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Journée Thématique FERMI : Autour des alliages multicomposants de haute entropie

Introduction - contexte, challenges

Dans le cadre de la conception, l’optimisation et le développement de procédés
métallurgiques classiques et innovants, plusieurs nécessités s’imposent actuellement :

se placer en rupture avec la métallurgie dite traditionnelle ;

mettre à jour des concepts permettant l’exploration et l’émergence de nouveaux
matériaux (métalliques).

Current Science, Vol. 85 (10), 25 nov 2003

Apparition progressive des concepts matériaux comme l’alloy(ing) design aboutissant
au développement - entre autres - des verres métalliques, des alliages superélastiques,
superplastiques ...



Journée Thématique FERMI : Autour des alliages multicomposants de haute entropie

Introduction - histoire et ... stratégie(s)

Depuis 2004, nouvelle ( ?) approche du design d’alliages en considérant de
multiples composants principaux dans proportions proches de l’équimolarité

Appellations diverses et variées : HEA, baseless alloys, multicomponent alloys,
compositionally complex alloys (CCAs) ...
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Microstructural development in equiatomic multicomponent alloys
B. Cantor, I.T.H. Chang∗, P. Knight, A.J.B. Vincent
Department of Materials, Oxford University, Parks Road, Oxford OX1 3PH, UK

School of Metallurgy and Materials, Birmingham University, Birmingham B15 2TT, UK

Abstract

Multicomponent alloys containing several components in equal atomic proportions have been manufactured by casting and melt spinning,
and their microstructures and properties have been investigated by a combination of optical microscopy, scanning electronmicroscopy, electron
probe microanalysis, X-ray diffractrometry and microhardness measurements. Alloys containing 16 and 20 components in equal proportions
are multiphase, crystalline and brittle both as-cast and after melt spinning. A five component Fe20Cr20Mn20Ni20Co20 alloy forms a single fcc
solid solution which solidifies dendritically. A wide range of other six to nine component late transition metal rich multicomponent alloys
exhibit the same majority fcc primary dendritic phase, which can dissolve substantial amounts of other transition metals such as Nb, Ti and
V. More electronegative elements such as Cu and Ge are less stable in the fcc dendrites and are rejected into the interdendritic regions. The
total number of phases is always well below the maximum equilibrium number allowed by the Gibbs phase rule, and even further below the
maximum number allowed under non-equilibrium solidification conditions. Glassy structures are not formed by casting or melt spinning of
late transition metal rich multicomponent alloys, indicating that the confusion principle does not apply, and other factors are more important
in promoting glass formation.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Multicomponent alloys; Equiatomic; Casting

1. Introduction

Conventional strategy for developing metallurgical alloys
is to select the main component based on a primary prop-
erty requirement, and to use alloying additions to confer
secondary properties. This strategy has led to many multi-
component alloys based on a single main component. Typi-
cal examples include Ni superalloys, wrought Al alloys and
stainless steels. In a few cases two or three components are
present in substantial proportions, e.g. the Cu–Zn brasses or
Sn–Pb solders.
Conventional alloy development strategy leads to an

enormous amount of knowledge about alloys based on one
component, but to very little or no knowledge about al-
loys containing several main components in approximately
equal proportions. Theories for the occurrence, structure
and properties of crystalline phases are similarly restricted
to alloys based on one or two main components. Informa-
tion and understanding is highly developed about alloys
close to the apexes and edges of the phase diagram, with

∗ Corresponding author.
E-mail address: i.t.chang@bham.ac.uk (I.T.H. Chang).

much less known about alloys in the centre of the diagram.
This imbalance becomes rapidly much more pronounced
as the number of components increases. For quaternary,
quinary and higher order systems, information about alloys
in the centre of the phase diagram is virtually non-existent.
Since most of the possible alloy compositions are based on
more than one component, it is clear that conventional alloy
development strategy has been very restrictive in exploring
the full range of possible alloys.
This paper describes an initial attempt to investigate the

unexplored central region of multicomponent alloy phase
space, concentrating particularly on multicomponent tran-
sition metal alloys which are found to exhibit a surprising
degree of intersolubility in a single fcc phase.

