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CrCoNiSi,, P& ENER-mHEX
EHRNFITASTRINE

SHEHEEL G B KAV, THLY

(1. R TR 2t 28 LK 2 e I 1 =2 F 52 e, 1t RJst - 030024
2. KU TR A2 L TG A48 BRI B2 5 45 0 v il B SR, IITE ORJEL 030024)

FEE:CrCoNiSi,, T 62 A RS WA T EAN B M F N B E S FAT h, B EA R
R NFAAWNPHBERAR, BLELLFKREMNKE, & CrCoNiSiy, ¥ M &2 #AT 7
I (20°C) 1 &E% (1776~5196s7") LHAEIE (20~1000 C) EHFSELH LR, R4
R T CrCoNiSips # AL EAR N R R MBETW A FAANMERINE, £REXN: £
Am#ET,CrCoNiSi,, A4 2MWERBEMAENLTEXNAGTH A, RAHKE N T EH
B, ZALBETHENEEZ AT MNES EHEEMES LR EHAFTHE; FHE
RENEE AN RENAG A A LA, R TR AB L5196 0, THOWH R, FHE
RHEMERTE, MERENAG, EXERRE A MM EE/AGE A TR, EEZE 1000 CREA
HARHNTHRMIALZ; £600 C TELAHEEEEMMLEN, KI5 400 C o HERK -
WERBEARDNA . SN REMEN LT XA GTERE G FATH, EEEF IR
6 &8 ¥, 2 3L 7 15 IE 8 Johnson-Cook A& A 4% A, 7 4% A ¥ DL A% 4F 3 7 3l CrCoNiSi, , # & 4
WA FATH .

KR P A e HFAT s LR E MR A R HE

& 52 S:0344.3; 0521.2 MRKAR RS A

R A SV — R LA 4, IR L EOnIR A RS, R IE TR S ESNLGE
MR, T AL (face-centered cubic, FCC) #LAH CrCoNi H 4 A 4 (medium entropy alloy, MEA ) .47
e S5 118 A2 J A R0 07 A A P AT, L BRI, R B AR /s S A i SRR R S T
SRG Ay 2R, v OB TE S P I AR TR B E Ak . AR 4B TR BL C. S YRR AR
BN, FELU B R A TR AR T A A OO Fly T 195 R 5 T D= 1 i~ A2 R A o A 2
R, P, BT BT 3R I A A B A2 . LAk, S BRI Si oo AT ARG G )25 ae, R £
A R I 25 0, RS O 55 iz 3, A AR & & &R Y, Chang %0 WF5E R W, SiotRMINA
A RGE T CrCoNi W& 4 1Y J1 % PERE . 8 X HERTR] Si % fiF CrCoNiSi, i & 4 1Y J1 54 P fg, &
L CrCoNiSi, 5 HVAR G 4 1 5 BE RN IR B B A, X2 i T Si e R I INE i 1 & &7 A2 B o kA4
AR FUAR AR, oI BE i N AR AL RE ) . B IRMEFR S NS, CrCoNiSi, 5 HV & 4 1 bt hir i B 3k 2|
960 MPa, fifi {< F A F] 92%, #H LT CrCoNi 734z, 734 1 21.5% H1 63.6% . I 2% 3 1l JBE 2 52 i) <5

* ks B EA: 2025-03-11; &8 HEA:2025-03-27
BEeWE: EFHAR SIS (12102291, 12225207, 12072220, 12302480) ; 1117545 B4 61 357 A A 71 BA & 35
(202204051002006)
TEH B v ST (2001 —), &, B BF5T 4, T M FHH /S0 A &bl 12447 B IFse.
E-mail: gaolinyu001@163.com
BIEIEH: AT (1995—), &, i+, ETMFH /S8 A 40 b 712447 8 54 Gy U147 i ss.
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%539 % EBARE A CrCoNiSi, , FFi 13 5 () Z-IRAR TR 4 2717 5L TE ML 559

JE A B 72547 AR TEALER ) 2 NN R . B FCC A 4R 22 1510 J Ao B 5 A48 S8 B OE LD
55U B B O Y R . AR, EAT, ST ST/ m A A U S R RE A 2 AR TP A HERRS = IR
R A5 8, JHCAE o 08 3 Ry TR AR 1F T A8 1 B S AR TE AL R TR I

SR PRI B N 28 R XF CrCoNiSiy 3 HV R & 42 1 A PERE 1Y 52 ) S HILBE, A I8 A 28 TR A e R A%
PR AT HE RS 48 52 5, TSV L 20~1000 °C, [A] B, >R FH 43 125 208 3% 46 2% FE AT (split Hopkinson
pressure bar, SHPB) JF Ji€ % Il 2 245 R 45 S5 45, 1 A8 28405 [l R 1776~5196 s, XTARTE Jig A i E A T 1 4 4
RAE, TR H GO AR L WL, S J5 18 52 560 1 S Al B 57 48 1E /Y Johnson-Cook <44 75 F&, DL 5 1 Aff b 4
I 5 07 AR AR DG 1245 o

