mass increase (mg/cm?)

NIVERSITA

Doctoral School in Materials, Mechatronics
and Systems Engineering

ITRENTO Hﬁilzlzl?rrig?lllitn%fineering

XXXVII cycle

DevelopmentofiHigh: Entropy. Alloys
for High TremperaturéApplications

Khaja Naib Rasool Shaik

AlCoC rFeNi

S

T=1000°C

==C01
Co0.75

——Co0.5
Co00.25

=)

o
©
L

o
o
L

=)
IS
L

o
N
L

o
=3

T T T T T T
100 200 300 400 500 600
time (min)

o

August2025



DEVELOPMENT G#fGHENTROPYLLOYS
FORHIGHTEMPERATURNPPLICATIONS

Khaja Naib Rasool Shaik
E-mail: Khaja.shaik@unitn.it

Approved by: Ph.D. Commission:
Prof.Marco Actis GrandeAdvisor Prof. llaria Cristofolini,

Department of Applied Science and Department ofindustrial Engineering
Technology University of Trento, Country.

Politecnico di Torino, Italy.
Prof.Marco Actis GrandeAdvisor

Prof. Paolo Veronesi, Department of Applied Science and

Department of 9y 3 Ay $S NA y 3 Tecknelogy 2

CSNNJ NA £ Politecnico di Torino, Italy.

University of Modena and Reggio

Emilia, Italy. Prof. Paolo Veronesi o i
Department of 9 Y AAY SSNA Y 3 a9yl :
CSNNI A€
University oModena and Reggj&milia,
Italy.

University of Trento,
Department ofindustrial Engineering

August2025



University of TrentdDepartment dhdustrial Engineering
Doctoral Thesis

Khaja Naib Rasool Sha®5



Dedicated to My Family



Abstract

The development of advanced materials for high tengppitatiens
remains aignificanthallenge in materials science and engineeringpritestis
High Entropy Alloys (HEAp)esena relativelpewclass of metallic materials
composed of five or more principal elementgdguingamnic ratid$EAs derive
their superior properties from theipningifal element compositions, nehidh
in high configurational entropypesmiotesheformatiof simple solid solution
phases. Thizovel strategyarks alepadrefrom conventional alloy development
approachesnd opesupvas compositional spaces for exploration.

This doctoral thesis focuses on the design, synthesis, and characterization of
novel highntropy alloys (HEAS) for-teigiperature applications, with particular
emphasis on coHadte (Cdree) HEAs anefractory HEAs (RHEAS). These alloys
are developed via a powder metallurgy route, specifically through mechanical alloying
(MA) followed by spark plasma sintering (SPS).

The research addresses key challenges in the current landscape of HEA
development, namely: (i) the optimization of conventiateihing HEAS such
as AlCoCrFeNi, and (ii) the development of-fresvadd refractory HEAs to
mitigate issues relategh&berial criticality, cost, and environmental sustainability.

This study systematically investigates the effects of cobalt reduction and
substitution on the phase stability, microstructure, and functional properties of HEAs
synthesized from elemental powders using MA and subsequently consolidated via
SPS.

In theinitialphaseof the research, the steitied AICoCrFeNi HEA system
waschosems a reference allogetailedtudy wasarried otibevaluatéhe effect
of cobalt content on phase stability, microstruchwera#ppetformance. Alloys
withdifferentobalt molar fractions (x = 1.0, 0.75, 0.5n QtRSAICoxCrFeNi
system were synthesizmsihg mechanical alloyodpwed by Spark Plasma
SinteringThe fullCo alloydisplaye@ duaphase microstructaensisting of a
dominant BCC amchinor FCC phages the cobalt contentiedaed, the alloys
displayedfiner grain structures, improved densification, and enhanced corrosion
resistance bothNaCl and BO1solutionsThermogravimetric analysis and SEM
EDXSrevealed progressive improvement in oxidation resisitedeceeasing Co
content, particularly at 1000°C. Mechanicatdestimgthat these @educed
alloysretainechigh hardness and fracture toughinégsatingheir potential
suitability fiightemperature applionswhile alsaddressinthe economic and
environmentabncernassociated witbbaltise

In the second part of the thesis, the focus shifts from cobalt reduction to its
complete substitution. Two noved€bIEA systeABCrFeNiTi and AICrFeNiMn
were developed based on valence electron concentration (VEC) analysis, atomic size
mismatch considerations, and binary mixing enthalpy calculations. Both alloys were
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synthesized using mechanical alloying (MA) followed by spark plasma sintering (SPS),
and were subjected to comprehensive structural and functional characterization.

The addition of titanium (Ti) significantly enhanced solid solution strengthening
and microstructural stability, positioning the AICrFeNiTi alloy as a promising candidate
for highemperature applications such as gas turbines, thermal barrier coatings, and
hotworking tools.

The AICrFeNiMn HE#&hibiteda more ductile dphlase FCC+BCC
microstructurbecausehe additioof manganese (Menhance$CC phase
stability. This allghievedn excellent balance between strength and ductility, along
with enhancedcorrosion resistance. Microstructural analysis revealed lamellar
eutectic morphologies and spinodal decompotitioivhich contributecthe
a | | strendgihsand toughness. The corrosion and peidatimancef Cofree
HEAshighlights its potential asoateffectiveand sustainableandidatdor
industriadcaleapplications

The third phase of the research focused on Refradfotyoplyghlloys
(RHEAS). A noveFF&/Zr\W4 alloy was developed using mechanical alloying (MA)
followed by spark plasma sintering (SPS), and was investigated for its potential in high
temperature applications. This alloy is composed of refractory elements with high
melting points and exhibits ggoepthermal and mechanical stability.

Microstructural analysis revealed a unifomarttedyd cubic (BCC) phase,
with minimal grain growth, attributed to the rapid heating and cooling rates
characteristic of the SPS process.

Across all the investigated alloy systems, the powder metallurgy approach
proved highly effective in producing HEAs with fine microstructures, good phase
homogeneity, and enhanced mechanical and thermal properties. Mechanical alloying
enabled homogeneousimg and the formation of nanocrystalline structures, while
spark plasma sintering (SPS) allowed for rapid densification at lower temperatures,
helping to preserve desirable microstructural features.

A comprehensive suite of characterization techoigdieg Ky diffraction

(XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
microhardness testing, fracture toughness evaluation, and et ctnadysmi

was employed to systematically assess the performance and behavior of the
materials.

This thesimakes a&ignificancontributiorto theunderstariglg of phase
formation, microstructural evolution, and Bpmaegaryy relationships in HEAs
developedia powder metallurgy. The resekratydemonstrates that cobalt
contentcan be successfully reducedntrelyeliminated from HEAs without
compromisitigeiperformanc#oreover, it shawamnovel Cdree and refractory
HEAs can beffectively designed for demahdihtemperature and corrosive
environments. These findafigawith broader initiativegshe materials science
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aimed ateduingreliancen critical raw matersaish as cobadtndpromoting the
developmentsifstainable, higkrformance alloys for future technologies
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Chapter |

Introduction

1.1Introductiorto HEA

The discovery of new materials has significantly played a key role in advancing
human civilization with historical periods such as stone, bronze, and Iron periods
defined by the relative materials discovered during those periods. The developments
were stmagly linked to processing techniques that enhanced the properties of these
materials making them easier to manufacture and more suitable for various
applications.". Traditionally, the development of new materials has relied on a trial and
error experimetitm that metallurgists followed for many years. This conventional
approach involves with selecting elements and their compositions, followed by the
synthesis of material and subsequently evaluating its properties. If the material
demonstrates potentiabfgpecific application the product development follows. If
not, the process will again start from the beginning but modifications in composition
will be adjusted or new elements will be added to obtain the desired properties. These
choices are based andlamental theory and an understanding of how elements
behave in various alldyf2]

The traditional approach requires several years to develop a novel material for
a potential application. A lengthy timeline is required to devehapeaialced
it is critical because while a material is being developed, a competing material may be
introduced for the same application. This could result in the original material never
finding practical use. Furthermore, significant time, effarciahde$iources
could be wasted.

An important aspect of developing new materials is the number of elements
involved in its composition. In this process, some elements from the periodic table are
widely used also, while other elements are less familiar due to factors such as high
cost, sazity, and challenges in proceddiese limitations often lead to a reduced
selection of elements used in material development. Moreover, traditional alloy
development methods typically consist of one or two primary elements, with a small
proportion aforeadditional elements included to erdiatioepropertie

The discovery of novel materials has greatly benefited from the concept of alloy
design, which involves mixing multiple elements to achieve superior properties
compared to the individual parent elements. This approach Heesypiteyad a
thefuturedevelopment of human civilization. For many centuries, the fundamental
principles of alloy design remained largely unchanged, with multiple elements added
in minor proportions to the major elements. In the 18th century, Frank Achard
introduced the idea designing alloys with multiple elements in equal mass
proportions; however, this concept went largely unnoticed by the scientific community.
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It was towards the end of the 20th century that J.W. Yeh and Brian Cantor
independently proposed a novel alloy design strategy that involved mixing elements
in equiatomic proportions to create simple solid solufi@hTtessealloys are

commonly known as High Entropy alloys (HEA) or Multi principal Element Alloys
(MPEA) which will be discussed in detail in this work.

1.2High Entropy Alloys (HEA)

High entropy alloys (HEA) have gained the attention of the material science
community with their unique alloy design concept and superior mechanical behavior
[41[5][6][7] HEAS are proposed by Yeh and Cantor and defined as a composition of
adding three or more elements with a composition of each elements between 5% to
35%. The concept of HEA has since been extended to alloys with [8]j@klements
[10][11] Most of the HEAs exhibits a single solid solutions structure like body centred
cubic phase (BCC) and face centred cubic phgd@]EgJar)hexagonal closing
pack (HCPL4][15] This type of singlkase solid solution develops superior
mechanicabehavioursuch as increased ductility, and unique physicochemical
properties, which allow it to deviate from the current trends of traditional metal alloys
[16]17]HEAs usually exhibit four primary effects: slow diffusion, high entropy, severe
lattice distortion and cocktail effects which contribute to outstanding properties like
high phase stability and excellent mechanical HEBEMd9] This combination
results in improved thermal st@®@ijf21] high mechanical strengths, fatigue
resistance, high yield strength, ductility, wear rEZ2§28]agood microstructure,
and enhanced corrosion and oxidation rediatdr2g] [26] [27] Recent
developments in materials science emphasize the importance of focusing on
improving the mechanical properties, microstructures, and new compositions of HEASs.

1.3Definitionof HEA

Yeh[17]proposed that taehancedhixingf entropynight contribute to the
stability of solid solupbasesn mulprincipal element alloys. He suggested that
the presence of a | arge number of <const
Gibbs free energy equatiemrebyeduceshe total mixing energy and favoring the
developmenf solid solutions over intermetallic compounds.

PG = @H 1 TS

The concepnof HEAs has several definilependen different criteria.
The compositibased definition classifies HEAs as containing five or more elements
and theeach element having between 5 and 35 atomic percd@8](at.%)
Alternatively, according to the configurational entropy definitioexpi&Asdare

as those:
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HEAs havirggYs: : sb¥are considered as low entropy alloys such as Steels,
Mg, and Adase alloys.

Alloys havingYdgsconfig1.5R are medium entropy alloys such as Ni and Co
based superalloys.

Alloys havirngY: : -&alo®R (Sconf = total configuratiddradlar entropy in
solid solution, R = gas constant) are high entrd@9JE8if&1][32]

The definition of entropy doesndt ta
present in an HEA. When combined with composition, it provides a broader
perspective but it also leads to ambiguity. For instaneelementisystem (A,

B, C, D, and E)etmaximum configurational entropy is 1.61R for an equimolar
composition, while themalipiossible value is 1.36R for a composition of 5%A, 5%B,
20%C, 35%D, and 35%E. In this case, the alloy meets the criteria of one definition but
contradicts the otf0]

1.4Four Core Effects of HEA

The mukprincipal element composition of HEA leadshibsignificant
effects that are not observed inadlihys. These effects are classified as the four
core effects of HEA. Yeh [33] [30] [34] formulated the four core effaath of HEAs
as high entropy, lattice distortion, sluggish diffusion, and the cocktail effect. The
relation between fore core effeciseratand influence the microstructure and
mechanical properties illustr&igure 1L with respect to physical metallurgy

Relationship
Composition

High entropy
effect .
Thermodynamics,
Kinetics, I e—
Sluggish diffusion deformation theory

effect

Structure and
Microstructure

I / Cocktail effect

Physical and Mechanical
properties

Severe lattice-
distortion effect

Solid state physical
strengthening, toughening,
fatigue, creep, wear
mechanism etc.

Figure 11. Four core effects and their relationship with microstrpopertasi[35]

The high entropy is influenced by thermodynamics, while the sluggish diffusion
effect depends on the kinetics of diffusion. The lattice distortion effect influences
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structural deformation and also hasreabffect on kinetics and thermodynamics.
Finally, the cocktail effgtiencéhe mechanical properties.

1.4.1High Entropy Effect

The high entropy effect pronwfesof multi element solid solution phases.
This effect play leeyrole in preventing the formation of intermetallic compounds. In
the absence of this effect, intermetallic phases result in brittleness and cannot be
controlled. Additionally, this effect controls the formation of intermetallic compounds
even at low tematres. According to Gibbs phase rule:

G=HTS
wheréO= Gibbs free ener@¥s enthalpyY= temperature, &ivd entropy

Thedevelopmenf a simple solid solution in an HEA is not guaranteed solely
by the high entropy effect. Instead, it is dominated by minor additions of various
elements, including mixing enthalpy, difference in atomic radius and valence electron
concentration. Additilynghe phase formation is influenced by an interplay between
entropy and enthalpy, which plays a significant role in determining the phase formation
[36] [37] [30]. Under #eghperature conditions, solid solution phasesi@eome
stable in HEAs, atite degree of ordering within the HEA decreases as the
temperature increases. Consequently, alloys with ordered phases in the casting state
may transition into random solutions. Moreover, intermetallic compounds remain
stable when the enthalpy is stranglerio compensate for the entropy effect.
According to various research studies, HEAs tend to develop simpler and more
common crystal structures, such as BCC, FCC, and HCP, when entropy overcomes
enthalpy in place of metallic compounds [38]. Trokrefiseséarch investigation
to support that to state that a configurational entropy plays a key role to stabilize the
solid solutions. Most of the alloys found to be unstable although having the high
configurational entropy [39] .

1.4.2SluggishDiffusion

HEAs exhibit a slower diffusion rate and phase transformation compared to
conventional alloys for two main reasons. First, the variation in atomic sizes and the
fact that HEAs are composed of five or more elements contribute to the lack of a
dominant solve which influences the entire composition. These factors lead to a
slower diffusion rate and unique bond configurations, causing significant fluctuations
in lattice potential energy (LPE). As a result, slugging diffusion ocf28% in HEAs
[34] Literature indicates that significant fluctuations in lattice potential energy (LPE)
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cause slower diffusion and higher activation energy in HEAs. Additionally, low LPE
sites can impede atomic diffusion, further resulting in sloWj2@diffusion

Secondly, the varying diffusion rates in HEAs can be attributed to the different
elements in the composition and the configurations of the surrounding atoms. When
an atom moves into a vacancy, it creates an adeiigiobpalin the lattice
structure. The local variations in atomic arrangements generate different energy levels
and bonds for each atom's position. As a result, the atom becomes trapped in a lower
energy state with a reduced chance of escape. On the ottetoimaatia figher
energy levéas a higher chance of returning to its original position. Each element
diffuses into the surrounding lattice at a different rate, with some elements showing
high levels of activity and others diffusing at much lower rates, depending on their
specific lrerent propertif&6][36][37][38] A wide range of atomic configurations
can form around vacancies, which contributes to siangyehagbre diffusion
and diffusiecontrolled phenomena such as oxidatiofi3@}glegse transitions,
and particle growth in HEAs compared to conventip@[4lblisis occurs as
a consequence of sluggish diffusion, which impacts the diffusion rate. These
oscillations slow down diffusion kinetics and raise the energy barrigd2jr diffusion
(43]

1.4.3 attice Distortion

The presence of multiple alloying elements in HEAs creates a diverse atomic
environment, leading to significant lattice distortion compared to conventional alloys.
In these alloys, atoms are surrounded by different types of atoms with varying sizes,
whichincrease lattice distortion. This lattice distortion can be caused by variations in
atomic size, as well as differences in crystal structure and bonding energy among the
elements. This effect can influeragedifraction, increase hardness, and decrease
temperature, as well as thermal and electrical cdddijd®li#6]. The figure
below Figret 2 illustrates the lattice distortion of the five elements in HEAs.

Figure 12. Schematic diagram of lattice distortiorcofmipmetEA47]
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Based on a many experimental evidence and researchers suggestions, it
seems unlikely that, the simultaneous presence of severely lattice distortion can
coexist with a and a stable solid solution. Furthermore, there is a no clear evidence to
support a late distortion greater than 5%. This topic requires a further investigation
[48][30][44]

1.4.4Cocktail Effect

The concept of the cocktail effect in metals was first introduced by Ranganathan
in relation mutbmponent alloys and has been confirmed through with respect to
their studies on mechanical and physical prigy@rtieHEAS, this effect is
associated with various factors such as the properties of each element, the number of
phases, phase shape, alloy compositions, @] bizemulkcomponent alloy
systems, each phase has a different composition, resulting iiginogieotes
those of other phases.

The final properties of each phase are influenced by a mixture of elements and
resulting in lattice distortion. Consequently, primarily it impacts microstructure and
atomic level to enhance high temperature, mechanical, and electrical properties of
HEAs wh the combination of various effects. However, the cocktail effect is not
always beneficial because of to influence of atomic level microstructure and minor
changes in composition can significantly influence material performance. These
challenges make gdexity to both the design and synthesis of alloys of newly
developed HEB][49].

1.5Familieof HEA

HEAs have a very rapid evolution with a strong emphasis on designing novel
and new alloy systems for various applications. The literature presents approximately
400 complex alloys. These alloys are categorizedjortaniilies: 3d transition
metal alloys, refractory metal alloys, light metal alloys, lanthanide (4f) transition metal
alloys, brasses and bronzes, precious metal alloys, and interstitial compound alloys
[30] Among these, the 3d transition metal alloys and refractory metal alloys are the
mostextensivelgtudied and investigated HEAs. The 3d transitioHEAstals
typicallgontaingt least fodromthe following elements: Co, Cr, Cu, Fe, Mn, Ni ,
with Ahdditions sometim&beRefractory metal HEAfesecond largest group
HEA, typicalljaveat least fodirom théollowing elements: Cr, Hf, Mo, Nb, Ta, Ti,

V, W, Zr. Thealoycompositions were designed to serve in theaipplisttions
whereequiringigh strength and phase stabliiyheémperatures are requested,
such as in the aerospace industry.
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1.5.1AICoCrFeNi HEA

The composition of the AICoCrFeNi HE@daihedthe attention of
researchers due to jiesence obutstanding properties, such as oxidation
resistance, high strength, high temperature, and good corrosidb2ESisince
HEA system has been extensively investigated and is widely reported in the literature.
The AlICoCrFeNi HEA holds a prominent position in the community of HEAs due to its
unique properties and various advantages. The equiatomic composityon of this all
exhibits a high mixing entropy, which encourdgesltipenent singlphase
solid solution by preventing the formation of intermetallic compounds. Among its
constituent elements, Aluminium (Al) plays a crucial role in promoting the development
of BCC and B2 crystal structures. Meanwhile, Iron (Fe) and Cobalt (Co) helps to
reduce the structural differences between BCC and B2 structure and Chromium (Cr)
supports the BCC phase by introducing lattice distortions that disrupt atomic ordering
and promotgructural disordBB][54][55]

The AICoCrFeNi alloys are manufactured using various techniques, as shown
in Figre13. The AICoCrFeNi alloy system is primarily synthesized through powder
metallurgy (MA + SPS), which involves mixing elemeniiqoowgersttand
sintering to obtairfull dense alloy. Another approach is casting and arc melting,
where elemental powderfusezin a crucible and cast into the desired58iape
[57]58] The alloy preparation, synthesis techniques and heat treatnieyts play an
role in revealinig alloy preparation, synthpsiessingechniques, and heat
treatments play key role in determining the microstructure and mechanical
¢ h ar a cdf the alloy systesnd Therefore, it is important to adjust the production
parameters to achieve better characteristics. According to published data, the
properties of the AICoCrFeNi HEA can be modified by adding or replacing other
elements.

Most past studies have focused on manufacturing AICoCrFeNi HEAs using
powder metallurfp9]60][61]62][63]techniquehis method is a combination of
mechanical alloying (MA) and spark plasma sintering (SPS), both of which facilitate
the formation of fine, uniform, equiaxed grain structures. The MA+SPS routes were
widely investigated for producing bulk forms [F4HBAsphase FCC+BCC
structures have been observed in both the casting and MA+SPS routes as reported in
literaturf5]66]67] MA+SPS is a proven technique for synthesizing nanocrystalline
HEAs. The homogeneous materials, under sintering conditions, are processed with
good results and fast consolid&869][70] which is proposed for fabricating
AlCoCrFeNi HEAs. The raw materials for AICoCrFeNi HEA are synthesized by MA
using ball milling and consolidated intteadiiyl material using the SPS process.