2. Experimental

Approximately 10 g ingots of a wide variety of multi-
component alloys were made by induction melting pure el-
ements in equal atomic proportions in an Al2O3 crucible
under Ar. Some of the alloys were melt spun by remelting
in quartz crucibles under Ar, and then ejecting with Ar at
14–21 kPa through a 1mm orifice onto a Cu drum rotating at

0921-5093/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.msea.2003.10.257
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”Alloying was an accidental discovery” - S. Ranganathan, 2003
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prometteuses nuances de ... verres métalliques !

Materials Science and Engineering A 375–377 (2004) 213–218

Microstructural development in equiatomic multicomponent alloys
B. Cantor, I.T.H. Chang∗, P. Knight, A.J.B. Vincent
Department of Materials, Oxford University, Parks Road, Oxford OX1 3PH, UK

School of Metallurgy and Materials, Birmingham University, Birmingham B15 2TT, UK

Abstract

Multicomponent alloys containing several components in equal atomic proportions have been manufactured by casting and melt spinning,
and their microstructures and properties have been investigated by a combination of optical microscopy, scanning electronmicroscopy, electron
probe microanalysis, X-ray diffractrometry and microhardness measurements. Alloys containing 16 and 20 components in equal proportions
are multiphase, crystalline and brittle both as-cast and after melt spinning. A five component Fe20Cr20Mn20Ni20Co20 alloy forms a single fcc
solid solution which solidifies dendritically. A wide range of other six to nine component late transition metal rich multicomponent alloys
exhibit the same majority fcc primary dendritic phase, which can dissolve substantial amounts of other transition metals such as Nb, Ti and
V. More electronegative elements such as Cu and Ge are less stable in the fcc dendrites and are rejected into the interdendritic regions. The
total number of phases is always well below the maximum equilibrium number allowed by the Gibbs phase rule, and even further below the
maximum number allowed under non-equilibrium solidification conditions. Glassy structures are not formed by casting or melt spinning of
late transition metal rich multicomponent alloys, indicating that the confusion principle does not apply, and other factors are more important
in promoting glass formation.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Multicomponent alloys; Equiatomic; Casting

1. Introduction

Conventional strategy for developing metallurgical alloys
is to select the main component based on a primary prop-
erty requirement, and to use alloying additions to confer
secondary properties. This strategy has led to many multi-
component alloys based on a single main component. Typi-
cal examples include Ni superalloys, wrought Al alloys and
stainless steels. In a few cases two or three components are
present in substantial proportions, e.g. the Cu–Zn brasses or
Sn–Pb solders.
Conventional alloy development strategy leads to an

enormous amount of knowledge about alloys based on one
component, but to very little or no knowledge about al-
loys containing several main components in approximately
equal proportions. Theories for the occurrence, structure
and properties of crystalline phases are similarly restricted
to alloys based on one or two main components. Informa-
tion and understanding is highly developed about alloys
close to the apexes and edges of the phase diagram, with

∗ Corresponding author.
E-mail address: i.t.chang@bham.ac.uk (I.T.H. Chang).

much less known about alloys in the centre of the diagram.
This imbalance becomes rapidly much more pronounced
as the number of components increases. For quaternary,
quinary and higher order systems, information about alloys
in the centre of the phase diagram is virtually non-existent.
Since most of the possible alloy compositions are based on
more than one component, it is clear that conventional alloy
development strategy has been very restrictive in exploring
the full range of possible alloys.
This paper describes an initial attempt to investigate the

unexplored central region of multicomponent alloy phase
space, concentrating particularly on multicomponent tran-
sition metal alloys which are found to exhibit a surprising
degree of intersolubility in a single fcc phase.

2. Experimental

Approximately 10 g ingots of a wide variety of multi-
component alloys were made by induction melting pure el-
ements in equal atomic proportions in an Al2O3 crucible
under Ar. Some of the alloys were melt spun by remelting
in quartz crucibles under Ar, and then ejecting with Ar at
14–21 kPa through a 1mm orifice onto a Cu drum rotating at

0921-5093/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.msea.2003.10.257
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Il est possible de former une ou plusieurs
solutions solides simples à partir d’un
mélange d’au moins 5 éléments
”chimiquement compatibles” dans des
proportions comprises entre 5 et 35%
atomique.

La forte entropie du mélange est la clé du
concept pour Yeh (>1.5/1.6R). Les
critères de formation sont structuraux,
chimiques mais surtout ... empiriques !

