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Figure 1 (Color online) Schematic illustration of heterogeneous structures at different scales in medium/high entropy alloys
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Figure 2 (Color online) Experimental characterization of local chemical order in medium/high entropy alloys and associated strengthening-
toughening mechanisms. (a) EDS mapping of short range order on {113} along <112> zone axis in CoCrNi medium entropy alloym]; (b) evolution of

Warren-Cowley order parameters with Monte Carlo swaps in CoCrNi medium entropy alloym]; (c) EDS mapping of short range order on {113} along

<112> zone axis in AlysCrCoNi medium entropy alloy“ﬂ; (d) three-dimensional distribution of alNim and alpdp[ in double-twinned NiPdPt medium
entropy alloym]; (e) variation of average complex stacking fault energy (CSFE), twin fault energy (TFE), martensitic transformation energy (MTE) and
antiphase boundary energy (APBE) with simulation annealing temperature in CoCrNi medium entropy alloy[lg]; (f) correlation between detrapping
events of dislocation segments at nanoscale and spatial deviations from chemical disorder. The purple line is the dislocation line, while the swept areas

by dislocation line are outlined in green. The darker region (more negative aICOc,) has the stronger Co-Cr local chemical ordering[w]
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Figure 3 (Color online) Design and strengthening-toughening mechanisms of medium/high entropy alloy with nanoprecipitates. (a) Schematic
illustration of the inhibition of matensitic transformation during quenching by nanoprecipitation in Fe;, (Nig Al ¢Ti medium entropy alloy[%]. (b)
Schematic illustration of hierarchical nanoprecipitation in Fe,sCo,sNiysAl;(Ti;5 high entropy alloy, where y, " and y* depict FCC matrix grains, primary
precipitates and secondary precipitates, respectivelym]. (c) Three-dimensional isoconcentration surfaces of 63 at% Ni and 15 at% Cr in
Al sCryoFeNi, sV, high entropy alloy. It indicates a bicontinuous structure composed of L1, phase precipitation and FCC matrix™), (d, e) Bright-field
transmission electron microscopy (TEM) characterization of TiZrAINbV high entropy alloy at 5% strain. Planar dislocation arrays, as well as dislocation
cross-slip and pinning effect by precipitations are observed . (f, g) Scanning transmission electron microscopy (STEM) characterization of
(TiZrHfNb)4gO, high entropy alloy. Di{)olar walls consist of densely packed dislocation dipoles generated due to dislocation cross-slip. Some
dislocations are pinned by precipitates[49
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Figure 4 (Color online) Design and strengthening-toughening mechanisms of medium/high entropy alloys with dual-phase structures. (a, b) EBSD
characterization of FesyMn;,Co,Cr, high entropy alloy and schematic illustration of deformation mechanism evolution with local strain in the alloy[54]

(c, d) High angle annular dark field STEM characterization of CoCrNi medium entropy alloy and schematic illustration of dual-phase evolution with
shear strain in the alloy[56]. (e) Bright field TEM characterization of Fes,Mn;,Co,(Cr;, high entropy alloy[57]. (f) Bright field TEM characterization of
CryyMngFe;,Co;4Nig high entropy alloy. Dislocations are blocked by stacking fault network"". (g) Bright field TEM characterization of Ta, sHfZrTi high
entropy alloy. The inset shows the sampling location™!!
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Figure 5 (Color online) Design and strengthening-toughening mechanisms of nanotwinned medium/high entropy alloys. (a—c) ECCI characterization
of Fe,)Mn,(Co,Cr,, high-entropy alloys at 5%, 10%, and 25% strain. Dislocation cells (DC), nanotwins and secondary nanotwins are observed ™. (d, e)
Bright-field STEM characterization of CoCrFePdNi high entropy alloy. Secondary twin and dislocation gliding on twin boundary are observed". ®)