1 MRFIE5XRGE

1.1 Rl
K FH L 25 JB I 1l B VR M 1 45 ELAT SR ME A CrCoNiSi, RIS 4 TR AR 4l 1 Sy 99.9%, 15
BLZSFER 1x107° Pa YA EE FREHE, 45 0 42 0 80 mm. 25 50 100 mm MIF54E . Milgs 3 BoR, SEEm
SR 2E A (050 S Co(33.10%) . Cr(28.73%) . Ni(33.74%) . Si(4.44%)U % FI W K AE %) 7
WY E 55, 15 B EE R 8 mm WY A SR, T 1200 °C B AL AL R 5 h, 55 5 4L H 2 2 >
62.5%, SRJGE 1100 °C [ TR KA PR 1 h, & 4 P85 . A b B E R A P TT, &
WA B EGEo J5 E AT K AL P
1.2 LI HE
1.2.1 [E453LiE
25 YR VE 0 A5 TR 48 L I8 FE Instron J7 BB 56 HL
EHEAT, AR RYEEN 1074~107 s, BIRAETS
& 45 52 30 7F J1iRBHY LES105 J7 Rk e WL AT,
SRR S A TR, 35 38 IR S 4R 10 min,

(b)

SR G FF IR 4, 52 i BE P 8 H1 = 24 500 °C, Bl 1 () FRGRE S 3SR~ R 2 R sy,
TR BURE, 2 SR, IEA N AR RN 107 57 (b) 1R S

W ARIA R 50% AT EJE45 . % FHHOWR E 453 Fig. 1 (a) Schematic diagram of the theoretical dimensions
BEL 6 N F 4 3 mmxd mmxS mm, Foo 85 RIS and the actual object of the compressed sample; (b) schematic
PruniEl 1(a) iR

F RS R4 L5 AE SHPB T U, 2 28 e 4 1R 55 HE i A8 R 4 i — 2. SE9e T, SR
2000 H 0 400 28 TR AT 8 4l Ak 3L, 3 3t 3 T AL AR S iR . i B A 3R, S
o, B I R Y 1 - 0 A T AR R B PR R AR AR A 0 AR AR A BR e A v R, AR R T A
STty T o) BN RS A e T A ) I N 4 S R I S 71 ( PSP O = g W - 2B Itz 9 N S I
J3-0 78 2, ARAT A BR e IS e, SR I 5 A 2 BT B, JEET e h SRAS MO 8 AR AR L 2 B ARR
FE 46 1372, W0 BT Y AR Bl B8 00 & BE S h—eyh o 1R B30 H i 5 T RN 1 0, Hos = A S an &1 1(b) Fie
TN o AGREATBA L S ER T BEAT R4 25, A S R A8 S Y T 00 s B A B 1k S ER R, A5 R nE, hte
ARAF LA — U ST PN B TR AL TEAE i, T TR 28 B 5 R O R AE . 5 1776, 4039 A1 5196 57" Jif
AR AR Gy T ARAF AL 17.3% . 38.1% F1 49.0% ML TEARKE, my g I R AN [ 7 A2 38 i 28 19 728 JE AL 21
5.
122 WMBLRIERE

K F Empyrean %Y X 5§ Z8 71 S 42 45 48 09 AH 4 B8, A JEOL JSM-7100 F 737 % 5 49 4 ¥ 7 2. il
% (field emission scanning electron microscope, FESEM) | Hi, T35 #U & iT 41 (electron backscatter diffraction,
EBSD) . JEM-2100 F %35 5} i, 7 i 73 %% ( transmission electron microscope, TEM ) X 38K 1) S50 45 #4) HE A T

diagram and the actual object of the stop ring
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%39 % EEMESF: CrCoNiSiy , & 4 I SRR S R 46 122 AT R S5 T AL B 5591

AL, TEM F1 SEM UL HT, & S5 1 LIS A AR I MOEIRE, SRS 78 20 °CL 15 V A EE RIS R R
I 6 W (s SR 5 JC K ZRERIIR AR LN 12 9) HEAT LA AL, Forhr, TR IAE 9 TEM B Il i A i
iV QERFv = LIPS

2 FHR5WR

2.1 AL

KT A A RIR A S, XILHEAT T X JFE AT 3 (Xoray diffraction, XRD) Fl EBSD fl Ml 1k F1 42
ITo 1B K AR PR CrCoNiSi, , HHH & 42 B XRD % an &l 2(a) Af s, AR 35 A7 5 0, # 52 iX0RE A 5 M FCC 45
¥4, CrCoNiSi, "4 4 iy EBSD S & 4 & 2(b) ff 7, 7] L& B, CrCoNiSi, , Fhi& 4 B A BEHLHL )
AR AR K AR PRI, SRR A UR 2 20k 51 A A, I PR FCC 2548 o X e ok R SF iE 4748
T, 25 RN 2(c) B, 45 28 5 FLAE N B F- 2 Sk RS D2l 110 pm.

(a) ; - (c) 20
) * FCC - s
16 +

z 2
7] =
: 5

g g 8
(200) (2%0) 311) =

. Q 4

L L L L L L e : ,‘ & ) 0

30 40 50 60 70 80 90 o 50 100 150 200 250 300 350
26/(°) Grain size/pm

P2 CrCoNiSiy; MEA () XRD i (a). SHORESHI SARIET (b) AR ARLR S 43 (c)
Fig. 2 XRD pattern (a), the inverse pole figure of microstructure (b), and grain size distribution (c) of CrCoNiSi,; MEA

22 HEMRE

221 ARIMTEERTHWEHZENDFITH

l 3(a) FIIE 3(b) 23 B S A TEAR (R AEH e 1074, 107, 107 s71) A & R4 (R AE %k 1776,
3231, 4039, 5196 s") NifFEAY TAREN Jy- TREN AR 2k, A8 2K 5196 s I}, CrCoNiSiyy H# & 4
B KA AR FAB I AR B AT, TR - TR I A% g 4 A sty 304 17 ) 349 0 A1 2 ) 0 2D 2K

