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Abstract— The thirty or so presently used common alloy 

systems are typically based on one or, at most, two elements. 

It has been considered that alloys consisting of a greater 

number of principal elements will form complicated and 

brittle microstructures, and hence research regarding such 

multi-principal-element alloys has received very limited 

attention. It was suggested by Yeh in 1995, however, that 

alloy systems with five or more metallic elements will in fact 

possess higher mixing entropies, and therefore favor the 

formation of multi-element solid-solution phases, as opposed 

to the inferred complex structures consisting of many 

intermetallic compounds. Indeed, work over the past decade 

into such multi-principal-element alloys, which have fittingly 

been coined as “high-entropy alloys” (HE alloys), has found 

them to form simple phases with nano-crystalline and even 

amorphous structures. In addition to the high-entropy effect, 

these structural characteristics are ascribed to the large lattice 

distortion and sluggish diffusion of such multi-elemental 

mixtures. Dependent upon the composition and/or processing 

route, HE alloys have been found to possess a wide spectrum 

of microstructures and properties. The superior properties 

exhibited by HE alloys over conventional alloys, along with 

the huge number of possible compositions that may give new 

phenomena and functional uses. This seminar reviews the 

recent progress made on HE alloys, and possible future 

directions. 
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I. INTRODUCTION 

Human civilization progresses as materials progress. Metal 

Age comprises Bronze Age and Iron Age and spans about 

five thousand years till now. Even in this new Silicon Age 

which came just several decades ago, we still rely largely 

upon metals, especially upon high-performance metals. It is 

interesting to note that most high-performance metals were 

developed in the last 150 years. This is very short as 

compared with the whole Metal Age. 

 Up to 1970s, almost all traditional alloys have been 

developed and have provided a wide spectrum of properties 

and performance. There have been about 30 commonly used 

traditional alloy systems, including steel, aluminum, copper, 

etc. as seen in the ASM metals handbooks. However, they 

were till unsatisfactory in many aspects of application. 

Therefore, many efforts have been exerted to develop new 

metals in the last four decades. Three routes are chosen for 

this approach: to create new compositions, to invent new 

processes, and to use new combinations of composition and 

process. Thus, intermetallic, metal-matrix composites, 

metallic glasses, thermo-mechanical processing, rapid 

solidification, mechanical alloying, spray deposition, equal-

channel angular pressing, reciprocating extrusion, 

superplastic forming, nanotechnology, etc. were proposed 

and investigated. 

 When examining the design concept for traditional 

alloys, it could be found that almost all alloys are based on 

one principal metallic element and seldom have more than 

three principal metallic elements. For example, steel is based 

on iron; super alloys might be based on Ni, Co, or Fe; inter-

metallic is based on Ni-Al compounds, Ti-Al compounds and 

Fe-Al compounds. This alloy concept obviously limits the 

degree of freedom in alloy’s composition and thus limits the 

development of special microstructure and properties etc. 

 To overcome this constraint, new approach “high-

entropy alloys” for alloy design and started to explore this 

new alloy field in Tsing Hua University of Taiwan since 

1995. 

II. DEFINITION OF HIGH-ENTROPY ALLOYS 

The so-called HEAs contain multiple principal (or major) 

elements, often five or more in equimolar or near-equimolar 

ratios, and minor elements. The basic principle behind HEAs 

is that solid-solution phases are relatively stabilized by their 

significantly high entropy of mixing compared with 

intermetallic compounds, especially at high temperatures. 

This allows them to be feasibly synthesized, processed, 

analyzed, manipulated, and used by us. In a broad sense, 

HEAs are preferentially defined as those alloys containing at 

least five principal elements, each having the atomic 

percentage between 5% and 35%. The atomic percentage of 

each minor element, if any, is hence less than 5%. 

 Based on physical metallurgy and experience, 

people are easy to have a misunderstanding that HEAs would 

contain many intermetallic compounds and become too brittle 

to be applicable. However, the experimental evidences have 

revealed that high entropy would enhance the formation of 

more ductile solid-solution phases and thus simplify the 

microstructure. 

