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Abstract 
The main aim of this thesis was to design and develop new Aluminium based 
compositionally complex alloys (CCAs) using the high entropy alloy (HEA) 
concept, and to understand their evolution of microstructures during casting and 
also after the secondary process which is heat-treatment, and finally to evaluate 
their subsequent mechanical properties. Prior to the development of alloys, a 
computational technique ThermoCalc was used which helped in understanding 
the phase formation in various results. Use of thermodynamic physical 
parameters for predicting the stability of single-phase fields was done to assess 
their validity in predicting the compositional regions of the alloys developed. 

The first alloy developed is Al73.6Mg18Ni1.5Ti1.9Zr1Zn4 in at% (NiTiZrZn) CCA. 
The microstructure consists of the FCC as a primary phase with ~49% volume 
fraction along with β-AlMg and intermetallic (IM) phases including Al3Ni, Al3Ti, 
and Al3Zr. After casting, the microstructure showed some presence of eutectic 
structures. The Al3Ti, and Al3Zr IM phases seemed to precipitate early which 
led to less homogenization of Ti and Zr, causing deviation in the amount of 
these elements in the matrix. Further, the CCA was heat-treated at 375 oC for 
24hrs and 48hrs and the evolution of microstructure along with its hardness and 
phase transformation characterisation was investigated. 
The second developed alloy was quaternary Al65.65Mg21.39Ag10.02Ni2.94 in at% 
(AgNi) CCA. In the as-cast state, the main phase (matrix) was FCC with ~64 % 
volume fraction along with BCC, β-AlMg and Al3Ni IM phases. There was a 
good level homogenization of all elements in the alloy. They were further heat-
treated at 400 oC for 24 hrs and 48 hrs and were studied for any change in 
microstructure along with its hardness and thermal stability. This CCA had the 
highest hardness value from all developed CCAs. 
Lastly, in order to check how Ni affects the microstructure and properties of 
(AgNi) CCA, a ternary Al67.2Mg22.09Ag10.7 in at% (Ag) CCA was developed. The 
composition was kept such that it is exactly 97% by excluding the Ni. During 
the development of this alloy, the cast was cooled in two ways first being the 
normal cooled just like other CCAs and second being a fast cooling method. 
Both of these alloys consists of the FCC phase as a primary phase with 72% 
volume fraction along with BCC and β-AlMg. Both of them were also heat 
treated at 400 oC for 24 hrs and 48 hrs to evaluate any changes in 
microstructure and also to assess its hardness and thermal stability. 
 

 

Keywords 

High Entropy Alloys, CCAs, Solid Solutions, Intermetallic Compounds, 
Thermodynamic, Multicomponent, Microstructure, Mechanical Properties          



Contents 

 3 

Contents 

1 INTRODUCTION ......................................................................................... 5 

1.2 BACKGROUND ............................................................................................. 5 
1.3 PURPOSE AND RESEARCH QUESTIONS .......................................................... 6 
1.4 DELIMITATIONS ........................................................................................... 7 
1.5 OUTLINE ..................................................................................................... 7 

2 THEORETICAL BACKGROUND ................................................................ 8 

2.1 BRIEF HISTORY OF METALLURGY ................................................................. 8 
2.2 HEAS AND CCAS ....................................................................................... 9 
2.2.1 DISCOVERY .............................................................................................. 9 
2.2.2 DEFINITIONS ........................................................................................... 10 
2.2.3 PREPARATION AND PROPERTIES OF HEAS AND CCAS ............................... 23 

3 METHOD AND IMPLEMENTATION ......................................................... 40 

3.1 DEVELOPMENT OF LIGHTWEIGHT HEA AND CCA DATABASE ........................ 40 
3.2 ALLOY DESIGN .......................................................................................... 40 
3.3 PRODUCTION ............................................................................................ 42 
3.3.1 CASTING ................................................................................................ 42 
3.3.2 HEAT TREATMENT ................................................................................... 44 
3.4 SAMPLE PREPARATION .............................................................................. 44 
3.4.1 MICROSTRUCTURE ANALYSIS SAMPLES .................................................... 44 
3.4.2 DSC SAMPLES ....................................................................................... 45 
3.5 CHARACTERIZATION TECHNIQUES .............................................................. 45 
3.5.1 SCANNING ELECTRON MICROSCOPE ........................................................ 45 
3.5.2 DIFFERENTIAL SCANNING CALORIMETER ................................................... 45 
3.5.3 HARDNESS ............................................................................................. 46 
3.5.4 DENSITY ................................................................................................. 46 

4 FINDINGS AND ANALYSIS ...................................................................... 47 

4.1 DATABASE OF LWHEAS AND LWCCAS .................................................... 47 
4.2 CHARACTERIZATION .................................................................................. 48 
4.2.1 MICROSTRUCTURE .................................................................................. 48 
4.2.2 MECHANICAL .......................................................................................... 66 
4.2.3 PHASE TRANSFORMATION ........................................................................ 68 

5 DISCUSSION AND CONCLUSIONS ........................................................ 69 

5.1 ALLOY DESIGN .......................................................................................... 69 
5.2 PHYSICAL PARAMETERS ............................................................................ 75 



Contents 

 4 

5.3 PHASE AND MICROSRTUCTURE .................................................................. 76 
5.4 PROPERTIES ............................................................................................. 79 
5.4.1 HARDNESS ............................................................................................. 79 
5.4.2 PHASE TRANSFORMATION ........................................................................ 81 
5.5 CONCLUSIONS ........................................................................................... 82 

6 FUTURE WORK ........................................................................................ 84 

7 REFERENCES .......................................................................................... 85 

8 APPENDICES ........................................................................................... 93 

8.1 APPENDIX 1 .............................................................................................. 93 
8.2 APPENDIX 2 .............................................................................................. 96 
8.3 APPENDIX 3 ............................................................................................ 104 
 

 



Introduction 

 

1 Introduction 

The project was initiated by Jönköping University, Sweden in the School of 
Engineering, Materials Engineering Department. 

The aim of this thesis was to design and develop new light-weight aluminium 
based CCAs based on the HEA concept. Empirical rules from HEA design are 
applied alongside thermodynamic computation to produce alloys with improved 
mechanical properties over current commercially produced Al-based alloys.  

The alloys were then produced through a resistance/conventional casting 
process. The mechanical and physical behaviour of the produced alloys were 
studied through Scanning Electron Microscope (SEM), EDS, Differential 
Scanning Calorimeter (DSC), Hardness and Density to gain a complete 
understanding of the material behaviour.  

1.2 Background 

Lightweight alloys are an attractive option in material selection with a wide 
range of applications due to the benefit they offer in the overall reduction in 
weight. The light-weight alloys have a high demand particularly in transportation 
and defence industries, and this has brought the widespread interest of HEAs 
to material science and engineering communities, specifically, to save energy 
and raw materials [1-6]. Designing and developing lightweight materials/alloys 
for industrial applications is a challenging research area in the present case 
scenario where the primary focus is on the sustainability of the planet [7]. The 
aerospace, automotive and energy sectors are highly reliant on research taking 
place in this particular area to replace high-density metals and alloys with new 
lightweight alloys without compromising the structural properties while avoiding 
any significant increase in costs [8]. In all the industrial sectors, especially in 
the transportation sector, there is a robust high emphasis on cutting down 
greenhouse gases, which can be achieved by improving the fuel efficiency of 
the vehicle [7]. It is calculated that for every 10% of weight reduction in the total 
weight of a car, there is about a 7% reduction in fuel consumption [9]. 
Furthermore, it is calculated that for every one-kilogram decrease in the weight 
of a vehicle, approximately 20 kg of CO2 emissions is avoided over the life of 
the car [9]. So, by reducing weight would lead to a reduction in fuel consumption 
and less environmental pollution with the use of lighter weight components. 

Although we achieve a benefit by using lightweight alloys through reducing 
weight, there is always a trade-off with material selection resulting in the 
majority of lightweight alloys not being as durable as other alloys, and they tend 
to lose their strength when being used at high temperatures. As an example, a 
typical aluminium cast alloy loses their optimal strength at temperatures above 
~300 °C [10, 11]. Therefore, by improving the high-temperature strength of 
these lightweight alloys, it can help in the industrialization of such material in a 
broader scope of sectors such as transportation, aerospace, and energy 
systems. The main drawback that exists in the lightweight materials is either 
their limited properties or high manufacturing cost [7]. Thus, there is a 
continuous effort being made by researchers to develop new types of 
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lightweight alloys and materials, which will be low in cost and achieve the 
required properties [9].  

HEAs is one of the breakthroughs in the past decade in alloy development, 
which has opened new possibilities for the development of a vast number of 
novel alloy systems [7, 12-17]. The basic idea behind this concept is that HEAs 
have to form solid solutions (SS) while avoiding the formation of intermetallic 
compounds (IC) by increasing the mixing entropy and therefore reducing Gibbs 
free energy [15-18]. HEAs possess some exceptional properties such as 
outstanding mechanical strength at room and high temperatures and high 
durability in corrosive and harsh environments [12, 15, 17]. Current 
development into HEAs have shown that they maintain a balance of excellent 
structural properties such as high hardness (100 to 1100 Hv) [19], work 
hardening capacity, wear resistance [20], high-temperature precipitation 
hardening (600 to 1000 oC), anti-oxidation and anti-corrosion resistance [19-
22]. HEAs are fundamentally different from the traditionally developed alloys in 
such a way that it has a significantly high amount of mixing entropy, which helps 
in enhancing the stability of SS phases rather than in IC, especially at high 
temperatures. Due to these findings mentioned above, HEAs have become one 
of the best candidates for future applications, where we have a demand for high 
temperatures or very corrosive environments such as energy power plants or 
within the aerospace industry. Even though the HEAs have exceptional 
properties and benefits as described above, they are restricted by its definition 
(section 2.2.2), so that’s why a new term was introduced called CCAs, and this 
new term mainly helps in retaining focus on concentrated alloys which are also 
compositionally complex and hence have no single dominant element [44].  

 
1.3 Purpose and research questions 

Aluminium alloys have been used extensively in the industry due to their relative 
ease of casting and high strength-to-weight ratio, among other advantages. 
Nevertheless, their high-temperature application is somewhat limited, since 
they lose strength at elevated temperatures; typically, around 300°C [10, 11]. 
According to the 2nd law of thermodynamics, if we manage to increase the 
configurational entropy of the alloy, we should expect a more “stable” (durable) 
alloy, including at elevated temperatures. Increasing the entropy of an alloy is 
done by adjusting the chemical composition of the alloy. The methodology on 
how to change the chemical composition follows some empirical rules, which is 
the base for designing HEAs. This approach can be applied to designing 
lightweight (Al-based) CCAs (LWCCAs), where not only the high-temperature 
strength is slightly improved, but also the overall density of the alloy is lowered, 
suggestive that a very high strength-to-weight ratio can be achieved. Such an 
alloy can have applications in aerospace, automotive, power plants, etc.  
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Research Questions 

• Carrying out a feasibility study by applying high entropy concept to Al-
alloys to produce LWCCAs without minimal or no IC, with improved 
mechanical properties than conventional Al-alloys.  

• Will the density of these newly developed LWCCAs will be close or less 
than the density of Aluminium? 

• Are these newly developed LWCCAs heat-treatable and how does it 
affects the microstructure and mechanical properties of the alloys? 

• Can these new developed LWCCAs be able to sustain at high 
temperature such as 300 oC which conventional Al-alloys are not able to 
sustain? 

• What will be applications of these new developed LWCCAs in 
comparison to Al-alloys? 

 

1.4 Delimitations 

• For alloy designing, a software called ThermoCalc V’19 was used which 
consists of various databases containing different elements in each 
database, and since it doesn’t have all the required elemental pairs 
within the accessible databases, several elements were excluded from 
this work. 

• However, the elements which were available and used for designing 
LWCCAs, not all of them can dissolve in the available resistance casting 
due to the high melting temperature. So, due to this reason, some of the 
elements were overlooked when developing these new LWCCAs. 

• Initially, it was agreed that tensile tests results are going to be reported 
for this thesis. However, due to the CCAs developed were either too 
brittle or due to the samples containing excessive porosities and oxides,  
the samples would break in the grips of the machine that was being used 
for testing.  

 
 

1.5 Outline 

The theoretical part starts with the history of metallurgy and moves further to 
the introduction of HEAs and CCAs. It also consists of various factors that 
needed to be taken into consideration for the development of CCAs along with 
multiple processing routes and properties that are generally found in HEAs and 
CCAs. After the theoretical part comes the experimental part where all the 
methods are mentioned which were used throughout this thesis. Later come 
the findings and analysis part where all the results are mentioned from 
microstructures to hardness to density to phase transformation 
characterisation. Finally, there is a discussing part where the how, why 
questions are explained. 
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2 Theoretical background 
2.1 Brief History of Metallurgy 

Alloying is considered as one of the most significant discoveries in the field of 
metallurgy [15]. That’s why the evolution of materials is regarded as identical to 
the evolution of human civilization [23]. The civilized journey of humankind 
began with several discoveries and development of natural materials such as 
gold, silver, copper and other pure metals and their role was an important one 
in making a better life for humans [13]. Alloying was never a planned discovery 
as they were accidentally discovered in the primitive fires in the caves, where 
ores of copper would be mixed with ores of arsenic, zinc, and tin [15]. This first 
alloy discovered would be known as arsenical bronze, which was found in 3000 
BCE. Intentionally, alloying tin with copper then gave birth to tin bronzes in 2500 
BCE, known as the Bronze Age as bronze has superior mechanical properties 
than pure tin [15]. From the Bronze Age timeline, alloys have been 
conventionally developed according to the principle of base element [24]. These 
principle base elements would be fused with small amounts of other elements 
to improve their specific properties [25]. Even today the design concept of many 
essential alloys such as Fe alloys [26], Al alloys [27], Cu alloys [28], Mg alloys 
[29], Ti alloys [30] and Ni [31] alloys is considered as the traditional alloy-design 
strategy. But, the chemical composition of these new alloys is significantly 
inflated as decades past, for example, Inconel 718 superalloy, which is an 
ambassador of Ni alloy, contains a variety of other elements [32] in addition to 
Ni. As decades have passed, fortunately, the complexity of elemental 
composition in alloys has increased and opened a new complete door to various 
alloys [25]. 

 

Figure 2-1 Historical evolution of engineering materials—marked with the birth of HEAs 
published in Advanced Engineering Materials [33]. 
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The adapted Ashby map, which is shown in Figure 2-1 gives us a panoramic 
view of when and which development of materials took place over ten millennia 
[15]. It shows a graphic depiction of the various classes of materials from metals 
to polymers, ceramics and also the most recently developed composites which 
we can see being used around us in cars and various applications.  

When platinum was discovered in the year 1735, it was compared to silver due 
to its appearances [15]. It was seen that the mixtures of platinum metals are 
found to occur in nature. This is an early example of a multicomponent HEA 
because the platinum is typically seen as an alloy with other platinum group 
metals and iron. As decades passed, several alloys of various engineering 
importance have been developed. Michael Faraday was the first to create alloy 
steels during his effort to reproduce the wootz steel from India, and he is 
acknowledged as the father of alloy steel [15]. Aluminium alloys were produced 
later after the commercialization of the Hall-Héroult process in mid of the 1880s 
and further underwent significant development in the precipitation hardnable 
alloys for light and strong airframes due to the extensive expansion that took 
place in aero-industry during and after World War 1.  Both World War 1 and 2 
and also the Industrial revolution played an essential role in the development of 
new alloys (can be seen in Figure 2-1 from the year 1800-1950) as there was 
an exploding expansion taking place in every sector of industries such as 
automotive, aerospace, and many more. As years passed high-speed steel was 
produced in the early 1900s, and to meet new challenges for even higher cutting 
speeds, cemented or sintered carbides of tungsten carbide/cobalt composites 
were created in the year 1930. During the same period, the development of 
superalloys began in the United States and was accelerated by the demands 
of new gas turbine technology [15]. 

2.2 HEAs and CCAs 

2.2.1 Discovery 

Historically, alloy design for both conventional and specialty alloys has been 
based primarily around the use of one principal element with small additions of 
alloying elements for five millennia of alloy design [15]. This concept was able 
to help in producing a large number of practical alloys that contributed to 
civilization and helped in daily life as well. However, this causes limits to the 
degree of freedom in the composition of alloys and thus further restricts in the 
development of new alloys and hence, applications.    

It was the 18th century when Karl Achard, who was a German scientist and 
metallurgist, first studied the multicomponent alloy in equi-mass composition 
alloy with five to seven elements [34]. As no one earlier than the 18th century is 
documented to have studied the multicomponent alloys, it can be considered 
that Achard was the first to review multicomponent alloys [15]. In his research, 
aside from the binary, ternary, and quaternary alloys, he also published about 
quinary, sexinary, and septenary alloys which were only in equi-mass 
proportions [35]. All the alloys mentioned above were represented in the as-
cast condition, and on all these alloys he carried out various tests such as 
density, hardness, strength, impact resistance, ductility, resistance to file, the 
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degree to which it can be polished and lastly results of exposing polished 
surface to dry air, moist air and moist air with HCL acid fumes and moist 
hydrogen sulphide. Achard, in his book did mention that the properties of the 
alloys that were tested were quite different from those of pure metals and were 
unpredictable [35]. The book mostly consists of results, and there is no 
explanation whatsoever. 

In 1981, Cantor and his student Alain Vincent started their work in exploring the 
multicomponent field [15]. Together they made several equi-atomic alloys by 
mixing various elements [36]. Cantor with his student, holds a world record of 
producing a multicomponent alloy with 20 elements with each component being 
at 5 at. % [36]. It was seen that the alloy was multiphase, crystalline, and brittle 
both in as-cast condition and also after melt spinning, but surprisingly the alloy 
consisted of principally single FCC primary phase [36]. The number of phases 
obtained in the alloy was well below the maximum equilibrium number allowed 
by the Gibbs phase rule, and even further below maximum number allowed 
under non-equilibrium solidification condition [36].  Cantor et al. [36] later came 
up with the idea of equi-atomic substitution in the early 2000s, as a method of 
exploring metallic glasses. 

Yeh started exploring the area of multicomponent alloys independently from 
1995 [19, 33]  and later came up with his concept that a high mixing entropy 
would play an essential factor in reducing the number of phases in this high 
order of mixing and result in valuable properties [33]. Yeh et al. [33] in total 
worked on 40 equi-atomic alloys with five to nine alloys prepared by arc-melting 
and further investigated these alloys microstructures, hardness and corrosion 
resistance of the as-cast and fully annealed states.  

Prof. Ranganathan has spent a considerate amount of his researching time in 
studying and exploring multicomponent alloys and through communications 
and discussions on this field with Yeh, published a paper to introduce three new 
areas: Metallic Glasses, Superelastic & Superplastic alloys, and HEAs [37]. The 
article published by professor becomes the first open publication in journals on 
HEAs, which lead to activation of this field [15]. 

2.2.2 Definitions 

2.2.2.1 HEAs and CCAs 

In 2007, it was Cantor [38] who calculated the total possible number of alloys 
that can be formed in HEAs, where each alloy differs in composition by x at.%. 
He proposed an equation to give the total number of possibilities of HEAs 
formation which is N=(100/x)c-1. To get the total number alloys that can be 
formed by using the equation some of the elements in the periodic table were 
excluded which are either radioactive, toxic, rare or are too difficult to use and 
by doing so we are left with 60 elements [38]. So, with 60 elements the total 
number of possible combinations of alloys turns to be 10177 and each alloy 
differs by 0.1 at. % in composition. However, to be realistic it’s not possible to 
use all these 60 elements so by considering only 40 elements from the periodic 
table that can be used to form an alloy and considering that each alloy differs 
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by 1% in composition we get 1078 possible alloys which is an astronomical 
number, considering that we have only 1066 atoms in galaxy [38]. These kind of 
numbers opens new doors in designing and developing new HEAs as per the 
properties required in various fields.  

High entropy alloys do not have any universal definition, but there are 
undoubtedly various definitions that exist. Since having no global description, 
authors have accordingly given definitions which tend to create confusion. 
Possibly the most common explanation or interpretation that differs from the 
primary definitions is that a HEA must be a single-phase SS, though it is 
considered a part of it [12]. This stresses the motivation of producing single 
phase SS microstructure even though it’s not required by any of the primary 
definitions [12].  The most commonly used definitions are introduced below. 

An early definition was given by Yeh et al. [33] and named by Cantor [36], states 
that HEAs are “composed of five or more principal elements in equimolar 
ratios.” Having the equimolar concentration is restrictive, and the sentence in 
the definition further continues as “principal elements with the concentration of 
each element being between 35 and 5 at.%” [33]. Hence, from this part of the 
definition, we can say that since concentration need not be in equimolar ratios, 
it further increases the numbers of possible HEAs  [12]. This composition-based 
definition here only advocates about elemental concentrations, and there is no 
mention of the magnitude of entropy, as well in this definition there is no such 
requirement of formation/presence of single-phase SS [12]. 

Another definition was proposed by Yeh et al. about the configurational entropy 
of HEAs [39]. The idiom “high entropy” has the influence to craft a definition 
based on the magnitude of the term entropy [12]. Before going into the definition 
part lets understand about the term entropy. Entropy is a thermodynamic term 
that is used to determine the available energy for useful work in thermodynamic 
process, such as in energy-conversion devices, engines, or machines [17]. The 
equation of entropy is as follow: 

                                                      𝑑𝑆 = ∆%
&

  (2:1) 

where 𝑆 is the entropy, 𝑇 is the absolute temperature and 𝑄 is the heat flow. 
The thermodynamic entropy has the dimension of energy divided by 
temperature and has a unit of Joules per Kelvin(J/K) used by International 
system of units [17]. 
According to Boltzmann’s hypothesis, the entropy [40] of a system is linearly 
related to logarithm of the frequency of occurrence of a microstate or the 
number 𝑊 which provides the possible microstates corresponding to 
macroscopic state of system. 
                                                    𝑆 = 𝑘	𝑙𝑛𝑊  (2:2) 
where	𝑘 is Boltzmann’s constant = 1.38*1023 J/K, and the logarithm is taken as 
to be natural base “e” [17]. 
For alloy systems, the Gibbs free energy of mixing is expressed as [17]: 
                                     	∆𝐺/01 = 	∆𝐻/01 − 𝑇∆𝑆/01  (2:3) 
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where ∆𝐺/01 is the Gibbs free energy of mixing, ∆𝐻/01 is enthalpy of mixing, 𝑇 
is absolute temperature and ∆𝑆/01 is entropy of mixing. From the equation (2:3) 
we can conclude that if ∆𝐻/01 is kept constant, a higher entropy of mixing will 
lead us to have a lower Gibbs free energy which will make the alloy system 
more stable [17]. 

The mixing entropy from equation (2:3) has a total of four main parts 
contributing to the entropy including such as configurational entropy, vibrational 
entropy, magnetic dipole and electronic randomness and their relation is per 
given as: 

                   ∆𝑆/01 = ∆𝑆4567+ ∆𝑆809+ ∆𝑆:;:4+ ∆𝑆/<=  (2:4) 
Out of these mixing entropies, configurational entropy is the most dominant of 
the three [41, 42]. So, configurational entropy is hence used frequently to 
denote mixing entropy to simplify complex calculations and to resolve the 
remaining contributions [43]. The configurational entropy of mixing from 
equation (2:4)  for a random solid solution with 𝑁 number of components is 
given as [17]: 
                                      ∆𝑆4567 = 	−𝑅∑ 𝑐0𝑙𝑛𝑐00   (2:5) 

where 𝑅 is gas constant = 8.31 J/K mol and 𝑐0 is the molar content of 𝑖CD 
component. And when having an equi-molar of equi-atomic ratio alloys the 
configurational reaches its maximum value and the equation (2:5) further is 
written as [33, 39]: 
                                      ∆𝑆4567 = 𝑅	𝑙𝑛𝑁  (2:6) 

Hence by using the equation (2:6), leads to the definition of low entropy (∆𝑆4567 
< 	1𝑅), medium entropy (1𝑅 < ∆𝑆4567 < 1.5𝑅) and finally high entropy (∆𝑆4567 > 
1.5𝑅)  alloys [39]. This entropy definition doesn’t take the composition definition 
into consideration while defining the HEAs range. 

According to each definition, HEAs encompass a widespread range of alloys, 
but both definitions tend to overlap for most alloys [25].  Regardless of these 
definitions the compositions which aren’t in overlapping regions are typically 
also considered as HEAs [25]. For example a quaternary equi-molar alloy is 
sometimes considered as a HEA in literature because it has composition and 
configuration entropy close  to the lower limits of both the definitions. Hence 
there is no concrete definition for HEAs, simply approximate guidelines [25]. 

From early years, the HEA field was dominated by two things which are the 
configurational entropy and the search for single-phase SS alloys [44]. With the 
HEA definition that is being used we could see that there are some restrictions 
such as, alloys will have 5 or more principle elements, even though interesting 
results were obtained with 3 or 4 principal elements [44]. This elements 
restriction belief began to advance in very unproductive ways which resulted in 
excluding new results in alloy systems based solely on the number of elements 
used and types of phases formed [44].  
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Due to all these reasons it was established that the HEA domain is too wide-
ranging to be effectively defined by a single definition or microstructure or phase 
so that’s when new terms were introduced [45]. Hence, through the period of 
development of HEAs various names have been given such as complex 
concentrated alloys (CCAs), complex multicomponent alloys (CMAs), 
compositional complex alloys (CCAs), baseless alloys (BAs), metal buffets 
(MBs), etc [25]. These new terms help to maintain focus on concentrated alloys 
which are also compositionally complex and have no single, dominant element 
[44]. The new terms introduced deliberately avoid to have any specific definition 
based on the number or concentration ranges of elements used or types of 
phases formed because definitions at the end set boundaries. These terms do 
not have any suggestions regarding the magnitude or importance of 
configurational entropy, they also include each and every alloy that satisfies 
HEA definitions and the ones which do not satisfy the definition. Hence, due to 
all these reasons these terms expand the HEA field by including concentrated 
ternary and quaternary alloys, by allowing elemental concentration in excess of 
35 atomic percentage, and also by including single-phase IC alloys with any 
number of SS and IC phases [44]. 

When the potential of CCAs as structural material was evaluated, it is seen that 
the 3d transition metal CCAs and some of the refractory CCAs exceptionally fill 
the gap between various commercial titanium alloys and steel or nickel alloys, 
while the light metal CCAs fill the gap between Mg alloys and Ti alloys, 
endowing new materials options for structural applications [46]. It was seen that 
when the 3d transition metal CCAs were tested in uniaxial loading it exceeded 
all commercial alloys including steels, stainless steels, Ti, Al, Mg, Ni and 
refractory metals in terms of room temperature specific yield strength [46]. 
Whenever the conventional Mg-alloys and Al-alloys cannot be operated at 
maximum use temperature (𝑇HI:) and when high cost excludes Ti-alloys, 3d 
transition metal CCAs emerge as the most attractive option in uniaxial loading 
and also for beam bending and panel bending [46]. The 3d transition metal 
CCAs at room temperature has specific stiffness which is equivalent to the best 
commercial alloys in uniaxial loading, is better than steels and commercial Ni 
and refractory alloys in beam and panel bending, but it is poorer than Mg, Al 
and Ti in bending modes. In the case of refractory CCAs the room temperature 
yield strength and stiffness do not measure up with commercial alloys for any 
of these mentioned loading conditions [46]. But the temperature dependent 
yield strength-density charts show that the refractory CCAs surpass the 
commercial Ni alloys and also the 3d transition metal CCAs at 800 C and 1000 
C [46].  

2.2.2.2 Physical Parameters 

Even if it’s said that the high configurational entropy suppresses complex 
phases, there is still quite a possibility that the complex phases may form. So, 
in order to avoid these complex phases, there are many phenomenological 
parameters based on thermodynamics and physics that have been proposed 
to predict the formation and stability of SS in HEAs [47]. The proposed physical 
parameters are atomic size difference, valence electron concentration, enthalpy 
of mixing, entropy of mixing, electronegativity and the parameter Ω, which is 
ratio between entropy of mixing and enthalpy of mixing [48-52].  
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In the thermodynamics of materials, the mutual solubility between solute and 
solvent of binary alloys is usually judged by the Hume-Rothery rules which were 
formulated in 1950-60s [49, 51, 53, 54]. There are four rules given by Hume-
Rothery that are needed to be met in order to stabilize the SS which are [53, 
54]: 

• Minimal difference between the electronegativities of the elements 
involved.  

• The atomic size difference between each element must be within 15%.  
• The chemical valence of the elements must not differ by more than 1.  
• The crystal structure must be the same for the elements.  

These factors play an important role in the interaction between different 
elements and makes the enthalpy of mixing either; negative where IMs are 
formed, positive where clustering or segregation takes place, or near zero 
where disordered SS are formed [13]. The solubility between two components 
is further affected by competition between the enthalpy of mixing and entropy 
of mixing. Forming solid solutions at every composition is not easy task because 
the conditions for its formation are very strict to follow, but when we do get solid 
solution it’s called as isomorphous system [13].  

