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Abstract

Strengthductility tradeoff in high entropy alloys (HEAsS) remains critical area of
researchBCGC-structured HEAs typically exhibit high yield strength but limited plasticity,
whereas FC&tructured HEAs display lower yield strength with enhanced ductilitys
research investigated the properties of ¢hredseHEAs where BCC is the predominant
phase, aiming to optimize their performance in kstiength applications such as surface
enhancement. This study is divided into two phases, (I) synthesis of equiatomic and non
equiatomic AIC&rFeNi (atomic ratio x = 0, 1, 2.1) HEAs through mechanical alloying

(MA) and (ll) subsequent deposition of these particles using cold spray (CS) technique.

Phase bnalyzedthe dfect of milling parametersluringthe production of AICoCrFeNi

(x=0, 1, 2.1) feedstoglkherole Ni content in phase evolution of AICoCrFgNarticles

and theeffectivenessof MA in achieving the desired properti€&esults indicate that the
addition of Ni extends the milling time for producing AICoCrFeNEAs and influences

phase evolution, with increased FCC phase fractions. Phase | successfully synthesized
duatphase (BCC + FCC) AlICoCrFeNHEAS, indicatingthe effectivity of MA to tailor

desired properties of HEA patrticles.

Phase Ithen focusean theinfluenceof substrate and spray parameters on AICoCreNi
depo#ion, andthe resulting microstructure and mechanical properties afépesis. The

use of helium (He) as a propellant gas resultdzbtterdeposition efficiency due to higher
particle velocities compared to nitrogen2NWhile N> led to metallurgical bonds
accompanied by empty craters, He facilitated effective particle flattening and bonding.
Key findings reveal that Ni content, substrate type, @8donditions significantly affect

deposition characteristics and the resulting properties of AICoCyHeRA particles.



Higher Ni levels correlated with increased particle density and hardness but negatively

impacted particle velocity and BCC phase presence.

Overall, this researctsuccessfullyproduced and deposited medium entropy alloy,
AlCoCrFe, high entropy alloy, AICoCrFeNi and eutectligh entropy alloy,
AICoCrFeNp.1using MAand CS, respectivelfihe presence of BCC and FCC phases
the HEA particlesshowed the strength and ductilityalance in these materials
Consequently, the microstructure and mechanical properties of HEA partittieace the

particlesubstrate interaction during impact.
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1.l ntroducti on

For decades, materials were designed based on a-pmngtegal element approach since

it was perceived that the alloys manufactured with multiple principal elements would
inevitably form intermetallic compounds and complex microstructji¢sHowever, in

2004, researchers discovered that alloys with multiple principal elements could be
engineered to form stable and relatively simple struc{at2 In traditional alloys, where

a singleprincipal element dominates, strength and ductility are primarily influenced by that
major element, with minor alloying elements added to enhance specific properties, such as
corrosion resistancdn contrast, high entropy alloys (HEAS)omprising five or more
principal elementg2], derive their unique properties fromme contribution of each
constituent, resulting in distinct microstructures and morphologies that can be tailored
during processin@dCC-structured HEASs generally exhibit high yield strersgind limited
plasticity, while FCGstructured HEAs tend to have lower yield strengths but higher
plasticity[37 5].

The microstructure and properties of HEAs are influenced by four core effégks:
entropy, severe lattice distortion, sluggish diffusion, and the cocktail gfedthe high
entropy effectfavors the formation of solid solutions, simplifying the microstructure
beyond initial expectations, while th&uggish diffusion effeatan slow down phase
transformations, impacting stability. Additionally, in HEAs, each atom is surrounded by
different atomic species, creating lattice strain due to atomic sizeetiffes. Thisevere
lattice distortionresults in significant solid solution strengthening, effectively enhancing
hardness and strength. Toecktail effecfurther enhances HEA properties, as they arise

not only from the inherent characteristics of individual elements but also from complex



interactions among them, leading to properties that exceed those predicted by conventional
mixture rules.

Among these, thkigh entropy effeds considered the most critical, although recent studies
suggest that high configurational entropy alone is insufficient to dictate simple phase solid
solution formation in HEAs. For instance, the walown Cantor alloy, CoCrFeMnNi,
exhibits a stable FCGtructure[7]. However, substituting Mn with Al in AICoCrFeNi
transforms the stable crystal structure to BCC, resulting in increased tensile sfféegth.
predictability of such phase transition is found to be relatethé thermodynamic
characteristics of constituerdlements including atomic size differences, chemical
compatibility, electronegativity, and enthalpy of mixing. To optimize HEA propesigsh

as hardness, wear resistance, corrosion resistance, oxidesistance, and thermal
stability, extensive research is underway on ideal elemental combinations and alloying
strategie$81 16].

Various processing routes have been developed for synthesizing HEAs, including melting
and casting, powder metallurgy, and deposition techniques. Ameltghg techniques,
vacuum arc melting is widely used, though it poses challenges in compositional control
due to the potential evaporation of kwiling elements during alloy preparation. In
contrast, powder metallurgy, specifically through mechanical allof) followed by
sintering, has become a key sedithte method for producing homogeneous, Hujgality

HEAs. Mechanical alloying is especially advantageous when constituent elements have
vastly different densities and melting poirfts/]. As a roomtemperature solidtate
process, MA can produce homogeneous HEA particles, forming solid solutions with

extended milling times. By carefully optimizing milling parameters, it is possible to



achieve HEAs with tailored phase compositions, enabling precise control over

microstructure and desired properties.

HEAs, distinguished by their muélement compositions and simple crystal structures, are

a novel class of materials with remarkable properties such as high hardness, wear
resistance, and thermal stability. These unique attributes make HEAs particularly suited
for applications demanding durability and resistance to harsh environments, such as
protective coatings for aerospace, automotive, and marine industries. Among various
coating techniques, cold spray technology has gained significant attention as an ideal
method for applying HEA coatings. Unlike conventional thermal spray methods, cold spray
operates in a sohdtate regime, avoiding high temperatures that could otherwis

compromise the structure and properties of HEkse parti cl ebdés sol i d

retained during the spray since the deposi

temperaturg18,19].

The performance of coldprayed HEA coatings, however, is highly dependent on the
characteristics of the feedstock particles, including size, shape, composition, and
microstructure. Mechanical alloying, a highergy ball milling technique, has proven to

be an effective method for producing homogeneous;dma@ed HEA particles tailored

for cold spray applications. This process enables precise control over particle composition
and structure, allowing for the synthesis of HEA feedstocks that meet thgestrin
requirements of cold spray deposition, including high deposition efficiency, strong
interparticle bonding, and desirable coating properties.

Thisthesisfocuses on the design and synthesis of mechanically alloyed HEA particles for

cold spray applications. It provides an overview of the unique requirements of HEA
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feedstock for cold spray, the principles and advantages of mechanical alloying in producing
these particles, and the specific parameters that influence particle characteristics. By
exploring these aspects, thigork aims to present the current state of research in
mechanically alloyed HEAs for cold spray, highlighting both the challenges and

opportunities in advancing HEA coating technology through optimized feedstock design.

1.1 Motivation

The total number of possible allofghat can bereatedwvith € number of elements, when
each alloy differs in composition 96, can be writtenad ~ — [20]. For example,

if 60 different elements are available and each alloy differs in composition by just 1%, the
total number of possible alloy combinations reach®8. Comparativelythe number of

known materials idess tharlL0', covering all possible ternary combinations

Despite the astronomical numberpaitentialalloys,achieving a balance between strength

and ductility remains a core challenge in material dg&i@i]. Enhancing tensile strength

often comes at the cost of reduced ductility, a t@fflehat limits performance in many
industrial applicationsThus industries seeknetallicmaterials with an optimal balance of
strength and ductility to ensure good wear and corrosisistance, extending cycle life in
demanding environmentsdigh entropy alloys, composed of five or more principal
elements, are promising candidates for this purpose due to their unexpected formation of
singlephase solid solutions and their exceptional mechanical propetiespared to
traditional alloys, HEAs exhibit superior hardness, wear resistance, corrosion resistance,
oxidation resistance, and thermal stab{l&$i 30]. Investigating their use as coatings could

significantly improve the surfacergperties of metals widely used in the aerospace and



marine industries, providing enhanced durability and performance under extreme

conditions.

1.2Research Scope

The strength and ductility of a material are strongly influenced by its microstructure. This
study seeks to enhance the mechanical properties of powder feedstock by stabilizing
desired phases and analyzing structural evolution during MA and subseque&sspsoc
like cold spray (CS). Most colsprayed coatings utilize FC@hase feedstocks, such as the
well-known Cantor alloy (CoCrFeMnNi), which offers good ductility. However, BCC
phase HEAs are essential for higinength applications, as they provide sugreyield and
tensile strength compared to F@BaseHEAs. This research, therefore, focuses on
investigating the feedstock and coating properties ofplnase high entropy alloys where
the BCC phase structure predominags (>50%) The studyaims to optimize their
performance in higistrength applicationshile consideringa BCC to FCC phase fraction
ratio of approximately 3:2vhich demonstrateductility andnotablyenhanceaorrosion

resistance

1.3Research Problem

The AICoCrFeNi alloy system is among thmst widely studied BCC HEAs due to its
exceptional properties, such as higmperature tensile strength, hardness, and wear
resistancg¢31i 38]. Derived from the extensively researched CoCrFeMnNi, also known as
the Cantor alloy, AICoCrFeNi incorporatatin place ofMin to promote a BCC structure.
This BCC configuration is desirable in higkrength applications, as it typically exhibits
greater yield and tensile strength compared to FCC HH&wever, achieving some level

of ductility is essential in CS deposition to ensure effective particle deformation upon



impact, which typically requires an FCC phabethis context, the AICOCrFeNi HEA,
compared to the mediwentropy AICoCrFe alloy, incorporates Ni to introduce some
ductile FCC structur{86].

Although studies are being conducted for mediiand highentropy alloys as bulk
materials with singleand dualphase structuredittle exploration has been done on
tailoring the mechanical properties of particle feedstock through phase stability
adjustmentsThis work aims to evaluate the effects of Ni addition on the equiatomic
AlICoCrFe system, resulting in equiatomic AICoCrFeNi and -aquiatomic
AlCoCrFeNp.1(eutectic HEA). By controlling phase proportions in particle structures, an
optimal strengtkductility balancewill be achieved enhancing their performance as

feedstock in the CS process

1.4 Objective and Research Questions

The objectives athis study are to (a) design and synthesize equiatomic arequoatomic
AlICoCrFeNk (with varyingatomicratio ofNi, x = 0, 1, 2.1) particles usirige mechanical
alloying method, (b) assess phase evolution, morphology changes, and particle size
distribution of AICoCrFeNi(x =0, 1, 2.1) particles relative to milling time and Ni content,

(c) deposit these particles onto selected substratescdvon steel, maraging steel, and
Ti-6Al-4V alloy) via cold spraying, and (d) evaluate phase transformations, interfacial
bondingstrength, and mechanical properties of the resulting AICoCkH¢RA coatings

This study addresses the following research questions: How do milling parameters affect
the production of AlICoCrFeNix = 0, 1, 2.1) feedstock? What role does Ni content play

in phase evolution of AICoCrFefNparticles? How effective is mechanical alloying in

achieving the desired properties in AICoCrReplrticles? What influence do substrate



characteristics and spray parameters have on AlCoCylaeNosition? And finally, what

are the resulting microstructure and mechanical properties of the AICoQdealtings?

1.5Thesis Structure

The thesis structure is outlined fing. 1.1, which highlights the two main phases of this

study: (1) the production of AICoCrFeNix (x =0, 1, 2.1) HEA feedstock via MA and (11)

the deposition of this alloyddedstock through CShereferencesor Chapters 1, 2, and

7 are found at the end diemanuscript after the sectioledi Thesi s CoFort r i but
the convenience dhereackr, referencesitedin everypublicationpresented ilChapters

3to 6 are provided at the end tife correspondinghapter

Chapter 2 provides a detailed literature review covering the study's three core concepts:
high-entropy alloys, mechanical alloying, and cold spray. This chapter explores HEA phase
formation, including empirical and parametric methods for predicting solid soluliigy

impact of MA milling parameters on particle properties, and the influence of substrate and

spray conditions on particle bonding during CS deposition.

Chapters 3 through 6 present the publications resulting from this wo@hapter 3
discusses the design and experimental approach for MA of AICoCrFe and AICoCrFeNi
alloys, categorized as mediu@nd highentropy alloys. It examines key factors such as
thermodynamic parameters, composition variations, milling duration, and methods,
focusng on phase transformation to achieve desired proportions of BCC and FCC phases

and thereby tailor mechanical properties for specific applications

Chapter 4 investigates the nanoscale hardness and strength of HEA particles using

nanoindentation, addressing a critical gap in the mechanical characterization of HEAS in



particle form. Accurate assessment of feedstock properties is crucial for optimizing their

use in CS coatings.

Chapter 5 explores the effect of propelling gas in CS deposition of AICoCrFeNi particles
on steel substrates. This chapter addresses challenges in particle deposition onto hard
substrates, analyzing how gas type, feedstock, and substrate characteristics influence

interfacial bonding and pedeposition microstructure.

Chapter 6 details the CS deposition ofiedium entropy alloy (MEA) AlICoCrFe and
eutectic HEA (EHEA)AICoCrFeNbp.1 on Ti-6Al-4V and maraging steel substrates, with a
focus on the transition from particle rebound to effective coating. This investigation
assesses particle impact probability and adhesion on materials commonly used in marine

and aerospace applications.

Finally, Chapter 7 summarizes the findings, presents key conclusions, and offers

recommendations for further research stemming from this thesis.
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2.Literature Revi ew

This chapter provides a comprehensive literature review on the three key concepts central
to this study: higkentropy alloys (HEAS), mechanical alloying (MA), and cold spray (CS).

It examines the unique requirements of HEA feedstock for cold spray ampigathe
principles and benefits of MA for producing these particles, and the specific parameters
that impact particle characteristics. By addressing these aspects, the review presents the
current state of research on mechanically alloyed HEAL®remghasizing both the
challenges and opportunities in advancing HEA coating technology through optimized

feedstock design

2.1 High-entropy alloy

The alloying process typically involvesdding a minor elemental percentage to one
principal matrix element (e.g., irancopper, chromium, aluminum, and nickelbased
alloys), increasing lattice constraintas shown inFig.2.1, resulting in improved
mechanical properties of pure metdis 2004, a new approach to alloy design emerged,
focusing on creating stable and simple structures using multiple principal eldfn2hts
High-entropy alloys also referred to as compositionally complex alloys (CCAs) o
multicomponent alloys (MCAs)were introduced, consisting of five or more principal
elements, each in thrange of 5 to 35 atomic percent, often in requimolar ratios. Due
to high mixing entropy, HEAs can form stable, singlease solid solutions with face
centered cubic (FCC), boeyentered cubic (BCC), or hexagonal clpseked (HCP)

structures, dependirgn the elemental composition.
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Figure 2.1. Schematic illustration of BCC crystal structure of a.) perfect latticene)
principalelement alloy design, and c.) multiple principal element design (HEA)

Figure 2.2 illustrates the annual number of journal publications related to HEAhend
applications as coatings based on keyword searches for

entropy al | oyScopus littms:Aviwiw.scopiis.camnilThe figure provides

insights into the progressive increase in interest surrounding HEASs, especially as their
unique properties make them attractive for advanced applications in coatings, where

enhanced durability, corrosion resistance, and mechanical strength are critical.

The annual increase in publications suggests a steadily growing recognition of HEAS'
potential. Initially, research on HEAs centered around bulk materials, exploring their
unique microstructures and phase stability under various conditions. However, as
understanding deepened, attention shifted toward HEA coatings. These coatings are sought
for their ability to provide surface protection and wear resistance, which are highly valuable

in sectors such as aerospace, energy, and manufacturing.

The distribution of publications by country indicates that HEA research is concentrated
primarily in countries like China, Russia and India. However, Canada is notably
underrepresented, with only 1.3% of publications on HEAs, including coatings. This

underrepresentation highlights a potential gap in Canadian research and development
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(R&D) initiatives, particularly in a field poised to benefit industries crucial to the Canadian

economy, such as mining, aerospace, and environmental engineering.
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Figure 2.2. Annual publication trends for HEAs, HEAs as coatings, and couvisg
distribution of publications (as of 2023)

2.1.1Four core effects of HEAs

The microstructures and propertiesHEAs are significantly influenced bpte f our A cor
e f f ehigh entwopy effect, sluggish diffusion effect, lattice distortion effect, and cocktail
effect [3,6,40]. The hgh entropy and sluggish diffusioprimarily impact phase

transformatios within the alloy while thelattice distortion and cocktail effeatsodify its

overallproperties.
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The high entropy effecexplainswhy HEAs tend toform simplerphase solid solutian
rather than complex intermetallic componds This tendency is rooted in the
thermodynamic stabilization provided by configurational entropy. Specifically, the Gibbs

free energy of mixingy"C ) given by:
e e A% (2.1)

whereYQ |, "Y and¥YV  are the enthalpy of mixing, temperature and entropy of
mixing, respectively. In HEAS, ncreasing the number of elementaises the
configurational entropY™v , which stabilizesthe alloy into a singlephase solid
solution. In contrast, intermetallic phases are usually ordered phases witty"V
Configurational entropis one of the four contributois the total mixing entropy together
with vibrational, magnetic dipoJend electronic randomneg&. Configurational entrop

refers tothe number of waym which the available energy can be mixed or shared among
the particles of the systemnd is dominant over the other three contributiofisus,
whenever entropy is mentioned in this manuscript, it refers to the configurational entropy,

()

yv

Table 2.1presents the freenergyof mixing for various states of materials. The elemental
phasetypically a solid solution based on one metal elemexijbitslow valuesof both

YC ,andYV .Incontrast, intermetallic phases, with their stoichiometric and partially
ordered structures, also show Ic¥"Y  but high YO . However, random solid
solutions characterized by BCC, FCC, or HCP structures that incorporate diverse
elementsexhibitY’C®  values approximately half those of fully ordered states, with high

YV due to the diversity of elements. In such phases, as the number of constituent
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elements increases, the free energy t "Y'V becomesincreasingly negative,

particularly at higher temperature’Y thus further stabilizing the alloy in a singlbase

solid solution[6].

