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Abstract

In this work, a HEA system is devised based on the outcome of neural network models.
The most successful neural network in this work achietestimg accuracy of 92%. This
neural network operates solely on the compositional data of alloys, as opposed to the
orthodox approach of using HumR®thery (HR) dataConsi dering that
composition is always known for certajonlike HR featureshiat aredependenbn
estimates)this approach is expectéd enable the average researcher to rapidly screen
potential HEA compositiond.he outcome of the neural network model led to the study

of the ALCrCuFeNi system, whereby= 1.4 was predictedtoeb t he | i mi t of
solid-solution window. Thex = 1.0,x = 1.3,x = 1.5 andx = 2.0 compositions were
manufactured using an ameelter to confirm the prediction, whereby noticeable
microstructural complexities are observed inxhe 1.5 system thtaare not observed in
thex=1.0andx= 1. 3 systems. O6Chinese Scriptd an
in thex = 1.5 system, whereas tike= 2.0 system displayed a microstructure dominated

by intermetallics and very brittle mechanical behaviour.

Thex = 1.0 andx = 1.3 alloys showedI-Ni intermetallic needles in their interdendritic
regions which adhere closely to dendrite peripheriesxFh&.0 alloy was processed for
rapid solidification using a 6.5 m long drtybe facility. This is in ordeto explore the
possibility of suppressing intermetallic growth and achieving a siplggese simple solid
solution.-The sizes of the retrieved powders r ¢
corresponihg range of cooling rates frofrl 2 K/sto 1.13x16 K/s. With higher cooling
rates, simmr microstructures are obtainadd & the highest cooling rate of around 1.13
p T K/s, a microstructure free aitermetallicsis observed in powders of the B&3

‘ m size fraction

The effect of rapid cooling islso studied in the eutectic HEA (EHEA) that is
AlICoCrFeNp.1. In equilibrium conditions AICoCrFeNp.1 is duatphaselL12/B2. By
processingAlCoCrFeNbp.1 using the drogube facility, rapidlysolidified powders were
achieved with sizerom 850um Od < 1000i 38 um Od < 53 um with corresponding
estimated cooling rates of 11490 1.75x16 K/s respectively Average interlamellar



spacingwvas foundto decreager om 2. 10-c@Gmti rmaltlilbegy a0 348 nn
of the d885®mOm s i #hwugh dearaaded mtarlamelar spacing is
expected to enhaneeicrohardnesssuch a relation wasurprisinglynot as strong as
expected,as microhardness of the powdengs found to vary only slightly from an

average value of 340 Hws This unexpectedesult is explained via the observation of
disorder trapping anohcreased FCC volume fraction. With increasing cooling rate, the
microstructure of AICoCrFeNi was found to evolve gradually from regular eutectic to

colony eutectic, followed by dendriticith eutectic the interdendritic regionig. some

instances at the highest cooling rate, dendritic structures nadbsbeved with no eutectic

observed in the interdendritic regidn.particles of sized< 212 Om BCC dendr

observed, either dominating the structure or coexisting with FCC dendrites.
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Introduction

The searchfor lighter and strongematerialsthat perform in extreme environmerias

pl ayed a crucial role in the devel opment
automadive, erergygeneratiorand so forth)Naturally, sich a pursuit is dependent thre
development and discovery of nevetals The development of superalloys marked the
beginning of a newnetallic era and a big leap towardsaterials more suited for gas
turbines, eactor cores etcAround acentury since their discoverknowledge of
superalloysis now well-establishedand their composition spaces have bé&agely
explored As such, further significant discoverielepend on academic attention being

shiftedfrom canventioral andsuperalloygowards new alloy types

High Entropy Alloys (HEAS) are a new family of alloysliscovered circa 2002which
are bound to play a key role in the future of alloy developiiignilypically containing
a minimum of five elements nearequiatomic compositiof2], HEAs provide a large
uncharted space for alloy discoveMulti-principal elemehalloys (MPEAS)in general
have been overlooked in past years dubegeneral belief thaheir microstructures are
overly complex (containg many intermetallic phases). Contrary to this opintae first
reported HEA (©20Cr2oFeoMn2oNi2g) showeda singlephase FCC structuf@]. Since
then,singlephase FC@4], BCC[5,6] and HCH7] HEAs have been discoveradd have
proven to have exceptional propert8k

As the high entropy of mixing in HEAs (brought about by their equiatomic compositions)
leads to reduced Gibbs free energy, it is a main factorrgaditheir simple solid
solution microstructuref®]. In fact,for an alloy to be classified as an HEA, it is widely
agreed thaits entropy of mixing must be no less thanR,.whereR is the gas constant.
High entropy forms part of the fowore effectsvhich are characteristic to HEAhese

are high-entropy, sluggish diffusion, lattice distortioand the cocktail effedt0,11]
These four effectappear consistently in HEAs and have proven useful in understanding
the nature and behaviour of HEAs. These ceffects and their significaecwill be

discussed in Chapter 1
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Although singlephase HEAgeceived the initial spotlightHEAs do not have to be
singlephasdo be deemed worthy of attention. In recent years, significant effort has been
dedicated to the delopment of dplex and eutectiHEAS [12]. The aim of this is to
design alloys which contain a balance of desired properties drymwo phase$13].

The first eutectic HEA (EHEA) was reported in 20[14}], proving thattappingthe
potential of HEAs lies not only within @ial-anderrorapproach to obtain singfghase
alloys, but alsan a more desigioriented aproach NeverthelessHEAs are still in their
early days and the systematic discovery of new HEAsg alreadypromising

combinatiors of elements istill very much relevant.

To date, hermodynamicdatabasesre far from accuralg predicting HEA phases
Mainly, this is due to the large composition space HEAs offer and the fact that generally
up to today, the central areas of phase diagrams have been largely ignored. With no
knowledge of central areas ofulti-principal elementlloys, there is no foundat to

build onto predict the central areas of HEAs. With relation to industry, one of the
challenges HEAs faces itheir poorcastability (due to the chemical inhomogeneity and
composition segregationjomplicating the production of large ingf1$]. Assessing the
properties of HEAs and the effects of thermechanical operations on them is crucial in
their integration into industrial applications. Generally, HEA properties have shown to be
promising with refractory HEAs proving to have exceptional performance at high
temperature$16], eutectic HEAs showing unmatched strerigtaluctility ratios[17]
andauminium-containingHEAs showing unique combination$ low-density and high

hardness/streng{ii8].

The work withinfocuses on Aluminiuatontaining HEAs. Investigatgisuch HEAS is
important due to their particularly low densities, giving them the potential for aerospace
and automobile applicationdluminium added to all or four of Cu, Cr, Fe, Ni and Co
has been the most studied system to date. As aforementiondd, thitbe six elements
there exists a plethora of combinations to be studied. However, with this sysisitin

other HEAs in generalthere exists a lack of investigatis onthe effect of rapid
solidification on HEA microstructurevolutionandHEA propeties Using a drogube
facility, this work produced HEA powders with cooling rates ranging from orders?of 10
to 10 Ks™.



Chapter 1presents a literature review on the core effects which have become
characteristic to HEAs, the range of HEA microstruesutedate, a summary of the
mechanical properties of HEAs (with a particular focus on Aluminaantaining
HEAS), rapidsolidification processing of HEAs and machiearning methods fdHEA
design.Chapter 2covers the methodology and equipment usedhismwork. Chapter 3
presents the results obtained throughout this research, covering the nieaimimey
component of this project in its first section, followed by the rapitbification
processing of the AICrCuFeNi and AlICoCrFeNalloys in its secod and third sections,
respectively. FinallyChapter 4presents the main conclusions which were drawn from

this work.



1. Literature review

The aim of this chapter is to situate this project in relation to existing HEA knowledge.
The emergence of HEAs arttie four core effectof HEAs are briefly explained to aid

the reader in developingbsoadintuition for the topic This is followed bya summaryof

HEA formation criteria and methods of achieving HEAs with desired prope3pesodal
decomposition casein HEAs are then outlined, highlighting the point that HEA
microstructures need not be simple solid solutions without exceRamidsolidification
studiesof HEAs arethensummarised and criticised where needHueally, a review of

HEA discovery ispresented, highlighting the stark shift in recent years from the use of
bounded criteria to the use of machine learning (ML) methods.

1.1 High Entropy Alloys (HEAS)

1.1.1 The emergence diEAs

Up to the early 2000s, muprincipal element alloys (MPEAsyere viewed witHittle-
to-no chance of havingnicrostructurecomprising simple soligolutions Agreement
among the scientific metallurgical community wasinly that the microstructures of
such alloys wouldomprisecomplex and brittle phases, renderihg entirety of MPEAs
to beunworthy of attentionThis belief was disrupted by théiscoveryof the Cantor
Alloy (CoCrFeMnNi)around2002 which was found to be singlghase FCJ19]. The
Cantor alloy led tayreatacademic attention being diverted todsauMPEAexploration
and the investigation dfIPEA propertiesSoonafter, the characteristic high entropy
mixing in these MPEAw®as noted and the terdigh EntropyAlloys was coinedDue to
the largenumber of elements, the liquid or random solid sotusitates of MPEAs have
higher configurational possibilitiesNamely the effect of entropy is much more
significant in MPEAs than in conventional alloyss such, this letb the explanation that
it is thehigh configurational entropgf MPEAs whichredues theGi bb 6s faofee en
their simple solid solutionghus allowing their formatiof®,20]. This intuition is aided



by Equationl.1, where it can be seen that a larger entr&leads to a redition in the
Gi bbs 6 f (Geokthesystenmt gy

‘0 0 Y'Y oD

WhereGi s Gi b b s 0 H ik thestatal emthadpy of thie, systemis temperature and
Sis the systemb6s total entropy.

Circa 2005 the superiormechanicalpropertiesof HEAs gained popularityacross the
metallurgical fieldandsteadily amasseakttention within the community/ast potential
applications of HEAswere being anticipated creaing a compoundingeffect which
furtheraccelerated HEA researdh 2006, key charactetiss of HEAs were outlined by
JienWei Yeh[21], which initiated wider interest not only in the mechanical behaviour
of HEAs but also in their intrinsiproperties The bar charin Figure 11 shows how the
number d HEA-related studies since 2004s been increasing in an exponential manner
[22].
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Figure 1.1 Number of publications including the term 'HEA' from 2004 to 2219
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In 2007, criteria for HEA formation were outlined[2] which placed limits on the
differences inenthalpies and entropies of migindifferences in atomic radiiand
differences inthe valence electron concentratitme t ween t he HEAOS
elementsAlthough these criteria were dva from the wellestablished Hum&othery
(HR) parameterf23], experimentakffortssoon made ievidentthat more was needed to
better predict HEA formatiorl his was furtler affirmedin 2013 when it was showby

Otto et al. [9] that HEAswith the same number of elements and similar HR properties
may show singlg@hase structures ,0by contrast, rathezomplex structures containing
multiple phases and intermetalligdthough doubtswere always presetiat HRbased
parameters alone may not be sufficient, this 2013 study byeD#bled to significant
shifts in the modus operandi of HEA discoveBDue to such studg combined wih
HEAs beominga topic of significant attention, tlexplorationof newand moreaccurate
predictive parametersbecamea major segment of research andany predictive
parameterslevised during the 201132015 periodarestill used today in guiding HEA
prediction and design

In 2018, the first attempts were made to employ machine learning (ML) methods in
discovering new HEA compositions and designing HEAs with desired propdips

Recent attempts with ML methods have been promising and wanmedure, with some

works focusing on designing HEAs withrgetedproperties suclisYoungés modul
[25] and hardness[26], or predicting solid-solution windows [27] and eutectic
compositions of multcomponent system8]. ML methods areexpected to play a

crucial role in the future of HEA developménespecially as our databases of HEA
compositions ang@roperties grow and become more sophisticated.

Until today howevennost HEA systems which have been investigated stem from already
promising system$ the AICoCrFéMnNi is one of the most relevamxanples. The
opportunities within discovering entirely new systems is naturally limited biathéat
many elements present challenges relating to scarcity, toxicity and difficulty in
processingHowever, #hough suctchallengs areunlikely to change wit time, better
deployment of already discovered systemstill a task thatholds many promising
prospectsAs progress is made in smaltale HEA production and HEA discovery
bridging the gap between scientific investigations and industrial prastiaemajor
6



obstacleat the forefront of HEAsAs of today, investigations onthe macraescale
production of HEAs are rather limited ambst HEAS are not yet suitable for largeale
casting as theycan show significant inhomogeneitynd poor liquidity[17]. This is a
problem whit eutectic HEAfEHEASs)seem tashow promisén overconing due to their
duplex structures and potential balance between ductility and har8oessfforts have
shown that industriadcale EHEA ingots can be prepared without facing the issues around
poorcastability and inhomogeneity7,29], althoughobjectively,the challenge of scaling
HEA usabilitycontinues to overshadow the progress in the field.

