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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 multielement 
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 nanocrystalline 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 multielemental mixtures. Dependant 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, makes these proposed HE alloys of great interest not only 
from a research perspective but also in numerous industrial applications. Therefore, this paper 
reviews the recent progress made on HE alloys, and possible future directions. 
 
Reprints: Jien-Wei Yeh, Department of Materials Science and Engineering, National  
Tsing-Hua University, Hsinchu, Taiwan 30013, R.O.C. 
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Résumé – Revue des progrès dans les alliages à haute entropie. La trentaine de systèmes 
d’alliages actuellement d’utilisation courante sont typiquement basés sur un ou, au plus, deux 
éléments. On considérait que des alliages constitués d’un plus grand nombre d’éléments 
principaux formeraient des microstructures compliquées et fragiles, et la recherche sur de tels 
alliages multiélémentaires a donc été très limitée. Cependant, en 1995, Yeh a suggéré que les 
systèmes d’alliages formés d’au moins cinq éléments métalliques possédaient des entropies de 
mélange élevées et favoriseraient donc la formation de solutions solides multiélémentaires, par 
opposition aux supposées structures complexes formées de nombreux composés 
intermétalliques. Les travaux effectués au cours de la dernière décennie sur de tels alliages 
multiélémentaires, dénommés de façon appropriée « alliages à haute entropie » (AHE),ont en 
effet montré que ces derniers formaient des phases simples à structures nanocristallines et 
même amorphes. Outre l’effet de haute entropie, ces caractéristiques structurales ont été 
attribuées à l’existence dans ces mélanges multiélémentaires de fortes distorsion de réseau et 
d’une diffusion ralentie. En fonction de leur composition et du procédé d’élaboration, il s’est 
avéré que les AHE présentaient un large spectre de microstructures et de propriétés. Les 
propriétés supérieures de certains AHE par rapport aux alliages classiques, ainsi que le nombre 
énorme de combinaisons possibles susceptibles de conduire à des phénomènes nouveaux et à 
des applications fonctionnelles, font que ces AHE présentent un grand intérêt non seulement du 
point de vue de al recherche mais aussi pour de nombreuses applications industrielles. Dans 
cette perspective, cet article passe en revue les progrès récents dans les AHE et les orientations 
futures. 
 
 
 
 
1. INTRODUCTION 
 

To date there has been about thirty practical alloy systems developed, which include the 
Fe (steels), Al, Cu, Ti, Mg, and Ni based alloys [1,2]. These alloys are typically composed of 
one principal element, with only minor additions of other elements to modify their properties. 
The vast majority of the currently-used high-performance alloys had been developed by the 
1970s, which is regarded by many as the period when traditional alloys had reached their 
maturity [3,4]. Since this time, various routes have been taken to meet the continuous demand 
for materials with enhanced properties for advanced applications [4-11]. One approach has 
been to employ novel production routes, such as thermomechanical treatments, rapid 
solidification, mechanical alloying, spray forming, semisolid forming, equal channel angular 
extrusion, reciprocating extrusion, superplastic forming, high-strain-rate superplastic forming, 
stir friction welding, nanoscale material production. Another method has been to manipulate 
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the composition of the alloys, as is the case for the newly developed intermetallic compounds 
and their alloys, metal matrix composites, Al-Li alloys, metallic glasses, lead-free solders, and 
nanostructured materials. There has also been a lot of work which combines both processing 
and compositional routes for the further development of materials. 

  
The main goals pursued in alloy research can be summarized by the following: 

 

1. Strength and toughness ---- high stiffness, high strength and high toughness. 

2. Wear resistance ---- high hardness and high wear resistance. 

3. High-temperature resistance --- elevated-temperature strength and oxidation resistance. 

4. Environmental resistance --- improved resistance to corrosion and stress corrosion. 

5. Light weight --- low density. 

6. Formability --- superplasticity and high-strain-rate superplasticity. 

7. Magnetism --- superior soft or hard magnetic properties. 

8. Green materials --- environmentally friendly, recyclable, lead-free, cadmium-free, and 

Cr+6-free. 