When these Hume-Rothery rules are applied in case of HEAs, it’s seen that the 
HEAs do follow the first two rules but not the remaining two [53, 55]. In a study 
carried out by Tong et al. [53] on AlxCoCrCuFeNi HEA system this claim was 
validated. It was also seen that the Hume-Rothery rules were not able to explain 
why the alloy having different crystal structures of individual elements forms 
single-phase SS of certain crystal structure based on the content of Al or certain 
particular element [53, 56]. In order to explain this phenomenon of forming 
single phase SS, additional factors are needed such as the high entropy of 
mixing and multi-component alloying [53]. These factors possibly play a pivotal 
role in relaxing constraints of this Hume-Rothery rule, thereby assisting in 
stability of single-phase SS of this multicomponent alloy [53, 55]. 

As explained above in section 2.2.2.1 the Gibbs free energy of multi-component 
alloys is considered as an important parameter for predicting SS formation and 
stability [7]. But it is not an easy task to calculate ∆𝐺 accurately in case of 
multicomponent alloys having a certain composition and temperature [7]. That’s 
why Takeuchi and Inoue [57] proposed that ∆𝐺 at a certain composition is 
proportional to the free energy of ∆𝐺/01 of the liquid phase, such that the latter 
can be used. The free energy of mixing ∆𝐺/01  is calculated by using equation 
(2:3). From ∆𝐺/01  equation the  ∆𝐻/01 is expressed as: 

                                        ∆𝐻/01 = ∑ Ω0K𝑐06
0LK,0NK 𝑐K  (2:7) 

where Ω0K = 4∆𝐻0K/01	 is the regular solution interaction parameter	between 𝑖th 
and 𝑗th elements and 4∆𝐻0K/01  is the enthalpy of mixing at the equi-molar 
composition in binary liquid alloys calculated using Miedema’s model [7]. The 
Miedema’s model [58] is calculated from properties such as electronegativity 
and electron density at the boundary of atomic cells to predict the heat of 
formation at a 50/50 raito of the binary pairs. The assumption of 50/50 is 
important when we no longer look at equiatomic composition in multicomponent 
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alloys because the value of enthalpy of mixing would differ slightly as the 
individual binary consituents won’t be in a 50/50 ratio. Whenever the value of 
∆𝐻/01 is negative it leads to formation of IMs and that’s why there is larger 
binding force between elements, and when ∆𝐻/01  being positive there is less 
miscibility of different elements in liquid alloy, which advances to separation of 
different elements. Therefore in multi-component alloys, the different elements 
can be randomly distributed only when the value of ∆𝐻/01 is close to zero and 
it leads to formation of SS phases in the solid phase [7]. 

Another parameter from the ∆𝐺/01 equation is the entropy of mixing ∆𝑆/01 which 
is calculated by using equation (2:5). In multi-component alloys the value ∆𝑆/01 
is always positive, and in case of equi-atomic alloys the entropy is always at its 
maximum value [7]. Multi-component alloy system which have higher values of 
∆𝑆/01 and significantly lower temperature, tends to increase the confusion in 
elements which leads to different elements being randomly distributed in crystal 
lattice and lowering the tendency of ordered and segregated elements. Thus, 
multi-component alloys with high value of ∆𝑆/01 forms random SS and are also 
more stable than IMs or the other ordered phases during solidification [7]. 

It is seen that multi-components with large 𝑇∆𝑆/01 value aid in formation of SS 
because the value of ∆𝑆/01 keeps on rising as temperature increases which 
means the high entropy of mixing effect will stabilize the effect of enthalpy of 
mixing for forming SS at certain temperatures. Since the phase-transformation 
usually takes place at melting temperature (𝑇/) of alloy, the 𝑇/ is implemented 
with entropy term 𝑇∆𝑆/01 and another parameter W is defined which comes from 
competition between entropy and enthalpy [7, 13]. W is parameter defined by 
Yang and Zhang [48] to predict SS formation. 

                                                 Ω = &Q∆RQST
|∆VQST|

  (2:8) 

where 𝑇/ = ∑ 𝑐0(𝑇/)06
0LY , (𝑇/)0 is melting point of 𝑖th element. 

As seen earlier that with both positive and negative value of the enthalpy of 
mixing the stability of SS reduces so, due to this reason absolute value of 
enthalpy of mixing is used [7]. Also, from the equation (2:8) it is concluded that 
when Ω ≤ 1 then |∆𝐻/01| is dominant leading to formation of ordered phases 
and when Ω > 1 then 𝑇/∆𝑆/01 is dominant leading to formation of disordered 
SS [7]. 

Although Ω value indicates formation of SS, there is another important criterion 
which helps in formation of stable SS named atomic size mismatch [7]. Since 
in multi-component alloy the concentration of elements is same it is expected 
that the atoms will randomly occupy the crystal lattices. By doing so each 
element is regarded as solute element for forming SS but when there is a large 
atomic size difference between elements it could cause serious lattice distortion 
in alloy which will cause to increase free energy while lowering stability of SS 
[7]. It is defined as: 

                                       𝛿] = ^∑ 𝑐0(1 − 𝑟0/�̅�)b6
0LY   (2:9) 
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where �̅�=∑ 𝑐06
0LY 𝑟0, 𝑐0 and 𝑟0 are atomic percentage and radius of the 𝑖th element 

respectively. 

In study done by Guo and Liu [51], they pointed out that the ∆𝐻/01, ∆𝑆/01 and 
𝛿] should be used together to identify SS formation and they have also 
suggested parameters that will form SS which are −22 ≤ ∆𝐻𝑚𝑖𝑥 ≤ 7 
kJ/mol, 11 ≤ ∆𝑆𝑚𝑖𝑥 ≤ 19.5 J/K mol and 0 ≤ 𝛿] ≤ 6. Using ∆𝐻/01 and 𝛿] Guo et 
al. [59] carried out a study (Figure 2.2-A) to identify the condition for formation 
of SS, ICs and amorphous phases and found out that SS form when 𝛿] ≤ 6.6, 
−11.6 ≤ ∆𝐻𝑚𝑖𝑥 ≤ 3.2 kJ/mol and in case of amorphous 𝛿] > 6.4, ∆𝐻/01 < −12. 

 	

Figure 2-2. A) 𝛿] - ∆𝐻/01 plot delineating the phase selection in HEAs [59].  B) Phase-formation 
map based on the 𝛿] - Ω for the multi-component alloys [48].  

Yang and Zhang [48] carried out a study using the δm – Ω parameter to identify 
at which condition the SS, ICs and Bulk Metallic Glasses (BMGs) forms. It can 
be seen from Figure 2.2-B how the phases and BMGs are related. 
There is another parameter called valence electron concentration (VEC) which 
was introduced by Guo et al. [52] for the determination of FCC or BCC phase 
formation and it was found that it also has an influence on stability of SS phase. 
There are two ways for calculating electron concentration which are- average 
number of valence electrons per atom (𝑒/𝑎) and other uses d-electron in 
valence bonds (VEC) [54]. They are defined as [54]:   

                                           :
<
= ∑ 𝑐0(𝑒/𝑎)06

0LY   (2:10) 

                                           𝑉𝐸𝐶 = ∑𝐶0(𝑉𝐸𝐶0)  (2:11) 
where 𝑐0 is the atomic percentage of the 𝑖th element and (𝑒/𝑎)0 and 𝑉𝐸𝐶0 is the 
𝑉𝐸𝐶 of 𝑖th element. From the existing data [52] of HEAs it was concluded that 
the FCC phase forms when  𝑉𝐸𝐶 ≥8 while BCC phase forms when 𝑉𝐸𝐶 <6.87 
and in between these values both phases i.e. FCC+BCC co-exist can be seen 
from Figure 2-3.  
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Figure 2-3 Relationship between 𝑉𝐸𝐶 and the FCC, BCC phase stability for some HEA systems 
[52].  

The electronegativity difference is yet another parameter which used for 
prediction of the stability of a SS [51, 52, 54]. Whenever there is a large 
electronegativity difference then this condition favours formation of ICs and 
therefore the SS is not stable [51, 52, 54]. It is defined as [51, 52, 54]: 

                                          ∆𝜒 = ^∑ 𝑐0(𝜒0 − �̅�)b6
0LY   (2:12) 

where 𝜒 = ∑ 𝑐0𝜒06
0LY , 𝜒0 is Pauling electronegativity of the 𝑖th element. 

All these empirical phase formation data that is presented above are just 
guidelines for predicting a SS or IC. Although most alloys that form SS are found 
within these guidelines, it does not guarantee that a SS will form. From various 
physical parameters that play an important role in HEAs designing such as 
mixing enthalpy, mixing entropy, atomic-size difference, valence-electron 
concentration and electronegativity, the mixing entropy is the only solitary factor 
which increases with increasing number of principal elements [25]. 
 

2.2.2.3 Four core Effects 

Many factors affects the properties and microstructures and properties of HEAs, 
but among these factors, there are four main core effects, the three core effects 
are provided by Yeh which are high entropy effect, sluggish diffusion effect, 
lattice distortion effect [39], and the final effect proposed by Ranganatha is 
cocktail effect [37]. From the thermodynamics viewpoint, the purpose of the 
high entropy effect is to interfere with complex phase formation, from kinetics 
purpose the sluggish diffusion effect slows down the phase formation, from 
structure purpose the lattice distortion effect alters properties to an extent [15]. 
Lastly, from properties purpose, the cocktail effect brings additional/excess to 
the quantities projected by mixture rule due to mutual interactions of different 
atoms and severe lattice distortion effect [15]. 

According to Gibbs phase rules, the number of phases in an alloy in equilibrium 
condition at constant pressure is given as: 
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                                                  𝑃 = 𝐶 + 1 − 𝐹  (2:13) 

where 𝐶 is the number of components, and 𝐹 is the maximum number of 
thermodynamic degrees of freedom in the system. So, when using equation 
(2:13) in the case of the 5 component system at given a pressure, it was 
expected that the system might have 6 equilibrium phases [60]. But this was 
not the case in HEAs it was always seen that HEAs have lesser number of 
phases than the number of equilibrium phases. This was due to the high entropy 
effect, which is explained partly in sections 2.2.2.1 and 2.2.2.2. The high 
entropy effect is a crucial concept in HEAs because HEAs having a higher 
number of elements in a disordered state would give rise to configurational 
entropy that helped in suppressing the ICs and other ordered phases especially 
at elevated temperatures [13]. This was because entropy’s contribution to 
Gibbs free energy in equation (2.3) scales with temperature and not with 
enthalpy [13].  

In a study done by Tsai and Yeh [61], they have certainly evidenced the high 
entropy effect which has been demonstrated with the help of XRD results 
(Figure 2-4) of a series of binary to septenary alloys [62]. From these XRD 
findings, it can be seen that the phases in quinary, sexinary, and septenary 
alloys are rather simple, containing only two significant phases, which is FCC 
and BCC [62]. Having such simple structures challenge conventional 
expectations, i.e., the formation of various kinds of binary/ternary/quaternary 
compounds. From the Figure 2-4 it can also be demonstrated that the Cu-Ni 
binary alloy has got the least number of phases and also it does have the lowest 
entropy from the set, so from this, it can be concluded that increasing number 
of elements doesn’t always lead to more straightforward structures. 

 
Figure 2-4 The XRD patterns of a series alloy designed by the sequential addition of one extra 
element to the previous one. All the alloys have one or two major phases that have simple 
structures [61]. 

In HEAs, the diffusion is proposed to be sluggish [39]. This claim is established 
on a secondary examination of the formation of nanocrystals and amorphous 
phases upon solidification and the qualitative analyses of microstructural 
stability upon cooling [12]. To back this position, Yeh et al. [33] gave an 
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explanation relating to difficulty in substantial diffusion and high activation 
energies. Since HEAs are mainly made up of random SS, and/or ordered SS, 
their matrices are considered as whole-solute matrices [15]. Due to which, the 
diffusion of an atom in a whole-solute matrix will be very unlike that found in the 
matrix of conventional alloys [15]. Since, HEAs have a very large fluctuation of 
lattice potential energy (LPE), it’s been proposed by Tsai et al. [63] that slower 
diffusion and higher activation will occur. This scarce LPE-sites serve as traps  
and hinder the diffusion of atoms [15]. This is the mechanism that further leads 
to the sluggish diffusion effect, and it’s expected that this effect might affect 
phase nucleation, growth and distribution, and morphology of new phases 
through diffusion controlled phase transformation [15]. This effect provides 
certain advantages in managing microstructure and its properties through 
increased recrystallization temperature, slower grain growth, reduced particle 
coarsening rate, and improved creep resistance [15]. 

Tsai et al. [63] performed a study where he produced diffusion couples from a 
nearly ideal solution system of Co-Cr-Fe-Mn-Ni to analyse the diffusion data of 
each element in the matrix. From their research it can be seen (Figure 2-5)  that 
the Q/Tm values present in HEAs are the highest, those in the Fe-Cr-Ni(-Si) 
alloy are second; and those in pure metals are the lowest [15]. This study leads 
to an understanding that higher the number of elements, the diffusion rates 
decrease [15]. 

 
Figure 2-5 Comparison among the melting point normalized activation energy of diffusion for 
Cr, Mn, Fe, Co, and Ni in different matrices: pure metals, stainless steels, and high-entropy 
alloy CoCrFeMnNi [63]. 

In HEAs the multicomponent matrix of each solid solution is a whole-solute 
matrix, every atom in this matrix is surrounded by different types of atom and 
thus it suffers lattice strain and stress (Figure 2-6) [15].  
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Figure 2-6 Two-dimensional matrix of a solid solution with 10 different components. Two 
vacancies are presented. Average lattice is shown by dotted lines [15]. 

This effect of severe lattice distortion is due to atoms of different sizes that 
occupy neighbouring sites, resulting in a complex crystal structure [12]. The 
displacement that is caused at every lattice site is depended on the atoms 
occupying that site and also the types of atoms in the local environment [12]. 
The lattice sites consisting of atoms of different radii will become distorted as 
the atoms that are large in radii push its neighbouring atoms whereas the 
smaller atoms will result in free spaces in adjacent vicinities [13]. Uncertainty in 
atom positions from these distortions, as explained hinders dislocation 
movement and hence, it leads to SS strengthening [13]. Compared to 
conventional alloys, the lattice distortion that takes place in HEAs is severe due 
to varying atom radii, and it has the same probability of occupying lattice sites 
[7]. Due to the distortion, there will be an increase in the scattering of 
propagating electron and phonons, which helps in reducing thermal and 
electrical conductivities,	 which is explained in a later section (2.2.3.3.2.2). 
Another example where the distortion effect can be seen to affect the hardness 
property due to the large atomic size of Al is shown in Figure 2-7 [33]. 

 
Figure 2-7  Hardness of the AlxCoCrCuFeNi alloys as a function of Al content [33]. 

The term Cocktail-party effect was used in the field of acoustics where it’s used 
to describe the ability to focus on one’s listening attention on a single talker 
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among a mixture of conversations and background noises by ignoring other 
conversations [17]. But for metallic alloys, this term means that unexpected 
properties can be obtained after mixing various elements, which instead cannot 
be obtained for any one independent element [17]. Cocktail effect indicates that 
the features of alloys can be significantly adjusted by changing the composition 
or alloying as shown in Figure 2-8 which demonstrates the change in hardness 
as Al content is varied in AlxCoCrFeMnNi system [33]. It also can be seen from 
Figure 2-8 that as Al content increases the phases of the alloy changes from 
FCC to FCC+BCC and finally BCC [33]. As a result of which lattice constants 
for both the FCC and BCC structures increases, and so does the hardness of 
the alloy [33]. The term cocktail effect, unlike other core effects, is not a 
hypothesis, so that’s why it doesn’t need to prove itself [12]. The fact prompts 
that often from unexpected collaboration we tend to get extraordinary material 
properties [12]. 

 
Figure 2-8 Hardness and lattice constants of a AlxCoCrCuFeNi alloy system with different x 
values: (A) hardness of AlxCoCrCuFeNi alloys, (B) lattice constants of an FCC phase, (C) lattice 
constants of a BCC phase [33].  

2.2.2.4 Assessing Core Effects Hypothesis 
Speaking about the core effects that are defined by Yeh et al. [39], have some 
flaws. Except for the cocktail effect, the other three, i.e., High Entropy and 
Lattice Distortion and Sluggish Diffusion has errors that have been reported. 

Speaking about the high entropy effect hypothesis, various data and analyses 
[64-68] do not support the concept of configurational entropy on the ideal 
formation of single phase alloy, SS phases or the simple crystal structures. This 
conclusion was also drawn from the two experimental studies carried out by 
Cantor et al. [36] and Otto et al. [65] respectively. These respective studies 
established that as the number of elements increased the likelihood of 
formation of a single phase or SS microstructures decreased (see Figure 2-9) 
[12]. These results are exactly the opposite of what the expected high entropy 
hypothesis results suggest [12].  
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Figure 2-9 The fraction of alloys with N components predicted to exist as SS, IM, and as 
mixtures of (SS + IM) at (a) T = Tm and (b) T = 600 oC [69]. 

The basic thermodynamics concept exhibits that by minimizing the Gibbs free 
energy difference between competing phases provides a strong predictive 
capability for the type of phases formed in a given alloy [12]. This minimization 
needs to include the consideration of the following four terms: enthalpy of SS 
(𝐻II), entropy of SS (𝑆II), enthalpy of IM (𝐻xy), and entropy of IM (𝑆xy) [12]. 
Each of these terms considered plays a critical role, and the equilibrium phases 
are established by relatively small differences between these four terms. Of 
these all four terms not a single term or either a pair dominates consistently 
when contributing to Gibbs energy. Values of these all four terms mentioned 
are depended on composition and so changes with the composition of alloy 
system [12]. 
In HEAs, it’s seen that by increasing the number of elements (N) there is an 
increase in the configurational entropy 𝑆II and it has these large values due to 
the chemical-short range ordering (SRO) of atoms [12]. However, this increase 
in N also has a direct impact on the mixing enthalpies of SS phases, 𝐻II, and 
on the formation of IM phase, 𝐻xy. Generally, a system with large negative 𝐻II, 
is usually accompanied by 𝐻xy, and the values for IM phases are slightly more 
negative than the 𝐻II [12]. This large negative values of HIM comes due to the 
IM compounds having chemical-large range ordering (LRO). In HEAs of same 
composition IM compounds have most stable bonds (bonds between unlike 
atoms) than the disordered SS due to which it is expected that 𝐻xy < 𝐻II [12].  
Both the 𝐻II and 𝐻xy  values are dependent on each other, and the 𝐻II acts 
as a proxy for 𝐻xy. Due to 𝐻II and 𝐻xy having this relationship, they have been 
used recently to predict the boundary between SS and IM phases in MPEAs 
[70]. Whenever the system has large values of |𝐻II| it is likely then that the 𝑆II 
values will be lower than the ideal estimation due to SRO when 𝐻II < 0 or due 
to phase separation when 𝐻II > 0. Since the IM compounds have LRO usually 
their entropy 𝑆xy is lower than that of 𝑆II, but 𝑆xy can be dominant when the 
system has a large number of elements than the sub-lattices [12]. 

Now speaking about the second controversial hypothesis, which is lattice strain, 
just like high entropy hypothesis at present, there is no convincing direct 
evidence that supports this hypothesis [69, 71]. The experimental and 



Theoretical Background 
 

 23 

modelling results obtained until now show to have relatively small 
displacements taking place in lattice sites, and these results are quite similar to 
what has been observed in conventional binary and ternary alloys [72-76]. Due 
to these reasons, it is not reasonable to call such distortions severe in HEAs 
[71]. There is one critical point that must be resolved about what precisely the 
term highly strained means, especially given the thermodynamic tendency of 
highly strained phases to decompose [71]. Without defining this term, the 
evaluation of the static displacement of the atom species away from their ideal 
lattice locations for any alloy remains subjective [71]. 

Lastly, in case of the sluggish diffusion effect, it is seen that a large number of 
experiments have been carried out which suggest that the atomic movement in 
HEAs is not usually slow [33, 66, 77-79]. When Tsai et al. [63] carried out 
studies to measure the diffusion of each element in CrMnFeCoNi equi-atomic 
HEA, they found out that the normalized activation energies, Q/Tm (Q-Activation 
energy & Tm-Melting temperature) are certainly higher than the conventional 
alloy. However, it is essential to note that the diffusivity (D) depends 
exponentially on Q/Tm, so even with smaller variation in Q/Tm lead to a change 
in D [69]. However, when Tsai et al. [63] doing their research, they did not take 
the pre-exponential factor (D0), which is as important as the activation energies, 
into consideration, and it also does has a more significant effect on the factor D 
[69]. When a study was done by Ashby and Brown [80] considering all these 
factors, they found the melting-point D values for Pt diffusion in Cu and W 
diffusion in Ni are below than lowest values recorded for D by Tsai et al. [63] in 
CrMnFeCoNi. Hence, it may be suggested that to reconsider saying HEAs has 
slow diffusion. 

2.2.3 Preparation and properties of HEAs and CCAs 

2.2.3.1 Alloy Design 

During designing of the alloys, all the physical parameters that were discussed 
in section 2.2.2.2 are taken into consideration. They provide us the necessary 
information for forming a much stable SS and avoid the formation of IMs. 
Further for alloy designing modelling and simulation are also done to predict 
the phases present in the system. Principally, due to the multi-component 
system and disordered SS structures in HEAs being complex, predictive 
computational modelling of HEAs is very imperative [17]. Due to being a 
challenging task, there are few analytical reports on HEAs that are available in 
the open literature. In spite of these, there can be seen an increase in demand 
for computational modelling of HEAs to study the structure, thermodynamics, 
kinetics, and mechanical properties [17]. 

From the all available predictive computational modelling techniques, the DFT 
method [81] is presumably the most advantageous technique to tackle 
multicomponent alloy system such as HEAs. For DFT calculation, it only 
requires the atomic number and the crystal structure as the input and yield 
electronic and cohesive properties of solids [17]. The fundamental concept of 
electronic DFT is to provide an exact conversion of the electronic main-body 
problem into a set of many coupled single-electron problems, where each 
electron interacts with an effective potential related to total charge density. By 
using this concept a vast number of alloys can be “virtually” processed by 
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computers, and only the ones who show more accurate results are chosen and 
passed onto experiments for verification [17].                           .                                    

Nonetheless, when the system contains five or more components, it becomes 
challenging to deal with disordered SS in DFT as it becomes intimidating [17]. 
To assemble the colossal amounts of atomic configurations using the brute 
force approach is not possible due to the random SS. Two prevalent methods 
have been used to model disordered SS using DFT methods which are, Special 
quasi-random structure(SQS) [82] method and the other is the Korringa-Kohn-
Rostocker-coherent potential approximation(KKR-CPA) [83].  

Another simulation method is AMID simulation that are predictive, which is their 
significant advantage since they are based on quantum mechanics [17].  Unlike 
in classical MD simulations, which is fitted to reproduce some experimental 
data, developing an empirical interaction is no longer needed in AMID 
simulation. We can see that the instantaneous forces acting on atoms are 
calculated by DFT method whereas the AMID simulations helps in calculating 
the individual atomic trajectories of solids or liquids maintained at constant and 
elevated temperatures. The AMID simulations are widely used to predict 
dynamic, structural, and thermodynamic properties(energy, pressure, and heat 
capacity) and diffusion constants at predetermined temperatures [84, 85]. 
Nonetheless, the AMID simulations have a very high computational cost; they 
are limited to small systems and have a short period (10-100ps) in solid state 
[17]. Since the liquid state has got diffusion rates higher than the solid state, it 
is usually challenging to equilibrate the system at very low temperatures. 

CALPHAD is an abbreviation used for Calculation of Phase Diagrams [86] In 
comparison to DFT calculations and AMID simulations, the user using the 
CALPHAD method is allowed to execute thermodynamic and kinetic 
calculations based on the phenomenological approach that is used to measure 
Gibbs free energies of individual phases and mobility in systems [17]. All the 
typical thermodynamic calculations are included; however, it is not limited to 
phase composition, phase fractions, and phase stability as a function of 
composition, temperature, and pressure. CALPHAD is based on an 
interpolation technique for thermodynamic purpose, utilizing either the 
experimental or first principle computed data for elements, and also the known 
binary and ternary alloy systems, to assess the free energies of phases at 
composition where data are lacking [86]. The interpolation of this data sets 
gives away approximate free energies 𝐺0	(𝑇; 𝑥0) for multiple phases 𝑖 at 
specified compositions or range. In the end, the convex hull is computed over 
the desired composition range and temperature [86]. Several companies offer 
databases and associated software tools which are, PANDAT and ThermoCalc 
for calculation of phase diagrams, and each of these software’s have developed 
databases geared towards the study of HEAs [86]. 

2.2.3.2 Kinetics and Alloy Preparation  

Currently the processing methods for HEAs are summarized according to their 
state of alloy preparation which are i) from the liquid state ii) from the solid state 
iii) from the gas state 
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2.2.3.2.1 Preparation from Liquid State 

The most prominently used route of processing the HEAs is the melting and 
casting route [2, 4, 5, 18, 47, 87-91]. Figure 2-10 will possibly give a rough idea 
of the number of papers published on HEAs, grouped according to different 
processing routes [15]. From the Figure 2-10, it can be conclusively drawn that 
the casting route (bulk) dominates the processing routes, with almost 75% of 
the papers published use this route [15]. 		

 
Figure 2-10 The number of papers published till year 2013 on HEAs that were 
processed/developed by different processing routes [15]. 

The most widely used liquid processing method is the arc melting process. A 
typical arc melting furnace can be seen in Figure 2-11 [21]. In an arc-melting 
furnace, the torch temperature is typically very high (>3000 °C), and it can be 
controlled by regulating the electric power [17]. Due to this reason, all the 
elements which have high melting points can be easily mixed in their liquid state 
by using this furnace [21]. But in case of elements which have low melting points 
(e.g., Mg, Mn, and Zn) the arc melting process is not the best choice as the 
composition cannot be precisely controlled [17]. So, when using elements of 
low melting points, a resistance heating or induction heating furnace are best 
choices [17].  
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Figure 2-11 Schematic diagram of Arc Melting [21]. 

 

 

Figure 2-12 Schematic representation of phase segregation observed during solidification of 
AlCoCrCuFeNi HEA by two different processing conditions: splat quenching (cooling rate 10{–
10|– K/s) and casting (cooling rate 10–20 K/s) [92]. 

One of the significant drawbacks in the melting and casting process is the 
heterogeneous microstructure developed due to various segregation 
mechanisms, which is led to cause by the rate of solidification [15]. The kinetics 
of microstructure formation of the HEAs produced by a typical solidification in 
arc melting is dendritic (DR) in nature with interdendritic (ID) segregation, as 
shown in Figure 2-12 [92]. A similar DR structure was observed in 
AlCoCrCuFeNi alloy, which was prepared by Singh et al. [92]. In this same alloy 
developed the microstructure has a DR and ID regions with several ordered 
precipitates (B2 and L12) [15]. However, when the same alloy was again 
prepared by a faster cooling route (splat cooling), the microstructure showed a 
BCC matrix with ordered (B2) precipitates [92]. It is also demonstrated by 
Cantor et al. [36] that melt spinning of several quinary and sexinary equi-atomic 
alloys such as CoCrFeMnNi, CoCrFeMnNiNb, CoCrFeMnNiTi, CoCrFeMnNiV, 
CoCrFeMnNiCu, and CoCrFeMnNiGe precedes to chiefly form single phase 
FCC structure. 

From all the above examples, it can be quantified that faster cooling suppresses 
the precipitation of secondary phases leading to the formation of primary single-
phase alloys [15].  Amongst all the melting and casting techniques ones which 
advance to faster solidification rates such as splat quenching, metal spinning, 
injection casting, suction casting, and drop casting tend to have shown similar 
microstructure with predominantly single-phase micro-structures [15]. This now 
brings us to an important point to focus on whether the single-phase structures 
seen in some of the HEAs are thermodynamically stabilized or kinetically 
favoured [15]. 
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Another processing method from the liquid state is the Bridgman solidification, 
also known as the Bridgman-Stockbarger method [17]. This method got its 
name after Harvard physicist, Percy Williams Bridgman, and the Massachusetts 
Institute Technology physicist, Donald C. Stockbarger. Primarily this technique 
is used for nurturing single-crystal ingots which are obtained by heating the 
polycrystalline material above its melting temperature and then slowly cooling 
it from one end of its container, where a seed crystal is located [17]. 

 

Figure 2-13  A schematic diagram of the Bridgman solidification [93]. 

In this technique, a single crystal of same crystallographic orientation as a seed 
material is grown on the seed, and it is gradually formed along the length of the 
container which can be of vertical or horizontal geometry [17]. In both the 
Bridgman and Stockbarger techniques, the difference is imperceptible. We can 
see that in Bridgman technique a temperature gradient is already in place while 
in case of Stockbarger technique it requires of pulling the boat through a 
temperature gradient to grow the desired single crystal. The microstructure of 
this resulting ingots is representative of directionally solidified metals and alloys 
with the aligned grains [51, 94]. Figure 2-13 shows a typical Bridgman 
technique, and in the figure, we can see that the samples are loaded in a 
crucible which is melted by inductive heating or resistant heating, and then the 
melted alloys are progressively pulled down to the liquid metal [17]. Further, the 
outside of the molten metal is cooled by water.   

