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R®s um®

Avec le dé&eloppement de I'€onomie verte, la demande de alliages d'aluminium
(Al) Igers présentant un comportement mé&anique supéieur ades tempéatures
devées est en constanteaugmentation. Cependant, les propriés meéaniques des
alliages conventionnelsAl' peuvent se dééiorer considéablement ades tempéatures
devées en raison de la grossigeté des preipites et de la nature des alliages.
L'énergence des alliages d'entropie a introduit de nouvelles strat@ies de conception
pour les alliages conventionee En int@grant le concept d'entropie dans le
dé&eloppement potentiel des alliagebAl, les alliages d'entropie abas#Al sont
proposé& comme des maté&iaux prometteuasipobtenir ala fois des propriéé I@&es
et réistantes. Cependant, en tant que maté&iaux énergents, les alliages d'entropie a
based’Al ont une courte pé&iode de dé&eloppement et la recherche n'est pas encore
systénatique et suffisante. Par conséuent, ce projet vise afournir un aperg de ce
domaine gr&e aune enquée approfondie sur les éudes actuell@sux séies
d'alliages d'entropie I@ers abas#Al, avec des densité inféieures a4,0 g/cyont
éédé&eloppée s pour des applications adesnegp ®r at ur es ®| ev ®es
mé&anismes de renforcement ont galement éédiscuté plus en déail.

Dans la premi&e partie, une revue de la littéature sur les alliages d'entropie abase
d'Al est présenté. Cette revue offre un aperg des alliages d'entropie abaségers,
couvrant leur contexte de dé&eloppement, les principes de conception, les méhodes de
fabrication, les microstructures et les propriéés méaniques, ainsi que les alliages
adapté aux applications ahaute tempéature. Une enquée approfondi@sacherche
actuelle sur les alliages d'entropie aba¥sl avec une densitéinféierre a4,0 g/cni a
éé mené& sur 122 alliages difféents.La relation entre la microstructure et les
paraméres thermodynamiques a dé@alysé.Les alliages d'entropie abaskAl Igers
pourraient combler le fosséentre les alliagb&l conventionnels et ceux de titane en
termes de propriéés mé&aniques et de densité Les excellentes stabilités thermiques de
ces alliages les rendent attractifs comme matéiaux structurels pour une utilisation a
des tempéatures devées. Enfin, les tendawfutures dans le domaine des alliages
d'entropie abasel'Al I@ers sont discutés.

Dans la deuxiéne partie, I'&olution microstructurale et les propridés m&aniques
de cing alliages d'entropie l@gers Alu-Mg-Zn (AlgsCusZnsMgs, Al74CuieZnsMgs,
Al93CwZNiMg1Cry, AlgaCuioZnsMgoCry, et Al7Cui7ZnsMg2Cri) ont éédudiées. Les
cing alliages exp&imentaux préentaient des caractéistiques I@é&es ales valeurs
de densitéallant de 2,95 a3,63 g/céhet des caractéistiques muihasés. Les
&olutions microstructurales et de phase a des tempéatures devées ont éé
caractéisées a l'aide de diffraction des rayons X et de microscopies optique,
dectronique abalayage et dectronique en transmission. Avec l'augmentation de la
teneuw en Cu, la fraction volumique des composé interméalliq@€s) a augmente
entraiant une limite d'déasticittaméioré et une plasticitéréluite. La zone GP et les

preipit ®s fins de d' ®taient desefscAymases ef f

ils daient instables a 300 € et se transformaient en particules grossiges et



submicroniques. La principale source de renforcement dans la sé&ie d'alliages éait le
réseau de Cl bien interconnecté Parmi les cing alliages éudiés, 4/8Iu7ZnsMg2Cr1
pré&entait lalimite d'dasticité la plus devée de 588 MP&a RT et la limite d'dasticité

la plus devée de 199 MPa a300 € aprés une exposition thermique de 100 h. Compte
tenu de sa haute ré&istance et de sa bonne stabilitéthermique a300 €, cet alliage
pré&ente un potentiel prometteur pour des applications ades tempéatures geve

Dans la troisiégne partie, une sé&ie d'alliages d'entropie Igers a babal
contenant Cu, Zn, Cr, V, Ti et Fe a é&éconge pour des applications a haute
tempéature. La microstructure, les propriéés mé&aniques atempéature ambiante et
devée, et la stabilité thermique de six alliages d'entropie {&wZnmCriFe,
AlgsCuiZnCriFe, AlgsCuwi1iZniCrVi, Al7sCwsZnoCriFer, Al7sCuwsZniCraTia, et
Al7sCuisZmCrV1) ont éédudi@s. En raison de la grande difféence chimique et de
I'enthalpie ngyative devé entre Al et les éénents d'alliage, la gééation d'une grande
guantitéde CI éait in&itable. Avec l'augmentation de la teneur en Cu, la fraction
volumique des Cl a augmentéde manié&e significative. Les trois alliages ahaute teneur
en Cu (AbsCwsZnCriFer, Al7eCusZmCr2Ti1 et AlzsCusZmCr2Vi) préentaient des
résistances alalimite d'dasticité de plus de 200 MPa et une excellente stabilité
thermique a300 €. Ces valeurs sont considéablement supé&ieures acelles de la
plupart des alliages AI' conventionnels. Les mé&anismes de renforcement a
tempéature ambiante et devé ont éédiscutés. La stabilitéthermique favorable et les
bonnes propriéés méaniques des alliages ahaute teneur en Cu jusqu'a450 €
indiquent leur potentiel significatifqur des applications ahaute tempéature.

Dans la quatriéne partides distributions spatiales des difféentes phases dans
trois alliages d'entropie abase d'Al ont éédudies. Un réseau de Cl éroit composéde
phases AICu et AksCr; a ééidentifié Une moddisation par éénents finis (FE) a éé
ralis& sur la base de la microstructure tridimensionnelle reconstruite pour simuler le
comportement de déormation sous compression. Le ré&eau de Cl a servi de principal
support de contrate pendant la déormation. Les sections minces dans le réeau
Al>Cu édaient les sites faibles oula concentration de contrainte et les dommages se
produisaient en premier. Cependant, la rupture de cette r@ion limit& contribue aune
déormation relativement coordonné et aune plasticitédendue. La rupture de grosses
particules explique la ddaillance finale de l'alliage. Les résultats du modée FE ont éé
comparé au comportement contraittdormation mesuréexpéimentalement et aux
propriéés mé&aniques, montrant un trés bon accord. Bant donnéla distribatioon
uniforme de la déormation et de la contrainte pendant la ddormation, un modée de
renforcement, combinant les modées Voigt et Reuss, a @alement éédé&eloppépour
préire les proprié&s me&aniques des alliages d'entropie abase d'Al dans le but d
faciliter le dé&eloppement des alliages d'entropie abase.d'Al



Abstract

With the development of the green econontliyere is a growing demand for
lightweight aluminum (Al) alloy®xhibiting superior mechanical behavior at elevated
temperatures. Nevertheless, the mechanical properties of conventional Al alloys often
suffer significant deterioration at high temperatures due to coarsened precipitates and
inherent alloy characteristicBhe advent of entropy alloys has introduced novel design
strategies for conventional alloyBy integrating the concept of entropy into the
potential development of Al alloy#l-based entropglloys are proposed as promising
materials for achieving bothghtweight and higkstrength propertiesHowever, as
emerging material Al-based entropy alloys have a limited development history, and
research in this area is not yet systematic or sufficidrgrefore, this project aims to
provideacomprehensive overview through ardepth investigatioim this field Two
series of lightweight Abased entropy alloys have been developed for elevated
temperature@®300€ ) applications. The strengthening mechanisms employed in these
alloys have been further discussed.

In the first parta literature review on the Alased entropy alloys [mesented
This review provides an overview of lightweight-Based entropy alloys, covering
their developmental background, design principles, fabrication methods,
microstructures and mechanical properties, as well as alloys suitable for- high
temperature applications. A comprehensive investigation of current research on Al
based entropy alloys with a density lower than 4.0 §Amas conducted from 122
different alloys. The relationsip between microstructure anthermodynamic
parametersvas analyzedLightweight Albased entropy alloys could bridge the gap
between conventional Al and Ti alloys in terms of mechanical properties and density.
The excellent thermal stabilities of these alloys make them attractive structural
materials for use at elevatedmperatures. Finally, future trends in the field of
lightweight Al-based entropy alloys are discussed.

In the second partthe microstructural evolution and mechanical properties of five
lightweight Ali Cui MgiZn entroy alloys (AksCusZnsMgs, Al74CuioZngMgs,
Al9sCwZNiMg1Cry, AlgaCuioZnsMg2Cri, and Ak7Cui7ZnsMg2Cri) were investigated.

The five experimental alloys revealed lightweight characteristics with density values
ranging from 2.95 to 3.63 g/éhand multiphase features. The microstructural and
phase evolutions at elevategmperature were characterized usingaX diffraction

and optical, scanning, aticansmission electron microscopy. With the increase in Cu,
the volume fraction of intermetallic compounds (ICs) increased, resulting in an
i mproved yield strength (YS) and reduce
precipitates were effective strengthepisources in fc@l, but they were unstable at

300 € and transformed into coarse and submiesaed particles. The main source of
strengthening in the alloy series was the wekrconnected intermetallicompound

(IC) network. Among the five alloys died, Ak7Cu17ZnsMg2Cr; exhibited the highest

YS of 588 MPa at room temperature and retained the highest YS of 199 MPa at 300
€ after thermal exposure for 100 h. Combining its high strength and good thermal



stability at 300 €, this alloy exhibits promising potential for elevat¢éginperature
applications

In the third part, aeries of lightweight Abased entropy alloys containing Cu,
Zn, Cr, V, Ti and Fe has been designed for elevated temperature applications. The
microstructure, mechanical properties at room and elevated temperatures, and the
thermal stability of six entrgp alloys (Ab:CwZmCriFe, AlgsCuiiZmCriFe,
AlgsCu1ZmCrV1, Al7sCunsZnCriFer, Al7sCuigZniCraTii, and AksCuisZniCraVi)
were investigated. Owing to the large chemical difference and high negative enthalpy
between Al and the alloyinelements, the generation of a large quantity of ICs was
inevitable. With increasing Cu content, the volume fraction of ICs increased
significantly. The three higu alloys (AksCwsZn.CriFer, Al7sCusZniCr2Tii, and
Al7eCuisZMCraV1) exhibited high yield strengths of more than 200 MPa and excellent
thermal stability at 30&€. These values are considerably superior to those of most
conventional aluminum alloys. The strengthening mechanisms at room and elevated
temperatures have been discussed. The favorable thermal stability and good
mechanical properties of the higtu alloys up to 450C indicate their significant
potential for hightemperature applications

In the fourth partthe spatial distributions of various phases in thredaded
entropy alloys were investigated. A clos&B/network comprising ACu and AksCr;
phases was identified. Finite element (FE) modeling was conducted based on the
reconstructed thredimensional microstructure to simulate compressive deformation
behavior. The IC network served as the main stress bearer during deformhiion.
sections in the ACu network were the weak sites where stress concentration and
damage first occurce However, the breakage of this limited region contributes to
relatively coordinated deformation and extended plasticity. The breakage of large
particles accounts for the final alloy failure. The results of the FE model were compared
with the experimentl measured stresstrain behavior and mechanical properties,
showing very good agreement. Given the-noiform distribution of strain and stress
during deformation, a strengthening model, merging the Voigt and Reuss models, was
also developed to predittte mechanical properties of-Bhsed entropy alloys with the
aim of facilitating Atbased entropy alloy development

Vi
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Chapter 1

|l ntroducti on

1.1Background

With the development othe green economy, the demand for lightweight
materials has increased in many fields, sudhnaasportation, construction, aerospace,
etc. A lot of emphasis has been given to the lightweight structural components, which
have a lower cost, higher strength, and longer service 8. [Aluminum (Al) is one
of the lightest metals and its alloys avalely adopted because of their light weight,
moderate cost, and good mechanical performance including specific stiffness, specific
strength, ductilityand fracture toughness [4]. There is a strong need for lightweight Al
alloys served at high temperads(HTs), for instance, the internal combustion engine
pistons, cylinder headand heat exchangers in the aerospace and automobile fields to
reduce part weight and cost. Although several Al structural alloys meet the high
strength criteria at room temperature (RT), the general low strength of the Al alloys at
HTs significantly limits their widespread applications. For example, the elevated
temperature strengths of atypical higt r engt h 7075 al umi num
300 are appr ox i%nd itseRIT gtrengtls, réspeatinety [511 Do
further advance lightweight Al alloys for elevated temperature applications, two
requirements are essential: (1) enhanced strengtfiTatand (2) maintenance of

excellent thermal stability during the prolonged HT service [6].

For thousands of years, practical alloy systems have typically been based on one

or two principal elements. To break this limitation, Yeh etdlahd Cantor et al8]



introduced multprincipal elements in the alloy aptdoposed an entirely new class of
alloys coined akigh-entropy alloys (HEAs) 2004, as illustrated in Fig. 1.9][ The
design concept behind HEAs is to obtain a high entropy value by addifigple
principal elements in equal or neagual atomic ratios to facilitate the formation of
disordered solid solutio(5S)and endow the alloys with unique properties, [10),

especially outstanding mechanical propertigs [L3.

High-entropy alloys
Bronze Age Iron Age Industrial revolution were born in 2004
i d
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Among different types of HEAs, lightweight HEAs have attracted much attention
for transportation and energgaving reasons ammbtential outstanding mechanical and
physical properties. However, the density of lightweight HEAs usually above 8 g/cm
[14, 13, which is much higher compared to Al alloys. To further reduce the density of
lightweight HEASs, the content of heavy elements may decrease while the proportion

of light element Al may increase.



Over the years, the concept of HEAs has expanded and it motivates the
development of entropy alloys, including hightropy, mediurrentropy, and low
entropy alloys, and many of them possess good performance from various d€pects [
19]. Meanwhile, the phase formation of entropy alloys is not limited solely to a single

SS phasell].

Combining theconcept ofentropy with the potential development of Al alloys,
Al-based entropy alloyare proposedas promising materialsfor achieving both
lightweight and higkstrength propertiesYang et al. 20] reportedtwo Al-based
entropy alloys AdoLisMgsZnsSrs and AkoLisMgsZnsCus, consising of fcc-Al and
intermetallic compounds (ICsych as AICu, AlCw, Mg@Sn, LbMgSn and Sn. Tree
alloys exhibiteda low density of approximately 3 g/énand a high compressive
fracture strength of >830 MPa with a plasticity of >168nother example is
Alss(TiVCr)ss, whichconsisedof two SSphases and onetermetalliccompoundIC)
phasereported to exhibia high yield strength of 825 MPa with a large uniform strain

of 25.8% P1].

The favorable mechanical properties ofl#lsed entropy alloys at RT indicate
their potential for highemperature applications, offering a novel approach to
improving the mechanical properties of Al alloys at elevated temperalireiefore,
this project aims to develop a series of-b@lsed entropy alloys for elevated

temperature applicatian



1.2 Problem statement

The field of Albased entropy alloys is relatively new, with the earliest report on
this topic dating back to 201£2(]. Due to the limited development time, current
research lacks systematic exploratibhe existing reports on Alased entropy alloys
are varied, lacking a systematic review and analysis across various aspects such as
manufacture methods, phase composition, properties, and future development trends,

etc

There are basically two design approaches feoaded entropy alloys, empirical
thermophysical parameters method and Calculation of Phase Diagrams (CALPHAD)
molding[22]. Both need experimental databases. Howewues,td the limited studies
in this field, the database i;micomplete.Meanwhile, Albased entropy alloys could
exhibit poor liquidity and castabilitgue to the high concentration of multiple elements

[23]. Appropriate alloy design strategy should be adopted to address this issue.

Currently, the emphasis in research predominantly centers on the mechanical
behavior of alloysat RT, while their performance dtigher temperatureis seldom
investigated In the meantime,for Al-based entropyalloys, secondary phases
commonly appear, sometimes constituting a significant portion of the &ily [
However, their role in strengthening is not fully considerEdere is a need for
comprehensive exploration and analysis of how these secondary atiaséd-based
entropy alloysduring deformationFurthermore, thetrengthening mechanisin Al -

based entropy alloys remains inadequately discussed.



1.3Objectives

Thegeneral objective of this project is to develop lightweighbAsed entropy
alloysthatcan be used for elevatéemperatureapplicationst © 3P0 To achi e\

this goal, 3 parts of specific objectives have been defined and listed as follows
Part 1: Design of lightweight Al-based entropy alloys

a. Develop sveral series of alloys based on appropriate design approaches,
including empirical thermophysical parameters method and CALPHAD molding

b. Adopt hgh-melting point elements for the good of the potential elevated
temperature properties

c. Control he designetightweightalloys with a densityess thar.0 g/cnd.
Part 2: Casting and characterization

a. Explore sitable casting procedure. Entropy alloys usually possess weak liquidity,
castability, and considerable compositional inhomogeneity, due to their multiple
elements with high concentrations. Therefore, their cassngsually more
difficult than that ofconventionalAl alloys. Exact casting procedurdsr this
project weredeveloped.

b. Evaluate nechanical behaviors of the experimental alloys through hardness test
and compression test @&t RT (20 AC) and

c. Analyzephaseconstitutionmicrostructure characteristicsascast and thermally

exposed alloys

Part 3: Investigation on strengthening mechanisra
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1)

2)

3)

4)

Study therelationship between mechanical behaviors and microstructure
Reconstructitreedimensional (3D) microstructure of the experimental.
Conduct nechanical simulations by incorporating the actual 3D morpholegieés
explore an intuitivestrengthening model to predict the strengths cbaded
entropy alloys.

Provide asystematic reviewf the current findings the filed of Atbased entropy
alloys combining with the experimental results in the prgjedth the intention

of presenting existing regulations and emphasizing the future trend

Originality statement

Two Groups, aotal of 11 lightweight Albased entropy alloys with densities

ranging from 2.95 to 3.74 g/&were developed for the first time.

The elevatedemperature propertiesd the thermal stabilityf the entropy alloys

were systematically investigated.

ICs network was reconstructéladrough threedimensional visualizatignand its
support role was emphasized. The strengthening mechanisms in the experimental

alloys were proposed and analyzed.

A finite element simulation was conducted using microstrudbaseed modeling
to study the compressive behavior of lightweightbdked entropy alloys. A
practical strengthening model was developed to predict the strengths of these

alloys



5) A comprehensive summary on the empirical thermophysical parameters and phase
formation was made based on the experimental results combined with current

findings reported in the references.

1.5 Thesis outlines

The current Ph.D. thesis consistsofparts.

Chapter 1provides aconcisebackground of ta projectand highlights current
challenges in this field. Additionally,t ioutlines the objectivespriginality, and

structureof this thesis.

Chapter 2 presenis | i t er at ur e r ehased entropylLallogsh t we i ¢
Overview and, fuhlighedr ia Sciencee @htha Materialg2024,
https://doi.org/10.1007/s4084R23-26992). The review involved a thorough
investigationof 122 existingAl-based entropy alloys with a density lower than 4.0
g/cn?, incorporating the 11 alloys developed in this project, as detailed in Chapters 3
and 4 It provided an overview othe current studies dightweight Al-based entropy

alloysanddiscussedhefuture trends in ik field.