(présentations IG / MLB)
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tester (Matsuzawa Seiki MV-1) under a load of 49 N at a
loading speed of 70 !m/s for 20 seconds. The hardness of
the sputtered thin films was measured by a Hysitron Nano
Indenter. The indentation depths were controlled at 1/10 of
the thickness of the film to prevent any substrate effect.

Figure 1 shows the microstructures of as-cast CuCoNiCrFe
and CuCoNiCrAl0.5Fe bulk alloys. Typical casting/solidifi-
cation structures with dendrite and interdendrite phases were
observed in these alloys. Even though slight segregation of
constituents was observed in the dendrites and interdendrites,

these phases still contained mainly the multiprincipal ele-
ments, as indicated in Figure 1. The XRD analyses of these
two alloys with multiprincipal elements, as shown in Fig-
ures 2(a) and (b), revealed only a simple solid solution of
the fcc crystal phase. The lattice constants of CuCoNiCrFe
and CuCoNiCrAl0.5Fe alloys were calculated from the posi-
tions of their peaks as 3.596 and 3.655 Å, respectively, by
extrapolating the data to " # 90 deg to improve the accu-
racy.[6] The larger lattice constant of CuCoNiCrAl0.5Fe alloy
was apparently attributed to the addition of large aluminum
atoms. Although XRD has a detection limit of approximately
1 pct in detecting minor phases, such as precipitates or inclu-
sions of intermetallic compounds and ordered phases,[6]

undoubtedly, almost all alloyed elements were present in the
simple solid-solution phase. This finding implies three impor-
tant points: (1) although the crystal structures and lattice
constants of the constituent elements varied, these elements
could still compromise with each other to form the same fcc
structures; (2) the fcc structures incorporated five or six prin-
cipal elements at the same time, and no matrix or host ele-
ment could be defined; and (3) all atoms were regarded as
solutes, expected to be randomly distributed in the fcc crys-
tal lattice, according to a probability of occupancy obtained
by statistical averaging.

Figure 2(c) shows the XRD analysis of the as-cast
Cu0.5CoNiCrAl alloy. A major bcc phase, with a lattice con-

Table I. Basic Crystal Properties of Selected Metallic Elements at Room Temperature[3,4,5]

Element Cu Co Ni Cr Al Fe Ti V

Crystal structure fcc hcp fcc bcc fcc bcc hcp bcc
Unit cell fcc Hex* fcc bcc fcc bcc Hex* bcc
Lattice points per unit cell 4 1 4 2 4 2 1 2
Atoms per unit cell 4 2 4 2 4 2 2 2
Atomic radius (Å) 1.278 1.251 1.246 1.249 1.438 1.241 1.448 1.311
Lattice constant (Å) a 3.615 2.506 3.524 2.885 4.050 2.866 2.951 3.028

c — 4.069 — — — — 4.679 —

Hex*: hexagonal.

Fig. 1—SEM micrographs and chemical compositions of as-cast (a) CuCoNi
CrFe and (b) CuCoNiCrAl0.5Fe bulk alloys (DR: dendrite, ID: interdendrite).

Fig. 2—XRD patterns of (a) as-cast CuCoNiCrFe bulk alloy, (b) as-cast
CuCoNiCrAl0.5Fe bulk alloy, (c) as-cast Cu0.5CoNiCrAl bulk alloy, (d) as-
sputtered Cu0.5CoNiCrAl film, (e) as-cast CuCoNiCrAlFeTiV alloy, and
(f) as-splat-quenched CuCoNiCrAlFeTiV foil ($: bcc, %: fcc).
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Il est possible de former une ou plusieurs
solutions solides simples à partir d’un
mélange d’au moins 5 éléments
”chimiquement compatibles” dans des
proportions comprises entre 5 et 35%
atomique.

La forte entropie du mélange est la clé du
concept pour Yeh (>1.5/1.6R). Les
critères de formation sont structuraux,
chimiques mais surtout ... empiriques !

(thème 1 - présentation MLB)



Journée Thématique FERMI : Autour des alliages multicomposants de haute entropie

Introduction - histoire et ... stratégie(s)

La motivation principale reste la stabilisation de la ou des solution(s) solides par
l’entropie du mélange afin d’éviter la formation de phases intermétalliques, qui,
dans la stratégie et le concept même des alliages de haute entropie, sont
susceptibles de fragiliser l’ensemble. Discutable, surtout pour les applications
structurales aux hautes températures ...

