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R®sum® 

Avec le développement de l'économie verte, la demande de alliages d'aluminium 

(Al)  légers présentant un comportement mécanique supérieur à des températures 

élevées est en constante augmentation. Cependant, les propriétés mécaniques des 

alliages conventionnels d'Al  peuvent se détériorer considérablement à des températures 

élevées en raison de la grossièreté des précipités et de la nature des alliages. 

L'émergence des alliages d'entropie a introduit de nouvelles stratégies de conception 

pour les alliages conventionnels. En intégrant le concept d'entropie dans le 

développement potentiel des alliages d'Al , les alliages d'entropie à base d'Al  sont 

proposés comme des matériaux prometteurs pour obtenir à la fois des propriétés légères 

et résistantes. Cependant, en tant que matériaux émergents, les alliages d'entropie à 

base d'Al  ont une courte période de développement et la recherche n'est pas encore 

systématique et suffisante. Par conséquent, ce projet vise à fournir un aperçu de ce 

domaine grâce à une enquête approfondie sur les études actuelles. Deux séries 

d'alliages d'entropie légers à base d'Al , avec des densités inférieures à 4,0 g/cm3, ont 

été développée s pour des applications à des temp®ratures ®lev®es (Ó 300 ÁC). Les 

mécanismes de renforcement ont également été discutés plus en détail. 

Dans la première partie, une revue de la littérature sur les alliages d'entropie à base 

d'Al  est présentée. Cette revue offre un aperçu des alliages d'entropie à base d'Al  légers, 

couvrant leur contexte de développement, les principes de conception, les méthodes de 

fabrication, les microstructures et les propriétés mécaniques, ainsi que les alliages 

adaptés aux applications à haute température. Une enquête approfondie sur la recherche 

actuelle sur les alliages d'entropie à base d'Al  avec une densité inférieure à 4,0 g/cm3 a 

été menée sur 122 alliages différents. La relation entre la microstructure et les 

paramètres thermodynamiques a été analysée. Les alliages d'entropie à base d'Al  légers 

pourraient combler le fossé entre les alliages d'Al  conventionnels et ceux de titane en 

termes de propriétés mécaniques et de densité. Les excellentes stabilités thermiques de 

ces alliages les rendent attractifs comme matériaux structurels pour une utilisation à 

des températures élevées. Enfin, les tendances futures dans le domaine des alliages 

d'entropie à base d'Al  légers sont discutées. 

Dans la deuxième partie, l'évolution microstructurale et les propriétés mécaniques 

de cinq alliages d'entropie légers Al-Cu-Mg-Zn (Al85Cu5Zn5Mg5, Al74Cu10Zn8Mg8, 

Al 93Cu4Zn1Mg1Cr1, Al84Cu10Zn3Mg2Cr1, et Al77Cu17Zn3Mg2Cr1) ont été étudiées. Les 

cinq alliages expérimentaux présentaient des caractéristiques légères avec des valeurs 

de densité allant de 2,95 à 3,63 g/cm3 et des caractéristiques multi-phasées. Les 

évolutions microstructurales et de phase à des températures élevées ont été 

caractérisées à l'aide de diffraction des rayons X et de microscopies optique, 

électronique à balayage et électronique en transmission. Avec l'augmentation de la 

teneur en Cu, la fraction volumique des composés intermétalliques (CI) a augmenté, 

entraînant une limite d'élasticité améliorée et une plasticité réduite. La zone GP et les 

précipit®s fins de ɖ' ®taient des sources efficaces de renforcement dans le fcc-Al , mais 

ils étaient instables à 300 °C et se transformaient en particules grossières et 
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submicroniques. La principale source de renforcement dans la série d'alliages était le 

réseau de CI bien interconnecté. Parmi les cinq alliages étudiés, l'Al77Cu17Zn3Mg2Cr1 

présentait la limite d'élasticité la plus élevée de 588 MPa à RT et la limite d'élasticité 

la plus élevée de 199 MPa à 300 °C après une exposition thermique de 100 h. Compte 

tenu de sa haute résistance et de sa bonne stabilité thermique à 300 °C, cet alliage 

présente un potentiel prometteur pour des applications à des températures élevées. 

Dans la troisième partie, une série d'alliages d'entropie légers à base d'Al  

contenant Cu, Zn, Cr, V, Ti et Fe a été conçue pour des applications à haute 

température. La microstructure, les propriétés mécaniques à température ambiante et 

élevée, et la stabilité thermique de six alliages d'entropie (Al93Cu4Zn1Cr1Fe1, 

Al 85Cu11Zn2Cr1Fe1, Al85Cu11Zn1Cr2V1, Al78Cu18Zn2Cr1Fe1, Al78Cu18Zn1Cr2Ti1, et 

Al 78Cu18Zn1Cr2V1) ont été étudiées. En raison de la grande différence chimique et de 

l'enthalpie négative élevée entre Al et les éléments d'alliage, la génération d'une grande 

quantité de CI était inévitable. Avec l'augmentation de la teneur en Cu, la fraction 

volumique des CI a augmenté de manière significative. Les trois alliages à haute teneur 

en Cu (Al78Cu18Zn2Cr1Fe1, Al78Cu18Zn1Cr2Ti1 et Al78Cu18Zn1Cr2V1) présentaient des 

résistances à la limite d'élasticité de plus de 200 MPa et une excellente stabilité 

thermique à 300 °C. Ces valeurs sont considérablement supérieures à celles de la 

plupart des alliages d'Al  conventionnels. Les mécanismes de renforcement à 

température ambiante et élevée ont été discutés. La stabilité thermique favorable et les 

bonnes propriétés mécaniques des alliages à haute teneur en Cu jusqu'à 450 °C 

indiquent leur potentiel significatif pour des applications à haute température. 

Dans la quatrième partie, les distributions spatiales des différentes phases dans 

trois alliages d'entropie à base d'Al ont été étudiées. Un réseau de CI étroit composé de 

phases Al2Cu et Al45Cr7 a été identifié. Une modélisation par éléments finis (FE) a été 

réalisée sur la base de la microstructure tridimensionnelle reconstruite pour simuler le 

comportement de déformation sous compression. Le réseau de CI a servi de principal 

support de contrainte pendant la déformation. Les sections minces dans le réseau de 

Al 2Cu étaient les sites faibles où la concentration de contrainte et les dommages se 

produisaient en premier. Cependant, la rupture de cette région limitée contribue à une 

déformation relativement coordonnée et à une plasticité étendue. La rupture de grosses 

particules explique la défaillance finale de l'alliage. Les résultats du modèle FE ont été 

comparés au comportement contrainte-déformation mesuré expérimentalement et aux 

propriétés mécaniques, montrant un très bon accord. Étant donné la distribution non 

uniforme de la déformation et de la contrainte pendant la déformation, un modèle de 

renforcement, combinant les modèles Voigt et Reuss, a également été développé pour 

prédire les propriétés mécaniques des alliages d'entropie à base d'Al dans le but de 

faciliter le développement des alliages d'entropie à base d'Al. 

  



 

Abstract 

With the development of the green economy, there is a growing demand for 

lightweight aluminum (Al) alloys exhibiting 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 characteristics. The advent of entropy alloys has introduced novel design 

strategies for conventional alloys. By integrating the concept of entropy into the 

potential development of Al alloys, Al-based entropy alloys are proposed as promising 

materials for achieving both lightweight and high-strength properties. However, as 

emerging materials, Al -based entropy alloys have a limited development history, and 

research in this area is not yet systematic or sufficient. Therefore, this project aims to 

provide a comprehensive overview through an in-depth investigation in this field. Two 

series of lightweight Al-based entropy alloys have been developed for elevated-

temperature (Ó 300 °C ) applications. The strengthening mechanisms employed in these 

alloys have been further discussed. 

In the first part, a literature review on the Al-based entropy alloys is presented. 

This review provides an overview of lightweight Al-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 g/cm3 was conducted from 122 

different alloys. The relationship between microstructure and thermodynamic 

parameters was analyzed. Lightweight Al-based 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 elevated temperatures. Finally, future trends in the field of 

lightweight Al-based entropy alloys are discussed. 

In the second part, the microstructural evolution and mechanical properties of five 

lightweight AlïCuïMgïZn entropy alloys (Al85Cu5Zn5Mg5, Al74Cu10Zn8Mg8, 

Al 93Cu4Zn1Mg1Cr1, Al84Cu10Zn3Mg2Cr1, and Al77Cu17Zn3Mg2Cr1) were investigated. 

The five experimental alloys revealed lightweight characteristics with density values 

ranging from 2.95 to 3.63 g/cm3 and multiphase features. The microstructural and 

phase evolutions at elevated-temperature were characterized using X-ray diffraction 

and optical, scanning, and transmission electron microscopy. With the increase in Cu, 

the volume fraction of intermetallic compounds (ICs) increased, resulting in an 

improved yield strength (YS) and reduced plasticity. The GP zone and fine ɖô 

precipitates were effective strengthening sources in fcc-Al, but they were unstable at 

300 °C and transformed into coarse and submicron-sized particles. The main source of 

strengthening in the alloy series was the well-interconnected intermetallic compound 

(IC) network. Among the five alloys studied, Al77Cu17Zn3Mg2Cr1 exhibited the highest 

YS of 588 MPa at room temperature and retained the highest YS of 199 MPa at 300 

°C after thermal exposure for 100 h. Combining its high strength and good thermal 
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stability at 300 °C, this alloy exhibits promising potential for elevated-temperature 

applications. 

In the third part, a series of lightweight Al-based 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 entropy alloys (Al93Cu4Zn1Cr1Fe1, Al85Cu11Zn2Cr1Fe1, 

Al 85Cu11Zn1Cr2V1, Al78Cu18Zn2Cr1Fe1, Al78Cu18Zn1Cr2Ti1, and Al78Cu18Zn1Cr2V1) 

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 ICs was 

inevitable. With increasing Cu content, the volume fraction of ICs increased 

significantly. The three high-Cu alloys (Al78Cu18Zn2Cr1Fe1, Al78Cu18Zn1Cr2Ti1, and 

Al 78Cu18Zn1Cr2V1) exhibited high yield strengths of more than 200 MPa and excellent 

thermal stability at 300 °C. 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 high-Cu alloys up to 450 °C indicate their significant 

potential for high-temperature applications. 

In the fourth part, the spatial distributions of various phases in three Al-based 

entropy alloys were investigated. A closely IC network comprising Al2Cu and Al45Cr7 

phases was identified. Finite element (FE) modeling was conducted based on the 

reconstructed three-dimensional microstructure to simulate compressive deformation 

behavior. The IC network served as the main stress bearer during deformation. Thin 

sections in the Al2Cu network were the weak sites where stress concentration and 

damage first occurred. 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 experimentally measured stress-strain behavior and mechanical properties, 

showing very good agreement. Given the non-uniform distribution of strain and stress 

during deformation, a strengthening model, merging the Voigt and Reuss models, was 

also developed to predict the mechanical properties of Al-based entropy alloys with the 

aim of facilitating Al-based entropy alloy development. 
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Chapter 1  

 Introduction 

1.1 Background 

With the development of the green economy, the demand for lightweight 

materials has increased in many fields, such as transportation, 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 life [1-3]. Aluminum (Al) is one 

of the lightest metals and its alloys are widely adopted because of their light weight, 

moderate cost, and good mechanical performance including specific stiffness, specific 

strength, ductility, and fracture toughness [4]. There is a strong need for lightweight Al 

alloys served at high temperatures (HTs), for instance, the internal combustion engine 

pistons, cylinder heads, and 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 a typical high-strength 7075 aluminum alloy at 200  and 

300  are approximately 30 % and 10 % of its RT strengths, respectively [5]. To 

further advance lightweight Al alloys for elevated temperature applications, two 

requirements are essential: (1) enhanced strength at HTs and (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 et al. [7] and Cantor et al. [8] 
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introduced multi-principal elements in the alloy and proposed an entirely new class of 

alloys coined as high-entropy alloys (HEAs) in 2004, as illustrated in Fig. 1.1 [9]. The 

design concept behind HEAs is to obtain a high entropy value by adding multiple 

principal elements in equal or near-equal atomic ratios to facilitate the formation of 

disordered solid solution (SS) and endow the alloys with unique properties [10, 11], 

especially outstanding mechanical properties [12, 13].  

 

Fig. 1.1 Rising trend of alloy chemical complexity versus time [9]. Copyright 2017, 

Springer. 

 

Among different types of HEAs, lightweight HEAs have attracted much attention 

for transportation and energy-saving reasons and potential outstanding mechanical and 

physical properties. However, the density of lightweight HEAs usually above 6 g/cm3 

[14, 15], which is much higher compared to Al alloys. To further reduce the density of 

lightweight HEAs, the content of heavy elements may decrease while the proportion 

of light element Al may increase. 
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Over the years, the concept of HEAs has expanded and it motivates the 

development of entropy alloys, including high-entropy, medium-entropy, and low-

entropy alloys, and many of them possess good performance from various aspects [16-

19]. Meanwhile, the phase formation of entropy alloys is not limited solely to a single 

SS phase [16].  

Combining the concept of entropy with the potential development of Al alloys, 

Al -based entropy alloys are proposed as promising materials for achieving both 

lightweight and high-strength properties. Yang et al. [20] reported two Al -based 

entropy alloys Al80Li5Mg5Zn5Sn5 and Al80Li5Mg5Zn5Cu5, consisting of fcc-Al and 

intermetallic compounds (ICs) such as Al2Cu, AlCu3, Mg2Sn, Li2MgSn and Sn. These 

alloys exhibited a low density of approximately 3 g/cm3 and a high compressive 

fracture strength of >830 MPa with a plasticity of >16%. Another example is 

Al 55(TiVCr)45, which consisted of two SS phases and one intermetallic compound (IC) 

phase, reported to exhibit a high yield strength of 825 MPa with a large uniform strain 

of 25.8% [21].  

The favorable mechanical properties of Al-based entropy alloys at RT indicate 

their potential for high-temperature applications, offering a novel approach to 

improving the mechanical properties of Al alloys at elevated temperatures. Therefore, 

this project aims to develop a series of Al-based entropy alloys for elevated-

temperature applications.  
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1.2 Problem statement 

The field of Al-based entropy alloys is relatively new, with the earliest report on 

this topic dating back to 2014 [20]. Due to the limited development time, current 

research lacks systematic exploration. The existing reports on Al-based 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 for Al-based entropy alloys, empirical 

thermophysical parameters method and Calculation of Phase Diagrams (CALPHAD) 

molding [22]. Both need experimental databases. However, due to the limited studies 

in this field, the database is incomplete. Meanwhile, Al-based entropy alloys could 

exhibit poor liquidity and castability due 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 alloys at RT, while their performance at higher temperatures is seldom 

investigated. In the meantime, for Al-based entropy alloys, secondary phases 

commonly appear, sometimes constituting a significant portion of the alloy [24]. 

