
52     4                               б                                    Vol.52,    No.4 

2023       4                      RARE METAL MATERIALS AND ENGINEERING                        April     2023 

 

̔2022-04-01 

̔ ̂U2067219, 52001247, 92163201̃̕Ҭ ̂2019M663689̃̕ ⇔ ֲ ⅞

̂BX20190266̃  

ᴐ Ӯ Ҁ̔ᶃ ̆ 1̆995 ̆ ̆ ֜ ̆   710049̆ E-mail: dingjq@stu.xjtu.edu.cn 

 

ўἷ ѐ ע  
 

ᴠῐ ő ῑᴯő ő ₥ ő   ◄ő   ṃő   ▄  

( ֜  ̆   710049) 

 

  ̔ Һᾝ ῒ ᴨ ₮ԅ ╠ ̆Ӟ

ӊѿȂᵬҹѿ ̆ Һᾝ ҍᴰ ҉ ≢̆ῒҬ

ᵬҹ Һᾝ Ҭѿ ̆ῒҍᵝ ֜ԑᵬ ҹ ⱬ ֟

Ȃ ԅ Һᾝ Ҭ ῏ ̆Һ ȁ

ץ ᵝ ҹ ⱬ ̆ ╠῏ԍ ȁ ȁ

ҍҌ ԅ№ Ȃ 

Ὧ ̔ Һᾝ ̕ ̕ᵝ ̕ⱬ ̕  

ѐ ‍ ̔TG139        ̔A        ̔1002-185X(2023)04-1507-13 

 

ᴰ ᵣ ԍ ֓Һ

̆ ѿ⌠ң Һ ᾝ ̆

ⱴ / ῒזᾝ ̆ ȁ

ȁ Ȃ ῐ Һ

ᾝ ↕ ₮ԅѿ ῃ ̆ῒ

ᾝ ץ ̆ ≢

ԍᴰ ץ ҹҺ Һᾝ № ̆

ԍ ѿ Һᾝ [1]ȂῒҬ

 (ȹSconf) 0.69RŮȹSconfŮ1.61R (R ҹ ᵣ

) ᵣ ҹҬ (medium-entropy 

alloys, MEAs)̆ ȹSconfů1.61R ᵣ ҹ

(high-entropy alloys, HEAs)[2]Ȃᴰ ҹ̆

ⱴ ᾝ ԍ ׆̆

Ȃ Һᾝ [3]̆

Ҭ Ҥ ╕ӊ№̆ΐ ȁ

ᵣ ̆ғ

ᵣῤ ̆ᶏῒ

ᵣ̆ (fcc)ȁᵣ

(bcc) Έ (hcp) Ȃ ֓

ԇԅ Һᾝ ᴨ ̆ ᴨ

ȁᵞ / ȁ ȁ ȁ

ȁ ̆ᶏῒ

ȁ ȁ

Ỳ [4] ₮ԅ ⱬȂ 

ᴰ ҹ Һᾝ ΐ

̆ᵖῒҹ ᵣ̆ ᾝᾝ

҉ ᵝ [1]Ȃ

̔ 

G=H- TS                               (1) 

Ҭ̆Gҹ ̆HȁTȁS№≢ҹ ȁ ȁ

Ȃ ̆ ᵣ ṿҺ ̆

ᵬ ̆ Ҭ ȁ ҉

№ Ҋ Ȃ ᵞ

̆ № ᴪ№ ֓ №
[5]̆ Һ ꜚ

(local chemical fluctuation, LCF)

