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High Entropy alloys (HEAs) are a new class of materials that are referred as the resurgence of physical 

metallurgy in the materials research. The properties generated by these unconventional compositions are 

astonishing, which could potentially replicate many materials in the industrial applications. The main motto 

of this thesis is to study the properties of two different HEAs after annealing treatments and high strain rate 

testing.  

The theoretical description of the four core effects, properties and a detailed description of thermodynamics 

influencing the phase formation of HEAs are included in the theory. The annealing treatment of the induc-

tion melted Al0.5CoCrCuFeNi and Al0.5CoCrCuFeNiMo0.25 HEAs was carried out. The annealing treatments 

included quenching and normalizing in the furnace. The microstructural characterization was done by using 

the optical microscopy and scanning electron microscopy (SEM). Additionally, elemental mapping was 

done by EDS and phase recognition was done by X-ray diffraction. The high strain rate properties were 

investigated for the induction melted samples and an arc melted Al0.5CoCrCuFeNi HEA sample (received 

from high entropy alloy research group, Chalmers university of technology), which was the reference ma-

terial for comparison of properties. The technique used was Hopkinson split bar (HSB) compression testing. 

Finally, the corrosion tests were done in diluted acidic medium in comparison with TWIP steel to check 

the passivation. 

The Optical microscopy, SEM and EDS had given a brief idea about the phases formed in the induction 

melted Al0.5CoCrCuFeNiMo0.25 and Al0.5CoCrCuFeNi HEAs. The comparison of Al0.5CoCrCuFeNi HEA 

with arc furnace casted Al0.5CoCrCuFeNi reference sample has shown new phases. The annealing treatment 

was done for 3 days for each induction furnace casted sample. These samples were subsequently quenched 

or cooled (normalizing). The annealed alloys were inspected with SEM and also elemental distribution was 

analyzed to confirm the presence of different phases. The final confirmation of phases was done with X-

ray diffraction measurements. The Al0.5CoCrCuFeNi had formed totally different phases compared to ref-

erence material due to inclusions. The Al0.5CoCrCuFeNiMo0.25 had formed a copper rich and molybdenum 

rich phases with minor amount of inclusions or amorphous precipitates. This molybdenum addition had 

increased the hardness. High strain rate testing proved that Al0.5CoCrCuFeNiMo0.25 is ductile, whereas 

Al0.5CoCrCuFeNi (induction cast) is very brittle because of new phase formation. The corrosion tests of 

Al0.5CoCrCuFeNiMo0.25 proved that it is more noble than the reference TWIP steel sample in acidic aqueous 

solution.  
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1. INTRODUCTION  

From the ancient times, humans have tried to improve material properties for various 

applications. This led to the discovery of many metals. Alloying was an accidental dis-

covery [1]. The base element(s) paradigm was the basic concept of alloy design. This was 

introduced since Bronze Age. The theme was, one or two elements are used as principal 

alloying elements, such as iron in steels or nickel in super alloys. The micro alloying of 

many elements is used in improving the alloy properties [2]. Several alloys were devel-

oped for various engineering applications for specific structural and mechanical proper-

ties [1]. 

Since the 1970s, the metal matrix composites and intermetallic compounds were consid-

ered as prime research topics. During this time, enhanced properties were observed with 

fine microstructure, improved solubility, or amorphous phases [3]. A new group of alloy-

ing elements was produced at California Institute of Technology by research group of Pol 

Duwez. In this process the liquid state of alloys were cooled at a rate of 106 K/s producing 

glass like structure to avoid the crystallization mechanism [1]. But this alloy design of 

multiple alloying elements was based on principal element(s). In 2004 a novel paradigm 

of alloy design was developed which involves mixing of multiple elements in nearly 

equimolar composition.  These multi-component alloy systems were named after ‘High 

Entropy alloys’ (HEAs). The name was coined by Yeh et al [3]. This is because the larger 

number of components as principal elements produces solid solutions. The solid solutions 

with many elements will tend to be more stable due to larger mixing entropy (ΔSmix) in 

which the configurational entropy (ΔSconf) is the major part. The invention of HEAs has 

been referred as “renaissance in physical metallurgy”[4] based on the new dimensions of 

alloy designs. There are many reported HEAs which have exciting properties such as high 

strength and toughness, good wear/corrosion resistance, high thermal stability, and spe-

cial electrical or magnetic properties. These are worth mentioning because many are 

achieved without careful optimization of composition and/or microstructures [5] 

 The high entropy alloys are considered as a new class of metallic alloy systems with the 

unique properties, which had raised interest in basic sciences and applications. HEAs can 

be potentially used for advanced or structural applications. However, there are many stud-

ies for different mechanical behaviors at different temperatures. The current study focuses 

on annealing and high strain rate deformation behaviors of HEAs (casted in induction 

furnace) Al0,5CoCrCuFeNi (HEA1) and Al0,5CoCrCuFeNiMo0,25 (HEA2) comparing 

with arc melted sample Al0,5CoCrCuFeNi (received from High entropy alloy research 

group, Chalmers University of Technology).  
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The annealing treatment gives an idea about the phase stabilities or formation of equilib-

rium phases. The annealing tests are performed to know the influence of thermodynamic 

factors such as entropy and enthalpy on the phase formation. Since the alloys were cast 

in induction furnace the effect of impurities are also studied. 

The micro-mechanisms of plastic deformations are known to be strain-rate dependent. 

Thus the high strain rate plastic deformation behavior is critical to for structural and high 

strength applications [6]. The scope of the high strain rate testing is to see the deformation 

mechanism and thus to know the probability of twin formation. The change in yield 

strengths of induction melted samples are compared with arc melted reference sample. 

Microstructural changes of the deformed sample are studied.  

Molybdenum is added as one of alloying element for the future research on wear proper-

ties and high temperature applications. The addition of molybdenum as alloying element 

inhibits the copper segregation and also forms a molybdenum rich phase which increases 

the yield strength and compressive fracture strength [7]. 
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2. THEORITICAL BACKGROUND 

High Entropy Alloys (HEAs) is an innovative topic which has many prospective applica-

tions. In 1788 the first form of multi component equi-mass alloys was studies by a Ger-

man scientist Franz Karl Archard, which was later brought to light in 1963 by Professor 

Cyril Stanley Smith et al [1]. Later in 1981 the first work on exploring this great field was 

done by Brian Cantor of United Kingdom. J.W. Yeh et al in the year of 1995 inde-

pendently started research about multicomponent alloys and finally in the year of 2004. 

Yeh introduced the concept of HEAs based on the mixing entropy factor which influenced 

by the increase of configurational entropy and decrease in number of phases, and thus 

render unique properties [1], [3]. However according to Ranganath et al. [8] there have 

been proofs that ancient Indian metallurgists had produced ‘panchaloha’ and ‘asta dhatu’ 

(alloys of 5 and 8 elements respectively) of unparalleled accuracy by becoming skilled at 

wax casting [8], but they may not be called as high entropy alloys due to nonmatching 

the criteria of HEAs definition as mentioned in section 2.1. 

2.1 The Concept of HEAs 

For the alloy designing a small portion of corners of the phase diagram was concentrated 

by most of the researchers, as illustrated in Figure 2.1 [9], but the HEAs arrival had shifted 

the research focus to center area. For the conventional alloys using base elemental ap-

proach, only n different base elements can give rise to ‘n’ types of alloys. However, if ‘p’ 

elements were selected from n base elements to make equiatomic alloys (p = 2, 3, 4, 5…., 

n), the possibility of number of equiatomic alloys (N) is increased from n to N = 2n – n – 

1. When n < 3 the probability will not hold good as seen in Figure 2.1, from Figure 2.1 it 

can be seen that the total number of equiatomic compositions are increased with increase 

in total number of principal elements. 

2.1.1 Configuration or Mixing Entropy 

The relation between degree of mixing or randomness and entropy of a system can be 

known from Boltzmann’s equation 

S = 𝑘 ln Ω                                                               (2.1)    

Where S is entropy, k is Boltzmann constant and Ω is number of ways in which energy 

is distributed among the particles [10]. 

The total entropy of a system is simply the sum of thermal entropy ΔSther and configura-

tional entropy ΔSconf. The entropy is 



4 

𝛥𝑆𝑡𝑜𝑡𝑎𝑙 = 𝛥𝑆𝑐𝑜𝑛𝑓 +  𝛥𝑆𝑡ℎ𝑒𝑟                                                (2.2) 

ΔSther arises due to total number of ways in which the components share the thermal en-

ergy. ΔSconf arises with respect to the number of ways in which the particles are arranged 

[10].  

 

 The critical area for design of conventional alloys and high-entropy alloys on 

a ternary phase diagram is shown in the inset. The exponential raise of equi-

atomic combinations (N) Vs total number of principle elements (n) [9]. 

Considering a binary alloy system with na as atoms of ‘A’ element and nb as atoms of ‘B’ 

element, the configurational entropy after mixing can be defined as [3, 6]  

𝛥𝑆𝑐𝑜𝑛𝑓 = 𝑘 ln
(𝑛𝑎+𝑛𝑏)!

𝑛𝑎!𝑛𝑏!
                                                    (2.3)    

By substituting the relation in equation (2.3)                                               

𝑅 = 𝑘 𝑁𝐴                                                                 (2.4)    

(Where R is the gas constant and NA is Avogadro’s number) we get configurational en-

tropy in terms of mole fractions. 

Thus the relation of configuration entropy converts to  

𝛥𝑆𝑐𝑜𝑛𝑓 = −𝑅(𝑋𝐴 ln 𝑋𝐴 +  𝑋𝐵  ln 𝑋𝐵)                                (2.5)    

Where XA is the mole fraction of element A and XB is the mole fraction of element B, 

from the equation 2.5 the maximum configurational entropy is possible only at equal 

atomic quantities, where the mole fractions must be equal. 

The configurational entropy had another name which could be called as mixing entropy, 

so by definition ΔSconf = ΔSmix (mixing entropy). Thus the mixing entropy of the multi 

component system per mole could be expressed as  
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𝛥𝑆𝑚𝑖𝑥 =  −𝑅 ∑ 𝑋𝑖
𝑛
𝑖=1 ln 𝑋𝑖                                              (2.6) 

Where Xi is the mole fraction of ith element for ‘n’ number of elements. 

The Gibb’s free energy of mixing can be express as  

𝛥𝐺𝑚𝑖𝑥 = 𝛥𝐻𝑚𝑖𝑥 −  𝑇𝛥𝑆𝑚𝑖𝑥                                               (2.7) 

Where ΔGmix is Gibb’s free energy for mixing and 𝛥𝐻𝑚𝑖𝑥  is mixing enthalpy, so the equa-

tion shows that increase in mixing entropy will decrease the free energy value, which 

means the alloy system becomes more stable.  

2.1.2 Definition of HEAs 

The standard definition of HEA is an alloy with minimum of five principal metallic ele-

ments, each with atomic concentration between 5 - 35 atomic percent [9], [11]–[13]. 

When the mixing entropy is increased, the randomness or disorder solid solutions remain 

stable compared to ordered intermetallic compounds [13]. This started the interest in de-

signing of alloys with high entropy. 

By substituting the mole fraction values for equi-molar alloys with 3, 5, 6, 9 constituent 

elements in Equation (2.6), the mixing entropy value arrives at 1.1R, 1.61R, 1.79R, 2.2R 

respectively [3]. By Richard’s rule [10] which states that “the entropy of fusion is a con-

stant for metals and nearly equal to 2.2 cal K-1 mol-1, which shows the relationship be-

tween the entropy of fusion and the phase transition for most of metals”[14] , the entropy 

changes in fusion of metals. This is equal to ‘R’ value at their melting point. So compa-

rably the mixing entropy value is increased to 1.1R with 3 alloying elements of equal 

quantity. Thus the mixing entropy value increases for equi-molar alloys with simply in-

creasing number of components [3], [9]. Additionally, some factors like vibrational, elec-

tronic and magnetic randomness increases the entropy values compared to the theoretical 

mixing entropy. This consequently decreases the ordering and segregation with increase 

in principal elements and increases the stability of alloy system [3].   

A second definition is a classified concept, which states that the HEAs are having mixing 

entropy greater than or equal to 1.5R in a random solution (no need to be equiatomic). 

This can be calculated by equation (2.6). The classification is illustrated as given in Figure 

2 [1], [3]. 
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  Classification of alloys based on entropy value [1] 

2.2 Core Effects 

The variation in properties of HEAs from conventional alloys is due to the complex com-

positions with equi-molar masses of each component [15]. Yeh et al [15] has explained 

about four core effects, which show the unique properties of HEAs. Figure 3 shows the 

core effects with respect to physical metallurgy.  

 

 

 

 

 

 

 

  Physical Metallurgy of HEAs [16] 

From the Figure 3 it is clear that high entropy effects depend on thermodynamics. The 

sluggish diffusion depends on kinetics of diffusion. The lattice severe distortion not only 

effects the deformation of the structure, but also slightly effects kinetics and thermody-

namics. Finally the physical and mechanical properties effects the cocktail effect [16]. 

Thus every property and physical metallurgy of HEAs is dependent on these core effects. 

These effects also influence every alloy, but the complex composition of the HEAs had a 

greater effect on these factors which influenced the properties and phase formation. The 

exclusive properties of HEAs are define using core effects. These effects are discussed in 

detailed below. 

Composition 

Structure and Microstructures 

Physical and Mechanical properties 

Processing 

Thermo dynamics, 

 Kinetics,  

deformation theory 

High Entropy effect 

Sluggish diffusion 

effect 

Cocktail effect 

Severe-lattice distortion 

effect Solid state physics, strengthening, 

toughening, fatigue, creep, wear 

mechanisms, etc 
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2.2.1 High entropy effect 

The high entropy effect improves the tendency of multi-element solid solution phases. 

This effect is very important in order to avoid the intermetallic compound formation. 

Otherwise, the microstructure with intermetallic phases would become brittle and can’t 

be controlled. This effect reduces the intermetallic compound formation even at low tem-

perature [16]. According to Gibb’s phase rule, at equilibrium the number of phases (P) at 

constant pressure for a given alloy is  

𝑃 = 𝐶 + 1 − 𝐹                                                           (2.8)      

Where C is number of components and F is degree of freedom in the system [10]. For a 

6 component system there exist maximum of 7 equilibrium phases at an invariant reaction 

(eg: eutectoid, eutectic…. etc. reactions). The HEAs form solid solution phases instead 

of intermetallic phases, but only certain multi-component equi-molar compositions form 

HEAs with multi-principal solid solutions instead of intermetallic compounds [15].  

Basically a solid solution (alloy), has a solute which is dominant and minor additions of 

other elements. But in case of HEAs it is complicated to differentiate between solute and 

solvent. According to many researchers, in HEAs the solid solutions are defined as ‘multi-

principal-element-solid solutions’ which can form simple phases of Body Centered Cubic 

(BCC) and Face Centered Cubic (FCC). The number of phases formed are very less com-

pared to the maximum phases formed by Gibb’s phase rules (equation 2.8). This also 

infers that high entropy effect increases the solubility limit [15].    

By thermodynamic laws, the entropy of mixing of a phase could be related to mixing 

enthalpy as in the Equation 2.7. The equilibrium state has the lowest free energy of mixing 

according to the second law of thermodynamics. The enthalpy of mixing ΔHmix has an 

influence in the Gibb’s free energy. The smaller difference in mixing enthalpies of unlike 

atomic pairs such as CoCrFeMnNi or Refractory HfNbTaTiZr HEAs can form simple 

FCC and BCC phases respectively [1].  

