledged that the strength of as-cast composites is highly influenced by
particle size and concentration. Figure 6.1 (b) shows a schematic diagram of particle
distribution and their effect on the Al matrix of AA 6082 alloy, and HEA/AA composite for
the HEA particle distribution and their effect in the Al matrix of the composite.

According to the dispersion strengthening principle, larger particles develop voids around
them, potentially causing mechanical properties to deteriorate [334]. It has been shown that

lowering particle size minimizes particle-to-particle distances in composites, creating a barrier
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for dislocation motion and compelling them to exhibit better strength [335]. Also, the small
size particles are effectively responsible for hardening which contributes to the strength of the
composites [325]. Reduced reinforced particle size decreases stress concentration at reinforced
particle edges and increases dislocation-reinforced particle interaction, leading to increased
strength [336]. The existence of small particles as reinforcement pins the matrix grain
boundaries, causing the refined grain boundaries to appear [337] and restricting grain boundary
movement [326]. A fine-grained grain structure and a great barrier to dislocation movement

increase composite strength.

The formation of high-density dislocations is shown to be the principal strengthening
method in Al composites. The high-density dislocation, on the other hand, could induce a stress
concentration along with the interfaces of the HEA particles and the Al matrix, enabling the
composites' fracture strength and plasticity to deteriorate. [42]. Figure 6.1 (¢)- (i), (ii), and (iii)
presents geometrically necessary dislocations through TEM images of the AA 6082 alloy, 2
wt.% HEA/AA and 8 wt.% HEA/AA respectively in which it is evident that more dislocation
density was reported in 8 wt.% HEA/AA as compared to AA 6082 alloy and 2 wt.% HEA/AA.

The inclusion of HEA particles improves the yield strength of composites in this work. The
following factors contribute to this: (i) Hall-Petch strengthening due to grain refinement; (ii)
Load transfer effect induced by the proximity of HEASs particles; (iii) Geometrical necessary
dislocation strengthening caused by elastic modulus difference and thermal expansion
difference between the HEA particles and Al matrix; and (iv) orowan strengthening induced
by the resistance of densely packed HEAS to the passing of dislocations [338]. The composite's

estimated overall yield strength may be determined as follow:

_ 2 2
Ocy = Oa,y T 0,7 + 0gp + \/AUOR + A0gnp

The yield strength of the composite is oy, while the yield strength of the 6082 Al matrix
is g, y. The volume fraction of HEA reinforcements is denoted as f,. The following
expression can be used to compute the increase in the strength induced by orowan
strengthening, geometrically required dislocations, load transfer effect, and grain boundary

strengthening respectively [339]:
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1
Onp = KH[dcz —d

Aoyr = 1/2 Op vty

by Gy
L

For AA6082, Ky = 1.2 MPa. mm /2 where Ky, stands for Hall-Petch constant, d. and d,

Aopr =@

are the average grain size of the composite and matrix of the base alloy. f, expressed as the
volume fraction of HEA reinforcement. @ is a constant (for AA 6082, @ = 2). by, and G, are
the burger vector and shear modulus (b, = 0.286 nm and G, = 25.6 GPa) respectively. L is
denoted for interparticle spacing of HEA reinforcements which is given by:

L= d(%)l/s

where d is the average diameter of reinforcements. The enhancement of strength owing to

geometrically necessary dislocations (GNDs) is estimated by Refer. [45]:

Aognp = wby GM\/ PGnD

w is the constant of 1.25, p;np IS the density of GNDs

8fy€y N 12Aa.AT. f,

= + =
PGND = PE T PcTE byd | byd(1—f,)

penp classified into two parts: pg is the density of GNDs owing to elastic modulus
difference and p.rp is the density of GNDs owing to the CTE difference between HEA
reinforcement and the Al matrix [45]. ¢,, is the yield strain associated with Al matrix, A« is the
difference between the thermal expansion coefficient of the Al matrix and HEA reinforcement
(CTEg4pg2 aa = 22.8 X 107/ °K and CTEyg, = 15 X 107/ °K) and AT is the difference in

temperature between synthesis temperature (550 °C) and ambient temperature (25 °C).
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Table 6.4 The augmented yield strength is evaluated through different strengthening

