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Abstract 

The recent emergence of multi-component alloys with the presence of all the alloying elements in 

equi-atomic proportions has opened up a new paradigm for the engineers/scientists for the 

development of novel class of materials with enhanced properties over existing conventional 

materials. A major striking and interesting feature of these investigations is realization of simple 

solid solutions (fcc/bcc/hcp) in these equiatomic multicomponent systems instead of formation of 

amorphous structures or intermetallic compounds. Nanocrystalline HEAs have been less studied 

and the strengthening mechanisms operated in HEAs have not been investigated in detailed till 

now in the literature.  

Nanocrystalline HEAs have been synthesized using mechanical alloying (MA) synthesis 

technique. To retain the nano structure even after consolidation to bulk sample, spark plasma 

sintering (SPS) techniques has been employed in the current investigation. Structural 

characterization was studied in detailed using X-ray diffractometry (XRD), scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). Evolution of mechanical 

properties being the main aim, Vickers microindentation and depth sensing nanoindentation 

techniques were employed. 

Nanocrystalline AlCoCrCuFeNi and AlCuTaVW HEAs have been synthesized in equal atomic 

ratios, using ball milling for 60 h and 25 h respectively. It is observed that the MA process not 

only reduced the grain size but also refined the microstructure. To achieve high dense bulk alloy, 

different SPS parameters like sintering temperature and holding durations have been employed 

and their characterization has been studied in detailed in each case. The microstructural 

dependence on the SPS parameters have also been discussed in this work. 
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A single phase fcc based nanocrystalline solid solution in equiatomic AlCoCrCuFeNi HEA has 

been formed after 60 h of ball milling. The milled powders were of “plate-like” morphology and 

possessed a precise lattice parameter of 3.64 Å. Compaction of ball milled powders into bulk 

components using SPS at 750 ºC led to the precipitation of ordered bcc (B2). Detailed structural 

and microstructural investigations on the sintered alloy indicate the presence of bimodal grain size 

distribution with average grain sizes of 112 ± 46 nm and 1550 ± 500 nm, solid solutions (fcc and 

B2 phases), dislocations and twin boundaries.  A high hardness value of 6.5 ± 0.1 GPa was 

measured for the sample sintered at 750 ºC/15 min using Vickers microindentation. 

Comprehensive analysis on probable strengthening mechanisms suggests that frictional stress, 

Taylor hardening, Hall-Petch strengthening, solid solution strengthening and twin boundary 

strengthening mechanisms are responsible. The Taylor hardening arising from intersection of 

dislocations and grain boundary (Hall-Petch) strengthening arising from grain boundary-

dislocation interactions together account for 85% of the observed flow stress. The Tabor’s ratio, 

(𝐻 𝜎𝑓𝑙𝑜𝑤⁄ ) attained a value of 2.7 which is in close agreement with that for conventional 

polycrystalline materials. Nanoindentation at a peak force of 8000 µN yielded a high hardness 

value of 8.13 ± 0.15 GPa and an elastic modulus of 172±10 GPa. A low strain rate sensitivity of 

0.0084 and an activation volume of 13 b3 (b is 0.23 nm) were measured, suggesting that grain 

boundaries, twin boundaries and interphase boundaries (fcc/B2) are influential in governing the 

deformation kinetics. 

A novel equiatomic AlCuTaVW HEA resulted a single phase solid solution with a bcc crystal 

structure after 25 h of ball milling. The bcc phase lattice parameter is measured to be 3.17 Å and 

the crystallite size is measured as 7 nm. The compaction of milled powders is done by SPS at 

various temperatures from 415 to 1250 ºC. Two fcc phases and an ordered B2 phase have evolved 
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during SPS. With the increase in the sintering temperature, the phase transformation from bcc 

phase to ordered B2 phase is observed. The crystallite size measured after sintering at 1050 ºC is 

11 nm and 1250 ºC is 13 nm. The morphology of the sintered pellets have a continuous white 

phase and a discontinuous dark phase. The dark phase is detected to be Al rich phase. The 

microhardness and nanohardness of the alloy sintered at 1050 ºC is 14 GPa and for the sample 

sintered at 1250 ºC is 13 GPa. The reported hardness values are high compared to other HEAs and 

conventional ceramics and cermets. Fracture toughness value of 11 MPa m1/2 is measured from 

the cracks generated at the Vickers indentations edges at both the sintering temperatures of 1050 

and 1250 ºC in AlCuTaVW alloy. The superior mechanical properties of AlCuTaVW HEA are 

attributed to the nanocrystalline nature in the bulk material, where the forest dislocations are 

pinned down at the grain boundaries and because of presence of refractory elements in the alloy.  
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Chapter 1 Introduction 

   1.1 Definition of high entropy alloys 

Of all the substances that exist, metals have a distinguishing role in the human history. Ever since 

metals were discovered the quest for better and better materials continued and persists even today. 

As the knowledge of working with metals (which is termed as metallurgy) increased, metals 

became more significant in the development of tools, weapons and many more applications. The 

emergence of more complex alloys has paved the way for stronger and durable materials. 

Conventional alloys have a single or very rarely two principal elements [1, 2]. After extensive 

research, inventions and innovation on conventional alloys a remarkable and yet an unconventional 

approach to alloying resulted in the high entropy alloys (HEAs) [3-5]. This rudimentary alteration 

in the alloying by itself is a ground-breaking realization in the history of modern metallurgy and 

alloying materials. 

A fundamental distinction of HEAs compared to the conventional alloys is that HEAs comprise of 

multiple principal elements in equimolar or near equimolar concentration, most plausible of a 

minimum of 5 (N ≥ 5) elements, with the concentration of each principal element in the range of 

5 through 35 atomic %, alongside discretionary minor elements with concentration ranging below 

5 atomic % [4, 6, 7]. Contrary to the traditional physical metallurgical understanding, which says 

that multi-component alloys may result in solubility issues and also formation of complex inter-

metallic compounds, these high mixing alloys result in simple solid solutions that are easy to 

analyze [8, 9]. In the below pictorial representation (Fig. 1.1) it is understood that the conventional 

alloys were designed with a focus on the corners of the phase diagram, while the designing of 

HEAs is done shifting the focus to the central region of the ternary phase diagram [10, 11]. Multi-

principal HEAs form a random solid solutions with simple crystal structures (face-centered cubic 
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(fcc) or body-centered cubic (bcc) structures). The reason for the simple solid structure formation 

is probably high mixing of entropy which is discussed in detail in section 2.1.  

At constant pressure, Gibbs phase rule is F = C + 1 − P for multi component (C) systems. This 

rule is used to determine the number of phases (P) formed in thermodynamic equilibrium state 

[12]. In a binary alloy, maximum allowed number of phases is only 3 when the degrees of freedom 

is 0, however practically at room temperature the number of phases is 2. In a ternary alloys, using 

phase rule the possible number of phases formed in the alloy in equilibrium state are 4. However 

in multicomponent HEAs, the number of phases formed are the prediction of far below Gibbs 

phase rule. The reason behind this is still being worked upon by the research community [8, 13].  

A set of rules for the complete solubility of elements in a binary alloy to form a solid solution as 

given by William Hume Rothery [12, 14, 15] are, 

1. The crystal structure of the solute and solvent atoms must be same. 

2. The atomic size difference between the solute and solvent atoms must not be more than 

15%. 

3. The solute and solvent atoms should have same valence and similar electronegativity. If 

there is a huge difference in electronegativity, intermetallic compound is formed instead 

of solid solution.  

These are considered as the basic rules to explain the solid solution formation. However in the 

multi principal HEAs, all atoms are considered as solute atoms and have equal probability to 

occupy a lattice site [8] forming a solid solution. Hence finding the solid solution has become one 

of the primary interests. Many research groups attempted to explain the parameters for phase 

formation rules in HEAs [8, 11, 16], thereby to design a HEA for the desired applications with 

single solid phases [1, 17-23]. 
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Fig. 1.1 A plot of number of principal elements against the number of equiatomic 

compositions. The insert is there ternary phase diagram illustrating conventional and high 

entropy alloys concentrations [7]. 

 

   1.2 Development of HEAs 

In a short span of 12 years that HEAs were introduced to the research community, there has been 

an incredible attention, predominantly because of the simple crystal structures and outstanding 

properties. In the late 70’s Brain Cantor introduced the concept of multi-element alloys, however 

in 2004 these multi-element alloys were named as HEA by JW Yeh [1]. 

Researchers and academicians are exploring different compositions and studying them to know 

different physical properties for different applications. Fig. 1.2 quantifies the ever increasing 

interest and exploration of the HEAs. The numerous publications is evidence that the research 

community has embraced the concept in its nascent stage and is thriving for its advancement. 

Elements in the periodic table is the limit to imagine and investigate.  
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Fig. 1.2 Number of global publication on HEAs. (Updated on April 20th, 2017). 

 

Out of 118 elements in the periodic table, only 45 elements can be used as structural metal HEAs 

[24]. With these 45 elements few thousands of 5 elements to 13 elements HEA combinations can 

be synthesized. Other than structural metals, there are refractory metal, rare earth metals, which 

were also included in the combinations thereby increasing the probability of different HEA 

compositions. On the other hand, to synthesize HEAs many different techniques have been 

explored viz. vacuum arc melting [25], laser cladding [26], magnetic sputtering [27], plasma 

spraying [28], mechanical alloying (MA) [29-32] and spark plasma sintering (SPS) [33-35]. 

Melting and casting is the most familiar one among all the processes but segregation of elements 

is the primary problem [36]. Whereas SPS is widely used for synthesis of advanced nanomaterials 

because of the rapid synthesis on application of pressure and temperature. 
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   1.3 Motivation 

HEAs are relatively new class of materials where several scientific aspects of them have to 

understand in great detail. Although several alloy systems have been developed and various 

properties of them have been reported, AlCoCrCuFeNi system is relatively widely studied. 

However the effect of microstructural length scales on the strengthening mechanisms as well as 

its rate sensitive characteristics have not been reported. Therefore in this investigation an ultrafine 

grained system with bimodal grain size distribution and other structural features has been 

developed. The underlying strengthening mechanism and dependence of flow stress on strain rate 

have been studied using Vickers microindentation and depth sensing nanoindentation.  

In novel alloy system of equiatomic AlCuTaVW has been adopted with the assumption that this 

alloy would yield high temperature mechanical properties as well as acceptable levels of ductility. 

This alloy has been synthesized using combination of ball milling and spark plasma sintering. 

Mechanical properties have been evaluated using microindentation. It is to be mentioned here that 

this is the first ever study on this alloy system.  

   1.4 Objectives 

Based on the above background and motivation, the objective of the present study are 

 Synthesis of AlCoCrCuFeNi and AlCuTaVW HEAs using mechanical alloying with finer 

microstructural features. 

 Fabrication of milled powders into a bulk compact using spark plasma sintering.  

 Characterization of milled powders and the bulk consolidated alloy using different 

characterizing techniques. 
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 Measure the mechanical properties using Vickers microindentation and depth sensing 

nanoindentation techniques. 

 Understanding various strengthening mechanisms in these alloys. 

 Understanding the fracture toughness. 

 Establishment of structure-property correlations. 

   1.5 Overview 

The remaining part of the thesis is arranged as follows: 

Chapter 2 gives the literature available on HEAs. This includes the thermodynamic concepts of 

the HEAs and the proposed core effects in HEAs in detail. Microstructural features and mechanical 

properties of HEAs are also discussed. Chapter 3 comprises of the experimental procedures and 

details. These include processing techniques mechanical alloying and sintering (SPS). 

Characterization techniques such as XRD, SEM, TEM with a detailed description of the sample 

preparation for the examination. A concise explanation about the methods employed for the 

evaluation of the mechanical properties using Vickers microindentation and nanoindentation has 

also been given.  

Chapter 4 provides a detailed account of the microstructural evolution in equiatomic ultrafine 

grained AlCoCrCuFeNi high-entropy alloy. Chapter 5 deals with strengthening mechanisms in 

equiatomic ultrafine grained AlCoCrCuFeNi high-entropy alloy studied by micro and 

nanoindentation methods. Chapters 4 and 5 are based on the paper published in ‘Acta Materialia’ 

(Vol 125, pg 58-68) by Ramya Sree Ganji, P. Sai Karthik, K. Bhanu Sankara Rao, Koteswararao 

V. Rajulapati, entitled “Strengthening mechanisms in equiatomic ultrafine grained AlCoCrCuFeNi 

high-entropy alloy studied by micro and nanoindentation methods”, in 2017. Chapter 6 gives the 
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details of AlCuTaVW HEA synthesized using mechanical alloying and spark plasma sintering. 

Fracture toughness has been measured from Vickers microhardness indents and its detailed 

analysis has been discussed. This chapter will be communicated to ‘Materials Science and 

Engineering A’. 
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Chapter 2 Literature review 

   2.1 Thermodynamic concepts of HEAs 

Thermodynamic methods are used to provide the criteria for equilibrium state of the material 

system and determine the external influence acting on the system [1-3]. The system attains 

equilibrium state when the Gibbs free energy (G) is constant or minimum.  G is an extensive 

property i.e. it depends on the size of the system or number of mole concentration of a material at 

constant temperature and pressure. The equation for Gibbs free energy is given as following,  

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − T∆𝑆𝑚𝑖𝑥 … … … … … … … … … … … … … (2.1)  

where ∆𝐻𝑚𝑖𝑥 is enthalpy of mixing, T is absolute temperature and ∆𝑆𝑚𝑖𝑥 is entropy of mixing, if 

configurational entropy (S) increases, Gibbs free energy decreases [4-6] i.e., free energy for atoms 

to segregate or to form an ordered intermetallic phase is low. Equation 2.1 also gives an idea that 

randomly formed solid solution is more stable than the ordered intermetallic phases as in the case 

of conventional alloys until its melting point. The random solid solution displays excellent 

mechanical properties.  

The formation of single solid solution phase is because of high configurational entropy, ∆𝑆𝑐𝑜𝑛𝑓 

and is defined as atoms in the alloy have ample ways to arrange themselves in the lattice sites. 

Among the four contributions in total entropy of mixing (∆𝑆𝑐𝑜𝑛𝑓 = 𝑅 ln 𝑁), configurational 

entropy has major contribution. The other three excess contributions are vibrational, magnetic 

dipole and electronic randomness [7, 8].  According to Boltzmann’s hypotheses, the 

configurational entropy of mixing per mole is given as, 

∆𝑆𝑐𝑜𝑛𝑓 = −𝑅 ∑ 𝑐𝑖 

𝑁

𝑖=1

ln 𝑐𝑖 … … … … … … … … … … … … … … (2.2) 
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where R is the gas constant (8.1314 J mol-1 K-1), Ci is molar fraction of ith element and N is the 

total number of elements. It is evident from Equation 2.2, that ∆𝑆𝑐𝑜𝑛𝑓 increases with increase in 

the number of elements and overcomes the enthalpies of intermetallic compound formations and 

hence form simple solid solutions. The configurational entropy varies from 1.61R for 5 element 

HEA to 2.57R for 13 element HEA. As per HEA definition, the alloy having 5 major elements in 

near equal proportions and minor alloying additions below the concentration of 5% is called a 

HEA [9-11]. The alloys with minor alloying elements have less ∆𝑆𝑐𝑜𝑛𝑓 than 1.61R though they 

comprise of 5 principal elements. This contradiction of definition is again cleared by JW Yeh [7] 

and proposed 1.5R as a lower limit to HEAs because of high bonding energies of unlike atomic 

pairs at high temperatures. Implying, alloys having less than 1.5R as ∆𝑆𝑐𝑜𝑛𝑓 are unstable at high 

temperatures. Moreover, 1R has been set as border line for low and medium entropy alloys because 

of weak bonding energies [7]. Miracle et al [12] confirmed the above findings and proposed the 

definition for HEAs should have ∆𝑆𝑐𝑜𝑛𝑓  ≥ 1.5 𝑅. The configurational entropy of a low entropy 

alloys is 1R and medium entropy alloys ranges from 1.5𝑅 ≥  ∆𝑆𝑐𝑜𝑛𝑓 ≥ 1𝑅. Different entropy 

alloys of the current world are schematically shown in Fig. 2.1. Ye et al [13] depicted using contour 

map of ∆𝑆𝑚𝑖𝑥 (Fig. 2.2), explained how the entropy of mixing is maximum at the centre of a 

ternary phase diagram where all atomic percentages of elements are equal and has high energy 

gain to suppress the intermetallic phase and form simple solid solutions. The maximum ∆𝑆𝑚𝑖𝑥 

value is 9.15 J mol-1 K-1 at the exact centre of the map shown in Fig. 2.2. 

 



Literature review 

13 
 

 

Fig. 2.1 Entropy alloys based on configurational entropy, ∆𝑺𝒄𝒐𝒏𝒇 [7]. 

 

 

Fig. 2.2 The contour map depicting the high entropy alloys at the center and the conventional 

alloys at the corners (blue) (adapted from [13]). 
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For the design of HEAs, Zhang et al [14] introduced two parameters which helps to evaluate HEA 

in terms of solid solution or intermetallic compounds formation. The phase formation rules include 

the atomic size difference, δ and mixing enthalpy, 𝛥𝐻𝑚𝑖𝑥. 

The atomic size difference, δ is expressed as, 

𝛿 % = 100 √∑ 𝐶𝑖 (1 − 
𝑟𝑖

𝑟̅
)

2
𝑁

𝑖=1

… … … … … … … … … … … … (2.3) 

where 𝐶𝑖 is concentration of ith element, 𝑟𝑖 is the atomic radius of ith element, N is number of 

elements, and 𝑟̅ is average atomic size of elements and is expressed as 𝑟̅ =  ∑ 𝐶𝑖𝑟𝑖
𝑁
𝑖=1 . The equation 

for enthalpy of mixing of a solid solution is, 

𝛥𝐻𝑚𝑖𝑥 =  ∑ 4 𝛥𝐻𝑖𝑗  (𝐶𝑖 𝐶𝑗)

𝑁

𝑖=1,𝑖≠𝑗

… … … … … … … … … … … … (2.4) 

where 𝛥𝐻𝑖𝑗 is mixing enthalpy of binary alloy i and j, 𝐶𝑖, 𝐶𝑗 are concentrations of ith and jth elements 

respectively. Zhang et al [14] explained and proved using 6 different HEA alloys that the solid 

solution formation facilitates only when the component atomic size difference is relatively small, 

and 𝛥𝐻𝑚𝑖𝑥not more negative to form intermetallic compounds. As δ is small, the atoms have equal 

probability to occupy the substitutional sites forming a solid solution. Whereas bulk metallic 

glasses (BMG) have huge atomic size difference and 𝛥𝐻𝑚𝑖𝑥 is far negative compared to HEAs 

resulting in intermetallic compound formation. The combination of δ and 𝛥𝐻𝑚𝑖𝑥  gives reasonable 

information for phase selection in HEAs rather than 𝛥𝑆𝑚𝑖𝑥 because invariably it is high in all 

HEAs. Guo et al [15] shows phase formation criteria in HEAs as given in Fig. 2.3. It is clear from 

the Fig. 2.3 that, solid solution forms when δ < 0.066 and 𝛥𝐻𝑚𝑖𝑥 ranges between 

−11.6 < 𝛥𝐻𝑚𝑖𝑥 < 3.2 kJmol-1.  
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Fig. 2.3 Proposed criteria to predict the phase formation band on of δ and 𝜟𝑯𝒎𝒊𝒙 values [15]. 

 

Whereas Guo et al [16] in another article clarified that the solid solution forms only when resultant 

parameters of HEA is in the range: 0 ≤ δ ≤ 8.5, -22 ≤ 𝛥𝐻𝑚𝑖𝑥≤ 7 kJmol-1 and 11 ≤ 𝛥𝑆𝑚𝑖𝑥 ≤ 19.5 JK-

1mol-1. This statistical data differs from researcher to researcher because of availability of huge 

data on HEAs [5, 6, 8, 17-19]. Recently Dwivedi et al [20] synthesized CrNbTiVZn HEA using 

mechanical alloying and reported that the phase formation parameters reported by Guo et al [16] 

are also valid for their alloy. Amorphous phases form when the δ values are higher and 𝛥𝐻𝑚𝑖𝑥 

values are more negative, however this statistical analysis show that the region for intermetallic 

compounds formation overlaps both with the solid solution region and the amorphous region (see 

Fig. 2.3). This overlap is because the solid solution phases formed could be disordered solid 

solution phases or ordered solid solutions. It could also be misinterpretation of ordered solid 

solution as intermetallic compounds [17].  

Guo et al [17] described that δ and ∆𝐻𝑚𝑖𝑥  have clear involvement in phase selection in HEA. And 

also added electronegativity difference, 𝛥𝜒  and valence electron concentration (VEC) do not 
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involve much in phase selection criteria, but 𝛥𝜒 gives the information about the segregation of 

elements and VEC dictates the type of crystal structure that the solid solution will form.  

∆𝜒 and VEC are derived from the well-known Hume-Rothery rules to form substitutional solid 

solution. The expression for electronegativity difference, ∆𝜒 is, 

∆𝜒 =  √∑ 𝐶𝑖  (𝜒𝑖 −  𝜒̅)2

𝑛

𝑖=1

… … … … … … … … … … … … (2.5)    

𝜒̅ is given as ∑ 𝐶𝑖𝜒𝑖
𝑛
𝑖=1 , where 𝜒𝑖  is Pauling electronegativity of ith element, 𝐶𝑖 is concentration of 

ith element, and n is total number of elements in the alloy. Valence electron concentration is defined 

as the total electron count in the valence band and is expressed as, 

𝑉𝐸𝐶 = ∑ 𝐶𝑖 (𝑉𝐸𝐶)𝑖 … … … … … … … … … … … … … … (2.6)

𝑛

𝑖=1

 

where 𝐶𝑖 is concentration of individual ith element, and 𝑉𝐸𝐶𝑖 is the valence electron number of ith 

element. Conventionally, the itinerant electrons per atom, e/a ratios of individual elements and 

total number of electrons including d electrons in the valence band (VEC) are considered for Hume 

Rothery rules to know the number of valence electrons. Guo et al [17] clarified that the existence 

of transition elements in HEA, considering e/a ratios is inappropriate. Moreover VEC gives 

relevant information in HEA. Guo et al [21] briefly discussed and claimed that fcc solid solution 

form when VEC ≥ 8, bcc solid solution phase form when VEC < 6.87 and a mix of both fcc and 

bcc phases form when 6.87 ≤ VEC < 8. Dwivedi et al [20] synthesized CrNbTiVZn HEA using 

mechanical alloying technique and VEC of this alloy is 6.4. They found the above given VEC 

principle for the phase formation is inconsistent because this alloy formed a fcc phase instead of a 

bcc phase predicted by VEC rule. Tsai et al [50] used VEC to predict the formation of σ phase in 

HEA in the same range of mixed fcc and bcc phases. Recently, Poletti and Battezzati [22] evaluated 
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the phase selection between fcc and bcc type solid solutions in HEAs, using both e/a and VEC. 

