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Abstract

:

Some modern alloys, such as high-entropy alloys (HEAs), are emerging with greater acceleration due to their wide range of properties and applications. HEAs can be prepared from many metallurgical operations, but mechanical alloying is considered to be one of the most simple, economical, popular, and suitable methods due to its increased solid solubility, nano-crystalline structure, greater homogeneity, and room-temperature processing. Mechanical alloying followed by the consolidation of HEAs is crucial in determining the various surface and mechanical properties. Generally, spark plasma sintering (SPS) methods are employed to consolidate HEAs due to their significant advantages over other conventional sintering methods. This is one of the best sintering methods to achieve greater improvements in their properties. This review discusses the mechanical alloying of various HEAs followed by consolidation using SPS, and also discusses their various mechanical properties. Additionally, we present a brief idea about research publications in HEA, and the top 10 countries that have published research articles on HEAs. From 2010 to 18 April 2022, more than 7700 Scopus-indexed research articles on all the fields of HEA and 130 research articles on HEA prepared by mechanical alloying alone have been published.
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1. Introduction


Metals and alloys are very important materials, used significantly for many centuries, starting from hunting in the ancient civilization period to recent advanced electrical applications. We have observed some tremendous improvements in alloys over the past few centuries. Refinement in the crystal structure, composition, microstructure, fabrication methods, and post-treatment are a few of the advances in metallurgy for fabricating various alloys. Alloying of bi-metallic or tri-metallic combinations has been used successfully for many centuries, in which one of the metals is the primary element generally taken in larger concentrations; the secondary metal is used with smaller concentrations [1,2]. However, over the past few decades, extraordinary evolution and progress have been reported on the invention of and improvement in special alloys such as stainless steel, high-speed steels, oxide-dispersed stainless steel, and super-alloys. These alloys comprise simple to complex compositions, depending on the ability of mankind to develop the materials [3]. Generally, they are composed of multi-elements and exhibit high mixing entropy than the entropy of mixing pure metals. As the mixing entropy of the alloy increases, the mixing enthalpy also increases, which allows the addition of more alloying elements. As a result, the properties of the alloy are significantly improved. These types of alloys are called high-entropy alloys [4]. For a few years, researchers have reported more and more complex compositions with high mixing entropies exhibiting tremendous properties. Yeh et al. 2004 [5] and Cantor et al. 2004 [6] reported the possibility of high-entropy alloys using equal proportions of multi-elements. This was a groundbreaking concept and has stimulated research on developing these types of new materials throughout the world. Since that time, many researchers have published articles in the HEA research field. The trend in the number of publications in the HEA-related field has been increasing every year. Figure 1 shows the number of Scopus-indexed publications related to HEA from 2010 to 18 April 2022.



This shows the popularity of HEA research due to the broad choice of elements to prepare HEAs, their applications, and their unique properties. Figure 2 depicts the ten countries which have published the most research articles on HEAs until 18 April 2022.



HEAs are solid solution alloys formed by the combination of multi-metal elements exhibiting simple crystal structures, such as body-centered cubic (BCC), face-centered cubic (FCC), and hexagonal close-packed (HCP) lattices. HEAs can be prepared by adding almost-equal proportions of four or more metals, such as Fe, Cu, Mn, Co, Ti, Cr, Ni, etc. To ensure easy understanding, the normal tri-metallic alloys and multi-elemental high-entropy alloys are presented in Figure 3. Figure 3a shows a normal alloy composed of a combination of three metals, whereas Figure 3b shows an HEA composed of a combination of six different metals.



The properties of any HEAs can be altered according to the required properties by quantitatively and qualitatively changing the composition. HEAs exhibit the unique characteristic of stabilizing a single phase over wide temperature ranges; however, recent studies have revealed that they also exist as multi-phase systems followed by different strengthening mechanisms [9]. Solid solution strengthening and precipitation hardening and their mechanisms, such as twinning and martensitic transformation, play important roles in controlling their mechanical properties. These strengthening mechanisms vary with temperature and strain rate [10]. Generally, conventional alloys such as stainless steel are mechanistically designed using solid solution and precipitation strengthening mechanisms [11]. This results in identifying and controlling the various structural phenomena that dictate the alloys. The same approach is also applicable to HEAs to improve their mechanical properties; as a result, various grades of HEAs can be prepared easily and conveniently. Figure 4 depicts the divinatory stress–strain curve in which micro mechanisms are induced by composition and structural engineering, which generates high-strength alloys.