(source : ONERA.fr)

Il existe évidemment des bénéfices à cette stratégie :

nombre incroyable d’alliages possibles ;

formation de phases simples alliant bonne résistance mécanique ET ductilité
importantes (sans parler des possibles gains sur les propriétés fonctionnelles)

totalement en rupture et offrant des challenges scientifiques pertinents ...



Journée Thématique FERMI : Autour des alliages multicomposants de haute entropie
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Matériaux à base de métaux de transition voire de lanthanides, pour lesquelles les
règles de Hume-Rothery sont susceptibles d’être respectées.

Deux grands blocs d’alliages étudiés pour l’instant : colonnes 4,5,6 (nuances
réfractaires) et milieu/fin de ligne 4 (Fe,Cr,Ni...). ; les solutions solides sont souvent
cristallographiquement ”simples” (cc, cfc) mais peuvent être plus complexes
(orthorhombique, hexagonal).
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Quelles conséquences ?

composite à l’échelle atomique ;

distortions de réseau à priori sévères ;

durcissement par solution solide attendu plus intense que
dans les alliages conventionnels ;

diffusion limitée ;

effet cocktail - possibilité de faire varier les propriétés en
fonction des éléments d’alliage

(thèmes 2/3 - présentations IG/JPC, GD)

Zhang et al., Adv Eng Mat, 10(6), 2008

depth along with some other HEAs, e.g., AlCo-
CrCuFeNi.40 The duplex fcc + bcc structure is
composed of a NiAl-depleted fcc structure, NiAl-rich
areas, and some precipitates.31

Similar to the AlxCoCrCuFeNi HEA system, the
addition of Al in AlxCoCrFeNi and AlxCrCuFeNi2
HEA systems also promotes the formation of bcc
phases.27,29,31,33,46 Consistent with the literature,
the bcc phase here refers to bcc-type structures in
general, which includes both A2 and B2 structures.

However, whether a mixed microstructure of both
disordered bcc and B2 structures at high Al contents
can still be classified as an HEA is somewhat
questionable because partitioning of alloying ele-
ments between these two phases reduces the config-
urational entropy in each phase. Clearly, the effect of
Al contents on the phase stability of 3d-TM-metal-
based HEAs is very similar to the case of conven-
tional alloys, e.g., steels.51 That is, Al behaves as a
potent bcc stabilizer.

Fig. 1. An Ashby map showing the range of yield strength (ry) versus HV for structural materials, such as composites, glasses, ceramics, and
metallic alloys, along with the properties of BMGs, 3d TM-based HEAs with different Al content ratios3,24–33 and refractory HEAs.6,10,17,18,35–37

The black-dashed ellipse indicates the whole family of HEAs. For the interpretation of the references to color in this figure legend, the readers are
recommended to refer to the online version of the article.

Fig. 2. An Ashby map showing the range of yield strength (ry) versus ductility for structural materials, such as composites, ceramics, and
metallic alloys, along with the properties of BMGs, and HEAs.3,6,10,17,18,24,29,30,33,35–43 For the interpretation of the references to color in this
figure legend, the readers are recommended to refer to the online version of the article.

Tang, Gao, Diao, Yang, Liu, Zuo, Zhang, Lu, Cheng, Zhang, Dahmen, Liaw, and Egami1850

Tang et al., JOM, 65(12), 2013
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Quelles conséquences ?

composite à l’échelle atomique ;

distortions de réseau à priori sévères ;

durcissement par solution solide attendu plus intense que
dans les alliages conventionnels ;

diffusion limitée ;

effet cocktail - possibilité de faire varier les propriétés en
fonction des éléments d’alliage

(thèmes 2/3 - présentations IG/JPC, GD)

Zhang et al., Adv Eng Mat, 10(6), 2008

depth along with some other HEAs, e.g., AlCo-
CrCuFeNi.40 The duplex fcc + bcc structure is
composed of a NiAl-depleted fcc structure, NiAl-rich
areas, and some precipitates.31

Similar to the AlxCoCrCuFeNi HEA system, the
addition of Al in AlxCoCrFeNi and AlxCrCuFeNi2
HEA systems also promotes the formation of bcc
phases.27,29,31,33,46 Consistent with the literature,
the bcc phase here refers to bcc-type structures in
general, which includes both A2 and B2 structures.

