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a b s t r a c t 

The growing need for stronger and more ductile structural materials has spurred an intense search for 

innovative, high-performance alloys. Traditionally, alloys face a pervasive trade-off: high strength often 

comes at the expense of ductility and vice versa. The advent of high-entropy alloys (HEAs) offering 

both high strength and ductility has transformed this landscape. In this work, we discuss the defor- 

mation mechanisms of HEAs, examine the foundations of the strength-ductility trade-off, and explore 

approaches for designing HEAs to surmount this limitation. Furthermore, we analyze the factors that 

govern HEA-deformation performance, which in turn influence the HEA design. We also propose a per- 

spective on future research directions concerning the mechanical behavior of HEAs, highlighting potential 

breakthroughs and novel strategies to advance the field. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 

1. Introduction 

The concept of the “trade-off” stems from limitations of many 

origins. It is often used to describe situations in everyday life and 

is widely-regarded as central to the foundation of the improve- 

ment in many aspects [ 1 , 2 ]. Developing advanced materials with a 

substantial improvement in both strength and ductility is our goal. 

However, many strategies that effectively strengthen materials sac- 

rifice ductility, resulting in the so-called strength-ductility trade-off

[ 3 , 4 ]. The trade-off between strength, i.e., the ability to withstand 

applied stress and ductility, the capability to undergo significant 

plastic deformation, hampers the performance and applicability of 

structural materials [5] . 

In recent years, exciting breakthroughs have led to novel strate- 

gies that successfully achieve decent tensile ductility while main- 

taining strength [6–8] . These strategies can be categorized into 

component design, structural design and post-processing methods. 

In fact, compared with conventional materials, the design concept 

of HEAs offers more room for microstructural manipulation and 

optimization [9–13] . These approaches led to unprecedented high 

strength-ductility combinations and original deformation mecha- 
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nisms. For instance, the addition of Si to CoCrFeNi enhances yield 

strength, ultimate strength, and ductility, attributed to a synergis- 

tic effect of improved solid solution strengthening and reduced 

stacking fault energy [14] . Reducing the valence electron number 

has also been explored and demonstrated in achieving the desired 

properties [ 15 , 16 ]. 

From the perspective of structural design, nano-twinned mi- 

crostructure has been utilized to overcome the strength-ductility 

trade-off in copper [17] . Generally, nanostructured metals are 

strong because ultrahigh density internal boundaries restrict the 

mean free path of dislocations. But they are also more brittle 

due to the diminished work-hardening ability. Nano-twinned met- 

als/alloys with coherent interfaces of mirror symmetry can over- 

come this inherent trade-off [18] . Strengthening occurs through 

twin boundaries interacting with dislocations and losing their co- 

hesiveness during plastic deformation [19] . These findings have 

provided valuable insights into the development of advanced ma- 

terials. 

Moreover, significant progress has been made in enhancing the 

strength and slightly reducing the ductility of HEAs through post- 

processing methods, such as cold rolling and annealing [20–22] . 

The interphase strengthening effects contribute to the superior 

mechanical performance of multiphase HEAs at the micro/nano 

scale, surpassing that of single-phase HEAs [23] . Other approaches, 

including introducing twin boundaries and gradient grain sizes 

https://doi.org/10.1016/j.jmst.2023.12.006 
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Fig. 1. Toughening mechanisms of (a) traditional alloys and (b) HEAs. 

[24] , controlling the size, morphology, and distribution of sec- 

ondary phases [25–29] , have been explored and demonstrated to 

varying extents in achieving this desired goal. 

HEAs are novel and versatile alloys with attractive mechanical 

properties [30–37] . These approaches led to unprecedented high 

strength-ductility combinations and original deformation mecha- 

nisms. However, the strength-ductility trade-off has also been a 

long-standing dilemma in HEAs, which has been one of the key 

factors restricting their potential applications as a new class of 

structural materials [ 12 , 38–42 ]. For instance, single-phase face- 

centered-cubic (FCC) HEAs typically exhibit high ductility but low 

ultimate tensile strengths at room temperature [ 34 , 43 ]. Body- 

centered-cubic (BCC) HEAs generally fracture due to early cracking, 

with limited plasticity at room temperature, restricting their mal- 

leability and widespread use [ 33 , 44 ]. Recent works also addressed 

HEAs with single hexagonal-close-packed (HCP) structures, such as 

YGdTbDyHo, YGdTbDyLu, or GdTbDyTmLu alloys [45–49] . Most of 

the HCP HEAs consist of heavy rare-earth elements. Nevertheless, a 

number of studies about HCP HEAs focus on the compositions and 

phase structures, and their mechanical properties are yet scarce. 

Overcoming the strength-ductility trade-off is a key challenge in 

the development of HEAs. The purpose of this paper is to review 

the advances made in attempts to break this barrier and discuss 

several strategies that form the foundation of our understanding 

of the improvement process. 

2. Mechanisms for overcoming strength-ductility trade-off

Compared to the classical alloy-strengthening mechanisms of 

alloys, i.e., solid-solution strengthening, fine-grain strengthening, 

precipitation strengthening, dislocation strengthening, etc. [ 19 , 50 ], 

HEAs display original and unique toughening mechanisms [ 33 , 51 ]. 

Meanwhile, the conventional deformation mechanisms have varia- 

tions due to the unique structures of HEAs, as exhibited in Fig. 1 . 

For instance, the severe lattice distortion is a core effect of HEAs, 

which enhances the lattice friction stress experienced by disloca- 

tions and increases the sensitivity of the yield stress on grain size. 

The second phase in the precipitation-strengthening mechanism of 

HEAs is not a simple phase structure but a high-entropy precipita- 

tion phase, i.e., multicomponent intermetallic nano-particles [52] , 

spinodal order-disorder nano-precipitates [26] , or ordered oxygen 

complexes [53] , etc. Moreover, the Peierls-Nabarro energy barrier 

is periodic in a dilute solid solution, while the distortions in the 

lattice and Peierls-Nabarro energy are variational for HEAs [34] . 

Besides, the Burgers vector of the dislocation in HEAs is not a 

fixed value as well. Thus, HEAs are stronger than traditional al- 

loys during deformation. This phenomenon can be even extended 

to the phase-transformation process [ 54 , 55 ]. More energy is ab- 

sorbed during the phase transformation due to the severe lattice 

distortion. Furthermore, the nano-twinning mechanism in HEAs 

can be activated at cryogenic temperatures, which simultaneously 

increases the strength and toughness of HEAs [56–62] . With the 

development of HEAs, composites have become a new means of 

increasing strength and ductility at once [63] . The detailed mecha- 

nisms of HEAs to overcome the strength-ductility trade-off are de- 

scribed as follows. 