Another available process is the Thermal Spray (TS) plasma which is shown in 
Figure 2-14 and, in this process, the HEAs are finely divided in powders and 
are initially melted on a prepared substrate to form spray deposits [17]. By using 
combustible gases or electric arcs from the thermal spraying gun, required heat 
is generated, and as the material gradually heats up, it gets converted to molten 
state. Now, a confined stream of particles is carried to the substrate and 
sprayed on the surface to make it flat, which are in the form of thin platelets 
[17]. These thin platelets are compatible with the unevenness of the prepared 
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surface and as well to each other. Finally, these sprayed particles get amassed 
on the substrate on each other by cooling, which leads to forming a cohesive 
structure [17]. Thus, coatings are formed. 

	

Figure 2-14 Plasma Spray Process (Air Plasma Spray Coating) [17].  

2.2.3.2.2 Preparation form Solid State 
The most popular technique is the Mechanical alloying (MA) process, which 
uses a solid-state powder [1, 95-97]. MA is a process involving repeated cold 
welding, fracturing, and re-welding of powder particles in a high energy ball mill 
[98]. This technique was initially developed and used in the aerospace 
industries to produce oxide-dispersion-strengthened nickel-and iron-base 
superalloys [17]. Now, MA becomes capable of manufacturing a range of 
equilibrium and non-equilibrium alloys starting from blended elemental or pre-
alloyed powders [17]. MA is a parallel part of metal-powder processing where 
metal is possibly mixed to produce superalloys [17]. The MA process takes 
place in three steps, initially the alloy materials are combined in a ball mill and 
grounded to fine powder, further a hot isostatic pressing (HIP) process is used 
to compress and sinter the powders concurrently, and lastly there is a heat 
treatment stage where the existing internal stresses produced during any cold 
compaction which may have been used are removed [17]. MA technique has 
been able to successfully produce alloys that are suitable for high-heat turbine 
blades and also other aerospace components [17]. A schematic diagram of the 
mechanical alloying technique is shown in Figure 2-15 [99]. 
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Figure 2-15 The schematic for the mechanical alloying [99]. 

2.2.3.2.3 Preparation from Gas State 

There are two techniques which are the most popularly used, being magnetron 
sputtering, and plasma nitriding [15]. Various attempts are made by examiners 
to produce a thin film or layer of HEA on the surface of substrates to improve 
the corrosion resistance, oxidation resistance, and wear resistance [15]. 

Sputter deposition is a standard technique where a thin film or layer is deposited 
onto a substrate surface by sputtering away atoms from a target under the 
bombardment of charged gas ions [15]. DC sputtering process is shown in 
Figure 2-16 is an ingenious technique wherein a DC bias is applied between 
the target and the substrate to assist in the formation of a layer [15]. The bias 
voltage, argon pressure, and the radio frequency sputtering shown in Figure 2-
16 are used for sputter deposition of insulating materials [15]. A very high 
voltage of magnitude 10YbV is required to sputter deposit an insulating film [15]. 
This high voltage usage can be avoided in RF sputter deposition, in RF sputter 
deposition, the plasma can be maintained at a lower argon pressure than that 
in DC sputter deposition [15].  

 
Figure 2-16 Schematic diagram showing the principle of DC and RF sputtering [100]. 

In magnetron sputtering to increase the electron path length, electric and 
magnetic fields are used, which leads to higher sputter deposition rates at low 
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argon pressure [15]. The basic working principle of magnetron sputtering is 
shown in Figure 2-17, and the magnetron uses both DC and RF for sputtering. 

 

Figure 2-17 Schematic diagram showing the principle of magnetron sputtering [15]. 

2.2.3.3 Properties 
2.2.3.3.1 Structural Properties 

HEAs tend to have shown encouraging properties that’s why they are 
considered as a potential candidate for a wide range of applications such as 
high temperature, electronic, magnetic, anti-corrosion, and wear resistance 
[15]. HEAs, in some cases, have shown nanoscale precipitates which help in 
enhancing some properties of these alloys [15]. 

2.2.3.3.1.1  Room Temperature Mechanical Properties 

In case of HEAs at room temperature, their yield strength varies from 300 MPa 
for the FCC-structured alloy such as CoCrCuFeNiTix system to 3000 MPa for 
the BCC structured alloys such as AlCoCrFeNiTix system [101, 102]. The 
Vickers hardness values also vary from range 100 to 900 HV [17]. 

The first HEA system that was most extensively studied is the AlxCoCrCuFeNi 
alloys [53, 103, 104]. It was seen in the system that when x = 0-0.5 hardness 
was 133 HV and when the value of x=3 there was a steep increase in the 
hardness value to 655 HV (Figure 2-18) [53]. This increase in hardness value 
is attributed to the increase in lattice distortion as Al is the largest atom among 
the constituent elements in the alloy [105] and Al also forms strong bonds with 
other elements in the alloy as suggested by the enthalpy of mixing [57]. Due to 
all these reasons SS strengthening effect increases as the Al content increases 
[15]. It was also seen that as the Al content increased the alloy moved from 
single phase FCC to dual phase FCC+BCC and then to the BCC phase [15]. 
The BCC and ordered B2 phase are quite stronger than the FCC phase. 
Moreover, also, due to the slow deformation kinetics, which leads to the 
formation of nanoprecipitates, helps in strengthening the material [15]. 
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Figure 2-18 Vickers hardness and total crack length around the hardness indent of 
AlxCoCrCuFeNi alloy system with different aluminium contents (x values) [53]. 

Its seen that alloying elements with larger atomic sizes have an affinity to form 
secondary phases and cause precipitation strengthening [15]. As an example, 
when Li et al. [106] carried out their studies on 10 alloy systems, they got the 
highest hardness (566 HV) when Zr and Ti were added as they have larger 
atomic sizes and cause precipitation strengthening of secondary phases. 
Further, when Ma and Zhang [107] carried out studies on AlCoCrFeNbxNi alloy, 
where they found out that Nb from x=0-0.5 increases the hardness from 500 to 
750 HV. The hardness can be additionally increased to 797 HV by combined 
addition of Nb and Ti, which higher than that achieved by adding only one these 
two elements [108].  

The AlCoCrFeNiTix alloys exhibit excellent mechanical properties in 
compression [101, 109]. It was seen that when x=0.5, the alloy had a BCC 
structure and was found to give excellent properties [15]. The alloys yield 
strength and fracture strength were found out to be 2.26 and 3.14 GPa, 
respectively, which are much higher than that of BMGs [15]. It also had 23.3% 
elongation. The high strength in the alloy was endorsed by the spinodal 
decomposition in the DR region, while there was precipitation of BCC phase 
particles in the ID region [15]. Hence apart from SS strengthening, nanoparticle 
and precipitation strengthening also plays a vital role in mechanical properties 
of alloy [15].  

 

2.2.3.3.1.2  Elevated Temperature Mechanical Properties 

There has been extensive research carried out for studying the high-
temperature properties of HEAs [1, 4, 87, 110, 111]. From Figure 2-19, it can 
be seen that the AlxCoCrFeNi system shows quite good compressive properties 
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at elevated temperature [33]. It also can be seen that the system with the lowest 
x value shows much higher temperature resistance. 

 

Figure 2-19 Compressive yield strength of AlxCoCrCuFeNi HEA system which are tested at 
different temperatures: (A) Al0.5CoCrCuFeNi, (B) Al1CoCrCuFeNi, and (C) Al2CoCrCuFeNi 
alloys [33] . 

These extraordinary properties are related to sluggish diffusion effect and 
second phase strengthening in HEAs due to which they exhibit high strength at 
elevated temperatures [15]. Example, we can see that the AlCoxCrFeMo0.5Ni 
alloy (x=1) exhibits a hardness of 347 HV at 1000 C which is higher than that 
of Ni-based superalloys IN 718/IN 718H (220 HV) [112]. It was also seen that 
in AlCoCrFeMo0.5Nix alloy (x=0-1.5), the hot hardness remains higher than 
that of superalloys IN 718/IN 718H up to 1000 oC (Figure. 2-20) [15]. It was 
found out that these alloys have less negative values of softening coefficient at 
high temperatures regime when compared to the same superalloys [113]. In 
another alloy AlCoCuNiTiZn which was produced by MA-VHP, it was seen that 
it is stable at an elevated temperature of about 800 oC as it retained its 
microstructure [114]. 

 



Theoretical Background 
 

 33 

Figure 2-20 Hot hardness versus temperature plots for AlCoCrFeMo0.5Nix alloys with varying 
Ni content [113]. 

In a study carried out by Senkov et al. [115, 116], it was found out that the 
MoNbTaV and MoNbTaVW alloys exhibit high yield strength of 405 and 477 
MPa, respectively, at 1600 oC which is higher than the melting point of 
superalloys. Senkov et al. [5] also developed some noteworthy light-weight 
refractory HEAs viz NbTiVZr, NbTiV2Zr, CrNbTiZr, CrNbTiVZr having densities 
6.52, 6.34, 6.67, and 6.57 g/cc, respectively. Figure 2-21 exhibits an evaluation 
of the compression curves of these alloys from room temperatures to 1000 oC, 
some of these alloys exhibit to have 50% strain without fracturing [15]. It is also 
interesting to note that even though the room temperature ductility of Cr-
containing HEAs is slightly low, their high-temperature ductility is surprisingly 
high [15]. Additionally, we can see that the specific strength of the CrNbTiVZr 
alloy is considerably superior to that of the other three HEA alloys and also 
compared to IN 718 and Haynes 230 superalloys [15]. Hence, CrNbTiVZr alloy 
is the most attractive alloy with much improved elevated-temperature strength, 
reduced density, and very high melting point [15]. 

 
Figure 2-21 Engineering stress versus strain curves of (A) NbTiVZr, (B) NbTiV2Zr, (C) 
CrNbTiZr, and (D) CrNbTiVZr alloys at T = 298, 873, 1073, and 1273 K [5]. 

 
2.2.3.3.1.3  Cryogenic Temperature Mechanical Properties 

It is known that mechanical properties of alloys at low temperatures are of 
particular importance for real applications of metallic alloys [17]. However, for 
now, the mechanical behaviour of HEAs at cryogenic temperatures is still yet to 
be investigated deeply. 
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According to a research by done by Laktionova and Tabchnikova [117] where 
studies where carried out about deformation peculiarities of Al0.5CoCrCuFeNi 
alloy in a temperature range from 300 K to 4.2 K, it was found out that the alloy 
has high strength and plasticity greater than 30% in that temperature range [17]. 
The alloy also exhibits higher yield strengths of 450 MPa at 300 K and 750 MPa 
at 4.2 K (Figure 2-22)  [117]. It was seen that at temperatures below 15 K, the 
smooth behaviour of stress-strain curves changes to the jump-like one, called 
serration behaviour. This curve trend is recommended to be related to the 
change of deformation mechanisms [17].  

 

Figure 2-22 At all temperatures to 4.2 K, the Al0.5CoCrCuFeNi HEA possesses high plasticity 
under compression. At temperatures below 15 K, the curves show a serrated shape. The 
inserted figure illustrates a typical serrated stress–strain curve [117]. 

 
2.2.3.3.1.4  Wear Properties 

Wear properties are needed to be studied from the early stage as the HEAs is 
developed, although there is minimal data available to date [15]. In a study 
carried out by Hsu et al. [19] about the abrasion wear resistance of 
Al0.5BxCoCrCuFeNi (x=0, 0.2, 0.6 and 1) HEAs it was found out that the volume 
fraction of (Fe, Cr)-rich boride increases with increase in B content. Figure 2-
23 [19] helps to demonstrate the comparison of wear resistance of the typical 
wear-resistant alloys. It can be seen that the HEA with x=1 has better wear 
resistance than the typical wear-resistant alloy SUJ2 bearing steel. Addition of 
V and Ti to the same alloy was also reported [118, 119]. It was seen that with 
an increase in Ti content from 0.6 to 1, the wear resistance rapidly increased, 
followed by a gradual decrease at higher Ti contents [119]. In the case of V, the 
wear resistance increased by 20% as the content of V increased from x=0.6 to 
1.2 and levels off beyond x=1.2 [118]. This improvement is due to the formation 
of the σ phase, which is a tough phase [15]. 
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Figure 2-23 In a study carried out by Hsu about the abrasion wear resistance of 
Al0.5BxCoCrCuFeNi [19]. 

In a study carried out by Wu et al. [120] about the adhesive wear resistance of 
AlxCoCrCuFeNi HEAs it was found out that with higher Al content the worn 
surface is smooth and yields fine debris with high oxygen content, which leads 
to substantial improvement in wear resistance as shown in Figure 2-24. The 
reason behind this wear resistance improvement is due to the high hardness 
which not only resists plastic deformation and delamination but also brings 
about the oxidative wear in which oxide film could assist the wear resistance 
[17]. From this study, it was seen that alloying could affect the wear behaviour 
of the HEAs [17] 

 

Figure 2-24 Vickers hardness and wear coefficient of AlxCoCrCuFeNi alloys with different 
aluminium contents [120]. 
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2.2.3.3.1.5  Corrosion Resistance 
In general, it can be seen that the composition and the microstructure of an 
alloy affect its corrosion resistance in different corrosive environments [15]. It is 
seen that some of the HEAs have exhibited exceptional performance in both 
the H2SO4 and NaCl solutions. Just like in conventional alloys it can be seen 
that the elements like Cr, Ni, Co and Ti in HEAs enhance corrosion resistance 
in acid solutions, Mo tends to inhibit pitting corrosion, whereas the Al and Mn 
displays a negative effect. Still, there is a need for detailed investigation of these 
mechanisms. 

It can be seen from Figure 2-25, which plots the potentiodynamic polarization 
curves of AlCoCrCu0.5FeNiSi alloy and 304 stainless steel in 0.1 M NaCl 
solution that the HEA displays passivation behaviour [21, 22]. It can also be 
seen that the corrosion potential of HEA is higher than 304 stainless steel, and 
the corrosion current potential is smaller than that of 304 stainless steel [15]. 
The same kind of behaviour is observed in 0.1 M NaCl solution [15]. Table 2-1 
gives the average corrosion rates in mpy which are obtained from the 
polarization curves and immersion tests of as-cast CoCrCuxFeNi alloy (x=0, 0.5, 
1) in 3.5% NaCl solution [121].  These presented data shows that Cu addition 
is unfavourable to pitting resistance [15]. Nevertheless, CoCrFeNi is still better 
than that of the 304 stainless steel in pitting resistance [15]. 

 
Figure 2-25 Potentiodynamic polarization curves of AlCoCrCu0.5FeNiSi alloy and 304 stainless 
steel in 0.1 M NaCl solution [121].  

 
Table 2-1 Average Corrosion Rate of CoCrCuxFeNi HEAs Obtained from Immersion Test and 
Polarization Curve in 3.5% NaCl Solution [121]. 
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2.2.3.3.2  Functional Properties 

Generally, many studies are mainly concentrated on the relationships between 
microstructure and mechanical properties [15]. A few types of research are 
reported on the functional properties of these alloys which are diffusion barrier 
[122, 123], electrical [124], thermal [124-126], magnetic [127, 128], hydrogen 
storage [129], irradiation resistance [130], and catalytic materials [131]. All 
these mentioned properties are also altered by their unique structural feature, 
i.e., a multicomponent solid solution [15]. The properties which have been 
reported until now are reassuring and promising for different applications [15]. 

2.2.3.3.2.1  Electrical Properties  

When Chou et al. [124] researched the electrical resistivity in HEAs and for his 
studies, he used the AlxCoCrFeNi alloy with varied Al content (x=0-2) [15]. In 
this study, the effect Al was inspected because it has a larger atomic size and 
is also a strong BCC former [15]. In Figure 2-26, we can see that the electrical 
resistivity is a function of temperature and Al content [124]. In Figure 2-26 (A) 
the electrical resistivity of each alloy is approximately a linear function of 
temperature with a small positive slope in the range of 298-400K [15]. From 
Figure 2-26 (B), we can see that at temperatures near absolute zero, the 
resistivity levels of alloys are mostly high as compared to that (1-100 μΩ-cm) of 
conventional alloys [15]. This high level of electrical resistivity found was 
ascribed to the severe lattice distortion and thus, intense electron scattering in 
these alloys [15]. Additionally, the thermal vibrational effect, which usually 
causes the electron scattering, becomes quite smaller when compared with 
severe lattice distortion effect [15]. This causes the alloy to have a low-
temperature coefficient of resistivity (TCR), and this low TCR tendency may be 
used as a base to develop new HEA with even lower TCR in future [15] 
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Figure 2-26 Diagrams for (A) electrical resistivity of all alloys in the temperature range of 300–
400 K, (B) electrical resistivity of the alloys with x 5 1, 1.5, and 2 in the range of 4-400 K. The 
curves in 4-298 K and those in 298-400 K were measured with two at 300, 350 and 400K [124]. 

 
2.2.3.3.2.2  Thermal Properties  

Till date, there have not been many studies carried in the field of thermal 
properties, i.e., coefficient of thermal expansion (CTE) and thermal conductivity 
κ(T ) [13]. Chou et al. [124] have done a study on the AlxCoCrFeNi system, and 
some of the results can be seen in Figure 2-27 for the thermal conductivity, 
which shows that the thermal conductivity is similar to the values obtained in 
the Inconel 718, Haynes 203, and Waspaloy superalloys. In Figure 2-28, results 
for the CTE are shown where it can be seen that for this HEA system the CTE 
over temperature is greater than the values seen in Inconel 718, Haynes 203, 
and Waspaloy superalloys [13]. It was seen that results are dependent on the 
Al concentrations [13].  

It has been found out that the results are opposite to pure metal where thermal 
conductivity decreases with increased temperature, but in HEAs, it increases 
with increase in temperature [13]. This result is ascribed to the increase in lattice 
size from thermal expansion, providing the electrons a more significant mean 
free path before scattering, and due to a smaller carrier concentration, the 
carrier concentration decreases with temperature and lattice distortion effect, 
thus reducing the sensitivity of the thermal conductivity on the carrier 
concentration of HEA as compared to pure metals [124, 125]. 

 
Figure 2-27 Curves of thermal conductivity as a  (a) function of temperature and (b)as a function 
of x in AlxCoCrFeNi alloys, respectively [124]. 

It has been seen that the thermal conductivity for HEAs is overall low than that 
of pure metals, and this is because of the lattice distortion effect [13]. Alloys 
having a presence of nanograins and precipitates that are often formed when 
casting HEAs helps in reducing thermal conductivity [126]. Figure 2-29 helps to 
demonstrate the various mechanisms that are responsible for lowering the 
thermal conductivity [13]. Another factor which helps in lowering the CTE in 
HEAs is the phonon and electron contribution to the thermal conductivity in 
HEAs which is of equal magnitudes as opposed to dominated by the electron 
contribution [124].    
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Figure 2-28 Variation of CTE with temperature of AlxCoCrFeNi alloys. The maximum and 
minimum values of CTE are shown at the upper left-hand side of each curve, and the Curie 
temperature is shown in the gray region [124].  

 
Figure 2-29 Schematic diagram exhibiting the mechanisms which helps to reduce thermal 
conductivity in HEAs coatings [126]. 

 
2.2.3.3.2.3  Magnetic Properties  

There have several studies reported by researchers about the magnetic 
properties of HEAs, and most of these studies conducted is on the AlCoCrFeNi 
systems [60, 127, 128, 132-134] and it is seen that this alloy system shows 
excellent soft magnetic properties along with high saturated magnetization (Ms) 
and also low coercivity (Hc), both of which can be increased after aging [127]. 
It was seen that in the AlCoCrFeNi alloy it’s ferromagnetic behaviour related to 
the spinodal decomposition of the Cr-Fe-Co rich regions into ferromagnetic Fe-
Co-rich and anti-ferromagnetic Cr-rich domains [127]. By adding W, it is seen 
that it makes the AlCoCrFeNi alloy partially paramagnetic, and by adding Zr, it 
ultimately becomes paramagnetic [128]. CoFeNi(AlSi)0.2 HEA is seen as a new 
possible contender for a new soft magnetic material; it shows a good 
combination of Ms and Hc and resistivity ρ [60, 134].  
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3 Method and implementation 
3.1 Development of lightweight HEA and CCA database 

Before starting the experimental part, a database of all reported LWHEAs and 
LWCCAs till February 2019 was created. Data presented are from the period 
2004 to 2018. The database can be seen in Appendix 1; it includes alloy 
composition, density, hardness, yield strength, elongation, and ultimate 
strength. 

3.2 Alloy Design 

For alloy designing and development first step was to get a filtered list of 
elements because of various combinations possible. So an exclusive list of  
elements was prepared by eleminating unnessecary elements from periodic 
table which was guided by a study carried out by Miracle et al. [16]. In the list 
provided by Miracle, Zn is excluded due to its low melting temperatures but in 
this study Zn is included as it is an excellent alloy stabilizing element. Even 
though Li and Be are handy for lightweight alloy development, but due to the 
toxicity of Be and low melting temperatures of Li made it excluded from the 
palette. All the remaining elements are included in the master list and can be 
seen in Table 2 [16]. Even though this master list gives us all the elements that 
are consistent with the board alloy development goal, it is also too large to be 
practical [16]. As an example, this master list provides options over 10{ 5-
elements HEAs and 10YY HEAs with 13 elements [16]. Due to this vastness of 
alloy list, it is necessary to have a small set of HEAs for targeted HEA 
development [16].  

The master list is divided into three categories viz LOW-T (𝑇/<750K), MED-T 
(𝑇/<1350) and HI-T(𝑇/<1950) and to select elements from this list there were 
some cut off values for r, E and  𝑇/ [16]. These cut-off values which were 
provided by Miracle et al. [16]  was guided by their experience. Since the project 
was to design and develop alloy which do not lose its strength below 300 oC 
the Med-T palettes of elements from Table 3-1 were considered for final alloy 
development. 
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Table 3-1  Palettes of Elements for Structural Metal HEAs [16] 

For designing purpose use of CALPHAD was taken into consideration. The 
validity of CALPHAD results relies on the accuracy and completeness of its 
underlying database. Traditionally the databases were designed around one or 
few base elements such as aluminium, iron or nickel, with additional alloying 
elements anticipated to be present in low concentrations [86]. For intermediate 
compositions the thermodynamic data present for intermediate phases is 
limited, and existing phases are often absent from the databases hence a 
careful adjustment and optimization are required when a new alloy system is to 
be explored [86]. Nevertheless, CALPHAD is a perfect tool which is used for 
obtaining a qualitative view of phase diagrams, including many of the potential 
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phases that may occur and how the phase selection is affected by the variation 
of temperature and composition [86]. 

From software’s available, ThermoCalc was used to perform various 
calculations of phase diagrams. ThermoCalc software with 2019a version and 
TCAL2, TCAL6 and TCMG2 databases were used for predicting the phase 
formations that will be available in the alloys. It was also used to check the heat 
treatment temperature range available where there will be fewer phases, which 
is beneficial for the developed alloy. Further ThermoCalc was also used to see 
solidification equilibrium of alloy and how the phases form and at what 
temperatures. Finally, it was used to check the shrinkage of various phases that 
may be taking place in the alloys during solidification. 

LWCCAs Al73.6Mg18(Ni1.5Ti1.9Zr1Zn4), Al65.65Mg21.39(Ag10.02Ni2.94) and Al67.2 
Mg22.09(Ag10.7) of composed compositions were developed.  

3.3 Production 

3.3.1 Casting 

For alloy development, the processing technique which was used is preparation 
from the liquid state, i.e., Casting, which was explained in section 2.2.5.1. This 
process was specifically chosen because it is a simple process which has 
numerous benefits and also a competitive process for alloy development. 

The three CCAs which are developed were prepared from pure magnesium and 
various other Al-based master alloys to produce the required alloys which were 
being investigated. For the (NiTiZrZn) CCA, the master alloys which were used 
are Al80-Ni20, Al90-Ti10, Al90-Zr10 in wt%, pure magnesium, and pure zinc. For the 
(AgNi) CCA, the master alloys were Al80-Ni20, Al50-Ag50, and pure magnesium. 
Moreover, for the last ternary (Ag) alloy Al50-Ag50, pure aluminium, and pure 
magnesium were used. The master alloys used for these alloy developments 
were Al80-Ni20 (KBM Master Alloys), Al90-Ti10 (KBM Master Alloys), Al90-Zr10 
(KBM Master Alloys), Al50-Ag50 (Affilips nv), pure aluminium (99.95), pure 
magnesium (99.8) and pure zinc (99.9). 

All these mentioned CCAs were melted using a Nabertherm K4/13 resistance 
furnace (Figure 3-1(A)). The temperature of the furnace to melt the pure 
elements and master alloys was set to 800 oC. The crucible which was used for 
the melting of alloys was a graphite crucible coated with boron nitride, as was 
the ladle, which was used to pour the melt into mould, to avoid any inclusions 
from getting mixed in the melt. A total of 3kg of melt was used for preparing the 
cast alloy. The Copper mould (Figure 3-1(B)) was preheated to a temperature 
of 250 oC, and the mould was coated with graphite to avoid sticking of the 
castings inside the mould ( castings were fingers of 20cm in length & 1cm in 
diameter) ( Figure 3-2). The mould was preheated to avoid any thermal 
contraction arising due to large differences in temperature. There was another 
copper mould which was used as an alternative for casting specifically only the 
(Ag) CCA, to investigate the effect of fast cooling rate.  
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Figure 3-1 A) Nabertherm K4/13 resistance furnace with crucible and master alloy. B) Copper 
mold coated with graphite spray. 

During preparing the (NiTiZrZn) CCA the Al-Zr and Al-Ti master alloys were first 
placed in the crucible to melt as these alloys have high melting points. After 1 
hour, the Al-Ni master alloy was added to the crucible and allowed to melt 
completely. Further about ½ hour later, the pure magnesium was added to melt, 
and finally, after another 15 mins, Zn was added to melt. This procedure was 
conducted in order to minimize the amount of evaporation or segregation of the 
mentioned elements during melting. The same process was carried out in the 
preparation of (AgNi) CCA  where Al-Ag and Al-Ni master alloys were first 
melted then after around 45 mins-1 hours, the pure magnesium was added. 
Lastly, for the ternary (Ag)  CCA, the Al-Ag and pure aluminium were first added 
to the melt, and then after 45 mins-1 hours, the pure magnesium was added. In 
all of these three castings when these master-alloys and pure elements were 
added to the melt, the melt was thoroughly stirred so that a homogenized cast 
is obtained. 

A B 



Methods and Implementation 
 

 44 

 

Figure 3-2 Cylindrical cast rods obtained from casting in Copper mold. 

3.3.2 Heat Treatment 

All these three CCAs were heat treated to check for any changes in their 
microstructure and mechanical properties. For heat treatment the as-cast CCAs 
long rods were cut into 6 cm long pieces and were placed in Steel crucible 
which was further placed in different Nabertherm furnace in an argon induced 
atmosphere. After the alloys were heat treated, they were quenched 
immediately in water.  

It is seen that almost all of Al-Mg alloys are heat treated at around 375 oC/24hrs 
and 375 oC/48hrs [135, 136]. So that being one of the reasons the (NiTiZrZn) 
CCA  was heat treated at 375 oC for 24hrs and. For the (AgNi) CCA, the cast 
was heat treated at 400 oC for 24hrs and 48 hrs. Lastly, the ternary (Ag) CCA , 
was also heat treated at 400 oC for 24hrs and 48hrs. 
3.4 Sample Preparation 

3.4.1 Microstructure Analysis Samples 

Both the as-cast and heat-treated cylindrical rods were cut to 1 to 2 cm in length 
to make samples for the microstructure analysis. These small samples were 
mounted with polyfast material in a Struers Citopress-1 machine (Figure 3-3 A) 
and followed by this process; the samples were grinded using a Struers 
Tegramin-30 machine (Figure 3.3 B). For grinding successive finer grades SiC 
papers (120, 320, 800, 2000 grit) were used. After grinding on the same 
machine, the samples were polished to 0.25 µm using various surfaces in an 
oil-based fluid. After all these processes were done a sample was obtained. 
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     A)           B) 

Figure 3-3 A) Struers Citopress-1 machine for making samples for the microstructure analysis. 
B) Struers Tegramin-30 machine used for grinding and polishing of samples. 

3.4.2 DSC Samples 

For DSC samples, the cylindrical rod of all CCAs which were heat treated 
(annealed) for 24hrs and 48hrs were machined using a semi-automatic lathe 
machine to reduce the diameter of the rods to 5mm. After the rods were 
machined, they were cut into <2 mm thickness using a slow cutting instrument. 
The samples were grinded until the thickness was less than 1 mm in length by 
using SiC papers of 120, 500 and 1000 grit.  

