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Abstract:

 This paper describes some underlying principles of multicomponent and high entropy alloys, and gives some examples of these materials. Different types of multicomponent alloy and different methods of accessing multicomponent phase space are discussed. The alloys were manufactured by conventional and high speed solidification techniques, and their macroscopic, microscopic and nanoscale structures were studied by optical, X-ray and electron microscope methods. They exhibit a variety of amorphous, quasicrystalline, dendritic and eutectic structures.
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1. Multicomponent Alloys


1.1. Alloying Strategies

The conventional way of developing a new material is to select the main component based upon some primary property requirement, and to use alloying additions to confer secondary properties. This strategy has led to many successful multicomponent materials with a good balance of engineering properties. Typical examples include high-temperature nickel superalloys and corrosion-resistant stainless steels. In some cases two principal components are used, such as in copper-zinc brasses or alumino-silicate refractories.

Cantor [1] was the first to point out that this kind of conventional alloying strategy leads to an enormous amount of knowledge about materials based on one or sometimes two components, but little or no knowledge about materials containing several main components in approximately equal proportions. Information and understanding about alloys close to the corners and edges of a multicomponent phase diagram is well developed, with much less known about alloys in the centre of the diagram. This is shown schematically for ternary and quaternary systems in Figure 1. In fact, information about alloys in the centre of the phase diagram is limited for most ternary systems, and virtually non-existent for quaternary and higher order systems.

Figure 1. Schematic ternary and quaternary systems, showing regions of the phase diagram which are relatively well known (green) near the corners, and relatively less well known (white) near the centre [2].
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Conventional alloying strategy has been very restrictive in exploring the full range of possible materials, since there are many more compositions at the centre of a phase diagram than at the corners and edges. One method of exploring multicomponent phase space is to extend the conventional method and make more alloying additions in larger quantities [3]. A second method is to use equiatomic substitution, i.e., to begin with a material of interest, and replace individual components with multicomponent equiatomic or near-equiatomic mixtures of chemically similar species [4]. Both these methods have been shown to lead to unusual and interesting new material structures and properties [1,3,4].



1.2. Multicomponent and High Entropy Alloys

The first detailed study of multicomponent alloys consisting of a large number of constituents in equal or near-equal proportions was undertaken in 1981 by Vincent [5] and followed up in 1997 by Knight [6], as reported in 2002 by Cantor [7] at the RQ11 conference in Oxford and then published in 2004 by Cantor et al. [1]. Ranganathan [8] discussed similar types of alloys in 2003, describing them as multimaterial cocktails, and Yeh et al. [9] did likewise in 2004, describing them as high entropy alloys (see also Yeh et al. [10,11]). Recently, there has been a growing number of studies of multicomponent and high entropy alloys, as investigators have realised the potential for discovering new materials with valuable properties in the uncharted phase space in the middle of multicomponent systems.

Yeh et al.’s term [9–11] “high entropy alloys” has become accepted to refer to multicomponent alloys consisting of a large number of constituents in equal or near-equal proportions. Multicomponent alloys, however, do not in general exhibit particularly high entropy [12], or even high configurational entropy (Yeh et al.’s original concept). They often exhibit a surprisingly small number of phases with wide solubility ranges [2], caused partly by high entropy effects. In fact there are many different kinds of multicomponent alloys, whether or not they have a large number of components in equal or near-equal proportions, depending on their development method (conventional alloying, extended alloying, equiatomic substitution, etc.), constituent species (metallic, non-metallic, semi-metal, compound, etc.), manufacturing method (casting, rapid solidification, vapour deposition, co-sputtering, etc.), and resulting phase structure and microstructure (single phase solid solution, dendritic, duplex eutectic or peritectic, multiphase, amorphous, etc.).




2. Underlying Principles


2.1. Gibbs Phase Rule

The Gibbs phase rule gives the relationship between the number of components c and the number of phases p in a material under equilibrium conditions. At constant pressure (e.g., at atmospheric pressure), the Gibbs phase rule is:
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where n is the number of thermodynamic degrees of freedom in the system. The minimum number of degrees of thermodynamic freedom is n = 0, so the maximum number of phases in the alloy under equilibrium conditions pmax is:
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For instance, the maximum equilibrium number of phases in a binary system (c = 2) is 3, corresponding to a point (n = 0) in the phase diagram (e.g., a eutectic or eutectoid point). Such 3-phase equilibrium points rarely exist at a given temperature (e.g., at room temperature), so binary alloys under conditions of room temperature equilibrium almost always consist of 1 or 2 phases. Similarly, the maximum number of phases in a ternary system (c = 3) is 4, again corresponding to a point (n = 0) in the phase diagram, and ternary alloys under conditions of room temperature equilibrium almost always consist of 1, 2 or 3 phases.