However, whether a mixed microstructure of both
disordered bcc and B2 structures at high Al contents
can still be classified as an HEA is somewhat
questionable because partitioning of alloying ele-
ments between these two phases reduces the config-
urational entropy in each phase. Clearly, the effect of
Al contents on the phase stability of 3d-TM-metal-
based HEAs is very similar to the case of conven-
tional alloys, e.g., steels.51 That is, Al behaves as a
potent bcc stabilizer.

Fig. 1. An Ashby map showing the range of yield strength (ry) versus HV for structural materials, such as composites, glasses, ceramics, and
metallic alloys, along with the properties of BMGs, 3d TM-based HEAs with different Al content ratios3,24–33 and refractory HEAs.6,10,17,18,35–37

The black-dashed ellipse indicates the whole family of HEAs. For the interpretation of the references to color in this figure legend, the readers are
recommended to refer to the online version of the article.

Fig. 2. An Ashby map showing the range of yield strength (ry) versus ductility for structural materials, such as composites, ceramics, and
metallic alloys, along with the properties of BMGs, and HEAs.3,6,10,17,18,24,29,30,33,35–43 For the interpretation of the references to color in this
figure legend, the readers are recommended to refer to the online version of the article.

Tang, Gao, Diao, Yang, Liu, Zuo, Zhang, Lu, Cheng, Zhang, Dahmen, Liaw, and Egami1850

Tang et al., JOM, 65(12), 2013
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did not observe the formation of any well-defined structures
in the absence of an applied magnetic field (see, e.g., fig. S8J).

24. A. Dong et al., Nano Lett. 11, 841–846 (2011).
25. S. Brooks, A. Gelman, G. Jones, X.-L. Meng, Handbook of

Markov Chain Monte Carlo (Chapman & Hall, London, 2011).
26. Z. Kakol, R. N. Pribble, J. M. Honig, Solid State Commun. 69,

793–796 (1989).
27. Ü. Özgür, Y. Alivov, H. Morkoç, J. Mater. Sci. Mater. Electron. 20,

789–834 (2009).
28. The formation of helices, and the self-assembly of NCs in our

system in general, is likely facilitated by entropic forces; OA
used in large excess during self-assembly may act as a
depletion agent, inducing crystallization of NCs during hexane
evaporation as reported previously (29).

29. D. Baranov et al., Nano Lett. 10, 743–749 (2010).
30. On the basis of measurements of electrophoretic mobility

[see (34)] and the lack of literature reports on electric dipole
moments of magnetite nanoparticles, we did not consider
electrostatic and electric dipole-dipole interactions in our analysis
of interparticle interactions. At the same time, we cannot exclude
the possible presence of these interactions in our system.

31. S. Srivastava et al., Science 327, 1355–1359 (2010).
32. S. Das et al., Adv. Mater. 25, 422–426 (2013).
33. J. V. I. Timonen, M. Latikka, L. Leibler, R. H. A. Ras, O. Ikkala,

Science 341, 253–257 (2013).
34. Previous self-assembly experiments performed in nonpolar

solvents excluded a significant role played by electrostatic
interactions [e.g., (35, 36)]. Although the degree of
dissociation of OA in hexane (dielectric constant = 1.84) is
negligible, the large excess of OA as well as the nature of
our experimental setup (self-assembly at the liquid-air
interface) might potentially promote dissociation of OA;
to verify this possibility, we used a Malvern Zetasizer Nano
ZS to perform electrophoretic mobility (me) measurements
of our nanocubes in hexane both in the absence and in the
presence of additional OA (5% v/v). The results [0.00706
(T0.00104) × 10−4 cm2 V–1 s–1 and 0.0218 (T0.00710) ×
10−4 cm2 V–1 s–1, respectively] indicate that in both cases,
the nanocubes are essentially neutral [compare with (37)].