The use of HEAs has increased extensively in various fields in the past few years, due to their wide range of applications in fields such as medical, chemical, civil, automobile, and aviation. This wide range of applications of HEAs is due to their advantageous properties such as low thermal expansion, good corrosion resistance, high energy absorption, good weldability, and high strength, creep, and wear resistance properties. Modern-day metallurgists have tried to enhance the properties of alloys by mixing or blending almost-equal proportions of multiple elements together, followed by processes such as melting, casting, and forming. However, these methods are not recommended because they need a high-temperature cast; moreover, the formed alloys often become hard and brittle. The main problem conducting research on HEAs lies in the inability to explain the intermetallic compounds and intermediate phases present in quaternary-phase diagrams. These alloy systems contain more than five elements; therefore, it is very difficult to explain their phase diagrams. If any alloy contains two or three elements, it is possible to explain intermetallic compounds and intermediate phases in terms of binary- or ternary-phase diagrams. However, recent reports have proven that the use of CALPHAD and a database of thermodynamic data could explain phase diagrams, even for HEAs [12,13]. In the late 18th century, a German metallurgist, named Franz Karl Archard, studied multicomponent equal-mass alloys using five to seven elements [7]. He was successful in preparing alloys with altered properties, although the results were not satisfactory. As such, the concept of HEAs was not successfully realized for many years. However, contemporary metallurgists have realized the importance of these alloys and developed new grades of HEAs using arc melting, induction melting [8], sputtering, molecular beam epitaxy [9], thermal spray, laser cladding, electrodeposition [10], and mechanical alloying using a high-energy ball mill [11,12]. Overall, mechanical alloying is proven to be one of the best methods for preparing HEAs, which can reduce the burdens of time, energy, and cost as compared with other conventional metallurgical methods. Therefore, the preparation of HEAs by the ball milling method is famous amongst powder metallurgists, and has been the focus of almost 130 Scopus-indexed research articles published from 2015 to 18 April 2022. This demonstrates the popularity of preparing HEAs through a mechanical alloying method due to the advantages discussed above.



To collect the publication data, the author performed a selective search of the Scopus database and tried different combinations of keywords, such as ‘high-entropy alloys’, and ‘mechanical alloying’. Some papers may have been excluded from the Scopus database search due to the use of different keywords, e.g., instead of mechanical alloying, they might have used powder metallurgy or ball milling. This review presents the preparation of various types of HEAs by mechanical alloying followed by their consolidation using SPS. It also focuses on the advantages of using mechanical alloying and SPS methods to process HEAs, as compared with other conventional metallurgical methods followed by studies reported elsewhere. We have attempted to showcase the superiority of mechanical alloying and SPS during the preparation of HEAs.




2. Preparation of HEAs by Mechanical Alloying


Mechanical alloying is a powder metallurgy method generally used to prepare ceramic materials, alloys, and nanomaterials. Generally, mechanical alloying is performed using planetary ball mills [13,14,15,16,17], although sometimes other types of ball mills, such as SPEX mills [18] and shaker rod mills [19], will be used. Milling jars are usually composed of tool steel, stainless steel, and ceramic materials, whereas grinding balls are composed of tungsten carbide, zirconia, chrome steel, stainless steel, alumina, and other ceramic materials [20]. The milling atmosphere may be either dry or wet, based upon the type of materials being milled. Dry milling can be performed in the presence of inert gases, and sometimes nitrogen gases. On the other hand, wet milling can be carried out using toluene [21,22,23], alcohols, dodecane, cyclohexane, n-heptane, etc. Sometimes, process-controlling agents such as stearic acid are used to reduce the agglomeration. Both wet and dry milling play important roles in controlling the oxidation of materials being milled. The milling speed is also crucial in determining the extent of alloying: increasing the mill speed results in the pinning of grinding balls to the walls of the milling jars, and results in no milling. Therefore, we need to optimize the milling parameters to improve the efficiency of the ball mill. There is plenty of scope to enhance energy efficiency for the bulk production of HEAs by optimizing milling parameters such as the milling time, milling speed, process controlling agents, milling type (dry and wet milling), and ball-to-powder ratio.