Chapter 3 hi ghl iNidmostscturetared mechanieabptopegiest i o n
of novel Al CuiMgizn lightweight entropy alloys for elevatéemperature
applications |, publ i s h &dterials | nCharacterization (2023

https://doi.org/10.101fmatchar.2023.112927 The first sems Al-based entropy

alloys in this project five lightweight Ali Cui MgiZn alloys (AksCusZnsMgs,



Al74CuoZngMgs, AlgsCwZniMgiCri, AlgaCuioZnsMg2Cri, and Ak7Cui7ZnsMg2Cry)
weredevelopedTheir microstructure evolutigmechanical behavior at both RT and

300 €, and the strengthening mechanismg&re investigated.Because the
simultaneous addition of Mg and Zn gave rise to primary secondary phase,MgZn
which was not ther mal stabl e, and precip
fcc-Al at HTs. In the subsequent alloy development in Chapter 4, Mg was no longer

added, so as to further improve the thermal stability of alloys.

Chapter 4showst h e r eBeeempmerit of fightweight Abased entropy
alloys for elevated temperature applications p u b | Jowsnhl eofd Alloysnand

Compoundg2023 https://doi.org/10.1016/j.jallcom.2022.168§1%he second series

Al-based entropy alloyis this project six lightweight Ali Cui Zni Cr entropy alloys
(AlgzCwZniCriFe, AlgsCuiZn.CriFer,  AlgsCuiZniCraVi,  Al7eCusZnCriFer,
Al7eCusZmCr,Tiy, and AksCuisZniCraVi) were designed for elevated temperature
applications The microstructures were thermally stable at Hillse three higéCu
alloys (AksCuweZmCriFer, Al7eCuigZniCr2Tig, and AkeCuigZniCraV1) exhibited high
yield strengtls of more than 200 MPa at 3@ and excellent thermal stability up to
450€C. Among the six alloysan increase in Cu content led to a significant rise in the
volume fraction o1Cs, and it wagqualitatively concluded that a higher content of ICs
could result in increased strength and reduced plastitityorder to quantitively
explore the strengthening role of ICs, the compressive behavithre@lloys was

investigated through finite element modeling in Chapter 5.

Chapter 5 s h o w sThreedimensiomake visualizatoh and

microstructurebased modeling of compressive behavior in lightweightb@ded

8



entropy alloys , whi ¢ h subreission fldee IAlb as e d elboysr o p y
(AlosCwzZniCriFe;, AlgsCuiiZnCriFer, and AksCuweZn.CriFer) with different ICs

content were chosen frothe second series alloysportedin Chapter 4T hep at i al

di stribution of &bhrw®s sr @daTlsledsr Licnh etdhee seel ¢
model ing was conducted based on the act uc:
damage analysis of | C n practeca strengtheaingenod®li s c u s

was provided tquantitivelypredict the strengths of Alased entropy alloys.

In Chapter6, the general conclusions and recommendations for the future work

were drawn. Subsequent to the primary chapters, a list of publications is provided.
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Abstract

The emergence of a new generation of alloys, namely-dngropy alloys, has
revealed the significance of the entropy effect in alloy design. Inspired by this concept,
lightweight Al-based entropy alloys have been proposed recently. With increasing
demandor low-density structural materials, these new alloggesignificant potential
for diverse applications. This review provides an overview of lightweigiaskd
entropy alloys, covering their developmental background, design principles,
fabrication metods, microstructures, and mechanical properties, as well as alloys
suitable for hightemperature applications. A comprehensive investigation of current
research on Abased entropy alloys with a density lower than 4.0 gieas conducted
from 122 different alloys. Lightweight Abased entropy alloys could bridge the gap
between conventional Al and Ti alloys in terms of mechanical properties and density.
The excellent thermastabilites of these alloys make them attractive structural
materials for use atlevated temperatures. In addition, machine learning has been
suggested as an effective computational tool for alloy development. Finally, future

trends in the field of lightweight Abased entropy alloys are discussed.

Keywords: Aluminum, Entropy, Lightweight alloys, Microstructure, Mechanical

properties
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2.11ntroduction

With the development of the green economy, a notable surge has occurred in the
demand for lightweight materials across multiple domains, including the construction,
automotive, aerospace, and marine industries. Considerable attention has been devoted
to lightweight structural components that possess advantages such as reduced cost,
enhanced strength, and extended service K&j.[Aluminum (Al) is one of the lightest
metals, and Al alloys arevidely used as structural materials because of their
exceptionastrengthto-weight ratios [4]. To attain desirable properties such as high
strength, good corrosion resistance, and durable wear resistance, Al alloys typically
undergo diverse heat treatments, selective element addition, severe deformation, and
special surface treatments. The application of Al alloys is limited by their weak
mechanical performance at elevated temperatures. Several approaches have been
proposed to overcome this problem, including the introduction of microalloying
elements, heatkesistantdispersoids, and fine composites-§b However, these
methods exhibit only limited effectiveness or require intricate and costly procedures.
Similarly, improvements in the other properties of Al alloys are limited by the nature

of these alloys.

A groundbreaking alloy system was proposed in 2004. Termedehigbpy
alloys (HEAs), the new system subverted the traditional concept [9, 10]. Unlike
conventional alloys that typically comprise one primary element, HEAs contain four
or more principal elments in approximately equal proportions. Entropy is a
measurement of the chaos of a system. The original idea behind HEAs was to form a
disordered solid solution (SS) phase by enhancing the entropy of alloys. Their unique
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compositions and structures could provide HEAs with distinct properties that make
them suitable for various applications. One of the exemplary HEAs is AlICrFeCoNi,
which is fabricated by mixing five elements in equal atomic ratios. This alloy has a
simple, singlephase bodyentered cubic (BCC) structure and exhibits excellent
mechanical behavior, with a remarkable yield strength (YS) of 1.2 GPa and a notable
plastic strain of 32.7% at room temperature (RT) [11]. Several-kiighed concepts

have been devebed over the years. According to the definition of composition, HEAs
do not need to be equimolar and can have a concentration of principal elements between
5 and 35 at.%. Furthermore, HEAs may contain minor elements that modify the
material properties ofhe base HEA, with no specific requirements for either the
entropy value or the formation of a singlease SS, resulting in significant expansion

of the range and number of HEAs [12]. Simultaneously, different types of HEAs have
emerged, such as eutectiENs [13], highentropy intermetallic compounds [14], and
lightweight HEAs [15]. The phase formation of such HEAs is far more than asingle
phase SS, it and can include complex intermetallic compounds (ICs) or even
amorphous phases [10]. In addition, reskamn entropy alloys is not limited to HEAs

but expands to mediwentropy and lowentropy alloys [16, 17].

The emergence of entropy alloys has provided new design strategies for
conventional alloys [16, 18]. To meet the demand for lightweight alloys, considerable
research efforts have been devoted to the development of entropy alloys. Among the
light elements,namely lithium (Li, 0.53 g/c), berylium (Be, 1.85 g/cA),
magnesium (Mg, 1.74 g/cin calcium (Ca, 1.55 g/ct Al (2.7 g/cn?), and titanium

(Ti, 4.51 g/cm), Al is adopted widely in the study of lightweight entropy alloys
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because of its low cost, adequate stability, high boiling point, and relatively good
compatibility with transition elements [12,-P4]. Numerous Abased entropy alloys
exhibit densities comparable to those of conventional Al alloys. The current study
focuses on lightweight Abased entropy alloys, in which the Al content surpasses that
of the other elements in the alloy, such agMy>sZ2nz0CusSis and AkoZn14LioMg2Clp

[22, 23], and the alloys incorporate a significantly larger number of alloying elements
than conventional Al alloys. Some classic lightweight entropy alloys in which Al is
largely involved are also discussed, such as>oB&boFeioSiisTiss and
Al20Li20Mg10SGoTiz0 [24, 25]. The definition of lightweight varies based on different
service scenarios [21, ZBB]. This review specifically considers lightweightBdsed

entropy alloys with a density restriction of less than 4 g/cm3

2.2 Concepts, design, and fabrication methods

2.2.1Key concepts in entropy alloys

Considering the distinct chemical compositions of HEAs, Yeh et al. [29] proposed
four core effects for HEAs from the aspects of thermodynamics, structures, kinetics,

and properties, which summarize the unique characteristics of entropy alloys.

1. High-entropyeffect

Entropy is a thermodynamic concept for measuring system disorder. Total mixing
entropy is the sum of four types of entropy, namely configurational entropy, vibrational
entropy, magnetic dipolentropy, and electronic randomness entropy. In an alloy

system, conf i g udnpis the domihant eomttibutor @ryd reprgsénts
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total mixing entropy. Combined with the Boltzmann equation, the mixing entropy

( g»R) of nrcomponent solutions can be estimated as follows [30]:

Y Y YB wa & (1)

where R is the gas constant amisxhe mole fraction of thd'icomponent. This
calculation is conducted primarily for alloys in higgmperature states; however, it is
also often used for discussing alloys at ambient temperatures because it is convenient
and consistent [ 31] . miFoccarsnwhéngx= 1/l i.e., the ma x i r
equimolar alloys. Therefore, HEAs comprising four or more equiatomic or near

equiatomic elements exhibit higher entropy values than conventional alloys.

The highentropy effect is a signature concept of HEAs. The Boltzmann equation
provides a straight ffromdhe aloycoenposition. Baserl e st |
on the magnitude of entropy calculated using Eq. 1, alloys can be classified-as low
entropy alloys (LEAs), mediurantropy alloys (MEAs), and HEAs, where their
entropy values fall within the ranges <1R,i1FBR, and >1.5R32], offering vast
opportunities to discover novel alloys with exceptional properties and practical usage.
High entropy favos the formation of disordered SS phases and suppresses the
formation of ICs [33]. However, this is not the decisive criterion for the formation of
SS, as the chemical properties of the elements also play a part [34, 35]. HEAs may
comprise only intermetallicompounds (ICs) [36, 37], whereas a single SS may appear

in MEAs [38, 39].

2. Severe latticalistortioneffect
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Because a large quantity of multiple elements is added, instead of arranging in a
highly ordered repeating pattern as in the traditional structure of one dominant element
SS, each atom in the SS phase of HEAs is surrounded by various atoms with different
sizes and chemical properties, thereby inducing lattice strain and stress. These
distortions are much more severe than those observed in conventional alloys. Severe
lattice distortion effect can affect the performance of alloys, e.g., promoting mechanical
strengths [40], reducing thermal effects [32]. It was found recently that lattice distortion

benefits the ICs in HEAs, making them strong yet malleable [41].

3. Sluggishdiffusion effect

Diffusion kinetics is proposed to be sluggish in HEAs, as atoms are trapped in
low-energy sites because of the higher activation of lattice potential energy and
diffusion is slowed down [42]. The sluggish diffusion effect could benefit HEAs by
lowering phae transformation, promoting nanoprecipitation, and increasing creep
resistance [32]. Although several studies have investigated the decreased diffusion
coefficients in HEAs [4214], this effect is not considered conclusive, as the slowed
down diffusion knetics could be associated with normal variability in diffusion data.
Accordingly, carefully designed experiments are required for the validation of this

aspect [4547].

4. Cocktaileffect

The cocktail effect refers to a synergistic combination in which the ultimate
outcome is both unforeseeable and surpasses the combined potential of the individuals

[12], thereby addressing the remarkable and unexpected properties of HEAs. The
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performance of multicomponent alloys typically exceeds the expectation of linear
property changes resulting from the combinations of different elements. The
exceptional material properties in HEAs, such as tiggh strength with good fracture

toughness, fatigue properties, and ductility are often observed to result from

unpredictable synergies.

Along with the development of HEAS, several alloys with wider definitions and
excellent properties have been developed [12, 48]. Spigise SS is not the only final
goal, as the eutectic microstructure and the ICs play important roles in alloy
performane. For example, alloy kesCo.79Nio.7sCw. 7sTiZrHf with a fully ICs
structure shows a high YS of 2.25 GPa with exceptional-tegtperature phase

stability [14].

Inspired by the novel concepts of HEAs and the potentially excellent performance
brought about by the increasedtropy, several researchers have designedikvgity
alloys with an entropy value higher than that of conventional alloys, such as the Mg
based entropy alloy MgiizZnio:CuioYz [49], Al-based entropy alloy
Ale3Mg27Zns sCuw 5Sis [50], and Tibased entropy alloy d5(AICrNb)ss [51]. Notably,
the entropy values of these lightweighémentbased alloys may not reach the same
level as those of the HEAs. However, these alloys have the potential to leverage the
benefits of their lower density and higher entropiiich could give rise to exceptional
properties. Such properties facilitate bridging the gap between conventional alloys and

classic HEAs, thereby offering a promising avenue for material development.
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2.2.2Design methods

The emergence of HEAs poses new challenges for establishing the traditional
relationships between their chemical compositions, microstructures, and material
properties. The vast range of chemical compositions significantly increases the number
of possiblealloys and the complexity of their microstructures. Even in the same alloy
family, changing one element or its content could significantly affect the
microstructure and properties. Two primary approaches are conventionally followed in
alloy design for predting phase formation in entropy alloys. The first approach
involves a series of empirical thermophysical parameters based on theRduinesy
rules. The other approach is the Calculation of Phase Diagrams (CALPHAD) method,
which is a computational methduhat could accelerate alloy development by predicting
phase diagrams and phase stabilities based on multicomponent thermodynamic

databases.

1. Empiricalthermophysicaparameters

Empirical thermophysical parameters are the earliest and most practical methods
following the HumeRothery rules [52]. Table2.1 shows a summary of the
conventionally used parameters and corresponding brief introductions. Experimental
results have indicated that the calculated parameters are usually associated with phase
formati on. For exampl emx (Khé2 ek femme) y f a
appearance of the amorphous phase [53]; the VEC could be used to quantitatively
predict the phase stability for BCC and fammtered cubic (FCC) phases in HEAs

[ 54]. The formation of a gkissufficiahtty highdo SS i s
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of f set t h emiwhigh & crticialdof prewpht segregation and the formation

of ordered ICs [55]. Fig21l shows the relationship betw
determining the phase formation in HEAs
could be a criterion for forming SS in HEAs. Similar expectations exist for other

parameters, -22kijmd Gu® & 0k J1/ 7ndo, |

As regards lightweight entropy alloys, because of the significantly different
chemical properties of lowdensity elements, the values of empirical parameters could
di ffer from those of HEAs basedkdmol tr ans
OpkkO 5 kJ/ mol, q>1.1 [50, 57]. Our previ
correlates to a lower tendency to form complex phases-lmagéd multicomponent
alloys [16]. During the alloy design process, the type and content of the constituents
could be tabred and adjusted to ensure that each parameter falls within a specific

range.

This method has two shortcomings. First, the parameters can be approximate and
inaccurate, particularly when ICs form. Second, the specific phase formation cannot be
predicted. However, the method is easy to implement and can serve as a preliminary
guidelne for alloy design [58, 59]. Chauhan et al. [60] designed alloy
Al35Cr14aMgeTizsV 10 by adjusting the thermodynamic parameters values, and the alloy

was confirmed to possess a relatively simple phase formation.

Table 2.1 Summary of commonly used parameters in HEAs.

Parameters Equation Description
Mixing entropy Referring to equation (1) -
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2. CALPHAD method

The CALPHAD method is a robust approach for entropy alloy design that
calculates phase stability by modeling the Gibbs free energy [30, 61]. Phase prediction
software based on CALPHAD methodology is adopted widely Hbasled entropy
alloy design, e.g., TermoCalc and Pandat [6@5]. This approach can be used to
predict specific phases, phase compositions, volume fractions, and transformation
temperatures. Prediction accuracy is highly related to the thermodynamic database.
Most commercial thermodynamictddases are based on garencipal element alloys,
but in multiprimary element alloy systems, these databases remain largely unexplored.
Although some HEA databases have been developed, they are restricted to transition
elementbased HEAs. Standard databa for Al alloys are commonly adopted for Al
based entropy alloys, and several studies have confirmed that the prediction accuracy
of phase formation is acceptable [62;68. By expanding the databases to include
more studies on a particular elementugraelevant to Abased entropy alloys, the
discrepancies between CALPHAD simulation and experimental results are expected to

decrease.

Several authors have also developed alloys based on promising previous studies
by modifying the content of specific elements [23, 70]. To date, the design methods for
lightweight Al-based entropy alloys are relatively limited. With the assistance of
compuer science, some approaches with high efficiency have been developed recently,

such as CALPHAEbased higkthroughput calculation, which screens the target alloys
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from a vast composition space [71], and machine learning, which will be discussed in

detail in Sectior2 5.

2.2.3Fabrication methods

Fabrication methods employed for producing 122 lightweighbasded entropy
alloys are summarizeth Fig. 2.2a The melting and casting method is employed
mostly, which includes induction melting and melting in an electric resistance furnace,
etc. Casting is the next step in the fabrication process. In some instances, other routes
such as mechanical alloying andpdsition have been adopted. Among the various
fabrication methods, induction melting has emerged as the predominant technique,
constituting approximately 70% of the total fabrication process, as shown RZag.

This method differs from the method foled for refractory HEAs based on transition
elements, i.e., arc melting, which is the main route because the high temperature (>
3000 €) melts the constituent elements [28]. Forlrssed entropy alloys, the lower
melting points of the constituent elemeotalld be accommodated using an induction
melting furnace. Moreover, the electromagnetic forces generated within the induction
furnace aid in stirring the molten metals, resulting in improved mixing during the

fabrication process.

Melting and casting routes are conventionally accessible in most laboratories,
which are cost effective and relatively useendly. Therefore, it is a practical and
efficient method for producing Abased entropy alloys. However, due to the high
concentation of multiple elements, Alased entropy alloys could exhibit poor

liquidity and castability compared to the conventional alloys [72]. The casting in most
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of the recent studies is reported to be carried out on relatively smaitdddy while

many defects, such as compositional inhomogeneity and porosity, could appear in the
ingots [49, 67, 7&5]. To address this issue, it is necessary to remelt the isgatsal

times to achieve a homogeneous distribution of the alloying elements, thereby
improving the overall quality of the cast ingots [50, 76]. The increase in ingot size may
lower the solidification rate and elevate the risk of defects. Consequergly, th
industriatscale manufacture of entropy alloys remains challenging [67]. Reportedly,
the introduction of a eutectic microstructure could enhance the castability of alloys [16,
50]. Lu et al. [13] achieved the production of industsiehle AICoCrFeNi (x= 2.0,

2.1 and 2.2) ingots by incorporating a eutectic microstructure, and all the ingots
exhibited excellent castability. This presents a promising avenue for the indsisatil
manufacture of Abased entropy alloys. Additionally, Li et al. [23] cgfed that a Zn
content of 10 at.% can contribute to high castability of thdased entropy alloys,
attributed to the attainment of the eutectic point. Moreover, researchers have also
explored various techniques during the melting and casting processawocentmne
quality of the cast metal, such as supergravity [73], ultrasonic vibration [77], and
electromagnetic stirring [72]. Baek et al. [62] reported that the ultrasonic melt treatment
can completely remove pores in the ingots through a degassing effecthy

improving overall ingot quality.