TEM characterization of CoCrNi medium entropy alloy. Shear band is blocked by nanotwins' "
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Aly,CoCrFeNifm i & & i R A TE R IS, M3
WO AT AR HHERZ A5 B 6~21 mI/m”. 41K
PR HE SR S22 B B AT A L 0 s B PR 2 468 =2 ] R R
B, TSR 057 5 =2 18] % A8 R I AN T 5 2
(OGS, ASTT S AR BEREVE R S TR D (7 S 4 5, 1E
T 72 A 2658 2 ) A s 8 B S R oAb, O DTk — 2 1Y
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T RELAE 1 (B 6(a)). AN, BN T &R 2L
P A S R . B WTEL], Pl LA CoCr-
Ni i & 4 BRI 2 B = AR Ak, SR, 4L JE
sk /N, A7 Al BRI EAE 2 S 3 A R, DA
SEGRE TR, fThERaSBALFICTER
FROE, M ARG 4@ FLE S A0 R RE S B 5815 HL
HCPHAH I c/afl, MM SE AR IE o o] S A i 28
. FEXAHFesoMn;,Co;oCryolm i a4z, HCPAHc/a
fEm1.616, HILRESEIE S REF R dh<a>. <c>
Fl<cta>=FpARAIMOI 5L, $505 THCPHH AR HE ).
A, AESE M Y <cta> TN AR HE T4 Y AC i RS kA
R AR JEyds Ak, I ELWRER 2457 4 38 4 D2 T R ML 4
A BT s B AR 1 T 23R (&6 (b)), 7E3

PEASTE A 550 B 1 S0 Co,oCryoFenoMnsoNi o fR i A
G, BfE AR RYBE N, 7 FE R B e, X
X G A 2 (SSE VA S| 2 A MR N DR (S SR A
B BBERT. O b 5 A B W SRR S AR AR X
P ZERG AN, AR B AE R (Rl 6(c)). AL Y
5 2 B AT S A REAS IS I AN AR, AT B TR T
fififk, AT DTRkA B IE REPE. BEE SRR MR, A8
W R &= A 2 S A, AR R BRI AE M Y
HE— R A RTR I A G S R B T
ALk 2R RE, Br ALy, CoCrFeNi i & 4 i ML
FRREFE TR A S, AORHNFIE B 1 AR I [ 05
BRI A0 BE A AR A S e 5 e (1K1 6(d)). S iRPL A SE 56
F s o AV S L 205 4 R A A ] I8 S R 0 1

et
(2110

R

B 6 (P2 BB ) Hh i A v o Y LS 45 R (1R T B SR AL LEE. (a) Al CoCrFeNigii & 4 BB i B () i 4 2 452 A STEM AR,
(b) FesoMnmCO]oCI'lo_‘I%_‘krﬁﬁ%:{B:\ B <ct+a> P RAE I F STEM R E AR & @[83]~ (c) C010C1'10F620M1'150Ni10_‘l§.|—‘k|%ﬁ%$ FASTEAIL i 7 2 R [84]~ (d) HAHS
FEE (RS THIZE FA PRI Al CoCrFeNi s 3 4 i 1 i A0 7R B ™. (e, £) AT BB IEE (0 R TS H I AL, CoCrFeNi B £ 4 AR T HLARI A% BT LA M o

JEE AR 1 5 £ PRI B S TEMARAE ™

Figure 6 (Color online) Design and strengthening-toughening mechanisms of medium/high entropy alloys with dislocation structures. (a) Bright-field
STEM characterization of dislocation structures in Aly;CoCrFeNi high entropy alloy during deformation’™".. (b) Schematic illustration and STEM
characterization of <c+a> dislocation cross-slip in FesoMn;,Co,(Cr,, high entropy alloy[83]. (¢) Schematic illustration of deformation mechanisms in
Co,(CroFe,oMnsNij, high entropy alloy[84]. (d) Schematic illustration of Al;,CoCrFeNi high entropy alloy with gradient dislocation structures'*., (e, )
Schematic illustration of deformation mechanisms in Al, ;CoCrFeNi high entropy alloy with gradient dislocation structures and high angle annular dark

field STEM characterization of dislocation structures™™
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B R I RS B N TREALRE F1, TS T
R L IS /INIE, AN L 5 S D A 0 U
TAZIE RGOS, TE B2 LS. D AR R KT,
PIAEMIZE e i e, TE R D3R s IR 9K 245 %
(Fl6(e, ). XUGPKZAEREREBRHLIG 4S5 3, X
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SE AN T REALRE . R RS M SE A T, s
e PRI 5 S I Sh A LM AL AL £ 9 T 3PS I,
R4 @A B BRI TR E T — R e R .
5 ZEGRIRAT

2 SR S DL 4 R R A R 1
/ISR RS AT DASRE R Al B o e, B R B Y
FLRENS SRS (4512 S TP 2E 384k, Hall-Petch G
FAG T AR R B o, 5P X R RST di
ERER, Y