Planetary milling involves the mass synthesis of refined objects with perplexed shapes at a low price. It involves the formation of near-net-shaped and homogeneous materials, with less left over as scrap. The fabricated parts can be manufactured with controlled porosity and can be filled by adding other materials with low melting points. Therefore, planetary milling is one of the most widely used plastic deformation methods to achieve the extreme refinement of structure. The advantage of using planetary ball milling to synthesize HEA materials lies in its ability to produce bulk quantities of materials in a solid state, using simple equipment at room temperature. Additionally, planetary-milled powder material reduces the oxidation of the constituent powders due to the short processing time [24,25]. The creation of high-density dislocations, grain boundaries, and the micro-segregation of solute at these defects can lead to an extended solid solution [26]. During milling, the chemical energy is transmitted to crystalline powders and results in deformed random nanocrystalline materials with a longer milling time. Figure 5 shows the experimental ball milling setup.



Varalakshmi et al. (2008) [27] were the first to prepare AlCrCuFeTiZn HEAs exhibiting a BCC structure with a crystallite size of less than 10 nm using ball milling. Since then, ball milling has become one of the most popular methods for producing HEAs. Varalakshmi et al. reported that the fabricated alloys were even stable above 800 °C during annealing for 60 min. They claimed to achieve 99% sintered density and a hardness of 2 GPa.



Long et al. fabricated NbMoTaWVTi refractory high-entropy alloys using mechanical alloying followed by SPS [28]. They only obtained BCC-structured HEAs during ball milling for 40 h; however, during consolidation using SPS, a new FCC phase (TiO) precipitated from the BCC matrix out of the HEA.



The precipitation of the new phase is due to oxidation during the processing of HEA. They reported the remarkable mechanical properties due to the formation of a new FCC phase along with the solution and grain boundary strengthening of the BCC matrix of the fabricated HEAs. Finally, they determined the compressive yield strength, fracture strength, and total fracture strain of the SPS-consolidated HEAs as 2709 MPa, 3115 MPa, and 11.4%, respectively [28]. Figure 6 depicts the TEM image and SAED pattern of the mechanically alloyed NbMoTaWVTi HEA powders. From Figure 6, it is confirmed that the precipitated FCC phase is well distributed at the grain boundaries of the BCC matrix. Long et al. also mention that the precipitated FCC phase (TiO) remains in its original crystal structure even at elevated temperatures, due to the increased cooling rate after consolidation.



Moravcik et al. prepared equiatomic CoCrFeNi HEA using a Pulverisette 6 planetary ball mill for 50 h in the presence of an atmosphere of both argon and nitrogen to study the effect of milling atmosphere and the extent of contamination on bulk HEA [30]. They found that increasing the milling time increases the carbon contamination, and this contamination is due to the dislodging of carbon steel powders from the milling jars and balls. As a result, the SPS-consolidated HEA also showed increased carbon contamination. On the other hand, the oxygen contamination of HEA also increases with milling time due to the oxidation of fabricated CoCrFeNi alloy during milling. The milling of HEA powders under a nitrogen atmosphere increases nitrogen contamination. Figure 7 depicts the extent of contamination by carbon, oxygen, and nitrogen.



Geambazu et al. prepared CoCrFeNiMo0.85 HEAs and studied the corrosion resistance properties of their coating [31]. Mechanical alloying was performed with a Pulverisette 6 planetary ball mill for 30 h, 10:1 ball-to-powder ratio (BPR), mill speed of 350 rpm under an n-heptane (wet milling) atmosphere using stainless steel balls and jars. The authors successively deposited continuous layers of CoCrFeNiMo0.85 HEAs prepared by mechanical alloying under an argon atmosphere. They compared the microstructures and phases obtained after consolidation by hot pressing and electro-spark deposition (ESD), as shown in Figure 8.