(chemical short-range order, CSRO) 2 Ȃ ꜚ

ᵣҬ̆ ֓ᾝ № ҉Ẓ ԅ

̆ ꜚ ₃ҩ

̆ ᵣҬΐ

ᾝ̆ῒ ↕ѿ ԍ 1 nm[6]Ȃ

₮ԅѿ ↓ ̔ Һᾝ Ҭ

ҍ ֓ ῏̙ ᵥ Ҭ

̙ ᵥ └ ⱬ ̙

֓ Ҍֽ῏ ⌠ Һᾝ ⱬ ҹ

└ ῀ ̆ ғ Ӟ

ΐ ӈȂ ̆ Һᾝ Ҭ

ȁ ῒ ᵝ ҹ ⱬ

̆ ῏

Ȃ 
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ע  1  

׆ ҉ ̆ Һᾝ Ҭ ҍ

ᵣ Ҭ Ẓ ℗ ῏̆ᶛ ̆Ҭ

CrCoNiҬ Crᾝ ẁ ԍҍ Co Niᾝ

̆ Cr-Co Cr-Ni Ẓ [7-8]̆ CrCoNi

ᴪ Ȃ № Ҭ̆

ᴪ₮ ֒ ̆ [9]ȁ
[10-11]ȁ [12] [13] ȂҀḍ

[14]  (chemical short-range 

order, Ŭ) ῏  (spatial correlation length̆

ɕ) 2ҩ ֓ № ̆ᵖ

ׅ № ̆ ≢ №

/Ҭ ̆ ̆ ױ ҹ /Ҭ

Ҭ ѿ ҉Ҍ ץ

Ẓ ̆ῒ ѿ ԍ   

1 nmȂ ѿ ҍ ᾝᾝ

℗ ῏̆ ѿ ̆ ⱴ /

ȂҊ № ȁ ȁ

ԑᵬ ץ

ᵬ Ȃ 

1. 1   

ᵣ ̆

ԍ ᵝ ȁ ≠ ̆

ᾟ№≠ ԅ ̆ᶏ ᵣ ל

ᵞȁ ⱴ Ȃ ץ ̆

ẁ ԍ ⁞ץ̆

ⱬ[15]Ȃ ΐ Ҥ

̆ ꜚ [16]Ȃѿ֓

∆ ԍ ṿ̆ ֓ ԍ

֒ ̆ ȂӞל ̆

ῤ ∆ ꜚҊẁ

ԍ ׆̆[17]↓ Ȃ ᾝ

̆ᴪ ⱴ ׆̆

Ȃᶛ D̆ing [18] CrMnFeCoNi Ҭ

Mn ҹ Pd̆ ԍ Pd ԍ CrȁMnȁ

FeȁCo Nĭ ῀ԅ ̆

ԅ ꜚⱬ̆ Ḇ ԅ

̆ 1 ȂFantin [19] ԅ

Al 8Cr17Co17Cu8Fe17Ni33 Ҭ ᾝ ᵣ

№̆ ԅ ̆ ԍ Al

̆ 1 2 Ҭ ҍ

ṿ №Ẓ ̆ᶏ Al ҍ Ni Cu ≠

ҍ Al Ҍ≠ȂTong [20] № ₱

₱ ԅѿ ↓ bcc

̆ bcc Ҭⱴ῀ Zrȁ

Hf ᶏ̆ 1 ⌠ 2 3

̆ ԅ Ȃ ̆

Һᾝ ᵣ Ҭ̆ ᾝᾝ ѿ

ᴪḆ Ȃ 

1. 2   

Һᾝ Ҭ ѿ

ҩ ̆ ֓ᾝ ӊ ̆ ᴪ
[21]Ȃ Ҭ ӊ

ҹ̔ 

ȹH = ȹU + pȹV                          (2) 

Ҭ̆Uҹῤ ̆pҹ ̆Vҹᵣ Ȃ ԍᵣ

ץ Ҍ ̆ Һ ῤ

̆ ῤ Һ ᵣ

҉Ȃ ̆ ҹ ̆

ᴪ ᵞᵣ ̆↕ ̆

Takeuchi [22] Miedema ԅ

̆ └ ȂFernández-Caballero [23]≠

(cluster expansion) ҍ ѿ

̆ bcc MoTaVW

MoNbVWҬ̆ ԍ ᵬ ̆ Mo-Ta

Mo-NbẒ ̆ ֟ ᵌԍB2 B32

ȂSingh [24]≠ ₱

fcc AlCoCrFeNiҬӞΐ ̆

NiҍAlӊ ׆̆ ԅ

Ni-Al Ȃ ̆ ᵣ Ҭᾝ ӊ

Ȃ 

1. 3  ҵᴐ  

Һᾝ ҬҌ ╕ӊ№̆

№ ̆ ӊ ԑᵬ ̂ ̃

Ȃᶛ ̆ FeCrCoNi

Ҭ̆ ᵌ̆

ץ ̆ῒ Ӟ Ҍ ̆

ԍῒ ᵞ

ᶏ ᵣ Ҋ [9]Ȃ ̆ FeCrCoNiMn[25]