Most materials processing and manufacturing methods operate under conditions far removed from equilibrium, and the maximum number of phases can then be greater than that indicated by the Gibbs phase rule, i.e.,:
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This allows high temperature, off-stoichiometric and/or transitionary phases to develop and be retained during non-equilibrium cooling or non-equilibrium segregation of alloying elements. Thus, binary alloys often consist of three or, sometimes, four phases at room temperature, and ternary alloys often consist of four or, sometimes, five phases at room temperature.

As seen in the examples discussed below, the number of phases found in a wide variety of multicomponent alloys is often well below the maximum equilibrium number allowed by the Gibbs phase rule, and even further below the maximum number allowed under non-equilibrium conditions. The reasons for this are not well understood.



2.2. How Many Possible Alloys Are There?

Consider an alloy system containing c components. The number of independent components is c – 1. Let different materials be specified to a tolerance of x%, i.e., two alloys are distinct if they differ by at least x% in at least one component. Each component can take on (100/x) different possible compositions and the total number of different possible alloys N is:
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The periodic table contains over 100 different elements which can act as components in an alloy system. Excluding elements which are too radioactive, toxic, rare and/or otherwise difficult to use, a maximum of perhaps c = 60 is available to be used as components in realistic materials. Engineering material compositions are typically specified to within at least 0.1%, although a much tighter specification is often needed to prevent variations in properties, so x ≤ 0.1. The total number of possible alloys N is therefore of the order:
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which is an enormous number of possible materials. A more restricted alloying range, c = 40, and a looser material specification, x = 1, gives a more (probably overly) conservative estimate:
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which is still an enormous number of materials. For comparison, there are ~1066 atoms in the galaxy, and the size of the universe is ~1034 nm



2.3. How Many Alloys Have Been Investigated?

All unitary, most binary, and a few ternary and other alloy systems have been studied to some extent. The number of alloys which have been investigated NI is, therefore:
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and the proportion of all materials that have been investigated is:
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which is vanishingly small. Putting this result another way, there is a remarkably large number of exciting new materials yet to be discovered.



2.4. How Many Alloys Are Expected to Be Single Phase?

Consider a multicomponent system in which the only single phase regions are the terminal solid solutions based on the elements at the corners of the phase diagram. The number of single phase regions is then equal to the number of components c. This is shown schematically for a ternary system in Figure 2a.

Figure 2. (a) Schematic ternary system in which the only single phase regions are the terminal solid solutions, with a solubility limit of y%. (b) Increased number of single phase regions (not usually seen in ternary or multicomponent systems)[2].
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Let the average solubility limit be y%, as also shown in Figure 2a. The total number of different single phase alloys NS is then:
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A scan through one of the well-known compilations of binary phase diagrams [13], analysing (for example) 50 binary Ag alloy systems, shows that at room temperature equilibrium ~10% of the alloys are single phase, and ~90% are two-phase. On average, therefore, y ~ 5. For c = 60 and y = 5, the total number of single phase alloys is:
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and the fraction of all alloys which are single phase is:
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which is again vanishingly small.

From the above equations, the probability of an alloy being single phase in a multicomponent system is expected to decrease sharply with increasing number of components. As discussed below, however, the number of single phase alloys found in a wide variety of multicomponent alloys is well above the predicted probability. Large numbers of new phases (and crystal structures) are not found in multicomponent alloys, i.e., ternary (and higher order) systems such as shown schematically in Figure 2b are not found experimentally. In other words, the intersolubility between different alloying elements must increase strongly with increasing number of components.