The XRD results showed increases in µ and σ phases for the ESD-coated HEA, along with FCC and BCC phases. The microstructure of HEAs revealed that the coated HEA exhibited some pores and splats, as shown in the figure [31]. The coated HEA was homogeneous, uniform, and adhesive. Therefore, the pull-off test showed that adhesion was good, with an obtained pull-off resistance of 0.67 MPa. The corrosion resistance of the coating showed a very low corrosion rate of 0.00016 mm/year, indicating the potential use of the fabricated HEA as a corrosion-resistant coating.



Zhu et al. fabricated a TiC-dispersed (10, 20, and 30 wt. %) FeCoNiCuAl HEA by high-energy planetary ball milling for 5 h followed by SPS [32]. XRD and SEM analyses confirmed the uniform distribution of the TiC phase in the FCC and BCC of FeCoNiCuAl HEAs. The microstructures of 0%, 10%, 20%, and 30% TiC-dispersed HEAs (SPS-consolidated) are shown in Figure 9, where the uniform distribution of TiC along with FCC and BCC phases can be observed. Zhu et al. reported that the addition of TiC has increased the hardness from 467 to 768 HV due to the grain and precipitation strengthening. On the other hand, wear resistance of the TiC-dispersed HEA increased up to a certain level; subsequently, it decreased due to the wear mechanism transformation from adhesive to abrasive. They also reported that, at a higher temperature, the wear resistance of prepared HEAs will be significantly reduced due to the oxidative wear mechanism [32].



The CoCrNiCuZn HEAs were prepared by Sun et al. using a planetary ball mill for 60 h with a BPR and mill speed of 20:1 and 300 rpm, respectively [33]. The fabricated HEAs were consolidated by SPS and their microstructures, phases, and mechanical properties were studied. They reported that the fabricated HEA exhibited a crystallite size of 10 nm and a BCC structure after 60 h of milling. After the consolidation of HEA powders by SPS, the authors observed two different FCC phases, as shown in Figure 10, and named them as FCC1 and FCC 2, respectively [33]. They studied the Vickers microhardness and compressive strength of the SPS-consolidated HEA (900 °C) samples, and the values were found to be 615 HV and 2121 MPa, respectively.



Fourmont et al. (2020) [34] prepared AlCoCrFeNi high-entropy alloys by milling in a planetary ball mill for 28 h after optimizing the milling parameters. They concluded that planetary ball milling is the best method to prepare highly dense HEAs due to the ease of mechanical activation. Therefore, we decided to prepare HEAs by the ball milling method. J. Pan et al. (2018) [35] reported the preparation of Nb25Mo25Ta25W25 and Ti8Nb23Mo23Ta23W23 HEAs by mechanical alloying for 60 h. They reported that the HEA prepared by the ball milling method showed better mechanical properties than four other methods. Tan et al. (2016) [36] synthesized Al2NbTi3V2Zr using a ball mill at 150 rpm and 350 rpm, and reported that only the high-energy mode was more effective in alloying and achieving nano-crystallinity.



The increased use of planetary ball milling to prepare HEAs is due to its various advantages; moreover, one can control the microstructure and properties of HEAs in the mechanical alloying method. After preparing HEAs by mechanical alloying, HEA powders can be consolidated by various conventional and advanced sintering techniques. Among them, SPS is a very advanced and widely used consolidation technique that can offer the highest densification with controlled grain size.




3. Spark Plasma Sintering of Various HEAs


Fabricated HEAs are generally consolidated by different sintering methods, such as hot and cold isostatic pressings, microwave sintering, pressureless sintering, and SPS. Among all, SPS is proven to be one of the more suitable sintering techniques to achieve greater densities and remarkable mechanical properties [37,38,39,40]. SPS is an advanced sintering technique that takes only a few minutes to complete; on the other hand, conventional sintering can take hours, or sometimes even days. Due to the internal heating of the sample in SPS, the rate of sintering is higher (up to 300 °C/min); hence, the complete SPS process only takes a few minutes. However, in the case of conventional sintering, heat is provided externally, and as a result, the sintering rate is lower (maximum around 10 °C/min), and it is a slow sintering process. Figure 11 depicts the spark plasma sintering experimental setup.



