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Fig. 1 Mechanical properties of FeCoCrNiMn alloys: (a)

Tensile curves; (b) Comparison of fracture toughness™
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Fig. 5  Schematic diagram of BCC crystal structure:
(a) Perfect lattice (Cr as a instance); (b) Cr-V solid solution;
(c) AlCoCrNiTig s high entropy alloy[74]
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Table 1 Room temperature tensile properties of typical high entropy alloys

Composition Microstructure Yield strength/MPa Ultimate strength/MPa Elongation/%
Alg3CoCrFeNi™ FCC+L1, 224451 434494 48+10
Aly sCoCrCuy sFeNi,*” FCC+L1, 357 459 9
Aly sCoCrCuFeNi® FCC 360 707 19
Aly sCrCuFeNi,®! FCC 36360 500420 16%7
AICoCrCuFeNi®” BCC+FCC+B2+L1, 790 790 0.2
CoCrFeMnNi*") FCC 223 587 39
CoCrFeNi""! FCC 197 582 70.3
% 2 FeCoCrNiMn ¢ & A FIHEEE N fh el )
Table 2 Tensile properties of FeCoCrNiMn high entropy alloy at different temperatures®'
Temperature/‘C Yield strength/MPa Ultimate strength/MPa Elongation/%
-196 458 1010 61
23 223 587 39
200 188 506 36
400 191 494 36
600 150 395 36
800 97 179 32
1000 58 72 30




2162 hEA O RYR 2019 4 9
F3 MWL EEXT FeCoCrNiMn e & i ik Bl v 5 mi 12
Table 3 Effects of thermal mechanical processing on tensile properties of FeCoCrNiMn high entropy alloys!®! *%
Thermal mechanical processin Grain size/ Temperature/ Yield strength/ Ultimate strength/ Elongation/
P & m C MPa MPa %
(1200 °C, 48 h), cold-rolled/87%, 44 —196 571 1099 72
(800 C, 1h) ' 23 362 651 51
cold-forged+cross-rolled/60%, 6 —-196 759 1280 71
(800 °C, 1h) 23 410 763 57
(1000 °C, 24 h), hot-rolled/92%, 1 —-196 458 1010 61
(900 'C, 1 h) 23 223 587 39
(a) Al Hf, NbTaZr 300 (b) Al Hf NbTaZr
2000 @ @ Al sHfy NbTaZr = @ @ Al gHf, NbTaZr
; @ @ AINDTIV oo 250+ @ @ AINDTIV
A CrMoy sNbTay sTiZr D A CrMo, sNbTay sTiZr
< Ao @ -¥- CrNbTiVZr T‘E ® -%F- CrNbTiVZr
a + See b & CINbTiZr b O CrNbTiZr
p 200 Seal HINbTaTiZr O 200 Wammemmenseneee = HINbTaTiZr
= it - B MoNbTaVW & -B MoNbTaVW
b C“HP_&EL® 718 - b= MoNbTaW s 150k * b MoNbTaW
2 1000 TN -4+ NbTiVZr X -4+ NbTiVZr
2 < mermeemececemeaad
é* MAR-M "~ = ~m 2 100f Disk
AN ~ 7 B bt o L T iy 4 i R ok
3 500 ""r~! s ol i \_._._\lil.ade
e — (NN E = = A 2 _r:
. Haynes® 230° 4.\ ‘\‘3 ‘ S Faynst 2300 N X" ﬁ;ls'q
200 600 1000 1400 1800 200 600 1000 1400 1800
Temperature/K Temperature/K

B 7 WA R A S R A PERE : (a) JEIRIRE v IR LR (b) LLIRPE vs. IR Y

Fig. 7 Compression properties of high entropy alloys: (a) Yield strength vs. temperature; (b) Specific strength vs. temperature’
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Fig. 8 Irradiation performance of high entropy alloys: (a) Microstructural evolution of different alloys'®”); (b) Simulation of volume

swelling of different alloys after irradiation”®

El9 FeCoCrNiMn &&Hif )G MHIZ1E: (a) 873K, 1.7%:; (b)77 K, 2.4%; (c)293 K, 2.1%¥
Fig. 9 Bright ficld images of FeCoCrNiMn alloy after tensile test: (a) 1.7% at 873 K ; (b) 2.4% at 77 K; (c) 2.1% at 293 K%
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Bl 10 HREH| % WMoTaNbV & &K AR K] XRD #: (a) BREEAIFIN T XRD #; (b) BREFHIA XRD 15 H oA )
Fig. 10 XRD patterns of WMoTaNbV powder prepared through ball-milling: (a) XRD patterns of powders with different

ball-milling time; (b) Magnifying view!'*>
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/_I?