RIS T CrCoNiSi,, FR 4 4 19 TR 4 BLSL N 7 - BLSE R A% (or-e) TR AN 3(c) i o MR i
LAt e, AR CrCoNiSiy, A & 13 & 1447 R0 R 3 B 155, &4 401 A8 B Bt
(04 B), AN AR T 0.02 BF, B Sy BRI, B F k8w IR B 105, o R AR R fb 850 5 44
AR A B A, L A RS AR B R, N7 g B A7 B 3 G 2 0 1, S I AR R AR B B (AB B )
5 I, WG IO 7 0k ) G 3 k3 AR R R, L ARG R R, R BC Bt . BB shAS N AR T8, CrCoNiSiy,
T A 4 %) Je IR iR B 48 K, 2 BN AR AL EON o AN (RN AR HE TR A 4 09 e R R B e 1 an 1] 3(d) s 1
FRAS 40 T A 4 00 J IR oi B Bl 0, 28 AR A8 AL/, 4ERRTE 350 MPa; 7E N 8 %8 1776, 3231, 4039,
5196 s (BN ASTEAE T, A 4 0 IR SR B2 43 W9 & 409, 517, 525, 682 MPa, W78 %K% 5196 s i}, i
FE I B L, RN R AE R

HERRAS MBS AT T CrCoNiSiy s H & 4 I R g - 1y A8 SR B0 5 ih 2 an &) 3(e) s, Horpr, HZR R
R e T AN [R5 2R X6 17 B I AR SRR R (mo= Olnor/0Ing ) , Jiit JIR 5 B8 70 ME#R 25 A BN S 40007 F 0924 i
AR SRR R F A 0.0109 F10.594 4, Ui B A & 76 = b A8 38 ELAT B0 1) ] AR UM, A A
TEAT Jy 5 RN AR SRAEAE SR AH M . AN, B 5 AR R T8, 76 5196 57 Wi AR % T, CrCoNiSiy, H i
B A AR I A ) 1 AR B AL SR AR 4

XF CrCoNiSiy, HH A 4 76N [F) W AR 3 1 N AR B AL AT R EAT 20 0T, BRI HB AR AT R . 81 3()
I T CrCoNiSiy, HVH A 4 75 AN R [0 A8 56 (14 1o A8 i Ak il £, 7] O, & 4 0 B8 AR A5 o0 32 Jin 2800 28 R 11y
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%39 % EEMESF: CrCoNiSiy , & 4 I SRR S R 46 122 AT R S5 T AL B %59 4

SO, N ARRE AL M2 AR 3 B B RS 1 BB, R SR N, L E 2~3 GPa {5 1k N RE, IRERY
AT AL R A5 1 A 2 A SRS IE s FESE 2 BB, I R T Tk 3R gy 4 7 o S o A o 6 B ST U B, A A
7 Al A S 2 — B, B B S R A (B I s/, R AR AL A S AR S
ARTEUT B 3 By Berh, W ARREAL R BE R R 3(0) A R BT OR[N 2R R AR R T R ) S 1 i AR il
28, nT LU Y, 135 1 A8 B Ak 23 Bl 25 7 A8 56 0 5SS /N IR B RS B/ . CrCoNi i & 4 7E 107,
2000, 3000, 4000, 5000 s™" Jij A8 Z& T 4 - 35 iy A2 Bl AL Z8 53 31 29 2,30, 2.35. 2.40., 2.55. 1.50 GPa!'¥,
CrCoNiSiy 5 H0 A 42 76 AN [) W AR 5 114 57 359 o A5 B Ak R (19 8 AR fL #3455 CrCoNi i & 4 — 3, (B A8
AR BE B /N, R Si Ay I AR T AR F o A A AR RE AL SR 2 o S AR kR, AR A R i
LA I R s, HRE R 20 LA, sk e, B AL 1R i 2R R Ak, B T 32 0 17 g R AR
R[] 1 A At Al A2 2%, T B0 AR 1 Ak R il 26 s B s

(a) 3.0 (b) 2.5
10451 e | 776 87!
ks 25 e 13 g7 s 2ok T 3231 S:l
g 102! G) e 4 (039 7!
220r 2 — 5196 57!
5 ERRS
RIS &
8 5 10
210} 2
1)) —
g 2
= 05 M 0.5
’ Unloading
0 1 1 1 1 1 0 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5
Engineering strain Engineering strain
c) 1.6 d) 800
© e @
— 17765 682
—3 23] 57!
o 12[——40395s"
— Ell
S 5196 s
$038
:
C
[_‘
0.4 —
0 1 1 1 0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 10% 102 102 1776 3231 4039 5196
True strain Strain rate/s™!
8
© 70F * Yieldstrain * &5% ® £ 102 ¢
: . =10% & e15% § 30 — )
* 5=20% 01186 & & B 25 [2317 2307 2372 2440 — 17765
6.8 [ gt 2 S o6 £ 20 — 3231 57|
0.003 7 0.1375 a Z s e 4. 039 57
6.6 [ ety .i ] £ 10 51965
N 0.0002 0.163 6 sy % 05
64 o—a— = E
- —0.002 6 % z 31776 3231 4039 5196
6.2 0.293 6 _g Strain rate/s !
sok ~0.003 9 2
' 0.594 4 @
58— 0.0109
: | | 5 - - - - ) 0 : : . L L
-10 8 -6 -4 -2 0 2 4 6 8 0.1 0.2 0.3 0.4 0.5 0.6
Iné True strain