Fig. 2.2b shows the use of elements in lightweightbaked entropy alloys. A total
of 26 alloying elements were used in combination with Al in 122 alloys. Mg, Zn, Cu
and Si are the elements most often used. The adoption of flammable and explosive

elements, suchs Li and Ca, makes the melting process challenging. Moreover, the
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significantly different melting points of the elements could cause the loss ef low
melting-point elements. For example, Cr has a melting point of 1860 €, which is much
higher than that of Zn (419 €) and even higher than the boiling point of Zn (907 T).
Further, vacuum melting could lead to the early evaporation ofmelting-point
metals, making element loss more severe. An efficient approach to overcome this issue
involves maintaining the metals at a suitable temperature below their boiling points for
a prolonged period. This method enables thorough mixing of the elements through
liquid diffusion [16]. However, this technique is effective when the content of high
melting-point elements is not excessive. In such situations, the excessive addition of
low-melting-point elements could compensate for the losses encountered during the

process. This technique helps maintain the desired alloy composition

(@) (b)eo

90

2
0 |‘|||II|I""..II--- -----
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Mechanical alloying 4%
Arc melting 2% Electromagnetic stirring casting 1%

Fig. 2.2 The usage of (a) fabrication methods andc(jstituent elements in 122-Al
based entropy alloys.

Mechanical alloying is a neequilibrium powder alloying process that could
prevent evaporation during fabrication. Singh et al. [78] synthesized MgAISIiCrFe by
mixing pure elements. After 60 h of higimergy ball milling, the powder contained a
major bodycentered cubic (BCC) phase, with a minor amount of undissolved Si.

However, this structure is not thermally stable at temperatures above 400 €, causing
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the formation of various phases during annealing. Several researchers [25, 60, 78] have
observed the formation of a simple phase in the milled powder, but subsequent
annealing or sintering processes could generate complex phases [79]. Moreover,
mechanicalalloying usually requires lonterm milling, which makes the process

relatively expensive.

2.3 Microstructure and mechanical properties

2.3.1Microstructural characteristics of lightweight Al -based entropy alloys

Fig. 2.3 summarizes 116 reports on the microstructure classificatioriseof
lightweight Al-based entropy alloy#As Fig.2.3a shows, the mixture of SS and ICs
microstructures is the most reported phase formation (87 reports, comprising 75% of
the total), and the subclassifications show that most (SS+ICs) alloys con@in 3
phases. Among the alloys, 22% (25 reports) only caads and 3% (four reports)
simply comprise SS. Fi@.3b shows that the SS phase occurs in only 3% of the alloys
(three reports), 2% (tweports) have a high phase number of 8, and 71% of the alloys

(82 reports) includei®d phases.

Of the 116 reports analyzed, the SS phase occurs 94 times, FCC phase 83 times,
hexagonal clospacked (HCP) phase 6 times, and the BCC phase 5 times. Fine
precipitates are observed in somecast alloys [62, 80, 81]. These findings provide
insight into tlke prevalence of different phases in the studiethadled entropy alloys.

Fig. 2.4 shows the number of occurrences of the 10 most frequently occurring phases.
The FCC phase is the most observed phase, which, typically, indicates the presence of

fcc-Al with significant amounts of solute atoms such as Cu, Zn, and Mg [27].
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Additionally, nine types of ICs occur frequently in the alloy system, includinGwl
Mg2Si, MgZrp, and others. It can be seen that the lightweigHiased entropy alloys
usually comprise disordered f&d and ordered ICs. Fig2.3a indicates the high
occurrence of ICs, with a total rate of 97%. Consequently, the formation of ICs in Al

based entropy alloys is almost inevitable.

As ICs are usually hard and brittle, the ductility of alloys could be reduced.
However, strong ICs could reinforce f&¢, thereby improving the mechanical
behavior of the alloys, particularly at high temperatures [1@831Further, ICs have
been repodd to ameliorate other properties such as thermal stabilitypxid&tion,

and wear resistance [74, 83, 84].

The grain size of Abased entropy alloys, which is affected by the chemical
composition, fabricatiomoute, and mechanical treatment, varies from nanoscale to
microscale. Youssef et al. produced nanocrystalline AMg10ScoTi30 with a grain
size of 12 nm by mechanical alloying [25]. Alloy-8dn13MgsLi-Cu. fabricated by

droplet ejection exhibits a grainsize bz m [ 8 5] .
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Fig. 2.3 Microstructure classification by (a) phase type and (b) number of phases (SS,
ICs, and SS+ICs indicate the alloys comprise only SS, only ICs, and the combination
of SS andCs, respectively; -phase indicates the alloys only comprise 1 phase, 2
phase indicates the alloys only comprise 2 phases, and so on).
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Fig. 2.4 The number of occurrences of the 10 most frequently occurring phases.

The average grain size of g8fma4liMg-.Cw obtained through melting and
casting is approximately 100 em [23]. Ul't
and ultrasonic hammering treatment toward ingots have been shown to significantly
decrease the grain size [62, 86]. According to Zhang.d83], the addition of Cu
reduces the grain size. The enclosed ICs network could isolate the grains [80, 88];
however, the distribution of ICs within the alloys does not necessarily occur along the
boundaries to induce grain boundary breakage [62, 70 b86]could be affected by

the chemical composition and fabrication conditions.

Compared with transiticelemertbased HEAS, lightweight Abased entropy
alloys always exhibit complex phase formation (F&8i 2.4) even if they meet the
criteria for being classified as HEAs [48]. For examplegslAboMg20SiisZnio,
Al 3sLi20ZN20Si1sMg1o, and AlLio.sMgZno.sClo.2 only comprise ICs [57, 89]. From a

thermodynamic perspective, this phenomenon is ascribed to the effect of entropy (the
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tendency to form SS) not offsetting the effect of enthalpy (the tendency to form ICs)
[55]. This result could also derive from the high electronegativity difference and strong
interatomic interactions among the light elements [23]. Yang et al. analyzphabe
formation rules and suggested that the multiphase feature could result from the lack of
d-orbitals in the lightweight elements, which prevents higivder hybridization [57].

Roy et al. [90] studied 329 entropy alloys and concluded that the s$tonge
contributions to phase formation derive from the parameters, including mixing melting

temperaturedix, and el ectronegativity difference

The relationship between phase formation and thermodynamic parameters was
analyzed for 122 entropy alloys. F&5 s hows fi ve typicad diagt
Imx (t heoreti cad( nmdexn snigt ye)mxt( mpSxy ng @Kt hal py)
(ratio of entropy to enthalpy) for phase formation. Among the parameters, the melting
temper at ur emxand f rireinmghawanelatively glosg correlation
with the phase number, as shown in Ri§a b. The phase number would probably be
greater w t h an i ngxraenadsixelheo rhelting Temperature was found
analogous to the bonding energy. Elements with higher melting temperatures inhibit
the incorporation of elements with low bonding energies to prevent the formation of
compl ex phases [90] . xheads ofadighelikelihaod ofi ncr e
multiple phase formation. The addition of heavy elements, which possess properties
differing significantly from those of lightweight elements, could cause complex phase

formation.
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of migB determining SS+ICs phase formation. The bubble size represents the
magni tude of q. Al thomwkght s@ime dq Csalhaese ar
from 0.54 to 3.95, as indicated in Fig. =

role in determining phase formation.

2.3.2Mechanical properties of lightweight Albased entropy alloys

Mechanical properties are vital for structural materials. Lightweighibased
entropy alloys have potential suitability for higtrength applications. Because most
lightweight Al-based entropy alloys are currently fabricated at small laboratory scale,
which is limited by the sample size, their mechanical properties are usually measured
by hardness and compression tests as an initial screening of mechanical performance.
Sanchez et al. [27] fabricated an alloys®usCrsSiisMnsTis with a hardness of 889
HV. According to a report by Yang et al. [57], the entropy alloylAkMgsZnsCus
exhibits a low density of 3.08 g/érhigh compressive fracture strength of 879 MPa,
and goodplasticity of 17%. Shao et al. [50] investigated Mg series entropy alloys
with low densities ranging from 2.64 to 2.75 gfemwith the
AlgsMg10.52n2.024C W 025510.45 alloy showing outstanding compressive strength of 814
MPa and excellent plasticity up to 24.8%. Li et al. [23] produced aZigAl-based
entropy alloy, namely AbZni4Li-Mg-Cup, which exhibited remarkable compressive

strength (>1 GPa) and high plasticity (>20%).

Fig. 2.6 shows the distribution of the strengths of alloys at RT. As shown in Fig.
2.6d b, as the density increases, both the compressive strength and the YS tended to
increase. An increase in the density resulted in a greater phase numb&i5{hig.
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which increased the possibility of obtaining a higher YS (Ri§c). Among the
multiple phase constitutes, ICs accounted for the majority. Consequently, ICs play an
important role in material strengthening. However, the green points in2f@g.
indicate that the alloys comprising only ICs have low compressive strength. This was
caused by the brittleness of ICs, as samples broke at an extremely low strain at the
beginning of the test, and no YS (at a 0.2% offset strain) could be measuresséor th
ICs alloys. Therefore, ICs alloys do not exhibit favorable mechanical properties at RT.
Incorporating an optimal number of ICs along with SS could confer high strength and
a certain degree of plasticity to alloys. The presence of SS could facilitate coordinated
plastic deformation and is, therefore, preferred in entropy alloys. As discussed in
Section23. 1, a q valwue higher than 3.95 coul ¢

to avoid ICs alloys.

Fig. 2.6d shows that Abased entropy alloys generally have high strength and low
strain. Some Abased entropy alloys possess high YS of over 600 MPa even in the as
cast state, which is unachievable for conventional Al cast alloys. The relationship
betweenYSah str ain f-bil ke wke b &éd),dhats,dhe (ndradase .
of YS comes at t he c o0 snkisusuallyassodiated eith highu c t i |
YS in Al-based entropy alloys (Fig.6e), with this correlation being ascribed wot
mai n f act or s .mx iff Alsbased,entrbpy gllbys couldqrBuse a greater
number of phases, which contributexto st
could cause a more pronounced sluggish diffusion effect and induce significant lattice
distortion in the alloys [27, 47], enhancing the concentration of solute atoms in each

phase, thereby improving the resistance for dislocation movement.
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Fig. 2.6 Distribution of strengths of Abased entropy alloys at RT.

Generally, the strengthening mechanisms ofbadéed entropy alloys are
considered dislocation hardening, gramundary strengthening, solgblution
strengthening, and precipitation strengthening [22, 23, 85]. The sluggish diffusion
effect could have ineased the concentration of solute atoms in theAfamatrix,
resulting in higher soligolution strengthening and precipitation strengthening in the
ascast alloys [27, 62, 80, 91]. Moreover, a wadnnected ICs network could be vital
support for the maitk during deformation, thereby increasing its hardness and strength
[16, 67, 81]. However, brittle ICs could severely decrease the ductility, resulting in
extremely low strain (Fig2.6d). Several approaches have been proposed to balance the
tradeoff between strength and ductility caused by coarse secondary phases [75, 92, 93].
Xie et al. [75] adopted severe plastic deformation to break ICs and improve the
mechanical properties of Alii Mgi Zni Cu lightweight HEAs. This deformatien
driven modification brougrabout AboLisMgsZnsCus, which increased tensile strength

from 200 MPa to 674 MPa and tenable ductility from 0.5% to 7.5%.
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Based on the strengthening mechanisms, various approaches have been suggested
to further improve the mechanical properties. For instance, an appropriate
electromagnetic frequency during electromagnetic stir casting could effectively refine
uniform grains ad secondary phases, and increase the solid solubility of alloys,
thereby increasing their strength [94]. Similarly, ultrasonic melt treatment helps reduce
the porosity and size of the grains, resulting in improved strength and increased fracture
strain [@]. Li et al. [86] applied ultrasonic hammering treatment @lA{MgsZnsCus
entropy alloy, which significantly reduc
induced dislocation strengthening, resulting in improved hardness and elastic modulus.
Cooling rates after solution treatment reportedly also affect mechanical behavior by

inducing precipitation strengthening or sesidlution strengthening [95].

Fig.2.7a shows the Ashby diagram of strength vs. density for the various materials
at RT [96]. The location of Abased entropy alloys marked by red points indicates their
low-density and higfstrength characteristics in the metal field. The locally enlarged
diagram, focusing on conventional Al, Ti alloys, and-lFsed entropy alloys, is
presented in FigR.7b. Wherein, combined with new progress reported in recent years
[97-99], the upper limits of YS for conventional Al and Ti alloys have been modified
to 590 MPa and 1443 MPa, respectively, relative to those depicted ib.FagFrom
Fig. 2.7b, the Albased entropy alloys could possess high YS which conventional Al

alloys cannot achieve, and they bridge the gap between conventional Al and Ti alloys.
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Fig. 2.7 (a) Ashby diagram of strength vs. density for various materials at RT [96],
Copyright 2011, Elsevier, and (b) locaéiplarged diagram with modification to the
upper limits of YS for conventional Al and Ti alloys.

2.4 Al-based entropy alloys for elevatedemperature applications

2.4.1Commonly studied alloy systems

With the major transformation toward a green economy, the demand for
lightweight Al alloys with outstanding microstructural stability and resistance to
softening at elevated temperatures is increasing significantly. Several conventional
heattreatable Al Hoys, such as AlCu 2xxx and Al Zni Mg 7xxx alloys can achieve
high strength at ambient temperatures. For example, the tensile strength of a typical
high-strength AA70560T6 alloy can exceed 570 MPa at ambient temperature [100].
However, the yield strenghf AA7075 all oy at 200 and
10%, respectively, in comparison with its ambient temperature strength. The main
limitation for elevategdemperature applications of Al alloys is the degradation of their
mechanical properties and thetability of their microstructure along with the rise in

temperature (general overaging effect). Thebased entropy alloys could potentially
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offer new perspectives and advantages in the field of eletetggerature applications
because of their distinctive properties, such as strength retention at elevated
temperatures, excellent thermal stability, and good oxidation resistanceT[1].
currently studied systems of Aased entropy alloys are mostlyi Mg, Ali Cu, Ali

Zn, and ATLi. Among these studies, few have investigated eleveeygberature
properties. Until now, the development of elevatedperature applications of Al
based entnoy alloys has been limited to a few systems, namely th€Al Ali Mgi Si,

and Al Mgi Zn systems.

The Ali Cu system is the most extensively studied among the¢htegories. Our
previous studies explored 11 iAubased entropy alloys [16, 81]. These alloys
significantly increase the chemical composition space of convention@uAdlioys by
adding large quantities of Cu, Zn, Cr, Fe, Ti, and V. High Cu contentdedath
improve mechanical performance at elevated temperatures. High melting point
elements, such as Cr, Fe, and Ti, are added to a system to facilitate the formation of
heatresistant phases at high temperatures. The -@ighcontent alloys, e.g.,
Al76CunsZmCriFer, Al7sCusZmCraTiy, and AksCusZniCroVi showed high serving
temperatures up to 450 €. Other researchers [101, 102] have also designed
multicomponent alloys AR7%Cu5%Si (wt.%), which have fine ternary eutectic
microstructure and show high tensile strength under 400 €. FurthéMdilSi (e.q,
Al70MQg10Si1oCusZns) and Al Mgi Zn (e.g., AbsMgssZnisCuioMns were investigated

and exhibited desirable properties at elevated temperatures [62, 83].
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2.4.2Microstructural characteristics at elevated temperatures

The phase components of alloys operating at elevated temperatures are expected
to be heatesistant. AICu is a common IC in the ACu system, and the continuous
Al>Cu network in the microstructure could provide alloys with excellent load support
at elevated temperatures, making the@u alloys promising candidates for elevated
temperature applications [81]. Heaatistant phases could be selected using the
CALPHAD method, e.g., phase prediction with a change in temperature. In a previous
study, we used this method to ensure microstructural stability aftetéomgthermal
exposure, as shown in F@8 [16]. After exposure at 300 € for 100 h, the main phases
remaired the same as those of thecast alloys, and were expected to remain stable
up to 500 €. As discussed above, multiple ICs could increase the brittleness of alloys
at ambient temperature; however, this is not an issue at elevated temperatures any
longerbecause of their good ductility at high temperatures. Multiple ICs could yield

alloys with enhanced strengths at elevated temperatures.

As regards the AMgi Zn system, the simultaneous addition of Mg and Zn leads
to the formation of secondary Mgn phases, such as MgZmMg>Zn11, and Mg2(Al,
Zn)ag. However, these components are typically unstable at high temperatures [62, 66,
95, 103, 104]. The visual characteristics and chemical composition transformation of
the Mg Zn phase have been confirmed at a temperature of 300 € [104]. The instability
of these phases could cause uncertainty about the properties of the alloy at higher
temperaturegherefore, the simultaneous addition of Mg and Zn should be approached

with caution.

37



- - 4 L 'y -

Fig. 2.8 SEM images of (&) ascast and (¢) 300€/100 h thermally exposed
alloys: (a, d) AdsCwZmCriFe, (b, €) AbsCi1ZniCr2Vy, (c, f) AlzsgCusZnCraVa.
Wherein, the red marks-B stand fodifferent phase component: A is #&d, B is
Al>Cu, C is AksCrz, and D is AICwFe [16]. Copyright 2022, Elsevier.

2.4.3Mechanical properties at elevated temperatures and thermal stability

Fig. 29 summarizes the YS vs. density of-lBdsed entropy alloys and
conventional Al alloys at ambient temperature and 300 € before and after thermal
exposure [81]. As regards ambidaimperature strength (Fig9a) in comparison with
conventional Al alloys, the Abased entropy alloys exhibit a wider distribution of data
points. The solid marks in the yellow area in Ra significantly outnumber those at
300 € (Fig. 2.9hi ¢), indicating that mechanical behavior study orbAked entropy

alloys is currentlymainly focused on ambient temperature.

Conventional Al alloys usually suffer from strength reduction at elevated
temperatures owing to the coarsening of the precipitates [105]. Sadeghi et al. [83]
examined the entropy alloy AMgssZnisCwoMns and observed a minor decrease

(only 5%) in the compression strength when subjected to a temperature change from
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ambient temperature to 350 €. Thermal stability is of utmost significance for alloys
utilized in elevatedemperature applications. As shown in R2@bi c, after thermal
exposure at 300 € for 100 h, the YS of conventional Al alloys in the blue area
decreased by approximately 50 MPa, whereas the YS of soivesAld entropy alloys
barely changed after thermal exposure, indicating their excellent thetabaity. This
exceptional thermal stability feature extends to temperatures exceeding 300 €. In
compaison with conventional Al alloys, alloy AICwsZn:1Cr.Ti1 was found to possess
significantly superior thermal stability and high YS of 78 MPa at 450 € after being

thermally exposed for 100 h [16].

Typically, Al-based entropy alloys contain a significant proportion of robust
phases that exhibit thermal stability at high temperatures. These phases play a crucial
role in supporting the alloy structure during plastic deformation by impeding the
movemenbf dislocations and migration of grain boundaries. As discussed in Section
2.3.1, ICs appear in most lightweight-Based entropy alloys, which leads to low
plasticity as a compromise for high strength at ambient temperature. However, this
problem could b alleviated significantly at high temperatures because of higher
thermal activation and easier dislocation movement at elevemepkerature. As the
presence of multiple phases in alloys is nearly unavoidable, they could be leveraged to
enhance their mechial properties by incorporating heaatsistant ICs. Currently,
most studies on Abased alloys are conducted at ambient temperatures, leaving

elevateetemperature properties largely unexplored.
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Fig. 2.9 YS vs. density of Abased entropy alloys and conventional Al alloys at (a)
ambient temperature, (b) 300 €, and (c) 300 € after thermal exposure [81].
Copyright 2023, Elsevier.