Conversely, if there is a larger difference in the enthalpies( 𝛥𝐻𝑚𝑖𝑥  ) there might be two 

phases generated. For example, the aluminum addition in CoCrCuFeNi-HEA forms 

multi-component FCC and multi-component BCC (A2) at high temperatures (nearly 

6000C). Additionally, the same HEA has precipitates of B2 in copper-rich FCC and spi-

nodally decomposed A2 and B2 phases from A2 phase during cooling. The HEAs have 

some intermediate phases because of the equi-molar mass of each component and the 

high mixing enthalpy values. Overall, the Gibb’s free energy of mixing is lowered to form 

stable state multi principal solid solutions [1]. It is suggested that addition of significant 

amount of aluminum, titanium, and /or copper almost always results in the formation of 

more than one phase[17]–[19]. 
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 However, in a recent review [20] it was suggested that there is a little evidence of the 

entropic stabilization showing a comprehensive effect on the microstructural stability. It 

can be shown that in rare cases that the HEAs can be stable single phase solid solutions, 

such as an initial report suggested that Al0,5CrCoCuFeNi was a single phase (FCC) solid 

solution.  

The annealing studies on Al0,5CrCoCuFeNi has shown formation of multiple phases in-

cluding intermetallic phases at like Ni-Al-based B2, Ni-Al-L12 and Cr-Co-Fe-based σ 

precipitates. [21].  This shows that enthalpy is more significant in phases/intermetallic 

compound formation when compared to entropy in some conditions.  

Atomic size factor also influences the mixing enthalpy and mixing free energy which is 

explained in Chapter 2.3. 

2.2.2 Sluggish diffusion effect 

The diffusion and phase transformation kinetics are slow in HEAs compared to conven-

tional alloys, because of two main reasons. Firstly, in HEAs the neighboring atomic sizes 

are different. Thus the diffusion mechanism of atoms into vacancies is different [9]. The 

HEAs have slower diffusion rate and higher activation energy due to larger fluctuation of 

lattice potential energy (LPE) between lattice sites [22]. The abundance in low – LPE 

sites restrict the diffusion of atoms [10]. This leads to the sluggish diffusion in HEAs. In 

diffusion couple experiment by Tsai et al [22], it is shown that the activation energy of 

diffusion in CoCrFeMnNi alloy is higher compared to other ternary alloys (Fe-Cr-Ni) and 

pure metals such as Co, Ni, γ-Fe. From Figure 4 it is shown that the diffusivity of Ni at 

melting temperature of the respective ternary alloys and pure metals is greater compared 

to CoCrFeMnNi alloy. This is because of LPE difference from one lattice site to another 

such as from L to M as mentioned [1], [9], [22]. 

Secondly, the diffusion rate is different for different components (elements) in the HEAs. 

So, there is lower success rate of jumping of an atom into vacancies of other elements. 

However, a new phase formation requires redistribution of all elements to meet the target 

composition. Grain growth also requires the diffusional coordination of all elements. So, 

the slow diffusing elements become rate controlling factors which hamper the transfor-

mation [9]. 

In comparison with other core effects, sluggish diffusion is very important due to its struc-

tural stability over a high temperature range and formation of nanostructures, which 

makes it more demanding for applications based on low diffusion kinetics [22]. It has also 

been observed in the reference [20] that some HEAs show recrystallization resistance, 

which is a clear indication of sluggish diffusion kinetics. But in reality the presence of 

dislocations greater than the grain sizes increases the rate of diffusion, and presence of 

second phases or inhomogeneities increase or decrease the rate of diffusion. Thus it is 
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evident that the presence of inhomogeneities affect the rate of atomic diffusion. So HEAs 

are unlikely to be anomalously slow. The proof is shown in Figure 5, where the activation 

energy is considerably high in HEAs when compared to normal alloys.  

 

 

 The Lattice potential energy difference of Ni atom during diffusion along 

pure metal, Fe-Cr-Ni alloy, CoCrFeMnNi HEA from L to M [22] 

 

 Normalized activation energies of diffusion for Cr, Mn, Fe Co and Ni in dif-

ferent matrices [22] 
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2.2.3 Severe lattice-distortion effect 

Normally for the traditional alloys the severe lattice-distortion effect is compared with 

dominant alloys (one or two alloys), but in HEAs every element has same probability to 

occupy the lattice site. Here each alloying element is varied, with different sizes. Thus we 

can see lattice distortion effect [15]. Yeh et al. [23] in his study of X-Ray diffraction 

analysis of ‘AlCoCrCuNiFeSi’ HEAs showed that the intensities had dropped compared 

to less component alloying elements. 

There were mainly two factors affecting the decrease in X-ray diffraction (XRD) intensi-

ties. Firstly, the temperature effect which relates to the vibrational amplitude of the atoms, 

where the atoms deviate from the rest position due to increase in temperature [23]. Sec-

ondly, the intrinsic lattice distortion effect which is caused by the addition of multiple 

components [15]. Figure 6 shows the relative changes in diffraction angles with respect 

to incidence of X-ray beams over different atomic sites. Since, the crystal structures of 

roughened planes were distorted, the X-ray beams were scattered and thus the detected 

signals were weakened. The lattice distortion factor was formulated mathematically sim-

ilar to thermal factor [23]. However, it should also be noted that influence on peak inten-

sity and diffuse scattering in diffraction pattern includes crystallographic texture, thermal 

vibrations and fluorescence. Thus it is suggested that for a  high quality data the experi-

ments should be assessed attentively [20]. 

The lattice strain is increased due to increase in number of component alloys as described 

in Figure 7 [23]. Besides atomic size difference, we have bond energy differences and 

different crystal structures i.e. the non-symmetrical binding and electronic structure of 

the atoms, and the non-symmetrical variations which additionally cause lattice distortion 

[1]. A schematic illustration of strained lattices is shown in Figure 6d. [20]  

Severe lattice-distortion explains the hardness and strength of HEAs. The HEAs with 

FCC are less hard (solution hardening) compared to BCC. The probable reason may be 

due to the coordination number of FCC (12) and BCC (8). This shows that FCC has 

smaller fraction of unlike atoms compared to BCC, thus FCC might have less lattice dis-

tortions compared to BCC. Similarly, the electrical and thermal conductivity are de-

creased due to phonon and electron scattering [1].  

After many experimental evidences and prediction of results based on modelling, it has 

been seen that there is not much lattice distortion (greater than 5% of lattice parameter) 

as expected. There is however some uncertainty in manifestation of distortions from the 

diffraction data (X-ray diffraction). This topic needs a further detailed investigation [20].  
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(d)  

  Schematic illustration of intrinsic lattice distortion effect on Bragg diffraction: 

(a) perfect lattice with the same atoms; (b) distorted lattice with solid-solution 

of different-sized atoms which are expected to randomly distribute in the crys-

tal lattice according to a statistical average probability of occupancy; (c) tem-

perature and distortion effects on XRD intensity [23] .(d) The schematic repre-

sentation of strained lattices [20] 

 

 

  Schematic illustration of hardness and lattice parameter with increase in al-

loying elements (a) Experimentally measured hardness and (b) theoretically 

predicted overall lattice strain of Cu–Ni–Al–Co–Cr–Fe–Si alloy series with 

increasing number of incorporated principal elements; (c) correlation of hard-

ness vs. overall lattice strain of the alloy series (the quoted number {n} denotes 

the number of incorporated elements) [23]. 
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2.2.4 Cocktail effect 

The mixing of many elements can give unexpected properties, which can’t be achieved 

even by individual elements, this effect is known as ‘Cocktail effect’. The effect was 

mentioned by Ranganathan et al [8], which was inferred by subsequent mechanical and 

physical properties. The cocktail effect is an overall contribution of component elements. 

This is in relation with individual phases formed inside the HEAs.  

The phase size and shape, distribution, boundaries and their individual properties makes 

the overall effect. This is similar to the extraordinary properties of composites which are 

not possible by individual components. Thus HEAs can also be termed as composites 

ranging from atomic scale to multiphase scale [1]. 

Yeh introduced the ‘cocktail effect’ with AlxCoCrCuFeNi HEAs. The change in alumi-

num composition leads to the change in FCC to BCC with FCC + BCC as mix phases 

with particular aluminum concentrations [3]. As explained in reference [3] the increase 

in aluminum concentration increases the hardness as phase is changed from FCC to BCC. 

The hardness increased is explained in section 2.2.3 (lattice distortion effect). Figure 8 

explains the increase in hardness values due to increase in Aluminum content and simi-

larly increase in lattice constants of FCC and BCC phases in those particular compositions 

[3], [15]. In comparison with Figures 8 and 9, the hardness value in the FCC + BCC (two 

phase region) of in CoNiCrAlxFe (Cu free alloy) alloys has increased narrowly as alumi-

num concentration is increased. The copper stabilizes FCC phase (which is less hard) by 

forming isomorphous solid solution with nickel, and sometimes forms intermetallic com-

pound with aluminum. This shows the cocktail effect due to variation in alloy composi-

tions [15].  Some of the suggested properties from literature reviews by Yeh at el [1] and 

Lu et al [15] is lattice parameter which is a derivation from rule of mixture. An additional 

property might be increased wear resistance due to development of hard microstructure 

through precipitation.  

However, it is not clear that this effect is the only property of HEAs, because the rule of 

mixture is applicable for many alloys and new properties are derived by alloying ele-

ments. Perhaps the best way to describe the cocktail effect is mentioning the surprising 

properties derived from HEAs due to their complex compositions [20]. 

2.3 Thermodynamics and Phase selections in HEAs 

HEAs are also known as multicomponent alloys with equi-atomic or nearly equiatomic 

compositions. These compositions might end as solid solutions which includes partially 

ordered or random solid solutions, sometimes amorphous alloys are formed. Basically, 

we consider Hume-Rothery rules to control alloy behavior based on solubility factors 

which are influenced by atomic structure, crystal structure, valence and electronegativity. 
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These rules are mostly focused on binary alloy systems. There should be new rules to 

define the multicomponent solid solutions [1]. 

The alloy designing by Huang and Yeh in 1996 has a special set of alloying elements 

targeted to be mixed or designed. The selection of some chemically incompatible ele-

ments (Pb, Sn and Bi) was eliminated. Expensive rare elements and volatile elements 

were also deleted from designing. There were three categories of alloys tried, such as 

copper containing alloys as it has weaker bonding energy with some transition metals like 

chromium, iron and cobalt. Aluminum containing alloys as it has greater bonding energy 

with transition elements. Molybdenum containing alloys as it increases the Young’s mod-

ulus value [1].   

 

 

 Hardness and lattice constants of a CuCoNiCrAlxFe alloy system with different 

x values: (A) hardness of CuCoNiCrAlxFe alloys, (B) lattice constants of an 

FCC phase, (C) lattice constants of a BCC phase [3] 

 

 

 Hardness of a CoNiCrAlxFe alloy system with different x values, the Cu-free 

alloy has lower hardness than that of the CuCoCrAlxFe alloy[15] 
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From the study it was found that the high entropy effect was increasing the mixing prob-

ability of alloys [1]. Later studies found that not only entropy of mixing influences the 

formation of HEAs but some more parameters such as enthalpy of mixing and atomic size 

difference values also have an influence [2].  In an endeavor to know about conditions 

required to form Bulk Metallic Glasses (BMGs), Inoue (1996) had suggest empirical rules 

that a multicomponent alloy should have at least three elements, the mixing enthalpies of 

constituent elements should be negative and finally the atomic size difference should be 

greater than 12 %, which clearly are the inverse of Hume-Rothery rules. Among these 

rules about BMGs, the first rule of the multicomponent alloys is resembling the HEAs 

criteria. [1].  

Ideally, the theory based assumptions of HEAs are explained through equation (2.6), for 

which all atoms are assumed to be identical in size and are loosely arranged. However, 

we know that in HEAs the atomic sizes vary. Therefore, the mixing entropy not only 

depends on chemical compositions but also depends on atomic size and packing den-

sity[2], [15]. According to the Mansoori et al. [24] theory in 1971 about thermodynamics 

of hard sphere system with different particles, the total entropy of mixing (ST) is ex-

pressed as sum of configurational entropy (SC) and excessive entropy of mixing (SE) 

(which is a function of atomic composition Xi, atomic radius ri and overall packing den-

sity ξ) [2], [25]. The expression is as follows 

𝑆𝑇(𝑋𝑖, 𝑟𝑖, 𝜉) = 𝑆𝑐𝑜𝑛𝑓(𝑋𝑖, 𝑟𝑖, 𝜉) +  𝑆𝐸(𝑋𝑖 , 𝑟𝑖, 𝜉)                            (2.11) 

SC is similar to equation 2.6 the configuration entropy of mixing (ΔSconf) of an ideal solu-

tion. Normally SE values are negative, thus the total mixing entropy ST after considering 

SE values is less than SC values [2]. The excessive entropy value tends to zero with de-

crease in packing density, which hypothetically, infers that the increase in temperature 

tends SE value to zero. This makes the configurational entropy (SC = ΔSconf) equal to total 

mixing entropy (ST). Thermodynamically, at a given temperature T, the entropic domi-

nance for the stability of phases, the following criteria should be achieved. 

|𝑇𝑆𝑇| ≫  |𝐻𝑚𝑖𝑥|                                                              (2.12) 

Where Hmix is enthalpy of formation of phases. So considering the equations (2.11) and 

(2.12) we end with criterion for entropic dominance as (SE is considered with negative 

sign as per above explanation) 

|𝑆𝐸|

𝑆𝐶
 ≪ 1 −  

|𝐻𝑚𝑖𝑥|

𝑇𝑆𝑐𝑜𝑛𝑓
                                                             (2.12) 

By above expressions it is clear that to match the original criteria of HEAs, inequality is 

satisfied by increase in temperature or increase in the configurational entropy (SConf). But 

the enthalpy is dependent on the phase which is defined after the casting of alloys, thus 

the enthalpy values also define the phase stability of the HEAs [25].  
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Zhang et al [15], [26] has proposed that, the phase stability of HEAs can be predicted by 

two additional parameters other than mixing entropy. They are atomic size factor (δ) and 

enthalpy of mixing (ΔHmix). These factors are extracted from Hume-Rothery rules. The 

two parameters are defined as [2] 

𝛿% =  100%√∑ 𝑋𝑖 (
1 − 𝑟𝑖

(∑ 𝑋𝑗𝑟𝑗
𝑁
𝑗 )⁄ )

2

𝑛
𝑖=1                                (2.9) 

𝛥𝐻𝑚𝑖𝑥 =  ∑ Ω𝑖𝑗𝑋𝑖𝑋𝑖
𝑛
𝑖=1,𝑖≠𝑗  =  ∑ 4∆𝐻𝑖𝑗

𝑚𝑖𝑥𝑋𝑖𝑋𝑗
𝑛
𝑖=1,𝑖≠𝑗                             (2.10) 

Where ∆𝐻𝑖𝑗
𝑚𝑖𝑥  is the mixing enthalpy of a binary of ith and jth elements with equi-atomic 

composition, 𝑟𝑗 is the atomic radius of element j, 𝑋𝑖 is the atomic fraction of element i, 

and Ωij is the interaction parameter between ith and jth element [2]. After collecting data 

of multicomponent systems, a graph is plotted with the values of δ vs ΔHmix as shown in 

Figure 10. 