35. Z. Chen, J. Moore, G. Radtke, H. Sirringhaus, S. O’Brien,
J. Am. Chem. Soc. 129, 15702–15709 (2007).

36. X. Ye et al., Nat. Chem. 5, 466–473 (2013).

37. S. A. Hasan, D. W. Kavich, J. H. Dickerson, Chem. Commun.
2009, 3723–3725 (2009).
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METAL ALLOYS

A fracture-resistant high-entropy
alloy for cryogenic applications
Bernd Gludovatz,1 Anton Hohenwarter,2 Dhiraj Catoor,3 Edwin H. Chang,1

Easo P. George,3,4* Robert O. Ritchie1,5*

High-entropy alloys are equiatomic, multi-element systems that can crystallize as a single
phase, despite containing multiple elements with different crystal structures. A rationale for
this is that the configurational entropy contribution to the total free energy in alloys with
five or more major elements may stabilize the solid-solution state relative to multiphase
microstructures.We examined a five-element high-entropy alloy, CrMnFeCoNi, which forms
a single-phase face-centered cubic solid solution, and found it to have exceptional damage
tolerance with tensile strengths above 1 GPa and fracture toughness values exceeding
200 MPa·m1/2. Furthermore, its mechanical properties actually improve at cryogenic
temperatures; we attribute this to a transition from planar-slip dislocation activity at room
temperature to deformation by mechanical nanotwinning with decreasing temperature,
which results in continuous steady strain hardening.

P
ure metals rarely display the mechanical
properties required for structural applica-
tions. Consequently, alloying elements are
added to achieve a desired microstructure
or combination of mechanical properties,

such as strength and toughness, although the re-
sulting alloys invariably still involve a single dom-
inant constituent, such as iron in steels or nickel
in superalloys. Additionally, many such alloys,
such as precipitation-hardened aluminum alloys,
rely on the presence of a second phase for me-
chanical performance. High-entropy alloys (1–3)
represent a radical departure from these notions.

As equiatomic, multi-element metallic systems,
they contain high concentrations (20 to 25 atomic
percent) of multiple elements with different
crystal structures but can crystallize as a single
phase (4–7). In many respects, these alloys rep-
resent a new field of metallurgy that focuses
attention away from the corners of alloy phase
diagrams toward their centers; we believe that
as this evolving field matures, a number of fas-
cinating new materials may emerge.
The CrMnFeCoNi alloy under study here is a

case in point. Although first identified a decade
ago (1), the alloy had never been investigated
mechanically until recently (5, 6, 8), yet is clearly
scientifically interesting from several perspec-
tives. It is not obvious why an equiatomic five-
element alloy—where two of the elements (Cr
and Fe) crystallize with the body-centered cubic
(bcc) structure, one (Ni) as face-centered cubic
(fcc), one (Co) as hexagonal close-packed (hcp),
and one (Mn) with the complex A12 structure—
should form a single-phase fcc structure. Fur-
thermore, several of its properties are quite unlike
those of pure fcc metals. Recent studies indicate

that the alloy exhibits a strong temperature de-
pendence of the yield strength between ambient
and cryogenic temperatures, reminiscent of bcc
metals and certain fcc solid-solution alloys (6).
Strangely, any temperature-dependent effect of
strain rate on strength appears to bemarginal (6).
Moreover, the marked temperature-dependent
increase in strength is accompanied by a substan-
tial increase in tensile ductility with decreasing
temperature between 293 K and 77 K (6), which
runs counter to most other materials where an
inverse dependence of ductility and strength is
invariably seen (9). Preliminary indications sug-
gest that this may be principally a result of the
alloy’s high work-hardening capability, possi-
bly associated with deformation-induced nano-
twinning, which acts to delay the onset of any
necking instability (i.e., localized plastic deforma-
tion that can lead to premature failure) to higher
strains (5).
We prepared the CrMnFeCoNi alloywith high-

purity elemental startingmaterials by arc melting
and drop casting into rectangular-cross-section
copper molds, followed by cold forging and cross
rolling at room temperature into sheets roughly
10mm thick. After recrystallization, the alloy had
an equiaxed grain structure. Uniaxial tensile spec-
imens and compact-tension fracture toughness
specimens in general accordance with ASTM
standard E1820 (10) were machined from these
sheets by electrical discharge machining. [See
(11) for details of the processing procedures, sam-
ple sizes, and testing methods.]
Figure 1A shows a backscattered electron (BSE)

micrograph of the fully recrystallized micro-
structure with ~6-mm grains containing numer-
ous recrystallization twins. Energy-dispersive
x-ray (EDX) spectroscopy and x-ray diffraction
(XRD) indicate the equiatomic elemental dis-
tribution and single-phase character of the al-
loy, respectively. Measured uniaxial stress-strain
curves at room temperature (293 K), in a dry
ice–alcoholmixture (200K), and in liquidnitrogen
(77 K) are plotted in Fig. 1B. With a decrease
in temperature from 293 K to 77 K, the yield
strength sy and ultimate tensile strength suts