Spark plasma sintering is one of the most effective and advanced sintering techniques among all the sintering methods. It can hinder grain growth during consolidation and also fabricates poorly sinterable materials. It involves the discharging of spark plasma at the gaps of the particles with an on–off electrical current and accelerates the neck formation, as well as the thermal diffusion process of the particles. This restricts the grain growth and results in efficient shrinkage in a shorter time and cleaner grain boundaries for effective interface formation [42]. In the case of SPS, simultaneous applications of temperature and pressure lead to high densification; hence, a dense compact is formed during the sintering process. This results in excellent mechanical properties, such as maximum strength, high hardness, and high density of the materials. All types of materials can be sintered using SPS; the materials which cannot be sintered by conventional sintering can be sintered by the SPS method. SPS is significantly more successful in restricting unwanted sintering reactions due to its high heating rate and shorter holding time.



Nakajo et al. consolidated CoCrFeMnNi HEAs by an SPS technique at temperatures of 973, 1073, and 1173 K, and formed a thin ceramic layer on the top to improve the mechanical properties of the HEA [43]. Surface analysis of the SPS-consolidated HEA layer revealed the presence of a different variety of boride layers, such as M2B-, MB-, and Mn3B4-type borides, which considerably improved their mechanical properties. The surface hardness was 2000–2500 HV due to the formation of a ceramic layer on the HEA surface; elemental analysis revealed that certain elements exhibited characteristic diffusion behaviors. The XRD revealed the formation of only the MB phase at a 1173 K sintering temperature, whereas sintering at 973 K and 1073 K exhibited all three phases—M2B-, MB-, and Mn3B4-type—as shown in Figure 12. The higher temperature of SPS shows the degradation of the M2B and Mn3B4-type, and only the MB ceramic layer will remain. Nakajo et al. concluded that increases in sintering time and temperature do not affect the thickness of the ceramic layer [43].



Alvi et al. prepared W0.5(TaTiVCr)0.5 HEAs followed by consolidation by SPS at 1000, 1200, and 1400 °C sintering temperatures [44]. They studied the phase stability, compressive strength, and tribology of the consolidated HEAs. The sintered HEA exhibited impressively high compressive strength values of 1136 ± 40 MPa, 830 ± 60 MPa, and 425 ± 15 MPa at 1000, 1200, and 1400 °C, respectively, as shown in Figure 13. They also carried out tribology experiments at 400 °C and found an average friction coefficient and exceptional wear-resistant properties; this was attributed to the formation of solid solution strengthening. Therefore, the authors claimed the possible use of the fabricated HEA, even at a high temperature of 400 °C with a greater degree of stability, high-temperature strength, and excellent wear resistance. These high-temperature properties of fabricated HEAs have enabled their use in plasma-facing materials, rocket nozzles, and industrial tooling [44].



Kakimoto and Nishimoto fabricated CoCrFeMnNi HEAs through an SPS technique at 1173 K for 10 min under 50 MPa load followed by plasma nitriding to improve their mechanical properties, as shown in Figure 14a [45]. The authors found that plasma nitriding above a temperature of 723 K resulted in the formation of a strong CrN phase, as shown in Figure 14b. The formation of a CrN layer improved the hardness to around 1500 HV, as shown in Figure 14c, with excellent wear and pitting corrosion-resistant properties.



Rymer et al. produced ultra-fine-grain-structured CrFeCoNi HEAs through the SPS technique at 1050 °C temperature under 50 MPa uniaxial pressure for 13 min [46]. The microstructure of the sintered HEA confirmed the formation of ultra-fine grains, as shown in Figure 15. The mechanical properties such as the microhardness and tensile strength of SPS-consolidated CrFeCoNi HEA were excellent, and their properties were further improved by the combination of SPS and equal-channel angular pressing, as reported by the authors [46].



Shkodich et al. fabricated refractory HfTaTiNbZr HEAs by SPS at 1300 °C for 10 min [47]. They found that the combined effect of mechanical alloying and SPS could significantly improve the mechanical properties as compared with SPS-consolidated samples without mechanical alloying. The combined effect increased the Vickers hardness to 10.7 GPa and density to ≈99%; on the other hand, the SPS-consolidated samples without mechanical alloying only showed Vickers microhardness values of 5.8 to 6.4 GPa. Therefore, Shkodich et al. concluded the importance of combining the effect of mechanical alloying and SPS.



