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Abstract: Multi-principal element high-entropy materials ( MPE-HEMs) have practically infinite chemical composition
space, and their microstructures can also be effectively controlled by synthesis and processing technologies. Therefore,
through the coupling design of chemical composition and microstructure, various mechanisms can be effectively coordinated
in MPE-HEMs to achieve excellent comprehensive mechanical properties. In addition to the strengthening and toughening
effects in traditional single-principal element materials, unique mechanisms can be activated in MPE-HEMs to obtain better
combinations of strength and ductility/toughness. This overview paper summarizes a variety of unique strengthening and
toughening mechanisms in MPE-HEMs, including massive substitutional and interstitial solid solution, metastable engineer-
ing and bidirectional transformation, symbiotic dual-nanoprecipitation and hierarchical nanoprecipitation, high-stress twin-
ning, high-density stacking faulting and sluggish martensitic transformation, and nano-amorphous-crystalline high-entropy
composite mechanisms. The principles and ideas for designing compositions and microstructures of MPE-HEMs to realize the
above unique mechanisms are described, the microscopic fundamentals of the typical mechanisms in specific MPE-HEMs are

also analyzed. Furthermore, based on the classical strengthening and toughening mechanisms in traditional single-principal

element materials and the uniqueness of MPE-HEMs, other
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functional properties based on the large room of composi-
tional and structural design are prospected, which suggests

important ways to effectively exploit the unique advantages
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Fig. 1 Atom probe tomography ( APT) and transmission electron microscopy ( TEM) analyses of the “massive interstitial solid solution”

high-entropy alloy containing interstitial oxygen content of 11. 6at%!?! ; (a) three-dimensional reconstruction of a typical APT data-

set, (b) 1D compositional profile along the length direction of the arrow displayed in Fig. la, (c) thin slice through the APT data-

set revealing two sets of {110} atomic planes
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Fig. 2

Microstructure and reverse transformation of typical metastable HEA: (a) XRD patterns and EBSD phase maps of non-equiatomic

Fegy_,Mn,Co,,Cr,,(x=45, 40, 35 and 30, at%) HEAs (21 (b) atomic-scale HAADF-STEM image of nanoscale y-twin with 10 atomic

layers after deformation induced reverse transformation, (c¢) schematic showing the formation of atomic layers of FCC y with ABCABC:--- stac-

king sequence, (d) schematic showing the formation of atomic layers of FCC y twin with CBACBA--- stacking sequence
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Fig. 3

Dual-nanoprecipitation and mechanical properties of a typical lightweight high-entropy steel ). (a) APT reconstruction map highlighted

by iso-composition surfaces of 30at% Ni, 30at% Al, and 10at% C; (b) atomic density maps of Ni and C; (¢) 1D compositional profiles

showing the exact chemical compositions of y matrix, k-carbide, and B2 phase; (d) engineering stress-strain curves of the samples in va-

rious annealing conditions and the reference steels including conventional lightweight steels ( TRIPLEX ), high-specific-strength steel
(HSSS) and high-strength dual-phase heterogeneous lamella structured HEAs ( DPHL-HEAs) ; (e) plot of specific UTS (ultimate tensile

strength per mass density) as a function of elongation for the various alloys
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Fig. 4 High-stress deformation twinning behavior in a typical lightweight compositionally complex high-entropy steel with relatively high stacking

fault energy[42

1. (a) true tensile stress-strain curve under tension at a strain rate of 107> ™', the curves of four typical lightweight steels

with similar SFEs are shown for comparison; (b) atomic-scale structure of the deformation nanotwin and the matrix( ‘ TB’ denotes the

twin boundary)
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Fig. 5

fault energy (44

High-density stacking faulting and sluggish martensitic transformation in a Fes)Ni,;CoyyCr,,Si}, high-entropy alloy with ultralow stacking

1. (a) typical scanning transmission electron microscopy (STEM) image showing the dissociated dislocations, (b) measured

separation distance of the Shockley partial dislocation pairs as a function of the angle between the dislocation line and the Burgers vector of

the perfect dislocation, (c¢) inverse FFT image showing the FCC lattice and short-range order regions, (d, e) STEM images at different

magnifications showing the high-density stacking faults in the alloy sample with a local strain of 80%, (f) atomic-scale STEM image showing

a few hexagonal closed-packed martensite of several atomic layers
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Fig. 6 Mechanical properties and plastic deformation mechanisms of the crystal-glass high-entropy composite material | *7)

. (a) compressive engi-

neering stress-strain curves of various materials; (b) SEM image of the sample containing nano-amorphous phase after compression to an i-

dentical engineering strain of 50%; (c¢) SEM image of the sample without nano-amorphous phase after compression to an identical engineer-

ing strain of 50%; (d) cross-sectional LAADF-STEM image of a deformed nano-amorphous-crystalline high-entropy composite pillar which

has undergone ~50% total plastic engineering strain ( the transition region and base material are also shown) ; (e) enlarged cross-sectional

LAADF-STEM image of a deformed nanograin in the transition region, indicated by the blue arrow in Fig. 6d; (f) enlarged cross-sectional

LAADF-STEM image of a deformed nanograin in the deformed pillar, indicated by the red arrow in Fig. 6d; (g) schematic illustration of the

structure evolution during plastic deformation
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Fig. 7 Strengthening and toughening mechanisms in conventional materials and novel high-entropy materials ( HEMs) ( * SFE’ refers

to ‘stacking fault energy’ )
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