3.5 Characterization Techniques 

3.5.1 Scanning Electron Microscope 

For performing microstructure analysis on the alloys that were developed, the 
JEOL7001F scanning electron microscope (SEM) with an energy dispersive 
spectrometer (EDS) was used. Higher magnification was used to investigate 
the microstructure and the cracks formed in alloys. Mapping of representative 
areas was carried out to see the distribution of various phases that are present 
in alloys. Spot and Line analysis were carried out to confirm the elements that 
were present in the respective phases. The composition of the alloy was found 
out using the SEM. 

3.5.2 Differential Scanning Calorimeter 

The Netzsch DSC 404C Pegasus instrument was used to perform the testing 
in this examination. This test was carried out to check any phase 
transformations that may occur during heating or long-term exposure at high 
temperature. For this investigation, only the annealed samples were used. 
Before final measurements baseline scans were done for each for improving 
the accuracy of the results. The (NiTiZrZn) CCA sample was heated from room 
temperature to 450 oC at a rate of 10K/min, while the (AgNi) CCA sample was 
heated to 550 oC at a rate of 10K/min. Lastly, (Ag) CCA was heated from room 
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temperature to 575 oC at a rate of 10K/min. All these testing was done under 
argon atmosphere. 

3.5.3 Hardness 

Hardness tests were conducted on the alloys for both as-cast and heat-treated 
conditions. For the test, a Micro Vickers equipment using the standard ISO 6508 
was used. The indentation was performed on these polished surfaces using a 
load of 500 gm and loading time of 10 seconds. Five indentations were 
performed on each sample. Finally, these indentations were measured using 
an Olympus GX 71 optical microscope. 

3.5.4 Density 

For the density measurement purpose, the rods were cut into 1cm length. 
These samples were measured using a Kern ABJ machine which can be seen 
in Figure 3-4. The machine used works on the principle of Archimedes. 

 
Figure 3-4.  Kern ABJ machine used for density measurement. 
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4 Findings and analysis 
4.1 Database of LWHEAs and LWCCAs  
 

 
 
 

 
Figure 4-1 Graphs  

a) Density (g/cm3)  V/s Yield Strength (MPa)  b) Density (g/cm3) V/s Hardness (Hv) 

c) Plastic strain (%) V/s Yeild Strenght (MPa)   d) Plastic Strain (%)  V/s  UTS (MPa) 

(colour-shapes present in graph a) and c) represent traditional alloys- Red-Mg Alloys, Blue-Al 
alloys and Purple-Ti alloys ) 

The data used to formulate these graphs is of only LWHEAs and LWCCAs that 
have been reported till February 2019. From the data formulated in Appendix 
1, analysis was done about these developed alloys. The above graph (a) it can 
be seen that the LWHEAs/LWCCAs density varies from around 8 to 2 g/cm3, 
and most of the HEAs have yield strength around 750 to 1500 MPa. From graph 
(b) it was analysed that we can develop LWCCAs with considerably high 
hardness with low denstity. In graph (c) the trend is very similar to that found in 
Ashby’s tensile ductility (%) V/s yield strength graph for lightweight materials. 
Lastly, the graph (d) shows where do this developed LWHEAs and LWCCAs 
are currently in a UTS vs elongation trend. In the graphs (b) and (d) traditional 
Al, Mg and Ti alloys are not marked due to non-availability of data 
representation. 

a b 

c d 
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4.2 Characterization 

4.2.1 Microstructure 

4.2.1.1 (NiTiZrZn) CCA 

Initially, before the casting with the help of ThermoCalc, phases of the 
(NiTiZrZn) CCA at equilibrium condition was predicted. Phase prediction helped 
in understanding how and when the phases nucleates and also the percentage 
of each phase present in the alloy. From Figure 4-2 all the phases predicted by 
ThermoCalc can be seen. Phase observed were FCC, β-AlMg, Al3Ni, Al3Ti, 
Al3Zr, and a tiny percentage of C36 Laves phase. 

 
Figure 4-2 Result from equilibrium calculation of Al73.6Mg18Ni1.5Ti1.9Zr1Zn4 CCA in at% using 
ThermoCalc 

EDS experiments showed a variation in the chemical composition of the  
castings. So, to avoid confusion, only two cast studies are reported, that had 
the largest variation in the chemical composition of Ti and Zr from the cast rods 
in order to examine any change in the microstructure or physical properties with 
this shift in chemical composition. However, the values of Al and Mg are 
somewhat similar in both the cast.The chemical composition of both casts can 
be seen in Table 4-1. From the results, it is understood that both of the casts 
chemical composition are deviated from the designed compositions of CCA and 
may be related to possible oxidation of some elements during melting and/or 
elemental settlement during melting/solidification.  
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Table 4-1 Composed chemical composition of (NiTiZrZn) CCA and chemical composition 
determined by EDS of both A and B as-cast (NiTiZrZn) CCA samples.  

The microstructure of the both (NiTiZrZn) CCA samples in as-cast condition, 
i.e., A and B can be seen in Figure 4-3 (a & b) and Figure 4-3 (a & b) 
respectively.  Figure 4-3 (a) exhibits microstructure of as-cast sample A, where 
we can see that there is a uniform distribution of various phases across the 
microstructure, except for phases formed by Ti and Zr, since in sample A there 
was minimal amounts of Ti and Zr present. In sample B (Figure 4-4 a&b) also 
there is a uniform distribution of various phases across the microstructure but 
since the sample had a slightly higher atomic percentage of Ti and Zr present, 
due to which we could see smaller percentage of these chunks of phases that 
could not be seen in sample A (Figure 4-3 (a)). Both the as-cast samples 
exhibited two distinguished phases with different contrasts in the SEM images; 
a darker phase in Figure 4.3 (b) and lighter phase in Figure 4.3 (b). From Figure 
4-4 (b) it can be seen that the FCC structures nucleate only along with the Al3Ni 
phases (magnified image in circles). When the cast was  prepared, there were 
many porosities observed which can be seen in Figure 4-4 (a). 

 

(NiTiZrZn) 
CCA 

Sample Element Atomic % 
Composed 
Composition 

Al K 73.6 
Mg K 18 
Ni L 1.5 
Ti K 1.9 
Zr L   1 
Zn K 4 

A Al K 72.44 
Mg K 20.4 
Ni L 1.21 
Ti K 0.14 
Zr L   0.09 
Zn K 5.73 

B Al K 72.88 
Mg K 18.38 
Ni L   1.33 
Ti K 2.33 
Zr L   0.46 
Zn K 4.6 
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Figure 4-3 Microstructure of  first sample (A) of as-cast condition (NiTiZrZn)  CCA (a) Low mag 
photo of the microstructure showing various structures. (b)High-magnified photo of 
microstructure showing the dark and light phases with eutectic structures. 

In order to confirm which elements are present in different phases EDS spot 
analysis was done (Figure 4-5). The results showed (Table 4-2) that the lighter 
regions are enriched with Al, Mg, and Zn elements leading to a conclusion that 
the light phases are the β-AlMg phase.. The other phase (darker) was enriched 
in Al and Mg. 

 
Figure 4-4 Microstructure of second sample (B) of as-cast condition (NiTiZrZn)CCA (a) 300 X 
SEM image of the microstructure showing various structures including the Al3Ti and Al3Zr 
phases. (b)High magnified photo of microstructure showing the Al3Ti and Al3Zr phases.  

 
Figure 4-5 Spot analysis done by EDS on the DR and ID regions.  

 
Spot Element Atomic % 
1, 2, and 3 
(Light Phase) 

Al 53.76 
Mg 33.24 
Ni 0.95 
Ti 0.11 
Zr 0.02 
Zn 10.92 

4, 5, and 6 Al 87.52 
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(Dark Phase) Mg 10.57 
Ni 0.28 
Ti 0.07 
Zr 0.09 
Zn 1.47 

Table 4-2 Chemical composition determined by EDS of the spots on the as-cast CCA (A) 
sample. 

Further, with the help of EDS mapping (Figure 4-6), the qualitative amount of 
each element in all phases was investigated. It was confirmed that there is 
considerable elemental segregation. From this mapping, it can be confirmed 
that the needle-like shapes are the Al3Ni phase while the bigger chunks are the 
Al3Ti and Al3Zr phases, and lastly, the dark and light phases being FCC and β-
AlMg respectively. It was also seen that between the Al3Ti and Al3Zr phases 
there was no elemental segregation; it seems that Al3Zr has precipiatted first 
with the Al3Ti forming around it as a nucleation site. and that is why we can see 
the Al3Ti phase present in Al3Zr phase which can be confirmed from EDS 
mapping.  

Figure 4-6 Electron micrographs of the as-cast (B sample) (NiTiZrZn) CCA :(A) Backscattered 
electron image (compositional contrast) with Ni,  Mg,  Al, Zr, Ti and Zn.  

In order to evaluate the mechanical properties of the alloys in the as-annealed 
condition, the CCA was heat treated at 375 oC for 24 hrs and 48hrs.  After the 
24 hrs heat treatment, there was no change in the overall chemical composition; 
see Table 4-3. The same was observed for the 48 hr heat treatment sample 
(Table 4-4). 
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Table 4-3 Chemical composition determined by EDS of both A and B heat-treated (24 hrs) 
(NiTiZrZn) CCA samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4-4 Chemical composition determined by EDS of both A and B heat-treated (48-hrs) 
(NiTiZrZn) CCA samples. 

Similar to the chemical composition, there were no significant changes in the 
microstructure of both heat-treated (24 hrs and 48 hrs) A and B CCA samples. 
The only change was in the eutectic structures that formed a complete structure 
of β-AlMg. The Figure 4-7 and Figure 4-8 shows the elimination of eutectic 
structure and also that there are no changes in both the heat-treated structures 
when compared with the as-cast microstructures. 

Sample Element Atomic 
% 

A Al K 73.04 
Mg K 19.98 
Ni L 1.43 
Ti K 0.2 
Zr L 0.09 
Zn K 5.26 

B Al K 71.45 
Mg K 18.73 
Ni L 2.13 
Ti K 2.42 
Zr L 0.95 
Zn K 4.32 

Sample Element Atomic 
% 

A Al K 71.47 
Mg K 20.85 
Ni L 1.06 
Ti K 0.80 
Zr L 0.07 
Zn K 5.64 

B Al K 71.07 
Mg K 19.83 
Ni L 1.82 
Ti K 1.89 
Zr L 0.74 
Zn K 4.65 
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Figure 4-7 Microstructure of  both heat-treated (24 hrs) samples A and B (NiTiZrZn) CCA (A) 
Cast A- 300X magnified photo of the microstructure showing various structures. (B) Cast B -
300 X magnified photo of microstructure showing various structures.  

 
Figure 4-8 Microstructure of  both heat-treated (48 hrs) samples A and B (NiTiZrZn) CCA (A) 
Cast A- 150X magnified photo of the microstructure showing various structures. (B) Cast B -
150 X magnified photo of microstructure showing various structures.  

 

Figure 4-9  Spot analysis done on the DR and ID regions of 48 hrs heat-treated sample. RHS 
graph shows result from spot 3 and 4. 

 
 

Spot Element Atomic% 
1 and 2 
(Dark 
Phase) 

Al 88.12 
Mg 10.72 
Ni 0.27 
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Ti 0.09 
Zr 0.04 
Zn 0.76 

3 and 4 
(Light 
Phase) 

Al 54.24 
Mg 34.56 
Ni 0.32 
Ti 0.11 
Zr 0.03 
Zn 10.74 

Table 4-5 Chemical composition determined by EDS of the spots on the 48-Hrs heat-treated 
CCA (A) sample. 

EDS analysis was done on the 48 hrs heat treated sample to check whether 
there are any change in the values of elements present in these dark and light 
phases.. From Figure 4-9 and results in Table 4-5, it can be seen that the values 
of Al, Mg, and Zn elements are somewhat similar to that of as-cast condition. 
Spot 1 and 2 contain 80 at% and 20 at% Al and Mg respectively while on spot 
3 and 4, we can see that the values of Al, Mg, and Zn elements. 

Figure 4-10 Electron micrographs of the 48-hrs heat-treated CCA (B sample) (NiTiZrZn) 
CCA:(A) Backscattered electron image (compositional contrast) with,  Al, Mg, Zr, Ti, Ni and Zn 



Findings and Analysis 

 55 

Finally, to note any changes in elemental segregation, EDS mapping was 
carried on the 48-hrs heat-treated sample. From Figure 4-10 it can be seen that 
just like all other results, there are no changes in the results of the mapping. 

4.2.1.2 (AgNi) CCA 

Similarly, to (NiTiZrZn) CCA, with the help of ThermoCalc, phases of the (AgNi) 
CCA, i.e., Al65.65Mg21.39Ag10.02Ni2.94 in at% at equilibrium condition was 
predicted first. All the phases that will form at equilibrium condition can be 
observed in Figure 4-11. The phases followed at equilibrium are FCC, BCC, β-
AlMg, AL3Ni, and lastly the AgMg3 phase.   

 
Figure 4-11 Result from equilibrium calculation of Al65.65Mg21.39Ag10.02Ni2.94 CCA in at% using 
ThermoCalc. 

Same procedure as the last was followed when preparing the as-cast samples. 
Unlike the variation noticed in the previous castings, the chemical composition 
that is given in Table 4-6 was similar across all cast rods . However, there was 
a small variation from the nominal value of Ag (10.02 at%) that was designed 
during casting and the obtained value of Ag (7.56 at%) after casting and this 
loss of Ag was likely due to the increased density of Ag leading to settlement of 
Ag at the bottom of the crucible.  
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Table 4-6 Composed chemical composition of (AgNi) CCA and chemical composition  
determined by EDS of (AgNi) as-cast CCA. 

The microstructure of the second as- cast (AgNi) CCA can be seen in Figure 4-
12 (A, B, C & D). From the Figure 4-12 (A) it can be seen that there is a perfect 
homogenization of all the elements in the microstructure and since there was 
no variation in chemical composition all castings and consisted same 
microstructure that’s why only one sample is reported. It also can be observed 
that there is a presence of lighter phases in Figure 4-12 A & B and  darker 
phases in Figure 4-12 A & B along with the eutectic structures (Figure 4-12 C). 
On the edges of samples, it was seen that the microstructural features were  

 
 

(AgNi) 
CCA 

 

 Element Atomic 
% 

Composed 
Composition 

Al K 65.65 
Mg K 21.39 
Ag L 10.02 
Ni L 2.94 

EDS Al K 67.99 
 Mg K 21.77 
 Ag L 7.56 
 Ni L 2.68 
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Figure 4-12 Microstructure of  the as-cast condition (AgNi) CCA (A) 300 X magnified photo of 
the microstructure showing various structures. (B)300 X magnified photo of microstructure 
showing the directional formation of phases. (C) High mag photo of eutectic structure (D) 
Completely precipitated phases formed on one side of the cast with no eutectic structures. 

oriented along a specific direction, which is the direction of solidification (Figure 
4-12 B). In Figure 4-12 D it can be observed that some of the phases are already 
precipitated, and also there is no significant presence of any eutectic structures 
and this structure was also seen on the edge of the sample.  

To see which elements are present in various phases EDS spot analysis was 
carried out (Figure 4-13). From this analysis, it was seen (Table 4-7) that the 
elements Al, Mg, and Ag form the darker region (spot 4, 5 and 6) while the Al 
at 80 at % and Mg at 20 at % form lighter regions (spot 1, 2 and 3). While the 
remaining spots show i.e., spot 7, 8 and 9, presence of Al and Ni elements. 

 
Figure 4-13 Spot analysis done on the DR, ID regions and also on Al3Ni IM phase. RHS graphs 
shows result from spot 4, 5 and 6 

Spot Element Atomic% 
1, 2, and 3 
(Dark 
Phase) 

Al K 86.22 
Mg K 13.76 
Ag L 0.05 
Ni L 0.13 

4, 5 and 6 
(Light 
Phase) 

Al K 44.58 
Mg K 34.23 
Ag L 20.5 
Ni L 0.69 

7, 8, and 9 
(Needle 
shape 
Phase) 

Al K 80.42 
Mg K 2.5 
Ag L 0.19 
Ni L 16.89 

Table 4-7 Chemical composition of the spots on the as-cast (AgNi) CCA sample. 
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Eutectic structures were also analysed to confirm the elements present. Figure 
4-14 shows line analysis, where we can observe that the lighter phase is 
enriched in Mg and Ag elements while the darker phase being enriched in Al. 

 
Figure 4-14 Line analysis of eutectic structure present in as-cast (AgNi) CCA  

With the help of EDS mapping, the elemental segregation was evaluated as 
observed in the previous CCA. It can be noticed that in this CCA also there is a 
considerable amount of element segregation. Mapping assists in finding out 
which phases are present and where. The results show that the Al3Ni IM phase 
being present in the needle-like structure just as observed in (NiTiZrZn) CCA, 
while the FCC is present in the dark phase part and the BCC with β-AlMg and 
AgMg4 are present in the lighter phase parts as seen from the EDS mapping 
Figure 4-15. 

Figure 4-15 Electron micrographs of the as-cast (AgNi) CCA:(A) Backscattered electron image 
(compositional contrast) with  Mg, Al, Ag and Ni. 
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The chemical composition of both heat-treated (24-hrs and 48-hrs) samples of 
CCA Al65.65Mg21.39Ag10.02Ni2.94 in at% did not exhibit any change when 
compared with the as-cast results. Table 4-8 shows the chemical composition 
of both 24-hrs and 48-hrs heat treated CCA. 

Sample Element Atomic 
% 

24-Hrs Al K 68.39 
Mg K 21.46 
Ag L 7.08 
Ni K 3.06 

48-Hrs Al K 69.69 
Mg K 20.9 
Ag L 7.25 
Ni L 2.17 

Table 4-8 Chemical composition of the 24-hrs and 48-hrs heat-treated (AgNi) CCA.  

The microstructure of 24-hrs heat treated CCA is shown in Figure 4-16 where 
we can see that there is certainly quite a difference in the eutectic structures as 
compared to the as-cast conditions and a reduction in DR volume also. In 
Figure 4-16 B the eutectic structures (marked in circles) can be seen. In Figure 
4-16 C it can be seen that there are phase cracks on the boundaries of the 
darker phase/structure (marked in circles). On the other hand, in case of the of 
48-hrs heat-treated CCA the eutectics structures which were still present are 
considerably eliminated which can be seen in Figure 4-17. Due to complete 
elimination of eutectic structures there was drop in DR volume further.  
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Figure 4-16 Microstructure of heat-treated (24- hrs) (AgNi) CCA (A) 300X magnified photo of 
the microstructure showing various structures. (B) 950 X magnified photo of microstructure with 
remaining eutectics structures. (C) High mag photo of phase cracks on the boundaries of the 
darker phases.  

Also, the phase cracks which were observed after 24-hrs heat-treated have 
significantly grown larger/deeper which can be seen from Figure 4-17, other 
than these there no specific changes in the microstructures.  

An EDS mapping analysis was carried out on the 48-hrs heat-treated samples 
to check the elements present in this phase cracks and also to check elemental 
segregation. Figure 4-19 shows the result of EDS mapping. During the mapping 
analysis, this time, oxygen was also considered in the results. From the Figure 
4-19, its quite visible that a lot of oxygen is present with Al in those darker 
phases. Also, to check the phases present, a spot analysis was carried out, and 
the results can be seen in Figure 4-18 and Table 4-9. It’s very well visible that 
the light phase is the BCC consisting 50 at% Al with 38 at% Mg and 12 at% Ag, 
light darker is the FCC comprising 90 at% Al with 10 at% Mg, and lastly the 
needle-like shapes are the Al3Ni IM phases. It can also be seen that there is 
reduction in DR volume. 

 

Figure 4-17 Microstructure of heat-treated (48-hrs) (AgNi) CCA (A) 500X magnified photo of 
the microstructure showing various structures. (B) 950 X magnified photo of microstructure with 
no eutectics structures and more phase cracks. 

 
Figure 4-18 Spot analysis done on the lighter and dark phases and also on Al3Ni IM phase. 
RHS graphs shows result from spot 3 and 4 
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Spot Element Atomic% 
1 and 2 
(Dark 
Phase) 

Al 91.14 
Mg 8.63 
Ag 0.00 
Ni 0.23 

3 and 4 
(Light 
Phase) 

Al 49.84 
Mg 37.12 
Ag 12.37 
Ni 0.67 

5 and 6 
(Needle 
shape 
Phase) 

Al 74.7 
Mg 2.62 
Ag 0.01 
Ni 22.67 

Table 4-9 Chemical composition of the spots on the 48-Hrs heat-treated (AgNi)  CCA sample. 

 

 
Figure 4-19 Electron micrographs of the as-cast (AgNi) CCA:(A) Backscattered electron image 
(compositional contrast) with O, Mg, Ni, Al, and Ag. 

 

4.2.1.3 (Ag) CCA 

Just as both the first and (AgNi)s, the (Ag) CCA was analysed with the help of 
ThermoCalc to find all the phases which are present at equilibrium condition. 
The phases observed are similar to the (AgNi) CCA, except there is no inclusion 
of Al3Ni phase as there is no Ni element present in the alloy developed. From 
Figure 4-20 it’s quite distinctive which phases will form at equilibrium. 
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Figure 4-20 Result from equilibrium calculation of Al67.2Mg22.09Ag10.7 CCA in at% using 
ThermoCalc. 

During developing the (Ag) alloy, a new cooling process was used, i.e., fast-
cooling (FC) for solidification, so that’s why two results of the microstructures 
are reported. The chemical composition of the various cast molded is entirely 
consistent. However, there is a change in the actual composition and obtained 
composition. Since the composition is the same in both FC and normal-cooled 
(NC) condition, only one of each is represented. From Table 4-10 chemical 
composition of both conditioned alloys can be seen. Similarly, to the (AgNi) 
CCA, there is only a slight difference of around ±0.1-0.2 in all the chemical 
compositions that were studied. 

 

 

 
 

 

 

 

 

 

Table 4-10 Composed chemical composition of (Ag) CCA and also the chemical composition 
determined by EDS of both NC and FC as-cast (Ag)  CCA. 

(Ag) 
CCA 

Sample Element Atomic 
% 

Composed 
Composition 

Al K 67.2 
Mg K 22.09 
Ag L 10.7 

Normal 
Cooling 

Al K 69.6 
Mg K 21.82 
Ag L 8.58 

Fast Cooling Al K 68.7 
Mg K   22.72 
Ag L 8.58 
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Microstructures of both-conditioned CCAs can be observed in Figure 4-21 and 
4-22. Microstructures in both the Figure 4-21 and 4-22 are considerably similar 
to each other and also these both microstructures are identical to that of (AgNi) 
CCA, only the needle-like Al3Ni IM structures are absent here. From both the  

 
Figure 4-21 Microstructure of the as-cast condition (Ag) CCA (A) 300 X magnified photo of the 
microstructure showing various structures. (B)500 X magnified photo of microstructure showing 
the similar structures as (AgNi) CCA.  

 
Figure 4-22 Microstructure of the as-cast condition(FC) (Ag) CCA (A) 300 X magnified photo of 
the microstructure showing various structures along with oxides and porosities. (B)High 
magnified photo of microstructure showing the similar structures as (AgNi) CCA. (C) Low 
magnified photo of microstructure showing the directional solidification of phases. 

figures, it also clear that there is a complete homogenization of the elements. 
These microstructures being same as the (AgNi) CCA it can be seen that there 
is same eutectics structure formed, also the directional solidification in Figure 
4-22 C.  Same DR and ID structures are seen as the (AgNi) CCA where DR 
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region being rich in Al, Mg and Ag phase while ID area being rich in Al 80 at% 
and 20 at% Mg. In the Figure 4-22 A, it can be seen that there is a lot of oxides 
and pores are present than that in Figure. 4-21.  Since both the (AgNi) and (Ag) 
CCA have the same microstructure, there is no EDS mapping analysis or spot 
analysis are carried out on as-cast samples. 

When the both conditioned samples, i.e., FC and NC samples were heat-
treated at 400 oC for 24 and 48-hrs, it was seen that in all these conditions there 
is a considerate drop in the Mg and Ag while increment in AL is seen. In Table 
4-11, the results obtained can be seen. Results of the FC 24-hrs heat treated 
are not reported. 

Sample Element Atomic % 
Normal-cooled 
24-hrs heat 
treated 

Al K 72.7 
Mg K 19.36 
Ag L 7.94 

Normal-cooled 
48-hrs heat 
treated 

Al K 76.74 
Mg K 16.45 
Ag L 6.81 

Fast-cooled 48-
hrs heat 
treated 

Al K 75.16 
Mg K 17.58 
Ag L 7.26 

Table 4-11 Chemical composition of both normal-cooled and fast-cooled heat-treated (Ag) CCA 
determined by EDS. 

Microstructures of the (Ag) CCA can be seen in Figure 4-23, 4-24 and 4-25 for 
24-hrs heat-treated (NC), 48-hrs heat-treated (NC),  and 48-hrs heat-treated 
(FC)  alloys respectively. In Figure 4-23 we can see that there are still some 
eutectics structures in the microstructures and also in the B part we can see the 
phase as observed in the (AgNi) CCA. In these dark phases, some microcracks 
could also be exhibited which were not visible in (AgNi) CCA. Similar to (AgNi) 
CCA, we can see the reduction in eutectic structures leading to drop in DR 
volume. Moving to 48-hrs heat treated NC alloy, it can be observed that the 
dark phases are somewhat circular in shapes now, while the phase cracks are 
still visible. In this Figure 4-24, we can see that the eutectic structures are 
almost disappeared. In the low-magnified image (Figure 4-24 B), we can see 
that there are a lot of oxides and porosity in the sample. Further, in the 48-hrs 
heat-treated FC sample, the microstructure seen is considerably similar to the 
NC 48-hrs heat-treated sample.  
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Figure 4-23 Microstructure of heat-treated (24- hrs) (Ag) CCA  (A) 500X magnified photo of the 
microstructure showing various structures. (B) High magnified photo of microstructure with 
remaining eutectics structures and also phase cracks on the boundaries of dark phase and the 
microcracks in dark phase. 

 
Figure 4-24 Microstructure of heat-treated (48-hrs) (Ag) CCA  (A) 500X magnified photo of the 
microstructure showing various structures with lot of porosity and oxides. (B) High magnified 
photo of microstructure showing phase cracks on the boundaries of dark phase and the dark 
phase in circular shapes. 

 
Figure 4-25 Microstructure of heat-treated (48-hrs)(Fast-Cooled) (Ag) CCA (A) 500X magnified 
photo of the microstructure showing various structures with lot of porosity and oxides. (B) High 
magnified photo of microstructure showing phase cracks on the boundaries of dark phase and 
the dark phase in circular shapes. 
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Figure 4-26 Electron micrographs of the 48-hrs heat treated(NC) (Ag) CCA:(A) Backscattered 
electron image (compositional contrast) with O, Mg, Al, and Ag. 

EDS mapping was done on the normal-cooled (NC) 48-hrs heat treated sample 
to see any changes in the elemental segregation. Results of the mapping are 
exhibited in Figure 4-26. Oxygen was included in the analysis because the 
sample consisted of a lot of oxides as it can also be seen in the Figure 4-24 A. 

4.2.2 Mechanical 

4.2.2.1 Hardness 
As explained in the methods section Vickers hardness was the only technique 
used to determine the hardness of the various CCAs developed. The hardness 
values are given in Table 4-12, and it can be seen that the hardness values 
range from 195 to 275 HV. 

CCA in at % Condit-
ion 

Sam-
ple 

Hard-
ness 

Volume 
fraction 
of FCC 
(%) 

(NiTiZrZn) CCA As-cast A 219±16 49% 

B 225±67 49% 

24-hrs 
HT 

A 202±75 49% 

B 200±45 49% 
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48-hrs 
HT  

A 195±38 49% 

B 222±40 49% 

(AgNi) CCA As-cast A 275±10 64% 

24-hrs 
HT 

A 268±10 64% 

48-hrs 
HT 

A 266±20 64% 

(Ag) CCA As-cast NC 225±8 72% 

FC 240±15 72% 

24-hrs 
HT 

NC 225±12 72% 

FC 210±10 72% 

48-hrs 
HT 

NC 210±9 72% 

FC 215±15 72% 

 Table 4-12 Hardness values obtained using Vickers hardness.  

4.2.2.2 Density 

The densities of the developed CCAs (Table 4-13) were measured by using 
Archimedes principle as explained before in method sections . To calculate 
density values of the designed CCA, a rule of mixture assumption of SS was 
used. The theoretical density values are calculated by using equation (4:1) can 
be observed in Table 4-13. 

                                                𝜌
𝑚𝑖𝑥=

∑ 𝑐𝑖	𝐴𝑖
𝑛
𝑖=1

∑ 𝑐𝑖	𝐴𝑖 𝜌𝑖�𝑛
𝑖=1

  (4:1) 

where 𝑐𝑖	, 𝐴𝑖, and 𝜌𝑖 are the weight fraction, atomic weight, and density of the 
𝑖th corresponding element, respectively, and 𝑛 denotes the total number of 
elements.  
 