R 3 ERAFRERES T CrCoNiSi,, MRS TN - TR ML (). S TN - TR ZMZL (b).
SETERE- PSRN ). FMRLAEEARES (d). B~ 0O e AT AR
BANA A MPa Fl s™1) (e) RN AR Ak 28-S R A BHZK ()
Fig. 3 Quasi-static engineering stress-strain curves (a), dynamic engineering stress-strain curves (b), true stress-strain curves (c),
yield stress histogram (d), double-log stress-strain rate curves (The units of stress and strain rate are MPa and s ', respectively.) (e),
strain-hardening rate-true strain curves (f) of CrCoNiSi, ; under compression at different strain rates at room temperature
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%39 % EEMESF: CrCoNiSiy , & 4 I SRR S R 46 122 AT R S5 T AL B 5591

222 EERTEBRSEHZNZFTA

X} CrCoNiSiy; R G 4 7E 20~ 1000 °C ik B2 i Bl N #EATHERTAS (107 s71) TR 40 5256, 15 2 (9 TR N
T3 -1 I A% i 28 L SR 7 - LS AR 4 G P 4a) AL 4(b) TR . AT LA, TR O T A 4
I, SN 1T B, SAPEASTE B Be i) I AR RE AL RN, 5 28O R B R TR AR (R H TS T — 2, 800 C
I, A 4 0 28 B AL 38 T2, 6 BH IS A 4 0 AR R L B ) S IVRL B 45iE . 7EE IR F 600 C 4%
{4~ CrCoNiSi, , H A 4 B B & /9 B AR i 4L, 75 800~ 1000 °C £5 4T W) 3 B hy BEAR (%) 5 90 P AR
TERE, B IAH] 1000 °C B4 S A A U W AL IS, PR RR IR T R & L g & & b /s i &
&P HARE RN, 400 °C N CrCoNiSiyy T & & e R4 it B b 3 T8 A S . i T4k
TS 23 REAR A A 00 98 1, DA Jmg 3 98 1 A8 T R e, (45 9 PR AR I i A 3 S 8 20, IRt b ek
BT RE T S R AR AE X S R AR E X8R, 3 B0E S M MERE AR, 3X T BB JE B 400 C AR ) 2E Mg
55600 °C IFARARLAY i A

(a) 3.0 (b) 1.6

20 °C — %80"9(: —— 1000 °C
25k ——200°C — 400 °C
— 400 °C 1.2 b—— 600 ZC
20k ——600°C —— 800 °C
— 800 °C

L ———1000°C

True stress/GPa
(=}
oo

—_
(=]

0.4

Engineering stress/GPa
o

o
W

0 1 1 1 1 1 O 1 1 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.1 02 03 04 05 06 07 08
Engineering strain True strain
(c) 1.0 (d)
—=— Yield strain = —e— &=5%
—— =10% —— e=15% S
08 —— =20% S
Q
5]
£06f éo
2 5
5] o
s 0.4 E
£
02 g
w
0 1 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 0 0.1 0.2 0.3 0.4 0.5 0.6
Temperature/°C True strain

Bl 4 ORRRRE . MERAS (107 s™) R T iRy TR - TRER AR 2k (a). ESCN J)- B AR 4R (b).
[ 7 s 246 i R 7 B IR B 4 () IR ZE R A 8- SR ZE I 22 (d)
Fig. 4 Engineering stress-strain curves (a), true stress-strain curves (b), yield stress-temperature curves at different strains (c),

and strain-hardening rate-true strain curves (d) of specimens under quasi-static compression (107 s™') at different temperatures

R TS A G B R P AR AR AL B, X AR A 5%, 10%., 15%. 20% LA K Je IRSE A8 T 4 17 7 il 1
FEW RT3 BT o &L 4(c) TR T HR 40 IR L 7 B B A9 78 Ak . 243 3 DA 3 TR 5 & 200, 400, 600,
800, 1000 °C A}, CrCoNiSi,, H & 4 1Y i iR 5 Bt By 345 MPa 433l % %8 285, 225, 239, 218 Fil 70 MPa,
HEFRA NS, & 40 I 2 I 77 BE RS B9 T i B AR S R R A R, A 5 — LR XS P, U 3l g g B
TR B TE LA R R, S B w8 K . X — IR (45 4 A9 37 3 I g - 108 B o £ o B U
IR FR A5 = F I AR B 3% (the third-type strain aging, 3rd SA), i % H1 iz sh {7 45 5 9 HU I R
MHEAER BT, AR, Si A8 500, 3222 U B 7 1908 U E 7 T SR 38 2405
i Si Xt Tk A 4 1Y WAL SUR 2k R A AR OO AR, in A Si e E S, YU Si %
[R5 F38 B 5 0 R AR A AR, B = RN AR B R0 R A

090101-5



%39 % EEMESF: CrCoNiSiy , & 4 I SRR S R 46 122 AT R S5 T AL B 5591

€] 4(d) &7 CrCoNiSi, , HH A 4 FEAS AR BE T 1 R AR Bl Ak R - B S AR il £k o ] DLk 8. I8 5 1) 7
T A A L % 1 A5 A AL BE 7 AS TS 5 TELBE AR T 600 °C B, I AR B A HE 7 il 25 25 52 N AR Y 38 hn A AR
/N IR EE IR E] 800 °C K LA [, o AR A AL R il 2k 57 EUIRES, B8 ok BRAR A R sl AR 2

23 MM ELAE

231 AENTRTHWERLTEIE

TG, XHERR S R AR MU TOEE . B 5 N IR ET SRS (107 7)) T N AE ik 5] 45.8% B
FERY TEM 1% . M 5(a) AT DA EL 1] K & 19 )2 45 (stacking faults, SFs) . 22§ (twin), DL M 38 28
(multiple twining) . & 5(b) Fr 7~ B AT 53 R FTIEL S(c) BT/ 09 1 20 F S F — A5 0E 0 7 Hofe 7 .
B 5(d) IR S(e) SETE XA R . AT S5(b) F1IE 5(d) AT LA X %% 2 %5 HE 7S 77 (hexagonal close packed,
HCP) ZH 2, RUHAFE & A T FCC £ HCP I AHZAE . e b, IR 5(d) 38 7] L7 3 32 UZRHSIE LAY Lomer-
Cottrells(LCs) i 858 . X LEALTHI 19 25 5 1 AR 6 4 T8 sUBGR 0 n TAEALRE 1. DAIE] 5(e) MLZE 3 ™
HASTE R LY, T BT VI (shear band, SB) . & 5(f) H AR 58 42 BUE BN K R W, BTDIHT PN &1 94 K i
I .