2.5Potential of machinelearning in lightweight Al-based entropy alloys

The concept of entropy has opened a vast design space for Al alloys. With the
inclusion of multiple elements and large compositional dimensions, the combinations
of elements and, therefore, the number of potential entropy alloys has become
astronomical [3]L Previously, metallurgists and materials engineers have used the
singleelement substitution method to explore different composition and property
relationships within a specific alloy family. However, for entropy alloys, the traditional
0t ramda I r expedmental approach is too expensive and time consuming [106,

107]. With the advancement of computer technology, computational simulation and
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modeling methods such as the CALPHAD method (Seci@®?) have become
increasingly crucial for alloy design. Lately, machine learning (ML), a-datv@n
method, is being adopted increasingly in alloy design and development for screening
and predicting of alloys [10811]. The ML method is a subset of adiéil intelligence

that involves the development of algorithms and statistical models, allowing computers
to learn from and make predictions or decisions based on existing data. This innovative
approacthas emerged as a powerful tool that significantly improves efficiency within
the field. ML is a promising approach for-Based entropy alloys and could aid in the

discovery of higkperformance alloys.

Fig. 2.10 shows the ML workflow for propergriented alloy design [112]. The
initial step is to determine the research goals, i.e., the targeted properties as the output,
such as strengths, elastic properties, fatigue properties, corrosion resistance, and
electical resistance. The relevant input data, e.g., chemical composition, structure,
elemental intrinsic parameters, and experimental conditions or external properties,
should be collected subsequently. The data are divided into two sets, one is the training
set to train ML models as Oactive |l earnin
the model. Appropriate features must be selected to train the ML model effectively.
The goal is to retain useful features while eliminating redundant or irrelevasit one
which ensures that the model has the most informative features, resulting in improved

performance and efficiency.

The model selection procedure is the most important step and is related directly
to the accuracy of the predicted results. Numerous algorithms have been developed,

including artificial neural networks, random forests, linear regression, se@rest
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neighbors.These algorithms are classified into four main categories: classification
probability estimation, primarily utilized for new material discovery; regression,
clustering, and classification, commonly employed in predicting material properties
and extensivelyadopted in the development of entropy allokg). 2.11 shows a
summary of ML algorithms frequently employed in the field of material science [113].

As there is no universally optimal ML model for all problems, multiple algorithms are
often ad@ted simultaneously, and the most appropriate or combined algorithms could
be selected based on the subsequent evaluation results [114]. The data in the training
set are used by the computer to learn the correlation between the features and
properties, anthe data in the testing set are used to evaluate the model by comparing

the predicted and experimental properties.

An optimal model is constructed eventually that does not @raunderfit. This

model can be applied to assist in alloy design and development, expediting or
simplifying material characterization. For instance, by inputting the composition of the
candida¢ alloys into a weltrained ML model, the predicted properties are output.
Furthermore, ML could be combined with other techniques. When integrated with a
high-throughput method, compositions can be input automatically into the ML model
in batches, resuitg in batched predictions of properties. Subsequently, these batches
are screened for values that meet the desired criteria, further significantly enhancing

the design efficiency.

There are several applications of ML in the field of lightweight alloys [112; 115
119]. Jiang et al. [117] adopted ML with a propestyented strategy to develop
conventional AlZn alloys with ultra ultimate tensile strength of Y@60 MPa and
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elongation of 8%10%. Pei et al. [120] used ML to mine 6.4 million entropy papers
and finally screened nearly 500 promising HEAs out of 2.6 million candidates. By
incorporating ML techniques, Wu et al. [114] found that among various thermophysical
parametes, lower VEC, higher Tm, and neare r omix gxkrted the strongest
contributions to the strengttuctility tradeoff, with 70 multiprincipal element alloys

with YS more than 1 GPa and ductility greater than 20% provided.

Employing ML in Al-based entropy alloys remains to be explored. Vast amounts
of data are the key factors for ML to be an accurate and efficient prediction tool for
training models. Islam et al. [121] selected 118 data to analyze the correlation between
five thermophysical parameters that lead to phase selection, with an average predictive
accuracy of ~80% obtained. Zhang et al. [122] used 550 samples to predict the phase
formation of HEA, with an accuracy of ~90%. Yan et al. [123] investigated single
phaserefractory HEAs based on 1807 entries with the assistance of ML algorithms,
and a high accuracy of 96.41% was achieved. With the rapid progress in lightweight
Al-based entropy alloys, ML has the potential to improve alloy design and accelerate

the discovey and development of new alloys in the near future.

Goal ; Data -y Feature N Model N Model
Identification Preparation Engineering Selection Application
» Alloys learning » Data set 100% # Composition ~ Algorithm selection ~ Virtual screening
# Problem finding » Training set a % » Atomic parameter » Model training » Combination methods
# Scheme design » Testing set (100-a)% # Filter, Wrapper # Model evaluation # Online prediction

Fig. 2.10 Machine learning workflow in théeld of alloy design [112]. Copyright
2022, Elsevier.
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Commonly Used Machine Learning Algorithms in Materials Science

Classification & Clustering Probability estimation

— Support Vector Regression — Support Vector Classification Expectation Maximization
— Artificial Neural Network — Artificial Neural Network Naive Bayes

— Multiple Linear Regression — Naive Bayes

— Logistic Regression — K-Nearest Neighbors

— Kernel Ridge Regression — Decision Tree

— | K-Means

DBSCAN

Fig. 2.11 Commonly used machine learning algorithms in materials science [113].
Copyright 2017, Elsevier.

2.6 Future trends andprospects

2.6.1High-strength-orientated alloy design strategy

Lightweight Al-based entropy alloys fill the blank between Al alloys and Ti alloys
(Fig.2.7). These alloys possess a distinct combination of low density and high strength,
making them highly promising structural materials. To fully exploit their mechanical
advantages, various alloy design strategies could be implemented during alloy

development

1. Introducing suitable secondary phases

The secondary phases in these alloys could be classified into two categories,
namely precipitates with nanoscale size, and relatively coarse ICs. Precipitates are
known to increaséhe contribution fronprecipitationstrengtheninglin traditional Al
alloys, precipitates emerge after heat treatment. However:;limgdd entropy alloys,
they can appear directly in the-east state because of a sluggish diffusion effect [23,

80, 81]. These precipitates in f&¢ promote alloy strengt at ambient temperatures.
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Because of the poor heat resistance of most precipitates, ICs could be considered

candidates for improving mechanical behavior at elevated temperatures.

The ICs could be considered reinforcement networks in alloys that transfer
external loads from soft feal to stiff secondary phases [62, 82, 124]. When the ICs
are thermally stable, the stability of the mechanical performance at elevated
temperatures issgured. Previous research has shown that the simultaneous addition of
Mg and Zn could lead to phase instability, whereas-mgifting-point elements (e.g.,

Cr, V, Ti) could introduce ICs that exhibit exceptional thermal stability [16, 81]. A
unique nanosizd ALY/AI3Ni ICs network has been reported forgAlai sNi7Co1Y 35

[76]. This rigid frame distributes around #&¢ grains and strengthens the alloy, and
the alloy exhibits an excellent combination of high strength of 1.1 GPa and large
plasticity of 11% at RT. However, its performance at high temperatures is yet to be

investigated.

The eutectic microstructures ofiAllg, Ali Cu, Ali Si, and AT Ni, etc., are also a
potential trend that could help alloys achieve a balance between strength and ductility.
Meanwhile, the eutectic microstructure could improve the castability of entropy alloys

[50, 125].

2. Al-based entropy composites

Al-based metamatrix composites are of great interest because of their high
specific strength; however, the main problems are poor compatibility and weak
interfacial bonding between the Al matrix and reinforcement agents (i.e., ceramic and

carbon fibers)126, 127]. The particles of the higitrength entropy alloy could be
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added as reinforcement to Al alloys. Lu et al. [128] separately introduced the entropy
alloy CoNiFeAb.4TioeCros and typical reinforcement SiC into the 7075 Al alloy to
fabricate two composites. The former was found to exhibit higher strength and
toughness as well as superior interface bonding between the matrix and reinforcement.
It has been reported that in an-Bdsed metal matrix composite reinforced with B2
type entropy alloy AlISiCrMnFeNiCu, a transitional layer with a thickness of 30D

nm formedat the interfaces, which resulted in an enhanced microhardness of 1.81 GPa
[129]. To date, studies on entropy alloy reinforcement have focused primarily on
HEAs. Lightweight Atbased entropy alloy could also be a promising option. Because
of the good chernoal compatibility between Abased entropy alloys and Al alloys, the
reinforcement particles of entropy alloys could further improve the effectiveness and

stability of interface bonding.

3. Studies on other properties

Currently, the primary focus of research on lightweighbAsed entropy alloys
is examining their microstructures and mechanical properties. To fully explore the
application potential of these alloys, other properties such as thermal stability, anti
oxidation, anticorrosion, wear, corrosion resistance, and functional properties should
also be studied [24, 74, 130, 131]. The rules for entropy alloys could differ from those
for conventional alloys. For example, reportedly, a higtM§iratio promotes the
intergranular corrosion in 6xxx Al alloys [132]. However, in entropy alloy
Al3sMgs o ZRz0CUeSIix, corrosion resistance was found to improve with the increase of

the StMg ratio [22].
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2.6.2Computer-assisted techniques for alloy development

With the extensive use of computer technology, comgasgsisted techniques
present promising prospects for advancing alloy development. In addition to the
CALPHAD method (Sectior2.2.2) and ML (Sectior2.5), various computational
techniques, including molecular dynamics simulations, density functional theory
calculations, highhroughput (HT) calculationdjnite element modelingand data
mining, could be valuable tools for alloy design, phase, and property prediction [120,
133-135]. These methods couldpedite the development of lightweight-Based

entropy alloys.

Considering the enormous number of potentiabased entropy alloys, the HT
technique, which could automatically evaluate hundreds of thousands of candidates in
a short period, is an effective approach for alloy development [71]. The HT usually
functionsin collaboration with other computational techniques [18, 112, 136, 137],
such as MEHT mentioned in Sectio@.5. The CALPHAD-based HT computational
method combines thermodynamic simulations, HT calculations, and screening,
providing an efficient approacto selecting alloys with targeted thermodynamic

parameters in an expansive composition space [31, 138, 139].

2.6.3Lightweight Al -based entropy alloys for elevated temperature applications

Most current studies in this field focus primarily on thechanical properties at
ambient temperature. Indeed, some lightweighb@ded entropy alloys exhibit high or
ultra high strength at ambient temperature. High strength usually results in limited

ductility owing to the large IC content. Considering the inevitable occurrence of ICs
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phases in most Abased entropy alloys, it is worthy to exploit their presence. By
deliberately introducing heagsistant ICs, it is possible to significantly enhance the
mechanical performance of materials (e.g., strength, creep, and fatigue resrstance)
only at ambient but also at high temperatures. Two previous studies conducted by our
research group have confirmed the significant potential dfasked entropy alloys as
lightweight structural materials for higlemperature applications (up to 4500 C)

[16, 81].

2.7 Conclusion andremarks

Lightweight Al-based entropy alloys comprise multiple elements, with Al being
the predominant constituent, and have a density below 4.C°.gldma inclusion of
multiple elements ithese alloys has led to notable effects, such as sluggish diffusion
and lattice distortion, which could endow these alloys with exceptional potential for
unigue properties. Design methodologies typically involve empirical thermophysical
parameters and callation of phase diagrams using computational approaches.
Induction melting is a widely adopted technique for fabricatingo@ded entropy
alloys. Nevertheless, challenges related to castability, element loss, and nonuniformity
during melting persist becase of the disparate melting points of the multiple

constituent elements.

Phase formation in lightweight Alased entropy alloys exhibits multiphase
features. Robust ICs in these alloys could be exploited to enhance their mechanical
properties. A total of 97% Abased entropy alloys contains ICs, whereas the presence

of fcc-Al is crucial for imparting sufficient ductility to alloys. Aased entropy alloys
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solely comprising ICs tend to be excessively brittle, hindering their practical use.
However, with the q valwue higher than 3.

can be avoided.

Al-based entropy alloys offer a unique combination of low density and high
strength, bridging the gap between conventional Al and Ti alloys at ambient
temperatures. Because ICs are almost inevitable in alloys, strong ICs with good thermal
stability could le introduced to reinforce fe&l, providing alloys with high strength at
ambient as well as high temperatures. Some alloys have been proven to exhibit good

heat resistance, making them promising candidates fortrgherature applications.

Conventional trialanderror methods for alloy development are expensive and
time consuming. However, the dataven ML approach has emerged as a promising
solution for predicting properties and screening suitable alloy candidates. As more
experimental dabecomesvailable, ML holds significant potential for advancing the

development of Abased entropy alloys.

References

[1] Raabe D, Tasan CC, Olivetti EA. Strategies for improving the sustainability of
structural metals. Nature, 2019, 575: B4

[2] Hirsch J. Aluminium in innovative lighveight car design. Mater. Trans., 2011, 52:
818824.

[3] Zhang W, Xu J. Advanced lightweight materials for Automobiles: A review. Mater.
Des., 2022, 221: 110994.

[4] Mouritz AP. Introduction to aerospace materials. Sawston, Cambridge, 2012.

[5] Hu P, Liu K, Pan L, Chen XG. Effect of Mg microalloying on elevataperature
creep resistance of ACu 224 cast alloys. Mater. Sci. Eng. A, 2022, 851: 143649.

[6] Poplawsky JD, Milligan BK, Allard LF, et al. The synergistic role of Mn and Zr/Ti
i n pr odu c ipregpitafelljh Aldu2lloys.cActa Mater., 2020, 194: 5386.

49



[7] Ma L, Zhang X, Duan Y, et al. Achieving exceptional higmperature resistant
Al matrix composites via twdimensional BN pinning grain rotation. Compos. B:
Eng., 2023, 253: 110570.

[8] Hu P, Liu K, Pan L, Chen XG. Effect of Mg on elevatedhperature low cycle
fatigue and thermaonechanical fatigue behaviors of-8lu cast alloys. Mater. Sci. Eng.
A, 2023, 885: 145588.

OlYeh JW, Chen SK, Lin SJ, et al. Nanostr
principal elements: novel alloy design concepts and outcomes. Adv. Eng. Mater., 2004,
6: 299303.

[10] Cantor B, Chang ITH, Knight P, Vincent AJB. Microstructural development in
equiatomic multicomponent alloys. Mater. Sci. Eng. A, 2004, 3752283

[11] Wang YP, Li BS, Ren MX, Yang C, Fu HZ. Microstructure and compressive
properties of AICrFeCoNi high entropy alloy. Mater. Sci. Eng. A, 2008, 4911584

[12] Miracle DB, Senkov ON. A critical review of high entropy alloys and related
concepts. Acta Mater., 2017, 122: 438B1.

[13] Lu Y, Gao X, Jiang L, et al. Directly cast bulk eutectic and feedectic high
entropy alloys with balanced strength and ductility in a wide temperature range. Acta
Mater., 2017, 124: 14350.

[14] Yao K, Liu L, Ren J, et al. Higkntropy intermetallic compound with ulthagh
strength and thermal stability. Scr. Mater., 2021, 194: 113674.

[15] Feng R, Gao MC, Zhang C, et al. Phase stability and transformation in-a light
weight highentropy alloy. Acta Mater., 2018, 146: 2203.

[16] Cui L, Zhang Z, Chen XG. Development of lightweighti#dsed entropy alloys
for elevated temperature applications. J. Alloys Compd., 2023, 938: 168619.

[17] Huang EW, Yu D, Yeh JW, et a. A study of lattice elasticity from low entropy
metals to medium and high entropy alloys. Scr. Ma2&5, 101: 3235.

[18] Asadikiya M, Yang S, Zhang Y, et al. A review of the design of t@gtropy
aluminum alloys: a pathway for novel Al alloys. J. Mater. Sci., 2021, 56: 12P9R0.

[19] Cai Z, Guo Y, Liu J, et al. Progress in ligheight high entropy alloys. J. Wuhan
Univ. TechnokMat. Sci. Edit., 2021, 36: 73753.

[20] Sun W, Huang X, Luo AA. Phase formations in low density high entropy alloys.
Calphad, 2017, 56: 128.

[21] Li Y, Zhang Y. Lightweight and flexible higfentropy alloys. In Engineering
Steels and High Entropilloys, IntechOpen, 2019.

[22] Ji C, Ma A, Jiang J. Mechanical properties and corrosion behavior of novel Al
Mg-Zn-Cu-Si lightweight high entropy alloys. J. Alloys Compd., 2022, 900: 163508.

50



[23] Li R, Ren Z, Wu Y, et al. Mechanical behaviors and precipitation transformation
of the lightweight highzn-content AT Zni LiT Mgi Cu alloy. Mater. Sci. Eng. A, 2021,
802: 140637.

[24] Tseng K, Yang Y, Juan C, et al. A lighkight highentropy alloy
Al20Be20Fe10Si15Ti35. Sci. China Technol. Sci., 2018, 61:168!

[25] Youssef KM, Zaddach AJ, Niu C, Irving DL, Koch CC. A novel loensity,
high-hardness, higlentropy alloy with closgpacked singlgphase nanocrystalline
structures. Mater. Res. Lett., 2015, 3:%h

[26] Wang Z, Chen S, Yang S, et al. Ligheight refractory higkentropy alloys: a
comprehensive review. J. Mater. Sci. Technol., 2023, 156541

[27] Sanchez JM, Vicario |, Albizuri J, Guraya T, Garcia JC. Phase prediction,
microstructure and high hardness of novel lgeight high entropy alloys. J. Mater.
Res. Technol., 2019, 8: 75®3.

[28] Kumar A, Gupta M. An insight into evolution of light weight high entropy alloys:
a review. Metals, 2016, 6: 199.

[29] JienWei YEH. Recent progress in high entropy alloys. Ann. Chim. Sci. Mat.,
2006, 31: 63348.

[30] Zzhang C, Gao MC, Yeh JW, Liaw PK, Zhang Y. Hightropy alloys:
fundamentals and applications. Springer, 2016.

[31] Miracle DB, Miller JD, Senkov ON, et al. Exploration and development of high
entropy alloys for structural applications. Entropy, 2014, 16:5%1

[32] Yeh JW. Alloy design strategies and future trends in-eigtiopy alloys. JOM,
2013, 65: 1759.771.

[33] George EP, Curtin WA, Tasan CC. High entropy alloys: A focused review of
mechanical properties and deformation mechanisms. Acta Mater., 2020, 188435

[34] Gorsse S, Tancret F. Current and emerging practices of CALPHAD toward the
development of high entropy alloys and complex concentrated alloys. J. Mater. Res.,
2018, 33: 2892923.

[35] Maulik O, Kumar D, Kumar S, Dewangan SK, Kumar V. Structure and properties
of lightweight high entropy alloys: A brief review. Mater. Res. Express., 2018, 5:
052001.

[36] Kao YF, Chen SK, Sheu JH, et al. Hydrogen storage properties ofprinttipat
component CoFeMnTixVyZrz alloys. Int. J. Hydrog. Energy, 2010, 35:-90%8.

[37] Gorban VF, Krapivka NA, Firstov SA. Higbantropy alloys: Interrelations
between electron concentration, phase composition, lattice parameter, and properties.
Phys. Met. Metallogr., 2017, 118: 9981.

51



[38]Li D, Dong Y, Zhang Z, et al. An asast T+V-Cr-Al light-weight medium entropy
alloy with outstanding tensile properties. J. Alloys Compd., 2021, 877: 160199.