 

CCA  rmix in g/cm3 rexp  in g/cm3 

(NiTiZrZn) 2.87 2.77 

(AgNi) 3.45 3.25 

(Ag) 3.32 2.98 
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Table 4-13 Density values of the CCAs developed  

4.2.3 Phase transformation 

To investigate the phase transformation of the CCAs, a DSC test was carried 
out on each of the 48-hrs heat treated samples. Figure 4-27 shows the results 
of the thermal study done on the CCAs.     

From Figure 4-27 (A), it can be seen that no major phase transformation is 
taking place until the temperature reaches around 450 oC which is the melting 
point of the alloy, after which an endothermic peak can be observed reaching a 
maximum temperature of 460 oC. From this, it can be concluded that the 
(NiTiZrZn) CCA  has its phases thermally stable up to 450 oC. In the second 
part of Figure 4-27, i.e., B  it can be observed that there are no reactions taking 
place until the temperature reaches 510 oC (melting point) after which an 
endothermic peak is seen entering a maximum temperature of 540 oC. From 
this result, it’s determined that the (AgNi)  CCA has its phases thermally stable 
up to 510 oC. Lastly, in the C part of Figure. 4-27 it can be seen that there is no 
trace of any reaction taking place up to 520 oC (melting point) followed by an 
endothermic peak reaching a maximum temperature of  550 oC. This analysis 
says that (Ag) CCA has its phases thermally stable up to 520 oC. Hence, from 
this analysis it can be determined that with no Ni, the (Ag) CCA has the highest 
melting point. The results also shows that most phases in the heat-treated 
material are stable and the material is not heat-treatable; i.e. it is most likely not 
possible to improve the mechanical properties using heat treatment. 

  

Figure 4-27 DSC curves of 48-hrs heat-treated CCAs 1.1) (NiTiZrZn)2.1) (AgNi) and 3.1) (Ag) 
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5 Discussion and conclusions 
5.1 Alloy Design 

As explained earlier in section 3.2, the elements from the periodic table were 
filtered as it is not a feasible option nor practical to include all these elements. 
Since, the main aim of the thesis is to develop a Al based CCAs by selecting 
elements based on their enthalpy and size combatability, good solubility, and 
then its Tm the earlier mentioned elements were chosen, which are the Mid-T 
HEA from Table 3-1. The elements included were Al, Mg Sc, V Cr, Mn, Fe, Co, 
Ni, Cu, Zn, Y, Zr, Li, and Ag. In the list in Table 3-1 there are some other 
elements such as Nb, Tm, Mo, Er, Ho, Dy and Lu which are included in that 
Mid-T HEAs but due to these elements not being available in the database in 
ThermoCalc they were excluded from this work. In that same list Mg, Li, and Ag 
are not included because Mg and Li have low melting points and Ag have  
density (r)>10g/cm3. However, Mg and Li being lightweight metals and Ag also 
having its Pauling value close to other elements selected it was included in this 
work. 

The central part of this thesis was to develop Al-Mg based LWCCAs due to this 
reason Al and Mg elements were considered as primary elements. According 
to the Al-Mg phase diagram, with up to 15-17 at% Mg we can form a SS in Al 
at around 450 oC (Figure 5-1). 

 
Figure 5-1 Binary phase diagram of Al-Mg calculated using ThermoCalc. 

Accordingly, it was decided to evaluate the effect of other selected elements on 
the solid solubility limit of the Mg into Al. So, initially, ternary phase diagrams 
results were reviewed. All the results of these ternary phase diagrams can be 
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found out in Appendix 2. The majority of elements showed formation of the Al3X 
phase together with FCC and ordered BCC, while some other compositions had 
too many complex IM phases, due to which they were filtered from this work. 
Even though the Ag and Zn do not form any Al3X phases, it could be seen from 
results in Appendix 3 that they act as stabilizers for the BCC and FCC phases 
respectively, due to which they were included in the designing. During the 
ternary analysis various amounts of Mg was considered; it was found that when 
Mg is 20 or 25 at% there is a drop in eutectic temperature and also there was 
a shift towards left in the phase formation area making the area smaller(see 
Appendix 2). This was not desirable, because it could also lead to formation 
other detrimental phases in the microstructure. Hence, the composition of Mg 
was decided to around 15 or 17.5 at%. 

Therefore,  Cr, Mn, Fe, Co, and Cu were excluded from this study. So, the final 
selected alloying elements were Sc, Ti, V, Ni, Y, Zr, Zn, and Ag. These elements 
were added and/or substituted with each other to get equilibrium phase 
diagrams, and the results obtained can be seen in Appendix 3. Each of these 
elements was first combined with each other by keeping the quaternary element 
at 5 at % composition and varying values of quinary element and then by 
keeping the quaternary and quinary elements at 5 at % each with varying 
sexinary element Zn and Ag. Whichever possible combinations were available 
in ThermoCalc are included in the results in Appendix 3. All these elements 
showed similar results with the same phases present, i.e., FCC, β-AlMg or BCC 
with Al3X phases when interchanged with each other .But it is necessary to 
check which Al3X phase has a good solubility. However, in case of V, it can be 
seen that when coupled with other elements too many complex ordered IM 
phases were observed. The Y was also excluded also due to lack of data in 
ThermoCalc databases. Unfortunately, Sc was not included in further 
development due to non-availability and due to price even though it showed 
promising results. So, now, the remaining elements are Ti, Ni, Zr, Zn, and Ag. 

Initially, during the designing process of CCAs Ag was not considered in this 
work because Ag is also more expensive and heavier than Zn and less 
desireable if Zn can obtain good results. Hence, it was decided to move further 
with remaining elements which lead to combing all the Ti, Ni, Zr, and Zn 
elements. After analysing AlMgNiTiZn CCA and also AlMgNiZrZn CCA results 
that are given in Appendix 3, it was seen that both of them showed similar 
results. Further to increase the entropy of CCA, Zr was considered in 
AlMgNiTiZn CCA. Another reason for including Zr in the further development 
was because Al3Zr tetragonal crystal DO23 structure is somewhat close to Al3Ti 
tetragonal crystal structure DO22 [137]. Hence, due to which we may be able to 
get a mutual solubility between these phases.  

Consequently, the composition of the CCA was considered to include 
AlMgNiTiZrZn. The results in Appendix 3 helped in confirming the chemical 
composition of Mg and Zn; it was seen that with varying Zn amounts, when Mg 
was at 15 at%, a maximum of 3% Zn could be used in forming the required 
phases, i.e, primary FCC phase with β-AlMg and Al3X (X=Ni, Ti, and Zr). 
However, when  Mg was changed to 17.5 at%, there was a shift in the phase 
area to 4 at% Zn which led to confirming Mg at 18 at% and Zn at 3 at%. In order 
to confirm the composition of the rest elements (Ni, Ti, and Zr), phase diagrams 
were used. In order to keep those IM structures Al3X as minimum as possible, 
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it was decided to keep these chemical composition values of the remaining 
three elements small. Figure 5-2 A shows the phase diagram where the 
chemical composition of NiTiZr was kept as 10 at% each, and from the results 
it was seen that these IM phases are the primary phases with 25-20% volume 
fraction. Hence, it was lowered to 5 at% each (Figure 5-2 B), and by doing so, 
it resulted in IM structures becoming secondary phases, but still, they had 20% 
volume fraction. Hence, it was still further lowered to 3.33 at% each, and by 
doing so it was seen that the FCC volume fraction rises, and IMs phases are 
still further lowered to 14% volume fraction. From this, it was decided to develop 
the CCA Al69Mg18(NiTiZr)10Zn3 (Fig 5-2 C). But due to the limitation of the 
chemical composition of the available master alloys it was not possible to cast 
this exact composition and hence, the chemical composition was changed to 
the closest possible available resources. With the available resources the 
composition which could be achived was Al74Mg18Ni1.5Ti2Zr1Zn3.5 in at%, with 
this change we can see that the IM phases are further reduced below 10% 
volume fraction while the values of FCC and β-AlMg volume fraction are 
increased (Figure 5-2 D). However, the composition of the alloy, which was 
supposed to be cast, i.e., Al74Mg18Ni1.5Ti2Zr1Zn3.5, was not possible due to the 
restrictions when using the available master alloys as they were confined of 
particular values. Phase diagram of the casted composition, i.e., is 
Al73.6Mg18Ni1.5Ti1.9Zr1Zn4  can be seen in Figure 4-2.  

 

A 
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Figure 5-2 Result from equilibrium calculation of (NiTiZrZn) CCA in at% using ThermoCalc. A) 
Al49Mg18Ni10Ti10Zr10Zn3 B)Al64Mg15Ni5Ti5Zr5Zn3 C)Al69Mg18(NiTiZr)10Zn3 D) 
Al74Mg18Ni1.5Ti2Zr1Zn3.5 

B 

C 

D 
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Since we could not achive the desired results with the (NiTiZrZn) CCA it was 
decided to filter out the Ti and Zr elements, and they are eliminated because of 
the high melting points and difficulty in melting. Additionally, Zn was also 
excluded from further studies due to same reason of not contributing to desired 
results. From ternany phase diagram results given in Appendix 2 it was seen 
that Ag is a good BCC stabilizer which led its to inclusion in the studies. Initially, 
from the results given in Appendix 2 composition of Mg was decided. It was 
seen from the results that as Mg was increased from 15 at% to 20 at% to 25 
at% there was shift in their preferred phases area  from 1 at % to 4 at % to 
almost 10 at % of Ag which led to having Mg at 22 at%. From the results 
obtained during designing of (NiTiZrZn) CCA about IM phases, it was well 
known to keep the value of Ni as small as possible, so it was decided to keep it 
at 3 at% as in (NiTiZrZn) CCA to avoid having higher volume fraction of IM 
structure. Composition of Ag was decided by using phase diagrams obtained 
by using ThermoCalc (Figure 5-3 A). From the result obtained it was seen that 
from 8 at% to 45 at% of Ag there is FCC+BCC phases with IM structure Al3Ni 
present at 450 oC, but it was quite necessary to keep the value of Ag as low as 
possible due to its density and cost. So initially Ag was kept at 8 at% which 
resulted in β-AlMg phase at higher volume fraction than the BCC phase, so Ag 
was incresed to 10 at% and by doing so it was seen that there was rise in BCC 
phase and suppression of β-AlMg. By increasing the value of Ag further it was 
seen that there is rise in AgMg4 ordered IM structure hence, chemical 
composition of Ag was confirmed at 10 %at. Equilibrium phase diagram can be 
seen in Figure 5-3 B. Since, due to the same reason as (NiTiZrZn) CCA the 
simulated composition could not be accurately cast so the composition which 
we were able to cast is Al65.65Mg21.39Ag10.02Ni2.94 and its phase diagram can be 
seen in Figure 4-11 

 
 

a 
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Figure 5-3 a)Result of Phase diagram with varying value of Ag using ThermoCalc b) Result 
from equilibrium calculation of Al65Mg22Ag10Ni3  CCA in at% using ThermoCalc. 

Lastly, the last CCA was developed to check the effect of Ni on the (AgNi) CCA 
developed. Hence the composition of the remaining three elements from (AgNi) 
CCA, i.e., AlMgAg was kept the same as (AgNi) CCA, which was (AlMgAg)97 
excluding 3 at% Ni. Figure 5-4 shows the equilibrium phase diagram of the 
(AlMgAg)97 CCA. However, just like all other CCAs it was not possible to 
accurately cast the simulated CCA, developed CCA has composition 
Al67.2Mg22.09Ag10.7 and its equilibrium phase diagram can be seen in Figure 4-
20. 

 
Figure 5-4 Result from equilibrium calculation of (AlMgAg)97 CCA in at% using ThermoCalc. 

b 
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5.2 Physical Parameters 

As explained in section 2.2.2.2, physical parameters play an important role in 
reviewing the designed alloy will have SS or any ordered IM phases. So, by 
using those all those physical parameters equations, it was seen where do 
these developed alloys stand. In Table 5-1 all the physical parameter values 
are calculated and presented. 

CCAs Sample Physical Parameters 

∆𝐒𝐦𝐢𝐱 
(J/K.mol)            

∆𝐇𝐦𝐢𝐱 
(kJ/mol) 

𝛀 𝐓𝐦  

(oC) 

𝛅𝐫  

(%) 

𝐕𝐄𝐂 Pauling 
EN 

(NiTiZrZn) Composed 
Composition 

7.0454  
(0.847 R) 

-4.9962 1.3686 691 4.95 3.314 0.1256 

A 6.5735   
(0.790 R) 

-2.2680 2.6940 656 5.04 3.399 0.1285 

B 7.0951   
(0.853 R) 

-4.4645 1.5251 686 4.90 3.350 0.1247 

(AgNi) Composed 
Composition 

7.8186  
(0.940 R) 

-4.6555 1.65 711 5.34 3.793 0.1778 

A 7.3703   
(0.886 R) 

-4.2401 1.6948 701 5.32 3.574 0.1692 

(Ag) Composed 
Composition 

6.9827  
(0.839 R) 

-3.2834 2.0483 690 4.72 3.634 0.1726 

A 6.6109  
(0.795 R) 

-2.9192 2.1669 683 4.71 3.468 0.1642 

 

Table 5-1 Physical parameters values of CCAs developed. (EDS determined chemical 
composition used for sample A and B) (Composed composition= CC) . 

Figure 5.6 A shows the typical regions for compound formation in typical HEAs 
using 𝛿]V/s	Ω parameters with the alloys developed in this study overlaid. 
Figure 5-6 B shows the typical regions for SS and IM formation in typical HEAs 
using ∆𝐻/01V/s	Ω parameters with the alloys developed in this study overlaid. 
Lastly, Figure 5-5 C shows typical regions for FCC and BCC formation in HEAs 
using VEC parameter with alloys developed in this study overlaid. From Figure 
5-5 (A) and 5-5 (B) we can exhibit that these developed CCAs must be  having 
SS, but from results it is certain that IM phases are also present in these 
developed LWCCAs. One of the reaons could be the impurities or oxides that 
we got during the melting, which helped the nucleation of IMs, or maybe in our 
casting, the cooling rate was not high enough to avoid formation of IMs.  
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Figure 5-5 A) Lattice misfit parameter (δ) compared to Ω, showing regions of typical HEAs with 
CCAs developed. B) Lattice misfit parameter (δ) compared to ∆𝐻/01, showing regions of typical 
HEAs with CCAs developed. C) Relationship between 𝑉𝐸𝐶 and the FCC, BCC phase stability 
for developed CCAs 
5.3 Phase and Microsrtucture 

A resistance melting furnace was used to carry out the experimental part of the 
thesis. During  resistance melting/casting process, the melting of alloys was 
done in an open atmosphere which led to increments of inclusions such as 
oxides which made the melt adulterated. During the melting of all CCAs 
produced in this work, the addition of master alloys to the melt was selected 
based on their melting temperatures. Since Mg and Zn has a relatively lower 
melting point it was always added at the end in the melt once all the master 
alloys were melted and this was done to avoid oxidising of Mg during the melting 
process. During the melting process of the (NiTiZrZn) CCA, Zn was also added 
last in the melt as it also does have a lower melting point than the other 
elements. The reason behind this was the same as Mg. 

During casting of the (NiTiZrZn) CCA, Al(90)-Ti(10) and Al(90)-Zr(10) master 
alloys in wt% were used as mentioned earlier. From the binary phase diagrams 
of Al-Ti and Al-Zr, it can be seen (marked with arrow at top of Fig 5-6)  that at 
the master alloys at the given compositions have very high melting 
temperatures around 1190 oC and 1250 oC respectively. However, the 
maximum temperature for melting the master alloys which could be achieved 
in the furnace was 800 oC as we wanted to avoid Zn vaporising and Mn burning 
during casting, due to which the 
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Figure 5-6 Binary phase diagrams of Al-Ti [138] and Al-Zr [139]. 

Al-Ti and Al-Zr alloys did not dissolve completely in the melt and due to which 
there was variation in the Ti and Zr composition in each of the castings. With 
help of Scheil solidification diagram, obtained from ThermoCalc (Figure 5-7 ) it 
can be seen that the Al3Ti and Al3Zr phases solidify at around 1160 oC and 
1120 oC and since the master alloys do not  dissolve altogether, this leads to 
early precipitation of these IM phases which results in less homogenization of 
the Ti and Zr in the samples. 

 
Figure 5-7 Scheil solidification of Al73.6Mg18Ni1.5Ti1.9Zr1Zn4  CCA in at% calculated using 
ThermoCalc. 
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The drop in the Ag composition in the (AgNi) and (Ag) CCAs was presumably 
due to the density of Ag being highest among all elements. So, due to its 
density, the Ag might have been settled at the bottom of the crucible, causing 
a loss in the chemical composition values. Hence to avoid such losses in future 
it is recommended to properly stir the melt before casting or alternatively to use 
induction melting technique where the melt can be homogenized well during 
melting from the magnetic fields. 

The heat-treat temperatures of all the CCAs developed was decided based on 
the results obtained from equilibrium phase diagrams and also from literature. 
In the case of (NiTiZrZn) CCA, it can be seen from Figure. 4-2 that there is a 
window from 275 oC to 400 oC where fewer phases are forming. The 375 oC 
was selected because it was seen that most of Al-alloys are heat treated at that 
temperature and 24 and 48-hrs being the most favourable time for heat-
treatment [135,136]. Similarly, in the case of (AgNi) and (Ag) CCAs, it can be 
seen from Figure 4-11 and 4-20 respectively, that there is a window of 380-440 
oC and 380-460 oC respectively where there are fewer phases due which the 
heat treat-treatment temperature was decided to 400 oC. Duration of the heat-
treatment was kept the same as (NiTiZrZn) CCA. 

The heat treatment of the alloys did help in crafting considerable changes; the 
major change was reduction of volume percentage of eutectic in all the CCAs 
developed, there was also reduction in volume of dentrites in (AgNi) and (Ag) 
CCAs and finally it helped in releasing excessive residual stresses from as-cast 
samples. However, it is too soon to conclude that the temperature or the 
duration at which these CCAs were heat treated was not appropriate since the 
tensile test results are not available. 
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In the (AgNi) and (Ag) alloy developed, Al being the primary element present 
there no typical a-Al dendrites forming which can be exhibited forming in 
traditional/conventaional Al-alloys which leads to understanding that the Al 
being the primary element is well-distributed over the whole alloy forming 
various phases with the other elements present [88]. However, in both 
mentioned alloys there were cracks observed in microstructure and in order to 
find the reason behind this behaviour, shrinkage simulation was carried out to 
see if this plays an essential role in formation of these cracks. 

Figure 5-8 Shrinkage calculation of Al65.65Mg21.39Ag10.02Ni2.94 along with Std. Al-6061 done in 
ThermoCalc. 

Figure 5-8 exhibits the shrinkage simulation of the (AgNi) CCA with all its 
phases too and also shrinkage of conventional Al-6066 alloy is shown to 
compare the results. When comparing the shrinkage results of both alloys, i.e., 
(AgNi) and the conventional Al-6066 alloy it can be seen that there is 
considerably more significant shrinkage in (AgNi), but from the Figure 5-9 it can 
be suggested that this shrinkage is not that large enough to be related to 
formation of these cracks which are seen in Figure 4-16. Another reason behind 
this cracking can be due to the FCC and BCC phases not combining or have 
low-coherancy between them. However, a different study is required to 
understand the reason behind the cracks forming in this alloy. 

5.4 Properties 

5.4.1 Hardness 

It can be seen that in all the developed CCAs, the as-cast condition samples 
have higher hardness values than the heat-treated samples. In almost all CCAs 
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the hardness values dropped with increment in heat-treatment time. In the 
(NiTiZrZn) CCA, there was much deviation seen in the hardness values, this 
was due to the Al3Zr, and Al3Ti IM ordered structures. Whenever an indentation 
was made on these specific structures, there was seen a rise in hardness value 
of about 100-150 HV. Thus it could be said that these phases may be relatively 
brittle than the other phases present. In (AgNi) CCA as-cast sample has the 
highest hardness while both the heat-treated condition samples have a lower 
hardness than as-cast. Lastly, in (Ag) CCA (NC) the as-cast sample has the 
highest hardness than the heat-treated samples, and in case of FC, the as-cast 
sample again has the highest hardness followed by 48-hrs sample and then 24-
hrs sample. This trend in FC samples can be related to the stresses that may 
be present in the as-cast sample, making them brittle, and after 24-hrs heat-
treatment these stresses get relaxed, which decreases the hardness values. 
The loss in hardness after heat-treatment may be related to due to over-aging 
[140] and also since these newly developed CCAs are not heat-treatable its 
likely that there will be no increment in hardness values.   

When comparing the hardness values obtained in all three CCAs, it can be 
noted that we were able to considerably improve the hardness values in these 
alloys, than the hardest Al-alloy which is Al-7075 (175HV) [141] which are used 
in aerospace applications. Also, when comparing the hardness values of (AgNi) 
with (Ag) CCA, it can be seen that (AgNi) CCA has almost +50 HV, which is 
due to the presence of Ni and Al3Ni IM structure. Figure 5-9 shows where these 
new developed CCAs (presented in orange colour) stand in the database of 
previously developed  

 
Figure 5-9 Hardness V/s Density graphs with newly developed LWCCAs values (Orange), 
previously developed LWHEAs and LWCCAs (Blue), and Al7075 alloy (Red) which can be seen 
in Appendix 1 . 

0
100
200
300
400
500
600
700
800
900

1000

0 2 4 6 8 10

H
ar

dn
es

s 
H

v 

Density g/cm3

Density V/s Hardness

LWHEAs & LWCCAs Database Devepoled LWCCAs Al 7075



Discussing and Conclusion 

 81 

LWHEAs and LWCCAs. These developed CCAs are in the lower limit of 
hardness values due to the limitations related to resistance melting technique 
and impurities. But our densities are considerably low.  

5.4.2 Phase Transformation 

When comparing the thermal results of all the developed CCAs with the Scheil 
solidification, it can be seen that the results obtained through DSC considerably 
match the results of Scheil solidifications. 

From Figure 4-27 A and Figure 5-8 it can be seen that the (NiTiZrZn) CCA starts 
melting at 450 oC which is considerably similar with the melting point of β-AlMg 
phase in Scheil solidification. Further, in the case of (AgNi), it can be seen from 
Figure 4-27 B that alloy starts melting at 510 oC, which also considerably 
matches with the melting point of the BCC phase in Scheil solidification (Figure 
5.10 A). It was same in case of (Ag) where we observe the alloy reaching its 
melting point at 520 oC in DSC results (Figure 4-27 C) which matches with a 
melting point of BCC phase in Scheil solidification (Figure 5-10 B). From all 
these results it can be concluded that the results obtained from both DSC and 
Scheil solidification are highly accurate.  

From the DSC test and scheil solidification results its seen that in the (NiTiZrZn) 
CCA, the β-AlMg is the phase that starts to melt at 450 oC and according to 
lever rule, the Tm of β-AlMg is 634 oC. While the in case of (AgNi) CCA, the BCC 
is the phase that starts to melt at 510 oC and according to lever rule, the Tm of 
BCC is 698 oC. From these results, it can be seen that one of the reasons that 
(NiTiZrZn) CCA starts melting early is due to the presence of higher at% of Zn, 
which pulls down the melting point and while in case of (AgNi) CCA we obtained 
higher melting point point due to presence of higher amount of Ag. Lastly, in the 
case of (Ag) CCA its seen that the BCC phase starts melting at 520 oC, this 
smaller percentage increase could be attributed to higher amount of Ag present 
in (Ag) CCA than in (AgNi) CCA. 
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Figure 5-10 Scheil solidification of A) Al65.65Mg21.39Ag10.02Ni2.94 B) Al67.2Mg22.09Ag10.7  CCA in at% 
calculated using ThermoCalc. 

 

5.5 Conclusions 

In work presented, microstructure, phase composition, density, hardness, and 
phase transformation characterisation of (NiTiZrZn), (AgNi), and (Ag) CCAs 
manufactured by resisting/conventional melting/casting route are studied and 

A 
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following conclusions were drawn. This research identified the limitations for 
production of lightweight CCAs/HEAs using conventional melting/casting 
techniques, which helps in the further development of alloy design/production 
techniques in the future. 

1. These new developed (NiTiZrZn) (AgNi), and (Ag)   CCAs are lightweight 
and have low density values of 2.77, 3.25 and 2.98 g/cm3 respectively 
which is considerably close to the density of Aluminium, i.e., 2.7g/cm3 
and certainly lower than the 4.506 g/cm3 of Titanium alloys. 

2. In the presented results of these newly developed CCAs we were able 
to carry out a feasibility study by applying the HEA concept and develop 
new LWCCAs. 

3. In order to understand how the physical parameters play an important 
role in predicting SS, they were studied and from the results obtained, it 
can be concluded that the values which were given by various 
researchers for physical parameters, are not conclusive and needs to be 
further evaluated. Further, from the results, it can also be concluded that 
in order to avoid the further formation of IM phases, the entropy could 
not be increased further. 

4. The (NiTiZrZn) CCA in consists of FCC as a primary phase with 49% 
volume fraction along with β-AlMg and IC (Al3Ni, Al3Ti, and Al3Zr) 
phases.  

5. While in case of (AgNi) CCA in it consists of FCC as a primary phase 
with 64% volume fraction along with β-AlMg, BCC and IC (Al3Ni) and 
lastly, in (Ag)  CCA, it consists of FCC as a primary phase with 72% 
volume fraction along with β-AlMg, and BCC phases. In both the alloys, 
there were no metastable phases present. 

6. Aluminium being a primary element present in these newly developed 
LWCCAs, the microstructures of the (AgNi) and (Ag) CCAs do not have 
typical a-Al DR structures as in conventional Al-alloys so it can be 
suggested that Al is well distributed all over the alloys forming different 
microstructures with all elements present. 

7. The secondary processing, i.e., heat treatment, marginally altered the 
microstructure by reducing the eutectic structures and dendtritic volume 
in (AgNi) and (Ag) CCA.  

8. The results obtained using the ThermoCalc match in a good way with 
the experimental results obtained. 

9. The developed LWCCAs have hardness values ranging from 200-300 
HV, which is almost double that of conventional Al-alloys. However, it is 
seen that there is a decrease in hardness values after heat-treatment, 
which can be related to the residual stress relief. 

10.  These new developed LWCCAs have their phases thermally stable up 
to 450 oC. 

11. All applications of these newly developed LWCCAs cannot be 
determined as of now, but these LWCCAs having high hardness could 
be used in the manufacturing of smartphone or laptop casing as these 
casings require high hardness with low-density properties which helps in 
protecting the electronics and also avoids scratches.
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6 Future Work 

1. Investigate new elements by trying to get a new database in ThermoCalc 
so that all the elements which are needed will be available to perform 
analysis and open doors to new CCAs or HEAs development. 

2. Investigate the new alloys, by developing different casting routes which 
are protected in a much more controlled environment such as induction 
melting with vacuum casting. 

3. Investigate new alloys by going close to equi-atomic compositions as the 
ThermoCalc results showed good results. 

4. Investigate different heat-treatment temperatures and duration. 
5. Since, we could not achieve high-temperature phases in these newly 

developed CCAs, even though we were able to increase Tm in (AgNi) 
and (Ag) CCA as compared to the (NiTiZrZn) CCA results, we were not 
able to carry out tests on these CCAs to check if they are able to sustain 
above 300 oC. Hence further studies are needed to be carried out for the 
future by investigating other elements with various compositions.  

 



References 

 85 

7 References 
 
[1]  K. M. Youssef, A. J. Zaddach, C. Niu, D. L. Irving and C. C. Koch, "A Novel Low-Density, 

High-Hardness, High-entropy Alloy with Close-packed Single-phase Nanocrystalline 
Structures," Materials Research Letters, 2014.  

[2]  N. D. Stepanov, D. G. Shaysultanov, G. A. Salishchev and M. A. Tikhonovsky, "Structure 
and mechanical properties of a light-weight AlNbTiV high entropy alloy," Materials 
Letters, vol. 142, pp. 153-155.  

[3]  N. D. Stepanov, N. Y. Yurchenko, D. G. Shaysultanov, G. A. Salishchev and M. A. 
Tikhonovsky, "Effect of Al on structure and mechanical properties of AlxNbTiVZr (x = 0, 
0.5, 1, 1.5) high entropy alloys," Materials Science and Technology, vol. 31, no. 10, pp. 
1184-1193, 2015.  

[4]  N. D. Stepanov, N. Y. Yurchenko, D. V. Skibin, M. A. Tikhonovsky and G. A. Salishchev, 
"Structure and mechanical properties of the AlCrxNbTiV (x 1⁄4 0, 0.5, 1, 1.5) high entropy 
alloys," Journal of Alloys and Compounds, pp. 266-280, 2015.  

[5]  O. N. Senkov, S. V. Senkova, C. Woodward and D. B. Miracle, "Low-density, refractory 
multi-principal element alloys of the Cr–Nb–Ti–V–Zr system: Microstructure and phase 
analysis," Acta Materialia, vol. 61, pp. 1545-1557, 2013.  