L(1T1) M

[01L]FCCx
[1213]HCP

o el .
TN ¥ier

(111}
{022}

{113}
{133}

Bl s S IREGE AR R 45.8% BHARER TEM IS (a), £LEFRDTE XA 5(a) ATHAER: (b) A 2 BEEIZR (o).
LLAJTHE X (JE] 5(c) BRCRIE (d) BTUIHTESR () AMEL EIRITE X IRy U145 (141 5(e)) AT B EIE ()
Fig. 5 (a) TEM images of the specimen when compressed to a strain of 45.8% at room temperature; (b)—(c) diffraction pattern
and high-resolution images in the circular region of Fig. 5(a), (d) enlarged image for the red rectangular area of Fig. 5(c),
(e) shear band topography, and (f) diffraction spots in the circular region of Fig. 5(e), respectively

S T WS [N AR 6T B 45 A8 TEHLEE, X sl A M Z T (1776, 4039 F1 5196 s™') A8 I J5 A 1l AE i
1T SEM FRAF, 43 Mt H AR 25 #9 A JE AL AN 85 Y07 B . 1] 6(a) FNIET 6(b) 20545 H T AE A 177657,
RS g 17.3% LA B A 34 4039 571 A8 4 38.1% B 2 MK KERY SEM-BSD B4, WML & 6(a) & HL,
1776 s™' W AF 3 T CrCoNiSiy , 0 & 4 1 b A8 T 58 /N, &fokE N 350 47 78 38 55 1 15 #% (cross-slip) o M
& 6(b) WAL H, 4039 s7' v AE R T 4R} SR AR Y B 8, 77 76 25 il 28 LAY A8 JE 22 i (bending deformation
twin) . & 6(c) AMRLAEF K 5196 57" WAL A 49.0% AYIEE R SEM-BSD EI%, AT LA X2 2] 35 B (1) 56 B 24
M 6.5 um AU BT P77 (adiabatic shear band, ASB), HZEZ A TT Y1 B AL T 124 4 (crack) o 46 # 5T
Ity A5 10 o BB IE | el 28047 B L At /37 1 78 SR AR AR AF T, A4k sy 308 DXl PR 98 1 A O D e Ak o e
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H RGN SR, S 302 X B0REE 280 &, 200 A& A 2L R 38 55 U A8 0, T8 i) — 2 78 i IR AE TE
XA, & 6(d) 1AL 6(c) H BT YIAHT T3 HE DX I A R 1] o 2 A BT Ty 4 PR A W Sl 1 R 2 Ak, TR A
Ry P E AR T R AR SRR, 28 B 1A e 2 BN B B 4 K i (gradient nanocrystals) , 24204 F B
2B T R ST I O VU S = =1 VR ) | - S VA= B I 2 [ [ B V- ) N R AR S - N e
RHAEH I . AR Z R B AR BLAE | 925 55 23 6 5 02 BB ) AW AE Ak, S BOb Rk % 1 A8 R Ak
RV [FIEF, BIE A T ] i 28 B U7, e il AR I8 o B v A Y PG 25 (AR HIR B
[P Re R 3= k% S DA =3 e =W K SN e 0o o SO IV A L A= = e S W 7 N i
A7 1)k T v 1 0 T BN [, 3k S BBl A N 3 g AR A e il 4 B BRI B 1 Sy — D PR U2

(a) é=1 7765, &=17.3% (b) =4 039 s, £=38.1%

2pm . 1;? 500 nm

(c) é:S 196 57!, £=49.0% (d) Enlarged view of the rectangular
region in Fig. 6(c)

6 BIASESRFIRFERY SEM E1%

Fig. 6 SEM images of samples after dynamic compression

PEFE 5196 57 N AR R T S R AE AR J5 Wi FESES T TEM RS AIERTE . 1] 7(a) A1 7(b) 7R T 519657
o A RN R AR AR Y 5 iR 1 TEM EE, 7T OB 21 95 29 300 nm A9 8 V)47, I A7 7F BH S 1) & ok 20
ks 7(c) Ry ik X L F AT BT NS 1 7(d). B 7(e) ATEEL 7(6) 430 R 1] 7(a) H BT 1A BR ST 5 1 A% X B 8 43
R AT ST I, AT 0SB w5 5 B R A, 38 SR AE T U B B, FLAE A6 22 R 40 oKk RUBE 1) HCP 2544 .
SEM H1 TEM (Il £5 (4 246 0 B V1A A B B2 A TR], 0 A 3 25 0 2k T FE 5 28 B Ji AR 26 B oM (6.5 um) 1)
B YT, AFFE RO (300 nm) (4 B V17 -
232 SR NERSERTENE

