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Table 1.  Experimental design scheme.

R e Rk (N g
100 ECT100 623 623 CHT623
120 ECT120 47 47 CHT747
140 ECT140 850 850 CHT850
160 ECT160 943 943 CHT943
180 ECT180 1013 1013 CHT1013
200 ECT200 1075 1075 CHT1075
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B =DM 5 UK.
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Cross-section

5 pm
—

B 1 IR H % B R AR P CoCrFeNi B & 4 4F4E ) IPF B KAM & (a), (al) ECT120; (b), (b1) ECT140; (c), (c1) ECT160;

(d), (d1) ECT180; (e), (el) ECT200

Fig. 1. IPF and KAM images of electric current treated CoCrFeNi HEA microfibers with various current densities: (a), (al) ECT120;
(b), (b1) ECT140; (c), (c1) ECT160; (d), (d1) ECT180; (e), (el) ECT200.
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Cross-section

5 pm
—

B2 R[] 3Rk R 3R 5 A B A 4 47 4R Y TPF AT KAM B (a), (al) CHTT747; (b), (b1) CHTS850; (c), (c1) CHT943; (d), (d1)
CHT1013; (e), (el) CHT1075

Fig. 2. IPF and KAM images of HEA microfibers with different thermal effect temperatures: (a), (al) CHT747; (b), (bl) CHT850;
(), (c1) CHT943; (d), (d1) CHT1013; (e), (el) CHT1075.

(a)
) ECT160 /| JL
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(b) (c)
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ECT140 CHTS50 g
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P20 a0l e®
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Bl 3 (a), (b) ECT #1 CHT 4b B i 5 1 & 4 2T - 9 5 BE X ST ERAT IEE; (c) i RE X 5T 4o AT 565 181115 v 45 200 0 R oz 47 4 32
Fig. 3. High energy X-ray diffraction (HEXRD) patterns of the microfibers processed under different (a) ECT and (b) CHT condi-
tions; (c) corresponding dislocation density from the HEXRD patterns.

REGFAF] T 16.8 pm, WL 2(e). RRFESHAIZTTE Pl 3 k) FH v i [ 25 SR I A5 S AN [+ R, G Ak
YIRS T3 2 v, i T ECT100 Al CHT623 RPN RGBSR T i A A 2 4R L Y ST RE X
FE AL B KA 45, MELLRAS AT AL SR LRATT I I LA B A Al B AR L m L 20 T

EBSD K%, BRI AR H 5k RSF #1748 Pk A HE S A R a5, AT SN 1.16 x
16 1y 2 ZANFHE 27 Ak 3% RE 3
2 ML FALTEAA FERE S B SRR 107 m = ’I’if("“ﬂﬂ}? , BT B, %ﬁ
Table 2. Average grain size of samples subjected to Hﬁﬂ?tﬂ%ﬁ% F%’ﬂiﬁéﬁ‘l% IZ%{EE E/‘Jq:j‘l‘:)‘]—:': ﬁﬁx‘j‘ﬂ:ﬁ
ECT and CHT. KALFRAGRES:, CHT623 £F4Eh iy fidl 5N 9.8 x
B ARRT /um Fdh AIRLIRCT /im 10 m 2, BSRA PR S LRt FrfAg, (2%
Egmo - ZHT‘”?’ - =T XA ECT100 £ (5.4 x 10 m2). B
ECT120 1.540.2 HT747 1.340.1 S s e —
ECT140 1.940.2 CHTS50 1.740.2 @Eégﬁ'ﬁj’ liﬁ%ﬁ%iﬁ?’iﬁz}%, HIB a2
ECT160 9.540.7 CHT943 3.140.6 A v A7 A8 28 R XA v G IO ) L AL BEASE . R
ECTI80  4.6+1.1 CHT1013  5.8+1.3 AL, AT AL SR K AKE PR, F g A B R A A
ECT200  15.043.1 CHT1075 _ 16.8+4.0 REAR T RIS LT 4 7 A5 % 5, SRR R AT R PR 4
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@ 1400
()
£ 1200
2
2 1000
5 800
[
o0
& 400§
200
0 L L L L L
0 10 20 30 40 50 60

Engineering strain/%

B 4 ARE AT A3 BN CoCrFeNi £F 4 it T FE i 7 i 25 fih 2%

RVEE R, ECT100 ZF 40 T IR A 47 4
B I HLAHERE (2033 MPa vs. 1930 MPa), &
R CREAE G, XOHAE 3.3 P T RAEE. K 3
S5 T 4 R R T SRR BE . AN W] LR
B AL PRI Y CoCrFeNi = 14 4 21 4 1
IR 58 BE7E 400—2033 MPa Z [A] 25 4k, T 2475 %k fif
R alik 53%. Hdr, ECT140 24 HA kR
S-YEPELL A B RO, G R AN T, AT
DARASEA e fEom S P4 & o3 s B e RE Y
G AL k.