[39] Qiu Y, Hu YJ, Taylor A, et al. A lightweight singighase AITiVCr
compositionally complex alloy. Acta Mater., 2017, 123:-1P3.

[40] Ding Q, Zhang Y, Chen X, et al. Tuning element distribution, structure and
properties by composition in higgntropy alloys. Nature, 2019, 574: 2237.

[41] Wang H, He QF, Yang Y. Higkntropy intermetallics: from alloy design to
structural and functional properties. Rare Met., 2022, 41:-2989.

[42] Tsai KY, Tsai MH, Yeh JW. Sluggish diffusion iniei fei mni ni high-entropy
alloys. Acta Mater., 2013, 61: 488B97.

[43]DNbr owa J, Kucza W, CieSl akstruBtureded al
Co-Cr-Fe-Ni high entropy alloys: experimental studies and numerical simulations. J.
Alloys Compd., 2016, 674: 45562.

[44] Beke DL, Erddyi G. On the diffusion in higlentropy alloys. Mater. Lett., 2016,
164: 111113.

[45] Vaidya M, Trubel S, Murty BS, Wilde G, Divinski SV. Ni tracer diffusion in
CoCrFeNi and CoCrFeMnNi high entropy alloys. J. Alloys Compd., 2016, 688: 994
1001.

[46] Zhang C, Zhang F, Jin K, et &lnderstanding of the elemental diffusion behavior
in concentrated solid solution alloys. J. Ph. Equilibria Diffus., 2017, 384434

[47] Li Z, Zhao S, Ritchie RO, Meyers MA. Mechanical properties of t@gtropy
alloys with emphasis on faggentered cubic alloys. Prog. Mater. Sci., 2019, 102: 296
345.

[48] Zzhang W, Liaw PK, Zhang Y. Science and technology in-eigtnopy alloys. Sci.
China Mater, 2018, 61-22.

[49] Tun KS, Charadva V, Gupta M. Lightweight medium entropy magnesium alloy
with exceptional compressive strength and ductility combination. J. Mater. Eng.
Perform., 2021, 30: 2422432.

[50] Shao L, Zhang T, Li L, et al. A lowost lightweight entropic alloy with high
strength. J. Mater. Eng. Perform., 2018, 27: 66886.

[51] Liao YC, Li TH, Tsai PH, et al. Designing novel lightweight, higrength and
high-plasticity Tix(AICrNb)100x mediumentropy alloys. Intermetallics, 2020, 117:
106673.

[52]Zhang Y, Zhou YJ, Lin JP, Chen GL, Lia
rules for multi component a-b3Boys. Adv. Er

52



[53] Guo S, Hu Q, Ng C, Liu CT. More than entropy in higttropy alloys: Forming
solid solutions or amorphous phase. Intermetallics, 2013, 41036

[54] Guo S, Ng C, Lu J, Liu CT. Effect of valence electron concentration on stability
of fcc or bce phase in high entropy alloys. J. Appl. Phys., 2011, 109: 103505.

[55] CouziniéJP, Dirras G. Bodgentered cubic higentropy alloys: From processing
to underlying deformation mechanisms. Mater. Charact., 2019, 145483

[56] Yang X, Zhang Y. Prediction of higantropy stabilized solidolution in mult
component alloys. Mater. Chem. Phys., 2012, 132:238

[57] Yang X, Chen SY, Cotton JD, Zhang Y. Phase stability of-dewsity,
multiprincipal component alloys containing aluminum, magnesium, and lithium. JOM,
2014, 66: 2002020.

[58] Heydari H, Tajally M, Habibolahzadeh A. Computational analysis of novel
AILiMgTiX light high entropy alloys. Mater. Chem. Phys., 2022, 280: 125834.

[59] Heydari H, Tajally M, Habibolahzadeh A. Calculations to introduce some light
high entropy alloys based on phase formation rules. J. Alloys Compd., 2022, 912:
165222.

[60] Chauhan P, Yebaji S, Nadakuduru VN, Shanmugasundaram T. Development of a
novel light weight AI35Cr14Mg6Ti35V10 high entropy alloy using mechanical
alloying and spark plasma sintering. J. Alloys Compd., 2020, 820: 153367.

[61] Kaufman L, Agren J. CALPHAD, first and second generdtRirth of the
materials genome. Scr. Mater., 2014, 7@. 3

[62] Baek EJ, Ahn TY, Jung JG, et al. Effects of ultrasonic melt treatment and solution
treatment on the microstructure and mechanical properties ofddosity
multicomponent AI70Mg10Si10Cu5Zn5 alloy. J. Alloys Compd., 2017, 6964480

[63] Asadikiya M, Zhang Y, Wang L, Apelian D, Zhong Y. Design of ternary -igh
entropy aluminum alloys (HEAIS). J. Alloys Compd., 2022, 891: 161836.

[64] Sanchez JM, Pascual A, Vicario |, et al. Microstructure and Phase Formation of
Novel AIBOMg5Sn5Zn5X5 LightWeight Complex Concentrated Aluminum Alloys.
Metals, 2021, 11: 1944.

[65] Gobernik A, Lemay CM, Haddad JG. Modelling and Testing Aluminum Based
High Entropy Alloys. Worcester Polytechnic Institute, 2018.

[66] Ahn TY, Jung JG, Baek EJ, Hwang SS, Euh K. Temperature dependence of
precipitation behavior of ABbMgi 9Sii 10Cu 10Zri 3Ni natural composite and its
impact on mechanical properties. Mater. Sci. Eng. A, 2017, 695445

[67] Sanchez JM, Vicario |, Albizuri J, Guraya T, Acufa EM. Design, microstructure
and mechanical properties of cast medium entropy aluminium alloys. Sci. Rep., 2019,
9: 6792.

53



[68] Bilbao Y, Trujillo JJ, Vicario I, et al. Xay ThermeDiffraction Study of the
Aluminum-Based Multicomponent Alloy AlI58Zn28Si8Mg6. Materials, 2022, 15:
5056.

[69] Kim JH, Jung JG, Baek EJ, Choi YS, Euh K. Microstructures and mechanical
properties of multiphaseeinforced in situ aluminum matrix composites. Met. Mater.
Int., 2019, 25: 35363.

[70] Li Y, Li R, Zhang Y. Effects of Si addition on microstructure, properties and
serration behaviors of lightweight Mg-Zn-Cu mediumentropy alloys. Research and
Application of Materials Science, 2019, 1-23.

[71] Feng R, Zhang C, Gao MC, et al. Hitiroughput design of higherformance
lightweight highentropy alloys. Nat. Commun., 2021, 12: 4329.

[72] Wen J, Liu Y, Huang Y, Zhao Y. Effects of electromagnetic stirring and
subsequent homogenization treatment on the microstructure and mechanical properties
of AlI70Zn10Mg10Cu5Si5 mukcomponent alloy. J. Alloys Compd., 2023, 960:
170725.

[73] Li R, Wang Z, Guo Z, et al. Graded microstructures e£.AMg-Zn-Cu entropic
alloys under supergravity. Sci. China Mater, 2019, 62: 7486

[74] Sahin H, Zengin H. Microstructure, mechanical and wear properties of low
density cast medium and high entropy aluminium alloys. Int. J. Met., 2022, 16: 1976
1984.

[75] Xie Y, Meng X, Zang R, et al. Deformatiairiven modification towards strength
ductility enhancement in ALiT Mgi Zni Cu lightweight highentropy alloys. Mater.
Sci. Eng. A, 2022, 830: 142332.

[76] Chen ZP, Yu H, Wu Y, et al. Nanmetwork mediated high strength and large
plasticity in an Albased alloy. Mater. Lett., 2012, 84:-69.

[77]Li Z, Li X, Huang Z, et al. Ultrasonigibration-enhanced plasticity of an entropic
alloy at room temperature. Acta Mater., 2022, 225: 117569.

[78] Singh N, Shadangi Y, Mukhopadhyay NK. Phase evolution and thermal stability
of low-density MgAISICrFe higkentropy alloy processed through mechanical
alloying. Trans. Indian Inst. Met., 2020, 73: 237386.

[79] Singh N, Shadangi Y, Goud GS, et al. Fabrication of MgAISiCrFedensity
high-entropy alloy by mechanical alloying and spark plasma sintering. Trans. Indian
Inst. Met., 2021, 74: 2203219.

[80] Wu S, Zhu B, Jiang W, Qiu H, Guo Y. Hot Deformation Behavior and
Microstructure Evolution of a Novel AIn-Mg-Li-Cu Alloy. Materials, 2022, 15:
6769.

54



[81] Cui L, Zhang Z, Chen XG. Microstructure and mechanical properties of ndvel Al
Cui Mgi Zn lightweight entropy alloys for elevatéemperature applications. Mater.
Charact., 2023, 200: 112927.

[82] Kim I, Song M, Kim J. Effects of TB and Si additions on microstructure and
mechanical properties of ACui Mg based aluminum matrix composites. J. Alloys
Compd., 2020, 832: 154827.

[83] Sadeghi M, Niroumand B. Design and characterization of a novel MgAIZnCuMn
low melting point light weight high entropy alloy (LMLWEA). Intermetallics, 2022,
151: 107658.

[84] Li R, Gao JC, Fan K. Microstructure and mechanical properties of MgMnAIZnCu
high entropy alloy cooling in three conditions. In Materials Science Forum, 2011, 686:
235241.

[85] Jiang W, Tao S, Qiu H, Wu S, Zhu B. Precipitation transformation and
strengthening mechanism of droplet ejection lightweight medinotropy
AlZnMgCuli alloy. J. Alloys Compd., 2022, 922: 166152.

[86] Li R, Li X, Ma J, Zhang Y. Sulgrain formation in Al LiT Mgi Zni Cu lightweight
entropic alloy by ultrasonic hammering. Intermetallics, 2020, 121: 106780.

[87] Zzhang B, Liaw PK, Brechtl J, et al. Effects of Cu and Zn on microstructures and
mechanical behavior of the meditentropy aluminum alloy. J. Alloys Compd., 2020,
820: 153092.

[88] HU Y, Liu YY, Zhao LZ, et al. Investigation on microstructures and properties of
semisolid AIB0OMg5LI5Zn5Cu5 lighweight highentropy alloy during isothermal
heat treatment process. China Foundry, 2022, 195379

[89] Srivatsan TS, Gupta M. High entropy alloys: innovations, advances, and
applications. Boca Raton, 2020.

[90] Roy A, Babuska T, Krick B, Balasubramanian G. Machine learned feature
identification for predicting phase and Young's modulus of lomediumand high
entropy alloys. Scr. Mater., 2020, 185: 1H38.

[91] Chaskis S, Stachouli E, Gavalas E, Bouzouni M, Papaefthymiou S.
Microstructure, Phase Formation and H&egating of Novel Cast AMg-Zn-Cu-Si
Lightweight Complex Concentrated Aluminum Based Alloy. Materials, 2022, 15:
3169.

[92] Kilmametov A, Kulagin R, Mazilkin A, et al. Higpressure torsion driven
mechanical alloying of CoCrFeMnNi high entropy alloy. Scr. Mater., 2019, 158: 29
33.

[93] Nguyen NTC, AsgharRad P, Sathiyamoorthi P, et al. Ultrahigh hijhainrate
superplasticity in a nanostructured higihtropy alloy. Nat. Commun., 2020, 11(1):
2736.

55



[94] Huang Y, Wen J, Liu Y, Zhao Y. Effects of electromagnetic frequency on the
microstructure and mechanical properties of AI70Zn10Mg10Cu5Si5 medium entropy
alloy. J. Mater. Res. Technol., 2022, 17: 3B137.

[95] Seo N, Jeon J, Lee SH, et al. Revealing complex precipitation behavior of
multicomponent AlI83Zn5Cu5Mg5Li2 alloy. J. Alloys Compd., 2023, 944: 169192.

[96] Ashby MF. Materials Selection in Mechanical Design. Burlington, 2011.

[97] Leng L, Zhang ZJ, Duan QQ, Zhang P, Zhang ZF. Improving the fatigue strength
of 7075 alloy through aging. Mater. Sci. Eng. A, 2018, 738324

[98] Zou Y, Wu X, Tang S, et al. Investigation on microstructure and mechanical
properties of AlZn-Mg-Cu alloys with various Zn/Mg ratios. J. Mater. Sci. Technol.,
2021, 85: 106L17.

[99] Jeon C, Kim CP, Joo SH, Kim HS, Lee S. High tensile ductility ebased
amorphous matrix composites modified from conventionabAlr 4V titanium alloy.
Acta Mater., 2013, 61: 3012026.

[100] Polmear 1J, Couper MJ. Design and development of an experimental wrought
aluminum alloy for use at elevated temperatures. Metall. Trans. A, 1988, 19: 1027
1035.

[101] Awe SA. Elevated temperature tensile properties of a ternary eutetf@%il
Cui 5% Si cast alloy. Int. J. Lightweight Mater., 2021, 4:218

[102] Awe SA, Seifeddine S, Jarfors A EW, Lee C, Dahle AK. Development of new
Al-Cu-Si alloys for high temperature performance. Adv. Mater. Lett., 2017, 8: 695
701.

[103] Ahn TY, Jung JG, Baek EJ, Hwang SS, Euh K. Temporal evolution of
precipitates in multicomponent PMgi 9Sii 10Cu 10Zri 3Ni alloy studied by
complementary experimental methods. J. Alloys Compd., 2017, 7066580

[104] Cui L, Zhang Z, Sarkar DK, Kocaefe D, Chen XG. A Study on Alumiiased
Lightweight Entropic Alloys with High Strength at Elevated Temperature. In:
Proceedings of the 61st Conference of Metallurgists, 20224233

[105] Cui L, Liu K, Zhang Z, Chen XG. Enhanced elevateshperature mechanical
properties of hotolled AliCu alloys: effect of zirconium addition and
homogenization. J. Mater. Sci., 2023, 58: 11424139.

[106]] brahi m PA, ¥zkul K, Cemntrbpy glloy€ BEmergént o v er
Mater., 2022, 5: 1772796.

[107] Luo AA, Sachdev AK, Apelian D. Alloy development and process innovations
for light metals casting. J. Mater. Process. Technol., 2022, 306: 117606.

56



[108] Zhang H, Fu H, Zhu S, Yong W, Xie J. Machine learning assisted composition
effective design for precipitation strengthened copper alloys. Acta Mater., 2021, 215:
117118.

[109] Dai D, Xu T, Wei X, et al. Using machine learning and feature engineering to
characterize limited material datasets of hegitropy alloys. Comput. Mater. Sci.,
2020, 175: 109618.

[110] Wang AYT, Murdock RJ, Kauwe SK, et al. Machine learning for materials
scientists: an introductory guide toward best practices. Chem. Mater., 2020, 32: 4954
4965.

[111] Kaufmann K, Vecchio KS. Searching for high entropy alloys: A machine
learning approach. Acta Mater., 2020, 198:-222.

[112] Liu X, Xu P, Zhao J, et al. Material machine learning for alloys: Applications,
challenges and perspectives. J. Alloys Compd., 2022, 921: 165984.

[113] Liu Y, Zhao T, Ju W, Shi S. Materials discovery and design using machine
learning. J. Materiomics., 2017, 3: 1597.

[114] Wu L, Wei G, Wang G, Wang H, Ren J. Creating wims from strength
ductility tradeoff in multi-principal element alloys by machine learning. Mater. Today
Commun., 2022, 32: 104010.

[115] Lian Z, Li M, Lu W. Fatigue life prediction of aluminum alloy via knowledge
based machine learning. Int. J. Fatigue, 2022, 157: 106716.

[116] Jaafreh R, Chaudry UM, Hamad K, Abuhmed T. Agedening behavior guided
by the multiobjective evolutionary algorithm and machine learning. J. Alloys Compd.,
2022, 893: 162104.

[117] Jiang L, Wang C, Fu H, et al. Discovery of aluminum alloys with gtrangth
and hightoughness via a propertriented design strategy. J. Mater. Sci. Technol.,
2022, 98: 3:43.

[118] Li H, Li X, Li Y, et al. Machine learning assisted design of alumidithium
alloy with high specific modulus and specific strength. Mater. Des., 2023, 225: 111483.

[119]Juan Y, Niu G, Jiang H, et al. Machine Learnsgisted Design of AZn-Mg-
Cu Alloys with Dramatically Enhanced Combination of Mechanical Strength and
Plasticity. Available at SSRN 4244660, 2022.

[120] Pei Z, Yin J, Liaw PK, Raabe D. Toward the design of ultrafeigtnopy alloys
via mining six million texts. Nat. Commun., 2023, 14: 54.

[121] Islam N, Huang W, Zhuang HL. Machine learning for phase selection in-multi
principal element alloys. Comput. Mater. Sci., 2018, 150: 238

57



[122] Zzhang Y, Wen C, Wang C, et al. Phase prediction in high entropy alloys with a
rational selection of materials descriptors and machine learning models. Acta Mater.,
2020, 185: 52&39.

[123] Yan Y, Lu D, Wang K. Accelerated discovery of singlkease refractory high
entropy alloys assisted by machine learning. Comput. Mater. Sci., 2021, 199: 110723.

[124] Euh K, Jung JG, Baek EJ, Lee JM, Kim HW. Effect of Hesdtment on
microstructure and mechanical properties of sonicated multicomponent AIMgSiCuZn
alloy. In Light Metals, 2017, 37983.

[125]Huang Z, Dai Y, Li Z, et al. Investigation on surface morphology and crystalline
phase deformation of AIB0LI5Mg5Zn5Cu5 hightropy alloy by ultrgorecision
cutting. Mater. Des., 2020, 186: 108367.

[126] Wang N, Wu B, Wu W, et al. Microstructure and properties of alumishigh
entropy alloy composites fabricated by mechanical alloying and spark plasma sintering.
Mater. Today Commun., 202, 25: 101366.

[127]Yang X, Zhang H, Dong P, Yan Z, Wang W. A study on the formation of multiple
intermetallic compounds of friction stir processed high entropy alloy particles
reinforced Al matrix composites. Mater. Charact., 2022, 183: 111646.

[128] Lu T, Scudino S, Chen W, et al. The influence of nanocrystalline
CoNiFeAl0.4Ti0.6Cr0.5 higlentropy alloy particles addition on microstructure and
mechanical properties of SiCp/7075Al composites. Mater. Sci. Eng. A, 2018, 726: 126
136.

[129] Shadangi Y, Chattopadhyay K, Mukhopadhyay NK. Powder metallurgical
processing of Al matrix composite reinforced with AlISiCrMnFeNiCu Feglropy
alloys: Microstructure, thermal stability, and microhardness. J. Mater. Res., 2023, 38:
248-264.

[130] Sudha P, Tun KS, Gupta M, Mourad AHI, Vincent S. Electrochemical
characterization of a novel multicomponent AI75Mg5Li10Zn5Cu5 low entropy alloy
in different pH environments. Mater. Corros., 2022, 73: 207483.

[131] Xie Y, Meng X, Mao D, et al. Deformatiedriven modification of AlLi-Mg-
Zn-Cu highalloy aluminum as anodes for primary aluminambatteries. Scr. Mater.,
2022, 212: 114551.

[132] Kairy SK, Rometsch PA, Davies CHJ, Birbilis N. On the intergranular corrosion
and hardness evolution of 6xxx series Al alloys as a function of Si: Mg ratio, Cu
content, and aging condition. Corrosion, 2017, 73: 1P34b.