2.1. Precipitation 

In fact, precipitation hardening is the most potent strengthen- 

ing method for many alloys [ 25 , 64 , 65 ]. Second-phase intermetal- 

lic compounds provide an efficient approach for enhancing al- 

loy strengths. In the same way, precipitation strengthening is a 

promising approach for HEAs to overcome the strength-ductility 

trade-off [66–69] . 

Generally, precipitates evenly distributed in the grains of the 

matrix produce a strong barrier to dislocation motion [70] . There 

are two possible ways to overcome such obstacles, the by-pass 

mechanism (Orowan-type) and particle-shearing mechanism [71] . 

The strength of the obstacle, the distance between the obstacles, 

and the elastic stiffness of the material are the main factors in de- 

termining the mechanism of overcoming obstacles [ 25 , 72 ]. 

The Orowan mechanism occurs when the radius of particles ex- 

ceeds a critical value or is incoherent with the matrix. The strength 

increment for the Orowan bypass mechanism ( �σO ) is given by 

Eq. (1) : 

�σO =
0 . 4 M 

π

Gb 
√ 
1 − v 

ln 
(

2 
√ 

2 
3 ·

r 
b 

)

λ
(1) 

where M is the Taylor factor, G is the shear modulus, r is the pre- 

cipitate radius, b is the Burgers vector, and λ is the wavelength of 

the Cu K α radiation. 

When precipitates are sufficiently small and coherent with the 

matrix, the shearing mechanism would dominate the interaction 

between dislocations and precipitates. First, the contribution to the 

yield strength from atomic-order strengthening ( �σos ) is given by 

Eq. (2) : 

�σos = 0 . 81 M
γAPB 

2 b 
·
(

3 πϕ 

8 

)
1 
2 

(2) 

where γ APB is the anti-phase boundary energy of the precipitates, 

and ϕ is the volume fraction of the precipitates. 
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Fig. 2. Dependence of the strengthening effect on the radii of precipitates. 

Fig. 3. Schematic diagram of the difference in precipitation strengthening between 

traditional alloys and HEAs. 

The increase in yield strength due to coherency strengthening 

is given by Eq. (3) : 

�σcs = Mαε (Gε) 
3 
2 ·

(

rϕ 

0 . 5Gb 

)
1 
2 

(3) 

where αε is a constant, and ε is the constrained lattice-parameter 

mismatch. 

Strengthening by the modulus mismatch is given by Eq. (4) : 

�σms = 0 . 0055 M(�G ) 
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where �G is the shear-modulus mismatch between the matrix and 

the precipitates, and m is a constant. 

If we keep the volume fraction of the particles constant, the 

result is a curve that increases proportionally to the square root 

of the particle radius and reaches a maximum beyond which the 

curve drops again. The particle radius is optimal at the intersection 

of the two curves i.e., the contribution to strengthening is maxi- 

mized ( Fig. 2 ). 

The most obvious difference of precipitate strengthening be- 

tween traditional and high-entropy alloys is that the precipitates 

are more complex and concentrated, i.e., high-entropy precipitates, 

which lead to better strengthening effects ( Fig. 3 ) [ 65 , 73 , 74 ]. 

Additionally, the sluggish diffusion effect in HEAs provides fa- 

vorable conditions for forming more stable and fine nano-sized 

precipitates and helps control the precipitate size [75] . The slug- 

gish diffusion effect reduces the migration rate of elements in the 

solid state, leading to the formation of smaller and more uniformly 

distributed precipitates. These fine nano-sized precipitates can ef- 

fectively enhance the material’s strength and fatigue resistance 

while maintaining good ductility [ 75 , 76 ]. Nevertheless, whether 

HEAs have slower diffusion, relative to conventional alloys, is still a 

subject of further study, which may be dependent upon the com- 

position [ 33 , 77 ]. 

For instance, Yang et al. [52] demonstrated a strategy to 

break this trade-off by controllably introducing high-density duc- 

tile multicomponent intermetallic nano-particles in (FeCoNi)86 - 

Al7 T i7 HEAs. Typical microstructural features with an elemental 

partition between the matrix and multicomponent intermetallic 

nano-particles were observed. The (FeCoNi)86 -Al7 Ti7 alloy exhibits 

a strength of 1.5 GPa and ductility of 50 % in tension, which was 

compared with other alloys at room temperature. This property 

can be eliminated by generating a distinctive multistage work- 

hardening behavior, resulting from pronounced dislocation activi- 

ties and deformation-induced micro-bands. 

Liang et al. [26] aimed to obtain a final microstructure com- 

bining a near-equiatomic matrix with high-content ductile precipi- 

tates, regardless of the initial atomic ratio. HEAs with high-content 

nano-precipitates were obtained by phase separation. The spin- 

odal decomposition creates a low-misfit coherent nano-structure 

combining the disordered FCC matrix with high-content duc- 

tile ordered nano-precipitates. The spinodal order-disorder nano- 

structure contributes to a strength increase of ∼1.5 GPa ( > 560 %), 

relative to the HEA without precipitation, achieving 1.9 GPa while 

retaining good ductility ( > 9 %). The result is significant disloca- 

tion storage required for compatible plastic strains, allowing a high 

strain-hardening rate that leads to larger uniform strains while el- 

evating strengths. 

Besides adding different metal elements in HEAs, the addition 

of small non-metallic atoms has also brought surprising changes to 

the mechanical behavior. The anomalous interstitial-strengthening 

behavior of the (TiZrHfNb)98 O2 is better with respect to a num- 

ber of developed alloys [53] . The mechanical properties of the cur- 

rent TiZrHfNb have strong dependence on the specific concentra- 

tion of oxygen. This type of ordered interstitial complex strength- 

ening mechanism is a new type of strain-hardening mechanism 

based on ordered interstitial complexes. It enables balance among 

the dislocation pinning, multiplication, and substructure homoge- 

nization, thereby leading to a high strain-hardening rate and an 

increase in both strength and ductility [53] . 

Moreover, heavy carbon-alloyed HEAs could possess a supreme 

combination of high tensile strength (935 MPa) and great ductility 

( ∼74 %) [78] . The excellent mechanical properties were ascribed 

to that carbon atoms suppress the dislocation motion and pro- 

mote the deformation-induced twinning. Simultaneously, the duc- 

tility is further secured for the single FCC structure maintained due 

to appropriate carbon alloying. Seol et al. [79] found that boron 

doping in FeMnCrCoNi and Fe40 Mn40 Cr10 Co10 (atomic percent, at. 