Table 21. Comparisons c¥Y'C , ¥V andY'C for elemental phases, intermetallics,
and random solid solutions with strong bonding between constituent elements

Phases yﬁ] Oie g"”%ku N | S/“D e
Elemental 0 0 0
Intermetallic Large negative Medium Large negative
Random Solid  Medium negative ~ ¥*V Yl ¢ Larger negative
Solutions

The sluggish diffusion effecis another core effecprofoundly influences phase
transformation in HEAS, contributing to their distinct microstructural properties. In HEAS,
phasetransformations are diffusielimited due to the cooperative migration required
among various types of atoms. During diffusion, lattice vacancies are surrounded by atoms
of different elements, which compete to occupy these sites, creating a high engagy bar
for atomic movement. This effect is exacerbated by lattice potential energy (LPE)
fluctuations, where lovLPE sites act as "traps" that hinder atomic mobility. As the number

of principal elements increases, diffusion slows, leading to a delay in phase
transformations, which consequently affects the microstructural development, such as

phase morphology, distribution, and growéj. This effect al so i

14

n f



mechanical properties by limiting grain growth, thus enhancing overall strength and

stability

The severe lattice distortion effeatises from the varied atomic radii among elements in
HEAs, which causes significant | ocal strai
due to solution hardening. Each atom in an HEA lattice is surrounded by neighbors with
different atomic sizesesulting in substantial lattice strain and stress, as shokig.i2.1

Studies suggest that HEAs with a predominant BCC phase generally exhibit higher
hardness compared to those with an FCC structure. This iziattrdbd t o t he BCC s
fewer nearest neighbors (8 compared to FCC
and solution hardenin@6,41,42]. Due to these characteristics, B&Cuctured HEAS are

particularly suitable for higistrength applications.

Thecocktail effecin HEA enhances their overall properties through complex interactions
among constituent elements, in addition to lattice distortion. Initially, properties such as
hardness, corrosion resistance, and phase stability may be predicted by the rule of mixture;
however these properties can be furtloptimized by elemertélement interactions within

the alloy. Studies have shown, for example, that adding molybdenum (Mo) to
FeCoNiCrMry (x= 0.25, 0.6, 0.8, IHEA promotes a transformation fromsangle FCC
phaseto a mixel FCGBCC phase, thereby improving hardnéss41% and reducing
friction by 40%][41]. Similarly, 10% Mo additions in AICoCrNi alloys have been found to
increase corrosion resistanp&3]. In AlxCoCrCuFeNi(x = 0, 0.1, 0.2 and 0.3and
AlxCoCrFe&Ni (x = 0.5, 1.5, 2.5 and 4JEAs, increasinddl content raises hardness and
tensile strength by enhancing the volume fraction of the BCC pimaiggducing distortion

in the crystalline lattic§25,26,42]. However, increasing Fe contentAlICoCrFeNi (x =
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42.5at.%, 44.9at.%, 47.5at.%, 50.4atf@yeduce costs can compromise hardriess

470HV to 279 HVand increase creep deformation due to a shift from BCC to a dominant

FCC phasd27]. Additionally, raisingCu content in AbyeCrFeCoNiCy HEA coatings

leads to a phase shift that reduces hardness and wear resistance as more FCC phases appear
[10]. Thus, carefully optimizing element composition is essential to leverage the positive

impacts of the cocktail effect in HEAs.

The unique properties of HEAs arise from the interplayigi entropy, sluggish diffusion,

lattice distortion andcocktail effects each contri buting to the
overall performance. By tailoring element composition and understanding these core
effects, HEAs can be engineered for applications demanding high strength, durability, and

thermal stability.
2.12 Alloy design and phase selection rules in HEA

Yeh introduced a classification of alloys based on configurational entY™v ),

dividing them into low, medium, and highentropy alloys[6]. The configurational

entropy, derived using Boltzmannds equatio
yv ™D (2.2)

whereQi s t he Bol t z mdnsihé sumibeoah waysanmwhichahe dvailable

energy can be mixed or shared among the particles of the sy&temquiatomic alloys

(where each element is present in equal atomic proportions), the ideal configurational

entropy is given by44]:

yv vk (2.3)
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whereYi s t he gas ¢ ohAskf amdttis the BlumBet df eldmkntsoir the
system.This model provides a framework for categorizing alloys baseY™v : low-
entropy alloys(LEASs) or traditional alloyshave ¥V pY, mediumentropy alloys
(MEAs) havepY YV p®Y 1R, andHEAsS, which is the focus of this studgxhibit
yv p&'Y [3].

Increasing the number of elements in an alloy re¥"V , influencing thephases, phase
formation kinetics lattice strain, andverall properties[6]. The high configurational
entropy YV  reduces the free energy of formation of solid soluticY’® in
accordance with th&ibbs free energy of mixiny"C  (Equation 2.1) and thus stabilizes

the solid solutions especially at high temperatL™¢s,

2.1.2.1 Composition and struture of HEAS

Themost useclements in the study of HEAs are transition metath ad-e, Ni, Cr, Co,
Al, Ti, Cu, and Mn,listed in decreasingorder of frequencyof usein Fig. 2.3 [45].
AICoCrFeNi is anotableHEA composed of thee frequentlystudiedelements. It i®ne of
the many derivatives of the first HEAnown as Cantor allgywhich consistof Co, Cr,
Fe, Mn, Ni and was found to have FCC single phase stru@jrie Substituting Mn with
Al in the Cantor alloy can drive a phase transition from FCC to BCC, highlightinglthe

of specific elements as phase stabilizers.

For instance, in ACoCrFeNi alloys with an aluminum context> 0.8, the material
transitions to a single BCC phase, with Al acting as a BCC stab[lez@r In this
configuration, Al promotes aordered BCC structure when alloyed with Ni, Co, and Fe,

resulting in notable mechanical propertj26,37,46,47]. While elements such as Al and
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Cr are BCC stabilizers, Co and Ni are associated with stabilizing FCC phases. This
interplay between element types and their stabilizing effects on alloy structure underpins
the ability to finetune HEAS for specific performance needs, such as enhaneadthtr

wear resistance, and thermal stability.

152
147 142 140

98

PMHEA

50 50
36

18 13 4

Fe Ni Cr Co Al Ti Cu MnMo V Zn Zr Ta W Nb Mg Si

Figure 2.3. Frequency of alloying elements in studied HEA]

Although HEA received its name from its high configuraticgraropy merelyincreasing

the number of alloying elements may not be sufficient to stabilize the HEAs into single
solid solution phase®\dding the right element is critical for phase stabiliyie to the
limited availabilityin studying phase formation in HEA due to the lack of phase diagrams,
researchers rely othermodynamic propertie® predict solubility and phase formation
[39,48,49]. These properties include teatropy and enthalpy of mixing, atomic size and
electronegativity differences, valence electron concentration (VEC), and the number of

itinerant electrons per atom (e/a)
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2.1.2.2 Prediction of phase stability in HEAs

Traditionally, the HumdRothery rules have been used to predict ssdidition formation

in binary alloys, focusing on factors such as atomic size, electronegativity, and electron
concentration. Researchers have adapted these rules for HEAs by usingegyar#mé
reflect the complexity of multicomponent systefResearchers initiallgmployedtwo key

factors inter-elemental atomic size differenmedchemical compatibilitamong elements

which involves electronegativity difference or the enthalpy of mixaeg.

The atomic size differencparametet describes theverall effect of the atomic size

difference of components and is calculaasdollows:

1 B wp - (2.4)

whereN is the number of elements in the HEA systeins the atomic percentage of the
ith component;; is the atomic radius of the component, afisl the average atomic

radius using
ir B i (2.5)

A low 1 value generally promotes the formation of siAghase solid solutions, while
higher values indicate a likelihood of multiple phases, as large atomic size mismatches

create lattice distortions that disrupt homogeneity.

The parameter which describes ttieemical compatibilitypetween components is the

mixing enthalpy, O and determined using

0 B 5 ok (2.6)
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wherem is the regular melinteraction parameter betwegh andjth componentand is

expressed as:

T O 2.7)

where 'O is the mixing enthalpy of binary allogandj. Table 2.2 shows O

values for common binary paingjth aluminum exhibiting highly negative values when
combined with Co, Cr, Fe, and Ni, suggesting strong bonding tendencies with these
elements A high negative O value typically stabilizes the alloy by reducing the

likelihood of phase separation.

Table22. O ,ent halpy of mixing (kJ/ mol) for al
model[50]

Element Al Co Cr Fe Ni

Al 0O -19 -10 -11 -22
Co O 4 -1 O
Cr 0 -1 -7
Fe o -2
N i 0

Phase formatioand stabilityaregoverned by inherent thermodynamic and kinetic factors
of the system. I¥"V  of a system is high enough, Gibbs free energy of mbyY'C
will be minimized, stabilizing a solid solution over intermediate phases or intermetallic

compounds, which is known as the high entropy effect.

The™ - parameter provides further insight into phase stability, specifically distinguishing
between singlphase solid solutions, mulbhase solid solutions, anthtermetallic

compounds. It is calculated usirj§1], [52].
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p— (2.8)

This parameter was refined by Singh e{%2] based on criteria proposed by Zhang et al.

[39] for phase stabilityThe Zhang criterishown inFig.2.4indicatethatsingle phase, and

multiphase solid solution microstructures may be foundrid@n b ¢® P and
pRQBIE & O L QG £ .0Higher values of (above5%) favor multiphase

structures due to increased atomic size mismatch

®  solid solution
o ordered solid solution
4 intermediate phase
a v bulk metallic glasses
=.
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Figure 2.4. Relationship of thermodynamparameter and mixing enthalpy, O
[19]

UsingS i n ¢ h pasameter criterishown inFig. 2.5[52], singlephase solid solution

microstructures may be found in the region @0 ¢— . multi-phase solid solution

microstructures are stable in the regmf) T T[&)(p—o, and intermetallic

compounds are observedin 1@ T 5 -
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Figure 25. Relationship oparameter and mixing enthalpy, ( [27]

These criteria, shown iRigs. 2.4and2.5, provide a thermodynamic framework to guide
alloy design and predict phase behavior in HEAs based on compositional and atomic
characteristics. By carefully tuning alloy composition to optimize O , and™,
researchers can design HEAs withsired microstructures and mechanical properties,

facilitating the advancement of these materials in engineering applications.

To predict the phase stability in HEAS, two electronic paramet#isC and the number
of itinerant electrons per atom (elapre calculatedisingEquations 2.6 and2.7. These

parameters help determine whether the alloy will favor FCC or BCC solid solutions.

©w086 B OwwO6 w06 (2.9)

(2.10)

where VEG and' (@& are the valence electron concentration and the number of itinerant

electrons per atom of th& component, respective[$8,53].
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The VEC is calculated to understand the stability of FCC versus BCC phases in HEAs. It

considers the valence electron concentration of each element in the alloy.system

Moreover, he number of itinerant electrons per atdi#ic) offers additional insight into

the electronic nature of the alloased orestablished criteria dhese two parameters,

FCC solid solutions are stablehen VEC > 7 .5 and 1.6 < e/a < 1.8, while BCC solid

solutions arestable when VEC <7.5and 1.8 < e/a < 2.3.

The availablehermodynamic propertigs predict solubility and phase formation in HEAs

are summarizeoh Table 23.

Table 23. Thermodynamic properties of mediuand highentropy alloys

Factor Parameter Criteria

Atomic size : B &Hp - Solid solution region:
difference r @b 1 & band
Chemical o B ;&b ’f’ UL v e
compatibility

Atomic size - Single-phase solid solution:
difference and - T8 ——

inherent

thermodynamics Multi-phase solid solution:

(to predict TR T T80 ——
presence of ° _ °
solid solution or Intermetallic compounds:
intermetallic) - 8 .

Chemical 08 B BOOS O FCC solid solutions: VEC > 7 .}
compatibility ~ @ ©0 wwO0 W00 gn416<ela<l.8

(to predict BCC solid solution: VEC < 7.5

phases present) -

and 1.8<ela<2.3
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2.13 Influence of processingoute on HEA synthesis

In addition to compositional effectgrocessing methods substantially impact the
microstructure, phase stability, and properties of HHBE Common processing
approaches for HEAs can be broadly categorized into three typed:state processing,

solid-state processing@nddeposition techniques.

2.1.3.1Liquid -State Processing

Bulk HEAs are often synthesized using licusihte processing techniques, including

vacuum arc melting47,54,55], vacuum induction melting, and melt spinning.

These methods involve melting and alloying elements under controlled conditions to
achieve homogeneity. Heat treatment within this process is crucial for inducing phase
transformations that enhance mechanical properties. For exampleAl@tderFeNi HEA

system, an FCC phase initially forms but transitionsgeedominanBCC structure at 500

AC, where the BCC phase reaches approxi mat
this temperature, achieving values as high as 1124(FHY. 2.6, attributed tograin

boundary relaxatioat early-stageannealingand phase transformation from FCC to BCC

at elevated temperaturfsy].

A study on the same alloy noted that for effective homogenization, the temperature should
exceed 1200 °C, allowing phadissolution. Upon cooling, two types of precipitates form,
enhancing compressive strength and reducing thermal contr§®@p However, liquid

state processing presents challenges, particularly with controlling composition. Elements
with low boiling points may partially evaporate during the melting process, complicating

compositional consistency.
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Figure 2.6. Hardness of AICoCrFeNi HEAas annealing temperature incr¢aggd

2.1.3.2So0lid-State Processing

For producing particulate HEAS, solfdlateprocessing techniques such as MA are widely
employed. Mechanical allayg is a coseffective method where powders of different
metals are blended and repeatedly deformed, allowing diffusion between particles and
resulting in a homogeneous alldy7,57,58]. This technique overcomes alloying
challenges due to differences in melting points, making it suitable for materials that are

difficult to alloy through melting.

Given its advantages, MA will be used in this study to synthesize HEA particles, as detailed

in Section2.2

2.1.3.3Deposition Techniques
Following particle synthesis, deposition techniques enable the transformation of HEA
powders into various functional forms, including 2D or 3D coatings, freeform 3D/4D

structures, and remanufactured or repag@thponents. Cold spraying is a relatively new
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particle deposition method that preserves patrticle properties sinu®tiess occurs below
melting temperatures. However, phase transformation has been observed in HEAs
processed via CS. For instance, CrFeNiMn HEA particle feedstock was deposited to form
a single FCC phase coating with high hardi#8§ The initial powder contained a minor
BCC phase, which was absent in the final coating, indicating phase transformation during

deposition.

Further studies reveal that HEA coatings produced by CS show improved hardness and
microstructural refinement compared dscastor untreated HEA powders. One study
found that CS HEAs exhibited hardness nearly three times that of the original particles due
to increased dislocation density and evolved grain boundaries, attributed to dynamic
recrystallization at interparticle region@-ig. 2.7) [16]. Additionally, tribological
evaluations indicated that CS FeCoNiCrMn HEA coatings have lower wear ratdsaban t
deposited via laser cladding, attributed to diin@ grains, deformation twins, and high

dislocation density within the C&ating [8].

101

Figure 2.7. EBSD images of a.) a single HEA particle and b.) CS HEA

2.2 HEA synthesis using mechanical alloying

While most HEA synthesis relies on melting and solidification methods to achieve

solubility, MA has emerged as an effective alternative for producing homogeneous alloys,
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particularly when constituent elements have widely differing melting posush as
copper and leathat may affect the degree of homogenization of the HEA57,59]. It is

also applicablen more extreme caseghere the metal with a low melting point would
vaporizeat temperatres above the melting point of the second mewh synthesizes
HEAs by milling elemental powders to the atomic scale using equipmerpléiketary

ball mills, SPEX mills, and shaker rod mills. Unlike traditional melting processes, MA is
a solidstate technigue aimed at producing homogeneousgfaia HEA powders. In MA,
elemental precursors are subjected to repeated deformation ancefrattich continually
exposenew surfaces, enabling particle forging and welding at an atomic[lEfjelThe
process at only promotes solubility but also favors the formation of sipilase alloys

as it enhances mutual solid solubility of elements at room temperature. This section details

the key parameters and conditions that influeals synthesis via MA.

2.2.1 Effect ofmilling p arameters

The success of MA depends significantly on variables suahilieg -speed.-time, -
temperature;atmosphere, process control agent (P@GAY type of mill, batto-powder

ratio, type-, size-, size distributiori of milling media[59]. These parameters collectively
determine the final characteristics of the milled alloy, including particle size, morphology,
and homogeneity. For example, in experiments involving aluminum, milling at 200 rpm
with 10 mm balls and a BPR of 10:1 fori¥® hous led to particle agglomeration with
rough surfaces due to high temperatures generated during the pé@je¥ghen the ball

size increased to 15 mm andr@th with faster milling, particle size grew due to intensified

collision forces that promoted welding.this stug, direction reversal and periodic pauses
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(e.g., a Iminute pause after every 15 minutes of milling) shifted particle morphology from

flaky to spherical, leading to finer particles.

In studies using graphemeinforced Al, a lower grinding ball size (5 mm) and higher
milling speeds (105060 rpm) resulted in narrower particle size distribution,
highlighting the effect of smaller ball sizes on achieving a finer, more homogenous alloy
powder [61]. However, contamination remains a challenge in MA, as waat
contamination from milling vials and balls, and the undesirable formation of oxides and
carbides due to the milling environment and PCA §$&¢9,62]. Usingstearic acid as a
process control agent (PCAYesulted in lower contamination than methanol, as stearic
acid acts as a barrier, reducing unwanted particle adhesion to the milling equ2hent
Studies indicate that contamination levels remain low (aroundat.1%8 after 40 80 hours

of milling with the right PCA

2.2.2 Effect of process control ager(PCA)

PCAs are essential in MA to manage cold welding frequent occurrence in ductile
materials. PCAs like toluene (for weiilling [17],) and stearic acid (for dry milling3])
prevent excessive welding and maintain a narrow particle size distribution. In ductile
materials, particle surfaces are highly prone to miorging, leading to particle
agglomeration instead of dispersiand achieving a narrow particle size distribution
Without PCA, the particles would experience severe plastic deformation, resulting in poor

contact and minimal diffusion between particles, which limits alloy hormetgei®3,64].