However, their role in strengthening is not fully considered. There is a need for 

comprehensive exploration and analysis of how these secondary phases act in Al -based 

entropy alloys during deformation. Furthermore, the strengthening mechanisms in Al -

based entropy alloys remains inadequately discussed.  

 



5 

 

1.3 Objectives 

The general objective of this project is to develop lightweight Al-based entropy 

alloys that can be used for elevated-temperature applications (Ó 300 ). To achieve 

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 several series of alloys based on appropriate design approaches, 

including empirical thermophysical parameters method and CALPHAD molding. 

b. Adopt high-melting point elements for the good of the potential elevated-

temperature properties. 

c. Control the designed lightweight alloys with a density less than 4.0 g/cm3. 

Part 2: Casting and characterization 

a. Explore suitable casting procedure. Entropy alloys usually possess weak liquidity, 

castability, and considerable compositional inhomogeneity, due to their multiple 

elements with high concentrations. Therefore, their casting is usually more 

difficult than that of conventional Al alloys. Exact casting procedures for this 

project were developed. 

b. Evaluate mechanical behaviors of the experimental alloys through hardness test 

and compression test at RT (20 ÁC) and HTs (Ó 300 °C) . 

c. Analyze phase constitution, microstructure characteristics in as-cast and thermally 

exposed alloys. 

Part 3: Investigation on strengthening mechanisms  
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a. Study the relationship between mechanical behaviors and microstructure. 

b. Reconstruct three-dimensional (3D) microstructure of the experimental.  

c. Conduct mechanical simulations by incorporating the actual 3D morphologies and 

explore an intuitive strengthening model to predict the strengths of Al-based 

entropy alloys. 

d. Provide a systematic review of the current findings in the filed of Al-based entropy 

alloys combining with the experimental results in the project, with the intention 

of presenting existing regulations and emphasizing the future trend. 

 

1.4 Originality statement 

1) Two Groups, a total of 11 lightweight Al-based entropy alloys with densities 

ranging from 2.95 to 3.74 g/cm3 were developed for the first time.  

2) The elevated-temperature properties and the thermal stability of the entropy alloys 

were systematically investigated. 

3) ICs network was reconstructed through three-dimensional visualization, and its 

support role was emphasized. The strengthening mechanisms in the experimental 

alloys were proposed and analyzed. 

4) A finite element simulation was conducted using microstructure-based modeling 

to study the compressive behavior of lightweight Al-based entropy alloys. A 

practical strengthening model was developed to predict the strengths of these 

alloys. 
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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 consists of six parts. 

Chapter 1 provides a concise background of the project and highlights current 

challenges in this field. Additionally, it outlines the objectives, originality, and 

structure of this thesis. 

Chapter 2 presents a literature review ñLightweight Al-based entropy alloys: 

Overview and future trendò, published in Science China Materials (2024, 

https://doi.org/10.1007/s40843-023-2699-2). The review involved a thorough 

investigation of 122 existing Al -based entropy alloys with a density lower than 4.0 

g/cm3, incorporating the 11 alloys developed in this project, as detailed in Chapters 3 

and 4. It provided an overview of the current studies of lightweight Al-based entropy 

alloys and discussed the future trends in this field. 

Chapter 3 highlights the investigation ñMicrostructure and mechanical properties 

of novel AlïCuïMgïZn lightweight entropy alloys for elevated-temperature 

applicationsò, published in Materials Characterization (2023, 

https://doi.org/10.1016/j.matchar.2023.112927). The first series Al -based entropy 

alloys in this project: five lightweight AlïCuïMgïZn alloys (Al85Cu5Zn5Mg5, 
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Al 74Cu10Zn8Mg8, Al93Cu4Zn1Mg1Cr1, Al84Cu10Zn3Mg2Cr1, and Al77Cu17Zn3Mg2Cr1) 

were developed. Their microstructure evolution, mechanical behavior at both RT and 

300 °C , and the strengthening mechanisms were investigated. Because the 

simultaneous addition of Mg and Zn gave rise to primary secondary phase MgZn2, 

which was not thermal stable, and precipitates ɖô, which immediately dissolved into 

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 4 shows the research ñDevelopment of lightweight Al-based entropy 

alloys for elevated temperature applicationsò, published in Journal of Alloys and 

Compounds (2023, https://doi.org/10.1016/j.jallcom.2022.168619). The second series 

Al -based entropy alloys in this project: six lightweight AlïCuïZnïCr entropy alloys 

(Al 93Cu4Zn1Cr1Fe1, Al85Cu11Zn2Cr1Fe1, Al85Cu11Zn1Cr2V1, Al78Cu18Zn2Cr1Fe1, 

Al 78Cu18Zn1Cr2Ti1, and Al78Cu18Zn1Cr2V1) were designed for elevated temperature 

applications. The microstructures were thermally stable at HTs. The three high-Cu 

alloys (Al78Cu18Zn2Cr1Fe1, Al78Cu18Zn1Cr2Ti1, and Al78Cu18Zn1Cr2V1) exhibited high 

yield strengths of more than 200 MPa at 300 °C and excellent thermal stability up to 

450 °C. Among the six alloys, an increase in Cu content led to a significant rise in the 

volume fraction of ICs, and it was qualitatively concluded that a higher content of ICs 

could result in increased strength and reduced plasticity. In order to quantitively 

explore the strengthening role of ICs, the compressive behavior of the alloys was 

investigated through finite element modeling in Chapter 5. 

Chapter 5 shows the research ñThree-dimensional visualization and 

microstructure-based modeling of compressive behavior in lightweight Al-based 
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entropy alloysò, which is under submission. Three Al-based entropy alloys 

(Al 93Cu4Zn1Cr1Fe1, Al85Cu11Zn2Cr1Fe1, and Al78Cu18Zn2Cr1Fe1) with different ICs 

content were chosen from the second series alloys reported in Chapter 4. The spatial 

distribution of various phases in these alloys was reconstructed. The finite element 

modeling was conducted based on the actual microstructure. Structural efficiency and 

damage analysis of IC network were discussed. Finally, a practical strengthening model 

was provided to quantitively predict the strengths of Al-based entropy alloys. 

In Chapter 6, 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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Chapter 2  

Literature review: Lightweight Al-based entropy alloys ï 

Overview and future trend 

(Accepted by Science China Materials) 

Abstract 

The emergence of a new generation of alloys, namely high-entropy 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 

demand for low-density structural materials, these new alloys have significant potential 

for diverse applications. This review provides an overview of lightweight Al-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 g/cm3 was conducted 

from 122 different alloys. Lightweight Al-based 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 elevated temperatures. In addition, machine learning has been 

suggested as an effective computational tool for alloy development. Finally, future 

trends in the field of lightweight Al-based entropy alloys are discussed. 

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

properties. 
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2.1 Introduction  

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 life [1-3]. Aluminum (Al) is one of the lightest 

metals, and Al alloys are widely used as structural materials because of their 

exceptional strength-to-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, heat-resistant dispersoids, and fine composites [5-8]. 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. Termed high-entropy 

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 elements 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 AlCrFeCoNi, 

which is fabricated by mixing five elements in equal atomic ratios. This alloy has a 

simple, single-phase body-centered 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 HEA-related concepts 

have been developed 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 of the base HEA, with no specific requirements for either the 

entropy value or the formation of a single-phase SS, resulting in significant expansion 

of the range and number of HEAs [12]. Simultaneously, different types of HEAs have 

emerged, such as eutectic HEAs [13], high-entropy intermetallic compounds [14], and 

lightweight HEAs [15]. The phase formation of such HEAs is far more than a single-

phase SS, it and can include complex intermetallic compounds (ICs) or even 

amorphous phases [10]. In addition, research on entropy alloys is not limited to HEAs 

but expands to medium-entropy and low-entropy 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/cm3), beryllium (Be, 1.85 g/cm3), 

magnesium (Mg, 1.74 g/cm3), calcium (Ca, 1.55 g/cm3), Al (2.7 g/cm3), and titanium 

(Ti, 4.51 g/cm3), 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, 19-21]. Numerous Al-based entropy alloys 

exhibit densities comparable to those of conventional Al alloys. The current study 

focuses on lightweight Al-based entropy alloys, in which the Al content surpasses that 

of the other elements in the alloy, such as Al35Mg25Zn30Cu5Si5 and Al80Zn14Li 2Mg2Cu2 

[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 Al20Be20Fe10Si15Ti35 and 

Al 20Li20Mg10Sc20Ti30 [24, 25]. The definition of lightweight varies based on different 

service scenarios [21, 26-28]. This review specifically considers lightweight Al-based 

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

2.2 Concepts, design, and fabrication methods 

2.2.1 Key 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-entropy effect 

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 dipole entropy, and electronic randomness entropy. In an alloy 

system, configurational entropy (ȹSconf) is the dominant contributor and represents 
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total mixing entropy. Combined with the Boltzmann equation, the mixing entropy 

(ȹSmix) of n-component solutions can be estimated as follows [30]: 

Ὓ  Ὓ ὙВ ὼὰὲὼ                                            (1) 

where R is the gas constant and xi is the mole fraction of the ith component. This 

calculation is conducted primarily for alloys in high-temperature states; however, it is 

also often used for discussing alloys at ambient temperatures because it is convenient 

and consistent [31]. From Eq. 1, a maximum ȹSmix occurs when xi = 1/n, i.e., the 

equimolar alloys. Therefore, HEAs comprising four or more equiatomic or near-

equiatomic elements exhibit higher entropy values than conventional alloys. 

The high-entropy effect is a signature concept of HEAs. The Boltzmann equation 

provides a straightforward method to estimate ȹSmix from the alloy composition. Based 

on the magnitude of entropy calculated using Eq. 1, alloys can be classified as low-

entropy alloys (LEAs), medium-entropy alloys (MEAs), and HEAs, where their 

entropy values fall within the ranges <1R, 1Rï1.5R, and >1.5R [32], offering vast 

opportunities to discover novel alloys with exceptional properties and practical usage. 

High entropy favors 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 intermetallic compounds (ICs) [36, 37], whereas a single SS may appear 

in MEAs [38, 39]. 

2. Severe lattice distortion effect  
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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. Sluggish diffusion 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 phase transformation, promoting nanoprecipitation, and increasing creep 

resistance [32]. Although several studies have investigated the decreased diffusion 

coefficients in HEAs [42-44], this effect is not considered conclusive, as the slowed 

down diffusion kinetics could be associated with normal variability in diffusion data. 

Accordingly, carefully designed experiments are required for the validation of this 

aspect [45-47].  

4. Cocktail effect 

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 ultra high 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]. Single-phase SS is not the only final 

goal, as the eutectic microstructure and the ICs play important roles in alloy 

performance. For example, alloy Fe0.75Co0.75Ni0.75Cu0.75TiZrHf with a fully ICs 

structure shows a high YS of 2.25 GPa with exceptional high-temperature phase 

stability [14].  

Inspired by the novel concepts of HEAs and the potentially excellent performance 

brought about by the increased entropy, several researchers have designed low-density 

alloys with an entropy value higher than that of conventional alloys, such as the Mg-

based entropy alloy Mg62Li13Zn12Cu10Y3 [49], Al-based entropy alloy 

Al 63Mg27Zn4.5Cu4.5Si1 [50], and Ti-based entropy alloy Ti65(AlCrNb)35 [51]. Notably, 

the entropy values of these lightweight-element-based 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 entropy, which 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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2.2.2 Design 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 possible alloys 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 predicting phase formation in entropy alloys. The first approach 

involves a series of empirical thermophysical parameters based on the Hume-Rothery 

rules. The other approach is the Calculation of Phase Diagrams (CALPHAD) method, 

which is a computational method that could accelerate alloy development by predicting 

phase diagrams and phase stabilities based on multicomponent thermodynamic 

databases. 

1. Empirical thermophysical parameters 

Empirical thermophysical parameters are the earliest and most practical methods 

following the Hume-Rothery rules [52]. Table 2.1 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 

formation. For example, the extremely negative ȹHmix (<ī12 kJ/mol) favors the 

appearance of the amorphous phase [53]; the VEC could be used to quantitatively 

predict the phase stability for BCC and face-centered cubic (FCC) phases in HEAs 

[54]. The formation of a disordered SS is anticipated when ȹSmix is sufficiently high to 
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offset the impact of ȹHmix, which is crucial to prevent segregation and the formation 

of ordered ICs [55]. Fig. 2.1 shows the relationship between parameters ŭ and ɋ in 

determining the phase formation in HEAs [56], indicating that ɋÓ1.1 and ŭ Ò6.6% 

could be a criterion for forming SS in HEAs. Similar expectations exist for other 

parameters, e.g., ȹɢ Ò 0.175, -22 kJ/mol ÒȹHmix Ò 5 kJ/mol.  

As regards lightweight entropy alloys, because of the significantly different 

chemical properties of low-density elements, the values of empirical parameters could 

differ from those of HEAs based on transition elements, e.g., ŭ < 4.5%, -1 kJ/mol 

ÒȹHmix Ò 5 kJ/mol, ɋ>1.1 [50, 57]. Our previous work shows that a higher ɋ value 

correlates to a lower tendency to form complex phases in Al-based multicomponent 

alloys [16]. During the alloy design process, the type and content of the constituents 

could be tailored 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 

guideline for alloy design [58, 59]. Chauhan et al. [60] designed alloy 

Al 35Cr14Mg6Ti35V10 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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Mixing enthalpy Ὄ τ Ὄ ὧὧ
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mixing enthalpy of 
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i th and jth element 

Mixing temperature Ὕ ὧὝ  
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ɢi is the Pauling 
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A i and ɟi are the 

atomic weight and 

density of the ith 
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Fig. 2.1 Distribution of parameters ŭ and ɋ in HEAs having various phase formation, 

wherein, S and I indicate the alloys comprise only SS and ICs, respectively; and S+I 

indicates the simultaneous existence of both SS and ICs; B indicates the alloys 

include bulk metallic glasses (BMGs) [56]. Copyright 2011, Elsevier.  
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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 in Al-based entropy 

alloy design, e.g., Thermo-Calc and Pandat [62-65]. 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 thermodynamic databases are based on one-principal element alloys, 

but in multi-primary element alloy systems, these databases remain largely unexplored. 

Although some HEA databases have been developed, they are restricted to transition-

element-based HEAs. Standard databases 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, 66-69]. By expanding the databases to include 

more studies on a particular element group relevant to Al-based 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 

computer science, some approaches with high efficiency have been developed recently, 

such as CALPHAD-based high-throughput 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 Section 2.5. 

2.2.3 Fabrication methods 

Fabrication methods employed for producing 122 lightweight Al-based entropy 

alloys are summarized in 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 and deposition 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 in Fig. 2.2a. 