From the Figure 10, it’s clear that HEA generally tend to from single phased solid solu-

tions at low mixing enthalpy and atomic size difference (delta), i.e. in the range of  

−15kJ/(mol. K) < ΔHmix < 5 kJ/(mol. K) and 0 < δ < 5% [2]. Under the fulfillment of cri-

teria of simple solid solutions with mixing entropy value greater than 1.5R, the simple 

solid formation is possible when ΔSmix>13.38kJ/(mol.K),  −15kJ/mol < ΔHmix < 5 kJ/mol 

and δ < 5.  

Zhang et al summarized from his results [26] that with further increase in δ (>8) and 

decrease in the negative ΔHmix value (<−15 kJ), gives out amorphous phases, which is 

like the as-cast production of the Metallic glasses (shown as the blue region in Figure 

2.9). Thus it is clear that mixing enthalpy and atomic size factor (δ) explains the HEAs 

properly than mixing entropy values[2], [15], [26]. 
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  A phase transformation map of as-cast HEAs based on mixing enthalpy 

ΔHmix vs atomic size difference δ (delta)[2].  

However, the 𝛥𝐻𝑚𝑖𝑥  value overlaps with the solid solution and intermetallic phases in 

HEAs as shown in Figure 10b. Thus in defining a new way to separate intermetallic and 

solid solution phases, Yang and Zhang [27] have proposed a parameter Ω, which contains 

both 𝛥𝐻𝑚𝑖𝑥  and 𝛥𝑆𝑚𝑖𝑥,  

   𝛺 =
𝑇𝑚𝛥𝑆𝑚𝑖𝑥

|𝛥𝐻𝑚𝑖𝑥|
             𝑇𝑚 = ∑ 𝑋𝑖(𝑇𝑚)𝑖

𝑛
𝑖=1                                     (2.11) 

(𝑇𝑚)𝑖 is the melting point of element i, 𝑋𝑖  is the atomic fraction. From Figure11 

it is clear that only solid solution phases are found in as-cast HEAs for 𝛺 ≥ 1.1 and  𝛿 

< 3.6 %. Similarly solid solution and intermetallic phases are found in range of 3.6 ≤ 𝛿 ≤ 

6.6% and 1.1 ≤ Ω ≤ 10 [27]. But these conditions are only limited to as-casted HEAs. The 

stability of solid solutions and intermetallic compounds in HEAs are calculated by com-

paring with mixing entropy of for solid solution alloys and enthalpy of formation of bi-

nary compounds. It was assumed that the mixing enthalpy 𝛥𝐻𝑚𝑖𝑥  = 0 and entropy of 

formation of intermetallic compound 𝛥𝑆𝐼𝑀 = 0. In reality 𝛥𝐻𝑚𝑖𝑥  is negative in some cases. 

𝛥𝑆𝐼𝑀 and 𝛥𝑆𝑚𝑖𝑥 are comparable in ordered structures, where number of alloying ele-

ments is greater than number of sub lattices [28].  
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 Relationship between 𝛺 and 𝛿% [27] 

In a new approach for phase selection criteria Seknov et al [28] has considered both en-

thalpy and entropy terms in competing phases such as intermetallic and solid solution 

phases. The proposed new criterion is  

𝑘1 =  
𝛥𝐻𝐼𝑀

𝛥𝐻𝑚𝑖𝑥
 <  − 

𝑇𝛥𝑆𝑚𝑖𝑥

𝛥𝐻𝑚𝑖𝑥
(1 − 𝑘2) + 1 ≡  𝑘1

𝑐𝑟(𝑇)                         (2.12) 

Where k1 > 1 and 0 ≤ k2 < 1 is the thermodynamic condition for the formation of solid 

solution phases. 𝛥𝐻𝐼𝑀 is the heat of formation of intermetallic phase, and 𝑘1
𝑐𝑟(𝑇) is a 

criteria where the intermetallic phase formation is suppressed at temperature T if  

𝑘1
𝑐𝑟(𝑇) >  

𝛥𝐻𝐼𝑀

𝛥𝐻𝑚𝑖𝑥
                                                          (2.13) 

Thus, a simple thermodynamic criterion is proposed as in Equation 2.13 where the equi-

librium phases can be predicted. So far the modeling of HEAs has not considered this 

criterion. Figure 12 shows a clear variation in predicting phases and the easiest way can 

be described by newly proposed thermodynamic criterion [28]. In the Figure 12 δr% = 

δ% as described in equation 2.9. 

Valence electron concentration (VEC) rule 

An additional rule or parameter is proposed by Guo [29] for the prediction of phases such 

as FCC, BCC and HCP (Hexagonal closed packed). According to Hume-Rothery rule, 

the valence electron concentration can strongly influence the formation of different crys-

tal structures in a solid phase in the absence of a strong atomic size influence. When the 

total number of electrons in the valence band are included with d-electrons, the average 

VEC value is defined as 

𝑉𝐸𝐶 =  ∑ 𝑋𝑖(𝑉𝐸𝐶)𝑖
𝑛
𝑖=1                                                  (2.14) 

According to Guo [29] the VEC rule can quantitatively predict the phase stability of FCC 

and BCC in HEAs. At 6.87< VEC < 8.0, mixed FCC and BCC phases exists (except one 

alloy group AlxCoCrCu0.5FeNi which has BCC as a sole stable phase). At VEC < 6.87 

the stable phase is BCC and VEC > 8.0 the stable phase is FCC. The same is shown in 

fig. 13 [29].  
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 (a) The ΔHmix − δr, (b) Ω(TA) − δr and (c) κ1cr(TA) −ΔHIM/ΔHmix plots for 

annealed HEAs with different phase contents after annealing. 

 

 

 Relationship between VEC and the fcc, bcc phase stability for more HEA sys-

tems [29] 

For a comprehensive analysis Figure 14 gives a clear idea of crystallinity especially for 

single phase solid solutions, which is a plot of VEC verses ϕ for about 90 casted HEAs, 

here ϕ represents a new parameter which is defined by Ye et al [25]  

∅ =
𝑆𝑐− |∆𝐻𝑚𝑖𝑥|/𝑇𝑚

|𝑆𝐸|
                                                     (2.15) 
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Where 𝑆𝑐 is configuration entropy which is equal to 𝛥𝑆𝑚𝑖𝑥 in this condition, 𝑇𝑚 is alloy’s 

melting point, and 𝑆𝐸 is excessive entropy of mixing.  

 

 The plot of (a) the Ω values versus phases and (b) the ϕ values versus phases 

for the HEAs. (c) The plot of the VEC versus ϕ for different HEAs. The FCC 

solid solution mainly forms around a VEC of 8.5, BCC around a VEC of 5, 

and HCP around a VEC of 2.8, each within a narrow band [30]. 

From the Figure 14 within the region of single phase solid solution (ϕ ~20), FCC is around 

a VEC of 8.5 ± 1.0, BCC around a VEC of 5 ± 0.7 and HCP around a VEC of 2.8 ± 0.2. 

When HEA falls under ϕ < 20 then there is a clear indication of amorphous phase for-

mation for which VEC is overtaken by the other effects such as atomic size differences. 

Additionally, formation of phases at elevated temperatures can be related to Guo’s criteria 

of VEC which defines the presence of σ phases. The alloys located in BCC+FCC region 

tend to transform the phases at elevated temperatures during annealing treatments. For 

example, some HEAs have phases that are stable only at intermediate temperatures, such 

as η phase and σ phase. A study by Tsai et al [31] has shown the stability of σ phase, it 

says that σ phase is directly related to VEC. Figure 15 shows the relationship between 

VEC and σ phase. 
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 Relationship between the VEC and the presence of σ phase after aging for 

a number of HEAs [9] 

2.3.1 Computational Material Modelling of HEAs 

Integrated Computational Materials Engineering has been a cutting edge approach in 

many fields which are considered as one of the design approach of products. Thus the 

core properties, structures and performances can be predicted from this technique. Since, 

the emerging HEAs prospectus has an intensive requirement for modelling of different 

possible configuration, different approaches are made to predict the properties, phases 

and structures. The atomic structure modelling of a multi-principle elemental alloys was 

be made by Wang[32] by using the principle maximum entropy.  

The possible entropic contributions are mainly of 4 different types. In addition to the total 

configurational entropy as mentioned in Equation 2.11, there are three more contribution 

such as electronic entropy (Δ𝑆𝑒𝑙), magnetic entropy (Δ𝑆𝑀𝑎𝑔) and vibrational entropy 

(Δ𝑆𝑉𝑖). So, the total entropy influencing the atomic structure can be expressed as follows. 

Δ𝑆𝑡𝑜𝑡𝑎𝑙 =  Δ𝑆𝑐𝑜𝑛𝑓 +  Δ𝑆𝑒𝑙 +  Δ𝑆𝑉𝑖 +  Δ𝑆𝑀𝑎𝑔                                 (2.16) 

The modelling of HEAs considering the above expression is done using Monte-Carlo 

simulations [32].  Additionally, ab initio methods were approached by Duanchen et al 

[33] in predicting phase stability of CoCrFeMnNi HEA, this modelling approach also 

used the total entropy expression (equation 2.17).  

Similarly, for the calculation of elastic constants in HEAs using coherent approximations, 

ab initio methods were used by Tian et al [34]. The tool used in this method was based 
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on Exact Muffin-Tin Orbitals method, in combination with coherent potential approxi-

mation. The coherent potential approximation can handle both the chemical and magnetic 

disorders. 

2.4 Processing of HEA  

The most pronounced casting techniques of HEAs until the recent updates in this research 

area are arc melting and induction melting. A schematic diagram is shown in Figure.16 

of arc melting furnace. The temperature inside the furnace can reach more than 30000C 

and is controlled by electrical power. Thus the melting elements can be mixed in this 

furnace at liquid state[15]. The one disadvantage of the furnace is the evaporation of low 

melting point elements. The description of induction melting furnace is given in chapter 

3.1. 

 

 A schematic diagram of arc melting furnace [15] 

 

The decomposition of AlCoCrCuFeNi HEAs is found in the study by Singh [35], which 

says that higher cooling rate endorses single phase, whereas lower cooling rate forms 

multiple phases as shown in the block diagram Figure 17. This shows that there is a strong 

influence of cooling rate on the microstructure. Thus HEAs can form a single phase solid 

solution only at higher cooling rates and the formed high entropy phase is metastable. 

This infers that a proper annealing treatment is required to define the proper equilibrium 

state. The annealing at higher temperatures and cooling at lower rate produces multiple 

phases which decreases the configurational entropy of mixing [15].  
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 Block diagram representing phase segregation observed during solidification 

of AlCoCrCuFeNi HEA by splat quenching (cooling rate 106–107 K s−1) and 

casting (cooling rate 10–20 K s−1) [35] 

Additionally, there is another processing technique which is knows as Bridgman-Stock 

Barger method. This method is used to grow single crystals ingots, and involves heating 

the polycrystalline material above the melting point and cooling slowly from one corner 

of the container. One of the study by Zhang et al[36], says that the cooling of AlCoCrFeNi 

alloys by this method showed equi-axed grains. This is due to high temperature gradient 

and low growth rate velocity. Adding to these casting techniques, Wang [37] has shown 

the possibility of surface coating of NixCo0.6Fe0.2CrySizAlTi0.2 HEAs by thermal spraying 

technique, and it shows that the hardness of coating surface is increased. This is because 

of some precipitates formed on the surface. The as-casting of the same alloy has not pro-

duced the same precipitates [15].  

Processing by solid state is also done by mechanical alloying which is known as solid 

state powder processing. It comprises cold welding, fracturing and recurring cold welding 

of the powder particles. Various studies have been carried out on synthesizing of HEA 

powders. One of them is by Varalakshmi et al [38] who reported the nano-crystalline 

equiatomic HEAs synthesized by mechanical alloying. The powders can then be sintered 

in hot-isostatic pressing and final heat treatment is done to avoid internal stresses.  

The preparation from the gaseous state can be done by sputtering technique, which is a 

coating of multi-component material. A study by Chang et al [39] has shown that coating 

of (AlCrTaTiZr)Nx by sputtering has shown that an increase in nitrogen content has 

caused increase in crystallinity from amorphous phase to a nano-composite to finally a 

crystalline phase. This has shown a variation in mechanical properties such as creep be-

haviors, deformation mechanisms and interface adhesions. The increase in nitrogen in-

creased the hardness of the interface bonding as nitrogen formed a very strong covalent 

bond with silicon and oxygen atoms on the substrates [15]. 
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2.5 Microstructures of HEAs 

Consider the XRD analysis of Al0.5CoCrCuFeNi from various processing techniques. Fig-

ure17 shows that the microstructure is influenced by the cooling rate, and obviously by 

the addition of different alloying elements. Some of the elements such as copper enhances 

or stabilizes the formation of FCC phases, aluminum enhances the BCC phase stability 

and, molybdenum hinders the segregation of copper phase and thus forms BCC and α 

phases [15]. The kinetics of cooling rate of AlxCoCrCuFeNi (X = 0.0-3.0) HEAs studied 

by Tong et al [18] has shown the spinodal decomposition with the increase in aluminum 

content. The XRD of same alloy Al0.5CoCrCuFeNi with different cooling rates or condi-

tions have shown different peaks (as shown in Figure 18).  This clearly infers that the 

phase formation and microstructures are kinetically dependent [15].  

 

 XRD patterns of Al0.5CoCrCuFeNi alloy. QC= Quenching [40] 

The HEAs casted through casting route (as mentioned in chapter 2.4) , comprises of a 

typical microstructure which includes Dendritic (DR) and Inter-dendritic (IR). DR is 

comprised of precipitates and nano-structured phases. Considering the example Alx-

CoCrCuFeNi (X = 0.0-3.0) which was studied by Tong et al [41], has shown similar mi-

crostructural features. Element like copper has segregated inside the IR region. The in-

crease in aluminum has gradually decreased the solubility of BCC and FCC matrix 

phases, with lowering temperatures due to weakening effect of the entropy of mixing. 

Figure 19 shows the sequence of phase formation with increase in aluminum content [1]. 

There is copper segregation found in IR regions at aluminum (0.0 – 0.5), and also low 

concentration of aluminum. The DR which is in larger volume fraction, is comprised of 

all the other principle elements. At this concentration both IR and DR are in simple FCC 

phases. When the cluminum content has exceeded 0.8 the IR began to decompose into 

two phases, which formed spinodally decomposed structures. After X = 1.0 the IR showed 

two spinodally decomposed phases, and gradually when aluminum was increased the 



24 

more eutectic IR phases were decreased and spinodally decomposed phases were in-

creased. Vein structures in polycrystalline structure were formed at X = 2.3. The Figure 

20 shows the SEM on the formation of new phases with increase in aluminum content 

[18]. 

  

 (a) Different phases formed with change in Aluminum content (b) XRD anal-

yses of AlxCoCrCuFeNi alloy system [18].  

From the study of differential thermal analysis, microstructural characterization and XRD 

analysis (fig.19b) of the AlxCoCrCuFeNi alloys, the phase transitions are listed as shown 

in the Table 1. The different phase listed are used to construct a phase diagrams which 

clearly depicts the formation of different phases at different temperatures. 

 Results from DTA analysis of the AlxCoCrCuFeNi alloy system showing Phase 

Transition Temperatures [18]. 
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 SEM images of as-cast AlxCoCrCuFeNi alloys with different Al contents (x): 

(a) 0, (b) 0.3, (c) 0.5, (d) 0.8, and (e) 1.0 [18] 

 

 Predicted phase diagram of AlxCoCrCuFeNi alloy system with different Al 

contents (x), L = liquid phase [18].  

