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ABSTRACT Owing to the multi-principal element and higher intrinsic configurational entropy, high-
entropy alloys exhibit excellent mechanical and physicochemical performance, which has garnered exten-
sive attention from researchers. By virtue of the excellent performances in terms of superior strength, duc-
tility, toughness, impact resistance property, and adjustable phase stability, especially in cryogenic envi-
ronments, high-entropy alloys have broad application prospects in fields such as deep-space exploration,
low temperature superconducting, and the gas industry. In this paper, the deformation and strengthening-
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toughening mechanisms of high-entropy alloys are summarized by reviewing the cryogenic progress. Fur-

thermore, the promising research directions of high-entropy alloys in cryogenic engineering application

combined with the performance of traditional cryogenic materials are also presented.

KEY WORDS high-entropy alloy, cryogenic property, deformation mechanism, strengthening-toughening
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Fig.1 Schematic of crystal structure in high-entropy al-
loy (HEA) with severe distortion"
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Fig.2 Tensile properties of CoCrFeNiMn HEA at room
temperature and cryogenic condition after cryo-
genic rolling process” (o,—ultimate tensile
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Fig.3 Dislocation configurations of Ni,Co,Fe,,Cr AlTi,
HEA after cryogenic deformation™"!
(a) TEM image of the dislocation structure of
the deformed alloy at 77 K
(b) nano-spaced stacking fault (SF) network in
the deformed alloy
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Fig.4 Typical Lomer—Cottrell (L—C) lock in HEA dur-
ing dislocation motion'
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Wang 25" 78 1 18] B C J5L 156 37 A2 UM =0 06
A & RIRVERERI LI, & B Fe,, Mn,,Co,,Cr,,C,  Fi 1
B4 FIRAL N RAN fec 5579, H.C AR &
fec AWM EN . HRIREREEE, 26IE 70%
(PR 43 B0 1) foe AL A2 B hep AH S 0 6K LA (1) 41
AT R LA S AR N AR B 1) 7 4 3 3l R 2 4 1 3 [R) 4
L RO T %6 & KR YRR, 115 77 KB %
A4 E N 1.3 GPa, HAEMFZIEF] 50%.

Seol £ E 4N 7¢ T B Jt & Xt Fe,,Mn,,Co,,Cr,,
ST e RUAH i A A IR RE R 2 ) , B 90 R B, B oG
RAMUE R AL B 5 8 T A4S &L, JF HAK
TR AR TN & A TV £ B 3 5 ) T T8 B RS 3 454
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Plane {111}
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&5 Al Co,, ,Cr,, ,Fe, ,Ni,, | Ti, , w6 L1, B HARRIR AR T 5 1028 S A5 fE
Fig.5 Nano-twins in L1, precipitate in Al, (Co,,,Cr,,,Fe,,Ni,, . Ti;, HEA after deformation at 77 K"
(b) enlarged image of the yellow rectangle in Fig.5a

(a) HRTEM image

(c) SAED pattern of the twinning feature

Color online

& 6 B 15 7% Fe, Mn,,Co, Cr,, i i & R R T AL (R A Fr 45 ™)
Fig.6 Structure of short-range-order (SRO) in B-doped Fe,Mn,,Co,,Cr,, HEA after cryogenic deformation™

(a) TEM image

(b) SAED pattern of the SRO feature (The SRO-generated reflections are seen only under [112] zone axis marked by yellow

arrows)
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TG 5 Zf 41 e AR F5E W 28 5 F55 R AiE e %6 1] ) )
fH1i% 1.08 GPa+1.63 GPa f1133.5%. N IIIAAL
T BRI AR e T (A AR AT R AR E TR /N
P AT 5 E0RT AR I RST B IN, HLDUR IR BTES N
F o BRI PTG S ARARAT R ) 3 ]
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CoCrFeNi =i i & & EMARIR A B (4.2 K) &2 K AE K
B ARTE, TWIP HLH S5 & T =i & Sk
RIRIREE I TREALRE 77, B T 4647 =2k,
NI R C5E T AR . S ok TERR AR IR A S v
g e, B A S A g iR & R A B fec-
hep A A% 5 & ¥8 14 (transformation induced plasticity,
TRIP){T A, tiE 7" F % Y- T“TWIP + TRIP” & &
SEPIACALE] , = G S 7R AR IR PR 158.(4.2 K) I B ¢
582 AIIK 1.26 GPa, [FI R KF =714 61% A1 26,
SA YRR TAE SRR TAEARL, Wi B 8" R

BT fee Myl A& SRR IR BT & 24 1042 TE AL
ARG R AT R R AL S0 T m i A SRR R 1L
JEBE ) IR 2R A 0E D W R AR G0 Bk M R 1 A AR
TN,

2018 4 , Bae "B AL G AN kA1 B) 1 5 R A& A
AT AL NS G & R T B2 A R AR IR 1 R
G A FeCo, Ni, Cr,, F i & 42 AR A5 AR TE
B, %A G R 2 0 R AL AR B0 , an 1 9