CrCoNi[26] ᵣ Ҭ̆NiȁFe Co ̆

Cr Mn ̆ ױ Ҍ ̆

ԍ ץ ᵞ ȂChen [27]

Monte-Calro № ꜚⱬ

̆ CoCuFeNiPd CoCuFeNiTi 2 Ҭ̆

Ti ᾝ ҍῒזᾝ (CoȁCuȁFeȁNi) 

ҍ Pd ̆p CoCuFeNiPd

₮ԅ Ẓ ̆ Һ ԍ

CoCuFeNiPd ҬҌ ᾝ ӊ ₮ ֪

ⱬ № ז ̆ 2 ԅ 2  
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 1  CrMnFeCoNi CrPdFeCoNi HRTEMἝȁ

EDSᾝ ᾝ №  

Fig.1  Aberration-corrected HRTEM images and EDS mappings 

of CrMnFeCoNi (a1) and CrPdFeCoNi (a2) alloys; line 

profiles of atomic fraction of individual elements taken 

from the respective EDS element mappings in Fig.1a1 (b1) 

and Fig.1a2 (b2) (each line profile represents the 

distribution of an element in a (111) plane projected along 

the [110] beam direction); plots of pair correlation 

function S(r) of individual elements against concentration 

wavelength r in CrMnFeCoNi (c1) and CrPdFeCoNi (c2) 

alloys (c
_

 denotes the average atomic fraction of the 

corresponding element)
[18] 

֪ ⱬ ȁ № ז ҍ

 (SRO)ȁ № ȁ ӊ ῏ Ȃ 

1. 4   

׆ ⱬ ҉ ̆G = H- TS̆ ᵞᶏTS

⁞ ̆ ≠ԍ Ȃ ץ

№ ׆ ‛⌠ ᵞ ̆ᴪ

֟ ȂAntill on [28] № ꜚⱬ

Monte-Calro ԅCo30Fe16.67Ni36.67Ti16.67 700ȁ1100

1500 KҊ ̆ ᶏ ֟ ԅ

̆ ғ ᵞ̆

ⱴ̆ 3a Ȃ ẁ ԍᶏ

̆ ҹ̔(1) ᾧ ̆

׆ ⁞ ῤ ᵬ ̕(2) ᵞ

ᵞԅ ȂZhang [29] Ҭ

CrCoNi 1200 Ņ 48 h ԅҌ

̔(1) ̕(2) 1000 ŅҊ 120 h̆

‛ Ȃ №

̆ Ҭ₮ ԅ ̆

ҹ ‛ ᴆҊ ΐ ̆ᶏ

ᵞ

Ȃ Yin [30] CrCoNiҬ

ץ Ҍ ̆ ᵣ ⱬ Ȃ

Wu [21] ҹ҉ץ ԍҌ

C̆rCoNi  (1000 Ņ/120 h)[29]

ԅ ̆ᵖ ‛ Ῥ

(900 Ņ/15 min)[30] ̆ ȂShen [31]

ԍ Ҭ ᵝ Kinetic Monte-Calro (KMC) 