Kl 4(b) Wb T AL 3 1% 48 iR K Ak 31
CoCrFeNi /&4 G 4 £F 4 () P A T AR 1 -57 A5 i
2, HART 2R R R Bgs T3 3. T 0L, iR K Ak 3
MILFYE ) PR AR ka5 5 Fa T A AR, BBl
T EE B TR, 2R 4R BE AL, s e E AT
K. 78 1075 KB K5, 272k (5 1 A 1 [v] i e
i, SR B AR RS, BAREE A S
i) CHT623 £F-4E (Xf 0 ECT100 F£4) H-o& H #5F
B IR KR AL I G, R AR RS A R i
[T 250 MPa. It4h, CHT 747 P4 1958 5 BAR 5

2000 —— As-drawn (b)
< 1800 — CHT623 —— CHT943
& 1600 — CHT747 CHT1013
=) — CHT850 —— CHTI075
@ 1400
(9]
5 1200
wn
E 1000
5 800
(%]
£ 600
0
& 400
200
0 L L 1 1 1 L L L
0 5 10 15 20 25 30 35 40 45

Engineering strain/%

(a) A [F) HE, U 2 B8 P AL 28 (b) AS [ iR BBE IR o 4k

Fig. 4. Engineering tensile stress-strain curves of CoCrFeNi microfibers treated with different methods: (a) Different current densit-

ies for ECT; (b) different temperatures for CHT.

%3 R AL FRFIR KA T

BRI 5 T 4 00 Jm IR R J3E 1A 2 S

Table 3. Yield strength and uniform elongation of electric current treated microfibers with various current densities and
heat treated microfibers with various temperatures.
RS JE IR /MPa BISIREANER /% FE SRR /MPa WEIEANER %

As drawn 1930 0 — — —
ECT100 2033 0 CHT623 1680 0
ECT120 1480 7 CHT747 1490 0
ECT140 1130 43 CHTS850 1050 3
ECT160 800 52 CHT943 715 13.5
ECT180 550 39 CHT1013 500 41
ECT200 400 19 CHT1075 360 28
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SEIEAAR).

3.3 HERLENSHEETENFEREFM
AREHRIERNE
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WAk, b TR ZZES KRR, SR TEM it
— 35 AR T X WG FhLF 4 LU R B B(a) N
ECT100 #:ti i) TEM B, T2 05 1 RIZ1E
N (B4R, BARIREE IR K5, FE & R UK R
DL AR SRR 32, FRREA i PR k. A7 b
AR BRNAT R, ECT100 #E5 N HA £
AR ZE R RFE, TR 25 FREs B & AR TR AL
TR (K 5(b)) AT ALER S F )2 SR S i
AT KA A R AE RIS, FERL Nk e, 748
TE AL i 57 585 Bk 15, T P-4 s 1Y) ok
R AR T E BT AL, SR R Sl R T
it = 25 S B IR R 5 Ak (dislocation source-
limit hardening)P?, H I3 A L A LS A9 5
JEfE .

& 5(c) iy CHT623 ¥4 9 TEM EIM%, T
RKAFES, WG TP SRS,
WLZE 2] W I i 45 . ANIED 5(d) 19 SAED El 7R
Al UL, HAT B DTF ECT100 R4 . (HIE k2
LY ZUR A A A A B S ) 1.16 <
10 m 2 [ % 9.8 x 10® m 2. —§kiiis, TIK4/R
FEAREGE LA 7= A s Ak, T T AR 4ETE 623 K A
Qb B A R 2 B AT, eSS T R AR RO, B
KT LF e . X HORE, MASAETE AR AR 1
e 5eiR KA B AR 1 0] 52 {45 CHT623 274 & 4=

T B AR AR T FEL A A R B e A SN A
HET A AE LS 5, OF HLA S EESS R T sy
FEER = 15 ECT100 274k 30 B K fgifk .

- 10 nm—!
— —— 1

200 nm |

K5 (a), (b) ECT100 £F4Ef) TEM B4, (c), (d) CHT623
12 1) TEM B 345 B %ot 7 114 3% X F, 177 5 B et

Fig. 5. (a), (b) TEM bright field images of ECT100 mi-
crofibers; (c), (d) TEM bright field images and correspond-
ing selected area electron diffraction pattern of CHT623 mi-

crofibers.