 Multi-principal elements could form solid solutions 

with a simple FCC or BCC crystal structure. That is, all 

different atoms are regarded as solutes and expected to 

randomly distribute in the crystal lattices under the 

occupancy probability of a statistical average without a 

“matrix or host” element defined. Therefore, we proposed the 

concept of extended crystal structure. The point is that 

conventional crystal structure can be extended for multi-

principal elements as shown in Fig. 1. 

 
Fig. 1: Extended crystal structure, (a) BCC, (b) FCC 
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III. THERMODYNAMICS EXPLANATION 

The explanation is based on the second law and the 

fundamental thermodynamic equation for an alloy state 

changed from the elemental state, 

△Gmix = △Hmix － T△Smix 

 By comparing the free energy change of mixing, 

△Gmix, of all possible states of an alloy, the second law 

predicts that the equilibrium state is the state of the lowest 

free energy. Following the Boltzmann’s relation between 

entropy and system complexity, △Smix per mole for forming 

a disordered n-element equimolar solid solution from their 

elemental state, can be derived to be Rln(n). 

△ Smix= Rln(n) 

 Where R is gas constant, 8.314 J/K mol, and n is the 

number of elements.From the above equation it clear that 

mixing entropy (△ Smix) is directly proportional to number of 

element, since R is constant. That is number of element 

increase in a compound corresponding increase in entropy up 

to a particular limit as shown in the fig 2. 

 Figure 2 shows the increasing curve of mixing 

entropy with the number of elements for equimolar alloys. It 

illustrates that the mixing entropy for solution phases 

increases from small values of conventional alloys to large 

values of high-entropy alloys even for non-equimolar 

compositions. 

 
Fig. 2: Entropy Change of Mixing as a Function of the 

Number of Elements of Equimolar Alloys 

 Although total mixing entropy has four 

contributions such as configurational, vibrational, magnetic 

dipole, and electronic randomness, configurational entropy is 

dominant over other three excess contributions. The entropy 

increases as the number of element increases. From Richards’ 

rule, the entropy change per mole, △Sf, from solid to liquid 

during melting is about one gas constant R for metals. 

Practical number of principal element between 5 and 13 was 

suggested for HEAs. That means more principal elements 

will not get a significant benefit from the high-entropy effect 

but might increase the complexity in handling raw materials 

or recycling the alloys. 

 Based on the mixing entropy, we propose the alloy 

world divided into three fields as shown in Fig 3. Low-

entropy alloys are traditional alloys. High-entropy alloys are 

the alloys with at least five major elements. And medium-

entropy alloys are the alloys with 2-4 major elements. The 

high entropy effect on enhancing the disordered solution 

phase is essentially found in high-entropy alloy field and 

should be less observed in medium-entropy alloys. 

 
Fig. 3: Alloy World based on Configurational Entropy 

IV. FOUR CORE EFFECTS OF HEAS 

Many factors affect the microstructure and properties of 

HEAs. Among these, four core effects are more basic. For 

thermodynamics, a high entropy effect could interfere with 

complex phase formation. For kinetics, a sluggish diffusion 

effect could slow down phase transformation. For structure, 

severe lattice distortion effect could alter properties to an 

extent. For properties, the cocktail effect brings excess 

quantities to the quantities predicted by the mixture rule due 

to mutual interactions of unlike atoms and severe lattice 

distortion. 

A. High Entropy Effect 

As the name implied, high entropy is the unique and most 

important of HEAs because its effect could enhance the 

formation of solution phases and makes the microstructure 

much simpler than previously expected. It is well known that 

there are three possible categories of competing states in the 

solid state of an alloy, that is, elemental phases, intermetallic 

compounds, and solid-solution phases. The competition 

involving liquid phase during solidification is not considered. 

Elemental phase means the terminal solid solution based on 

one metal element. Intermetallic compound means 

stoichiometric compounds having specific super lattices, 

such as NiAl having B2 structure and Ni3Ti having D024 

structure. Solid solution means the phase with the complete 

mixing of all elements or with a significant mixing of 

constituent elements in the structure of body-centered cubic 

(bcc), face-centered cubic (fcc), and hexagonal close packed 

(hcp). 