Murali et al. (2018) [48] consolidated mechanically alloyed AlCoCrCuFeTix HEA powders using the SPS method at a temperature of 1173 K and a pressure of 45 MPa. The grain size of the consolidated HEA was found to be 45–50 nm. Joo et al. (2017) [49] reported that the average grain size of the CoCrFeMnNi HEA increased slightly, from 11 nm to 280 nm, after consolidation by SPS at 1173 K. Wang et al. (2016) [50] consolidated CoCr2-xCuFeNix HEAs using SPS; they reported a slight increase in the grain size from ten nanometers to several hundred nanometers before and after SPS, respectively. Thus, the grain growth during SPS is relatively reduced, and it is possible to retain the nanostructure even after sintering. Table 1 depicts the mechanical alloying and SPS of various HEAs fabricated by various researchers.




4. Conclusions


This review has discussed the research on HEAs and their fabrication by mechanical alloying followed by SPS. It has also covered why mechanical alloying is a popular and suitable method for preparing HEAs. In other conventional methods, such as melting and casting, the phase transitions will generally take place during cooling; this depends on the mobility and distribution of constituent elements present in the alloys. Sometimes, the cooling rate and atomic arrangement can affect the diffusivity of the elements present in HEA, which can influence the microstructure of the alloy. HEAs prepared from these methods exhibit dendritic microstructures with interdendritic segregations, which results in the formation of a more dominant single phase by reducing the possibility of precipitation of secondary phases. The mechanical alloying process produces heat during milling, and the produced heat is sufficient to induce phase formation. Various milling parameters also affect the phase transformation by severe plastic deformation followed by increases in lattice strain and dislocation density. On the other hand, phase transformations may also be affected by lattice distortion and slow diffusivity during SPS. As detailed in the Discussion, mechanical alloying may cause contamination, oxidation, and agglomeration during the milling of HEAs, but can be strongly minimized by optimizing the milling parameters. As discussed in this article, PM alloys with improved properties and microstructures mainly rely on the composition of the alloy and the manufacturing methods. Designing alloys plays an important role in controlling the morphology, microstructure, and phase transformation. One such consolidation method is SPS, which has many advantages over other conventional sintering methods. We have discussed how SPS affects the microstructure, mechanical properties, and density of HEAs. We have showcased the number of Scopus-indexed publications on HEAs and the fabrication of HEAs, particularly by mechanical alloying, up to 18 April 2022. We have also listed the top 10 countries which have published the most Scopus-indexed articles in the HEA research field. Trends in the number of publications on HEAs are increasing every year due to the challenges, scope, lacunae, unique properties, and applications of HEAs.
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Figure 1. The number of Scopus-indexed publications in the HEA research field from 2010 to 18 April 2022 (data obtained from the Scopus database and plotted by the author). 
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Figure 2. Top 10 countries with the most research articles on HEAs published until 18 April 2022 (data obtained from the Scopus database and plotted by the author). 
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Figure 3. The representation of (a) normal bi-metallic alloys and (b) multi-elemental high-entropy alloys [7,8]. 
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Figure 4. Hypothetical stress–strain curve for a compositionally engineering HEA that transforms and twins during deformation. Adapted with permission from Ref. [10]. Copyright 2021 Elsevier. 
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Figure 5. Experimental ball milling set up: (a) high-energy planetary ball mill (closed); (b) high-energy planetary ball mill (opened view); (c) mill jar containing 5 different types of metals (HEA composition) to be alloyed and grinding balls. 
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Figure 6. TEM images of the mechanically alloyed NbMoTaWVTi HEA powders: (a) bright-field image; (b,c) SAED patterns of the BCC phase along [29] and [001] zone axes, respectively; (d–f) SAED patterns of the FCC phase along [011], [001], and [112] zone axes, respectively [28]. 
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Figure 7. The extent of (a) carbon contamination, (b) oxygen contamination, and (c) nitrogen contamination determined during the milling of HEA alloys in argon and nitrogen atmospheres [30]. 
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Figure 8. (a) Schematic representation of the ESD experimental setup, (b) XRD of sintered and ESD-coated HEAs, SEM images of (c) sintered and (d) ESD-coated HEAs [31]. 
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Figure 9. SEM microstructures of (a,b) 0%, (c) 10%, (d) 20%, and (e) 30% TiC-dispersed HEAs, respectively, consolidated by SPS [32]. 
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Figure 10. (a) TEM image of SPS-consolidated CoCrNiCuZn HEA (900 °C), regions A and B correspond to FCC1 and FCC2 phases, respectively; (b,c) SEAD pattern of region A and B, respectively [33]. 
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Figure 11. SPS experimental setup [41]. 
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Figure 12. XRD pattern of boronized CoCrFeMnNi HEAs by SPS at 973, 1073, and 1173 K, respectively [43]. 
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Figure 13. High-temperature (400 °C) (a) compressive stress–strain plots and (b) yield strength and ultimate tensile strength (UTS) of W0.5(TaTiVCr)0.5 HEAs [44]. 
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Figure 14. (a) Experimental setup of plasma nitriding, (b) XRD, and (c) Vickers microhardness of plasma-nitrided SPS-consolidated CoCrFeMnNi samples at 673, 723, and 773 K, respectively [45]. 
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Figure 15. Microstructure of SPS-consolidated CrFeCoNi HEA exhibiting ultra-fine grains [46]. 
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Table 1. The mechanical alloying and SPS of various HEAs fabricated by various researchers.
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	Composition of HEA
	Type of Ball Mill Used
	Ball Milling Parameters
	SPS Parameters
	Mechanical Properties
	References