%) dramatically improves their mechanical properties. Boron dec- 

orates the grain boundaries and acts twofold, through interface 

strengthening and grain-size reduction. These effects enhance the 

grain-boundary cohesion and retard capillary-driven grain coarsen- 

ing, thereby qualifying boron-induced grain-boundary engineering 

as an ideal strategy for the development of advanced HEAs. 

2.2. Stacking fault energy 

Tuning stacking fault energy (SFE) through alloying stands as 

a robust protocol for manipulating the deformation mechanism 

and subsequent mechanical properties of metallic materials. SFE 

is a parameter finely adjusted through alloy composition. It sig- 

nificantly dictates diverse dislocation behaviors. The reduction of 

SFE is widely acknowledged to promote dislocation dissociation 

and deformation twinning while inhibiting cross-slip. These alter- 

ations notably augment the work-hardening capabilities of mate- 

rials, thereby enhancing their mechanical properties. Hence, the 

strategic tuning of SFE via compositional design emerges as one 

of the most effective strategies for achieving superior mechani- 

cal properties across various metallic material systems, including 

steels, HEAs, Cu alloys, and Ti alloys [80] . The marked enhance- 
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ment in mechanical performance primarily originates from the ac- 

tivation of twinning-induced plasticity or transformation-induced 

plasticity. Both of them are fundamentally rooted in the meticu- 

lous modification of SFE. 

Research delineated a notable decrease in the sample size ef- 

fect on strength with diminishing SFE. Understanding the inter- 

play between SFE and mechanical properties in HEAs is a crucial 

pursuit across a spectrum of studies. Investigation into nanostruc- 

tured alloys processed via high-pressure torsion revealed an in- 

triguing trend: reduced SFE aligns with heightened strength, par- 

ticularly evident in alloys with lower aluminum content. However, 

at extremely reduced grain sizes, this correlation between SFE and 

strength appears to reverse, impacting material uniform elongation 

[81] . 

Exploration of CrCoNi alloys uncovered a unique deforma- 

tion mechanism, which is dual phase transformations intertwined 

with continuous shear. This arises from the alloy’s capacity to 

facilitate flexible stacking sequences of low SFE layers, thereby 

enabling unconventional deformation mechanisms [82] . Investi- 

gations into Cantor HEAs of CrMnFeCoNi showed deformation- 

induced crystalline-to-amorphous phase transformations. These 

transformations enhance toughening mechanisms within the alloy 

structure. They increase crack-tip dislocation densities and form 

an amorphous phase, presenting a new way to improve material 

toughness [83] . 

Further exploration into cryogenic-deformation-induced phase 

transformations in FeCoCrNi HEAs emphasized the significance 

of temperature-dependent phase stability [84] . Despite theo- 

retical predictions favoring phase transformation due to lower 

free energy, kinetic limitations impact the occurrence of these 

transformations, highlighting the complexity of phase transitions 

in these alloys. Theoretical investigations into transformation- 

mediated twinning mechanisms unveiled a two-step phase trans- 

formation process influenced by negative SFE in metastable FCC 

materials [85] . However, challenges persist in experimentally de- 

termining SFE in metastable alloys, underscoring discrepancies be- 

tween calculated and experimental values. This underscores the 

critical need for refined methodologies to precisely measure SFE 

in these materials [ 80 , 86 ]. This comprehensive body of research 

underscores the profound influence of SFE on deformation mecha- 

nisms and mechanical properties in HEAs, emphasizing the neces- 

sity for more precise and reliable measurement techniques in this 

domain. 

2.3. Short range order 

In principle, it is generally believed that HEAs maintain stable 

single-phase disordered solid solution states, due to their high- 

entropy effect. For example, the results of the Cantor alloy mi- 

crostructure analysis show that the atomic arrangement in HEAs 

reaches almost ideal random mixing conditions. However, with the 

development of research, it is now believed that the arrangement 

of atoms in high-entropy alloys is not an ideal disorder state, and 

the coexistence of short range order (SRO) or multiphases is com- 

mon [87–89] . The schematic diagram is shown in Fig. 4 . 

Although there are lots of propositions that the SRO could 

tune the deformation mechanisms and then mechanical proper- 

ties, direct experimental evidence is still lacking. Measuring SRO 

in HEAs is crucial for understanding their properties and underly- 

ing atomic interactions [90] . Several experimental techniques can 

be employed to investigate SRO in HEAs, including high-resolution 

synchrotron X-ray diffraction (XRD) [91] , neutron scattering [88] , 

electron microscopy [92] , and atom probe tomography (APT) [93] . 

XRD and neutron scattering are powerful methods for probing 

atomic arrangements in crystalline materials, while electron mi- 

croscopy techniques like high-resolution transmission electron mi- 

croscopy (HRTEM) and scanning transmission electron microscopy 

(STEM) allow for direct visualization of atomic arrangements at the 

nanometer scale. APT, on the other hand, provides 3D atomic-scale 

compositional information, which can be used to analyze the dis- 

tribution of elements and the presence of short-range order in the 

alloy. 

Recently, Niu et al. [94] utilized in-situ TEM to investigate de- 

formation mechanisms in alloys with high SRO. Their findings offer 

intriguing insights, providing valuable information for the ongoing 

exploration of the role of SRO in deformation mechanisms and the 

resulting mechanical properties. The influence of SRO partially in- 

hibits the formation of deformation twins in the alloy, leading to 

the predominance of localized slip as the primary plastic deforma- 

tion mechanism. This effect, combined with other factors in the 

alloy, such as SFE, collectively shapes the material’s deformation 

behavior. 

In addition to experimental methods, computational techniques 

such as molecular dynamics (MD) simulations [95] and density 

functional theory (DFT) calculations [96] can be used to simulate 

atomic structures and interactions in HEAs. These methods help 

obtain atomic-scale information about the alloy’s structure and 

predict the presence of short-range order under various conditions. 

To gain a comprehensive understanding of SRO in high-entropy al- 

loys, it is advisable to use a combination of these techniques. Com- 

paring experimental and computational results enables a more ac- 

curate assessment of the short-range order and its influence on the 

properties of the alloy. 

From the perspective of the atomic group, Ma et al. [87] be- 

lieved that in high-entropy alloys, the strengthening effects of 

atoms not only exist independently but also converge together to 

provide strengthening effects. The distribution of atoms in high- 

entropy alloys is highly concentrated, and the interaction between 

atoms through electrons in high-entropy alloys cannot be ignored. 