9. Combinations of the above. 

 
Although many of the above requirements have been satisfied, there still remains a great 

need for an improvement in the materials used in a number of applications, such as: 
 

1. Engine materials --- better elevated-temperature strength, oxidation resistance, and hot 
corrosion (sulfidation) resistance. 

2. Nuclear materials --- better elevated-temperature strength and low neutron absorption.  
3. Tool materials --- better elevated-temperature strength, wear resistance, impact strength, 

low friction, corrosion resistance, oxidation resistance, and anti-sticky. 
4. Waste incinerator --- better elevated-temperature strength, wear resistance, corrosion 

resistance, and oxidation resistance. 
5. Refractory building frame --- better elevated-temperature strength which is sustained 

during firing. 
6. Light transportation materials --- better strength, toughness, creep resistance, and 

workability. 
7. High-frequency communication materials --- high electrical resistance and magnetic 

permeability above 3 GHz. 
8. Functional coatings --- better wear resistance, anti-sticky, anti-finger print, anti-bacterial, 

and aesthetics. 
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9. Hydrogen storage materials for mobiles --- low cost, high reversible volumetric and 
gravimetric density of hydrogen, and near-ambient cycling condition. 

10. Superconductor --- higher critical temperature and critical current. 
11. Thermoeletric materials --- higher thermoelectric figure of merit. 
12. Golf club head --- higher strength and resilience. 

 
In an attempt to overcome the diminishing returns in satisfying many of the above criteria 

from conventional alloy systems, which are typically based on one or, at most, two major 
elements, the author, in 1995, started to explore multi-principal-element alloys termed as 
“high-entropy alloys” (HEAs), which emphasizes their inherent high mixing entropies [12-28]. 
Initially these new multi-principal-element alloys seemed very complex in composition and 
microstructure, and difficult to analyze, which was exacerbated by the lack of related literature. 
However, after a period of research, it was soon discovered that their synthesis, processing, and 
analysis was feasible and that they opened the door to a whole new world of alloy design with 
great potential in both academic study and commercial applications.  
 
 
2. THE CONCEPT OF HIGH-ENTROPY ALLOYS 
 

In thermodynamics a system will try to minimize its Gibbs free energy (G) under 
isothermal and isobaric conditions; that is to say, equilibrium is attained when G reaches a 
minimum value. Thus, as the following relationship exists for the free energy of a system:  

 
G = H - TS             (1) 

 
it can be seen that the enthalpy (H) and entropy (S) of a system have a direct relationship in 
determining the equilibrium state at a given temperature. For predicting the equilibrium state of 
an alloy, the free energy changes from the elemental state to other states are often compared so 
that the state with the lowest mixing free energy (△Gmix) can be determined. From equation 1, 
it follows that the differences in free energy (△Gmix), enthalpy (△Hmix) and entropy (△Smix) 
between the elemental and mixed states are related by:  
 

△Gmix = △Hmix ﹣T△Smix          (2) 
 

Following Boltzmann’s hypothesis, the mixing configurational entropy of an n-element 
equimolar alloy changing from an elemental to a random solution state (ideal state or regular 
state) can be calculated from [12]: 
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△Smix = Rln(n)            (3) 
 
where R (8.31 J/K.mol) is the gas constant. Figure 1 shows the mixing entropy, calculated by 
equation 3, as a function of the number of elements in the equimolar alloys. Thus, binary and 
five element equimolar alloys have solution states with mixing entropies of 5.76 and 13.37 
J/K.mol, respectively. The mixing entropies for terminal solution or ordered compound states 
are expected to be smaller due to a limited number of ways they can mix. 

 

  
 

 

Figure 1. The entropy of mixing as a function of the number of elements for equimolar alloys 
in completely disordered states.   

 

Based on the characteristics of figure 1, HEAs have been preferentially designated to be 

alloys that comprise of five to thirteen major metallic elements. The lower limit of five 

elements is imposed because it is considered to be the point at which the mixing entropy is 

high enough to counterbalance the mixing enthalpy in most alloy systems and thus ensure the 

formation of solid solution phases. Beyond thirteen elements there is a leveling off of the curve 

in figure 1, thus suggesting that little further benefit will be brought about by composing alloys 

of a greater number of elements. The concentration of each element need not be equimolar, but 

can be between 5 and 35 at%, therefore broadening the number of possible HEA systems [12]. 