They claimed that fcc solid solutions are formed when VEC > 7.5 and 1.6 < e/a < 1.8, while bcc 

solid solutions are formed when VEC < 7.5 and 1.8 < e/a < 2.3.  Guo et al [16] statistical analysis 

of 𝛥𝑆𝑚𝑖𝑥, 𝛿 , 𝛥𝐻𝑚𝑖𝑥, 𝛥𝜒 , and VEC values explained how these parameters effect the phase 

stability. This group made similar conclusions as Zhang et al [14] by considering huge data to find 

out the rules for the formation of solid solution or amorphous phase. King et al [23] developed a 

methodology using a software for phase stability prediction at a given temperature. To form a 

single phase HEA, a new parameter Φ, is defined as a ratio of Gibbs free energy of solid solution 

to that of intermetallics. They reported after many experiment that a solid solution forms when Φ 

≥ 1 and δ ≤ 6.6.  

   2.2 Core effects of HEA  

There are few effects proposed by Yeh et al [9] explaining the exceptional properties of HEAs 

compared to traditional alloys. There are four core effects based on equal concentration of different 

elements in the alloy namely high mixing entropy effect, sluggish diffusion effect, lattice distortion 

effect and the cocktail effect.  

2.2.1 High mixing entropy effect 

As explained earlier in section 2.1, entropy arises because of huge concentration of 

individual elements in the alloy. Meaning the composition of different elements in equal 

concentrations, leads to disorder in the alloy. The rise in entropy decreases the overall 

Gibbs free energy as seen in Equation 2.1 ensuing formation of solid solutions by subduing 

intermetallic compound formation especially at elevated temperatures. Elements occupy 

different lattice sites in solid solutions instead of segregating to any preferred location and 

forming a compound [11].  
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2.2.2 Sluggish diffusion effect 

Diffusion is a process of interplay of atoms in lattice sites in the structure of a metal. HEAs 

have different elements in each lattice site. In the diffusion process, an atom finds different 

environments with different potential energy in the neighboring lattice site owing to the 

different elements [24-26]. This makes it difficult to pass through or may need more 

external force to occupy another lattice site. If the potential energy in the new site is 

considerably high, there is a possibility for an atom to jump back to its original lattice site 

hence making the diffusion process very slow thereby increasing the mechanical properties 

like high temperature strength, creep resistance in multi principal HEA [12, 27-31]. 

2.2.3 Lattice distortion effect 

There is a severe distortion in lattice because of different elements having different atomic 

radii. Large radius atoms will create more compressional stress on other atoms, small atoms 

have more vacant space to move around.  

 

 Fig. 2.4 A schematic of lattice distortion caused by atoms with different atomic sizes. 
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The localized strain raise because of this atomic radii difference prevent the dislocation 

movements and enhances solid solution strengthening [32, 33]. The schematic illustration 

of lattice distortion effect is given in Fig. 2.4. Other than difference in atomic size, different 

crystal structures of elements and their priorities to form bonds also result lattice distortion 

[14]. The decrease in XRD peak intensity is also an evidence for presence of severe lattice 

strain observed by various researchers [34, 35]. 

2.2.4 Cocktail effect 

This effect is a combination of above said effects. The newly developed HEAs have two 

or more number of different phases. The interaction between these phases, their interaction 

with other effects are termed as cocktail effect contributing to the overall properties of 

HEA. There is increase in strength because of the interaction between atoms and phase as 

well as lattice distortion. The properties also depend on the composition, crystal structure 

and microstructure of HEA [36-38].  

   2.3 Microstructure of HEA 

As HEA are new emerging alloys, researchers adopted different techniques to synthesize them 

[39-46]. The most commonly used fabrication method is arc melting and casting [23, 47-49]. 

Though it is widely used technique, it has some disadvantages and limitations. Formation of 

dendritic structure and selective segregation of alloying elements being the primary disadvantage 

in melting and casting methods. Often an additional step of heat treatment is required to 

homogenize the cast structure. Other processing techniques adopted to fabricate HEAs are 

magnetron sputtering [40, 41] and splat quenching [50]. Mechanical alloying has been widely used 

to synthesize nanocrystalline materials which is cost effective. The main disadvantage of 

segregation in the casting methods is appreciably avoided in mechanical alloying. Mechanical 
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alloying results nanocrystalline materials with homogenous microstructure. Mechanical alloying 

coupled with spark plasma sintering helps in retaining the nanocrystalline nature of the alloy, 

thereby effecting the overall properties [51-54]. Mechanical alloying in HEAs [55-58] has been 

equally popular as melting methods, where researchers and academicians are able to study the 

alloy at nano scale with homogenous compositions. The elements which are difficult to melt and 

process can be mechanically alloyed to produce a uniform distribution of elements throughout the 

microstructure.  

HEAs exhibit higher hardness than the most commonly used Inconel 718 superalloy [32]. This is 

because of the sluggish diffusion in HEAs preventing the softening at elevated temperatures. 

Senkov et al [59, 60] on reported that over a temperature range up to 1600 ºC, the yield strength 

of Inconel 718 superalloy decreased but HEAs displayed outstanding steady yield strengths. 

Though, with the increase in temperature the growth rate of intermetallic and other phases form in 

HEAs is very less. Liu et al [61] also reported that the activation energy for the grain growth is 

very low in HEAs when compared to other steels. This confirms the stability of the microstructure 

at elevated temperatures. It has been reported that a passive layer is formed with the elements Cr 

and Ni to prevent corrosion whereas the presence of Cu is degrading it by forming a galvanic cell 

[62]. Chen et al [63] reported that HEAs display better corrosion resistance than 304 stainless steel.  

There are different types of HEAs like bulk metallic HEAs [64], refractory HEAs [32, 65-68], 

superalloy HEAs [39, 69], low density HEAs [59, 70, 71]. Microstructures depend on the 

processing routes, the cooling conditions and further heat treatments [11, 72]. Different types of 

phases form in HEAs like nanoprecipitates, amorphous, single solid solution phase, multiple solid 

solutions phases, intermetallic phases, laves phases or σ phases [11]. Intermetallic phases are 

treated as unwanted phases which deteriorate the mechanical properties. But in most of the 
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structural alloys like superalloys, these intermetallic phases are intentionally precipitated to 

enhance the high temperature properties. However the shape, size, volume fraction and distribution 

of the intermetallic phases in the matrix play a key role in enhancing the mechanical properties 

[11]. Yeh et al [73] who is one of the discoverers of HEAs worked on AlxCoCrCuFeNi HEA. Solid 

solutions with simple crystal structures were formed in the as-cast AlxCoCrCuFeNi HEA.  The 

increase in Al concentration favored bcc phase formation.  Yeh et al [73] also fabricated a 10 alloy 

HEA system, CuCoNiCrFeNiMoTiVZr and found two bcc structures and an amorphous phase. 

Cantor et al [74] who is another inventor of multi component alloys, casted 20 elements first in 

equal atomic proportions and 16 elements later. In both HEAs, they found brittle multiple phases. 

Cantor et al [74] also prepared an alloy with transition elements (Cr,Mn,Fe,Co,Ni) alone and found 

a single fcc phase with dendritic microstructure. AlCoCrCuFeNi HEA introduced by Yeh et al 

[73] and CoCrFeMnNi HEA fabricated by Cantor et al [74] are the most investigated HEAs. The 

later alloy is named after him as Cantor alloy. Any HEA designed is the derivative of these two 

alloys. The elemental effect on phase formation in the alloy has been well studied by reducing the 

concentration of individual element [75-80] and found that the bcc and fcc stabilizers as in steels 

also stabilize the respective phase in HEAs [11, 81, 82]. Li et al [83] studied the effect of Mn, Ti 

and V on AlCoCrCuFeNi HEAs. Their research work showed that the cast AlCoCrCuFeNi HEA 

resulted in a fcc phase and a bcc phase. Mn addition to this alloy resulted an additional unknown 

phase. AlCoCrCuFeNiTi and AlCoCrCuFeNiV HEAs consisted 2 bcc phases and a fcc phase. The 

as cast microstructure of AlCoCrCuFeNi alloy is shown in Fig. 2.5. A dendritic and interdendritic 

phases resulted with Cr, Fe and Co rich region in dendrite phase and Cu is rich in interdendrite 

areas. Yeh et al [34] fabricated CoCrCuFeNi HEA using melting and casting process. This alloy 

resulted in a simple fcc phase.  
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Fig. 2.5 Scanning electron micrographs of as cast AlCoCrCuFeNi HEA showing dendrite and 

interdendrite regions [83]. 

The micrograph shown in Fig. 2.6 depicts typical dendritic and interdendritic regions with a slight 

segregation of Cu in the interdendritic region. This alloy displayed a microhardness of 1.3 GPa. 

Here they emphasized that though the elements in HEAs are of different crystal structures, they 

coagulate to form a single solid solution with no host element or matrix. All elements in the alloy 

are regarded as solute atoms with a random distribution in the crystal lattice.  

 
Fig. 2.6 Scanning electron micrograph of as cast CoCuCrFeNi showing dendritic and 

interdendritic regions. The chemical composition of the two phases were also shown [34]. 
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Fig. 2.7 Back scattering electron images of  (a, b) Co1.5CrFeNi1.5Ti alloy, (c, d) 

Al0.2Co1.5CrFeNi1.5Ti [47]. 

Chuang et al [47] melted and casted Co1.5CrFeNi1.5Ti0.5, Al0.2Co1.5CrFeNi1.5Ti0.5, Co1.5CrFeNi1.5Ti 

and Al0.2Co1.5CrFeNi1.5Ti HEAs. The microstructure of Co1.5CrFeNi1.5Ti alloy has dendritic and 

interdendritic regions where Ti is deficient in dendrite and (Co, Cr, Fe) - rich matrix with course 

ƞ (Ni, Co)3Ti precipitates found in interdendritic regions as shown in Fig. 2.7. Li et al [84] 

fabricated Fe80-xMnxCo10Cr10 HEA using vacuum arc melting. This alloy is hot rolled to 50 % 

reduction, followed by homogenizing treatment at 1200 ºC for 2 h. There is a partial martensitic 

phase transformation of fcc to hcp phase. The XRD and electron back scattered diffractograms 

(EBSD) are shown in Fig. 2.8. It is observed that with decrease in Mn concentration, there is a 

change in the deformation mechanism. When Mn is 45 and 40 at. %, the alloy has a fcc phase 

where dislocation dominated plasticity mechanism operates. On further decrement of Mn 

concentration to 30 at. %, a new hcp phase is formed where twining induced plasticity mechanism 
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is observed. It is shown that the microstructure with twins and dual phases improved both strength 

and ductility of the alloy. Wang et al [85] studied the effect of 1.1 at. % carbon in FeNiMnAlCr 

HEA. This alloy is synthesized using melting and casting methods. Further it was cold rolled and 

underwent annealing treatments. The as-cast alloy has an fcc phase with coarse grains. The cold 

rolling and annealing treatment resulted ordered B2 phase in alloy without carbon. Whereas C- 

doped HEA resulted M23C6, M7C3 carbides as shown in Fig. 2.9. The doping of C into the lattice 

prevents the alloy to recrystallize though it was given annealing treatment. They also observed that 

the C and Mn segregated at the grain boundaries. Schuh et al [86] studied the mechanical properties 

of CoCrFeMnNi HEA after high pressure torsion. The as-cast alloy displayed a microhardness of 

1.6 GPa and has a fcc phase. 

 

Fig. 2.8 X-ray diffractograms of Fe80-xMnxCo10Cr10 HEA and corresponding EBSD images 

[84].  
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Fig. 2.9 Back scatter electron micrographs of undoped (a,c) and 1.1 at % C doped (b,d) HEA. 

The micrographs were taken after cold rolling and annealing heat treatment at (a) 800 ºC for 

30 h, (b) 1000 ºC for 8 h (c) 900 ºC for 8 h and (d) 1100 ºC for 4 h [85]. 

Severe plastic deformation induced high strength and the microhardness increased to 5 GPa. With 

the increase in deformation the twin density in the alloy increased and the alloy continued to have 

a single solid solution phase with fcc crystal structure. This alloy is given an annealing treatment 

at 450 ºC and reported that the microhardness increased to 6.1 GPa and new phases have evolved.  

The new phases are MnNi phase, Cr rich phase and Fe-Co phase as shown in Fig. 2.10. The grain 

size of the alloy is in nanocrystalline range, the random arrangement of atoms in grain boundaries 

served as nucleation sites for the phase transformations. Fu et al [87] studied the Co25Ni 

25Fe25Al7.5Cu17.5 alloy via mechanical alloying followed by spark plasma sintering (SPS). 

Mechanical alloying of the alloy resulted a fcc phase with an average grain size of 24 nm. The 49 
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h milled powders have flakes and lamellar morphology as shown in Fig. 2.11. This alloy after SPS 

had the same crystal structure with a bimodal grain size distribution. The TEM images showed 

twins in the alloy where the average twin width is 61 nm and the volume fraction of about 5 %. 

The alloy with twins and bimodal grain sizes exhibited superior mechanical properties. Pradeep et 

al [88] synthesized and studied AlCrCuFeNiZn HEA using mechanical alloying and hot pressing 

at 600 ºC for 15min under 650 MPa load. Both mechanical alloying and compaction resulted a 

major bcc phase and a minor fcc phase. The atom probe tomographical studies on the alloy shows 

Fe rich, Ni rich, α brass type Cu-Zn and Cr rich phases. This alloy has very high hardness of 8.5 

GPa and elastic modulus of 1.4 GPa. 

 

 

Fig. 2.10 3D Atom probe tomographic reconstruction of CoCrFeMnNi HEA after annealing 

treatment at 450 ºC for (a) 5 min (b) 1 h and (c) 15 h. The color indications: green  MnNi 

phase, purple  Cr rich phase and blue  Fe-Co phase [86]. 
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Fig. 2.11 (a) Scanning electron micrograph of 49 milled Co25Ni 25Fe25Al7.5Cu17.5 HEA, 

(b) corresponding EDS compositional distribution showing equiatomic concentrations [87]. 

 

Ji et al [89] investigated the mechanical alloyed and spark plasma sintered CoCrFeMnNi HEA. 

The 60 h mechanical alloying resulted bcc and fcc phases. They observed the decrement in the 

crystallite size upto 42 h of milling and further there was no crystal refinement. Fig. 2.12 (a) shows 

the mechanical alloyed powder morphology having elliptical shape. Fig. 2.12 (b) gives the bright 

field image of the milled powders and the insert showing the presence of two phases. However the 

sintered sample has only one phase with fcc crystal structure with two different grain diameters. 

They also found twins in the alloy. This alloy displayed a high microhardness of 6.3 GPa and room 

temperature compressive strength of 2 GPa. An equiatomic FeCoCrNi HEA is produced by Liu et 

al [90] using gas atomization and hot extrusion. Gas atomization resulted a 35.2 μm powder with 

a single fcc phase. Hot extrusion resulted equiaxed grains with no change in crystal structure. Fig. 

2.13 shows the EBSD images of hot extruded materials showing the microtextures of <101> and 

<001> orientations.  
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Fig. 2.12 (a) Scanning electron micrograph and (b) bright field image of 60 h ball milled 

powders of CoCrFeMnNi HEA [89]. 

 

 

Fig. 2.13  EBSD images in (a) extrusion direction (b) transverse direction of FeCoCrNi HEA 

[90]. 
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Fig. 2.14  Back scattering electron images of Al2.5CoCrCuFeNi HEA showing the phases 

formed after sintering [80]. 

Sriharitha et al [80] fabricated AlCoCrCuFeNi HEA using mechanical alloying followed by SPS 

by varying Al concentration. Lower Al concentration produced fcc 1, fcc2 and bcc phases. With 

increase in Al concentration, both fcc phases transformed to a single fcc phase and bcc phase 

transformed to an ordered B2 phase. These phases are shown in the Back scattering electron images 

of Al2.5CoCrCuFeNi HEA (Fig. 2.14). They reported that B2 phase is rich in Al with Ni, Fe and 

Cr. Fcc phase is rich in Cu with Ni.  

From all this investigations it is clear that microstructural evolution in HEAs is intriguing and 

needs extensive investigations by employing wide variety of alloy systems. 

   2.4 Mechanical properties of HEAs 

HEAs are a new class of materials which could give better properties suitable for high temperature 

applications. Materials used at high temperatures need to have high strength, good structural 

stability throughout the temperature range, high creep resistance, low density and resistance to 

corrosion or oxidation. The HEAs designed with modified microstructures by introducing stable 
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elements into the alloy or by introducing dislocations into the lattice or by precipitation, the high 

temperature stability is achieved [44, 86, 91]. Not only the refined microstructure, the intermetallic 

phase [92, 93] and the unwanted σ and µ phases [94] helped in increasing the high temperature 

withstanding ability in HEAs. Due to the complex compositions, the core effects in HEA always 

are marked as the primary reasons for better properties. One among them is cocktail effect which 

deals with the interaction between the interfaces of the phases and the other core effects themselves 

making the dislocations very hard to move. And piling up of such blocked dislocations increases 

the local strain in the lattice, there results a tremendous increase in strength even at elevated 

temperatures. Different mechanical properties that are extensively studied in the field of HEAs are 

hardness, compressive properties, tensile properties, fracture toughness and strain rate sensitivity. 

A detailed explanation of these properties is reported in the literature given below. 

 2.4.1 Hardness 

Chuang et al [47] have observed the increment in microhardness with increase of Ti concentration 

in AlxCo1.5CrFeNi1.5Tiy HEA. The microhardness increased from 509 HV to 910 HV when Ti is 

increased from 0.5 at % to 1 at % . They observed the formation of ƞ phase at the grain boundaries 

and interdendritic regions in the alloy. Maiti et al [95] manufactured TaNbHfZr HEA by arc 

melting and given annealing treatments for different durations up to 8 days. The variation in 

microhardness is recorded and is given in Fig. 2.15. It is clear that the microhardness increased 

with annealing time. As-cast alloy hardness is 3.6 GPa and with 1 day of annealing treatment 

microhardness increased to 5.5 GPa. This increase in hardness is attributed to solid solution 

strengthening and lattice distortion effect.  
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Fig. 2.15 Variation of microhardness in TaNbHfZr HEA with the annealing treatment 

durations [95]. 

 

 

 

Fig. 2.16 Variation of microhardness in different AlxCoCrCuFeNi HEAs [97]. 
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Fig. 2.17 Microhardness variation of AlCoCrCuFeNi HEA at high temperatures [97]. 

 

Senkov et al [67] reported how the mechanical properties were enhanced on compositional 

variation. In CrMo0.5NbTa0.5TiZr parent alloy, when Cr is replaced by Al the microhardness 

increased from 5.3 GPa to 5.8 GPa and the brittle Laves phase is eliminated.Zou et al [96] melted 

and casted NbMoTaW HEA and homogenized at 1800 ºC for 7 days. The microhardness of the 

as-cast alloy is 4.8 GPa. The homogenizing treatment decreased the hardness to 4.5 GPa. Ye et al 

[97] synthesized AlxCoCrCuFeNi HEA using laser cladding method. They investigated that with 

increase in Al concentration, the hardness value increased as shown in Fig. 2.16. With the increase 

in Al at. %, fcc phase is transformed into bcc phase. The larger atomic size of the Al atoms 

increased the lattice distortion and enhanced solid solution strengthening. Al concentration of more 

than 1.5 at. % resulted brittleness in the material and found cracks while indenting. Hence this 

group suggested that the optimal concentration of Al is 1.5 to 1.8 at. %. 
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Fig. 2.18 Vickers microhardness of different HEAs [98]. 

 

 AlCoCrCuFeNi HEA hardness is measured at high temperature. Against the conventional trend, 

the hardness of the alloy increased with increase in temperature up to 500 ºC as shown in Fig. 2.17. 

This increase in hardness is attributed to the formation of intermetallic phases which enabled high 

microhardness and thermal stability. Manzoni et al [98] aimed at optimizing the microstructure for 

high temperature application by varying the compositions and heat treatments. Six different alloys 

have been considered and their microhardness variation is given in Fig. 2.18. They found that 

HEAs with bcc phase have high hardness than the fcc phase alloys. However the bcc phase alloys 

were very brittle.  

2.4.2 Tensile properties 

Liu et al [94] made interesting investigation on CoCrFeNiMox HEA. They found that the σ and μ 

intermetallic phases formed in CoCrFeNiMo0.3 HEA enhanced the strength of the material without 

effecting the ductility. As-cast CoCrFeNiMo0.3 have tetragonal structured σ phase distributed in 
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fcc matrix. The alloy on rolling up to 60 % reduction at 700 to 1000 ºC temperatures, a μ phase is 

precipitated with rhombohedral structure. The nanohardness values of CoCrFeNiMo0.3 HEA are 

shown in Fig. 2.19 (a). The measurements are made in a line across all the phases in the alloy. 

However the nanohardness of the precipitates could be around 15 GPa. Room temperature tensile 

testing is carried and the stress-strain curves with varying Mo concentration are shown in Fig. 2.19 

(b). The ultimate tensile strength increased with increase in Mo concentration upto 1.2 GPa. The 

% elongation of CoCrFeNi is 58 % and slightly decreased in CoCrFeNiMo0.3 alloy to 49 %. This 

alloy displayed high strength and good ductility because of the intermetallic phases. The 

fractography analysis showed that the cracks were initiated at the intermetallic and grain boundary 

interface. He et al [99] prepared FeCoNiCr and (FeCoNiCr)94Ti2Al4 HEAs by melting and casting 

methods. Both the alloys have a single fcc solid solution. The latter alloy was given 

thermomechanical treatments i.e, cold rolled to 30 % reduction and different annealing treatments 

(P1 and P2). Nanoprecipitates of L12 type are found in (FeCoNiCr)94Ti2Al4 HEA after 

thermomechanical treatments. The results of tensile testing on all four samples are given in Fig. 