The interaction between electrons affects the atomic size and the 

enthalpy of mixing, resulting in a heterogeneous composition in 

high-entropy alloys. 

Wu et al. [88] proposed that the SRO structure is a chemical or 

topological configuration that deviates from the disordered atoms 

within a few atomic scales. It is similar to the nano-scale precipi- 

tated phase but does not have the typical characteristics of a pre- 

cipitated phase. Therefore, the ordered group of atoms can be re- 

garded as the precursor before precipitate formation or the cluster 

obtained by precipitate decomposition. 

The SRO structure is generally not the only strengthening mech- 

anism of HEAs, but it plays a role in coordinating various strength- 

ening and toughening mechanisms. It is possible to introduce SRO 

structures into various interfaces to further enhance their impact 

on the toughening mechanism. However, whether SRO affects the 

strength of HEAs is still a subject of further study [ 97 , 98 ]. 

2.4. Severe lattice distortion 

It is demonstrated that severe lattice distortion improves both 

the yield stress and its sensitivity to grain size [99–103] . Differ- 

ent atoms elastically distort the crystal, and the elastic distortion 

of the lattice interacts with that around the dislocation. For in- 

stance, if the atoms are larger than the surrounding atoms, they 

produce compressive stress in the vicinity. When the dislocations 

attempt to enter the compressive region, they will be excluded and 

require additional energy to move on. If the dislocations approach 

the atoms with the stretched region, they will be attracted. Thus, it 

becomes difficult to detach the dislocation from the atom, pinning 

the dislocation. Smaller atoms behave the opposite. 

One major distinction between traditional and HEAs is the con- 

centration of solute atoms in a solid solution [ 104 , 105 ]. Traditional 

alloys have limited solubility due to their large radius difference. 
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Fig. 4. Schematic illustration of the formation of SRO structures in disordered solid solutions of HEAs. 

Fig. 5. Schematic diagram of the difference in crystal structures between traditional 

alloys and HEAs. 

Thus, they usually achieve only moderate strengthening. However, 

HEAs involve multiple solutes and become difficult to identify a 

“solvent”, such as the so-called complex concentrated alloys [106–

108] . The degree of the solid solution of HEAs has reached a maxi- 

mum. Experimentally, the following relation between the contribu- 

tion to strengthening, σ ss , and the concentration, c , of the solvent 

atoms is found by Eq. (5) : 

�σss ∝ cn (5) 

The exponent, n , takes values of about 0.5. From the equation, 

we might infer that HEAs choosing atoms with differing radii as 

substitutional atoms will achieve a larger strengthening contribu- 

tion than traditional alloys. Fig. 5 illustrates this trend, using the 

sphere model of atoms. 

Sohn et al. [109] have shown that the VCoNi equiatomic 

medium-entropy alloy exhibits a near 1 GPa yield strength and 

good ductility, outperforming conventional solid-solution alloys. 

Furthermore, the dislocation-mediated plasticity effectively en- 

hances the strength-ductility relationship by generating nano-sized 

dislocation substructures due to massive pinning. The lattice- 

friction stress is expressed by the following Eq. (6) : 

σ0 = 2 MG/( 1 − v ) exp 
(

−2 πw/b 
)

(6) 

where M = 3.06 is the Taylor factor for the FCC phase, G is the 

shear modulus, v is the Poisson’s ratio, w is the width of a dislo- 

cation, and b is the magnitude of the Burgers vector. The results 

demonstrate that severe lattice distortion is one of the key proper- 

ties for identifying strong materials for structural engineering ap- 

plications. 

Fig. 6. Schematic diagram of the burgers vector in dislocation strengthening be- 

tween traditional alloys and HEAs. 

2.5. Dislocations 

The yield strengths of alloys derive from the lattice resistance to 

dislocation motion [3] . Dislocations are one-dimensional lattice de- 

fects, which tend to increase the material strength [ 42 , 110 , 111 ]. A 

higher dislocation density may induce an increase in strength. If a 

sufficiently large shear stress acts on a dislocation, the dislocation 

moves through the crystal. There are two vectors that can describe 

an edge dislocation: One is the line vector, t , pointing the direc- 

tion; another is the Burgers vector, b , which can be determined by 

the Burgers circuit around the dislocation line [112] . 

In contrast to traditional alloys, where the Burgers vector is 

constant due to the stable distance of atoms, the Burgers vector in 

HEAs constantly varies because the environment around each atom 

is diverse, as visualized in Fig. 6 . The role of the configurational 

entropy, the influence of multiple principal elements on the dislo- 

cation core structure, and the interaction between dislocations and 

various types of defects or solute atoms contribute to the unique 

dislocation-strengthening mechanisms in HEAs. 

Deng et al. [113] observed that high-density active disloca- 

tions in Fe40 Mn40 Co10 Cr10 HEAs overlapped and crisscrossed with 

each other, resulting in a high-density dislocation wall and hinder- 

ing the movement of the dislocation. At high strains, deformation 

twinning is activated as an additional mechanism leading to strain 

hardening. The dislocation-strengthening value can be calculated 

according to Eq. (7) 

�σdis = MαGb ρ1 / 2 (7) 

where �σdis represents the dislocation-strengthening value, M 

and α are 3.06 and 0.2 for a face-centered-cubic phase, respec- 
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Fig. 7. Schematic diagram of the Peierls-Nabarro energy in dislocation strengthen- 

ing between traditional alloys and HEAs. 

tively, G represents the shear modulus, b represents the Burgers 

vector, and ρ represents the density. 

The atomic bonds have to flip for a dislocation to move, which 

requires stretching. The resulting Peierls-Nabarro force fixes the 

dislocation at its momentary position and has to be overcome to 

move it. The Peierls-Nabarro force plays an important role in the 

yield strengths of metals and alloys [114–116] . After the disloca- 

tion has moved by half a Burgers vector, the Peierls force pushes 

it forwards and moves it to the position of the next energy mini- 

mum. The Peierls force thus acts as a kind of frictional force and 

reduces the effective stress that can be used to drive the disloca- 

tion to overcome other obstacles. 

In ordinary alloys, the Peierls-Nabarro force is a periodically- 

varying force in the crystal lattice due to the low concentration 

of solid solutions. However, in HEAs, this force is a non-periodic 

force due to the high concentration of solid solutions, as presented 

in Fig. 7 . This trend also means that the movement of HEAs’ dis- 

locations needs to consume more energy, making them stronger 

than ordinary alloys [117] . It is also essential to investigate how 

other alloys overcome similar challenges. For example, He et al. 