Thus, HEAs do not contain any element whose concentration exceeds 50 at%, as is the case in 

the traditional alloys. Numerous alloys can therefore be generated that satisfy the HEA criteria. 



J.W. YEH 

 

6

For instance, if thirteen arbitrary elements are selected from the periodic table, then a total of 

7099 five to thirteen element alloy systems could be obtained, as determined by the following: 
 

709913
13

13
12

13
11

13
10

13
9

13
8

13
7

13
6

13
5 =++++++++ CCCCCCCCC    (3) 

 
The number of possible alloys is further increased by the fact that the alloys may or may 

not be equimolar, and other minor elements could be added to modify their properties. 
Examples of these three different types of HEAs are AlCoCrCuFeNi, AlCo0.5CrCuFe1.5Ni1.2 
and AlCo0.5CrCuFe1.5Ni1.2B0.1C0.15.  
 Based on the above definition of HEAs, it is possible for alloys to be grouped roughly into 
three categories according to their mixing entropy in the random solution state, namely (i) 
low-entropy alloys (traditional alloys) with one or two major element, (ii) medium-entropy 
alloys with two to four major elements and (iii) high-entropy alloys with at least five major 
elements, as shown in figure 2. It should be noted that the random solution states are defined as 
liquid solution and high-temperature solid solution states where the thermal energy is 
sufficiently high to cause different elements to have random positions within the structure. 
Thus, high-entropy alloy are defined by the high entropy of the random solution state of 
multi-principal-element alloys.  
  

High-entropy alloys

△Sconf≧1.61R

Medium-entropy alloys

Low-entropy alloys
(traditional)

△Sconf≦0.69R

1.61R≧△Sconf≧0.69R

 

Figure 2. The alloy world divided by the mixing entropy of their random solution states. 

 

3. MULTI-PRINCIPAL-ELEMENT EFFECT 

 

    Based on previous research [12-28], it can be noted that the multi-principal-elemental 

mixtures of HEAs result in: (1) high-entropy, (2) lattice distortion, (3) sluggish diffusion and (4) 
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cocktail effects. In brief, the high-entropy plays an important role in simplifying the 

microstructures so that they principally consist of simple solid solution phases with FCC and 

BCC structures. Lattice distortion further influences mechanical, physical and chemical 

properties. Sluggish diffusion leads to the alloys developing nanocrystalline or even 

amorphous structures. Finally, the cocktail effects result in a composite effect on properties, 

wherein the interactions among the different elements themselves play an important role. All of 

the aforementioned factors provide HEAs with numerous versatile properties and therefore 

make them suitable for a number of applications. More detailed discussions of each of the 

factors mentioned above shall now be made. 
 

3.1. High-entropy effect 
 

It has often been considered that alloys consisting of several principal elements will form 

complicated and brittle microstructures, and hence research into such multi-principal-element 

alloys has received very limited attention. Contrary to this, however, it has been found that 

HEAs composed of chemically compatible elements are composed of only a few solid solution 

phases or even one single phase, which is attributed to their high mixing entropies. The number 

of phases is far lower than the maximum number predicted by the Gibbs phase rule. This 

implies that high mixing entropy enhances the mutual solubility among elements and prevents 

phase separation into terminal solution phases or intermetallic compounds. This phenomenon 

has also been observed by Cantor et al [29] in alloys containing five to nine chemically 

compatible metal elements.  

Although intermetallic phases can form in some HEAs as a result of the strong bonding 

between some metallic elements, even these phases tend to include a lot of other elements and 

have a significant reduction in their degree of ordering. In solid-state thermodynamics, mixing 

entropy is a well-known factor to account for the temperature effect on the increasing 

concentration of vacancies and the increased solubility of solutes which have weak bonds with 

the solvent atoms. Moreover, for intermetallic compounds, mixing entropy is known to 

broaden the solubility of other elements. All these phenomena can be explained with reference 

to equation 2, i.e. △Gmix = △Hmix ﹣T△Smix, in which the mixing entropy competes with the 

mixing enthalpy.  Moreover, the T△Smix term means that the mixing entropy becomes more 

dominant at higher temperatures. Therefore, the significantly higher mixing entropy of HEAs 
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for the random solution state is expected to significantly extend the solubility range for either 

terminal solutions or intermetallic compounds and form simple multi-element solution phases, 

especially at higher temperatures.  This competition between mixing enthalpy and mixing 

entropy is thus a good alloy design parameter to predict the mutual solubility in solid solution 

phases. 