The Figure 21 shows the phase diagram of AlxCoCrCuFeNi alloy system where the black 

dotted lines are the phase transition temperatures which are measured by differential ther-

mal analysis with maximum temperature limit of 14000C [18]. 

Consider the microstructures of AlCoCuCrFeNiMox system, a study by Zhu et al [42], 

the casting was done by arc melting. The Figure 22 shows the back scattering SEM im-

ages of AlCoCuCrFeNiMox alloys system. Their microstructure comprised of DR and ID 

regions till x = 0.2. The increase in molybdenum content decreases the copper-rich phase 
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and eutectic structures are evolved. The new phases are defined by A, B, at x=0.4 and C, 

D at x=0.6-1.0 respectively. A and C are rich in molybdenum content. It was shown that 

the higher content of molybdenum in AlCoCuCrFeNiMox  [42] and AlCoCrFeNiMox [7] 

alloy systems form the eutectic structure. In both the alloys an unidentified α-phase, 

which is rich in molybdenum (a shown in Figure 23) is formed by this eutectic reaction. 

For the AlCoCuCrFeNiMox the α-phase is formed inside the structures C and D, where 

structure C has finer α-phase and structure D has α-phase [42].  

(A) 

  Back-scattering SEM images of as-cast AlCoCrCuFeNiMox alloys: (a) 0, 

(b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8 and (f) 1.0 [42]. 

 

 TEM image (inset pictures are SAED patterns) of as-cast AlCoCrCuFeN-

iMox alloys: (a) 0.2, (b) 0.4, (c) 0.6 (Phase A form fig 22 d), (d) 0.6 (Phase 

B from fig 22 d) [42]. 

Additionally, the XRD analysis also shows the presence of BCC and FCC structures in 

AlCoCuCrFeNiMox. The relative intensity of FCC is found lower than that of BCC which 
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shows the lower fraction of FCC phase. Increase in molybdenum content slowly reduces 

the FCC peaks and finally at the arrival of α-phase, the FCC peaks totally disappear.  

Since the mixing enthalpies of copper and most other elements like Co, Cr, Fe, Ni and 

Mo are positive (8, 12, 13, 4 and 19 kJ/mol respectively). The copper atom is rejected by 

grain boundary and thus a copper rich phase is formed inside the IR region. But, the in-

crease in molybdenum content gradually reduces the copper rich phase as shown from 

the experimental results [42].  

 

 XRD patterns of as-cast AlCoCuCrFeNiMox (x = 0, 0.2, 0.4, 0.6, 0.8 and 

1.0) alloys [42]. 

 

 DSC curves of as-cast AlCoCrCuFeNiMox (x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0) 

alloys [42]. 

Moreover, it was also shown that increase in molybdenum content increases the hardness 

of alloys. The α-phase which is shown in TEM images has less slip systems than BCC 

and thus is proved to be brittle. The presence of α-phase was showing an increase in the 

strength and decrease in the ductility. Additionally, from thermal analysis as shown in 

Figure 25, the alloy system particularly made itself more reliable for high temperature 

applications, as the phase changes are restricted to high temperatures. 
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2.6 Properties 

Unlike many other alloys, the recent HEA designs are targeted to meet clear goals. Thus 

the individual alloying elements are carefully chosen to deliberately introduce new 

phases, and tailored microstructures. There are many types of HEAs based on their prop-

erties, mostly the HEAs studies are focused on a common group of metallic materials 

such as aluminum, cobalt, chromium, copper, iron and nickel. There are several reported 

studies about microstructures, crystal structures, phase transformations and mechanical 

properties of these group HEAs [35], [41], [43], [44]. There are some considerable efforts 

in enhancement of properties by adding some extra elements which are defined as ‘deriv-

atives’. 

A very recent study has shown that the design of HEAs has already entered a different 

stage, in designing as they are designed to target a particular application. Tsai et al [5] 

has classified the design strategies in three categories such as Application based, Enhanc-

ing entropy of conventional alloys and Incorporating second phases. 

Application based redesigning is done by selecting different components by considering 

the desired properties. The examples in this criteria are refractory HEAs (which are tar-

geting high temp applications)[11], [45]–[47], light HEAs (to have high strength and duc-

tility) [48]–[50], HE bulk metallic glass(for high strength and good corrosion resistance) 

[51]–[53] , high entropy superalloys (a derivative of titanium and could potentially re-

place superalloys)[54], [55].  

The enhancement of configurational entropy of conventional alloys can be done by 

changing the solute composition. Thus the desired properties may be achieved. Properties 

can improve by a large scale by incorporating second phases in HEAs in the form of 

simple phases (BCC, FCC and HCP) or by deliberately introducing complex phases as η-

Ni3Ti phase [5]. 

2.6.1 Mechanical properties 

In a critical review of HEAs by Tsai et al [9], the mechanical properties are dependent 

mostly on critical factors such as hardness, volume and morphology of the comprising 

phases. The easiest way in estimating hardness is by evaluating the volume of harder 

phase (basically it is known that BCC is harder than FCC). The deformation mechanism 

is a yet a research topic for most of the HEAs. After studies on various HEAs comprised 

of single FCC phase, it is found that deformation is governed by planar slips type dislo-

cation and therefore at low temperature (cryogenic) high strain rate obviously gives twin-

ning effect. The room temperature high strain rate give rise to dislocation cell structures.  
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One of the most studied and current thesis test specimen Al0.5CoCrCuFeNi alloy was 

investigated by cold deformation and annealing by Tsai et al[21]. The deformation twin-

ning is observed by blockage of local slip planes by Widmanstätten precipitates.  Thus it 

could be stated that the dislocation slip and twinning are the main deformation mecha-

nisms [9]. 

The effect of annealing on the mechanical properties of the AlCoCrCuFeNi alloy system 

depends on the phase transformation. The different phases formed during annealing such 

as BCC phase increases hardness and the alloy becomes more brittle. The long time an-

nealing give raise to σ phase which hardens the alloy and significantly reduces the duc-

tility [56], [57]  

As mentioned above, the derivatives are the alloys formed with the addition of one or 

more principle elements from the standard HEA (AlCoCrCuFeNi) alloy system. The ad-

dition of titanium element usually leads to the formation of intermetallic phases such as 

lava phases [39], [58], σ phase [58], η-Ni3Ti phase [59]. This is because the titanium 

forms negative mixing enthalpy with rest of the components. These phases strengthen the 

HEAs i.e. the hardness is significantly increased with a slight increase in titanium content.  

Addition of molybdenum to the system enhance the formation of BCC phases and mo-

lybdenum-rich σ phase. Since the σ phase is very hard and brittle, the hardness is signif-

icantly enhanced. The details are described in the section 2.5. Figure 26 shows the room 

temperature compressive stress strain curves of as-cast AlCoCrCuFeNiMox alloys. The 

curves show increase in compressive strength with the increase in molybdenum content. 

The maximum compressive strength is reached at Mo0.5 which is 2757 MPa, and the max-

imum compressive fracture strength is shown by Mo0.3 which is 3208 MPa [42].  

Effectively, by the addition of alloying elements such as manganese and vanadium to 

AlCrCoCuFeNi HEA the compressive strength and ultimate strain is decreased. This is 

shown in the Figure 27 (also shows the influence of titanium addition). The compressive 

stress-strain curve has shown that the compressive strain has reduced by 24%. This is 

because the AlCrFeCoNiCuMn alloy has a chromium-rich phase, which has influenced 

the crack nucleation. The titanium addition shows no strain hardenability, thus the com-

pressive strength and ultimate strain is lower. There is a small amount of strain harden-

ability in manganese and vanadium rich AlCrCoCuFeNi HEA, which has a little greater 

strength and ductility [60]. 
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 Compressive Stress-Strain curve of as-cast AlCoCrCuFeNiMox where (x = 0, 

0.2, 0.4, 0.6, 0.8 and 1.0) alloys [42] 

The compressive strength of AlCrFeCoNiCuV HEA is greater than all derivatives be-

cause of the presence of modulated plate like structure inside the dendritic region. This 

modulated plate like structure is comprised of two-phase region which has same lattice 

constant. This enhances the compatible deformation. The analysis says that a strong bind-

ing and high melting point metals such as vanadium are required to increase slip re-

sistance [60]. 

 

 Compression Stress–strain curves of AlCrCoCuFeNi and its derivatives 

(Mn, Ti, V) [60] 

The so called ‘paradox of strength – ductility’ is being called off by some set of HEAs. 

We all know that increase in strength in conventional alloys leads to loss of ductility and 

vice versa. Therefore, the endeavor which led to the innovation of HEAs has called off 

the paradox, which is shown in Figure 28. We know that stacking fault energy (SFE) 

plays a significant role in the promotion of twinning mechanism. The lower the stacking 

fault energy the greater is the probability of twinning.  

Some of the HEAs like Ni14Fe20Cr26Co20Mn20 and Ni14Fe21.5Cr21.5Co21.5Mn21.5 have very 

less SFE like 3.5 mJ/m2 and 7.7 mJ/m2 respectively [61], which are even less when com-

pared to 304L steel which has a SFE value of ~7mJ/m2. The reason behind the increase 
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in strength and ductility is that the low SFE enables the splitting of dislocations into par-

tials, thus cross slip and climb occurs. Resultantly, a high yield strength can be obtained 

in theses HEAs with low SFEs. Additionally, the low SFE leads to twinning induced 

plasticity and thus the ductility increases [30].  

 

 Strength versus ductility properties for low-SFE HEAs and conventional al-

loys [30] 

2.6.2 High strain rate compressive deformation behavior of 

HEAs 

There are many publications which focus on compressive deformation of HEAs [6], [15]. 

The tests conducted were mostly at quasi-static strain rates, under temperature ranging 

from high temperatures to cryogenic temperatures. [42], [62]–[66].  Tong et al [67] have 

studied compressive properties of AlxCrCoCuFeNi up to strain rates of 10-1/s. There is 

less research focused on high strain rate behaviors. Kumar et al [6] studied dynamic be-

havior of an Al0.1CrFeCoNi alloy at high strain rates of 1000/s and 2600/s.  

The plastic deformation behavior can be explained by slipping and twinning. The slip 

movement of dislocation is blocked by obstacles such as dislocations, grain boundaries, 

inclusion or voids. The obstacles are overcome by energy. The source of energy is exter-

nally applied stress and/or by internal thermal atomic vibrations. There are mainly two 

type of obstacles, thermal and athermal. Thermal obstacle can be overcome by only ther-

mal energy, without external stresses. However, athermal obstacles need greater energy 

to overcome the obstacle, thus stresses are applied externally [68]. 

Additionally, the twinning also contributes to plastic deformation. In this mechanism the 

motion of the atoms occurs in a specific direction with in a crystal plane and thus reorients 
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the atomic positions in a lattice. For example, twinning in FCC leads to the formation of 

HCP at the twin boundary[69].  

 

 As-cast Al0.1CrFeCoNi alloy (a)XRD patterns showing FCC structure (b) 

True stress vs. true strain curve (c) Yield strength variation as a function of 

strain -rate and deformation mechanisms in different regions[6] 

A study by Kumar et al [6] shows the high strain rate compressive deformation behavior 

of Al0.1CrFeCoNi alloy. Figure 29a shows the XRD peaks of Al0.1CrFeCoNi alloy as sin-

gle phase FCC structure. The true stress vs true strain (Figure 29b) shows that the average 

yield stress is high strain-rate dependent in dynamic conditions (1000/s and 2600/s). Fig-

ure 29c shows a plot between yield stress and strain rate on log-log scale. In the plot, the 

phonon drag effected by dislocation region is the region where the dynamic conditions 

are tested (102 to 104/s) [6].  

It is known that phonon drag effect phenomenon highly influences the deformation at 

high strain rates. Thus it should be noted from the Figure 29c that phonon drag effect is 

the main reason for significant rise in yield stress values. This significant rise is compared 

to rise of yield stresses at low strain rates (quasi-static conditions). The quasi-static region 

is the thermally activated dislocation glide region as mentioned in Figure 29c [6]. Addi-

tionally, at high strain rates, the deformation is high enough that the heat cannot transfer 

to the surrounding environment. This cause an excessive increase in the heat of the metal. 

The heat could potentially form shear bands by melting the slip planes. These shear bands 

are called as adiabatic shear bands [70].   

After a detailed examination of the microstructures of high strain rate compressed 

Al0.1CrFeCoNi alloy samples, the twinning plastic deformation mechanism was seen. 

Since CrFeCoNi HEA have low stacking fault energy[61] and addition of aluminum can 

decrease the stacking fault energy, it is assumed that Al0.1CrFeCoNi alloy has low stack-

ing fault energy. Figure 30 shows the scanning electron microscopy (SEM) and electron 

back scattered diffraction (EBSD) images at different conditions of Al0.1CrFeCoNi alloy. 

Both the deformed samples (quasi-static and dynamic) showed abundant twinning in-

duced plastic deformation. Higher density of twins in EBSD of high strain rate com-

pressed sample can be seen. This twinning is caused by low stacking fault energy [6].  
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A study by Tong et al [67] has shown the mechanical behavior of AlxCoCrCuFeNi. The 

AlCoCrCuFeNi HEA has shown presence of slip bands at low strain rates. The 

Al0.5CoCrCuFeNi HEA has shown positive work hardenability. The increase in alumi-

num content had resulted increase in the ratio of BCC to FCC phase. This enhanced the 

solid solution strengthening. However, there seems not to be a study focused on high 

strain rate properties of AlxCoCrCuFeNi HEAs.  

 

 EBSD images (a)–(c) and SEM (d)–(f) images for as-received (a and d)                           

and deformed samples — quasi-static (10− 3/s) (b and e),                                                        

high strain-rate (~ 2600/s) (c and  f) [6].   

2.6.3 Oxidation and Corrosion properties 

There are many publications which are in relation with HEA oxidation behaviors[44], 

[59], [71]–[73]. These are based on transition metals group (CoCrCuNiFeMn). The oxi-

dation behavior of HEAs is similar to conventional alloys systems like nickel, titanium, 

manganese, chromium or aluminum based. Considering a study by Daoud [74] about the 

oxidation behaviors of Al0.5CoCrCu0.5FeNi2, Al1.5CoCr2Cu0.5FeNi, and AlCoCrCuFeNi 

HEAs at 800 °C and 1000 °C in air, the low aluminum composition gives a combination 

of NiO, Fe-oxide, Cr2O3 and Al2O3. At 1000 0C of the same alloy (low Al content) the 

Cr2O3 is formed above Al2O3. The higher concentration of aluminum leads to formation 

of Al2O3 scales over the surfaces at both the temperatures[74]. Similarly, Holcomb [75], 

studied the oxidation behavior of eight CoCrFeMnNi-based HEAs with different compo-

sitions, and also along with other conventional alloys. It was shown that the chromium 

and manganese containing HEAs formed both Cr2O3 and manganese oxides preferentially 

[75].  
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According to a study by Gorr [76], [77] on NbMoCrTiAl (a refractory HEA) with addition 

of 1% of Si the oxidation growth kinetics is parabolic in nature. The silicon-less HEA is 

having linear growth rate and is also porous. Similarly a study by Butler [71], on high 

temperature oxidation behavior of Al0.3CoCrFeNi, Al1.4CoCrFeNi, Al2.1CoCrFeNi alloys 

at 1050 0C formed oxide surfaces with Cr2O3 over Al2O3 layers. The increase in aluminum 

content led to enhanced oxidation resistance by formation of external Al2O3 layers. This 

is because of Ni-Al rich B2 phase which is formed near the surfaces. Also parabolic oxi-

dation growth rate is observed [71]. 