mechanisms.
HEA Enhancive yield strength (MPa)
reinforcement
(Wt.9%) Adorowan Adgnp AGHau-petch A010aa
2 4.1319 52.1384 3.8335 0.3860
4 5.2291 69.3456 8.5843 0.7824
6 6.0133 74.7792 7.2616 1.1898
8 6.6490 83.2007 14.1424 2.0393
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Figure 6.1: (a) variation of average particle size of CoCrFeMnNi HEA with milling time; (b)
Schematic diagram of AA 6082 alloy and HEA/AA composites; (c) Geometrically necessary
dislocation (GND) observed through TEM images of the as-cast alloy and composites: (i)
dislocation present in AA 6082 alloy also a bright field image and a dark field image, (ii)
dislocations present in 2 wt.% HEA/AA composite, and (iii) dislocations present in 8 wt.%
HEA/AA composite; (d) (i) The comparison of theoretical and experimental values using o,,.
The standard deviation of data samples is indicated by the error bars, and (ii) Different

strengthening is used to estimate the increase in yield strength.

The contribution of different strengthening effects in the increment of yield strengthis listed
in Table 6.4 and Figure 6.1 (d)-(ii). Grain boundary strengthening contributes the utmost to the
composite yield strength, and the theoretical values for varying compositions were found to be

consistent with the actual values as shown in Figure 6.1 (d)-(i).

The mechanical properties of the HEA/AA composite are thought to be enhanced
further by optimizing several aspects of mechanical alloying, manufacturing processes, and

heat treatment, which are the most significant influences on grain structure.
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6.3 WEAR RATE

The 8 wt.% HEA/AA high entropy alloy composite exhibits superior resistance to wear
and seizure compared to the base alloy. The improved wear resistance is attributed to the
presence of hard particles that contribute to increased strength at elevated temperatures and
provide plastic constraints. Furthermore, these hard particles act as projections that facilitate
adhesion between the material and the counter surface of the hardened steel disk. It has been
demonstrated that intermediate pressure during sliding results in the formation of an oxide
layer that causes oxidational wear. As pressure increases, a mechanically mixed layer is formed
that eventually disintegrates, resulting in delaminating wear. Additionally, the presence of soft
dispersoids acts as a lubricating agent, promoting the development of a lubricating film at the

interface of the interacting regions, thus reducing friction and overall material loss.

6.4 GOVERNING WEAR MECHANISM

During the sliding motion, the two interacting surfaces are exposed to both normal and
shear loading. The contact between these surfaces, which are characterized by irregular
asperities of varying shapes and sizes, leads to the piercing of the softer material's asperities
by the harder ones, resulting in material loss. As the normal applied pressure increases, the
harder asperities of the steel disk penetrate deeper into the asperities of the as-cast alloy and
composites, causing deformation and fracture of the softer surface asperities. It has been
observed that up to a certain pressure, which varies depending on the composition, the wear
rate follows a linear path. However, when the pressure exceeds this limit, excessive heat is
generated, which increases the local adhesion between the mating surfaces. The heat-softened
material experiences increased penetration of asperities, leading to significant wear. At this
stage, weight loss due to delamination at the micro-cutting, fracture, and adhesion regions are
prevalent. This results in the destruction of the mechanically mixed layer (MML) that forms at
lower pressures. Beyond the critical pressure, the wear rate abruptly increases, changing from
linear to a sharp increase. At low pressures, the pin surface asperities are sharper and stronger
compared to those at high pressures, leading to deformation and fracture. In these low-pressure

conditions, the healthy engagement between the asperities of the contacting surfaces is
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governed by the MML.. It has been observed that the thickness of the MML in the unreinforced

phase is thinner than in the reinforced phase.

6.5 WEAR MAP

The wear map depicted in Figure 6.2 provides a comprehensive representation of the
synergistic influence of sliding distance and normal applied pressure on the wear rate of AA
6082 alloy and composites for as-cast and heat-treated conditions. The significance of the wear

rate in relation to applied pressure and sliding distance is depicted via a color-coded scheme.