[118] developed a strategy in medium manganese steels involving 

cold rolling, followed by low-temperature tempering. This process 

resulted in steels with metastable austenite grains embedded in 

a highly-dislocated martensite matrix, leading to both dislocation 

hardening and high ductility. The deformed and partitioned steel 

exhibited yield strengths of 2.21 and 2.05 GPa, respectively. Un- 

derstanding the underlying principles in this strategy could help 

develop novel approaches for enhancing dislocation strengthening 

and ductility in HEAs. Another example that could inform the HEA 

research is the dislocation network structure observed in the 316L 

stainless steel produced using selective laser melting manufactur- 

ing, as reported by Liu et al. [3] . This method led to enhanced 

yield strength and ductility due to the high density of "flexible in- 

terfaces" that significantly tuned dislocation behaviors. By exam- 

ining these examples and understanding the mechanisms at play, 

researchers can potentially develop innovative methods for opti- 

mizing the dislocation-strengthening mechanisms in HEAs. 

2.6. Size effect 

Size effects in materials can be broadly classified into two cate- 

gories: grain-size and sample-size effects. Both of these size effects 

play a crucial role in determining the mechanical properties and 

overall performance of materials in various applications. 

Grain boundaries are barriers to the dislocations’ movement 

during the plastic deformation of the polycrystalline alloys. Gen- 

erally, the strength of metals increases with decreasing grain size. 

Moreover, adjacent grains must be deformed to avoid material 

overlaps or gaps. Therefore, more slip systems must be activated 

near grain boundaries to achieve compatible deformation of the 

grains, and they are more difficult to activate and require higher 

stresses. 

Thus, grain-boundary strengthening contributes to the mate- 

rial’s strength with an amount that is proportional to the inverse 

of the square root of the grain size. If we introduce a new propor- 

tionality constant, k , the amount of grain-boundary strengthening 

can be calculated by Eq. (8) : 

�σGs = k/
√ 

d (8) 

where d is the grain size. 

The advantage of grain-boundary strengthening is that the duc- 

tility of the material does not decrease with decreasing grain size 

and increasing strength, as long as the grain size remains in the 

coarse-grained region ( > 1 μm) [119–121] . The tensile behavior of 

the HEAs with varied grain sizes has been widely studied [ 15 , 122–

129 ]. Earlier work by Kumar et al. [126] presented the single-phase 

Al0.1 CoCrFeNi HEA, which was prepared by friction stir processing. 

He reduced the grain size of a single-phase Al0.1 CoCrFeNi HEA from 

millimetres to 14 ± 10 μm by friction stir processing. This pro- 

cess resulted in a substantial improvement of strength and duc- 

tility, compared with the as-cast condition, due to the enhanced 

grain refinement and a large fraction of high-angle grain bound- 

aries. The high values of the Hall-Petch coefficients suggest that 

regulating grain size is an effective way to strengthen HEAs [122] . 

Severe plastic deformation is a more efficient technique to pro- 

duce nano-scale and ultra-fine grains. It has been widely applied 

to refine the microstructure of various metallic materials. The 

ultrafine-grained Al0.1 CoCrFeNi alloy was fabricated by cryo-rolling 

at the liquid nitrogen temperature and subsequent annealing [130] . 

It exhibits a high ultimate tensile strength above 1.0 GPa and a ten- 

sile strain larger than 20 %. The quantitative analysis of the grain- 

size dependence of strength suggests that a high lattice friction 

stress and a high grain-boundary strengthening are two major rea- 

sons for the strength-ductility balance. The trade-off between the 

strength and ductility results in an inverse relationship between 

the ultimate tensile strength and ductility. 

The quantitative analysis of the grain-size dependence of 

strength suggests that a high lattice friction stress and a high 

grain-boundary strengthening are two major contributions to the 

excellent strength-ductility balance of the ultra-fine-grained HEAs. 

Table 1 lists the grain-size effect on the yield strength, ultimate 

tensile strength, and ductility of FeNiMnCoCr and Al0.3 CoCrFeNi al- 

loys. 

Sample-size effects, on the other hand, refer to the impact of 

the overall dimensions of a material sample on its mechanical 

properties. In micro- and nano-scale samples, such as micropillars 

or nanopillars, the sample size significantly affects properties like 

yield strength, flow stress, and strain hardening. This trend is pri- 

marily due to the reduced number of dislocations and other de- 

fects present in smaller samples, leading to a change in the gov- 

erning deformation mechanisms. Sample-size effects often follow 

a power-law scaling, where properties, such as yield stress or flow 

stress, depend on the sample size with an inverse power-law ex- 

ponent. 

Three recent studies on HEAs reveal crucial insights into their 

mechanical properties and deformation mechanisms. Okamoto 

et al. [41] investigated the equiatomic CrMnFeCoNi HEA with an 

FCC structure and revealed a size-dependent critical resolved shear 

stress (CRSS), identified by an inverse power-law scaling exponent 

of -0.63. Zhang et al. [136] examined plastic-deformation mech- 

anisms in single-crystalline HEAs with body-centered-cubic (BCC) 

phases, uncovering significant size effects on the yield/flow stress 

and remarkable strain hardening influenced by nanopillar orien- 

tation. Zhang et al. [137] also delved into the deformation be- 

haviors and mechanisms of single-crystalline CoCrFeNi HEA mi- 
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Table 1 

Tensile properties of two typical HEAs in different grain sizes. Alongside shown is the information on the phase constitution, uniaxial yield 

strength, σ 0.2 , ultimate tensile strength, σ uts , elongation to fracture, ε, average grain size, and testing temperature. 

Alloy d ( μm) σ 0.2 (MPa) σ uts (MPa) ε (%) Temperature ( °C) Refs. 

FeNiMnCoCr 0.65 800 888 27 298 [131] 

77 254 585 53 298 [132] 

4.4 350 650 60 293 [133] 

4.4 590 1,100 90 77 [133] 

30 300 676 41 298 [131] 

155 165 520 80 293 [133] 

155 350 900 105 77 [133] 

∞ 510 1,580 60 296 [133] 

∞ 240 980 58 77 [133] 

Al0.3 CoCrFeNi 1.26 1,320 1,600 17.5 77 [134] 

1.26 1,136 1,207 11 298 [134] 

1.95 600 984 25 298 [134] 

2.13 588 968 26 298 [134] 

2.29 512 924 29 298 [134] 

2.30 516 930 30 298 [134] 

50 275 528 37 293 [135] 

∞ 185 399 80 293 [135] 

cro/nanopillars, identifying pronounced size effects on yield and 

flow stresses across different orientations. Nucleation and slip 

of full dislocations dominate the plastic deformation in < 110 > 

and < 111 > -oriented micro/nanopillars, while deformation twin- 

ning governs < 100 > -oriented micro/nanopillars. Large-scale atom- 

istic simulations and a theoretical model help elucidate these de- 

formation mechanisms, informing the design and fabrication of 

HEAs with high strength and remarkable plasticity. 