 According to the Thermodynamic Second Law, the 

state having the lowest mixing free energy, △Gmix among all 

possible states would be the equilibrium state. To elucidate a 

high entropy effect in enhancing the formation of solid- 

solution phases and inhibiting the formation of intermetallic 

compounds, HEAs composed of constituent elements with 

stronger bonding energies between each other are considered. 

By the comparison in Table 1, which does not consider strain 

energy contribution (due to atomic size difference) to mixing 

enthalpy for simplicity, elemental phases based on one major 

element have small △Hmix and △Smix, and compound 

phases have large △Hmix but small △Smix; on the other 

hand, solid-solution phases containing multiple elements 

have medium △Hmix and high △Smix. As a result, solid-

solution phases become highly competitive for equilibrium 

state and more stable especially at high temperatures. 
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Possible 

states 

Elemental 

phases 
Compounds 

Solid 

Solution 

Possible 

states 

△Hmix ~0 
Large 

negative 

Medium 

negative 
△Hmix 

－ 

T△Smix 
~0 ~0 -RTln(n) 

－ 

T△Smix 

△Gmix ~0 
Large 

negative 

Large 

negative 
△Gmix 

Table 1: Comparisons of △Hmix, △Smix, and △Gmix 

between elemental phases, compounds and solid solutions 

 In summary, a high entropy effect is important for 

HEAs to avoid the formation of many different kinds of 

stoichiometric compounds, which are very brittle and 

complex to analyze and understand. Conversely, it enhances 

the formation of solution type phases and thus reduces the 

number of phases as predicted by Gibbs phase rule which 

permits the number of phases in equilibrium to increase with 

the number of components. 

B. Sluggish Diffusion Effects 

We know that the formation of new phases requires co-

operative diffusion of many different kinds of atoms to 

accomplish the partitioning of composition in HEAs. 

However, the vacancy concentration for sub-situational 

diffusion is still limited in HEAs as found in traditional alloys 

because each vacancy in crystalline HEAs is also associated 

with a positive enthalpy of formation and an excess mixing 

entropy, which render a minimum free energy of mixing at a 

certain equilibrium concentration for a given temperature. A 

vacancy in the whole-solute matrix is in fact surrounded and 

competed by different element atoms during diffusion. It has 

been proposed that slower diffusion and higher activation 

energy would occur in HEAs due to larger fluctuation of 

lattice potential energy (LPE) between lattice sites. The 

abundant low-LPE sites can serve as traps and hinder atomic 

diffusion, leading to the sluggish diffusion effect. The 

melting point normalized activation energies, Q/Tm, in the 

HEA were the largest as shown in Fig. 4.2.1. These figures 

show direct evidence for the sluggish diffusion effect in 

HEAs. It was also noted that for the same element, the degree 

of sluggish diffusion is related to the number of elements in 

that matrix. For example, the Q/Tm values in the present 

HEAs are the highest, those in Fe-Cr-Ni (-Si) alloys are the 

second, and those in pure metals are the lowest. It is expected 

that sluggish diffusion effect might provide several important 

advantages such as easy to get supersaturated state and fine 

precipitates, increased recrystallization temperature, slower 

grain growth, reduced particle coarsening rate, and increased 

creep resistance. These advantages might benefit 

microstructure and property control for better performance. 

 
Fig. 4: Activation Energy of Diffusion for Cr, Mn, Fe, Co, 

and Ni in Different Matrices 

C. Severe Lattice Distortion Effect 

Because the multi element matrix of each solid solution phase 

in HEAs is a whole-solute matrix, every atom is surrounded 

by different kinds of atoms and thus suffers lattice strain and 

stress mainly due to atomic size difference as shown in Fig. 

5. Besides the atomic size difference, both different bonding 

energy and crystal structure tendency among constituent 

elements are also believed to cause even higher lattice 

distortion because non-symmetrical bindings and electronic 

structure exist between an atom and its first neighbors and 

moreover, this non symmetry varies from site to site in the 

lattice. As a result, the distortion severity of lattice is much 

larger than that in conventional alloys that are based on a 

major element. 