3. Chill Cast and Rapidly Solidified CrMnFeCoNi-NbGeVTiCuMoAlSnZnSiZrNd Alloys


3.1. Chill Cast CrMnFeCoNi-NbGeVTi Alloys

Using equiatomic substitution, Vincent, Knight, Chang and Cantor [1,5,6] investigated the structure of a wide range of chill cast alloys in the CrMnFeCoNiNbGeVTi system. The alloys were based on the generic formula CrxMnxFexCoxNixNbxGexVxTix. There is a large single phase field of fcc alloys based on the composition Cr20Mn20Fe20Co20Ni20 with considerable solubility for the other components. Beyond the boundaries of this single phase field, there is another large two phase field of fcc + bcc alloys. As shown in Table 1, the 5-component Cr20Mn20Fe20Co20Ni20 alloy and the 6-component Cr16.7Mn16.7Fe16.7Co16.7Ni16.7X16.7 alloys with X=Nb, Cu and V were all single phase fcc, and the 6-component alloys with X=Ge and Ti were two-phase fcc + bcc.

Table 1. Lattice parameters of dendritic fcc and interdendritic bcc phases (nm)[1].







	Alloy
	fcc
	bcc





	FeCrMnNiCo
	0.359
	



	FeCrMnNiCoNb
	0.362
	



	FeCrMnNiCoGe
	0.358
	0.229



	FeCrMnNiCoCu
	0.359
	



	FeCrMnNiCoTi
	0.364
	0.482



	FeCrMnNiCoV
	0.358
	








The scanning electron microscope X-ray maps in Figures 3 and 4 show as-solidified cored dendrites in a chill cast single phase fcc 5-component Cr20Mn20Fe20Co20Ni20 alloy, with Cr and Fe segregated into the dendrite spines and Mn segregated into the interdendritic spaces. The scanning electron microscope X-ray maps in Figure 5 show as-solidified cored dendrites in a more complex chill cast 7-component Cr14.3Mn14.3Fe14.3Co14.3Ni14.3V14.3Ti14.3 alloy, with Cr and Mn segregated in the dendrite spines and V and Ti segregated into the interdendritic spaces.

Figure 3. Scanning electron microscope X-ray maps showing Fe and Cr distributions in an as-solidified cored dendritic structure in chill cast single phase fcc Cr20Mn20Fe20Co20Ni20 [2].
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Figure 4. Scanning electron microscope X-ray maps [2] showing Fe and Mn distributions in an as-solidified cored dendritic structure in chill cast single phase fcc Cr20Mn20Fe20Co20Ni2.
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Figure 5. Scanning electron microscope X-ray maps showing Cr, Mn, V and Ti distributions in an as-solidified cored dendritic structure in chill cast Cr14.3Mn14.3Fe14.3Co14.3Ni14.3V14.3Ti14.3 [2].
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3.2. Other Modifications to CrMnFeCoNi

A wide range of other multicomponent alloys based on fcc CrMnFeCoNi have been studied. In some cases the single phase fcc structure is altered significantly. For instance, replacing one or other of the components with other transition metals leads to two phase or three phase structures [12]. Cr20Mn20Fe20Cu20Ni20, Mo20Mn20Fe20Co20Ni20, Cr20Mn20Fe20Ti20Ni20, V20Mn20Fe20Co20Ni20, and Cr20Mn20V20Co20Ni20 consist typically of two phase-separated fcc phases, sometimes with small amounts of topologically close-packed (TCP) intermetallic compound phases such as σ, μ or χ.

However, significant amounts of Al can be added with the single phase fcc structure retained [14,15]. For x ≤ 11at% in the 5-component system (Cr25Fe25Co25Ni25)1−xAlx the structure is single phase fcc; for x = 11–18at%, it is fcc + bcc; and for x ≥ 18at% it is single phase bcc [14]. Similarly, for x ≤ 8at% in the 6-component system (Cr20Mn20Fe20Co20Ni20)1−xAlx the structure is single phase fcc; for x = 8–16at%, it is fcc + bcc; and for x ≥ 16at% it is single phase bcc [15]. A single phase fcc structure is retained [16] up to almost x = 1at% Sn in (Fe25Co25Ni25Cu25)1−xSnx, but intermetallic compounds are formed at low levels of Mo and Zn additions [17,18]. Replacing Cr and Mn with Cu and Al to form Cu20Al20Fe20Co20Ni20 gives a two phase fcc + bcc structure [19], which is retained with additions of Si, Cr or Ti, but is disrupted by the appearance of intermetallic compounds with additions of Zr or Nd.