[6]  H. Chen, A. Kauffmann, B. Gorr, D. Schliephake, C. Seemüller, J. N. Wagner, H. J. Christ 
and M. Heilmaier, "Microstructure and mechanical properties at elevated temperatures 
of a new Al-containing refractory high-entropy alloy Nb-Mo-Cr-Ti-Al," Journal of Alloys 
and Compounds, vol. 661, pp. 206-215, 2016.  

[7]  A. Kumar and M. Gupta, "An Insight into Evolution of Light Weight High Entropy Alloys: 
A Review," Metals, Singapore, 2016. 

[8]  E. Schubert, M. Klassen, I. Zerner, C. Walz and G. Sepold, "Light-weight structures 
produced by laser beam joining for future applications in automobile and aerospace 
industry," Journal of Materials Processing Technology, vol. 115, no. 1, pp. 2-8, 22 August 
2001.  

[9]  L. W. Cheah, "Cars on a diet: The Material and Energy Impacts of Passenger Vehicle 
Weight Reduction in the US," Cambridge, MA, USA,, 2010. 

[10]  J. R. Davis, "Aluminum and Aluminum Alloys," Alloying: Understanding the Basics, pp. 
351-461, 2016.  

[11]  J. G. Kaufman, "Properties and Characteristics of Aluminum and Aluminum Alloys," Fire 
Resistance of Aluminum and Aluminum Alloys and Measuring the Effects of Fire 
Exposure on the Properties of Aluminum Alloys, pp. 1-9, 2016.  

[12]  D. B. Miracle and O. N. Senkov, "A critical review of high entropy alloys and related 
concepts," Acta Materialia, vol. 122, pp. 448-511, 2016.  

[13]  D. O. Svensson, "High Entropy Alloys: Breakthrough Materials for Aero Engine 
Applications?," Gothenburg, 2015. 

[14]  J. M. Zhu, H. M. Fu, H. F. Zhang, A. M. Wang, H. Li and Z. Q. Hu, "Synthesis and 
properties of multiprincipal component AlCoCrFeNiSix alloys," Materials Science and 
Engineering A, vol. 527, p. 7210–7214, 2010.  

[15]  B. S. Murty, J. W. Yeh and S. Ranganathan, High Entropy Alloys, Elsevier, 2014.  
[16]  D. B. Miracle, J. D. Miller, O. N. Senkov, C. Woodward, M. D. Uchic and J. Tiley, 

"Exploration and Development of High Entropy Alloys for Structural Applications," 
Entropy, vol. 16, pp. 494-525, 2014.  

[17]  Y. Zhang, Z. Tang , M. C. Gao, K. A. Dahmen, P. K. Liaw, Z. Ping Lu and T. T. Zuo, 
"Microstructures and properties of high-entropy alloys," Progress in Materials Science, 
vol. 61, pp. 1-93, 2014.  

[18]  J. M. Sanchez, I. Vicario, J. Albizuri, T. Guraya and J. C. Garcia, "Phase prediction, 
microstructure and high hardness of novel light-weight high entropy alloys," Journal of 
Material Research and Technology., 2018.  

[19]  C.-Y. Hsu, J.-W. Yeh, S.-K. Chen and T.-T. Shun, "Wear resistance and high-temperature 
compression strength of Fcc CuCoNiCrAl0.5Fe alloy with boron addition," Metallurgical 
and Materials Transactions A, vol. 35, no. 5, p. 1465–1469, May 2004.  



References 

 86 

[20]  P.-K. Huang, J.-W. Yeh, T.-T. Shun and S.-K. Chen, "Multi-Principal-Element Alloys with 
Improved Oxidation and Wear Resistance for Thermal Spray Coating," Advanced 
Engineering Materials, vol. 6, no. 1-2, pp. 74-78, February 2004.  

[21]  Y. Y. Chen, T. Duval , U. D. Hung, J. W. Yeh and H. C. Shih, "Microstructure and 
electrochemical properties of high entropy alloys—a comparison with type-304 stainless 
steel," Corrosion Science, vol. 47, no. 9, pp. 2257-2279, September 2005.  

[22]  Y. Y. Chen, U. T. Hong, H. C. Shih, J. W. Yeh and T. Duval, "Electrochemical kinetics of 
the high entropy alloys in aqueous environments—a comparison with type 304 stainless 
steel," Corrosion Science, vol. 47, no. 11, pp. 2679-2699, November 2005.  

[23]  M. Gupta and K. S. Tun, "An Insight into the Development of Light Weight High Entropy 
Alloys," Research & Development in Material Science, vol. 2, no. 2, pp. 1-3, Novembar 
2017.  

[24]  Y. F. Ye, Q. Wang, J. Lu, C. T. Liu and Y. Yang, "High-entropy alloy: challenges and 
prospects," Materials Today, vol. 00, no. 00, pp. 1-14, December 2015.  

[25]  W. Zhang, P. K. Liaw and Y. Zhang, "Science and technology in high-entropy alloys," 
Science China Materials, vol. 61, 2018.  

[26]  M. Schinhammer, A. C. Hänzi, J. F. Löffler and P. J. Uggowitzer, "Design strategy for 
biodegradable Fe-based alloys for medical applications," Acta Biomaterialia, vol. 6, no. 
5, pp. 1705-1713, May 2010.  

[27]  A. Inoue, F. Kong, S. Zhu, C. T. Liu and F. Al-Marzouk, "Development and Applications 
of Highly Functional Al-based Materials by Use of Metastable Phases," Materials 
Research, vol. 18, no. 6, pp. 1414-1425, December 2004.  

[28]  A. Inoue, W. Zhang, T. Zhang and K. Kurosaka, "High-strength Cu-based bulk glassy 
alloys in Cu–Zr–Ti and Cu–Hf–Ti ternary systems," Acta Materialia, vol. 49, no. 14, pp. 
2645-2652, August 2001.  

[29]  G. Manivasagam and S. Suwas, "Biodegradable Mg and Mg based alloys for biomedical 
implants," Materials Science and Technology, vol. 30, no. 5, pp. 515-520, February 2014.  

[30]  M. Geetha, A. K. Singh, R. Asokamani and A. K. Gogia, "Ti based biomaterials, the 
ultimate choice for orthopaedic implants – A review," Progress in Materials Science, vol. 
54, no. 3, pp. 397-425, May 2009.  

[31]  M. H. Lee, J. Y. Lee, D. H. Bae, W. T. Kim, D. J. Sordelet and D. H. Kim, "A development 
of Ni-based alloys with enhanced plasticity," Intermetallics, vol. 12, no. 10-11, pp. 1133-
1137, October–November 2004.  

[32]  D. H. Ping, Y. F. Gu, C. Y. Cui and H. Harada, "Grain boundary segregation in a Ni–Fe-
based (Alloy 718) superalloy," Materials Science and Engineering: A, vol. 456, no. 1–2, 
pp. 99-102, 15 May 2007.  

[33]  J.-W. Yeh, S.-K. Chen, S.-J. Lin, J.-Y. Gan, T.-S. Chin, T.-T. Shun, C.-H. Tsau and S.-Y. 
Chang, "Nanostructured High-Entropy Alloys with Multiple Principal Elements: Novel 
Alloy Design Concepts and Outcomes," ADVANCED ENGINEERING MATERIALS, vol. 
6, no. 5, pp. 299-303, 2004.  

[34]  C. S. Smith, "Four Outstanding Researchers in Metallurgical History.," American Society 
for Testing and Materials, 1963..  

[35]  F. C. Achard, Recherches sur les Propriétés des Alliages Métallique, 1788.  
[36]  B. Cantor, I. Chang, P. Knight and A. Vincent, "Microstructural development in 

equiatomic multicomponent alloys," Materials Science and Engineering: A, vol. 375–
377, pp. 213-218, July 2004.  

[37]  S. Ranganathan, "Alloyed pleasures: Multimetallic cocktails," Current Science, vol. 85, 
no. 10, pp. 1404-1406, November 2003.  

[38]  B. Cantor, "Stable and metastable multicomponent alloys," Annales de Chimie Science 
des Matériaux, vol. 32, no. 3, pp. 245-256, May 2007.  

[39]  J.-W. Yeh, "Recent progress in high-entropy alloys.," Annales de Chimie Science des 
Materiaux, vol. 31, no. 6, pp. 633-648, 2006.  

[40]  C. A. Gearhart, "Einstein before 1905: The early papers on statistical mechanics," 
American Journal of Physics, vol. 58, no. 5, p. 468, 1990.  



References 

 87 

[41]  B. Fultz, "Vibrational thermodynamics of materials," Progress in Materials Science, vol. 
55, no. 4, pp. 247-352, May, 2010.  

[42]  R. A. Swalin and S. A. Rice, "Thermodynamics of Solids," Physics Today , vol. 16, no. 1, 
p. 72, 1963.  

[43]  M. C. Gao , J.-W. Yeh, P. K. Liaw and Y. Zhang, High-Entropy Alloys Fundamentals and 
Applications, Switzwerland: Springer , 2016.  

[44]  S. Gorsse, J.-P. Couzinié and D. B. Miracle, "From high-entropy alloys to complex 
concentrated alloys," Comptes Rendus Physique, vol. 19, pp. 721-736, 2018.  

[45]  D. B. Miracle, "Critical Assessment 14: High entropy alloys and their development as 
structural materials," Materials Science and Technology , Vols. 31,, no. 10, pp. 1142-1147 
, 2015.  

[46]  S. Gorsse, D. B. Miracle and O. N. Senkov, "Mapping the world of complex concentrated 
alloys," Acta Materialia, vol. 135, pp. 177-187, 2017.  

[47]  R. Feng, M. C. Gao, C. Lee, M. Mathes, T. Zuo, S. Chen, J. A. Hawk, Y. Zhang and P. K. 
Liaw, "Design of Light-Weight High-Entropy Alloys," Entropy, vol. 18, no. 333, 2016.  

[48]  X. Yang and Y. Zhang, "Prediction of high-entropy stabilized solid-solution in multi-
component alloys," Materials Chemistry and Physics, vol. 132, pp. 233-238, 2012.  

[49]  Y. Zhang, Y. J. Zhou, J. P. Lin, G. L. Chen and P. K. Liaw, "Solid-Solution Phase 
Formation Rules for Multi-component Alloys," Advanced Engineering Materials, vol. 10, 
no. 6, p. 534– 538, 2008.  

[50]  X. Yang, Y. Zhang and P. K. Liaw, "Microstructure and Compressive Properties of 
NbTiVTaAlx High Entropy Alloys," Procedia Engineering, vol. 36, pp. 292-298, 2012.  

[51]  S. Guo and C. T. Liu, "Phase stability in high entropy alloys: Formation of solid-solution 
phase or amorphous phase," Progress in Natural Science: Materials International, vol. 
21, no. 6, pp. 433-446, 2011.  

[52]  S. Guo, C. Ng, J. Lu and C. T. Liu, "Effect of valence electron concentration on stability of 
fcc or bcc phase in high entropy alloys," Journal of Applied Physics, vol. 109, no. 10, 2011.  

[53]  C.-J. TONG, Y.-L. CHEN, S.-K. CHEN, J.-W. YEH, T.-T. SHUN, C.-H. TSAU, S.-J. LIN 
and S.-Y. CHANG, "Microstructure Characterization of AlxCoCrCuFeNi High-Entropy 
Alloy System with Multiprincipal Elements," METALLURGICAL AND MATERIALS 
TRANSACTIONS A, vol. 36A, pp. 881-893, April 2005.  

[54]  U. Mizutani, Hume-Rothery Rules for Structurally Complex Alloy Phases, London, GBR: 
CRC Press, 2010.  

[55]  Y. J. Zhou, Y. Zhang, Y. L. Wang and G. L. Chen, "Microstructure and compressive 
properties of multicomponent Alx(TiVCrMnFeCoNiCu)100−x high-entropy alloys," 
Materials Science and Engineering A, Vols. 454-455, p. 260–265, 2007.  

[56]  J.-W. Yeh, Y. L. Chen, S. J. Lin and S. K. Chen, "High-Entropy Alloys – A New Era of 
Exploitation," Materials Science Forum, vol. 560, pp. 1-9, 2007.  

[57]  A. Takeuchi and A. Inoue, "Mixing enthalpy of liquid phase calculated by miedema’s 
scheme and approximated with sub-regular solution model for assessing forming ability 
of amorphous and glassy alloys," Intermetallics, vol. 18, no. 9, pp. 1779-1789, 2010.  

[58]  A. R. Miedema, P. F. de Châtel and F. R. de Boer, "Cohesion in alloys — fundamentals of 
a semi-empirical model," Physica B+C, vol. 100, no. 1, pp. 1-28, 1980.  

[59]  S. Guo, Q. Hu, C. Ng and C. T. Liu, "More than entropy in high-entropy alloys: Forming 
solid solutions or amorphous phase," Intermetallics, vol. 41, pp. 96-103, 2013.  

[60]  Y. Zhang, T.-T. Zuo, Y.-Q. Cheng and P. K. Liaw, "High-entropy alloys with high 
saturation magnetization, electrical resistivity, and malleability," Scientific reports 3., 
vol. 1455, pp. 1-7, 2013.  

[61]  M.-H. Tsai and J.-W. Yeh, "High-Entropy Alloys: A Critical Review," Materials Research 
Letters, vol. 2, no. 3, pp. 107-123, 2014.  

[62]  B. Gwalani, "DEVELOPING PRECIPITATION HARDENABLE HIGH ENTROPY 
ALLOYS," Texas, 2017. 

[63]  K.-Y. Tsai, M.-H. Tsai and J.-W. Yeh, "Sluggish diffusion in Co–Cr–Fe–Mn–Ni high-
entropy alloys," Acta Materialia, vol. 61, no. 3, pp. 4887-4897, 2013.  



References 

 88 

[64]  S. Praveen, B. S. Murty and R. S. Kottada, "Alloying behavior in multi-component 
AlCoCrCuFe and NiCoCrCuFe high entropy alloys," Materials Science and Engineering: 
A, vol. 534, pp. 83-89, 2012.  

[65]  F. Otto, Y. Yang, H. Bei and E. P. Geogre, "Relative effects of enthalpy and entropy on the 
phase stability of equiatomic high-entropy alloys," Acta Materialia, vol. 61, no. 7, pp. 
2628-2638, 2013.  

[66]  N. G. Jones, J. W. Aveson, A. Bhowmik and H. J. Stone, "On the entropic stabilisation of 
an Al0.5CrFeCoNiCu high entropy alloy," Intermetallics, vol. 54, pp. 148-153, 2014.  

[67]  O. N. Senkov, J. D. Miller, D. B. Miracle and C. Woodward, "Accelerated exploration of 
multi-principal element alloys with solid solution phases," Nature Communications, vol. 
6, no. 6529, pp. 1-10, 2015.  

[68]  M. Claudia Troparevsky, J. R. Morris, P. R.-C. Kent, A. R. Lupini and G. Malcolm , 
"Criteria for Predicting the Formation of Single-Phase High-Entropy Alloys," Physical 
Review X, vol. 5, no. 1, pp. 1-6, 2015.  

[69]  E. J. Pickering and N. G. Jones, "High-entropy alloys: a critical assessment of their 
founding principles and future prospects," International Materials Reviews, vol. 61, no. 
3, pp. 183-202, 2016.  

[70]  O. N. Senkov and D. B. Miracle, "A new thermodynamic parameter to predict formation 
of solid solution or intermetallic phases in high entropy alloys," Journal of Alloys and 
Compounds, vol. 658, pp. 603-607, 2016.  

[71]  L. R. Owen and N. G. Jones, "Lattice distortions in high-entropy alloys," Material 
Research, vol. 33, 14 October 2018.  

[72]  B. E. Warren, B. L. Averbach and B. W. Roberts, "Atomic Size Effect in the X-Ray 
Scattering by Alloys," Journal of Applied Physics, vol. 22, no. 12, pp. 1493-1496, 2004.  

[73]  F. H. Herbstein, B. S. Borie and B. L. Averbach, "Local atomic displacements in solid 
solutions," Acta Crystallographica, vol. 9, pp. 466-471, 1956.  

[74]  S. Froyen and C. Herring, "Distribution of interatomic spacings in random alloys," 
Journal of Applied Physics, vol. 52, no. 12, pp. 7165-7173, 1981.  

[75]  U. Scheuer and B. Lengleller, "Lattice distortion of solute atoms in metals studied by x-
ray-absorption fine structure," PHYSICAL REVIEW B, vol. 44, pp. 9883-9894, 1991.  

[76]  T. Uesugi and K. Higashi, "First-principles studies on lattice constants and local lattice 
distortions in solid solution aluminum alloys," Computational Materials Science, vol. 67, 
pp. 1-10, 2013.  

[77]  N. G. Jones, A. Frezza and H. J. Stone, "Phase equilibria of an Al0.5CrFeCoNiCu High 
Entropy Alloy," Materials Science and Engineering: A, vol. 615, pp. 214-221, 2014.  

[78]  N. G. Jones, K. A. Christofidou and H. J. Stone, "Rapid precipitation in an 
Al0.5CrFeCoNiCu high entropy alloy," Materials Science and Technology, vol. 31, no. 10, 
pp. 1171-1177, 2015.  

[79]  E. J. Pickering, H. J. Stone and N. G. Jones, "Fine-scale precipitation in the high-entropy 
alloy Al0.5CrFeCoNiCu," Materials Science and Engineering: A, vol. 645, pp. 65-71, 
2015.  

[80]  A. M. Brown and M. F. Ashby, "Correlations for diffusion constants," Acta Metallurgica, 
vol. 28, no. 8, pp. 1085-1101, 1980.  

[81]  W. Kohn and L. J. Sham, "Self-Consistent Equations Including Exchange and Correlation 
Effects," PHYSICAL REVIEW JOURNALS ARCHIVE, vol. 140, pp. A1133-A1138, 1965.  

[82]  S.-H. Wei, L. G. Ferreria, J. E. Bernard and A. Zunger, "Electronic properties of random 
alloys: Special quasirandom structures," PHYSICAL REVIEW B, vol. 42, no. 15, pp. 9622-
9649, 1990.  

[83]  G. M. Stocks, W. M. Temmerman and B. L. Gyorffy, "Complete Solution of the Korringa-
Kohn-Rostoker Coherent-Potential-Approximation Equations: Cu-Ni Alloys," 
PHYSICAL REVIEW LETTERS, vol. 41, no. 5, pp. 339-343, 1978.  

[84]  K. C. Hass, W. F. Schneider, A. Curioni and W. Andreoni, "First-Principles Molecular 
Dynamics Simulations of H2O on α-Al2O3 (0001)," Journal of Physical Chemistry B, 
vol. 104, no. 23, pp. 5527-5540, 2000.  



References 

 89 

[85]  P. Ganesh and M. Widom, "Ab initio simulations of geometrical frustration in 
supercooled liquid Fe and Fe-based metallic glass," Physical Review B, vol. 77, no. 1, 
2008.  

[86]  M. Widoma, "Modeling the structure and thermodynamics of high-entropy alloys," 
Materials Research Society, vol. 33, no. 19, 14 October 2018.  

[87]  C. XINGWANG, "A low-density high-entropy alloy material for high-temperature 
applications and preparation method of low-density high-entropy alloy material  and 
preparation method of low-density high-entropy alloy material and it's preparation 
method". Patent CN108531799, 2018. 

[88]  J. M. Sanchez, I. Vicario, J. Albizuri, T. Guraya, N. E. Koval and J. C. Garcia, "Compound 
Formation and Microstructure of As-Cast High Entropy Aluminums," Metals, vol. 8, no. 
167, 2018.  

[89]  L. Shao, T. Zhang, L. Li, Y. Zhao, J. Huang, P. K. Liaw and Y. Zhang, "A Low-Cost 
Lightweight Entropic Alloy with High Strength," Materials Engineering and 
Performance, 31 October 2018.  

[90]  X. Huang, J. Miao and A. A. Luo, "Lightweight AlCrTiV high-entropy alloys with dual- 
phase microstructure via microalloying," Material Science, vol. 54, pp. 2271-2277, 2018.  

[91]  X. YANG, S. Y. CHEN, J. D. COTTON and Y. ZHANG, "Phase Stability of Low-Density, 
Multiprincipal Component Alloys Containing Aluminum, Magnesium, and Lithium," The 
Minerals, Metals & Materials Society, vol. 66, no. 10, 2014.  

[92]  S. Singh, N. Wandreka, B. S. Murty, U. Glatzel and J. Banhart, "Decomposition in multi-
component AlCoCrCuFeNi high-entropy alloy," Acta Materialia, vol. 59, no. 1, pp. 182-
190, 2011.  

[93]  X. Li, Y. Fautrelle and Z. Ren, "Influence of an axial high magnetic field on the liquid–
solid transformation in Al–Cu hypoeutectic alloys and on the microstructure of the solid," 
Acta Materialia, vol. 55, no. 4, pp. 1377-1386, 2007.  

[94]  D. B. Miracle, W. S. Sanders and O. N. Senkov, "The influence of efficient atomic packing 
on the constitution of metallic glasses," Philosophical Magazine, vol. 83, no. 20, pp. 
2409-2428, 2003.  

[95]  X.-R. Tan, G.-P. Zhang, Q. Zhi and Z.-X. Liu, "Effects of milling on the microstructure 
and hardness of Al2NbTi3V2Zr high-entropy alloy," Materials and Design, pp. 27-36, 
2016.  

[96]  V. H. HAMMOND, M. A. ATWATER,, K. A. DARLING, H. Q. NGUYEN and L. J. 
KECSKES, "Equal-Channel Angular Extrusion of a Low-Density High-Entropy Alloy 
Produced by High-Energy Cryogenic Mechanical Alloying," The Minerals, Metals & 
Materials Society, vol. 66, no. 10, pp. 2021-2029, 2014.  

[97]  W. Chen, Z. Fu, S. Fang, H. Xiao and D. Zhu, "Alloying behavior, microstructure and 
mechanical properties in a FeNiCrCo0.3Al0.7 high entropy alloy," Materials and Design, 
vol. 51, pp. 854-860, 2013.  

[98]  C. Suryanarayana, "Mechanical alloying and milling," Progress in Materials Science, vol. 
46, no. 1, pp. 1-184, 2001.  

[99]  "what-when-how Mechanical Alloying," [Online]. Available: http://what-when-
how.com/materialsparts-and-finishes/mechanical-alloying/. [Accessed 12 06 2019]. 

[10
0]  

H.-C. Chen, D.-J. Jan, C.-H. Chen and K.-T. Huang, "Bond and electrochromic properties 
of WO3 films deposited with horizontal DC, pulsed DC, and RF sputtering," 
Electrochimica Acta, vol. 93, pp. 307-313, 2013.  

[101
]  

Y. J. Zhou, Y. L. Wang and G. L. Chen, "Solid solution alloys of AlCoCrFeNiTix Al Co Cr 
Fe Ni Ti x with excellent room-temperature mechanical properties," Applied Physics 
Letters, vol. 90, no. 18, 2007.  

[102
]  

X. F. Wang, Y. Zhang, Y. Qiao and G. L. Chen, "Novel microstructure and properties of 
multicomponent CoCrCuFeNiTix alloys," Intermetallics, vol. 15, no. 3, pp. 357-362, 
2007.  

[103
]  

C.-C. Tung, J.-W. Yeh, T.-T. Shun, S.-W. Chen, Y.-S. Huang and H.-C. Chen, "On the 
elemental effect of AlCoCrCuFeNi high-entropy alloy system," Materials Letters, vol. 61, 
no. 1, pp. 1-5, 2007.  



References 

 90 

[104
]  

C.-W. Tsai, Y.-L. Chen, M.-H. Tsai, J.-W. Yeh, T.-T. Shun and S.-K. Chen, "Deformation 
and annealing behaviors of high-entropy alloy Al0.5CoCrCuFeNi," Journal of Alloys and 
Compounds, vol. 486, no. 1, pp. 427-435, 2009.  

[105
]  

W. D. Callister and D. G. Rethwisch, Materials Science and Engineering: An Introduction, 
New York, USA: John Wiley and Sons, 2003.  

[106
]  

C. Li, J. C. Li, M. Zhao and Q. Jiang, "Effect of alloying elements on microstructure and 
properties of multiprincipal elements high-entropy alloys," Journal of Alloys and 
Compounds, vol. 475, p. 752–757, 2009.  

[107
]  

S. G. Ma and Y. Zhang, "Effect of Nb addition on the microstructure and properties of 
AlCoCrFeNi high-entropy alloy," Materials Science and Engineering: A, vol. 532, pp. 
480-486, 2012.  

[108
]  

R. Razuan, N.-A. Jani, M. K. Harun and M. K. Talari, "Microstructure and Hardness 
Properties Investigation of Ti and Nb Added FeNiAlCuCrTi x Nb y High Entropy Alloys," 
Transactions of the Indian Institute of Metals, vol. 66, no. 4, pp. 309-312, 2013.  

[109
]  

Y. J. Zhou, Y. Zhang, T. N. Kim and G. L. Chen, "Microstructure characterizations and 
strengthening mechanism of multi-principal component AlCoCrFeNiTi0.5 solid solution 
alloy with excellent mechanical properties," Materials Letters, vol. 62, no. 17, pp. 2673-
2676, 2008.  

[110
]  

N. Y. Yurchenko, N. D. Stepanov, M. A. Tikhonovsky, G. V. Zherebtsov and G. A. 
Salishchev, "Structure and mechanical properties of B2 ordered refractory AlNbTiVZrx 
(x = 0–1.5) high-entropy alloys," Materials Science & Engineering A, pp. 82-90, 2017.  

[111
]  

E. Fazakas, V. Zadorozhnyy and D. V. Louzguine-Luzgin, "Effect of iron content on the 
structure and mechanical properties of Al25Ti25Ni25Cu25 and (AlTi)60-xNi20Cu20Fex 
(x=15, 20) high-entropy alloys," Applied Surface Science, vol. 358, p. 549–555, 2015.  

[112
]  

C.-H. Hsu, W.-R. Wang, W.-Y. Tang, S.-W. Chen and J.-W. Yeh, "Microstructure and 
Mechanical Properties of New AlCoxCrFeMo0.5Ni High-Entropy Alloys," Advanced 
Engineering Materials, vol. 12, no. 1, pp. 44-49, 2010.  

[113
]  

C.-C. Juan, C.-Y. Hsu, C.-W. Tsai, W.-R. Wang, T.-S. Sheu, J.-W. Yeh and S.-W. Chen, 
"On microstructure and mechanical performance of AlCoCrFeMo0.5Nix high-entropy 
alloys," Intermetallics, vol. 32, pp. 401-407, 2013.  

[114
]  

S. Varalakshmi, M. Kamaraj and B. S. Murty, "Processing and properties of 
nanocrystalline CuNiCoZnAlTi high entropy alloys by mechanical alloying," Materials 
Science and Engineering: A, vol. 527, no. 4, pp. 1027-1030, 2010.  

[115
]  

O. N. Senkov, G. B. Wilks, D. B. Miracle, C. P. Chuang and P. K. Liaw, "Refractory high-
entropy alloys," Intermetallics, vol. 18, no. 9, pp. 1758-1765, 2010.  

[116
]  

O. N. Senkov, J. M. Scott, S. V. Senkova, D. B. Miracle and C. F. Wodward, 
"Microstructure and room temperature properties of a high-entropy TaNbHfZrTi alloy," 
Journal of Alloys and Compounds, vol. 20, pp. 6043-6048, 2011.  

[117
]  

M. A. Laktionova and E. D. Tabchnikova, "Mechanical properties of the high-entropy 
alloy Ag0.5CoCrCuFeNi at temperatures of 4.2–300 K," Low Temperature Physics, vol. 
39, no. 7, pp. 630-632, 2013.  

[118
]  

M.-R. Chen, S.-J. Lin, J.-W. Yeh, M.-H. Chuang, S.-K. Chen and Y.-S. Huang, "Effect of 
vanadium addition on the microstructure, hardness, and wear resistance of 
Al0.5CoCrCuFeNi high-entropy alloy," Metallurgical and Materials Transactions A, vol. 
37, no. 5, pp. 1363-1369, 2006.  

[119
]  

M.-R. Chen, S.-J. Lin, J.-W. Yeh, S.-K. Chen, Y.-S. Huang and C.-H. Tu, "Microstructure 
and Properties of Al0.5CoCrCuFeNiTix (x=0–2.0) High-Entropy Alloys," MATERIALS 
TRANSACTIONS, vol. 47, no. 5, pp. 1395-1401, 2006.  

[120
]  

J.-M. Wu, S.-J. Lin, J.-W. Yeh, S.-K. Chen, Y.-S. Huang and H.-C. Chen, "Adhesive wear 
behavior of AlxCoCrCuFeNi high-entropy alloys as a function of aluminum content," 
Wear, vol. 261, no. 5, pp. 513-519, 2006.  

[121
]  

Y.-J. Hsu, W.-C. Chiang and J.-K. Wu, "Corrosion behavior of FeCoNiCrCux high-
entropy alloys in 3.5% sodium chloride solution," Materials Chemistry and Physics, vol. 
92, no. 1, pp. 112-117, 2005.  