PCAs, like nheptane, dodecane, ethanol, methanol, polyethylene glycol, and hexanes,
reduce this effect by coating particles and preventingvealeing. Tuning PCA

concentration is also important: a study found that using stearic acid at concentrations
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exceeding 2 wt.% produced optimal particle size reduction within a specified milling
duration [63]. By minimizing cold welding, PCAs not only improve product yield but also
ensure finer, more uniform alloy powders, crucial for applications where precise particle

size control is necessary.

2.2.3 Influence of elemental interaction

Mechanical alloying uniquely allows for sequential alloying, a method proposed by Vaidya
et al., which adds elements stepwise rather than mixing all components simulianeous
[38]. Sequentialalloying can influence phase stability and morphology, with some
elements favoring certain phases. For instance, a specific sequehieCadFe-Cr, tends

to form a singlephase BCC structure, whereasNieCo-Cr-Al results in an FCC phase as
high as 25%Fig. 2.8. Al acts as a BCC stabilizer regardless of the sequence, whereas Ni
and Co typically promote FCC phases, except when Co follows Al due to its affinity for
Al. Cr favors BCC formation, suggesting its role in stabilizing BCC structures under MA

conditions.

These sequence effects, however, are unique to MA, as no substantial differences are
observed when el ements are alloyedstatef a ar c
high-energy approach allows for precise manipulation of elemental interactnas)cing

the ability to tailor phase composition and material properties in HEAs.
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Figure 2.8. Volume phase fraction of HEA mechanically alloyed in sequ§3tie

Another studyon sequentially alloyed HEAS, specifically AINiCoCrFe, CoNiFeCrAl, and
FeCrNiAlCo, explored how microstructural propertiesuch as grain size, dislocation
density, and crystal structuranfluence corrosion resistandé5]. The authors observed

that as grain size increased and dislocation density decreased, the corrosion resistance of
the alloys improved. This finding aligns with the general understanding that larger grains
reduce the number of grain boundaries, which acpatential sitefor corrosion, thus
enhancing stability against corrosive environments. Additionally, a lower dislocation
density minimizes residual stresses that can accelerate corrosion, contributing to improved

durability.

The study also highlighted the role phase fraction ratiosn determining corrosion
behavior. A balanced phase composition was identified as crucial for optimizing corrosion

resistance in HEAs. Specifically, alloys withBCC to FCC phase fraction ratio of
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approximately 3:2 demonstrated notably supecimnrosion resistance. The BCC phase
provides structural stability and hardness, while the FCC phase enhances ductility, creating
a balance that not only resists mechanical wear but also withstands corrosive attacks. This
optimized BCCratio, combined with larger grain sizes, enabled the alloy to achieve

enhanced corrosion resistance, making it suitable for applications in harsh environments.

2.3 HEA deposition via cold spray

In manufacturing, surface modification is crucial for enhancing material properties, often
achieved by coating surfaces to improve wear resistance, corrosion protection, or hardness.
Cold sprayis a versatile coating deposition method where the powder material remains in
a solid state during the entire spraying pro¢é8s70], avoiding any thermal degradation,

as the deposition temperature stays below the melting point of the feedstock materially
advantageous for depositing materials sensitive to heabadation, and the process can

even be conducted onsite using portable CS equipment, making it suitablesfar in

repairs and industrial applications.

During the process feedstock particles are accelerated to velochi@d to 1200 m/s,
surpassing a threshold known as the critical velocity. This-épgied impact induces
intense plastic deformation and adiabatic shear instability, resultengnetallurgical bond
between particles and the substrate, as well as among the particles thejh8dl9¢ ST he
bonding mechanisnm CSinvolves two primarynteractiorsi (i) initial particlesubstrate
contact which can result in particle rebound or adhesion followedibyérticleparticle
interaction which will result in the formation of consecutiagers Multiple parameters
illustrated inFig. 2.9 are carefully controlled to achieve optimal bonding for specific

particlesubstrate pairinglg0].
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Figure 2.9. Parameters that influentiee adhesion strength CS[70]

2.3.1 Effect of cold spray parameters

The effectiveness of CS relies on optimizing various spray paradetersiding nozzle
design, gas type, spray temperature, and pre$s6r&0]. Spray pressure is especially
crucial for propelling particles to the required critical velocity. For instance, in the
deposition of CoCrFeMnNi, studies identified an operational window where particle
impact velocity must exceed a minimum critical velpddr effective bonding but should
remain below an upper erosion velocity. Exceeding this upper threshold can cause the

particles to erode rather than bond with the surface.
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Figure 2.10. a.) Schematidiagram of CSAM process, and b.) relationship of spray
parameters to deposition efficiend]
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Additionally, raising the spray temperature can enhance daotitle impact temperature

and velocity[71] as shown irEquation 2.11, leading to an increase in adhessirength.

0 =YY (2.11)

Whereu of gas inside the nozzlé, is the gas heat capacity, is the gas heat capacity

at constant voluméyis the gas constant, aitds thegas temperature at the nozzle inletin
0. A rise in particle impact temperature results in softening that facilitates particle
deformationduring impact, which leads to improved bonding at the interfidlosvever,
low-melting materialssuch asAl can start clogging the nozzle after an inevitable rise in
temperature Therefoe, the upper limit inthe increase in temperatufer attining

maximum particle velocity without nozzle clogging depends on feedstock properties.

2.3.2 Influence of feedstock particle size angroperties

The size, morphology, and density of feedstock particles significantly impact CS outcomes
[18,66,71]. Smaller particles generally accelerate more readily within the gas stream,
achievingcritical velocities more easily than larger particles. However, the particle size
distribution directly affects the coating's uniformitpnly those particles reaching critical
velocity contribute to the coating layer, while slower particles may bounce off, resulting in
reduced deposition efficiencyParticles that exceethe critical velocitymay erode the

substrate surface or tipeeviouslydeposited particles.

When thevelocity reaches the critical value, known as the critical velocitypésticle
deposition, localizeglastic deformation occurduring impactcausing adiabatic shear
instability [66]. It has beefound that shear instability decreases as particle size decreases

Furthermoreth e par t i c Hissipabeheat bfterlimpacinovnas the cooling rate
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or mat er i al,plays assigreficantipartin effeetiaetbondifiB]. This cooling
rate must be at the right level to promote shear instability and ensure immediate cooling

upon impact to complete bonding at the interface.

Two particle morphologieare being used in CSirregular and sphericaParticles with
irregular morphologyexhibit a higher mean particle velocitgan sphericamorphology,
mainly due to theirhigher surface area in contact with the propellant §bas enables
irregular particles to achieve higher kinetic energy, potentially improving deposition
efficiency.However, spherical particlggenetrate deeper into the substrate and undergo
process known gettingi a localized, higkenergy deformation that enhances the contact

area between thgarticle and the substratesulting in strongeadhesion

Beyond morphology and size, the material properties of the feedstock particles play a
critical role in the CS deposition mechanigft@]. Particles made from softer materials tend

to deform more readily upon impact, which increases the contact area amuphoges
adhesion strength. In contrast, harder particles, while more resistant to deformation, can
cause erosion on the substrate surface, potentially reducing adhesion by removing some of
the substrate material. Soft particles, by deforming over thdratdsvithout significant
erosion, typically form stronger bondcherefore, the hardness of the particles is a crucial

factor in the adhesion mechanism during cold spray deposition.

2.3.3 Influence of substrate properties

One challeng®f using CS to deposit material is the incomplet@etration of particles
into hard substratesThis incomplete bonding is primarily due to the resistance of hard
substrates to plastic deformation upon particle impact, which is essential for creating a

metallurgical bond. However, studies show that increasing spray pressure can boost
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particle velocity, which enhances deposition efficiency by providing particles with the
necessary momentum to penetrate harder surfaces. Additionally, reducing theffstand
distance (the distance between the nozzle and substrate) improves adhesion by
coneentrating particle energy upon impact, which increases bonding strength on harder

substrate§72].

Recent research specifically examining the deposition of CoCrFeMnNi HEA onto
substrates of varying hardness (low, medium, and high) provides insight into how substrate
properties affect the CS procd38]. This study found that substrate microstructure and
mechanical properties significantly affect particle impact morphology. For instance, on
medium and highhardness substrates, smaller particles demonstrated partial detachment
due to insufficient energip penetrate or deform the substrate effectivelyictvled to a
weaker bond. Il n contrast, even p-hardndasc | es
substrates, resulting in a robust bond and deeper plastic strain fields beneath the HEA
particles. This was attributed to the enhanced plastic deformatioievable on softer

substrates, which allowed particles to embed more effectively.

These findings underscore the critical role of adjusting CS paramsteds as spray
pressure, standff distance, and particle velocjtppased on the substrate hardness to
achieve optimal deposition. Feedstock particle size distribution and morphology are also
crucial, as particles must have adequate mass and velocity to overcome the substrate's
hardness and bond effectively. Therefore, a tailored combination of CS parameters and
particle characteristics is essential for ensuring Hgigality HEA deposition, egzially

when working with substrates of varied hardness.
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3. Mechamhil ¢a@alying of Al CoCrFe and Al C

Experi ment al ExpltaondatHioghhr opy MAMDI a

This chapter presents the development of AICoCriEIRIA feedstock via mechanical
alloying. Itscrutinizes the influence of key factors, including thermodynamic parameters,
composition variations, milling duration, and milling methods, on phase transformations
The aim of this work is to produce HEA particles of desiradtions of BCC and FCC
phases. The manipulation of these phase fractions is expected to enable the tailoring of

mechanical properties to meet specific requirements.

This chapter has been published as: Aisa Grace Custo@iobinda C. Sahaand
Clodualdo Aranas Jr A Mec hani cal all oying of Al CoCr Fe
experimental evaluation of mediurand highe nt r opy al |l oy particl es

Powder Technology, p. 119556, Feb. 20#tps://doi.org/10.1016/j.powtec.2024.119556

*Aisa Grace Custodio served as the main investigator of this study and was responsible for
writing the manuscript. Gauthors contributed to conceptualization and finalizing the

manuscript.

3. 1Abstract

The manufacturability of equiatomic higimtropy alloy (HEA) particlevith single and
dualphase crystatructures using the higgnergy mechanical alloying (HEA) method

was explored in this studizollowing a material desigof-experiment (DoE) curriculum
particles were synthesized in a planetary,nadrying milling times while operating under
two distinct HEMA manufacturing regimes: the conventional approach (simultaneous

milling of constituent elements) and the sequential method (progressivegnilhile
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introducing elements in a specific orde¥ithin the conventional regime, equiatomic
AICoCrFe and AICoCrFeNi blends were milled, with a focus on the influence of
incorporating nickel (Ni) as a transient element into the base composition. This led to the
achievement of an equivalent particle sizgribution ranging from8 0 0 & m. Notab
the presence of Ni resulted in an increased fraction of thectatered cubic (FCC) phase,
coupled with a simultaneous reduction in graml crystallitesizes, thereby enhancing the
overall material strengtiThe imparted knowledge was taken to the design/synthesis of a
target equiatomic FeNiCoCrAl HEA systerim this context,individual elements were
added to the starting/milled Fe+Ni allayfourhour intervals, aligning with the sequential
milling regimen. Results showed ainteresting evolution the conventionally milled
AlICoCrFeNi particles exhibited a duphase bodyentered cubic (BCC) and FCC
structure, with a composition of 55% BCC and 45% FCC phase fractions, while the
sequentially milled FeNiCoCrAlarticles demonstrated a singlease BCC structure after

24 hours of milling.

Keywords Material design; Higfentropy alloy;AICoCrFeNi FeNiCoCrAl Dualphase

structure; Sequential milling

3.2 Introduction

Elemental alloying, in which minor elements are added to one principal element, is
conveniently performed to improwiee mechanical properties of pure metals. For decades,

it hasbeen accepted that the presence of multiple principal elements in an alloy system
leads to intermetallics and complex microstructures [1]. The 2004 discovery of the first
equiatomic higre nt r opy all oy (HEA), known as the 0

shift advancing multiple principadlement equiatomic and n@&guiatomic alloyresearch.
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The idea was based on configurational entr¥y available in the system [2]. Since
then, Yeh et al. and others [1, 2] have grouped alloys inteelavwopy, mediurrentropy,

and highentropy categories based on the elemental upper and lower gas constant
boundaries. For example, lesntropy alloys (or tmitional alloys) maintairy3 p 2
mediumentropy alloys belong tp 2 Y3 p® 2 and HEA haveY3 PR 2
where?2 is the gas constant (8.314J/K.mol) [3]. It is therefore understood that the HEAS
are compositionally complex alloys (CCA) in comparison with their-lowmedium
entropy alloy cousins, with five or more principal elements present each having between
5-35at.%. HEAs are mainly found to be singlkase solid solutions thanks to their high
mixing entropy, with recent reports of forming famentered cubic (FCC), bogyentered

cubic (BCC), or hexagonal clogmcked (HCP) configurations [1,2]. They possessuaiq

|l attice distortion capability attr d8)tive

Despi t e HE A Gesogtitiongrecent studies have found that this factor alone is
insufficient to influence the formation of simple phase solid solutions. The Cantor alloy
with Co, Cr, Fe, Mn, and Ni, for example, exhibits a stable FCC structure [9]. Replacing
Mn with Al haschangedhe alloy to a BCC stable structure with higher tensile strength
accommodation. The observation of such thermodynamic maneuverability from
participating elements has been connected to their physical and chemical attributes: atomic
size difference, ionic @rge negativity, and enthalpy attached to mixing ratios, among
others [10][14]. When optimized, the possibility of improving HEA material properties,
including hardness, wear/corrosion/oxidation resistance, and thermal stability has been
recoqnized and pursued through new elemental combinations alongside renewed alloying

route design [#48,15 26].
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AlCoCrFeNi alloy is one of the widely studied BCC systems forsigéngth applications.

The manufacturing routes explored to produce this alloy are either-Btptiel processing

(e.g., casting) or solidtate processing (e.g., powder metallurgy) whidcludes
mechanical alloying. At a bulk scale (casted material), the addition of Ni to AICoCrFe to
produce AICoCrFeNi HEA decreases hardness and wear resi2ahcenjs is attributed

to the transformation of some B&GBucturesnto the more ductile FCEtructure. Further,

the phases formed during casting are highly dependent on elemental constituents and their
properties, predominantly, melting temperature. Looking for an alternative manufacturing
method, Vaidya et al. B} performed mechanical alloying by milling process and
demonstrated a final HEA phase structure comprised of different phases by following a
certain all oying sequence, hence the ter:
sequentially milled nanocrystalline AICoCrFeNi particles showbd presence of
combined BCC and FCC phase evolution for78hours milling window at 300 rpm.

While extended milling time increased the homogeneity of the manufactured alloy, a higher

than usual contamination was however noted originating from the gnitiedia.

Considering recent findings by Vaidya et aB][2nd the limited existing literature on the
development of HEA patrticle feedstocks, this study aims to investigate the impact of
introducing Ni into the AICoCrFe alloy on the fractions of BCC and FCC phases. The
manipulation of these phase fractions ipented to enable the tailoring of mechanical
properties to meet specific requirements. Furthermore, a comparative analysis between
conventional and sequential mechanical milling techniques, assessing féws eh the
AICoCrFeNi alloy was investigated Given the intended application in coating

manufacturing, evalueig the compatibility of the resulting feedstock with higkressure
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cold spray (HPCS) processess included Specifically, this research scrutinizes the
influence of key factors, including thermodynamic parameters, composition variations,
milling duration, and milling methods, on phase transformations. We aim to establish
correlations between these factors ati@ ultimate properties of the equiatomic

AlCoCrFeNi alloy feedstock particles.

3.3Experimental Methods
3.3.1Materials

Elemental powders of Al, Co, Cr, Fe, and With purity higher than 99%, were procured
from Fisher Scientific, Canada, and used as raw materials to create the initial blended
mixture of equiatomic AlICoCrFe, AICoCrFeNi, and FeNiCoCrAl systefrable 3.1

shows the equivalent elemental weight percentage used in each composition. A batch of
100-g mixture in a single vial was mechanically alloyed in a planetary ball mill (PQ Series
Gear Drive 4station) using a constant rotation speed of 580 Bowit.% stearic acid was
added as the process controlling agent (PCA) to prevent cold welding of particles,
maintaining a 10:1 batio-powder ratio (BPR), utilizing 6nm diameter hardened steel
balls Sample specimens were collected aftary 4hours to evaluate treffect of milling

time on particle characteristic3able 3.1 also shows the average elemental weight
percentage measured on HEA patrticles in SEM/EDS after 24 hours of milling showing the
presence of the starting elemental constituents after mechanical alloying. As observed in
the naming of the alloy system, theratnts of the conventionally milled alloys, in this
work, AICoCrFe and AlICoCrFeNi are arranged alphabetically. On the other hand, the alloy
FeNiCoCrAl, processed through sequential milling is ediaccording to the specific order

the element is added.
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Table 3.1. Composition(in wt.%) of the studied HEAs

Alloy system Al Co Cr Fe Ni

Before milling (initial wt%)

Al CoCrib 4 30 27 29 0
Al CoCrit 4 23 21 22 23
FeNi Coc 4y 23 21 22 23

After 24 hof(aversgewtto) mi | | i ng
Al CoCrt 44 28 24 30 0
Al CoCrit 44 21 19 26 20
FeNi Cot 4y 21 18 22 22

Iprocessed via conventional milling
processed via sequential milling

3.3.2Methods

Two HE-MA regimes were followed: conventional and sequential. While AlICoCrFe and
AlICoCrFeNi HEAs were allowed to use the conventional regime by milling all the
constituent elements simultaneously, FeNiCoCrAl was milled sequentially, meaning
elements weredmled every 4 hours (FeNi + Co + Cr + Al). All experiments were replicated
three times and randomized to remove errors caused by machine variance and experimental

bias. As a result, there was a total of 54 material batches to run.

Specimen ID along with the primary milling parameters are preseniiezbie 3.2. In the
initial phase of the DoE employing conventional milling, Ni, an FCC element recognized
for enhancing corrosion resistance and mechanical properties, is introduced into the

mediumentropy alloy AICoCrFe. Subsequently, the study explores the influehce
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elemental interaction through sequential milling of FeNiCoCrAl, denoted as the
progression of the element addition. A comparative analysis is performed between the
characteristics of the medium entropy alloy AICoCrFe and the high entropy alloy
AlICoCrFeNi. Additionally, a comparison is made between conventionally milled
AlCoCrFeNi and sequentially milled FeNiCoCrAl. The assessment of process yield post
HE-MA involves calculating the difference between the initial and final weights of

specimens before and eftmilling, respectively.