Almost two decades sind&h[1] defined HEAs® comprise single phase solid solutions,
various MPEAs have been fabricated to date which are-phdisg30] or even comprise
intermetallics[31]. As the field has progressed, the origidafinition of HEAs has
become lesst the centre of discussierand n turn, thishas made way for more
constructive researchwhich revolves around HEA properties fabrication, and
applications.So far, HEAs have been proposed in several applications ranging from
nuclear32] and biomaterial§33] to civil structure§34] and aerospace pafo].

Moving forward, methods of HEA manufacturing are expected to be just as important as
HEA discovery, espeally as this will be key to their successful integration in industrial
practices. In recent years, a wider variety of methuwalse beeninvestigated, ranging

from more novel techniques such 8elective Laser Melting (SLM)36] to more
traditional methods such as melt spinning and casting. This demonstrates that there
remains a need for substantial scientiéifforts to continue unravelling new HEA
compositions and applicationfut more importantly, to allow their maesgale

production to be realised.



1.1.2HEA core effects

Some characteristics of HEAs asecommonin other alloys and are referred to in
literature as thécore effectéof HEAs. These effectof which there a four,describe

HEA behavioursandmetallurgical properties

The first and arguably most relevant core effect is known as the high entropy effect.
Mainly, the high entropy effestates that the high configurational entropy resulting from

the equimolar cmposition of 5 (or more) elements mainly leads to Solid Solution (SS)
phases rather than intermetallic (IM) phg883. This is contrary to the previous rationale

that albys comprising several principal elements lead to overly complex microstructures
that are likely to comprise brittle phases. Many HEAs do have more than one phase, and
some also have intermetallic (IM) phad&8]. However, these IM phases rggally
include many elements and theegreeof ordering is greatly reduced. To understand the
significance of entropy on the formation of sedidlution phases (rather than the

competing intermetallic and elemental phases), reference must be nkapation 11.

The second law of thermodynamics states that the within several possible states in a
system, the state of lowest Gibbs free energy will be the equilibrium state. Therefore, it
can be seen froaquation 11 that a high entropy of mixing can ovhezlow the effect

of the enthalpyof mixing (which wherargely positive leads to segregations and when
largely negative leads to formation of IM phases). Entropy of mixing is hence a main
contributor in the formation of solid solution phases. Howeaegowing number of
studieshasshown that the assumption that a high entropy of mixing is the only criteria

for forming sdid-solution HEASs is inaccura{&9].
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Figure 1.2 Diffusion coefficients of Co, Cr, Fe, Mn and Ni in different alloys at
varying temperatures, highlighting slower diffusion in the CoCrFeMnNi HER [

1.0

1.2
T

14

Atoms diffusion in:
CoCrFeMnNi
Fe-15Cr-20Ni
Fe-15Cr-45Ni
Fe-22Cr-45Ni
Fe-15Cr-20Ni-Si
FCC Fe

FCC Co

Ni

The second core effect is known &e ssluggish diffusion effeciThis termis used to

describe the slow atomic movement in HEAs relative to conventional and superalloys

[40,41] Although this intrinsic featuref HEASs is partly responsible for their unique

properties (mainly stability and strength at high temperat{#})it is difficult to model

and has never been probed direptly]. Due to the fact that no single element dominates

the solidsoluion in a HEA, each lattice siis naturally surrounded by different bonds,

causing significant variations in potential energy around the |§4t4cé5]. There appears

to be consensus thétictuations in lattice potential energycrease the probability that

activation energies across the lattice exceed migration enthalpies (which must be

over come

diffusion [45]. Figure 1.2 takes the CoCrFeMnNi HEA as an example to highlight the
effect of sluggish diffusion, where the diffusion coefficients of several elements are

probedand shownd be smaller in CoCrFeMnNvhen compared to other alloys.
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The third core characteristic of HEAs is known as the lattice distortion effechaline
of the multtcomponent solid solution in HEAS leafitsevery atom bieg surrounded by
different types of aoms [46]. As such, thesenotable size differences between
neighbouringatons leads to strains in the lattice which leadatdistortion effect A
schematic of this effect is presented in Figl& These distortionsn HEAs are much
larger than in conventional alloys that are basedme major elemer4,47], mearng
that the atoms in HEAs deviatem their ideal I@ationsin a more significant manner
[48]. This lattice distortion reduces the effect of thermal stram HEAs [49] as
essentially, the lattice distortion inducky the increas® kinetic energy of the system
due to a temperature rise considered small relative to the magnitude of the already
existing distortion. The lattice distortion effect in HEAs is gdadlyresponsible for their
exceptional hardness anttength[50].
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Figure 1.3 Schematic of th lattice distortin effect inAICoCuNiFe HEA[11].

The fourth and final core characteristic of HEAs is the cocktail effénet.cocktail effect

is a mere reminder of the fact that upegted propers arise from a muHprincipal

element systemNamely, the cocktail effect is the umbrella term to which any HEA
properties that do not adhereth® Gsum of the partsea® ni ngdé (expr essed
1.2) are attributedb1].

&) W6 P&
Wherea is any given property whose average vatiids to be calculated (to obtain an

estimate for the expected value of a in the HEAs the atomic fragdn of element in

the HEA
10



1.2HEA design

1.2.1 Formation criteria

Defining the formation criteria of HEAs requires the consideration of several factors,
most of which are based on a set of rules describing the conditions needed for solid
solution (SS¥ormation (HumeRothery rules)Placingcriteria onHR features involves
minimising differences in electronegativities, atomic sizes and valence electron
concentrations between elements in the H&E2|, whereas thermodynamic criteria for
HEA formation have involveglacing limitson the enthalpy of mixing'O and the

ideal entropy of mixingY . The most widely considered factor in HEA formation is
Y'Y , where the main consensus since the birth of HEAs has been that for the formation
of an HEA,Y'Y  of the constituent elemés must be no less than R SvhereR is the

gas constant. The ideal entropy of mixing is calculated as per Eqaaibalow:

9

Y'Y Y ol i o)

WhereRis the gas costant (8.31K*mol?), nis the number of elements in the HEA

andx is the atomic fraction of element

From the second law of theralynamicsi refer to Equatiord.17 it is seen that a large
value of entropy reduces the Gibbs free energy of a systamidBa provides the main
rationale for placing lower limit of 1.5R on the ideal entropy of mixing and seeking its

maximum. It can be seen from Equatidh4 that maximum entropy is achieved at
equimolar composition, namelyat -. Thereforethe ideal entropy of mixing can be

written as per uationl.5:

¢ ¥y Y & agi ig 08
CYY Y1 i o)
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As Equationl.5 shows,entropy initially increases rapidly withhas more elements are
added m equimolar proportion, buhe rate of increase slows msicreases

A further criterion for HEA formation is placed tomit atomic misfit between the
constituent elements of the HEAhis criterion,] | expresses the average radius
difference between theonstituentelements of the HEA (see Equatibi®). Generally,

for HEA formation 4 ivalue of less than 6.5% is required, whereas for single phase
HEAs, the required value is as low as 3.[53).

I WP — pH

Wherex is the atomic fraction of elementi i s t he el e me nifidtke at om

weighted averageadius andl iis the radius difference criterion.

Valence Electron Concentration (VEC) is another HR criterion which apart from being
useful in aiding HEA formation, is also useful in predicting their crystal structure. For
instance, this criterion hatwi@wn that FCC stability is enhanced at VEC values greater
than 8, while BCC stability is enhanced at VEC values of less tfa4]./Between these

two VEC values, many duplex (FCC+BCC) HEAs exist,vimg a useful screening
methodto aid in designig EHEAs.Generally, however, VEC is to remain between 5 and
10 for HEA formationFigurel.4 showsa multitude of HEAs and the correlation between
their VEC values and their crystal structuf@auling electronegativity is also considered
an important HR @arameter for HEA formatiorwhere its limits lay between 1.6 and 2.0
for HEA formation[55].

12
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Figure 1.4 Correlation between VEC and the
BCC FCC phase stability for HEAZ(.

Finally, mis a thermodynamic criteno(given by Equatiord..7) whichis recommended
to exceed 1.1 for HEA formatiof56]. As seen from Equatioh.7, "Y Y'Y mustbe
greater thai®y’'O  sfor this criterion to benet meaning that the contribution of entropy

to the free energy of the system should be dominant.

B Yy YY

m 0 s P

Wherew is the atomic fraction of elemenand”Y j is themelting pointof the element

In summary, HumdRothery rules state thad favour the formation of solid solutions, the
constituent elements musave simliar atamic diameterselectronegativities and valesc
electron concentrations (VECK)7]. Otherpractical criteria are also worth considering
for HEA formation. Similar melting points of the constituent elemest®ne such
example, as with large variance mnelting temperaturethe fabrication of the HEA
becomes moreomplicated Finally, a common ationale used today ithat dements
sharing the same cryststructuresare more likely to adhere to the Ma-Rothery rules.
However, this is a somewhat limitimgethodology as it defies a more daring approach

towards HEA exploration.
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1.2.2Design towards desired structures

Notwithstanding thecriteria based on HR parameters, there are further methods for
designing HEAs of desired structurés.common method liesni studying the binary
phase diagrams of t he Hraeth6ds appliedisdedutethe n t
compositions at which a certgaasewould be most likelyo form. Such a method has
been proven in multiple insta@es for unveiling EHEASFor irstance, e work of Jiang

et al.applies thisnethod to develogHEAS[58], whereby eutectic binary alloys are used
to form part of the fivecomponent HEA while ensuring that teatropyof mixing lies
within the range specified in sectidn2.1 Via this method four new EHEAs were
discoveredi CoCrFeNiNb.4s CoCrFeNiTaso, CoCrFeNiZsss and CoCrFeNiHfa
Seeing that Niobium can form a eutectic structurd wach of Iror{59], Cobalt[60],
Nickel [61] and Chromium[62], the rationale of adding Nb to the base elements
(CoCrFeNi) of this EHEA family becomes clearer. As the atomic radius of Niobium is
significantly larger the radii of Co, Cr, Fe and Ni, the addition of Nb intensifidattice
distortion effect resulting in furthetrengthening of the base all¢§3]. As for Ta, Zr

and Hf, the same rationale was used in their desigtinat eutecticcompositions were
soughtin thebinaries of each of these elemenistwh el ement s fr om t
The eutectics of all the alloys in this EHEA family comprised alternating FCC arebL
phaseg$58].

This strategy of looking foeutecticcompositions irbinary phase diagms to develop a
EHEA was also implemented to develop the CoCrFebiTBHEA [64]. This method
simply lists the eutectic compositi®af Ta with each of the elements from thase alloy

(in this case CoCrFeNi). The average of molar fraction of the eutectic compositibns wi
Ta is calculated (see Tablel), to give the eutectic composition of the figkement alloy
such that (CoCrFeN#.asTawos5is the determined EHEA, empialty simplifying to
CoCrFeNiTa 47
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This method is surely not limited to unveiling EHEAssimilar approach of analysing
binary phase diagramsas used by Zhang et db understand the microstructure of
Cantor alloy (CoCrFeMnNi, known to be singlea® FCC)[50]. Taking the Cantor

alloy as a case study and observing that only one (Ni) of its constituent elements has an
FCC structue at room temperature, it seeamexpectedhat this HEApossesses a single
phase FCC structure. However, lauk at the constituent binaries clarifies thaingle

phase FCC structure is the most common among the binary phase diagrams over a large
range of temperatures andmpositiong50]. This method can therefore be extended to
search for singkphase HEAs by comparing binariggich show large regions of a
singlephase crystal structur€inally, it can besaid that the same rationdlevhich is
arguablythe esence of the cocktail effettcan be applied in designing HEA&desired

physical poperties.

Table 11 Eutectic compositions of Ta binary with each of Cr, Co, Fe arfjé4Yi

Element Eutectic molar fraction | Element Eutectic molar fraction
Cr 87 Ta 13

Fe 925 Ta 7.5

Ni 86.3 Ta 13.7

Co 92 Ta 8

Avg. molar| 89.45 Avg. molar| 10.55

fraction fraction
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1.3HEA properties

1.3.1Yield strength

A topic very much at the heart of HEA research is the strength versus ductilitptfade
Generally BCC phases have higher yield strérsgthan FCC phases (see Fighfs but

are brittle whereas FCC structurase usually more ductileub have lower yield strength

and hardnesfs5]. Table 1.2 lists someHEASs that have been chosen to intentionally
highlight the strength versus ductility teadff in relation to their constituent phagés].

To address the balance between strength aciilitiy the ability to design HEAs with a
specific structure (as mentioned in section 1.2.2) igreatimportance. EHEAS in
particular offer a large part of the solution, as the balance in properties of their constituent
phases (taking FCC + BCC as amample) limits the between strength and ductility.

