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Abstract: The composition of High Entropy Alloys is quite different from the existing classical engineering 

alloys because in near equiatomic ratios they contain multiple principal alloying elements. Design and 

development of high entropy alloys is very important to overcome the shortcomings of conventionally 

used alloys in applications where operating conditions of temperature and loading are extreme. High 

entropy alloys generally find applications in compressor blades of an aerospace engine, energy, and 

transportation industries due to its low density and high strength. In order to enhance the application of 

high entropy alloys, the proper selection of a feasible welding process is very important. It has been 

observed that when high entropy alloys are subjected to the welding process other than the Friction Stir 

Welding process then it will result in reduced overall strength and lower hardness in the fusion zone and 

heat-affected zone.  In this recent paper, the application of Friction Stir Welding for joining the high entropy 

alloys and also using Friction Stir Processing for improving the mechanical and microstructure properties 

of high entropy alloys are discussed. 
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What are High Entropy Alloys (HEAs)? 
High entropy alloys (HEAs) are new generation alloys which consists of a more than one principal 

element in a multi-component system. HEAs are also known as multi-principal element alloys (MPEAs)  

or complex concentrated alloys (CCAs). In 2004, the concept of multi-principal element alloys (MPEAs)  

and high entropy alloys (HEAs) was first proposed by Professor Ye Junwei [1,2]. Each HEA is a new alloy 

base, since each HEA can be modified by minor elemental additions as for current element-based alloys.  

HEAs give a vast number of new alloy bases [3]. The number of HEA systems (unique combination of 

elements, without specifying composition) is: 

 

        C (𝑛𝑟) = 
𝑛!

𝑟!(𝑛−𝑟)!
                            (1) 

where: n represents the number of elements in the palette from which r principal alloy elements are being 

selected. Researchers involved in alloy development previously focused on the corners of a phase diagram 

to develop a conventional alloy, which occupy only a small portion of the design space, as depicted in the figure 

1. However, with the recent development of HEAs, the focus has been shifted to the central region [4]. 

 
Fig. 1. The variation in the total number of equiatomic compositions with the total number of principal elements.  

The inset illustrates the difference between the design of conventional alloys and high-entropy alloys on a ternary plot [4] 
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High entropy alloys (HEAs) are prepared with at least five metallic components and every one of these 

components has a molar atomic concentration which ranges between 5 and 35%. High Entropy Alloys shows 

good ductility, they have excellent work hardenability and high-temperature oxidation resistance. HEAs also 

exhibit excellent attractive magnetic properties, have high wear resistance and shows good erosion 

opposition. Fabrication method of HEAs can be classified into three major types i.e. Liquid mixing, solid 

mixing and gaseous mixing. The liquid mixing includes arc melting, electric resistance melting, inductive 

melting, Bridgman solidification and laser additive manufacturing [5÷10]. 

Designing High Entropy Alloys 
The components in the blend need not be equivalent or near equal while designing High Entropy Alloys 

(HEAs). By having not less than five elements in the composition, higher configurational entropy is achieved. 

Configurational entropy means the number of recognizable ways the atoms can be arranged on the lattice 

sites. The main reason is an increment in the number of components which further increases the mixing 

entropy and results with the best explanation for the high entropy effect which is an important factor to the 

designing of high entropy alloys. 
Nmajor elements ≥ 5 at.  % ≤ 35 at % 

Nminor elements ≥ 0 ≥ 5 at % 

The system is said to be at equilibrium when the Gibbs Free Energy is at its base. 

∆Gmix =  ∆Hmix − T∆S                  (2) 
 

where the enthalpy of mixing is the ∆Hmix, ∆Smix is the entropy of mixing and T is the temperature.  

The molar configuration entropy design gives better outcomes of forming a multi-element solid solution 

phase through statistical thermodynamics with the help of the Boltzmann hypothesis on the entropy of 

mixing. 