 Lattice distortion not only affects properties but also 

reduces the thermal effect on properties. Hardness and 

strength effectively increase because of large solution 

hardening in the heavily distorted lattice. In addition, 

electrical and thermal conductivity significantly decrease due 

to electron and phonon scattering. X-ray diffraction peak 

intensity decreases due to x-ray diffuse scattering in the 

distorted atomic planes. All these properties in HEAs become 

quite insensitive to temperature. This is explainable because 

the lattice distortion caused by thermal vibration of atoms is 

relatively small compared with the severe lattice distortion. 

 It was found that the thermal diffusivities of HEAs 

are positively small and insensitive to temperature, whereas 

that of conventional metal is positively large and sensitive to 

temperature. 
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Fig. 5: Schematic illustration of BCC crystal structure: (a) 

perfect lattice (take Cr as example); (b) distorted lattice 

caused by additional one component with different atomic 

radius (take Cr-V solid solution as example); (c) serious 

distorted lattice caused 

D. Cocktail Effect 

In HEAs, the cocktail effect is also emphasized majorly 

because at least five major elements are used to enhance the 

properties of the materials. As stated above, HEAs might 

have a simple phase, two phases, three phases, or more 

depending on the composition and processing. As a result, the 

whole properties are from the overall contribution of the 

constituent phases by the effect of phase shape, phase 

distribution, phase boundaries, and properties of each phase. 

However, each phase is a multi-element solid solution and 

can be regarded as atomic-scale composites. Its composite 

properties come from not only the basic properties of 

elements by the mixture rule but also the mutual interactions 

among all the elements and from the severe lattice distortion. 

 As a whole, the ‘‘cocktail effect’’ ranges from an 

atomic-scale to a micro scale, multiphase composite effect. 

Therefore, it is important for an alloy designer to understand 

the related factors involved before selecting suitable 

composition and processes. 

 Finally, it should be mentioned that the four core 

effects are much more pronounced in HEAs and strongly 

influence their microstructure and properties. Thus, it would 

become much easier to understand and explain the 

phenomena in HEAs through these four effects. 

V. APPLICATIONS & PROPERTIES OF HEAS 

The four core effects which are discussed in previous section 

strongly influence their microstructure and properties. High-

entropy alloys could be made, processed and analyzed like 

conventional alloys. Moreover, they exhibit several 

interesting features which are listed below; 

 Tend to form simple solid solution phases such as FCC 

and BCC with nanostructures or even amorphous 

structures. 

 Range from Hv100 to Hv1100 in hardness. 

 Have a good thermal stability in microstructure. 

 Good fatigue resistance characteristics. 

 Deform under a nano-twinning deformation mechanism. 

 Have an excellent resistance to anneal softening. 

 Could have a high-temperature precipitation hardening 

between 500 and 1000°C. 

 Could have a positive temperature coefficient of strength 

and hence maintain a high strength level at elevated 

temperatures. 

 Could possess excellent corrosion resistance, wear 

resistance and oxidation resistance. 

Due to these special properties of HEA’s, they have many 

potential applications. 

 A tool, molds, dies mechanical parts and furnace parts 

requiring the properties of high strength, thermal 

stability, and wear and oxidation resistances. 

 Anticorrosive high-strength materials in chemical plants, 

IC foundries, and even marine applications for piping 

and pump components requiring excellent corrosion 

resistance. 

 They could be produced as functional films such as hard-

facing of golf heads and rolls, hard and anti-sticky 

coating for molds and tools, diffusion barrier for Cu 

interconnect in ultra-large-scale integrated circuits, and 

soft magnetic films for ultra-high-frequency 

communication. 

VI. CONCLUSION 

Many factors affect the microstructure and properties of high-

entropy alloys are discussed here. High entropy alloys 

countless in number, in contrast to only about 30 commonly 

used traditional alloys. They might be processed and analyzed 

like conventional metals. High entropy enhances the 

formation of solution phases and multi-principal elements 

cause sluggish diffusion to yield nano-phases and even 

amorphous. Because of their special microstructure and 

properties, many opportunities in creating novel alloys better 

than traditional ones in a wide range of applications are 

waiting for exploitation. 
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