One suchEHEA with alternating FCC+ BCC phasess AICoCrFeNp.1 which has
attracted a great amount of academic attensimce its discovery in 20144]. The
AlICoCrFeNb.1 alloy shows a better strengtluctility balarce compared tonost single
phase HEAs reported to ddtewith a yield stress value of 620Pa and elongation to
failure of 17% [67]. Cold rolling this alloy to 996 and annealing at 80C for one hour
increased this | | oy 6s yi el dPas dlbeiedecgetsing its elondatiof @ 12
% [67]. Another EHEA showing an exceptional strengfictility balance is
Fexs Nig dMnz2 sAl14.1Crs With a yield strength of 68MPa and datility of 18 %. Post
coldrolling to 60% and annealing at 100C for one hourt h e ayield strenfjth

decreased by 80Pain return for a 26 increasern ductility [68].

Although dualphase HEAs with a HCP structure as one of their phases are much less
common than FC+BCC HEAS[66], they have exceptional ductility and yield strength
values that are also latively high [69], [70]. FeoMn3oCocCrio is a dual phase
(FCG.7HCPRy 5 alloy with a yield strength of 376Pa and a detility of 73% [70].
NbTaTiVW is another dugbhase HEA with a HCP structuas one of its phases (BCC

+ HCP) and has a yield strength of 14Pa and a ductility of 206 [69].
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It is also important to understand the effects of varying a particular element in the MPEA

system. For instanc@| is a BCCstabilizer in the AICoCrCuFeNi sad systemand as a

general rule, increasing its molar fraction leads to an increase t h e

all oyods

[71]. One of many exampsk is the increase in the yield strength of the&€CACrCuFeNi

alloy whenx (molar rdio of Aluminium) is increased.His alloy has yield strength values
of 400MPa, 950MPa and 1600Pa whenx is 0.5, 1 and 2espectivel\{72]. This effect
is very well documentedbut the case of thalxCoCrFeMnNisystem is used as an

additional example, where amcreaein x from 0.2 to 0.6 results in an increase in yield
strength from 220M2a to 833MP&#73].

Table 1.2 Microstructures and hardness of AICoOCrCuFeNi w

variations in compositiof38].

Alloy Structure Hardness (HV)
AlCoosCrCuFeNi | FCC+ BCC 473
AICoCrCwsFeNi | BCC 458
AICoCrCuFeNss | FCC +BCC 423
AICoCrCuFeNi FCC + BCC 420
AICoCrCuFe:sNi FCC + BCC 418
AlCoCrosCuFeNi | FCC + BCC 367
AlosCoCrCuFeNi | FCC 208
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Figure 1.5 Yield strength versus density of
HEAST serves as a visual representation of
average strength in BCC HEASs being higher
than FCC HEA4$66].

1.3.2 Hardness

Varying the composition of a certain element in a HEA balance volume fractions
between FCC and BCC phaseffering a solution to the strengttuctility tradeoff and
achieving an optimal hardness valdd]. Hardness in singlphase FCC HEAs generally
lies within the ranges of 16200 HV [37], whereas in singlphase BCC alloys it is
usually greater than 608V [75].

For example, the asast AbsFeCoCrNi (singlephase FCCalloy has a Vickers hardness

of 247HV, whereas annealed samples of the same alloy had an average hardiiéss 33
greater than the asast samplg¢76]. As BCC phases are hardeathFCC phases, the
growth of a BCC phase is expected in the annealed samples ancei adervedi76].
Expectedly due to annealingWwever, a drop in the hardngssughly back to the asast
value)was observed in theample annealed at 980 despite th continued existence of

the BCC phaseTlhis is astie expected outcome upon annealing is to reduce the density

18



of dislocations byecrystallizationyvhich in turn reduces the work hardening of the metal
[77].

The AlFeCoCrNi alloy was also inviggatedby varying the ratio of Alunmium to Nickel

[78]. The alloy with high Aluminium content (AtFeCoCrNb.3) showed a BCC structure,
while the high Nickel alloy (AJsFeCoCrNi.7) showed an FCC structure. Expectedly, the
high Aluminium alloy had &igher Vickers hardness (6 HV) than the high Nickel alloy
(163 HV). Although both Aluminium and Nickel possess FCC crystal structures at room
temperature, the BCC structure of thei/AeCoCrNps alloy is explained by

Al umi ni umé s | a r wheh irhibits nhie dormatiand afau cbosepacked
structure, thus resulting in & lattice[78]. The texdency of Aluminium to initiate BCC
growth in the AIFeCoCrNi alloy has been confirmed in many works; the thermodynamic
calculations found in the work of Zhang et pi9] (seeFigurel.6) and in the experinmgal

work of Wang et al[80] (seeFigurel.7) are just a few.
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Figure 1.6 Phase diagram of AlxFeCoCrNi showi
systemdéds crystal struc
BCC with increased Al contefif9].

Varying Chromium content in the AlFeCa@ii alloy has a similar effect to that of
Aluminium 1 namely, increasing the molar fraction of Chromium from 0.2 to 1.0 has the

effectof increasing he al | oy 6 s HR\to 526.6HY¥ [81]. However, udli&e3
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the case of Aluminium, increasing the Chromium molar fraction beyond unity (i.e.
equimolar composition) resultsinasmddiclire i n t he al[8l].cAghéugh har dr
no XRD analysis was done by Geanta et al. in this simdlyvestigate the growth of a

BCC phase, the increase in hardness was attributed to the formation of intermetallic

compounds as Chromium content was increased.

Typically, increasing Aluminium content iIHEAs of theAlICoCrCuFeNitypeincreases
the alloyds hardness dphase RCG stractutertaanBCC + i o n
FCC structure and eventually to a singlease BEC structurg72]. For instance, asast
equimolarAICoCrCuFeNihardness increased from 188/ to 655HV as Al molar

fraction was increased from 0.03d, withthe increase beingrigely linear[72].
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Figure 1.7 XRD patterns of AlxFeCoCrNi HEA for x=0.3 and x=1.8. Tt
symbols U, Ub6, and b represent

phases respectivel[§0].
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1.3.3 Other properties

High-entropy alloysdisplayuniquepropertiesin more than just strengthardnesand
thermal stability When considering a combination of fracture toughness with yield
strength, HEAsappear to besuperior to other alloys (superalloys aocdnventional
alloys), ceramics andagsegsee Figurel.8) [82]. A few HEASs have also been tailored
towards wear resistancend performwell when compared with proveantirwear
materials such as SUJ2 (bearing steel), SKH51 {bpghad steel), SKD61 (high
chromiumsteel) and 316 and 14 steels. One such example is theCh sCrFeNisTiy
alloy, where cases in which=0,y =1 andx = 0.2,y = 1 had better wear resistance than
the materials used asferences for antvear (SUJ2nd SKH51) in that study (see Figur
1.9a) [83]. Although this study does not attempire combinatios to search for an
optimal Ti/Al ratio, it makes cleathat HEAs have the potentiad perform well under
high wear.
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Figure 1.8 Comparison of toughness and strength
combination in HEAs with ther metallic alloys,
ceramics and glassg&?].
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Another HEA with wearresistance characteristics that compasell to the
aforementioned steels is CuC@MAlo.sFeB [84]. Although this alloy does not perform
as well as the ALCosCrFeNwsTi and CasCrFeNkwsTi alloys, it still competes with
cobaltbased superalloy Stellite and the steel with highest wesastance (SUJ2) (see
Figurel.9b). As the Boron mlar fraction is increased frot0to 1.0, the wear resistance
of this alloyincrease almost linearly from 0.en/mn? to 1.7m/mn? i outperforming
SUJ20s wear r engmms@ance by 0. 18

A final property of HEAs worthy ofreviewing is irradiation resistanceAlthough
irradiation resistancem HEAS appears to be erof the leastxglored topics in the field,
sluggish solute diffusion itHEAS (relative to other alloyshasmadeHEAs potential
canddates in nuclear power systems and particularfissionand fusionreactors The

lack of studies in this topic is like due to the difficulty in conducting representative
experiments where high temperatures and high radiation (doses of $evetedds of
displacement per atom) are required. However, studies thus far have shown that relative
to conventional nuclear matals, HEAs tend to show less pie changes and volume

swellingwhich can be induced due to irradiati@3].
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Figure 1.9a Wear resistance versus hardness in the AlxCol.5CrFeNil.5Tiy alloy with
AIOOTiO5, AIO2TiO5, AIOOTil0 and AI02Til0 being Col.5CrFeNsTIO.5,
Al0.2C01.5CrFeNil1.5Ti0.5, Co1.5CrFeNil.5Ti and Al0.2C01.5CrFeNil.5Ti
respectivelyFigure 1.9b Wear resitance versus hardness in CuCoNiCrAl0.5FeBx alloy

with Boron molar fraction increased from zero to (84.
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Xia et al. study the irradiation behavior of the@dCrFeNi systenfwherex = 0.1, 0.75

and 1.5)by exposing the faricated alloys toAu ion irradiationof 3 MeV [86]. It is
observed in this study that as the BCC volume fraction increases with increasing Al
content, the alloys become more sensitive towards irradiation and display larger volume
swelling. A maximum volume swelling of 6.5% is observed inxtlel.5alloy exposed

to 50 dpa. Nonetheless, a more conventional material for fission reactors such as
FeisCroNi that is exposed to a similar dpa shows volume swelling of around 30%.
Considering thex = 0.1 alloy, the maximum volume swelling observed is 1.25 % at 65
dpa. Although the work of Xia et al. shows that HEg&e relatively insensitiveowards
irradiation, a larger range of dmenarios would be beneficial forming a better
understandingAs the maximum dpa reached in their study is 65 dpa and realistic
operating conditions may reach several hundreds of{&fpja the results may not be
entirely conclusive about HEA deployment in the nuclear indubkoyever, to further

affirm the suitability of HEAs in such applications, it was also shown (using TEM

analysis) that the crystal structure loé talloys is unaffected by the radiation.

Further Lu et al. show that the single phase BCC HEAZHV 0.sM0o.2 shows high
stability under He ion irradiatiof87], whereby its crystal sicture posirradiation is
unaffected. It is further shown that the nanohardness.@fHiVosMoo.2is unaffected

by He ion irradation, whereas it is common in conventional alloys that irradiation
hardening is observedareer et al. have also shown thlaé BCC alloys TiVNbTa,
TiVZrTa and TiVCrTa are promising candidates for HEA applications and show almost
no irradiation hardening (see FigudelQ) [88]. This point of difference on BCC
performance highlights the need for further irradiation studies in HEAs

Finally, although in the larger scheme there is little doubt about the suitability of HEAs
to nuclear applications, some studies have shown abingaresults. One such study is
that of Chen et al. which investigated the effect of 1 MeV Kr ion irradiation on the
Alo3CoCrFeNi and CoCrMnFeNi HEALhen et al. show that at 3B0, irradiation
hardening experienced by the HEAs is larger than that observed in 31632}déwas

also shown in this study that the crystal structafeAlo:CoCrFeNiafter rradiation

changes from being FCC to ordered:LWhereas the CoCrMnFeNi and 316H alloys
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remain stabldsee SAD patterns in Figuell). This result is not in accord with the

aforementioned study of Xia et alwhich concluded that the crystal structurk o
Alo.1CoCrFeNi isstable under Au ion irradtion. Nevertheless, the irradiation tests of
Xia et al. were conducted at room temperaf862, as opposetb those of Chen et al. on

Alo3CoCrFeNi which were conducted at 3®Q making it difficult to make @nclusive

remarks by comparing both studies.

This example highlightshe importancef using conditions (temperature and dpa) which
are representative of those in reactor ceaef®re nominating HEAs for use in nuclear
applicationsin a follow up studyChen et al. investigate the same alloys under the same
irradiation conditions but at a higher temperature of60T his study confirmethatthe
formation of ordered.1, in Alo1CoCrFeNiis due to irradiation rather than an annealing
effect, as an annealed ACoCrFeNi sample showetb ordering[89]. Irrespective of

such conflicting results, it may well be argued thatlear applications nyabe where
HEAs are most neededs current commercial alloys in the industry have often failed
under the extreme temperature, irradiation and corrosion conditions found inrnuclea
reactorq90].
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Figure 1.10Hardness of HEASs (irradiated
and unirradiated) at 300 nm indentation
depth. Vanadium is used as a control samr
[88].
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(a) AlosCoCrFeNi

As received 1 dpa

(b) CoCrFeMnNi

As received 1dpa

(c) 316H

As received 1dpa

Figure 1.11 Showing L% ordering inAlo.sCoCrFeN
post irradiatior32].
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1.4 Spinodal decomposition

1.4.1 Fundamentals

According to classical solidification theory,degree of undercooling below equilibrium
temperatures required for nucleation to occurUnlike classical nucleation however,
Spinodal Decomposition (SO aprocess thabccurswithout a nucleation barrig®1].