The corrosion properties of some HEAs have been verified both in NaCl and H2SO4 [19], 

[49], [78]–[80]. It is shown that in both of the solutions some of these HEAs show better 

corrosion properties over 304 SS and 304L SS steels which also have good pitting corro-

sion [79]. Most of the above cited references are based on CoCrFeNi based HEAs. 

Qiu[81] has reported electrochemical properties of a wide range of HEAs in a solution of 

0.6 M NaCl solution. The range of electrochemical potentials and pitting potentials are 

shown in Figure 33 as in comparison with some austenitic stainless steels. Reportedly an 

arc melted Al0.9CoCrFeNi alloy has shown noble corrosion potential and low corrosion 

current density, while possessing simple FCC + B2 phases [81]. In the Figure 31 

CoCrFeNi (SPS* = spark plasma sintering) was held at 1000°C for 5 min, while 

CoCrFeNi (SPS) was firstly held at 500°C for 5 min and then sintered at 1000°C for an-

other 5 min. 

 

 HEA Corrosion potential (Ecorr in mVSCE) and pitting potential (Epit in 

mVSCE) in inactive 0.6 M NaCl at 25°C. 

All the above tested HEAs have shown spontaneous passivity in 0.6 M NaCl. In a general 

view chromium addition improves the corrosion resistance [81].  
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3. EXPERIMENTAL METHODS 

3.1 Materials 

The experimental materials used in this work are three different HEAs, with chemical 

compositions as shown in Table 2.   

 Chemical composition of investigated HEAs (at. %) 

Alloy code Empherical formula Al Co Cr Cu Fe Ni Mo 

HEA 1- Ref Al0,5CoCrCuFeNi 9.09 18.18 18.18 18.18 18.18 18.18 0 

HEA 1 Al0,5CoCrCuFeNi 9.09 18.18 18.18 18.18 18.18 18.18 0 

HEA 2 Al0,5CoCrCuFeNiMo0,25 8.69 17.39 17.39 17.39 17.39 17.39 4.35 

 

HEA – Ref is a reference sample with nominal composition of Al0.5CoCrCuFeNi (in 

atomic proportion). The sample was provided by high entropy alloy research group, 

Chalmers University of Technology. It was prepared by arc-melting a mixture of the con-

stituent elements with purity better than 99.9% in a Ti-gettered (titanium-gettered) high-

purity argon atmosphere. The repeated melting was carried out at least five times to im-

prove the chemical homogeneity of the alloy. The molten alloy was then suction-cast into 

a rectangular copper mold measuring 15mm x 3mm x 90mm. 

HEA 1 and HEA 2 are samples with nominal compositions Al0.5CoCrCuFeNi and 

Al0,5CoCrCuFeNiMo0,25 respectively. These samples were cast by induction melting in 

Vacuum Induction melting furnace Model ZG-0.05 L, of crucible weight 20-50 kg, rated 

power 160kW, MF. The melting of each composition was repeated for two times to in-

crease chemical homogeneity. First the melting was done in open air and then re-melted 

in vacuum condition.  Voltage was 375V, maximum rated temperature was 1700 0C and 

the minimum vacuum pressure was 5 mbar. The approximate dimensions of the casting 

are 60 mm x 85 mm x 350 mm. The total weight of the input raw material was 20kg per 

cast.  

The casting and material characterization was described in the MSc thesis by Zhiqi [82]. 

The materials (HEA 1 and HEA 2) were casted two times each by air casting and vacuum 

casting. Firstly, the materials were cast in open air. In this technique the higher melting 

point metals were added first. Then the other metals were added in decreasing value of 

melting points. This is to avoid evaporation. The materials were cast into an ingot and 

then cooled. Secondly the same ingot is directly taken into the furnace after cooling and 

then melted in vacuum condition. The induction melted alloys were cast into ingot and 

was left to cool. The metals used as input are of industrial grade high purity. 
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3.2 Annealing 

The annealing treatments, in other terms homogenization of these experiment materials, 

are done using high temperature tube furnaces, ENTECH SF6 as shown in Figure 32. The 

homogenization means, high temperature annealing at 0.8𝑇𝑚 to achieve equal distribution 

of all atoms. 

The maximum temperature of the furnace is in the range of 1670 – 1700 0C. The maxi-

mum temperature used for the furnace till now was around 1000 0C. Since the requirement 

of temperature is around 1100 0C, the furnace is calibrated using thermo couple. The 

thermal profile from the center of the furnace to 10mm in both the direction when the set 

point was 1100 0C is shown in Figure 33.  

 

 Tube furnace for annealing treatments 

During the heat treatment, the gap between the furnace and tube is covered with refractory 

wool.  

The samples were prepared accordingly having dimensions 15mm x 15mm x 50 mm ap-

proximately. The sample is inserted into a ceramic holder and then pushed to the center 

of the furnace. The furnace is clamped and purged with argon gas to create inert atmos-

phere. The pressure inside the tube is 100mm of Hg which is maintained using the pres-

sure regulating valve and a pressure gauge. The furnace is started with a set temperature 

of 1080 0C which is the 0.8𝑇𝑚 of Al0.5CoCrCuFeNi [18]. At this temperature it is expected 

that the copper phase is not melted as its melting temperature is 1153 0C. The annealing 

treatments are planned for 72 hours each. Table 3 shows the samples and their annealing 

treatments. 
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 Calibrated temperature of Tube furnace 

The samples underwent homogenization (annealing treatment) for 72 hours with a ramp 

up of about 2 0C/min. After 72 hours of annealing, the samples HEA 1 – A1 and HEA 2 

– A1 are left to cool inside the furnace. The samples HEA1-A2 is quenched in the salt 

bath at 270 0C, after annealing for 72 hours. During the heat treatment of HEA 2 – A2, 

the furnace was shutdown forcibly at 60 hrs., because of the false reading of temperature 

gauge. Then the sample is quenched in salt bath at 270 0C. To check the actual tempera-

ture at the center of furnace, thermo-couple was used. The reading was around 1020 0C. 

The quenching sequence of HEA 2 - A2 was not as accurate as HEA 1 - A2 due to emer-

gency situation.  

 Annealing treatments of test materials 

Material Code Empherical formula 
Temperature  

(0C) 
Time (Hours) Cooling 

HEA 1 – A1 Al0.5CoCrCuFeNi  1080 72 Furnace normalizing 

HEA 1 – A2 Al0.5CoCrCuFeNi  1080 72 Quenching 

HEA 2 – A1 Al0,5CoCrCuFeNiMo0,25  1080 72 Furnace normalizing 

HEA 2 – A2 Al0,5CoCrCuFeNiMo0,25  1080 60* Quenching 

 

3.3 Microstructural Characterization 

The optical microscope as shown in Figure 34a, Leica DM 2500, Leica microsystems 

CMS GmbH, Germany, is used for microscopic analysis of the polished epoxy-resin sam-

ples. The polar light emitted from polarizator differentiates the phases and interfaces. The 

optical zoom is limited to 100x. A field emission scanning electron microscope (FESEM), 

Zeiss ULTRA Plus (as shown in Figure 34b) with an acceleration voltage of 20kV is used. 

This is equipped with both secondary electron (SE) and back scattered electron (BSE) 

images were capturer, to visualize the phases and topographical features. Additionally, 
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the same FESEM is used for elemental mapping which is equipped with energy dispersive 

spectroscope (EDS).  

The samples are machined into very small dimensions by the cutting machine. These 

samples are molded using epoxy resin. For a smooth surface profile, the samples are se-

quentially polished down to 0.1 µm grit alumina suspension finish. The etchant used is 

V2A with specifications as shown in Table 4.  

 Etching agent composition and specifications 

Etchant Composition Temperature Time 

V2A 

100 ml water + 100 
ml Hydrochloric acid 

+100 ml Nitric acid 

50 - 60 0C 5-6 Sec 

 

The etched samples are analyzed under optical microscope. For the field emission scan-

ning electron microscope (FESEM) analysis, the samples are polished and not etched, but 

are carbon coated for conduction.  

3.4 X-ray Diffraction 

X-ray diffraction is used to identify the crystal structure of different phases in the HEAs. 

This technique also allows us to evaluate lattice parameter ‘d’ (inter atomic distance). The 

incident electron beams are diffracted by each atom, and are amplified by each other. 

Thus they form diffraction peaks at angles where Bragg’s law is satisfied as shown in the 

Equation 3.1.   

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                      (3.1) 

Where θ is incident angle, n is integer and λ is wavelength of X-ray beam. The lattice 

strain effect of HEAs leads to lattice distortion, this intrinsic lattice distortion decreases 

the intensities in the peaks. This intensity decrease is not because of plastic strain or amor-

phous phases [23].  

The samples were cut and polished for XRD measurements. An X-ray diffractometer 

Panalytic Empyrean Multipurpose Diffractometer as shown in Figure 35 was used. The 

radiation conditions are 45 kV, 40 mA and Cu Kα radiation 1.5405 Å, with the 2θ scan-

ning range from 200 to 1200. The step size 2θ is of 0.02600 and total scan time of 25 

seconds.  

 



39 

 (a) (b) 

 (a) Optical microscope and (b) Field emission scanning electron micro-

scope (FESEM) used for microscopic characterization 

 

 XRD (The Panalytical Empyrean Multipurpose Diffractometer) 
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3.5 Hardness testing 

The hardness of the experimental materials was tested using Vickers hardness tester Du-

ramin – A300 hardness testing system as shown in Figure 36. The measurements were 

taken under a load of 3 kg-f (kilogram force) with the indentation time of 15 seconds.  

 

 Hardness testing machine 

The Vickers hardness consists of indentation of the test material using diamond indenter. 

The angle of the pyramid is 1360 between opposite faces. The load varies from 1- 100 kg-

f. Vickers hardness is represented by HV. The value is determined by the Equation 3.2 

𝐻𝑉 =  
𝐹

𝐴
=

1.854 𝐹

𝐷2                                                    (3.2) 

Where 𝐹 is applied force or load, A is area of cross section, and D is the average of the 

diagonals from the indentation. Table 5 gives a clear idea about the analysis of different 

test samples. 

 Vickers hardness testing 

Material Code Empherical formula Treatment 
Force 

kg-f 

Time 

(sec) 

Number 

of  

imprints 

HEA 1 - Reference Al0.5CoCrCuFeNi Arc melting 3 15 7 

HEA 1 - Vacuum Al0.5CoCrCuFeNi 
Vacuum induc-

tion melting 
3 15 7 

HEA 1 - A1 Al0.5CoCrCuFeNi 
Annealing and 

normalizing 
3 15 7 

HEA 1 - A2 Al0.5CoCrCuFeNi 
Annealing and 

quenching 
3 15 7 

HEA 2 - Vacuum Al0,5CoCrCuFeNiMo0,25 
Vacuum induc-

tion melting 
3 15 7 

HEA 2 - A1 Al0,5CoCrCuFeNiMo0,25 
Annealing and 

normalizing 
3 15 7 

HEA 2 - A2 Al0,5CoCrCuFeNiMo0,25 
Annealing and 

quenching 
3 15 7 
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3.6 High strain rate testing 

High strain rate testing is done using Hopkinson split bar (HSB) technique. In this tech-

nique a specimen with uniform cross section and parallel surfaces is placed in between 

two long slender rods. These rods are called as incident bar and transmitted bar. The elas-

tic loading conditions are used to measure stress-strain curve of the metallic materials. 

The technique can be used to test different loading conditions such as compression, tensile 

and torsion. This technique is used to determine high strain rate properties in the range of 

102 – 104 s-1. This test can be performed at room temperature, cryogenic and high tem-

peratures. The Figure 37 shows a schematic illustration of HSB system at Tampere Uni-

versity of Technology, Department of Material Science [83].  

 

 Schematic illustration of Hopkinson split bar system as used in Tampere Uni-

versity of technology - Department of Material science [83]. 

The specimen is placed in between the incident bar and transmitted bar. A small bar which 

is called the striker bar, is used to strike the incident bar as per pre calculated load pro-

vided by the pressure reservoir. When the striker bar strikes the incident bar, a stress wave 

is created into the incident bar, and the stress wave is partially reflected and partially 

transmitted to the surface of the specimen. The bar next to transmitted bar, called mo-

mentum bar is used to trap the residual transmission waves. This resists the residual stress 

pulse reflecting back to the transmitted bar [83]. The bars used in this specimen are made 

of high strength structural alloys maraging steel or a nickel alloy, which are in the elastic 

region during the test [84]. There are two strain gauges, each on incident and transmitted 

bar, which measures the transmission and reflected waves. These waves are used to eval-

uate the elastic strain displacement [83].  

According to Gray et al [84], length and diameter of bars are directly dependent on the 

test criteria, such as maximum strain rate and strain levels. To readily separate incident 
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and reflected waves for data analysis, each bar should exceed the length to diameter ratio 

of ~20. The maximum strain rate can be achieved, with increase in the length to diameter 

ratio.  

 The HSB samples were cut using water jet cutting machine to the dimensions as men-

tioned in the Table 6. The sample dimensions were changed according to strain rates. The 

samples were cylindrical in shape. 

 Samples tested using HSB tests (L/D is length/diameter) 

Sample Code Empherical formula 
L/D (medium 

 strain rate) 

L/D (high 

strain rate) 

HEA1 Reference  Al0.5CoCrCuFeNi  3mm/3mm 3mm/3mm 

HEA1 air Al0.5CoCrCuFeNi  8mm/8mm 6mm/6mm 

HEA1 Vacuum Al0.5CoCrCuFeNi  8mm/8mm 6mm/6mm 

HEA2 Air Al0,5CoCrCuFeNiMo0,25  8mm/8mm 6mm/6mm 

HEA2 Vacuum Al0,5CoCrCuFeNiMo0,25  8mm/8mm 6mm/6mm 

 

The test system consists of three high strength maraging steel bars (incident, transmitter 

and momentum bar). The diameter of bars is around 22mm and the length is 1200 mm or 

1800mm. The striker bars are also of same diameter, but two different striker bars of 

200mm and 400mm length are used as per the strain rates. The impact between the striker 

and incident bar is provided by the air gun. The air gun is comprised of a pressure con-

tainer which provides pressure to the gun. The striker bar is launched through launcher 

tube. The vacuum pump retracts the striker rod and loads once again. There are also op-

tical sensors to measure the velocity of the striker. The strain gauges attached to incident 

and transmitted bar collect the signals and send them to the oscilloscope. The function 

starting from pressurizing, shooting, and reading the data from oscilloscope is pro-

grammed [85].  

Only the as-casted samples are used for HSB tests (as per the available resources and 

time), the test is carried out at room temperature. The strain rates of each sample is varied.  

3.7 Corrosion testing 

The electro-chemical behavior of all HEA2 (molybdenum rich), HEA1 reference sample 

and TWIP (twinning induced plasticity) steel are studied. The sample with a thickness of 

500 mm were machined by the sample cutting machine and polished over 600-grit finish. 