[133] Feng R, Gao MC, Lee C, et al. Design of ligigight highentropy alloys.
Entropy, 2016, 18: 333.

58



[134]Yi W, Liu G, Gao J, Zhang L. Boosting for concept design of casting aluminum
alloys driven by combining computational thermodynamics and machine learning
techniques. Journal of Materials Informatics, 2021, 1: 11.

[135] Jeong IS, Lee JH. Singfghase lightweight higlentropy alloys with enhanced
mechanical properties. Mater. Des., 2023, 227: 111709.

[136] Saal JE, Kirklin S, Aykol M, Meredig B, Wolverton C. Materials design and
discovery with highthroughput density functional theory: the open quantum materials
database (OQMD). JOM, 2013, 65: 150809.

[137] Li R, Xie L, Wang WY, Liaw PK, Zhang Y. Higkhroughput calculations for
high-entropy alloys: a brief review. Front. Mater. Sci., 2020, 7: 290.

[138] SchmidFetzer R, Zhang F. The light alloy Calphad databases PanAl and PanMg.
Calphad, 2018, 61: 24%63.

[139] Senkov ON, Miller JD, Miracle DB, Woodward C. Accelerated exploration of
multi-principal element alloys with solid solution phases. Nat. Commun., 2015, 6:
6529.

59



Chapter 3

Mi crostructure and mechanical
CuMgiZn | i ghtwei ght eelnewatpeyd al
temperature application

(Published irMaterials Characterization

Abstract

In this study, the microstructural evolution and mechanical properties of five
lightweight Ali Cui MgiZn entropy alloys (AkCusZnsMgs, Al74CuioZngMgs,
AlozCwZnMgiCri, AlgsCu1cZnsMg2Cry, and Ab7Cui7ZnsMg2Cr1) were investigated.
The five experimental alloys revealed lightweight characteristics with density values
ranging from 2.95 to 3.63 g/éhand multiphase features. The microstructural and
phase evolutions at elevategmperature were characterized usingaX diffraction
and optical, scanning, and transmission electron microscopy. With the increase in Cu
and other element contents, the votufinaction of intermetallic compounds (ICs)
increased, resulting in an impral/gield strength (YS) and reduced plasticity. The GP
zone and fine dqb6 precipitates-Ayouttieey ef f ec
were unstable at 300 € and transformed into coarse and subnszed particles.
The main source ddtrengtheningn the alloy series was the watiterconnected IC
network. Among the five alloys studied, Alloy 5 ¢ACuw7ZnsMg-Cr1) exhibited the
highest YS of 588 MPa at room temperature and retained the highest YS of 199 MPa
at 300 € after thermal exposure for 100 @Gombining its high strength and good
thermal stability at 300 €, Alloy 5 exhibits promising potential for elevated

temperature applications.



Keywords: Al-based entropy alloys, Microstructure, Intermetallic compounds,

Mechanical properties

3.1Introduction

Al and its alloys have played a significant role in the automotive, aerospace, and
infrastructure industries; however, their applications are greatly limited by their
deteriorated mechanical behavior at high temperatures [1, 2]. With the development of
the green economy, the demand for lightweight Al alloys with better mechanical

behavior at elevated temperatures is significantly increasing.

A class of newly emerging alloys known as hagftropy alloys (HEAS) has
attracted wide attention since 2004 [3, 4]. The design concept behind HEASs is to obtain
a high entropy value by adding multiple principal elements in equal oreqeat
atomic ratiosto facilitate the formation of disordered solid solutions and endow the
alloys with unique properties [5, 6]. Over the years, numerous studies have been
conducted on HEAs [7]. With many new findings, the initial concept has largely
expanded, and alloys alifferent entropy values having exceptional mechanical and
material properties have been explored, including-eiginopy, mediurrentropy, and
low-entropy alloys [710]. In addition, the phase formation of entropy alloys can be
simple as a single disora@sl solid solution or complex as multicomponent
intermetallic phases [5,7]. Inspired by the concept of entropy alloys, the introduction
of Al alloys with enhanced entropy provides a new avenue and wide composition space

for designing Albased alloys with mising properties, such as high strength,
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excellent thermal resistance, and high fatigue resistance, which cannot be achieved in

conventional Al alloys [5,7].

Al-based entropy alloys are intentionally designed to obtain a higher entropy value
by adding a larger quantity of secondary elements to the Al matrix; the resulting
materials are also often called multicomponent Al alloys in the literatur&4JL1ln
traditional commercial Al alloys, Cu, Mg, and Zn are the main alloying elements used
to improve the mechanical properties. For instanceZ@lMgi Cu 7xxx alloys have a
reputation for excellent mechanical properties, particularly at room temperature [15].
Among conventional Al alloys, AICu 2xxx alloys exhibit promising potential for
high-temperature applications [16]. In current-l#dsed lightweight entropy alloy
studies, Cu, Mg, and Zn are also widely adopted [12, 120]l7Yang et al. [12]
reported an endipy alloy of AkoLisMgsZnsCus that had a low density of 3.08 g/ém
and high compressive fracture strength of 879 MPa with a plasticity of up to 17%. Shao
et al. [13] designed and studied a series 6fVAJ-based lightweight entropy alloys
with low densities in the range of 2iG475 g/cni; one of the alloys studied,
AlgsMg10.5Zn2.024C W 025510 45, €xhibited an excellent compressive strength of 814 MPa
with a plasticity percentage of 24.8%. Li et al. [20] studied a-BiglAl-based entropy
alloy, AlgoZnialioMg2Cule, which exhibited high compressive strength (>1 GPa) and
high plasticity (>20%) in the asast state. The above work shows that the room
temperature mechanical property ofi 8ui Mgi Zn entropy alloys is promising.
However, very limited studies and related information on the -tagiperature
mechanical performance,etmal stability, and corresponding microstructures of Al

based entropy alloys are available in the current literature.
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To explore the potential of ACui MgiZn lightweight entropy alloys for
elevatedtemperature applications, in this study, five alloys are designed and
investigated: AsCusZnsMgs, Al74CuioZnsMgs, AlgsCwZmMgiCry,
AlgsCu10ZnsMg2Cri, and Ab7Cui7ZnsMg2Cri. This alloy series significantly increases
the chemical composition space of conventionalAl alloys by adding large amounts
of Cu, Mg, Zn, and Cr. The ratio of the elements was adjusted to obtain balanced
empirical thermodynamic parameters, includihg mixing entropy, enthalpy, and
density, as described in our previous study [21]. Cu was added at a relatively high
content, which was intended to improve the mechanical behavior at elevated
temperatures. Cr, which has a high melting point, was further addeel Al Cui Mgi
Zn system to facilitate the formation of the hesgdistant AlsCr; phase at elevated
temperatures [21]. The phase formation, microstructure evolution, mechanical
performance at room and elevated temperatures, and thermal stability thermgu

exposure of the five experimental alloys were systematically studied

3.2 Experimental procedures

Five experimental alloysere prepared using an induction melting furnace. The
pure raw materials Al bulks (> 99.2%), Cu bulks (> 99.5%), Mg bulks (> 99.5%), Zn
slugs (> 99.9%), and Cr granules (> 99.9%) were melted in a graphite crucible under
an argon atmosphere. The melting pemature was set to 880 €, and elements could
be melted through diffusion in Al melts. Each alloy was remelted three times, and
before each remelting, the cast ingot was ground to remove the oxide film and flipped
in the crucible to promote homogeneoustribution of the alloying elements. The
molten metal was finally cast into a copper mold with dimensions of 26 x26 x58) mm
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which was preheated to 250 €. The chemical compositions of the experimental alloys
were analyzed using inductively coupled plasma mass spectrometry, and the results are
listed in Table3.1. To study the thermal stability of the alloys, some of the ingot

samples were thermally exposed at 300 € for up to 200 h.

Table 3.1 Chemicalcompositions of five experimental allays

Chemi cal composi i
Code ALl oys—r T Mgp =
Al |l o AbEC W Mg 85. 7 5.0 4.0 5.1 -
All o AvtCudsBMg 74.010.« 7.1 8.3 -
Al'l o Ab€uZaMaCi 92.7 4.0 1.2 0.9 0.9
All o AbCudeMgCy 84.6 9.7 2.7 1.8 1.0
All o AtfuZzeMgCy 77.2 17.: 2.4 1.8 1.1

Xray diffraction (XRD; D8 Discover) wit
the crystal structures of the all oy phase
80; with a step size of 0.05°and a step time of 0.5 s/step. The microstructures of th
alloys were investigated using optical microscopy (OM; Nikon Eclipse ME600) and
scanning electron microscopy (SEM; JEOL JBABOLV) equipped with energy
dispersive Xray spectroscopy (EDS). Transmission electron microscopy (TEM;
JEMI 2100) wiating volhage ok 20@ lkVl was used to characterize the
precipitates and identify the firscaled M@Zn phase. Differential scanning
calorimetry (DSC; PerkinElmer DSC 8000) was used for theaas samples at a
heating rate of 10 /renTorstudy thel spatial distribudion g o N &
of the phases, thredimensional (3D) reconstruction was performed based on two
dimensional (2D) SEM images. The reconstruction was achieved using manual serial

sectioning and 3D visualization software (Materialise Msn The specific operating
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procedure for serial sectioning was described in [22, 23]. For each reconstructed alloy,
a total of 21 SEM images were captured. The microstructure was aligned and
transformed into black and white images using image analysis software (ImageJ), so
that different phases could be easily recognized by adjusting the grayscale threshold in

the 2D stack and used for 3D rendering [23, 24].

For themechanicaproperties, compression tests were conducted at 20 € and 300
€ using a Gleeble 3800 thermomechanical simulator unit under the guidance of
ASTM E909 and ASTM E2048 standards. The samples were machined into
cylindrical forms with diameters and lengtb$ 8 and 12 mm, respectively. The
compressive strain rate was' f& ! At least two samples were tested for each
condition. TheVickers microhardness of the samples was measured on a polished
sample surface using a microhardness testiagc hi ne ( NGi 1000 CCD)

200 g and a dwell time of 15 s

3.3 Resultsand discussion

3.3.1Microstructure and phase formation of ascast alloys

Fig. 3.1 presents the XRD patterns of@ast Alloys 15. Three to four phases
were indexed ireachalloy; the fceAl and ALCu phases were observed in all alloys.
The intensities of thdiffraction peaks reflect the contents of the corresponding phases.
The contents of fcc and ATu in each alloy were different. Figla d display the most
intense fceAl peaks, indicating that feél is the major phase in Alloys 4, while Fig.
3.1e shows that ACu peaks are the strongest, and hencgCW#\lbecomes the

predominant phase, in Alloy 5. Owing to the massive addition of Zn and Mg in Alloys
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1i 2, a large amount of Mg4rnwas detected. The ATuMg phase was particularly
detected in Alloy 1 (Fig3.1a). The Cu/Mg ratio has been reported to affect the type of
intermetallic compounds (ICs) in Al alloys, and a decreasing Cu/Mg ratio promotes the
formation of AbCuMg [25, 26]. According to Tabl8.1, Alloy 1 had the smallest
Cu/Mg ratio, indicating a greater tendency to forrmaQAIMg than the other alloys. In

Fig. 3.1ci e, peaks of AkCr7 are observed because of the addition of Cr to Alléys 3

(a) T o fec-Al (b) * o fec-Al
AALCuMg % ALCu

MgZn, MgZn,

2ALCu

. .
ol I l
4,1.44‘ Alas &

10 20 30
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Intensity (a.u.)

L L N L ' n L L
40 50 60 70 80 10 20 30 40 50 60 70 80
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(©) o fec-Al (d) * fec-Al
& ALCu ®ALCu
# Al Cr, - * Al Cry
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Intensity (a.u.)
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Fig. 3.1 XRD patterns of asast alloys: (a) Alloy 1, (bAlloy 2, (c) Alloy 3, (d)
Alloy 4, and (e) Alloy 5

Typical SEM images of the a=st alloys are shown in Fig§.2. Three to four
regions (marked as A, B, C, D, and E) with corresponding phases were identified in
each alloy according to the shape, brightness, andi &8 results combined with
the XRD patterns. The phase type, volume fraction, and chemical compo$iiach
phase in the corresponding microstructure regions are listed in J2blEhe volume
fraction of each phase was obtained by quantifying at least five OM images (not shown

here), covering an & Dalaregorf Aigdad, ehichwasn 78

66



the dominant phase in Alloyg 4. Region B is AICuMg, containing a small amount
of Zn, which was only detected in Alloy 1. Region C is MgZmhich constitutes a
fine lamellar eutectic structure with f&d that comprised 28.69 vol.% in Alloy 2,
while it was present only in small amounts in Alloy$3Region D is ACu, and its
volume fraction significantly increased with increasing Cu content in Alloys 4
Region E is AlsCrz, which appeared in Alloysi5. The phase constituents and
microstructuresevealed by OM and SEM are in very good agreement with the XRD
results, except that MgZmwas observed in the microstructure of Alloy 3, but it was

not detected in the XRD patterns because of its trace content in this alloy (0.12 vol.%)

Fig. 3.2 SEM backscattered electron images of theast alloys: (a) Alloy 1, (b)
Alloy 2, (c) Alloy 3, (d) Alloy 4, and (e) Alloy 5

The microstructures of the-aast alloys exhibit a multiphase character. This is a
common feature in lightweight entropy alloys owing to the large chemical difference
and high negative enthalpy between elements [12, 27]. As listed in 3:aptbe fce
Al'in Alloy 2 contains 2.5 at.% Cu, 3.5 at.% Zn, and 1 at.% Mg, which are much higher

than the contents of conventional Al alloys. This could be a result of the sluggish
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diffusion effect in entropy alloys [21, 28]. Among the multiple phasesAfdtas a
facecentered cubic structure with many slip systems; the remaining phases are ICs of
Al>CuMg, AlCu, MgZn, and AksCrz, which belong to orthorhombic, tetragonal,
hexagonal, and monoclinic crystal systems, respectively. Accordingly, these ICs with
much fewer slip systems are expected to bring high strength and low plasticity to the
experimental alloys. Thehysicalproperties of the ICs in the literature are summarized

in Table3.3 [29-31].

Table 3.2 Chemical composition and volume fraction of each phase in thasas
alloys

| Chemical composition,
Volume at. %

fraction,
vol% Al Cu Zn Mg Cr

Density, , Phase
Alloy glen? Region type

A fccAl 8055 945 15 25 15 -
B Al.CuMg 1419 62 16 2 20 -
Alloy 1 3.02 C  Mgzn. 465 60 11 15 14 -
D Al,Cu 061 69 25 3 3 -
A fccAl 5296 93 25 35 1 -
Alloy2  3.35 C Mgzn. 2869 63 11 12 14 -
D Al.Cu 1835 68 30 1 1 -
A fccAl 8505 96 15 15 1 -
C Mgzn. 012 79 11 5 5 -
Alloy 3 2.95 D A,Cu 971 71 28 1 - -
E  AlsCr 512 8 2 1 - 12
A fcccAl 6382 94 2 3 1 -
C MgZn. 033 74 11 7 8 -
Alloy 4 3.27 D Al.Cu 2934 70 29 1 - -
E  AlsCr 651 83 4 2 - 11
A fccAl 3345 935 25 3 1 -
C MgZzn. 055 71 11 7 10 -
Alloy5 3.63 D Al,Cu 5833 70 29 1 - -
E  AlsCr 767 79 9 2 - 10
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Table 3.3 Physical properties of intermetallic phases htast Alloys 15.

Mi crohar Mi crohar«

Phas Struc RT. GP: 30MC, GFRefer
APCuMorthor 4. 44 2.722 [ 29]
Mg Zn hexag« 3.2 0."6 [ 30,
ACu tetray 5. 3 2 [ 29]
ALk€Ey monocl 5.2 3.772 [ 29]

Note:" Tested from 30@/1 h thermally exposed samples.

*Converted froymnnyi[e3lld sbtyr eenngptikr ilc a

3.3.2Mechanical performance at room and elevated temperatures

The compressive mechanical properties of theass alloys at room temperature
are shown in Fig3.3. According to the true strdsgrain curves in Fig3.3a, the five
ascast alloys exhibit different mechanical performances. Alloy 1 and Alloy 3 have
relatively high plasticities of 8.62% and 13.6%, respectively, whereas Alloys 2, 4, and
5 fractured during the tests, with true strains of 0.90%, 1.69%, ad%hQr@spectively.

The low plasticity of Alloys 2, 4, and 5 was caused by their high IC contentgvieow

the high IC content significantly improved the yield strength (YS). A close correlation
between the YS and IC content is observed, as shown irBBlg. Alloy 3 had the
lowest IC content of 15 vol.% and the lowest YS of 330 MPa, while Alloy 5 with the
highest IC content of 67 vol.% exhibited the highest YS of 588 MPa. Apantthe

IC content, the type of IC is also important. Compared with Alloy 2, Alloy 4 had a

lower IC content but a higher YS becauseCA and AlsCr; in Alloy 4 can contribute

more strength than the major Mgzim Alloy 2, as listed in Tabl8.3.
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Fig. 3.3 Roomtemperature mechanical properties: (a) true stetigsn curves and
(b) YS and IC contents of the-aast alloys

Fig. 3.4 shows the compressive mechanical properties-césisAlloys 15 at 300
€. Compared with the compression tests at room temperature3Big the plasticity
of Alloys 1i 5 was significantly improved at 300 €, as the compression tests at 300 C
automatically stopped upon reaching the preset engineering strain of 20%. The YS and
maximum compressive strength of all five alloys exceeded 100 MPg: 1 had the
lowest YS of 101 MPa and a maximum compressive strength of 118 MPa, whereas
Alloy 5 showal the highest YS of 212 MPa and a maximum compressive strength of
257 MPa. The change in compressive strength among the five alloys at 300 €
exhibited a similar trend to that at room temperature. However, unlike the room
temperature tests, Alloy 3 exhied a higher YS and maximum compressive strength
than those of Alloy 1 at 300 €. This is attributed to the different heat resistances of
the different types of ICs in the two alloys. As listed in Téb8 the main ICs in the
two alloys have close microtdness values of i5 GPa at room temperature.
Therefore, Alloy 3 had lower roottemperature strength than Alloy 1 due to its lower
ICs content (Tabl8.2). However, at 300 €, the strength of the main intermetallics in

Alloy 3 (AlCu: 2 GPa, AlCry: 3.72 GPa) is higher than thatAlloy 1 (Al.CuMg:
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2.22 GPa, MgZn 0.6 GPa). This indicates that the intermetallics in Alloy 3 are more
heatresistant than those in Alloy 1. Therefore, the overall IC contribution in Alloy 3

at 300 € was more significant than that in Alloy 1, resulting in the higher strengths of

Alloy 3.
300 300
(a) Aloy 11 (b) | E=]Yiew strength -
—— Alloy . >
sso b [ —Alloy 3 250 | [LL[IMaximum strength I
N ——Alloy 4 1o
Alloy 5 :E
@ 200 @ 200 o B
= I
= = 164 163 —
g :E 150 137 == —
o 150 =) 135 —
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s 100 B 00| A — -
. — = | E
50 50 — —
| — —
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True strain / %

Fig. 3.4 Mechanical properties of the-aast alloys at 300 €: (a) true strésdrain
curves and (b) yield and maximum strengths

For alloys used in higkemperature applications, the thermal stability of the
microstructure at elevated temperatures is vitally important. In this study, the
experimental alloys were thermally exposed at 300 € for up to 200 h3Eig.shows
the HV hardness measured at room temperature for Allbysa& a function of the
thermal exposure time. A significant decrease in HV hardness was observed in the first
5 h of thermal exposure, and the HV hardness remained almost stable with furthe
prolonged exposure, indicating that the microstructures of all alloys were thermally
stable after the initial 5 h of thermal exposure. Compression tests at 300 € were
conducted on the 300 €/100 h exposed samples, and the results are showB Bb-ig.
Theresultseveal that Alloy 1 still had the lowest strength values, and Alloy 5 exhibited

the highest strength values, with a YS of 199 MPa and a maximum compressive
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strength of 234 MPa. Compared with the results under tvasiscondition in Fig.