To understand the conditions needed for SD, refereragdbe made to a phase diagram

with a miscibility gapsuch as that seen in Figutd2a. For an alloyof composition X%

that is quenched from a temperatugéola temperaturezJthe quenched state lies within
themiscibilitygaps uch t hat t hpeh ahscemodgeecnoomeproaUEL, i nt o
+ U

As seen in Figur&.12b, the composition ¥lies within a region where there is a negative
curvature i n t hcarvetdi Th b éas befseer thahieis an wurgtpble

region as small fluctuations in composition will lead to a reduction in free energy from

Go. Therefore, the free energy will reduce spontaneously through chemical
decomposition, as the segregation of the two phases achieves a moreostiidpleation

[92]. Namely, Arich regions become further enriched in A atoms aricB further
becomdurther enriched in B atomsthisp henomenon i s commonl y r e
di f f (©8liTdhn& process of oO6uphill diffusiono
is reached, leading to two phases of compositiomnt X%. The tworesultingphases

have the sae crystal structure but different lattice parameters and compog@idnst

canbe said thatthe secondd i vati ve of an all oyds free e
respect to the sol ut e dfer SBooloecuri as ahownan, mu s

Equationl.8.

00
@ " P

WhereG is the free energy of the system aid composition.
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Considering a small composition fluctuation such that the free energy of the system after
the fluctuation iSO, the relation between the change in free energyttedomposition

fluctuationcan be showas per Equations971 1.11:

o Po Q “% pPQ0O i P 5 Q “% p Q"0 96 %
C Qw N C Qw ¢ o P
o o P 20 Yéo
G o PR T
~yo P20y,
G o PP p

It can therefore bebserved that when the condititem Equation1.8 is met,¥Y'Q the

change in chemical energyill also be negative, leading to spontaneous decomposition.

However, he above calculation neglects interfacial energygauinetriamisfit between

the Arich regions and Bich regionsTo calculate the condition for Sore accurately
chemical and coherent strain egyeterms must be accounted for. Accounting for these
additional energy terms leads ftwore representativenodelsand in turn,leads tothe
narrowng of the composition range for §B5]. Once these additional energyms are
accouned for, a final spinodal may be deduced (known as toherentspinodal)
resulting in aregion where the homogenoUsgphase is unstable and SD occutsnay
therefore be said that the chemical spinodal (the spinodal deduced without accounting for

additional energy terms) is of no practical impace.

Thechemical energy and coherent strain terms are expressed inoBq@é&i2 and1.13,

respectively.

Yo o — PP G



WhereY'O is interfacial chemical energy terii,is a proportionality constant andis
the wavelength of composition modulation

o
ﬁoo PP o

Wheres3-O is the interfacial coherent strain energy tefn, s

30 - 3w

Youngo$sis modul
Poi s s o nudisthenmlarivaume andis expressed as:

. T
0w Qw P
Wherea is the lattice parameter.

As such, the total change in free energy can be expressed as theespmtmnsl.11,
1.12 and1.13, leading to:
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Wherea'O is the total chargin Gibbs free energy.

For SD to occurz'O must be negative, and therefore:

o

O qU O o -
’Qb c_ i

_ 0 PP X
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From Equationl.17, the minimum wavelength J for spinodal deemposition may be

deduced, such that:

C_

Q0 o

o S p I® PP W
cL

90 0 oo

T p

Outside thecoherentspinodal, the initial free energy of the system is still higher than

equilibrium free energy, although a slight composition variation leads to an increase in

free energy. In thisase,SD will not occur and rather, a nucleatiprocess occurs

whereby the composition of the resulting nuclei varies significantly from that of the

matrix. This process therefore takes place viardoll (conventional) diffusion. The
comparison between routes of spontaneous separation (SD) andtmoratetiffusion is
seen in Figure$.13a andL.13b respectively.
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Figure 1.12a Schematic Phase diagram outlir
composition % which lies within the chemic
spinodal and where SD is expected to ©
Figure 1.12b Gibbs fee energy at quenct
temperature, showing spontaneous reductic
free energy with small composition fluctuat
[111].
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Figure 1.13a Composition profile as an alloy is quenched fromdl T, at
composition X% Figure 1.13bas alloy is quencheautside the spinodal regic
(refer to Figurel.12) [111].

1.4.2 Spinodal Decomposition in High Entropy Alloys

Spinodal Decomposition (SD) in HEAs has become a topic of academic irergst
recent yearsThe delay in exploring theccurrence of SD in HEAs jgerhapsowedto

the early emphasis gded on simple solidolutions. Nevertheless, as the field advances
and various HEAs with S[are unveiled, academic attention has evolvesvards
understandinghe effect of SD on the propdres of MPEA systemsin recent years,
increasing academigfforts havetakenbold stepsn achieving SD in HEAS tailored for
specific applicationsFroma mechanical perspectivié is well establishedhat SD can

be advantageoudue to itshardeningeffects thatderive from modulated structwer
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precipitates interfering with dislocatiorSD has been observed to lead to strengthening
effects in various HEA$96,97], andits effect on the magnetic properties of HEAs has
also been explorednd shown to have poteal benefits such as increasif@urie
temperaturg¢98]. Moreover, structures from spinodal decomposition, when quenched in
at high cooling rate, give very fine microstructures (of the order of the critical wavelength,
Equationl.19 [99].

The most thoroughly explored case of SD in HER\misystems comprising at least four
of Al, Co, Cr, Cu,FeandNi. The work of Dng et al. explores the &ZoCrCuFeNi system
by varying the Al molar fraction from 0.0 to 3.0 in varying increments. In this $ily
is observed in the ID region A2 and B2modulated plategL00] at values ok between
1.0 and 1.3. Although Tong et al. do not observe SD at compositions keldlnO, a
study by Pickering et alshows that SD occurs in the dendritic region of the
AlosCoCrCuFeNalloy which leads to two FCC phadé€1]. Although he observatio

of Pickering et alcontradics that of Tong et al., it alsoutlines the difficulty thais often
encounteredh observing nanosde phase separation.

Nevertheless, the modulated plates obsebyetiong et alin the ID region of equimolar
AlCoCrCuFeNihave been repetitively observed in alloys of a sintiese Zhang et al.

also study equimolar AICoCrCuFeNi and are in agreement with Tong et al. in that
modular A2 and B2 plates (& rich and AINi rich, respectively) form in the IBegion

as a resultoSD [102]. However,Zhang et al. explore the phase separation ohGhe

ID regionto afurther extent(although both studies observe Cu segregation in the ID
regiorn). Due to its positive enthalpies of mixing with the other elem§@8], Cu
segregation is a commonly observed phenomenon-coGtaining HEAsIn equimolar
AICoCrCuFeNi Cu content in the ID region is observed to be as high ag1DZ%6As

such, Zhang et al. observe«€u ch nanoprecipitates in the
boundaries which remainp tocooling rates of 10K/s observed via mefpinning.

In the Qu-free system oéquimolarAlCoCrFeNj Wang et al. observe th&D occursin
the IDregion in the same manner observed in the equimolar AICoCrCuFeNi alloy such
that modulated A2 (GFe rich) and B2 (ANi rich) plates ardormed[80]. Although

Wang et al. make no mention of SD occurring in the dendritic regions, Manzoni et al.
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observe SD in the dendld regions of equimolar AICoCrFeNi whidciiso results in a
modulated A2 + B2 structuff@04]. Tian et al. confirm this observai in AICoCrFeNi,
noting a modulatedSD structurein not only the ID region of thellay but also in the
dendrite4105]. Figurel.14from the work of Tian et al. shows the fluctuations in atomic
concentration of Al and Cr in both the dendritic and ID regions of AICoCrFeNi. The
fluctuationsin concentratiomeflect the modulatedature of thespinadally-decomposed
plates. Figure1.14 also shows that the plates comprise asmriélt phase and a €ich
phase, which are established to be B2 structurediahd A2 structured GFe.

SD has also been observed in thgZhCuFeNj alloy where it forms part of an interesting
6sunfl owerd structure. Fi of the sudlowerestruetieed by
were identified tde a eutectic of a Ml-rich B2 phase and a €ich A2 phasq106].

The internal section of the structure is considered to be whengrithary B2 phase
originates from and within this regionné& BCC precipitates form as a result of &ee

Figure 1.15). This sunflower structure was confirmed in28fCuFeN; in a sepeate

study which investigates the effect of increasing Al content, and was found to exist up to
Al sCrCuFeNs;.
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Figure 1.14 a) Compositional fluctuations of Al and Cr in dendritic region of
AlCoCrFeNi andrigure 1.14 b)in ID region [105].
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A LY
Figure 1.15 High magnification micrograph of

sunflowerlike microstructure found in ACrCuFeNs
as a result of SIPLOG].

Deviating from therelatively well-exploredsystens discussed so fa&D hasalso has
been observed in otheMPEAs including refractory\HEAs. Zhang et al.study the
HfZrTiTaos3s HEA which undergoes SD resulting modulatedplatesof finer structure
than those observed in the AICoCrFeNi systef@6]. The spinodallydecomposed
structurein HfZrTiTaos3is shown in Figurel.16. This modulated structure is made of
two BCC phases, witbne phase being lean in Ta content and the othemrita content
Zhanget al. make an important observation in the fact that SD is observed in the binary
phase diagrams of Hfa and ZfTa. In reference to the method usedJigng et al.
(mentioned in section 1.2.2) to develop EHEAS by observing euteatigasitions in the
constituent binariegb8], Zhang et al. show that this is a technique which can serve useful
in HEA design in a more general sense. Additionally, it is observed that Ta has positive
mixing enthalpies with Hf, Zr and T©6]. Together, these observations explain the
occurrerce of SD inHfZrTiTaoss and the fluctuations in Ta concentration across the
spinodal structure. Although Zhang et al. make no mention of how the precise atomic
fraction of Ta was deduced, it is most likely that reference was made to the compositions
which lie in themiscibility gapsof the constituent binary diagram&nother refractory
HEA which undergoes SD HfNbTiV [107], showing modulations of two different
disorderedBCC phasesThe composition fluctuations in this HEA are such that one BCC
phase is rich in Hf and V, while the other is rich in Nb and Ti. Observing the mixing
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enthalpy pairs of the alloy, the segregation occurs as expecteeMaartdf Nb Ti are the
two lowest enthlpies of mixing observed in the available permutatidiee resultant
phases have very similar lattice parameters such that tileeHfiched phase has a lattice
parameter of 0.3295 nm and that of the Nlenriched phase is 0.3313 nm.

Finally, as the déct of sluggish diffusion in HEAs on SD would be interesting to
consider, the study of Rao et al. is highlighted to conclude this selctithreir study on
FeCoNiMnCuwvhichinvestigateshe effect of different annealing conditions on the alloy,
Rao et al observe SD becomes more pronounasdannealing time is increased (see
Figure1.17) [98]. Due b the sluggistatomic diffusion in HEAs, the amplitudes of the
spinodallydecomposed phases require sufficient annealing time to increase, as indeed is
observed in Figur&.17. The SD inFeCoNiMnCuleads to FeCo enriched regions and
Cu-rich regions, bothwhich are disordered FCC structur€antradictory to the idea of
sluggish diffusion however, the observationf Zhang et al. which has been mentioned
briefly in this section[102]. That Zhang et al. observe fine spinodalgcomposed
structures in AICoCrCuFeNi despite achieving cooling rates of the orlE/diddicates

that atomic diffusn in HEAs cannot have ssluggisha nature as is often emphasised.
The annealing results &ao et al. and the rapaboling results of Zhang et al. serve as a
perfect example to show that although current suspicions about sluggish diffusion in
HEAs arevalid, a conclusive statement is hard to make.
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Figure 1.17 Backscatter electron image of HfZrTigla with TEM bright
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Figure 1.16 Wavelength and amplitude evolution of SD features in
FeCoCuMnNi as a function of annealing tif88].
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1.5Rapid solidification

1.5.1 Fundamentals

Rapid Solidification Processing (RSP) is pirecess thatefers to the rapid extraction of
heat from metals in molten state bringing them to their sate SGenerally, rapid
solidification is defined to be in the range of cooling rates larger 182iK/s [108].
However, #hough it is important to defena lower limit on the cooling rate which defines
RSP, observing a significant difference between the microstructures of the-@qmntiy

and conentional samples isften most useful.The primaryadvantageof RSPlies in
achievingdesirable features ia ma t microstuctdre thamnay not be achieved by
conventional processindlamely, RSP offers the possibility of extending solid solubility
and revealing noequilibrium phases. A further advantage of RSP stems from grain

refinement which is likelyd lead to improved features of the processed material.