N #Gas outlet
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Fig. 11 Schematic diagram of gas atomization

[134]

12 A5 4L FeCoCrNi &4 ¥: (a) MIARZEMIES: (b) MARBOTEIH
Fig. 12 Gas atomization FeCoCrNi powders: (a) Morphology of powders; (b) Magnifying view of the powder

13 A FEAk TaNbHIZITI 548 (a) BRFITEMIES: (b) BARBIESMAS; (¢) #MAKFITE EBSD 7#l!*

Fig. 13 Gas atomization TaNbHfZrTi powders: (a) Microstructure of powders; (b) Magnifying view of powder from a section;

(¢) EBSD analysis of powder from a section!'*
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Fig. 14 Gas atomization Aly sFeCoCrNiCg s powders: (a) Morphology of powders; (b) Magnifying view of powder from a section

Bl 15 “TZAL FeCoCrNiMn & IUERBE L : (2) ARSI (b) K& S AL (c) BREE 4 h /R RS (d) 2R
FE% 10 h JE A HR

Fig. 15 Ball milling of gas atomization FeCoCrNiMn powders: (a) Morphology of powders; (b) Microstructure of powders;
(c) After ball-milling for 4 h; (d) After ball-milling for 10 h{'*®
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24 ElEEEHIEH IS

W AF )i+ R (additive manufacturing, AM), tH
FR“3DFTER” $AR, UL 3D BRI A IR, K JEk
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B SR RE BRI M G HAR T 3 Fhig
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Bl 16 AR TR S MRS (a) BABSETRamiia &2, omkmns e
Fig. 16 Grain size analysis of high entropy alloys prepared through different methods: (a) SPS method!'??; (b) casting method!"**)
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Bl17 AR SFIE FeCoCrNi Bl 4r: () EMIEIS BMALL: (b) frfitfe 5w ng s>
Fig. 17 FeCoCrNi alloys prepared through powder extrution: (a) Morphology and microstructure; (b) Tensile property and fracture

characteristics!'?!
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Fig. 18 EBSD analysis of FeCoCrNiC alloys prepared through SLM: (a) IPF maps; (b) OIM maps; (c) GB maps!'*!
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19 ¥rKifi4 CrFeCoNiMoy, Fiili & & E M AR RN 1 X107 s RFEEE FIMWAL: (a)~(c) 700 ‘C; (d)~(f) 800 C;

(2)~(i) 900 "+

Figure 19 Microstructures of PM CrFeCoNiMoy, alloys deformed at 1X 107 s™" at different temperatures: (a)—(c) 700 ‘C; (d)—(f)

800 C; (2)—(i) 900 C+)
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Fig. 20 Microstructural evolution of PM TiNbTaZrAl alloy

during hot compressiont'*”)
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Fig. 21 EBSD analysis of PM FeCoCrNi alloys: (a) From axial direction; (b) From radial direction['?!
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LIU Yong, CAO Yuan-kui, WU Wen-qian, SONG Min, ZHANG Wei, LIU Bin

(State Key Lab of Powder Metallurgy, Central South University, Changsha 410083, China)

Abstract: High entropy alloys (HEA) are a novel kind of materials based on four or five (or more) metallic elements with
near equal atomic ratio, which are also called compositional complex alloys (CCAs). High entropy alloys have novel
properties compared with conventional alloys, such as high strength and toughness, excellent corrosion resistance and
radiation resistance, due to the multi-principal element compositions. However, the homogeneity of microstructures and
the control of crystal defects are difficult for high entropy alloy ingots. Compared with casting, powder metallurgy (PM)
is a much better way to prepare HEAs with homogeneous compositions and fine microstructures. In this paper, the basic
characteristics of HEAs were introduced firstly, and then, the PM methods, such as fabrication of powders, densification
technologies and near-net shaping methods, for HEAs were summarized. Subsequently, the relationship of
microstructures and properties of PM HEAs were discussed. Finally, some suggestions and prospects on compositional
design, optimization of properties and engineering applications for PM HEAs were provided.
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