SCIENCE sciencemag.org 5 SEPTEMBER 2014 • VOL 345 ISSUE 6201 1153

RESEARCH | REPORTS

1Materials Sciences Division, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, USA. 2Department of
Materials Physics, Montanuniversität Leoben and Erich
Schmid Institute of Materials Science, Austrian Academy of
Sciences, Leoben 8700, Austria. 3Materials Sciences and
Technology Division, Oak Ridge National Laboratory, Oak
Ridge, TN 37831, USA. 4Materials Sciences and Engineering
Department, University of Tennessee, Knoxville, TN 37996,
USA. 5Department of Materials Science and Engineering,
University of California, Berkeley, CA 94720, USA.
*Corresponding author. E-mail: georgeep@ornl.gov (E.P.G.);
roritchie@lbl.gov (R.O.R.)

DOI: 10.1126/science.1254581
, 1153 (2014);345 Science

 et al.Bernd Gludovatz
A fracture-resistant high-entropy alloy for cryogenic applications

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): September 4, 2014 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/345/6201/1153.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2014/09/03/345.6201.1153.DC1.html 
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/345/6201/1153.full.html#ref-list-1
, 2 of which can be accessed free:cites 45 articlesThis article 

 http://www.sciencemag.org/cgi/collection/mat_sci
Materials Science

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2014 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

Se
pt

em
be

r 4
, 2

01
4

ww
w.

sc
ie

nc
em

ag
.o

rg
Do

wn
lo

ad
ed

 fr
om

 
 o

n 
Se

pt
em

be
r 4

, 2
01

4
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 

 o
n 

Se
pt

em
be

r 4
, 2

01
4

ww
w.

sc
ie

nc
em

ag
.o

rg
Do

wn
lo

ad
ed

 fr
om

 
 o

n 
Se

pt
em

be
r 4

, 2
01

4
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 

 o
n 

Se
pt

em
be

r 4
, 2

01
4

ww
w.

sc
ie

nc
em

ag
.o

rg
Do

wn
lo

ad
ed

 fr
om

 
 o

n 
Se

pt
em

be
r 4

, 2
01

4
ww

w.
sc

ie
nc

em
ag

.o
rg

Do
wn

lo
ad

ed
 fr

om
 

 o
n 

Se
pt

em
be

r 4
, 2

01
4

ww
w.

sc
ie

nc
em

ag
.o

rg
Do

wn
lo

ad
ed

 fr
om
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Pour l’anecdote

Applications potentielles ...

techniques are commonly used today to manufacture
libraries with controlled composition gradients to
measure functional properties. Some structural material
properties can also use this method, and the ability to
control composition in complex alloys is already being
demonstrated.30,31 However, structural material libraries
for HEAs may also require new manufacturing methods.
In addition to continuous composition gradients,
stepped gradients and even discrete ‘dots’, each with a
unique ‘composition on demand’, may be needed. Test
techniques for structural materials may call for material
libraries that are more than an order of magnitude
thicker than can currently be produced via physical
vapour deposition. Additive manufacturing and three-
dimensional printing may give new capabilities for all of
these needs. To rapidly evaluate the microstructural
complexity of structural materials, libraries of fixed
composition but with controlled microstructure gradi-
ents are also needed. The Jominy bar is a well known
example of such a test, but there are otherwise almost no
other examples to draw upon. Material libraries of fixed
composition, subjected to controlled thermal gradients,
can be imagined to rapidly establish the microstructures
associated with solution and aging temperatures in the
solution treatment and aging heat treatment typically
used for two-phase structural materials. Deformation
gradients can also be used to give gradients in grain size.