0, = oyt ket 7, )

b, ko MREEEL. SR, AR RST B/ NS 1 i A
FE 1B B FBEAE X S8 /)N, 507 ftia sh e BRI, S35t
BHIE S REAR. 32 2R AR S50 BT AR 5 o A
MR, ¥4 Em G SR TR S R 1 228 1k
HEA @ oM Bh R 254, REs 1500
5 AE PR AR TS, a0y AT, ARSI RS
AL A SR AR 25 5, PRI A ok RO A i 7R A
R B th 2P AN S ARIE, AR R ST BRI IX
SRS K A VST, ok RS A/ N X Sl (R X))
Ja RAEIBHARIE . EXRARIS)ARIE 2 S BRI L A X
A Z AR AR, B BN AR 43 it (strain partition-
ing)4. Ry T ORIEN AR PR, FE4CRE X AL Ak 257 A
NASFREE, I B L[ 757 4 (geometry necessary
dislocation, GND)7E FLIEANE 1. JUAR] AT 57 58 B 67 4
B ponp 1 AR A

P (10)
Hr, i TS 305 DR VINAE, xR & L
o N FE R o) (B A AR 0 AR A B 104 32 7 ) ) 9 25 [1] Ak
B, JUART T 57 45 0 2% B T AGE o o AT S5 B ) 22
(Kernel average misorientation, KAM)KZE 115, U
TR

%
pGNDilub) (11)

Horb, ORI K AMEI AR B 1 Joy i -3 BUm 22, 1ol
EBSD/MHr I RFEA K. AR Bt rp LA T S R AN
W 5 SO S R T v, AT 3 o B s AL i 4
FARRR L. Y JUAT A T 5 B AR SRR DX AL IfT b SE R,
W TS RIAAAEA EAE R, #=tE 5 2R A I R Oy
AH R A K ARE R 0, BELASHER X s i it — 25 1 88,
R FRAE I FR 95 1 ) (back stress)”. 5 10y, 5
JUART 06 55 57 5 %% B2 A BB B BE [, JLIE KR R X
e

5
7y o Gsz%, (12)

b, R U b7 S FE 2R X3k e, o st 1
JUAT TG R oA BT Bl 75 0 ) Re g4t = i T Ak
fEJ1, FLSCBRAE AT LA3E 2k 43 B h A e 28 th 4 b iR
AR E . JSUHb, R DX FERR ) T LAn] o5 7 5 [ B
P X A 5N 1R B R mIER T, X
—VER 8RR AT ST (forward  stress). Tifh J1BEIEAE
il X P A AR T R TR R M B B RS, F3K
A7 A8 A T 9 25 iR R, A7 A R AE i b N BT
A7, DRI, TR 77 BE 6 JE 2% I 300 i A DX s R 7 AR =y Ak
R, A3 B TARE R A $ e 0, 75 2 kit
i SR AR T b AR b, 5 ) S ) PR AE A
A SR AR ID TR Ak 2 S Rk ok 3 D T s 5 ) i )
1) FEEHLE, BEFRA S B AS I 75 0 AL A £k (hetero-
deformation induced strengthening/hardening, HDIS/
H)™, AR RE X 3 A AN ], 2o b R 4
LR AL A0 G S A R U454 . L 2 R
TEAN 5 2 P JERR G5 TL B50 0A RL R
BB LE A AT A 9 245 BT L 0 R A G 2L ok
RT3 g1 e

EhEE G E T, AR ST I A THEL
12 E R T AR 2 OCE ZEAIVE. K CoCrNir
WA & fE873 KNIR K1 h, &4y X Ik EHLE &, T3
T RO 220K RUBE ) A5 b RO oA . FE S AR
BB, AR RS Rz 6] B9 AR 43 Bl 25 - 80™ A i
FRTEN T, AN TR I Rk BT bt
Fh, BT HEBRZEERERLAR, ARIE i AR rh 7 A o Y
AR ST AR ZE T, TFE— A A oK kL.
LT 2298 K), KIE(77 K) F&r- A H 240k
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A5, ER S AR R s A S 2 AR kL, A
TGN TR A AR A FERE, 33 T s B A n T
AR (H7(a, b)). [ CoCrFeMn ik & 4
ANDHICTEZE o288 Kt E], A B F 3 & A 4
PR 2 A, DNTIIAS 2] g (o 8 T ELEL A R s
ROT o3 A B S B2l . A NI 180 T AR RUE ]
TOR RUZRINDCHT HiAH, A7 B T4 HhAH 2R AL A 5 s
AT R A U RV e SEom BE S T, R, A SR
Z BN TAE AL R RR i, X Rl I 25 4 n A Ak ok T
TRIP. TWIPLLR (L i AL A5 Z2 FL B U RIAE T, I
ELAT DA e A i T 2SS AR RS S5 A RS
JE, I — 2 A 2