This method differs from the method followed for refractory HEAs based on transition 

elements, i.e., arc melting, which is the main route because the high temperature (> 

3000 °C) melts the constituent elements [28]. For Al-based entropy alloys, the lower 

melting points of the constituent elements could 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 user-friendly. Therefore, it is a practical and 

efficient method for producing Al-based entropy alloys. However, due to the high 

concentration of multiple elements, Al-based 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 small lab-scale, while 

many defects, such as compositional inhomogeneity and porosity, could appear in the 

ingots [49, 67, 73-75]. To address this issue, it is necessary to remelt the ingots several 

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. Consequently, the 

industrial-scale 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 industrial-scale AlCoCrFeNix (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 industrial-scale 

manufacture of Al-based entropy alloys. Additionally, Li et al. [23] reported that a Zn 

content of 10 at.% can contribute to high castability of the Al-based entropy alloys, 

attributed to the attainment of the eutectic point. Moreover, researchers have also 

explored various techniques during the melting and casting process to enhance the 

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 effect, thereby 

improving overall ingot quality. 

Fig. 2.2b shows the use of elements in lightweight Al-based 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, such as 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 of low-

melting-point elements. For example, Cr has a melting point of 1860 °C, which is much 

higher than that of Zn (419 °C) and even higher than the boiling point of Zn (907 °C). 

Further, vacuum melting could lead to the early evaporation of low-melting-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. 

 

Fig. 2.2 The usage of (a) fabrication methods and (b) constituent elements in 122 Al-

based entropy alloys. 

 

Mechanical alloying is a non-equilibrium powder alloying process that could 

prevent evaporation during fabrication. Singh et al. [78] synthesized MgAlSiCrFe by 

mixing pure elements. After 60 h of high-energy ball milling, the powder contained a 

major body-centered cubic (BCC) phase, with a minor amount of undissolved Si. 

However, this structure is not thermally stable at temperatures above 400 °C, causing 



 

 26 

 

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, 

mechanical alloying usually requires long-term milling, which makes the process 

relatively expensive. 

2.3 Microstructure and mechanical properties 

2.3.1 Microstructural characteristics of lightweight Al -based entropy alloys 

Fig. 2.3 summarizes 116 reports on the microstructure classifications of the 

lightweight Al-based entropy alloys. 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 contain 3ï6 

phases. Among the alloys, 22% (25 reports) only comprise ICs and 3% (four reports) 

simply comprise SS. Fig. 2.3b shows that the SS phase occurs in only 3% of the alloys 

(three reports), 2% (two reports) have a high phase number of 8, and 71% of the alloys 

(82 reports) include 3ï5 phases. 

Of the 116 reports analyzed, the SS phase occurs 94 times, FCC phase 83 times, 

hexagonal close-packed (HCP) phase 6 times, and the BCC phase 5 times. Fine 

precipitates are observed in some as-cast alloys [62, 80, 81]. These findings provide 

insight into the prevalence of different phases in the studied Al-based 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, including Al2Cu, 

Mg2Si, MgZn2, and others. It can be seen that the lightweight Al-based entropy alloys 

usually comprise disordered fcc-Al and ordered ICs. Fig. 2.3a 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 fcc-Al, thereby improving the mechanical 

behavior of the alloys, particularly at high temperatures [16, 81-83]. Further, ICs have 

been reported to ameliorate other properties such as thermal stability, anti-oxidation, 

and wear resistance [74, 83, 84]. 

The grain size of Al-based entropy alloys, which is affected by the chemical 

composition, fabrication route, and mechanical treatment, varies from nanoscale to 

microscale. Youssef et al. produced nanocrystalline Al20Li20Mg10Sc20Ti30 with a grain 

size of 12 nm by mechanical alloying [25]. Alloy Al78Zn13Mg5Li2Cu2 fabricated by 

droplet ejection exhibits a grain size of 2ï5 ɛm [85].  
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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 and ICs, respectively; 1-phase indicates the alloys only comprise 1 phase, 2-

phase indicates the alloys only comprise 2 phases, and so on). 

 

Fig. 2.4 The number of occurrences of the 10 most frequently occurring phases. 

 

The average grain size of Al80Zn14Li2Mg2Cu2 obtained through melting and 

casting is approximately 100 ɛm [23]. Ultrasonic treatment during the melting process 

and ultrasonic hammering treatment toward ingots have been shown to significantly 

decrease the grain size [62, 86]. According to Zhang et al. [87], 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, 86], but could be affected by 

the chemical composition and fabrication conditions. 

Compared with transition-element-based HEAs, lightweight Al-based entropy 

alloys always exhibit complex phase formation (Figs. 2.3ï2.4) even if they meet the 

criteria for being classified as HEAs [48]. For example, Al35Li 20Mg20Si15Zn10, 

Al 35Li20Zn20Si15Mg10, and AlLi0.5MgZn0.5Cu0.2 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. analyzed the phase 

formation rules and suggested that the multiphase feature could result from the lack of 

d-orbitals in the lightweight elements, which prevents higher-order hybridization [57]. 

Roy et al. [90] studied 329 entropy alloys and concluded that the strongest 

contributions to phase formation derive from the parameters, including mixing melting 

temperature Tmix, and electronegativity difference ȹɢ. 

The relationship between phase formation and thermodynamic parameters was 

analyzed for 122 entropy alloys. Fig. 2.5 shows five typical diagrams concerning ȹTmix, 

ɟmix (theoretical density), ȹSmix (mixing entropy), ȹHmix (mixing enthalpy), and ɋ 

(ratio of entropy to enthalpy) for phase formation. Among the parameters, the melting 

temperature difference ȹTmix and mixing density ɟmix have a relatively close correlation 

with the phase number, as shown in Fig. 2.5aïb. The phase number would probably be 

greater with an increase of ȹTmix and ɟmix. The melting 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 

complex phases [90]. Therefore, an increase in ȹTmix leads to a high likelihood of 

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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Fig. 2.5 Phase formation vs. thermodynamics parameters of Al-based entropy alloys. 

The size of bubble in Fig. 2.5c-d represents the magnitude of ɋ. 

 

The effect of two core thermodynamic parameters, ȹSmix and ȹHmix, is shown in 

Fig. 2.5cïd. Alloys solely comprising SS have a high mixing entropy value. However, 

high ȹSmix is not the decisive factor for SS, as several alloys containing ICs also possess 

high ȹSmix. For example, alloy AlMgLiCaCuZn has a high ȹSmix up to 14.9 J/mol/K 

(1.79R), but comprises only ICs. As regards ȹHmix, most SS or (SS+ICs) alloys, i.e., 

SS-containing alloys, commonly have a value close to zero, and tend to be higher than 

that of ICs alloys. Therefore, the role of ȹHmix appears to be more important than that 
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of ȹSmix in determining SS+ICs phase formation. The bubble size represents the 

magnitude of ɋ. Although some ICs have a high ȹSmix, their ɋ values are low, ranging 

from 0.54 to 3.95, as indicated in Fig. 2.5e. This finding implies that ɋ plays a crucial 

role in determining phase formation. 

 

2.3.2 Mechanical properties of lightweight Al-based entropy alloys 

Mechanical properties are vital for structural materials. Lightweight Al-based 

entropy alloys have potential suitability for high-strength 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 alloy Al65Cu5Cr5Si15Mn5Ti5 with a hardness of 889 

HV. According to a report by Yang et al. [57], the entropy alloy Al80Li 5Mg5Zn5Cu5 

exhibits a low density of 3.08 g/cm3, high compressive fracture strength of 879 MPa, 

and good plasticity of 17%. Shao et al. [50] investigated AlïMg series entropy alloys 

with low densities ranging from 2.64 to 2.75 g/cm3, with the 

Al 85Mg10.5Zn2.025Cu2.025Si0.45 alloy showing outstanding compressive strength of 814 

MPa and excellent plasticity up to 24.8%. Li et al. [23] produced a high-Zn Al-based 

entropy alloy, namely Al80Zn14Li2Mg2Cu2, 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. 

2.6aïb, as the density increases, both the compressive strength and the YS tended to 

increase. An increase in the density resulted in a greater phase number (Fig. 2.5b), 
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which increased the possibility of obtaining a higher YS (Fig. 2.6c). Among the 

multiple phase constitutes, ICs accounted for the majority. Consequently, ICs play an 

important role in material strengthening. However, the green points in Fig. 2.6a 

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 measured for these 

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 

Section 2.3.1, a ɋ value higher than 3.95 could be set on purpose during alloy design 

to avoid ICs alloys.  

Fig. 2.6d shows that Al-based entropy alloys generally have high strength and low 

strain. Some Al-based 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 

between YS and strain follows óbanana-like behaviourô (Fig. 2.6d), that is, the increase 

of YS comes at the cost of reduced ductility. High ȹSmix is usually associated with high 

YS in Al-based entropy alloys (Fig. 2.6e), with this correlation being ascribed to two 

main factors. First, higher ȹSmix in Al-based entropy alloys could cause a greater 

number of phases, which contribute to strengthening the alloys. Second, higher ȹSmix 

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 Al-based entropy alloys at RT. 

 

Generally, the strengthening mechanisms of Al-based entropy alloys are 

considered dislocation hardening, grain-boundary strengthening, solid-solution 

strengthening, and precipitation strengthening [22, 23, 85]. The sluggish diffusion 

effect could have increased the concentration of solute atoms in the fcc-Al matrix, 

resulting in higher solid-solution strengthening and precipitation strengthening in the 

as-cast alloys [27, 62, 80, 91]. Moreover, a well-connected ICs network could be vital 

support for the matrix during deformation, thereby increasing its hardness and strength 

[16, 67, 81]. However, brittle ICs could severely decrease the ductility, resulting in 

extremely low strain (Fig. 2.6d). 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 AlïLiïMgïZnïCu lightweight HEAs. This deformation-

driven modification brought about Al80Li5Mg5Zn5Cu5, which increased tensile strength 

from 200 MPa to 674 MPa and tenable ductility from 0.5% to 7.5%. 



 

 34 

 

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 and 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 [62]. Li et al. [86] applied ultrasonic hammering treatment to Al80Li5Mg5Zn5Cu5 

entropy alloy, which significantly reduced the grain size from 200 ɛm to 5 ɛm, and 

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 solid-solution strengthening [95].  

Fig. 2.7a shows the Ashby diagram of strength vs. density for the various materials 

at RT [96]. The location of Al-based entropy alloys marked by red points indicates their 

low-density and high-strength characteristics in the metal field. The locally enlarged 

diagram, focusing on conventional Al, Ti alloys, and Al-based entropy alloys, is 

presented in Fig. 2.7b. 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 in Fig. 2.7a. From 

Fig. 2.7b, the Al-based 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) locally enlarged diagram with modification to the 

upper limits of YS for conventional Al and Ti alloys. 

 

2.4 Al -based entropy alloys for elevated-temperature applications 

2.4.1 Commonly 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 

heat-treatable Al alloys, such as AlïCu 2xxx and AlïZnïMg 7xxx alloys can achieve 

high strength at ambient temperatures. For example, the tensile strength of a typical 

high-strength AA7050-T6 alloy can exceed 570 MPa at ambient temperature [100]. 

However, the yield strength of AA7075 alloy at 200  and 300  is merely 30% and 

10%, respectively, in comparison with its ambient temperature strength. The main 

limitation for elevated-temperature applications of Al alloys is the degradation of their 

mechanical properties and the instability of their microstructure along with the rise in 

temperature (general overaging effect). The Al-based entropy alloys could potentially 
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offer new perspectives and advantages in the field of elevated-temperature applications 

because of their distinctive properties, such as strength retention at elevated 

temperatures, excellent thermal stability, and good oxidation resistance [12]. The 

currently studied systems of Al-based entropy alloys are mostly AlïMg, AlïCu, Alï

Zn, and AlïLi. Among these studies, few have investigated elevated-temperature 

properties. Until now, the development of elevated-temperature applications of Al-

based entropy alloys has been limited to a few systems, namely the AlïCu, AlïMgïSi, 

and AlïMgïZn systems. 

The AlïCu system is the most extensively studied among the three categories. Our 

previous studies explored 11 AlïCu-based entropy alloys [16, 81]. These alloys 

significantly increase the chemical composition space of conventional AlïCu alloys by 

adding large quantities of Cu, Zn, Cr, Fe, Ti, and V. High Cu content is added to 

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 

heat-resistant phases at high temperatures. The high-Cu content alloys, e.g., 

Al 78Cu18Zn2Cr1Fe1, Al78Cu18Zn1Cr2Ti1, and Al78Cu18Zn1Cr2V1 showed high serving 

temperatures up to 450 °C. Other researchers [101, 102] have also designed 

multicomponent alloys Al-27%Cu-5%Si (wt.%), which have fine ternary eutectic 

microstructure and show high tensile strength under 400 °C. Further, AlïMgïSi (e.g., 

Al 70Mg10Si10Cu5Zn5) and AlïMgïZn (e.g., Al35Mg35Zn15Cu10Mn5 were investigated 

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

The phase components of alloys operating at elevated temperatures are expected 

to be heat-resistant. Al2Cu is a common IC in the AlïCu system, and the continuous 

Al 2Cu network in the microstructure could provide alloys with excellent load support 

at elevated temperatures, making the AlïCu alloys promising candidates for elevated-

temperature applications [81]. Heat-resistant 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 after long-term thermal 

exposure, as shown in Fig. 2.8 [16]. After exposure at 300 °C for 100 h, the main phases 

remained the same as those of the as-cast alloys, and were expected to remain stable 

up to 500 °C. As discussed above, multiple ICs could increase the brittleness of alloys 

at ambient temperature; however, this is not an issue at elevated temperatures any 

longer because of their good ductility at high temperatures. Multiple ICs could yield 

alloys with enhanced strengths at elevated temperatures. 

As regards the AlïMgïZn system, the simultaneous addition of Mg and Zn leads 

to the formation of secondary MgïZn phases, such as MgZn2, Mg2Zn11, and Mg32(Al, 

Zn)49. However, these components are typically unstable at high temperatures [62, 66, 

95, 103, 104]. The visual characteristics and chemical composition transformation of 

the MgïZn phase have been confirmed at a temperature of 300 °C [104]. The instability 

of these phases could cause uncertainty about the properties of the alloy at higher 

temperatures; therefore, the simultaneous addition of Mg and Zn should be approached 

with caution. 
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Fig. 2.8 SEM images of (a-c) as-cast and (d-f) 300 °C/100  h thermally exposed 

alloys: (a, d) Al93Cu4Zn1Cr1Fe1, (b, e) Al85Cu11Zn1Cr2V1, (c, f) Al78Cu18Zn1Cr2V1. 