There has also been considerable study of early transition metal refractory multicomponent single and dual phase bcc alloys [20,21]. A large number of other 5–7 component alloys have been investigated, with a variety of different structures [22,23]. Two conclusions are clear. First, there are large single phase fcc and bcc phase fields in multicomponent transition metal phase space. And secondly, there are usually many fewer phases present than allowed by the equilibrium Gibbs Phase rule.




4. Melt Spun and Chill Cast TiZrHfNbFeCoNiCuAgAl Alloys

Using equiatomic substitution, Kim, Zhang, Warren, Eckert and Cantor [3,24–34] investigated the structure of a wide range of melt spun and chill cast alloys in the TiZrHfNbFeCoNiCuAgAl system. The alloys were based on the generic formula ETM100−x−yLTMxAly where ETM and LTM are early and late transition metals respectively. Typical compositions are (Ti25Zr25Hf25Nb25)100−x−y(Fe20Co20Ni20Cu20Ag20)xAly.


4.1. (Ti,Zr,Hf)-(Ni,Cu)-Al Alloys

A series of (Ti33Zr33Hf33)100−x−y(Ni50Cu50)xAly glassy alloys were melt spun with compositions in the range x = 10–70at% and y = 10–30at%. Figure 6 shows typical X-ray diffractograms and Figure 7 shows the resulting ternary phase diagram, containing a large amorphous phase field.

Figure 6. X-ray diffractograms from melt spun amorphous (Ti33Zr33Hf33)100−x−y(Ni50Cu50)xAly alloys: (a) y = 0at%; (b) y = 10at%; and (c) y = 20at%; and (d) y = 30at% [27].
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Figure 7. Ternary phase diagram for melt spun (Ti33Zr33Hf33)100−x−y(Ni50Cu50)xAly alloys, showing a large amorphous phase region [27].
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Figure 8 shows typical differential scanning calorimeter traces from different alloys obtained during heating at 20 K/min. The alloys exhibited broad supercooled liquid regions, in the range ΔT = Tx − Tg = 40–124 K, where Tx = crystallization onset temperature and Tg = glass transition temperature. For (Ni50Cu50)-rich alloys with x = 50–70at%, crystallization took place with a single exothermic reaction, and for (Ti33Zr33Hf33)-rich alloys with x = 20–40at%, crystallization took place with a series of exothermic reactions. Increasing the Al content from y = 10 to 30at% decreased the glass forming ability over a wide range of transition metal compositions x = 40–70at%. The most stable amorphous alloy was (Ti33Zr33Hf33)40(Ni50Cu50)50Al10 with a crystallization temperature of Tx = 818 K. The amorphous alloy with the largest supercooled liquid region was (Ti33Zr33Hf33)60(Ni50Cu50)20Al20 with a crystallization-glass transition temperature difference of Tx − Tg = 124 K.

Figure 8. DSC traces from melt spun amorphous (Ti33Zr33Hf33)100−x−y(Ni50Cu50)xAly alloys, obtained during heating at 20 K/min: (a–c) y = 0, 10 and 20at% respectively [27].
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Heat treatment of different alloys showed large single phase icosahedral and Laves phase fields. Figure 9 shows a single Laves phase microstructure in (Ti33Zr33Hf33)50(Ni50Cu50)40Al10 after heat treatment for 1 h at 620 °C, and Figure 10 shows a single icosahedral phase microstructure in (Ti33Zr33Hf33)70(Ni50Cu50)20Al10 after heat treatment for 5 min at 590 °C.

Figure 9. Single Laves phase microstructure in melt spun amorphous (Ti33Zr33Hf33)50(Ni50Cu50)40Al10 after heat treatment for 1 h at 620 °C: (a) bright field TEM; (b) dark field TEM; and (c) selected area diffraction patterns [25].
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Figure 10. Single icosahedral phase microstructure in melt spun amorphous (Ti33Zr33Hf33)70(Ni50Cu50)20Al10 after heat treatment for 5 min at 590 °C: (a) bright field TEM and (b–d) selected area diffraction patterns [25].
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Chill cast (Ti33Zr33Hf33)70(Ni50Cu50)20Al10 forms a mixture of Zr2Cu-type crystalline, amorphous and icosahedral phases, with micro-scale structural modulations induced by growth strains in the icosahedral matrix, as shown in Figure 11.

Figure 11. Mixture of nanoscale Zr2Cu-type crystalline, amorphous and icosahedral phases in chill cast (Ti33Zr33Hf33)70(Ni50Cu50)20Al10: (a–c) bright field TEM; and (d–g) selected area diffraction patterns [25].