Grain-size and sample-size effects are essential for tailoring the 

material strength and ductility properties. Investigating these size 

effects allows researchers to develop strategies for optimizing HEAs 

for a wide range of applications. 

2.7. Heterogeneous structure 

After applying torsion to cylindrical twinning-induced plasticity 

steel samples to generate a gradient nano-twinned structure along 

the radial direction, it was found that the yielding strength of the 

material can be doubled at no reduction in ductility [138] . It is 

shown that this evasion of strength-ductility trade-off is due to the 

formation of a gradient hierarchical nano-twinned structure during 

pre-torsion and subsequent tensile deformation [ 4 , 138–144 ]. Pan 

et al. [144] introduced gradient dislocations and grain boundaries 

in a single FCC phase Al0.1 CoCrFeNi alloy by cyclic torsion. This mi- 

crostructure allows for high plasticity and enhances strength si- 

multaneously. Moreover, the high-density stacking-faults-induced 

refined structure further improves the ductility and strength of this 

material. 

An [145] summarized that structural hierarchy defeats alloy 

cracking. For example, eutectic high-entropy alloy (EHEA) devel- 

ops a hierarchically organized herringbone microstructure that im- 

parts multiscale crack buffering. This material exhibited excep- 

tional damage tolerance over large tensile deformation, as well as 

ultrahigh uniform elongation. Hasan et al. [146] discovered that 

non-uniform elemental distributions in certain alloys can positively 

impact their mechanical performance. The enrichment of Mn and 

Ni at interdendritic boundaries occurred during the solidification 

process of the CrMnFeCoNi HEA, and this phenomenon was further 

intensified during dynamic deformation. The resulting alternation 

between soft and hard regions effectively impedes the propagation 

of adiabatic shear bands, thereby enhancing the material’s tough- 

ness. 

Wu et al. [147] developed a methodology to design and fabri- 

cate Al0.1 CoCrFeNi HEAs with a complex heterogeneous structure 

through cold working, followed by intermediate-temperature an- 

nealing. The bulk HEAs possess a yield strength of 711 MPa, ten- 

sile strength of 928 MPa, and uniform elongation of 30.3 %. The 

enhancement of the strength-ductility trade-off is due to the mi- 

crostructure comprised of a combination of the non-recrystallized 

and recrystallized grains arranged in complex heterogeneous struc- 

tures with a characteristic dimension spanning from the submi- 

cron to coarse-sized scale. The initial heterogeneous structure of 

the HEA is composed of stretched grains, partially recrystallized 

grains, and recrystallized grains. 

Fu et al. [148] also designed and implemented a het- 

erogeneous grain structure to strengthen a single-phase 

FCC Fe29 Ni29 Co28 Cu7 Ti7 HEA. The heterostructured (HS) 

Fe29 Ni29 Co28 Cu7 Ti7 HEA shows a dramatic enhancement (in- 

creasing from ∼350 to ∼614 MPa) in the tensile yield strength, 

as compared to its coarse-grain (CG) counterpart. The post- 

annealed Fe29 Ni29 Co28 Cu7 Ti7 HEA potentially exhibits a randomly 

distributed heterogeneous microstructure. Compared to its CG 

counterpart, the HS Fe29 Ni29 Co28 Cu7 Ti7 HEA has a significant 

improvement in mechanical properties. This mechanism can be 

explained as follows: (1) Coarse and fine grains deform in an 

elastically similar manner to their homogeneous coarse-grained 

counterparts. (2) Deformation incompatibility of fine and coarse 

grains results in geometrically necessary dislocations (GND). Ac- 

cordingly, the GNDs strengthen the soft coarse grains through 

forest-hardening and cross-slip mechanisms, leading to improved 

strength. 

Shi et al. [149] used an AlCoCrFeNi2.1 alloy to engineer an 

ultrafine-grained duplex microstructure that deliberately inherits 

its composite lamellar nature by tailored thermo-mechanical pro- 

cessing to achieve property combinations. The samples exhibit hi- 

erarchically structural heterogeneities due to phase decomposition, 

and the improved mechanical response during deformation is at- 

tributed to both a two-hierarchical constraint effect and a self- 

generated microcrack-arresting mechanism. Shi et al. [148] also 

found self-buffering herringbone microstructure of eutectic HEA 

was extremely resistant to fracture. This trend is due to that the 

dynamic strain-hardened features prevent the crack from grow- 

ing catastrophically and propagating rapidly. The material exhibits 

three times the plasticity of a non-buffering eutectic HEA without 

sacrificing strength. 

The concept of designing heterogeneous structures involves 

identifying material parameters for specific properties. However, 

achieving precise control of the localized chemical and structural 

heterogeneities is challenging. Advanced manufacturing technolo- 

gies, such as additive manufacturing, have the potential to realize 
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Fig. 8. Schematic diagram of the difference in martensitic transformation between 

traditional alloys and HEAs. 

innovative heterogeneous structural alloy design concepts. This is 

achieved through the support of dedicated multiscale processing 

control. 

2.8. Phase transformation 

Phase transformations are important in the processing of met- 

als and alloys, and they involve some alteration of the microstruc- 

ture. In this summary, we mainly focus on martensitic transforma- 

tion. This kind of phase transformation is diffusionless and instan- 

taneous, wherein a metastable phase is produced. 

HEAs studies presently favor single-phase, disordered solid- 

solution alloys [ 150 , 151 ]. Single-phase FCC HEAs usually display 

good ductility but relatively low strengths, while BCC HEAs are 

in the opposite [152] . In HEAs, the high proportion of different 

elements (e.g., Al, Fe, Mn, Ta, Nb, and W) may cause significant 

changes at the atom-lattice position. As such, they constitute a su- 

per solid solution that is capable of a much quicker transforma- 

tion to other structures than traditional alloys if stress is applied 

( Fig. 8 ). 