AA 6082 Wear rate

(103mm?3/m)

~wn
¥ bl R
nnunswnN

Sliding Distance (m)

03 04 05 06 07
Applied Pressure (MPa)

157



Sliding Distance (m)

Sliding Distance (m)

2 wt.% HEA/AA

5000
4000
3000
2000
1000 T ' T T
03 04 05 06 0.7
Applied Pressure (MPa)
4 wt.% HEA/AA
5000

4000

3000

2000

1000

03 04 05 06 0.7 08

Applied Pressure (MPa)

158

09

1.0

Wear rate
(103 mm3/m)
2

2- 3

B 3- 4
W - 5
W s- ¢
s} 6
Wear rate
(103mm?3/m)
H <2
m:-:
3- 4
4 - 5

W s5- 56
W s- 7
m 7




6 wt.% HEA/AA
4 " Wear rate
5000 (103 mm3/m)
2
- [
— 40007 W3- 4
€ W z- s
- W s- s
g i 6
c
©
g
& 3000
(a)
o0
£
2
7))
2000-
1000 T T : : . . . -
03 04 05 06 07 0.8 0.9 1.0
Applied Pressure (MPa)
8 wt.% HEA/AA
" Wear rate
000 (103 mm3/m)
] % 2
m:-:
3.4
4.=58
W s- 6
W s- 7
.| 7

Sliding Distance (m)

1000

04 06 08 1.0 12

Applied Pressure (MPa)
Figure 6.2: wear map for normal applied pressure and sliding distance for AA 6082 and
HEA/AA composites (As-cast condition).
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Figure 6.3: wear map for normal applied pressure and sliding distance for AA 6082 and
HEA/AA composites (Heat treated condition).

6.6 COEFFICIENT OF FRICTION

The initiation of metal-to-metal contact triggers abrasive wear and material loss regulation.
The application of pressure may lead to the growth of an oxide layer due to frictional heating,
elevating the temperature. This oxide layer functions as a lubricant film, inhibiting effective
contact between the sliding surfaces, thereby accounting for the absence of a discernible rise
in the coefficient of friction during the initial sliding runs. In the context of dry sliding wear
scenarios, two mechanisms often occur simultaneously, namely surface work hardening and
fracture tendency. During the early stages of sliding, the soft Al surface undergoes work
hardening, leading to increased efficiency over extended sliding distances [49]. Subsequent
sliding will cause cracks to form and result in surface fracturing once the surface has been
work-hardened. This causes fluctuations in the coefficient of friction (COF), which will be
lower in cases of work hardening and greater in cases of fracturing. Both the AA 6082 alloy
and composites exhibit this characteristic. In some instances, the COF is reported to remain

essentially unchanged in relation to the sliding distance, potentially due to the balancing of the
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rates of hardening and fracturing. However, significant adhesion between opposing surfaces
during seizure requires a greater amount of frictional energy to overcome the bonding,

resulting in a dramatic increase in the COF during the seizure.

6.7 SEIZURE PRESSURE

The correlation between the seizure pressure and the corresponding maximum pressure for
various composites at as-cast and heat-treated conditions is depicted in the accompanying
Figure 6.4 and Figure 6.5 respectively. It is evident that the addition of HEA particles results
in a noticeable increase in seizure pressure. The reinforcement content was observed to
improve seizure resistance, with 2 wt.% HEA/AA exhibiting a seizure pressure of 0.763 MPa.
Further increments in the reinforcement content to 4 wt.% HEA/AA and 6 wt.% HEA/AA led
to observed seizure pressures of 1.018 MPa, demonstrating the positive effect of higher thermal
stability on the composite. A substantial improvement in seizure resistance was observed for
8 wt.% HEA/AA.
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Figure 6.4: variation of seizure pressure and maximum temperature corresponding to

different materials (As-cast condition).
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Figure 6.5: variation of seizure pressure and maximum temperature corresponding to

different materials at heat-treated conditions.

6.8 WEAR COEFFICIENT

The prediction of the formation of wear debris, which is determined by the wear coefficient,
can be quantified utilizing the equation Q = KW/H where Q is wear rate, K is wear coefficient,
W is Load (N), and H is hardness. From this equation, the wear coefficient can be determined
and plotted against the applied pressure. It is observed that the wear coefficient remains
relatively constant and fluctuates within a narrow range at intermediate applied pressure
values. This constant value of the wear coefficient indicates that the likelihood of the formation
of wear debris remains consistent. It has been established that the wear coefficient (i.e., the

probability of wear debris formation) is proportional to the hardness of the materials and
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inversely proportional to the applied pressure. When the pressure is elevated, the material
becomes more susceptible to deformation, leading to strain hardening of the surface and
reducing the possibility of debris formation. Conversely, for harder materials, the tendency

towards fracture increases, thus resulting in greater wear debris formation.
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CHAPTER -7

CONCLUSIONS

7.0 SUMMARY AND CONCLUSIONS

In summary, we systematically discussed the successful development of CoCrFeMnNi
HEA powder by mechanical alloying and composites subsequently processed through stir
squeeze casting. The effect of varying concentrations of HEA addition on microstructure
evolution and the mechanical properties of the composites is observed. Some conclusions

derived from the investigation are stated below:

1. The OM and FESEM micrograph revealed that fairly enough even dispersion of HEA
particles was observed in AMCs. The elemental concentration was confirmed by EDX
analysis, whereas the presence of different elements and phases was confirmed by XRD
analysis. TEM was used to study the dislocations lattice structure of AMCs along with the
morphology of HEA particles.