Wherein, the red marks A-D stand for different phase component: A is fcc-Al, B is 

Al 2Cu, C is Al45Cr7, and D is Al7Cu2Fe [16]. Copyright 2022, Elsevier.  

 

2.4.3 Mechanical properties at elevated temperatures and thermal stability 

Fig. 2.9 summarizes the YS vs. density of Al-based entropy alloys and 

conventional Al alloys at ambient temperature and 300 °C before and after thermal 

exposure [81]. As regards ambient-temperature strength (Fig. 2.9a) in comparison with 

conventional Al alloys, the Al-based entropy alloys exhibit a wider distribution of data 

points. The solid marks in the yellow area in Fig. 2.9a significantly outnumber those at 

300 °C (Fig. 2.9bïc), indicating that mechanical behavior study on Al-based entropy 

alloys is currently mainly 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 Al35Mg35Zn15Cu10Mn5 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 °C. Thermal stability is of utmost significance for alloys 

utilized in elevated-temperature applications. As shown in Fig. 2.9bïc, after thermal 

exposure at 300 °C for 100 h, the YS of conventional Al alloys in the blue area 

decreased by approximately 50 MPa, whereas the YS of some Al-based entropy alloys 

barely changed after thermal exposure, indicating their excellent thermal stability. This 

exceptional thermal stability feature extends to temperatures exceeding 300 °C. In 

comparison with conventional Al alloys, alloy Al78Cu18Zn1Cr2Ti1 was found to possess 

significantly superior thermal stability and high YS of 78 MPa at 450 °C 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 

movement of dislocations and migration of grain boundaries. As discussed in Section 

2.3.1, ICs appear in most lightweight Al-based entropy alloys, which leads to low 

plasticity as a compromise for high strength at ambient temperature. However, this 

problem could be alleviated significantly at high temperatures because of higher 

thermal activation and easier dislocation movement at elevated-temperature. As the 

presence of multiple phases in alloys is nearly unavoidable, they could be leveraged to 

enhance their mechanical properties by incorporating heat-resistant ICs. Currently, 

most studies on Al-based alloys are conducted at ambient temperatures, leaving 

elevated-temperature properties largely unexplored. 
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Fig. 2.9 YS vs. density of Al-based entropy alloys and conventional Al alloys at (a) 

ambient temperature, (b) 300 °C, and (c) 300 °C after thermal exposure [81]. 

Copyright 2023, Elsevier. 

 

2.5 Potential of machine learning 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 [31]. Previously, metallurgists and materials engineers have used the 

single-element substitution method to explore different composition and property 

relationships within a specific alloy family. However, for entropy alloys, the traditional 

ótrial-and-errorô experimental 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 (Section 2.2.2) have become 

increasingly crucial for alloy design. Lately, machine learning (ML), a data-driven 

method, is being adopted increasingly in alloy design and development for screening 

and predicting of alloys [108-111]. The ML method is a subset of artificial 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 

approach has emerged as a powerful tool that significantly improves efficiency within 

the field. ML is a promising approach for Al-based entropy alloys and could aid in the 

discovery of high-performance alloys.  

Fig. 2.10 shows the ML workflow for property-oriented 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 

electrical 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 óactive learningô, and the other is the testing set to evaluate 

the model. Appropriate features must be selected to train the ML model effectively. 

The goal is to retain useful features while eliminating redundant or irrelevant ones, 

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, and k-nearest 
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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 extensively adopted in the development of entropy alloys. Fig. 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 adopted 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, and the 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 over- or underfit. 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 

candidate alloys into a well-trained 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, resulting 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 property-oriented strategy to develop 

conventional AlïZn alloys with ultra ultimate tensile strength of 700ï750 MPa and 
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elongation of 8%ï10%. 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 

parameters, lower VEC, higher Tm, and near-zero ȹHmix exerted the strongest 

contributions to the strengthïductility trade-off, with 70 multi-principal 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-

phase refractory 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 discovery and development of new alloys in the near future. 

 

Fig. 2.10 Machine learning workflow in the field of alloy design [112]. Copyright 

2022, Elsevier. 
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Fig. 2.11 Commonly used machine learning algorithms in materials science [113]. 

Copyright 2017, Elsevier. 

 

2.6 Future trends and prospects 

2.6.1 High-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 increase the contribution from precipitation strengthening. In traditional Al 

alloys, precipitates emerge after heat treatment. However, in Al-based entropy alloys, 

they can appear directly in the as-cast state because of a sluggish diffusion effect [23, 

80, 81]. These precipitates in fcc-Al promote alloy strength 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 fcc-Al to stiff secondary phases [62, 82, 124]. When the ICs 

are thermally stable, the stability of the mechanical performance at elevated 

temperatures is assured. Previous research has shown that the simultaneous addition of 

Mg and Zn could lead to phase instability, whereas high-melting-point elements (e.g., 

Cr, V, Ti) could introduce ICs that exhibit exceptional thermal stability [16, 81]. A 

unique nanosized Al3Y/Al 3Ni ICs network has been reported for Al87La1.5Ni7Co1Y3.5 

[76]. This rigid frame distributes around fcc-Al 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 of AlïMg, AlïCu, AlïSi, and AlïNi, 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 metal-matrix 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 high-strength entropy alloy could be 



 

 46 

 

added as reinforcement to Al alloys. Lu et al. [128] separately introduced the entropy 

alloy CoNiFeAl0.4Ti0.6Cr0.5 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 Al-based metal matrix composite reinforced with B2 

type entropy alloy AlSiCrMnFeNiCu, a transitional layer with a thickness of 400ï500 

nm formed at 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 Al-based entropy alloy could also be a promising option. Because 

of the good chemical compatibility between Al-based 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 lightweight Al-based 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, anti-corrosion, 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 high Si-Mg ratio promotes the 

intergranular corrosion in 6xxx Al alloys [132]. However, in entropy alloy 

Al 35Mg30īxZn30Cu5Six, corrosion resistance was found to improve with the increase of 

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

With the extensive use of computer technology, computer-assisted techniques 

present promising prospects for advancing alloy development. In addition to the 

CALPHAD method (Section 2.2.2) and ML (Section 2.5), various computational 

techniques, including molecular dynamics simulations, density functional theory 

calculations, high-throughput (HT) calculations, finite element modeling, and data 

mining, could be valuable tools for alloy design, phase, and property prediction [120, 

133-135]. These methods could expedite the development of lightweight Al-based 

entropy alloys. 

Considering the enormous number of potential Al-based 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 

functions in collaboration with other computational techniques [18, 112, 136, 137], 

such as ML-HT mentioned in Section 2.5. The CALPHAD-based HT computational 

method combines thermodynamic simulations, HT calculations, and screening, 

providing an efficient approach to selecting alloys with targeted thermodynamic 

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

2.6.3 Lightweight Al -based entropy alloys for elevated temperature applications 

Most current studies in this field focus primarily on the mechanical properties at 

ambient temperature. Indeed, some lightweight Al-based 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 Al-based entropy alloys, it is worthy to exploit their presence. By 

deliberately introducing heat-resistant ICs, it is possible to significantly enhance the 

mechanical performance of materials (e.g., strength, creep, and fatigue resistance) not 

only at ambient but also at high temperatures. Two previous studies conducted by our 

research group have confirmed the significant potential of Al-based entropy alloys as 

lightweight structural materials for high-temperature applications (up to 450ï500 °C) 

[16, 81].  

2.7 Conclusion and remarks 

Lightweight Al-based entropy alloys comprise multiple elements, with Al being 

the predominant constituent, and have a density below 4.0 g/cm3. The inclusion of 

multiple elements in these alloys has led to notable effects, such as sluggish diffusion 

and lattice distortion, which could endow these alloys with exceptional potential for 

unique properties. Design methodologies typically involve empirical thermophysical 

parameters and calculation of phase diagrams using computational approaches. 

Induction melting is a widely adopted technique for fabricating Al-based entropy 

alloys. Nevertheless, challenges related to castability, element loss, and nonuniformity 

during melting persist because of the disparate melting points of the multiple 

constituent elements. 

Phase formation in lightweight Al-based entropy alloys exhibits multiphase 

features. Robust ICs in these alloys could be exploited to enhance their mechanical 

properties. A total of 97% Al-based entropy alloys contains ICs, whereas the presence 

of fcc-Al i s crucial for imparting sufficient ductility to alloys. Al-based entropy alloys 
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solely comprising ICs tend to be excessively brittle, hindering their practical use. 

However, with the ɋ value higher than 3.95, this factor (alloys comprising only ICs) 

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 be introduced to reinforce fcc-Al, 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 for high-temperature applications. 

Conventional trial-and-error methods for alloy development are expensive and 

time consuming. However, the data-driven ML approach has emerged as a promising 

solution for predicting properties and screening suitable alloy candidates. As more 

experimental data becomes available, ML holds significant potential for advancing the 

development of Al-based entropy alloys. 
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Chapter 3  

Microstructure and mechanical properties of novel Alï

CuïMgïZn lightweight entropy alloys for elevated-

temperature applications 

(Published in Materials Characterization) 

Abstract 

In this study, the microstructural evolution and mechanical properties of five 

lightweight AlïCuïMgïZn entropy alloys (Al85Cu5Zn5Mg5, Al74Cu10Zn8Mg8, 

Al 93Cu4Zn1Mg1Cr1, Al84Cu10Zn3Mg2Cr1, and Al77Cu17Zn3Mg2Cr1) were investigated. 

The five experimental alloys revealed lightweight characteristics with density values 

ranging from 2.95 to 3.63 g/cm3 and multiphase features. The microstructural and 

phase evolutions at elevated-temperature were characterized using X-ray diffraction 

and optical, scanning, and transmission electron microscopy. With the increase in Cu 

and other element contents, the volume fraction of intermetallic compounds (ICs) 

increased, resulting in an improved yield strength (YS) and reduced plasticity. The GP 

zone and fine ɖô precipitates were effective strengthening sources in fcc-Al, but they 

were unstable at 300 °C and transformed into coarse and submicron-sized particles. 

The main source of strengthening in the alloy series was the well-interconnected IC 

network. Among the five alloys studied, Alloy 5 (Al77Cu17Zn3Mg2Cr1) exhibited the 

highest YS of 588 MPa at room temperature and retained the highest YS of 199 MPa 

at 300 °C after thermal exposure for 100 h. Combining its high strength and good 

thermal stability at 300 °C, Alloy 5 exhibits promising potential for elevated-

temperature applications. 
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Keywords: Al -based entropy alloys, Microstructure, Intermetallic compounds, 

Mechanical properties. 

3.1 In troduction  

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 high-entropy alloys (HEAs) has 

attracted wide attention since 2004 [3, 4]. The design concept behind HEAs is to obtain 

a high entropy value by adding multiple principal elements in equal or near-equal 

atomic ratios to 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 of different entropy values having exceptional mechanical and 

material properties have been explored, including high-entropy, medium-entropy, and 

low-entropy alloys [7-10]. In addition, the phase formation of entropy alloys can be 

simple as a single disordered 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 Al-based alloys with promising 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 literature [11-14]. In 

traditional commercial Al alloys, Cu, Mg, and Zn are the main alloying elements used 

to improve the mechanical properties. For instance, AlïZnïMgïCu 7xxx alloys have a 

reputation for excellent mechanical properties, particularly at room temperature [15]. 

Among conventional Al alloys, AlïCu 2xxx alloys exhibit promising potential for 

high-temperature applications [16]. In current Al-based lightweight entropy alloy 

studies, Cu, Mg, and Zn are also widely adopted [12, 13, 17-20]. Yang et al. [12] 

reported an entropy alloy of Al80Li5Mg5Zn5Cu5 that had a low density of 3.08 g/cm3 

and high compressive fracture strength of 879 MPa with a plasticity of up to 17%. Shao 

et al. [13] designed and studied a series of AlïMg-based lightweight entropy alloys 

with low densities in the range of 2.64ï2.75 g/cm3; one of the alloys studied, 

Al 85Mg10.5Zn2.025Cu2.025Si0.45, exhibited an excellent compressive strength of 814 MPa 

with a plasticity percentage of 24.8%. Li et al. [20] studied a high-Zn Al-based entropy 

alloy, Al80Zn14Li2Mg2Cu2, which exhibited high compressive strength (>1 GPa) and 

high plasticity (>20%) in the as-cast state. The above work shows that the room-

temperature mechanical property of AlïCuïMgïZn entropy alloys is promising. 

However, very limited studies and related information on the high-temperature 

mechanical performance, thermal stability, and corresponding microstructures of Al-

based entropy alloys are available in the current literature.  
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To explore the potential of AlïCuïMgïZn lightweight entropy alloys for 

elevated-temperature applications, in this study, five alloys are designed and 

investigated: Al85Cu5Zn5Mg5, Al74Cu10Zn8Mg8, Al93Cu4Zn1Mg1Cr1, 

Al 84Cu10Zn3Mg2Cr1, and Al77Cu17Zn3Mg2Cr1. This alloy series significantly increases 

the chemical composition space of conventional AlïCu alloys by adding large amounts 

of Cu, Mg, Zn, and Cr. The ratio of the elements was adjusted to obtain balanced 

empirical thermodynamic parameters, including the 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 added to the AlïCuïMgï

Zn system to facilitate the formation of the heat-resistant Al45Cr7 phase at elevated 

temperatures [21]. The phase formation, microstructure evolution, mechanical 

performance at room and elevated temperatures, and thermal stability during thermal 

exposure of the five experimental alloys were systematically studied. 

3.2 Experimental procedures 

Five experimental alloys were 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 temperature was set to 880 °C, 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 homogeneous distribution of the alloying elements. The 

molten metal was finally cast into a copper mold with dimensions of 26 × 26 × 50 mm3, 
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which was preheated to 250 °C. The chemical compositions of the experimental alloys 

were analyzed using inductively coupled plasma mass spectrometry, and the results are 

listed in Table 3.1. To study the thermal stability of the alloys, some of the ingot 

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

Table 3.1 Chemical compositions of five experimental alloys. 