This method offers the advantages of low energyiconsapightheating, and
shorter soaking tinies)[72][73][74][74]
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HEA Powders

* Arc Melting
* Induction Melting

* Spark Plasma Sintering
* Selective Electron Beam Melting
* Direct Energy Deposition
* Additive manufacturing

* Laser Cladding
« Direct Energy Deposition
+ Laser Engineered Net Shaping
* Selective Laser Melting

+ Atmospheric Plasma Spray

* Mechanical Alloying

+ Selective Laser Melting

Figure 13. VariouprocessingutegosynthesiztheAlCoCrFeNi HEXS]

Each element in AICoCrFeNhid&a significamnportanib determining
its overadllloyproperties. Aluminumréhdtivelwith itéow atomic size, contributes
to formthe BCC structures, enhancing elasticity and plasticity. It also uniformly
dissolves into the composition, increasing strength and hardness. Cobalt (Co) helps
to strengthen the F@aseandfacilitatesn the formation of hard intermetallic
phases. Chromium (Cr) improves corrosion resistance and oxidation behavior by
formingstableprotective oxide layers. Additionally, it helps to increase strength and
hardness. Iron (Feprovesductility and fracture toughnessfibingrairs and
minimizingrittle phases, while also providing addigohahicatrengthening.

Finally, Nickel (Ni) stabilizes the n¥&fix enhances tgood ductility and
toughness, arfdrther improvexidation resistanafaencombiad with other
elements. Together, these elements work synergistically to dptiotiaeathe
properties of the AICoCrFeNi HEA.

With the aim of developing new alloys routes, Vaidya has proposed a new
strategy to produce AlICoCrFeNi alloy system with addition of elements step by step.
Firstly, joining only the X and Y elements to make a binary XY alloy, then adding the
element Z toomplete the ternary XYZ alloy as shown in following method.

1. X+¥E XY; XY +E XYZ

2. X+ E XY; XZ + ¥ XZY

3.Y+E YZ, YZ+E ZYX

[T Baseaiioy 38h_E2%

A) —
@ A\ | FaNIGHGrAI S8 7%
O ABCD | ) | CoNiFeCrAl 35h |79%
B + —— /
& b 4 { FeCrNiAICo  45h 85%
@ B°C <1 [ FaCeAiNiCo_ 350 |79
' L{ " FeCeAICoNI 30n |81%
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Sequential Alloying

Schematic of sequential alloying vs. conventional

BOC phase fraction obtained a d of various sequences
and base alloy (formed by conventional alloying). Sequences
are named in order of elemental addition

Figure 14. (a)Processf conventional alloyingsequential alloying. (b) Phase
percentagesf BCC phase in AICoCrFeNi synthesizedvémiouglequence§6]
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Binary Co + Ni is created by grinding elemental Co and Ni particles together.
Fe, Cr, and Al are added in the following stepsatteoneayg CoFeNi), quaternary
(CoCrFeNi), aral quinary (AICoCrFeNi) alloys, respectively. Furthermore, 13
sequences were used to make AICoCrFeNi. Different percentages of BCC and FCC
phasesstructures armaeasured at the conclusion of each seegubkibitedhe
route to follow in order to obtain the degstabitructure as reported guig 1
4,

In addition to this alloy system, the influence of other elements on various
characteristics has been investigated andl.réporéxample, by increasing the
aluminium mole ratio, the microstructure of AlIxCoCrFeNi HEA may be tuned from a
singlephasd~CC solid solution to duplex FCC + BCC solid solution, and eventually
to a singlphaseBCC solid solution, while hardness in¢r&33&} According
to the studies of Rdl@] the AICoCrFeNi HatAained duaphase structure
with a dominant BCC phasew{6%) and a small FCC phasew{300).

Furthermore o&CoCrFeNi HEA has a significant FCC phase) 6wl a minor

BCC phase (3@%). As a result, the BCC phase fraction rises with the percentage

of Al. At molar ratios of x = 0 and 0.3, @lsasgld-CC structure was generated.

At molar ratios of Al (x) = 0.6 and 1;@Ehds@lBCC/B2 + FCC structure formed
duringmilling procesthderSPS conditione Ab.£CoCrFeNi HEAs exhibit a
singlephase FCC (up to W6 %), with uniform dispersion of nanosgae Cr
precipitates, as shown inrEig5 a. The FCC grains of the precipitates are
distinguishetbm the @z precipitates, surrounded by a light contrast FCC region

with oxide naulispersoids, as presented urd-ip b. InFigire 15¢, itpresents

that the lighter contrast phase(Ni, Fe, Ca)ch FCC grains, associated with the

gray regions, which area@d Gich €Cs precipitates. An interconnected network

is formed between the FCCCax@ grains, as shownHigure 15 d. Further

analysis reveals the bimodal grain structure, with observed dark regions
corresponding to the BCC + B2 phapmsestedh Figure 15 e,f. The light

contrast regions correspond to FCC gra@meCagdains. The AlCoCrFeNi HEA

exhibits sermoherent interfaces between B2 and FCC phaseshanehinc

interfaces between FCC and BCC phases. Additionally, coherent interfaces with
orientation relationships of (110)BCC//(110)B2 and (110)BCC// (110)B2. The SPSed
AlCoCrFeNi HEA has been investigated by [B@dhgresents an FCC phase

and a duplex BCC structure composed of disordered and ordered BCC phases. The
FCC phase is observed withlikeettructure at BCC phase boundaries. The BCC
phase consists of a spinodal modulated matrix, and the HE Aipkaiieisswitle

a neakequiaxed shape, distributed uniféhmlgrecipitates are rich in Fe and Cr,

while the matrix is composed of the ordered BCC phase, indicating that the precipitate
is the disordered BCC phase, as showmeribig
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Figure 15. BSESEMmicrographs (a) andJdhlow magnlflcatlon where(b) and (e) very
highmagnification of the marked regions (a@reblselectipof posEPS pellets of
AbLoCrFeNiEAand AlCoCrFeNi HE&sand (fiththe correspondiregionso SEM
EDXSnapping which has been selected (irayetlaelectiprand larged from
Ab£LoCrFeNi and AICoCrFeNi HEAs, resp@&jvely

Figure 16. SEM imagesf the SPSed AlCoCri¢H (a) low magodtiorbackscattered
electron image (BEI), (b)magmifiation afecondary electiorage (SEI) of
theBCOphasg80]
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The CALPHAD approach is increasingly utilized in the desigssang
of HEA. The@CoCrFeNi HEA demonstrates a single stable FCC phase between
the range of 1025and 140, as illustrated in Figtira[81] Upon cooling, this
FCC phase transitions into an ordered B2 phase at 1026°C, which remains stable until
550°CAte | ow 720AC, the O phase atB8tCi ns t o
Additionally, an orderefl jtHase appeaet below 60, and at even lower
temperatures, two distinct disordered BCC phases emerge. In contrast, as shown in
Figuré- 7b[82]the ATZCoCrFeNHEAhas a good stabitionditiofor the ordered
B2 phase, extending fronf@Q6 135 temperatureThell phase starts to
develop at 820 and disappears at°8@romthe temperature ratggween
400 600°C, both the ordered L12 phase and a disordered BCC phase coexist. As the
temperature continues to decrease d&el®@°C, the disordered BCC phase
differentiaiato two distinct BCC phases.
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Figure 17. a. CALPHADnageshowing the relation between the fractions of various phases
and temperature for (aJ3AICrFeNilloy (b) Al0.5CoCrFeoy and (c) Al0.7CoCrFeNi
alloy respective]81] CalculatetheAlCoxCrFeMliloywerticaportionfor 0<x<2. The
analysedamplesompositionarementionedhthisfigures. Blughowdiquid single phase;
yellowpresentsB2 single phase; light bhavdiquid is present; gink i s [§2f} es en't

Yang et §83]studied the impact of the Al molar rat©a@r&leNi HEAs
synthesized through vacuum arc ndglihgnolar ratio was 0.1 the alloys exhibited
a singlephase FCC. However, at Al molar ratio of 0.75 the microstructure evolved to
include both FCC and B2 phases. sBo@iFeNi HEA, two BCC phases are
revealed, a precipitate phaseisence @n A2 crystal structphaseand a
19
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matrix phase with a B2 crystal structure. The A2 phase was predominantly, and it was
primariljimprovén Fe and Cr while the B2 phase had higher concentration of Al, Co,
and Ni. This investigation suggests that the strong mutual affinities of elements in
HEAs can affect the microstructure. Furthermore, the findings indicate that
configurational entrogviclwvmeasures disorder, is not only factor influencing phase
stabiliationin alloys. The enthalpy, atomic size, and atomic arrangement should also
be in a consideration to dediffaA. Jiang et EB4¥tudied how varying Cr
concentrations affect the microstructure ofF&lilogzutectic HEAs. The alloy
without Cr exhibited a hypoeutectic structure, characterized by a primary phase along
with a lamellar eutectic structure. In contrast, by introducing Cr into the alloy, the
microstructure transformed into a nearly fully laresitar morphology.
Nevertheleghe Cr content, all these alloys maintameitireof FCC and B2
phases. Despite the differences in chromium content, all thenatlogs retai
combination of FCC and B2 phases.

Theinvestigatiawonducted by Tian ¢88]Jexamined thedfecbf Nickel (Ni)
content on the microstructure of AICoCrFeNix alloys. It observed that increasing the
concentration of Ni correlated with a decrease in thereelntagef B2 phase.
Specifically, Ni 0.2 alloy haves@3@B2 phase, which decreased rapidly to 6.8%
in the Ni0.3 alloy and W¥% in the Ni4.0 alloy. This trend suggests that higher Ni
levelsfavorthe developmemtf FCC/L12 phases over the B2 phase, altering the
alloy's microstructure. The Ni 0.2 alloy exhibitedig@cteastrucéuwith low Ni
content, whereas increasing the Ni content to Ni 3.0 and Ni 4.0 led to hypereutectic
and eventuallyeparateceutectic structures. Comparatively, the ideal FCC/B2
eutectic structure vi@snedn the AICoCrFehlloy, while the AfCErFeNi2.7
alloy combined an FCC primary phasturevith an FCC/B2 eutectic. This
structural divergence may stem from Ni stronger propensity to stabilize FCC phases
compared to C[@86] Supporting studi§®7] on eutectic and neatectic
AlCoCrFeNix alloys confirmed the consistent presence of FCC and B2 phases, with
FCC conternihcrease$rom 67% at x = 1.9 towt5% at x = 2.[B8] further
underscoring Nids role in promoting FCC

The AIxCoCrFeiF 0.6 and 1.2) HEA atediedy Zhuhuan Yu ef&8]
directional solidification. XRD data revealed thaCo@rRENi HEA exhibited
FCC+BCC solid solutiphaseswhile the ACoCrFeNi HEA displayed B2+A2
solid solutions. Both techniques produced dendritic and equiaxed dendritic
microstructures. With a lower cooling rate during solidification, third dendrites were
observed in tha &ZoCrFeNi HEA. Moreovenrikatallysolidified grain size was
largecontrasto that of the ameelted alloy. According to EDS data, similar elemental
distributio patterns were observed in bothedted and directionally solidified
samples. The interdendritic areas and precipitates were rich in Al and Ni, while the
dendritic regions and the matrix were predominantly enriched in Cr, Co, and Fe, as
shown in Rige 18. Therefore, the elemental distribution varied between the dendritic
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and interdendritic regions. Furthermore, the etbereitatomposition for the
AbdCoCrFeNi HEA in thecast sample was 1%8d Al, 19.2@% Co,
18.5Wt% Cr, 17.70% Fe, and 24 W6 Ni.

Figure 18. EDXS analyses in AlxCoCrFeNi(x = 0.6 atidylsgpthesizasingarc
melting solidification (agass$ AldCoCrFeNilloy(b) Directiohsolidified #dCoCrFeNi
alloy(c) Ascast AlCoCrFeNilloy(d) Directional solidifiedo8ICrFeNi HEA.

Zhou P et[@9]presented his work oypgAdCoCrFeNi HEAs printed using
Selective Laser Melting (SLM). Thtgyed powderAif~eCoCrFeNkhibited
both FCC and BCC phases. However, iperedb ~eCoCrFeNIEA samples
only showed the FCC phase, indicating the BCC phase transformed into the FCC
phase during the printing process due to the heating and cooling rates. Additionally,
coarser columnar grains and finer equiaxed grains were observed in the vertical
section of the samples, which resulted frogh tbeoling rates during the SLM
process. Siayo xie et[%] investigated the effects of different heating rates
(1006C,150@C,2008C) on AlCoCrFeNi HEA. The study revealed that the FCC
phasedeveloped@t BCC grain boundadest he 0 phase precipit
interface of B2/BCC. As seenureRi§(a)(c), the FCC phasaddicedhear the
grain boundary. Additionally, the B2/BCC distribatiiobn interpenetrating
network structure,ilisstratedn Figire 9(d) and (f). When theperatuneas
raisedo 200°C/min, a sheet texture {051} <715> emerged within the B2/BCC phases.
In contrast, the sheet texture in the FCCigplabe noticeable when the
temperatureeachedo200°C/min.
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Figure 19. SEMpicturavithiow magnificatimnagesof (a) S1, (b) S2, and (cArghigh
magnificatiomage®f (d) S1, (e) S2, and (o8B

Theinvestigatioaf AICoCrFeNi HEAs provides researchers with valuable
insight into design principles and gives a way to further advancements in HEAs with
even more unique properties. Theefileld composition of AICoCrFeNi makes it
an ideal platform for explornfutidamentals of HEAs behavior. Due to its unique
properties, AICoCrFeNi HEAs have attracted significant research interest and are now
the focus of extensive studies. The acconipgusdiagOillustrates the growing
number of Sciefieect publications on AlICoCrFeNi HEAs, with an emphasis on
various processing routes and applications. This material shows great promise for
demanding application such as automotive, aerospasistasgacomponents,
and lightweight structurethéranore, t 6 s  eeseprehmplatform Biccederates
the development of mgetieration HEA® various applications.
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Figure 110 ScienceDirect publicatai®dCoCrFeNi HEAsthe last ten years till Feb
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1.51.1 AICoCrFeNi HEA Applications

In the development of materials science and technology, there is an ongoing
need for new materials with advanced structural and functional properties for various
sectors, including mining, transportation, marine, aviation, and aerospace. The
AlCoCrFeNi HH#as garnered significant attention duegtmdisiechanical
properties and high resistance, along with the wide potential for tailoring its chemical
composition. This versatility makes it suitable for numerous applications. The dual
phase structure ¢€8CrFeNi alloys, coupled with their exceptional heat resistance,
enables effective use in structural components, particularly in aerospace applications
[91] Similarly, due to its high efficiency and excellent solubility the AICoCrFeNi HEA
is preferred for use in aviation and turbine pr@Rictidme investigated
AbLoCrFeNi HEA achieved a ZT value of 0.008 demonstrating its potential as a
thermoelectric material in high temperature appli@alioAsiditionally,
AlxCoCrFeNi alloys (x = 0.6, 0.8, and 1.0) have been shown to be suitable for use in
medical instrumentation materials, according to an electrochemical impedance
spectroscopy study conducted in a human bod@4hddel nanoporous
AICoCrFeNi HEA is synthesized by Kor{@5¢texibits a high volumetric
capacitance of 700 F/cm3 and up to 3000 cycles stability, making it ideal for use in
supercapacitors. The AICoCrFeNi has been used as a coating for different substrates,
and it has been found to maintain its phase intgbgtyndre, it effectively
prevents oxidation of the substrate when exposefCtdod IZB}96] The
A5CoCrFeNi HEA was prepared using laser metal deposition, and it was concluded
that the laser power could be adjusted to modify the methamicalcdfther i st i c 6 s
HEA, enhancing its potential for industrial applications by improving tensile strength
and ductilit}j97] Because offo its corrosion resistance and excellent casting
properties, the higihtropy AlCoCrFedlialloy shows promise for use in ship
propeller®®8] The AlCoCrFeNi HEA is utilized as a soft magnetic material due to the
presence of ferromagnetic elements such as Co, Fe and Ni. Its excellent ductility
makes it suitable for producing thin plates, whickdetp eddy current losses
in magnetic devi¢@8] The AlLCoCrFeNi film has been synthesized for use in small
devices and micro instrunjg8ifkesearch on AICoCrFeNi HEA continues to grow,
with ongoing developments across various appliottps3printed HEAs are
gaining traction in the aviation and aerospace industries due to their lightweight
properties..

The previous sections clearly highlight the significant potential of the
AlCoCrFeNi alloy system for a variety of applications. The observed precipitation and
phase transformations in these alloys suggest that their microstructures can be
effectively taitml to megtarticulaneeds. For many of these applications, powder
metallurgy (PKMavea crucial role developinthe desired shapes and properties.

The following sections will delve into the mechanisms associated with PM and review
existing literatuon the theraneechanical processing ofdriyiopy alloys (HEAS),

with a particular focus on the AICoCrFeNi system.
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1.5.Refractory High Entropy AllGRHEA)

Following the development of CoCrFeNi alloy (known as Cantor Alloy) in 2004,
the materials research community shifted its focus toward overcoming the limitations
of 3dransition metals by developing Refractory High Entropy Alloys (RHEA). A major
develoment occurred in 2010 when SéhB@first introduced two equiatomic
RHEAs, MoNbTaVW and MoNbTaW. This study highlighted their exceptional
microhardneg401]and demonstrated that these RHEAs remains stable at high
temperatures, exhibiting improved mechanical properties at extremely high
temperatures as showridmret11. RHEAS have since gained significant attention
due to their higgmperature performancegaitdow density comparedagous
alloy with similar capabilities
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Figure 111 Temperature dependeoitthe yield stress ofMipsT a\\bsand
VodNkeoM@oT @b HEAS and two superalidyz]

RHEAs are primarily composed of high melting pointékefdmevts Ta,
W, V, Zr, Hf, Ti, and Cr in equiatomic or near equiatomic ratios. These alloys are
characterized by their high melting points, high strength and excellent thermal
stabilitf 03] RHEAs have demonstmtedllertiigh temperature stability, superior
mechanical properties, and excellent thermal and phadegstidiiiitgthem
mostpromising candidates for-teigiperature structural applications in industries
such as aerospace, nuclear energy, and other advanced engifie@4iji@5&glds
RHEAs utilize a mpithcipal element concept to break the conventional high
temperature alloy desagpealthat focus on a single principal element This
innovative approach notiofistehe compositional possibilities e&higlerature
alloys also improves and optimizes their overall peffO6hhdck
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Powder metallurgy (PM) is an important production route for the production of
refractory higintropy alloys (RHEAs) with a uniform and homogeneous
microstructure with the key factor beimgtkesingnd densification of high
quality prelloyeanetapowders. MA has demonstrated to be an effective technique
for producing RHEA powders, ensuring a homogeneous distribution of alloy elements
and resulting in nanocrystalline powders. These powders are then subjected to
sintering at temperatures rangimgl?@3C to 160C under pressures of 50
80MPa for several min[it®8]109]

S. Agbedor et H10kynthesized Cu/Ti doped MoNbTa RHEA by MA+SPS
route. Similarly, G.L. Beausole{lidtidleveloped a MoNbTi RHEA using MA+SPS
and provided detailed analysis of the microstructures highlighting various precipitated
phases. R. Lapovok efldR]nvestigated sintered HfNbTaTiZr and HfNbTiZr alloy
powders at low temperaturesighiplastic deformation, resulting in a Nb enriched
BCC matrix and a ZrHF enriched HCP phase. Ow§lid 3tdaleloped t
WxTiTaVCr (x=@.3) with SPS. This RHEAs exhibited 800HV of hardness and ~2.3
GPa of yield strength, with the mechanical properties varying based on the W ratio.
The fast heating and cooling rates in SPS are beneficial for high temperatures
applications in aerospace indki4déd iu et al. synthesized a MoNbTaTiV
refractory HEA using MA+SPS, this alloy presented a high compressive yield strength
in the range of 1282 GP#&115]The higimechanical properties of this alloy were
assigrio the grain boundaaiynforcerising from @fine microstructure and i solid
solution strengthening.

1.5.3Co Free Alloys

Cofree higlentropy alloys (HEAS) hgee significant attention as a
sustainable alternative to traditiowain@ining HEAEL6] driven by concerns
regarding the high cost, supply risks, and toxicity of cobalt. Researchers are exploring
various Gfree HEA compositions, often substituting elements such as manganese
(Mn) and titanium (Ti) to achieve comparable, or even ap@kitsr, dany -Co
free HEAs exhibit high strength and hardness, making them idesldtamivear
and structural applications. Additionally, these alloys maintain excellent mechanical
stability at elevated temperatures, similar tedbefai@img caterparts. Certain
Cofree alloys, particularly those stabilized in FCC or mixed FCC+BCC phases (e.g.,
FeCrNiMnAl), exhibit enhanced ductility, which helps mitigate the brittleness often
found in BG@bminant Cfoee HEAR17]118]By removing cobalt;fe@ HEAs
significantly reduce both environmental impact and production costs, making them a
more sustainable and -effetctive option, particularly for-deatge industrial
applicatiorf419]120]

Several studies onf@e higlentropy alloys (HEAS) have been reported. Cui

P. et aJ121]nvestigated three Co free quaternasNiEeCrAIFe12N. 126CrAl,
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and FeNiCrAl HEAs. These alloys consist of two distinct phases BCC1 phase (FeCr
rich) and BCC2 phase {fitA) exhibitingjstinctivenicrostructures. The lattice
constant of the BRpDase increasetNi content in thegiee N CrAl HEAS rises,
while lattice constant of theg8&se shows minimal variation, indicating that the
Ni element has a minimal effect. SEM analysis reSeditsythédature dendritic
microstructures, characterized by dark dendritic regions and brigengréicinter
duplex phase microstructures. &i &l.[122§tudied the microstructure and
mechanical properties of the&CrMe2Ni(HEA) that wadsuildupby cryogenic
treatment. Thd £rFe2NHEA exhibited a BCC phase characterized by a spinodal
decomposition strucigra mixturef disordered BCC (A2) and ordered BCC (B2)
phases. Thaominaktomposition of the alloy phases remains unchanged after
cryogenic treatment. After 24 hours of cryogenic treatment, the size of the nanophases
developed to 126.05 nm, which isvd@7smaller than in thecast condition,
while the number of nanophases increased by 60%. As the cryogenic treatment period
increased, the dislocation denstgblyrose, and the dislocation morphology
evolved from analllinearstructur¢o long curveddructurend eventually to ring
structureThis alloy achieved strong and ductile properties, with a compressive
fracture strength of 3107 MPa and a hardness of 480 HV, representing increases of
24.33% and 9t %, respectively, compared to tbastdloy after 24 hours of
cryogenic treatment.