&1 8(a) 2 600 °C EFA 46 5 UL 9 TEM EIHE . MIEL 8(a)~ &1 8(d) 7T L& B, lHE7E & iR AR TR 5
A SRAF A3 22 1) 22 G 9 K28 i R =6 5 A T2 45 I, DL SRR TE 5 B0 A 40 K i X (L 8T 8(d)), (H3& 4 2
B R IR MERR S S AR . DI 8(c) T LAUR SR 21 2485 9 RIS 4685 B, A7 65 0 4 Jon 1 AN 386 4500 Jy T 1
S B e AT TR BB B E 1128, CrCoNiSiy , R & 4 7 600 °C A7 78 = 2 i 2 A5 AL A5 4, %
PG AE oAb G & AR WL, 7T AR S ECH Sy 2GS 400 °C BHARBUA 5 — AT . R 8(d) 7T L&
B, AR A S8 2008 500 nm (BT VIR TE X, I HL BT VIR T X 56 3 A s R e R S R K, BT A A 44
KW MEE . X T o)A B4 5 0 & AR T 2 v il — 5 I RB B PR AS, = IR R R T 0935 o) g ) 1
SR, AN AE A S B W RS S s E R HES; SRR, AR RS e R, R
5T B BN, A S R A SR S L TR S, IR T Sh 25 g S iy R 2R 8] 8(e)~
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%39 % EEMESF: CrCoNiSiy , & 4 I SRR S R 46 122 AT R S5 T AL B %59 4

& 8(h) 91000 °C 7=k i vfE B 25 TR 45 92 56 J IR FEAY TEM 1% . 7E 1000 °C i T, ke 30 45 Kk A 4%
fb AR, AR RS 298 4 wm, (BT LA f RN o R N R A B RN A L D B 2SN o BT
AR CULIEL 8(H) ATl 8(g)), o BT AHZRIL A Cr. SiJo & M & 4 (WAL 8(H) .

' (©)

(111}
{002}
{022}
{113}
{133}

, 2 A
I pm ;{’

z=[011]FCC
o . z=[1213] HCP
Bl 7 RAER 5196 s MRS FIRFER) TEM EIR ()~ (b). STUIF N ERITINBERL (o).
BT B DX Aslims 73 BN (d) TR BERL ()~ (D)
Fig. 7 TEM images of the specimen after dynamic compression with the strain rate of 5196 s™ (a)—(b), diffraction spots
inside the shear band (c), high-resolution images of areas near the shear band (d) and diffraction spots (e)—(f)

[110]
2nm’!

af 200 nm 200 nm

Ni

200 nm

18 600 °C SRR FIAFEN () T4 . (b)~(c) &l 8(a) " 210 [BIJE DX S00T L AT 56 BRE T8 2 BRI | () B VI
TSR ALK 1000 °C il R SR 40 5 R RY (o) TEAR . (D~ () M BHEIR . (h) &1 8(g) i AR T 14
Fig. 8 TEM images of specimens after high-temperature quasi-static compression experiment at 600 °C ((a)—(d)) and 1000 °C
((e)—(h)): (a) the topography; (b)—(c) diffraction spots and high-resolution images of circular region in Fig. 8(a); (d) the shear
band; (e) topography images, (f)—(g) high-resolution images; (h) the surface map of the precipitated phase of Fig. 8(g)
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24 AWBXHR
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BN o J-C LRI BT, A R 7 8, 76 TR S 80 T 2 B o ARG R A J-C BB 44 CrCoNiSi,
A S — BN PRE T AR LR,

241 J-C AMIRBHE

J-C Ay BEALKG L B 1N 1 o8 Ry W AR AR fy (e) o I AR R R AL £ (&) FI AR AL £ (T) 3 /1> bR BR ) 36

BLHNT = fi(e) (&) f5(T), BARTE AR

T =(A+Bz)(1+Cn&)(1-T"") (1)
e 8, WEFROBIEN AR ; 4 27 N AR A2 250 8T (00 46 J RN 15 B R n 435310 S B k0 722 s Ak
5t AT AL 48 55 C B RE A N AR R AL 250 m A MR AL F8 5L & = &/&0 M T 408 P AR R
EoNBHZENBER, T =(T-T)/(Tu-T)NFERIBE, T WS HRE, T. WIEHEE . MEREHS
(107 s7") 2 il RE (0 S I B0 HEAT L, 75 2 B 50 4=345 MPa, B=2675 MPa, n=0.9, W& 9(a) i 7~ .

@ 16

b
r— J-C model ® L ©
= Experiment

1.6 t — J-C model

< [+
1.2+
o 2 08 S
2 Q 2
gos L 06 g
o T o4 5
£ 04 &
0.2 =
0.1 02 03 04 05 06 0 0.1 020.3040.50.60.7 0.1 0.20.3040.50.60.70.8
True strain T True strain
(d) (e) 2.0 -
*
201 . &
s 16 . 51965
&) **
212 e’ -
3 & 3231s!
B 081 .0
5 17765
H04F —— J-C model
= Experiment
1 1 Y 1 1 1 1 1 1 1 0 i 1 I L
—4-20 2 4 6 810121416 0.1 02 03 04 05
Iné True strain

Fl 9 (a) FIRMERHS(T, =20 C, =107 i FIFEREL LN J)- ELSERAE IR, (b) s IR S 4 T
o/(A+Bz)) 5 THHUA L, (o) Wil AN T FLEN J1- LI RAEIZL, (d) o /op-Iné U LK,
(o) ZEIRBNAINEL T 1UE Y B ST 7 - LSy A8 2k
Fig. 9 (a) True stress-strain curve of the specimen under quasi-static compression at room temperature (7, = 20 °C, £=107s™");
(b) o/(A+BE)) - T" curve of the specimen under quasi-static compression at high temperature; (c) true stress-strain curves of the
specimen under quasi-static compression at high temperature; (d) o;/o-In&" fitting curves; (e) true stress-strain

curves of specimens under dynamic compression at room temperature

M Hume-Rothery B, 3153 CrCoNiSiy , & 6 B BRI £1: T = SwiTwi=1 598 C, Horfr, wihy
55 i NICR MR L, T W5 i D ICR RIS R R — R R & &0 & e IR E oy (T) 55 7%
T T i RGR FE oy (T Z 1
oy(T")