Code Alloys 
Chemical composition / at.% 

Al Cu Zn Mg Cr 

Alloy 1 Al85Cu5Zn5Mg5 85.72 5.08 4.02 5.18 - 

Alloy 2 Al74Cu10Zn8Mg8 74.02 10.48 7.17 8.33 - 

Alloy 3 Al93Cu4Zn1Mg1Cr1 92.72 4.06 1.26 0.99 0.97 

Alloy 4 Al84Cu10Zn3Mg2Cr1 84.67 9.73 2.70 1.83 1.07 

Alloy 5 Al77Cu17Zn3Mg2Cr1 77.28 17.34 2.48 1.80 1.10 

 

X-ray diffraction (XRD; D8 Discover) with Cu KŬ radiation was used to identify 

the crystal structures of the alloy phases. The diffraction angle (2ɗ) ranged from 10Á to 

80°, with a step size of 0.05° and a step time of 0.5 s/step. The microstructures of the 

alloys were investigated using optical microscopy (OM; Nikon Eclipse ME600) and 

scanning electron microscopy (SEM; JEOL JSM-6480LV) equipped with energy-

dispersive X-ray spectroscopy (EDS). Transmission electron microscopy (TEM; 

JEMī2100) with an accelerating voltage of 200 kV was used to characterize the 

precipitates and identify the fine-scaled MgïZn phase. Differential scanning 

calorimetry (DSC; PerkinElmer DSC 8000) was used for the as-cast samples at a 

heating rate of 10 /min under an argon atmosphere. To study the spatial distribution 

of the phases, three-dimensional (3D) reconstruction was performed based on two-

dimensional (2D) SEM images. The reconstruction was achieved using manual serial 

sectioning and 3D visualization software (Materialise Mimics). The specific operating 



 

 65 

 

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 the mechanical properties, compression tests were conducted at 20 °C and 300 

°C using a Gleeble 3800 thermomechanical simulator unit under the guidance of 

ASTM E9-09 and ASTM E209-18 standards. The samples were machined into 

cylindrical forms with diameters and lengths of 8 and 12 mm, respectively. The 

compressive strain rate was 10ī3 sī1. At least two samples were tested for each 

condition. The Vickers microhardness of the samples was measured on a polished 

sample surface using a microhardness testing machine (NGī1000 CCD) with a load of 

200 g and a dwell time of 15 s. 

3.3 Results and discussion 

3.3.1 Microstructure and phase formation of as-cast alloys 

Fig. 3.1 presents the XRD patterns of as-cast Alloys 1ï5. Three to four phases 

were indexed in each alloy; the fcc-Al and Al2Cu phases were observed in all alloys. 

The intensities of the diffraction peaks reflect the contents of the corresponding phases. 

The contents of fcc and Al2Cu in each alloy were different. Fig. 3.1aïd display the most 

intense fcc-Al peaks, indicating that fcc-Al is the major phase in Alloys 1ï4, while Fig. 

3.1e shows that Al2Cu peaks are the strongest, and hence Al2Cu becomes the 

predominant phase, in Alloy 5. Owing to the massive addition of Zn and Mg in Alloys 
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1ï2, a large amount of MgZn2 was detected. The Al2CuMg phase was particularly 

detected in Alloy 1 (Fig. 3.1a). 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 Al2CuMg [25, 26]. According to Table 3.1, Alloy 1 had the smallest 

Cu/Mg ratio, indicating a greater tendency to form Al2CuMg than the other alloys. In 

Fig. 3.1cïe, peaks of Al45Cr7 are observed because of the addition of Cr to Alloys 3ï5. 

 

Fig. 3.1 XRD patterns of as-cast alloys: (a) Alloy 1, (b) Alloy 2, (c) Alloy 3, (d) 

Alloy 4, and (e) Alloy 5.  

 

Typical SEM images of the as-cast alloys are shown in Fig. 3.2. 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, and SEMïEDS results combined with 

the XRD patterns. The phase type, volume fraction, and chemical composition of each 

phase in the corresponding microstructure regions are listed in Table 3.2. The volume 

fraction of each phase was obtained by quantifying at least five OM images (not shown 

here), covering an area of more than 78 000 ɛm2. Dark region A is fcc-Al, which was 
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the dominant phase in Alloys 1ï4. Region B is Al2CuMg, containing a small amount 

of Zn, which was only detected in Alloy 1. Region C is MgZn2, which constitutes a 

fine lamellar eutectic structure with fcc-Al that comprised 28.69 vol.% in Alloy 2, 

while it was present only in small amounts in Alloys 3ï5. Region D is Al2Cu, and its 

volume fraction significantly increased with increasing Cu content in Alloys 4ï5. 

Region E is Al45Cr7, which appeared in Alloys 3ï5. The phase constituents and 

microstructures revealed by OM and SEM are in very good agreement with the XRD 

results, except that MgZn2 was 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 the as-cast alloys: (a) Alloy 1, (b) 

Alloy 2, (c) Alloy 3, (d) Alloy 4, and (e) Alloy 5. 

 

The microstructures of the as-cast 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 Table 3.2, the fcc-

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 phases, fcc-Al has a 

face-centered cubic structure with many slip systems; the remaining phases are ICs of 

Al 2CuMg, Al2Cu, MgZn2, and Al45Cr7, 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. The physical properties of the ICs in the literature are summarized 

in Table 3.3 [29-31]. 

Table 3.2 Chemical composition and volume fraction of each phase in the as-cast 

alloys. 

Alloy  
Density, 

g/cm3 
Region 

Phase 

type 

Volume 

fraction, 

vol.% 

Chemical composition, 

at.% 

Al  Cu Zn Mg Cr 

Alloy 1 3.02 

A fcc-Al  80.55 94.5 1.5 2.5 1.5 - 

B Al 2CuMg 14.19 62 16 2 20 - 

C MgZn2 4.65 60 11 15 14 - 

D Al 2Cu 0.61 69 25 3 3 - 

Alloy 2 3.35 

A fcc-Al  52.96 93 2.5 3.5 1 - 

C MgZn2 28.69 63 11 12 14 - 

D Al 2Cu 18.35 68 30 1 1 - 

Alloy 3 2.95 

A fcc-Al  85.05 96 1.5 1.5 1 - 

C MgZn2 0.12 79 11 5 5 - 

D Al 2Cu 9.71 71 28 1 - - 

E Al 45Cr7 5.12 85 2 1 - 12 

Alloy 4 3.27 

A fcc-Al  63.82 94 2 3 1 - 

C MgZn2 0.33 74 11 7 8 - 

D Al 2Cu 29.34 70 29 1 - - 

E Al 45Cr7 6.51 83 4 2 - 11 

Alloy 5 3.63 

A fcc-Al  33.45 93.5 2.5 3 1 - 

C MgZn2 0.55 71 11 7 10 - 

D Al 2Cu 58.33 70 29 1 - - 

E Al 45Cr7 7.67 79 9 2 - 10 
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Table 3.3 Physical properties of intermetallic phases in as-cast Alloys 1ï5. 

Phase Structure 
Microhardness at 

RT, GPa 

Microhardness at 

300 ÁC, GPa 
Reference 

Al2CuMg orthorhombic 4.44 2.22* [29] 

MgZn2 hexagonal 3.2 0.6+ [30, 31] 

Al2Cu tetragonal 5.3 2* [29] 

Al45Cr7 monoclinic 5.2 3.72* [29] 

Note: * Tested from 300 °C/1  h thermally exposed samples.  
+ Converted from yield strength ůy in [31] by empirical formula HVå3ůy. 

3.3.2 Mechanical performance at room and elevated temperatures 

The compressive mechanical properties of the as-cast alloys at room temperature 

are shown in Fig. 3.3. According to the true stressïstrain curves in Fig. 3.3a, the five 

as-cast 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%, and 0.72%, respectively. 

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

the high IC content significantly improved the yield strength (YS). A close correlation 

between the YS and IC content is observed, as shown in Fig. 3.3b. 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. Apart from the 

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

lower IC content but a higher YS because Al2Cu and Al45Cr7 in Alloy 4 can contribute 

more strength than the major MgZn2 in Alloy 2, as listed in Table 3.3.  
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Fig. 3.3 Room-temperature mechanical properties: (a) true stressïstrain curves and 

(b) YS and IC contents of the as-cast alloys. 

 

Fig. 3.4 shows the compressive mechanical properties of as-cast Alloys 1ï5 at 300 

°C. Compared with the compression tests at room temperature (Fig. 3.3), the plasticity 

of Alloys 1ï5 was significantly improved at 300 °C, 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 MPa: Alloy 1 had the 

lowest YS of 101 MPa and a maximum compressive strength of 118 MPa, whereas 

Alloy 5 showed 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 °C 

exhibited a similar trend to that at room temperature. However, unlike the room 

temperature tests, Alloy 3 exhibited a higher YS and maximum compressive strength 

than those of Alloy 1 at 300 °C. This is attributed to the different heat resistances of 

the different types of ICs in the two alloys. As listed in Table 3.3, the main ICs in the 

two alloys have close microhardness values of 3ï5 GPa at room temperature. 

Therefore, Alloy 3 had lower room-temperature strength than Alloy 1 due to its lower 

ICs content (Table 3.2). However, at 300 °C, the strength of the main intermetallics in 

Alloy 3 (Al 2Cu: 2 GPa, Al45Cr7: 3.72 GPa) is higher than that in Alloy 1 (Al 2CuMg: 



 

 71 

 

2.22 GPa, MgZn2: 0.6 GPa). This indicates that the intermetallics in Alloy 3 are more 

heat-resistant than those in Alloy 1. Therefore, the overall IC contribution in Alloy 3 

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

Alloy 3. 

 

Fig. 3.4 Mechanical properties of the as-cast alloys at 300 °C: (a) true stressïstrain 

curves and (b) yield and maximum strengths. 

 

For alloys used in high-temperature applications, the thermal stability of the 

microstructure at elevated temperatures is vitally important. In this study, the 

experimental alloys were thermally exposed at 300 °C for up to 200 h. Fig. 3.5a shows 

the HV hardness measured at room temperature for Alloys 1ï5 as 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 further 

prolonged exposure, indicating that the microstructures of all alloys were thermally 

stable after the initial 5 h of thermal exposure. Compression tests at 300 °C were 

conducted on the 300 °C/100 h exposed samples, and the results are shown in Fig. 3.5b. 

The results reveal 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 the as-cast condition 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 

°C/100 h exposure as a function of fcc-Al content are plotted in Fig. 3.5c. The near-

linear relationship between the mechanical reduction and fcc-Al content indicates that 

the strength decreases during the first 5 h of thermal exposure is closely related to the 

fcc-Al phase. 

 
Fig. 3.5 (a) Microhardness of alloys at room temperature with various exposure 

times, (b) compressive strengths at 300 °C after 300 °C/100 h exposure, and (c) 

percentages of HV and YS reduction after 300 °C/100 h exposure vs. the content of 

fcc-Al . 
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3.3.3 Evolution of the microstructures during thermal exposure 

Because fcc-Al clearly affects the thermal stability and strength reduction during 

initial thermal exposure, a TEM investigation of the evolution of fcc-Al was performed 

for Alloys 1 and 3, which contained the highest fraction of fcc-Al among the five 

experimental alloys. As shown in Fig. 3.6aïb, a large number of nanoscale precipitates 

in fcc-Al were observed along the <001>Al axis, which were identified as ɖ' (metastable 

phase of MgZn2) according to the selected area diffraction pattern (SADP) [32, 33]. 

DSC tests were conducted on as-cast Alloys 1ï5, and the results are shown in Fig. 3.6c. 

The endothermal peaks D1 and D2 around 130 °C and 200 °C correspond to the 

dissolution of the GP zone and ɖ', respectively [32, 34]. It is apparent that the GP zone 

and ɖǋ precipitates were formed even under the as-cast condition, which is most likely 

attributed to the decomposition of highly supersaturated fcc-Al during the cooling 

process after solidification. As mentioned above, owing to the effect of sluggish 

diffusion of the entropy alloys, the supersaturated fcc-Al solution contained much more 

solute atoms than conventional Al alloys, which favors the precipitation of ɖ'. The GP 

zone and fine ɖ' precipitates in as-cast alloys are reported to be the most effective 

hardening precipitates [32].  
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Fig. 3.6 Bright-field TEM images showing ɖǋ precipitates in fcc-Al along <001>Al: 

(a) as-cast Alloy 1, (b) as-cast Alloy 3, and (c) DSC curves of as-cast Alloys 1ï5. 

 

The TEM images of Alloys 1 and 3 after 300 °C/5 h and 300 °C/100 h thermal 

exposures are shown in Fig. 3.7. After 5 h of exposure (Fig. 3.7a and c), the nanoscale 

GP zones and ɖ' precipitates disappeared, while coarse and submicron particles with 

different morphologies (typical round, rod, needle/disc, and square shapes) appeared, 

which were determined to be ɖ-MgZn2, S-Al 2CuMg, ɗ-Al 2Cu, and ů-Al 5Cu6Mg2 

phases, respectively, based on their morphology and chemical composition analyzed 

by TEMïEDS [35]. During the initial thermal exposure, the dissolution of the GP zone 

and ɖ' occurred at 130ï200 °C (D1 and D2 peaks in Fig. 3.6c), which was followed by 

a few exothermic peaks indicating the formation of new types of precipitates. Because 

of the highly supersaturated fcc-Al with Zn, Mg, and Cu solutes in these entropy alloys, 

the exact mechanism of the phase transformation at 300 °C is not yet well understood. 

It seems that during thermal exposure at 300 °C, the GP zones and part of the ɖ' were 

dissolved into the matrix, and the enriched solutes formed other types of precipitates 

(S-Al 2CuMg, ɗ-Al 2Cu, and ů-Al 5Cu6Mg2), while a part of the ɖ' precipitates may have 

been directly transformed into equilibrium ɖ particles. After 5 h of thermal exposure, 

the nanoscale GP zones and ɖ' precipitates were replaced by coarse equilibrium 

particles, resulting in a significant decrease in the strengthening effect of fcc-Al. The 

higher the fraction of fcc-Al in the alloy, the larger the reduction in strength was (Fig. 

3.5c). For instance, the YS reduction of Alloy 5 with 34 vol.% fcc-Al was limited to 

6%, while the YS reduction of Alloys 1 and 3 with more than 80 vol.% fcc-Al reached 

30%ï35%. After prolonged exposure for 100 h, the coarse particles continued to be 
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slowly coarsened (Figs. 3.7b and d), but the decline in strengthening was no longer 

obvious, as shown in Fig. 3.5a.  

 

Fig. 3.7 Bright-field TEM images of fcc-Al in (a, b) Alloy 1, (c, d) Alloy 3, (a, c) 

after thermal exposure for 5 h and (b, d) after thermal exposure for 100 h at 300 °C. 

 

The phase evolution after the 300 °C/100 h exposure in all Alloys 1ï5 was 

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

3.8. In the fcc-Al phase, some bright particles precipitated out, as indicated by the white 

arrows. According to Fig. 3.7, these particles were the various coarse precipitates (ɖ, 

S, ɗ, ů) generated during thermal exposure. It was found that the type and ratio of the 

main phases in Alloys 1 and 3ï5 generally remained the same as those before thermal 

exposure, whereas a new phase, Al2CuMg, uniquely appeared in Alloy 2. The newly 

formed Al2CuMg phase coexisted with the MgZn2 phase, seemingly replacing some of 

the MgZn2 as part of the eutectic microstructure, as shown in Fig. 3.8e. According to 
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the quantitative results from the OM images, in as-cast Alloy 2, the volume fractions 

of the three phases, fcc-Al, Al 2Cu, and MgZn2, were 52.96%, 18.35%, and 28.69%, 

respectively (Table 3.2). After 300 °C/100 h exposure, Alloy 2 contained fcc-Al, 

Al 2Cu, MgZn2, and Al2CuMg with volume fractions of 51.71%, 19.17%, 23.75%, and 

5.38%, respectively. Therefore, it can be inferred that the new Al2CuMg phase in Alloy 

2 was transformed from MgZn2. This phase transformation was observed only in Alloy 

2.  