In a study conductedXbyChen et [&P3]the AIXCrFeNi (x=0.9, 1.0, 1.1,
1.2,1.3) multomponent alloys werecessedby arc melting technique. XRD
identified the presence of both ordered B2 and disordered BCC phases, with NiAl and
Fe, Cr compositions recognized throughapPSEM images showed that the
alloys exhibited euteldtie structures. Differential scanning calorimetry (DSC)
analysis revealed endothermic peaks, confirming that the alloys were indeed eutectic,
although distinct growth directions in thik@lat@sesere not alerved. As the
Al content increased, the effect of solid solution strengthening became more
pronounced, resulting in enhanced strength and reduced deformation. Among these
alloys, the &FCrFeNi alloy demonstrated an optimal balance of strength and ductility,
largely due to figein strengthening.

A new cost effective Co fieBltMCrFe HEA was developethieyfei Jiang
et.al [124] This alloyfeatures hierarchically structured coherent precipitates,
successfully synthesized using the arc melting technique. SEM and TEM
microstructure analysis revealed that thatdbeAldNb.LrFe alloy consists of
FeCr and ordered B2 precipitates richNinaAt exhibited a hierarchical
microstructure with distinct precipitated scale such as primary B2 submicron particles
(approximately 194 nm in size, constituting 31.2 vol%) and B2condary
nanoprecipitates (around 14 nm, accounting for 13 Bivaietyly developed
HEA demonstrates good mechanical performance, including a compressive yield
strength of ~1513 MPa, ultimate compressive strength of ~3085 MPa, and fracture
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strain of ~33viz %. These outperforming properties previously were observed in as
cast CoNiCeFHEAs. The superior stredgttilitypropertypalance arises from
hierarchical precipitation strength@h@@uantitative analysis shows that the
developinganoscale precipitates contribute ~440.8 MPa throiungtiusbeéar
mechanism, while submicron precipitates provide ~518.1 MPa via Orowan bypassing
mechanism. The combination efftaxdtveness and outstanding st#agtiaity
synergy makes thesdNb.£rFe alloy highly promising for engineering applications.

A novel cobdifee AT GrFeNi eutectic h@itropy alloy (EHEA) with
reduced densityeng synthesizedhroughWenna Jiao et[¥5] This alloy
demonstrates a unique sunflisgeeutectic microstructure along with excellent
mechanical performance. Thg ®&iFeNi EHEA features a rare surfla@ver
dendritic structure mixingf AINfich ordered B2 and Fe€r disordered BCC
phasestructure This distinctive microstructure originates from the cooperative
solidification of the two phases directhefrooiten state. Theast alloy exhibits
remarkable mechanical propewigish isincluding an ultrahigh ultimate
compressive strength 363290 MPa, a yield strength #88 MPa, and
significant ductility (~3%.8.5%), surpassing most documented EHEAs. Its
combination of high yield strength and low density results in a notable specific yield
strength (SYS), positionfagadurablggainst existing EHEAs. Dislocation evolution
analysis during deformation revealed that plasticity is pregloveimead|y
dislocation glide. Initially, dislocations propagate within the softer BCC phase,
accumulating at B2/BCC phase boundaries and forming substructures as strain
increases. Upon reaching critical stress levels, dislocations traverse gsase boundari
and activate slip in the harder B2 phase. The exceptional mechanical performance
arises from the synergistic interaction betviEehB8€ and B2 phases, which
collectively enhance strain hardening and damage resistance. This work highlights the
potential of architecting hierarchical eutectic microstructurefseia Edbisdt to
achieve superior stremlyittility synergy for advanced structural applications.

These Géree HEAs demonstrate that it is possible to dgségfohigénce
alloys without the use of cobalt, while still achieving a desirable cgarihation of
mechanicatharacteristicsthermal stability, and corrosion resiptapegties
[126] Cefree HEASs are emerging geogromising materials for a wide range of
highperformanca variougpplications due to their desirable propadiess
high strength, thermal stability, and corrosion resistance.
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1.5.3.1 AICrFeNiTi HEA

The alloy AlICrFeNiTi represents a significant material in the field of HEASs, a
novel class of mpliincipal element alleggscharacterized by nearly equimolar
compositionThe ulike conventional alloys dominated by one or two elements,
HEAs are stabilized by a high configurational entropy, which influences phase stability
and enhances various mechanical properties. AICrFeNiTi, as a quinary HEA, consists
of aluminium (Al), chummiCr), iron (Fe), nickel (Ni), and titanium (T#) in near
equiatomic ratios, contributing to its unique microstructural and performance
characteristi¢s27]128]

Production techniques for AICrFeNiTi alloys, such as powder metallurgy and
arc melting, enable precise control over their microstructures, enhancing performance
characteristics such as strength and corrosion resistance. Thipemlegst#imlity
these alloys suitable for innovative manufacturing processes, including additive
manufacturing (3D printing), where complex geometries are offg29%equired

Jingjing Zhang dtl&0]Jprepared a dree asast AICrFeNSTEHEA to
investigate tiphasemicrostructure and mechanical properties . The alloy exhibited
a dendritic solidification microstructure, which resultéieimpe tslinflowde
structureThis microstructure consists dfGefieh disordered A2 phase and an
Al Nirich ordered phase (B2 and/or L21), with some precipitates forming within the
B2 phase. Notably, these three phases share similar crystal structures and
orientations within gsme dendrites, llitfer in composition. This observation
suggests thaiglerystal structure is not influeneedutectic reactions. While the
dendrite and interdendrite regaresimilar phasesdtheir microstructures and
morphologies appearmarkedly different. The nanoscale interwoven pattern of A2
and B2/L21 phases is observed in the dendrite core, forming grantliee and worm
shapes. In contrast, the interdendriticstemiea cellular microstructure, where
the A2 phase forms a framework filltloevBth phase. From the investigation of
Cheenepalli Nagarjuna ¢L3l1] the equiatomic ratio of AICrFeNiTi HEA was
developed by MA+SPS proargs. After 30h of MA a single phase BCC was
revealed.A significant phase change occurred after SPS, resulting in a dual phase
structure: BCC1 (AINj and BCC2 (Cifeh phases). The microhardness was
measured at 960 = 10 HV and the nano hardness was found to be 951 + 21 HV.

Jiang Ju et a[l132] investigatedthe oxidation behavior of the
ABCrk Fes3 N1l complex concentrated alloy (CCA), which has a BCC/L21
phase. The oxidation kinetics of this alloy did not follow a parabolic relationship when
exposed to air at 800Msfrocesssdivided into two stages, with a transition from
an parabolic law to a gliasar behavior after 10 hours. Durirgnthithe
AkCris Fa3 Niw A kalloyshowsxcellent oxidation resistance, with a low mass gain
of 0.41 mg/cm? after 100 hours of exposure to air at 800°C. The alloy develops a two
layer oxide scale, sisting of an outer glayer with a few TdRide particles

and an innerZQ0xs + naneCrTiOs oxide layer. The F@dRide forms on the top, while
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AbOs oxides develop at the bottom ohtieraridation region at 10h of oxidation.
However, after 100h of oxidatib®s oxides araoticedt the top of the internal
region, and the formation of TiN and AIN nitrides is detected within the depth of the
internal oxidation zone.

In the investigation of Songyu33jithe AICrFeNiTix (x=0, 0.2, 0.5, 1)
HEAs were synthesized, and the XRD results revealed both ordered BCC and
disordered BCC phases in alldftiarentypes of alloys, with the L21 phase
observed in the T1 HEA. The SEM analysis revealed a eutectic structure consisting of
a mixtureof the B2 phase (Ni and Al) and the A2 phase (Fe and Cr). Nanosized
precipitates were observed inside the B2 phase with the addition of Ti. As the Ti ratio
increased, the yield strength rose from 1167 MPa in Ti0 to 1526THiRailoyi
can be classified as a lightweight alloy, as the addition of Ti decreased the density (<7
g/cm3) while increasing the yield strength, which reached 237 NIPaTme3/g in
addition of Ti alslwowsn an increase in the hardness of the alloys. After undergoing
hightemperature annealing, the hardness of the AICrFeNiTix alloys remained largely
unchanged, indicating excellent resistance to softening at elevated temperatures
(500°C).

1.5.3.1.1 Potential Applications

Due to its combination of thermal stability, mechanical strength, and corrosion
resistance, AICrFeNiTi holds potential for advanced structural applcations. High
entropy alloys like AICrFeNiTi areifegstgatefbr highemperature structural
applications, where traditional alloys might fail due to thermal degradation. Its
resilience in extreme conditions positions it well for sectors that demand reliability and
longevity under demanding operational cord@idreNiTi higintropy alloys
(HEASs) eihit remarkable tensile yield strength, often exceeding 755 MPa, even at
elevated temperatures near 600°C. Thénipghature stability makes them strong
candidates for structural applications in aerospace components, such as gas turbines
and jet engisgwhere both strength and thermal stability are essential. They are also
highly suited for the energy sector, where materials must maintain mechanical integrity
under thermal strg484] The corrosion resistance of AICrFeNiTi alloys further
enhances their potential as protective coatings, particularly in environments where
conventional materials like AISI 3108 stainless steel may be less effective. This
property is especially advantageahemical processing and marine applications,
where materials must withstand prolonged exposure to corrosive conditions. In
summary, AICrFeNiTi alloys hold significantquenwves®us fields due to their
superior mechanical properties and dityapdadsitreme conditions, paving the way
for advancements in {pigtformance materials technology.
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1.5.3.2 AICrFeNiMn HEA

The alloy AICrFeMnNi is a notable example of HEAsrepheseatday
theimewmultiprincipal element compositiioiike conventional alloys that typically
consist of one or two main elements, HEAs, such as AICrFeMnNi, contain five or more
elements in nearly equal atomic ratios. This composition leads to high configurational
entropy, which stabilizes simpleshiion phases. The AICrFeMnNi alloy is made
up of aluminum (Al), chromium (Cr), iron (Fe), manganese (Mn), and nickel (Ni). It has
garnered significant attention due to its excellent mechanical properties and resistance
to corrosion, particularly intbigierature applicatioft27] The inclusion of
aluminum in the AICrFeMnNi system provides lightweight characteristics and aids in
the formation of BCC phases, which are typically linked to high strength. Chromium
offers excellent corrosion resistance, while iron ensures stguitjurahdnte
enhances magnetic properties. Manganese not only boosts the solid solution
strengthening effect but also contributes to the alloy's ductility. Conversely, nickel
facilitates the formation of FCC phases, which improve toughness and resistance to
fracture.

In the recent study of Wanhuan &%) the corrosion behaviour of
AICrFeNiMn HEA was investigate under high temperature condif@redf of 500
25 MPa for 400h in aB8@ atmosphere. The alloy exhibited a duplex microstructure
consisting of a cuboidal alpha (Mn, Al, Ni) phase adjacent to a B2 phase (Fe, Cr, Mn).
Tthe microstructure was predominantly influenced by the NiAl phase with high B2
structured FeCr precipitates BPheegion is characterized by a layefrichMn
oxides on the outer layer and flocculent oxides,(&md Nj in the interior. A
uniform ADz layer developed in both the B2 region and extended to the B2 region
providing a significant protection against corrosion. M36Qteveloped
AlXCrFeMIUNFG highentropy alloys (HEAs)stadeidtheir microstructure,
corrosion behavior, and compressive properties. The crystal structure transitions from
an initial dual FCC phase (x = 0.2) to a mixed FCC and BCC strudtig (x = 0.5
with the FCC phase disappearir@la? xThe SUCrFeMAUFGHEA develops
a spinodal structure. Additionally, a sulifowecrostructure is observed in the
HEAs within the range of A% O 2.0, which disappears at x = 2.3. The
microhardness of the AIXCrEHNMFG alloys increases, while plasticity decreases
with a higher Al content. These alloys exhibit good compressive properties, with a
compressive strength of 2059 MPa and elongation of 34%. Furthermore, the corrosion
resistance ingues as the Al ratio increateseries of FeCrNiMnAIx X)-HEA
was synthesized by Xuewei [XB¥®JThe addition of the Al ratio significantly
influences the microstructure. The FeCrNiMn HEA forms a homogeneous FCC phase,
while two phases are observed in the FeGgdllpAlhich develops a dendritic
microstructure. For the AlO.5 alloy, a mixed BCC+B2 dendritic microstructure is
formed. The microhardness consistently increases with a higher Al ratio, while the

yield strength initially increases with increasingerdl befdre eventually
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decreasing as the Al ratio continues to rise. The abrasive wear mechanism is optimal
at the Al0.8 ratio and oxidation wear resistance is good at th&ikHn@jge’R]

synthesized art8ic Fe M N §IEA with good workability at low temperatures

and excellent mechanical strength.

Munitaz. [A39]examined the influence of water queaffeiton the
microstructure and mechanical properties AICrFeMnNi HEAs. The results revealed
that the alloy solidified dendritically, developing a soft dendritic core (DC) enriched in
Cr, Fe, and Mn, while the hard interdendritic (ID) regions wéravprgiakily
and Ni. Additionally, the coexistence of DC and ID regions contributed to improved
compressive strength and ductility. N.D. Sfgp@jsywmthesized high Fe ratio
FeMnCrNiAl alloy system wit#ho® Al content to study its microstructure and
mechanical properties. TheVireCrdNis HEApresents aFCC matrixsmall
quantity of BCC phase. The additi6fofRincreases the BCC phase content by
26wt %, and B2 precipitates develop within the BCC phase. Furthermore, by adding
1014wt % of Al the alloy consists of BCC phase, including B2 precipitates. These
alloys show an increase in hardness as the aluminum content increases.

1.5.3.2.1 Potentidpplications

The unigue combination of thermal stability, mechanical resilience, and
corrosion resistance in AlICrFeMnNi makes it a promising candidatss$or high
hightemperature applications. Indubkeeserospace, automotive, marine, and
nuclear power are exploring this alloy for critical components where reliability under
extreme conditions is paramount. Daginghigh strengt-weight ratio and
excellent thermal stability, AICrFeMnNi is suitable for aerospace applications where
materials must endure extreme conditions without compromising performance. Its
corrosion resistance positions AICrFeMnNi as anpattendiaior use in chemical
processing environments, where exposure to aggressale shewmmon.
Additionally, the AICrFeMnNi alloy is being explored for advanced nuclear applications
because of its resistance to irradiation damage and its exceptional mechanical
properties at high temperatil4t[142]143]143] In summary, the AICrFeMnNi
highentropy alloy stands out for its robust mechanical properties, and impressive
corrosion and oxidation resistanieh positions it as a promising candidate for
advanced applications in aerospace, power generation, and chemical industries
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Chapter 2

Aim of the Study

The primary aim of this thedis explore timeost promising High Entropy
Alloy (HEA) systems and to develop a novel high entropy alloy through powder
metallurgy route for higghperature applicatibfiSAgepresent a novel class of
advanced materials characterized by-plsasglesolid solution structure formed by
combining five or more elements in nearly equiatomic ratios. These alloys exhibit
superior hardness, high strength, excellent therrgalasihbilitar resistance
compared to converdlonlloys. These characteristics make HEAs promising
materialfor various innovative applications.

In the development of HEAs hundreds of compositions have been developed
and investigated so far by the material science research community. Among all HEA
families, the AICoCrFeNi HEA is one of the most widely studied and shows superior
properties that gaotentially replace currenttbigperature materials and extend
their operational limits. In the AICoCrFeNi HEA, cobalt (Co) is a key element, as it can
form stable solutions with other elements. However, cobalt is considered a critical
metal, and thaeea growing desire to completely substitute or replace cobalt in future
HEA developmenibis has led to the rise of efvtbalHEAsvhich is a gradually
increasing trend in HEA research.

Why reducing/replacing Cobalt?

The primary reason for considering the substitution of cobalt in AICoCrFeNi
HEA system is its high cost compdhestioer elements in the alloy, along with
the growing scarcity of cobalt in indigtifs45] Previous studies have shown
that Co is not a crucial element in promoting the form&reiclodiserdered
BCC (A2) and Niish ordered BCC (B2) phases. This suggest that Co does not
significantly alter the microstructure of thd14i&fL47][148] Additionally,
cobaltés atomic radius is considered a
elements in the system. There is ongoingd#mimpact of Co on mechanical
properties of HEAs. Some studies indicate thaddiibrtbECobalt in AIXCrFeNi
(0. 75 O[149]1%Dihd compreEsive mechanical properties slightly improve.
In contrast, a study by Mingyjd ¥found that removing cobalt from AICoCrFeNi
HEA increased the fracture strain from 31.3% to 42.1% and improved the fracture
strength from 2335 MPa to a higher value. Furthermore, no experimental or theoretical
investigatidmave explored the influence of cobalt on wear performance of AICrFeNi
HEAs. For these reasons, researchers are increasingly focused on-fi@eeloping Co
alloys.
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This thesis focuses on the synthesis of High Entropy Alloys (HEAS) using
methodologies designed to accelerate the discovefsnafenials. To achieve
this goal, a new HEA composition is designed by reducing and substituting cobalt in
the AICoCrFeNi HEA family through the powder metallurgy route. The drive to lower
or eliminate cobalt from the AICoCrFeNi HEA system is theipaitioarjomthis
PhD thesis.

In this study, the alloys are evaluated by examining the influence of reducing
Co molar ratios (X= 1,0.75,0.5,0.25) on the properties of the AICoxCrFeNi HEA. The
reduction in cobalt is compensated by increasing the amount of the other elements in
the HEAystem. Specifically, cobalt is completely substituted by manganese (Mn) and
titanium (Ti) in the AICoCrFeNi HEA via the powder metallurgy (PM) route. From the
literature, aluminum (Al) is recognized as an important element that can transform soft
BCC phaseinto harder BCC phases in other alloys, and it is a lightweight material.
Chromium (Cr) serves as a BCC stabilizer, improving oxidation resistance. Iron (Fe)
contributes to grain structure stability, which enhances mechanical strength. Nickel
(Ni) stabdes the FCC phase and improves corrosion resistance. These elements
make them ideal candidates in the alloy composition. Titanium (Ti) is a lightweight
material with a large atomic size and a high negative mixing enthalpy with Al, Fe, and
Ni. Its additidacilitates the fortina of solid solution (BCC phase) and a simple
microstructure, leading to enhanced strength and improved mechanical properties
[152]153] Manganese(Mn) is essential for FCC phase stabilization and solid solution
strengthening by introducing lattice distortion which improves mechanical properties
and corrosion resistance. Additionally Mn is a cost effective element with a good
strengtitoweight ratio, making it suitable to replace tHé BA6]155]

In the development of a novel High EntrapyHERy a higemperature
resistant FEiVZr\Whrefractory higimtropy alloy is synthesized using the powder
metallurgy route. This refractory HEA contains four of the five elements that belong to
the "refractory elements” group. These alloys can also be considered for use as a
matrix for WC in haretats for tools. After proper heat treatment, they are able to
maintain hardness at high temperatures while reducing excessive brittleness, making
them suitdd for higtemperature applications.

The characteristics of HEAs are influenced by the choice of meta.elements
the composition, artde synthesis process. The selection of elements plays a
significanble in the evolution of the microstructure and affects all the properties of
the alloy. Additionally, substitutionaladalidprovides a pathwayeltevatéhe
mechanical properties oHEA

Currently, very few reports are available, and a clear understanding of these
issues is very much required. The following objectives are outlined for the present
investigation:

Influence of Cobalt (Co) reduction on the properties of AICoxCrFeNi (x=0.75,
0.5, 0.25,1) HEA system, obtained via MA+SPS route.
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Substitution and investigation of Ti and Mn to develop an AICrFeNiTi and
AICrFeNiMn HEA using the MA+SPS production route under various milling and
sintering conditions.

Production and characterization of a refractory multielement alloy of
FerTiVZIW45 RHEA.

This studgemonstrates that Powder Metallurgy can be a viable route to obtain
novel high entropy alloys, or in general complex alloys, even if many issues need to
be yet explored and more analyses must be done to have a better knowledge about
their production pragamicrostructural characteristics and mechanical properties for
possible future applications.

2.1Valence Electron Configuration (VEC)

Valence Electron Concentration (VEC) is an important factor in determining the
behavior of hightropy alloys (HEAS), as it tetleselopsolid solutions. It has
been summarized that the BCC phase forms when VEC < 6.8%nvettitentoe
FCC phaseccursvhen VEC > 8. A combination of FCC and BCC phases forms if
the VEC value lies between 6.84 and 8.

Table®-1,2-2,2-3, and-4 present the binary mixing enthalpies and various
physicochemical property of the constituent eléthenfiCoCrFeNi HEA
system and FEVZr\W45RHEA. Table 5 shows the VEC calculation for both alloys.
The following tables provide the binary mixing enthalpy, VEC values, and various
physicochemical property values of the constituentéleenalitgproduceth
this researchiork

wO0o 6 w00

wheregheCiisatomic fractiaf the elemerdnd (VEC) are the VE€ach
elemeni respectively.