RSPcan beachieved using a variety of techniques, some of wheth on rapid heat
extraction during solidification, and others which attain large undercooling prior to
nucleation.The former relieson maximising the release of heat from the liquid via
conduction,convectionand radiation and as such, comprises quenching processes such
as mekspinning, gas atomisation and spray casthuy thelatter, undercoolingnust be
achieved by suppressing Beigeneous nucleati@uch that the molten state of the metal

is retained beyond freezing poiit09]. To avoid heterogeneous nucleation, techniques
to achieve undercooling usually rely on containerless solidification in order to avoid
nucleation induced by foreign substanddsst commonly uncercoolingis achieved by

glass fluxing, electrostatic/magnetic levitation and drop tube techniques

In relation to dendritic structuresolidification time and the extent of undercooling are
known to influence the overall morphology of the solidified e, Secondary arm
spacing _ , is the distance between adjacent dendrite branches stemming from the
primary dendrite and is strongly dependent on cooling[i4i@]. Figure1.18 showsthe
correlation between secondary arm spacing and solidification time far-@u alloy,

where the spacing is proportional tbe abe root of solidification time[111].
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Furthermoredendrite tip radiuss also part of dendritic morphology which is strongly
affected by RSIP111]. Namely, dendrite tip radius is determined by undercooling during

the growth phase and remains fixed thereafter.
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Figure 1.18 Secondary arm spacing versus solidification time fed Al wt%
Cu alloy[111]

In the sdidification of eutectic alloystwo solid phases are formedoperately [112].

The two solid phases could appear as alternating laenetlas a rodike structure. A
lamellar structure is developed when the volume fractions of the two phases are roughly
equal, whereas rod eutectics are seen when the volume fraction of one phase is much
smaller than the othé&rwhereby the minor phase fos rods in the matrix of the major
phase[113]. The growth of lamellar eutectics depends on the interlamellar spacing

( mar k eid Figars1.18) as this spacing determines the rate of diffusion of atoms
from one phase to anothiesmaller interlamellar spacing therefore leads to faster growth
[112. A | ower | imit exists for o however,

to sustain the interface tveeen the two phasedlé n d [116])
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A general understanding fdne effect of RSPon eutecticmorphology may be acquired
using Euation1.20[115].

~

3Y wéEeEi 0OWEO pg T
Where_ is the interlamellar spacing andYis undercooling.

From Eguation 1.20 it can be seen that undercooling and interlamellar spacing are
inversely proportionalmeaning that a finer lamellar structure is obtainedaager
undercoolingslf sufficient undercooling iseached during RS theeutectic(€ structure

can no longer form, as tlmterfacial energy between theandf phases will not suffice
Namely, thanterface cannot be maintained beyond a critycaivth velocity. Therefore

as undercoolingncreasesnd thecritical valueof _ is reached, theutectic morphology

will be lost.

Another important way which RSprovides enhanced structures is by inhmgtithe
formation of intermetallic compoundd.16]. This is promisingin achieving simple
structures from MPEA systemdichareoriginally complex at equilibrium. As the initial
preoccupation of the metallurgical comnityrabout MPEA development was mainly
related to the formation of complex cooymdsjnhibiting the fomation of intermetallics

via RSP directly addresses this point and provides further opportunities for HEA

development.
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Figure 1191 nt er di f fusi on L
as the eutectic front grows with a velocity111]

1.5.2 Rapid solidification of High Entropy Alloys

Rapid solidification ofHEAs creates an opportunifgr investigating the evolution of
their microstructures and mechanicadgerties with coahg rate With sluggish diffusion
being a main characteristic in HEAs, the rate of coarsemirgjevated temperatures is
minimal, leading to excellent retention of fine microstructufes such RSPof HEASs is
important in exploringnot only the possibility of extending their solid solutions and
inhibiting the formation of complex phases but dsmenhancement of their mechanical

properties

RSP of HEAs to date has beattemptedusing méhods such as gas atomisat{@d 7],
glass fluxing[118], meltspinning[119], vacuum levitation melting (VLM]120] and
selective laser melting (SLM|121]. Although theundercoolings and cooling rates
attained by thelifferent methodslo vary, the motivation is to explore te#ect ofnon

equilibrium solidificationon HEAs.
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Although gas atomisation experiments on HEAs cannot be found in abundance, the
available studies have shown that rapidly solidified HEA powders can be achieved in
sizes as fine as < 20m. Figurel.20 showsfine powders from the CrFeNiMn HE
achieved by gas amisation[122], whereit was found that despite the duplex (FCC +
BCC) nature of furnaceooled CrFeNiMnthe powders showed a nearly single phase
FCC structure. As different size fractions of powders are often obtained fom®sges

such as gas atomisation, differences in structures and morphologies between the different
sized powdersre expectedin the case of CrFaMn, Lehtonen et alfound that the
volume fraction of the BCC phase increases with cooling rate, up to ib.Sh#smallest

size powderg122]. Although moling rate estimates are not preseritethe work of
Lehtonen et ala gas atmisation study by Zhou et 4lL23] on the Ab.sCoCrFeNIHEA

obtains powders of similar size and estimates a cooling rate of apourl t+70 The
differences in constituent elements between both alloys will affect the cooling rate due to
the differences in propertieslowever,the cooling rateestimated by Zbu et al.can be

taken as an estimate especially given that both studies use an Ar atmosphere. Between
the largest size powders (9QL50 um) and the smallest size powders (<p20) of the
CrFeNiMn HEA, Lehtonen et al. find that nanohardness increase3f8&GPa to 4.25

GPa. This increase can be largely attributed to grain refinement (as observed grain size
decreases from Bm to 2.5um), although the slight increase in BCC phase may also be

a contributing factor.

Figure 1.20 Gasatomised powders
of CrFeNiMn HEA[122].
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Gas atomisation of the AICoCrFelNEHEA has also been appligih which Ding et al.
observed a blocky dendritic structure of FCC dendrites with an FCC/BCC interdendritic
eutectic[117]. As large cooling rates tena tfavour endritic growth,gas atomised
AICoCrFeNb.1 powders showing dendritic growth is a somewhat expected observation.
Centrifugally cast AICoCrFeNk, cooled at 450 K, showed an almost identicatstture

of FCC dendrites with autectic interdendritic regind124], albeit that the dendrites were
somewhat better devegded than those in the gas atoatisn studyFurther confirming

this departure from eutectic growth at high cooling rates is the work of Nagase et al.,
where nelt-spun AICoCrFeNb.1 was shown to lose its lamellar structure and form
precipitates on the grain boundarj@g5]. Although n EHEAs, the eutectic is expected

to beinhibited at high cooling rates) AICoCrFeNp.1 a small eutectic volume fraction
remains in its gas atomised powderspite the cooling rate range of around 1A.0°

K/s. However, in the AlsCoCrFeNi alloy(which shows a FCC + BCC adtic in
equilibrium conditions)the eutecticstructureis indeed inhibited in its gestomsised
powders cooled ap& v p TTK/s. In the case of the ACoCrFeNi powders it ithe
growth d the FCC which is suppressg3]. Figurel.21 shows the estimated cooling

rates of these powders with respect to droplet diameter.

" | (30, 5.89)

(dT/d1)/(105K-s™")

(75, 1.43)
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Droplet diameter/pm

Figure 1.21 Cooling rate as a functior

of droplet diameter in AlsCoCrFeNi

[123].
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Other RSP techniques such as gfhssng and levitation methods have shown to achieve
undercoolings Y'Y of up too it [118] in HEAs and significant improvements in
mechanical properties. For instance, CoCrFeNi undercooled by 300 K using a glass
fluxing method showed an increase in compressive yield strength from 137 MPa to 455
MPa (see Figurel.22) [126]. Similar to the aforementioned outcome of enhanced
narohardness in gastomisedCrFeNiMn powders, the increase in yield strength of
undercooled CoCrFeNi is attributed to grain refinement. Unlike the study of Lehtonen et
al. however, where no mention was made of the BCC phase contributing to increased
hardnesgsLi et al. in their study of glastuxed CoCrFeNi do highlight the role played by

the observed BCC precipitates in enhancing the yield strength of the alloy. It is therefore
evidentthat in HEAs of this base, it is not uncommon that BCC growth is olberitie
highergrowth velocitiesWang et al. also study CoCrFeNi undercooled by glass fluxing
method and achieve similar undercoolings as the study by Li et al. Similar observations
are made in both studies and their appears to be unison in the facathatinement

and BCC growth are observed. Wang et al. study a wider range of undercoolings and as
such, are able to present the enhanced microhardness with increased undercooling in a
gradual fashiorj127]. Figure1.23 shows the enhanced microhardness in CoCrFeNi as

undercooling is increased by increments of 50 K.
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Figure 1.22 Stressstrain curve of undercoole
CoCrFeNi[126]
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Figure 1.23 Increasing microhardness in
CoCrFeNi as unercooling is gradually
increased127].

Vacuum Levitation Melting (VLM) has shown to obtain comparable undercooiings
HEAs and have similar effects on the properties of the alloys. Andreoli et al. studied the
solidification behaviour of CoCrFeNi post achieving undercoolings of apad [128].

In this in situ study, insightful observations are maitethe effect of differat
undercoolings using higepeedmaging techniquesAs mentioned abovgasatomised
CoCrFeNishows a predominantly FCC structure although at higher growth velocities a
small BCC volume fraction (around 5 %) develops. In the in situ VLM study of Andreoli
et al. on CoCrFeNwith 120 K of undercoolinga stable FCC phase nucleates and gives
result to a singkphase FCC structure. Howevan image series shows tlata higher
undercooling of 150 K, a BCC phase nucleates &rst thatan FCC phase nucleate
thereafter(see Figurel.24), allowing the conclusion to be made that tHeBphase is
metastableNevertheless, the BCC camesumably be nucleated in favour in favour of
FCC, as the recalescence images indicate the undercooling with respect to thiesBEC

is lower than the undercooling with respect to the FCC phase. However, it is also clear
that once both phases are nucleated, FCC will outgrow BigGrel.25shows the delay

time between the nucleation of the BCC and FCC phases. Naturally, theidedag
expected to shrink with higher undeotiog (as growth velocity increasesith

undercooling) and this imdeedobserved in Figur&.25. Generally, this observation of
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BCC nucleation at high undecooling is in accord with the aforementionedgaisation
studies onCoCrFeNi, which showed BCC presence only in the smallest size powders

(those with highest cooling rates).

In a study on supercooled, equimolar MoNbReTaW, Hu etolbservedthat an
undercooling of 500 K (achieved by electrostatic tetion) leads to disorder trapping
and the growth of a single BCC struct(it29]. As with previous studies, the rapiely
solidified MoNbReTaW sample showed improved hardness (20Péase from the as
cast alloy).Disorder trapping is gected to occur imapidly-solidified HEAs not only
due tothe high cooling rates but also dueheir characteristic sluggish atomic diffusion,
and itis argued by g et al. that disorder trappirdso occusin gasatomised powders
of theAlCoCrFeNp1alloy [117].

Likely due to its higher technology readiness level (TRL) relative to other techniques,
selective laser melting (SLM) is the most explored form of RSP in HEAact, byand
largethe focus of gas atomisation and other powder metallsiggies ofHEAS is to
produce powders foadditive manufacturing (AMpurposesAlthough SLM does not
achieve supercooling comparable to that of fluxing and levitation techniques (as
hetergeneous nucleation is instant), SLM can achieve cooling rates of ugd #/sl0
[130], depending on laser energy denskipwever,the layerby-layer nature of AM
results in columnar grain growth, leading to anisotropic properties in the fabricated alloys
[131]. This is no different in HEAs as the issue has been observed in several AM
fabricated HEA$132,133] Such alloys with anisotropic mechanical propsriied few
applications in the real world. As such, the topic of coluntoaaquiaxed transitioning
(CET) of the resulting dendrites is a topic that is rightly attracting intensive attention.
Despite these barriers that AM faces, it is worth rememberatdgtBAs are not industry
ready in any case as yet. As such, attempts to producéaBiitated HEAs as well as
explorations of achieving CET in HEA&34] should be considered with a gtive

outlook.
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Figure 1.241In situ observation of nucleation in undercooled CoCrFeNi HlI
[128].
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To conclude this section, it is worth reminding the reader that improvements in
mechanical propeds are not a granted outcome of RB#. exampleWWang and Kong
demonstrate thatCoCrFeNiCu supercooled via glass fluxing showed improved
microhardness as undercooling incredseitieclinedat a criticalundercooling of 236 K
(see Figurel.26) due to phae separatiofii18]. This phase separation is often observed
in similar alloys containing Cu, where a-@apleted primary phase is formed and a Cu
rich phase forms in the interdendritic regiots mentioned in section 1.4.2his$
phenomenon is owetb the positive enthalpy of mixing between Cu and the other
elementsilt is important to stress, however, that this is not always the outcome when Cu
forms part of a MPEA. In fact, the same study shows that phase separation subsides in

the CoCrFeNiCu alloy at higundercoolings and its microhardness increases monotically
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as expected. This is also confirmed by Cui e{185], who show that Cu segregation
steadily decreases until i almost unbservable in a sample that experiences an
undercooling of 226 K (seeDS maps irFigure 1.27). It may therefore be said that the
atomic fraction of Cu in th€oCrFeNCuw, alloy causes phase separation that is too strong

to be mitigated by large supercooling.
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Figure 1.26 Hardnesss a function of
undercooling in three HEA4.18].
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Figure 1.27 EDS maps of CoFeNiCu at various values of undercooling, showi
improved homogensi as undercooling is increased [135].