2.20. The tensile strength of FeCoNiCr and (FeCoNiCr)94Ti2Al4 HEAs is 453 and 503 MPa 

respectively. The tremendous increase in tensile strength and appreciable elongation (39% and 

19% respectively) in P1 and P2 samples is because of the coherent nanoprecipitates. Equiaxed 

grains were obtained by Kuznetsov et al [100] in AlCoCrCuFeNi HEA by hot forging in all 

directions. Tensile testing up to 1200 ºC and at different strain rates is carried by this group. The 

stress strain curves given in Fig. 2.21 shows the variation in tensile strength with the temperature 

measured at constant strain rate of 10-3 s-1. Except for 700 ºC, material at high temperatures showed 

superplastic behaviour. The % elongation increased from 63 % at 700 ºC test temperature to 864 

% at 1000 ºC, however with very low yield strength of 4 MPa at 1000 ºC. 
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Fig. 2.19 (a) Nanohardness variation along a line in CoCrFeNiMo0.3 HEA, (b) engineering 

stress-strain curves of CoCrFeNiMox (x= 0, 0.2 and 0.3), and at different annealing 

treatments given to CoCrFeNiMo0.3 HEA [94]. 

 

 

Fig. 2.20 Variation of tensile strength with elongation in FeCoNiCr (A), (FeCoNiCr)94Ti2Al4 

(B) and thermomechanical treated (FeCoNiCr)94Ti2Al4 HEAs P1 and P2 [99]. 
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Fig. 2.21 Tensile stress-strain curves of AlCoCrCuFeNi HEA deformed at 10-3s-1 strain rate 

[100]. 

 

 

Fig. 2.22 AlCoCrCuFeNi HEA tensile samples, before and after testing at 1000 ºC [100]. 
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Fig. 2.23 Yield strength variation with temperature in different materials [69]. 

 Fig. 2.22 shows the tensile test samples after deformation at 1000 ºC. The deformation at higher 

temperatures is attributed to the grain boundary sliding because at high temperatures grain 

boundaries are softer than grains.  

  

Fig. 2.24 Compressive stress-strain curves of AlNbTiV HEA at different temperatures [102]. 
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The strain rate sensitivity (SRS) is as high as 0.6. Such high SRS obstructs necking and enhances 

superplasticity. Similar finding were reported by Shaysultanov et al [101]. On the other hand 

Senkov et al [69] worked on refractory high entropy superalloys. Superalloys are established 

materials for high temperature applications. Superalloys have high density and cannot withstand 

temperatures above 1300 ºC. However Senkov et al [69] showed that HEAs are candidate materials 

to replace superalloys. Fig. 2.23 gives the comparison of AlMo0.5NbTa0.5TiZr HEA with other Ni-

base superalloys. This alloy having disordered bcc phase and nanoprecipitates of ordered B2 phase 

showed much higher yield strength up to 1200 ºC.  

2.4.3 Compressive properties 

Stepanov et al [102] fabricated light weight HEA, whose absolute density is 5.59 g/cc. AlNbTiV 

HEA has a bcc phase with coarse grains. The as-cast alloy is homogenized at 1200 ºC for 24 h to 

eliminate the dendritic structure. The compressive stress-strain curves of homogenized alloy tested 

at different temperatures are shown in   

Fig. 2.24. The yield strength of the material is 1 GPa at room temperature, but failed early at 5 % 

strain with a brittle fracture. With increase in test temperature, the yield strength decreased and the 

alloy did not fail even after 50 % reduction. Fig. 2.25 shows the comparison of AlNbTiV with 

other HEAs. They found that there is no significant difference in compressive yield strength. Fu 

et al [87] conducted compression tests on Co25Ni25Fe25Al7.5Cu17.5 alloy in as-cast coarse grained 

form and bulk nanocrystalline form after mechanical alloying followed by SPS. The compressive 

stress-strain curves are given in Fig. 2.26 (a). Sintered alloy has yield strength of 1.7 GPa and 

fractured at 10 % strain. However the as-cast alloy having yield strength of 192 MPa did not 

fracture up to 45 % strain. The yield strength values of Co25Ni25Fe25Al7.5Cu17.5 HEA are compared 
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with other fcc HEAs in literature and are shown in Fig. 2.26 (b). It was found that the 

nanocrystalline Co25Ni25Fe25Al7.5Cu17.5 value is ultrahigh than other fcc HEAs. 

 

Fig. 2.25 Scatter plot of compressive yield strengths of different HEAs  [102]. 

 

 

 

Fig. 2.26 (a) Compressive engineering stress-strain curve of Co25Ni25Fe25Al7.5Cu17.5 HEA, 

(b) a plot of yield strength and strain of different fcc HEAs. #1 and #2 are bulk 

nanocrystalline and as-cast coarse grained Co25Ni25Fe25Al7.5Cu17.5 alloy [87]. 
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Fig. 2.27 Compressive stress-strain curve of AlCoCrFeNiTix HEA, where x = 0, 0.5, 1, 1.5 at. 

% [103, 104]. 

 

 

Fig. 2.28 Compressive stress-strain curve of AlCoCrFeNiVx  HEA, where x = 0, 0.2, 0.5, 0.8 

and 1 at. %  [104, 105]. 
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Zhou et al [103] carried compressive test on AlCoCrFeNiTix HEA, where x = 0, 0.5, 1, 1.5 at. %. 

The as cast AlCoCrFeNi HEA contains bcc phase. With the increase in Ti concentration, Laves 

phase is formed along with bcc phase. Compression test is carried at room temperature and at a 

strain rate of 10-4 s-1. The results of the compression test is given in Fig. 2.27. With the increase in 

Ti content from 0 to 0.5 at. %, the compressive yield strength increased from 1.5 to 2.26 GPa. This 

increase in strength is attributed to the larger size of Ti atoms in the bcc lattice creating lattice 

distortion, thereby increasing the yield strength. Similarly, effect of vanadium on AlCoCrFeNi 

HEA is studied by Dong et al [105]. This alloy has bcc phase and there was no new phase formation 

with V addition. With the increase in V content from 0 to 1 at. %, the compressive yield strength 

increased from 1.4 to 1.7GPa, however the strain to failure is decreased from 22 to 0.7 % 

respectively as shown in Fig. 2.28. 

2.4.4 Fracture toughness 

Seifi et al [106] investigated fracture toughness measurements in as-cast Al0.2CrFeNiTi0.2 and 

AlCrFeNi2Cu HEAs. The as-cast microstructure of both the alloys revealed bcc and fcc phases. 

The fracture toughness of AlCrFeNi2Cu is higher than Al0.2CrFeNiTi0.2 as shown in Fig. 2.29. 

Fracture toughness of AlCrFeNi2Cu is measured at 200 ºC and found it to be 45 MPa m1/2. The 

load verses displacement curves are also shown as an insert in Fig. 2.29. A linear relationship is 

observed at room temperature measurements whereas at 200 ºC the curve is nonlinear. Mohanty 

et al [107] fabricated AlCoCrFeNi HEA using mechanical alloying and bulk material consolidation 

using SPS. Mechanical alloying resulted fcc and bcc phases while the SPS resulted the phase 

formation of bcc to α' and σ phases which are L12 ordered and unaltered fcc phase. Fracture 

toughness of the alloy sintered at 700 ºC is 3.9 MPa m1/2 and at 1000 ºC is 1 MPa m1/2. The fracture 

surface of the alloys sintered at different temperatures are shown in Fig. 2.30. It is clearly observed 
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that the failure is brittle in nature and is accredited to the formation of nanosized σ precipitates 

which are brittle. 

 

Fig. 2.29 The variation of fracture toughness with the notch root radius and load verses 

displacement curves in the insert [106].  

 

 

Fig. 2.30 Scanning electron micrograph of fracture surface of AlCoCrFeNi HEA sintered at 

(a) 800 ºC and (b) 1000 ºC [107]. 
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Fig. 2.31 Histograms of the fracture toughness values of (a) SENB and (b) CVNRB tests 

[108]. 

 

Roy et al [108] synthesized Al23Co15Cr23Cu8Fe15Ni15 HEA using melting and casting methods. As-

cast alloy revealed a fcc and B2 phase with microhardness of 5.4 GPa. Fracture toughness was 

measured using two methods, single edge notched bend test (SENB) and chevron notched 

rectangular bar test (CVNRB). The average fracture toughness of SENB test is 5.8 MPa m1/2 (see 

Fig. 2.31(a)). The average fracture toughness of CVNRB test is 5.4 MPa m1/2 (see Fig. 2.31(b)). 

Gludovatz et al [109] worked with Cantor alloy (CoCrFeMnNi) which has a single fcc phase and 

found the fracture toughness value of 217 MPa m1/2, 221 MPa m1/2, and 219 MPa m1/2 at 20 ºC, -

73 ºC and liquid nitrogen temperature (-196 ºC) respectively as shown in Fig. 2.32. The fracture 

toughness values were compared with various materials and the Ashby map is shown in Fig. 2.33. 

Based on all these reports in the literature it is clear that plasticity and fraction of HEAs is 

fascinating. Therefore in the current investigation efforts have been made to understand these two 

phenomena in AlCoCrCuFeNi and AlCuTaVW HEAs.  
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Fig. 2.32 Variation of fracture toughness values with the temperature. The dotted lines are the 

limits of the data from literature [109].  

 

 
Fig. 2.33 The variation of fracture toughness values with yield strength of various materials 

where HEAs have high fracture toughness and yield strength among all materials [109]. 
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Chapter 3 Experimental details 

To synthesize the high entropy alloys (HEAs), mechanical alloying (MA) followed by spark 

plasma sintering (SPS) techniques has been used in the current investigation. Two different HEA 

compositions have been synthesized in equal atomic ratios, AlCoCrCuFeNi and AlCuTaVW 

HEAs. AlCoCrCuFeNi HEA is milled for 60 hours and AlCuTaVW HEA is milled for 25 hours. 

Different SPS parameters are adopted to study the effect of sintering parameters on the 

nanocrystalline bulk material. Structural characterization was done using X-ray diffractometry 

(XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

Vickers microindentation and depth sensing nanoindentation techniques were employed to 

measure the mechanical properties of both the multi principal alloys.  

   3.1 Materials used 

Table 3. 1 Physical properties of the elements in the HEA. 

Element Atomic 

number 

(Z) 

Atomic 

radius 

(Å) 

Atomic 

mass 

(amu†) 

Density,  

(g/cc) 

Melting 

point 

(ºC) 

Lattice 

parameter 

(Å) 

Crystal 

structure 

Al 13 1.18 26.981 2.7 660 4.05 FCC 

Cr 24 1.66 51.996 7.15 1907 2.88 BCC 

Cu 29 1.45 63.546 8.96 1083 3.61 FCC 

Co 27 1.52 58.933 8.86 1495 2.51 HCP 

Fe 26 1.56 55.845 7.87 1538 2.87 BCC 

Ni 28 1.49 58.693 8.91 1455 3.52 FCC 

Ta 73 2.00 180.94 16.65 2996 3.31 BCC 

V 23 1.71 50.941 5.8 1887 3.02 BCC 

W 74 1.93 183.84 19.3 3407 3.16 BCC 

† Atomic mass unit.  
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The elemental powders of Al, Cu, Cr, Co, Fe, Ni, Ta, V and W of purity greater than 99.5 % and 

the initial particle size was about 44 µm i.e., -325 mesh were used as the initial raw materials. The 

handling of the metal powders was done in a high purity argon atmosphere inside the glove box to 

avoid contamination of the powders. The physical properties of HEA are given in Table 3. 1.  

   3.2 Processing nanocrystalline HEAs 

There are two different approaches to synthesis nanocrystalline materials. They are broadly 

classified into two categories, ‘bottom-up approach’ and ‘top-down approach’. Bottom-up 

approach builds atom by atom  molecules  clusters  nanoparticles. Electrodeposition, 

magnetron sputtering are the examples bottom-up methods. Top-down approach begins by 

breaking down microstructural features from coarse scale to nano scales. Attrition and milling are 

typical top-down synthesizing methods to produce nanocrystallite. Wherein MA introduces lattice 

defects internal stress, surface defects etc.  

3.2.1 Mechanical alloying 

Table 3.2 Parameters used for MA of equiatomic HEAs. 

Type of Mill High energy ball mill 

Make SPEX 8000D shaker mill 

Milling media material Hardened Steel 

Milling condition Dry 

Milling temperature Room temperature 

Milling atmosphere Argon 

Ball to powder weight ratio 5:1 

Process controlling agent 1 weight% Stearic acid 
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MA is a top-down approach where the mechanism of MA is a repetitive process of fracturing and 

cold welding of different particles [1, 2]. The micron sized particles are weighed and loaded into 

the vials in desired proportions along with weighed grinding medium. The sealed vials are milled 

for a particular period of time until the alloy has homogenous composition and the 

particle/crytallite size is reduced to below 100nm. The MA process parameters used to produce 

nanocrystalline HEAs are given in Table 3.2. The vials in SPEX mill move as the symbol infinity 

‘∞’, the ends of the vials are moved in lateral motion so that the balls hit the powders to mix and 

mill. The length of the vial is 5 cm and the speed of the clamp motion is about 1200 rpm, then each 

ball will have a very high velocity of 5 m/s [3]. The total force together with which they impact 

on the powders is very high hence it is considered as high energy ball milling. A 20 mins break is 

given to the milling after each hour in order to cool the motor and the vials. Samples were collected 

at an interval of 5h to have a record of structural/microstructural variations. When the powders 

were stuck to the vials and balls because of cold welding, 1 wt. % stearic acid was added to the 

powders as a process controlling agent. The recent investigations found that the dry milling or 

milling with toluene or ethanol resulted in contaminations. Moravcik et al [4] reported that the 

carbon from the process controlling agent (methanol) reacted with Ti in the alloy and formed TiC 

nano particles. However milling with stearic acid led a very less contamination [5]. 

3.2.2 Spark plasma sintering 

Spark plasma sintering (SPS) is a rapid sintering technique, where DC pulsed current and a 

simultaneous compaction pressure is employed. A localized plasma is generated between the 

particles with temperatures of few thousands which melt the surfaces and create a neck between 

them. The compaction force helps the neck to grow and plastically deform the surface of the 

particle to result a high dense product. As the process of localized heating and compaction is fast, 
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the grain growth is appreciably low hence retains the nanocrystalline structures [6-8].  The SPS 

process parameters used to produce bulk nanocrystalline HEAs are given in Table 3.3. A preload 

is applied to make sure that all particles contact each other.  

Table 3.3 Parameters used for SPS of equiatomic HEAs. 

Type of Press Spark plasma sintering 

Make DR SINTER 1050 apparatus 

(SPS Syntex Inc., Tokyo, Japan) 

Pressure applied 80 MPa 

Pulse on-off ratio 10:2 

Sintering temperature 750 ºC for AlCoCrCuFeNi HEA 

Ranges 415 ºC – 1250 ºC for AlCuTaVW 

Sintering atmosphere Vacuum (6 Pa) 

Heating rate 600 ºC/s 

Holding time Ranges 5 – 15 mins for AlCoCrCuFeNi 

5 mins for AlCuTaVW  

Die material Graphite (die, punches and foil of 0.2 mm thick) 

Pellet size 15 mm diameter and 2 mm height 

 

   3.3 Characterization methods 

Milled powders were consolidated into discs of 15 mm in diameter using SPS at 750 ºC and at a 

uni-axial pressure of 80 MPa. The holding time during sintering has been varied as 5, 10 and 15 

min. The densities of the sintered discs were measured using the Archimedes principle method [9]. 

The sintered pellet is polished gently to remove the graphite foil attached to it during SPS process. 
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Later it is sonicated for 15 mins and allowed to dry. The dry weight (Dry) of the specimen is 

measured and soaked in distilled water for 24 hours. Using Archimedes weighing balance, weight 

of the sample is measured while it is suspended (Suspended) in the distilled water. The excess 

water on the sample is wiped off carefully and saturated weight (Saturated) has been measure. The 

Achimedes density is then calculated using Equation 3.1. 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦, 𝜌 % =  
𝐷𝑟𝑦

𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 − 𝑆𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑
 𝑥 

1

𝑇ℎ𝑒𝑟𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 𝑥 100 … … (3.1) 

The MA and SPS processed materials have been characterized for phase identification, 

microstructural evolution and mechanical properties. The methods and the parameters used to 

characterize both the powder and bulk samples are briefly discussed below. 

3.3.1 X-ray Diffraction  

BRUKER D8 ADVANCE X-ray diffractometer equipment was used to evaluate the phases 

present, crystal structures, crystallite size, atomic spacing and the lattice constants. A 

monochromatic or single wavelength x-rays are generated from cathode ray tube with Cu target. 

Nickel filters are used to filter Kβ line of copper and allow Kα radiations (wavelength = 1.5418 Å) 

to interact with the sample. The constructive interference is produced only when Bragg’s law is 

satisfied and is given as, 

𝑛𝜆 = 2𝑑 sin 𝜃 … … … … … … … … … … … … … … … … (3.2) 

where λ is wavelength of x-rays, d is interplanar spacing, θ is the diffraction angle. The crystallites 

in the polycrystalline materials are oriented in different directions. The reflections of X-rays obtain 

only when the Equation 3.2 is fulfilled as shown in Fig. 3.1. The scan is performed between a 2θ 

of 20-110° with a step size of 0.05° and scan rate of 3 sec/step. Scintillating detector is used to 

record the angles and the intensities. 
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Fig. 3.1 Incident X-ray beam on a crystal lattice, coherent reflection with a constructive 

interference. 

From the obtained XRD pattern, the peak positions are identified and interplanar spacing (d) is 

calculated using Equation 3.2. Each reflection has to be indexed with h,k,l. and this indexing is 

done with the help of extension rules. To calculate the lattice parameter (a) below Equation 3.3 is 

used for cubic systems. The precise lattice parameter is calculated using Nelson-Riley 

extrapolation function given in 3.4. An error is involved in the measurements not with a or d, but 

with θ. Hence even the Bragg equation contains sinθ, not just θ. The error increases while 

calculating sinθ with the increase in θ. Lattice parameters plotted against Nelson-Riley function 

will result a straight line. Extrapolating the straight line and the y-intercept will give the true lattice 

parameter.  

1

𝑑2
=  

ℎ2 +  𝑘2 +  𝑙2

𝑎2
… … … … … … … … … … … … … … … (3.3) 



Experimental details 

61 
 

cos2 𝜃

sin 𝜃
+  

cos2 𝜃

𝜃
… … … … … … … … … … … … … … … … (3.4) 

Smaller crystallite size and the presence of lattice strain broadens the peak. So the width of the 

broadened peak in radians is used to evaluate the crystallite size. Instrumental broadening effect is 

first excluded from the experimental data and then full width half maxima (𝛽) is calculated. 

Crystallite size, L is calculated from Scherrer formula given in Equation 3.5.   

𝐿 =  
𝑘𝜆

𝛽 cos 𝜃
=  

𝑘𝜆

(𝛽𝑜
2 −  𝛽𝑖

2)
1

2⁄
cos 𝜃

… … … … … … … … … … (3.5) 

where λ is the wavelength of the X-rays used, θ is the Bragg angle, K is constant (for Gaussian 

line profiles and for cubic structures, k = 0.94), 𝛽𝑜is observed peak width, 𝛽𝑖 is instrumental 

broadening peak width (0.045 deg in the current investigation). The relationship to find the lattice 

strain  (Ɛ) in the alloy using full width half maxima (𝛽) is given by Stokes-Wilson formula and is 

shown in Equation 3.6.  

Ɛ =  
𝛽

4 tan 𝜃
… … … … … … … … … … … … … … … … (3.6) 

 

3.3.2 Scanning Electron Microscopy 

HITACHI S3400N SEM coupled with energy dispersive spectroscopy (EDS) were used for 

structural characterization in the present investigation. SEM is an analytical tool for surface 

morphology imaging, and the chemical composition is determined using EDS. The interaction of 

high energy electron beam with the atoms on the surface of the specimen produces elastic and 

inelastic scattered electrons. The elastic scattering of electrons do not provide any morphological 

information but the inelastic scattering of electrons gives the microstructural information in SEM. 

Few other signals are photons, Auger electrons, characteristic X-rays, backscattered electrons, 
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secondary electrons, etc. as shown in Fig. 3.2. Backscattered electrons are electrons ejected from 

the sample surface effected so much by the elastic scattering and reflects right back with relatively 

high energy. This beam of electrons mainly depends on the atomic number (Z) of the elements in 

the sample. Images produced using BSE detectors are in different shades of grey color representing 

the atomic number difference. This mode is mainly applicable for multiphase materials. Secondary 

electrons are produced because of inelastic scattering i.e. the energy of the electron beam is 

completely transferred to the atoms on the surface, and the loosely bonded electrons in the outer 

shell will be ejected. These electrons have low energy that they move freely on surface of the 

sample and hence are very useful to detect the morphology of the alloy with high resolution. The 

voltage and the emission current used while examination in SEM is 10-15 V and 167-173 μA 

respectively. The working distance of 4.2 mm is used in the current research work.  

 
Fig. 3.2 Schematic of electron beam interaction with the bulk sample in scanning electron 

microscopy. 
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3.3.2.1 SEM sample preparation 

The bulk samples to be examined in SEM should have a mirror finished surface. The basic 

metallographic techniques of polishing are used for this preparation. The process of SPS uses 0.2 

μm graphite foil around the powders, acts like a lubricant in order to facilitate easy ejection of 

samples from that of the graphite die and punches. After SPS, this graphite foil is intact with the 

sample. A rough emery paper is needed to remove the graphite layer on all sides of the samples. 

Polishing the sample against emery papers of grades 400, 620, 800, 1000 and 1200 is done. Final 

polishing with diamond paste on velvet cloth is carefully done until the sample is free from 

scratches. Later the polished sample is washed and sonicated using ultrasonication in order to 

remove the contaminations or excess diamond paste present. 