[image: Entropy 16 04749f11 1024]







4.2. Melt Spun (Ti,Zr,Hf)-(Fe,Co)-Al Alloys

The effect of using Fe and Co instead of Ni and Cu was studied by melt spinning a series of (Ti33Zr33Hf33)90−x(Fe50Co50)xAl10 alloys with compositions in the range x = 10–40at%. Only (Ti33Zr33Hf33)70(Fe50Co50)20Al10 formed a fully amorphous phase in the as-melt spun state, indicating poor glass forming ability. No glass transition temperature was detected in (Ti33Zr33Hf33)70(Fe50Co50)20Al10.



4.3. Melt Spun (Ti,Zr,Hf,Nb)-(Ni,Cu)-Al Alloys

The effect of adding Nb was studied by melt spinning a series of (Ti25Zr25Hf25Nb25)90−x (Ni50Cu50)xAl10 glassy alloys with compositions in the range x = 10–70at%. Figure 12 shows the resulting X-ray diffractograms and the corresponding ternary phase diagram. The alloys again exhibited broad supercooled liquid regions, in the range ΔT = 35–90 K. Crystallization again took place with a single exothermic reaction for (Ni50Cu50)-rich alloys with x = 60–70at%, and with a series of exothermic reactions for (Ti25Zr25Hf25Nb25)-rich alloys with x = 20–50at%. The thermal stability of the amorphous phase was increased by adding Nb.

Figure 12. X-ray diffractograms and corresponding ternary phase diagram from melt spun (Ti25Zr25Hf25Nb25)90−x(Ni50Cu50)xAl10 alloys [28].
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4.4 Melt Spun (Ti,Zr,Hf)-(Ni,Cu,Ag)-Al Alloys

The effect of adding Ag was studied by melt spinning a series of (Ti33Zr33Hf33)90−x−y (Ni33Cu33Ag33)xAl10 alloys with compositions in the range x = 10–70at%. Figure 13 shows the resulting X-ray diffractograms and the corresponding ternary phase diagram. Compositions in the range x = 20–40 at% again exhibited broad supercooled liquid regions, ΔT = 40–100 K. However, no fully amorphous phase was obtained with compositions in the range x = 50–60at%. Adding Nb and Ag together reduced the amorphous region even further, as shown in Figure 14.

Figure 13. X-ray diffractograms and corresponding ternary phase diagram from melt spun (Ti33Zr33Hf33)90−x(Ni33Cu33Ag33)xAl10 alloys [28].
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Figure 14. X-ray diffractograms and corresponding ternary phase diagram from melt spun (Ti25Zr25Hf25Nb25)90−x(Ni33Cu33Ag33)xAl10 alloys [28].
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5. Melt Spun AlFeCrTiVNbTa Alloys


5.1. Melt Spun Microstructures

Galano, Audebert, Stone, Prima, Tomut and Cantor [35–45] investigated the structure of a wide range of melt spun alloys in the AlFeCrTiVNbTa system. The alloys were based on the generic formula Al93Fe3Cr2ETM2 where ETM is an early transition metal. The as-melt spun alloys consisted mainly of nanoscale icosahedral particles embedded in an fcc Al matrix, as shown in Figures 15 and 16 for (a) Al93(Fe3Cr2)7, (b) Al93Fe3Cr2Ti2, (c) Al93Fe3Cr2V2, (d) Al93Fe3Cr2Nb2 and (e) Al93Fe3Cr2Ta2. The Ti, V and Ta alloys also contained a few small particles of crystalline intermetallic Al13Cr2, and the Nb alloy contained a small fraction of Al3Nb. The ternary alloy had the largest icosahedral particle size, ~200 nm, which reduced to 70–100 nm for the Ti, V, Nb and Ta alloys.

Figure 15. X-ray diffractograms from melt-spun Al93(Fe3Cr2)7; Al93Fe3Cr2Nb2 and Al93Fe3Cr2Ta2 alloys [35].
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Figure 16. Transmission electron micrographs of icosahedral particles embedded in an fcc Al matrix in melt spun (a) Al93(Fe3Cr2)7; (b) Al93Fe3Cr2Ti2; (c) Al93Fe3Cr2V2; (d) Al93Fe3Cr2Nb2 and (e) Al93Fe3Cr2Ta2 alloys [35].
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Figure 17 shows a more detailed (a) transmission electron micrograph; (b) selected area electron diffraction pattern and (c) energy dispersive X-ray analysis from an icosahedral particle embedded in melt spun Al93Fe3Cr2Nb2. The as-melt spun microstructures were quite stable and resistant to heat treatment, decomposing to form intermetallic particles embedded in an fcc Al matrix after heat treatment at 450–550 °C, as described below.