1.6 Machine-learning techniques in HEA discovery

It was discussed in Section 1.2 how HEA formation criteagestirredconstant debate
since HEA discoveryThis has giverHEA researchershe incentive to turrto ML
methods in predicting HEAs with desired struct|fe36] and propertie§l37]. The first
attemptsin employing ML for HEAdiscovery were made in 2018nd judging by the
surge in such attempts over the past year, it is evident thandthods will play an

integral part in shaping the future of HEA research.

Since 2018, various Mlapproachebave beempplied to HEA phase selectiaithough
artificial neural networkfiave seen the most success amongst the algorithirege the
most widely applied138]. HR features are typically used as the inputs to the(&N
shown in Figurel.28), with the outputgypically being a combinain of SS, SS + IM,
IM and AM; where SS, IM and AM are solid solution, intermetallic and amorphous
structures, respectivelin general,here appears to be agreement that beyond 4 to 5 input
features, diminishing returns in accuracy of the NNs are olb&t@8i 141], although

debate remains on the most effective HR features tosbd for optimal resultszor
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instance,Dai et al.[142] show (using ML methods) VEC to be the most important
parameter in HEA phase prediction ad®f to be the least important, whereas in the
ML-based study of Huang et al.js concluded to be the most relevant paranjés3).

A study by Zhang et ateploysML with extended Miedema theogndconcludes that
formation enthalpy ant are the most relevant parameters in HEA predictici].
Despite thesdifferences ML-driven progressas not been haltemhd ML models have
been improving in accuraciegs a yearly manner, with reported accuracies today

constantly ranging between 9®5 %[145,146]

Examples of successful HEA design using ML models include the workeof et al.
wherea database containing ,&lo,Cr.CuwFeNiw HEAS and their hardness valuess
usedto train a ML(NN) model[147]. In this work, Wen et al. report two alloystiv
hardness values 10 % larger than the maximum value found in the database. The alloys
reported are AkCo2Cr2aFeNis and Ab7C00CrisCusFesNis, both of which were shown

to comprise a disordered BCC structure and an ordered B2 strushaedari et al.
pursue a similar approach usiadatabase of refractory HEAs and their hardness values.
In this study, Bhandari et al. uncover a novel RHEA#NCrsMo11.dNbzoRersTagoW2o

with a predicted hardness value of 695 HMS8]. The alloy was then manufactured to
experimentally confirm the prededvalug whichwas found to align witim a15 % error
margin It is therefore matter of time before the use of NN becomes mainstream amongst
HEA researchers and studies such as those of Wen[##@].and Bhandari et a]148]
become implementable with ease. In fact, Yan et al. predict 10 gihgke RHEAs
(comprising combinations between Al, Mo, Nb, Cr, W and ds)ng several ML
algorithms and confirm their predictions experimentdliyi9]. Although it is not
mentioned how many dhe studiedalloys are novely a n e expearhent @estainly

makes a statement in proving the applicability and scalability of ML in alloy discovery.

As ML models rely heavily on HEA databases, a foreseeable problem halting their
progress is the lack ofystematic recording of HEAs and their properties. For example,

the impacts which processing methods hav
considered when documenting HEAS. It is often the case that a given property of the same
alloy can have two diffrent reported values; these discrepancies are most likely attributed

to differences in processing methods which have not been recorded. Some examples are
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the AICoCrCuysFeNi alloy with hardness values reported to be W% 563 HV and
665HV [147], and the AkFeNiCoCrCu alloy with a microstructure reported to be
intermetallic (IM)[150] and solidsolution (SS)[151]. Generally, to achieve maximal
results from a NN, the size of the data set should be as large as possible|yatiops

with high uncertainty being omitteés such, m order for theHEA community toexcel

in applied ML, HEA databases need to be put together with clear outlines of the

processing techniques used to manufacture them.

. SS: Solid Solution
Bias | Bias 2 Bias 3 IM: Intermetallic

SS+IM: Solid Solution
+Intermetallic

77

Input Input Hidden Hidden Hidden
features layer layer 1 layer 2 layer 3

Figure 1.28 Schematic of NN architecture showing
five input featuresthree hidden layers, and three
outputs classifying the alloys as SS, IM or SS + I}

[143.
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2. Equipment and methodobgy

This chaptersummarises the experimental methods and equipment used in this project.
HEA ingots were produced using an -anelter and melted several times to ensure
homogeneity. Titanium was used as a getter in thenatter furnace to limit oxidatian

As the HEASs produced in this work all contain Aluminium, this was an important aspect
during ingot preparation. Rapidly solidified droplets were then produced from these HEA
ingots using the drepube facility. To analyse the powders anecast samples range

of testing methods were used including optical microscopy, scanning electron microscopy
(SEM), energydispersive Xray (EDX), X-ray diffraction (XRD),transmission electron
microscopy (TEM), focused ion beam (Fl&nd Vickersmicrohardness. Thigj@ipment

is explained in more detail within this chapter.

2.1 Arc-Melter

A

An arcmelter was used to produce the HEAs studied in this work. Thenar¢ t er 6 s
vacuum chamber (evacuated down to ® 1 mbar) along with a Titanium getter
produced an inert atmosphere for element mixing to take place without oxidisation. For
the addition of Aluminium however, the drogbe was employed as a furnace as it
provides a mor e i ner thoaygemaffipy posedifficultiedin u mi n i

mixing it with other elements using the anelter without oxidisation taking place.

For a melt to be carried out successfully using theveelter, the following components

of the aremelter need to be in check: apper hearth, nenonsumable Tungsten
electrode, melting/vacuum chamber, rod for@watrol, UV shield and valves controlling
pressure in the melting chamber. In addition, an electrical power system is needed for
generating the arc, a coolant system (wate t o keep | ower the he
vacuum pump and an Argon (inert gas) cylinder connected to melting chamber.

The vacuum pump used with this anelter is a twestage stage oil sealed pump. Before
melting a sample, the chamber is evacuated ¢ésspires of the ordgr 1 mbar and
backfilled with about 5@nbar of Argon at least five times. Although all the melting was

performed in the roundhaped moulds (for better mixing), the final melt of each HEA
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was done in a square mould (see Figu® to make the sectioning ¢fie alloy more

manageable during sample preparation.

The splashing of material during an-anelting experiment is normal and usually results

in a small weighfossi this was deemed negligible in this project. To minimise the
splash, certain precautionarcbe taken such as ensuring a safe distance between the
electrode and the sample and ensuring that the contact time between the arc and the
sample is not too long (15 seconds is sufficient in most melts). Ensuring a distance
between the electrode and themple is important to avoid Tungsten contamination in

the sample.

Ensuring homogeneity is important for any-arelted sample and is especially important
in producing HEAs. For this reason, each sample was turned over and melted four times
at each stagé-or example, if the stages of forming an alloy of ABCD, the stagetdwo
be AB, CD and ABCD. Table 2dives an example of the melting stages in achieving the
AICuCrFeNi alloy.

.

/

= Tungsten Strii(er Stub

P

-

Figure 2.1 Copperhearth showing different mould shapes.
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Table 2.1Masse®f elements in intermediate alloys to reach equimolar AICuUCrF

Alloy Element mass (Q) Arc-
melted/Drop

tube furnace

Al Cu Cr Fe Ni
AlCu 2.5 5.8 - - - Drop-tube
FeNi - - - 5.1 5.4 Arc-melted
AlCuFeNi 2.5 5.8 - 5.1 5.4 Arc-melted
AICuCrFeNi 2.5 5.8 4.8 51 5.4 Arc-melted

2.2 Drop-Tube

The HEAs prepared in the amgelter were transferred to the drtoype for rapid
solidification. A schematic of the 6.5m long drype used irthis work is shown in
Figure 2.2 The HEAingotis placed in a trhole dumina crucible andnounted such that

the crucibleds centre is coincident wi t h

dropt ubeds at mospher e niees The bacuum in the dragpbeen d 0 x

(order ofp T mbar) is reached via twamping stages. The first stage employs a rough
pump (placed at the bottom of the ditoype), which reaches vacuums of roughly

X p 1 mbar. This pump is used to carry out three flushes, with 500mbar of Nitrogen
gas used to backfill the drapbe betweemrach flush. A turbanolecular pump (placed

in the mezzanine floor) is then used to reach lower vacuums down to raugtgyrt

mbatr.

Once the desired vacuum is reached, the-tlibp is backfilled with Nitrogen gas up to

500 mbar and the melting stagéhisn ready to take place. An RF power generator (found
ontopf  oor) is used to elevate the all oyos
is completely melted, Ngas is used to create a differential pressure of 4 Bar to eject it
downwards. Moty, the droplets solidify containerlessly and are collected in the-drop

tubedpotat(¢dlwer ground). To monitor the
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stage, an Rype thermocouple is used. Water supply is used cool the structure of the drop

tubeduring the melting stage.

The resulting powdeirfsom the ejection are thesieved into 10 standard diameter ranges:
0850um, 850 500pm, 500 300um, 300 212pum, 212 150pum, 150 106 um, 106 75

um, 7553 um, 53 38 pm andO38 um. A heat balance for a dropla free fall is used

in order tocalculate the cooling rate of each powder size fracfidns heat balance
consides heat transfer via convection, conduction and radiation from the droplet to its

environment. This heat balance is expresseshawn bela in Equation2.1

ay . . e R QQ 0Q ¢, ., .

where"Y is the temperature of the g#N2) used to flush the apparatu¥ is the
instantaneous temperaturetbé particle @ ando are the specific heat of the metal in
the solid and liquid states respectivé{ys the solid fraction is the density of the metal,
‘Qthe diameter of the droplet, the emissivity of the droplet surfacg, the Stefari
Boltzman constarand Qs the heat transfer coefficieastimated using:

I N
Q5 ¢ TEYes ]

Wherell is the thermal conductivity of the gégiven in Table 2) andRe andPr are
the Reynold and Prandtl numbers for the fl@spectively given by

.. (I) ‘ . ) ) ” ’Q . .

U I "— h YQ — U U C®
Where'Q is the particle diameter andd and* are the spedic heat capacityand
kinematic viscosityf the gagespectivelyThe velocity differential between the droplet
and the gasish 0 andcan be assumed to be the terminal velogity,0 is given

as:
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where,g is acceleration due to gravity is the density of the gas, aid is the drag

coefficient, estimatettom:

Td Q
e ¢

0'YQ
Whered is the initial mass of the sample.

As thesample propertiesiy, ” and0) areundocumentedor the HEAs studied in this
work, estimates were made using propertiethe constituent eleamts and theimass
ratios. Nevertheless, if was determined by DTA analysis as this would give a more
accurate value than the average pVvalue between constituent elements. dassity as
for each HEA usi ng AR2dumnmmesdsdisedalugsasiwellas pl e .

the properties of Ngas.

Table 2.2 Thermophysical properties ofldnd AICoCrFeNi.1 HEA

Material Parameter Value
N, Gas ) pTTAORQU
‘ P Y pm Uia
I C® pm wa 0
" pD ¢QQ
AICoCrFeNp.1 @ YpP ®QQU
" X o yiata
0 o8t X p TLL
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Figure 2.2 Schematic of Droflube apparatus used in this wdib?2].

2.3 SamplePreparation and Characterisation

2.3.1 Optical Microscopy

An Ol ympus BX51 microscope was used as t
microstructureTo observe the manufactured alloyicrostructurs, a section of the as

cast sampkeis cut using a precision saw (Beuhler, Isomet 5000). The sample was then
mounted automatically using the Beuhler Simplimet 1000 mounting press with
Transoptic resin. The ounted samples were then ground in the order of P240, P600,
P1200 and P2500 grinding paper. The sample was then polished (on cloth) using diamond

pastes in the sequence of 6um, 3um and 1um. The grinding and polishing sequences are
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mentioned in more detaith Table2.3. The samples were therckéd using agua regia
solution(HCIl and HNO3 in 3:1 ratio) for 10 seconds.

Table 2.3 Grinding and polishing sequences.