[122
]  

M.-H. Tsai, C.-W. Wang, C.-H. Lai, J.-W. Yeh and J.-Y. Gan, "Thermally stable 
amorphous (AlMoNbSiTaTiVZr)50N50 ( Al Mo Nb Si Ta Ti V Zr ) 50 N 50 nitride film as 



References 

 91 

diffusion barrier in copper metallization," Applied Physics Letters, vol. 92, no. 5, pp. 
0521091-0521093, 2008.  

[123
]  

M.-H. Tsai, C.-H. Wang, C.-W. Tsai, W.-J. Shen, J.-W. Yeh, J.-Y. Gan and W.-W. Wu, 
"Thermal Stability and Performance of NbSiTaTiZr High-Entropy Alloy Barrier for 
Copper Metallization," Journal Of Electrochemical Society, vol. 158, no. 11, pp. H1161-
H1165, 2011.  

[124
]  

H.-P. Chou, Y.-S. Chang, S.-K. Chen and J.-W. Yeh, "Microstructure, thermophysical and 
electrical properties in AlxCoCrFeNi (0 ≤ x ≤2) high-entropy alloys," Materials Science 
and Engineering: B, vol. 163, no. 3, pp. 184-189, 2009.  

[125
]  

C.-L. Lu, S.-Y. Lu, J.-W. Yeh and W.-K. Hsu, "Thermal expansion and enhanced heat 
transfer in high-entropy alloys," Journal of Applied Crystallography, vol. 46, pp. 736-
739, 2013.  

[126
]  

W.-H. Wu, C.-C. Yang and J.-W. Yeh, "Industrial development of high-entropy alloys," 
Annales De Chimie-Science Des Materiaux, vol. 31, pp. 737-747, 2006.  

[127
]  

S. Singh, N. Wandreka, K. Kiefer, K. Siemensmeyer and J. Banhart, "Effect of 
decomposition of the Cr–Fe–Co rich phase of AlCoCrCuFeNi high entropy alloy on 
magnetic properties," Ultramicroscopy, vol. 111, no. 6, pp. 1607-1614, 2011.  

[128
]  

N. Tariq, M. Naeem, B. Hasan, J. Akhter and M. Siddique, "Effect of W and Zr on 
structural, thermal and magnetic properties of AlCoCrCuFeNi high entropy alloy," 
Journal of Alloys and Compounds, vol. 556, pp. 79-85, 2013.  

[129
]  

Y.-F. Kao, S.-K. Chen, J.-H. Sheu, J.-T. Lin, W.-E. Lin, J.-W. Yeh, S.-J. Lin, T.-H. Liou 
and C.-W. Wang, "Hydrogen storage properties of multi-principal-component 
CoFeMnTixVyZrz alloys," International Journal of Hydrogen Energy, vol. 35, no. 17, pp. 
9046-9059, 2010.  

[130
]  

T. Egami, W. Guo, P. D. Rack and T. Nagase, "Irradiation Resistance of Multicomponent 
Alloys," Metallurgical and Materials Transactions A, vol. 45, no. 1, pp. 180-183, 2014.  

[131
]  

C.-F. Tsai, K.-Y. Yeh, P.-W. Wu, Y.-F. Hsieh and P. Lin, "Effect of platinum present in 
multi-element nanoparticles on methanol oxidation," Journal of Alloys and Compounds, 
vol. 478, no. 1, pp. 868-871, 2009.  

[132
]  

K. B. Zhang, Z. Y. Fu, J. Y. Zhang, J. Shi, W. M. Wang, H. Wang, Y. C. Wang and Q. J. 
Zhang, "Annealing on the structure and properties evolution of the CoCrFeNiCuAl high-
entropy alloy," Journal of Alloys and Compounds, vol. 502, no. 2, pp. 295-299, 2010.  

[133
]  

X. Qui, Y. Zhang and C. Liu, "Effect of ti content on structure and properties of 
Al2CrFeNiCoCuTix high-entropy alloy coatings," Journal of Alloys and Compounds, vol. 
585, pp. 282-286, 2014.  

[134
]  

T.-T. Zuo, S.-B. Ren, P. K. Liaw and Y. Zhang, "Processing effects on the magnetic and 
mechanical properties of FeCoNiAl0.2Si0.2 high entropy alloy," International Journal 
of Minerals, Metallurgy, and Materials, vol. 20, no. 6, pp. 549-555, 2013.  

[135
]  

K. Liu and X.-G. Chen, "Development of Al-Mn-Mg 3004 alloy for applications at 
elevated temperature via dispersoid strengthening," Materials & Design, vol. 84, pp. 
340-350, 2015.  

[136
]  

G. S. Wang, K. Liu and S. L. Wang, "Evolution of Elevated-Temperature Strength and 
Creep Resistance during Multi-Step Heat Treatments in Al-Mn-Mg Alloy," Materials 
(Basel), vol. 11, no. 7, pp. 1-14, 2018.  

[137
]  

J. P. Bevington, F. Selim and G. S. Collins, "Site preferences of indium impurity atoms in 
intermetallics having Al3Ti or Al3Zr crystal structures," Hyperfine Interact, vol. 177, pp. 
15-19, 2007.  

[138
]  

L. J. Kecskes, X. Qiu, R. Liu, J. H. Graeter, S. Guo and J. Wang, "Combustion Synthesis 
Reaction Behavior of Cold-Rolled Ni/Al and Ti/Al Multilayers," Army Research 
Laboratory, 2011.  

[139
]  

C. Li, J. She, M. Pang, W. Yang and Y. Zhan, "Phase Equilibria in the Al-Zr-Nd System at 
773 K," Journal of Phase Equilibria and Diffusion, vol. 32, no. 1, pp. 24-29, 2011.  

[140
]  

A. B. Spierings, K. Dawson, K. Kern, F. Palm and K. Wegener, "SLM-processed Sc- and 
Zr- modified Al-Mg alloy: Mechanical properties and microstructural effects of heat 
treatment," Materials Science and Engineering: A, vol. 701, pp. 264-273, 2017.  



References 

 92 

[141
]  

"Aluminum 7075-T6; 7075-T651," [Online]. Available: 
http://www.matweb.com/search/datasheet_print.aspx?matguid=4f19a42be94546b68
6bbf43f79c51b7d. [Accessed 20 06 2019]. 

[142
]  

T. KoKai, Y. YaChu, J. CheinChang, C. TsungShune, T. CheWei and Y. JeinWei, "A light-
weight high-entropy alloy Al20Be20Fe10Si15Ti35," Science China, vol. 61, pp. 184-188, 
2018.  

[143
]  

Y. Qiu, S. Thomas, M. A. Gibson, H. L. Fraser, K. Pohl and . N. Birbilis, "Microstructure 
and corrosion properties of the low-density single-phase compositionally complex alloy 
AlTiVCr," Corrosion Science, vol. 133, pp. 386-396, 2018.  

[144
]  

K. S. Tun and M. Gupta, "Microstructural Evolution in MgAlLiZnCaY and MgAlLiZnCaCu 
Multicomponent High Entropy Alloys," Materials Science Forum, vol. 928, pp. 183-187, 
2018.  

[145
]  

R. Li, J. Gao and K. Fan, "Study to Microstructure and Mechanical Properties of Mg 
Containing High Entropy Alloys," Materials Science Forum, vol. 650, pp. 265-271, 2010.  

[146
]  

R. Li, J.-c. Gao and K. Fan, "Microstructure and mechanical properties of MgMnAlZnCu 
high entropy alloy cooling in three conditions," Materials Science Forum, vol. 686, pp. 
235-241, 2011.  

[147
]  

Y.-F. Kao, T.-J. Chen, S.-K. Chen and J.-W. Yeh, "Microstructure and mechanical 
property of as-cast, -homogenized, and -deformed AlxCoCrFeNi (0 ≤ x ≤ 2) high-entropy 
alloys," Journal of Alloys and Compounds, vol. 488, pp. 57-64, 2009.  

[148
]  

C.-Y. HSU, C.-C. JUAN, T.-S. SHEU, S.-K. CHEN and J.-W. YEH, "Effect of Aluminum 
Content on Microstructure and Mechanical Properties of AlxCoCrFeMo0.5Ni High-
Entropy Alloys," The Minerals, Metals & Materials Society, vol. 65, 12 November 2013.  

[149
]  

K. B. Zhang, Z. Y. Fu, J. Y. Zhang, W. M. Wang, H. Wang, Y. C. Wang, Q. J. Zhang and J. 
Shi, "Microstructure and mechanical properties of CoCrFeNiTiAlx high-entropy alloys," 
Materials Science and Engineering A, vol. 508, pp. 214-219, 2009.  

[150
]  

Z. Hu, Y. Zhan, G. Zhang, J. She and C. Li, "Effect of rare earth Y addition on the 
microstructure and mechanical properties of high entropy AlCoCrCuNiTi alloys," 
Materials and Design, vol. 31, p. 1599–1602, 2010.  

[151
]  

Y. X. Zhuang, W. J. Liu, Z. Y. Chen, H. D. Xue and J. C. He, "Effect of elemental 
interaction on microstructure and mechanical properties of FeCoNiCuAl alloys," 
Materials Science & Engineering A, vol. 556, p. 395–399, 2012.  

 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

8 Appendices 
8.1 Appendix 1 
 

Alloy composition(s) Yield strength 
(MPa) UTS (Mpa) Elongation, 

% 
Hardnes
s (Hv) 

Density 
(g/cm3) REF 

Al20Ti30V20Nb20Mo10 1200    5.876 [87] 

Al15Ti35Nb20V20Mo10 950    6.027 [87] 

Al10Ti40Nb20V20Mo10 900    6.102 [87] 

Al20Ti35Be20Fe10Si15 2976   911 3.91 [142] 

Al20Ti30Li20Mg10Sc20    500 2.67 [1] 

with N and O contamination    601.6 2.67 [1] 

Al35Cu5Fe5Mn5Si30V10Zr10 2455    3.96 [88] 

Al40 Cu15 Mn5 Ni5 Si20 Zn15 2900   887 4.08 [88] 

Al45Cu15Fe5Mn5Si5Ti5Zn20 2432   744 5.07 [88] 

Al50 Ca5 Cu5 Ni10 Si20 Ti10 1429   437 3.3 [88] 

Al40 Cu15 Cr15 Fe15 Si15    916 4.5 [18] 

Al60 Cu10 Fe10 Cr5 Mn5 Ni5 Mg5    743 4.7 [18] 

Al65 Cu5 Cr5 Si15 Mn5 Ti5,    889 3.6 [18] 

Al58.5Mg31.5Zn4.5Cu4.5Si1  577 3.2  2.66 [89] 

Al63Mg27Zn4.5Cu4.5Si1  676 1.9  2.74 [89] 

Al66.7Mg23.3Zn4.5Cu4.5Si1  660 4.2  2.77 [89] 

Al80Mg14Zn2.7Cu2.7Si0.60 203 498 13.8  2.58 [89] 

Al85Mg10.5Zn2.025Cu2.025Si0.45 255 814 24.8  2.66 [89] 

Al90Mg7.1Zn1.35Cu1.35Si0.3 198 794 32.7  2.72 [89] 

CrNbTiZr    418.1 6.67 [5] 

CrNbTiVZr    480.3 6.57 [5] 

NbTiVZr    335.5 6.52 [5] 

NbTiV2Zr    304.9 6.34 [5] 

Al0.5 NbTiVZr 960 1100 4 500 6.04 [3] 

AlNbTiVZr 1080 1210 2.3 550 5.79 [3] 

Al1.5 NbTiVZr NA 1310 0 630 5.55 [3] 

Al26.6 Nb23.8 Ti25.1 V24.5 1020 1318 5 448 5.59 [2] 

AlCr0.5 NbTiV 1300 1430 0.8  5.71 [4] 

AlCrNbTiV 1550 1570 0.4  5.82 [4] 

AlCr1.5 NbTiV 1700 1700 0  5.9 [4] 

AlNbTiVZr0.1 1290 1395 3.7  5.53 [110] 

AlNbTiVZr0.25 1360 1480 9.3  5.57 [110] 

AlNbTiVZr0.5 1485 - 50  5.64 [110] 

AlNbTiVZr1 1500 1675 3  5.79 [110] 

AlNbTiVZr1.5 1535 1550 0.4  5.87 [110] 

Al2NbTi3V2Zr (HE)    718 5.05 [95] 

Al2NbTi3V2Zr (LE)    619 5.25 [95] 

AlCrFeMnTi0.25     5.87 [47] 

Al1.5 CrFeMnTi     5.31 [47] 

Al2 CrFeMnTi0.25     5.16 [47] 

Al2 CrFeMnTi     5.06 [47] 

Al4 CrFeMnTi0.25     4.4 [47] 
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AlFeMgTiZn 700   770 4.34 [96] 

AlTiVCr    498 5.06 [143] 

(AlCrTiV)95B5    710 4.9 [90] 

(AlCrTiV)95C5    642 4.7 [90] 

(AlCrTiV)95Si5    679 4.8 [90] 

AlLiMgZnSn 600 615 1.2  4.23 [91] 

AlLi0.5MgZn0.5Sn0.2,  546   3.22 [91] 

Al80Li5Mg5Zn5Sn5 488 879 17  3.05 [91] 

AlLi0.5MgCu0.5Sn0.2     3.69 [91] 

AlLi0.5MgZn0.5Cu0.2     3.73 [91] 

Al80Li5Mg5Zn5Cu5 415 836 16  3.08 [91] 

Mg35Al33Li15Zn7Ca5Y5    237 2.25 [144] 

Mg35Al33Li15Zn7Ca5Cu5    267 2.27 [144] 

Mg50 (AlCuMnZn)50 340 400 4.83 178 2.2 [145] 

Mg45.6 (AlCuMnZn)54.4 482 482 4.06 225 2.3 [145] 

Mg43 (AlCuMnZn)57 500 500 3.72 255 2.51 [145] 

Mg33 (AlCuMnZn)67 437 437 3.41 315 3.26 [145] 

Mg20 (AlCuMnZn)80 428 428 3.29 429 4.29 [145] 

MgMnAlZnCu (air cooling) 428 428 3.3 431 4.3 [146] 

MgMnAlZnCu (water cooling) 437 437 4.4 449 4.3 [146] 

MgMnAlZnCu (salt water cooling) 450 450 5.5 467 4.3 [146] 

CoCrFeNi    325 8.2 [147] 

Al0.25CoCrFeNi    346 7.7 [147] 

Al0.375CoCrFeNi    360 7.5 [147] 

Al0.5CoCrFeNi    368 7.3 [147] 

Al0.75CoCrFeNi    434 7 [147] 

Al0.875CoCrFeNi    497 7.9 [147] 

AlCoCrFeNi     6.7 [147] 

Al1.25CoCrFeNi     6.5 [147] 

Al1.5CoCrFeNi     6.2 [147] 

Al2CoCrFeNi     5.9 [147] 

Al0.7Co0.3CrFeNi 2033 2635 8.12 624 6.8 [97] 

Al2.5CoCrFeNi    487 5.6 [106] 

Al3CoCrFeNi    506 5.3 [106] 

CoCrFeNiMo0.5    220 8.5 [148] 

Al0.5CoCrFeNiMo0.5    440 7.7 [148] 

AlCoCrFeNiMo0.5    720 7.1 [148] 

Al1.5CoCrFeNiMo0.5    665 6.6 [148] 

Al2CoCrFeNiMo0.5    615 6.3 [148] 

AlCoCrFeNi 1110 ~ ~  6.7 [14] 

AlCoCrFeNiSi0.2 1265 2173 13.76  6.5 [14] 

AlCoCrFeNiSi0.4 1481 2444 13.38  6.2 [14] 

AlCoCrFeNiSi0.6 1834 2195 2.56  6 [14] 

AlCoCrFeNiSi0.8 2179 2664 1.77  5.8 [14] 

AlCoCrFeNiSi 2411 2950 1.17  5.7 [14] 

CoCrFeNiTi  2020 9  7.2 [149] 

Al0.5CoCrFeNiTi  1600 9.9  6.6 [149] 

AlCoCrFeNiTi  2250 6.4  6.2 [149] 

Al1.5CoCrFeNiTi  2110 9.8  5.9 [149] 

Al2CoCrFeNiTi  1030 5.2  5.6 [149] 
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CoCrCuFeNi     8.3 [53] 

Al0.3CoCrCuFeNi     7.9 [53] 

Al0.5CoCrCuFeNi     7.6 [53] 

Al0.8CoCrCuFeNi     7.3 [53] 

AlCoCrCuFeNi     7.1 [53] 

Al1.3CoCrCuFeNi     6.8 [53] 

Al1.5CoCrCuFeNi     6.6 [53] 

Al1.8CoCrCuFeNi     6.4 [53] 

Al2CoCrCuFeNi     6.3 [53] 

Al2.3CoCrCuFeNi     6.1 [53] 

Al2.5CoCrCuFeNi     6 [53] 

Al2.8CoCrCuFeNi     5.8 [53] 

Al3CoCrCuFeNi     5.7 [53] 

AlCoCrCuNiTi  1495 7.68  6.4 [150] 

AlCoCrCuNiTiY0.5  1024.5 3.07  6.1 [150] 
AlCoCrCuNiTiY0.8  1324.5 4.73  5.9 [150] 
AlCoCrCuNiTiY  1192 3.54  5.8 [150] 
AlCoCrFeNiTiVZr    890 6.3 [33] 

AlCoFeNiTiVZr    800 6.2 [33] 

AlTiVFeNiZr    790 5.9 [33] 

AlCoCuFeNiX  1330 11 536.2 7 [151] 

AlCoCuFeNiSi  1930 10 680 5.9 [151] 

AlCoCuFeNiCr  1660 11 472 ~ [151] 

AlCoCuFeNiTi  1510 16 472 6.5 [151] 

AlCoCuFeNiZr  1050 ~ 625.3 6.9 [151] 

AlCoCuFeNiNd  670 ~ 577.6 7.4 [151] 

Al25Ti25Ni25Cu25 760 870 0.96 518 5.7 [111] 

Al22.5Ti22.5Ni20Cu20Fe15 737 1490 8.5 575 5.9 [111] 

Al20Ti20Ni20Cu20Fe20 836 1569 13.5 544 5.9 [111] 

CoCrCuFeNiTiVMn 1312 1312 0  7.3 [55] 

Al11.1(CoCrCuFeNiTiVMn)88.9 1862 2432 0.95  6.7 [55] 

Al20(CoCrCuFeNiTiVMn)80 1465 2016 2.35  6.1 [55] 

Al40(CoCrCuFeNiTiVMn)60 1461 1461 0  5.1 [55] 
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8.2 Appendix 2 
 
ThermoCalc results. 
Ternary phase diagrams and Equilibrium phase diagrams of intended 
compositions. 
 
Al-Mg-Ag Ternary phase diagram (TCMG2) 
 
 

 

450 oC 

450 oC 

450 oC 
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Al85% Mg15% equilibrium phase diagram. 
 

  
 
Al80% Mg20% equilibrium phase diagram. 

 

Phase shift 
(Area) 

Phase shift 
(Area) 

Eutectic Temperature 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

Al75% Mg25% equilibrium phase diagram. 
 

 
 
Similar to this process various other elements were considered and their ternary 
phase diagram with equilibrium phase diagram results were obtained. 
 
Ternary 
phase 
diagrams 

Equilibrium 
Phase diagram 
Composition 
(mole 
percentage) 

Results from equilibrium phase diagrams  

Phases Present Eutectic 
Temperat-
ure 

Phase Shift 

AL-Mg-Sc 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+Al3Sc+
AlMg-
Beta+Al2Sc+Hcp
_A3#2+Hcp_A3.  

Above 
500 oC  

Phases 
Fcc_L12+Al
3Sc+AlMg-
Beta present 
till 16 at% Sc 

 Al80%Mg20% Phases- 
Fcc_L12+Al3Sc+
AlMg-

450 oC Phases 
Fcc_L12+Al
3Sc+AlMg-

Phase shift 
(Area) 
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Beta+Al2Sc+Hcp
_A3#2+Hcp_A3. 

Beta present 
till 13 at% Sc 

 Al75%Mg25% Phases- 
Fcc_L12+Al3Sc+
AlMg-
Beta+Al2Sc+Hcp
_A3#2+Hcp_A3. 

450 oC Phases 
Fcc_L12+Al
3Sc+AlMg-
Beta present 
till 9.5 at% 
Sc 

AL-Mg-Ti 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+Al3Ti_
D022+AlMg-
Beta+Hcp_A3 

450 oC Phases 
Fcc_L12+ 
Al3Ti_D022
+AlMg-Beta 
present till 
16 at% Ti 

 Al80%Mg20% Phases- 
Fcc_L12+Al3Ti_
D022+AlMg-
Beta+Hcp_A3 

450 oC Phases 
Fcc_L12+ 
Al3Ti_D022
+AlMg-Beta 
present till 
13 at% Ti 

 Al75%Mg25% Phases- 
Fcc_L12+Al3Ti_
D022+AlMg-
Beta+Hcp_A3 

450 oC Phases 
Fcc_L12+ 
Al3Ti_D022
+AlMg-Beta 
present till 
9.5 at% Ti 

AL-Mg-V 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+Al3Ti_
D022+ AlMg-
Beta+Al45V7+Al
23V4+Al8V5+Bcc
_B2+Hcp_A3 

450 oC Fcc_L12+Al
3Ti_D022+A
lMg-Beta 
phases 
present till 
16 at% V 

 Al80%Mg20% Phases- 
Fcc_L12+Al3Ti_
D022+AlMg-
Beta+Al45V7+Al
23V4+Al8V5+Bcc
_B2+Hcp_A3 

450 oC Fcc_L12+Al
3Ti_D022+A
lMg-Beta 
phases 
present till 
13 at% V 

 Al75%Mg25% Phases- 
Fcc_L12+Al3Ti_
D022+AlMg-
Beta+Al45V7+Al

450 oC Fcc_L12+Al
3Ti_D022+A
lMg-Beta 
phases 
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23V4+Al8V5+Bcc
_B2+Hcp_A3 

present till 9 
at% V 

AL-Mg-Cr 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+Al45V7
+AlMg-
Beta+Al5Cr+Al4
Cr+Gamma_810
+Hcp_A3+Bcc_B
2 

450 oC Fcc_L12+Al
45V7+AlMg-
Beta phases 
present till 9 
at% Cr 

 Al80%Mg20% Phases- 
Fcc_L12+Al45V7
+AlMg-
Beta+Al5Cr+Al4
Cr+Gamma_810
+Hcp_A3+Bcc_B
2 

450 oC Fcc_L12+Al
45V7+AlMg-
Beta phases 
present till 7 
at% Cr 

 Al75%Mg25% Phases- 
Fcc_L12+Al45V7
+AlMg-
Beta+Al5Cr+Al4
Cr+Gamma_810
+Hcp_A3+Bcc_B
2 

450 oC Fcc_L12+Al
45V7+AlMg-
Beta phases 
present till 4 
at% Cr 

AL-Mg-Mn 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+Al6Mn+
AlMg-
Beta+Hcp_A3#2
+Hcp_A3+CBcc_
A12 

450 oC Fcc_L12+Al
6Mn+AlMg-
Beta phases 
present till 9 
at% Mn 

 Al80%Mg20% Phases- 
Fcc_L12+Al6Mn+
AlMg-
Beta+Hcp_A3#2
+Hcp_A3+CBcc_
A12 

450 oC Fcc_L12+Al
6Mn+AlMg-
Beta phases 
present till 7 
at% Mn 

 Al75%Mg25% Phases- 
Fcc_L12+Al6Mn+
AlMg-
Beta+Hcp_A3#2
+Hcp_A3+CBcc_
A12 

450 oC Fcc_L12+Al
6Mn+AlMg-
Beta phases 
present till 5 
at% Mn 
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AL-Mg-Fe 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+Al13Fe
4+AlMg-
Beta+Al5Fe2+Bc
c_B2#2+Hcp_A3 

450 oC Fcc_L12+Al
13Fe4+AlMg
-Beta 
phases 
present till 
16 at% Fe 

 Al80%Mg20% Phases- 
Fcc_L12+Al13Fe
4+AlMg-
Beta+Al5Fe2+Bc
c_B2#2+Hcp_A3 

450 oC Fcc_L12+Al
13Fe4+AlMg
-Beta 
phases 
present till 
13 at% Fe 

 Al75%Mg25% Phases- 
Fcc_L12+Al13Fe
4+AlMg-
Beta+Al5Fe2+Bc
c_B2#2+Hcp_A3 

250 oC Fcc_L12+Al
13Fe4+AlMg
-Beta 
phases area 
vanishes 

AL-Mg-Co Al85%Mg15% Not available in ThermoCalc database 
 Al80%Mg20% Not available in ThermoCalc database 
 Al75%Mg25% Not available in ThermoCalc database 
AL-Mg-Ni 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+Al3Ni_
D011+AlMg-
Beta+Al3Ni2+Hc
p_A3+Fcc_L12#2
+C36 Laves 

450 oC Fcc_L12+Al
3Ni_D011+A
lMg-Beta 
phases 
present till 
16 at% Ni. 

 Al80%Mg20% Phases- 
Fcc_L12+Al3Ni_
D011+AlMg-
Beta+Al3Ni2+Hc
p_A3+Fcc_L12#2
+C36 Laves 

450 oC Fcc_L12+Al
3Ni_D011+A
lMg-Beta 
phases 
present till 
13 at% Ni. 

 Al75%Mg25% Phases- 
Fcc_L12+Al3Ni_
D011+AlMg-
Beta+Al3Ni2+Hc
p_A3+Fcc_L12#2
+C36 Laves 

450 oC Fcc_L12+Al
3Ni_D011+A
lMg-Beta 
phases 
present till 
9.5 at% Ni. 

AL-Mg-Cu 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+C15 
Laves+AlMg_Bet

470 oC Fcc_L12+C1
5 
Laves+AlMg
_Beta 
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a+Al2Cu_C16+F
cc_L12#2 

phases 
present till 9 
at% Cu. 

 Al80%Mg20% Phases- 
Fcc_L12+C15 
Laves+AlMg_Bet
a+Al2Cu_C16+F
cc_L12#2 

Around 
425 oC 

Fcc_L12+C1
5 
Laves+AlMg
_Beta 
phases 
present till 
13 at% Cu. 

 Al75%Mg25% Phases- 
Fcc_L12+C15 
Laves+AlMg_Bet
a+Al2Cu_C16+F
cc_L12#2 

Around 
425 oC 

Fcc_L12+C1
5 
Laves+AlMg
_Beta 
phases 
present till 
19 at% Cu. 

AL-Mg-Zn 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+ 
AlMg_Beta+Hcp_
Zn+MgZn 

Around 
375 oC 

Fcc_L12+Al
Mg_Beta 
phases 
present till 3 
at% Zn 

 Al80%Mg20% Phases- 
Fcc_L12+ 
AlMg_Beta+Hcp_
Zn+MgZn 

Around 
375 oC 

Fcc_L12+Al
Mg_Beta 
phases 
present till 5 
at% Zn 

 Al75%Mg25% Phases- 
Fcc_L12+ 
AlMg_Beta+Hcp_
Zn+MgZn 

Around 
375 oC 

Fcc_L12+Al
Mg_Beta 
phases 
present till 7 
at% Zn 

AL-Mg-Y 
(TCMG2) 

Al85%Mg15% Phases- 
Fcc_L12+Al3Y_L
+ 
AlMg_Beta+C15 
Laves+Hcp+A3 

450 oC Fcc_L12+Al
3Y_L+AlMg
_Beta 
phases 
present till 
16 at% Y. 

 Al80%Mg20% Phases- 
Fcc_L12+Al3Y_L
+ 

450 oC Fcc_L12+Al
3Y_L+AlMg
_Beta 
phases 
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AlMg_Beta+C15 
Laves+Hcp+A3 

present till 
13 at% Y. 

 Al75%Mg25% Phases- 
Fcc_L12+Al3Y_L
+ 
AlMg_Beta+C15 
Laves+Hcp+A3 

450 oC Fcc_L12+Al
3Y_L+AlMg
_Beta 
phases 
present till 
9.5 at% Y. 

AL-Mg-Zr 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+Al3Zr_
D023+AlMg-
Beta+Al2Zr+Hcp
_A3 

450 oC Fcc_L12+Al
3Y_L+AlMg
_Beta 
phases 
present till 
16 at% Zr. 

 Al80%Mg20% Phases- 
Fcc_L12+Al3Zr_
D023+AlMg-
Beta+Al2Zr+Hcp
_A3 

450 oC Fcc_L12+Al
3Y_L+AlMg
_Beta 
phases 
present till 
13 at% Zr. 

 Al75%Mg25% Phases- 
Fcc_L12+Al3Zr_
D023+AlMg-
Beta+Al2Zr+Hcp
_A3 

450 oC Fcc_L12+Al
3Y_L+AlMg
_Beta 
phases 
present till 
9.5 at% Zr. 