Table21. o Klix(kJ/mol) among #iyelements in the studie@CAHEA153]
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Table2- 2. Physiochemical properties of elementsruSedHEAs

Element| Atomic Radius (Picometery Atomic Weigh{ VEC
Al 143 26.98 3
Co 125 58.99 9
Cr 128 51.99 6
Fe 124.1 55.84 8
Ni 124.6 58.69 10
Ti 171 47.88 4
Mn 136.7 54.94 7

Table2- 3. g Rix(kJ/mol) among @iyelements in the studied of Co[HERAS

Table24. Physiochemical properties of elementsriiecdasetiEA

Element| Atomic Radius (Picometery Atomic Weigh{ VEC
Fe 124.1 55.84 8
Ti 171 47.88 4
\Y, 134 50.94 5
Zr 206 91.22 4
w 139 183.84 6

Table25. VEC Calculation for each afialysed in the present research work

Alloy VEC
AlC00.25CrFeNi 6.88
AIC00.5CrFeNi 7.67
AlC00.75CrFeNi 7.10

AICoCrFeNi 7.2
AICrFeNiTi 6.2
AICrFeNiMn 6.8
FeTiVZrws 5.6
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Chapter 3

Powder Metallurgy

HEAs were initially synthesized using ingot metallurgy. However, due to the
composition of five or more elements, these alloys often face issues with density and
solubility. Achieving a ligtounof solubility duritiie meltingorocesswhile
avoiding segregation during solidification is particularly challenging. In contrast,
powder metallurgy (PM) offers solutions that address theseri@pitsersd
in theconventional ingot metallurgy. PM enables better microstructural control, the
possibilitgf producing nanocrystalline materials, and the development of metal matrix
composites without segregation issues. The first article on HEAs produced through
PM was published in 2U@8$][157TThe structural advantages of nanostructures
have resulted in numerous potential appl[@&fions.

PM shares similarities with other techniques like high pressure torsion, but has
some distinct advantages. Notably, it is particularly useful in two scenarios: (1) when
working with metals of dissimilar densities, which is crucial for producing lightweight
HEAs and (2)when processing metals with extremely high melting points, making it
suitable for manufacturing refractory{ HEB3$59]160]

3.1Mechanical Alloying

In the development of advanced materials,-¢heilimium process of
mechanical alloying has garnered significant from the research community for its
ability to enhance the properties and expand the applications fiEl81df HEAs
Mechanical alloying is considemedof the most important and widely used
techniques in powder metallurgy for producing HEAs, as it allows for sufficient time
and energy to achieve the desired properties. Mechanical alloytegesrzosolid
equilibrium approach that enables dtierc nanocrystalline HEAs with uniform
microstructurg$62]compositional homogeneity, and solid solubility. The primary
goal of MA, beyond simply alloying elemental powder, is to reduce particle size,
reshape particles, and promote mixing and blending. The mechanism of MA involves
the collision between millilg &ad powder particles as shdwguie3-1. This
energy relies on several factors, such as the mechanical properties of the metal
powders and balls, the rotational speed of the mill, the duration of mling, the ball
powder ratio (BPR), and theepsocontrol agent (PCA) used during the milling
processDuring the collision process, both welding and fracturing events occur which
means that the powder particle size is controlled by fracture and wé&Righg events
The size of the powder particles and the homogeneity of the element distribution are
closely related to these mechanisms. In the alloying process, the particle morphology
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is influenced by the characteristics of the interacting powders, whichi ca be ductile
ductile, ductiteittle, or briftlerittl§164]165%s illustrated in Figute 3

® Different
L ] elements
s 3 . «—— Milling ball
' S~
& - - &
i ~
R .
»
S .
e (X} .
Fracturing Cold Welding Fracturing
Particle entrapped between Flattened particles and crack Particles refinement
milling Balls formation

Figure 3 1. Planetary ball milling and different stagdd66MA

Several studies have investigated the preparation of AICoCrFeNi metal
powders using MA. Vikas Shjt&fprepared equiatomic AICoCrFeNi milled
powder by milling at a speed of 200 rpm for intervals of Oh, 10h, 20h, and 30h in a
planetary ball mill (Retsch PM400) to study the phase evolutimpditdeball
ratio was set at 10:1, and toluene was usdtifs prevent oxidation and control
temperature rise. To avoid excessive heat buildup, the milling process was paused
every half hour between each hour of milling. An equimolar AICoCrFeNi alloy mixture
was designed by Liangxiao [V¥68]to investigate the phase evolution using
mechanical alloying (PM100, Germany) for different milling timespékd milling
was250rpm/min, using a #afpowder ratio of 10:1, and the milling times were
4,8,12,16,20,60 and 84h. To avoid excessive temperatunérise|j@érval was
taken for every hour of milling. It was noticed that the particle size decreased with
increasingnilling time. The particle size reduced from 50um to 5pm after 20h.
However, after 60 hours of milling, the partiglgasiz® increase again, and it is
likely to continue growing as the milling duration increases further. The Planetary ball
mill was used to synthesize an AICoCrFeNi metal powder by Adriff6Bpurmont
to investigate nano impurities using classical methods. The powder was blended in a
planetary ball mill (Fritsch Pulverisette 4) at 250 rpm for 28h. The rotation speed was
250 rpm for the disk and 250 rpm for vials with a pause every 7 hours to prevent
povder from adhering to the vial. No process control agent (PCA) was used in this
study. The results concluded that dry milling is an effective method for reducing carbon
contamination without promoting excessive oxide formation. In another study by A.s
Rogbav[170]10g of an equimolar AICoCrFeNi mixture was prepared using the
following milling condition: powder mass ratio 20:1, milling time of 90h at the rotation
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speed of 912 rpm, and jar speed of 2220 rpm in air atmosphere to reveal phase
transformations. Similarly, YurfzifiOprepared AlICoCrFeNi powder using a gas
atomization process under a 4 MPa pressure in an argon (Ar) atmosphere. In this
study, different volume fractions of Al (5%, 10%, 15%ofam) 2@¥e milled

using a planetary ball mill. Theopallvder ratio was 6:1, with a milling speed of

240 rpm for 6 hours, using heptane as a PCA. The resulting powders were used to
investigate the fracture and mechanical properties of the compasienteinfor

32 Spark Plasma Sintering (SPS)

Spark plasma sintering (SPS) is one of the most widely used techniques and it
is the best consolidation method for MAed powders (MA+SPS) to obtain high
performance HEAs. The fundamental principle of SPS is mentioned in figure 13. The
powder is placed betwgraphite punches and dies. Punches exert a certain uniaxial
pressure while a high intensity pulsed direct current (DC) passes through the die and
the powder compact generating localized high temperatures at the powder particles
contact points. Diffedifitision mechanisms were proposed to explain the formation
of sintering necks between the powder daiidés this way the powder is
consolidated with the desired configuration and density. Low vacuum, Hydrogen,
nitrogen, and argon gases can be used in the SPS process to maintain phase stability
and to avoid oxidation of metallic m§t&r2dls73] SPS is characterized by its
ability to quickly reach sintering temperatures and its short dwell time, making it a rapid
process. These conditions enable the sintered material to achieve proper densification
while minimizing excessive grain growtBPAfteonsolidation, titta or even
nanocrystalline grain sizes can be obtained in Hdk4lloys

Pyrometer/
Thermocouple

Electrode
Graphite
1 Mold

- | 1 Pyrometer/
y Thermocouple

Hydraulic
Groupe

Current

Electrode ™~ Vacuum
chamber

Figure 3 2. Spark plasma sinterjig5]
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Zohu P R76]presented an alternative powder metallurgy method, combining
gas atomization with Spark Plasma Sintering (SPS), to investigate the effects of
sintering conditions on AlCoCrFelstogaiged (GA) powder. Theatgasized
AlCoCrFeNi powder was sintereddnmen graphite die at temperatures ranging
from 500°C to 1250°C under 30 MPa pressure, withugellfolding time. All
samples were sintered in an argon (Ar) atmosphere and subsequently cooled to room
temperature in the same atmosphere. The siarateristics of the-posvder
were analyzed at 700°C, 900°C, 1000°C, and 1100°C. At 700°C, the contact area
between the powder particles was minimal. At 900°C, flat surface contact was
observed between the powders. Furthermore, sintering and goaethoarce
improved at 1000°C, and full consolidation was achieved at 1100°C. This
demonstrates that increasing the temperature is beneficial for achieving good
consolidation. S Mohauty7]prepared AICoCrFeNi HEA samples using the
following parameters: a pulsdfeatio of 12:2, a 0.015m of diashet@phite
die a voltage of 20V and a current flow of 900amp., The vacuum level was maintained
at 6 x 1@ Torr, and argon gas was used with a flow rate of 2 L/min. The heating rate
was set to 100 K/min. Sintering was conducted at temperatures of 873 K, 973 K,
1073K, 1173 K, and 1273 K under 50 MPa presstype Ahtamalumel
thermocouple was positi@h@d2 m away from the satopienitor its reahe
temperature. Siyao[Xi8Jprepared AICoCrFeNi samples to investigate the effects
of different heating rates using SPS. A total of 100g of AICoCrFeNi gas atomized
powder was placed in a 40mm diameter graphite die, and graphitic sheets were utilized
to facilitate interaction betvhe powder and the die. The sintering parameters
included an axial load of 40 MPa, a sintering temperature of 1200°C, an electric pulse
of 8:2 s, and a dwell time of 10 minutes. The heating rates used were 100, 150, and
200°C/min. Ratiuv9]prepared AIxCoCrFeNi cylinder pellets (20mmx4mm) using
SPS conditions like a heating rate 6fCI600, temperatures of 8WAC for 5
min, and a pressure of 50MPa. The obtained samples were used to investigate the
effect of different Al molar ratios after 10 hours of mechanical alloying (MA). According
to research by E. Majita9] Spark Plasma Sintering (SPS) was employed to study
the influence of the processing method on the microstructures and properties of
Als4£oCrFeNi MA powder. The powder was placed in an SPS macliine (HP D25
FCT System) under the following conditions: temperatures of 950°C, 1050°C, and
1100°C, a dwell time of 10 minutes, a cooling I&¥%&°Gfrath, and an applied
pressure of 40 MPa. Tampe dimensions were 20 mm in diameter and 3 mm in
height, with a surface roughness ranging fi@140 Q6. Affrocesses were
conducted in a vacuum atmosphere. The literature indicates that SPS facilitates the
consolidation of AICoCrFeNi HEAs at various temperatures, allowing for control over
volume diffusion, grain boundaries, and chemical compositioed pbwWaersill
during the SPS process.
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33 Experimental Methods

This chapter presents a comprehensive

properties of these alloys.

331 Materials

The materials and elements used for the high entropy alloys (HEAs) and

refractory alloys are listed in Tableslow.

summary of the experimental
techniques employed throughout this study. It includes a detailed explanation of the
powder metallurgy process and its parameters, along with an overview of the general
characterization hemues used.The chapter also covers the methods for
conducting oxidation, corrosion testing, as well as heat treatment and mechanical

Table 31. Characteristic of the powders us€d fieand Mn samples

Elements| Particle Size (um| Purity Level (%] Density [g/cf}
Al <44 99.5% 2.70
Co <149 99.8% 8.91
Cr <44 99% 7.14
Fe <74 99% 7.86
Ni <44 99.8% 8.91
Mn <44 99.3% 7.20
Ti <149 99.7% 4.50

Table 32. Characteristic of the powders used #ilegamples

Elements Particle Size (um) Purity Level (%)
Ee <74 99.00
Ti <149 99.90
vV <44 99.50
Zr <44 99.50
w 0.60.9 99.95
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33.2Fe Based HEA

The powder metallurgy route was employed to prBeilé¥Zné/s HEA
and AlCoxCrFeNi (X = 0.025, 0.5, 0.75, 1, Mn, and Ti) HEA. The synthesis of the
FeTiVZrws involved using five kpghity initial powders sourced from Fisher
Scientific (Darmstadt, Germany)-eITi¥ZrWs alloy powder was milled under
both air and vacuum conditions. These powders were weighed according to the
nominal composition, as outlined ir3-Bablgs composition applies to both air and
vacuum conditions. The table also provides details on the weight calculation, particle
size, and atomic fraction of the initial powders as specified by the manufacturer. The
total weight of the mifledider batch was 100g. Tungsten (W) powder with a small
particle size was used to ensure a fine dispersion of W within the alloys. Preliminary
laboratory experiments showed that larger particles hindered the complete dissolution
of W, even after extenadling times. For this reason, the alloy composition was not
formulated in equiatomic proportions (0.2 atomic fraction for each element), and the
W amount was reduced, while the Fe content was increased accordingly.

Table 33. Chemical Composition for Fe Alloy

Element Weight Atomic
(Wt.%) | Fraction+)
Fe 28.4 0.35
Ti 12.2 0.18
\Y, 13.0 0.18
Zr 23.1 0.18
w 234 0.1

The mechanical alloying process was conducted irPalfeitisetite six
ball mill (Fritsch, K@dyerstein, Germany) as showmne B& The milling rotation
speed was set to 300 rpm and the ball to powder ratio (BPR) was 10:1. During the
milling process, a 250 ml steel grinding bowl and hardened steel balls ( 100Cr6, 10
mm diameter) were utilized as a grinding media. The millipgdveag&stdih to
monitor powder refinement. Milling was performed for a total of 20 hours under both
air and vacuum conditions. To prevent excessive temperaturentesestiering
milling, a MMinute rest period was introduced every 20 minutes of milling time.
Ethanol was used as a process control agent (PCA) to prevent cold welding. The
milling parameters were displayed on the unit and the milling jar was placed by a
clanping system and a safety slider. The counterbalance was adjusted to match the
total weight of the milling jar along with its contents. The milling process was carried
out in an air atmosphere to promote oxide formation and oxygen absorption.
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Figure 3 3. Milling machine

The same milling conditions were applied fBFiVigr?; HEA, but in a
vacuum atmosphere. To maintain the vacuum within the milling jar, a small hole was
drilled on the top of the jar, and an on/off valve was installed to the hole, as illustrated
in Figre 34. A vacuum pipe was connected to the valve, allowing a vacuum to be
created inside the milling jar using a vacuum pump.

Figure 3 4. Milling jar with vacuum valve
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The obtained as milled powder was sintered using Spark Plasma Sintering (DR.
SINTER 1050® SPS fBumitomo Coal and Mining Ltd., Tokyo, Japan) at three
different temperatures: 1050°C, 1250°C, and 1350°C. The sintering time at the
maximum temperature was 5minutes while 30MPa pressure was applied from 650°C
until the end of the sintering cycle. Deisimgehing process, the heating rate was
set to 50°C/min and a pyrometer was utilized to monitor the temperature from 570°C.
The obtained samples were cooled in air to room temperature Discs with a diameter
of 30 mm and a thickness of approximatelyéifabricated during this process.

33.3Co Based HEA

The second alloy was developed by reducing and replacing Cobalt. High purity
Al, Co, Cr, Fe, and Ni elemental powders were utilized to prepare AICoxCrFeNi HEAs.
Furthermore, Mn and Ti elemental powders were employed to synthesize AICrFeNiMn
and AICrFeNIiHEA respectively, substituting Cobalt with Mn or Ti. The nominal
compositions of these alloys are shown 84T Alllenetal powders were supplied
by abcr GmbH, Karlsruhe, Germany, with a purity of 99.5% and a particle size of <45
€ m326 mesh). Thensa milling machine and grinding media used to prepare the
Caobased HEA were applied for thadesl HEA. The milling process was carried
out for a total of 80 hours at 300 rpm witb-advedier ratio (BPR) of 10:1. Ethanol
was used as the processabagent (PCA). Milling was paused every 20 hours to
check powder refinement, andraril@e cooling period was taken every 10 minutes
to prevent overheating. The entire milling process was conducted under vacuum
conditions to eliminate air from they faitl thus enhancing the density of the
samples.

Table 34. Nominal Composition for Co alloys

Nominal Composition
Alloys Label Al Co : Cr T Fe Ni
AlCo.CrFeNi | Co0.25 | 23.75| 5 23.75 | 23.75 | 23.75
AlCoLrFeNi Co05 | 225 | 10 | 225 | 225 | 225
AlCo-CrFeNi | Co0.75 | 21.25 | 15 | 21.25 | 21.25 | 21.25
AICoCrFeNi Co1l 20 20 20 20 20
Ti Alloy
Alloys Al Cr Fe Ni Ti
AICTFeNiTi TiAlloy 172 [ 216 | 231 | 243 | 198
Mn Alloy
Alloys Al Cr Fe Ni Ti
AICrFeNiMn | MnAlloy M99 [ 209 | 225 | 221 | 236
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The asnilled powders were subjected to SPS using an FCT HPD5 model
S8451 (FCT Systeme GmbH, Rauenstein, Germany). The sintering process was
conducted 4200°C with a constant pressure of 50MPa applied for 2 minutes. The
initial temperature was set to 1250°C based on previous laboratory investigations.
However, due to the formation of a liquid phase at this temperature, which exuded
from the compact, iswiacessary to reduce the temperature to 1200°C. Discs with
a diameter of 20 mm and a height of 6 mm were sintered, and all samples were cooled
in air to room temperature. Graphite foil was used as a release agent to aid in
lubrication and to line ther isungace of the die. For the Ti and Mn samples, a total
of four distinct samples were prepared under different sintering conditions: Ti samples
were sintered at 1000°C and 1100°C, while Mn samples were sintered at 1100°C and
1200°C.

3.34General characterization techniques

The obtained SPSed samples were sliced usingcattimicnmachine
equipped with a diamond blade. The metal slices were then mounted in black resin for
further processing. After mounting, the samples were ground using SiC paper with grit
sizes rangingofm 180 to 20@Gnd polished using 3um and 1pm diamond
suspension liquids to achieve adlikersurface finish. The surface microstructure
of the samples was examined using a Zeiss Axiophot microscope.

3.3.4.1 Scanning Electroilicroscope (SEM)

The sintered and oxidized samples were analyzed using a JEOL IT300
scanning electron microscope (JEOL Ltd., Akishima, Japan) operating at a voltage of
20 keV. The SEM setup was equipped with a Brukdispesigs -day
spectroscope (EDXS) and an Xflash 630M detector (Bruker, Billerica, MA, USA). To
enhance conductivity and improve imaging resolution, the samples were metallized
with a thin gold and platipalladium (#™d) coating. This coating helped minimize
chargingffects on naronductive surfaces during electron beam exposure, allowing
for more precise imaging and elemental analysis. The deposition process was
carefully controlled to achieve2d B®d ratio, ensuring optimal conductivity while
maintainingetvisibility of the microstructure. The thickness of the metallization was
kept sufficiently thin to avoid obscuring the underlying microstructural details while
ensuring uniform conductivity across the sample surface.

3.3.4.2 Transmission electron microscdp&M)

Transmission electron microscope (TEM) analysis was employed to investigate
the phase composition and crystallographic structures of HEAs. This analysis provides
a detailed understanding of the microstructures up to a nanometric level. A high
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resolution Scanning Transmission Electron Microscope (S/TEM), ThermoFisher Talos
F200S (Thermo Fisher Scientific, Waltham, MA, USA), operated at 200 kV, was used
for the examination of the HEA samples. The system is equipped with an energy
dispersive-dayspectroscopy (EDXS) system featuring two windowless Silicon Drift
Detectors (SDD), with a total active area of 60 mm2. For this analysis, a 1 mm thick
alloy slice was prepared and polished to a thickness of approximately 70 um, with a
surface roughnessbbut 1 um. Discs with a diameter of 3 mm were punched from

the thin foil and then subjected to dimple grinding in the central area to achieve a final
thickness of 20 um.

3.3.4.3 X-Ray diffraction (XRD)

Xray diffraction (XRD) analyses were carried oubasedrdiEAs to
evaluatethe phase composition of milled powders and SPSed samples. The
measurements were performed using an ItalStructures IPD3000 diffractometer (GNR

Analytical Il nstrument s Group, Novar a,
scanning range was set froml20fousing an Intel CPS120 detector (Inel, Artenay,
France).

For Cébased HEA, the Rigaku DMAX I diffractometer, equipped with a copper
(Cu) anode source, was usedrfyr diffraction (XRD) analysis. The samples were
analyzed in reflection geometry (dhetgpover the 20° to 120° range, with a scan
resolutioof 0.02° and a counting time of 2 seconds per step. The instrument was
operated at 40 kV and 30 mA, using a graphite monochromator on the secondary
beam. All XRD patterns were analyzed using the Rietveld refinement method.

3.3.4.4 Differential Scanning CalorimgsC)

Differential scanning calorimetry (DSC) is aattadytiwal technique that
calculatéhe heat flow between a sample and a reference material as they undergo a
temperature change. In DSC analysis, an alumina crucible is typically used to contain
the sample, and the heat flow variation is recorded. This technique is widely employed
to invetsgate phase transitions, such as crystallization, melting, and phase changes,
by monitoring the energy absorbed or released during these processes. DSC is
particularly useful for determining the heat capacity and understanding the thermal
behavior of matds as they undergo various transformations.