Table 32. HE-MA desigrof-experiment (DoEvith primary milling parameters and
alloy design

Milling regime Alloy system  Milling time (hour) Specimen ID
I(\:/Iioln?/cgﬂtgi AH-CG--CH-Fe 4 C-Ni0-4
( Nio)=
8 C-NiO-8
12 C-Ni0-12
16 C-Ni0-16
20 C-Ni0-20
24 C-Ni0-24
wilione o
8 C-Nil1-8
12 C-Nil1-12
16 C-Nil-16
20 C-Ni1-20
24 C-Ni1-24
Fe+ Ni 4 S-Nil-4
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Sequentii FeNi +C 1
Mi | 19ng 8 SNiL-8

FeNi Co+ 12 SNi1-12

FeNI CoC 16 SNil-16
FeNI CoC 20 SNi1-20
FeNi CoC 24 S-Nil-24
(Ni =

Bur gi o 06 9, shmovdisEQuatjor23.1 [30], was employed to determine tregjuired
milling power P (i) as a function of the milling parameters and was further used to
calculate energy transferred during milling by multiplying with experimentally determined
milling time. These include the degree of filling of the v3,calculated usingquation

3.2; the ballspecific parameter, K (considered equal to 1.5); the elasticity of coll+ n,
(where+ =1 if the balls are covered with powder, the collisions are almost perfectly
inelastic); number of balld ; ball massi , (kg); plate spinning rated , (rad/s); vial
spinning rated , (rad/s); vial radiusQ, (m); ball diametetd , (m); distance between the

center of the plate and the center of the \tv,(m); mass of powdet , (g); particle

apparent densitw , (E i ); and vial volume( , (I ).

A
P T q
C/\p 3 ++ 11 5 S

. . A
550 O —

5y O
) ¢ @3

—_
al-

3 AC( (3.2)
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3.3.3Material Characterization

The crystalline phases of the milled product were identified with a Bruker D8
diffractometer Xray diffraction (XRD) machine. Specimens were scanwédin the
angularrange of 5t0 90° ( 2 d )  mvecisebtep aizeof 0.02° The XRD peaks were
identified using Xpert HighscofePlus software and used for phase transformation
evaluation through peak shifts and disappearance. To establish the effect of milling time
and composition on phase evolution, the volume fraction of the phases was estimated using
Equation 3.3, where6 is the volume fraction of the phase, | is the peak intensity of the
phase in the XRD pattern, aB) is the total peak intensity of all phases in the XRD
pattern 1,32).

)
B)

(3.3)

6 pmmpb

Further microstructural characterization was accomplished employing the electron
backscattered diffractionEBSD) technique using a Thermo Fisher Scientific Scios 2
DualBeam field emission scanning electron microscopy (SEM) machine. For particle
morphology and chemical composition analyses, a JEOL JSM 6010 SEM apparatus
equipped with energygispersive spectrospg (EDS) was usedThe rparticle size
distribution wasinalyzed vidaser diffraction methodsing diquid carrierin a Mastersizer

Particle Size Analyzer.

The nanoscale hardness of the partislas determined using an iMicfb Nanoindenter
equipped with a Berkovich tip. The tests were carried out at ten random locations in the

mounted particles using a maximum applied l0B800-mN, a constant strain ragé 0.2
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s, and a c on s toh0Bfor ARoGrEeNioThedligitally acquired data from
theequipmentvas utilized when evaluating the effect of crystallites in the milled particles
underscoring the mechanical properties suc

evolution.

Because the particles are designed to work as feedstock in the HPCS coatings development,
thar flow rate (seconds/gram) wassessd usingthe Hall Flow test seup, as per the

ASTM B96416 standardThe method suggests the usd68-g HEA patrticledree flow

through a Carney funnel of orifice diameter-h2The elapsed time (seconds) for the
particlesto flow in their entiretywas noted and reported as the Carney flow rate)(FR
Additionally, thetheoretical density of the HEA particles was calculated following the
ASTM D596519 Test Method C, while the apparent density was determined using the

same Hall Flow test setp, asper the ASTM B21221 standard.

3.4Results
3.4.1Properties of As-receivedElemental Powders

The initial stagén milling is dominated by welding where particle size incre§3@ks thus,
utilizing elemental powders with sizes lesser than the desired particle size distribution is
deemed advisable to easily achievdynamic balance between welding and fracturing,
and produce homogenous alloy partickeigs. 3.1 and3.2 show the SEM micrographs of
particle morphology of aseceived Al, Co, Cr, Feand Ni, along with their particle size
distributions, respectively. Al particles had an irregular shajth an average size of 78

pm (Fig. 3.1a). On the other hand, Co and Ni particles had spherical shapaesp#ttive
average sizeof 100 um and 74 umHigs. 3.1b and 3.1¢€). Finally, Cr and Fe particles had

sharp corner shapes witlorrespondingverage sizeof 139 um and 46 pmHigs. 3.1c
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and 3.1d). For Co and Cr, 480% of the particles had sizes less than 100 um while the
rest of the raw materials (i.e., Al, F&nd Ni) were finer, where around 90% of volume
(Dv90) had size less than 100 um. More specifically, ti@0Dor Cr, Co, Al, Ni, and Fe

particles inFig. 3.2 were 216 pum, 178 um, 107 pum, 92 um, and 77 um, respectively.

200 300 400 500
Particle Size, pm

Figure 3.1. As-received(a) Al, (b) Cq (c) Cr, (d) Fe and(e) Ni elemental powders,
including (f) their PSD(in pm).
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Figure 3.2. (a) CumulativePSDof asreceived Al, Co, Cr, Fe, and Ni powders; and (b)
Dv10, DB,50, DB,90 for Cr, Co, Al, Ni, and Fe particles.

46



3.4.2Properties of Milled AICoCrFe and AlICoCrFeNi Particles in Conventional

Regime

Mechanical alloying using a planetary ball mill is@ntinuous fracturing and welding of
constituent elements due to badtball interaction and batio-wall impact [34]. The
process involveshe diffusion of one element into another through continuous collision
over a certain period to yield a homogeneous alloy. The ball rotates while transferring the
energy to break and flatten the particles as milling time progre8sesilling time
progressed from 0 h (preilling) to 24 h, individual elements got crushed and distributed
within the system, creating amvironment to form either a mediuor high-entropy alloy
system of 4 or 5 elementgspectivelyFurther, it is evident ifrig. 3.3that particle shapes,
whether they are spherical or irregular, got crushed and flattened after milling. This brings
the preliminary favorable attribute of the use of mechanical alloying when elemental

particles of different shapes and mismatched meléngperatures are involved.

N \ ';{'.r_n h%t\f ’?\ ’.,; @‘ x
Figure 3.3. SEM images oAICoCrFecomposition(c) before milling; and (d) after 24
hour milling.
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3.4.21 AICoCrFe medium-entropy alloy

In Fig. 34, the EDS images constitute the elemental map of trace elements ahdEe

in the milled AICoCrFe product, shown at distinct millimgervals: 4hour, 12hour, and
24-hour. Corresponding SEM micrographs are shown next to the miapevtdent that
progressive fracturing and elemental redistribution took place throughout; however,
specimenC-Ni0-12 showsthe most dispersion occurrence at thehdBr mark. In the
highlighted row, more elements, represented by different colors and lesser black

backgrounddue tothe carbon tape used during analyais observed (refer teig. 3.4b).

Figure 3.4. EDS maps showing elemental distribution in conventionally milled
AlCoCrFe product with corresponding SEM images: (@)iG-4; (b) GNiO-12; and (c)
C-Ni0-24.

Continuous milling after 12 hours resulted in particle size distribution broadeningigsee

3.59) along with the increase iIin average par
segment touching all three times ($8g. 3.5b). The volume of patrticles residing below

100t i was reduced by about 8% and 22% at correspondifigp@2and 24our marks

in comparison with that at-Hour period (42%)Kig. 3.5a). These events were presumed
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to be the result of continuous particle fracturing and welding due tcimmigact ball

collisions, indicating the formation ofraediumentropy alloy.

While fracturing is the step to reduce particle size and expose new surfaces, the welding

process is responsibier producing the alloyed particle. With prolonged milling, welding

and fracturing processes will reaem equilibrium state, until welding that formed

spontaneoushaligned welding lines will dominate the whole alloying proc33].

Accordingly, particle size was found to increase as milling time progressed from 12 hours

to 24 hours.
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Figure 3.5. AICoCrFe mediurrentropy alloy particle size distribution after 4, 12, and 24
hours of conventional mechanical alloying.

Phase transformation during mechanical alloying was stubiegerforming X-ray

diffraction (XRD) analysisFigure 3.6 shows the XRD patterns of milled equiatomic

AICoCrFe alloy. Specimen€-Ni0-4, C-Ni0-8, C-Ni0-12, C-Ni0-16, C-Ni0-20, andC-

NiO-24 were obtained and analyzéthe results indicated that at the start of milling (O

hourg ,

a

strong

FCC peak

(111)

wa s

detected

BCC and FCC phases were observed in specrli0-4, and the intensity of FCC peak
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(111) started to decrease. Upon continuous milling, this FCC peak (011) continuously
decrease in intensity as milling time increased from 8 houtsNi0-8) to 12 hours -
NiO-12), indicatinghedissolution of FCC phaseBi. 3.6b). This peak disappearance and
change in intensity in specim&iNiO-12 were verified with the EDS mapi@. 3.4b) to

show the dissolution of elements during mechanical alloying for 12 hours. Further milling
until 24 hours showed no significant change in the XRD patterns of AFE&n€§pecimens
C-Ni0-16, C-Ni0-20, andC-Ni0-24 (Fig. 3.6¢), implying reduced activity of each element

in the solid solution. The presence of different kinds of elements in medienhigh
entropy alloys created additional strain in the lattice, acting as a barrier for atom and

vacancy migration.
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Figure 3.6. XRD patterns of (a) equiatomic AlICoCrFe alloy after 24 hours of mechanical
alloying; (b) enlarged (111) peak fromh0to 12h of milling; and (c) enlarged (111) and
(011) peaks from 18 to 24h milling.
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The latticeparameter donstank, a, of the alloy was determined from the XRD data and
calculated usingquation 3.4 where interplanar spacingudwva s est i mat ed wusi n

Law (Equation 3.5).

AA E ET (3.4)
cA OFT N (3.5)
whereh , k, 1 are Miller i ndi ceraywavdlengtls(1.5488 i nci d

and n is the order of reflection equal torable 3.3 showsthatthe BCC and FCC lattice
parameters or lattice constants calculated in this work for spe€xN@-24 are in good
agreemenivith the calculated and determined experimental values reported in other studies

[35], [36].

Table 33. Comparison of BCC and FCC lattice parameters of AICoCrFe alloy

HEA Lattice parameter, v
BCC FCC
AlCoCrFe specimerC-NiO-24 2.860 4.040
AlCoCrFe coating35] 2.878 -
AlCoCrFe powdef36] 2.878 -

3.4.22 AICoCrFeNi high-entropy alloy

The EDS map irFig. 3.7 exhibited the dissolution of all elements, specifically Ni, only
after 24 hours of milling@-Nil-24). It can be deduced that the addition of Ni required
more milling time than its mediwantropy alloy AICoCrFeounterpart to produce high

entropy alloy AlCoCrFeNi. Nikel, being an FCC metal powder has relatively high
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plasticity resultingn difficulty in fracturing and more welding durirtbemilling process.
Further milling resulted in the broadening of the particle size distribufiign 8.8a) and
an increase irthe average particle size of AICoCrFeNti¢. 3.8b), similar to that of

AICoCrFe alloy, due to continuous fracturing and welding during milling.

Figure 3.7. EDS maps showing elemental distribution in milled AICoCrFeNi product
with corresponding SEM images)C-Nil-4; (b) GNil-12; and (c) ENil-24.
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Figure 3.8. AICoCrFeNi highentropy alloy particle size distribution after 4, 12 and 24
hours ofconventional mechanical alloying.
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For the XRD patterns of AICoCrFeNi HEA (sé@. 3.9), the intensity of the BCC peak
(011) in specimegR-Nil-4 started to become stronger than that of the FCC peak (111) after
4 hours of milling. Despite this shift in peak intensity as an indication of alloying, it was
verified from the EDS map of specim@aNil-24 (Fig. 3.7¢) that Ni elements dissolved
only after 24 hours of milling, showing a complete dissolution of all elem&atde 3.4
presents the BCC and FCC lattice parameters or lattice constants of AlCo@ifieNi
were calculated to be 2.864and 3.488v, respectively, which was slightly lower than
FCC AICoCrFe (4.049) in Table 3.3. Thus, adding Ni to produ@AlICoCrFeNi HEA

specimen decreased the lattice parametdredfCC phase.
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Figure 3.9. XRD patterns of (a) equiatomic AICoCrFeNi alloy after 24 hours of
mechanical alloying and (b) enlarged (111) and (011) peaks fitoto O h of milling.
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Table 34. Comparison of the BCC and FCC lattice parameters of AICoCrFeNi alloy

HEA Lattice parameter, v
BCC FCC

AlICoCrFeNi specimen-Nil-24 2.864 3.488

AlCoCrFeNipowder[22] 2.890

To gain insight into the cause loyher milling time needed to dissolve all elements in the
AICoCrFeNi system, the differential power calculation was performed tisel§ur goi 6 s
model. The estimatioassumesghat the induced energg directly relatable between the

balls and the powder particles. Usigguation 3.1, the calculated milling power, P,
remained virtually the same even when Ni was added. This was expected since the
theoretical density of AICoCrFeN:i (6.75 g/&ns near the theoretical density of AICoCrFe
(6.25 g/c). However, there was an increase in the amount of energy transferred from ball
to powder in the AICoCrFeNi alloy (1.57 kJ/g/hit) compared to that of the AICoCrFe alloy
(0.79 kJ/g/hit), as energy is a producthafling power and the experimentally determined
milling time. Since the milling time to produce AICoCrFeNi (24 hours) was experimentally
determined to be twice the needed milling time to produce AICoCrFe (12 hours), the energy
transferred from ball to poved was also doubled. Therefore, with the knowledgthef
energy required to synthesize AICoCrFe and AICoCrFeNi HEA feedstock, the milling time
could be adjusted if there are any changes needed in the milling parameters, such as BPR,

milling speed, and bldliameter.
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3.4.3Properties of Sequentially Milled FeNiCoCrAl feedstock

Figure 3.10aillustrates the XRD patterns of the sequentially milled FeNiCoCrAl HEA. In

the 2017 study where sequential alloying was proposed, FeNiCoCrAl, after 55 hours of
milling showed 75% BCC and 25% FCC phag28]. The starting binary alloy in the
previous work is an FCC alloylowever, inthe currenwork, Fe and Ni powders were
milled together (SNil-4) and showed the presence of FCC and BCC phases after 4 hours
of milling. Subsequent addition of Co and continuous milling for another 4 hSUNIgL{

8) resulted in higher FCC phase presence with the appearance of peak (002). However, the
BCC lattice parameter increased to 2.86@efer toTable 3.5), suggesting Co (3.50)

being accommodated into the existing structure of Fe and Ni. Cr was then added and
mechanically alloyed for an additional 4 houssNil-12), destabilizing the FCC peaks as
shown in the decreased intensity of FCC peaks (002) and (022). Unchanged BCC and FCC
lattice parameters after the addition of Cr (R.88 implied the dissolution of Cr in the
already existing BCC structure. Finally, Al was added as the last element to complete the
FeNiCoCrAl system$Nil-16), introducing more FCC phases as denoted by (111) and
(113) peaks. However, as milling time increased, Al stabilized the BCC phase since Al
forms a stable BCC structure with Ni, Co, and Fe as showmeidisappearance of peak

(111) and shift of peak (011) to the lefthing.3.10b. The complete FeNiCoCrAl system

was milled for a total of 24 hour§{\il-24) resulting in a singikphase BCC, denoted by

(011) peak, with ealculatedlattice parameter of 2.880 The crystal structure was
destroyed and transformed with the continuous energy input during mechanical alloying

and was linearly proportional to the milling time.
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Figure 3.10. XRD patterns of (a) sequentially milled equiatomic FeNiCoCrAl HEA (b)
enlarged peaks (011) and (002), and enlarged peaks (022, 113, and 112) siwing
dissolution of phases with milling time

Table 35. Comparison of BCC and FCC lattice parameters of AICoCrFeNi alloy

Specimen Lattice parameter, v

BCC FCC
SNil-4 2.766 3.516
S-Nil1-8 2.862 3.517
SNil-12 2.867 3.519
S-Nil-16 2.864 3.781
S-Nil-20 2.871 3.783
SNil-24 2.880 -
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Based on the XRD results above for AICoCrFe, AICoCrFeNi, and FeNiCoCrAl systems,
there might beno carbide formation since no carbide peak was detected. As for the
contamination during the milling proces$sg. 3.10 showed only the presence of single
phase BCC peak for FeNiICoCrAl and dipalase BCC + FCC phases in AlICoCrFe/Ni
systemsn Figs. 3.6 and3.9, respectively. Thus, milling parameters used in this work (580
rpm, 10:1 BPR, 8nm-diameter steel balls, and steel viatg suited t@ynthesze simple

structured AICoCrFe and AICoCrFeNi afte2- and24- hours of milling respectively

3.5Discussion
3.5.1 Influence of ThermodynamicsParameters in PhaseFormation

Although HEAs have been studied since 2004, the lack of phase diagrams limits the
understanding of their phases and microstructures. However, there are thermodynamic
properties, such as entropy and enthalpy of mixing, atomi¢ aik electronegativity
differenceq10i 12], valence electrons concentration (VEC), and the number of itinerant
electrons per atom (e/d13,14] that are beingused to predict solubility and phase

formation in HEA systems.

While the HumeRothery rule predicts sohlidolution formation, its application is limited
to binary alloys. The initial attempt to provide solid solution formation rules for HEA based
ontheHumeRot hery rul e considered two factors:
chemical compatibilittamongcomponents which involves electronegativity difference or
the enthalpy of mixingl0]. Parametet describes the comprehensive effect of the atomic
size difference of components and was calculated Usqation 3.6, where N is the

number of components in the HEA systenis the atomic percentage of tile component,
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riis the atomic radius of the component, &fisl the average atomic radius obtained from

usingEquation 3.7.