 

Fig. 3.8 XRD patterns and SEM backscattered electron images after 300 °C/100 h 

exposure: (a, d) Alloy 1, (b, e) Alloy 2, and (c, f) Alloy 5. 

 

Because Alloys 1 and 3ï5 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. 3.5c) was caused by the precipitate 

transformation in fcc-Al (Fig. 3.7). In Alloy 2, however, apart from the change in fcc-

Al, a phase transformation from MgZn2 to Al2CuMg occurred. From Table 3.3, 

Al 2CuMg exhibits a much higher microhardness than MgZn2 at both room temperature 
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and 300 °C. Therefore, after thermal exposure, although the precipitate transformation 

in fcc-Al decreased the strength, the phase transformation from MgZn2 to Al2CuMg 

compensated for the decrease in strength to some extent, leading to a below-average 

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

3.3.4 Role of the IC network on strengthening 

The elevated-temperature YS of Alloys 1ï5 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 elevated-temperature generally increased with increasing IC 

content. After the 300 °C/100 h exposure, when the contribution of fcc-Al became 

weaker due to softening 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 IC content and lamellar eutectic morphology. To better understand the role of 

ICs, in addition to the 2D morphologies of ICs shown in Fig. 3.2, the 3D morphology 

and spatial distribution of ICs in as-cast Alloys 4 and 5 were studied. 

 

Fig. 3.9 Yield strengths of Alloys 1ï5 at 300 °C as a function of the content of ICs. 
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Figs. 3.10 and 3.11 show the 3D reconstructions of Alloys 4 and 5, respectively, 

with a reconstructed volume of 30 Ĭ 30 Ĭ 15 ɛm3; images from slightly different 

perspectives are shown to better present the morphology and distribution features. Figs. 

3.10a and 3.11a display the spatial distribution of all phases in Alloys 4 and 5, 

respectively. The purple bulk represents the fcc-Al phase, the yellow skeleton 

represents Al2Cu, and the blue block represents Al45Cr7. The trace amounts of MgZn2 

in both alloys (Table 3.2) were reconstructed together with Al2Cu. The volume fraction 

of each phase obtained from the spatial structure was similar to that listed in Table 3.2, 

confirming the reliability of the 3D results. The Al2Cu skeleton is extracted and shown 

in Figs. 3.10b and 3.11b. The Al2Cu 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 higher strength [37]. At the same time, it can impose a lower limit 

on the ductility of alloys [38]. Although the Al2Cu 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. The Al 2Cu in Alloy 5 (Fig. 3.11b) has a 

higher mass and is more robust, which can provide stronger support than the relatively 

thin structure in Alloy 4 (Fig. 3.10b). Moreover, the Al2Cu in Alloy 5 had a higher 

extent of lamellar 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 Al2Cu in Alloy 5 was stiffer than the divorced eutectic Al2Cu in Alloy 4 [39]. 

As shown in Figs. 3.10c and 3.11c, the Al45Cr7 blocks were generally relatively sharp, 

and thus they may be prone to cause stress concentration and initiate cracks at room 
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temperature, as reported in our previous study [21]. However, Al45Cr7 is very heat-

resistant at high temperatures. At the same time, the Al45Cr7 particles were well 

connected to Al2Cu, as shown in Figs. 3.10d and 3.11d. The hard and heat-resistant 

Al 2Cu and Al45Cr7 together formed a well-interconnected 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 possessed a solid and strong IC network that greatly contributed to its high 

strength. 

 

Fig. 3.10 3D phase distribution in as-cast Alloy 4: (a) all phases, (b) Al2Cu phase, (c) 

Al 45Cr7 phase, and (d) integrated IC network. 
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Fig. 3.11 3D phase distribution in as-cast Alloy 5: (a) all phases, (b) Al2Cu phase, (c) 

Al 45Cr7 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 elevated-temperature mechanical properties of both entropy and 

conventional alloys of aluminum [21, 35, 40, 41]. Fig. 3.12 summarizes the YS at 

room/elevated temperatures and the alloy density for various aluminum alloys, 

including Al-based entropy alloys and conventional Al alloys with a density of below 

4.0 g/cm3. The latter alloys listed here are those involving one main element with 

additional minor elements guided by the conventional alloy design strategy, and have 
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been recent developed in lab to improve the elevated-temperature strength through 

microalloying and optimized heat treatments as the heat-resistant alloys. In terms of 

the room-temperature strength (Fig. 3.12a), the Al-based entropy alloys have more 

dispersed data points than conventional Al alloys. The conventional Al alloys generally 

have a low density of ~2.75 g/cm3, whereas the density of most Al-based 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 Al-based entropy alloys is much higher than that of 

conventional Al alloys; however, the mechanical properties of the former are not 

always superior because the strengthening is mainly a result of ICs rather than 

precipitation. The data points from the same study exhibit a near-linear relationship 

between the YS and density owing to the similar IC types among the alloys. The five 

experimental as-cast alloys in this study show decent positions in Fig. 3.12a, especially 

Alloy 5 with a YS of up to 588 MPa and density of 3.63 g/cm3. 

Fig. 3.12b displays the YS at 300 °C for various aluminum alloys without thermal 

exposure. Owing to the limited number of studies at elevated temperatures, fewer data 

points on Al-based 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 high (150ï

200 MPa). Although some Al-based entropy alloys, including Alloy 5 in this study, 

have an excellent YS of over 200 MPa, the large advantage of Al-based entropy alloys 

is not obvious under this condition.  
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Fig. 3.12c shows the YS at 300 °C after thermal exposure at 300 °C for 100 h. The 

superiority of Al-based 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. Al-based entropy alloys, by introducing a high proportion of 

thermally stable 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 alloys, 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 are shown as black squares in Fig. 3.12 [21]. Owing to its excellent 

mechanical performance at 300 °C after long thermal exposure, the Al-based entropy 

Alloy 5 can provide a larger advantage and greater potential for elevated-temperature 

applications relative to conventional Al alloys. 
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Note: For the density not mentioned in some references, it is calculated through mixing density 

equation [21]. 

Fig. 3.12 Comparison of the YS and density of Al-based entropy alloys and 

conventional Al alloys at (a) room temperature, (b) 300 °C, and (c) 300 °C after 

thermal exposure for 100 h. 

 

In this study, five AlïCuïMgïZn experimental alloys were designed to 

significantly increase the chemical composition space of aluminum alloys and explore 

their exceptional mechanical 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 entropy, which facilitated simple phase formation while 

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

al. [8, 9], entropy alloys can be divided into high-entropy, medium-entropy, 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 low-entropy alloy category. 

However, their entropy values are still much higher than those of conventional Al 

alloys (~1 J/mol/K and ~0.1R). Most Al-based entropy alloys reported in the literature 

(sometimes called multicomponent alloys) [9, 11-14, 21] have entropy values between 

0.3R and 1.2R, falling in the medium-entropy and low-entropy 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 Al-based entropy alloys [12, 27]. This limits the plasticity at room 

temperature but can significantly improve the high-temperature 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 °C, providing a promising potential for elevated-temperature 

applications.  

3.4 Conclusions 

1) Five AlïCuïMgïZn 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 g/cm3 and revealed multiphase features. A large 

quantity of intermetallic compounds (ICs) appeared in the as-cast microstructures. 

With increasing Cu and other element contents, the volume fraction of ICs 

increased. 
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2) The as-cast Alloys 1ï5 exhibited excellent compressive strength at room 

temperature, with YS ranging from 330 to 588 MPa. Alloy 5 

(Al 77Cu17Zn3Mg2Cr1) had the highest YS of 588 MPa; however, its plasticity was 

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

3) At 300 °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 ɖô precipitates were effective strengthening sources for 

fcc-Al in the as-cast alloys. During thermal exposure, they were transformed into 

coarse and submicron particles, which deteriorated the mechanical behavior to 

varying degrees. After thermal exposure at 300 °C for 100 h, the strength of Alloy 

5 at 300 °C 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 MPa. 

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 its high strength. Combining its high strength and good thermal 

stability at 300 °C, the novel lightweight entropy Alloy 5 exhibits promising 

potential for elevated-temperature applications.  

 



 

 86 

 

References 

[1] I. J. Polmear, M. J. Couper, Design and development of an experimental wrought 

aluminum alloy for use at elevated temperatures, Metall. Trans. A 19 (1988) 1027-

1035. https://doi.org/10.1007/BF02628387 

[2] M. Asadikiya, S. Yang, Y. Zhang, C. Lemay, D. Apelian, Y. Zhong, A review of 

the design of high-entropy aluminum alloys: a pathway for novel Al alloys, J. Mater. 

Sci. 56(21) (2021) 12093-12110. https://doi.org/10.1007/s10853-021-06042-6 

[3] J.W. Yeh, S.K. Chen, S.J. Lin, J.Y. Gan, T.S. Chin, T.T. Shun, C.H. Tsau, S.Y. 

Chang, Nanostructured high entropy alloys with multiple principal elements: novel 

alloy design concepts and outcomes, Adv. Eng. Mater. 6(5) (2004) 299-303. 

https://doi.org/10.1002/adem.200300567 

[4] B. Cantor, I.T.H. Chang, P. Knight, A.J.B. Vincent, Microstructural development 

in equiatomic multicomponent alloys, Mater. Sci. Eng. A 375 (2004) 213-218. 

https://doi.org/10.1016/j.msea.2003.10.257 

[5] Y. Zhang, T.T. Zuo, Z. Tang, M.C. Gao, K.A. Dahmen, P.K. Liaw, Z.P. Lu, 

Microstructures and properties of high-entropy alloys, Progress in materials science 61 

(2014) 1-93. https://doi.org/10.1016/j.pmatsci.2013.10.001 

[6] S. Praveen, H.S. Kim, High entropy alloys: potential candidates for high

temperature applicationsïan overview, Advanced Engineering Materials 20(1) (2018) 

1700645. https://doi.org/10.1002/adem.201700645 

[7] D.B. Miracle, O.N. Senkov, A critical review of high entropy alloys and related 

concepts, Acta Mater. 122 (2017) 448-511. 

https://doi.org/10.1016/j.actamat.2016.08.081 

[8] J.W. Yeh, Alloy design strategies and future trends in high-entropy alloys, JOM 

65(12) (2013) 1759-1771. https://doi.org/10.1007/s11837-013-0761-6 

[9] J.M. Sanchez, I. Vicario, J. Albizuri, T. Guraya, E.M. Acuña, Design, 

microstructure and mechanical properties of cast medium entropy aluminium alloys, 

Sci. Rep. 9(1) (2019) 1-12. https://doi.org/10.1038/s41598-019-43329-w 

[10] Y.E.H. Jien-Wei, Recent progress in high entropy alloys, Ann. Chim. Sci. Mat. 31 

(6) (2006) 633ï648. https://doi.org/10.3166/acsm.31.633-648 

[11] K.S. Tun, P. Murugan, T.S. Srivatsan, M. Gupta, Synthesis and characterization 

of aluminium based multicomponent alloys, Mater. Today 46 (2021) 1210ï1214. 

https://doi.org/10.1016/j.matpr.2021.02.066 

[12] X. Yang, S.Y. Chen, J.D. Cotton, Y. Zhang, Phase stability of low-density, 

multiprincipal component alloys containing aluminum, magnesium, and lithium, JOM 

66 (10) (2014) 2009ï2020. https://doi.org/10.1007/s11837-014-1059-z 



 

 87 

 

[13] L. Shao, T. Zhang, L. Li, Y. Zhao, J. Huang, P.K. Liaw, Y. Zhang, A low-cost 

lightweight entropic alloy with high strength, J. Mater. Eng. Perform. 27 (12) (2018) 

6648ï6656. https://doi.org/10.1007/s11665-018-3720-0 

[14] R. Li, X. Li, J. Ma, Y. Zhang, Sub-grain formation in AlïLiïMgïZnïCu 

lightweight entropic alloy by ultrasonic hammering, Intermetallics 121 (2020) 106780. 

https://doi.org/10.1016/j.intermet.2020.106780 

[15] C. Liu, A. Garner, H. Zhao, P.B. Prangnell, B. Gault, D. Raabe, P. Shanthraj, 

CALPHAD-informed phase-field modeling of grain boundary microchemistry and 

precipitation in Al-Zn-Mg-Cu alloys, Acta Mater. 214 (2021) 116966. 

https://doi.org/10.1016/j.actamat.2021.116966 

[16] G.E. Totten, D.S. MacKenzie, Handbook of Aluminum: Vol. 1: Physical 

Metallurgy 

and Processes, CRC Press, 2003. https://doi.org/10.1201/9780203912591 

[17] T.Y. Ahn, J.G. Jung, E.J. Baek, S.S. Hwang, K. Euh, Temporal evolution of 

precipitates in multicomponent Alï6Mgï9Siï10Cuï10Znï3Ni alloy studied by 

complementary experimental methods, J. Alloys Compd. 701 (2017) 660-668. 

https://doi.org/10.1016/j.jallcom.2017.01.183 

[18] T.Y. Ahn, J.G. Jung, E.J. Baek, S.S. Hwang, K. Euh, Temperature dependence of 

precipitation behavior of Alï6Mgï9Siï10Cuï10Znï3Ni natural composite and its 

impact on mechanical properties, Mater. Sci. Eng. A 695 (2017) 45-54. 

https://doi.org/10.1016/j.msea.2017.04.015 

[19] E.J. Baek, T.Y. Ahn, J.G. Jung, J.M. Lee, Y.R. Cho, K. Euh, Effects of ultrasonic 

melt treatment and solution treatment on the microstructure and mechanical properties 

of low-density multicomponent Al70Mg10Si10Cu5Zn5 alloy, J. Alloy. Compd. 696 

(2017) 450ï459. https://doi.org/10.1016/j.jallcom.2016.11.305 

[20] R. Li, Z. Ren, Y. Wu, Z. He, P.K. Liaw, J. Ren, Y. Zhang, Mechanical behaviors 

and precipitation transformation of the lightweight high-Zn-content AlïZnïLiïMgïCu 

alloy, Mater. Sci. Eng. A 802 (2021) 140637. 

https://doi.org/10.1016/j.msea.2020.140637 

[21] L. Cui, Z. Zhang, X.G. Chen, Development of lightweight Al-based entropy alloys 

for elevated temperature applications, J. Alloys Compd. 938 (2023) 168619. 

https://doi.org/10.1016/j.jallcom.2022.168619 

[22] C.M. Dinnis, A.K. Dahle, J.A. Taylor, Three-dimensional analysis of eutectic 

grains in hypoeutectic AlïSi alloys. Mater. Sci. Eng. A 392(1-2) (2005) 440-448. 

https://doi.org/10.1016/j.msea.2004.10.037 

[23] N. Chawla, R.S. Sidhu, V.V. Ganesh, Three-dimensional visualization and 

microstructure-based modeling of deformation in particle-reinforced composites, Acta 

Mater. 54(6) (2006) 1541-1548. https://doi.org/10.1016/j.actamat.2005.11.027 



 

 88 

 

[24] J.J. Williams, K.E. Yazzie, E. Padilla, N. Chawla, X. Xiao, F. De Carlo, 

Understanding fatigue crack growth in aluminum alloys by in situ X-ray synchrotron 

tomography, Int. J. Fatigue 57 (2013) 79-85. 

https://doi.org/10.1016/j.ijfatigue.2012.06.009 

[25] S. Cui, I.H. Jung, Thermodynamic modeling of the quaternary Al-Cu-Mg-Si 

system, Calphad 57 (2017) 1-27. https://doi.org/10.1016/j.calphad.2017.02.002 

[26] S.L. Chen, Y. Zuo, H.Y. Liang, Y.A. Chang, A thermodynamic description for the 

ternary Al-Mg-Cu system, Metall. Mater. Trans. A 28(2) (1997) 435-446. 

https://doi.org/10.1007/s11661-997-0144-0 

[27] C. Ji, A. Ma, J. Jiang, Mechanical properties and corrosion behavior of novel Al- 

Mg-Zn-Cu-Si lightweight high entropy alloys, J. Alloy. Compd. 900 (2022) 163508. 

https://doi.org/10.1016/j.jallcom.2021.163508. 