DSC analysis for thebBsed HEA was performed using a Netzsch STA 409
Luxx apparatus (Netzsch, Selb, Germany) under a protective argon atmosphere (100
mL/min) within the chamber. The heating process was conducted at a rate of 10
°C/min, reaching a marimlemperature of 1350°C, corresponding to the highest
sintering temperature used. All parameters for the DSC analysis were programmed
using the software provided by the instrument manufacturer.
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3.3.4.5 Thermogravimetric Analysis (T@2Jidation Tejt

Thermogravimetric analysis (TGA) was employed to investigate the oxidation
behaviour and thermal stability efrtiigipy alloys (HEAS), both Fe based and Co
based alloys. The oxidation test was conducted using a Thermo Gravimetric Analyzer
(TGASTA 409uxx, Netzsch, Selb, Germany) at 1000 °C for a period of 10 hours
under an air flow, with the mass gain being recorded throughout the test. Prior to the
oxidation tests, the surface of each sample was measured. The oxidation duration was
limited to 10 hopes this time frame is sufficient for analysing oxidation kinetics,
including the shape of the oxidation 8omaik. clean specimens of AICrFeNiTi and
AICrFeNiMn HEAs are prepared, typically weighinijigréems, to fit the TGA
instrumentdés sample holder. The sampl e
and to reduce surface contaminants that might affect the oxidat#oi @rocess
instrument (STA 409 Luxx ) capable-@hiigiature measurements, equipped
with alumina crucibles, is used. The samples are placed in an alumina crucible, which
can withstand the high temperatures of the experiment and prevent reactions with the
aloy.

The TGA chamber is purged with air to provide a constant oxidative
environment. The samples are then heated to 1000°C at a controlled rate, typically
10°C per minute, and maintained at this temperature for 10 hours. This dwell time
allows for the formatiba stable oxide layer on the surface of the alloy.

During the heating and holding period, the TGA continuously measures the
mass change of the samples. The mass gain over time reflects the formation of oxides
on the alloy surface as oxygen from the air reacts with the constituent metals in the
HEAs.

The TGA datarscorded as a plot of mass change (mg) versus time. This
mass gain, measured in milligrams (mg), represents the amount of oxide formed on
the surface of the alloy. The rate of oxidation can also be derived from the slope of the
mass gain curve duringsthéaérmal hold at 1000°C.

3.3.4.6 Corrosion Test

To investigate the corrosion behavior of materials, the potentiodynamic
polarization test is a widely used electrochemical technique. During this test, several
key parameters are measured, including corrosion potential (Ecorr), corrosion current
density ¢brr), pitting potential (Epit) or breakdown potential (Eb), and passive current
density (ipass). These values can be represented in a typical polarization curve, such
as one generated in a 3.5 weight percent (wt %) NaCl solution.The pitting potential
(Epi) or breakdown potential (Eb) is identified by the potential at which there is a
continuous increase in anodic current density. This increase indicates the ongoing
localized dissolution of alloys, which occurs due to the breakdown of the protective
oxideor passive film that forms on the surface. Therefore, the ratio of Epit to Eb can
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serve as an index of resistance to localized corrosion; a higher value indicates greater
resistance to localized corrosion.

Moreover, the parameter icorr can be ossgbto¢he average corrosion
rates (rcorr), which indicate the overall corrosion resistance of the material.
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Figure 3 5. A potentiodynarpinlarization curiexplaitthecorrosioparameteffd 80]

Electrochemical testing was conducted to evaluate the corrosion behaviour of
Ti, Mn, and Co samples in a 3.5 wt% NaCl solution prepared using demineralized
water, simulating a saline environment. The specimens were meticulously sealed with
a twecomponentpoxy resin to eliminate any crevice corrosion at the interface
between the resin and the metal. This approach ensured that only the exposed metal
surface interacted with the electrolyte, preventing any artifacts due to edge effects.

After the resin had fully cured, electrical contact between the sample and the
sample holder was established, ensuring a reliable connection throughout the test.
The electrochemical setup was then completed with the installation of the electrodes
and conration to thpotentiated

The experimental configuration employeekiettrede system:

Working Electrode (WE): The metal specimens (Ti, Mn, and Co), embedded in
epoxy resin, were used as working electrodes.

Reference Electrode (RE): A commercially available Ag/AgCl electrode,
saturated with 3.5 M KCI, served as the reference electrode. The stable potential of
the Ag/AgCI electrode provides a reliable reference for potential measurements in
chlorideontainingnvironments.

Counter Electrode (CE): A platinum electrode was used as the counter
electrode due to its inert properties and excellent conductivity, ensuring a stable
current distribution during the test.

All electrodes were connected to the electrochemical testing unit, and the tests
were conducted using Nova 1.11 software, which facilitated the control and data

a7



acquisition for the electrochemical measurBnmants the tests, all samples were
carefully cleaned to remove any surface contaminants.

To ensure the reliability of the data, each metal sample (Ti, Mn, and Co) was
tested three times under identical conditions. This repetition allows for the assessment
of the reproducibility of the results and the identification of any outliers. The average
values of key electrochemical parameters were calculated and reported to provide a
clear picture of the variability in the electrochemical response of each material.

In the second test, the samples were immersed in an electrolyte consisting of
0.5 M BSOin demineralized water. This acidic environment was chosen to evaluate
the corrosion resistance and passivation behaviour of the materials under aggressive
conditions that simulate industrial or harsh environments. The electrochemical tests
for the sam@avere conducted at room temperatur° @R and each of the
samples (Ti and Mn) was tested three times under identical conditions. This repetition
allowed for thessessment of the reproducibility of the results, ensuring that any
variability in the electrochemical response of each material could be accounted for.
EIS measurements were conducted to further understand the impedance behaviour of
the samples in the acidic electrolyte across a range of frequencies. The frequency
range was set between 100 kHz and 10 mHz, while the AC amplitude was 10 mV. EIS
is a poweltftool for investigating the capacitive and resistive properties of the surface
and oxide layers oueret The impedance at 0.01 Hz (Z0.01Hz) was specifically
analysed, as before.

3.3.4.7 Microhardness

Microhardness measurementswaitegatedn the sintered samples using a

microhardness tester-@M, FUTUREECH CORP, Kawasaki Kanagawa, Japan).

Thel00 gofloadis used tmeaure the hardness \ittiwell time of 10 seconds,

with a total of 10 indentations taken for each sample, and the final average of these
measurements was considered as a repres

Microhardness tests were conducted under two different applied loads: 100 gf
(0.98 N) and 200 gf (1.96 N). These load values were selected to minimize the impact
on the surface while stildl providing ac
hardnes across different microstructural areas.

The FMB10 tester uses a Vickers diamond indenter, which creates a square
indentation on the sample surface. The indenter applies a controlled load, creating an
indentation whose diagonal length (D) can be measured to calculate hardness.

After indentations were made, the measurements were analysed using
Alexasoft software. The software automates the calculation of hardness values and
minimizes human error by precisely measuring the indentation diagonals. This digital
analysis provides detent and reliable results, crucial for accurate hardness
evaluation.
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3.3.4.8 Vickers hardness

Vickers hardness measurements were employed to evaluate the fracture
toughness of the heat treated samples. These measurements were conducted with
EMCGOTEST M4U 025 hardness equipment. A load of 5kg was applied for Fe based
(HV5)and 10kg for Co based HEAs (HV10) with 15s of dvixe8 tidentation
measurements waotedor each sample. The Palmqvist method isnesesite
fracture toughness KIC through appropriate Equation ()

-

. - — U
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where H = Vickers hardness in N/'mm2, P = load in N, and li = crack lengths in mm.

3.3.4.9 DensityMeasurements

The density of the sintered alloy samples was determined using two variations
of Archi medes?d met hod. These measur em
compactness and porosity of the materials, which can significantly influence their
mechanical and physpralperties. Both density measurements were conducted
using an Ohasoneer balance, which offers high precision for small mass
measurements and is suitable for Archimedean density determinations.

The principle underlying the density
principle, which determines the density of a sample based on its buoyant displacement
when submerged in a |iquihedj()i mft leias hc &=
was calculed using the following Equation

®

” ' ' o
W W
where Wair is the weight of the sample iiqias thé weight of the sample
when submerged in | i qui dqdb thadersityofor wat €

the liquid used (water or surfactant solution).
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Chapter 4

Results and Discussion
Fe- based High Entropy Alloy

4.1SinteringBehaviouof Febasedalloy

The sinterirgehaviowf the milled powder was investigatedlysingey
parameters throughouttht@eSPS process including applied voltage, current flow
passinghrough the sample, displacement of the lower punch, and displacement rate.
Thecurrentvoltage relationstighown in Figurd, This curvdisplaya smooth
and continuotrendhat indicasthe absence of oxide layer breakdown. Typically,
the breakdown of an oxide layer covering the powder ipartieldy ia sudden
change in slope and an evident curve discontinuity and[ir8ddjikitgmooth
behaviowonfirms the absence of a surface oxide layer on the milled powder particles
in line with the result§RD data of Figdré Furthermore, the presence of oxygen
in the milled powder is attributed as a supersaturated solithsobhxigen
subsequently forms oxide particles upon heating during the sinterasy process
indicateddy XRD data presented inr&ig6 and further validated through TEM
analysisBoth findings indicate a significant presence of oxygen inosglid solut
which transforms into oxides during the SPS process.
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Figure 41. Current vs. voltage duringribeess afintering cycle.
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4.1.1DisplacemerBehavioubDuring the SPS Process

The displacement of the SPS lower punch as a function of the temperature
along displacement rate is reported and presenteeldi. Figs interesting to
observe that the displacement increased progressively up to 1280 °C, after which the
slope started to decrease, indicating a sl@vamithe densification process was
approaakd completiomAt 1250 °C the densification remained incomplete resulting
ina residual porosity present within the sintered alloy at this temperatire, as show
Figurel-5a. In contrast, at 1350 °C the sintered sample was achieved near full density
and confirming the completion of densification at this temperature.

The displacement rate also depicted idRigunbited three distinct peaks
each representingnaximum densification rate points. pédsecorrespond to
key temperaturdensification rate points, i.e., temperatures at which the particles
accommodation, plastic deformation, phase transformations, and localized sintering of
the powdemctivelpromote densification processes. The thgtsifatation rate
peak of the was observed at 1222 °C. Thisdpeskthesignificancef high
temperaturglastic deformation, which serves as the primary mechanism for
consolidation and densification of this material. The elevated temperature required fo
the powder compact deformation is attributed to the hardness of the milled powder
whichis related to its fine grain size, the alloying effect, and the dispersion of fine
oxides particles formed during the heating stage of the sintering process.
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Figure 42. Displacement and displacement rate vs. tenqexasiging thprocess
sintering cycle
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4.1.Differential Scanning Calorimetry (DSC) Analysis

DSC analysis carried out on the milled powder is présgmeed3nlt
reveals four distinct pdakslledy the numbers4lon the curve. The first peak
wasexothermic at 400 °C, that indicates an energy releasing reaction. Similarly, the
second onds also exothermic and started at 740 °C suggesting another
transformation or phase reaction. Theupaad®B is theonly endothermic event
and occurat approximately 1120 °C and reachimimurat1170 °C ashown
in the higher magnification inset of the graph. Finally, the fourth exothermic peak
exhibited its maximati?274 °C aniddicates significant thermal event. The peaks
observed on a calorimetric cuweespond to phase transformation
recrystallization, and possible oxidation or reduction reactions occurring in the milled
powder during heating.
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Figure 43. DSC curve of the milled powder.

In thespecificreferring to the present investigat#dnl s attributed to the
formation of TiN as repadrignievious studi¢s82]183]184][185] Peak 2 is
associated with the precipitation ofr@mOthe oxygeich supersaturated solid
solutiorf186] which contributes to an incred$esdnessicting as reinforcing
particles in the metallic mathiese effects slow down the sintering process, as
evidenced by the reduction in displacement rate observed st&@ngat 754
shown in Figut€. The endothermic peakr8esponds to the transformation of the
ZrQ crystal structure from monoclinic to tetfa§a@etich led to enharibe
ductility and reduces volume. This transformation results in the displacement rate
increase observed in Figixevhich lea maximum at 1222288] Beyond this
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temperature, the densification rate tstatécline, although sintegrggill in

progress. The presence of residual porosity in the sampld 350é@danfirms

that complete densification had not yet been achieved at Tiie Sitaagje.
exothermic peak (Peak 4) is attributed to the sintering of the powders toward the end
of the DSC test, during which, even in the absence of applied pressure, the powders
transitioned from a dispersed state to a consolidated form witlatie loeatib

released during this sintering event was minimal, with a peak athi274 °C.
temperature closely aligns with the deviation from linear displacement observed in
Figure € at 1286C, further confirming the onset of consolidation and densification

of the powder compact.

4.1.35EM analysisf FebasedMilled Powders

The SEM images provide a comparative analysis of the morphological evolution
of Febased milled powders processed under vacuum4Fd@)rard air (Figure
44 HF) conditions over milling durations of 5, 10, 15, and 20 hours. The images
reveal distincvariations in particle size, shape, and agglomeration behavior,
emphasizing the significant influence of the milling atmosphere on powder
characteristids. air milled powdédted 5h of milling tinhe powder migntained
somdarge particlesea¢dby cold welding grdstic deformation of various powder
particles. The lmgwdeparticlearedisappeared after 20 h of milling, when particle
fragmentation prevails on cold wgBghe particlésive dighly agglomerated
structure witm@regular morphology. The observed clustering suggests extensive
cold welding and plastic deformation which are typical in vacuum condition where
oxidation is minimiz@der time, the particle size appears to increase, suggesting a
tendency toward coalescence due to repeated impacts and adhesion during milling.
This phenomenon is common in ductile materials where the absence of an oxide layer
allows the particles to stick together and forydaegaited.90]

In contrast, the powders milled in air exhibits more fragmented and dispersed
morphology. The presence of finer and more distinct particles indicates that oxidation
significantly contribute to preventing cold #eldiilijng progresses, the powder
becomes more refined, resulting in reduced agglomeration and a more uniform particle
distribution [191]. The greater contrast observed in the SEM images highlights the
presence of oxideh regions, further supportinggiaet of atmospheric exposure.
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4.1.4 FbasedMilled Powder’-RD Analysis

The XRD analysis was condaotedFTiVZr\W4 powdermilledor 20hours
under air and vacuum conditions. The results are preseanteddénaRd
highlighted the significant influence of milling environment on the structure evolution
of miédpowder. In the casfair milled powd¢RDindicates the presence of two
distinct cubic bcc phases, denoted as 1 and 2 on the XRDf $jigataiéha
The structure is dominated by the BCC1 phase, which has a lattice parameter of a =
3.178and accounts for approximately 95% of the alloy. In contrast, the BCC2 phase,
with a smaller lattice parameter of a A 2:608titutes onlwB%.No oxidpeaks
were detected by XBiDposethat the oxygen identified by LECO analysis is either
present as a supersaturated solid solution withindHermattixiuring the high
energy milling proagess, as reported by other authors, exists in the form of
amorphous phasg$91J192] There were two primary sources of oxygen
contaminatiotihe initial oxygen content of the elemental powders (less than 0.1 %wit.
declared by the powder producer) and the atmosp¥teler(dingrocessvas
carried out. Conversely, the vacuum milled Riguweesb shows a different
composition, instead ofFeandEBWphasessrat ur at e
reveled.The defined peaks suggest that vacuum milling leads to phase segregation
rather than tlievelopmerdf a homogeneous solid solution, as observed in the air
milled powder. The absence of BCC1 and BCC2 phases under vacuum conditions
indicates that the oxygen introduced during air millkeyppéymastabilizing the
BCC phase. Under vacuum, where oxygen content is minimized, the material retains
its original metallic phases without significant solid solution formation. These findings
highlight the itical influence of the milling atmosphere on phase stability and
microstructural evolution.

Fe, TiVZrW, ; - 20h air milled powder Fe,TiVZrW, s - 20h vaccum powder
100 — " T T T T
a ' phase bce 1 (a=3.178 A°) 1600 b 2 1aFe
204 phase bee 2 (a=2.905 A°) ] ‘ 2TV
1400 4 ]
80 4
& & ]
< 704 & 1200
5 ! 5
4 1000 4
901 60 §
5 %7 S 500
2 >
@ 404 £
E’ 5 600 4 '
= : 1 = 0] | [
20 g ! ] ALy \'}x' ! s 2 .
\ A | | 1
10 J\. \ 2 5 ] 1 200 WW‘WWM
. w / w Mo’ N .
40 60 80 100 2 40 60 80 100 120
20(°) 20(°)

Figure 45. X-RDpattern of 20 h @)and vacuum milled povler
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4.15 FebasedAlloy Microstructuralnalysis

The microstructurestlt# sinteredsamplesat 1250 °C and 1350°C are
presenteth Figurd-5. The specimen sintered at 1050 °C has been &gaiuded
this analysis due to its excessive high amount-pbnositrovhiahakes it
unsuitable for further evaluation. The 18B@ef€d sampddso exhibits some
residual porosity, indicated by arrows indFBpured amount of porosity analysed
through Archimedesd method determined
%volume. This suggest that fibetisin has occurred to a significant extent
influencinthemechanical properties.

In air atmosphere, the alloy sintered at I@3@H&dull densitsnaterial
(residual porosity evaluated through Image Analysis < 0.53Réuothgh@nd,
the vacuum presedsamples show a more uniform and finely textured surface with
densely packed structure. Furthermore, the reduced porosity obssrmed indicat
more controllsthteringrocess. The microstructure of both specimens is very fine
and constituted by a homogeneous mix of different light gray, dark gray, and white
areas. The sampbbtained milling the powder iaxhibits a heterogeneous
microstructuwdth pronounced porosity and irregular grain struntureniftwen
distribubnof featureisnplies that chemical reactions occurring in air may have led to
the formation of secondary phases or an increase in surfaOe tiedectser
hand, the samples processed under vacuum conditions exhibit a more uniform and
finely textured surface with densely packed structures. The reduced porosity and
smoother surface appearance indicate a more controlled deposition process, likely
due to the absence of atmospheric interfBrecessing in vacuum minimizes
oxidation and unwanted imacieading tobettermicrostructure. This difference
suggests that vacuum conditions promote improved material ithieggigy and
particularly relevant for applicationsncelaigihchemical quality enhances
mechanical properties.

Figure 46. Microstructure obF&'Zr\iissintered akirl250 °C (aAirl1350 °C (gnd
Vacuum 350 °@)
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4.1.6XRD Analysisf FebasedAlloySintered Sample

The XRD patterns dfIré¢Zr\W4 sintered at 13%Dafter milling the powder
in airis reported iRigure 4 andafter milling irmacuumn Figire 48. The XRd
pattern of air sintered samples exhibits three primary phases such asf-e (BCC), ZrO
and TiN. The presence of Fe(bcc) is a dominant phasgthaggest remains
themaircomponent similatttefindingsfothesinteredre based refractory alloys
[193] The formation of Ei@dicates that oxidation reactions involving zirconium
commonly occur during-tegiperature sintering in air, promoting the development
of zirconium oxide phases [195]. In contrast, theintenathsample exhibits a
different phase composition,Reitfi, TiN, and ZFQdentified as the primary
phases. The most notable variation is the absence of Fe (BCC), which is instead
replaced by the intermetallic compdendTFe development of this phase under
vacuum conditions suggests that the reddeédropotential facilitates a direct
reaction between iron and titanium, leading to the stabilization of intermetallic phases
rather than oxide formation [19&jer vacuumgespite of the controlled
atmospheric conditions some amount of oxygen is still present as evidence by ZrO
and this can be attributed to trace amounts of oxygen in the sinteaindrchamber
the starting pows[@84] However, compared with air sintered sample the intensity
of Zr®peaks is significantly lamesicuum sintered sampleiidatates reduced
oxidationThe presence of TiN in the vasumtened sample indicates that titanium
still reacts with nitrogen, although its formation is likely less extensive than in the air
sintered sample.

Air
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Figure 47. XRD spectrum of Fe2TiVZrw0.5 sint&ndds0 °C
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Vacuum
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Figure 48. XRD spectrum ot F¥Zr\WsRHEAsintered atacuumi 350 °C

4.1.7TEM Analysisf FebasedAlloy

TEM analysis were carried out in yaniotssf the sample sintered 1350 °C
and this analysis confirmed the presence of ultrafine grain size microstructure ranging
around 1 &m, as shown #%a lb &dditionTtE M mi cr
morphological analysis, elemental mapping and diffraction studies were employed to
elucidate the phase composition and chemical distribution within microstructure as
shown in Figude9b.The detailed phase compositiothacitaracteristicstok
four different coitsents identifiacepresented in Figdr&Q Figurd-11, Figure
4-12 Figured-13andFigured-14 Each phase was examined based on its unique
crystallographic and compositiogacteristics
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500 nm

Figure 49. (a) TEM micrograph of sintsamgpleat 1350 °@nd (bPistribution map of
elements

The TEM analysiss carried out ain sintered 13&0Dsample and the four
phases identifiaceindicated with the letteB@D in Figurd-10, Figurel-11,
Figured-12and Figuré-13 as follows:

FeV bcc phase (FigdreOand Figuré11); ZrO2 monoclinic (Figute);

Ti(WN cubic (Figudel3); FeV-W phase (Figutd.3).