3.3.2.2 SEM imaging 

The image information is collected scanning the specimen surface with the focused electron probe 

in steps. The electrons go through the surface of the sample and line scans are made on the sample 

to collect the microstructure. After one line scan in x-axis, the probe comes back to the zero 

position and continues another line scan with a specified increment in the y-direction. Line by line, 

once the complete image is obtained the electron probe will go back to the zero position of (x,y) 

coordinates and can collect the information of another image frame. Thus time taken to scan an 

image frame depends on the multiplication of number of line in frame and dwell time in each pixel 

positions.  

3.3.3 Transmission electron microscopy 

Transmission electron microscope (TEM) is a tool to identify the microstructure of the material at 

nano scale and provides crystallographic information which require a thin electron transparent 

sample. The magnification of the images obtained using TEM is an order of magnitude higher than 
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that offered by SEM. The TEM has a resolution of about 0.3 μm to 0.1 nm, which ranges from the 

wavelength of a visible light to lattice planes of a crystal structure. The wavelength of the electron 

beam is very much less than the lattice parameters of the individual unit cell of a crystal. The 

electron gun used in TEM has the voltage typically of 100-400 kV. FEI-TecnaiG2 S-Twin TEM 

is used in the current work to examine the material for microstructural and crystallographic 

information. The elemental analysis is also possible in TEM when it is coupled with either EDS 

or electron energy loss spectroscopy (EELS). 

3.3.3.1 Sample preparation for TEM 

Sample preparation is a crucial step and needs a careful handling of the samples not to bend or 

break. To examine nano powders produced by mechanical alloying using TEM needs a carbon 

coated copper grid of 200 or 300 mesh. The mechanically alloyed powders were dispersed in 

methanol solution and sonicated for 15mins in high energy ultrasonicator to break the powder 

agglomerates into appreciably small pieces. A schematic of the sample preparation process is 

shown in Fig. 3.3 (a). For better results, the sonication process is repeated several times. Each time 

half of the methanol with nano powders is discarded and methanol is again added to dilute the 

solution. A drop of the sonicated liquid having nano powder is poured on the copper grid kept on 

a filter paper as shown in Fig. 3.3 (a). The sample is allowed to dry for at least an hour and made 

sure that the examination of prepared sample is done within 24h.  

The process of sample preparation of bulk sample is slightly different from that of the powders on 

copper grid. The schematic of the sample preparation from the bulk material is shown in Fig. 3.3 

(b). It begins with the slicing of the sample to as thin as possible using EDM (electro discharge 

machine) wire cutting. Then the sample is thinned down to 100 – 50 μm thick using metallographic 
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methods of polishing on different grade emery papers. Polishing is done on rough emery paper of 

about 300, 420, 600 depending on the hardness of the sample to reduce the initial thickness of the  

sample and care has to be taken to get a even thickness surface.  A final polishing is done on velvet 

cloth with diamond paste, not to get a mirror like finish but was aimed to have a smooth surface. 

3 mm discs are punched on the 15 μm out of thick samples. There are two commonly used methods 

to further thin down the sample. One is using twin jet polishing and other is Ion beam milling. The 

former is an electropolishing process where the sample is held in the electrolyte and a suitable 

temperature and potential are supplied. A pump provided in the machine will jet the electrolyte on 

either sides of the sample to thin down the center region of the disc. 

 

Fig. 3.3 Schematic representation of TEM sample preparation (a) from mechanical alloyed 

powders, (b) from SPSed bulk sample. 
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The polishing stops automatically when a perforated region is created for electron transparency by 

the light-fiber optic sensors placed on both sides of the sample. The later process is a sputtering 

process where neutral atoms or ions strike the disc at a particular angle so that the material on the 

3 mm disc is knocked off creating a perforated region as shown in Fig. 3.3 (b). In the current 

investigation a precision ion polishing system (PIPS, Gatan) is used to ion beam mill the HEAs.  

3.3.2.2 TEM examination 

The high velocity beam of electrons from the electron gun are focused to fall on sample by the 

electromagnetic condenser lens in high vacuum (10-6 Torr) by adjusting the lens currents rather 

than lens position as in case of optical microscope. The electrons pass through the 0.1μm thick 

sample and they interact with the atoms in the material and produce elastic and inelastic scattered 

electrons. The elastic scattering of electrons result when the electrons reflect with the same energy 

and inelastic scattering of electrons result when the electrons transmit through the sample and loses 

its energy. These scattered electrons are processed into final image on fluorescent screen. There 

are two modes of examination in TEM, one is selected area diffraction mode and convergent beam 

diffraction mode. These results in bright field images and dark field images respectively. Bright 

field and dark field images are generated because of diffraction contrast. Like in XRD, Bragg’s 

law of diffraction (Equation 3.2) is also applicable here.  The diffraction contrast arises with the 

change in the amplitude of scattering electrons from diffracting planes to that of the incident 

electron beam.  

High resolution TEM (HRTEM) images are obtained because of the phase contrast. HRTEM 

images are sensitive to focusing objective lens and the sample thickness [10]. At this higher 

magnification, the atomic planes are recorded by varying intensity. A row of atoms with high 

atomic number are seen as bright regions but different factors effect such lattice images like the 
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lattice potentials which are different for different phases. Thus may results to misinterpretation of 

the boundary displacements. However, HRTEM images play a vital role in morphological details 

at atomic scales for phases, grain boundaries, dislocations, stacking faults, twins, etc. The inverse 

fast fourier transform (IFFT) image of the HRTEM image is used to identify the features for proper 

analysis using Gatan Digital micrograph software.  

3.2.4 Vickers Hardness 

Hardness of a material is defined as “resistance to plastic deformation” by the material [11]. It is 

an important tool to know the bulk behavior of the material. Vickers hardness test is one of the 

hardness measuring techniques well adopted by engineers which is indentation hardness measuring 

type.  

  

Fig. 3. 4 Geometry of the Vickers pyramid indenter and the indentation on the bulk sample. 
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Vickers hardness test is operated using a square-base diamond pyramid indenter whose included 

angle of the opposite faces in the pyramid is 136º as shown in   

Fig. 3. 4.The geometry of the indenter is designed such that the Vickers measurements are load 

independent. The Vickers hardness number (HV) is defined as the ratio of the load to the surface 

area of the indentation and is expressed as, 

𝐻𝑉 =  
1.854 𝑃

𝐿2
… … … … … … … … … … … … … … … … (3.7) 

 where P is the applied load and L is the average length of the diagonals of the indentation 

measured using microscopic facility attached to the instrument. Hence the careful sample polishing 

has to be carried out for a clear surface and also care has to be taken to avoid surface work 

hardening. The type of indentation tests are classified based on applied loads. Macroindentation 

test uses loads ranges from 1 to 120 kg whereas microindentation hardness test uses load below 

1000 g load. Microindentation test are useful for the hardness determination of individual phases 

in the alloy. For the lower loads there is a possibility for elastic recovery of the material. This 

elastic recovery is more pronounced at lower loads below 300 g [12-14]. Walters UHL Vickers 

microindentation (Model: VMH- I04) is used in the current research work. Hardness was 

determined at various loads in the range 100-500 g and at a dwell time of 15 sec. Each Vickers 

hardness value is an average of 10 indents taken on a mirror-like surface.  

3.2.5. Nanoindentation 

Nanoindentation is a unique technique to measure the phase hardness and elastic modulus using 

0.01 g load. Nanoindenter measures the area of contact between the indenter and the specimen. 

The indenting tip used in nanoindentation is a Berkovich tips whose geometry is designed such 

that at any indentation depth, the projected area or mean contact pressure is equal to the surface 
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indentation area to indentation depth made using a Vickers diamond pyramid indenter. The face 

angle of the Berkovich tip is 65.03º. By measuring the indentation depth of penetration coupled 

with known geometry of the indenter gives the in direct measurement of hardness. Hence it is also 

named as depth sensing indentation testing. When the indenter tip is brought in contact with the 

specimen with a steady increasing load, the load and penetration depth is recorded. As shown in 

the   

Fig 3. 5, after reaching the maximum load (P), after the set holding segment the load is removed 

and the depth of penetration is recorded. If the material tested had an initial elastic contact, later a 

plastic deformation, the unloading curve follows a different path until zero. The hardness and 

elastic modulus data is retrieved from the maximum depth of penetration (ℎ𝑚𝑎𝑥) and the slope 

(𝑑𝑃 𝑑ℎ⁄ ) of unloading curve of the indentations. The hardness, H equation for a Berkovich 

indenter is expressed in Equation. 3.8 and the reduced modulus, 𝐸∗ is given in Equation. 3.9. 

 

  

Fig 3. 5 A load-displacement curve for an elastic-plastic solid. 
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𝐻 =  
 𝑃

24.5 ℎ𝑝
2 … … … … … … … … … … … … … … … … (3.8) 

1

𝐸∗
=  

(1 − 𝜈2)

𝐸
+ 

(1 −  𝜈′2
)

𝐸′
… … … … … … … … … … … … (3.9) 

where E' and ν' are indenters Young’s modulus (1140 GPa) and Poisson’s ratio (0.07) respectively 

[15], E and ν are sample Young’s modulus and Poisson’s ratio (0.33) respectively 

Power law equation at constant strain and temperature, the strain rate (𝜀̇) and flow stress (σ) are 

related as follows,  

𝜎 = 𝐶 (𝜀̇)𝑚  … … … … … … … … … … … … … … … (3.10) 

where C is a constant and m is strain rate sensitivity (SRS) [16]. In the current investigation, SRS 

is the slope obtained from the plot of log σ and log 𝜀̇.  

𝑚 =  (
𝜕 𝑙𝑛 𝜎

𝜕 𝑙𝑛 𝜀̇ 
)

Ԑ,𝑇
 … … … … … … … … … … … … … … (3.11) 

Activation volume (υ*) gives valuable information about the deformation because of the definite 

values and is dependent on the flow stress [11]. Activation volume is expressed as follows,  

𝜐∗ = √3𝑘𝑇 (
∂lnε̇

∂σ
) … … … … … … … … … … … … … (3.12) 

where 𝜎 is flow stress (≈ ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 3⁄ ), ε̇ is strain rate, ε is strain, T is temperature, k is the 

Boltzmann constant. In the current investigation, activation volume is the slope obtained from the 

plot of kTln(ε̇) and 𝜎. Plot 𝜎, flow stress values in GPa. The resulted slope of the linear fit line is 

in m3 units. The obtained activation volume in m3 is normalized to the burgers vector of an element 

and is expressed in the units of b3. 
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Chapter 4 Results and Discussion 

4.1 Microstructural evolution in equiatomic ultrafine grained 

AlCoCrCuFeNi high-entropy alloy 

   4.1.1 Introduction 

Several HEA systems have been developed using melting and casting route [1-15], however one 

of the major drawbacks of this method is formation of dendritic structure and selective segregation 

of the alloying elements during solidification. Often an additional step of heat treatment is required 

to homogenize the cast structure [7, 16-19]. Out of many HEA systems that were developed so far 

[20-23], AlCoCrCuFeNi received major attention by the researchers probably because the atomic 

radii of the participating elements is close and there is a major tendency to form a solid solution in 

this case [6, 20, 24]. It is regarded as the basic system and most of the other reported systems are 

derivatives of it [20]. The cast alloy has a mixture of fcc and bcc crystal structure. The annealing 

treatments below 800 ºC enhances BCC formation and above 800 ºC enhances FCC formation [8]. 

Grain refinement and solid solution strengthening are two classic ways of strengthening 

engineering materials [25, 26]. These two effects can be realized by synthesizing HEAs using ball 

milling [27-35]. In addition to structural refinement, homogeneous mixing of participating 

elements can also be ensured using mechanical milling. In this study, mechanical alloying has been 

used to synthesize single phase solid solution in equiatomic AlCoCrCuFeNi system and the 

structural evolution has been studied in detail using X-ray diffraction and electron microscopy. 

Subsequently spark plasma sintering was used to fabricate bulk components out of the milled 

powders. 
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   4.1.2 Results  

Fig. 4.1.1 shows X-ray diffractograms of the alloy at different durations of mechanical milling. 

Initially milling was done for 1 hour to ensure that all the elemental powders are mixed 

homogeneously and this sample is regarded as “0 h” sample which shows the presence of all the 

alloying elements in their elemental form. As the milling time is increased, several elemental peaks 

have disappeared and remaining peaks are broadened (Fig. 4.1.2 (a)), finally leading to the 

formation of a single phase fcc structure with Cu seemingly as the host lattice. The difference in 

atomic radii and the difference in lattice constants among these elements, calculated assuming that 

Cu is the host lattice, is shown in Fig. 4.1.2 (b). The morphology of the milled (60 h) sample is 

observed using SEM and the corresponding micrographs are shown in Fig. 4.1.3 (a&b).  

  

Fig. 4.1.1 X-ray diffraction patterns of AlCoCrCuFeNi HEA powders at 0 to 60 h of milling 

period. 
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Fig. 4.1.2 (a) Variation in “d” spacing values with milling time (b) The difference in atomic 

radii and the difference in lattice parameters among the participating elements. These 

calculations are done considering that Cu is the host lattice. Where rx is the atomic radius and 

ax is the lattice constant of the element, x in AlCoCrCuFeNi HEA. 
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It is evident from these micrographs that “plate-like” particles have formed with micron sized 

dimensions. This “plate-like” morphology is probably an indication towards the ductile nature of 

this alloy in nanocrytalline state. However, the same fcc structure with the observed morphology 

is beneficial for structural applications only when these structural/microstructural features are 

retained when these powders are compacted into bulk forms which normally demands the adaption 

of elevated temperatures.The representative bright field, dark field, corresponding selected area 

diffraction pattern and grain size distribution are shown in Fig. 4.1.4 (a-d). Careful indexing of 

the diffraction pattern shown in Fig. 4.1.1Fig. 4.1.4 (c) indicates that it is a polycrystaline fcc 

structured solid solution, confirming the results of XRD analysis of Fig. 4.1.1. The average grain 

size computed using 295 grains from several dark field images captured from different regions of 

the sample is about 10 ± 6 nm with a very narrow grain size distribution (Fig. 4.1.4 (d)). Further 

analysis was performed using HRTEM and the corresponding micrograph is shown in Fig. 4.1.5. 

A random arrangement of grains with dimensions less than 10 nm and different lattice orientations 

are observed (marked in dotted shapes). 

 

 

Fig. 4.1.3 SEM micrographs of 60 h mechanical alloyed AlCoCrCuFeNi powders. Plate-like 

morphology can be seen. 
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Fig. 4.1.4 TEM images of AlCoCrCuFeNi HEA alloy (a) bright field image, (b) dark field 

image, (c) diffraction pattern and (d) grain size distribution plot. 

 

The inverse fast Fourier transform (IFFT) image from the red coloured region is shown in the inset 

and the interplanar spacing from these fine crystallites turns out to be 2.05 Å against 2.09 Å 

computed form XRD analysis (Fig. 4.1.2 (a)). It is also evident that the crystal lattice planes are 

distorted indicating the presence of different types of atoms in the solid solution.  

X-ray diffractograms of the sintered products are shown in Fig. 4.1.6 and the corresponding X-ray 

reflections are indexed to be of two different phases (fcc + B2). It appears that during SPS, a new 
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B2 phase has precipitated out of the fcc based matrix which was the product of milling. The precise 

lattice parameters of these two phases were calculated to be 3.5 ± 0.001 Å for fcc and 2.9 ± 0.001 

Å for the B2 phases respectively. It is plausible that some elements might have migrated out of the 

initial Cu-based lattice and formed a new second phase with B2 structure. The absolute density of 

the sintered compacts, using the Archimedes principle method, was measured to be 7.12 g/cc 

against a theoretical estimated rule of mixtures value of 7.068 g/cc for this equiatomic alloy. The 

compacts were appeared to be sound and no visible porosity was observed during SEM 

investigations. It is to be noted that sintered compact was of two phase structure (fcc + B2) whose 

inherent densities are unknown. Therefore the observed discrepancy between the measured and 

calculated densities may be attributed to this. The morphological variations with time during 

sintering are presented in Fig. 4.1.7 (a-c). All the three specimens demonstrate similar two phase, 

porous-free features in the SEM images. It is important to note from the EDS data (Fig. 4.1.7 (d)) 

that both the phases contain all the participating elements. TEM data of the sintered alloy (15 min) 

is presented in Fig. 4.1.8 (a-e) and Fig. 4.1.9 (a-d). This data suggests that the sample possesses a 

two phase structure (fcc + B2) with bimodal grain size distribution. The average grain sizes 

computed from a total of 313 grains are 112±46 nm and 1550±500 nm for the two regimes 

identified. The number fraction of larger grains (>250 nm) is not significant. However twins are 

observed to be present in both the larger (Fig. 4.1.9 (c)) and smaller grains (Fig. 4.1.9 (d)). 

 

   4.1.3 Discussion 

As the participating elements in majority of HEAs are in equal atomic proportions, the 

probability/possibility for any individual element to occupy a given substitutional lattice site could 

be the same under favourable thermodynamic conditions. It has to be noted that in AlCoCrCuFeNi 

alloy, although both fcc and bcc stabilizers are in equal atomic ratios, 60 h of milling resulted in 
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fcc phase formation with Cu as seemingly the host lattice. This suggests that all the elements 

dissolved into Cu lattice forming a complete fcc solid solution. The HEA without Cu element, 

AlxCoCrFeNi is reported to be of bcc crystal structure [36]. The X-ray peaks of Cu have not shifted 

significantly, with the gradual dissolution of all the participating elements, probably due to the fact 

that the atomic radii of all the participating elements are very close. In an effort to track the progress 

of this solid solution formation in the current study, the interplanar (d) spacing of the X-ray peak 

corresponding to 100% intensity is plotted with milling time and is shown in Fig 4.2 (a). The initial 

“d” spacing of Cu (100% intensity) is 2.087 Å(dotted line in Fig. 4.1.2 (a)) and it decreased to 

2.04 Å after 5 h of mechanical milling, indicating dissolution of some of the participating elements. 

With the increase in milling duration, the interplanar spacing gradually increased and reached a 

saturated value around 2.09 Å (red line in Fig. 4.1.2 (a)). The precise lattice parameter of this fcc 

based solid solution, calculated using Nelson-Riley extrapolation analysis [37], is 3.64 Å and is 

well comparable with the lattice parameter of Cu (3. 61 Å). In accordance with the traditional 

Hume-Rothery rule, it is clear that all the elements of this system should readily form a solid 

solution with Cu as the difference in atomic radii is not exceeding 15% [38]. In fact, sparing Al, 

this difference is as low as 2% suggesting that the probability of formation of solid solution is very 

high. The difference in lattice constants is also shown for comparison (Fig. 4.1.2 (b)).  

It is evident that a single phase (fcc) solid solution with  an average grain size of 10 nm and very 

narrow grain size distribution is formed (Fig. 4.1.4 (a-d)). Zhang et al [39] have reported a two 

phase structure with bcc as a major and an fcc as minor phases in AlCoCrCuFeNi HEA using 

planetary ball milling at a BPR of 15:1. In a separate study on the same alloy system [40, 41] 

during high energy ball milling (at a BPR of 5:1), a combination of fcc and bcc phases have been 

observed with dominant presence of fcc phase with increased milling duration. 
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Fig. 4.1.5 High resolution TEM image of AlCoCrCuFeNi high entropy alloy. IFFT figure in 

the inset reveals the distorted lattice places which is one of key proposed signatures of HEAs. 

 

Fig. 4.1.6 X-ray diffractograms of AlCoCrCuFeNi alloy subjected to SPS at 750 ºC for 

various holding times. Evolution of B2 phase can clearly be evidenced.  
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Three phase mixture consisting of two fcc phases and a bcc phase were realized in the same system 

with varied Al content during planetary milling at a BPR of 10:1 [42]. The present study reports 

that ball milling of AlCoCrCuFeNi HEA taken in equiatomic proportions has led to the realization 

of a single fcc phase. The local micro strain arising out of the complex solid solution might be 

causing a distortion in the lattice as seen in Fig. 4.1.5. This observation is in line with the one of 

the proposed core effects “lattice distrtion effect” of HEAs [20]. This suggests that processing 

method and associated process parameters will influence the structural as well as microstructural 

evolution in HEAs.  

As it is seen in Fig. 4.1.7, the microstructure is of two different contrasts (white and black). The 

white phase could be the final milled product (after 60 h) and it is anticipated that this phase was 

continuous before the sample was heated during SPS. At high temperature, a new black (dark) 

phase might have precipitated out. It is visible that as the holding time is increased, the fraction of 

white phase has decreased and that of black phase has increased (Fig. 4.1.7 (a-c)). The EDS studies 

performed on 15 min sintered sample (Fig. 4.1.7 (d)) suggest that these two phases are not 

compositionally different, although they are of two different crystal structures (fcc and B2). In cast 

AlCoCrCuFeNi HEA, Cu is segregated in to the interdendritic regions because its mixing enthalpy 

is different from that of the other elements [3]. Whereas in this study both the phases (white and 

dark) are comprised of all the elements of the alloy (Fig. 4.1.7 (d)). There could be a background 

influence on this analysis because the precipitate sizes are less than 100 nm, which are very small 

to focus in SEM. It is plausible that processes such as recovery, recrystallization and grain growth 

might have occurred during SPS. Therefore the post-sintering microstructure contains bi-modal 

grain size distribution with averages of 112 nm and 1550 nm respectively (Fig. 4.1.8).  
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Fig. 4.1.7 Scanning electron micrographs (BSE mode) of AlCoCrCuFeNi alloy sintered at 750 

°C for (a) 5 min (b) 10 min and (c) 15 min and (d) EDS data obtained from (c). It suggests 

that white phase is richer in copper whereas dark phase is nearly homogeneous. It is to be 

noted that both dark and white phases are comprised of all the alloying elements of this 

alloy.  

The microstructure of the alloy sintered at 900 ºC [43] contained white, grey and black spot phases 

where the black spots are porosity and no new phase was found after sintering. The XRD 

investigations performed on the sintered sample in ref. [29] indicate the presence of fcc and bcc 

phases.  In addition to Cu rich solid solution, a new Cr rich solid solution phase was also observed. 

Tung et al [3] fabricated AlCoCrCuFeNi HEA using melting and casting route. By reducing each 

element by 0.5 mole fraction, the effect of each element on the crystal structure was explained.  