A TEA R IR KOSREL, Al s3] T
PR S 20 s 20 S R R AT S 2 AR S
[{Fe4526Niz75C0175Al g sTay ,Bo o M 8218 7(c,  d)).
2 S FIRR AN SR AE VR L R b A R B U AN TEAZ, W)
T B AKTNG AT 1 AR (B2 A ) BR A 1 B 400 0 1 1,
1E5¢ BRI o AL FBEAL RO LR |, didfhsmib. By
HARRAL . TWIPHLHIILFIVEI, JF HTaMBRYIZ 2>

S BT v T iR AR R AR RICR,, ek TR
SHEFEE R TI. HAN, FEFey46Nizy sCoprsAl g s
Tay By g i G A R, TEAHEH)Z BN FRIE A
TR AR I RN, R R R BURSIE
s, A m TSR AR LRE ). HLAZ
Hh LA R Y G RS SR AR R B fk, AT BD T
FERHE Rk .

AT R AR 4 A AT LB S R 5 8
besh, W LIS 3 BA WAL CoCrFeMns i & 4,
I ELREAE U — 20 S ATUARAIFE A T0] L3055 200 & XY
R E(E (e, ). FHECEA 5] SR RT 70 Ai
din,  FA TR AN R A 0l i S BRI S i AL AR
VA BB AR AR L e RO RS2 A S AL ) el A 50 2
FFE A Hip R O, B VA L LA B — R IR T B
K AE BT, C0s446C132.12Nip7 4o AL Tis 5 45 H
TE I T FCCAHRY AR X (B BT AR AR X (5E) Ffe 43 Rl 1)
FwMLsH, Hrbbr Al oAl L1 D ER I3
FCCAHAI. TE)RRE R R NOIET, Bk i iie
AHEEAE RO EEDIAE,  [A) I PEFCCAH Y ARt DX 5t T 4cb 26

Center

500 pm

B 7 (UL R ) h w4 v RO RO I (a, b) B BUIE Sk RS 4341 B9 CoCrNiFPHR 45 42 7R298 177 KRR TS (I EBSD 3
iF, O SRR A FR S 1 FH 1160 R €20, /R T 2 AN R 1 A AR T B I8 K ok, K R REAR S Schmid P Tk T (),
(C7 d) E\‘ﬁ%%éljﬂ:*@E/‘JFe42_26Ni27A5C017‘5A110_5T32_2B0_04%ﬁ‘§’%é}:\E/JZT_\‘?E'Z:[Z] *DEBSD&*&@[%]- (ey f) /E\-ﬁﬂa*ﬂ%ﬁ] E"JCOCTFCMH%‘JT“Q’%%E@EBSDLQ
5 P L e o RS RO, (@) LA AR IR ST 1235 5 P2 U B2 45 K I CoCrFeMnNi AR 654 9 /% R BT LA SO IR RE Ak O EBS D

Figure 7 (Color online) Design of multi-modal grain sizes in medium/high entropy alloy. (a, b) EBSD characterization of CoCrNi medium entropy
alloy with bi-modal grain sizes after tensile deformation at 298 and 77 K. Micrometer-sized grains and ultrafine grains are colored in white and light
blue, respectively. The inset shows the generation of several nanograins at the grain boundaries of ultrafine grains. Nanograins are colored based on the
magnitude of Schmid factor”. (c, d) Schematic illustration and EBSD inverse polar figure of Fey, 5sNiy; 5Co,75Al;o5Ta,,B o4 high entropy alloy with
lemalle structures”". (e, f) EBSD inverse polar figure and grain size mapping of CoCrFeMn high entropy alloy with harmonic structures’ "', (g9)
Schematic illustration of CoCrFeMnNi high entropy alloy with double gradient structures in both grain size and twin thickness, and EBSD

08

characterization at different depths of such high entropy alloy[1
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Figure 8 (Color online) Yield strength-uniform elongation Ashby
diagram for heterogeneous-structured medium/high entropy alloys and
conventional metals
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PEAF R R (E19(b)). X TFHOKR RUBE (1) 245 ok RS 43
AT, SR AL U TUART DA T 5 5 T A% i ZE R
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5 RO 5 b4, mT LAl e st il T
2tk HIE(CALPHAD) /M 45 5 e il 28 s i
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gy, RN TRIPHITWIPRN S BCHIE RIS T, (o) FEHSBTBT RN, SEOUAWE M AP MZER, MO % B R, I
PR Ak, (RIS SERR I JLART R0 55 LA AR AR 237 A 15 BT, S btk in T RE AL fg )y, (A3t k3 Tt