©
a (3.6)

(3.7)

The other parameter whiatescribes the chemical compatibility between components is
the mixing enthalpy, ( determined usingquation 3.8 wherem is the regular melt
interaction parameter between filte andjth components, as shownHkguation 3.9 and

( is the mixing enthalpy of binary allay] and summarized ifable 3.6. It is noted

that Al interaction with all the other elements showed the most negative value of enthalpy
of mixing.Al u mi rhighhnmégsative enthalpy of mixing toward Co, Cr, Fe, and Ni results

in its high affinity to these elements.

(3.8)

m 1t (3.9)
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Table36. O ,ent halpy of mixing (kJ/ mol) for
model[37]

Element Al Co Cr Fe Ni
Al 0 19 10 11 22
Co 0 -4 1 0
Cr 0 1 7
Fe 0 2
N i 0

Phase formatioim a systenis governed byts inherent thermodynamic and kinetic factors

If Y3  of a system is high enough, Gibbs free energy of mixthgwill be minimized,
stabilizing asolid solution over intermediate phases or intermetallic compounds, known as
t he &éhi gh € n-tparamptgr wasfpfoposetl @ predict the presence of solid
solution or intermetallic and calculated usifiguation 3.10, where Y3 is the

configurational entropy andis the parameter frofquation 3.6 [11,12].

- 3 (3.10)

Table 3.7 summarizes the thermodynamic parameters of equiatomic AlICoCrFe and
AlCoCrFeNi determined usingquations 3.7-3.11. Based on the criteria proposed by
Zhang et al., singlphase, and mulphase solid solution microstructures may be found in
™P 1 edPand p@EFT 1 ( v Ef¥ T .IHigher values of (> 5%)

are favorable for multiphase formation. Based on these two factors, apimase solid
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solution was expected for both AICoCrFe and AICoCrFeNi, which agreed with the
experimental results showing a myptiase solution of FCC and BCC after 12 hours and
24 hours of milling time, respectively. Using parameter criterion proposed by Singh et

al. [12], singlephase solid solution microstructures may be found in the région

n&)(p—o, multi-phase solid solution microstructures are stable in the region

& T 5 - n&)(p—o, and intermetallic compounds are observed ~in

& T 5 The values of - parameter of both AICoCrFe and AICoCrFeNi were within

the region wheramulti-phase solid solution was expected. To predict which phases were
present, VEC\alence electrons concentration) and e/a (number of itinerant electrons per
atom) values were calculated usBguations 3.11and3.12, where VEGandATA are the
valence electron concentration and the number of itinerant electrons per atomi'df the

component, respective[3,14].

(3.11)
6 %# A6 %# 6 %H

(3.12)

> 3o
o
X

Based on the criteria using these two parameters, when VEC > 7 .5 and 1.6 < e/a < 1.8,
FCC solid solutions are stable, while BCC solid solution is stable when VEC < 7.5 and 1.8
< ela < 2.3. FronTable 3.7, VEC values for AlICoCrFe and AICoCrFeNi were both < 7.5

and e/a was 2 predicting a more BCC phase in the alloy. The average VEC of AICoCrFeNi
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was higher than that of AICoCrFe, and its value was near the VEC value of 7.5 for an FCC

single phase which indicated that adding Ni increased the fraction of FCC phase.

Table 3.7. Calculated thermodynamic parameters for AICoCrFe/Ni systems

Alloy S’/I:]“HT T°H (%) Sl i 0 - VEC ela
AlCoCrFe 11.56 6.2 -11.5 0.31 6.5 2
AlICoCrFeNi 13.39 5.7 -12.32 0.41 7.2 2

3.5.2 Influence ofElemental Composition andMilling Time on PhaseEvolution

Replacing Mn with Al in the welknown Cantor Alloy (CoCrFeMnNi) to produce
AlCoCrFeNi was anticipated to chanthpealloy phase structure from FCC to BCC. Having

the largest atomic radius, the addition of Al caused lattice distortion that could be better
accommodated if the lattice had a more open structure than a-plasieeld one. Thus, in

both equiatomic AICoCrFe (2&t. % Al) and AICoCrFeNi (20at. % Al) studied in this

work, BCC phase formation was favored due to the presence of Al, as sheign3ri 1.

Ni, as an FCC element, stabilized the FCC phase in HEA. The addition of Ni caused the
appearance of the FCC phase as shown in XRD peaks (002) and (6&2)338 and the
increase in FCC phase volume fraction showign3.11 The AICoCrFeNi feedstockCt

Nil-24) consisted of 55.26% BCC and 44.74% FCC phase fractions while AICoCrFe (
Ni0-24) comprised of 67.42% BCC and 32.58% FCC phase after 24 hours of milling. The
phase fraction determined in this study for AICoCrFeNi HEA feedstock was consistent
with the phase fraction found on sparfasmasintered AICoCrFeNi HEA with a hardness

of 924 HV[31].
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Figure 3.11. Phase volume diagram of FCC and BCCamventionally milleda)
AlCoCrFe and (b) AlICoCrFeNfeedstock

Further microstructural evaluation showed the effects of milling time and the addition of
Ni in the properties of the manufactured HEA specimens. It was determined from EBSD
images inFig. 3.12 that there was a reduction in grain size for AICoCrFeNi HEA.
However, the grain size was not affected by milling time even after 24 hours. This implied
that grain growth or grain refinement did not occur during milling. Although patrticle size
was highly &ected by milling time due to continuous fracture and weldiogng the

process, grain size remained unimpressed even after long milling hours.
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Figure 3.12. EBSD images of AICoCrFe {a) and AICoCrFeNi (a) after 4 hours (a and
c), and 24 hours (b and d) of mechanalllying. The grain sizes were measured to be
(a) 1.529mm, (b) 1.6391m, (c) 0.369mm, and (d) 0.471m, respectively.

As for the crystallite size, FCC and BCC crystallite sizes decreased watidiiionto the

alloy systemA decrease in crystallite siznd further work hardenings milling time
increased from 4 hours to 24 howgsulted irhigherhardness values as presentet@iable

3.8. The hardness values o#i23 HV and 332.4 HV for AICoCrFe and AICoCrFeNi
particles, respectively, are lower than the hardness ofsprhd/ed AICoCrFeNi (380 HV)

[38]. This difference inthe hardness of particles and deposits is due to the localized
hardeningduring the cold spray procegsimarily due towork hardeningcaused by severe
plastic deformatiorupon impact[39, 40]. Furthermore, the hardness measurements of
particles are subject to the influence of testing parameters, including the choice of
mounting resin, indentation depth, and indentataad. Notably, the AICoCrFeNi HEA
particles exhibit indentation depth dependence owing to the presence of an Indentation Size

Effect (ISE) during testing.

Table 38. Properties of equiatomic AICoCrFe and AlICoCrFeNi afterME

Specimen  Particle Crystallite Size, nm Nano-scale
Size (Dv50), Hardness,
" (Scherrer Equation)  (Williamson-Hall HV
UDM)
FCC BCC
C-Ni0-4 29 27.9 25.12 28.00 1972 + 56
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C-Ni0-12
C-Ni0-24
C-Ni1-4

C-Ni1-12

C-Ni1-24

95
116
88
97
120

27.42
26.74
24.@
24.64

23.80

22.76
21.81
22.91
22.01

20.3%

29.83
28.59
24.50
23.66

23.26

169.2+ 34
2423+ 57
107.0 £ 33
323.8+ 52

332.4 +£53

The crystallite size, D, was determined using the Scherrer equdiiquation 3.13)

[31,41] and WilliamsonHall Uniform Deformation Model Equation 3.14) [34] where

FWHM is the full width at hahmaximum of the diffraction peak, k is the shape constant
equalto 0.89,.isthexr ay wavel ength

due to plastic deformation and crystal imperfections

&7 ( -

rATfO

E17s AlO

$

~

TOFI

(0.

15 4 Rris tme straind

(3.13)

(3.14)

Equation 3.14 above represents the Williamséfall UDM assuming uniform strain

across all crystallographic directions. According to this model, plottingj ésirthe xaxis

againstocogy on the yaxis allows the determination of the crystallite size, denoted as D,

through the yintercept of the fitted line3{].

3.5.3 Influence ofMilling Regime onthe Final Microstructure

The conventional way to form a multicomponent alloy required mixing individual elements

in a single step. On the other hand, the sequential regime involvediaystegp addition

of constituent elements. Comparing the phases present in conventionally milled
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AlCoCrFeNi to the sequentially milled FeNiCoCrAl, AICoCrFeNi feedstock consisted of
55.26% BCC and 44.74% FCC phase fractidfg.(3.138). In contrast, FeNiCoCrAl
feedstock showed 100% BCC phase fractigig.(3.13b). Alloying Fe, Ni, and Cavere
expected to form FCC solid solutions with each other. The addition of Ni was anticipated
to stabilize the FCC phase being an FCC element, while the addition of Fe was projected
to dissolve easily during mechanical alloying producing BCC or FCC pitegending on

the interacting element. In this case, Fe and Ni were milled first (sequerniogigduce

FCC phase of the binary alloy FeJ80]. Fe, despite having a BCC structure, has the lowest
negative enthalpy of mixing and the least atomic radius among other constituents; thus,
expected to dissolve easily in Ni, which has an FCC structure. However, Fe+Ni alloy
(sequence 1 ifrig. 3.13b) showed 82.68% BCC and 17.32% FCC phase fractions after 4
hours of milling. The presence of greater BCC phase instead of FCCipHeasdi was

due to insufficient milling time to dissolve Fe in Ni. When Co was added (sequence 2), the
FCC phase fraction increased to 32.13% since Co is an FCC element and further milling
time dissolved Fe in the FCC structure. Cr, as showign3.13b (sequence B FeNiCo

+ Cr), destabilized the FCC phases formed by Fe, Ni, and Co as indicated by decreasing
FCCphase volume to 27.72%he introduction ofAl, an FCC elemenin sequence #d

to the attainment of peakphase volume fractiofor the FCCphase reaching48.34%.
However, being a BCGtabilizer, the volume phase fraction of the BCC phase increased
as the milling time of FeNiCoCrAl progressed for another 8 hours (sequence 5) and 12
hours (sequence 6), where the phase of the alloy showed a-iagle BCC. This
observation conformed wekith the studies that ACoCrFeNi where x > 0.8, resulted in

a single BCC phase allg¢2]. Furthermore, these results agreed with prior work that Al
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and Cr play a positive role in improving hardness in high entropy alloy by promoting BCC

formation while Ni and Co are beneficial for FCC formation reducing hardness but

increasing plasticity in the alloy [43]. With the highest negativ®©shown inTable 3.6,

Al exhibits the highest affinity for other elements, thereby playing a pivotal role in

deter mi ni

ng the all oyods

[ (a)

Phase Volume Fraction, %

<)
Specimen

Phase Volume Fraction, %

phase

FeNiCoCr+Al
FeNiCoCrAl
55.82

51.66

&
Specimen

Figure 3.13. Phase volume diagram of FCC and BCC in (a) AICoCrFeNi during
conventional milling, and (b) FeNiCoCrAl during sequential milling.

As Al was added at the end of the sequential FeNiCoCrAl, it can be seemdiden3.9

t hat t he

all oyobs

configurational

entropy

of elements. Its negative enthalpy of mixing increased by five times and its parpmeter

which describes the comprehensive effect of the atomic size difference of components

increased from 0.3 to 5.7 duette atomic radius of Al (143 pmyhichis thelargest

among other elements in the alloy. The transition from FCC structure to BCC was

attributed to lattice distortion destabilizing the clpseked FCC structure. Due to its

loose packing, the BCC structure was able to accommodate a greater numdpgerof b

atoms, such as Al.
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Table 39. Calculated thermodynamic parameters for sequential FeNiCoCrAl

Alloy S’/ﬁ"HT T "H (%) Eiio
FeNi Co 9.15 0.4 11
(SNi-8)

FeNiCoCr 11.56 0.3 24
(SNi1-12)

FeNiCoCrAl 13.39 5.7 12.32
(S-Ni1-20)

The sequential addition of Co, ,@nd Al resulted in decreasing grain size, as seen from
the EBSD images iRig. 3.14. However, the grain size of the fredement alloy

comprising Al, Co, Cr, Fe, and Ni was not highly affected by the milling regime
followed. The grain size number of conventionally milled AICoCrFeNi and sequentially
milled FeNiCoCrAlafter 24 hours of extended millingere measured &t471 mm and

0.382 mm, respectively
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Figure 3.14. EBSD of(a) FeNi, (b)FeNiCo,(c) FeNiCoCr, andd) FeNiCoCrAl after
sequential alloying. The grain sizes were measured to be 848.579nm, 0.439mm,
and 0.382ym, respectively.

Applying the WilliamsorHall UDM presented ifEquation 3.14 for estimating crystallite

size (yintercept) and microstrain (slope) from the fitted line of conventionally milled
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AlICoCrFeNi and sequentially milled FeNiCoCrAFEig. 3.15 illustrates an inverse
correlation between crystallite size and internal strain or microstrain. As milling time
progressed, crystallite size decreased with increasing microstrain due to severe plastic
deformation by the collision of ball84]. Significantly, the microstrain is observed to be
higher during sequential milling compared to conventional milling. This increased
microstrain is attributed to more pronounced plastic deformation in the grains of lower

entropy alloys, stemming from theduced numbeof alloying elements during sequential

milling.
(a) —a— Crystallite Size Microstrain (b) —8—Ciystallite Size Microstrain
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Figure 3.15. Crystallite size and microstrain as a function of milling time of (a)
conventionally milled AICoCrFeNi and (b) sequentially milled FeNiCoCrAl

The major phase formed during conventional and sequential milling was the BCC phase
which was experimentally and thermodynamically determined. From sequence 1 (Fe+Ni),
Fe can be the host lattice where the BCC phase dominates the FCC phase and continues to
be the dominant phase as milling time progresbBable 3.10shows the crystallite size,
microstrain, and dislocation density of the BCC phase of conventionally milled
AICoCrFeNi and sequentially milled FeNICoCrAl as a function of milling duration. The

dis ocati on densi t yEkquagtion®.8£1 4pwhareDlisahe erydtallies i n g
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size, U is the microstrain, and b is the Burgers vector of BCC mefal

o - - (3.15)

Oow

As milling time progresses, kinetic energy is being transferred due to collisions of balls
and vial inducing higher dislocation density which gives rise to work hardening in the
powder. The higher hardness observed in powders that undergo prolongedicaéchan

alloying, as detailed ifiable 3.8can be attributed to the increasing dislocation density.

Table 310. BCC volume phase fraction, crystallite size, microstrain, and dislocation
densityof conventionally milledAICoCrFeNi andsequentially milled FeNiCoCrAl

Specimen  BCC Volume Crystallite Size, Microstrain Dislocation
Phase Fraction % nm Density,
i
C-Nil-4 53.62 24.@0 2.99 4.06
C-Ni1-12 51.06 24.64 3.06 4.40
C-Nil1-24 55.26 23.80 3.24 5.13
SNil-4 82.68 20.97 3.25 5.08
SNil-12 72.28 14.99 4.19 8.99
S-Nil1-24 100.00 14.93 6.07 12.26

3.5.4 Characteristics of AICoCrFe, AICoCrFeNi, and FeNiCoCrAl Particles

After 12 hours C-Ni0O-12) and 24 hoursQd-Nil-24 andS-Nil1-23) of milling AICoCrFe

and AICoCrFeNi (the same for FeNiCoCrAl), respectively, it was measured that the

70



apparent density of the three alloys decreased, as sholable 3.11. Apparent density

defines the actual volume occupied by a mass of loose specimen particles, which is
dependent on patrticle size distribution, particle shape, surfaceam@aoughness of
individual particles. The decrease in apparent density of the HEA feedstock synthesized
was due toa decrease in particle size, more irregtdhaped or less spheriestiaped
particles, and an increase in surface roughness of particles after mitlit@ytto24 hours

When the particle size decreased and the shape became irregular and equiaxed due to
fracturing, flattening, and welding, the surfaoevolume ratio of the particle increased.

This in turn enhanced the friction between particles, thereby decreasingptheera

density. The measured apparent density was found to be 29% of the theoretical density.

Lastly, the flow rate in this study before and after milling remained virtually the.same

Table 311 Feedstock characteristics before and after milling

Alloy Theoretical Process Before milling After milling

system, density, yield,

specimen g/cm? % Apparent Carney Apparent Carney
density, flow density, flow

g/ cm? rate, s/g g/ cm? rate, s/g

AlICoCrFe, 6.25 98.10 2.54 0.3 1.8 0.3
C-Ni0-12
AlCoCrFeNi, 6.72 98.91 2.86 0.3 2.1 0.3
C-Ni1-24
FeNiCoCrAl, 6.72 85.47 2.86 0.3 2.0 0.2
S-Nil1-24

Based on the calculations, the process yield after mechanical alloying was above 85%,

which implied HEMA was an efficient process using the milling parameters in Section
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3.3 and the effectivity of 3 wt.% stearic acid as a PCA to obtain a balance between

fracturing and welding, and cold welding among HEA patrticles.

3.6Conclusion

High-entropy alloy (HEA) designed particle feedstock synthesis is a forwakihg
research area, when successfully developed has the promise to bu#tt@ngjth deposits
in the form of coatings, 3D freeform objects, or repaired components ikpregdure cold
spray (HPCS) additive manufacturing methidthis research, a comprehensive material
design involving three equiatomic mediuand highentropy alloy systems was carried
out for the purpose of a low milling cycle manufacturing route investigaimploying the
high-energy mechanical alloying (HEA) method. The following conclusions are drawn

from the study:

i) Equiatomic AICoCrFe and AICoCrFeNi particles showed the evolution of
multi-phase BCC (major phase) + FCC structures following the conventional
HE-MA regime, in which constituent elements were blended and milled for 24
hours. Experimentally obtained parécl microstructural and phase
characteristics complemented the computationally determined thermodynamic
valence electron concentration (VEC) and number of itinerant electrons per
atom (e/a) parameters to indicate that adding Ni to the meeniropy
AlCoCrFealloy increased the FCC phase fraction in the AICoCrF¢RA.

i) Increasing milling time in both equiatomic AICoCrFe and AICoCrFeNi systems
decreased the PSD. Moreover, adding Ni to AICoCrFe resulted in finer grain
size evolution in AICoCrFeNi. In the early stage of milling (up to 4 hours), the

presence of Ni reduceddlhardness of the HEA, but as milling progressed the
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ii)

strength increased. For the same effect (presence of Ni), longer milling was
necessary to dissolve all elements in solid solution (i.e., 12 hours for AICoCrFe
and 24 hours for AICoCrFeNi). This is attributed to the need for more energy
transfer from balld particles to producine AICoCrFeNHEA.