Microstructural evolution of AlCoCrCuFeNi HEA 

83 
 

 

Fig. 4.1.8 TEM images of AlCoCrCuFeNi HEA alloy after sintering at 750 ºC/15 min (a,b) 

bright field image, (c) dark field image, (d) TEM diffraction pattern and (e) histogram 

showing the bi-modal grain size distribution with averages of 112 nm and 1550 nm.  
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It was further showed that Cu, Co and Ni enable fcc phase formation whereas Cr and Al are reasons 

for bcc phase formation. Copper segregation at the inter-dendritic regions is probably because of 

larger enthalpy of mixing. Dolique et al [44, 45] made similar conclusions from their work on 

AlCoCrCuFeNi HEA produced by magnetron sputtering.  The XRD analysis has revealed an 

unmixed bcc, fcc and a disordered phase. Singh et al [46] synthesized AlCoCrCuFeNi HEA using 

splat quenching technique and casting route. Interestingly splat quenched material resulted in a 

bcc phase and as-cast material showed bcc and two fcc phases. Tong et al [1, 47] varied Al 

concentration and synthesized AlxCoCrCuFeNi HEAs using casting route and investigated their 

microstructure and mechanical behaviour. Dendritic and inter-dendritic structures were found with 

little Cu segregations at inter-dendrites in their study. When x=1, the alloy has exhibited fcc, bcc 

and B2 phases. However the present study reports only two phase structure (fcc + B2) in the 

sintered product. Therefore it suggests that processing route as well as process parameters would 

govern the type of phases observed in AlCoCrCuFeNi system. Unlike in other studies on 

AlCoCrCuFeNi HEA system, detailed TEM investigations indicate that twins with wide 

distribution in their spacing have also formed during SPS (Fig. 4.1.9 c&d). 

Sheng et al [7] casted Al0.5CoCrCuFeNi HEA and studied the properties after annealing and 

quenching. The XRD of the as-cast alloy revealed two fcc phases and a bcc phase after annealing 

treatments. Liu et al [48] stated that fcc HEA shows greater ductility at -196 ºC but have less 

strength. Their study on σ and µ intermetallic formation as shown in Fig. 4.1.10 in CoCrFeNiMo0.3 

HEA increased the strength instead of embrittlement. The interesting feature they explained is the 

lattice distortion which was carefully measured using line broadening in XRD. This distortion is 

reported to solid solution strengthening.   
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Fig. 4.1.9 TEM images showing twins formed in AlCoCrCuFeNi HEA after SPS at 750 °C (a) 

shows larger grain, (b) shows both larger and smaller grains, (c) & (d) shows twins formed 

during SPS. 
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Fig. 4.1.10 X-ray diffractograms of CoCrFeNiMo0.3 HEA after rolling up to 60% reduction 

and at various annealing conditions [48]. 

Recent investigations show the precipitation in AlCoCrCuFeNi HEA system, which aided to the 

improvement of mechanical properties. Tsai et al [49] reported about the morphology of the 

precipitates in Al0.3CoCrCu0.5FeNi HEA. This group confirmed the presence of L12 precipitates 

with large needle like morphology and small spherical morphology from the superlattice spots as 

shown in Fig. 4.1.11. Their detailed EDS analysis showed that the needle like precipitates are 

(Ni,Cu)3Al type precipitates with L12 structure just as γ' precipitates in Ni-base superalloy and 

spherical precipitates are rich in Ni,Cu and Al elements. Jones et al [50] studied the phase equilibria 

of Al0.5CoCrCuFeNi HEA by heat treating the cast alloy for 1000 h at different temperatures as 

shown in Fig. 4.1.12. They saw that the material had two fcc phases which stable till its melting 

temperatures. At 700 and 850 ºC, this alloy has decomposed and formed B2 and σ phases. They 

also observed L12 type precipitates at 700 ºC in the interdendritic regions which are similar kind 

of γ' intermetallic precipitates found in superalloys.  
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Fig. 4.1.11 (a) TEM bright-field image (b) corresponding dark-field image from weak 

superlattice spots of the Al0.3CoCrCu0.5FeNi alloy observed from <100> different zone axis 

[49]. 

 

Fig. 4.1.12 Back scattering micrographs of Al0.5CoCrCuFeNi HEA after heat treatment for 

1000 h at different temperatures [50]. 

 

Santodonato et al [51] investigated the cast Al1.3CoCrCuFeNi HEA. This alloy resulted a large 

grains in the microstructure instead of an obvious dendritic structure. They found bcc/B2 phase, 

rod shaped fcc phase and a Cu rich precipitates in the alloy as shown in Fig. 4.1.13. The EDS 

results show Cr, Co and Fe rich bcc phase and Cu rich fcc phase.  
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Fig. 4.1.13 EDS elemental map of a high-resolution SEM showing segregation of different 

phases (B2, BCC and FCC). Scale bar in the micrograph is 0.5 μm [51]. 

Tong et al [1] fabricated AlxCoCrCuFeNi HEA with varied Al concentration from 0 to 3 atomic%. 

There was a phase transformation from fcc to bcc when x = 0.8 and spinodal decomposition when 

x = 1. An ordered bcc is found when x > 2.8. Other than these simple structures, TEM analysis 

revealed 5-10 nm Cu rich precipitates in the disordered matrix with face centered orthorhombic 

crystal structure, Widmanstätten precipitates (Fig. 4.1.14) and spherical precipitates. Such 

morphological structures influenced mechanical properties improvement [47]. A similar finding 

were reported by Tsai et al [52], who casted the Al0.5CoCrCuFeNi HEA and hot forged. They 

reported that the cast alloy resulted an fcc phase. The same alloy on forging resulted a bcc and an 

additional Cu-rich fcc phase in the interdendritic regions. The forged alloy on homogenization 

treatment at 1100 ºC for 24 h, followed by furnace cooling resulted Cu rich needle like precipitates 

(Fig. 4.1.15 (a)). These were increasing in number with increase in plastic deformation. A 5% cold 

rolled introduced nanotwins amongst the needle like precipitates as shown in Fig. 4.1.15 (b). They 

explained that the high strength is not only by solid solution strengthening but also because of the 

precipitates and nanotwins which further block the dislocations to slip and resist the plastic 

deformation.  
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Fig. 4.1.14 Transmission electron micrographs of Al1.5CoCrCuFeNi HEA showing the 

Widmanstätten precipitates in dendrites [1]. 

 

Fig. 4.1.15 (a) Cu needle like precipitates and (b) nanotwins in Al0.5CoCrCuFeNi HEA [52]. 
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Singh et al [2] synthesized AlCoCrCuFeNi HEA using both casting and splat quenching methods. 

The former method resulted in fcc and bcc phases and the later resulted in ordered bcc phase. They 

found different shaped Cu rich precipitates in the dendritic regions of as-cast AlCoCrCuFeNi alloy 

as shown in Fig. 4.1.16. They area coherent plate like structures with ordered B2 crystal structure, 

5-15 nm spherical precipitated and L12 structured rhombohedron shaped precipitates. Wang et al 

[53] fabricated Cu free AlCoCrFeNi HEA using vacuum arc melting. They found the spherical 

shaped nano sized precipitates in the dendritic regions with major concentration of Cr and Fe. They 

saw an increase in compressive strength because of the formation of nano sized precipitates in the 

dendrites and the basket weave morphology in interdendritic regions as shown in Fig. 4.1.17. 

 

 

 Fig. 4.1.16 Bright field images of as-cast AlCoCrCuFeNi HEA [2]. 
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Fig. 4.1.17 (a) Basket weave morphology in the interdendrities and (b) spherical 

nanoprecipitate in dendrite region of AlCoCrFeNi HEA [53]. 

 

   4.1.4 Summary 

A combination of high energy ball milling and SPS has been utilized to fabricate an ultrafine 

grained equiatomic AlCoCrCuFeNi HEA possessing an fcc and an ordered bcc (B2) phases. The 

sintered product (with no porosity observed during SEM investigations) has an absolute density of 

7.12 g/cc, measured using the Archimedes principle method, against rule of mixtures value of 

7.068 g/cc. Structural and microstructural investigations revealed the presence of solid solutions, 

dislocations, bimodal grain structures and nano twins.  

Except in few cases, majority of the alloy systems studied have resulted in multiphase as well as 

complex microstructures. In addition several complex phases, often ordered structures have also 

been formed with wide variation in their crystal structures. Therefore structural as well as 

microstructural evolution of HEAs is a very important aspect and has to be thoroughly understood 

as these features and their length scales greatly influence their mechanical behaviour.  
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4.2 Strengthening mechanisms in equiatomic ultrafine grained 

AlCoCrCuFeNi high-entropy alloy studied by micro and 

nanoindentation methods 

   4.2.1 Introduction 

A plastic deformation of a metal is process of movement of huge number of dislocations to slip on 

application of external force.  If the movement of these mobile dislocations is blocked or restricted, 

the strength of the material is increased [1]. It is clear that the strength of the material is inversely 

proportional to dislocation mobility. Single crystals are the ideal material to analyze the dislocation 

motion. However the plastic deformation information drawn from them cannot be applicable to 

the commercial materials, as most of them are polycrystalline. The basic factors which effect 

towards the strength and high temperature strength of single or polycrystalline materials are, 

 Purity of raw materials and the method of preparation. 

 Crystal structure of the material which have different number and type of the slip systems. 

 Lattice frictional stress which is related to the Burgers vector of a particular slip system. 

 Closed packed structures with different stacking fault energies. 

Apart from these basic factors, engineers uses different strengthening mechanisms to design a 

material. These mechanisms involve creation of the obstacles to resist the dislocation motion [2]. 

Applied force has to be increased to an order of magnitude to cut or bypass the obstacles by the 

dislocations. Slip is sequential process of bonds breaking and bonds reforming while sliding a 

plane of atoms over another plane of atoms. Dislocations are of two types, edge dislocation and 

screw dislocation. With the increase in dislocation density (number of dislocations in a unit 

volume), the strength increases. Generally while increasing in strength, the ductility of the material 
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is suffered or reduced [3]. There are many strengthening mechanisms like work hardening, solid 

solution strengthening, precipitation hardening, grain boundary strengthening, twin boundary 

strengthening, strengthening from second phase, strain ageing, martensitic strengthening, fiber 

strengthening, fine particle strengthening, transformation hardening [1, 4]. Few of them are 

explained in detail below. 

1. Strain/work hardening 

The interaction of a dislocations with another dislocation is called strain/work 

hardening. Cold working is most commonly used method to introduce a huge amount of 

dislocations into the lattice where they multiply on deformation. The high strain hardening 

occur when dislocations interact with the stress field of other dislocation and 

interpenetration of a slip system into another slip system forming dislocation jogs. The 

basic relationship between strain hardening and the structure is, 

𝜎0 =  𝜎𝑖 +  𝛼𝐺𝑏𝜌1 2⁄  … … … … … … … … … … (𝐸𝑞 4.2.1) 

Cold working is the process of severe deformation by reducing one or two dimensions of 

the materials and increase in other direction as shown in the Fig. 4.2.1. During this process, 

grains are orientation in the cold working directions and induces a high internal energy. 

Annealing treatment is given to the cold worked materials as the most common procedures. 

Recovery, recrystallization and grain growth processes are the intrinsic mechanisms 

involved [5]. Recovery is the process of restoration of the yield strength of the materials, 

recrystallization is the process of formation of new grains at the expense of badly damaged 

grains and grain growth is the process of increasing the fine recrystallized grains.  
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Fig. 4.2.1 Schematic of cold rolling, representing various microstructure at different stages of 

work hardening process. 

2. Grain boundary strengthening  

The interaction of a dislocations with grain boundaries is called grain boundary 

strengthening. The coincidence sites of two grains with different crystal orientation are 

called the grain boundaries as shown in Fig. 4.2.2. All grains have different 

crystallographic orientation and they are separated by a grain boundary. Grain boundary 

have inherent strength in the material because the mutual slip is blocked at the grain 

boundary. It is difficult for a dislocation to change the orientation and move into another 

slip plane, because of the random arrangement of atoms at the grain boundaries. Grain 

boundaries act as the barriers for the dislocation motion and the dislocations pile up at the 

grain boundaries resulting high strength. It was found that the yield strength of the material 

increase linearly with the misorientation across grain boundary. Hall-Petch equation [6] 

gives the relationship for the yield stress (𝜎0) and grain diameter (𝐷) as follows, 
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𝜎0 =  𝜎𝑖 + 𝑘𝐷
−1

2⁄ … … … … … … … … … … … … (𝐸𝑞 4.2.2) 

where 𝜎𝑖 is the frictional stress and 𝑘 is the constant associated with the hardening 

contribution of grain boundaries. 𝑘 is the slope of the linear line obtained from the plot of 

yield stress (𝜎0) and grain diameter (𝐷). Nanomaterials are ideal grain boundary 

strengthening materials because of more grain boundary area than the grain area. 

3. Solid solution strengthening  

The interaction of a dislocations with solute atoms is called solid solution 

strengthening. The solute atoms are added in the solid solution containing solvent atoms. 

These solute atoms either occupy the interstitial site or a substitutional site in the solvent 

lattice, creating high strain field. If the solute atomic size is relatively equal to the solvent 

atomic size, the solute atom occupy the solvent lattice point forming a substitutional solid 

solution as shown in Fig. 4.2.3.   

 

Fig. 4.2.2 Schematic of grain boundary strengthening where grain boundaries act as barrier 

to the moving dislocation in the slip plane. 
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If the atomic size of the solvent atom is much smaller than the solute atomic size, 

the solute atom occupies the interstitial sites of solute forming interstitial solid solution. 

Also if the solvent atomic size is much higher than the solvent atomic size, the solute atom 

occupy the interstitial site. This could be tensile lattice strain or compressive lattice strain 

depends on the atomic size of the solute atoms. However, HEAs do not have solute atoms 

but have different atomic sized solvent atoms create high lattice strain. The interaction of 

such strain field of dislocation with the strain field around different sized atoms increase 

the strength of the material [7, 8].  

 

 

Fig. 4.2.3 Schematic of different solid solution strengthening mechanisms. 
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4. Precipitation strengthening  

Second phase particles or precipitates, that are homogenously distributed in the 

matrix interact with the dislocations and result in high strength. If the precipitates are 

coherent with the matrix, it is called precipitation strengthening. If the second phase 

particles are incoherent with the matrix, it is called dispersion strengthening. Precipitates 

are formed by solution treating and followed by quenching. They are soluble in the matrix 

forming a solid solution at elevated temperatures but are insoluble and precipitate out while 

cooling to room temperature. Whereas dispersoids are hard particles mixed in the matrix 

and produced by powder metallurgy methods. These dispersoids are very little soluble at 

elevated temperatures. As shown in Fig. 4.2.4, dislocations either have to cut through the 

precipitate or form a loop around the precipitate to move, which is called Orowan shearing 

or Orowan looping respectively. The precipitate size, shape, volume fraction and 

distribution are mainly altered for high strength [1, 9].  

 

Fig. 4.2.4 Schematic of precipitation hardening where the dislocations either forming a loop 

around the precipitate or shearing the precipitate. 
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There are many other strengthening mechanism like twin boundary strengthening, strengthening 

from second phase, strain ageing, martensitic strengthening, fiber strengthening, fine particle 

strengthening, transformation hardening [4]. These are the strengthening mechanism in 

conventional materials. Our interest is to see how they are operated in HEAs.  

Ultrafine AlCoCrCuFeNi HEA is achieved by mechanical alloying and subsequently spark plasma 

sintering techniques. 60 h mechanical alloying resulted a single phase solid solution with fcc 

crystal structure. Bulk components after spark plasma sintering precipitated an ordered B2 phase. 

The detailed mechanical properties of this system with nanocrystalline/ultrafine grained (ufg) 

features have not been reported to date. Mechanical properties have been evaluated using Vickers 

microindentation and depth sensing nanoindentation. A comprehensive understanding on the 

various strengthening mechanisms operating in this novel alloy has been presented in this paper. 

Strain rate sensitivity (SRS) and activation volume are reported and the governing mechanisms are 

also identified. While performing nanoindentation (Hysitron Triboindenter) at room temperature, 

a constant loading rate profile was used to reach a peak load of 8000 µN, followed by a hold 

segment at the peak load for 10 sec and unloading at the same loading rate. Various loading rates 

in the range 1000-8000 µN/s were adapted. Each nanohardness value is an average of 49 indents 

(7x7 matrix) performed under identical set of parameters. For a given condition, the quotient of 

loading rate and peak load is considered as effective strain rate. 

   4.2.2 Results  

Vickers microindentation behavior observed on various samples sintered at 750 ºC for different 

hold times (5, 10 and 15 mins) is represented in Fig. 4.2.5. As the applied load is increased from 

100-500g, there was a slight decrease in the hardness and recorded a value of 6.5 GPa for the 

sample held for 15 min at 750 ºC during SPS. Fig 5.2 (a) depicts the response of this alloy to 
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nanoindentation at an applied peak force of 8000 µN and at various loading rates in the range 

1000-8000 µN/s. It yielded a hardness value of 8.13 GPa and an elastic modulus of 172 GPa 

calculated using Oliver-Pharr analysis [10, 11]. The slope of the plot between logarithmic flow 

stress on Y-axis and logarithmic strain rate on X-axis is shown in Fig 5.2 (b) and it represents SRS 

which is 0.0084 in this case. 

   4.2.3 Discussion 

4.2.3.1 Strengthening mechanisms 

Vickers microindentation was performed on the sintered samples and the data is presented in Fig. 

4.2.5. As the applied load was varied between 100 and 500 g, the hardness has a values between 

6.3 and 6. 8 GPa for samples sintered for various hold times of SPS. The average diagonals of 

Vickers indents are 16, 29 and 37 µm at the loads of 100, 300 and 500 g respectively. Therefore 

the Vickers indents at all applied loads are very large in comparison to the microstructural features 

(Figs. 4.1.7, 4.1.8 (a-c) and 4.1.9 (a-d)) and they would deform both the larger and smaller grains. 

It is also to be noted that this hardness data is derived from several grains belonging to both the 

dark and white phases, hence this microindentation data indeed represents the bulk mechanical 

behaviour of the alloy studied. It is reported that the cast AlCoCrCuFeNi alloy possessed a 

hardness of 4.5 GPa [12]. Zhang et al [13] replaced Cu with Ti and synthesized the same alloy in 

the similar route and its Vickers hardness was measured to be 432 HV. Stefanoiu et al [14] 

excluded Cu element from this alloy and achieved an hardness of 407 HV. Therefore it is clearly 

evident that the present study reports superior mechanical properties for this equiatomic alloy in 

comparison to that reported in the literature. It is to be noted that hardness derived from higher 

loads i.e., more indentation depths is more representative of the bulk behaviour of the material as 

significantly larger volume is involved in the deformation.  
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Fig. 4.2.5 Variation of microhardness with load in samples sintered with different holding 

times. At all the indent covered both larger and smaller grains as the diagonals of the Vickers 

indent were ~38 µm. Therefore it represents the bulk behavior. 

Therefore the microhardness measurement made at a load of 500 g., for the sample sintered for 15 

min, has been used in the analysis to identify the strengthening mechanisms in this alloy. From 

Fig. 4.2.5, this value is 6.5 GPa. Using Tabor’s equation [15], 𝐻 = 3 𝜎𝑓𝑙𝑜𝑤; where H is the 

hardness and 𝜎𝑓𝑙𝑜𝑤  is the yield/flow stress of the material, 𝜎𝑓𝑙𝑜𝑤  is 2.16 GPa. It is clear that 

microstructure (Figs. 4.1.8 and 4.1.9) of the sintered sample contains larger ufg, smaller 

nanocrystalline grains, twins with varied twin spacing. In addition, it is a two phase structure 

comprising of two solid solutions (fcc and B2). Hence the flow stress is expected to have the 

contributions from frictional stress offered by the complex lattice to the mobile dislocations, 

strengthening due to intersecting dislocations (Taylor hardening), grain boundary strengthening 

(Hall-Petch strengthening), solid solution strengthening and twin boundary strengthening. 

Therefore it is proposed that the following superposition equation can be utilized to identify 

different mechanisms contributing to overall flow stress of the alloy: 
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𝝈𝒇𝒍𝒐𝒘 =  𝝈𝒊 +  ∆𝝈𝑺𝑯 +  ∆𝝈𝑯𝑷 + ∆𝝈𝑺𝑺 +  ∆𝝈𝑻𝑩 … … … … … … … … … (𝐸𝑞 4.2.3) 

𝜎𝑖 is the frictional stress offered by the lattice for mobile dislocations. This stress exists in the 

lattice that is made of all the participating elements. As these HEAs are recently emerged novel 

class of alloys, to the authors’ knowledge, their frictional stress data is not available in the 

literature. Hence, in line with the approximations made in ref. [11], rule of mixtures analysis has 

been used to estimate the frictional stress of this lattice and is calculated as 105 MPa. 

∆𝜎𝑆𝐻 (dislocations hardening /Taylor hardening/strain hardening) is the strengthening arising out 

of intersection of dislocations during deformation in relatively larger grains. 

∆𝝈𝑺𝑯 = 𝑴 𝜶 𝑮 𝒃 𝝆
𝟏
𝟐 … … … … … … … … … … … … (𝐸𝑞 4.2.4) 

M is the Taylor factor (3.06 for both fcc and bcc materials) [16], α is a correction factor specific 

to the material. As it is a novel HEA in the present study, α is assumed to be unity. G is the shear 

modulus, b is the Burgers vector, ρ is dislocation density. Elastic modulus (E) of this alloy, 

measured using nanoindentation, is 172 GPa. Based on the assumption that the cubic alloy in the 

current study is an isotropic and homogeneous material, shear modulus (G) can be calculated as 

𝑮 = 𝑬 𝟐(𝟏 + 𝛖)⁄ , where υ is the Poisson’s ratio (≈ 0.33). For this alloy, G is calculated to be 65 

GPa. Burgers vector of an fcc based lattice can be represented as, 𝒃 = (𝒂 𝟐⁄ ) 〈𝟏𝟏𝟎〉 and its 

magnitude is calculated as, |𝒃| = (𝒂 𝟐⁄ )√𝟐; In the current study, as it is a two phase alloy with 

lattice parameters of 0.359 nm (fcc) and 0.292 nm (bcc), an average of these two values is taken 

as the effective lattice parameter and is calculated to be 0.325 nm. Accordingly, |b| is computed to 

be 0.23 nm. Dislocation density (ρ) is calculated from the following equation [17]: 

𝝆 =
𝟐 √𝟑  Ɛ

𝒅 𝒃
 … … … … … … … … … … … … … … … (𝐸𝑞 4.2.5) 
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In this Equation 4.2.5, ԑ is lattice strain, d is grain size, b is the Burgers vector (0.23 nm). Lattice 

strain for both the phases, using Stokes-Wilson formula [18], was estimated to be 0.003. The 

sintered sample (15 min. hold time) revealed a bi-modal grain size distribution with an average 

grain sizes of 112±46 nm and 1550±500 nm. Therefore it is suggested that the dislocation densities 

be separately calculated for these two grain size regimes as the grain dimensions could influence 

the total dislocation densities that they may contain. For a grain size of 112 nm, the dislocation 

density is calculated to be 4.03x1014 m-2 and for 1550 nm size regime it is calculated as 2.9x1013 

m-2 using Equation 4.2.5. The total dislocation density, estimated by the addition these two values, 

is 42.9x1013 m-2. 