Figure 3 depicts the relative free energy curves of pure elements, intermetallic compounds 

and multi-principal-element solution phases for a hypothetical eight element equimolar alloy. 

The free energy curves in figure 3 are estimated at 1473 K based on an average mixing 

enthalpy between the atom pairs of - 23 kJ/mol [30]. The free energies of eight element solid 

solutions are thus the lowest due to their higher mixing entropy, e.g. the eight element 

equimolar solution has a mixing entropy of 1473.R.ln8 kJ/K.mol by equation 3. This validates 

the reason why multi-principal-element solutions are thermodynamically stable. Other possible 

states, such as ternary and quaternary compounds, not shown for clarity, will also possess 

higher mixing free energies than the eight element solutions due to their smaller mixing 

entropies. In addition, single-phase and two-phase equilibrium states shown in figure 3(a) and 

(b) are intended to show the situation for single phase and multi-phase structures, respectively. 

Figure 4 compares the x-ray diffraction analysis of an equimolar alloy series of 

Cu-Ni-Al-Co-Cr-Fe-Si from two to seven elements in the as-cast condition. It can be seen that 

even for the seven element alloys only simple phases develop. 

 

 

 

 

 

 

 

 

(a)  (b) 

 
Figure 3. Depicted diagram showing the relative levels of mixing free energy curves of three 
different states, i.e. single element, compound and random solution state, at 1473 K for a 
hypothetical eight element equimolar HEA. The cases for (a) a single stable phase and (b) two 
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coexisting phases are also shown. 

 
Figure 4. XRD patterns of two to seven element equimolar alloys. CuNi: FCC, CuNiAl: FCC 
+ ordered BCC, CuNiAlCo: FCC + BCC, CuNiAlCoCr: FCC + BCC, CuNiAlCoCrFe: FCC + 
BCC, CuNiAlCoCrFeSi: FCC + BCC. 
 
 
3.2. Lattice distortion effect 
 

    Because solid solution phases with multi-principal elements are usually found in HEAs, 

the conventional crystal structure concept is thus extended from a one or two element basis to a 

multi-element basis. Figure 5 shows examples of BCC and FCC crystal structures 

incorporating five principal elements [16]. In fact, such a multi-element lattice is highly 

distorted because all atoms are solute atoms and their atomic sizes are all different from one 

another. It might be expected that for sufficiently large atomic size differences, the distorted 

lattice will collapse into an amorphous structure since lattice distortion energy would be very 

high for retaining a crystalline configuration. The distortion in either crystalline or amorphous 

structures influence the mechanical, thermal, electrical, optical, and chemical behavior of 

materials, by so called “lattice distortion effects”. For example, lattice distortion effects in 

HEAs cause high solid solution hardening, thermal resistance, electrical resistance, and x-ray 

diffuse scattering, which is similar to the temperature effect on diffuse scattering. 
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Figure 5. Examples of (a) BCC and (b) FCC crystal structures with five principal elements. 

 

 
3.3. Sluggish diffusion effect 
 

    Phase transformations that depend on atomic diffusion require the cooperative diffusion of 

elements in order to attain the equilibrium partitioning among the phases. This, in combination 

with the lattice distortion which hinders atomic movement, will limit the effective diffusion 

rate in HEAs [12,14,16,18]. In conventional casting of HEAs, the phase separation during 

cooling is often inhibited at higher temperatures and therefore delayed until lower temperatures. 