The metastability-engineering strategy has been widely used 

in high-manganese steels and titanium alloys. This approach can 

also be applied to the HEAs field [153–155] , for instance, the 

Fe80- x Mnx Co10 Cr10 and Tax HfZrTi HEA systems [ 54 , 55 ]. The me- 

chanical behavior of the newly developed Fe50 Mn30 Co10 Cr10 HEAs 

is superior to various single-phase HEAs. The underlying idea is to 

destabilize the high-temperature FCC phase via changing the Mn 

or Ta content, which promotes the TRIP effect. Consequently, both 

the strength and ductility were significantly increased due to the 

concurrent interface hardening from the dual-phase microstructure 

and transformation hardening from the metastability [156] . 

Raabe et al. [127] have tailored microstructures of the TRIP 

Fe50 Mn30 Co10 Cr10 HEA to obtain higher values of the strength- 

ductility product index. The combination of the fine grain size and 

distribution of small volume fractions of HCP phases leads to the 

high work-hardening rate over an extended plastic strain range due 

to an enhanced TRIP effect. 

In many instances, the preferred state for numerous important 

alloys is a metastable one, intermediate between the initial and 

equilibrium states. Sometimes, a microstructure far removed from 

the equilibrium one is desired. Therefore, it is crucial to investigate 

the influence of time-dependent phase transformations on high- 

entropy alloys (HEAs). This information is often more valuable than 

knowing the final equilibrium state alone. 

2.9. Composite structure 

The observed mechanical properties trade-off in metamateri- 

als is due to competition between the strengthening and tough- 

ening mechanisms in materials. Fabricating composite materials is 

a vital approach to evade such a trade-off to optimize the prop- 

erties of mechanical metamaterials. Until now, research on high- 

entropy composite materials is rare. Zhang et al. [63] created an 

octet-truss composite nano-lattice made of two constituent ma- 

terials, a polymer core, and an HEA coating that overcome the 

strength-recoverability trade-off. The light and ductile polymer 

core serves as a frame for allowing the whole structure to re- 

cover after large deformation, while the ultra-strong HEA coat- 

ing improves the strength. The polymer-HEA composite nanolat- 

tices simultaneously achieve high strength and good recoverabil- 

ity, thereby overcoming the strength-recoverability trade-off. Dur- 

ing compression to a strain of 50 %, the maximum strength of the 

composite nano-lattice reaches 11.6 MPa, leading to an energy ab- 

sorption per unit volume of 4.0 MJ/m3 , which is higher than that 

of most natural materials (such as bone, antler, and calcite) and 

micro/nano-lattices reported previously. 

2.10. Preparation-method effect 

The preparation method plays a critical role in determining the 

mechanical properties of HEAs, as it influences the microstruc- 

ture, phase composition, and distribution of elements. Traditional 

techniques, such as casting [157–159] and powder metallurgy 

[ 160 , 161 ], have been widely used to prepare HEAs, but they of- 

ten struggle to overcome the strength-ductility trade-off due to 

the formation of coarse grains, inhomogeneous elemental distribu- 

tion, and presence of brittle intermetallic phases. Additive manu- 

facturing (AM) has emerged as an advanced technique for produc- 

ing HEAs with the potential to break the strength-ductility trade- 

off [162–164] . The AM techniques, such as selective laser melting 

(SLM) [165–167] and electron beam melting (EBM) [ 168 , 169 ], en- 

able the fabrication of complex geometries and the tailoring of mi- 

crostructures through the precise control of processing parameters. 

Rapid solidification and cooling rates associated with AM lead to 

the formation of refined grain structures, uniform elemental dis- 

tribution, and metastable phases, all of which can contribute to 

the improved strength and ductility in HEAs [77] . Moreover, the 

flexibility offered by AM facilitates the design and optimization 

of novel HEA compositions and microstructures, paving the way 

for the development of high-performance materials with enhanced 

mechanical properties for a wide range of applications. 

The ductility of AM-produced HEAs can vary, depending on the 

specific alloy system and processing parameters [ 170 , 171 ]. In some 

cases, the rapid cooling rates associated with AM processes can 

lead to the formation of highly disordered microstructures with 

a reduced number of brittle intermetallic phases, which can im- 

prove the ductility of the resulting alloy [172] . However, in other 

cases, the high residual stresses and porosity often observed in 

AM-produced components can have a negative impact on ductil- 

ity [173] . Careful control of the processing parameters and post- 

processing heat treatments can help mitigate these issues and op- 

timize the ductility of AM-produced HEAs. 

When comparing the strength and ductility of AM-produced 

HEAs to those manufactured using traditional methods, several fac- 

tors should be considered. The microstructures of AM-produced 

HEAs are typically more refined and homogeneous, compared to 

those of traditionally fabricated counterparts. This feature can lead 

to an improvement in both strength and ductility for the AM- 

produced alloys. However, the presence of porosity and residual 

stresses in AM components can counteract these benefits and neg- 

atively impact their mechanical properties. 

The processing parameters used during the AM process can sig- 

nificantly influence the mechanical properties of the resulting HEA 

components. For example, adjusting the laser power, scan speed, 

and layer thickness in SLM can help optimize the balance between 

strength and ductility by controlling the solidification behavior 
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Fig. 9. Schematic diagram of the deformation mechanisms at room and cryogenic 

temperatures. 

and resulting microstructure [ 174 , 175 ]. Post-processing techniques, 

such as heat treatments and hot-isostatic pressing, can be em- 

ployed to further refine the microstructures and alleviate resid- 

ual stresses in AM-produced HEAs [176–178] . These treatments can 

help enhance both the strength and ductility of the components, 

making them more comparable or even superior to their tradition- 

ally fabricated counterparts. 

In conclusion, AM holds great potential for producing high- 

performance HEA components with improved strength and duc- 

tility, compared to traditional manufacturing methods. However, 

careful control of the processing parameters and post-processing 

treatments is crucial to fully harness the advantages of AM for HEA 

production. 

2.11. Temperature effect 

In addition to slip, plastic deformation in some metallic materi- 

als can also occur through the formation of mechanical twins [179–

182] . Mechanical twinning occurs in metals at low temperatures, 

shock loading, and conditions under which the slip process is re- 

stricted. The amount of the bulk plastic deformation from twinning 

is normally small, relative to that resulting from slip. However, the 

real importance of twinning lies with the accompanying crystal- 

lographic reorientations. Mechanical twinning may place new slip 

systems in orientations that are favorable, relative to the stress axis 

such that the slip process can now take place [183] . For HEAs, the 

deformation mechanism at low temperatures is transformed from 

the dislocation slip to mechanical nano-twinning [ 57–59 , 84 , 184 ], 

as presented in Fig. 9 . Extensive dislocation-twin boundaries inter- 

actions are propitious to the enhancement of the strain-hardening 

and then ductility [17] . This feature makes the mechanical proper- 

ties of HEAs exhibit excellent plasticity and strength at cryogenic 

temperatures. The temperature dependence of the yield strength 

can be expressed as the sum of thermal ( σ th ) and athermal ( σ ath ) 

components [ 60 , 185 ]: 

σy = σth + σath (9) 

where σ th is the thermal contribution, which corresponds to the 

thermal activation of dislocation motion, and σ ath is an athermal 

contribution, which is independent of the temperature. 