While multi-phase BCC and FC®@ereobserved on equiatomic AICoCrFeNi
after 24 hours of conventional milling, a singlease BCC structure was
observed on equiatomic FeNICoCrAl after the same milling time and the same
milling parameters but following a sequential V& regime. This emphasis

the effect of elemental constituents added, if it is an FCC or BCC stabilizer
providing insights to foretell the progression of alloying, and ways totaker
phase makep of the alloy.Nevertheless, to substantiates tstability of the
singlephase BCC achieved after 24 hours of sequential milling, additional
milling duration is recommended. If confirmed stalthés study demonstrates
thatemployingsequential alloying a higher milling speedanreduce milling

time by 65%with no discernibldrace of contamination.

Based on the feedstock particles size after milling, it appears that the developed

material in this work can be employed in HPCS for coatings manufacturing.
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4.l nvestigating the nanoscale-hardn

entropy alloy particles wusing th

This chapter presents the mechanical characterization of HEA particles using the
nanoindentation technique, addressingdiitecal research gap in determining mechanical
propertiesof HEAs in particleform. Reliable characterization of HEAs in its feedstock

condition is crucial for optimizing its pegtrocessing as coatings via cold spray deposition.

This chapter has been published Asa Grace Custodio,Klara Joy Lindquist, Marvin

Tolentino, Qodualdo Aranas, and Gbinda C . Saha, Al nvestigatin
hardness/strength properties of higitropy alloy particles using the nanoindentation
technique, 0 Journal of All oys and Metall ur

https://doi.org/10.1016/j.jalmes.2023.100043

*Aisa Grace Custodio served as the main investigator of this study and was responsible for
writing the manuscript. Gauthors contributed to facilitating experiments, writing and

finalizing the manuscript.

4.1 Abstract

Particulate feedstoatonstitutes the building block in modern degditive manufacturing
(AM) era. Cold spray (CS) is a leading process technology to adhere to tipeiddiple.
Therefore,meeting feedstock qualities is of utmostearestto ensure theonformability
andcompetitiveness dhe developedhdustrialmodulesjncludingcoatings, architectured
components, and additively repaired deviddss researcladvanceshe understandingf
nanoscale hardnéssrengthproperties oparticulate matters specificallyof an emerging

materialclass - high-entropy alloys (HEAs)The feasibility of determining the hardness
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of mechanically alloyedlCoCrFeNk (x =0, 1, 2.1) HEA particlesas studied emplayg

the nanoindentation technique. Mechanical propertiesnified AICoCrFeNi particles
with varying Ni atomic ratio (x = 0, 1, 2.1yere investigated over different milling times
rangingbetweend to 24 hours. The study analgizéhe impact ofmounting resinpre-
determined maximum loadnd indentation depth on hardnss®ngthproperties. Results
revealthat the hot mounted samplgiglded greateaccuracy and highdrardness values
thancompared to thosef the cold mounted samples. Additionally, although the load
sensitivity of AICoCrFeNi provided consistent narscalehardness values across selected
loads, the hardness values wer®und to be deptldependent.Overall the study
concludes with a methodology for the naseale hardness/strength measurement of HEA
particles that must account for particle size, sample preparation technique, and

nanoindentation test parameters.

Keywords:High-entropy alloy; AICoCrFeNiNanoindentation; Phase fraction; Additive

manufacturing

4.2 Introduction

The devel opment of particul ate feedstock wi
requi rementdsayf coarddmadderen manudwactcodd mggt ag hr
(CS) . With the wide range nacfl 2dDo t3€pn tcioaalt i anp
3D/ 4D architectured componemgs$ heanddaddvic

success of t he id®S el @lpieels mpdumesti ng the

feedstock qualities, particularly mechanic
feedstock is usvuvailthggreéenrnassapreadpemnt yesimscefi
the tensile strength of manyr are,t alhdn &n emmas ¢
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material 6s ability to withstand per manent

compressive force. More importantly, hardneé
resi stance and ductility

Numerous studies have already been perfor:i
metallic MWhtieéri dhe aphplridonatsisomedfer mi oamad i on
been prevalent, mo s t studies concentrate

feeddtacadkm.ess determination for particul ate
bul k counterpart but is more c hatlesetn gfi omrgc ed
required. The traditional hardnepewdet eumui
i nvol vperso peossti ng by means of sintering whic
However, this additional process tends to

hardening, causing inacclurtbyg [fddgrthel et er
Wi t h t he advent of mor e sensitive and ¢
measurement has -aundl wecdarl tersesmt arhaacarhjevel , f rc
the compressive forces or -Nevatdesn a(prpN medr ar
Newtonr d Jd8Known as nanoindentation, t his

monitoring of the indentation depth and ap
area within a few micrometers to nanomet el
t echmiagsueproven to be highly effective in
particles with sizes loddsrshan si@hi &dinc aMb
determines the size of the Harspdnaxse mempgr e9g

rather than relying on microscopic|[méasur er
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This unique capability enables researcher s

specimens to unprecedented small dept hs,

In the review made by BroitmafR], nanoindentatiorgained substantial momentuim

2015 to the extent that it has surpassed the interesticnohardnessesting.To date,
several studies investigated the application obiredentation tonetallographic samples
noting its appropriateness for conducting material testingthom films and bulk
componentg5i 8]. While nanoindentation holds promisiés adoptionin particle testing
remains limited In the recent stug conducted by Slagter et 8], nanoindentation of
embedded patrticles using the OlnRnarr method revealed that probing the properties of
a particle embedded in a matrix with different elastic properties induces an extra (positive
or negative) displacement. If not accounted fbrs displacement can lead to inaccurate
determination of both the elastic modulus and nanoindentation hardness.

This technique was found invaluable in understanding the distinctive attributes of bulk
[10], coated11], and thin film[12] high entropy alloy (HEA), particularly the duphase
structured HEAs that offer improved strenglictility balance, an area of significant
interest for researchers due to its widaging potential applications. High entropy alloy,

a solid solution allg that contains five or more elements with concentration range from 5
to 35 at.%, is recognized to exhibit high hardrn@&s14], high strength at elevated and
cryogenic temperaturg$5,16], and good wear and corrosion resistgdde 19].

AICoCrFeNi HEA is one of the extensively investigated BCC systems fordtighgth

and hightemperature applications. The manufacturing routes explored to produce this
alloy are either liquiestate processing such as casting or ssitie processing sucs

powder metallurgy which includes mechanical alloying. At a bulk scale, as in casted
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material, the incorporation of Ni to produce the AICoCrFeNi alloy leads to a reduction in
hardness and wear resistance [2Dhis is attributed to the transformation of some BCC
structures into more ductile FCC structures. On the other hand, AlCoGrkaften
referred to as eutectic high entropy alloy (EHEA), has emerged as a notable exception [21].
This alloy exhibits an excellent combination of strength and ductility.

The existing studies iIHEA material characterization have contributed significantly to
understand the bulk behavior and characteristics of the AICoCrFeNi alloy syste2b][22
However, there remains a critical research gap in determining HEA mechanical properties
when it is in particle condition. Despite the surge in popularity of nanoindentation in
evaluating the hardness and strength of HEAs, the same limitationsmatidee load and

depth in particle testing were observed.

This paper presents the research data and discussions pertainingigoihg stride when

it comes to evaluating nanoscale hardrégmrticles The novelty of the work further lies

in characterizing the nanoscale hardness properties of an emerging class of mhigiials
entropy alloys (HEA). To date, limited literature is available to assess the nanoscale
hardness of HEA feedstock particl&pecifically, the studexploral the feasibility of
determining thananoscaldardness ofmechanically alloye AICoCrFeNi HEA particles

with varying amounts of Ni (x = 0, 1, 2.1) throutite nanoindentation technique with a
Berkovich indenterThis researctstudy contributes valuable insighisto evaluating the
nanoscale hardness of AICoCrFeNEA feedstock particles and identifying tindduence

of feedstock processing and indentatiortttmmeasuretardnesyalues.

82



4.3 Materials and Methodology
4.3.1Powder preparation

Al CoCkFrNi= 0, 1, 2. 1) feedstock samples w
powders of Al , Co, Cr, Fe, and Ni with pu
Canada. The milling process was esarartiieodh o

pl anetallyi Mm@l maaehi ne, skEihgglmaTociahVegsshgane

of milling time on the evolution of phases
12, and 24 hours were employed at a const
whhcare found el sewhere [26]. Although ot hi
|l onger mi | 1,28&]g da pmasdv[efdaclitionrcsl, udhiempeci f i c

c o mp o iftt hikk& Mt, hnei | leiqrug p anetthiidee s iprr e @ erot ipersoduc e
homogenous all oys, this study explores uti
ti me. This is to prevent materi al cont ami
The design of expabdlenast upedse¢ent sgnitmesi ze
samples with varying Ni content and mil i1
influence of these parameters on the phase

into the devel opedd prmoateenrtiiaall' sa pbpe hiacvaitoro nasn c
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Mechanical Alloying

FCC o BCC

Fracturing Welding and
work hardening

Figure 4.1. Schematic diagram for the mechanical alloying of Al, Co, Cr, Fe, and Ni to
produce AlICoCrFeNi(x =0, 1, 2.1).

Table 41. Design of experiment for the preparation of AICoCrkeii= 0, 1, 2.1)

Milling Composition, wt. %

Designation Alloy Time. hrs
: Al

Co Cr Fe Ni

A4 AlCoCrFe 4 13.93 3042 26.84 28.82 0
Al2 12
A24 24
B4 AlICoCrFeNi 4 10.69 23.34 20.60 22.12 23.25
B12 12
B24 24
C4 AlCoCrFeNp.1 4 8.57 18.73 16.52 17.75 38.43
C12 12
C24 24
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4 .3.2Powder characterization

The -dtreredi ng samples of mechanically alloy:
various characteristicssizacl|l adidngp hmsrrep hforl
particle morphol ogy and composition before
using a JEOL JSM 6010 scanning -éilepérsnvaen
spectroscopy (EDS) . Partigcl wassi e@n ddu cstterd b
Mastersizer Particle Size Anal yzreceilvheed a
el ement al powders and the developed HEA po:
for each Ni content variatilolnii ng ot ismedyr d¢d!
each Ni conteany daffifawacdobnpn X( XRD) pattern:
Bruker D8 Advance spectromet e38( @Jrhaen gree as u
empl oy i sgep size -9édcOnd2At eemdt iamel. These

conductedkUuadeat iCaqn @iV 3@0@®.25The XRD peaks
identi fied usinEgJIturse sAddmwiairi@ngh$ gyor XRD r es
determine the volume phase fwdetsonsshbothtth
selected from the peak i Rt@eN]s.i t Refsi e metnhtes
di ffraction data were performed using the

softwar e.

4.3.3Nanoindentation of particles
4.3.3.1Sample preparation

Al CoCk(F»>x N¥ O, 1, 2.1) feedstock samples we:

as per tEBe SATaSMard Guide for Preparation
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ensure consi stent and repeauabld K €M)l tasn.d
mounted (HM) via castable and compression
I n the case of CM samples, x{ ke=méc¢chani 2al):
were | oaded into a casting mold and affi xec¢
of anhapdewer compound. The samples were al
24 hours to all ow the mpelsedasn weor e rporpeeprd rye dh al

Si mplI™4Me0t0 under temperature and pressure c

respectively, which are bel owttilees odn daintyi o
el ements in the alloy. Samples were |l eft t
when completely cooled to ensure optimal r ¢
Af ter mounting, al | sampl es wer e pol i shect

Technol 0g1 @80 8ANOThis involves grinding wit
1200 grit), anwuchi popbnsti agondi algr asBve susSpE
pol i shed -tiokea fmimir®h to minimize surface de

during nanoindentation testing [4].

4.3.3.2Nanoindentation test

Hardness tests were conducted Niuasnionngnda niNar
equi pped with a Berkovich diamond indenter
random | ocations across the face of the mo

paraméneest ati ons were car reisesd tochuatn oln0 Op alrm

|l ndentati on depths and | oads were chosen s
i s not evident i n t he resul ting hardness
l nstrumented I ndentation Testing. The eff e
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under various | oading conditions (50, 100,
sampl es. By using different resins as embe
effects on the measured hardness values \
under standing the role of resin i n suppor
mi ni mizing potential artifacts.

|l ndentation depths ranging from 750 to 300

mN were i mplemented on HM samples to inve
increasing indentation depths. Bypeadegnhg
hardnd®havior and potenti al indentation si
assessed. This analysis provides valwuable

def ormation at different depths.

To examine the correlation between hardnes
maxi mum | oads of 50, 100, 150, 350, and 501
were perfor medBy nv &rMy ismagnptltrees .| oad apml i ed ¢
test , the |l oad sensitivity of the materi a
understanding the deformation behavior and

|l oading conditions.

4.3.3.30liver-Pharr method

The OGRharer nanoindentation method [30] is .
used to measure the mechanical properties
hardness and el astscameduobhusrpe3dbft . htehiues emaif
experi ment al readings of indenter |l oad an

employed to indirectly measure the contac
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calcul ations. Hardness measurements are ba
maxi mum applied |®Bauagtdilosn Thepiugthedt i n he |
unl oading segments of the nanoindentation
continuously recorded, providing insights

sur face.

0 — (4.1)

where Raxis the predetermined maximum load anghAs the indenter area at maximum

load, related to the contact depth, h

To determine the projected area of contact between the indenter and the specimen at
maximum load, the precise measurement of contact depth into the specimen surface is
employed in conjunction with the known indenter tip geometrygglation 4.2 provides

the relationship derived by Oliv&tharr in their seminal work [32], employed to precisely

guantify this parameter.

5 ¢®Q 6Q 6Q 6Q 6Q &Q 6Q 6
(4.2)

0Q

where G (n = 1-8) are constants determined through precise curve fitting calibration
procedures. The leading term characterizes a perfect (ideal) Berkovich indenter without

defects, and the subsequent terms account for deviations from the ideal Berkovich tip [33].
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4.3.3.4Statistical analysis

Chauvenet[84was utilizad B assessthe quality of the experimentally measured
results. This method identifies and removes outtlsugh a systematic process involving

the deviation calculation of samples via mean and standard deviation methods. Deviations
exceeding a critical value threshold based on sample size, as provid&tdtistical
Treatment of Experimental Dafd5], were eliminated. This method relies on the principle
that the data exhibits a normal distribution, which is present in the experimental results of

this study.

4.3.3.5Corrected hardness computation

The experimental hardness values obtained from the nanoindenter were corrected based on
the computation of Slagter et al. [ 9], by
about by the elastic contribution of the matrix from which the particleemteedded.

Computing for the corrected hardness valuegrHnvolves an iterative process starting

initially with the particle elastic modulus {Efrom the nanoindenter, which is considered

as k. All the parameters and their corresponding valuepr@gented iTable 4.2. The
iteration starts wi Eduationd.8)using threpvalie affpiThisn o f t |
is followed by computing for the other parameters, such as the corrected hardness using
Equations 4.4 to 4.6. The corrected elastic modulus, on the other hand}"(Bvas

computed usingequation 4.6, which is then regarded agand was used to compute the

new @C. The iterative ¢ o0mpupjcanvergedwshpwer e d o
Lastly, the H°"was computed frorEquation 4.7 using the corrected contact area®Ch

from the iteration process.

89



.

6 5 —o 5 (4.3)
"y .BY . (4.4)
o) Q 030 p T (4.5)

nY |/|T
o P T (4.6)

f ¢ O

0 0 47
5 4.7)

Table 42. Parameters used for the iterative calculation of the corrected hardnes:

Values

Parameter  Symbol Units Remarks
Used

Proportionality 0 106 i Simulated value for spherical
constant ' particles from Slagter et al. [9]
Particle Average patrticle size for
diameter Dp 50 &em AlCoCrFeNj (x=1)
Particle elastic Values obtained from the

Ep - GPa . .
modulus nanoindenter for each trial
Particle 30 03 i [36]

poi sson
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14.156

Matrix elastic E. (HM) gpa Values obtained by indenting th
modulus actual resins used
3.973 (CM)
Matrix 3m 0.3 . [37]
poi sson
Values obtained for the derivativ
Stiffness S - MmN/ ¢ of the unloading curve of each
trial
deoth " Values were computed for eacl
Contact dept ¢ ) &m trial usingQ "Q i -
Indentation Values obtained from the
P - mN . .
load nanoindenter for each trial
Indenter_ Recommended value from Slagl
geometric )4 0.75 -
et al. [9]
constant
Correction Recommended value from Slagt
b 1.05 -
factor et al. [9]
Values obtained using Equatiol
Corrected 4.2 as a function of the:R", on
Ac - € m :
contact area the assumption of a perfect

indenter

4.4 Results and Discussion
4.4.1 Particle size distribution and phasedetermination

As the milling time progressed, Al, Co, Cr, Fe, and Ni particles, as séegsirt.2a-4.2b
representing the particle size distribution, underwent continuous fracturing and welding
processes. This resulted in the formation of feedstock particles for-alémeent high
entropy alloy, with the particle size being effectively controlled duringrtiieng process.

Figure 4.2cshows the state of particles after 24 hours of milling. It is evident that the mean
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particle size of AICoCrFeNi(x = 0, 1, and 2.1) decreased to less than 50 um due to the

repeated mechanical deformation, fracturing, and welding of particles.