2

o (T) @)
BN T 1 f(T) o MRAEA RN EE T RS 48 95 (107 7)), 153 f(T), 45 2R a8 9(b) s .
RH AT = 1=T" AT A, 155 m=0.9294 1=y I 1 #5245 LS00 ) - 050 N AR S 56 25 5 S5 404 ih 2k
&l 9(c) s

LT =
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SR 1-C A R Bl FT AL o, = ao(1 +c1n§'), I N e R L e
0

B SR B JE ARV 77, £0=107s7's Wi sh K48 LK KA 0 /oo-Ine LA £k, & 9(d) B, Mtk
3 C =0.03721, BLH, Frfg 21 J-C A9 7R

o =(345+2675z,) (1+0.03732In&") (1 - 7" ©)

WREE P 9 AT AR B, JOIE 2 I B 3 J2 I AR 556, AL S8 1 J-C A B 8 R RE AR U b i i CrCoNiSi, , o
W4 4r o Horp, IR BRI 400 4 22 HE T B2 i T 600 1 800 °C 1 2 AN ARV A7 52 o5 P E S0 1 £ 4
By TERNASRIG ) IR AL 58 J-C AR T BRI o 5 In(e/60) MR PESE R, (HXF CrCoNiSi, , & 4,
oi/oo Sng MG BCERAE, & 280N K.

242 {2IEH)J-C AHJIRE

R T ARAS G B, X J-C AR R UEAT T IE o X B, A [R) B SN AR R Y B
N AT SEG . SIASE L RARE ST =1, A5 m=0.72, =13, &M &k a0
& 10(a) Frzn o [ 10(b) 45 1 1 5256 5 4005 45 30 09 o T E A L2 0 g - LSy A8 i 2, o) LU, B T
600 1 800 °C, 4 4k 55256 th R £5 5 B AT . 600 °C 1}, A8 TE J5 FE & TR AF AR K 1 2 9 4 ok 25 8 |
TS LA AR, KR T MORME TR EE R By 72 PR B, HE 800 °C A 4nitt

@ ol . o 10% ® 6] Modified J-C model
o i=200/: = Experiment
0.8F 4 e=30% 200 °C
' * &=40% o 12
=S &
S o4 £08
B o
=
L =
0.2 0.4 800 °C
v L Jhd oA
ok RSt 1000 °C
L L L L 1 1 1 gre®$*¥ 7 1 | 1 L L
0 0.1 02 03 04 05 06 07 01 02 03 04 05 06 07 08
T True strain
(© 20F - (d) 2.0 -
*
*
L6r 5196
5
S 1.5F
Modified J-C model
Lo = = Experiment
- r n
1 1 1 i 1 1 1 1 1 1 0 1 1 1 1
-2 0 2 4 6 8 10 12 14 16 0.1 0.2 0.3 0.4 0.5
Iné" True strain

B 10 55 1 WBIEG LA 25 R (a) Wil R SRR T AR RS o/ (A + BE))- TG HHZL, (b) iR ERS
AT B FLSN T3-SR AEZR, (¢) o/ oro-In & LG HIZR, (d) I 3 A 028N SRR A B S0 g - LS AR 2K
Fig. 10  Fitting results after the first revision: (a) o/(A + Bg;) - T" curve of the specimen under quasi-static compression at high
temperature; (b) true stress-strain curves of specimens under quasi-static compression at high temperature; (¢) o;/0-In&*

fitting curves; (d) true stress-strain curves of specimens under dynamic compression at room temperature
CrCoNiSiy; T &4 o /oo b Ine ARFOL AIGE, Kk, Z0m& IR I, 45 2] 1 28 Z80 fh 24 205
oy =0 [14+ Ce™| = g (1+ C&™) (4)
oi/oo-Ing [ LR FPLA 25 R U 10(c) Finm, UAMREIC=1+8.24x1077, =165, LT, J-C A
Ttk
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T = (345+267580°)[1+(1 +8.24x 10725 | (1 - 1377 )

SR A AN S0 5 A 9 LR3-S A A 10d) R . XF H B 1 2 55
W 4 A 2 B, 5295 T B0 A TR A B R 500 4 0 B 2 A B 25 %
{7 RO

SIBTIA N 0t J-C A b BRI T 52 22 e K, LIS B 5 I T8, SRR - T
WAL B 5 RS A7 AT % 10 5 0 0 T e RS OB L5 196 s SR i 24 5t
AT = L ['eat, b AR T AT 6T ¢, I W52 AR o I B MBI F 0 P -
RN R A T4 0050, 5=0.95 ¥, KM HEOY VIR w4y 9 YT 7 ), S5 ATE 11(a) B . 531 ATRIE

2 1Y J-C B4 5 AR 51 AL EE 2R 1Y J-C 508 S SE 5 504 247 %0 be, 25 R an &l 11(b) o, T LU B, iR
BEIEAR S AN R F B AR A AL R R R R

@ 1.6 (b)

= True stress 30F Experiment .