XRDanalysis revealed the presence of three distinct phlaBELC R
and Ti(V\. However, the potential formation ofvaw péase could not be
confirmed, as it was not identified in the XRD spectrum due to limitations in the MAUD
database. The presence dFam@Ti(MN particles within the/Hehase suggests
the formation of a compdigiestructure, where hard particles are homogeneously
distributed within a softer matrix, as shown in Higaraad+410b.The Fe/
matrixwasfound to camit approximately 15 %wt. of iWdasated bipcalized
EDXS analysis conduatedrious region on the sarfipleof thenisreported in
Figire 411 From the literatuhe eV matrikavean amount of V up to about 20
%wt. is a soft bcc solid solution having a hardness of 200 HV, while for higher V
content@bove 700 °Ch er mal treat ment i nduces the
consequent harder{ib@p]

As illustrateid Figire 412 the TEM analysis reveled the presence of ZrO
particles exhibiting twinning in these oxides. The twinning was predominantly
observed along the (1 1 0) and (1 0 0) crystallographic planes which is characteristic
of the monoclinic phase of [A8B]The Zreparticles had an average size of 300
nm as measured from TEM microgtaglye analysis performed on EDXS

elemental maps further quantified the zirconia content, revealing a uniform distribution
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of these particles throughout the matrix with an estimated volume fraction of 18%.
Such a homogeneous dispersion of hard oxide particles significantly contributes to the
mechanical performance of the alloy, enhancing hardness and thermal stability at
elevéed temperatures. Zirconia is known to maintain its stability Quitaé&250

working conditions [200]. In this alloy system, the presence of finely Bispersed ZrO
combined with a refined microstructure of the metallic phases, contributes to the
obseved high hardness and its retention at elevated tempeddigsn to

Zr(r, theEDXS analydiave gpresenceof approximately 57 wt.% W, 33 wt.% Fe,

and 5 wt.% V, as shown in FigigeFurthermore, beyond the four identified phases
(A'D), a fifth phase has been observed, corresponding to spongy regions
homogeneously distributed within the material, asFsgoreHi5. These areas

contain the elements that constitute the alloy. However, due to the complexity of the
system, it was not poedibindex the diffraction pattern using the existing database,
which lacks structural information for this specific phase.

500 nm

HEA 0032_a4-Spectra from Area #1

Element |Atomic Mass
fraction |fraction

- % %

N 2.65 0.67

¢} 2.73 0.79

Ti 0.14 0.12

Vv 16.06 14.79

Fe 75.74 76.46

Zr 1.04 1.72

w 1.64 5.44

Figure 411 EDXS analysiarried out on af#Vfbcc area.
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Zr0,ZA233

500 nm 10 nm!

Figure 412 B particlelentificatipindicated by red dotsg mnoclinic Z#O is a B,
referring to the phase B.

a
TiINZA122

500 nm

| HEA 0032_a1-Spectra from Area #1
Element [Atomic  |Mass
fraction _|fraction

= % %

N 3.78 0.60

O 3.90 0.70

Ti 0.46 0.25

\ 9.36 5.39

Fe 51.86 32.75
Zr 3.22 3.32

w 27.41 56.98

500 nm

Figure 414 (a) D areas containing\F¢ (b) EDXS analysis on one of these areas.
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Figure 415 EDXS analysisa spongy area containing all the alloy elements

4.1.8ebasedAlloyHardnessnd Fracture Toughness

The sintered samples are demonstrating excellent hardness valdes at 1250
and 1350C in air and vacuum condijtiomsneasured values are 1316 HV5 and in
air 1348 HV#Hyvacuunitis 1360 HV5. Notably, the hardness remained relatively
stable even after prolonged exposure at high temperaturear#\éttadnealing
at 1100C, the hardness will be high as 852 HV5 in air and 981 HV5 in vacuum
conditions. A similar phenomenon is observed in Sathiyan{@®ihivab al.
noticeda very stable hardnessariousemperaturfor different composition of
HEA butwithnear microstructural features comstituteby a very fine fcc matrix
reinforced by the precipitation of carbides and oxides. This study also showed a
significant thermal stabitify hardness, highlighting the effectiveness of
microstructural design strategies that incorporate hard phase reinforcement to
stabilize the mechanical properties at elevated temperatures.

Figure 46 provides an example of a hardness indentation, demonstrating
radial cracks that initiate from the corners of the imprint. These cracks were used to
calculate the fracture toughness. The measialeg&were 3.55 MPa-mz2 for the
sample sintered at 1250 °C and 3.97 MPa-m2 for the sample sintered at 1350 °C.
These values are relatively low and are more characteristic of ceramic materials than
metals. This is primarily due to the present@pnfiZr®, along with the inherent
brittleness ofgttwo highntropy phases:-¥#8/ and a porous-R&V-TiZr phase
In contrast to more ductile system&Ogeeiforced aluminum alloys, which show
significanmprovements in strength, fracture toughness, stress corrosion resistance,
and resistance to fatigue crack i@8{i89]the Zr®in this study was formed
within a matrix of highly disordered addctitn phases. Consequently, any
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potential toughening effect froRisZzo@ershadowed by the increased brittleness of
the overall microstructure

Figure 416 Vickers indentatimitrographs and crapkspagatiocat the corners.

Fe HEA Hardeness Heat treatment Sample

1500 T T T T
| —m— Zr Air 900C
—&— Zr Air 1100C
1400 1 —4— Zr Vacuum 900C
1 o z —w— Zr Vacuum 1100C| 7
1300

Vickers Hardenss (HV5)

800 T 1 T 1 T T 1 T
0 1 2 3 4 5 6 7 8 9

Time (h)

Figure 417 Hardness valufes Fe2TiVZrWORHEAeat treatments at 900 °C and 1100
°Cin air and vacuum.
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Table 41. KIC values of heat treatedples air and vacu@an900 °C and 1100 °C

KICmeasured through Palmqvist method
MPa rH2
Conditions Air Vaccum
Heat treatment time|] T=900°C | T=1100°Q T=900°C T=1100°C
1h 4.10 5.05 7.13 5.97
4h 4.68 5.71 7.62 6.91
8h 4.87 5.90 6.14 8.85

The mechanical properties of the Fe alloy sysesmluetes] using Vickers
hardness (HV5) measurements and fracture toughness (KIC) assessments using the
Palmqvist indentation method. The aesillisstratenh Figurd-17andin Table
4-1, illustrated the effect of both heat treatment temperature and atmosphere (air vs.
vacuum) on the microstructural stabitiagioand mechanical performance of the
heat treatematerial. As shown in Figdrg the hardness values clear depend on
both temperature and duration of heat treatment. The sample tf&aiadaat 900
presents a good thermal stability, with hardness decreasing from 1346 HV5 (1 h) to
1264 HV5 (8 h). A similar pattern is developé@€ & 9@@uum, where hardness
starts 81357 HV5 anlécrease® 1274 HV5S after 8 h, stillisganhigh value
that reflects a robust and -veséstant structufiéhis behavior is attributed to the
preservation of finely distributed hard phases suearasA(@)N within the Fe
based matrix, which effectively inhibit grain growth and dislocation movement at
moderate temperatures. However, &ClE08ignificant decrease in hardness is
observed, particularly in samples exposed to an air athitesphergle treated
in air at this t@erature shows a notable drop in hardness from 1005 HV5 (1 h) to
852 HV5 (8 Hphis decline is likely due to microstructural coarsening and partial
degradation of the reinforcing phases. Interestingly, the sample treated in vacuum at
the same temperature maintained higher hardness values throughout the heat
treatment, decreasing ft&é8v HV5 to 981 HV5 over 8 hours. This suggests that the
vacuum environment reduces oxidation and may enhance phase stability at elevated
temperatures [203][204], althougivéhal decline still indicates gradual thermal
softening at 1180. The fracture toughness values (KIC)etisplEgble 1 show
a distinct trend compared to hardness. -freatedr samples exhibit lower
toughness values, from 4.10 M40 5.90 MPai*2 In contst, the vacuum
treated specimens demonstrated significantlyd itopgiveess across both
temperature regimes. At°@)KIC increases from 7.13-iWP€L h) to 7.62
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MPam'2(4 h), before slightly decreasing to 6.14nNAF& h). At 110C in

vacuum, toughness increases steadily from 5@72(llPa to 8.85 MA\2(8

h), achieving the highest value among all tested conditions. The inverse relationship
between hardness and toughness illustrates the clasSibdtagen strength

and damage toleraf®9] High hardness, which is often linked with brittle behavior,

is typically caused by the presence of hard, finely dispersed ceramic and intermetallic
phases. The same phases can act as crack initiation sites under mechanical stress,
which reduces the fniaettoughne$200] In vacuurireated samples, although a
reduction in hardness may occur, an improvement in fracture toughness is likely due
to enhanced cohesion within the matrix phase, stress relaxation, and potential
transformation toughening mechéarpamtisularly assated with the behavior of

ZrQrat elevated temperatures. As reported in the review bgd vi@02% Kange

from less than 1 to over 200 MBad®pending on factors such as alloy
composition, phase constituents, processing methods, ancktdfnperating

KcC remains a critical challenge for the broader application of these alloys, especially
in structural engineering components.

Co- based High Entropy Alloys

4.2 Density Measurements of Co, Ti and Mn Alloys

A sintering temperature of A200as selected for thec@utaining alloys
because sintering the Col powder at a higher temperati@ lefd1®@6the
formation of a liquid phase and residual porosity, resulting in a reduced density of
5.929/cM. Additionally, liquid exudation was observed from the di€,at 1250
posing a risk of damage to the punches and die components. The densities of the
three alloywasdeterminebyusing the Archimedes method, are provided in Table
4-2. These values are Iawanthose reported in the literature, primarily due to the
presence of substantial oxide content. Nevertheless, metallographic analysis of both
longitudinal and transverse sections confirmed a complete absence of porosity. The
resulting microstructure isfisignily finer, more uniform, and free from defects
compared to those produced by conventional casting methods, sintering of
insufficiently milled powders, or sintering processes involving d2igljtig8jase
[177]

The densityoftBe,Ti and Mn sampl es was anal yse
methods, as shown in the Rablm the first method, the density was calculated by
measuring the weight of the sample in air, followed by its weight in water, from which
the density value was extrapolated. In the second method, the procedure was the
same, but Foamdoctor F2887 surfaemmadded to the water to prevent bubbles
and minimize the effect of surface irregularities on the samples.
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Table 42. Density of théo,Tiand Mnsamptedb t ai ned by Archi mededs

Co Samples density [g/ci]
Co0 0.25 6.37
Co 0.5 6.24
Co 0.75 613
Col 611

1st density [g/cr{
Til000 5.472
Ti1100 5.621
Mn1100 6.222
Mn1200 6.073

2nd density [g/cr)
Ti1000 5.384
Ti1100 5.673
Mn1100 6.263
Mn1200 6.151

From the obtained density values, it is evident that the Mn samples are denser
than the Ti samples. Vargatiomay be attributed to the presence of porosity in the
Ti material, as suggested by the optical micrographs taken earlier. The density
measured by Nagarjuna et al. for the AICrFeNiTi alloy, using the same procedure, was
6.14 g/cm3. This suggests that shenples in this study may have higher porosity,
indicating that the sintering process could be [d#8pVegically, the density of
AICrFeMnNi hightropy alloys (HEAS) processed by SPS approaches near full
density, often greater than 95% of the theoretical value, and typically falls within the
range of 6.5 to 7.5 gichine samples in this study exhibit lower density values
compared to typical figures reported in the literature, supporting the hypothesis of
higher porosity [208]. This discrepancy almgdi¢o the formation of a liquid
phase during sintering, as well as the need for optimizatiocetdimng
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procedure. Moreover, the density of other HEAs reported in the literature is generally
higher than the values obtained in this study, further indicating the potential for
improving processing parameters to reduce porosity [209][210][211]. For instance,
Raa et al. [209] achieved a density of/@®3ising optimized processing
conditions, including a 10:adqadwder ratio, 7 hours of mechanical alloying, and
sintering at 1100 temperatureith a heating rate of AM@nin under 50Pa,

along with ¢huse of a process control agent (PCA) that facilitated densification.
Similarly, Ganji [210] reported a density gg€m.id an AICoCrCuFeNi alloy
processed with a 5:1-tegdbwder ratio, 60 hours of milling, and sinterifi@ at 750

with a heating rate of 8% under 8@Pa.

43 Co HEA Optical Microscope Analysis

The microstructural evolution oferkdoitatbased materiadinteed at
1200°C was investigated as a function of decreasing cobalt conbentration.
metallographemalysis was performethefour compositions: Co 1.0\{&0%
Co), Co 0.75 (Wa. % Co), Co 0.5 (& % Co), and Co 0.25\{25% Cops
shown in Fig-48 The changes in microstructure as cobalt concentration decreases
reveal insights into phase stability, elemental distribution, and grain morphology under
thermal exposure.

At the highest cobalt concentration of Co 1.0, the microstructure exhibits a
highly uniform and finained morphology. ©hécal microscopeage reveals
thedense and evenly distributed grains, suggestirejahenenf a singlphase
solid solution stabilized by the high cobalt content. No distinct phase boundaries are
visible, indicating a homogenous composition. This behavior is expected because
cobalt, , maintains structural coherence and prevents phase ssgredttb
temperaturg202]

With a reduction of cobalt G & microstructure begins to exhibit phase
contrast and anisotroffye microscope image reveals elongated grain structures
and subtle phase boundaries, suggesting the early formation of secondary phases.
Although the system retains a degree of homogeneity, the reduced dominance of
cobalt as a matfxrming element pesritie segregation of other constituents. This
composition represents a transitional state in which cobalt remains sufficient to
preserve structural gmity, but is no longer fully effective in inhibiting phase
separation.

In theCo 0.5amplethe microstructure undergoes a significant transformation,
exhibiting a wdkfined twphase system. Timécrograph reveals large, irregular
regions of contrasting phases. Grain boundaries become more distinct, and the overall
morphology appears coarser compared to samples with higher cf#:} content
This behavior indicates a loss of solid solubility and increased elemental partitioning
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during higtemperature SPS treatment, leading to a heterogeneous phase
distribution.

At the lowest cobalt Co 0.25, the microstructure becomes highly irregular and
coarsened. This indicates a signdfegnatdatiofrom the uniform fine structure
observed in cobdith samples. The image reveals a complex network of elongated,
interconnected, and sometimes lamellar structures, which is consistent with extensive
phase segregation or even ediketimorphologi€ghis extreme heterogeneity
suggests that the cobalt content is insufficient to maintain phase stability or suppress
the growtbf secondary phases. Additionally, the dominancelzlnphases
indicates a fundamental shift in the material's functional characteristics.

Reducing cobalt below 0.75 and 0.5 results in significant degradation of
microstructural characteristics, which may adversely affect performance in high
temperature or higthess environments. These findings are particularly important for
designing cesffective or cobetluced alternatives, where it is crucial to carefully
balance cobalt content with microstructural integrity.

Figure 418 Micrographs 6b1, Co 0.75, Co 0.5 and Co 0.25 & R6Mples
43.1CoHEA SEM analysis

TheSEMmicrostructural evolution of Co 1, Co 0.75, Co 0.5, and Co 0.25
sintered samples were analyzed to understgratihaircobalt reduction affects
phase formation, distribution, and morpkttoggraphs of samples sintered at
1200°Grepresented in FigurgAThis type of research is increasingly focused on
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developing cesffective alloy systems by investigating the role of cobalt in stabilizing
alloy microstructures.

At the Co 1 concentration, the SEM micrograph showed a uniformly distributed
light grey phase with clearly defined phase boundaries. This composition's
homogeneity indicates a good solubility of the alloying elements, resulting in minimal
elemental segréigm.

As the cobalt content decreased to Co 0.75, the microstructure began to display
signs of phase segregation. This was evidenced by distinct white and dark grey
regions emerging within the light grey matrix, indicating the formation of a multiphase
structurelhissuggesta reduced ability of the alloy to maintain all elements in a solid
solution, leading to the nucleation of secondary phases. While the overall
micratructure remains relativelyifin&owevesignificantly increased compared
to Co 1.

Figure 419 SEM Image$Col, Co 0.75, Co 0.5 and Co 0.25 & Rfples

At Co 0.5, the image displayed a clearly defifgth#@aricrostructure
characterized by distinct regions of white, light grey, and dark grey. These regions
became more pronounced and spatially separated, indicating further phase
decomposition and trewth of stable secphdse constituents. This phase
separation likely corresponds to the precipitation of intermetallic compounds or
carbides, as the stabilizing influence of cobalt diminishes.
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The microstructure of the Co 0.25 samples cbasigéentlyevealing a
coarse, highly segregated microstructure with irregular, elongated white, dark grey,
andlightgrey phases. This morphology shows advanced phase separation, which is
probably the product of spinodal or eutectic breakdown processes. When cobalt
concentration decreases, solid solutjgpears to diminigoromotinghe
development and coarsening of many phasesmibratmisenicrostructural
homogeneity.

These findings highlight the critical role of cobalt in maintaining microstructural
uniformity in alloy systems. While a high cobalt content promotes the formation of
homogeneous singlase structures, a reductionkalt triggers a sequence of
microstructural transformations that lead to coarse, multiphase morphologies. By
demonstrating the structural consequences of cobalt dilution, this study provides
valuable insights for the design ofrecl@led alloys.

4.3.1.1  AICoCrFeNi HEA SEM Analysis

In the Col sample, three distinct phases can be identified by their varying gray
scale contrasts in backscattered electron (BSE) SEM analysis: white, light gray, and
dark gray regions, as indicated by arrows in the micrographs.

Figure 420 EDXS map of Calloys
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To analyzethe observedhree phasesomposititimee EDXS maps were
utilized As shown in Figure2@ theColHEA EDX&apshowghe white areas
representso CeFeNi rich regionBheSpotl indicates the presence of Al and Cr
in these areas. This phase is clearly identified by the stripeaipanifciret
micrograpimage of figude2Q Conversely, the black eireted in the micrograph
(spot 2)is rich in O, Cr, and partially Fe, indieatting a mixed oxide.

4.3.1.2 AlC00.75CrFeNi and AlC00.5CrFeNi HEA SEM Analysis

In the SEM images of Co 0.75 and S€anfpesf Figure-21 a yellow
rectangular box is overlaid on the microsg&dimalgeas shown in Figure 4.21
This bodhighlightshe region of interest (Rep&cificallghosen for elemental
composition analysis using ed&pgrsive-bay spectroscopy (E@B)ring the
EDS acquisition process, thayXeam from the specified area is detected and
quantified, enabling localized chemical analysis rather than averaging over the entire
sample. Due to the highly homogeneous structure of the samplesnig s challeng
select a specific point or phase for analysis.

Thesizeand placement of the selection baxweigdto ensure that the
analyzedreaaccurately represents the bulk microstructure. In this study, the boxes
were positioned over amislxclear contrasts between different phases, facilitating
a reliable assessment of the elemental distribution associeitstlewith
microstructur@he selectateahave similar size and magnificatidootbthe
samplesat 5000x)allowing for a direct comparison of phase morphology and
chemical composition ack@sying cobalt concentrations. This approach provides
more accurate and relevant compositional data. It is particularly valuable for analyzing
multiphase alloys, as it enables the examination of elemental distribution across
different cobalt contents.

Ch1 MAG:5000x HV:20kV WD:10.4mm Px:43nm

Figure 421 SEM image of Co 0.75 and Gdidys
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The SEM micrographs reveal a significant difference in the morphological
characteristics between tHeé Tand Co 0.5 samples. The Co 0.75 sample exhibits
a finer and more interconnected microstructure, characterized by distinct phase
boundaries and a complex network of light and dark regions. This finer morphology
suggests that the higher cobalt conmteriibwtes to phase refinement, potentially
due to its influence on solidification kinetics or its stabilizing effect on certain
intermetallic phases.

In contrast, the Co 0.5 sample displays a coarser microstructure, with larger and
more isolated phase regions. The decrease in cobalt likely reduces its impact on
microstructural refinement, leading to the formation of broader phase domains. This
observath indicates a correlation between cobalt concentration and phase
morphology, where increased cobalt content promotes the development of a more
uniform and finely dispersed microstructure.

EDS analysis reveals that the Co 0.75 sample contains 16.73 wt.% cobalt, while
the Co 0.5 sample contains 12.29 wt.%. The denoesération cobalt content
isleadby a corresponding increassan nickel (from 24.20 wt.% to 27.25 wt.%) and
iron (from 38.18 wt.% to 41.06 wt.%), suggesting a possible redistribution of these
elements to maintain overall alloy composition. The aluminum and chromium levels
remain relatively consistent between tlsamptes, with minimal variations,
indicating thtteir roles are likely unaffected by changes in cobalt content. Oxygen
levels are low in both sardped2 wt.% in Co 0.75 and 3.73 wt.% id Gel/5
arising from surface oxidation or residual contamination. These oxygen levels are not
expected to sifioantly influence the bulk properties of the alloys.
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4.3.1.3 AlC00.25CrFeNi HEA SEM Analysis

Fhlhcirey ot
QM' ,

Figure 422 EDXS map of Co0alby

The microstructural characterization of the Co 0.25 salsyerfeased
Four representative areas, labeled Area 1 through Area 4, were selected for detailed
EDS point analysis to clarify the chemical composition of these regions, as presented
in Fig. 4.2Areas 1 and 2, which appeared as dark gray regions, were found to be
rich in aluminum, with compositions of\298&)37.0684, respectively, and
oxygen concentrations of 13v62%d 14.96%4. There were negligible amounts
of other transiti metals. This composition is characteristic of alDpjna (Al
indicating that these regions likely representaibn oxide phases formed during
hightemperature oxidatidrea 3 is identified as a megiaynregion that exhibits
a significantly high chromium content of Wbarid6a moderate presence of
oxyger{18.22%t.) The contribution from other eleimemnitsmal, which strongly
suggestthat this phasecisromium oxideFOr. In contrast, Area 4 appears bright
in the BSE image due to the presence of heavier elements. This region is primarily
composed of nickel (42Wf}%ron (36.8G%), and cobalt (8.A8%% with only
trace amounts of chromium. The absence of oxygen in this area indiwattes that it is
an oxideBa®d on the elemental composition, this area correspon@sitdia Fe
alloy phase.
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43.2 CoHEA XRDAnalysis

The phase compositibthe CéreealloysvasanalyzedsingKRD analysis.
In all Cosamples, thrg@imarycrystallographic phases wersenteda FCC
structure, a spitiée structure (liketyrrespondirigan oxide of the forrOW|
and an ADslike structure (mainly alumina or other mixed oxides having the same
crystal structure). These phaggstorrapondo the three phasesicedn the
metallographic samples (white, light gray, and dark gray). Quantitative phase analysis
wascarried outsingReX software (Version v.0.9.4 )v[E8h allowedfirrment
of phases w @aragnbtérdatticeparameters aradsignificant microstructural
featuresThenumericalaluesarepresenteth Tabld-3, andfinal fitting plots are
shown in Figue3
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Figure 423 Rietveld fit of XRBalysislatacollected o@o 0.25Co 0.50, Co 0.75, and
Col.