∆Sconf = −Klnw = −Rln
1

n
= −Rlnn∆Smix = Rln(n)        (3) 

 

where:  

ΔSconf is the molar concentration,  

K is the Boltzmann constant, w is the thermodynamic probability, 

R is the gas constant (8.134 J/kmol)  

n is the number of elements in the composition. 

Applications of High Entropy Alloys 
The entropic alloys can be classified into four types i.e. high entropy alloys, medium entropy alloys, low 

entropy alloys and pure metal as shown in the figure 2. High entropy alloys outperforms conventional 

material in terms of low temperature applications. 

 
Fig. 2. Classification of entropic alloy [18] 

High Entropy alloys find application in cryogenic operations [18]. As a low temperature material they 

can be used in civil engineering domain, superconducting fields and in aerospace industries. Geanta et al. 

[19] carried out testing and characterization of High-Entropy Alloys from AlCrFeCoNi System for various 

military applications. Microstructure study showed that at molten condition, microstructure of high entropy 
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alloys had a frozen appearance as shown in the figure 3. Impact testing behavior showed that high entropy 

alloy is the best option for ballistic packages resistant at high velocity penetration impacts as shown in figure 

4. 

    
HEA 1 HEA 2 HEA 3 HEA 4 

    
HEA 5 HEA 6 HEA 7 HEA 8 

Fig. 3. Microstructure of an experimental as-cast AlCrxFeCoNi alloys [19] 

  
(a) (b) 

Fig. 4. HEA-steel ballistic package during dynamic tests (a) after the first firing and (b) after the second firing [19] 

High Entropy Alloys also find applications in micro and nano-joining techniques. High Entropy Alloys 

can be easily fabricated into rods and wires due to high ductility and further can be used as a filler material 

for a joining purpose. High Entropy Alloy filler material ensures a safe joint because it inhibits the formation 

of intermetallic compounds in the joint [20]. 

Joining High Entropy Alloys by Friction Stir Welding Process 
Friction Stir Welding is a solid-state joining process invented by The Welding Institute (TWI), UK in 

1991. Experimental Setup of the Friction Stir Welding process is shown in the figure 5. Friction Stir Welding 

process setup consists of the backing plate on which the alloys to be welded are placed, a tool which is harder 

than the base metal alloys to be joined. 

Tool traverse speed, rotational speed, axial force and tool tilt angle are important parameters which 

governs the mechanical and microstructure properties of Friction Stir Welded joints. Unlike other 

conventional welding process Friction Stir Welding process joins the two metal alloy plates by plasticizing 

mechanism rather melting them. So this working mechanism avoids the formation of various defects 

occurring in conventional welded joints and hence it results with a good quality welded joint. 

In previous research papers, researchers have mainly focused on the state of art on the Friction Stir 

Welded Aluminum, Magnesium and steel alloys. So, there is limited available state of art on Friction Stir 

Welded High Entropy Alloys (HEAs).  

Park et al. [12] studied about the influence of the initial grain size on the plastic deformation and tunnel 

defects that occurred during friction stir welding of CoCrFeMnNi high entropy alloys (HEAs). The results 

showed that the rolled and cast High Entropy Alloys (HEAs) had a grain size of 2.8 and 308 μm,  

but after friction stir welding, the cast HEA weld had a grain size of 1.8 μm, which was coarser than that of 
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the rolled HEA weld (1.4 μm). Jo et al. [13] butt welded thin plates of CrMnFeCoNi.with the help of Friction 

Stir Welding process. 

 
Fig. 5. Experimental setup of friction stir welding on a Computer Numerical Control (CNC) machine [11] 

It was observed that when compared with the base metal, Friction Stir Welding process refined the grain 

size in the weld region by a factor of approximately 14. Nene et al. [14] investigated a strong and ductile non-

equi-atomic high entropy alloy obtained after friction stir processing method (FSP). Figures 1a-c depicts 

electron back scattered diffraction (EBSD) maps for the as-homogenized and 350 and 650 rotations per minute 