With all the above parameters, Δσ for strain hardening (Taylor hardening) arising from large 

dislocation densities present in this material is estimated to be 949 MPa using Equation 4.2.4. 

∆𝜎𝐻𝑃 is the Hall-Petch strengthening or grain size dependent strengthening.  

∆𝝈𝑯𝑷 =  𝑲𝑯𝑷 𝒅−𝟎.𝟓  … … … … … … … … … … … … … (𝐸𝑞 4.2.5) 

KHP is the Hall-Petch constant and ‘d’ is the average grain size. For 112 nm regime, by considering 

the KHP values discussed in ref. [11], KHP is assumed to be 0.27 MPa m1/2 for this alloy and KHP 

for 1550 nm regime is taken as 0.33 MPa m1/2. Now the contribution from Hall-Petch (grain size) 

strengthening is estimated to be 806 MPa from smaller grain size regime (112 nm) and 264 MPa 

from larger grain size regime (1550 nm) using Equation 4.2.6. Therefore the total Hall-Petch 

strengthening is 1070 MPa. ∆𝜎𝑆𝑆 is contribution from solid solution strengthening. This 

component is also significant as both the phases (fcc and B2) are essentially solid solutions 

comprising of all the participating elements. In conventional binary solid solutions, elastic 

interactions between dislocations and stress fields created by solute atoms govern the associated 

strengthening mechanisms and all the established models for solid solution strengthening 
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mechanism are valid for binary solid solutions [19-22]. As HEAs are complex concentrated alloys, 

Senkov et al [23] have suggested the following equation to estimate solid solution strengthening 

for concentrated systems: 

∆𝝈𝑺𝑺 = 𝑨 𝑮 Ɛ
𝟒
𝟑 𝑪

𝟐
𝟑  … … … … … … … … … … … … … (𝐸𝑞 4.2.7) 

In this Equation 4.2.7, A is a dimensionless parameter of the order of 0.1. C is concentration of the 

solute atoms (0.16), G is the shear modulus of the alloy (65 GPa) and ε is lattice strain due to the 

solute. One caveat here is that the concept of solute and solvent which are valid for traditional 

dilute solid solutions may not be valid for HEAs as these are highly concentrated and nominally 

equiatomic. In AlCoCrCuFeNi system, when the atomic radii mismatch is calculated among 

different binaries (Fig 4.1.2 (b)), it suggests that Al might cause more strain to the copper based 

lattice of this complex concentrated solid solution with a strain of 12% (from atomic radii 

mismatch). Therefore for practical reasons, it is approximated that the concentration of Al (0.16) 

may be taken as the concentration of the solute and the strain caused by Al atom as the effective 

strain. With these parameters, the solid solution strengthening component assumes to be 112 MPa 

from Equation 4.2.7. 

Twins (with spacing in nm) observed in relatively large ultrafine grains also will contribute via 

Hall-Petch type strengthening [24-26]. ∆𝜎𝑇𝐵 is given as, 

∆𝝈𝑻𝑩 =   𝑽𝒇𝑲𝑻𝑩 𝒍−𝟎.𝟓  … … … … … … … … … … … … (𝐸𝑞 4.2.8) 

KTB is a constant and can be approximated to that of a Hall-Petch constant of the nanocrystalline 

regime of a corresponding alloy (0.27 MPa m1/2 [27]) as the twin spacing (l) is in nm. Vf is the 

total volume fraction of twins. These twins are not present in all the grains. They are observed to 

be present relatively in fewer grains and their total volume fraction seems to be not that significant. 

From the micrographs, twin width (l) was measured to be as low as 2.3 nm (Fig 4.1.9 (d)) to as 
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high as 83 nm (Fig 4.1.9 (c)), however statistical estimation of twin spacing distribution is not 

possible as there are not many twins. Therefore, average “l” is found to be 43 nm. The average 

area fraction of these twins is estimated to be 11% and it is considered as volume fraction of the 

twins for all practical reasons and calculations. With these parameters and as per the Hall-Petch 

type dependence, the contribution of twins to strengthening is calculated to be 143 MPa using 

Equation 4.2.8. It is widely agreed that coherent twin boundaries present in ufg grains increase the 

strength [28] as well as result in enhanced strain hardening [26]. Based on the above calculations 

and from Equation 4.2.3, the overall contribution from various plausible mechanisms to the flow 

stress (𝜎𝑓𝑙𝑜𝑤) is 2.38 GPa.  The Vickers hardness (H) for this sample was measured as 6.55 GPa 

(Fig. 4.2.5). Therefore the ratio, (𝐻 𝜎𝑓𝑙𝑜𝑤⁄ ) is 2.7. According to Tabor’s analysis [15], this ratio 

for conventional materials was varied between 2.8 and 3.2. Therefore with the calculated ratio of 

2.7, which is in close agreement with that of conventional polycrystalline materials, for this HEA 

it is not unreasonable to state that above mentioned strengthening mechanisms are responsible for 

the overall flow stress realized. As the two solid solutions observed (fcc and B2) in the sintered 

alloy contain all the elements (Fig 4.1.7(d)), the present authors have cautiously given them the 

same treatment while estimating various strengthening contributions to the overall flow stress.  

From Table 4.2.1 and Fig. 4.2.6, it is clear that Taylor hardening and grain boundary strengthening 

are the dominant strengthening mechanisms in this alloy accounting for nearly 85% of the flow 

stress. The other mechanisms such as solid solution strengthening and twin boundary strengthening 

have minor contributions to the overall flow stress. 
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Fig. 4.2.6 Pie chart of strengthening mechanism representing contributions of different 

mechanisms operated in AlCoCrCuFeNi HEA. 

 

Table 4.2.1 Various strengthening mechanisms identified in nanocrystalline equiatomic 

AlCoCrCuFeNi system. 

Mechanisms Strength contribution (MPa) 

Frictional stress 105 

Taylor hardening 949 

Hall-Petch strengthening 1070 

Solid solution strengthening 112 

Twin boundary strengthening 143 

Total strengthening 2379 

 

To date, there are very few detailed efforts in identifying the strengthening mechanisms operating 

in HEAs despite their fascinating mechanical properties [29]. A good combination of strength, 

strain hardening rate, ductility and fracture toughness have been reported in CrMnFeCoNi system 
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even at -196 ºC by Otto et al [30]. The alloy was melted and casted into ingots and cold rolled upto 

87% reduction and annealed at 1200 ºC for 45 h. This alloy resulted equiaxed grains with three 

different grain sizes. The alloy displayed high yield strength of 300 MPa at -196 ºC temperature.  

They observed that nano-twins were operating at high strain of 20% and at lower strain i.e at 

yielding 2% strain there were no evidence for nano-twin formation. This they attributed to high 

ductility at lower temperature and high strength at high temperature was because of additional 

deformation mode by nano-twins. Detailed mechanical testing at -196 ºC and 20 ºC as shown in 

Fig. 4.2.7 and comprehensive TEM investigations suggest that formation of twins in the early 

stages of deformation in this system provides additional strain hardening rate leading to improved 

strength and ductility even at -196 ºC [31]. Fu et al [32] have observed the similar microstructural 

features and strengthening mechanisms in fcc based Co25Ni25Fe25Al7.5Cu17.5 HEA prepared by ball 

milling followed by SPS. They investigated Co25Ni25Fe25Al7.5Cu17.5 HEA in nanocrystalline and 

coarse grained forms using mechanical alloying followed by spark plasma sintering and vacuum 

arc melting routes respectively. The mechanical alloying of 49 h resulted a single fcc phase and 

the sintering at 1000 ºC did not result any phase transformation. The milled powder morphology 

is similar to the one we reported like lamellar or flake. The strengthening mechanisms were 

discussed with assumptions available in the literature. Concluded that the high strength of the alloy 

is from grain boundary and dislocation strengthening.  
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Fig. 4.2.7 True stress-strain curves measured at -196 ºC (77K) and 20 ºC (293K) where critical 

stress for twin formation is presented [31].  

Liu et al [33] have presented that ductility of CoCrFeNiMo0.3 HEAs could be enhanced by hard σ 

and µ type intermetallic compounds to a level of 19% with simultaneous possession of good 

strength. It was attributed that the fcc structure of the HEA matrix favors a high work hardening 

rate which may be suppressing the propagation of microcracks originated at the particle/matrix 

interfaces. It should be mentioned that the current study is a comprehensive report on strengthening 

mechanisms operating in ultrafine grained AlCoCrCuFeNi system. Senkov et al [23] fabricated 

Ta20Nb20Hf20Zr20Ti20 refractory HEA using vacuum arc melting and hot isostatic pressing at 1200 

ºC for 3 h. All the elements in the alloy have bcc structure and the alloy after melting resulted a 

bcc structure. The hot isostatic pressing did not change the crystal structure. Fig. 4.2.8 gives the 

compressive stress-strain curve, where the yield strength of Ta20Nb20Hf20Zr20Ti20 HEA is 929 MPa. 

The high compressional yield strength is supported by solid solution strengthening. The same 

assumptions and the formula is used for the solid solution strengthening contributions in the 
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current investigations. It is also reported by Tsai et al that the nanotwins occur during deformation 

and he reason it as the result of low stacking fault energy and high solid solution hardening.  

 

Fig. 4.2.8 Compressive stress-strain curves of different HEAs [23]. 

 

Fig. 4.2.9 Different contributions to the strength of HEAs (details of P1 and P2 given in ref 

[34]). 
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He et al [34] prepared FeCoNiCr and (FeCoNiCr)94Ti2Al4 HEAs by melting and casting methods. 

The later alloy has been given two different thermomechanical treatments named P1 and P2 

(details given in ref [34]). FeCoNiCr and (FeCoNiCr)94Ti2Al4 HEAs have fcc phase, P1 alloy has 

additional L12 type precipitates and P2 alloy reveal secondary phases as well. Strengthening 

mechanisms operated in all the four alloys have been studied in detail and are shown in Fig. 4.2.9. 

Different contributions towards the overall strengthening of the alloy they considered are frictional 

strength, solid solution strengthening, grain-boundary strengthening, dislocation strengthening and 

precipitation strengthening. As the yield strength of the alloy is the intrinsic property of the alloy, 

it is considered as the frictional strength from the lattice. There were no evidence of twins in the 

microstructure so contributions from the twin is not considered. The grain boundary strength in P2 

is 3 times more than P1. Dislocation strength in P1 is zero, where in P2 is 274 MPa. Precipitation 

strengthening contributions of both P1 and P2 are same. From Fig. 4.2.9, it is clear that the strength 

of the all the alloys is majorly from precipitation strengthening and least contributions from solid 

solution strengthening. However in the current investigation in AlCoCrCuFeNi HEA, the major 

contribution is from Hall-Petch strengthening and Taylor hardening mechanisms to the overall 

strength of the alloy. 

4.2.3.2 Rate sensitivity of flow stress 

Understanding the loading rate dependence of mechanical properties and the associated 

deformation characteristics is also vital for structural engineering alloys [35]. Nanoindentation was 

performed on 750 ºC/15 min sintered sample at various loading rates in the range 1000-8000 µN/s 

and at a peak load of 8000 µN. It is to be noted that this was performed on the composite region 

of white and darker phases. The corresponding variations are shown in Fig. 4.2.10 (a) and the 

average hardness value obtained was 8.13 ± 0.15 GPa. Elastic modulus was measured to be 172±10 



Strengthening mechanisms in AlCoCrCuFeNi HEA 

115 
 

GPa and this is in agreement with the estimated value of 163 GPa for this alloy using rule of 

mixtures. Strain rate sensitivity (sensitivity of flow stress/hardness to the loading/strain rate) and 

activation volume (υ*) are two key parameters to understand the influence of loading/strain rate 

on the flow stress [35]. Activation volume is the volume over which work is performed in a 

deformation event and the magnitude of this volume suggests the type of lattice defects involved 

during deformation. Therefore SRS (m) and υ* of this alloy were calculated, using the 

nanoindentation data, at room temperature and the results are shown in Fig. 4.2.10 (b). 

𝒎 =  (
𝝏 𝒍𝒏 𝝈

𝝏 𝒍𝒏 𝜺̇ 
)

Ԑ,𝑻
 … … … … … … … … … … … … … (𝐸𝑞 4.2.9) 

𝝊∗ = √𝟑𝒌𝑻 (
𝛛𝐥𝐧𝛆̇

𝛛𝛔
) … … … … … … … … … … … … (𝐸𝑞 4.2.10) 

𝜎 is flow stress (≈ ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 3⁄ ), ε̇ is strain rate, ε is strain, T is temperature, k is the Boltzmann 

constant.  As the loading rate is increased, hardness also has increased (Fig. 4.2.10 (a)). An SRS 

value of 0.0084 and an activation volume of 0.168 nm3 which is equivalent to 13 b3 (b= 0.23 nm) 

were obtained. It is to emphasize that the major two phases (fcc and B2) of this alloy are solid 

solutions containing all the participating elements.  

The detailed loading rate sensitive characteristics of various HEAs are yet to be reported in the 

scientific literature. Kuznetsov et al [36] have reported an SRS value of 0.6 for AlCoCrCuFeNi 

HEA which was superplastic when the cast alloy was subjected to multi-directional isothermal hot 

forging. Wei et al [37] have summarized that fcc elemental metals will show increased SRS 

whereas bcc elemental metals will show decreased SRS as the grain size is decreased to ultrafine 

grained/nanocrystalline regime from microns. From the Fig. 4.2.11, the SRS value of cold rolled 

Cu is 0.015. Cu which is equal channel angular pressed (ECAP) and cold rolled shown SRS value 

of 0.019. 
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Fig. 4.2.10 (a) Variation of hardness of 750 °C/15 min sintered sample at different loads 

during nanoindentation, (b) plot showing the strain rate sensitivity. 
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Fig. 4.2.11 The slope of the linear fit lines gives the SRS value. The SRS value of cold rolled 

Cu is 0.015 and the SRS value of ECAP and cold rolled Cu is 0.019 [37]. 

 

 

Fig. 4.2.12 The variation of SRS in different nanocrystalline (nc) Al and Cu alloys [40]. 
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Nanocrystalline multi-phase structures have exhibited varied SRS behaviour,  influenced by the 

type of second phase (s) [38, 39]. Varam et al [40-43] explained how the SRS, activation volume 

and the plastic deformation mechanisms are key factors to dictate the alloy’s hardness, ductility 

and toughness in multiphase alloys. Usually high SRS materials are ductile. The variation of SRS 

in nanocrystalline Al alloys and in nanocrystalline Cu are shown in Fig. 4.2.12 plotted by Varam 

et al [40]. Addition of Pb (fcc) increased SRS of nanocrystalline Al (fcc) [43] whereas addition of 

W (bcc) has decreased SRS of nanocrystalline Al (fcc) [41]. Addition of both Pb and W elements 

together in the Al alloy increased SRS. Zn addition to nanocrystalline Al increased the SRS up to 

0.22. Al addition in nanocrystalline Cu decreased the SRS. It is essential to note that the alloying 

additions or the solvent has effect on the SRS and the activation volume which in turn effect the 

mechanical properties of the alloy. However it would be too early to apply the same analogy to 

HEAs in general, to the present alloy system of AlCoCrCuFeNi in particular. The major obstacle 

for this is both the phases (fcc, B2) of current HEA are solid solutions out of which one is ordered 

(B2). Traditional binary solid solutions have always exhibited a weak strain rate dependence of 

flow stress [44] and sometimes a negative SRS as well [45]. A low SRS, often a negative one, was 

also observed in the conventional alloys reinforced with particles of ordered phases [46]. 

Therefore in agreement with the observations made on conventional solid solutions, ordered 

alloys, a low SRS of 0.0084 has been measured in this alloy composed of an fcc solid solution and 

an ordered B2 phase as indicated in Fig. 4.2.12. In microcrystalline materials, forest dislocations 

and their intersections during a deformation process usually result in an activation volume of about 

1000 b3 [47]. However a low activation volume of 13 b3 seen in this alloy indicate towards the 

participation of interfaces such as grain boundaries, twin boundaries and inter-phase boundaries 

(fcc/B2) in the deformation event. Conventionally, SRS and activation volume calculations are 
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done under the premise that the testing is carried out under constant strain and constant 

microstructure conditions [47]. However, in the current investigation, nanoindentation was 

performed at various locations on the sintered sample using a Berkovich indenter, in an effort to 

capture a reasonably acceptable bulk deformation characteristics. Therefore these (SRS, activation 

volume) are regarded as apparent values. 

Feng et al [48] in their recent work fabricated NbMoTaW HEA thin films varying in thickness 

using magnetron sputtering. The thickness of the films are varied from 100 to 2000 nm with a 

single bcc crystal structure. They studied the film thickness effect on hardness, strain rate 

sensitivity and activation volume as shown in Fig. 4.2.13. With the increase in film thickness, the 

SRS of the material was decreasing from 0.009 to 0.029. Whereas the activation volume increased 

from 2.1 b3 to 9 b3, with the increase of film thickness. 

 

 

Fig. 4.2.13 Variation of (a) SRS and (b) activation volume with the grain size in NbMoTaW 

HEA thin films. SRS values of individual elemental thin films from the literature is also 

presented in (a) [48]. 
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Fig. 4.2.14 Variation of (a) Strain rate sensitivity and (b) activation volume measured from 

different samples with the true strain [49]. 

 

 

Fig. 4.2.15 The scatter plot of SRS values in nanocrystalline  (nc), ultrafine (ufg) and coarse 

grained (cg) conventional materials [49]. 
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Fig. 4.2.16 The scatter plot of activation volume in nanocrystalline (NC), ultrafine (UFG) and 

coarse  grained (CG) conventional materials [49].  

 

Komarasamy et al [49-51] studied the tensile properties of Al0.1CoCrFeNi HEA by performing 

different strain rate jump tests from 10-5 sec-1 to 10-3 sec-1 strain rate. The alloy has a single fcc 

solid solution with coarse grains. This alloy displayed yield strength of 160 MPa and 44 % 

elongation. At lower strain rates, SRS value observed is 0.02 – 0.017 and at higher strain rate, SRS 

value is 0.007 as shown in Fig. 4.2.14 (a).  The activation volume reported by them is 288 b3 for 

lower strain rates and 197 b3 for high strain rates as shown in Fig. 4.2.14 (b). The SRS values are 

compared with conventional alloys with different grains and are plotted in Fig. 4.2.15. The SRS 

value of coarse grains of HEAs are much higher than the SRS values of conventional coarse grain 

material. However HEAs with nanotwins have equal SRS values as that of coarse grained HEAs. 

The activation volumes of Al0.1CoCrFeNi HEA are compared with conventional alloys with 

different grains and are plotted in Fig. 4.2.16. The activation volume of coarse grains of HEAs are 

much lower than the activation volume of conventional coarse grain material because of the 
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presence of forest dislocations. However activation volume of HEAs is equal to ultrafine grained 

conventional alloys. The distinct nature of SRS and activation volume in HEAs is attributed to the 

severe lattice distortion in Komarasamy et al [49] work because there are no huge grain boundaries, 

nano twins to obstruct the dislocation movement. To study the SRS in CoCrFeMnNi HEA, strain 

rate jump tests were performed by Moon et al [39].  The SRS and activation volume measured at 

room temperature are higher than at liquid nitrogen temperature as shown in Fig. 4.2.17. This is 

attributed to the twin formation at lower temperatures, where the nanotwin boundaries are acting 

as obstacles to the dislocation movement. The increased volume fraction of nanotwins with the 

increase in strain is the reason for the insensitivity of activation volume at lower temperature.   

Therefore based on our investigation and the data presented in the literature on strain rate sensitive 

characteristics of HEAs, it is clear that structural and microstructural features have a great 

influence on the observed SRS. Some of the systems had a weak dependence of flow stress on 

strain rate and few other systems have reported to have a strong dependence of flow stress on strain 

rate. However the activation volume appears to be similar in majority of the systems studied.  

 

 

Fig. 4.2.17 Variation of (a) SRS and (b) activation volume at different temperatures [39].   
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   4.2.4 Summary 

Vickers microindentation performed on the sample sintered at 750 ºC resulted in a high hardness 

value of 6.5 GPa reported for this alloy so far. Comprehensive analysis on probable strengthening 

mechanisms suggest that strain hardening (Taylor hardening) and grain boundary (Hall-Petch) 

strengthening are the predominant mechanisms in this alloy with contributions from frictional 

(Peirls-Nabarro) stress, solid solution strengthening and twin boundary strengthening mechanisms. 

Nanomechanical testing performed at a peak force of 8000 µN resulted in a hardness of 8.13 GPa 

and an elastic modulus of 172 GPa. A very low strain rate sensitivity of 0.0084 and an activation 

volume of 13 b3 were measured using nanoindentation at room temperature. It appears that 

interfaces such as grain boundaries, twin boundaries, fcc/B2 interphase boundaries could be 

playing a key role in dictating the deformation kinetics of this HEA. 
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4.3 A novel AlCuTaVW high entropy alloy synthesized using 

mechanical alloying and spark plasma sintering: 

microstructural evolution and mechanical properties  

    4.3.1 Introduction 

High entropy alloys (HEAs) form simple solid structures instead of intermetallic phases because 

of high configurational entropy, S. By definition a HEA is attributed as a combination of 5 or 

more elements in equiatomic ratio. The choice of 118 elements in periodic table makes it possible 

for fabricating/designing innumerable combinations of HEAs in this pattern. Thus far there have 

been numerous HEA’s designed and successfully used for multiple applications adopting this 

principle. HEA AlCuTaVW is developed espousing this principle and adhering to that fundamental 

pattern. The objective of choosing this combination is that the high strength elements Ta V and W 

and the ductile elements Cu, Al would contribute to the formation of the new alloy with greater 

strength at high temperatures and good ductility. This alloy is synthesized using mechanical 

alloying and the milled powders are consolidated using spark plasma sintering. Mechanical 

alloying is a way easy technique to synthesize an alloy. It uses high energy to mill different 

elements with different densities, sizes and structures to form a homogenous alloy.  