TheXRD analyses waredstigatedn Cosamples with varying Co contents
(Co01.00, Co00.75, C00.50, and CaDIZ®0C) evaluatindhe effect afobalt
reductioon the phase compositionnaindstructural evolutiorCofHEAsFour
primaryphasetypes wer@bservedfacecentered cubic (FC@)ludingoth
disordered (denoted gsand orderegl)( spinelype oxideg), and corundum
type oxides () [204]

In the Co1.00 sample, the XRD patthanasterizdxy sharp, welefined
peaksndicativéo an ordered FQECGORD structureThigphase suggests that
cobaltplays a crucial rolestabilize lorgnge atomic ordering within the HEA
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matrix Alongsidéhe metallic phases, distinct peaks corresporapimgel and
corundum oxide phaaesobservedhe spinel peaks likeise from thiermation
of complex oxides such as (G&FO¥) while the corundpeaksareattributetb

AFCr. Thenotablgresence of these oxide phasggestsignificardxidation in
Corich environmentsdehightemperatureondition205]206]

Table 43. Quantitative results from XROata®a alloys

Phase/Constituent | C00.25 1200 | C00.50 1200 | Co0.75 1200 | Co1.00 1250
Rwp 0.3062 0.2838 0.2708 0.2593
W % 35.12% 49.70% 52.61% 21.13%
FCC | Domain size [A 154 179 192 196
Cell a[A] 3.584 3.600 3.598 3.579
Laz:'jf:t)ra'” 2.94ED3 2.97E03 2.96ED3 2.90D3
W % 4.40% 41.22% 28.99% 10.06%
Spinel| Domain size [4 187 261 280 214
Cella [A] 8.221 8.215 8.228 8.324
W % 60.48% 9.07% 18.39% 68.81%
Domain size [/ 146 595 466 177
AL Cell a[A] 4.831 4.780 4.781 4.868
Cell c [A] 13.192 13.033 13.035 13.279

As the cobalt contéateasedo Co0.75 and CoOdgnificarthangeare
observed the phase constitutidithough the ordered FCC phase remains present,
its peak intensgtignificantly decreases, indicating a decline in atomic ordering. At the
same time, the disordered FCC phase becomes increasingly dominant. Oxide phases
persist in these intermediate compositions, with spinel peaks becoming particularly
pronounced in the030 sample. This suggests that oxidation continues, even with
lower cobalt content, albeit with less intensity than in the Co01.00 alloy. The
simultaneous presence of both ordered and disordered FCC phases, along with spinel
oxides, indicates a phaseraéipa process that intensifies as cobalt concentration
decreaseR06]207]

The Co0.25displays distinctly different phase prfiéeXRD patteis
dominated bglisordered FCC peaks, with the ordered FCC phase no longer
eviderd highlighting cobalt crucial role in stabilizirsgndngtomic order within
the HEA matriklthough the intensity of the spinel and corundum peaks appears

reduced in this sample compared to Col, the total oxide content is still substantial,
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measuring around 64%. This content primarily consists of alumina and chromium. This
indicates that while the presence of cobalt influences the composition of the oxide
phases due to its high affinity for oxygen, the overall oxidation behavior does not
signficantly decrease at lower cobalt levels. Instead, the reduction in cobalt is offset
by increased contributions from other elements, which form their own stable oxides.
Notably, while the oxide content is lower than in Col, it remains highes than in Co0.7
and Co00.5207]1207]

The XRD analysis indicates that cobalt serves two important functions in
AlCoCrFeNi hightropy alloys. Firstly, it facilitatesaloygatomic ordering, which
leads to the formation of an ordered FCC phase, particularly when present in higher
concenttéons. Secondly, cobalt enhancegehigbrature oxidation due to its
strong affinity for oxygen and its capability to form thermodynamically stable spinel
and corundum oxides in combination with aluminum and Asrthioobalt
content decreases, #iy system gradually shifts towards a disordered FCC
structure, resulting in a significant reduction in oxidation tendencies.

Finally, systematically reducing cobalt content in AlICoCeRaNpyhigh
alloys leads to a gradual transition from ordered to disordered FCC phases,
accompanied by a marked decline in the formation of oxide phases (spinel and
corundum). These findingeracore the crucial role of cobalt in influencing both
structural ordering and oxidation behavior. The observed -clep@odéitn
changes provide valuable insights for develophfigeeebBa\swith tailored
microstructures agdodthermal stabjlitpotentiallpreparinghem suitable for
demanding higgmperature structergineeringpplications.

As the amount of cobalt increases, the weight fractions of both the FCC and
FCC ORD phases significantly decrease, while the quabiishofvalthe
opposite trend. In the samples containing 0.5Co and 0.75Co, an additional diffraction
peak is observed at approxinZatf26.5°. This peak may indicate a superlattice
reflection, suggesting increased ordering within the FCC lattice. However, this feature
has not been quantitatively modeled for the FCC ORD phase. The microstructural
parameters remairatigkly stable, although there is a noticeable decrease in the
average crystallite sizes for #e ptlase as the cobalt concentration increases.
The presence of a substantial amount of oxides is attributed to the intense oxidation
of the powders when theypegeentetb air after the milling process, which is
exacerbated by their very fine particle size and chemical composition.

In althecases, the chemistry of the crystallographic phases cannot be reliably
determined through diffraction data alone. However,rihialitetifferences in
lattice parameters compared to the stragtepsrted in the literature, as well as
among the various samples, some semiquantitative trends can be identified. In
particular,

- With an increase in the Co comtémthe FCC latticevealattice/cell
volume shrinkiradthougtthe two oxides show the opposite beBawienallywve
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can expedhelarger unit cell volumean{paretb the reference structuaes)
associated with substitutional disorder, whereas smallemayplpossibly
associated wapecifichemical element segregation.

- The FCC crystal struckxkibitsa reductionn the lattice parameter
increasing Co content, with vialng&grom3.60 A and 3.58 A. é@mparison
the standard FCC lattice parameters of Ni,oJee arel3.53 A, 3.55 A, and 3.59
A, respectively.

- The spinel cubic latsbewsa quitenotablencreasén lattice parameter
from 8.21 A to 8.32adincreasingf Co contenfThis trend align witference
structuresuch a€aOsand Fey whicthaving lattice parametanging fro108
Ato 8.39 A, respectively.dhiservatiorould also kessociated wittkdepletion
in the matriesultingp the AD: phase increase.

- For the Al2@ie latticahe measurgmirameters varying between 4.78 A
and 4.87 A (a) and between 13.03 A and 13.28cAnfpgrisothe standard
lattice parameters for refereop @id OFOF structures are a = 476 = 12.99
A and a = 4.9% ¢ = 13.8, respectivelfhepresence of thibAbO; phase was
alsoreportethy Wang et @01], whosynthesizetthe alloy via mechanical milling
and SPS. This oxide shows high chemical stability and gives oxidation resistance.

43.3Hardness measurements

Figure Showshe Vickers microhardness of AICoxCrFeNridEAthe
Figure €4,Colexhibits thénighesmicrohardnesghich is attributadits finer
microstructure respect to the otienicalompositionBrom therpvious studies
[208][209] reported microhardness valtigkee same alloy produced using self
propagating hitgmperature synthesis (SHS) and suction casting methed. The SHS
processed alloys showed microhardness values ranging from 380 to 510 HV, while
those obtained by suction casting ranged from 520 tal&3éntivg on the
processing parameters and the molar ratios of the elementhavelately
lower hardness in these earlier studies is primarily due to larger grain sizes and a more
heterogeneous phase distibOn the contrarthe alloys examined in the present
study benefit from a finer microstructure and a more uniform phase distribution.
Additionally, the exposure of the milled powder to air before sintering led to the
formation of a significant amount of oxides, Wweictofurtbuted to the increase
in hardness. As previously demonstrated by the sanj2l@}iwide particle
reinforcement not only enhances hardness but also maintains it at elevated
temperatures due to the thermal stability of the oxides
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Co Microhardness
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Figure 424 Vickers microhardness HVO0.1

Microhardness measurements at a fixed processing temperature of 1200°C
revealed a ndéinear dependence on Co content. Alloys ®ifidov0.25) and
highCo(Co 1.0fontentgxhibited significantly higher hardness values (~800 HV),
whereas intermediate compositions (Co 0.5 and 0.75) showed reduced hardness
(~600 HV).

Thefigure £5depicts the variation of Vickers hardness (HV5) with time (h) for
different cobalt (Co) compositions and heat treatment temperatures.

Initial Hardness DifferenBamples with Co 1% generally show higher initial
hardness compared to Co 0.25% , likely due to solid solution strengthening or finer
microstructural features at higher cobalt content.

At1100°C tends to reduce initial hardness in both compositions, suggesting
some softening effects such as grain growth or phase changes.

Hardness Trend Over Time at 9@°Co 0.25% at 900°C, hardness slightly
increases from 1 hour to 4 hours and then stabilizes, indicating possible precipitation
hardening or microstructural refinement during the initial stages of heat treatment.

For Co 1% at 900°C, hardness peaks around 4 hours and then decreases,
suggesting that prolonged heat exposure might cause coarsening of precipitates or
recovery processes that reduce hardness.
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Hardness Trend Over Time at 11B@tCcompositions (0.25% and 1% Co)
show &highdecrease in hardness with increasing heat treatment time at 1100°C
temperature

This pronounced softening can be attributed to accelerated grain growth,
coarsening pfecipitates, or phase transformations at this higher temperature, which
reduce the resistance to deformation.

Effect of Composition and TempeHither cobalt content improves initial
hardness but is more susceptible to softening over time at elevated temperatures.

Lower temperature (900°C) treatments maintain or slightly improve hardness
for a limited time due to precipitation strengthening, while higher temperature (1100°C)
treatments lead to a marked decrease in hardness due to microstructural degradation.

Hardeness of Heat treated Samples
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Figure 425 Vickers hardness HV5 for heat treatment samples

Heat treatment experiments at 900°C and 1100°C for up to 8 hours provided
insights into the thermal stability of the alloys, as showr2b.A§OREE, both
the Co 0.25 and Co 1.0 alloys maintained high hardness with minimal degradation,
indicating stable microstructures. However, at 1100°C, the hardness of the Co 0.25
alloy dropped significarftigm approximately 750 HV to Si.0kidly due toan
growth, phase decomposition, or coarsening of precipitates. This highlights the
vulnerability of loabalt alloys to thermal softening at elevated temperatures.
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Co HEA fracture toughness
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Figure 426 KicValues for Co heat treatisemples

The KIC values measured using the Palmqvist method are presented in Figure
4.26 Theexample @ghehardness indentation, showing cracks originating from the
corners of thedentation issed for calculating ¥&(iess illustrated in Figure 6.
The Ki@aluefor the Col sample is significantly lower due to its higher hardness,
which leads &omateridbrittle behavior. The fracture toughness biEAdsds
within the typical rangeBiBICHEAS, whichriangebetween 0.2 and 20 MPa m
In contrst, FCC allogbowsnuch higher values, reaching up to 250/NE8mn
Thisvariationis assigrto the presence of oxide particiis the microstructure,
renderinthese alloy@milato finggrained metal matrix compositéégiighted
in a previoustudy the oxygeabsorbeduringhe milled powders hgmsitive
effect, as it cancreasehe matrix strength and improve its thermal Stability.
fracture toughness measurenvesitsconducted on @o samples treated at
1200°C revealed an inverse relationship with hardness. The Co 0.25 alloy exhibited
the highest fracture toughness, approximately 12 MBatihne Co content
increased, the fracture toughness dieadiigisedeaching a minimum of around
5 MPa-#f®in the Co 1.0 alloy. This trend suggests that lower concentrations of cobalt
maylead tahe formation of multiphase or heterogeneous microstructures, which
enhance energy dissipation during crack propagation. This enhancement may occur
through mechanisms such as crack deflection or dislocation plasticity.
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Figure 427. Vickers indentation showing cracks at ci@odsample

All things considered, this work highligirtsctherole of cobalt content in
influencing the mechanical performance and thermal stakdlityragyhadloys
(HEAs). While both high and low Co ratios enhance hardnes§oonly low
compositions offer improved toughness, though this contes af thduced
stability at elevated temperatures.

4.3.4Co0Oxidation behaviour
4.3.41 Co HEAs Oxidation Curves

The comparative oxidation belahatirtheCo compositioris shown in
Figure €8, Theisothermal oxidation tests earductedt 1000°C for up to 600
minutesThe mass gain curves (Fig2® and the corresponding parabolic rate
constants (kp) (Tabk revelsa clear dependency on cobalt corttese findings
indicata significamnprovemeirt oxidation resistance with decredSidugalt
contentThe parabolic rate constants (kp) measured in this study falla#ithin the 10
10 ?-cnw &% range, closely matching values reported for advARCed Ni
alloys[211][212] reinforcing the potential of thedmged high entropy alloys
(HEAS) for application inteigiperature environments.
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Figure 428 Oxidation curves of Col, C00.75, @n@.6@ 0.25

The Col curve exhibits the highest mass gain, exceeding 1.0 mg/cm? after 600
minutes obxidation. The rapid and continuous increase in mass suggests the
formation of a thick,-pootective oxide layer, consistent with the presence of porous
Fe and Co oxides that permit ongoing oxygen ingress. The C00.75 sample also shows
significant massimgaalbeit slightly lower than that of Col. This indicates the partial
formation of protective oxides, which are nonetheless insufficient to inhibit further
oxidation, likely due to the porous nature Rdth@d\OFOF layers. In contrast,
the Co0.50ample exhibits a more moderate mass gain, which plateaus after
approximately 300 minutes, suggesting the development of a compact and protective
oxide scale dominated B9pAind CFOF. Finally, the Co0.25 sample demonstrates
exceptional oxidation resistance, with a mass increase of less thaaf@2 mg/cm
600 minutes. This behavior indicates the early formation of a dense and continuous
Al Cr oxide layer, effectively suppressing further akida@iod.25 alloy, with the
lowest kp, demonstratesfole reduction in oxidation rate compared to Col. This
confirms that reducing cobalt content significantly improves oxidation resistance
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Table 44. Oxidation constant$depCo alloys

Samples Kp [g/cns]
Col 26.3x 1012
Co 0.75 17.82x 1012
Co 0.5 7.43x 1012
Co 0.25 2.35x 1012

4.3.4.2 Metallographic analysis of Co containing HEAs samples after
oxidation tests

The impact of reducing cobalt content on the oxide scale was investigated using
crosssectionanalysis of the oxidizathples, as illustrated in Fig@and 4.30
which shoat two different magnificatiesexidized layers of the four different
cobalt HEA# progressive decrease in cobalt concentration led to notable changes
in the morphology and structure of the oxidation layer.

Inthe high cobalampleCo] the oxide scale shows a complex, multilayered
structure with the presence of pores and voids. The scale appears thick and
heterogeneous, indicating a high oxidation rateraddid a less protective
oxide layer. This morphology is linked to poor adhesion and thermal cycling, which
caneffectongterm performance.

As the cobalt contdatreases$o 0.75, the structure of the oxide scale begins
to change. The outer regions become more refined, while the internal layers appear
more compact and organized, although some porous layers still remain. This transition
suggests a reduction in cobalt atedrib the formation of fagtawing layers. At
a cobalt content of 0.5, the oxide scale becomes noticeably thinner and more uniform.
The appearance of poroudasudrs in certain areas indicates a balance between
interal and external oxidation mechanisms, possibly due to decreased outward
diffusion of reactive species. Overall, this composition reflects improved resistance to
oxidation.

At a low cobalt concentration of 0.25, the oxide scale exhibits a much simpler
and moreompact layer structure, as observed under high magnification due to the
formation of very thin layers. The absence of cordplgerimyiind the presence
of a welllefined, dense inner layer indicate a highly protective scale morphology. The
transitio towards a thinner, denser, and more cohesive scale highlights a significant
improvement in oxidation resistance as cobalt content decreases. As cobalt content
reduces, there is a progressive shift from thick, multilayered, and less protective oxide
scals to thinner, more compact, and stable structures. This transformation is
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associated with better adherence, slower oxidation kinetics, and etdramced long
resistance. These findings emphasize the advantages of lowering cobalt
concentrations in the alloy system, which promotes the development of protective
surface layers tlaae more suitable for éghperature applications.

Figure 429 Oxidizedurface layeBEM Images of Col, Co 0.75, Co 0.5 andalloy& 25

Detailed analysisSEM andithEDXS maps of the Co oxidized samples are
presenteéh the following paragraplssit will be showhe tinvestigatiafthe
oxidzedsamplegevealsivaration in bothicknesses andminatompositior§

theoxiddayers.
The layerBave differetitickness, with theeragealues obtainémm 20
measurements being 47 em f oand@Gor , 28 e

for Co 0.25Additionally, thpeopertie®f the oxidation layers show significant
differenceis terms of composition and compactnesshavarisusiiop.
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Figure 430 Oxidized SEM Imagé8ol(a) Co 0.7() Co 0.&)and Co 0.28)alloys

- Col (Figuré3M): The oxide layeséparatethto3 distinct parts. The
outermost layer IJpresents graidike structures. Beneath this lyeparated
by poor bonding and numerous longitudinal open cracks, is a second layer (layer2)
withno visible graioundarieand numerous cracks, indicating brittleness. The third
layer (layer 3),which imiorwith the alloy surfaceeisthinner and exhibits some
level ofmicroporosity.

- C00.75 (Figu#e3): This allgxhibita fisandwi cho | ayer s
the top and bottoorpn layers agghibiting similar microporosity (layengel), w
the middle layer (layer2) is denshigdmdmpaetd

- C00.50 (Figu#e3x): Thislloyshowdhreeregion®f layersan external
very thin layer witihmation e@frious cracks (layerthigthicker compact internal
layer in the middle (layer 2)ttatabttom layer similar to layer 2 with diffused
microporosity (layer 3).

-Co 0.25Higure 80d): This oxide layer seems to be composed by two distinct
regionshowing similar compactness.

To bettenvestigatabouthe oxidation behavidghe$eHEA, EDXS map
analyses were performius analysis @mesented ithe following paragraphs
(Figure 4B to 4.34pubstantial differencesre observedepending on the
reduction @o content in the alloy. Thes®ositional variatiplay a critical role
in the oxidation resistance of the materials, as they are closely associated with the
formation and integrity of the surface oxide scales.
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4.3.4.3 AICoCrFeNi HEA after oxidation SEM Analysis

The Col all@xhibitshe poorest oxidation resistamosg all the samples
Its oxide scaleonsistef three distinct layersoaterexternal ngprotective layer
1 of Co and Fe oxigésch are naeryprotectivea midayer df Al oxide, and a
layer 3 containing both Al and Cr d¥itiesigthe presence Af and Cr, which
are knowto formprotective oxides, the overall scale is tHiektaredoids and
cracksthatimpliesa significant thermal stress during oxidation. The formation of
these structural defects ldgdytacompositional mismatch bettheéayers and
a lack of a comgtacontinuous protective bateads to consistent oxidation
phenomena

Figure 431 EDXS map of the oxide lafy@ol allay
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Moreover, the Col alloy had a considerable anf@palogakly present
in its microstructure before the oxidation testing, as shown from XRD-data. This pre
existing oxide limits the availability of free Al to form a new, coherent protective scale
during oxidation, ultimately degrading its redistémnsealloy the alumina and
cromia surface scale is not enough to ensure a sufficient protection against oxidation.

4.3.4.4 AlC00.75 CrFeNi HEA after oxidation SEM Analysis

The oxidation behavior of the Co00.75 alloy exhibits significant differences, as
illustrated in Figur824 The outermost oxide layessrimarily composed 8DAl

and GrOr; however, their porous structure compromises their protective function. A
similar oxide configuration is also observed in Layer 3. The interthedialyg layer
presentof Fe and Co oxides. This composition is less desirélle,asdes

are thermodynamically less stable and less protective, and their presence within the
inrer structuéerather than being confined to the suidetter reduces oxidation
resistance. The combination of porous outer layers and the inward diffusion of
unstable oxides significantly diminishes the overall protective efficacy, rendering the
alloy me susceptible to oxidation.

A

Figure 432 EDXS map of the oxide layer forme@.G6alloy
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4.3.45 AIC00.5CrFeNi HEA after oxidation SEM Analysis

In comparisda the other Co containing sanp&e€00.50 alleyhibita
morantricatérHayered oxide scale struciaseshowin Figure 433The thin outer
layet (Figure 4.305 composed B¢ and Co oxides, whictkaosvn to bess
protectivéhanAFOF and GFfCr. Beneath thia highly compact and continuous
intermediate lay&ayer?) composed of 8 and GfOr oxides, servesas the
primary protectibarriemagainst further oxidatibimeinnermost layeftayerd)
consistsof aluminavith some micropsity The integrity and density of the
intermediate oxide layer in this alloy indicate superior oxidation resistance, supported
by the higher availability of Al and Cr in the alloy composition.