(RPM) treated Friction Stir Processed samples. It is observed that there is a drastic reduction  

in average grain size from ~100 μm to 6.5 and 5.2 μm. Friction Stir Processing is a high temperature, severe 

plastic deformation process so it also changed the fraction of f.c.c. γ and h.c.p. ε-phases in the microstructure 

by maintaining the chemical homogeneity. Figures 6 d1 and 6d2 show the EDS analysis results for  

a 350 RPM specimen which depicts average compositions of the constituent elements of the dual phase (DP)-

high entropy alloy which further suggests homogeneity in the obtained microstructure. Phase changes that 

have occurred with Friction Stir Processing which is indicated by the variation in peak intensities for f.c.c. γ 

and h.c.p. ε-phases as a function of Friction Stir Processing tool rotation rates is shown in figure 6e. The 

fraction of high-angle grain boundaries (HAGBs), as indicated by blue lines, it is observed that it decreases 

in comparison to the as-homogenized material due to severe plastic deformation during Friction Stir 

Processing shown by figure 6f. 

 
Fig. 6. (a–c) Phase maps for the material in the as-homogenized condition; after additional 350, and after 650 RPM 

processing, (d1 –d2 ) corresponding EDS results for 350 RPM processed sample, (e) corresponding XRD results for the 

as-homogenized and FSP samples, (f) microstructural properties including the fraction of high angle grain boundaries, 

low angle grain boundaries, and kernel average misorientation values after FSP. AH: as-homogenized; FSP: friction stir 

processing; RPM: rotations per minute; LAGB: low angle grain boundary; HAGB: high angle grain boundary [14] 
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Figure 7 shows the stress-strain behaviour of as-homogenized and FSP samples deformed at room 

temperature. 

Komarasamy et al. [15] studied about the effect of microstructure on the deformation mechanism of 

Friction Stir-Processed Al0.1CoCrFeNi High Entropy Alloy. The results showed that the Friction Stir 

Processed region exhibit an immense variation in the microstructure due to slow rate of atomic diffusion in 

high entropy alloys (HEAs). Microstructural evolution, grain growth and dynamic recrystallization during 

Friction Stir Processing is controlled by strain rate, strain and temperature experienced by that local region 

as shown in Figures 8 and 9. 

Zhu et al. [16] friction stir welded CoCrFeNiAl0.3 high entropy alloy. It was observed that there was no 

formation of defects. Shaysultanov et al. [17] friction stir welded сarbon-doped CoCrFeNiMn high-entropy 

alloy. The observation showed that friction stir welding resulted in a decrease in grain size from 9.2  μm to 

4.6 μm. 

 
Fig. 7. (a) True stress-true strain curves for the as-homogenized and FSP samples deformed at room temperature at an 

initial strain rate of 10−3 s−1, (b–d) EBSD maps showing f.c.c. γ- and h.c.p. ε-phase fractions prior to tensile deformation 

and, (e–h) EBSD maps and corresponding XRD patterns showing f.c.c. γ- and h.c.p. ε-phase fractions after tensile 

deformation. AH: as-homogenized; RPM: rotations per minute [14] 

 

Conclusions 
High-entropy alloys (HEAs) are a special class of alloys that were designed to obtain a single-phase 

massive solid solution which is free from any secondary phases. Recent research shows that the Friction Stir 

Welding process results in higher hardness in the fusion zone and nurture the strength of the welded joints 

subjected under tensile load. This research shows that the HEA can be joined efficiently with the help of 

Friction Stir Welding process and also any types of defect formation can be avoided by controlling the input 

parameters like Tool Rotational Speed and Traverse speed. It is also observed that Friction Stir Welding 

process results in decrease in grain size and also cause grain refinement. It can also be concluded that Friction 

Stir Processing can be used for grain refinement and also for enhancement of strength and ductility of High 

Entropy Alloys. 
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Fig. 8. SEM micrographs taken at various locations in the friction stir-processed region. The locations are marked along 

with the location of cross-section of the mini-tensile sample gage on the macro view of the processed region [15] 

 
Fig. 9. (a) The variation of hardness across the processed region on the transverse cross section and (b) the plastic stress–

strain curves in both CG and FG conditions 
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