̆ Lennard-Jones ₱ל ԓᾝfcc

̆ ⌠ԅ ᵝ Ҭ

ᴆ̆ ԅ 3b -

- TTC (time-temperature-CSRO) ᶏ̆

Ҭ ץ ⱴ Ȃ 

1. 5  ὲӹ  

ԍ ̆

└ ⱬ ᴆ ꜚ Ȃ ץ

ᵬ ѿҩ ⱬ ̆ ᵝ

ץ ҉֟

‖₯ Ȃ ̆ ҉̆

ץ ѿ Ḇ ≠ԍ

ȂSu [32] ԅҌ ᴆҊNiCoFeCrMn

Ҭ ̆ ̆ 420 ŅҊ̆

ȁ 30 50 dpa

№ №≢ҹ20%ȁ26% 31%Ȃ ⌠

540 Ņ ̆ № №≢ ⱴ⌠ԅ24%ȁ

29% 33%Ȃ ҍ  
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 2  CoCuFeNiPd CoCuFeNiTi Ҭ ֪ ⱬ ȁ № ז ȁ № ȁ ӊ ῏  

Fig.2  Large disparity in chemical affinities (a1, b1), high (a2) and low (b2) exclusivity in chemical compositions, and strong (a3) and 

weak (b3) SRO and clustering in CoCuFeNiPd (a1-a3) and CoCuFeNiTi (b1-b3) HEAs
[27] 

 

 

 

 

 

 

 

 

 

 

 

 

 3  Ҭ  

Fig.3  The annealing temperature affected short-range order in high entropy alloys: (a) WC parameter for every pair at various annealing 

temperatures (first shell only)
[28]

; (b) time-temperature-CSRO degree (TTC) diagram for the quinary model HEA
[31]

 

 

╕ ℗ ῏̆ ╕

Ȃ 

ӊ ̆

̆ Һᾝ Ҭ ᾝ ᶛ ⱴῒז

ᾝ Ӟᴪ ῒ ֟ Ȃᶛ ̆Lei
[12] TiZrHfNb Ҭ 2at% O ᾝ ̆O

ᴪץ TiȁZr ᵝ ̆

̆ Ҭ Ḇ

ԅ ѿ ֟ ̆ 4a~4e ȂChen [33]

№≢ Ҭ CrCoNi Ni Ҭ ⱴ 3at% W̆

W ᾝ Ḇᶏ CrCoNi ᵣ Ҭ₮ ԅ

ᴟ̆ Ӟ ̆

̆ 4f ȂGuo [34] FeCoCr- 

MnNi Ҭ C ̆C-Mn ӊ

̆ ԅ Ȃ B

Fe40Mn40Co10Cr10Ҭ ᴪ̆ ҉

֟ [35]ȂҌ ⱴ

ᾝᾝ Ҭ ̆ ҉

ԅ ñῤ ò̆ ῒ ҍ ᾝ

῏Ȃ 
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 4  Ҭ : (TiZrHfNb)98O2 HEAҬ STEM APT CrCoNi-3W ҬEDS

ᾝ №  

Fig.4  Short-range order in high entropy alloys: (a-c) STEM-HAADF images for the [011]b.c.c. crystal axis with differently adjusted 

contrast to reveal the existence of chemical short-range ordering in the O-2 HEA (TiZrHfNb)98O2, and the corresponding 

STEM-ABF image that reveals the ordered oxygen complexes (OOCs) (red squares represent the Zr/Ti-rich regions and yellow 

squares indicate the Hf/Nb-rich regions; the inset in Fig.4c is an enlarged view of the OOCs, with the white arrows indicating the 

positions of the oxygen atom columns); (d) atom probe tomography three-dimensional reconstruction from the analysis of a 

specimen from the O-2 HEA; (e) O composition profile as a function of the distance to the interface for a selection of particles (left 

axis) and evolution of the composition of the main constituents relative to their respective matrix composition (right axis) (the inset 

shows a close-up of one such OOC, along with the {011} atomic plane imaged within the reconstruction. Ni is the number of the ith 

atom, while Ci and Ci , matrix are the concentrations of the ith atom in the OOCs and in the matrix, respectively)
[12]

; (f) atomic 

resolution HAADF image, corresponding EDS maps of all constituent elements and a representative line profile of atomic fraction 

taken from the EDS maps of CrCoNi-3W
[33]

 

R
a

tio
 O

/Ɇ
 N

i/
%

 

   

at% 

 

 

 

 



¥1512¥                                         ҍ                                             52  

0.0     0.2      0.4      0.6     0.8      1.0 

Reaction Coordinate 

 

 