Finally, the samples were rinsed with ethanol and dried. A conventional three-electrode 

cell in a single compartmental glass cell of 400ml capacity was used. All the potentials 

of corrosion testing were recorded with respect to silver chloride electrode as a reference 

electrode at 25 0C. The experimental setup is shown in Figure 38.  
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The silver chloride was connected via a Luggin capillary, the tip being very close to the 

surface of the working electrode to minimize the potential drop. Samples were immersed 

in the solution for 2 hours at open circuit preceding polarization. The potentio-dynamic 

scan was initiated at about -0.5V versus OCP (Open circuit potential), followed by scan-

ning towards the final potential of 2.0 V, at a rate of 1 mV/s. A computerized Potentiostat 

model G750 series, and a Grammy Chem analyst from Grammy frame works were em-

ployed in the polarization tests. 

 

 Corrosion experimental setup of three electrodes cylindrical cell 

A TWIP (twinning induced plasticity steel) with composition as mentioned in Table 7 is 

used as a reference material for the comparison of corrosion properties. The 5% HNO3 

corrosion testing of TWIP steel was carried out by Hamada et al [86] to check the possi-

bility of TWIP steel used to make storage vessels and pipes for HNO3 processing media. 

 TWIP steel chemical composition 

 Steel sample C Mn Al Cr Si Ni Fe 

TWIP - Steel 0.2725 30 4.53 4.14 0.433 0.06 60.57 

 

The experimental conditions are varied with respect to tests done by done by Hamada et 

al [86]. The experimental time is increased from 60 minutes to 2 hours.  
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4. RESULTS AND DISCUSSION 

4.1 Materials and Phase prediction 

The thermodynamic parameters of the experimental HEAs are evaluated based on Equa-

tions 2.9, 2.10, 2.11 and 2.14. These values predict the phases and solid solution stability 

based on the theoretical prediction as explained in section 2.3. 

 Thermodynamic parameters of experimental HEAs 

 

The melting point (𝑇𝑚) is defined by the rule of mixtures,  evaluating the following equa-

tion. The effective melting point of HEA1 is approximately 1410 0C. The thermal analysis 

of Al0.5CoCrCuFeNi [18] shows that the liquidus temperature of  Al0.5CoCrCuFeNi is 

nearly 1362 0C, which is within the variance of 50 0C due to formation of copper-rich 

phase which softens the whole alloy at 1153 0C. Similarly, the newly casted 

Al0.5CoCrCuFeNiMo0.25 has a melting temperature of 1463 0C by the mixing rule. Thus 

the thermal analysis is required to define the true melting point of the material. 

Similarly, other parameters such as, VEC, Ω and δ% evaluated as given in Table 8 can be 

used to predict the phases. Comparing the values of δ and Ω of both the alloys with Figure 

11 says that both the alloys forms solid solutions. The VEC values predict that, both the 

alloys form multiphase solid solutions. The different phases formed are known through 

the microstructural characterization which is explained in further discussions. 

4.2 Microstructural characterization 

The microstructural analysis is comprising of two individual techniques, the samples are 

molded into epoxy resin, polished and etched in V2A at 50-600C as mentioned in chapter 

3.3.  

Additionally, SEM + EDS analysis are carried out by the sample preparation similar to 

optical microscopy, but there is no etching. Instead the same is ultrasonically cleansed in 

ethanol and then desiccated for 1 day. 

Alloy 

 Code 
Empherical formula VEC 

Melting point Tm 

(Deg Celsius) 
𝜟𝑯𝒎𝒊𝒙 

(kJmol
-1

) 

𝜟𝑺𝒎𝒊𝒙 

(JK
-1 

mol
-1

) 
Ω δ% 

HEA 1 Al0.5CoCrCuFeNi 8.27 1410 -1.52 14.70 16.30 3.96 

HEA 2 Al0.5CoCrCuFeNiMo0.25 8.17 1463 -1.32 15.50 16.70 4.50 
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4.2.1 Optical Microscopy 

The images are taken through Leica DM 2500 optical microscope. The list of samples 

analyzed are presented in the following order as shown in Table 9.  

 List of samples and their treatments 

Material Code Empherical formula Treatment 

HEA - Reference  Al0.5CoCrCuFeNi  Arc melting  

HEA 1 - Vacuum Al0.5CoCrCuFeNi  Vacuum induction melting 

HEA 1 - A1 Al0.5CoCrCuFeNi  Annealing and normalizing 

HEA 1 - A2 Al0.5CoCrCuFeNi  Annealing and quenching 

HEA 2 - Vacuum Al0,5CoCrCuFeNiMo0,25  Vacuum induction melting 

HEA 2 - A1 Al0,5CoCrCuFeNiMo0,25  Annealing and normalizing 

HEA 2 - A2 Al0,5CoCrCuFeNiMo0,25  Annealing and quenching 

 

The micrographs were taken with different magnifications. The scale bar shows the mag-

nification of the images. The optical micrographs of HEA – reference material are shown 

in the Figure 39. Since the etching agent is V2A at nearly 60 0C, we can see the over 

etched spots.  

  

 HEA – reference micrograph with scales (a) 100µm and (b) 50µm 

  

a b 

DR 

IR 

Over etched 
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 Optical micrographs of HEA 1 Vacuum scale (a) 100µm (b) 50µm; HEA 1 A1 (c) 
100µm (d) 50µm (g) 20µm; HEA 1 A2 (e) 100µm (f) 50µm (h) 20µm.  
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The Figure 39 shows that the microstructure of HEA – reference sample is dendritic. 

There are mainly two regions inside the microstructure, the Figure 39b shows marked 

regions the IR (inter dendritic) and DR (dendritic region). The micrographs are similar to 

the microstructures as mentioned in Murthy et al [1]. Since the composition is already 

analyzed by many researchers [18], [57], the IR region can be regarded as copper rich 

phase and DR region is defined as the matrix phase which has less copper content. The 

etching agent we used is V2A which was found to be very strong, and had eroded some 

part of the surface. According to Figure 39a, the dark spots are over etched spots, which 

is the copper phase. Additionally, the polishing also leads to surface erosion since the 

hardness of phases are varied. When practicing with other samples, the etching exposure 

is reduced to control the over etching.  

The HEA1 has the same composition as HEA- reference sample. Melting was done in the 

induction furnace. The cast is initially done in open atmosphere and the ingot is re-melted 

in vacuum condition. The vacuum casted sample’s optical micrographs are shown in the 

Figure 40 a, b. The vacuum casted samples are homogenized by annealing treatment. The 

optical micrographs of two different types of annealing treatments are shown in Figures 

40c - h. 

The Figure 40 shows that the microstructure of HEA 1 is completely different when com-

pared to HEA 1 – reference sample. The vacuum casted sample microstructures (Figure 

38a, b) are comprised of IR and DR regions similar to the HEA- reference microstructure, 

but surprisingly two new phases θ and α are also observed. When the HEA1 A1 is an-

nealed for 3 days, the two different treatments (normal cooling and quenching) show the 

disappearance of IR region which is comprised of copper.  

The quenched sample (HEA1 A2) has no IR phase visible. The new phase which is 

formed after annealing and quenching is named as ἀ-phase (which is expected to have 

similar composition as α phase). The slower cooling rates after annealing (as shown in 

Fig. 40c, d, g) shows matrix phase or DR with some dark spots which are suspected to be 

distribution of θ-phase in the matrix. 

The quenching after annealing (HEA1 A2) have shown different phases similar to HEA1 

A1. The major change in the HEA1 A2 is, the IR totally disappeared. The θ-phase is not 

distributed over matrix, but is segregated. The ἀ phase is also distributed with smaller 

sizes. The elemental mapping through EDS of all the phases can give us a clear idea of 

the phase compositions.  
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 Optical micrographs of HEA 2 vacuum scale (a) 100µm (b) 50µm; HEA 1 A1 (c) 

100µm (d) 50µm (g) 20µm; HEA 1 A2 (e) 100µm (f) 50µm (h) 20µm.  
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The HEA 2 sample is casted under similar conditions as HEA 1, but there is some addition 

of molybdenum. The samples analyzed are shown in Figure 41. The optical micrographs 

of vacuum casted samples are shown in Figure 41 a, b. The images of annealed and nor-

malized samples (HEA 2 A1) are shown in Figure 41 c, d, g. The annealed and quenched 

samples (HEA 2 A2) are shown in 41 e, f, h.  

The Figure 41 shows that the microstructure has two different phases or IR regions and a 

DR region. The two different visible phases are defined as γ1 and α1 phases. There is also 

a dark region which resembles the precipitate similar to HEA 1. This precipitate is defined 

as θ1. Considering the Figure 41a and 41b of the vacuum casted sample (HEA2 – vac-

uum), the dendritic region or matrix phase is very uniform. In the annealed samples both 

have distributed phases inside the matrix.  

The current alloys can be compared with the analysis of similar HEA (AlCoCrCuFeN-

iMox) studied by Zhu et al[42]. This HEA (AlCoCrCuFeNiMox) has shown similar mi-

crostructural features. However, the images shown in the study are back scattered electron 

SEM images. The phases of HEA2 can therefore be predicted with SEM images and EDS 

analysis.  

4.2.2 Scanning Electron Microscopy and EDS analysis 

The FESEM (Field emission scanning electron microscopy) micrographs of HEAs as 

listed in Table 8 are taken through FESEM (Zeiss ULTRA Plus). Similar micrographs are 

analyzed with EDS in confined area for the elemental distribution analysis, which is same 

area as the SEM images.  

The Figure 42 shows the SEM secondary electron signal image of HEA – reference sam-

ple and elemental maps of the comprising elements. Table 10 shows elemental composi-

tions of different phases present in the alloy. SEM micrographs shows a similar structure 

as seen in optical micrograph. The microstructure comprises of IR and DR. The IR region 

is dominated by copper and also has a high percentage of aluminum. The microstructure 

and elemental analysis is almost matching the analysis as studied by Gones et al [87], 

with the same alloy composition.  The formation of copper phase is because, copper has 

greater difference in enthalpy of  mixing (𝛥𝐻𝑚𝑖𝑥  value) with other elements and lowest 

𝛥𝐻𝑚𝑖𝑥  value with aluminum which is -1 kJ/mol [88]. Nickel has almost similar difference 

in 𝛥𝐻𝑚𝑖𝑥 with all other elements. This causes it to distribute uniformly throughout the 

structure. There is no precipitate found in the microstructure. Both the phases are FCC as 

per the studies [87]. 

Similarly, Figures 43, 44 and 45 show the SEM back scattered micrographs of HEA1 – 

vacuum cast, HEA1 A1 and HEA1 A2 samples respectively. The SEM micrographs show 

the presence of 4 different phases, which are also marked in the optical micrographs of 

HEA1 (Figure 40). The EDS analysis of all samples showed difference in distribution of 
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elements. This distribution gave a clear idea about the compositions of different phases. 

The most interesting thing to notice is that new phases are formed due to inclusion of 

some new elements in such as sulphur, silicon and oxygen. The θ-phase is comprised of 

chromium and sulphur in larger content. This phase looks more like an amorphous phase 

based on the surface morphology when seen in secondary electron images (a topograph-

ical view).  

 (a)  (b) 

     

      
(c) 

 (a) FESEM micrographs of HEA – reference sample (a) secondary electron, 

(b) back scattered, and (c)EDS analysis of individual element. 

 

 Phase compositions in atomic % of HEA - reference determined using EDS. 

* EDS analysis total area of the SEM micrographs (Figure 42 a) 

HEA REF Al Cr Fe Co Ni Cu 

IR 13 7 7 6 13 50 

DR 6 21 20 29 15 8 

Total area* 9 19 18 18 18 17 

Al Co Cr 

Cu Fe Ni 

DR 
IR 
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(a)    (b) 

       

       (c) 

  FESEM micrographs of HEA 1– vacuum sample (a) back scattered, (b) sec-

ondary electron, (c) EDS analysis of individual elements. 

 Phase compositions in atomic % of HEA 1 - Vacuum determined using EDS. 

 

 

 

                                      * EDS analysis total area of the SEM micrographs (Figure 43 a) 

From the phase compositions it is observed that oxygen is also present in minor compo-

sitions in IR, DR and α or ἀ phases. The α and ἀ phases have similar compositions, how-

ever they look different when observed in optical micrograph. The α or ἀ phase is com-

prised of chromium, iron and silicon as major components. This can form a different 

crystal lattice which can possibly be detected using X-ray diffraction. The remaining IR 

is rich in copper, similar to HEA - reference. The DR has all elements with atomic % 

similar to HEA – reference. Thus the phases are expected to be FCC. However, the alu-

minum % is increased in DR and IR when compared to HEA- reference. Further XRD 

analysis can clearly explain the different crystal structures possible.  

HEA 1  

Vacuum 

Al Cr Fe Co Ni Cu Si S 

IR 21 1 2 3 6 65 0 0 

DR 33 10 12 17 15 9 3 0 

α 6 47 23 9 3 2 10 0 

θ 0 45 0 0 0 0 0 53 
Total area* 26 17 12 14 12 15 4 0 

Al Co Cr Cu 

Fe Ni Si S 

IR 

DR 

θ 

α 
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 (a)  (b) 

       

      

   (c) 

  FESEM micrographs of HEA 1– A1 sample (a) back scattered, (b) second-

ary electron, and (c) EDS analysis of individual elements. 

 Phase compositions in atomic % of HEA 1- A2 determined using EDS. 

 

 

 

                                            

* EDS analysis total area of the SEM micrographs (Figure 44 a) 

HEA 1 A1 Al Cr Fe Co Ni Cu Si S 

IR 16 0 1 3 2.2 75 0 0 

DR 39 4 11 18 17 9 1 0 

ἀ 2 53 20 9 1 0 13 0 

θ 0 43 0 0 0 0 0 53 

SEM image 

area Total* 

26 16 11 13 11 14 4 2 

DR 

IR 

ἀ 

θ 

Al Co Cr 

Cu Fe Ni 

S Si 
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 (a)   (b) 

         

       

    (c) 

  FESEM micrographs of HEA 1– A2 sample (a) back scattered, (b) second-

ary electron, and (c) EDS analysis of individual elements. 

 Phase compositions in atomic % of HEA 1- A2 determined using EDS. 

 

 

 

                       * EDS 

analysis total area of the SEM micrographs (Figure 45 a) 

 

 

HEA 1 A2 AL CR FE CO NI CU SI S 

IR 24 25 14. 13 10 9 4 0 

DR 33 6 10 16 15 17 2 0 

ἀ 2 53 20 10 1 0 13 0 

Θ 1 42 0 0 0 0 0 53 

AREA TO-

TAL *  

27 14 12 14 13 14 4 0 

θ 

IR 

ἀ 
DR 

Al Co Cr 

Cu Fe Ni 

S Si 
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The α phase before annealing doesn’t have a phase boundary, but is very close to or al-

most mixed with IR phase. The annealing treatment showed that α phase (similar to ἀ 

phase) from HEA1-vacuum has started to stabilize. After quenching the ἀ phase (chro-

mium rich) is stabilized with boundaries as shown in SEM back scattered images.  The 

difference can be easily seen in three EDS maps of chromium (Figures 43c, 44c and 45c) 

which is yellow in color.  

The annealing treatment started distribution of all the major component elements, but 

chromium is segregating at θ and α or ἀ phases. Copper is distributed in HEA1 A2 

throughout the matrix, which shows that copper phase is not stable at the higher temper-

atures. This is clearly shown in the copper elemental map from Figure 45c and also chem-

ical composition of copper rich phase IR (as shown in Table 12). The copper rich phase 

is formed when the cooling is done slowly like in HEA1 A1.  