——— Temperature rise 1150 e J-C model o =

L O 25F = J-Cmodel (A O -
531'2 5196 5 & model (A1) c L ="
© = 920F o "
2 {100 5 2 o
[ L o L]
g08 2 Zisp s =
2 2 3 e
= |
= J = = 1.0F

0.4 H 50 g : (]
05F
O L L L 1 : 1 1 O 0 L L L L
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5
True strain True strain
BT (a) 5196 s AR 3T LS J MG THBEFLSE N AR B AZ 1K, (b) FLSEN - FLSE N AR
TR G R TIARE R R J-C B EZRIT L
Fig. 11 (a) Changes of true stress and temperature rise with true strain at a strain rate of 5196 s™'; (b) comparison of true

stress-strain between the experimental data and the J-C model results with and without considering the temperature

o7 AR 2586 [0 AR B AR R (4 5 0 7 T IE PR ARTE AL . 0 AR SRR, L R A R Y B[R] 5 Bl R
B, 3 A W A A5 SRR A SR AR A 22 A A 28 AR ARG AR, A AL RO B . Y
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B, FEOKA 2S W AR A A 27 AR BUH AL Z B BE 3G, 0B XE LA S A 50 3 i b Rk % 98 A
T, RIS G R T e, WASZN 5196 s I 3l A FE45 Al AL ] 5 200 725 B Ak AR B9,

KL, X J-C J5 BRHEAT 2R 2 A IE, K A8 Ak 5 8 BECH 56 T 1 A8 FIn g™ 1Y B AL, 275 [ A2 24T 1)
BTt %5 K By, A5 AN R N AR 2R 55 225 iy AR 38R BLS N ) - 15 R AR il 2 Al B R R Lk f ke, UL i ER
wE 12(a) s, HFRIEAH

B=By(1-1.22x107&"9) (6)
R AFEMEE M J-C Ay 77
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K. B=2675(1-1.22x 10719, ¥i{ii MPa,

25 T Bl A A8 SR 1% SN ) - S AR 2K S 4 SR B IE J-C ARG 2 A 12(b)
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43 5 R A 1E R AUE 1E 5 0 J-C AN 5 BE R T $06, 45 30 HoAth 07 A8 R %) B 52 Ay -y A8 il £, an
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(a) (b) 1.6
1.0 2" modified J-C model .
Experiment
0.8+ £
. S
< 2
= 2
0.6 2
=
=
04
1 1 1 [ 1 [| 1 1 1 0 1 1 1 1
0 2 4 6 8 10 12 14 16 0.1 0.2 0.3 0.4 0.5
Ing" True strain
12 (a) RIFRAEFNS T WA AT LI H)- L2 AR 2 i IR B R 2 ks f ke
(b) 55 2 ABIE J-C BV SN 1 Z R S a8 R il i B2 R ) - LS R AR U A ith 2%
Fig. 12 (a) Ratio of the slope in the yield stage of true stress-strain curves under different strain rates to that
under the reference strain rate k;/kg; (b) true stress-strain fitting curves of specimens under dynamic
loading at room temperature obtained by the J-C model with second modification
(a) 2.0

2" modified J-C model " (b) 2" modified J-C model

= Experiment . -
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4039s!
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Fig. 13 True stress-strain fitting curves of specimens under dynamic loading at other strain rates and
room temperature obtained by the original (a) and secondarily modified (b) J-C model
:|: N
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The Rate-Temperature Dependent Compressive Mechanical Behavior and
Deformation Mechanism of CrCoNiSi,; Medium Entropy Alloy

GAO Linyu'?, DU Shiyu'?, CHANG Hui'*, ZHANG Tuanwei'?, WANG Zhihua'~

(1. Institute of Applied Mechanics, College of Aeronautics and Astronautics, Taiyuan University of Technology,
Taiyuan 030024, Shanxi, China;
2. Shanxi Key Laboratory of Material Strength and Structural Impact, Taiyuan University of Technology,
Taiyuan 030024, Shanxi, China)

Abstract: The CrCoNiSi,; medium entropy alloy exhibits excellent synergistic mechanical behavior of
strength and toughness under quasi-static loading. However, the influences of temperature and strain rate on
the mechanical behavior of the alloy urgently need to be studied. Through the split Hopkinson pressure bar
(SHPB), dynamic compression experiments at room temperature (20 °C) with strain rates ranging from 1 776 s™'
to 5196 s™' and quasi-static compression experiments at high temperatures (from 20 °C to 1000 °C) were
carried out on the CrCoNiSi,, medium entropy alloy. The strain rate and temperature-dependent mechanical
behavior and deformation mechanism of the CrCoNiSi,, medium entropy alloy were systematically
investigated. The results show that under dynamic loading, the yield strength of the CrCoNiSi,, medium
entropy alloy increases with the increase of the strain rate, exhibiting a high strain rate sensitivity. This is
attributed to the comprehensive mechanism of stacking faults, deformation twins, and the phase
transformation from face-centered cubic to hexagonal close packed, which increase as the strain rate
increases. The average work hardening rate increases slightly at first with the increase of the strain rate.
When the strain rate reaches about 5196 s, the average work hardening rate decreases due to the formation
of shear bands. As the temperature rises, the compressive yield stress and work hardening ability of the alloy
gradually decrease. However, there is still no work softening phenomenon at a temperature of 1000 °C. Due
to the high density of stacking faults and dislocation locks in the alloy at 600 °C, it shows almost the same
yield strength and flow stress as at 400 “C. Aiming at the mechanical behavior that the strain hardening
shows a decrease with the increase of the strain rate, a strain hardening function was introduced into the
model, and a modified Johnson-Cook constitutive model was established, which can predict the mechanical
behavior of the CrCoNiSi, ; medium entropy alloy quite well.

Keywords: medium entropy alloy; mechanical behavior; strain rate; strain hardening; deformation

mechanism
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