3.4b, the strengths of all alloys after 100 h of thermal exposure decreased but varied by
different degrees. The percentages of HV reduction and YS decrease after the 300
€/100 h exposure as a function of & content are plotted in Fig3.5c. The near

linear relationship between the mechanical reduction andlfcontent indicates that

the strengtidecreaseduring the first 5 h of thermal exposure is closely relateti¢o

fcc-Al phase.
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—v—Alloy 4 —+— Alloy 5 [[TI]] Maximum strength
300 f 250 | -
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Fig. 3.5 (a) Microhardness of alloys at room temperature with various exposure
times, (b) compressive strengths at 300 € after 300 €/100 h exposure, and (c)

percentages of HV and YS reduction after 300 €/100 h exposure vs. the content of
fcc-Al.
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3.3.3Evolution of the microstructures during thermal exposure

Because fc@l clearly affectsthethermal stability and strength reduction during
initial thermal exposure, a TEM investigation of the evolution ofAtwas performed
for Alloys 1 and 3, which contained the highest fraction ofAt@mong the five
experimental alloys. As shown in F§)6a' b, a large number of nanoscale precipitates
in fcc-Al were observed alongthe<0Qla xi s, whi ch were identif
phase of MgZp) according to the selected area diffraction pattern (SADP) [32, 33].
DSC tests were conducted oraast Alloys 15, and the results are shown in Bdc.
The endothermal peaks D1 and D2 around 130 € and 200 € correspond to the
di ssolution of the GP zone and dq', respec
and dNj precipitates wastrcenditforgwhiclid mostlikelp unde
attributed to the decomposition of highly supersaturateéAfaduring the cooling
process after solidification. As mentioned above, owing to the effect of sluggish
diffusion of the entropy alloys, the supersaturategXtsolution contained much more
solute atoms than conventional Al all oys,
zone and fi ne -dastallpysare reported dotbe the most eflective

hardening precipitates [32]

;
%
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Fig.3.6Brightf i el d TEM i mages s hocAvalongg<OIN] pr eci p|
(a) ascast Alloy 1, (b) asast Alloy 3, and (c) DSCurves of asast Alloys 15.

The TEM images of Alloys 1 and 3 after 300 €/5 h and 300 €/100 h thermal
exposures are shown in FBy7. After 5 h of exposure (Fi@.7a and c), the nanoscale
GP zones and (' preci pi t aubmigon gartisles pvithe ar e d
different morphologies (typical round, rod, needle/disc, and square shapes) appeared,
which were detMgZnmiSAI£L£d Mg-Al.Cllie  @AAUMG:
phases, respectively, based on their morphology and chemical composition analyzed
by TEMi EDS [35]. During the initial thermal exposure, the dissolution of the GP zone
and d' o0 ci”00rCr(Lé&nd ®2 pedksi® Fig.6¢), which was followed by
a few exothermic peaks indicating the formation of new types of precipiBeesuse
of the highly supersaturated f&d with Zn, Mg, and Cu solutes in these entropy alloys,
the exact mechanism of the phase transformation at 300 € is not yet well understood.
It seems that during thermal exposure at 300 €, the GP zones andpartohe d' we
dissolved into the matrix, and the enriched solutes formed other types of precipitates
(SAI,Cu Mg-Al.Cdi, #ABCGKME§) , while a part of the d
been directly transfor med i neérmalexapsurel i br i |
the nanoscale GP zones and (' precipita
particles, resulting in a significant decrease in the strengthening effectAl. fthe
higher the fraction of fcél in the alloy, the larger the reductionstrength was (Fig.
3.5¢). For instance, the YS reduction of Alloy 5 with 34 vol.%Adavas limited to
6%, while the YS reduction of Alloys 1 and 3 with more than 80 vol.%Afaeached

30%i 35%. After prolonged exposure for 100 h, the coarse partioletsnced to be
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slowly coarsened (Fig®.7b and d), but the decline in strengthening was no longer

obvious, as shown in Fi§.5a

Fig. 3.7 Bright-field TEM images of fceAl in (a, b) Alloy 1, (c, d)Alloy 3, (a, ¢)
after thermal exposure for 5 h and (b, d) after thermal exposure for 100 h at.300 €

The phase evolution after the 300 €/100 h exposure in all Alloys Wwas

examined by XRD and SEM. Typical results for Alloys 1, 2, and 5 are shown in Fig.

3.8. In the fceAl phase, some bright particles precipitated out, as indicated by the white
arrows. Accordingto Fig3.7, t hese particles were the v
S, dieneraieptiuring thermal exposure. It was found that the type and ratio of the

main phases in Alloys 1 and 3 generally remained the same as those before thermal
expaure, whereas a new phase;@qAIMg, uniquely appeared in Alloy 2. The newly

formed AbCuMg phase coexisted with the Mgdrhase, seemingly replacing some of

the MgZn as part of the eutectic microstructure, as shown in3F8g. According to
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the quantitative results from the OM images, ircast Alloy 2, the volume fractions
of the three phases, t&d, Al.Cu, and MgZn, were 52.96%, 18.35%, and 28.69%,
respectively (Table8.2). After 300 €/100 h exposure, Alloy 2 contained fét,
Al2Cu, MgZnp, and AbCuMg with volume fractions of 51.71%, 19.17%, 23.75%, and
5.38%, respectively. Therefore, it can be inferred that the ng@uMg phase in Alloy

2 was transformed from MgZnThis phase transformation was observed only in Alloy

2.

(a) @ fee-Al (b) o fee-Al

#ALCu SALCu
¥MgZn,
AALCuMg

vMgZn,
AALCuMg

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

Fig. 3.8 XRD patterns and SEM backscattered electron images after 300 €/100 h
exposure: (a, d) Alloy 1, (b, e) Alloy 2, and (c, f) Alloy 5.

Because Alloys 1 andi3 contained the same ICs before and after thermal
exposure, the contribution of ICs to the strength remained the same; consequently, their
strength reduction after thermal exposure (Fig. 3.5¢c) was caused by the precipitate
transformationn fcc-Al (Fig. 3.7). In Alloy 2, however, apart from the change in fcc
Al, a phase transformation from MgZmo AlCuMg occurred. From Table 3.3,

Al>CuMg exhibits a much higher microhardness than M@Ziboth room temperature
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and 300 €. Therefore, after thermal exposure, although the precipitate transformation
in fcc-Al decreased the strength, the phase transformation from Mgzd.CuMg
compensated for the decrease in strength to some extent, leading to @abvaiage

strength reduction in Alloy 2 (Fig. 3.5c).

3.3.4Role of the IC network on strengthening

The elevatedemperature YS of Alloysib as a function of the IC content is
plotted in Fig.3.9. It can be seen that the YS of all five alloys is closely related to the
content of ICs. The YS at elevategmperature generally increased with increasing IC
content. After the 300 €/100 h exposure, when the contribution ofAlcbecame
weaker due tgoftening and precipitate coarsening, the ICs and their network were the
predominant components contributing to the alloy strength during plastic deformation.
In this study, Alloy 5 showed the best mechanical properties, which benefited from its
highest ICcontent and lamellar eutectic morphology. To better understand the role of
ICs, in addition to the 2D morphologies of ICs shown in Big, the 3D morphology

and spatial distribution of ICs in-asst Alloys 4 and 5 were studied
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Fig. 3.9 Yield strengths of Alloys 15 at 300 € as a function of the content of ICs.
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Figs.3.10 and3.11 show the 3D reconstructions of Alloys 4 and 5, respectively,
with areconstructed ol ume of 3 03 images Groml slightip differemt
perspectives are shown to better present the morphology and distribution features. Figs.
3.10a and3.11a display the spatial distribution of all phases in Alloys 4 and 5,
respectively. The purple bulk represents the-Atghase, the yellow skeleton
represents AlCu, and the blue block representas8k;. The trace amounts of MgZn
in both alloys (Tabl&.2) were reonstructed together with ATu. The volume fraction
of each phase obtained from the spatial structure was similar to that listed i3 2able
confirming the reliability of the 3D results. The>8lu skeleton is extracted and shown
in Figs.3.10b and3.11b. The AlCu skeleton in both alloys had an interconnectivity of
nearly 100%, as measured using the method described in [36]. It was reported that
higher interconnectivity enables the hard IC network to carry more load from the
matrix, resulting in higherteength [37]. At the same time, it can impose a lower limit
on the ductility of alloys [38]. Although the ATu intermetallics in both Alloys 4 and
5 had an uninterrupted structure, the difference in the volume fraction and morphology
of Al2Cu between the two alloys was marked. AhgCuin Alloy 5 (Fig.3.11b) has a
higher mass and is more robust, which can prostidegersupport than the relatively
thin structure in Alloy 4 (Fig3.10b). Moreover, the ACu in Alloy 5 had a higher
extent oflamellar eutectic structure than that in Alloy 4. It has been reported that the
morphology of the eutectic phase has a substantial impact on the YS, and the lamellar
eutectic AbCu in Alloy 5 was stiffer than the divorced eutectie@ui in Alloy 4 [39].

As shown in Figs3.10c and3.11c, the AlsCr7 blocks were generally relatively sharp,

and thus they may be prone to cause stress concentration and initiate cracks at room

78



temperature, as reported in our previous study [21]. HowevedCrlis very heat
resistant at high temperatures. At the same time, theChlparticles were well
connected to AlCu, as shown in Fig.10d and3.11d. The hard and hesgsistant
Al.Cu and AlsCr; together formed a welhterconnected IC network in the alloys,
which plays a vital role in strengthening at elevated temperatures. From the 3D
reconstruction, it is apparent that Alloy 5 with a high IC content and lamellar eutectic
structure posessed a solid and strong IC network that greatly contributed to its high

strength

Fig. 3.103D phase distribution in asast Alloy 4: (a) all phases, (b) Alu phase, (c)
Al4s5Cr7 phase, and (d) integrated IC network.
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Fig. 3.11 3D phase distribution in asast Alloy 5: (a) all phases, (b) &lu phase, (c)
Al4s5Cr7 phase, and (d) integrated IC network.

3.3.5 Comparison of the strength and density data for various aluminum

alloys

The need to develop new materials with outstanding strength, microstructure
stability, and lightweight characteristics is of prime interest in the automotive and
aerospace industries. In recent years, significant efforts have been devoted to
improving the elevatedtemperature mechanical properties of both entropy and
conventional alloys of aluminum [21, 35, 40, 41]. RJl2 summarizes the YS at
room/elevated temperatures and the alloy density for various aluminum alloys,
including Albased entropy alloyand conventional Al alloys with a density of below
4.0 g/cmi. The latter alloys listed here are those involving one main element with
additional minor elements guided by the conventional alloy design strategy, and have

80



been recent developed in lab to improve the eleviaiegberature strength through
microalloying and optimized heat treatments as the-fesatant alloys. In terms of

the roomtemperature strength (Fi§.12a), the Albased entropy alloys have more
dispersed data points than conventional Al alloys. The conventional Al alloys generally
have a low density of ~2.75 g/émvhereas the density of mostBased entropy alloys

is higher than this value. The YS of conventional Al alloys varies over a wide range,
but some exhibit high YS values of close to 400 MPa owing to strong precipitation
strengthening. The YS of some-Based entropy alloys is much higher than that of
conventional Al alloys; however, the mechanical properties of the former are not
always superio because the strengthening is mainly a result of ICs rather than
precipitation. The data points from the same study exhibit alimear relationship
between the YS and density owing to the similar IC types among the alloys. The five
experimental asast alloys in this study show decent positions in Bifj2a, especially

Alloy 5 with a YS of up to 588 MPa and density of 3.63 glcm

Fig. 3.12b displays the YS at 300 € for various aluminum alloys without thermal
exposureOwingto the limited number of studies at elevated temperatures, fewer data
points on Albased alloys are listed. Because of the short time at the elevated test
temperatures, precipitation still plays a considerable role in strengthening conventional
alloys; thus, the YS values of some conventional Al alloys are still relatively highi (150
200 MPa). Although some Alased entropy alloys, including Alloy 5 in this study
have an excellent YS of over 200 MPa, the large advantagelzs&id entropy alloys

is not obvious under this condition.
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Fig.3.12c shows the YS at 300 € after thermal exposure at 300 € for 100 h. The
superiority of Atbased entropy alloys for structural applications at high temperatures
Is not only due to their high mechanical strength but also their strength retention and
thermal stability at elevated temperatures. Owing to the rapid coarsening of
precipitates, most conventional Al alloys exhibit a large reduction in YS after long
thermal exposure. Abased entropy alloys, by introducing a high proportion of
thermally stale ICs, retain good mechanical strength after thermal exposure. Alloy 5
contained ICs with a volume fraction of 67% and retained outstanding strength, with a
YS of 199 MPa and a maximum compressive strength of 234 MPa. Compared with the
conventional Al dbys, with a density increase of less than 30%, the experimental
Alloy 5 after thermal exposure had a strength increment of more than 40%, indicating
the higher specific strength of the material. Similar examples can be found in our
previous study, and ashiown as black squares in F&jl2 [21]. Owing to its excellent
mechanical performance at 300 € after long thermal exposure, tim#dd entropy
Alloy 5 can provide a larger advantage and greater potential for eleeatperature

applications relative to conventional Al alloys.
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Fig. 3.12 Comparison of the YS and density ofdsed entropy alloys and
conventional Al alloys at (a) room temperature, (b) 300 €, and (c) 300 € after
thermal exposure for 100 h.

In this study, five AICui MgiZn experimental alloys were designed to

significantly increase the chemical composition space of aluminum alloys and explore

their exceptionalmechanical properties at high temperatures. The alloys were

fabricated through conventional melting and casting, which are accessible to the

conventional fabrication routes and cost effective. The ratio of the elements added was

adjusted to obtain a higher entropyhich facilitated simple phase formation while

maintaining a low alloy desity. According to the criteria of Yeh et al. and Sanchez et

al. [8, 9], entropy alloys can be divided into higihtropy, mediurentropy, and low
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entropy alloys for entropy values of greater than 1.5R, between 1R and 1.5R, and less
than 1R (where R is the gas constant), respectively. According to the mixing entropy
equation [5], the five experimental alloys in this study have entropy values varying
from 2.88 to 7.11 J/mol/K (0.3R to 0.9R), falling in the lewtropy alloy category.
However, their entropy values are still much higher than those of conventional Al
alloys (~1 J/mol/K and ~0.1R). Most -Alased entropy alloys reported in the literature
(sometimes called multicomponent alloys) [9;14, 21] have entropy values between
0.3R and 1.2R, falling in the mediuemtropy and lowentropy categories. Because of

the large chemical difference and high negative enthalpy between aluminum and the
alloying elements, the presence of a large quantity of intermetallic compounds (ICs) is
inevitable in Albased entropy alloys [12, 27]. This limits the plasticity at room
temperature but can significantly improve the kigimperature mechanical properties

if the proper type and proportion of ICs are selected. Among the five experimental
alloys studied, Alloy 5 achieved the highest mechanical performance and thermal
stability at 300 €, providing a promising potential for elevatednperature

applications.

3.4 Conclusions

1) Five Ali Cui Mgi Zn entropy alloys were designed and investigated in this study.
All five experimental alloys exhibited lightweight characteristics with density
values ranging from 2.95 to 3.63 gftand revealed multiphase features. A large
quantity of intermetallic compounds (ICs) appeared in threaasmicrostructures.
With increasing Cu and other element contents, the volume fraction of ICs
increased
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2) The ascast Alloys 15 exhibited excellent compressive strength at room
temperature, with YS ranging from 330 to 588 MPa. Alloy 5
(Al77Cwm7ZnsMg2Cr1) had the highest YS of 588 MH&wever, its plasticity was

low (0.72%) because of the high volume fraction of. ICs

3) At300 C, all alloys retained considerably high strength, with YS values of greater
than 100 MPa. Thus, the plasticity of the alloys was significantly improved. Alloy
5 exhibited the highest YS of 212 MPa and maximum compressive strength of

257 MPa

4) The GP zones and fine dqO6 precipitates
fcc-Al in the ascast alloys. During thermal exposure, they were transformed into
coarse and submicron particles, which deteriorated the mechanical behavior to
varying degreesifter thermal exposure at 300 € for 100 h, the strength of Alloy
5 at 300 € slightly decreased (by less than 10%), and it still retained the highest
strength among the five alloys studied, with a YS of 199 MPa and a maximum

compressive strength of 234 P

5) The main source of the strengthening of this entropy alloy series came from the
IC network. From the 3D reconstruction, Alloy 5, with a high IC content and
lamellar eutectic structure, possessed a solid and strong IC network that greatly
contributed to itshigh strength. Combining its high strength and good thermal
stability at 300 €, the novel lightweight entropy Alloy 5 exhibits promising

potential for elevatetemperature applications
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Chapter 4
Devel opment o fb asiegdh tewetirgohpty Ad l
el evated temperature appl
(Published inJournal of Alloys and Compounds
Abstract
A series of lightweight Abased entropy alloys containing Cu, Zn, Cr, V, Ti and
Fe has been designed for elevated temperature applications. The microstructure,
mechanical properties at room and elevaésdperaturesand the thermal stability of
six entropy alloys (AkCwZnCriFe, AlgsCwiZnCrFer, AlgsCuiiZmCrVy,
Al7eCusZnCriFer, Al7eCuieZniCroTii, and AksCuisZmCrV1) were investigated.
Owing to the large chemical difference and high negative enthalpy between Al and the
alloying elements, the generation of a large quantity of intermetallic compounds (ICs)
was inevitable. With increasing Cu content, the volume fraction of ICs increased
significantly. The three higllu alloys (AtsCuisZn.CriFer, Al7eCusZmCr2Ti1, and
Al7eCuisZniCraV1) exhibited high yield strengths of more than 200 MPa and excellent
thermal stability at 30&€. These values are considerably superior to those of most
conventional aluminum alloys. The strengthening mechanisms at room and elevated
temperatures have heediscussed. The favorable thermal stability and good
mechanical properties of the higtu alloys up to 45C indicate their significant

potential for high temperature applications

Keywords: Aluminum entropy alloys Lightweight Microstructure Elevated

temperature strengthShermal stability



4 .1Introduction

As lightweight materials, aluminum alloys play a significant role in the aerospace,
automotive, and construction industries. Although several alumsturotural alloys
meet the higkstrength criteria at room temperature (RT), the general low strength of
the aluminum alloys at high temperatures (HTs) significantly limits their widespread
applications. For example, the elevated temperature strengthgadad highstrength
7075 aluminum all oy at 200 and 300 ar e
strengths, respectively [1]. Owing to the development of a green economy and industry,
to further advance lightweight aluminum alloys for elevated temperapplications,
two requirements are essential: (1) enhanced strength at HTs and (2) maintenance of

excellent thermal stability during the prolonged HT service [2].