1ST 2nd 3rd 4th Grind 5th
Grind Grind Grind Grind
Paper P240 P600 P800 P1200 | P2500
Suspension Water
Time (mins) 2-7
Discspeedrpm) | 100200
Rotation direction | Contra

Polishing
15 Polish 2" Polish 39 Polish

Paper Cloth Cloth Cloth

Suspension| 6um  diamond 3um diamond 1um diamond past
paste paste

Time(mins) | 4-8 4-8 4-8

Disc speeq 70-90 70-90 70-90

(rpm)

Rotation Contra Contra Contra

direction

2.3.2 Scanning Electron Microscopy and Energy Bpersive XRay Spectroscopy

For further and more sophisticated microstructure examinationsadngples were
examined under thElitachi SU8230SEM coupled withthe Oxford Instruments Aztec
EnergyDispersiveX-Ray pectrometry (EIX). Backscattere@lectron(BSE) detection

and secondarglectron (SE) detection are the two main modes in which the SEM was
operated in this work. &kscatterdetectionis useful for phase contrast analysis
heavier element®sult in higher intensitglectron backscattering comparison tdighter
elements, resulting in the regions with heavier elements appetarimg brighter.
Secondary electrons are low energy electrons obtained via inelastic scattering with the
surface of the material. Secondary electron scattering allosatsrés such as grain
boundaries and precipitates to be identifiedciding on which mode of detection to be
used depends on the objective of the analysis. For inst8&cenaging has a higher
resolution than BSE imaging due to the lower energy of SEretercreating a smaller

interaction volumeAs such, SE imaging is used when the objective is to caphag

57



features in a sample, such as topographical contrast cedemagfacesOn the other hand,

BSE detection reveals differences between areashvelne chemically different.

Any SEM is dependent on the concept of f
surface. Typically, the source of the electron beam is a cathode (Tungsten hairpin
filament) to which a strong electric field is applied. Howevee Hitachi SU8230 SEM

utilises coldfield-emission (CFE) technology, whereby a sharpened cathode is used
rather than a hairpin filament. Field emission in general provides beams with higher
intensity than hairpin filaments, and the ultigh vacuum adeved by CFE further
improves the electron density of the generated beam (due to the improved absorption of
gas mol ecules at the cathode tip). As suc
at leasthalf that of SEM with Schottky emitters (0.28V veisus 0.0 eV respectively).

The Hitachi SU8230 has a dedicated backscatter detector which is designed to use higher
energy signals, hence resulting in higher resolution images. To obtain quality images,
BSE analysis was carried out using an acceleratinggel 20kV. Although voltages

as little as 5kV could also lead to good images, it was found that for the samples involved

in this work, 20kV was the best operating mode.

EDX was used for quantitativedementablnalysis of the alloy$-or such analysis,@ven

vol ume i n the sampl e i s bombarded by t
bombardmentelectrons n t he | ower energy | evels of t
are ejectedAs such, electron vacancies are creasgithenfilled by electrons from

higher stats. As an electron moves to a lower state, am)Xis emitted to balance the

energy difference between the two energy levels. Each element haganoX a
characteristic wavelength which is omitted during this process, allowing the element to

be identified.

Upon striking the detector, anRay creates a charge which is proportional to its energy.
The relative abundance tife X-Raysis then measuredersus their energallowing a
spectrum ofX-Ray energy versus courts bededuced and as syatevealthe sampled
volume& ®lemental compositionTo reduce the interaction volume, low accelerating
voltages (5kV) were opted for during EDX analyst®X analysiswas carried out at

specific points, along manually drawn lines or on a selected. &egsnge of
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magnifications was also used during the EDX analysis. For instance, for checking the
overall homogeneity of a sample, small magnifications were used such that a laager are

is covered. In such a case, higher accelerating voltages were used {@&wé)er, in

cases which required a more localised analysis such as identifying the components
dominating a particular phase, smaller magnifications were used with 5kV as the

accelerating voltage.

2.3.3 XRay Diffraction

X-Ray Diffraction (XRD) is a nondestructive method used to ansdythe structure of
crystallinephases present imaaterial. XRD analysis is carried out lmirecting an xray

beamfrom a source (cathode ray tula)a sample and measuring the scattered intensity

as a function of thangleat which the XRays are emittedOnce the beam is separated,

the scatter, also called a diffraction pa
The Rietveld refinement technigue is then used to characterize the crystal structure which
most likdy provided the observed patteiiffraction occurs whethe path difference
betweerthe scattered andcident beams ia multiple of the wavelength of the-Xay (a

schematic of this is displayedkiigure2.3. Thi s r el ati on (gen known

in Equation 2.5
€ _ Qi Q¢ — CH

Wheren is an integer representinipe order of reflectiond is the distance between
adjacent planesiis the wavelength of thecidentbeamand d i s t he di f fr

thebeam.

Current XRD databases are limited in characterising HEAs. This is dbe fact that
lattice spacinglatafor FCCandBCC solid solutions of multicomponent alloys is lacking.
Mainly, this can be explained due to the large internal strainsnatitiei lattice, whiclas
seen in Section 1.2, makes it difficult to predict the lattice structures of Hb&sefore,
the XRD peaks in this projeevere characteristed manually using the epacing of

each peak and findingge maching millerindices In thisworkkmonoc hr omat i ¢ C
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X-Rays with wavelengti- = 156 B wdde used witta scanning range (fbetween
20° t0100° and a step size 6£03.

1 X plane normal Y la’, 2a’

Figure 2.3 X-Ray diffraction in crystal structuf@53]

2.4 Vickers Microhardness

For each HEA, Vickers microhardness tests were carried out ordesarm as well

as its rapidly solidified powders. Performing microhardness tests on powders from all
size fractions allowed thefett of cooling rate to be deduced. A Tukb?02 Wilson

Vickers micrehardness test was used while keeping the load and dvtietle constant

across all size fractions in order for fair comparisons to be made. A 0.05kg load was used
in all tests with a dwietime of 10 seconds.The final microhardness value of each
powder size fractiomvastaken asan average of at least 10 individual measuremants

order to minimise the standard errBor lamellar samples, it is acknowledged that the
value of microhardess measurements may vary significantly between the two phases.
However, as at least 10 measurements were made, it is assumed that the final average of

the measurements is a fair representation
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2.5Focused lon Bean andransmission Electron Microscopy

Transmission electron microscopy (TEM) is used to determine the crystallographic
structures, composition and phase compositions of the materials fabricated in this work.
TEM analysis provides a more detailed level of understgnalithe samples than other
techniques such as SEM. Namely, TEM technique requires thin specimens in order to
probe internal structures, whereas SEM provides information about surface features.
Nonetheless, both TEM and SEM use similar methods for beaetatyons, which
involve condenser lenses and an electron gun within a vacuum systdhe electron

beam passes through a thin specimen (prepared via Focused lon Beam Fi&)od
electrons are diffracted in different intensitiedowing the microstructureto be
characterisedAs TEM requiresample®f around 50100 nmthicknessFIB (FEI Helios

G4 CX DualBeam)s used to prepare theEEM sample The sample is Platinum coated
prior tothe use of FIB and thereafterccelerated Gallium ions are used to section the
region of interest in the samplke sample carrier is then welded onto the sectioned sample
in order to retrieve it whereby it is ready for TEM.

Not limited to highresolution imaging, TEM also allows diffraction patterns to be
obtained from a selected regiorthis is known as Selected Area Diffraction (SAD). In
the case of crystalline materials (as with the work in thisaie$), the SAD patterns
comprise distinct spots from which lattice parameters can be calculated. The diffraction
angle—in TEM can be proved the very small using Equations 2.7 to 2.44owing that

the electron beams from crystal planes are almoatlgbto the electron beam from the

source.
According to Braggds | aw,

(03 -

i Q¢ o C&
For small—i "Q¢ —and therefore,

— @ &
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Where—is the diffraction angle, is the wavelength of the incident electron beam and

dnu is the distance between successive planes.

_ can be deducedsing Equation 2.9

0

- oo
CaQw g

)

Wherehi s P11 an c kndistheenass efthaalectromy i s t he el ectr on

andc is the speed of light.

Given that &EI Titan3 Themis 300 operating @@@kV was employed

Q
= g 00 Cp T
C op a0

Assuming a lattice-@pacing of 0.5 nm—can be deduced such that:

— o ™o B p

As the beam passes througlerystdline specimen, there will be a distance of 1/dhkl
between these diffraction spots which in turn allows the phase to be identified as per

Equatiors 2.12 and 2.18for a cubic system).

WE i P g
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2.6 Machine learning

2.6.1 Data compilation and curation

The data on pdses and HR features of the alloys was collected using references
[27,150,151] Thesedatasetsvereexpanded on by adding the composition data for each
alloy. As sucha column dedicated to each element present in the database was initiated,
with cells pertaining to absent elements in any given HEA being populated with an
arbitrary, small number@.05 chosen in this work). These cells were not populated with
zeros in oder to avoid large error gradients in the weight calculatiBigsire 2.4 shows

a 5row print of the data including composition as part of the input features. Finally, the
output prediction from each of the models is either a 1 or a 0. The data wascsacige
that a @10 c osolutienl($6G) e a SS with isterneetallic i(SE+IM). This
choice was made as many accepted HEAs have minor IM phases and the orthodox
definition that a HEA must strictly comprise a singlkease SS is evolving. Inturm, fi 0 0
signals an amorphous (AM) structure, an IM or (AM + IM). Although data in references
[27,150,151Fontained binary alloys, these were omittethiswork. Howeve, thefinal
database contained ternary alloys as well as MPEAs. Omitting the binary alloys was done
in order to avoid their presence in the testing sets, which would lead to inflated accuracies.
On the other hand, ternary alloys were retained as theyhaidNN in developing
connections between certain elements, yet are not as predictable as binaries. The data was
shuffled to avoid the formation of patterns and bias and finally, feature scaling was
implemented such that each instant in the column of andgi\R parameter was divided

by the maximum value in the column (see Equatidd). Feature scaling was not applied

to composition columns, as maintaining the sum of each row to be around 100 and

maintaining the constant arbitrary value-@f05 influenceshe NN performance.
. ()
W, — T
R 5 Q)

Wherew is instance numbeiin featurexandw is the largest value in featuxewy,

is the updated Vae of w.

63



Alloy zZ dH ds VEC Ed SS/IM Al Ni Co Cr Fe Cu Ti

0 AI0.5CoCrCuFeNiTi1.4 059 0.51 0.58 0.69 0.42 0 725 1449 1449 1449 1449 1449 20.29
1 AICoCrCu0.5FeNi2 044 0.66 035 0.76 0.33 1 1538 30.77 1538 1538 1538 7.69 -0.05
2 Cu0.5NiCoCrAl0.5Fe2 0.34 0.78 0.32 0.78 0.28 1 833 16.67 16.67 16.67 33.33 833 -0.05
3 Al0.5CrCuFeMnNi 0.39 0.82 042 0.76 0.39 1 9.09 18.18 -0.05 18.18 18.18 18.18 -0.05
4 WNbMoTaV 0.25 0.75 0.24 0.39 0.94 1 -005 -005 -005 -0.05 -0.05 -0.05 -0.05

Figure2.45r ow print of the data set used
radii and O6EdO6 the difference in Pa
the HEAOGs phase, with 1 i rcatingagAM), (v or
(AM+IM). Only 7 of the 37 elements present in the database are shown. A

arbitrary value {0.05) was chosen to indicate the absence of an element.

2.6.2 Neural networks

The neural networks were constructed using the KerasnAiRe Google Collaboratory
environment, with the Pandas library used to import the final data set of 391 alloys. A
70/30 split was used between the training and testing data respectively for each of the
NNs. To assess the average prediction accuraci¢iseofieural networks the data was
shuffled and fed back to the models three times. Choosing théhyigatparameters for

the neural networks is of vital importance in maximising their performance. NN1 (neural
network including elemental composition datdydis the main focus of this work as it
uses a dataset which, to the best of the
before. The optimal hyperparameters for NN1 were found to be: learning rate = 0.3, batch
size =3, number of hidden lager 9 and the maximum number of units in a hidden layer
=192. The input dimension for NN1 is 37, in accordance with the number of elements in
the database, while the output layer comprises 1 unit. Each of the above parameters was
chosen as the best valby iterating through a prdefined range. For instance, in
determining the best learning rate, a range of values from 0.1 to 1 were probed, with the

value leading to best @dictive accuracy being chosen.
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The activation function chosen for the hidden layamas the Rectified Linear Unit
(ReLU) activation function, as it yielded the best results when compared to other
activation functions. The ReLU activation function maintains the value being passed to a
unit in the hidden layer unless the value is negativerhich case the value is made equal

to zero[154] (see Figure®.59. This simple calculation leps its computational cost to a
minimum making it a very frequently used function. For the output layer the logarithmic
sigmoid (logsig) activation function was used as this generates outputs of either O or 1
(see Figure.5b). As the NN is classifying bary features, this is the optimal activation

function for this purpose.
The sigmoid activation function is described as per Equatibh

p

Yw )

KONV

Wherex is any input value Wich is forced to a zero or one output denote8(@}

To predict the phase of a previously uninvestigated HEA using the NNs designed in this
wor k, the HEA®Y ,¥O v ¥ECH ams. ymustdirst be calculated,
allowingte  HEA to be added to the database.
elements must also be calculated in a manner that is consistent with the database. Upon
adding the HEA to the database, the cell

chosenOo 1), as this wildl not affect the NN
is then intentionally made to be the only
(all 391) in this case are used i nthist he t

work, this process was applied for the@UCrFeNi alloys, yielding predictions which

were verified.
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Figure 2.5a Rectified Linear UnifFigure 2.5b Sigmoid activation functions.
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3. Experimental results

Thischaptempresents the bulk and powdeEAs fabricated throughout the course of this
work. First,a neural network is presented which was developed for the discovery of new
HEAs. To validate the neural networks, reference was made to #GeCAIFeNi alloy,

to predict composition at which theystem transitions towards a microstructure
dominated with intermetallicsFor eachalloy, microstructural development with
increased cooling rate is discussed. XRD, SEM and TEM are used as characterisation
methods of the sampleshile microhardness measunents are made to develop an idea

for the evolution of the mechanical properties of the alloy with cooling rate. Fittaly,
eutectic HEA AlCoCrFeNi1is presented, followed by a moredepth analysis of the
equimolar AICrCuFeNi HEA.