[28] J.M. Sanchez, I. Vicario, J. Albizuri, T. Guraya, J.C. Garcia, Phase prediction, 

microstructure and high hardness of novel light-weight high entropy alloys, J. Mater. 

Res. Technol. 8 (1) (2019) 795ï803. https://doi.org/10.1016/j.jmrt.2018.06.010 

[29] M.V. Glazoff, A. Khvan, V.S. Zolotorevsky, N.A. Belov, A. Dinsdale, Casting 

aluminum alloys: their physical and mechanical metallurgy, second ed., Butterworth-

Heinemann. https://doi.org/10.1016/C2015-0-02446-7 

[30] M. KrystĨnov§, P. Doleģal, S. Fintov§, J. Zapletal, T. Marada, J. Wasserbauer, 

Characterization of Brittle Phase in Magnesium Based Materials Prepared by Powder 

Metallurgy, Key Eng. Mater. 784 (2018) 61-66. 

https://doi.org/10.4028/www.scientific.net/KEM.784.61 

[31] T.H. Müllerr, P. Paufler, Yield strength of the monocrystalline intermetallic 

compound MgZn2, physica status solidi (a) 40(2) (1977) 471-477. 

https://doi.org/10.1002/pssa.2210400213 

[32] F. Jiang, H.S. Zurob, G.R. Purdy, H. Zhang, Characterizing precipitate evolution 

of an AlïZnïMgïCu-based commercial alloy during artificial aging and non-

isothermal heat treatments by in situ electrical resistivity monitoring, Mater. Charact. 

117 (2016) 47-56. https://doi.org/10.1016/j.matchar.2016.04.014 

[33] J. Zhu, B. Jiang, D. Yi, H. Wang, G. Wu, Precipitate behavior, mechanical 

properties and corrosion behavior of an Al-Zn-Mg-Cu Alloy during non-isothermal 

creep aging with axial tension stress, Metals 10(3) (2020) 378. 

https://doi.org/10.3390/met10030378 

[34] Y. Zhao, J. Liu, T.D. Topping, E.J. Lavernia, Precipitation and aging phenomena 

in an ultrafine grained Al-Zn alloy by severe plastic deformation, J. Alloys Compd. 

851 (2021) 156931. https://doi.org/10.1016/j.jallcom.2020.156931 

[35] J. Rakhmonov, K. Liu, X.G. Chen, Effects of compositional variation on the 

thermal stability of ɗ ǋ-Al2Cu precipitates and elevated-temperature strengths in Al-Cu 



 

 89 

 

206 alloys, J. Mater. Eng. Perform. 29 (11) (2020) 7221ï7230. 

https://doi.org/10.1007/s11665-020-05227-5 

[36] D. Tolnai, G. Requena, P. Cloetens, J. Lendvai, H.P. Degischer, Effect of solution 

heat treatment on the internal architecture and compressive strength of an AlMg4.7Si8 

alloy, Mater. Sci. Eng. A 585 (2013) 480-487. 

https://doi.org/10.1016/j.msea.2013.06.033 

[37] D. Amberger, P. Eisenlohr, M. Göken, On the importance of a connected hard-

phase skeleton for the creep resistance of Mg alloys, Acta Mater. 60(5) (2012) 2277-

2289. https://doi.org/10.1016/j.actamat.2012.01.017 

[38] B. Zhang, S. Gavras, A.V. Nagasekhar, C.H. Cáceres, M.A. Easton, The strength 

of the spatially interconnected eutectic network in HPDC Mg-La, Mg-Nd, and Mg-La-

Nd alloys, Metall. Mater. Trans. A 45(10) (2014) 4386-4397. 

https://doi.org/10.1007/s11661-014-2416-9 

[39] N.T.B.N. Koundinya, R.S. Kottada, Distinct role of eutectic morphology on the 

plastic flow in cast Mgï3Ca alloy, Mater. Sci. Eng. A 791 (2020) 139633. 

https://doi.org/10.1016/j.msea.2020.139633 

[40] S.A. Awe, Elevated temperature tensile properties of a ternary eutectic Alï

27%Cuï5% Si cast alloy, Int. J. Lightweight Mater. 4(1) (2021) 18-26. 

https://doi.org/10.1016/j.ijlmm.2020.07.004 

[41] J. Rakhmonov, K. Liu, L. Pan, F. Breton, X.G. Chen, Enhanced mechanical 

properties of high-temperature-resistant AlïCu cast alloy by microalloying with Mg, J. 

Alloy. Compd. 827 (2020) 154305. https://doi.org/10.1016/j.jallcom.2020. 154305 

[42] P. Hu, K. Liu, L. Pan, X.G. Chen, Effect of Mg microalloying on elevated-

temperature creep resistance of AlïCu 224 cast alloys, Mater. Sci. Eng. A 851 (2022) 

143649. https://doi.org/10.1016/j.msea.2022.143649 

[43] L. Jin, K. Liu, X.G. Chen, Evolution of dispersoids and their effects on elevated- 

temperature strength and creep resistance in Al-Si-Cu 319 cast alloys with Mn and Mo 

additions, Mater. Sci. Eng. A 770 (2020) 138554. 

https://doi.org/10.1016/j.msea.2019.138554 

[44] A.R. Farkoosh, X.G. Chen, M. Pekguleryuz, Dispersoid strengthening of a high 

temperature AlïSiïCuïMg alloy via Mo addition, Mater. Sci. Eng. A 620 (2015) 181ï

189 https://doi.org/10.1016/j.msea.2014.10.004 

[45] K. Ma, E.M. Elgallad, Z.X. Chen, B.L. Xiao, X.G. Chen, Improving the elevated- 

temperature mechanical properties of AA3004 hot-rolled sheets by microalloying with 

Mo and optimizing the process route, J. Mater. Res. Technol. 19 (2022) 4489ï4503. 

https://doi.org/10.1016/j.jmrt.2022.06.171 

[46] Q. Cai, C.L. Mendis, I.T. Chang, Z. Fan, Microstructure and mechanical properties 

of new die-cast quaternary Al-Cu-Si-Mg alloys, Mater. Sci. Eng. A 800 (2021) 140357. 

https://doi.org/10.1016/j.msea.2020.140357 



 

 90 

 

[47] S.S. Shin, K.M. Lim, I.M. Park, Effects of high Zn content on the microstructure 

and mechanical properties of AlïZnïCu gravity-cast alloys, Mater. Sci. Eng. A 679 

(2017) 340-349. https://doi.org/10.1016/j.msea.2016.09.022 

[48] R. Li, J. Gao, K. Fan, Study to microstructure and mechanical properties of Mg 

containing high entropy alloys, Mater. Sci. Forum, Trans. Tech. Publ. Ltd 650 (2010) 

265ï271. https://doi.org/10.4028/www.scientific.net/MSF.650.265 

[49] N. Takata, M. Ishihara, A. Suzuki, M. Kobashi, Microstructure and strength of a 

novel heat-resistant aluminum alloy strengthened by T-Al6Mg11Zn11 phase at 

elevated temperatures, Mater. Sci. Eng. A 739 (2019) 62-70. 

https://doi.org/10.1016/j.msea.2018.10.034 

[50] J.M. Sanchez, A. Pascual, I. Vicario, J. Albizuri, T. Guraya, H. Galarraga, 

Microstructure and Phase Formation of Novel Al80Mg5Sn5Zn5X5 Light-Weight 

Complex Concentrated Aluminum Alloys, Metals 11(12) (2021) 1944. 

https://doi.org/10.3390/met11121944 

[51] Y. Huang, J. Wen, Y. Liu, Y. Zhao, Effects of electromagnetic frequency on the 

microstructure and mechanical properties of Al70Zn10Mg10Cu5Si5 medium entropy 

alloy, J. Mater. Res. Technol. 17 (2022) 3105-3117. 

https://doi.org/10.1016/j.jmrt.2022.02.034 

[52] K. Euh, K., J.G. Jung, E.J. Baek, J.M. Lee, H.W. Kim, Effect of heat-treatment on 

microstructure and mechanical properties of sonicated multicomponent AlMgSiCuZn 

alloy, Light Metals (2017) 379-383. Springer, Cham. https://doi.org/10.1007/978-3-

319-51541-0_47 

[53] A.P. Babu, A. Huang, N. Birbilis, On the heat treatment and mechanical properties 

of a high solute AlïZnïMg alloy processed through laser powder bed fusion process, 

Mater. Sci. Eng. A 807 (2021) 140857. https://doi.org/10.1016/j.msea.2021.140857 

[54] X. Meng, D. Zhang, W. Zhang, C. Qiu, D. Chen, Achieving high damping capacity 

and strength simultaneously in a high-zinc aluminum alloy via melt spinning and hot 

extrusion, Mater. Sci. Eng. A 833 (2022) 142376. 

https://doi.org/10.1016/j.msea.2021.142376 



 

 

Chapter 4  

Development of lightweight Al-based entropy alloys for 

elevated temperature applications 

(Published in Journal of Alloys and Compounds) 

Abstract 

A series of lightweight Al-based 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 entropy alloys (Al93Cu4Zn1Cr1Fe1, Al85Cu11Zn2Cr1Fe1, Al85Cu11Zn1Cr2V1, 

Al 78Cu18Zn2Cr1Fe1, Al78Cu18Zn1Cr2Ti1, and Al78Cu18Zn1Cr2V1) 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 high-Cu alloys (Al78Cu18Zn2Cr1Fe1, Al78Cu18Zn1Cr2Ti1, and 

Al 78Cu18Zn1Cr2V1) exhibited high yield strengths of more than 200 MPa and excellent 

thermal stability at 300 °C. 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 high-Cu alloys up to 450 °C indicate their significant 

potential for high temperature applications. 

Keywords: Aluminum entropy alloys, Lightweight, Microstructure, Elevated-

temperature strengths, Thermal stability. 
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4.1 In troduction  

As lightweight materials, aluminum alloys play a significant role in the aerospace, 

automotive, and construction industries. Although several aluminum structural alloys 

meet the high-strength 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 strengths of a typical high-strength 

7075 aluminum alloy at 200  and 300  are approximately 30% and 10% of its RT 

strengths, respectively [1]. Owing to the development of a green economy and industry, 

to further advance lightweight aluminum alloys for elevated temperature applications, 

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 principal elements in equal or near-equal atomic ratios [3-4]. 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 of the mixing enthalpy, i.e., the formation of intermetallic 

compounds (ICs), therefore stabilizing the simple, disordered solid solutions [5-6]. 

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 fatigue, 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 ICs [8-9]. Over the years, the concept of 

HEAs has expanded and it motivates the development of entropy alloys, including 

high-entropy, medium-entropy, and low-entropy alloys [9-12]. Developing aluminum 

entropy alloys can be a novel approach for improving the mechanical properties of 

aluminum alloys at HTs [2].  

Aluminum entropy alloys are Al-based 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 

elements. Therefore, the aluminum entropy alloys are also known as multicomponent 

aluminum alloys [13-16]. Several Al-based entropy alloys with excellent properties 

have been reported [5, 11, 13-22]. Sanchez et al. [11] investigated two series Al-based 

medium-entropy alloys Al65Cu5Mg5Si15Zn5X5 and Al70Cu5Mg5Si10Zn5X5 (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 HV. Yang et al. [15] 

designed two alloys Al80Li 5Mg5Zn5Cu5 and Al80Li 5Mg5Zn5Sn5 with a low density of 

2.85 g/cm3 and a high compressive strength of more than 800 MPa with a plasticity up 

to 17%. Baek et al. [17] investigated the microstructure and compressive mechanical 

properties of a low-density alloy Al70Mg10Si10Cu5Zn5 at room and elevated 

temperatures. The compressive strengths of this alloy were significantly improved 

(>700 MPa at RT and >110 MPa at 350 °C) compared to those of the conventional cast 

alloys (A356 and A390) [23]. Owing to the sluggish effect caused by the high 

concentration of multiple elements, most HEAs generally exhibit poor liquidity and 

castability, which result in compositional inhomogeneity; consequently, a eutectic 
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structure is introduced to overcome these issues [14, 24-27]. Shao et al. [14] studied 

the microstructure and mechanical properties of a series of AlïMg-based entropy alloys 

with a low-density range of 2.64ï2.75 g/cm3. They found that the 

Al 85Mg10.5Zn2.025Cu2.025Si0.45 alloy with a eutectic structure exhibited excellent 

compressive strength of more than 800 MPa with a plastic strain of more than 20%. 

The existing Al-based entropy alloys always contain a large number of elements with 

low melting points, such as 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 thermal stability of Al-based entropy alloys is very limited. 