	CoCrFeNiMnAl
	Planetary ball mill
	60 h, 15:1 BPR, argon atmosphere, 200 rpm mill speed, stearic acid as PCA
	20 mm diameter, 800 °C for 10 min under 50 MPa axial pressure in an argon atmosphere
	Vickers hardnessof 662 HV and compressive strength of 2142 MPa
	[51]



	AlCrCuFeZn
	High-energy planetary ball mill P-5
	50 h, 15:1 BPR, argon atmosphere, 250 rpm mill speed, n-heptane as PCA
	800 °C for 5 min under 50 MPa uniaxial pressure in an argon atmosphere
	91% density and 627 HV microhardness
	[52]



	CrMoNbWV
	Planetary mill P-4
	5 h, 20:1 BPR, argon atmosphere, 350/700 rpm mill speed
	Graphite die of 40 mm, 1200, 1300, and 1400 °C under 50 MPa uniaxial pressure for 5 min
	Compressive strength of 2700–2870 MPa and microhardness of 1266 HV
	[53]



	AlCoCrFe
	P-5 high-energy ball mill
	15 h, 10:1 BPR, 300 rpm mill speed, toluene as PCA
	1000 °C under 30 MPa uniaxial pressure for 3 min
	Microhardness of 1050 HV
	[54]



	FeCoCrNiAl
	Planetary Ball Mill PM 100
	35 h, 10:1 BPR, 250 rpm mill speed
	20 mm diameter, 1000 °C for 5 min under 60 MPa axial pressure
	Elastic modulus of 260 GPa and microhardness of 550 HV
	[55]



	CoCrFeNiMoNb
	Fritsch P5 high-energy ball mill
	30 h, 10:1 BPR, toluene as PCA
	20 mm diameter, 900 and 1000 °C for 5 min under 30–50 MPa axial pressure
	Microhardness of 710 HV and relative density of 94% was achieved
	[56]



	AlCoCrFeNiTi0.5
	High-energy ball mill
	24 h, 10:1 BPR, argon atmosphere, 250 rpm mill speed
	20 mm diameter, 1100 °C for 8 min under 60 MPa axial pressure
	Microhardness of 762 HV, elastic modulus of 160 GPa
	[57]



	CoCrFeMnNi
	Fritsch P5 high-energy ball mill
	15 h, 10:1 BPR, 300 rpm mill speed, toluene as PCA
	15 mm diameter, 1173 K for 5 min under 60 MPa axial pressure
	96% relative density was achieved
	[29]
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