2. The microstructural characterization confirms that HEA particles are uniformly
distributed throughout the Aluminium matrix with no trace of impurity and oxides
formation.

3. FESEM micrograph analysis indicated that coarser HEA particles are evenly disseminated
in the Al matrix, whereas smaller particles agglomerate and segregate.

4. The wettability of the HEAs particles and the Al matrix is enhanced by the squeezed
pressure. In addition, when HEA particles are added to the composites, the density rose to
14.62 % to the AA 6082 base alloy.

5. The addition of HEA particles in the composite showed improved hardness, enhanced
ultimate tensile strength, and, better yield strength for 8wt. % HEA/AA composite which
IS 28.57 %, 79.46 %, and 87.931 % than the AA6082 alloy.

6. The milling duration has a substantial impact on the uniform distribution of HEA particles
in the composites, particle size and shape, and composite mechanical behavior. Dynamic
equilibrium between fracturing and severe cold welding among the HEA particles is

achieved after 42 h of milling time.
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10.

11.

12.

13.

14.

15.

As per the theoretical prediction, geometrically necessary dislocation strengthening is
more dominating followed by the hall petch mechanism, orowan strengthening, and load
transfer effect. It is established that when reinforcement concentration increased, the
dislocation interaction between the matrix and particles increased monotonically.

It should be noted that the HEA particles and improved interface between the HEA
particles and Al matrix enable appropriate ductility and strength of theCy; .. nEa
composite. As a result, HEA has been demonstrated to be the best HEA alternative for
reinforcement in Al matrix composites.

The microstructure of alloy and composites revealed along with a-matrix, intermetallic
(a-Al(FeMn)Si, B-AlsFeSi, and Mg.Si) also formed which was confirmed by optical
microscope images and XRD pattern.

Artificial Ageing significantly improved the mechanical properties of alloy and
composites and accomplish the best properties for 8 wt.% HEA/AA composite. However,
the ductility was impacted negatively.

The worn surface morphology and specific wear rate indicate that irrespective of HEA
content composite exhibits superior wear resistance properties than the monolithic alloy.

The variation of temperature with sliding distance eventually in the same manner as the
wear rate for all normal applied pressure.

The seizure resistance of 8 wt.% HEA/AA was significantly enhanced over monolithic
AA 6082 by 66.86 %. Whereas 8 wt.% HEA exhibit better wear resistance property over
as-cast condition and heat-treated condition.

The worn surface includes damaged patches, wear debris, and tiny grooves under low
normal applied pressure, whereas parallel ridges, surface tearing, and heavily damaged
surfaces were observed during the seizure conditions.

The composite exhibits a lower wear rate with the inclusion of HEA particles. It was
observed that as the normal applied pressure increased up to a certain limit, material loss

abruptly increased during the seizure condition.
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CHAPTER -8

FUTURE SCOPE

Based on conclusions drawn from the study following work on CoCrFeMnNi HEA

reinforced aluminium metal matrix composite may be performed in the future.

1. More studies on the non-equiatomic CoCrFeMnNi and other elemental compositions
can be carried out and derived the result used as the reinforcement in AMCs.

2. A computation study can be carried out to investigate different attributes of HEAS as
reinforcement of different characteristics of AMCs.

3. Thereis more need to study different processing parameters of milling on HEA particle's
microstructure and phase evolution and their effect on AMCs.

4. A comparative study can be done on different processing routes and their effect on
microstructure, mechanical properties, and tribological behavior.

5. Compression and fatigue behavior can be examined and their mode of failure can be
studied in more detail.

6. To investigate high-temperature suitability, an oxidation study can be performed.

7. The corrosion behavior of AMCs can be examined for suitability in environmental
conditions.

8. A detailed microstructure study through TEM can be performed for the cause of particle

segregation and investigate different diffusion kinetics involved in HEAs.
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