Figure 17. Icosahedral particle embedded in an fcc Al matrix in melt spun Al93Fe3Cr2Nb2: (a) transmission electron micrograph; (b) electron diffraction pattern; and (c) energy dispersive X-ray analysis [37].
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6.2. Heat Treated Microstructures

The ternary Al93(Fe3Cr2)7 alloy microstructure was stable up to 450 °C, when Al6(Cr,Fe) and Al13(Cr,Fe)2 precipitated. Grain boundary precipitates and small particles inside the Al grains were observed. As shown in Figure 18, the icosahedral particles exhibited rosette shapes and increased in size by about 150%, before decomposing into intermetallic particles after heat treatment at 550 °C.

Figure 18. Bright field STEM images and corresponding EDX maps from: (a) Al93(Fe3Cr2)7; (b) Al93Fe3Cr2Nb2; and (c) Al93Fe3Cr2Ta2 alloys after heat treatment for 30 min at 450 °C [42].
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The Al93Fe3Cr2Ti2 alloy microstructure was stable up to 450 °C when small Al3Ti particles precipitated. The icosahedral particles maintained near-spherical shapes regardless of heat treatment temperature, but the icosahedral particles formed clusters during heat treatment. Similar clusters were seen in all the alloys. EDX showed that Ti was present in the icosahedral particles as well as in the Al3Ti precipitates. Icosahedral particles disappeared after heat treatment at 550 °C, and different intermetallic particles appeared with varying morphologies and size.

The Al93Fe3Cr2V2 alloy microstructure was stable up to 450 °C, when intermetallic particles precipitated. The V alloy showed the highest fraction of intermetallic particles, with V remaining mainly in the icosahedral particles. No icosahedral particles were present after heat treatment at 550 °C.

The Al93Fe3Cr2Nb2 alloy microstructure was stable up to 450 °C, when small Al-Nb rich dendrites precipitated. EDX mapping indicated Fe segregation towards icosahedral particle boundaries during heat treatment, as shown in Figure 18. Al-Fe, Al-Cr and Al-Nb rich particles precipitated in the Al grain boundaries, and the icosahedral particle size increased by about 50% with no change in shape. The icoshedral phase was still present after heat treatment at 550 °C.

The Al93Fe3Cr2Ta2 alloy microstructure was stable to even higher heat treatment temperatures. No precipitates were seen after heat treatment at 450 °C. The icosahedral particles remained near-spherical, with relatively little increase in size compared with the other alloys, as shown in Figure 18. The icosahedral phase was still present after heat treatment at 550 °C, but disappeared after heat treatment at 600 °C, when different intermetallic precipitates were found.




6. Conclusions

A wide range of multicomponent alloys can be manufactured by conventional, extended conventional and equiatomic substitution alloying strategies. The total number of possible materials is enormous, and only a tiny fraction have been manufactured or investigated, almost all close to the corners and edges of the multicomponent phase diagram. Multicomponent alloys show surprisingly few phases, often only one or two and rarely more than three or four, well below the maximum equilibrium number of phases pmax = c + 1 allowed by the Gibbs phase rule, and even further below the maximum number allowed under non-equilibrium conditions. Similarly, large single phase fields are surprisingly common. These results are associated with increased intersolubility in multicomponent systems and a paucity of new multicomponent compounds.

Chill cast equiatomic substituted CrMnFeCoNiNbGeVTi alloys exhibit single phase fcc and two phase fcc and bcc microstructures. Melt spun equiatomic substituted TiZrHfFeCoNiCuAgAl alloys exhibit fully amorphous microstructures over a wide range of compositions, and often crystallize with single phase icosahedral and intermetallic crystalline microstructures. Melt spun AlFeCrTiVNbTa alloys consist of icosahedral particles embedded in an fcc α-Al matrix, and are resistant to heat treatment, crystallizing to form intermetallic particles embedded in an fcc α-Al matrix.
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