3.1 HEA screeningusing Machine Learning methods

3.1.1 Gradient descent with multivariate linear regression

To predict novel HEA compositions, this work begins with multivariate linear regression
implemented with the gradient descent algorithm (LRA@DBg LRGD model is dégned

to set an initial standard upon which the neural netwidekeloped later in this workill

be measurediheinputs to the LRGD modereentropy of mixing, enthalpy of mixing,
valence electron concentration, atomic radius difference and Paulirigpeégativity
difference ¢°Y ,30 , VEC,] andsz-...respectively. Using these input features, the
LRGD modelwas appliedisingstandard graént descent equations, shoas\Equations

3.17 3.3below[155]. The database used for this work is presented in Appendix 1.

Qw Pe oP
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Where'Q w is a hypothesis eated to best fit the data aRds an (+1) dimensional
vector containing the correlation coefficients (where the number of input features).

is an (+1 by m) array which is a concatenation of all the input features and a dimensional
vector of ons. mis the number of instances in the databaseiand is the cost function
guantifying the error in each coefficient resulting from the generated hypoiltEsistes

the number of the instance agyddendes the output feature (1 or 0), wherdsla
SS/SS+IM structure and 0 is a IM/AM structutéinally, j is the subscript denoting the

coefficient in theP vector and is the learning rate.

To beginthe iterations for the LRGD algorithm an initRlvector of zeros was chosen.
TheP values hen converge towards the correlation coefficients which lead to minimum
error.The karning ratg ,wasvariedi si ng a 0 famoptimbl vatue vas foumd i |
(i.e. a value which reaches minimum cost in shortest numbepaxfhs). The optimal
value Pr learning ratéor the explored range between 0.1 andas found to be 0.3. After
minimum cost is reache®, is multiplied withe (vector containing features of a given

instance) to form a linear egtion which best fits the data.

To confirm theresults of the LRGD modgh matrix method was also used to deduce the
regression coefficients. The method used is outlined by Scott H. Btv&) and is
applied as shown in Equati@. This method is useful in that it does net an iterative
processin order todeducethe @timal regression coefficients. As such, EquatBoh
allows the reduction of lowering computatadrcost Furthermorethis method obtains

results which are independent of learning rate.
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WhereP is the vector of correlation coefficients,is the array containing the standard

features of the HEAs andis the vector containing phase data (O or 1).

Testing the LRGD mod el thedestingsetfset of datdaenotp er f o

seen before) yielded an average accuracy of A%such,a NN is expected to yield
results with accuracies higher than 73% to be deemed succé&sgtuk3.1a shavs the

drop in costp P , as the number of epochs increases. Despite the LRGD model finding
the optimal set of correlation coefficienis,is fully expected thathe modelwould
mispredict a group of data entries which have unique features not expressed sufficiently
in thedata setThis is a clear limitation of the LRGD model as with other models which

base their predictions on individual HEA features.

In attempt to probe the maximum possible accuracy of the LRGD model, Eq8ation
was used to find an optimal set of ctat®n coefficients prior to running the LRGD
model. This set of coefficients was thesed inthe LRGD model as the starting point of
the algrithm (i.e. the iterations begat a point where calculated cost is already close to
a minimum). The effect ohis can be seen in FiguBelh where the cost at zero epochs

is already 0.148. This is then exploited by running the LRGD model to a point of
diminishing returns. @mbining the matrix method in Equati®4 with the LRGD
algorithmachieves a 2% increasethre accuracy of the LRGD model, raigiits overall

accuracy to 75%.
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Figure 3.1a Cost vs Epochs for LRGD model with random initiation péiigiure 3.1b

iteration startingpoint obtained using the matrix method from Equafi8n
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3.1.2 Neunl networks

Two neural networksre designed in this worlkeach with different input features. The
first neural network (NN1) receives solely composition datamic percentages)s
inputs. The second neural network (NN2) receitnesfive input featuresised for the
LRGD model(z'Y ,30O ,VEC, ands-..)in addition to the composition datehich

NN1 receivesNNL1 is designed with the motive that composition is essentially the only
information which is known with high accuracy about an HEA, whereas all othéblgoss
input features (whether HunRothery or thermodynamic) involve many estimates and
calculations of averageBigure3.2aand3.2bshowschematis of the architectures used
for NN1 and NN2, respectively.
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Figure 3.2a Schematics of NN1 arfeigure 3.2b NN2 architectures. Number of hidde
layers and number of units per layer shown are not representative of the true
but help in visualising the networks. The output layer in both architectures is shc

a Sigmoid activation function with binaoutput.

To assess the neural networks, the original dataset was shuffleztiandhe NNs three

times. This ensures that alloy systems which are easier to predict dloflat the
accuracyby consistently appeeng in the testing seSuch systems ay be tertiary alloys

or HEAs which share the sanbase of elements and diffemly slightly in composition.
Figure3.3andFigure3.4show the accuracy and Igastsof NN1 and NN2, respectively,

for three different runs between which the data was d€uifft is important to ensure that

the NN6s performance is not affected by d
reproducible with other data sets and that its predictions are scalable as the dataset grows.
The accuracy the NN achieves i tlest set is recorded after each run, with the average
accuracy of three runs taken to be the re
accuracy in the test set is calculated by finding the number of correctly predicted instances
as a percentagd the total number of instances in the training set.
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For predictions on the testing set, NN1 and NN2 achieved average accuracies of 92% and
90%, respectivelyT o t he b e st knowledye, the onlg model exceédstige
performance of NN1 was imgiented by Lee et g]145], which achieved a testing
accuray of 93%. Considering that e erdoslel uses 13 Hum®&othery predictive
features NN1 appears to retain the aforementioned advantage of simplicity and
scalability.Other notable attempts are thoséHofanget al.[143] andZhang et al.[140]

which achieve prediote accuracies 089% and91%, respectively. These works also
depend healy on HR data and use between 4 andeéXiures in their databasd@dat

NN1 achieves a testing accuracy of 92% has significant implications, as it shows that the
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Figure 3.3Training loss and accuracy for NN1. Between each set of plots, the
is shuffled and 70% of the data is taken for training.
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complete abandonmenof predictive parameters is not only possible but also
advantageous. This residtin some way expectedince atomic percentage data does not
require estimations to be made (unlike thermodynamic and HR features), hence leading
to datasets that are mazensistent and less prone to errgkthough vast efforts have

been expended on modifying thermodynamic and HR parameters to capture finer
phenomenological detai]$57i 160], the saturation in the number of parameierather
evident ad the leaner approacised by NN1 provides a method with a high potential to
scaled for use by the average researcher.
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Figure 3.4 Training loss and accuracy for NN2. Between each set of plots, the
is shuffled and 70% of the data is taken for training.
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3.1.3 Validation

For validation, NN1 and NN2 are used to predict the saidtion (SS) limit in
AlxCuCrFeNj beyond whichx (atomic percentage of Al) leads to a microstructure
occupied by intermetallic\ccording to theoutcome from both NN1 and NN = 1.4

is the composition at wH3SES&HMLthoe (duasxp ut ct
increases. As such, the compositionsaliyeabove and below this point were chosen to

be manufacturedx(= 1.3 andx = 1.5), as well as compositions further away from this

critical point k= 1.0 andx = 2.0) in order to confirm the observatiorihex = 1.0 andk

= 1.3 compositions corresportle t o A10 i n bknandFandx=wB er eas
compositions correspomded tioampd@danh bbnai
binary indicates S8r (SS+IM) structureg n d fi 0 0 indicateshnmorpl@ousgM),

IM or (AM +IM) structures.This is since MPEAs comprising §S5S+IM) structures
havebeem ncoded as @1l1l0 amdalrother sentriesrhave been entededa s e t

as NO0OO0O entries.

Figure 3.5shows the XRD traces of the four alloydere the FCC peak is cléavisible

in thex = 1.0 alloy,but decreases in intensity in tke 1.3 alloy and is no longer present
in x = 1.5 andx = 2.0. Evidently, the BCC becomes more daamt as Al content is
increasedthis is a commorobservationand has been reported iny&8fCoFeNi[13],
AlxCrCoCuFeNi161] and AkCrFeNi[162]. The microstructure of the= 1.0 alloy can

be seen in [gure 3.6, where a predominantly dendritic structure is evident. A minor
phase is preséim the matrixwhich ismore visible at the higher magnificatishownin
Figure 3.®. This IM has beeipreviously characterised as AbiNiFe .23 with a volume
fraction reported to be 18% (obtained via XRD peak intensity ana[{§&83). Although

this IM has been reported with specific atomic fractions for Al and Ni, it is more likely
that this IM is AINXFer.x where Fe can ralomly substitute for Ni at different levelShe

x = 1.3 alloy displays a vergimilar morphologyto thex = 1.0 composition(see kgure
3.7a), where the needlei ke i ntermetallic remains wit
extends further outwards than wisobserved in the = 1.0 microstucture (see Figure
3.7).
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Figure 3.5XRD scans ok= 1.0, x=1.3,x= 1.5 andk = 2.0 alloys in thélxCuCrFeNi

system.
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Figure 3.6aMicrograph of AL ¢CrCuFeNi showing dendritic structuFégure 3.6b
Appearance of needlée IM only observable at higher magnifications.
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Figure 3.7aMicrograph of AL:CrCuFeNi showing dendritic structufégure 3.70
higher magnification micrograph of AdCrCuFeNi, showing increased presence o

IM phase relatie to thex = 1.0 composition
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Thex = 1.5 alloy was found to comprise two unique features in its microstructure (both
which confirm its classification as an alloy with dominant IM phagdéslike thex= 1.0
andx = 1.3 alloys, the IM phase here doesantere to the local vicinity of the dendrites

as seen in Figure 3.8ne of the uniquéesatures in this alloy(shown in Figure3.9a and
3.9b)is the morphology of the IM phase forming a structure commondgrnexd to as
AChi nes g164s185f Rathérothe IM phase forms a Chinese script structure
extending into the matrix. The second featur this alloy (seen in Figures 3.10a and
3.109 has been observed previously inz@iCuFeN:, where it is referred to as a
Asunf | owe[l@] Is this wok,tGua et al. classify the petals of the sunflower
structure to be a eutectic of a-ANi-rich B2 phase and a €ich BCC phase. The internal
section of the structure is considered to be wher@tingary B2 phase originates from
and within this region, fine BCC precipitates form as a result of spinodal decomposition.
Finally, the needidike IM observed in th& = 1.0 and = 1.3 compositions is still present

at the vicinity of the dendrites.

The A.CrCuFeNi alloy has a brittle nature that is notably reflected in its mechanical
behavior. Figure3.11la shows a visible collection of micwmracks in the surface
morphology of the alloy. It is important to note that the cracks shown were not
intentionallyinduced via mechanical operations, but rather as a result of handling of the
alloy in standard processes such as mounting, cutting etc. Such cracks further confirm
that the prediction made by the models is correct and that #eu@tFeNi alloy
comprisesexcessive dominance of IM phases in its microstructure. FRyadp shows

an SEM micrograph of ACuCrFeNi, outlining the presence of coarse spherical
precipitates in the interdendritic region, together with much finer spherical and needle
shaped precipgtes decorating the dendrite boundaries. Although the exact structures of
the observed IM phases have not been identified, the study of their morphologies is not
the primary objective of this woiik the focus within is to confirm the application of the
presented rapigcreening method. However, the extremely brittle nature of the alloy
indicates that these dominant IM phases are A2/B2 precipitates, as these phases take away
from the alloyds ductility and have been
cortent in alloys such as ALoCrFeMnNi[100].
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Figure 3.8 Micrograph of Al sCrCuFeNi showingncreasegresege ofIM in the ID

maitrix.
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Figure 3.9a Micrograph of ALsCr CuFe Ni s howing AChin
thelD matrix at low magnificatiorigure 3.% Highermagnificationof the Chinese
Script structure i\l 1 sCrCuFeNi
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Figure 3.10ai Sunf | ower 0 1s€rCuFalicshowingaenatiixrdominhted by
intermetallicsFigure 3.10bHigher magnificaton focusing on lamellar region
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