7~ 5 8 45 HAK I 58 B T Ak 1.5 GPa, [A] B ZE {1 214 2| Color online
87%. IRAWFTER I, %A & HIHIIRIRE A fec 45 7 CoCrFeNi fei i £ 4 ALK I AE A 1125 it S AT 2%
0 B IR T 00 4T T fec-bee (4R 5 HHE | -
AR AT R o R AR, H A B 90%. 5k ] Fig.7 Feature f)f twins and phz?se trans1t1(l)0n in
e A T S B A L 2R A o BB COCrFeN.1 HEA after deformation at .4.2 K"

» N AT >3 VI~ R TH AR AD T (a) TEM image and SAED pattern (inset), show-
A hep FEEZMPLHFLFEER, S8UZE6 & ing the twins and fcc—hep phase transition oc-
o THEAG e 0 Wl B . SR AL AT A I 2 cur in the sample

o - . (b) HRTEM image (T—twins)
HIESE , 5 IAAHZE A fec 15 bee AT J7 Fc 7 (c) atomic image of the enlarged red rectangle in

HUEEMNEERT. AT FedEMIESE,Cofl Fig.7b, witness the hcp SF appears in the sample
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Fig.8 Ashby map of tensile properties at 4.2 K among

Strain hardening rate

HEA with other cryogenic metallic materials

[10]

True strain

Color online

9 BRIE R B < AR IR AR AL AL 7 e P
Fig.9 Schematic diagram of cryogenic work-hardening
mechanisms in Fe-based medium-entropy alloy
(GB—grain boundary, SB—shear band)"**
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T Mo F C [ In N5 25011 [ A, AT o P A
FHARTRACY (AT H Ak RS, 12 B 4 PRI R e R it
JERIA 1 GPa; 73 /b AR IR ST T 4K &= 4 TRIP
RORL(E] 10 dE— P48 T T 1% & S TR (1) i T4
TLRE T 4K i & & MR GE B 32 T 2 2 GPa
e =322%

B fcc33.9%
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B (c) £ =23.1%
B foc 71.7%

| bec 26.9%
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[ 10 Fe,Co,, Cr,, Ni, Mo,C, ki & & RN 1124 e S ARIELZH S AR RFAE™
Fig.10 Morphology, mechanical properties, and microstructure evolutions of Fe,,Co,, Cr,, ;Ni,,Mo,C, HEA""
(a) TEM image and SAED patterns of the M,C (inset A) and M,,C, (inset B) precipitates in the original sample

(b) tensile properties at room and cryogenic temperatures

(c) EBSD images of HEA alloy during the tensile test at 77 K (¢,—true strain)
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12 Al ,Co, Fe, Ni,, & & i1 i A 4 71 AH 20 2 O IG R
AT AR i
Fig.12 Deformation feature of dual-phases in Al Co,-
Fe,Ni,, eutectic high-entropy alloy (EHEA) at
cryogenic environment"*”
(a, b) structure features of L1, and B2 phase af-
ter tensile test (strain ¢ = 12%) at 77 K,
which forest-dislocation hardening oc-

curs in the L1, phase

§7.59)1Lm)

E
E
5

13981 im] (c) structure feature of L1, and B2 phase after
tensile test (¢ = 16%) at 293 K (Inset shows
(& 11 AlCoCrFeNi, , @ & 42 3 fil 2H 410 cooperative deformation of the adjacent B2

Fig.11 Eutectic structure of AICoCrFeNi,, HEA™ phase)
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13 FAHL4Kk CoCrNi 2244 1 % i S AR ) 27 1k g
Fig.13 Tensile properties of hot-drawing CoCrNi wire
at room and cryogenic temperatures™ (o,—
yield strength, &, —uniform elongation, ¢—frac-
ture strain)
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Color online
(& 14 AlCoCrFeNi, , 3t it il 1 i 2 AR L A I R ZH U i )
Fig.14 Microstructures of AICoCrFeNi,, EHEA wire during tensile test at 77 K"

(a) deformation twins (DT) and dislocation cells (DC) in fcc matrix and microstructure refinement deriving from dense dislo-
cation cross-slip in B2 phase of EHEA wire during cryogenic tension

(b) SAED pattern of B2 phase (green circle) in Fig.14a
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Fig.15 Ashby maps showing the yield strength (a)
and ultimate tensile strength (b) vs elongation
to failure for different HEAs at 77 K (CoCr-
FeNiMn alloy[zt,g,m,so,s1,77,x1,82];

strengthening***7**1¥7l. . TRIP—phase trans-
[42,63,69,70,86,88-90,92-95],
;

PS—precipitate-

formation induced plasticity eu-
tectic HEA®'™; TiZrHfNbTa HEA"“Y; HEA-
wire®™'”; CoCrNi  medium-entropy alloy
(MEA) (710404553591 Qp — Single_phase[m,ﬂ,72,75,79],
DP—dual-phase!*")
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