The mechanical properties of HEAs are high compared to conventional alloy due to the complex 

composition and the simple crystal structures of the HEAs. These HEAs have high strength at high 

temperatures. Han et al [1] fabricated NbNiTiCoZr and NbNiTiCoZrHf refractory HEA by casting 

methods. The former alloy has two bcc phases and the later alloy has one bcc, one fcc and NbNi 

intermetallic phases. The hardness of NbNiTiCoZr is 5.2 GPa and yield strength is 2.3 GPa. The 

hardness of NbNiTiCoZrHf is 5 GPa and yield strength is 1.5 GPa. The former alloy having high 
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hardness and strength values is attributed to bcc phase formation and in the latter’s case the fcc 

phase softened the material.  He et al [2] varied the composition of Al from 0 to 20 atomic 

percentage in FeCoNiCrMn HEA and studied its effect on structure and mechanical properties. 

They noticed that with increase in Al content, there is a phase transformation from fcc to bcc. They 

showed that the hardness and the yield strength increased with increased Al content. The effect of 

Cu on any HEA was not studied in specific but Tung et al [3] studied the elemental effect on 

AlCoCrCuFeNi HEA by reducing each element to 0.5 % concentration. They found that Cu tends 

to segregate to the interdendritic regions and is the fcc stabilizer. Wang et al [4] stated that the Cu 

forms intermetallic phases. Such segregation decreases the mechanical properties of the alloy. 

Jiang et al [5] varied the Ta composition in CoFeNi2W0.5Tax HEA and studied its effect on 

microstructure and mechanical properties. These alloys were casted in water cooled copper 

crucible resulting a single fcc phase without Ta. On increasing the concentration of Ta, there is an 

increase in precipitation of the Co2Ta type laves phases. Because of the larger atomic size, the 

lattice parameter increased. They reported that this increase in lattice parameter is the indication 

for higher lattice distortion. With increase in Ta concentration from 0 to 0.6 atomic %, the Vickers 

hardness value increased from 1.7 to 6.3 GPa and the compressive yield strength increased from 

0.3 to 1.1 GPa  compromising on the ductility. This increase in mechanical properties is attributed 

to the presence of laves phase and high solid solution strengthening. Xia et al [6] studied 

AlxCrFeNiV HEA. They found that in Al0.5CrFeNiV HEA, an unknown nano phase rich in Cr and 

V is precipitated. This effect increased the yield strength to 2 GPa and decreased micro hardness 

when compared to the hardness of Al0.3CrFeNiV. They claimed that decrement in hardness is due 

to the brittle nature of Cr and V rich nano precipitates. Senkov et al [7] investigated the changes 

made by addition of V in  WNbMoTa HEA. They saw that the there is no new phase formation 
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but it has a tendency to form a new component with any element. They also suggest that the V 

being the smallest atomic radius element may have induced lattice strain and enhance the solid 

solution strengthening, thereby increasing the Vickers hardness. Li et al [8] also investigated effect 

of V on AlCoCrCuFeNi HEA. They found that V has changed the morphology of dendrite from 

plate like structure to ellipsoidal particles, thereby increased the overall strength of the alloy. The 

effect of W element on the microstructure of AlCoCrCuFeNi HEA has been studied by Tariq et al 

[9] by mechanical alloying for 60 h. The addition of W element to AlCoCrCuFeNi HEA 

transformed the amorphous phase to a recrystallized bcc phase, which is W based. It also shifted 

the melting point to the higher level because of increased lattice strain and the grain boundary area.   

The present chapter involves the synthesis of the AlCuTaVW HEA in equal atomic ratio by 

mechanical alloying (MA) for 25h and followed by consolidation using spark plasma sintering 

(SPS) at different temperatures. Al, Cu, Ta, V and W elemental powders are weighed in equiatomic 

ratios and are loaded in hardened steel vials with 5:1 ball to powder ratio. 0.5 weight% stearic acid 

is added to avoid cold welding with the vials. The sample at regular interval of 5 h. The 25 h milled 

sample was sintering at 875, 1050 and 1250 ºC temperatures for 15 minutes under uniaxial load of 

80 MPa. The phase evolution of this novel AlCuTaVW HEA is investigated using XRD, SEM and 

TEM.  

    4.3.2 Results and Discussion 

4.3.2.1 XRD analysis of milled AlCuTaVW powder 

The phase evolution of AlCuTaVW alloy after 25 h of milling was observed using XRD. The X-

ray diffractograms obtained from mechanical alloyed AlCuTaVW HEA nanocrystalline powder 

are shown in Fig. 4.3.1. The XRD pattern of 0 h milling of the alloy blend shows all the elemental 

peaks. After 5 h of milling, the disappearance of few elemental peaks depicts beginning of the 
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alloying process. 100% intensity peaks of Al and Cu were evident in 0 h pattern but disappeared 

after 5 h milling indicating the beginning of alloying in this HEA system. This primary dissolution 

is because of the low melting points of Al and Cu compared to other elements in the alloy. The 

100% peak of W element remained stable until 25 h of milling. However a steep increase of the 

W peak intensity at 40.4º is observed at 5 h milling and there is a steady decrease in the intensity 

thereafter. Ta and V peaks were visible up to 10 h of milling. 25 h of milling resulted a bcc phase 

with a lattice parameter of 3.17 Å. The lattice parameter of the newly formed phase matches with 

that of W (3.16 Å), where W seemingly as host lattice. With the milling time, the increase in peak 

broadening is attributed to the nanocrystalline powder formation. 

The crystallite size measured using Scherrer formula is 7 ± 1 nm after 25h milling. The plot for 

crystallite size variation with the milling duration is given in Fig. 4.3.2 (a). It is evident that there 

is gradual decrement in crystallite size with milling time. The lattice strain is calculated using 

Stokes-Wilson formula and the variation with the milling time is shown in Fig. 4.3.2 (b). The 

lattice strain increased until 10 h of milling and decreased thereafter. This increase in earlier stage 

is attributed to the defect incorporation into the lattice. The ball milling introduces defects like 

vacancies, dislocations, stacking faults into the lattice. On further increase in milling duration, 

these defects annihilate to reduce overall free energy of the alloy thereby the lattice strain decreases 

to a saturation level.  
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Fig. 4.3.1 XRD patterns of AlCuTaVW HEA at different milling time. 

    

 

Fig. 4.3.2 Variation of (a) crystallite size and (b) lattice strain with milling duration of 

AlCuTaVW HEA. 
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Fig. 4.3.3 TEM image of AlCuTaVW 25 h milled HEA (a) bright field image, (b) 

corresponding dark field image, (c) diffraction pattern indexed and (d) grain size distribution 

plot. 

 

Fig. 4.3.4 HRTEM images of AlCuTaVW HEA 25 milled powders. Insets are IFFT images 

showing the atomic plains and the d spacings. 
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4.3.2.2 Microstructural analysis of milled AlCuTaVW powder 

The bright field image and corresponding dark field image of TEM is shown in Fig. 4.3.3 (a,b). 

The indexed diffraction pattern (Fig. 4.3.3 (c)) shows that the alloy has a bcc phase, which is 

consistent with XRD result. The average grain size measured from 324 grains is 11 ± 5 nm and 

the histogram of grain size distribution is shown in Fig. 4.3.3 (d). The HRTEM image of the alloy 

is shown in Fig. 4.3.4. There are different grain oriented in different directions. The d spacing 

measured from the inverse fast Fourier transform (IFFT) image (inset image in Fig. 4.3.4 (a)) is 

0.22 nm. This value corresponds to the W element d-spacing value. Another HRTEM image (Fig. 

4.3.4 (b)) shows d-spacing value of 0.23 nm. The value of 0.23 nm corresponds to both Al and Ta 

elements d-spacing. It is quite possible that these planes (Al/Ta) overlap. 

4.3.2.3 XRD analysis of sintered AlCuTaVW HEA 

Spark plasma sintering (SPS) process is the advanced sintering technique, where sintering takes 

place in a very short time with minimum grain growth because of the high electric field and rapid 

rate of heating. The 25 h milled powder has been sintered at 875, 1050 and 1250 ºC temperatures 

for 15 mins holding time under uniaxial pressure of 80 MPa using SPS technique. Archimedes 

method is used to measure the density of the sintered samples. The theoretical density, 𝜌𝑚𝑖𝑥 is 

calculated using rule of mixtures formula (Equation. 4.3.1),  

𝐷𝑒𝑛𝑠𝑖𝑡𝑦, 𝜌𝑚𝑖𝑥 =  
∑ 𝐶𝑖𝑊𝑖

𝑛
𝑖=1

∑
𝐶𝑖𝑊𝑖

𝜌𝑖

𝑛
𝑖=1

… … … … … … … … … … … … … (𝐸𝑞 4.3.1) 

where n is total number of elements, C is the molar composition, W is the atomic weight and 𝜌𝑖 is 

the density of the ith element. The theoretical density of AlCuTaVW HEA calculated from 

Equation 4.3.1 is 11.04 g/cc. The absolute density values measured for samples sintered at 875, 

1050 and 1250 ºC are 8.7, 11.02 and 11.5 g/cc respectively. It is evident that 875 ºC or 0.5 Tm 
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sintering temperature is insufficient to consolidate the samples completely because absolute 

density attained is very low compared to theoretical density. Whereas sample sintered at 1050 ºC 

or 0.58 Tm attained 11.02 g/cc density and at 1250 ºC or 0.66 Tm sintering temperature has 11.5 

g/cc absolute density. These two densities are closer to the theoretical density. At 1250 ºC 

temperature, a small fragment of the alloy melted and dribbled down from the graphite die as tiny 

droplets while sintering. However Sriharitha et al [10] and Maulik et al [11] suggested that 0.7 Tm 

is best suited temperature for sintering.  

The X-ray diffractograms for all the samples sintered at different temperatures are given in Fig. 

4.3.5. For comparison the 25 h milled data is incorporated in the Fig. 4.3.5. In the sample sintered 

at 875 ºC, the parent bcc phase formed in the milling state is predominant and another new bcc 

phase is formed. There are many peaks in this pattern which could not be indexed. Attempts have 

been made to check whether they are a new fcc/bcc phases or intermetallic phases. But the d-

spacing of the peaks were not matching with any particular phase available in the literature. These 

peak reflections could be from the intermediate phases which were transforming to another new 

phase. Sintering at 1050 ºC temperature resulted in evolution of new equilibrium phases. Two fcc 

phases and an ordered B2 phase along with the parent bcc phase is evident from the Fig. 4.3.5 and 

Fig. 4.3.6. Similarly the 1250 ºC sintered alloy resulted two fcc phases and an ordered B2 phase. 

These phases display higher peak intensity than the phases in 1050 ºC sample. However the parent 

bcc phase which was formed during mechanical alloying slightly faded away. The peak intensity 

of bcc phase (110) plane visible at 40.43º gradually decreased with the increase in sintering 

temperature and the peak intensity of B2 phase (100) plane seen at 26.61º is increasing with the 

sintering temperature. This is attributed to the phase transformation from bcc phase to a stable 

ordered B2 phase. Clear deconvolution profiles for both 1050 ºC sintered alloy and 1250 ºC 



Synthesis of AlCuTaVW using mechanical alloying and SPS 

136 
 

sintered alloy depicting the presence of different structural phase transitions are shown in Fig. 

4.3.6 and Fig. 4.3.7 respectively. The peak reflections were overlapping as the d spacings of 

different phases are very close to each other. Hence the peaks deconvoluted into different phase 

components. 

 

 

Fig. 4.3.5 X-ray diffractograms of AlCuTaVW sintered at different sintering temperatures. 
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Fig. 4.3.6 X-ray diffractograms of AlCuTaVW HEA sintered at 1050 ºC showing a clear de-

convolution of with diffracted peaks. 

 

Fig. 4.3.7 X-ray diffractograms of AlCuTaVW HEA sintered at 1250 ºC showing a clear de-

convolution of with diffracted peaks. 
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4.3.2.4 Microstructural analysis of sintered AlCuTaVW HEA 

Microstructural evolution of the samples sintered at different temperatures has been investigated 

using scanning electron microscopy (SEM) and the findings are shown in Fig. 4.3.8. Qualitative 

elemental distribution maps of the samples are obtained using electron dispersive spectroscopy 

(EDS) which is coupled with SEM and the maps are shown in Fig. 4.3.9 and Fig. 4.3.10.  

SEM micrograph of samples sintered at 875 ºC (Fig. 4.3.8 (a,b)) reveal pores and voids along the 

particle boundaries resulting a poor compact. This could be the reason for lower absolute density 

of 8.7 g/cc measured at 875 ºC temperature. Micrograph depicts that it is the intermediate stage 

where the milled powders begin to fuse as particles. However a sound compaction could not be 

achieved possibly due to the insufficient sintering temperature or sintering holding duration. It is 

observed in Fig. 4.3.8 (c,d) that the samples sintered at 1050 ºC have a continuous white phase 

and a discontinuous dark phase homogenously distributed in the white phase. Samples sintered at 

1250 ºC contains similar microstructural white and dark phases distribution as shown in Fig. 4.3.8 

(e,f) with a slight grain growth. The EDS analysis in Table 4.3.1 shows that in both the samples 

sintered at afore mentioned temperatures the dark phase is rich in Al and the continuous white 

phase contains all elements in almost equiatomic ratio except Al deficiency. The elemental 

mapping of dark phase at both the temperatures shown in Fig. 4.3.9 and Fig. 4.3.10 reveal that the 

dark phase is rich in Al. The grey color phase visible in Fig. 4.3.8 (f) has similar morphology as 

dark phase. The back scatter electron (BSE) micrograph of 1250 ºC sintered sample in Fig. 4.3.11 

(b) shows different phases and it is noted that both grey phase and dark phase have similar 

morphology. The variation could be because of mass-thickness contrast.  
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Fig. 4.3.8 SEM images of AlCuTaVW HEA sintered at (a,b) 875 ºC, (c.d) 1050 ºC, (e,f) 1250 

ºC depicting different phases formed during sintering. 
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Table 4.3.1 Elemental distribution of dark and white phases in atomic %. 

Sintering 

temperature 

Elements 

Phases 

Al V Cu Ta W 

Nominal composition 20 20 20 20 20 

1050 ºC 

Dark phase 50.45 14.41 8.64 14.78 11.73 

White phase 10.21 21.69 20.52 25.54 22.05 

1250 ºC 

Dark phase 53.31 11.76 3.92 16.93 14.08 

White phase 8.88 19.30 7.50 37.84 26.48 

Grey phase 8.13 24.73 5.55 36.17 25.42 

  

 

Fig. 4.3.9 EDS mapping of AlCuTaVW HEA sintered at 1050 ºC showing the dark phase rich 

in Al and the white phase is deficient of Al. 
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Fig. 4.3.10 EDS mapping of AlCuTaVW HEA sintered at 1250 ºC showing the dark phase rich 

in Al and the white phase is deficient of Al. 

 

Fig. 4.3.11 (a) SEM image and (b) corresponding back scattering electron image of 

AlCuTaVW HEA sintered at 1250 ºC. 

Senkov et al [7] fabricated MoNbTaW and MoNbTaVW using melting and casting process where 

both the alloys resulted in single bcc phase with lattice parameters of 3.21 and 3.18 Å respectively. 

This group explained that since all elements in these alloys have same crystal structure, valence 

number, high entropy of mixing and near atomic radii, single bcc phase formation is rightly 

anticipated. Microstructure of the alloys have respective values of 200 µm and 80 µm sized grains 

with dendritic and interdendritic regions within the grain. The quantitative analysis shows that the 
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W is preferably segregated to dendritic regions and Mo, V and Nb moved to interdendritic regions 

in both the alloys. The micro Vickers hardness values of NbMoTaW and NbMoTaVW HEA are 

4.5 GPa and 5.2 GPa respectively. They reasoned that the high hardness in NbMoTaVW is because 

of small grain size and also Vanadium in the alloy as it enhances the solid solution hardening.   

The same compositions were subjected to annealing treatment till 1400 ºC [12] and identified that 

the bcc phase is stable and is disordered. At room temperature the compressive yield strength of 

NbMoTaW is 1.05 GPa, and the ultimate strength is 1.2 GPa. The strength of the material increased 

up to 600 ºC and then decreased on further increase in temperature. The fracture analysis showed 

that the fracture is along the grain boundary and at the void interface.  

Feng et al [13] in their recent work fabricated NbMoTaW HEA thin films with varied thickness 

using magnetron sputtering. The thickness of the films was varied from 100 to 2000 nm with a 

single bcc crystal structure. They studied the film thickness effect on hardness, strain rate 

sensitivity and activation volume. With increase in film thickness, the morphology changed from 

spherical to needle like structures and the grain size increased from 7 nm to 35 nm. The less thick 

(250 nm) films displayed high hardness of about 16 GPa because of less penetration depth. 

However the 2000 nm thick film showed 10.6 GPa hardness. In another work of Senkov et al [14] 

on CrMo0.5NbTa0.5TiZr refractory HEA produced by melting and casting route, followed by hot 

isostatic pressing resulted two bcc phases and one fcc phase. They observed a selective segregation 

of elements in all the phases. Bcc 1 phase is rich in Nb, Mo and Ta, bcc 2 is rich in Zr and Ti, and 

fcc is Cr rich laves phase because of wide atomic radii difference. The Vickers hardness measured 

is 5.2 GPa and the compressive yield strength at room temperature is 1.5 GPa. 
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Table 4.3.2 Different HEA compositions and their mechanical properties from the literature. 

Alloy Processing route Phases Hardness, 

GPa 

Compressive yield 

strength, GPa† 

Ref 

Al23Co15Cr23Cu8Fe15Ni15 Casting bcc, B2 5.34 1.26 [15] 

MoNbTaW Casting bcc 4.5   1.05 [7, 12] 

MoNbTaVW Casting bcc 5.2  1.2 [7, 12] 

CrMo0.5NbTa0.5TiZr Casting bcc 1,bcc 2, fcc 5.2 1.5 [14] 

HfNbTaTiZr Casting Bcc 3.8 1 [16] 

Ti35Zr27.5Hf27.5Ta5Nb5 Casting Orthorhombic 2.4 - [17] 

AlMo0.5NbTa0.5TiZr Casting bcc, B2 5.8 2 [18] 

NbTiVZr Casting Bcc 3.29  1.1  [19, 20] 

NbTiV2Zr Casting bcc1, bcc2, bcc3 2.99  0.91 [19, 20] 



Synthesis of AlCuTaVW using mechanical alloying and SPS 

144 
 

CrNbTiZr Casting bcc, ordered fcc 

(Laves  C15) 

4.10  1.3 [19, 20] 

CrNbTiVZr Casting bcc, ordered fcc 

(Laves  C15) 

4.72  1.3 [19, 20] 

WNbMoTaV MA-SPS bcc 1, bcc 2 10.8 - [21] 

AlCoCrFeNiTi0.5 MA-SPS fcc, bcc, σ phase, TiC 

nanoparticles 

0.7 - [22] 

AlFeCuCr MA-SPS bcc1, bcc 2 6.4 - [11, 23] 

AlFeCuCrMg0.5 MA-SPS bcc, ordered 

AlFe,Cu2Mg, σ 

8.4 - [11, 23] 

AlFeCuCrMg MA-SPS bcc, ordered AlFe 7.3 - [11, 23] 
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AlFeCuCrMg1.7 MA-SPS bcc, ordered  

AlFe,Cu2Mg, Mg2Cu, 

σ, Mg 

5.2 - [11, 23] 

CoCrFeMnNi Gas atomization - 

SPS 

fcc - 0.7 [24] 

CoCrFeMnNi MA-SPS fcc 6.3 1.9 [25] 

AlCoCrFeNiTi MA-SPS bcc, fcc 4.2 - [26] 

AlCoCrFeNi Casting bcc - 1.2 [27] 

CrCuFeMnMo0.5Ti MA-Sintering bcc 4.7 - [28] 

CoCrFeMnNi Gas atomization - 

MA - SPS 

fcc 5.1 - [29] 

† All compressive yield strength values reported are measured at room temperature. 
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Senkov et al [18] fabricated AlMo0.5NbTa0.5TiZr using casting methods which formed a bcc phase. 

The alloy on hot isostatic pressing and annealing treatments transformed bcc phase into a 

disordered bcc and an ordered B2 phase. They named this alloy as “refractory HEA superalloy” 

because of the disordered bcc which has a cuboid structure rich in Mo, Nb ,Ta and also 

precipitation of the ordered B2 solid solution phase rich in Al, Ti and Zr . They assumed that the 

ordering is because of the interaction of Al atoms with those of the Ti and Zr atoms. The 

AlMoNbTaTiZr demonstrated a very high Vickers micro hardness of 5.8 GPa, compression yield 

strength of 2 GPa, fracture strength of 2.3 GPa and a compression ductility of 10%. 