Figure 9 (Color online) Schematic illustrations of strengthening-toughening mechanisms in heterogeneous-structured medium/high entropy alloys. (a)
Ordered atomic clusters and nanoprecipitates pin dislocations and increase dislocation motion barrier, leading to the strengthening; the cross-slip of
dislocations promotes dislocation multiplication and enhances the interactions among dislocations, resulting in the improvement in the work-hardening
capacity and ductility. (b) Grain boundaries, phase boundaries, twin boundaries and stacking faults block dislocation motion, leading to the
strengthening; TRIP and TWIP effects leading to the enhancement in the ductility. (¢) Non-uniform deformation-induced strain gradient results in the
nucleation and accumulation of GNDs, leading to the increase of dislocation density and resultant strengthening; the back stress generated due to the
interaction among GNDs leads to the improvement of the work-hardening ability and ductility
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Metallic materials are indispensable structural materials in modern industry and play an important role in energy,
environmental protection, advanced manufacturing, aerospace and aviation, owing to their high strength, high thermal
conductivity, high electrical conductivity and processability. To meet the increasingly diversified engineering applications,
metallic materials are demanded to exhibit excellent mechanical properties and performances, such as high strength, high
toughness, corrosion resistance, creep resistance and good thermal stability. As two most important mechanical properties
of metallic materials, strength and ductility are often mutually exclusive, which is attributed to a complex coupling between
mechanical properties and microstructures of metallic materials. Traditional strengthening methods have been utilized to
enhance strength by impeding the dislocation motion or improve the interactions among dislocations. However, traditional
strengthening methods can limit dislocation multiplication and storage capacity, leading to insufficient work hardening
capacity, premature plastic destabilization and consequent reduction in ductility. As a novel class of alloys, medium/high
entropy alloys are a mixture of three or more metallic elements with equiatomic or near equiatomic ratio, with each element
being regarded as a principal component. Different from the conventional alloys, medium/high-entropy alloys demonstrate
unique structural features and exhibit the medium/high-entropy effect, lattice distortion effect, sluggish diffusion effect,
and “cocktail” effect, which is attributed to the presence of the multi-principal elements. Medium-high entropy alloys
possess superior mechanical properties, such as ultrahigh strength, excellent ductility, remarkable wear resistance and
corrosion resistance. However, like traditional metal and alloys, medium/high entropy alloys encounter a persistent
dilemma of balancing strength and ductility, i.e. a strength-ductility trade-off. Biomaterials in nature exhibit excellent
mechanical properties, which is mainly attributed to their heterogeneous structures across multiple scales. Drawing
inspiration from this natural heterogeneity, the concept of heterogeneous design has been proposed and applied to metallic
materials to overcome the strength-ductility trade-off. Consequently, a new class of structural metallic materials (known as
heterogeneous structured metals/alloys) is emerging. By manipulating the element composition and refining the processing
techniques, stable heterogeneous structures across various scales can be introduced into the medium/high entropy alloys.
These heterogeneous structures include the local chemical ordering at atomic scale, precipitates at nanoscale, second
phases or intra-grain defects (such as nanotwins and dislocations) at sub-microscale, and multi-modal grain sizes at
microscale. These cross-scale heterogeneous structures, either introduced through elaborately designed processing
techniques or formed during plastic deformation, can significantly affect the plastic deformation mechanisms of medium/
high-entropy alloys. These structures can impede dislocation motion and enhance work hardening rate, consequently
improving both strength and ductility of medium/high entropy alloys. Therefore, the heterogeneous-structured design
contributes to achieving a strength-ductility synergy in medium/high-entropy alloys. This paper provides a summary and
review of recent studies about the heterogeneous-structured design in the medium/high-entropy alloys, and reveals the
associated strengthening-toughening mechanisms. The typical strengthening-toughening mechanisms include hetero-
genous structures blocking dislocation motion and promoting dislocation interaction, twinning induced plasticity,
transformation induced plasticity, and nucleation and accumulation of geometrically necessary dislocations and resultant
back stress. Finally, this paper summarizes the correlation among heterogeneous structures, deformation mechanisms, and
mechanical properties in medium/high-entropy alloys, and outlines future research focuses and directions. Three
prospective research directions for future include customizing the elemental composition to create the specific
heterogeneous structures in order to achieve the strength-ductility synergy, investigating the relationships between
microstructures and additive manufacturing processes, and studying the mechanical properties and deformation
mechanisms under extreme conditions.
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