In addition to tailoring the microstructure, temperature could 

also change the deformation to encourage strain-hardening mech- 

anisms during deformation [ 179 , 180 , 186–188 ]. A prominent exam- 

ple is an equiatomic HEA with the composition of FeMnNiCoCr, 

which showed excellent strength, ductility, and fracture toughness 

at cryogenic and room temperatures [ 56 , 60 , 62 , 179 , 189 ]. Mechanical 

properties of a typical FeMnNiCoCr HEA improve at cryogenic tem- 

peratures [56] . This trend is due to a transition from the planar- 

slip dislocation activity at room temperature to deformation by 

mechanical nano-twinning with decreasing temperature, which re- 

sults in continuous steady strain hardening. 

The quaternary CoCrFeNi HEA [190] also shows high strength 

and ductility in the cryogenic environment. The strength and duc- 

Fig. 10. A summary of reported routes for overcoming strength-ductility trade-off

in HEAs, for instance, dislocation [118] , grain size [191] , heterostructured grains 

[148] , ordered oxygen complexes [53] , precipitation [52] , severely disordered lattice 

[109] , temperature [56] , and phase transformation [54] . 

tility can be ascribed to the low stacking fault energy at extremely 

low temperatures. The low stacking fault energy facilitates the ac- 

tivation of deformation twinning and phase transformation at the 

liquid helium temperature, which produces a high strain-hardening 

rate to sustain the stable plastic flow. 

In conclusion, we sum up the typical examples to break the 

strength-ductility trade-off in Fig. 10 . Different methods affect the 

strength and plasticity of the alloy to varying degrees. However, 

these seemingly distinct tactics share a unifying design princi- 

ple in tailoring the microstructure, especially defects, to enhance 

strain hardening and consequently, uniform tensile ductility at high 

stresses. Furthermore, there are still multiple facets that can affect 

the final properties of alloys deserved for detailed understanding. 

Fig. 11 shows a comparison of yield and tensile properties 

of HEAs with various traditional alloys. It is obvious that HEAs 

are separated from the common trend for conventional metal- 

lic materials, suggesting a favorable strength-ductility combination. 

This trend reveals that although overcoming the strength-ductility 

trade-off has been challenging in the past, it is now promising to 

achieve great tensile strength and ductility simultaneously in HEAs 

due to the original design concept and mechanisms. 

3. Future work 

High-entropy alloys (HEAs) have gained significant interest due 

to their potential to surpass the property limits of current mate- 

rials. To advance our understanding, design, and applications of 

HEAs, future research should focus on key areas. 

For instance, even with recent advancements in computational 

techniques, accurately predicting the properties of HEAs remains 

challenging due to their complex compositions. Future research 

should prioritize developing and refining computational models, 

utilizing machine learning and artificial intelligence to predict HEA 

properties, phase stability, and microstructures. Moreover, atten- 

tion should be given to the development of rapid synthesis and 

characterization methods and the investigation of minor alloying 

elements and entropy effects. Furthermore, emphasizing environ- 

mentally friendly HEAs and interdisciplinary collaboration will be 

essential for promoting sustainable technology development and 

facilitating accelerated industry adoption. 

The exploration of advanced processing techniques, such as ad- 

ditive manufacturing and novel heat treatments, is crucial for op- 
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Fig. 11. (a) Yield and (b) ultimate tensile properties of traditional alloys and HEAs 

overcoming the strength-ductility trade-off [ 52–56 , 62 , 143 , 147 , 191 ]. 

timizing microstructures and properties of HEAs, ultimately result- 

ing in high-performance materials with superior mechanical and 

functional attributes. Furthermore, in-situ and operando character- 

ization techniques will offer valuable insights into the evolution 

of microstructures, phase transformations, and mechanical behav- 

ior of HEAs under various conditions, which will benefit their real- 

world applications and performance optimization. 

Tackling challenges related to scale-up and industrial adoption 

is vital for the long-term success of HEAs. This involves develop- 

ing cost-effective, scalable production methods, establishing robust 

quality control systems, and ensuring the long-term performance 

and reliability of HEA components across a range of applications. 

Addressing these challenges will enable more widespread integra- 

tion of HEAs into various industries. 

By focusing on these future work areas, we aim to not only ad- 

vance the understanding, design, and application of high-entropy 

alloys but also contribute to the development of next-generation 

materials that outperform current ones. This advancement will ul- 

timately lead to innovative technologies and sustainable solutions 

across diverse industries, enhancing our quality of life and promot- 

ing a more sustainable future. 

4. Summary 

The strength-ductility trade-off has been a long-standing 

dilemma in materials science. This feature has limited the potential 

of many structural materials, alloys in particular. However, a few 

methods have shown the capability of improving strength while 

retaining the ductility of materials. We summarized the mechan- 

ical properties and deformation behavior of HEAs and reviewed 

the proposed strengthening-toughening strategies and correspond- 

ing deformation mechanisms. In the approaches to achieve en- 

hanced strength or ductility for the HEAs, the common theme 

is tailoring microstructures by manipulating the microstructures, 

for instance, twins, dislocations, second phases, precipitates, grain 

boundaries, short range order, etc. The alternative is to take ad- 

vantage of the dependence of the flow mechanism on deformation 

conditions. Thus, appropriate deformation conditions can be em- 

ployed to make use of the elevated strain-rate hardening capabil- 

ity of some materials. The result is a simultaneous enhancement of 

strength and ductility, rather than one of them alone. 

These research directions offer numerous new opportunities. As 

evident from previous discussions, many poorly explained obser- 

vations and unexplored territories remain. For almost every ap- 

proach, there are arguments that need to be substantiated and 

better analyzed. Future research should focus on addressing these 

knowledge gaps, refining our understanding of the underlying 

mechanisms, and further exploring the potential of HEAs to over- 

come the strength-ductility trade-off, ultimately paving the way for 

the development of advanced materials with superior mechanical 

properties for a wide range of applications. 
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