High-entropy alloys (HEAS) are a class of newly emerging materials containing
multiple principalelementsin equal or neaequal atomic ratios [4]. The concept
behind this new design is that by mixing several principal elements, resulting alloys a
considerably higher mixing entropy than this of the conventional alloys, allowing them
to resist the effects ofhe mixing enthalpy, i.e., the formation of intermetallic
compounds (ICs), therefore stabilizing the simple, disordered solid solutigdis [5
This deviates from the conventional alloy design strategy (involving one main element
with additional minor elements), creating a new avenue for designing alloys with
promising comprehensive properties, such as high strength, excellent thermal stability,
high faigue, and fracture resistance, which may not be achievable in conventional

alloys [6-8]. It is found that the phase formation of HEAs can be simple as a single
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solid solution as well as complex as multiple IC®9[80ver the years, the concept of
HEAs has expanded and it motivates the development of entropy alloys, including
high-entropy, mediurrentropy, and lowentropy alloys [912]. Developing aluminum
entropyalloys can be a novel approach for improving the mechanical properties of

aluminum alloys at HTs [2].

Aluminum entropy alloys are Abased alloys which are intentionally designed by
combining with the concept of entropy. They usually have an improved entropy value
compared with the traditional aluminum alloys by adding a larger quantity of secondary
elemeits. Therefore, the aluminum entropy alloys are also known as multicomponent
aluminum alloys [131L6]. Several Albased entropy alloys with excellent properties
have been reported [5, 11,-23]. Sanchez et al. [11] investigated two seriebaded
mediumertropy alloys AksCusMgsSiisZnsXs and AkoCusMgsSiioZnsXs (wherein, X
is Fe, Ni, Cr, Mn or Zr), which exhibited moderate plastic deformation with high
compressive strength up to 644 MPa and microhardness up to 264 HVetYahgs]
designed two alloys AdLisMgsZnsCus and AkoLisMgsZnsSrs with a low density of
2.85 g/cni and a high compressive strength of more than 800 MPa with a plasticity up
to 17%. Baelet al.[17] investigated the microstructure and compressive mechanical
properties of a lowdensity alloy AtoMgi10SiiocCusZns at room and elevated
temperatures. The compressive strengths of this alloy were significantly improved
(>700 MPa at RT and >110 MPa at 35pcompared to those of the conventional cast
alloys (A356 and A390) [23]. Owing to the sluggish effect caused by the high
concentration of multiple elements,ost HEAs generally exhibit poor liquidity and

castability, which result in compositional inhomogeneitgnsequently a eutectic
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structure is introduced to overcome these issues [12/R4Shao et al. [14] studied

the microstructure and mechanical properties of a series bfgAbased entropy alloys

with a lowdensity range of 2.62.75 g/cmd. They found that the
AlgsMg10.5Zn2.024C 0255045 alloy with a eutectic structure exhibited excellent
compressive strength of more than 800 MPa with a plastic strain of more than 20%.
The existing Albased entropy alloys always contain a large number of elements with
low melting points, suclas Li, Mg, and Zn; this may deteriorate the mechanical
performance of alloys at elevated temperatures. Most previous studies have focused on
phase formation and RT mechanical properties. The current literature on the HT

mechanical properties and thermillslity of Al-based entropy alloys is very limited.

This study aimed to develop a series of lightweighba$ed entropy alloys with
high strength andoodthermal stability at elevated temperatures (80&8nd above).
To improve the entropy of the system, five elements were added to each alloy; elements
with high melting points (Cu, Cr, V, Ti, and Fe) were chosen as candidates to ensure
suitable HT mechanical behaviors. As entropic alloys generally laweflbidity
during casting, an AICu eutectic structure was adopted owing to its appropriate
eutectic pot to overcome this issue using a method similar to that reported by Shao
et al. [14]. By calculating the empirical thermodynamic parameters commonly adopted
for entropy alloy design (discussed in Sectohl in detail), the type and proportion
of elements were adjusted and determined [8, 14, 28]. Wherein, Zn was added for
thermodynamic reasons. At the same time, The@ale simulations were used to
predict the phase constitution, and they assisted inefeet®n of alloys (introduced

in Section4.3.1). Finally, six lightweight Albased entropy alloys were designed:
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AlosCwZniCriFer (Alloy 1), AlgsCuiiZnCriFer (Alloy 2), AlgsCuiiZmCraVi (Alloy

3), Al7eCisZnCriFer (Alloy 4), Al7sCisZmCr,Tiz (Alloy 5), and AksCuieZniCraV1

(Alloy 6). The microstructure, phase formation, phase stability, and mechanical
behavior of the experimental alloys at elevated temperatures were investigated, and the
relationship between the microstructure and mechanical properties was further

examined

4.2 Experimental procedures

The six alloys were prepared by mixing the corresponding eleraents in a
graphite crucible, and each was melted at
an argon atmosphere. Elements were well mixed through melting and diffusion. Each
ingot was remelted at least three times. During remelting, the cast iag@raund by
sandpaper to remove the oxide film and flipped each time in the crucible to improve
the homogeneous distribution of the alloying elements. The molten metal was finally
cast into a copper permanent mold which was preheated &t 2%@ produced ingots
were then akcooled down and they had dimensions of about 26x26x56. Mihe
chemical compositions of the experimental alloys were examined using inductively
coupled plasma mass spectrometry, and the results are listed i IaBlased on the
Cu content, the alloys were divided into three groups:Caw(Alloy 1), mediumCu

(Alloys 2i 3), andhigh-Cu (Alloys 4 6) alloys.
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Table 4.1 Chemical compositions @xperimentahlloys.

Chemical composition, at.%

Alloys Al _Cu 2Zn Cr Fe T V
Alloy 1 (AlosCwZniCriFe) 93.18 4.34 045 099 1.04 - -
Alloy 2 (AlgsCiiZn.CriFer) 84.26 12.04 1.88 0.83 099 - -
Alloy 3 (AlgsCu1ZniCrVy) 86.26 10.56 0.59 1.72 - - 0.87
Alloy 4 (Al7sCwZn.CriFe) 77.44 19.04 1.72 079 1.01 - -
Alloy 5 (Al76CusZniCroTis)  78.11 18.68 042 1.85 - 094 -
Alloy 6 (Al76CthsZniCrV1) 78.85 18.01 047 1.85 - -  0.82

The microstructures of the alloys were observed using optical microscopy (OM,

Nikon EclipseMEG600) and a scanning electron microscopy instrument (SEM, JEOL

JSM-6480LV) equipped with an energlispersive Xray spectroscopy (EDS) system.

The phases in the alloys were identified via SEHIS and Xray diffraction (XRD,

D8 Discover)
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Compression tests were conducted at RT and HTs using a Gleeble 3800
thermomechanicaimulator unit according to the ASTM and ASTM E2048
standards. Cylindrical specimens with diameter and length of 8 and 12 mm,
respectively, were used for the compression tests. The strain rate for the compression
tests at RT was set to'1® ‘owing to the brittleness of certain alloys. For the HT tests,

a strain rate of 10° was used

4.3Results

4.3.1Microstructures and phase constituents

The ThermeCal ¢ si mul ations (equilibrium and
at the alloy design stage to predict phase formation. The equilibrium phase diagrams
of the six alloys as a function of temperature were first calculated using the TCAL7
databaseand the results are shown in Fgl. At RT, each alloy was predicted to
contain three to four phases. The three major phases weié (fiace centered cubic
crystal structure), ACu, and AlsCr7; they appeared in each alloy in larger quantities.

In Alloy | (Fig. 4.1a), the fceAl is the dominant phase in the matrix with a mole
percentage of 73%. With the increasing content of Cu in the meQwwlloys 2 3

(Fig. 4.1hbi c), the fceAl remains as the major phase with a reduced percentage of
approximately 50%, followed by ACu as second major phase with a percentage of
approximately 30%. In the hig8u Alloys 4 6 (Fig. 4.1di f), the major phase is the
Al>Cu phase with approximately 50%, which is followed by theAtphase with
approximately 30%. The A4Cr; phase accounted for a large portion of up to

approximately 20% of Alloys 3, 5, and 6; this was caused by the high addition amount
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of Cr. The AkTi phase was present in Alloy 5 owing to the Ti addition, an€&Fe
existed in Alloys 1, 2, and 4 owing to the Fe addition. The hcp phase was predicted to
exist in all six alloys with a low content of less than 3%. According to the database, the
hcp phase represented a phase with a hexagonalpaoked (hcp) crystattrsicture

and contained all added elements.

For the comparison, the simulation of the phase formation under the non
equil i brium condition using Scheil s mod
displayedinFigd2. The Scheil 6s simulation reveal
to six phases, in which two more minor phases were predicted than that calculated by
the equilibrium simulation. In Alloy 1 (Figlt.2a), the fceAl as the major phase and
three minor phases (ATu, AlssCr7 andAl7CuwFe) were predicted, which is consistent
with the equibrium phase diagram (Figt.1a); but two minor phases (AFe; and
AlsCr) did not appear in the equilibrium phase diagram. In the meGulloys 2 3
(Fig. 4.2bi c), the fceAl remained as the major phase and other two minor phases
(Al2Cu and AlsCr7) also appeared, showing good agreement with the equilibrium
simulation (Fig.4.1bi c). However, other minor phases {#dex and AkCr, or AkTi)
were not predicted by the equilibrium simulation. In the HuyhAlloys 4 6 (Fig.4.2di
f), Al.Cu became the majothpse with approximately 55%, followed by the second
major phase fc@\l with approximately 35%. The results are still similar with those
calculated by the equilibrium simulation (Figldi f). The difference is the prediction
of some minor phases with small fraction; for instance;F&, Al4Cr and AkCr did
not appea¥ in the equilibrium phase diagram, whiles&Tr; wasnot predicted in the

Scheil 6s simul ati on.
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Both simulations showed the multiphase feature in all six experimental alloys,
which is very common in the lightweight entropy alloys. This is mainly because of the
high electronegativity and strong interatomic interactions among the main light
elements, ad hence ICs are produced more frequently in the lightweight entropy alloys
[5, 1417]. Even if all the elements are added in rezral atomic ratios, i.e., the alloy

system has a high entropy value, a large quantity of ICs can still be observed [15, 18,

29].
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Fig. 4.1 Calculated equilibrium phase diagrams showing the mole fraction of all
phases as a function of temperature: (a) Alloy 1, (b) Alloy 2, (c) Alloy 3, (d) Alloy 4,

(e) Alloy 5 and (f) Alloy 6.
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of all phases as a function of temperature: (a) Alloy 1, (b) Alloy 2, (c) Alloy 3, (d)

Alloy 4, (e) Alloy 5 and (f) Alloy 6.

Schei

XRD was used to identify the phase constituents; the corresponding patterns of

the ascast Alloys 16 are shown in Figd.3. In most cases, XRD detected three major

phases of fc@Al, Al.Cu, and AlsCr. In Fig.4.3d c, the diffraction peaks of feal are

intense, indicating a high fraction of the4&¢tin these three alloys, which is consistent

with the results from the Therr@alc simulations. Compared with the standard Al

diffraction patterns, peaks of f&d of all alloys slightly shifted to the right with

varying degrees, indicating the existence of solute atoms in Al. Compared with Alloy

1 (Fig.4.3a), the mediurCu Alloys 2 3 have more intense ALu diffraction peaks,

suggesting an increase in the proportadnAl.Cu in the alloys. AlCr; was also

detected with weak diffraction peaks, indicating its low proportion in the alloy. In the

high-Cu alloys (Fig4.3di f), the diffraction peaks of ACu are more intense than those
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of fcc-Al, indicating that A}Cu is the predominant phase in the k@ Alloys 4 6,

which corresponds to the results in Figsli 4.2. Diffraction peaks of Alli are
observed in Alloy 5 (Fig4.3e). Overall, the XRD results are in good agreement with
the prediction of main phases from the Thei@alc simulations. However, not all the
predicted phases in Figé.1li 4.2 were observed in XRD results. This can be due to
three reasons: (1) the volume fraction of the phase was too small to be detethed; (2)
results of ThermeCalc simulations were not yet accurate enough due to the incomplete
of database for Abase entropy alloys, which are often beyond theidk region; (3)
sluggish diffusion effect on the entropy alloys could affect the phase formatidn, suc

as enriching the solute atoms in each phase [5].
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Fig. 4.3 XRD patterns of the asast alloys: (a) Alloy 1, (b) Alloy 2, (c) Alloy 3, (d)
Alloy 4, (e) Alloy 5 and (f) Alloy 6.

Typical SEM micro images of the -aast alloys are shown in Fig.4. All six
alloys exhibited multiphase features with three to four different phases, which was
consistent with the XRD results shown in HgB. In the SEM images, five different
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regions (marked as A, B, C, D, and E) with corresponding phases were identified based
on the shape, brightness, and SE®S results. The phase type, volume fraction, and
phase composition of the corresponding microstructure regions are summarized in

Table4.2.

The semiquantitative SENEDS analysis of each phase composition is the
average value from at least five points, which is helpful to assist the phase
identification. The dark Region A was determined to be theAfcsolid solution
containing the solute at@f Cu and Zn. The bright Region B contained Al and Cu
with an atomic ratio of approximately 2:1 and was identified as tb@uAbhase. The
Al>Cu phase showed two shapes: (1) a bulk shape and (2) lamellar form as the eutectic
phase with fceAl. From thelow-Cu Alloy 1 to mediuraCu Alloys 2 3 and highCu
Alloys 4i 6, the volume fraction of the fe&l phase decreased, and the volume fraction
of the AbCu increased, which is supported by the XRD and TheZado simulations
results. The content of the Cu solute atoms in théfghase increased from the lew
to high-Cu alloys, inducing a high degree of sediolution strengthening. Compared to
conventimal Ali Cu alloys, the fc@l phase of the six experimental alloys contained
more Cu solute atoms and waseatatined by the sluggish diffusion effect of the
entropy alloys [5, 14, 19]. The gray Region C contained a substantial amount of Cr;
considering the XRD results, it was labeled thg@i:-type phase. Region D in Alloy
1 (Fig. 44a) contains high amounts of Cu and Fe, which is determined to be the
Al7CwFe phase. Region E in alloy 5 (F#@4e) contains a high amount of Ti and is

identified as the Alli phase. Phases ACr;, Al:CwFe, and AdTi have non
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stoichiometric compositions, which is common in entropic alloys and may be caused

by the sluggish diffusion effect or constitutional defects [5, 153130

The microstructure results (Fi@4 and Tabl&.2) reveal that all six alloys contain
the three basic phases of4&t Al 2Cu, and AlsCr, this is in agreement with the XRD
results. Alloys 2, 3, 4, and 6 contained only these three phases. Alloys 1 and 5 showed
four phases with the ACwFe phase in Alloy 1 and the Al phase in Alloy 5.
According to the Gibbs phase rule (F ¥ € + 1, where F is the degree of freedom; C
is the number of elements, and P is the number of phases), six phases may appear in
five-element alloy system when F is O [8]. The actual phase formation in the six alloys
was simpler than expected based on the Gibbs phase rule and the -TUacmo
simulations. It is also found that the results of the equilibrium simulation matched
bette with the experimental data determined by XRD and the microstructural
observation compared to those of the Sch
did not accurately predict the entire phase formation of six experimental alloys in term
of the phasenumber and fraction. This is common in entropy alloy phase prediction
owing to its complexities and incomplete databases [5, 17]. Despite of this, the Thermo

Calc simulations are used as the first estimation of the phase prediction [17, 19].
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Fig. 4.4 SEM images of the asast microstructure: (a) Alloy 1, (b) Alloy 2, (c) Alloy
3, (d) Alloy 4, (e) Alloy 5and (f) Alloy 6.

Table 4.2 The phase type, volume fraction and phase composition in the
corresponding microstructure regions of High.

Vol ul Chemcombositio

Al l «tRegi Phasfraci .
type vol . Al Cu Zn Cr Fe Ti V
A f e/l 74.797. 2 0. - - - -
Al l o B AlCu 14.6 76 24 - - - - -
C ALEv 9.1C 84 3 - 10 3 - -
D A CuFe 1.5€82. 7 0. 3 7 - -
A f e/l 55.7 94 3 3 - - - -
Al l o B ACu 34.5 72 28 - - - - -
C ALEy 9.7:-278 9 1 7 5 - -
A f e/l 47.896.2. 1 - - - -
All o B ACu 35.5 76 24 - - - - -
C ALEv 16. 6 84 3. 0. 8 - - 4
A f e/l 31.5 92 4 4 - - - -
All o B ACu 57.5 70 30 - - - - -
C ALEy 10.9 76 10 1 7 6 - -
A f eAcl 26. 3 95 3. 1. - - - -
Al l o B AlCu 58.0 69 31 - - - - -
C ALEy 12.3 81 6 0. 12 - 0. -
E ABT i 3.31 76 1 - 7 - 16 -
A f eAcl 28. 7 95 3. 1. - - - -
Al'l o B ACu 56. 0 69 31 - - - - -
C ALE 15.182. 5 0. 9 - - 3
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4.3.2Mechanical properties and thermal stability

Fig. 45 shows the compressive stiiestgain curves of the asast alloys at RT.
The compressive resul t s,y),theccompreskiverstpengthh e vy i
( #), and the maximurs t r andy,rare 6uthmarized in Tabke3 ; y wés obtained
at a 0. 2% mfahshade the maxanunmcompiessive strength and strain
measured during deformation, respectively. A tradeoff between the strength and
ductility was observed in all pak0k4322 |1 | oy s
MPa wi th amaof 808y With ithgitcredded Cu content in the mee@im
al | oy saincredsesl to#98 MPa in Alloy 2 and 564 MPa in Alloy 3, while the
Chaxabruptly decreased to 3.21%Atoy 2 and 1.94% in Alloy 3. The higBu Alloys
46 exhibited( eeagediimgdh 80 MPapxofwi®)h | ow
Among the six alloys studied, All pgay 5 di

a n g reached 646 and 383 MPa, respectively.
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Fig. 4.5 Roomtemperature compressive strassain curves of the a=ast alloys.

Table 4.3 Roomtemperature compressive mechanpralperties of the asast
alloys
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Alloy Gy, MPa Omax, MPa Chax, %

Alloy 1 218 432 20.0
Alloy 2 258 498 3.21
Alloy 3 283 564 1.94
Alloy 4 351 589 1.73
Alloy 5 383 646 1.02
Alloy 6 387 628 1.09

For the elevated temperature mechanicaperties, the compression tests of the

ascast alloys were initially conducted at 3D0The compressive stresstrain curves

at 300 € and their corresponding strengths are shown in H@. At elevated
temperatures, the compression tests automatically stopped when reaching the preset
strain of 20%. The plasticity of all alloys is no longer an issue &6g.), owing to the

high thermal activation and easy dislocation movement at HTs. Alloy 1 displayed
rel ati vel ylll MPa) aYdSompréssiget r e mg 143 MPa), which

were comparable to those of the conventionaCAl224 cast alloy [32]. From the lew
Cualloytothe highcu al |l oy s, yt h eudgaificantysncrease (Rig.

4.6b); Alloys 4 5 demonstrate a YS as high as 2234 MPa at 30€.

Fig. 4.6 Compressive mechanical properties of theast alloys at 30€, (a) true
stressstrain curves and (b) yield strength and maximum compressive strength.
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