This is the reason why the as-cast structures of HEAs often have nano-precipitates in the 

matrix. An example of this is shown in figure 6. This is also the reason for the higher 

recrystallization temperatures and activation energies of deformed HEAs. In film coating 

technology, this can be reflected in the easier formation of amorphous structure for a higher 

number of elements since the growth and even nucleation of crystalline phases are gradually 

inhibited. Figure 7 shows the X-ray diffraction patterns of two to seven element sputtered films, 

where it can be seen that for an increase in the number of elements a nanocrystalline or even 

amorphous structure develops. The tendency to form nanocrystalline or amorphous structures 

may be exploited to promote the mechanical, physical, and chemical properties of the alloys 

[11].  
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               (a)                                          (b) 

   

Figure 6. Nano-precipitaion in an as-cast equimolar AlCoCrCuFeNi alloy: (a) bright field 

image and SAD pattern of the indicated precipitate and (b) dark field from the diffraction spot 

in (a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Structural evolution of two to seven element sputtered films analyzed by x-ray 

20 40 60 80 100
0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

(a)

(f)

(e)

(d)

(c)

(b)

amorphous

BCC

FCC

ordered BCC

amorphous

FCC

Cu0.5NiAlCoCrFeTi

Cu0.5NiAlCoCrFe

Cu0.5NiAlCoCr

Cu0.5NiAlCo

Cu0.5NiAl

Cu0.5Ni

 

 

In
te

ns
ity

 (c
ps

)

2θ (degrees)



J.W. YEH 

 

12

diffraction. 

 

3.4. Cocktail effects 
 

    Since multi-principal elements are incorporated, HEAs can be viewed as an atomic-scale 

composite. Therefore, they exhibit a composite effect coming from the basic features and 

interactions among all the elements themselves, in addition to the indirect effects of the various 

elements on the microstructure [12-28]. For example, if more light elements are used, the 

overall density will be reduced. If more oxidation-resistant elements are used, such as Al, Cr, 

and Si, the oxidation resistance at high temperatures can be improved. If an element such as Al 

is added, which has strong bonding with the other elements present, such as Co, Cr, Cu, Fe and 

Ni, and promotes the formation of a BCC phase, the strength will be increased. Figure 8 

displays the strengthening imposed by aluminum addition. Aluminum in this alloy system has 

a similar effect as carbon in steels in substantially increasing the hardness, although their 

strengthening mechanisms are different.  

 

 
Figure 8. Strengthening effect of aluminum addition on the cast hardness of AlxCoCrCuFeNi 

alloys. A, B and C refer to the hardness, FCC lattice constant and BCC lattice constant, 

respectively. 
 
 

4. OVERVIEW OF HIGH ENTROPY ALLOY RESEARCH 



J.W. YEH 

 

13

 

    The ongoing research and work conducted in HEA alloys over the past decade can be 

summarized as follows: 

, 

1. On the transition and evolution from traditional alloys to HEAs. Different equimolar 

alloys from two to eight elements are synthesized by adding one new element in 

sequence. This is to bridge the gap between traditional alloys and HEAs and helpful in 

understanding the effects of the number of elements, atomic size, and binding energy 

on microstructure, hardness, electrical resistivity, magnetic properties, thermal 

properties, and x-ray diffuse scattering, etc.. The methods employed include 

arc-melting and solidifying in copper molds, mechanical alloying, magnetron sputter 

deposition, and molecular dynamics simulation. 

2. Developing HEA cast alloys and HEA wrought alloys with higher performance than 

conventional alloys. This is to find out potential compositions that may replace 

conventional alloys which have limited properties. Up to now, at least six HEA alloy 

systems have been developed with promising properties. Low-density HEAs have also 

been developed. Figure 9 shows an alloy with very good workability which displays a 

cold-rolling extension of at least 4257 % without any cracking.  
 
 
 
 
 
 
 
 
 
 
 
                  (a)                                   (b) 
                                
 
Figure 9. (a) A photo showing the 0.07mm-thick rolled foil of Al-Cr-Fe-Mn-Ni alloy 
prepared by arc melting. The rolling extension is 4257% from an initial thickness of 3mm 
and the hardness is HV147; (b) the work-hardening curve showing an approach to a limit. 
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3. On the solidification, phase transformation, deformation mechanism, annealing 

behavior and mechanical properties (including high-temperature properties). 