0.3 

0.2 

0.1 

0.0 

-0.1 

-0.2 

-0.3 

 

 

 

 

 

0.0     0.2      0.4      0.6     0.8      1.0 

Reaction Coordinate 

 

 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

 

 

E
n

e
rg

y
/e

V 

   

b 

 

 

 

 

Cross-kink 

detrapping 

 

 

Cross-kink 

 

 

z-[112
_

]  

 

 
y-[11

_
0] 

 

 

x-[111] 

 

 

x-[112
_

]  

 

 

y-[1
_

10] 

 

 

z-[111] 

 

 

a     b     c     d     e      f     g 

 

 

a     b       c      d      e      f 

 

 

ע  2 ўἷ ᴁ ѝ

б╒  

Һᾝ ῒ ΐ

└̆ ȁ ȁᵝ ȁ

 (TWIP)/  (TRIP) ԋ [36-37]Ȃ

̆ Ӟ ץ Һᾝ

└ ⱬ ֟ [12, 18, 28-29, 38-50]Ȃ 

2.1   ᴁ  

ԍᵝ ̆ ץ ᵣ

└̆ῒҬᵝ ҹ

ȂZhu [51] ̆ҍ

ᴰ fcc ̆FeCrCoNiMn ᵝ

ᵣ ̆ Ҭ

ᵝ Ҍ ᴰ - ᵝ ֜ ̆

ҩ ꜚ̆ №Ẓ ṿ

ᵝ Ȃɒ ̆

Smith [52]≠ ᵝ ꜚⱬ № ԅ

ҬFrank-Readβ ̆

ᵞԅFrank-Read ҳ ⱬ̕Chen [53]

≠ bcc FeCoNiTi

̆ № ᴟ Ḇץ ᵝ

̆ᵖ ֟ ԅ ᵬ ̆ ᵝ

ꜚ ҌῬ ԍ ̆ ԍ

̆ 5 ԅFeCoNiTi Ҭ ᵝ

⃰ᵝ ꜚ ̆ ץ ₮2 ᵝ

ꜚ Ҍ ̆ №Ҍ Z̕hao
[54] 2 Ҍ №≢

ᴆҊ FeCrCoNi FeCrCoNiMn ԅ

̆ Ҭ

׆̆ ᵝ ⱬȂ 

2.2   ᴁ ╟  

ᵝ ꜚ Һ ̆ᵝ ⱬ

ᵝ ҉‗

ҹȂVarvenne [55] ҹ̆fcc Ҭ ҩ

ץ ᵬ ῀⌠ ᵣҬ ̆ Һ

ᵝ ҍ № ꜚ ԑᵬ

ȂAntillon [28] ԅ fcc

ᵬ ̆ ᵣ

ⱴ̆ ᵣῤ ⁞ ̆

ᵞԅ ᵣ Ȃ ԍ⃰ᵝ

̆ 2 └ ᵝ ҳ ⱬ

ᵬ ̆ ᵝ ̆ ץ Ҍ

̆ҳ ⱬ ⱴ ̆ fcc

Ҭ ⱬ 2

ȂSudmanns [56] ҈ ᵝ

ꜚⱬ ̆CrFeCoNi Ҭ №

ꜚᴪ ᵝ ꜚ ̆֟ ֜

ΐ ᵝ ↓ȂLi [39,57]

ԅ Ҭᵝ №

(nanoscale segment detrapping) ̆

ꜚ ⱬ ᴪⱴ▲ №  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 5  CoFeNiTi HEAҬ ᵝ ⃰ᵝ ꜚ  

Fig.5  Minimum energy pathways for the movement of a screw dislocation (a, c) and an edge dislocation (b, d) in the CoFeNiTi HEA
[53]
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300 nm 

̆Chen [33] CrCoNi-3W Ҭ ⌠

ᵝ Ӟ ԅ ѿ ̆ 6 Ȃ ̆

Ḇ ԅᵝ ȂZhang [29]