This study aimed to develop a series of lightweight Al-based entropy alloys with 

high strength and good thermal stability at elevated temperatures (300 °C and 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 have low fluidity 

during casting, an AlïCu eutectic structure was adopted owing to its appropriate 

eutectic point 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 Section 4.4.1 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, Thermo-Calc simulations were used to 

predict the phase constitution, and they assisted in the selection of alloys (introduced 

in Section 4.3.1). Finally, six lightweight Al-based entropy alloys were designed: 
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Al 93Cu4Zn1Cr1Fe1 (Alloy 1), Al85Cu11Zn2Cr1Fe1 (Alloy 2), Al85Cu11Zn1Cr2V1 (Alloy 

3), Al78Cu18Zn2Cr1Fe1 (Alloy 4), Al78Cu18Zn1Cr2Ti1 (Alloy 5), and Al78Cu18Zn1Cr2V1 

(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 pure elements in a 

graphite crucible, and each was melted at 880  in an induction melting furnace under 

an argon atmosphere. Elements were well mixed through melting and diffusion. Each 

ingot was remelted at least three times. During remelting, the cast ingot was ground 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 at 250 °C. The produced ingots 

were then air-cooled down and they had dimensions of about 26x26x50 mm3. The 

chemical compositions of the experimental alloys were examined using inductively 

coupled plasma mass spectrometry, and the results are listed in Table 4.1. Based on the 

Cu content, the alloys were divided into three groups: low-Cu (Alloy 1), medium-Cu 

(Alloys 2ï3), and high-Cu (Alloys 4ï6) alloys. 
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Table 4.1 Chemical compositions of experimental alloys. 

Alloys 
Chemical composition, at.% 

Al  Cu Zn Cr Fe Ti V 

Alloy 1 (Al93Cu4Zn1Cr1Fe1) 93.18 4.34 0.45 0.99 1.04 - - 

Alloy 2 (Al85Cu11Zn2Cr1Fe1) 84.26 12.04 1.88 0.83 0.99 - - 

Alloy 3 (Al85Cu11Zn1Cr2V1) 86.26 10.56 0.59 1.72 - - 0.87 

Alloy 4 (Al78Cu18Zn2Cr1Fe1) 77.44 19.04 1.72 0.79 1.01 - - 

Alloy 5 (Al78Cu18Zn1Cr2Ti1) 78.11 18.68 0.42 1.85 - 0.94 - 

Alloy 6 (Al78Cu18Zn1Cr2V1) 78.85 18.01 0.47 1.85 - - 0.82 

  

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

Nikon Eclipse ME600) and a scanning electron microscopy instrument (SEM, JEOL 

JSM-6480LV) equipped with an energy-dispersive X-ray spectroscopy (EDS) system. 

The phases in the alloys were identified via SEMïEDS and X-ray diffraction (XRD, 

D8 Discover) using Cu KŬ radiation with a diffraction angle (2ɗ) ranging from 10Á to 

80°, a step size of 0.05°, and a step time of 0.5 s/step. After phase identification, the 

volume fraction of each phase in each alloy was measured via image analysis using at 

least five OM images. Transmission electron microscopy (TEM, JEMī2100) with an 

accelerating voltage of 200 kV was used to examine the distribution of dislocations and 

precipitates in the experimental alloys. TEM samples were initially cut and punched 

into rounded pieces with a thickness of 600 µm; they were then mechanically polished 

to a final thickness of 50ï60 µm and electropolished in a twin-jet unit using 20 V at 

20  in a solution of 30 vol.% nitric acid and 70 vol.% methanol. The differential 

scanning calorimetry (DSC, PerkinElmer DSC 8000) analyses were conducted on the 

as-cast samples at a heating rate of 10 /min under an argon atmosphere. For each 

alloy, at least two samples were tested to ensure the reproducibility of the obtained 

results. 
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Compression tests were conducted at RT and HTs using a Gleeble 3800 

thermomechanical simulator unit according to the ASTM E9-09 and ASTM E209-18 

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 10ī4 sī1 owing to the brittleness of certain alloys. For the HT tests, 

a strain rate of 10ī3 sī1 was used. 

4.3 Results 

4.3.1 Microstructures and phase constituents 

The Thermo-Calc simulations (equilibrium and Scheilôs model) were conducted 

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 

database, and the results are shown in Fig. 4.1. At RT, each alloy was predicted to 

contain three to four phases. The three major phases were fcc-Al (face centered cubic 

crystal structure), Al2Cu, and Al45Cr7; they appeared in each alloy in larger quantities. 

In All oy l (Fig. 4.1a), the fcc-Al is the dominant phase in the matrix with a mole 

percentage of 73%. With the increasing content of Cu in the medium-Cu Alloys 2ï3 

(Fig. 4.1bïc), the fcc-Al remains as the major phase with a reduced percentage of 

approximately 50%, followed by Al2Cu as second major phase with a percentage of 

approximately 30%. In the high-Cu Alloys 4ï6 (Fig. 4.1dïf), the major phase is the 

Al 2Cu phase with approximately 50%, which is followed by the fcc-Al phase with 

approximately 30%. The Al45Cr7 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 Al3Ti phase was present in Alloy 5 owing to the Ti addition, and Al7Cu2Fe 

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 hexagonal close-packed (hcp) crystal structure 

and contained all added elements. 

For the comparison, the simulation of the phase formation under the non- 

equilibrium condition using Scheilôs model was also conducted, and the results are 

displayed in Fig. 4.2. The Scheilôs simulation revealed that each alloy contained five 

to six phases, in which two more minor phases were predicted than that calculated by 

the equilibrium simulation. In Alloy 1 (Fig. 4.2a), the fcc-Al as the major phase and 

three minor phases (Al2Cu, Al45Cr7 and Al 7Cu2Fe) were predicted, which is consistent 

with the equilibrium phase diagram (Fig. 4.1a); but two minor phases (Al13Fe4 and 

Al 5Cr) did not appear in the equilibrium phase diagram. In the medium-Cu Alloys 2ï3 

(Fig. 4.2bïc), the fcc-Al remained as the major phase and other two minor phases 

(Al 2Cu and Al45Cr7) also appeared, showing good agreement with the equilibrium 

simulation (Fig. 4.1bïc). However, other minor phases (Al13Fe4 and Al5Cr, or Al3Ti) 

were not predicted by the equilibrium simulation. In the high-Cu Alloys 4ï6 (Fig. 4.2dï

f), Al2Cu became the major phase with approximately 55%, followed by the second 

major phase fcc-Al with approximately 35%. The results are still similar with those 

calculated by the equilibrium simulation (Fig. 4.1dïf). The difference is the prediction 

of some minor phases with small fraction; for instance, Al13Fe4, Al4Cr and Al5Cr did 

not appeare in the equilibrium phase diagram, while Al45Cr7 was not predicted in the 

Scheilôs simulation.  
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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, and hence ICs are produced more frequently in the lightweight entropy alloys 

[5, 14-17]. Even if all the elements are added in near-equal atomic ratios, i.e., the alloy 

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

29].  

 

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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Fig. 4.2 Simulated phase formation using Scheilôs model 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. 

 

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

the as-cast Alloys 1ï6 are shown in Fig. 4.3. In most cases, XRD detected three major 

phases of fcc-Al, Al 2Cu, and Al45Cr7. In Fig. 4.3aïc, the diffraction peaks of fcc-Al are 

intense, indicating a high fraction of the fcc-Al in these three alloys, which is consistent 

with the results from the Thermo-Calc simulations. Compared with the standard Al 

diffraction patterns, peaks of fcc-Al 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 medium-Cu Alloys 2ï3 have more intense Al2Cu diffraction peaks, 

suggesting an increase in the proportion of Al2Cu in the alloys. Al45Cr7 was also 

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

high-Cu alloys (Fig. 4.3dïf), the diffraction peaks of Al2Cu are more intense than those 
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of fcc-Al, indicating that Al2Cu is the predominant phase in the high-Cu Alloys 4ï6, 

which corresponds to the results in Figs. 4.1ï4.2. Diffraction peaks of Al3Ti are 

observed in Alloy 5 (Fig. 4.3e). Overall, the XRD results are in good agreement with 

the prediction of main phases from the Thermo-Calc simulations. However, not all the 

predicted phases in Figs. 4.1ï4.2 were observed in XRD results. This can be due to 

three reasons: (1) the volume fraction of the phase was too small to be detected; (2) the 

results of Thermo-Calc simulations were not yet accurate enough due to the incomplete 

of database for Al-base entropy alloys, which are often beyond the Al-rich region; (3) 

sluggish diffusion effect on the entropy alloys could affect the phase formation, such 

as enriching the solute atoms in each phase [5]. 

 

Fig. 4.3 XRD patterns of the as-cast 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 as-cast alloys are shown in Fig. 4.4. All six 

alloys exhibited multiphase features with three to four different phases, which was 

consistent with the XRD results shown in Fig. 4.3. 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 SEMïEDS results. The phase type, volume fraction, and 

phase composition of the corresponding microstructure regions are summarized in 

Table 4.2.  

The semiquantitative SEMïEDS 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 the fcc-Al solid solution 

containing the solute atoms of Cu and Zn. The bright Region B contained Al and Cu 

with an atomic ratio of approximately 2:1 and was identified as the Al2Cu phase. The 

Al 2Cu phase showed two shapes: (1) a bulk shape and (2) lamellar form as the eutectic 

phase with fcc-Al. From the low-Cu Alloy 1 to medium-Cu Alloys 2ï3 and high-Cu 

Alloys 4ï6, the volume fraction of the fcc-Al phase decreased, and the volume fraction 

of the Al2Cu increased, which is supported by the XRD and Thermo-Calc simulations 

results. The content of the Cu solute atoms in the fcc-Al phase increased from the low- 

to high-Cu alloys, inducing a high degree of solid-solution strengthening. Compared to 

conventional AlïCu alloys, the fcc-Al phase of the six experimental alloys contained 

more Cu solute atoms and was determined 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 the Al45Cr7-type phase. Region D in Alloy 

1 (Fig. 4.4a) contains high amounts of Cu and Fe, which is determined to be the 

Al 7Cu2Fe phase. Region E in alloy 5 (Fig. 4.4e) contains a high amount of Ti and is 

identified as the Al3Ti phase. Phases Al45Cr7, Al7Cu2Fe, and Al3Ti 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, 15, 30-31]. 

The microstructure results (Fig. 4.4 and Table 4.2) reveal that all six alloys contain 

the three basic phases of fcc-Al, Al 2Cu, and Al45Cr7; 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 Al7Cu2Fe phase in Alloy 1 and the Al3Ti phase in Alloy 5. 

According to the Gibbs phase rule (F = C ï P + 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 a 

five-element alloy system when F is 0 [8]. The actual phase formation in the six alloys 

was simpler than expected based on the Gibbs phase rule and the Thermo-Calc 

simulations. It is also found that the results of the equilibrium simulation matched 

better with the experimental data determined by XRD and the microstructural 

observation compared to those of the Scheilôs simulation. However, both simulations 

did not accurately predict the entire phase formation of six experimental alloys in term 

of the phase number 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 as-cast microstructure: (a) Alloy 1, (b) Alloy 2, (c) Alloy 

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

Table 4.2 The phase type, volume fraction and phase composition in the 

corresponding microstructure regions of Fig. 4.4.  

Alloy Region 
Phase 

type 

Volume 

fraction, 

vol.% 

Chemical composition, at.% 

Al Cu Zn Cr Fe Ti V 

Alloy 1 

A fcc-Al 74.74 97.5 2 0.5 - - - - 

B Al2Cu 14.60 76 24 - - - - - 

C Al45Cr7 9.10 84 3 - 10 3 - - 

D Al7Cu2Fe 1.56 82.5 7 0.5 3 7 - - 

Alloy 2 

A fcc-Al 55.75 94 3 3 - - - - 

B Al2Cu 34.52 72 28 - - - - - 

C Al45Cr7 9.73 78 9 1 7 5 - - 

Alloy 3 

A fcc-Al 47.88 96.5 2.5 1 - - - - 

B Al2Cu 35.52 76 24 - - - - - 

C Al45Cr7 16.60 84 3.5 0.5 8 - - 4 

Alloy 4 

A fcc-Al 31.58 92 4 4 - - - - 

B Al2Cu 57.51 70 30 - - - - - 

C Al45Cr7 10.91 76 10 1 7 6 - - 

Alloy 5 

A fcc-Al 26.31 95 3.5 1.5 - - - - 

B Al2Cu 58.06 69 31 - - - - - 

C Al45Cr7 12.32 81 6 0.5 12 - 0.5 - 

E Al3Ti 3.31 76 1 - 7 - 16 - 

Alloy 6 

A fcc-Al 28.77 95 3.5 1.5 - - - - 

B Al2Cu 56.08 69 31 - - - - - 

C Al45Cr7 15.15 82.5 5 0.5 9 - - 3 
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4.3.2 Mechanical properties and thermal stability 

Fig. 4.5 shows the compressive stressïstrain curves of the as-cast alloys at RT. 

The compressive results, including the yield strength (YS, ůy), the compressive strength 

(ůmax), and the maximum strain (Ůmax), are summarized in Table 4.3; ůy was obtained 

at a 0.2% offset strain. ůmax and Ůmax are the maximum compressive strength and strain 

measured during deformation, respectively. A tradeoff between the strength and 

ductility was observed in all six alloys. Alloy 1 showed a relatively low ůmax of 432 

MPa with a very high Ůmax of 20%. With the increased Cu content in the medium-Cu 

alloys, the ůmax increased to 498 MPa in Alloy 2 and 564 MPa in Alloy 3, while the 

Ůmax abruptly decreased to 3.21% in Alloy 2 and 1.94% in Alloy 3. The high-Cu Alloys 

4ï6 exhibited very high ůmax (exceeding 580 MPa) with low plasticities (Ůmax of ~1%). 

Among the six alloys studied, Alloy 5 displayed the highest strengths, in which ůmax 

and ůy reached 646 and 383 MPa, respectively.  

 

Fig. 4.5 Room-temperature compressive stress-strain curves of the as-cast alloys. 

Table 4.3 Room-temperature compressive mechanical properties of the as-cast 

alloys. 
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Alloy  ůy, MPa ůmax, MPa Ůmax, % 

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 mechanical properties, the compression tests of the 

as-cast alloys were initially conducted at 300 °C. The compressive stressïstrain curves 

at 300 °C and their corresponding strengths are shown in Fig. 4.6. 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 (Fig. 4.6a), owing to the 

high thermal activation and easy dislocation movement at HTs. Alloy 1 displayed 

relatively low YS (ůy = 111 MPa) and compressive strength (ůmax = 143 MPa), which 

were comparable to those of the conventional Al-Cu 224 cast alloy [32]. From the low-

Cu alloy to the high-Cu alloys, the values of ůy and ůmax significantly increase (Fig. 

4.6b); Alloys 4ï5 demonstrate a YS as high as 223ï224 MPa at 300 °C.  

 

Fig. 4.6 Compressive mechanical properties of the as-cast alloys at 300 °C, (a) true 

stress-strain curves and (b) yield strength and maximum compressive strength.  




















































































