4. The formation of the phase diagrams for some HEA alloy systems. The phase diagram 

for AlCoCrCu0.5FeNi has been established for each variation of Al, Co, Cr, Fe and Ni, 

respectively. Only FCC and BCC phases are found in the phase diagrams, although 

their ordered phases can occur at lower temperatures where the high-entropy effect is 

less pronounced.  

5. On the abrasive and adhesive wear resistances and their mechanisms in HEAs. 

Optimum improvements at certain concentration range can be obtained for each 

element.  

6. On the chemical and electrochemical behaviors of HEAs. HEAs with potential 

applications are being studied. 

7. On the welding behaviors of several HEAs. HEAs with potential applications are being 

studied. 

8. On the diffusion and kinetics of HEAs. Diffusion in HEAs with different concentrations 

is being studied. The alloys are of one single phase, FCC or BCC. Activation energies 

are also identified for recrystallization, grain growth, and precipitation in different 

alloys. 

9. Developing HEA tools, molds, refractory building frames and high-temperature springs. 

Several compositions have been developed. 

10. On the ion nitriding of HEAs. An ion nitriding treatment can improve the wear 

resistance of some HEAs by about two orders. The improvements are much higher than 

those found for commercial nitriding of steels. 

11. On the superhard metals. This includes cemented carbides and TiC cermets using HEA 

binder metals. Two promising binders have been developed which show a significant 

inhibition of grain growth and thus better hot hardness and toughness. 

12. On the alloy, nitride, oxide thin films deposited from HEA targets for antibacterial, 

EMI shielding, wear and corrosion resistant components, and wear resistant and 

anti-sticky molds and tools. At least twelve compositions of equimolar ratio have been 

studied and most of them reveal excellent properties, such as high hardness, thermal 

stability, and good oxidation resistance. High-entropy effect in nonmetal systems also 
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plays an important role, as has been found in HEA films. 

13. On the HEA diffusion barrier for Cu-interconnected integrated circuits. An eight 

element nitride thin film has been identified with HRTEM, XRD, composition depth 

profiling, and resistivity to effectively prevent Cu diffusion at 850 °C for 30 minutes.  

14. On the magnetic properties of HEA films especially developed for high-frequency 

communication soft magnetic film inductors. Several compositions have been 

developed showing excellent magnetic properties and high electrical resistivity. 

15. Developing hydrogen storage HEAs. Various solid solution alloys of different 

compositions are designed. 

16. Developing special HEAs for thermally sprayed coatings. Five compositions have been 

studied showing significant high-temperature precipitation hardening, improved wear 

resistance and oxidation resistance. 

17. Developing thermoelectric and microwave absorption HEAs. Several HEAs with 

improved properties have been developed. 

 

 
5. CONCLUSIONS 

 

Since 1995, the new breed of alloy systems, termed as “high-entropy alloys”, have been 

explored. The high-entropy, lattice distortion, sluggish diffusion and cocktail effect as a result 

of having multi-principal-element mixtures are found to be the core factors influencing the 

microstructure and properties of high-entropy alloys. The high mixing entropy is the first 

important effect since it favors the formation of multi-element solid-solution phases, as 

opposed to complex structures consisting of many intermetallic compounds. This makes these 

alloys easier to analyze and understand, and hence to control and develop. Depending upon the 

composition and/or processing route, HE alloys have been found to possess a wide spectrum of 

microstructures and properties. They warrant further study from both a scientific and 

commercial point of view. In Taiwan, various investigative routes of high-entropy alloys have 

been undertaken, and many interesting phenomena and promising properties have been 

discovered. A number of the compositions that have been developed appear to have great 

potential in several applications. To date, the work concerned with HEAs indeed suggests them 
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to have countless opportunities in finding new phenomena, new properties, new theories and 

functional uses. Also of great importance, it has been found that multi-principal-element effect 

can similarly be applied to other nonmetal systems such as nitrides, carbides, oxides, etc.. 

Therefore, this new alloy field opens the door to unlimited research in finding novel materials 

that is seemingly well beyond the opportunities provided by traditional alloy systems.  
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