Senkov et al [19] synthesized NbTiVZr, NbTiV2Zr, CrNbTiZr and CrNbTiVZr, refractory HEAs 

addressing the demand for low density refractory metals for aerospace industry.  The alloys had 

densities as low as 6.52 ± 0.01, 6.34 ± 0.01, 6.67 ± 0.01 and 6.57 ± 0.01 g/cc respectively. The 

hardness and compressive yield strength [20] of the alloys are given in Table 4.3.2. NbTiVZr and 

NbTiV2Zr show good ductility at all tested temperatures. The CrNbTiZr and CrNbTiVZr showed 

brittle failure up to 600 ºC due to laves phase particles containing Cr element. In this study they 

made an attempt to compare the properties with the Ni-base superalloys and found that the HEA 

has high temperature strength and considerably lower density. Senkov et al [16] casted 

HfNbTaTiZr HEA that has bcc structure. This alloy has a hardness of 3.8 GPa and displays high 

compressive strength of 1 GPa at room temperature. The strengthening of the alloy is attributed to 

solid solution strengthening and its mechanism is discussed in detail. The compressive properties 

at high temperatures were also studied [30]. The compressive yield strength of the alloy increased 

linearly up to 600ºC and then decreased with increase in temperature. The fracture of the 

compressed samples is due to the cavity formation and the grain boundary sliding. The strength 

increased with increasing strain rate. Couzinie et al [31] casted the same alloy (HfNbTaTiZr HEA) 
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which also resulted a bcc structure. The dendritic regions are rich in Nb, Ta and the interdendritic 

regions have Ti, Zr and Hf. Lilensten et al [17] fabricated a near equiatomic HfNbTaTiZr HEA 

that resulted in microhardness of 2.4 GPa. This group analyzed the XRD data using Rietveld 

analysis and for the first time reported an orthorhombic crystal structure in HEAs. Zou et al [32] 

made interesting investigations on NbMoTaW HEA in equiatomic ratios after casting and 

homogenizing. This group also addressed the current problem of HEA having less ductility and 

toughness at room temperatures. Using focused ion beam milling (FIB) single crystal pillars were 

made and compressed. This alloy exhibits a hardness of 4.5 GPa and significant ductility. Pillar 

with high size (200 nm) resulted in high hardness. Dislocations created can move out easily in 

smaller sized pillars resulting in lower hardness values. 

4.3.2.5 Mechanical properties of AlCuTaVW HEA 

Vickers microindentation was performed to understand the bulk mechanical behavior of 

AlCuTaVW HEA. Different loads from 100 to 1000 g were employed. The Vickers hardness 

value, HV is calculated using the formula, 

𝐻𝑉 =  
1.854 𝑃

𝐿2
… … … … … … … … … … … … … … … … (𝐸𝑞 4.3.2) 

where P is the applied load and L is the average length of the diagonals of the indentation. The 

variation of bulk hardness with the load applied is shown in Fig. 4.3.12. The hardness of the 

specimen sintered at 1050 ºC is 14 ± 1 GPa and for the sample sintered at 1250 ºC is 13 ± 1 GPa 

at 100g load, which is considerably huge in comparison with other refractory HEAs. With increase 

in applied load to 1000 g, the hardness values were decreasing to 10 ± 1 and 11 ± 0.3 GPa in 

samples sintered at 1050 and 1250 ºC respectively. There is no much variation in the hardness 

values with the sintering temperature at all loads. The hardness measurements in the current 

investigation follow the indentation size effect (ISE). When indentation load increases, the 
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indentation sizes and depth of the indent increase, thereby the hardness of the material decreases. 

This is called ISE [33, 34]. Some of the factors contributing to the ISE are formation of dislocation 

loops on the surface of the indent, different phase interactions with dislocation, difficulty to 

measure small indent, elastic recovery of the material after indentation, friction between the 

surface of the material and the indenter, resistance of the material, strain gradient plasticity [35-

38]. A reduced ISE is observed at low loads and in ultrafine grains or nanomaterials, where the 

indentation lengths are very lows [39]. The diagonal lengths of the sample sintered at 1050 and 

1250 ºC at 1000 g load are 43.4 ± 2 and 41.6 ± 1 µm respectively. 

Tabor [40, 41] gave the empirical relationship between hardness and the yield strength or flow 

stress of the material as 𝜎𝑓𝑙𝑜𝑤 =  𝐻 3⁄ . According to Tabor’s equation, the yield strength of 

AlCuTaVW HEA sintered at 1050 ºC could be around 4.56 GPa and 1250 ºC is 4.36 GPa. The 

values are higher than conventional alloys and also the refractory HEAs shown in Table 4.3.2.  

The nanoindentation hardness values of AlCuTaVW HEA measured at 8000 µN peak force and at 

a loading rate of 1000 µN/s is represented in Fig. 4.3.13. The plot clearly demonstrates that the 

hardness is decreasing with increase in sintering temperature, similar to the trend of Vickers 

microhardness plot. The microstructure of AlCuTaVW HEA sintered at 875 ºC has a porous 

structure and contains large sized grains. Indentations are made on grains of size higher than 2.7 

µm and resulted an unusual hardness of 18 ± 0.7 GPa. The nanohardness of the specimen sintered 

at 1050 ºC is 14 ± 0.4 GPa, whereas at 1250 ºC is 13 ± 0.8 GPa. The elastic modulus of the alloy 

sintered at 1050 ºC is 206 ± 2 GPa, whereas at 1250 ºC is 194 ± 5 GPa. 

Babu et al [42] made nanoindentation studies on AlCrFeNiZn synthesized by mechanical alloying 

and hot pressing at 800 ºC. The nanoindentation tests were performed at 40 mN load for 10 s. 30 

h of milling resulted a bcc solid solution and sintering resulted fcc1, fcc2 and bcc phases. The 
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nanohardness value reported is 7.4 GPa and the elastic modulus is 153 GPa. They reasoned that 

the presence of Zn with hcp crystal structure created a high lattice distortion which blocked the 

dislocation mobility.  

 

Fig. 4.3.12 Variation of hardness with the load applied of AlCuTaVW HEA sintered alloy. 

 
Fig. 4.3.13 The change of hardness with the sintering temperature measured using 

nanoindentation technique at peak force of 8000 µN load. 
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Fig. 4.3.14 The change of elastic modulus with the sintering temperature measured using 

nanoindentation technique at peak force of 8000 µN load. 

 

Fracture toughness is defined as the amount of energy absorbed by the material to fracture. This is 

a material property used while designing a material. Fracture toughness is measured by various 

methods namely single edge notched beam (SENB), chevron notch or single edge pre-cracked 

beam (SEPB), single edge V notched beam (SEVNB) and indentation fracture (IF) method. IF 

method uses the crack lengths generated at the tips of the indentation made by the Vickers indenter. 

The crack length is inversely proportionally to the fracture toughness [43]. The advantage of IF 

method over other methods is that there are no prior procedural preparations for the test sample. 

However this method is not accurate when the cracks have sub cracks and it is difficult to measure 

the exact crack length. Moradkhani et al [44] proposed a new method to estimate the fracture 

toughness when the cracks are not radial and constitute sub cracks. In such cases the measured 

linear crack length is inaccurate. Hence they have considered and measured the area of the crack 

from SEM images using Image analyzer software and used that parameter for calculating fracture 
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toughness. Strecker et al [43] did a comparative  study on SEVNB method and IF method. They 

found that the fracture toughness values obtained by the IF method are lower than the estimated 

actual material toughness values. Whereas the SEVNB method resulted more accurate values 

because of the proper care taken to prepare the V notch. Hence the accuracy in measuring the 

fracture toughness is primarily dependent on the measurement of crack length rather than formula 

used. In general, there are two types of cracks formations in IF method. One is Palmqvist crack 

and other is median/ radial/ half penny crack. The schematic of the crack types is shown in Fig. 

4.3.15. There are many formulae to estimate the fracture toughness for both the types of cracks 

[45]. The choice of the formula is based on the type of cracks. Amongst all Shetty formula [46] is 

widely used to calculate fracture toughness for most of the materials having Palmqvist cracks [45, 

47].  

 

Fig. 4.3.15 Schematic showing different types of crack formation in indentation fracture 

method (adopted and redrawn from ref. [43]). 
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Fracture toughness is measured at 3 kg load using indentation micro fracture method (IF) on the 

sintered specimen. Cracks are visible at the indentation tip/edges as shown in the Fig. 4.3.16. All 

the four crack lengths of the indentation and their diagonal lengths measured from the SEM images 

are used to calculate the fracture toughness. In the current investigation, from the SEM 

micrographs of the indentation shown in Fig. 4.3.16, it can be observed that the cracks are of 

Palmqvist type. Fig. 4.3.16 (a) is the SEM image of the sample sintered at 875 ºC. As discussed 

earlier and shown in Fig. 4.3.8 (a,b), the microstructure of the sample sintered at 875 ºC has pores. 

Therefore the indentation at 3 kg might have landed into the pores and no visible radial cracks 

were observed. Fig. 4.3.16 (b) and (c) are the micrographs of the samples sintered at 1050 and 

1250 ºC respectively.  

The fracture toughness, 𝐾𝐼𝑐 is calculated using Shetty formula [46], 

𝐾𝐼𝑐 =  
1

3(1 − 𝜈2) (2
1
2 πtan 𝜓)

1
3

 
(𝐻𝑃)

1
2

(4 𝑎̅)
1
2

… … … … … … … … … (𝐸𝑞 4.3.3) 

where H is the hardness of the material in N/m2, P is the indentation load in N, ν is the Poisson’s 

ratio. For bcc materials Poisson’s ratio is 0.33, ψ is the apex or half of face angle of standard 

Vickers pyramid indenter (2𝜓 = 136°), 𝑎̅ is the average radial crack length expressed in m. This 

formula has been developed to measure the fracture toughness from the Vickers indent crack 

lengths for brittle materials like WC-Co Cermets. Shetty and his co-workers [46] compared 

different equations using test data of different materials and surprisingly found that Palmqvist 

cracks model is more suitable than half penny crack model for WC-Co Cermets. However, 

modelling Palmqvist cracks or radial/median cracks is difficult than the half penny/median/ radial 

cracks. To understand the fracture mechanics, they explained the linear load dependence of crack 

lengths and the relation of fracture toughness with hardness of the material.  
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Fig. 4.3.16 SEM images of the radial cracks at the edge of Vickers hardness indentations at 3 

Kg load on specimens sintered at (a) 875 ºC, (b) 1050 ºC and (c,d) 1250 ºC. 

 

They assumed that with increasing load the Palmqvist cracks prolong on the surface of the material 

instead forming a three dimensional surface crack. They included the material property ν 

(Poisson’s ratio) and the apex angle 2𝜓 = 136° of Vickers pyramid indenter in the fracture 

toughness equation (Equation. 4.3.3). The fracture toughness values of AlCuTaVW HEA milled 

for 25 h and sintered at 1050 and 1250 ºC are 10.9 and 11 MPa m1/2 respectively. To the best 

knowledge of the authors, the fracture toughness values reported are the highest values using 

Vickers indentation cracks lengths in HEAs. A very limited literature is available for fracture 

toughness measured from Vickers indentation cracks in HEAs. The current investigation by 
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employing the Vickers indentation is first of this kind in measuring the fracture toughness values 

in HEAs.  

Roy et al [15] casted Al23Co15Cr23Cu8Fe15Ni15 HEA resulting in a mixture of bcc and an ordered 

bcc phase. The fracture toughness was determined by single edge notched bend test and chevron 

notched rectangular bar test. The fracture toughness values measured are 5.8 MPa m1/2 and 5.4 

MPa m1/2 by respective methods. These values reported are close to NiAl intermetallic materials. 

Seifi et al [48] studied the fracture toughness and fatigue behavior in cast Al0.2CrFeNiTi0.2 and 

AlCrFeNi2Cu HEAs. The fracture toughness measured using single edge notch test samples are 33 

MPa m1/2 and 42 MPa m1/2 respectively. Zhang et al [49] fabricated FeCoNiCrCuTiMoAlSiB0.5  a 

10 element HEA using laser solidification process. This alloy after annealing has a bcc phase and 

B2 phase. This alloy displayed high fracture toughness of 50.9 MPa m1/2. Gludovatz et al [50] 

studied Cantor alloy (CrMnFeNiCo) in cast form. The microstructure revealed an equiaxed grains 

after deformation and subsequent annealing treatment. The yield strength measured at room 

temperature is 350 MPa and at -196 ºC is 600 MPa. The fracture toughness of 6μm grain sized 

sample using a notch is 200 MPa m1/2. It is interesting that the values deduced in the current 

investigation from IF method are reasonably comparable with values reported in the literature. 

The fracture toughness of AlCuTaVW HEA is also compared with high hard ceramics and cermets 

and are given in Error! Reference source not found.. The fracture toughness of AlCuTaVW HEA 

s relatively higher than ceramic and cermets. Krüger et al [51] worked on four different Mo-Si-B 

alloys using mechanical alloying. They have 3 different phases. The fracture toughness was high 

(12.7 and 13.6 MPa m1/2) for a continuous Mo matrix and less (6-6.7 MPa m1/2) for intermetallic 

matrix.  
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Table 4. 3. 3 Fracture toughness values of various materials of ceramics and cermets. 

Materials Formula  Fracture toughness, MPa m1/2 Ref 

WC-6.5%Co Shetty 𝐾𝑐 = 0.0319 (𝑃 𝑎𝑙1 2⁄⁄ ) 10  [45] 

WC-Co Shetty 𝐾𝐼𝑐 = 0.0889 (𝐻𝑊)
1

2⁄  17.5 [47] 

Lanthanum Alumino 

Silicate glasses 

Anstis 
𝐾𝑐 = 0.016 

𝐹(𝐸 𝐻𝑣⁄ )0.5

𝐶1.5
 

0.75 [52] 

Si3N4 Ceramic Evan 
𝐾𝑐 = 0.079

𝑃

𝑎3 2⁄
log (4.5

𝑎

𝑐
) 

4.54 [53] 

ZTA Ceramic Evan 
𝐾𝑐 = 0.079

𝑃

𝑎3 2⁄
log (4.5

𝑎

𝑐
) 

5.19 [53] 

ZrO2 Ceramic Evan 
𝐾𝑐 = 0.079

𝑃

𝑎3 2⁄
log (4.5

𝑎

𝑐
) 

5.28 [53] 

Al2O3 Ceramic Evan 
𝐾𝑐 = 0.079

𝑃

𝑎3 2⁄
log (4.5

𝑎

𝑐
) 

4.44 [53] 
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SiC Ceramic Antis 
𝐾𝑐 = 𝜒 (

𝐸

𝐻
)

1
2⁄ 𝑃

𝑎3 2⁄
 

2.3 [54] 

WC9Co-1 Cemented 

carbide 

Shetty 𝐾𝐼𝑐 = 0.0889 (𝐻𝑊)
1

2⁄  9.29 [55] 

WC9Co-2 Cemented 

carbide 

Shetty 𝐾𝐼𝑐 = 0.0889 (𝐻𝑊)
1

2⁄  9.07 [55] 

WC6Co-1 Cemented 

carbide 

Shetty 𝐾𝐼𝑐 = 0.0889 (𝐻𝑊)
1

2⁄  8.90 [55] 

WC6Co-1 Cemented 

carbide 

Shetty 𝐾𝐼𝑐 = 0.0889 (𝐻𝑊)
1

2⁄  9.03 [55] 

WC4Co Cemented 

carbide 

Shetty 𝐾𝐼𝑐 = 0.0889 (𝐻𝑊)
1

2⁄  8.62 [55] 
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   4.3.3 Summary 

A novel equiatomic AlCuTaVW HEA was successfully fabricated using the mechanical alloying 

followed by spark plasma sintering. Microstructural features and mechanical properties of the 

nanocrystalline alloy have been studied in detail. 25 h of milling resulted a single solid solution 

comprising a bcc crystal structure with a crystallite size of 7 nm and the grain size measured from 

TEM images is 11 nm. It was seen that sintering at both 1050 and 1250 ºC resulted dense products 

with better mechanical properties. Two fcc phases and an ordered B2 phase evolved in the alloy 

after sintering. However the microstructure has two phases, a continuous white phase and a 

discontinuous dark phase. The Vickers hardness measured at 100 g load for the specimen sintered 

at 1050 ºC is 14 GPa and for the sample sintered at 1250 ºC is 13 GPa. The yield strength calculated 

using Tabor equation is 4.6 and 4.3 GPa at 1050 and 1250 ºC sintering temperatures respectively. 

These values are extraordinarily high when compared to other HEAs, ceramics and cermets. Such 

a high strength is attributed to the solid solution strengthening, interaction between different phases 

and the ordering of B2 phase in a disordered lattice. Fracture toughness of nanocrystalline 

AlCuTaVW alloys is 11 MPa m1/2 at both the sintering temperatures of 1050 and 1250 ºC.  
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Chapter 5 Summary and Conclusions 

 

High entropy alloys (HEAs) are the materials having 5 or more elements in equal atomic ratios. 

Such materials are forming simple solid solutions instead of complex intermetallic phases. The 

reason for such formation is high enthalpy of mixing. These HEAs display better microstructural 

and mechanical properties. And the reasons for good properties is explained using four core effects,  

high mixing entropy effect,  sluggish diffusion effect, the lattice distortion effect and the cocktail 

effect. The present work is on the AlCoCrCuFeNi and AlCuTaVW HEA. The materials have been 

synthesized using mechanical alloying for 60 h and 25 h respectively. The powders were 

consolidated into bulk materials using spark plasma sintering at different temperatures and holding 

durations. Both the powdered samples and the bulk samples are characterized to know the 

structural evolution and the mechanical properties. Structure property correlations is done in detail.  

 

AlCoCrCuFeNi HEA contains a simple solid solution with fcc crystal structure after 60 h of 

mechanical alloying and its precise lattice parameter is computed to be 3.641 Å. The 60 h milled 

powders have “plate-like” morphology. The average grain size measured from the TEM dark field 

images is about 10 ± 6 nm and the d-spacing measured from HRTEM image planes is 2.05 Å with 

a well distorted lattice. The lattice parameter and the d-spacing are well close to Cu element. It 

was observed that the processing method and associated process parameters influence the 

structural as well as microstructural evolution in HEAs. Consolidation using SPS resulted an 

additional ordered B2 phase along with fcc phase. The precise lattice parameter of fcc phase is 

3.598±0.001 Å and B2 phase is 2.920±0.001 Å. The average grain size of the sintered alloy 

displayed a bimodal distribution of 112 nm and 1550 nm. The microstructure revealed the presence 

of twins in both the grains with different sizes.  
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Strengthening mechanisms have been studied for the ultrafine AlCoCrCuFeNi HEA fabricated by 

mechanical alloying and subsequent spark plasma sintering at 750 ºC temperature. The bulk 

behavior of the sintered sample has been evaluated using Vickers microindentation and depth 

sensing nanoindentation where indentations are made using higher loads such that maximum 

volume of the material can be deformed and studied. The microhardness of AlCoCrCuFeNi HEA 

is 6.5 GPa, the nanohardness is 8.13 GPa and the elastic modulus is 172 GPa. Using Tabor’s 

equation, the yield strength of the material is calculated as 2.16 GPa. The results reported are 

superior to the AlCoCrCuFeNi alloys synthesized using other techniques and also to other HEAs 

with different compositions. As the microstructure of AlCoCrCuFeNi HEA has two phases (fcc 

and B2), different grain sizes and nano twins, the strengthening contributions could be from 5 

different factors. The individual contributions have been evaluated and reported in the current 

investigation. The frictional stress due to the interaction between the lattice and the mobile 

dislocation is 105MPa. Taylor hardening rising due to the dislocation interaction with the larger 

grains is calculated to be 949 MPa. Hall-Petch strengthening is based on the bimodal distribution 

of grains and the contribution is computed to be 1070 MPa. The solid solution strengthening is 

owing to fcc and B2 phases. The contribution of solid solution strengthening is assumed to be 112 

MPa. The contribution of twin boundary strengthening to overall strengthening of the material is 

143MPa arising from the twin formed in the grains. The addition of strength values from all factors 

is 2.3 GPa. This result is in close agreement with the yield strength. Among all Taylor hardening 

and Hall-Petch strengthening are major contributors to the strength of the material. Strain rate 

sensitivity (SRS) calculated from nanoindentation data is 0.0084 and the activation volume is 13 

b3. SRS and the activation volume values reported are apparent values because of high loads used 
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while indentations to deform more volume of the material. Hence it is concluded that the reason 

for the low SRS and the activation volume is the interactions by the interfaces of grain boundaries, 

twin boundaries and fcc/B2 interphase boundaries.  

 

The novel AlCuTaVW HEA is synthesized using 25 h of mechanical alloying and consolidation 

is done using SPS at different temperatures. The combination of elements with different strengths 

are intended to have reasonable ductility and strength in the alloy. The 25 h of mechanical alloying 

resulted a nanocrystalline material with a bcc phase having 7 nm crystallite size. The theoretical 

density of AlCuTaVW HEA calculated using rules of mixtures is 11 g/cc. Sintering of the milled 

powder is carried at 875, 1050 and 1250 ºC sintering temperatures. The samples sintered at 875, 

1050 and 1250 ºC sintering temperatures have absolute density of 8.7, 11.02 and 11.5 g/cc 

respectively. Samples sintered at 875 ºC have two bcc phases, among them the major phase is the 

same phase formed while mechanical alloying. Its microstructure has pores and voids. Sample 

with sintering temperature as 1050 ºC resulted fcc1, fcc2, bcc and an ordered B2 phase. 

Consolidation at 1250 ºC evolved two fcc phases and an ordered B2 phase. The latter two alloys 

have a continuous white phase and a discontinuous Al rich dark phase homogenously distributed 

in the white phase in the microstructure. The microhardness and the nanohardness measured is 14 

GPa and 13 GPa for the samples sintered at 1050 and 1250 ºC respectively. Fracture toughness is 

measured from the crack lengths generated at the tips of the indentation made by the Vickers 

indenter at 3 Kg load. Shetty formula is used to calculate fracture toughness using the lengths of 

the cracks at the tip of the indents. Fracture toughness of AlCuTaVW HEA is calculated as 10.9 

and 11 MPa m1/2 for samples sintered at 1050 and 1250 ºC respectively. The reported values are 

high when compared to WC materials, ceramics and cermets. 
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Chapter 6 Future scope of work 

 

 In AlCoCrCuFeNi HEA, nano twins are formed during SPS in both the grain sizes. The 

detailed study on twin coherency could be conducted. 

 The TEM analysis of sintered AlCuTaVW HEA may be carried to understand the reasons 

for high hardness and high fracture toughness. 

 AlCuTaVW HEA displayed a brittle nature. To balance the strength and ductility of the 

alloy, the composition could be modified and studied. Preferably decreasing the W 

concentration and increasing the Al and Cu concentration. 

 An intermittent milling process may be employed to preferentially incorporate second 

phase. Thereby increasing the mechanical properties of the alloy. 

 AlCuW and CuTaV HEAs could be synthesized and studied to know the individual effect 

of the elements on the system. 
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