5
G MAG 00 020K V9 9o

15
Cnt WA 200 0KV W83 mm

Figure 433.EDXS map of the oxide layer forme0.6al0y
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4.3.4.6 AIC00.25CrFeNi HEA after oxidation SEM Analysis

The Co00.25 alloy (Fighd) exhibitsa thin oxideyerwith a Hayered
structure. The outermost [iggorimariyixedf Fe oxides. Beneath this, there is
a compaetlintermediate layethat mainly consists of aluminum, chromium, and
oxygen (Al + Cr +00)respondingthie formation oF&¢ and GfCr. These oxides
arewellknowrfortheir thermodynarsiability antheirability tdormcontinuous
and adhereptotectivecale§213]214] The presence of this sublayer significantly
enhancethe oxidation resistance of the Co0.25Adllmugh the overall oxide
scale is thinnghis alloy demonstragsellentesistance due to the dense Al + Cr
oxide layer benegtbthin outer Fe oxide. In cor@a@i5C00.75 and Col alloys
exhibit inferior oxidaperformancattributetbthe formation pdrous protective
layers anthe internal presenceafiprotective oxidekhesefindings aligmith
oxidation behavigeportedor alumindorming austenitic steels amthANi
baseduperalloys [54,5B]whiclprotective oxiflrmatiors similarly governed by
the inward diffusion of oxygen.

Figure 434 EDXS map of the oxide lafy@®.25alloy
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43.5 Corrosion results

The corrosidiehavioof AICoCrFeNi HEAs wéttiousobalt contentas
thoroughly analyzedwith potentiodynamic polarization and electrochemical
impedance spectroscopy (EH8)polarization curves are illustrated in Bigure 4
A and the main data derstthmarizeith Table4.5 The corrosion tesveal a
clear pattern decreasing cobalt content signifitaumitpvesthe corrosion
resistance
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Figure 435 Corrosion cun&sCol, C00.75, Coabd Co 0.28loys

Table 45. The break down poteifial),, the corrosion pote(iiedr), the passivation
currenfipas$, Z0.001H@FCo allogamples

Sample Eod [V] Ecorr[V] ipass[A/CfTﬂ
Co0.25 0.1518 -0.146 2.18x108
Co0.75 -0.029 -0.163 2.2x%108
Co05 -0.115 -0.197 7.97x10'8

Col -0.219 -0.335 4.84x10'7

At the higCo 1.0, the allshiowshe poorest electrochemical performance.
The corrosion potensidl0i335 \indicating a strong thermodynamic tendency to
corrodeAdditionallythe passivation current density reaches a maximum value of
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4.84 x TPA/cmz, reflecting a high rate of metal dissolution even under passivating
conditions. The breakdown potential is alsestheitii@.219 VAndindicatingn

early failure of the passive film. Complementialgsthrestionshe impedance

modulus at 0.01 Hz | ust  THat7sBow®pbor gdistanng tp charge
transfer and thus low electrochemical.stability

As the cobalt content is reduced to Co 0.75, there is a improvement in corrosion
resistance. Thedtrbecomes less negati®163 V, and the ipas slightly
decreases to 2.23 @8 BA/cm2. However, tbd valueemains 10W0.029 V,
suggesting that while corrosion rate improves, the passive film remains unstable. The
i mpedance value improves significantly
propertiesompared to Co 1.

Further improvement is obsém@a 0.5. Despite a slightly more negative
E<corofi0.197 V, the breakdown potential is slightly moa¢i€tddle VThe
ipassvalueincreases to 7.97 *8MYcmz2jndicating higher dissolution rate than
Co 0.75. The impedaraigge islr ops t o 3iAdic&irg3.delhe ig L ¢ m|
passive layer protection compared to Co 0.75. This discrepancy suggests that
although the passive film may form, its stability and uniformity may vary due to
microstructuiahomogesity

The most corrosi@sistanbehaviouis noticed inhe Co 0.25 alloy. It
significantly shotlie most noble E€0ri46 Vandhe highest Ebd +0.1518 V and
the lowest ipassilue Z.18 x 1@ A/cn)? These values collectigblyws the
superior passivatibehavioand stability of the oxide layer. Remarkably, the
impedance at 0.01 Hzths highest among all samfle$ 7, 546), 54 qglcm
confirming the formationhi§la corrosion resistgoragective passive film.

Theseeasearch findings indicate that lowering theoowdaitimproves the
corrosion resistance of AICoCrFeNi HEAs. This enhancement is linked to the
decreased electrochemical activity of cobalt and the stabilization of passive oxide films
at lower cobalt ratios. Consequently, adjusting the cobalt dentemreeal
strategy for optimizing HEAs in applications that require both structural integrity and
corrosion resistance.

Table 4 presentshe effect of gradual reduction in cobatti@uw) the
corrosion behavior of AICoCrFeNi Higdisita poirkhowthe average of eight
independent experimental trials, erthestajisticalalidityand reproducibility of
the observed trends.

As the cobalt content is decreases from Co 1.0 to Co 0.2@enaeked
in corrosion resistance is observed across all evaluated parameters. The breakdown
potential, whicteflectsthe a |l | oy 6 s to rloeadizieds (pidimgx eorrosion,
significantipcreasesr om 1 0. 240 N 0.060 V at Co 1.0
This positive shiftlicatess more stable and robust passive film at lower cobalt
concentrationsSimilarly, the corrosion potential becomes less negative with
decreasing Cocoten shi fting from 10.344 N 0.023
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(Co 0.25)%uggesting more thermodynamically stable and less active corrosion
state

Sample Eva[V] Ecorr[V] ipass[A/cnd] Zooivf REnN

Co00.25| 0.107 +0.066 10.157 £0.01§ (3.03 £1.78) xw0Y 167,546.54

Co00.75| 10.119 £ 0.04¢ 10.179 +0.02¢ (3.61 +1.88) xth0y 82637.36

Co0.5 | 10.193+0.22§ 10.181 £ 0.01Y (4.98 +3.11) xuhOYy 30,923.34

Co1l 710.240 £ 0.06( 10.344 +£0.02] (1.28 + 0.43) xt@ 7273.96

Table 46. Ebd, the break down potential, Ecorr, the corrosion potential, , ipass, the
passivation current, Z0.001Hz, Co alloy samples

The passive current density , which reflects the integrity and protectiveness of
the passive oxide film, decreases substantially as cobalt is reduced. At Co 1.0, the
current density is (1.28 + 0.43p>81d, indicating a relatively weak and possibly
porous passive layer. In contrast, the Co 0.25 sample exhibits a significantly lower
i<sub>pass</sub> of (3.0378)x 10m Al/cr, suggesting tldevelopment a
much more compact, protective, and stable passive film.

The most substangiahancemeist observed in the impedance at 0.01 Hz, a
critical indicator of electrochemical resistance and film stability. As the cobalt content

decreases, the i mpedance increases, froe

qLcm] ( Cds mére tBadB¥old incrdade ; Hrequency impedamacel
signifies a major enhancement in corrosion residtandace barrier properties.

Collectively, thefiadinggeveal a clear trend: reducing cobalt content in
AlCoCrFeNi HEgignificantlgnhances corrosion resistaFiuias evidenced by
more noble corrosion potentials, more stable passive films, lower current densities,
and significantly higher impedance. These improvements are consistently observed
across eight trials per sample, underscoring the reliability oftthegiatabalt
can contribute positively to other properties such as mechanical strength or magnetic
behavior, this study demonstratasstheduction is highly beneficial for corrosion
protection, particularly in environments where passive film stability is crucial.

The electrochemical impedance spectroscopy (EIS) analysis reveals a
significant influence of cobalt content on the corrosion behavior and electrochemical
stability of the AICoCrFeNi HEA. As illustrated i8¢ isjunevihthe impedance
modulus and phase angle diagrams, a systematic reduction in cobalt concentration
from 1 to 0.25 leads to a marked decrease in overall impedance, particularly in the
lowfrequency region. This trend indicates a corresponding declinegén the cha
transfer resistance aneeakening of the protective passive film tigieldjyed
on the alloy surface. Theic€@osample (Co = 1) exhibits relatively high impedance
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and a larger phase angle, which are characteristic of stable capacitive behavior and
effective surface passivation. Conversely, the Co 0.25 sample demonstrates the

lowest impedance and phase angle, suggesting a transition toward more resistive and

less caacitive electrochemical behavior. These observations highlight the pivotal role

of cobalt in enhancing the corrosion resistance of AICoCrFeNi HEAs, primarily through

the formation of a robust and stable oxide layer that impedes ionic transport and
stabilies the electrochemical interface. The reduction of cobalt compromises this
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maintain passition and resist corrosion, underscoring its critical importance in the
design of HEAs for electrochemical applications.
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spectroscopy (EIS) measuremeddssaimples
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4.4 Mn and Ti containing HEAs
44.1 Microstructural analysisih and THE/A & optical microscope

The following Figdr86displays a series of optical micrographs taken using
two different microscopes: Axiophot and Olympus optical microscopes, at
magnifications of 200X and 500X. The strategic use of two different microscopes was
employed to enhance the quality and resbélotiorstructural characterization.

Notably, the Olympus microscope provide the acfuigitionontrast colour
micrographs which significantly improved visualization difference of microstructural
features and phases.

The micrographs cleargsentedhe influence of increasing the sintering
temperature in the SPS process resuétifiger microstructure. As the sintering
temperature rises, a significant refinement in the microstructure is observed. This
refinement is characterized by a decrease in grain and phase sizes, leading to a more
uniform microstructure. At high sinterpegatemes, the distribution of phases
becomemore homogeneous with more continuous and less stgreestbs
microstructuradcatesthatthe SPS process effectively enhances the diffusion at
elevated temperatufidsese observations suggest a strong relationship between the
SPS parameters and the development of the microstructure, which has significant
implications for the material properties. Compared to the AICoCrFeNi alloy, the current
samples exhibit more phabegontrast, the -Gmntaining alloy shows a more
homogeneous and finer microstructure, with phase sizes in the nanometre range.
According t o PRstrbctureds primarilyatttilyuted to the estended n e
milling procedshe Cealloy was milled for 80 hours, whereasftee @mvders
in this study were milled for only 20 hours, as the phase size did not show significant
changes beyond that duration [225]
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Figure 437. Micrographs of Ti1000, Ti1100, Mn1100 and &/BR388mples
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As observed in the studies by Raja Rao et al. and Ujah et al., increasing the
sintering temperature typically leads to a transition in the métBAs|dgyroé
more porous structure to a denser one. For example, sintering at lower temperatures
(around 500°C) tends to produce a less dense structure, while at higher temperatures
(up to 1400°C), densification is significantly improved due to enitamogiligto
and diffusion procesfgi5[216]

In the study by Rogal et al., the microstructure of AICoCrFeNi alloys processed
by spark plasma sintering (SPS) was compared tectsttaifs. SPS typically
results in finer grain sizes comparedastadloys due to its rapid heating and
coolng rates, which promote uniform microstructures and minimize grain growth. This
process often yields nanocrystalline structures, with grain sigesc@sseflS
highentropy alloys ranging from 50 to 50Bangingon the specific alloy
composition artocessing paramet§?47] The micrographs alssveala
preferential orientation of the phakisconfirm the resultebtained frothe
XRD analysis.

4.4.2 Microstructural analysis of Mn and Ti BAS

SEM analysis was conducted to investigate the microstructural characteristics
of synthesized SPS Sampléh, a focusn phase morpholodigtributioand
compositionTable4.6 presents the mass percentagéise@rimary element
identified within the samples. These measured elemental compositions are consistent
with the theoretieatountsised in the preparation of each sample.

The detection of oxygen in the samples is attributed to unavoidable oxidation
processes that occurred during either the SPS or milling stages. Oxygen incorporation
likely took place upon exposure to air when the milling jars were opened, as well as
duringsample preparation for SPS. It is important to note that slight variations in the
elemental percentages of Ti and Mn were observed across different regions of the
sample. Therefore, the reported values should be interpreted as approximate
indicators of ehental distribution. Additionally, the results of this method can vary
depending on the specific region of the sample analyzed.
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Table 47. Mass percentages of each element if @iT0D00BC, Mn110W and

Mn120%C samples
Mass Normal. [%]

Til000 Ti1100 Mn1100 Mn1200
Ni 22.58 +0.38 16.30 £ 0.68 22.76 £ 151 21.07 £0.09
Fe 21.98 +0.17 20.79+0.24 22.31+0.49 22.01+£0.52
Ti 21.09 £0.27 21.43+0.76 20.39 £ 0.50 20.12 +0.51
Cr 19.24 £ 0.44 22.43+0.83 20.08 £ 0.74 19.48 £ 0.17
Al 10.95+0.14 13.57 £ 0.42 11.63 £ 0.63 13.92 £ 0.36
(0] 4.16 £0.19 5.47 +0.09 2.83:0.27 339012

4.4.2.1 AICrFeNi Ti HEA at 1000°C SEM Analysis

The AICrFeNiTi HAssintered at 1000°C and 11008 @nicrostructural
evolution reveals complex, multiphase strughdieativeof variousphase
formation arelementalegregation procesdesurprimarphasesdistinguished
by contrast and morphdlogye SEM images, were identifiett, dark grey, light
grey, and whit€hese phases exhifigtinct microstructural characteristics that
evolvewith increasing sintering temperasuiustrated in Figur874 The
microstructure of tlleysamplainteredt 1000°C izlativelgoarse and uneven.
The dark phase, which is the darkest area in the SEM picture, is sporadically
distributed across the matrix and usually develops in interdendritic spaces or at grain
boundaries. The dark gray phase constitutes a significantepovitoostfitbture
and exhibits a more continuous, nék&orkorphology.idta titaniumich
intermetallic or solid solution phase that contributes to mpexghemieshd
structural cohesiointhe material (bonding between the different Tinadigb)
gray regions, whiappearsmoother ankave arintermediate brightness, are
predominantly associated with titaciupihasesnd show a low level of oxygen in
their compositiofhese areas reflect a transitional phase within the matrix and may
represent either secondary solid solutionsstagaghase transformation zones.
Their relatively uniform distribution suggests partial diffusion and homogenization,
indicating thdtese areas servefbsdgesbetween oxidized and metallic segion
Lastly,lte white phase appears as the brightest and most prominent region in the
SEM images. These areas are concentrated and reldtuelgdwsliggesting
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the presence of stable metallic compounds with mechanical stentgthing/pon

at 1100 °C, the microstructure shows noticeable refinement and increased
homogeneity. While the dark phase persists, it becomes more localized and less
interconnected, implying partial dissolution or redistribution due to enhanced atomic
diffusion. The #agray phase exhibits improved integration with the surrounding
matrix,suggestinghe stabilization and possible transformation of intermetallic
structures into more umifdomains. Significantly, the light gray phase undergoes
considerable transformation at this elevated temperature. Unlike its counterpart at
1000 °C, the variant at 1100 °C displays a morphology that suggests a shift toward a
more stable metallic matiik,reduced segregation and enhanced continuity. This
indicates that prolonged exposure at higher temperatures promotes the redistribution
of elements, facilitating the evolution of thermodyaamicaltistructures. The

white phase continues torgaimin the higher temperature sample, but its features
appeafiner and more evenly distributed. Its morphology becomes more defined and
less clustered, reflecting the effects of prolonged thermal energy in promoting
equilibrium phase formation. This progression from coarse, segregated phases at
lower temperatureséfined and stable configuratigmgghts the thermally driven
evolution toward microstructural uniformity

Ti 10080
White phase, Dark greyphasg

™

/'_ ’ Darkphase
Light greyphase: - 5

Figure 438 SEM micrographs of Ti4DaAd Ti1l1®C SPSsample

The detailed SEM compositional analysis was conducted on%®e Ti 1000
samples. The microstructure shows a varied distribution of elements across four
distinct phasgéslark, dark grey, light grey, and white and each phasmplebit
chemical signatuiadicative @pecific compounds or intermetallic formaations
showin theFigure 489.

Dark phaseThe darkest contrast region observed in the SEM images is
composed primarily of aluminium (Al) at 27.54% and oxygen (O) at 10.86%. The
significant concentrations of Al and O suggest the formation of oxide compounds, most
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likely aluminium oxide<@Al or related phases. Minor traces of other metallic
elements were also detected, but their contribution to the overall composition is
negligible.

Dark grey phas&he dark grey phase is characterized by a high concentration
of Titanium (Témounting &8.23%, accompanied by significant levels of Oxygen
(O), Nickel (Ni), and Iron (Fe). This compositional profile point toward the formation of
Tibased intermetallic compawomdainingignificant levels of Ni and Fe. This
indicates the possible formation of a Ti solid solution or Ti rich intermetallic phase that
may exhibit enhanced mechamidebrrosionesistant properties.

Light grey phaseThis phase is characterized by a high concentration of
Titanium (Ti) at 47.44%, with relatively low levels of Aluminium (Al) and Oxygen (O).
The lower oxygen content indicates a reduced degree of oxidation compared to the
darker phases, suggesting thatfomof a metallic or minimally oxidized-titanium
rich phase. This phase is likely togipyfizanble in the structural integrity of the
material, potentially serving as the primary matrbearif@adomponent due to
its metllic nature and limited oxide content

White phaseThe white phase stands out due to its brightness in the SEM
images and was found to contain Chromium (Cr) at 37.94% and Iron (Fe) at 35.29%,
with negligible amounts of oxygen and aluminium. The absence of significant oxygen
indicates a metallic naturde whe high concentrations of Cr and Fe suggest the
developmemtf a GiFe BCC intermetallic or solid solution phase, similar to those
found in ferritic or martensitic stainless steels. These compositional variations indicate
a complex multgge microstructure in the Til0000°C sample, where distinct
elemental distributions give rise to various intermetallic compounds and phases. This

heterogeneity may significantly influe
chemical properties.
Table 48. Ti1000C alloyphase composition
Mass Normal. [%]

Phases Ni Fe Ti Cr Al (0]

White p. | 16.33+0.8] 35.29 + 1.6] 9.59+0.52| 37.94+1.8( 0.85+0.13 0.00 +0.00
Light Grey p| 23.59 + 1.14 19.25+0.9] 47.44+2.29 7.13+0.39 0.75+0.12] 1.84+0.77
Dark Grey p| 11.52 £ 0.59 11.01 + 0.5¢ 63.23 £ 2.97 4.97 £ 0.29] 2.07 £ 0.23| 7.20 +2.20

Dark p. 20.09 £ 0.84 13.83 £+ 0.5¢ 14.57 £ 0.64 13.10 £ 0.5 27.54 + 1.94 10.86 + 2.2
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Ch1 MAGE 2608 HV: 20 k¥ “WD: 9.8 mm _ Ps:85 nm

0
1 MAGE2500% HV:20 KV WD: 9.8 mm

. 1389
2 Ch1. MAG: 2500% HV:20kV_VA: 8.8 mm

3
Ch1 MAG: 2500x_HV:20 k¥ VAD: 8.8 mm

1983
Ch1_MAG: 2600x HV:20 KV W02 8.8 mm

Figure 439 EDXS map of Til@D8PSsample
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4.4.2.2 AICrFeNi Ti HEA at 1100°C SEM Analysis

The Ti1100 sample revealed four distinct phases similar to thage observed

thepreviously characterized Ti1l000Til®your phases are indicatiatigdark
grey, light grey, and white phases. A comparative summatyeroicthe
compositionfthese phaséssummarized in Tathl@

Table 49. Ti1100°C phasealloycomposition

Mass Normal. [%]
Phases Ni Fe Ti Cr Al o
White p. | 14.80 £ 0.7} 33.20 + 1.5] 9.54 +0.51] 42.13 + 1.9 0.33 £0.09 0.00 + 0.00
Light Grey p| 7.85+0.43 29.45 + 1.4( 4.24 +0.26 58.28 + 2.7{ 0.18 £ 0.07] 0.00 £ 0.00
Dark Grey p| 12.65 + 0.6} 11.48 £ 0.5 53.44 + 2.5} 12.72 £ 0.64 2.194#.24 | 7.52 £+ 2.28
Dark p. 11.53 £ 0.5] 16.43 £ 0.7] 15.45 + 0.6 15.21 + 0.6 30.01 + 2.1} 11.36 + 2.44

The dark phasthe dark grey phase, ahé white phase exhibit similar
compositiah similaritieto their counterpadstectedn the Til008ample
indicatig consistency in their formation and chemical stability across both alloy
system. The dark phase remainsegimmigtiuminium (Al) and Oxygen (O) indicative
ofthepresence of an alurwich oxide anldeformation gfable AD compounds
[218] The dark grey phase continues to exhibit a high concentration of Titanium (Ti)
suggesting its role as pinary matrix phask thealloy.This phase likely
cor r es p o n-fisphage,owhithhi®e expdcted to be the dominate the
microstructure feature due tméne amounf Ti in the base alloy. Its consistent
presence across both samples indicates a stable phase constitution that relatively
unchanged by minor compositional changes betwe®d anti000l10C
samples.

The white phase is clearly distinguishable in backscattered electron image due
toits higheatomiaveightind it shows compositigredominantly compolsged
Chromium (Cr) and Iron (Heis composition is typically characteristieeof Cr
intermetallic compoundgrecipitates, which may form as a result of elemental
segregation during solidification or subsequent thermal treatments [229].
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