Considering these additional phases, it can be concluded that the alloy was casted with 

miscalculation of input (increase in aluminum content) and contamination. These con-

taminations may be mixed from raw material, furnace lining or mold lining. This contam-

ination and increase in aluminum content has a major impact in the phase formation. The 

mechanical properties like hardness and ductility can be known by hardness and com-

pression testing, which is explained in Chapter 4.4 and 4.5. 

The Figures 46, 47, 48 show the SEM micrographs and EDS analysis of HEA2 – vacuum, 

HEA2- A1 and HEA2 – A2 samples respectively. The SEM micrographs show the pres-

ence of 4 different phases, which are marked in the optical micrographs of HEA2 (Figure 

41). The EDS analysis of every treatment shows a small difference in distribution of ele-

ments. This distribution gives a clear idea about the compositions of different phases. The 

elemental mapping has shown the presence of inclusions or impurities which were mixed 

during casting. Impurities such as sulphur, silicon, and traces of titanium, manganese and 

zirconium are found. These elements are probably from the refractory lining inside the 

furnace or casting mold. Additionally, there is oxygen found, which is approximately 1%. 

This is because the first casting done was in open air (normally HEAs are casted in vac-

uum conditions to avoid air or oxygen inclusions).  

The FESEM micrographs of HEA2 shows the presence of two main phases α1 and γ1. 

The brightest phase which is seen in backscattered image in all the Figures 46a, 47a, and 

48a is the α1-phase, and a little darker phase which is marked in same figures is γ1-phase. 

We also found a dark precipitate – θ1, which is sulphur rich. This θ1-phase is similar as 

θ-phase in HEA1. 
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(a) (b)  

       

        (c) 

 FESEM micrographs of HEA 2– vacuum sample (a) back scattered, (b) sec-

ondary electron, and (c) EDS analysis of individual elements. 

 

 Phase compositions in atomic % of HEA 2- vacuum determined using EDS. 

* EDS analysis total area of the SEM micrographs (Figure 44 a) 

The EDS analysis of HEA2-vacuum sample shows that the molybdenum and copper at-

oms are concentrated only in certain areas which turned to be α1 and γ1 phases respec-

tively. Similar to HEA 1 alloy the nickel atoms are distributed throughout the phases 

except α1-phase. The aluminum is distributed throughout the area, but mostly concen-

trated in θ1- phase.  

HEA 2 

Vacuum 

Al Cr Fe Co Ni Cu Si Mo S Zr Mn 

DR 5 20 25 19 16 8 1 5 0 0 0 

γ1 13 1 4 3 13 64 0 0 0 0 0 

α1 1 23 16 14 7 2 7 27 0 0 0 

θ1 4 25 0 0 1 6 0 0 46 4 15 

Total 7 17 20 16 15 15 1 5 0 0 0 

Al Co Cr Cu 

Fe Ni Mo Si 

γ1 

α1 

θ1 

DR 
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(a)    (b) 

 

    

     (c) 

 FESEM micrographs of HEA 2– A1 (a) back scattered, (b) secondary elec-

tron, and (c) EDS analysis of individual elements. 

 

 Phase compositions in atomic % of HEA 2- A1 determined using EDS. 

* EDS analysis total area of the SEM micrographs (Figure 45 a) 

 

HEA2 - 

A1 

Al Cr Fe Co Ni Cu Si Mo S 

DR 6 19 25 19 18 8 1 3 0 

γ1 12 1 3 3 14 65 0 0 0 

α1 1 25 18 16 6 0 6 25 0 

θ1 30 11 7 5 5 6 0 4 10 

Total 6 17 22 16 16 15 1 5 0 
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(a) (b) 

 

    

      (c) 

 FESEM micrographs of HEA 2– A2 (a) back scattered, (b) secondary elec-

tron, and (c) EDS analysis of individual elements. 

 Phase compositions in atomic % of HEA 2- A2 determined using EDS. 

* EDS analysis total area of the SEM micrographs (Figure 46 a) 

Comparing the SEM micrographs of HEA2-vacuum and HEA2-A1, it is seen that in 

HEA2-A1 the matrix phase is changed and the stability of α1-phase is increased. Also the 

% atomic composition (table 14) and elemental map show that silicon concentration is 

increased in α1-phase. The repulsion is shown between the α1-phase and nickel. The γ1-

phase is comprised mostly of copper, and a small percentage of nickel and aluminum. 

Molybdenum is completely absent in the γ1 phase. Iron is mostly concentrated in the 

matrix. 

HEA 2 A2 Al Cr Fe Co Ni Cu Si Mo S Zr Mn 

DR 7 18 25 19 19 13 0 2 0 0 0 
γ1 11 1 3 3 13 65 0 0 0 0 0 
α1 5 30 21 19 7 0 7 30 0 0 0 

Cr- Mo rich 1 36 21 17 6 0 3 12 0 0 0 
θ1 2 28 0 0 0 2 0 0 58 5 21 

 Image Area 

Total 

6 20 24 19 17 11 2 7 0 0 0 

γ1 

α1 

θ1 

DR 

Al Co Cr Cu 

Fe Mo Ni Si 

Cr-Mo rich 
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The SEM micrographs of HEA2 – A2 shows more stabilization of α1-phase. The 

backscattered image (Figure 48a) shows smaller white blocky shaped phases in the ma-

trix. The elemental map of chromium shows high concentrations in these white blocky 

shapes. The spot analysis shows that these white blockys are rich in molybdenum and 

chromium having almost equivalent composition to α1-phase. Additionally, as compared 

to HEA2-vacuum and HEA2 –A1, the nickel element is distributed throughout the area, 

but had a repulsion with α1-phase.  

The presence of sulphur and molybdenum elements shows same EDS maps, but can be 

easily differentiated. The sulphur rich phase (θ1) is darker in backscattered image and the 

molybdenum rich phase (α1) is the brightest. The brightness in the images is directly 

proportional to atomic mass, which is a property of an element. The sulphur concentration 

is similar to molybdenum concentration in elemental mapping as shown in Figure 49a 

and b. The energy peaks in the EDS spectrum superimpose on each other as shown in 

Figure 47c. The kα peak of sulphur superimposes or overlaps with the peak of Lα of mo-

lybdenum.  

(a)  (b) 

(c) 

 (a)EDS maps of molybdenum for HEA2-A1, (b) EDS map of sulphur for 

HEA2 A1, (c)EDS spectrum of HEA 2 A1, showing the Lα peak and Kα peak 

of molybdenum and sulphur respectively 

According to Zhu et al [42], the HEA AlCoCrCuFeNiMox (x = 0, 0.2, 0.4, 0.6) forms two 

phases that are copper rich phase and molybdenum rich phase. Since the HEA 2 compo-

sition is comprising of similar elements, the phases are predicted to be similar. The for-

mation of two different phases is due to mixing enthalpies between the elements. For 

example, the copper has mixing enthalpies of -1, 6, 12, 13, 4 and 19 kJ/mol with alumi-

Mo S 
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num, cobalt, chromium, iron, nickel and molybdenum respectively. Due to this huge pos-

itive enthalpies, the atoms repulse from copper. Only aluminum is attracted by copper 

rich phase (γ1). This is shown in the Table 13, 14, and 15 that γ1 phase has more alumi-

num concentration. Similarly, the molybdenum rich phase (α1) inhibits the segregation 

of copper due to large difference in the mixing enthalpy.  

The presence of impurities such as manganese and titanium could influence the phase 

formations in both the HEAs. The molybdenum rich phase (α1) which is seen inside the 

matrix, also has chromium. The presence of manganese forms a chromium rich phase. A 

study by Wang et al [60] says that presence of manganese could form chromium rich 

phase as strips. This chromium rich phase increases the melting point and hardness of the 

material. The addition of titanium forms two eutectic phases, one of which has aluminum, 

titanium, cobalt and nickel. The other phase is rich with chromium and iron. Considering 

the mixing enthalpies of manganese and titanium[88] with the other elements of HEA 1 

and HEA 2, the formation of phases can be explained.  

The HEA1 EDS analysis shows the presence of chromium rich phase (α or ἀ) with iron 

and silicon. This might be due to increase in aluminum content or the combined effect of 

titanium and manganese inclusions. Similarly, the HEA2 also has a different phase 

formed which is comprised of chromium, iron and silicon. This phase is also rich with 

molybdenum and is particularly formed in the matrix (white spots as shown in Figure 

48a). This phase is in the form of small globular or blocky shaped zones. The elemental 

mapping of these blocky shaped zones are also shown in Table 16.  

The summary of the proposal says that, the formation of different phases is because of 

enthalpy effect on the individual elements. The minor contribution of impurities and in-

crease in aluminum content has totally changed the structure of the HEA 1 alloy. The 

presence of the molybdenum in HEA2 had primarily allowed formation of α1- phase 

which is comprised of chromium, silicon and iron. The impurities had less effect on this 

phase formation. However, the HEA2-A2 sample showed the formation of blocky shaped 

strips inside the matrix which may be due to the influence of impurities.  

The increase in the aluminum in the HEA1 sample also showed the formation of chro-

mium-rich phase (α or ἀ). This formation of chromium rich phase simply inhibits the 

copper rich phase formation. A further XRD analysis may give idea about the structures 

for which the presence of phases could be known. 

4.3 XRD analysis 

The X-ray diffraction (XRD) analysis gives an idea about the crystal structure of phases. 

The Figures 50, 51 and 52 are the XRD patterns of HEA-reference, HEA 1 and HEA 2 

respectively. The peaks have over lapped with the standard patterns using Highscore Plus 

software. 
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The Figure 50 shows XRD pattern of HEA-reference alloy. The XRD pattern shows that 

all the high intensity peaks are assigned towards FCC structure. The EDS analysis of the 

same alloy as shown in Figure 50 shows the presence of overlapping IR and DR. Detailed 

examination of the peaks shows that there are two separate contributions to the peaks, 

thus the resultant peaks are as shown in the pattern. The similar material is studied by 

Jones et al[87], which had shown the same patterns. This proves the presence of both IR 

and DR phases, which has FCC structure. 

The XRD pattern of HEA1 which was casted with same composition of HEA-reference 

alloy, has different peaks. The peaks are complicated and the pattern is comprised of 

many peaks as shown in Figure 51. The EDS analysis as described above have shown 

that the annealing treatment had varied the elemental distribution and thus phases. The 

same behavior is shown from the XRD patterns. The IR region which is a copper rich 

phase is annihilated during heat treatment (HEA 1 A2). This is shown clearly in the Figure 

51. The XRD pattern of HEA1-vacuum and HEA 1 A1 had copper rich phase (IR). HEA1 

A2 doesn’t have similar peaks. This shows that the copper phase is not stable at higher 

annealing temperature for this alloy composition.  

The new phase α (chromium, iron and silicon rich) is seen in the pattern unlike HEA-

reference alloy. This new phase is the reason for many peaks in the XRD pattern. The α 

phase became more stable, since the peak intensity is increased with annealing treatment.  

 

 XRD patterns of HEA reference. 
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 XRD patterns of HEA1. 

 

 XRD patterns of HEA2. 

The XRD pattern of HEA 2 as shown in Figure 52 is comprised of DR, γ1 and α1 phases. 

These peaks show similarity with the XRD patterns shown in a study by Zhu et al [42]. 

This study on AlCrCoCuFeNiMox alloy shows the formation of peaks with FCC and BCC 

phases at the same positions (as shown in the Figure 24). 

The EDS analysis of HEA 2 shows the presence of molybdenum rich (α1) phase. The 

same peaks are found when analyzed using Highscore Plus software. The α1 phase is 

expected to be BCC considering the analysis of the study by Zhu et al [42] . Additionally, 
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we can see the peaks of an unknown phase in the patterns of HEA2 A1 and HEA2 A2. 

These peaks are not identified using the analysis software, which is why they are named 

as unknown peaks. However, it is seen in the EDS analysis and SEM micrographs (Figure 

47 and 48), that the matrix phase is filled with a chromium rich phase strips. It can be 

inferred that the presence of white strips in matrix is the reason for these new peaks. 

The peaks of the α-phase in HEA 1, match mostly with a pattern of chromium-cobalt-

silicon phase, which is a sigma phase formed in nickel based super alloy. The EDS map 

shows that α-phase is rich in chromium-iron-silicon and a small percent of cobalt. The 

sigma phase, which is most matched with these XRD peaks of HEA1 is tetragonal crystal 

structure of P42/mnm space group. Additionally, a study on criterion for sigma phase 

formation in chromium containing alloy by Tsai et al [89], says that sigma phase can be 

formed if the VEC value is between 6.88 and 7.84, but the composition of α phase is 

comprised of silicon which is not mentioned in this criterion. Thus the α phase structure 

cannot be concluded from the pattern match and EDS analysis. Most importantly the θ-

phase (sulphur rich) was not visible in any of the patterns, which indicates that the θ-

phase is amorphous with no proper crystal structure. 

A study by Zhuang et al [90] shows that, influence of silicon had almost no impact on 

inhibition of copper phase in AlCuCoNiFeSi alloy. Which implies that silicon is least 

influenced in annihilation of copper rich phase in HEA1. However, the small percentage 

of silicon which is present in HEA2 does not mix with copper phase, instead is mostly 

mixed with the molybdenum phase. 

A study by Wang et al[60] say that presence of titanium and manganese leads to the for-

mation of chromium rich phase . A study by Jones et al [87] on Al0.5CoCrCuFeNi has 

shown the formation of sigma precipitates which are rich in chromium, iron and nickel.  

The chromium rich phase which is a complex structure is confirmed by XRD and EDS 

analysis in HEA1 A1 and HEA1 A2 samples.  

A study by Dong et al [91] has shown the presence of sigma phase in AlCrFeNiMo0.2 

HEA which is rich in chromium, iron and molybdenum. The XRD and EDS analysis 

confirms a similar phase match to the blocky shapes inside the matrix of HEA2A2. How-

ever, the crystal structure was not studied.  

Thus we can conclude that, the HEA1 α-phase may have been formed due to increase in 

aluminum content, but this phase was not influenced by these trace elements (titanium 

and manganese). The HEA2- chromium rich phase blockys inside the matrix may be due 

to mixing enthalpy effect. The crystal structures can’t be confirmed because of the silicon 

inclusions in the respective phases. TEM analysis is required to know the crystal structure 

of the same phases. Additionally, a thermo-dynamical analysis of these alloy should be 

done, considering the influence of impurities like sulphur, titanium and manganese and 

also by considering the influence of increase in aluminum percent. 
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4.4 Hardness testing 

Vickers hardness was measured for each specimen as mentioned in Table 5. Seven meas-

urements are made from each sample and the average of these seven results is considered 

as final hardness. The measurement was done using pyramid indenter. The measurement 

location was chosen to cover all the phases. The results of these measurements are shown 

in the Figure 53. 

The hardness of the HEAs tested are dependent on the compositions, inclusions and heat 

treatments. The hardness of HEA-reference is 195HV. A nearly same result is seen in a 

study of same material by Tong et al [18]. However, the HEA1 which is induction casted 

has very high hardness. The HEA1-vacuum, HEA1 A1 and HEA1 A2 shows an increas-

ing trend in hardness. This is because of the presence of chromium rich phases as explain 

in Chapters 4.2.2 and 4.3. The quenching has increased the hardness to a large value 

(690HV).  

 

 Vickers hardness (in HV 3) of HEAs. 