From the very start, the high throughput experiments
described above need to be integrated with high
throughput computations. A number of computational
capabilities have been developed to sufficient maturity,
but their application to this problem set has not yet
been established and requires thought and validation.
CALPHAD computations for phase equilibria discussed
above is one example, others are available for linking
microstructure and materials properties. The materials
science and engineering communities clearly recognise
the value of integrating experiments and computations –
this is embodied in the Integrated Computational
Materials Engineering and Integrated Computational
Materials Science and Engineering activities and the
Materials Genome Initiative in the United States. These
give a solid foundation upon which progress can be
made on the problems defined here. The challenges in
this present paper add high throughput as a new
requirement to integration of experimental and compu-
tational methods.

Potential applications
The present paper focuses on approaches to developing
HEAs as structural materials. We describe microstruc-
tural design for a balance of strength and damage
tolerance and high throughput experiments needed to
accelerate development. Structural materials require
many other properties to be successful, and some work
already reports on the corrosion resistance, oxidation
behaviour and wear properties of structural HEAs.5

High entropy alloys also have properties that may be
attractive for functional applications. Electrical, thermal
and magnetic properties of HEAs have already been
measured.5 The HEAs have been considered as diffusion
barriers for microelectronics, for hydrogen storage and
for applications that require catalytic properties or
resistance to irradiation damage.5

It is often concluded that attractive structural and
functional properties can be found in HEAs. However,
there is much work between measuring a single
attractive property in a single alloy to demonstrating
credibility for a particular application. A suite of
properties must be produced in the same alloy simulta-
neously. In addition to structural or functional proper-
ties, cost and ease of manufacture are key features that
must be considered. These have generally not been
considered to date. Much of the HEA work seems to be
aimed at demonstrating the attractive potential of HEAs
as a class of materials, with less emphasis on more
focused and extended efforts to develop a particular
HEA for a particular application. Such a balance is
perhaps appropriate for a new concept, but HEAs have
passed their first decade as a new idea and may be
reaching a critical juncture. The time may be right for
initiating focused efforts to develop particular HEAs for
specific uses.

Summary perspectives
The present paper develops an approach for expanding
the current work on HEAs to include the full range of
compositional and microstructural complexity offered.
This expanded scope is essential for the development of
new, high performance structural metal alloys. The well
known, successful multiphase microstructures of pear-
litic steels, superalloys and age hardened aluminium
alloys are offered as templates to guide future studies on
multiphase compositionally complex alloys.

The vision developed here offers many new challenges
that are unique to the development of CCAs as
structural metals. The complexity of structural metals
previously came primarily from the vast array of
possible microstructures – the explosion of composi-
tional complexity in HEAs multiplies this complexity
manyfold. A severe lack of phase equilibria data in
complex composition space is shown, and new high
throughput experimental techniques are needed that
can evaluate microstructure sensitive properties. New
approaches for producing material libraries with con-
trolled composition and microstructure gradients must
be conceived and validated, perhaps using new capabil-
ities offered by additive manufacturing. These high
throughput experiments must be integrated with high
throughput computations into a single strategy to
rapidly explore, evaluate and develop new structural
materials over the full range of compositions and
microstructures possible in CCAs.

The challenges are daunting. Advancements may be
made individually at different institutes, but the com-
munity awaits a key integrating opportunity to synergise
efforts on these challenges to more rapidly accelerate
progress.
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de ces matériaux ...
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Effervescence dans la communauté scientifique internationale depuis 2004 (TMS,
european meeting 15-18/07/2014) ... mais finalement assez peu en France (journée
annuelle de la SF2M 2015) !

ICMPE, LSPM

Groupe GREMI (couches minces) - Anne-Lise Thomann, Orléans

Laboratoire Georges Friedel (ingénierie) - Anna Frackiewicz, St Etienne

Institut P’ - Gilles Laplanche, Poitiers
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Journée scientifique de découverte, d’échanges, de débats et de ... transversalité sur
un sujet où les problématiques sont multiples et multi-échelles :

échelle atomique : critères de formation ? thermodynamique ? simulationS ?
outils adaptés à l’étude de ces alliages ?(thème 1) ;

échelle micro-méso : comportements microstructuraux ? mécanismes de
déformation plastique ?(thème 2) ;

échelle macroscopique : propriétés fonctionnelles ? mécaniques ?
environnementales ? (thème 3) ;

futur : quelles voies privilégier, et pour quelles applications potentielles ?
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