AL-Mg-Li 
(TCAL2) 

Al85%Mg15% Phases- 
Fcc_L12+ AlMg-
Beta+AlLi_B32+
Bcc_B2 

455 oC Fcc_L12+Al
Mg_Beta 
phases 
present till 3 
at% Li 

 Al80%Mg20% Phases- 
Fcc_L12+ AlMg-
Beta+AlLi_B32+
Bcc_B2 

455 oC Fcc_L12+Al
Mg_Beta 
phases 
present till 5 
at% Li 

 Al75%Mg25% Phases- 
Fcc_L12+ AlMg-
Beta+AlLi_B32+
Bcc_B2 

455 oC Fcc_L12+Al
Mg_Beta 
phases 
present till 7 
at% Li 
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8.3 Appendix 3 
ThermoCalc results for quaternary alloys 
(Equilibrium phase diagrams) 
Al77.5%-Mg17.5%-Sc5%-Ti 

 
Al80%-Mg15%-Sc5%-Ti 

 
 

Phase shift 
(Area) 

Phase shift 
(Area) 
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Al75%-Mg15%-Sc5%-Ti5%-Zn 

 
 
Al73.5%-Mg17.5%-Sc5%-Ti5%-Zn 

 

Phase shift 
(Area) 

Phase shift 
(Area) 
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Phase 
diagram  

Equilibrium 
Phase diagram 
Composition 
(mole 
percentage) 

Results from equilibrium phase diagrams 

Phases 
Present 

Eutectic 
Temperat
ure 

Phase Shift 

AlMgSc-
X 
(TCAL2) 

Al80Mg15Sc5-
Ni 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Sc 
+AlMg-
Beta+Al3Ni2+
Al2Sc+Bcc_B2
+Hcp_A3+Fcc
_L12#2+C36 
Laves 

450 oC Fcc_L12+ 
Al3Ni_D011+
Al3Sc 
+AlMg_Beta 
phases 
present till 12 
at% Ni 

 Al77.5Mg17.5Sc
5-Ni 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Sc 
+AlMg-
Beta+Al3Ni2+
Al2Sc+Bcc_B2
+Hcp_A3+Fcc
_L12#2+C36 
Laves 

450 oC Fcc_L12+ 
Al3Ni_D011+
Al3Sc 
+AlMg_Beta 
phases 
present till 10 
at% Ni 

 Al75Mg15Sc5Ni
5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Sc 
+AlMg-
Beta+Al3Ni2+
Al2Sc+Bcc_B2
+Hcp_A3+Hcp
_Zn+Fcc_L12#
2+Bcc_B2#2+
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+ 
Al3Ni_D011+
Al3Sc 
+AlMg_Beta 
phases 
present till 3 
at% Zn 
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 Al73.5Mg17.5Sc
5Ni5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Sc 
+AlMg-
Beta+Al3Ni2+
Al2Sc+Bcc_B2
+Hcp_A3+Hcp
_Zn+Fcc_L12#
2+Bcc_B2#2+
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+ 
Al3Ni_D011+
Al3Sc 
+AlMg_Beta 
phases 
present till 4 
at% Zn 

 Al80Mg15Sc5-
Zr 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Sc
+AlMg-
Beta+Al2Zr+Al
2Sc+Hcp_A3 

450 oC Fcc_L12+ 
Al3Zr_D023+
Al3Sc 
+AlMg_Beta 
phases 
present till 12 
at% Zr 

 Al77.5Mg17.5Sc
5-Zr 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Sc
+AlMg-
Beta+Al2Zr+Al
2Sc+Hcp_A3 

450 oC Fcc_L12+ 
Al3Zr_D023+
Al3Sc 
+AlMg_Beta 
phases 
present till 10 
at% Zr 

 Al75Mg15Sc5Zr
5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Sc 
+AlMg-
Beta+Al2Zr+Al
2Sc+Bcc_B2+
Hcp_A3+Hcp_
Zn+Fcc_L12#2
+ 
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+ 
Al3Zr_D023+
Al3Sc 
+AlMg_Beta 
phases 
present till 3 
at% Zr 
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 Al73.5Mg17.5Sc
5Zr5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Sc 
+AlMg-
Beta+Al2Zr+Al
2Sc+Bcc_B2+
Hcp_A3+Hcp_
Zn+Fcc_L12#2
+ 
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+ 
Al3Zr_D023+
Al3Sc 
+AlMg_Beta 
phases 
present till 4 
at% Zr 

AlMgTi-
X 
(TCAL2) 

Al80Mg15Ti5-
Sc 

Phases- 
Fcc_L12+Al3Ti
_D022+Al3Sc 
+AlMg-
Beta+Al2Sc+ 
Hcp_A3+ 

450 oC Fcc_L12+Al3
Ti_D022+Al3
Sc +AlMg-
Beta phases 
present till 12 
at% Sc 

 Al77.5Mg17.5Ti
5-Sc 

Phases- 
Fcc_L12+Al3Ti
_D022+Al3Sc 
+AlMg-
Beta+Al2Sc+ 
Hcp_A3+ 

450 oC Fcc_L12+Al3
Ti_D022+Al3
Sc +AlMg-
Beta phases 
present till 10 
at% Sc 

 Al75Mg15Ti5Sc
5-Zn 

Phases- 
Fcc_L12+Al3Ti
_D022+Al3Sc 
+AlMg-Beta+ 
Al2Sc+Bcc_B2
+Hcp_A3+Hcp
_Zn+Fcc_L12#
2+ 
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+Al3
Ti_D022+Al3
Sc +AlMg-
Beta phases 
present till 3 
at% Zn 
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 Al73.5Mg17.5Ti
5Sc5-Zn 

Phases- 
Fcc_L12+Al3Ti
_D022+Al3Sc 
+AlMg-Beta+ 
Al2Sc+Bcc_B2
+Hcp_A3+Hcp
_Zn+Fcc_L12#
2+ 
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+Al3
Ti_D022+Al3
Sc +AlMg-
Beta phases 
present till 4 
at% Zn 

 Al80Mg15Ti5-V Phases- 
Fcc_L12+Al3Ti
_D022+AlMg-
Beta+Hcp_A3+
+Al8V5+ 
Bcc_B2+Hcp_
A3#2 

450 oC Fcc_L12+Al3
Ti_D022 
+AlMg-Beta 
phases 
present till 12 
at% V 

 Al77.5Mg17.5Ti
5-V 

Phases- 
Fcc_L12+Al3Ti
_D022+AlMg-
Beta+Hcp_A3+
+Al8V5+ 
Bcc_B2+Hcp_
A3#2 

450 oC Fcc_L12+Al3
Ti_D022 
+AlMg-Beta 
phases 
present till 10 
at% V 

 Al75Mg15Ti5V5
-Zn 

Phases- 
Fcc_L12+Al3Ti
_D022+AlMg-
Beta+Al8V5+ 
Bcc_B2+Hcp_
Zn+B2_Bcc+M
gZn+V4Zn5 

380 oC Fcc_L12+Al3
Ti_D022 
+AlMg-Beta 
phases 
present till 4 
at% Zn 

 Al73.5Mg17.5Ti
5V5-Zn 

Phases- 
Fcc_L12+Al3Ti
_D022+AlMg-
Beta+Al8V5+ 
Bcc_B2+Hcp_
Zn+B2_Bcc+M
gZn+V4Zn5 

380 oC Fcc_L12+Al3
Ti_D022 
+AlMg-Beta 
phases 
present till 5 
at% Zn 
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 Al80Mg15Ti5-Ni Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2#2+Hc
p_A3+Fcc_L12
#2+C36 Laves 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% Ni 

 Al77.5Mg17.5Ti
5-Ni 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2#2+Hc
p_A3+Fcc_L12
#2+C36 Laves 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 10 
at% Ni 

 Al75Mg15Ti5Ni
5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Fcc_L
12#2+C36 
Laves+B2_Bcc
+Bcc_B2#2+B
cc_B2#3+Hcp
_Zn 

410 oC Fcc_L12+Al3
Ti_D022+ 
Al3Ni_D011 
+AlMg-Beta 
phases 
present till 4 
at% Zn 

 Al73.5Mg17.5Ti
5Ni5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Fcc_L
12#2+C36 
Laves+B2_Bcc
+Bcc_B2#2+B
cc_B2#3+Hcp
_Zn 

410 oC Fcc_L12+Al3
Ti_D022+ 
Al3Ni_D011 
+AlMg-Beta 
phases 
present till 5 
at% Zn 
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 Al80Mg15Ti5-Zr Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al2Zr+H
cp_A3+Bcc_B
2 

450 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% Zr 

 Al77.5Mg17.5Ti
5-Zr 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al2Zr+H
cp_A3+Bcc_B
2 

450 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 10 
at% Zr 

 Al75Mg15Ti5Zr
5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al2Zr+ 
Bcc_B2+MgZn
+B2_Bcc 

380 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 4 
at% Zn 

 Al73.5Mg17.5Ti
5Zr5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al2Zr+ 
Bcc_B2+MgZn
+B2_Bcc 

380 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 5 
at% Zn 

AlMgV-
X 
(TCAL2) 

Al80Mg15V5-Ti Phases- 
Fcc_L12+Al3Ti
_D022+AlMg-
Beta+Hcp_A3+
+Al8V5+ 
Bcc_B2+Hcp_
A3#2 

450 oC Fcc_L12+Al3
Ti_D022 
+AlMg-Beta 
phases 
present till 12 
at% V 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al77.5Mg17.5V
5-Ti 

Phases- 
Fcc_L12+Al3Ti
_D022+AlMg-
Beta+Hcp_A3+
+Al8V5+ 
Bcc_B2+Hcp_
A3#2 

450 oC Fcc_L12+Al3
Ti_D022 
+AlMg-Beta 
phases 
present till 10 
at% V 

 Al75Mg15V5Ti5
-Zn 

Phases- 
Fcc_L12+Al3Ti
_D022+AlMg-
Beta+Al8V5+ 
Bcc_B2+Hcp_
Zn+B2_Bcc+M
gZn+V4Zn5 

380 oC Fcc_L12+Al3
Ti_D022 
+AlMg-Beta 
phases 
present till 4 
at% Zn 

 Al73.5Mg17.5V
5Ti5-Zn 

Phases- 
Fcc_L12+Al3Ti
_D022+AlMg-
Beta+Al8V5+ 
Bcc_B2+Hcp_
Zn+B2_Bcc+M
gZn+V4Zn5 

380 oC Fcc_L12+Al3
Ti_D022 
+AlMg-Beta 
phases 
present till 5 
at% Zn 

 Al80Mg15V5-Ni Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Hcp_
A3+Al45V7+Al
23V4+Fcc_L12
#2+C36 
Laves+ 
Bcc_B2#2+Al8
V5+ Bcc_B2#3 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% Ni 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al77.5Mg17.5V
5-Ni 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Hcp_
A3+Al45V7+Al
23V4+Fcc_L12
#2+C36 
Laves+ 
Bcc_B2#2+Al8
V5+ Bcc_B2#3 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 10 
at% Ni 

 Al75Mg15V5Ni5
-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Al45V
7+Al23V4+Fcc
_L12#2+C36 
Laves+ 
Bcc_B2#2+Al8
V5+ 
Bcc_B2#3+Hc
p_Zn+Al21V2+
V4Zn5 

425 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 2 
at% Zn 

 Al73.5Mg17.5V
5Ni5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Al45V
7+Al23V4+Fcc
_L12#2+C36 
Laves+ 
Bcc_B2#2+Al8
V5+ 
Bcc_B2#3+Hc
p_Zn+Al21V2+
V4Zn5 

425 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 3 
at% Zn 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al80Mg15V5-Zr Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Hcp_A3+Al45
V7+Al23V4+ 
+Al8V5+V2Zr 

450 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% Zr 

 Al77.5Mg17.5V
5-Zr 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Hcp_A3+Al45
V7+Al23V4+ 
+Al8V5+V2Zr 

450 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% Zr 

 Al75Mg15V5Zr5
-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Al45V7+Al23
V4+Bcc_B2#2
+Al8V5+Al21V
2+V4Zn5 

425 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 2 
at% Zn 

 Al73.5Mg17.5V
5Zr5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Al45V7+Al23
V4+Bcc_B2#2
+Al8V5+Al21V
2+V4Zn5 

425 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 3 
at% Zn 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

AlMgNi-
X 
(TCAL2) 

Al80Mg15Ni5-
Sc 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Sc 
+AlMg-
Beta+Al3Ni2+
Al2Sc+Bcc_B2
+Hcp_A3+Fcc
_L12#2+C36 
Laves 

450 oC Fcc_L12+ 
Al3Ni_D011+
Al3Sc 
+AlMg_Beta 
phases 
present till 12 
at% Sc 

 Al77.5Mg17.5Ni
5-Sc 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Sc 
+AlMg-
Beta+Al3Ni2+
Al2Sc+Bcc_B2
+Hcp_A3+Fcc
_L12#2+C36 
Laves 

450 oC Fcc_L12+ 
Al3Ni_D011+
Al3Sc 
+AlMg_Beta 
phases 
present till 10 
at% Sc 

 Al75Mg15Ni5Sc
5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Sc 
+AlMg-
Beta+Al3Ni2+
Al2Sc+Bcc_B2
+Hcp_A3+Hcp
_Zn+Fcc_L12#
2+Bcc_B2#2+
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+ 
Al3Ni_D011+
Al3Sc 
+AlMg_Beta 
phases 
present till 3 
at% Zn 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al73.5Mg17.5Ni
5Sc5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Sc 
+AlMg-
Beta+Al3Ni2+
Al2Sc+Bcc_B2
+Hcp_A3+Hcp
_Zn+Fcc_L12#
2+Bcc_B2#2+
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+ 
Al3Ni_D011+
Al3Sc 
+AlMg_Beta 
phases 
present till 4 
at% Zn 

 Al80Mg15Ni5-Ti Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2#2+Hc
p_A3+Fcc_L12
#2+C36 Laves 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% Ti 

 Al77.5Mg17.5Ni
5-Ti 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2#2+Hc
p_A3+Fcc_L12
#2+C36 Laves 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 10 
at% Ti 

 Al75Mg15Ni5Ti
5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Fcc_L
12#2+C36 
Laves+B2_Bcc
+Bcc_B2#2+B
cc_B2#3+Hcp
_Zn 

410 oC Fcc_L12+Al3
Ti_D022+ 
Al3Ni_D011 
+AlMg-Beta 
phases 
present till 4 
at% Zn 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al73.5Mg17.5Ni
5Ti5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Fcc_L
12#2+C36 
Laves+B2_Bcc
+Bcc_B2#2+B
cc_B2#3+Hcp
_Zn 

410 oC Fcc_L12+Al3
Ti_D022+ 
Al3Ni_D011 
+AlMg-Beta 
phases 
present till 5 
at% Zn 

 Al80Mg15Ni5-V Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Hcp_
A3+Al45V7+Al
23V4+Fcc_L12
#2+C36 
Laves+ 
Bcc_B2#2+Al8
V5+ Bcc_B2#3 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% V 

 Al77.5Mg17.5Ni
5-V 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Hcp_
A3+Al45V7+Al
23V4+Fcc_L12
#2+C36 
Laves+ 
Bcc_B2#2+Al8
V5+ Bcc_B2#3 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 10 
at% V 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al75Mg15Ni5V5
-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Al45V
7+Al23V4+Fcc
_L12#2+C36 
Laves+ 
Bcc_B2#2+Al8
V5+ 
Bcc_B2#3+Hc
p_Zn+Al21V2+
V4Zn5 

425 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 2 
at% Zn 

 Al73.5Mg17.5Ni
5V5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Bcc_B2+Al45V
7+Al23V4+Fcc
_L12#2+C36 
Laves+ 
Bcc_B2#2+Al8
V5+ 
Bcc_B2#3+Hc
p_Zn+Al21V2+
V4Zn5 

425 oC Fcc_L12+Al3
Ni_D011+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 3 
at% Zn 

 Al80Mg15Ni5-Y Phases- 
Fcc_L12+X3Ni 
+AlMg-
Beta+Al3Ni2+
Al3Y_L+Hcp_
A3+C15 Laves 

450 oC Fcc_L12+X3
Ni +AlMg-
Beta phases 
present till 12 
at% Y 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al77.5Mg17.5Ni
5-Y 

Phases- 
Fcc_L12+X3Ni 
+AlMg-
Beta+Al3Ni2+
Al3Y_L+Hcp_
A3+C15 Laves 

450 oC Fcc_L12+X3
Ni +AlMg-
Beta phases 
present till 12 
at% Y 

 Al75Mg15Ni5Y5
-Zn 

Phases- 
Fcc_L12+X3Ni 
+AlMg-
Beta+Al3Ni2+
Al3Y_L+Hcp_
A3+C15 
Laves+Hcp_Zn
+Fcc_L12+Bcc
_B2#2 

425 oC Fcc_L12+X3
Ni +AlMg-
Beta phases 
present till 3 
at% Zn 

 Al73.5Mg17.5Ni
5Y5-Zn 

Phases- 
Fcc_L12+X3Ni 
+AlMg-
Beta+Al3Ni2+
Al3Y_L+Hcp_
A3+C15 
Laves+Hcp_Zn
+Fcc_L12+Bcc
_B2#2 

425 oC Fcc_L12+X3
Ni +AlMg-
Beta phases 
present till 4 
at% Zn 

 Al80Mg15Ni5-Zr Phases- 
Fcc_L12+Al3N
i_D011+Al3Zr_
D023+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
#2+Fcc_L12#2
+Hcp_A3 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Zr_D023+AlM
g-Beta 
phases 
present till 12 
at% Zr 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al77.5Mg17.5Ni
5-Zr 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Zr_
D023+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
#2+Fcc_L12#2
+Hcp_A3 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Zr_D023+AlM
g-Beta 
phases 
present till 10 
at% Zr 

 Al75Mg15Ni5Zr
5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Zr_
D023+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Fcc_L12#2+B
cc_B2#2+Hcp
_Zn+C36 
Laves 

410 oC Fcc_L12+Al3
Ni_D011+Al3
Zr_D023+AlM
g-Beta 
phases 
present till 4 
at% Zn 

 Al73.5Mg17.5Ni
5Zr5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Zr_
D023+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Fcc_L12#2+B
cc_B2#2+Hcp
_Zn+C36 
Laves 

410 oC Fcc_L12+Al3
Ni_D011+Al3
Zr_D023+AlM
g-Beta 
phases 
present till 5 
at% Zn 

AlMgY-
X 
(TCMG
2) 

Al80Mg15Y5-Ni Phases- 
Fcc_L12+X3Ni 
+AlMg-
Beta+Al3Ni2+
Al3Y_L+Hcp_
A3+C15 Laves 

450 oC Fcc_L12+X3
Ni +AlMg-
Beta phases 
present till 12 
at% Ni 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al77.5Mg17.5Y
5-Ni 

Phases- 
Fcc_L12+X3Ni 
+AlMg-
Beta+Al3Ni2+
Al3Y_L+Hcp_
A3+C15 Laves 

450 oC Fcc_L12+X3
Ni +AlMg-
Beta phases 
present till 12 
at% Ni 

 Al75Mg15Y5Ni5
-Zn 

Phases- 
Fcc_L12+X3Ni 
+AlMg-
Beta+Al3Ni2+
Al3Y_L+Hcp_
A3+C15 
Laves+Hcp_Zn
+Fcc_L12+Bcc
_B2#2 

425 oC Fcc_L12+X3
Ni +AlMg-
Beta phases 
present till 3 
at% Zn 

 Al73.5Mg17.5Y
5Ni5-Zn 

Phases- 
Fcc_L12+X3Ni 
+AlMg-
Beta+Al3Ni2+
Al3Y_L+Hcp_
A3+C15 
Laves+Hcp_Zn
+Fcc_L12+Bcc
_B2#2 

425 oC Fcc_L12+X3
Ni +AlMg-
Beta phases 
present till 4 
at% Zn 

 Al80Mg15Y5-Zr Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta 
+Al3Zr2+Bcc_
B2#2+Mg24Y5
+Hcp_A3+C14
_Laves+Al3Y_
L+C15 Laves 

450 oC Fcc_L12+Al3
Zr1+AlMg-
Beta phases 
present till 12 
at% Zr 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al77.5Mg17.5Y
5-Zr 

Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta+ 
Al3Zr2+Bcc_B
2#2+Mg24Y5+
Hcp_A3+C14_
Laves+Al3Y_L
+C15 Laves 

450 oC Fcc_L12+Al3
Zr1+AlMg-
Beta phases 
present till 10 
at% Zr 

 Al75Mg15Y5Zr5
-Zn 

Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta+ 
Al3Zr2+Bcc_B
2#2+Hcp_Zn+
C14_Laves+Al
3Y_L+C14 
Laves#2+C15 
Laves+ 
Fcc_L12#2 

425 oC Fcc_L12+Al3
Zr1+AlMg-
Beta phases 
present till 3 
at% Zn 

 Al73.5Mg17.5Y
5Zr5-Zn 

Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta+ 
Al3Zr2+Bcc_B
2#2+Hcp_Zn+
C14_Laves+Al
3Y_L+C14 
Laves#2+C15 
Laves+ 
Fcc_L12#2 

425 oC Fcc_L12+Al3
Zr1+AlMg-
Beta phases 
present till 4 
at% Zn 

 Al75Mg15Y5Ni5
-Ag 

Phases- 
Fcc_L12+X3Ni
+AlMg-Beta 
+Al3Ni2+Bcc_
B2#2+AgMg3+ 
C15_Laves+Al
3Y_L+ 
Fcc_L12#2+ 
Fcc_L12#3 

425 oC Fcc_L12+X3
Ni+AlMg-
Beta+ 
Al3Y_L+Bcc_
B2 phases 
present till 6% 
Ag 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al73.5Mg17.5Y
5Ni5-Ag 

Phases- 
Fcc_L12+X3Ni
+AlMg-Beta 
+Al3Ni2+Bcc_
B2#2+AgMg3+ 
C15_Laves+Al
3Y_L+ 
Fcc_L12#2+ 
Fcc_L12#3 

425 oC Fcc_L12+X3
Ni+AlMg-
Beta+ 
Al3Y_L+Bcc_
B2 phases 
present till 8% 
Ag  

 Al75Mg15Y5Zr5
-Ag 

Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta 
+Al3Zr2+Bcc_
B2#2+AgMg3+ 
C15_Laves+Al
3Y_L+ 
Fcc_L12#2+ 
Fcc_L12#3+Ag
Zr2+ 
C14_Laves 

425 oC Fcc_L12+Al3
Zr1+AlMg-
Beta+ 
Al3Y_L+Bcc_
B2 phases 
present till 6% 
Ag 

 Al73.5Mg17.5Y
5Zr5-Ag 

Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta 
+Al3Zr2+Bcc_
B2#2+AgMg3+ 
C15_Laves+Al
3Y_L+ 
Fcc_L12#2+ 
Fcc_L12#3+Ag
Zr2+ 
C14_Laves 

425 oC Fcc_L12+Al3
Zr1+AlMg-
Beta+ 
Al3Y_L+Bcc_
B2 phases 
present till 8% 
Ag 

AlMgZr-
X 
(TCAL2) 

Al80Mg15Zr5-
Sc 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Sc
+AlMg-
Beta+Al2Zr+Al
2Sc+Hcp_A3 

450 oC Fcc_L12+ 
Al3Zr_D023+
Al3Sc 
+AlMg_Beta 
phases 
present till 12 
at% Sc 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al77.5Mg17.5Zr
5-Sc 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Sc
+AlMg-
Beta+Al2Zr+Al
2Sc+Hcp_A3 

450 oC Fcc_L12+ 
Al3Zr_D023+
Al3Sc 
+AlMg_Beta 
phases 
present till 10 
at% Sc 

 Al75Mg15Zr5Sc
5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Sc 
+AlMg-
Beta+Al2Zr+Al
2Sc+Bcc_B2+
Hcp_A3+Hcp_
Zn+Fcc_L12#2
+ 
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+ 
Al3Zr_D023+
Al3Sc 
+AlMg_Beta 
phases 
present till 3 
at% Zr 

 Al73.5Mg17.5Zr
5Sc5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Sc 
+AlMg-
Beta+Al2Zr+Al
2Sc+Bcc_B2+
Hcp_A3+Hcp_
Zn+Fcc_L12#2
+ 
Hcp_A3#2+C1
4 Laves 

425 oC Fcc_L12+ 
Al3Zr_D023+
Al3Sc 
+AlMg_Beta 
phases 
present till 4 
at% Zr 

 Al80Mg15Zr5-Ti Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al2Zr+H
cp_A3+Bcc_B
2 

450 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% Ti 
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 Al77.5Mg17.5Zr
5-Ti 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al2Zr+H
cp_A3+Bcc_B
2 

450 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 10 
at% Ti 

 Al75Mg15Zr5Ti
5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al2Zr+ 
Bcc_B2+MgZn
+B2_Bcc 

380 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 4 
at% Zn 

 Al73.5Mg17.5Zr
5Ti5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al2Zr+ 
Bcc_B2+MgZn
+B2_Bcc 

380 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 5 
at% Zn 

 Al80Mg15Zr5-V Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Hcp_A3+Al45
V7+Al23V4+ 
+Al8V5+V2Zr 

450 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% V 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
551 11 Jönköping 
 
 
 
 

 Al77.5Mg17.5Zr
5-V 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Hcp_A3+Al45
V7+Al23V4+ 
+Al8V5+V2Zr 

450 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 12 
at% V 

 Al75Mg15Zr5V5
-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Al45V7+Al23
V4+Bcc_B2#2
+Al8V5+Al21V
2+V4Zn5 

425 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 2 
at% Zn 

 Al73.5Mg17.5Zr
5V5-Zn 

Phases- 
Fcc_L12+Al3Z
r_D023+Al3Ti_
D022+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Al45V7+Al23
V4+Bcc_B2#2
+Al8V5+Al21V
2+V4Zn5 

425 oC Fcc_L12+Al3
Zr_D023+Al3
Ti_D022+AlM
g-Beta 
phases 
present till 3 
at% Zn 

 Al80Mg15Zr5-Ni Phases- 
Fcc_L12+Al3N
i_D011+Al3Zr_
D023+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
#2+Fcc_L12#2
+Hcp_A3 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Zr_D023+AlM
g-Beta 
phases 
present till 12 
at% Ni 



Search terms 
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Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
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 Al77.5Mg17.5Zr
5-Ni 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Zr_
D023+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
#2+Fcc_L12#2
+Hcp_A3 

450 oC Fcc_L12+Al3
Ni_D011+Al3
Zr_D023+AlM
g-Beta 
phases 
present till 10 
at% Ni 

 Al75Mg15Zr5Ni
5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Zr_
D023+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Fcc_L12#2+B
cc_B2#2+Hcp
_Zn+C36 
Laves 

410 oC Fcc_L12+Al3
Ni_D011+Al3
Zr_D023+AlM
g-Beta 
phases 
present till 4 
at% Zn 

 Al73.5Mg17.5Zr
5Ni5-Zn 

Phases- 
Fcc_L12+Al3N
i_D011+Al3Zr_
D023+AlMg-
Beta+Al3Ni2+
Al2Zr+Bcc_B2
+Fcc_L12#2+B
cc_B2#2+Hcp
_Zn+C36 
Laves 

410 oC Fcc_L12+Al3
Ni_D011+Al3
Zr_D023+AlM
g-Beta 
phases 
present till 5 
at% Zn 

 Al80Mg15Zr5-Y Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta 
+Al3Zr2+Bcc_
B2#2+Mg24Y5
+Hcp_A3+C14
_Laves+Al3Y_
L+C15 Laves 

450 oC Fcc_L12+Al3
Zr1+AlMg-
Beta phases 
present till 12 
at% Y 



Search terms 

Postadress:  Besöksadress:  Telephone:  
Box 1026  Gjuterigatan 5  036-10 10 00 (vx)  
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 Al77.5Mg17.5Zr
5-Y 

Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta+ 
Al3Zr2+Bcc_B
2#2+Mg24Y5+
Hcp_A3+C14_
Laves+Al3Y_L
+C15 Laves 

450 oC Fcc_L12+Al3
Zr1+AlMg-
Beta phases 
present till 10 
at% Y 

 Al75Mg15Zr5Y5
-Zn 

Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta+ 
Al3Zr2+Bcc_B
2#2+Hcp_Zn+
C14_Laves+Al
3Y_L+C14 
Laves#2+C15 
Laves+ 
Fcc_L12#2 

425 oC Fcc_L12+Al3
Zr1+AlMg-
Beta phases 
present till 3 
at% Zn 

 Al73.5Mg17.5Zr
5Y5-Zn 

Phases- 
Fcc_L12+Al3Z
r1+AlMg-Beta+ 
Al3Zr2+Bcc_B
2#2+Hcp_Zn+
C14_Laves+Al
3Y_L+C14 
Laves#2+C15 
Laves+ 
Fcc_L12#2 

425 oC Fcc_L12+Al3
Zr1+AlMg-
Beta phases 
present till 4 
at% Zn 

 
 
 
 
 
 
 
 
 
 
 
 