Interestingly, the mean patrticle size was found to be lower when Ni was introduced into
the AICoCrFe alloy system. However, as the atomic ratio of Ni increased from 1 to 2.1, the
mean particle size increased to 35 um. This behavior can be attributedptesbace of

Ni atoms within the crystal lattice, which can impede the movement of dislocations
responsible for plastic deformation. From a previous study of equiatomic bulk AICoCrFeNi
HEA, when the atomic ratio of Ni to other constituents, especiallysAl;1, the major
composition of the alloy is BCC phase which exhibits high strength but inferior plasticity
[38]. As the Ni atomic content increases to 2.1, FCC and BCC phases exhibit an excellent
strengthplasticity synergy resulting in the conclusiomtiNi-rich HEAs exhibit excellent
overall strength and hardness of the material. Thus, in the case of AICoCrFeNi HEA
particles beyond the equiatomic ratio of Ni (i.e., x = 2.1), there is an improvement in
ductility and toughness, limiting the fracturingrihg mechanical alloying and resulting in

an increase in particle size, detailedrig. 4.2d.

The mechanical alloying process, which involves grinding powder mixtures in a high
energy ball mill, leads to significant phase transformation as the milling time progresses
[39]. The repeated impact and grinding between balls and powder particles pptastite
deformation, fracturing, and cold welding of the particles. This process leads to the creation
of nanocrystalline and/or an amorphous structure, making it an effective technique for
producing HEAs. The mechanical alloying process, particularly wimerducted in a

planetary ball mill in this case, aims to produce HEAs with particle sizes less than 100 pm,
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suitable for CS applications. The milling parameters employed in this work have proven to

be successful in achieving the desired particle size for the three HEA systems studied [26].

These findings highlight the effectiveness of mechanical alloying in producing HEAs with
controlled particle sizes, opening up potential applications in various industries where the

unique properties of HEAs are sought after for enhanced performancenatidriality.
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Figure 4.2. Particle size distribution of (g)p) as received Al, Co, Cr, Fe, Ni powders,
and (c)(d) milled AICoCrFeNi(x=0, 1, 2.1) after 24 hours of mechanical alloying.

Figure 4.3 illustrates phase transformation details during milling, where the crystallinity

of the material is evident with the presence of FCC (taeered cubic) and BCC (body

centered cubic) peaks after milling.Fig. 4.3a, a shift in peak intensity of (111) and (011)
peaks at 2d = 38.6A and 2d = 44.8A, respe:

FCC to BCC phase after 12 hours of milling AICoCrFe.
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In the case of AICoCrFeNEKig. 4.3b shows only slight fluctuations in peak intensities as
milling time progresses, and it seems that there is no formation of other intermetallics or
contamination from milling media during mechanical alloying, as no new peaks appeared
in the XRD patterns. Tk can be further verified by Transmission Electron Microscope
(TEM) after feedstock was deposited via the cold spray process. Furthermore, the decrease
in intensity of the FCC peak (111) and the disappearance of the(JE?) inFig. 4.3c

demonstrate the dissolution of the FCC phase, which is a positive indication of successful

alloying.
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Figure 4.3. XRD results of AICoCrFeNi(x =0, 1, 2.1) after 4, 12, and Béurs of

mechanical alloying.

The XRD patterns presented kig. 4.3 were analyzed usingquation 4.8 for phase
volume fraction, V, where | is the peak intensity of the phase Brjdis the total peak
intensity of all phases in the XRD patid.0,40] Figure 4.4 shows that the addition of Ni

to the AICoCrFe alloy system resulted in a slight increase in the BCC phase (46% to 54%)
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at the start of milling time (at 4 hrs). However, as the milling duration progressed from 4
to 24 hours, a consistent proportion of ~ 50% BCC and ~ 50% FCC phases were seen and
displayed inFig. 4.4 (x = 1). A slight decrease in the BCC phase of AICoCrFeNi (x=1)
was observed after 12 hours of milling because of the presdnde resulting inthe
increaseof the FCC phase as shownthe appearancef XRD peaks (002) and (022)

Fig. 4.3b. As milling time progresses to 2wurs, thefree energy of FCC maycrease

due to additional free energy supplied by dislocations making the BCC phase more stable.
The phase fraction determined in this study for AICoCrFeNi HEA feedstock after 24 hours
of milling (55% BCC phase and 45% FCC phase) was consistent wighh#se fraction

found on sparplasmasintered AICoCrFeNi HEA (55.8% BCC/B2 phase and 44.2%

FCC) with a hardness of 924 HV [10].

pmmp (4.8)

i

As the Ni content increased further to an atomic ratio of x = 2.1, and the alloy system was
milled for 4 to 24 hours, an increasing phase fraction of BCC was observed. The trend of
more BCC phase present in the HEA patrticles at higher milling time wasoeeeoth
AICoCrFe and AICoCrFeNii alloy systems. The incorporation of Ni, an FCC element,
can improve the ductility of the material, and as milling time increases, the free energy of
FCC may increase due to additional free energy supplied by dislocalionsequently,
making the BCC phase more stable (i.e., lower free energy state) and contributing to the
increasing BCC phase in the alloy. A BCC structure is generally associated with higher
hardness compared to other crystal structures. This is due fover atomic packing
efficiency of the BCC structure, resulting in a higher density of dislocations and greater

resistance to plastic deformation, leading to increased hardness.
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Figure 4.4. BCC phase volume fraction of AICoCrFeNx =0, 1, 2.1)after 4, 12, and
24 hours of mechanical alloying.

In summary, the addition of Ni to the AICoCrFe alloy system affected the crystal structure,
and at certain atomic ratios, it led to a shift in the phase composition, favoring the formation
of the BCC phase. This alteration in the crystal structure pleggcal role in influencing

the mechanical properties of the HEA particles. Understanding these phase changes is
essential for tailoring the properties of HEAs and optimizing their performance for various

applications, where increased hardness and resgstarplastic deformation are desired.

4.4.2 Influence of feedstock processing parameters on hardness
4.4.2.1Milling time

As shown inFigs. 4.3 and4.4, milling time can influence the phase composition of the
material. As the milling time increases, some phases may undergo transformation, leading
to changes in their mechanical properties. As showhign 4.5, the changes in phase
composition can directly impact the hardness of the material. For instance, the formation

of nanocrystalline phases or the transition from one crystal structure to another can
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significantly affect the material's mechanical properties [41]. Nanocrystalline phases
typically have smaller grain sizes, higher dislocation densities, and altered grain

boundaries, which can lead to increased hardness.

Furthermore, as milling time progresses, the accumulated deformation and dislocations
generated during the mechanical alloying process can induce changes in the material's
mechanical behavior. Throughout the alloying procedure,-seh@rent phase boundeasi

were formed due to the presence of chemically disordered distributions of multiple
elements in HEA [42]. These strains influence the Gibbs energy of the system leading to
phase evolution, all of which influence the hardness of the material as sh&vgn 4rb.

As the milling time of the three alloy systems increases from 4 to 24 hours, there is also an
increase in hardness values. This shows that milling time is a critical parameter that
influences the extent of strain accumulation and how prolonged mecladlugalg affects

strainrinduced phase changes and, consequently, material hardness.
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Figure 4.5. Hardness of AICoCrFeN(x=0, 1, 2.1) after 4, 12, and Pdurs of
mechanical alloying.
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4.4.2.2Ni content

The hardness of an HEA system is influenced by both its composition and particle size.
Each elemental composition within the HEA particle carries intrinsic properties that, when
combined, lead to unique mechanical characteristics. In the AICoCrFeNi ysleyrs the
addition of Ni resulted in lower hardness at the start of milling time but higher hardness
values than AICoCrFe alloy system as milling time progressed, as evident from the results
shown inFig. 4.5. This can be attributed to the specific pragsrof Ni, which, when
integrated into the alloy, enhances its hardness. Higher hardness is evidentémtiogh

alloys with Ni atomic content of 1 and 2.1 presente#io 4.5, measured at above 344

HV (3.64 GPa) and 370 HV (3.9208), respectively.

While it might be expected that the hardness of AICoCrFeNi would be lower than
AlCoCrFe due to the decrease in the BCC phase (i.e., after 24 hours), as illustréded in

44, the hardness values showed a reverse trend. This can be attributed to the presence of
chemically disordered distributions of multiple elements in HEA, forming-semerent

phase boundaries [42]. Although the BCC phase exhibited higher hardness, tmese ph
boundaries effectively hindered dislocation movement, leading to the actiomuwé
dislocaticns within the FCC phase that led to high dislocation density. Consequently, a
significant hardening of material is expected that is associated with the enhancement of
strength despite the decrease in the proportion of BCC phase within thiphdsal

materal.

Additionally, as shown inFig. 4.6, the morphology of AICoCrFeNiHEA particles
changed based on the Ni content. AICoCrHg.(4.6a) appeared flat and more irregular

in shape than AICoCrFeNF{(g. 4.6b), while AICoCrFeN;.1(Fig. 4.6¢) exhibited a flaky
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morphology after 24 hours of mechanical alloying. The differences observed in particle
shape have significant implications on the hardness results [43], considering that the
particle diameter may not be uniform in differeinections within the particle. Further in

the discussion, the influence of nanoindentation parameters such as depth, load and resin

type on sample thickness or length is highlighted.

S

e 3
SEI 20KV WD11mmSS60

Figure 4.6. SEM images of (ajc) AlICoCrFe, (d) (f) AICoCrFeNi, (g)i (i)
AlCoCrFeNp.1 feedstock particles after 4, 12 and 24 hours of mechanical alloying.

4.4.3Influence of indentation parameters on hardness
4.4.3.1Mounting resin

The hardness test involves small indentations on the order of a few nanometers on the
mat erial 6s surface. The choice of mounting

indentation due to differences in the mechanical properties of the resin cortgpd#ned
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sample. As a result, this factor can affect the calculated hardness values, as the indentation

size is a critical parameter in hardness testing.

In this study, nanoindentation tests were carried out on mechanically alloyed feedstock

samples of AICoCrFeNi mounted by means of hot and cold mounting methods while

progressively increasing the applied loads. The results revealed distinct trends bedween t

two mounting methods, with HM AICoCrFeNi feedstock samples consistently exhibiting

higher hardness values compared to those metallographically prepared via the CM method.

As the applied load increased, the average hardness of the HM samples exhibited

fluctuations, ranging from 3.85 to 5.30 GPa, while the CM samples' hardness measured

between 3.12 and 3.77 GPa. The percentage difference between the two mounting methods

was calculated at each loading interval, the largest difference being 41% obsel@@d at 5

mN. The | ow hardness of CM sampl es

at

hi gh

resistance to deformation. Additionallyig. 4.7 shows that the measured hardness of the

CM AICoCrFeNi samples in every indentation load fluctuated more, indibgtta larger

coefficients of variation compared to the HM samples.
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Powder consolidation is a fundamental method in powder metallurgy, which involves
compacting loosely packed metal or alloy powder particles into a coherent structure for
mechanical property testing. However, powder consolidation was deliberately omitted in
this study prior to the mounting step and nanoindentation test. This is to prevent extensive
plastic deformation and work hardening when transformation occurs from the loose

particles to compact sample.

The CM method effectively attaches the metallographic powder within the resin, whereas
the HM method involves subjecting the powders to compression at constant elevated
pressures and temperatures to melt the resin granules leading to better adhesian betwee
the powder particles and the mounting material. However, the HM process relies on the
application of heat and high pressure to consolidate loose powders into a complete
component. As heat is applied, the gaps between patrticles shrink, resulting irea dens
product. The application of pressure compacts the powder particles further, thereby
reducing the void space (or mean free path) among them. This reduction in void space can
increase the resistance to deformation of the partidles, highpressure heat treatment
generates high strains, inducing lattice distortion and increasing the density of dislocations.
This, in turn, elevates the resistance to deformation [44]. Combined, the above factors
contribute to higher measured hardness in HM samples. fhieutgmperature and pressure
used during HM in this study are high enough to melt the resin powders but strategically

lower than the temperature that will impact the properties of the HEA feedstock samples.

Both HM and CM resins demonstrate remarkably lower resistance to deformation,
measuring the hardness at 0.25 GPa and 0.88 GPa, respectively, which are significantly

lower than the hardness exhibited by the metallographic powders. The influence of the soft
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resinbés matrix may alter the effective con
the powders are subjected to indentation, a more profound immersion of the HEA powders
into the mounting resin occurs. When the indenter comes into contact with the
mechanically alloyed feedstock particles, the HEA patrticles act as an indenter themselves,
and the mounting medium may deform. As a result, the indenter experiences a greater
displacement into the specimen, thus increasing the contact area and resutingri

measured hardness values as evidencdtptions 4.1 and4.2.

A study conducted by Leggoe [43] reports similar findings in nanoscale hardness testing

of embedded particles within a matrix exhibiting different elastic moduli. These findings
are attributed to the impact of i ndenmatnbn
effect, which arises when stiffer indented particles are pressed into a more compliant
matrix. Consequently, this secondary indentation induces additional penetration into the
compliant matrix, dependent on its properties, as well as pastidpe, dimension, and
properties. As a result, the measured indentation depth tends to overestimate the actual

depth of the particles, thereby influencing the recorded hardness values.

Slagter et al. [9] proposed modifications to the standard indentation method, presenting an
adaptation of the OlivePharr method to address the influence of the mounting resin matrix
and the presence of a secondary indentation by restricting the dépdleratation. IrFig.

8, the corrected hardness values, accounting for the particle/matrix elastic inhomogeneity,
are shown. It is noteworthy that these corrected hardness values amth@abldmounted
samples are higher by 0.10 to 0.40 GPa and 0.5®@®®Pa, respectively, than those of

the experimental results. The nanoindentation equipment used in this study employed the

Oliver-Pharr method to generate nanoscale hardness data. However, it was found that this
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method underestimates the actual contact depth due to thgpileenomenon [45]. The
proposed modifications by Slagter et(&ection4.3.3.5 were implemented to overcome

this limitation and provide more accurate hardness measurements.
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Figure 4.8. Corrected hardness values for the HM and CM AICoCrkéddil) particles.

4.4.3.2Indentation depth

During nanoindentation, the indenter penetrates the material surface to a certain depth,
referred to as the indentation depth. It is established that when the material is indented, it
responds by deforming elastically or plastically depending on thedéagblied stress. In

all indentation tests, plastic deformation zone was measured after elastic recovery [2].
Employing a shallower indentation depth in hardness testing results in relatively lower
levels of deformation compared to its counterparts wvatigdr indentation depths, as

evidenced by larger hardness measurements basédjuation 4.1. In this case, the
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indenter penetrates the material to a lesser extent, causing a smaller displacement or
deformation zone and allowing for more elastic recuperation. The material near the surface
experiences localized plastic deformation, resulting in a smaller volumetefiah&eing

affected. On the other hand, when a deeper indentation depth is reached, the material
undergoes more extensive deformation. Thus, this section presented how different depths

of indentation influence the measured hardness values.

In investigating the mechanical properties of the mechanically alloyed AICoCrFeNi
feedstock samples after -bbur milling, after considering the influence of mounting
matrix, a clear dependence of average hardness on the indentation depth is observed
(represented by corrected hardness values), refdfigo 4.9. Notably, this trend is
particularly evident when measuring at shallower depths. The results illustrate a gradual
increase in average hardness as indentations become shallower. The trend of average
hardness values, ascertained by systematically varying the indentation depth on the surface

of AICoCrFeNi (B24) samples is graphically depictedrig. 4.9.

The observed increase in hardness at shallow indentation depths (i.e., smaller contact area)
can be attributed to the indentation size effect (ISE), which may greatly influence the
interpretation of results. In essence, as observed by Tymiak et al., #&Sghenomenon

when the hardness at shallow indentation depths is greater than those at deeper depths [46].

It arises from the fact that as the depth of indentation decreases to very small scales
(typically in the nanometer range), the behavior of the nahtean deviate from the bulk
properties. At shall ower indentation depth
the indenter is elastic in nature. As the indentation depth decreases, a greater proportion of

the total deformation is absorbed elealty, meaning the material experiences less
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permanent or plastic deformation. The observed increase in hardness values is attributed to
the increased reliance on elastic deformation to accommodate the stress induced by
indentation. Specifically, at a depth of 750 nm, the material exhibits a highected
hardness value of 3.83 GPa, whereas at a depth of 3000 nm, the corrected hardness value

reduces to 1.78 GPa, as illustratedrig. 4.9.

(a) I HM-Experimental|
—a&— HM-Corrected |
—e— Nix-Gao Model |

Hardness (GPa)

750 1000 1500 2000 2500 3000
Indentation Depth (nm)

Figure 4.9. (a) Influence of indentation depth on naseale hardness of AICOCrFeNi
(x=1), and (b) particle micrograph with increasing indentation contact area as a function
of indentation depth.

Conversely, a further increase in indentation depth resulted in less contribution of elastic
deformation. A larger volume of material experiences plastic deformation, resulting in a
more extensive and homogenous plastic zone around the indentation. pAastieezone
becomes dominant, the hardness value reaches a-iddpgiendent constant value as
observed in indentation depths of 2500 nm, and 3000 nm. This indicates that the material
has undergone significant plastieformation andurther increases imdentation depth do

not significantly affect the hardness value [46].
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Initially, the occurrence of ISE was attributed to measurement errors or surface preparation
procedures. However, the most widely adopted model at the micrometer scale developed
by Nix and Gao [47] showed that the geometrically necessary dislocations J@GNDs
generated during the indentation process to accommodate the volume of material displaced
by the indenter, as illustrated Fig. 4.10. These GNDs persist within a hemispherical
plastic zone whose size is determined by the radius of indentation contact on the surface.
The presence of GNDs plays a crucial role in the plastic deformation and mechanical
behavior of materials, particularly small scales. These dislocations significantly impact
material properties such as hardness, strength, and ductility by entangling and impeding
further movement of existing dislocations (statistically stored dislocations), as well as the

formation and moement of new dislocations.
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Figure 4.10. Schematic diagram of GNDs generation during the indentation process.

Nix and Gao model, shown EBquation 4.9, employed strain gradient plasticity showing
dependence of the calculated hardness value on indentation depth for geometrieally self

similar indenters [4,48]. As the indentation size decreases, the GND density increases,
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resulting in a higher hardness due to the interaction among dislocations, known as the
Taylor hardening mechanism. The fundamental concept of Taylor hardening is that the
dislocations formed during deformation act as obstacles to the motion of otheatibsi®c

[49]. These dislocations can take various forms, such as dislocatiemppilelislocation
entanglements, and dislocation annihilation, all of which contribute collectively to the

strengthening of material.