The Hardness of HEA 2 is greater than HEA1-reference material cause of molybdenum 

concentration. A study by Zhu et al [42] shows that increase in the percentage of molyb-

denum of AlCoCrCuFeNiMox (x = 0.2-1.0) increased the hardness. Similarly, the addition 

of molybdenum had increased the hardness over reference material composition. This is 

because of formation of BCC molybdenum rich phase. Unexpectedly, the hardness is 

HEA2-A2 decreased even though the sample is quenched after annealing. However, the 

HEA2-A2 was suddenly quenched after malfunctioning of furnace, which may have led 

to this decrease in hardness. A thorough investigation on phases may be required to know 

about reason for the decrease in hardness values. 
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4.5 High strain rate testing 

The HSB (Hopkinson split bar) tests were conducted at different strain rates for each 

sample. The list of high strain rate testing is shown in the Table 17. Considering the HSB 

tests, the testing procedure is very sensitive and a minor deviation in the dimensions can 

lead to a false result. The surfaces of the samples are supposed to be smooth and parallel.  

The Figure 54, 55, 56, 57 and 58 shows the true stress vs strain curves of HEA-ref, HEA1-

air casted, HEA1-vacuum casted, HEA2-air casted and HEA2-vacuum casted samples 

respectively. The closer view of Figure 54 shows a different yield behavior. The elastic 

region is not clearly visible. This could mean that the sample is so ductile or the cross 

sectional surface is not uniform. In reality the cross sectional surfaces of the cylindrical 

samples are not uniform, but the deviation is so small that it should not be visible in the 

results.  

 HSB tests for different samples. 

Sample Code Strain rate (1/s) 

HEA ref - 1 1500 

HEA ref - 2 3500 

HEA1 Air -1 1200 

HEA1 Vacuum-1 550 

HEA2 Vacuum-1 900 

HEA2 Air-1 600 

HEA2 Air-2 2500 

HEA2 Air -3 3200 

HEA2 Vacuum-1 600 

HEA2 Vacuum-2 2500 

HEA2 Vacuum-3 3300 

 

The sample dimensions of the HEA-reference are 3mm diameter/3mm thickness. We 

know that HEA1 reference sample is comprised of FCC structures, the deformation after 

the strain rates 1500/s and 3500/s is plastic. The samples are compressed to very small 

thickness. Similarly, the Figures 55 shows the true stress vs true strain curve of HEA 1 

air casted sample. Only one sample is tested because, the sample was brittle and had frac-

tured at 1200/s strain rate. This says that it couldn’t accept the load. Thus the curve is 

linear till fracture point and then is dropped to zero.  

The Figures 55 and 56 shows the brittle behavior of the HEA1 after the high strain rate 

testing. The HEA1 vacuum cast sample had fracture at 900/s strain rate. Thus it was not 

tested further at higher strain rates. However, it had accepted a strain rate of 550/s without 

any plastic deformation. 
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 True stress vs. true strain curve if HEA reference samples. 

 

 

 True stress vs. true strain curve if HEA1 air casted samples. 
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 True stress vs. true strain curve of HEA1 vacuum casted samples. 

The microstructural analysis and XRD has shown the formation of hard phases and amor-

phous phases which cannot be plastically deformed. Thus it is worthwhile to say that the 

HEA1 turned out to be brittle material. The sample dimensions used for both these mate-

rials is 8mm diameter / 8mm thickness.  

Similarly, the Figures 57 and 58 shows the true stress vs true strain behavior of HEA 2 

alloy at different casting stages. The sample dimensions used for these test at strain rates 

600 and 2500/s are 8mm/8mm solid cylindrical samples. The dimensions at 3300 or 

3200/s are reduced to 6mm/6mm. The true stress and true strain behavior looks like a 

ductile material for both air and vacuum casted samples. From microstructural analysis it 

is also found that the HEA 2 is comprised of FCC phase. This FCC phase can lead to 

plastic deformation. But the same material also is comprised of a little amount of amor-

phous phase and in addition to the hard molybdenum rich phase (BCC). These phases in 

combine could probably show a different deformation behavior.  

Figure 57 and 58 shows that the yield strength of HEA 2 is increased when compared to 

HEA-reference material. This is because of the addition of molybdenum, and thus for-

mation of BCC phase. A study by Zhu et al[42] on AlCrCoCuFeNiMox says that the 

increase in molybdenum concentration increases the hardness values.  

The Figure 59 shows all the true stress vs true strain curves of HEA 2 air casted and 

vacuum casted samples. At higher strain rates 2500 and 3300/s, the HEA 2 air casted 

sample shows a similar yield stress level compared to HEA 2 vacuum casted sample. This 

shows that the phases present in HEA2 air and vacuum casts are similar. 
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 True stress vs. true strain curve of HEA2 air casted samples. 

 

 

 True stress vs. true strain curve of HEA2 vacuum casted samples. 
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 True stress vs. true strain curve of all HEA2 samples. 

 Yield strength, maximum compression load and maximum plastic strain 

Sample 

code (strain rates) 

Yield strength 

 MPa 

Maximum 

 compression load 

Maximum  

strain % 

HEA2 V 600 563 795 9.4 

HEA 2 V 2500 526 913 21.0 

HEA 2V 3300 NA 1063 26.5 

HEA 2A 600 541 793 9.3 

HEA 2 A 2500 506 1012 20.0 

HEA 2A 3200 510 1100 26.2 

HEA ref 1500 NA 888 25.9 

HEA ref 3500 NA 1412 54.4 

HEA 1 A 1200 NA 1361 2.3 

HEA1 V 550 NA 1875 3.0 

HEA1 V 900 NA 2263 5.2 

 

Interestingly, the HEA reference sample is deformed and the thickness is reduced without 

affecting the shape. Whereas, the HEA 2 samples were deformed in elliptical shapes after 

the compression tests. This creates a special interest to know about the behavior. The 

sample before and after compression testing as shown the Figure. 60. The optical micro-

graphs and SEM micrographs are shown in Figure 61 and 62 respectively. 

The test samples are showing a peculiar behavior in deformation. That is the FCC or 

copper phase is deformed plastically and the BCC phase or molybdenum rich phase is 

broken into finer parts. This kind of deformation mechanism is very interesting, where 

only a small percentage (1%) of change in BCC stabilizers like aluminum and molyb-

denum can change the phase stabilities and thus the deformation mechanisms. The in-

crease in copper content (FCC stabilizer) can increase the ductility. This mechanism also 

explains about the increase in elongation and tensile strength values as mention in Figure 

28.  
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(a) (b) 

 (a) HEA 2 Air casted sample before and after 3300, (b)HEA Ref sample be-

fore and after 1200/s sample 

(a)  (b) 

 HEA2 Air casting micrographs (a) before compression, (b) after strain rate 

of 800/s (IR – inter dendritic region); 

(a)  (b) 

 Back scattered SEM micrographs of (a) HEA 2 Air casting after 800/s and 

(b) HEA 2 vacuum casting after 3300/s 

 

The Figure 61 shows the difference between the optical micrographs in the IR. The copper 

phase is deformed. The molybdenum phase is clearly visible in optical micrographs. The 

Figure 62 shows the back scattered images of HEA 2 air casted and HEA 2 vacuum casted 

samples, which are tested at 800/s and 3300/s strain rates. The α1- phase is broken, as the 

cracks are visible. Whereas, the IR has some visible bands. These bands may be classified 
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as adiabatic, twinning or any bands formed due to plastic deformation. A TEM analysis 

may be required to define the bands present, since these bands are in nanometer scale 

which can’t be easily classified through FESEM. 

It is known that the high strain rate deformation is highly influenced by phonon drag 

effect phenomenon. The yield strength values from the evaluated results are found incon-

clusive due to unexpected decrease. This may be due to presence of both the phases, 

where the deformation mechanism seemed complex. 

A study by Kumar et al [6] on Al0.1CrFeCoNi HEA shows twinning induced plastic de-

formation after similar high strain rate testing.  This is because the Al0.1CrFeCoNi HEA 

is of FCC crystal structure. Additionally, the stacking fault energy is lower in this high 

entropy alloy. The FCC and low stacking fault energy make the alloy a perfect combina-

tion for twinning induced plastic deformation. However, the HEA2 which is tested now 

has both BCC and FCC. Thus from previous studies it is assumed that the twins may be 

formed provided the availability of similar phases.  

Additionally, it could also be assumed that there is a possibility of adiabatic shear bands 

formed in BCC and FCC region due to internal heat generated during high strain rates. 

4.6 Corrosion testing 

The HEA2 sample is tested to know the corrosion properties in the 5% HNO3 atmosphere. 

The potentio-dynamic corrosion data scanners collected the parameters such as Ecorr (cor-

rosion potential) and Icorr (corrosion current density), using the Tafel slope extrapolation. 

The results of the extrapolation are given in the Table 19 

The polarization curves of a metal or alloy indicate the corrosion behavior of material 

inside a test media. The presence of the passivation can be determined easily from the 

polarization curves, whether it is self-passive or anodic dissolution is required to induce 

passivation.  

 Electrochemical parameters evaluated using Tafel slope extrapolation. 

 

 

 

 

The Figure 63 shows the polarization of curves of different materials tested. The TWIP 

steel is used as a reference material for the comparison about corrosion properties. It is 

clear that all the HEAs are showing good passivation regime (P marked inside the Figure 

Alloy - Code Ecorr (mV) 

Icorr 

(mA/cm2) 

HEA reference 13.9 0.119 

HEA2 Air 86.9 0.566 

HEA2 Vacuum 64.7 0.0781 

HEA 2 A 1 71.4 0.365 

HEA 2 A 2 30.4 0.107 

TWIP  -248 1.42 
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63) and TWIP steel had doesn’t have any passive regime. TWIP steel can hardly be pas-

sive, because the anodic dissolution happened to maintain the passivity.  

The scanning range of all HEA2 alloys started between -430mV to -450mV and is ex-

tended to +1000mV. Whereas, the scanning potential for TWIP steel started from -710mV 

and ended at +749mV.  The initial passivation potential of all HEAs started around 

+200mV. The HEA2 A2 sample gives most stable passivation out of all the alloys. The 

TWIP steel is passivated only after the anodic dissolution occurred. That is the solution 

is neutralized by the dissolution of TWIP steel. The passivation layer formation can be 

seen in HEA2 alloy as shown in Figure 64a and the Figure 64b shows the anodic disso-

lution of TWIP steel after corrosion test. 

Thus it is proved that the corrosion resistivity of HEAs is greater than TWIP steel, in the 

5% aqueous nitric acid media. Thus, it could be concluded that, the current test specimens 

of HEAs shows a better corrosion resistance by passive layer formation. However the 

results of Hamada[86] on testing of the same alloy in the same 5% nitric acid media have 

given good passivation. This difference might because of differences in testing condition. 

The study by Qiu et al [81] shows that HEAs have far better corrosion resistance proper-

ties than the conventional alloys or any special grade alloys. This is because the HEAs 

which are comprised of aluminum and chromium form oxide layers (passivation) in any 

acidic or corrosive environments.  

  

 Potentio-dynamic curve of all tested alloys 
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 (a)  (b) 

 Sample after corrosion testing (a) HEA2 A2 – passive layer formation (b) 

TWIP steel dissolution 
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5. CONCLUSION 

Annealing treatments (homogenization for 72 hours) are done to the HEAs and further 

extensive characterization was done using optical microscope, SEM, EDS and X-ray dif-

fraction techniques. The hardness measurements were made after every treatment. The 

mechanical behavior at high strain rates were tested using HSB testing machine, ranging 

from 600/s to 3600/s. Finally, corrosion tests were conducted to the HEA2, HEA-refer-

ence and a TWIP steel sample. 

The results of annealing were mostly unexpected. The phase stability has taken a shift 

from the phases present in the as-cast HEA1 to new phases after annealing of HEA1. This 

may be due to the increase in aluminum content by miscalculation during cast. The im-

purities like sulphur, silicon, titanium, manganese and zirconium also may have affected 

the phase changes. The influence of impurities had not effected the phases in HEA2, but 

might have influenced the mechanical properties. However, based on the data available 

through the characterization techniques, it is hard to conclude the influence of each im-

purity element.  

The microstructural characterization reveals the presence of chromium rich hard phase in 

HEA1 and traces in the matrix of HEA2. The chromium rich phase in HEA2 also contains 

molybdenum which has composition similar to molybdenum rich phase. These hard 

phases are most stabilized after annealing. This chromium phase matches in XRD patterns 

with sigma phases found in nickel based super alloys.  

The hardness tests show the increase in hardness after the heat treatments. The HEA2 

sample had less hardness after quenching than the same sample after cooling inside the 

furnace. The reason for the decrease in hardness is yet to be known.  

The high strain rate tests for HEA1 only prove that the material is brittle. The HEA ref-

erence was plastically deformed due to the presence of FCC phases. It is found that HEA2 

has deformed in a different mechanism, that is only FCC structure copper rich phase has 

deformed with bands formation. Specifically, cracks are found in BCC structure (molyb-

denum rich). This type of deformation is identified after inspection through optical mi-

croscopy and SEM. However, the deformation mechanism can’t be concluded until there 

is further investigation using TEM.  

The corrosion test in 5% concentrated nitric acid electrolyte reveals the noble corrosion 

resistant properties of these HEAs. The TWIP steel underwent dissolution into electrolyte 

and faced a considerable amount of volume loss. All the HEA tested samples formed a 

passive layer over surface which stopped further dissolution of the alloy.  
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Finally, it is very clear that thermodynamic factors enthalpy and entropy play important 

role in the phase formation. The annealing treatments only have shown the stability of 

equilibrium phases by providing the excitation energy, after exposing to the high temper-

ature. However, the enthalpy factor is dominating entropy factor by forming multiple 

phases.  
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6. FURTHER EXPERIMETAL PLANS AND RESEARCH 

QUESTIONS 

The HEAs have given a clear definition of thermodynamics and their role. The best ex-

ample is the current thesis, which says how a minor change in composition could greatly 

impact the phase formations. The results of the current thesis have given ideas to lot of 

topics for the further research. 

Since the HEA 2 (with molybdenum derivative) is showing good ductile properties, and 

phase stability of FCC and BCC, it can be further tested to know the properties after 

thermo-mechanical treatments. 

 TEM analysis should be done to know more about the phases formed in the HEAs 

especially about molybdenum rich phase.  

o To know more about bands formed in copper rich phase after compression 

tests.  

o Stacking fault energy could be calculated for the as-cast and annealed HEAs, 

if twins are found after dynamic and quasi static tests.  

 Thermodynamic modelling of SFE of HEAs can be done if it is found that these 

HEAs are having low stacking fault energy.  

 The wear resistant and fatigue properties could be tested using the HEA2 alloy. 

 Thermal analysis of the HEA2 alloy to be performed at different cooling rates.  

o These tests classify the phase stability at different temperature.  

o The high temperature XRD can be done to define the structures of different 

phases formed.  

 Dilatometer experiments can be conducted to define the co-efficient of thermal 

expansion.  

 Using the results from thermal analysis and high temperature XRD, a material 

modelling can be made with the HEA2 composition.  

o This model could predict the phase stability at different temperatures. 

o  A model could also be made which shows the influence of impurities on the 

phase formations. 

The formation of new hard chromium rich phase in HEA1 has raised some important 

questions about the current alloy. The questions are about the presence of various impu-

rities and the casting practices.  

 Proper casting practices can improve the quality of the cast. 
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