ᵝ № CrCoNi Ҭ

̂ ᵞ̃ᵝ ẁ ԍ № ̆ 1000 Ņ

Ҭ̂ ̃ᵝ ΐ

̆ғ ᾢᵝ ẁ ԍ ᵝ ̆

7 Ȃ ᾢᵝ ҍ

֟

῏̆ ᾢᵝ ԅ ̆ᾥ ԅ

ñ ò(diffuse antiphase boundary) ̆֟

ԅ ԍ ̆ᶏ ᵝ ñ

ò Ȃ Ding [18] ᵝ

ᵈ CrFeCoNiPdҬ ⌠ԅ ᵝ ֜

̆ Ҭ № ꜚ

֜ № / ᶏ ԅᵝ

̆ ѿ ֜ ԋ ֜ Ȃ 

bcc Ҭ̆ № ꜚ

Ӟᴪ ᵝ ꜚ֟ Ҍ Ȃ ᴰ bcc

Ҭ̆ ᵝ ҳ ꜚ ⱬ ̆ῒ ꜚ

ԍ [58]̆ ⃰ᵝ ⱬ

ᵞȂ ̆ᵞ ⱬҊbcc ᵝ ꜚ ᵞ

ԍ⃰ᵝ ̆ῒ ⱬ ҹӞ ҍ ᵝ ꜚ

῏Ȃ Ҭ̆ Ҍ ᵝ ѿҺ

̆ ⃰ᵝ ῤ [59]ȂRao
[60] № ⱬ ꜚⱬ ԅbcc Co16.67- 

Fe36.67Ni16.67Ti30 ᵝ ᵝ

ҹ̆ ⃰ᵝ ᵝ ꜚ ̆ң ῍

Һ ҹ L̕ee [61- 62] NbTaTiV

CrMoNbV Ҭ ̆⃰ ᵝ Ҭ Һ

ᵝ ȂYin [ 47 ]≠ № ꜚⱬ ԅ

MoNbTaWҬ ᵝ ⃰ᵝ ῤ

̆ Ҭ ᵝ ⃰ᵝ

ꜚ ᵬ ̔ ᴪ ᵝ ꜚ̆p ᴪ

ⱴ ⃰ᵝ ꜚ̆ғ ⁞

Ȃ ̆Bu [49] Ἕ  

 

 

 

 

 

 

 

 

 

 

 6  Ҭ №  

Fig.6  Nanoscale segment detrapping in high entropy alloys
[33]

: TEM images showing the dislocation structures for Ni-3W (a), CrCoNi (b), 

and CrCoNi-3W (c) (the extended dislocation is indicated by orange lines with the nanoscale segment detrapping marked by orange 

arrows) 
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Fig.7  Planar dislocation slip influenced by chemical short-range order in CrCoNi alloy for water-quenched (a) and aged at 1000 Ņ (b)
[29]
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Fig.8  Interaction of dislocation with local chemical fluctuation in high entropy alloys
[49]

: (a) the wavy slip traces are left by dislocation 

motions; (b) the slip traces of dislocations 3 and 4 coincide; (c) the slip trace of dislocation 4 deviates from that of dislocation 3;  

(d) enlarged image of the deviated slip traces; (e1-e5) the schematic illustrates that the pinning assisted by cross-slips enhances the 

dislocations multiplication and makes the planar slips and dislocation multiplication incidents spatially distribute in HfNbTiZr bcc 

HEA 
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Fig.9  Tensile stress-strain curves for the NC samples at 1 K (a) and 300 K (b); (c) the ultimate strengths for the NC samples at 1 and 300 K 

under different models (TB-twin boundary; ISF-intrinsic stacking fault)
[67]
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 10  VCoNi Ҭ  

Fig.10  Evidence of CSRO in the fcc VCoNi
[74]

: (a) selected-area EDP with the [112] zone axis; (b) nano-beam EDP with the [112] zone 

axis; (c) energy-filtered dark-field TEM image taken using the diffuse reflections; (d) the average size of CSRO; (e) lattice image 

of the fcc phase with the [112] zone axis and the corresponding FFT pattern (inset); (f) inverse FFT image showing the CSRO 

regions; (g) chemical mapping indicating element-specific enrichment on alternating atomic planes
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