O Q

— — 49

D P 5 (4.9)
whereH is the hardness for a given indentation deptfQ is the hardness in the limit of

infinite depth; andQ is a characteristic length that depends on the material and shape of

the indenter tip.

In this study, the NiGao model was employed to calculate the imgkivalent
nanoindentation hardness from deg#pendent nanoindentation hardness [45]. By using

this model, the relationship between the measured hardness during nanoindentation and the
intrinsic hardness of the material was established. A linear relationship can be predicted
between the square of hardnes$) (khd the inverse of depth (1/hlFigure 4.9 presents

the calculated hardness using the-Biao model, indicating that at an indentation depth of
1500 nm, the value (2.84 GPa) aligns with the corrected experimental result (2.81 GPa).
Thus, the corrected nanoindentation results obtained in thissiiorked that the hardness

value of 2.81 GPa at an indentation depth of 1500 nm is the intrinsic hardness of
AICoCrFeNi HEA. Beyond this depth, the effect on hardness values is minimal, as

evidenced by the insigitant changes observed.
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The hardness tests conducted in this research utilized a sharp Berkovich tip, which is
prismatic in shape. As a result, the measu
geometry rather than being entirelgpendent on the contribution of the indented material.

In crystalline materials, when a pyramidal indenter is applied, the material undergoes
deformation in the form of plastic and elastic responses. At shallow depths of penetration,

the indenter encounte fewer atomic planes, leading to limited plastic deformation. As a

result, the material exhibits higher values due to increased resistance to the indentation

[50,51].

In addition to understanding the ISE and its impact on nanoindentation hardness values,
other practices have been implemented to mitigate the potential influence of indentation
depth on the interpretation of results. The "10% rule" is a-kvellvn practiceén nane

scale hardness testing as it is aimed at minimizing the influence of substrate properties on
the measurement of coating properties by limiting the maximum depth of indentation. Its
purpose is to restrict the plastic zone to the coating materghgore accurate results.
FischerCripps discusses the relevance, validity, and limitations of this rule, emphasizing
its importance in thin coating testing while acknowledging its applicability to the bulk
material testing [52], such as relevant to thiglg. In essence, this rule ensures test piece
thickness shall be large enough, or indentation depth small enough, such that the test result
is not influenced by the test piece support. Test piece thickness should be at least 10 times
the indentation deptar 6 times greater than the indentation radius; whichever is greater.
This serves as a strong basis for naoale hardness testing, as it operates under the

assumption that, i f the indenterds penetr
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thickness, the plastic zone resulting from indentation will be confined entirely within the

test piece. Any elastic deformation from the substrate will have a negligible impact.

Overall, the experimentally obtained hardness values in this study, with consideration of
the ISE are comparable to the published results of AICoCrFeNi in bulk conditions (e.g.,

casted or coated) as showrFig. 4.11.
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Figure 4.11. Hardness results of AICoCrFeNi feedstock particles in comparison to
AlCoCrFeNi as coating and casted HEA

4.4.3.3Indentation load

The influence of the indentation load on the hardness of the mechanically alloyed
AlCoCrFeNi HEA particles with varying Ni content is presente#im 4.12a Initially, it

is observed that the measured values for each indentation load were independent of each
other, and specific trends can only be seen within certain ranges as the indentation load
increases from 50 mN to 500 mN. For low indentation loada(®0100 mN), higher Ni
content exhibited larger hardness measurements compared to the one without N

Increasing the indentation load from 150 to 350 mN showed some variations in the
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measured hardness. For x=0 and x=2.1, the hardness increased in the said range of
indentation load, but the hardness decreased for x=1. When the indentation load was further
increased to 500 mN, the measured hardness values were contrary to the prenbus tr

and found to be within the range of each other, as indicated by the error bars.

The variability of the measured hardness of the mechanically alloyed AICoCrFeNi HEA
particles can be attributed to the anisotropy induced by the distribution of phases (FCC and
BCC) within the particle from which the indentation was done. Based on ther&dRils
presented irFig. 43, FCC and BCC phases are present in the mechanically alloyed
AlICoCrFeNi HEA patrticles. This ialso evident for all alloys with varying Ni content (x=

0, 1, 2.1). At low indentation loads, the coverage of the indentation area has the possibility
to focus only on regions with high phase volume fraction of either FCC or BCC. In relation
to the measurk hardness at low indentation loads, high hardness could mean that the
indentation happened on a BCC phdseninant region within the particle or in the semi

coherent phase boundaries.

Focusing on the influence of indentation load on the hardness for Bigl4(12b),
increasing the load from 500 to 1000 mN resulted in a relatively flat trend line in the graph.
This behavior indicates that AICoCrFeNi exhibits low load sensitivity, as there was
minimal change in hardness with increasing load. Specifically, the mdasardness
values for 500 and 1000 mN were almost the same, having a small standard deviation of +
0.04, which is more reliable than the measured hardness values for irfeltuads less

than 500 mN with a large standard deviation (x 0.27).

The consistency observed at higher indentation loads (500 to 1000 mN) can be attributed

to the larger indentation area and a better 83T phase fraction distribution and can be
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considered as the loaddependent range. Hence, the hardness measured at high
indentation loads (for this study, up to 1000 mN) accurately represents the mechanical

property of the mechanically alloyed AICoCrFeNi HEA particles.
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Figure 4.12. Influence of indentation load on the nastale hardness of AICOCrFeNi
(a) for x=0, 1, 2.1 from 50 to 500 mN; and (b) for x=1 from 50 to 1000 mN.

When different indentation loads are applied, the HEA particles experience varying levels
of stress and strain during indentation. Higher loads typically create a larger contact area
between the indenter and the material, leading to increased plastimalgbor, as evident

from the larger indentation area for a given loadFig. 4.13a Conversely, lower loads

induce less plastic deformation, resulting in a smaller indentation.

Despite the evident variation in indentation size as the indentation load was véafigd in
4133 the systematic variation of indentation loads showed a low load sensitivity of
AlCoCrFeNi feedstock, as illustrated in a relatively flat trendlin€igi 4.12. This finding
highlights the materialds ability to mai
range of indentation loads. Furthermore, the loadinigading curves at varying

indentation loads for x=1 ikig. 4.13b, showing the indentation load as a function of
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indentation depth, indicate that the slopes of the unloading curves change without a specific
trend. This behavior further supports the notion of low load sensitivity, as the changes in

indentation | oad do not si gminfunicaaingt | y af f e
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Figure 4.13. (a) Micrograph of a particle with increasing indentation contact area as a
function of indentation load, and (b) average loading and unloading curves for
AlICoCrFeNi mechanically alloyed feedstock powders at varying indentation loads.

4.5Conclusions

In conclusion, this paper presents the viability of nanoindentation technique as a method
to study the hardness/strength properties of AICOCrHFeNF 0O, 1, 2.1) HEA feedstock
particles after mechanical alloying. The induced knowledge suggests that the reliability of
the method is dependent on two sets of factors: 1) material specific and 2) test specific. The
first factor combines the particle @tiutes such as distribution of phase boundaries, size,

and shape, whereas the test factor includes parameters such as mounting resin, indentation

depth, and indentation load. The study yields the following significant conclusions:

1 The nanoindentation technique is applicable to feedstock particle sizes in

micrometer and nanometer size ranges as long asuthgle isat least 10 times the
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indentation depthused. This ensures that amplastic zone resulting from
indentation will be confined entirely within the test piecel the mounting resin

has negligible impact.

Based on corrected experimental hardness plots ehhdtcoldmounted samples

at varying loads, there is a 0.10 to 0.90 GPa underestimation of hardness results.
This is due to the lower deformation resistance of both hot and cold mounting resins
which alows the indenter to displace further into the specirttars increasing the
contact area and resulting in lower measured hardness valwesall, the
experimental hardness results of-hwtunted samples are higher than the cold
mounted samples and closetthe corrected values, considering the particle/matrix
elastic inhomogeneity.

The plot of the corrected hardness values of AICoCrFeNi, obtained by varying
indentation depth of 750 nm to 3000 nm using an adapted ivamr method,
revealed the presence of an Indentation Size Effect (ISE) indicating-depth
dependence of AICoCrFeNi HE Notably, the calculated hardness values using
Nix-Gao demonstrated agreement with the corrected experimental results,
particularly at an indentation depth of 1500 nm leading to the conclusion that the
intrinsic hardness of AICoCrFe HEA can be reliabstedmined at this specific
indentation depth and measured to be 2.81 GPa.

Based on a relatively flat trendline of hardness vs indentation load plot,
Al CoCr FeNi demonstrates the material 6s
measured nanbardness values are consistent across various indentation loads.

However, a more consistent hardness values at 500 mN to 1000 mN showed the
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reliability of hardness measurements obtained at higher indentation loads to
accurately represent its mechanical properties, crektiggr indentation aret®
coverthe semicoherent phase boundaries formed dubdé@resence of chemically

disordered distributions of multiple elements in HEA

By considering the influence of particle size, sample preparation methods, and test
parameters, accurate and consistent nanoindentation measurements were obtained,
contributing to a deeper understanding of ght r opy al |l oyds accept

particles in CS applications.
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5. Propelling gas influence on- the d

entropy alloy particles on a ste

This chapter presents tleeld spray(CS) depositionof AICoCrFeNi feedstock onto low
alloy steel substratend address thdifficulty in depositing particles onto hard substrates
through G. Investigation will includethe influence of gas type on effective deposition,
the role of feedstock and substrate properties on the interfacial bonding featar¢ise

microstructural properties of the HEA particles after deposition

This chapter has beg@ublishedas: Aisa Grace Custodio*, Marvin Tolentino, Aleksandra
Nastic,Bertrand JodoinGo bi nda C. Saha, ®&moplinGgdasidflueaded o Ar
on the deposition of AICoCrFeNi higgntropy alloy particles on a steel substrate using

cold spray High Entropy Alloys& Materials Feb. 2025https://doi.org/10.1007/s442410

025-000537.

*Aisa Grace Custodio served as the main investigator of this study and was responsible for
writing the manuscript. Gauthors contributed to facilitating experiments, writing and

finalizing the manuscript.

5.1 Abstract

High-pressure compressed gases, such as nitroggraig helium (He), are critical for
propelling microrsized particles onto a substrate during the cold spray (CS) process. The
propellant molecular weight and specific heat ratio affect the gas speed of sound, allowing
for distinct flow acceleration andjacted particle momentum transfer during CS for a set
operating pressure and temperature. Since higher particle impact velocities can improve

the overall CS deposit quality/efficiency, the present work focuses on investigating the

120


https://doi.org/10.1007/s44210-025-00053-7
https://doi.org/10.1007/s44210-025-00053-7

effect of N and He as process gases on the deposition of mechanically alloyed
AlICoCrFeNi highentropy alloy (HEA) particles with diameters ranging betwedd®

pm onto highstrength lowalloy steel substrates. Moreover, this research examines the
influence of varios properties of both particle and substrate, such as density and dynamic
yield strength, on the effective particle bondidgmonstrated by particle flattening ratio
and critical bonding velocityBased on the findingshe particle velocitiesanged from

502 m/s to868 m/s forcoating obtaired with N2 gas, compared t817 m/s to1797m/s

for those sprayed withle gas resulting in more effective deposition of the latfEne
evaluated critical velocity for AICoCrFeNi particles onto talloy steel substrate isl#00

m/s which delineates the onset of successful mechanical and metallurgical bonding
Deviations from the optimal deposition window may prompt particle rebounding and

empty crater formatigrparticularly when employing MN\as thepropeling medium.

Keywords Cold spray; Higkentropy alloy;AlICoCrFeNi Propelling gas Helium gas;

Nitrogen gas

5.2Introduction

The growing -enteopygt al honws ghbHEAsS) aeadattri
optimezdédni cal @xiodeetritare sr eanidst ance, whi ch
that of commercji@l | Ynavéael abheeatiopal al |l ¢
of one or two primary el ements with minor
new category of materials composed of mul't
with near eqgat mohar tbnsemntnmgae hf gat Wregr E

configurational angino pag pfydhyje nce t he term
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One of the most i ntriguing aspects of HE A

Conventional al | eoyfsf dbfetteme eenx hsitir eddrguts ht hraandde d

demonstrated an ability to achievel )i gh st
Thicsoncuirmpernotvement i n sitarcenndgetvieadagdatd hebibket
propaearmt iHESASs . T h ® ofplr aessee nicrec roefases tihar dlucti

phase increase$ 7] Adi gi «lodnb &tneareimgptikirecess HE A s

attractive for structural applications whei
|l oads without fraevar&asgi o r Nafmermatsii wp.nd uc
studies focus on wutilizing HEAs in the fo
surface protective coatings and/or of 3D f
extreme oper §dB9hgAmomgithensommonly studie
t hGant or, dalhleoyAl CoCr Fe Ni HEA hasn dden madregi
community. This popprnagsengescatrtemsedy ombi &re( [
facentered cubic (FCC) phases in the Al CoC
high strengt h[,iIn20tamd eoxiud a[tidilBDA]yr esider amge
HEA a plausible candidattlé]Avirdeemieipgsmaghea p
presence in Al CoCr FeNi , most HEAs incorpor

form a pelt®yxern vieaVAdr i ng[&@%i dation propert.

Mul ti ple tethhiogefdashdrapeteistietc o &toirn gesx.atmipe e i
cold sprayth€Sfepdsestes&,amactoenrviealgiinsg /,fde dv eir g
where it unbetgweshkReateipgted mheroial Beime
accelerated toward t he subtsamaard [2hHher n(ad

t ec hnowhoigd he si nhcil guhd ev et Hhoeceil t y( HoVxOyF ) phe o e s s,
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workrsi manit e pprarntciioplédeemwdyr eby providing t
retain t he HEA feedstock phase structure
commonly obset*rtveenp eduartiumrge IlpRgh ¢cach [evdedan thigy ,
the del etefi e wsfiatpira cotm tdoe piompH@om ut il i ze
carrier gas accelerates the injected solid
1200 m/' s causing their adherence to the sut
particles/ coat i[nld67 b pTohne tkhieniert iicmpeancetr gy | mp :
during their collision promotessti atterldardiar
as particles undergo plastic def orsmattieon

bonding di stoimnduiasshdes o@alfrn her mal spray pr

dropl et i mpi ngement , def ormati on, and subs
The use of | ower temperatures in CS not onl
t he deposa twiiodrero range of materials, i1includ
t her mal degradation at hi gher temperatures

sensitive substrates without causing damag

vaocus i ndustries. The adhesion of the CS d
nozzle geometry, feedstock powder J[ch&]racte
The CS parameters include temperature, pr e
occur during CS, the O,mpacst veeachtgnadfeinrc

adhesion y&F7pkthd ygener al appr oafclhi dhot i nelr ®c
i s to raise the propell ant gas stagnation
energy during gas expansion in the divergi

subssuwurmtace deterioration and particle oxi
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injectedpressheehcghverdi9ngdghoezzhedoswosior
injection is required to increase the par-
partifdlighitn t emper atur ezt Ife ncel Hei iy o fi gHe e
is calculated to be 2.88 times higher; hen

t he same condditmeomssi camsa lp eirs eomtgro@®]i ¢ f |l ow as

I n the firsdprreeyed tAloQom@riokbed\sit aHEBA basedt eel
super al | olyn s2u01s%,r aAneusspam et al . studied the
in the coating and nedrl]tlhte wanst errefpaocret eddu rtihi
HEA is successful in prevAmtomg2Substduat «
format oinapér Abn top of tdiesvElbIcyladfermogm Mor

the substratef or@eidntttee dii fi fledAPda@®zohe ©O(xi d

testing and due to the substrate ductility
from particle impacts, which aided in forr
studies have investigatedsttilces AlIn@o CrhesiNri |
deposition features with varying i mpact vel

bonding devel opment during the C8l bbysshgk

Ssubstrate, wherein bowabhlar dakdowsst anbdadec
Both Hepraompgel | ant gases wil/l be tested and
Al CoCr Fe Ni particles wild. be discussed. Th
work include: i) the influence of gas type

and substrate properties on tihe mMmintrodtarcuc

properties of the evolving deposit.
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5.3 Experimental Methods

The =equi at omifceeAlls@GoCrkFeWlNsed i n this study
mechanical alloying of >99% pure Al, Co, C
at 580 rpm for 24 hours and the details of
[15]. Given paet sofgnfidecsatnack mproperties on
coating cha2lialtfer idettiacd e[dl1 8 nf or mati on on t
in this study glLFiupgebashdevd iam i sol ated el el
singl e amelcyhaanlilcoyed Al CoCr FeNi particle su
intensified colors highlight theFd®lni nant

and XRD fmpiagltherwiass (conducted to determine th
and phases presenrti 9d¢p NMEAypetlttdedl epartl ol es
semipheri cal shapes. The particle size dis
di ffraction method in a Mast ekFisglzde rPaRaritcilce
sizes ranged from 10m to 158 Om, with 90% c
all oyed feedstock was subsequently sieved

Si zee rfaonrg t he CSThepAliCa€Cn PeaNi[ 2BEA particl e
using-E® $EENter !l i nceommiirncd sadf 2CIF0uN )Y $ i giinng b «

and He as pr opesltliraenntectagralsi@osw -rakel reavagpmatc,e 3 00 M

substrate was chosen as the substrate. P o\
mi r-fiomi sh substrate surfaces, whi chbyhave I
cleaning in an wultr aslfamibtp bavtihdepsr itofe t©S s

pameat er s usedThiinn tfhiilsmss t(ubdeyl.ow 500m) have b
Al CoCr FeNi HE A1 pc opartoicregs shuiwhd | e singl e isol

been made to investigate particle interfac
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Figure 5.1. Quality of feedstock shown in the (a) SEM image and elemental maps of
mechanically alloyed AICoCrFeNi HEA particle, (b) phases present from XRD pattern,
(c) irregular to semspherical morphologies of the patrticles, (d) particle size distribution

after miling

Table 51. Cold spray process parameters used in depositing AICoCrFeNi on 300M steel
substrate

Spray parameThin film deSingle part.

Traverse ratb5 mm/ s 100 m/ s
St amfdf di stalO0O mm 10 mm
Propelling (He,2 N He ,2 N
Gas temperai500 AC 500 AC

Stagnation 500 psi (3.4500 psi (3. ¢

Passes 1 1
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