BAN, HEF) ECTI120 55 CHT747 £ 4k 1 Ji
R 5 5 2T (1480 MPa ws. 1490 MPa), 1fif —. & ¥
PEHIIEAE 25 25 5 ECT120 2748 HAG ~7% ZiEfif
R, CHT747 £- 48 L7 T, EBSD B (& 1
A 2) SO R HE R (K 3) KB, ECT120
FE b B R4 SRR L CHT 747 W 5 3%, CHT747
HANALUL LT E R EIRA. K 6 44l T EC-
T120 Fl CHT747 FEfAY TEM W25 5. ECT120
YR EE (K 6(a), ERMGHEGERT
TGS T XA L5 (B 6(b)), RIS AEAR
TER IR, e A s B A%, A, ECT120
LA A SRR R 8.36 x 10M m 2, PLAALf 4
B F1 BB FE BRI DRI, AV 8 2 A AR A1 I
RN FHLE S A Al ECT120 21 438 P15 31K & .
1M A 6(c) AT I, B9R CHT747 25 4k v IR 1A 1
S5 AR, (AR (B 1 pm). 302 i TR AR
BRI X IRAEIR S Rl S & 2B T4 B, B
Je t iz 8 A TS, RS AL B ) T A
I FEAR T SEAR DA A A T RE, D I foff fitoher S
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K. HEfs TEM BU& (8 6(d)) 2RI, CHT747
R rpoR K A LS SR XA R B T R A
JEAR AR BRI AN SR B AEAE S CHT 747
LY R —E SR, (BB IS L SRR 2T
HEXE L) KA SRR ARTE PRI SR VA (AR B3 5]
fii.

B 6 (a),(b) ECT120 £4e TEM WIFHEE; (c), (d) CHT747
Y TEM W35 E1R

Fig. 6. (a), (b) TEM bright field images of ECT120 mi-
crofibers; (c¢), (d) TEM bright field images of CHT747 mi-
crofibers.

3.4 HERAESHSETENBERIH

EARERAESE, AR TSR K, AL BE AT
PESELTAERZE . R T A FAARON -5 AR PO R
A, FLILAR BT fi B A0 DT R D, HLIRAS HL
T A R KU R BE T A s s A L HE,
MR 5 1 P45 AR AZ R, RN 25 8 29,

G PES PR BIE, A R A PE4S
AR (1) IR B33

D AG? + AG®
Ie =A (ﬁ) €xXp (—T), (1)

Hoh, ASHEEG N BERIE R, DRV AL

RIESMHFEG TRAFHEE, AGO RARTEAEMif

ARV AERE; AGe N H LS RS RE AR L.
E—4 (1) 2R

I = I exp <— ?%C; ), (2)

P, LRI AE P BER.

H S L I RE AR fE AGe TR N
AG® = K& (71,72) AVj? (3)

Hrb, K SHEHEOCH RELG v A2 A FRFT AL
B T3, 4 BB MR 2%, AV
N A IEAZ R TR B OB . T
B SR SR E RS, B¢ (11,92) < 0, H
A5 1 AGe < 0, BRI I, > I, . X R 5 RIEAE
LA AR SR AR L, FEAH R B A T R i Ak
FHATLEAR TN ] PN 4 i s R AR
MR AR D, AR AN T SR i 52 i [ R AN
Al 2%, ORI RS B4R T BR SN T, RS F AR
HHGEIRTE AT /T 35 B9
AT = pj*ty/(¢pd), (4)
A, p NHHAR, jOHRIRE R, ¢, HHIREHRY
W], o, MICIRE, d %2, H4E Nernst-Einstein
PY3E, M XU AT 4R A A R R PO TR
g iU R BT MR a5 EEHE, PRI R
AR AE RSSOV AL T PR S A% R
FE TR SC R X EEL I Ak B S T A ) 2 25 R R
JIEEAERERY AT, A T L A R 2 4 4
i U AR K s ma AL R KL DLE 7. IR
EE A S HR LB ME 7(a) R, TS
D3 T P B ARIE SR R AN HLE A R
(VA = TR T B e NG = 9 i o e ) £ e e
1R XS R4 i S ™ A SR EU A 2 BAE i
P A8 FEHERRE S 1) PR B, iE 7(b) Fis.
BEAR, A T HE 2 R I bz 5 J] ] 85 1) B 1)
25, XA BT 4 A% O TEILEERE 1, an sk
A JIT ) P AL BE /N, PR TR AZ A KR BR 5l )
AR, BBALT4E R RE AR Ao 145 i (8 7(c)),
&l 1(a) B ECT120 £F4E EBSD EISAIE 5.
& 6 FF 7 B ECT100 A1 ECT120 #£ 5 1y TEM [
4. T 2 R P 2 R R SRR, R T LA R B IR )
73, FLBRFE AL E A L BE = T s paE X 8, f s i
SeAEH T EBAI 2 AR R B DX I, 3 1 {1 L mT 44
SRR, T C & A PR b 0 SR e 3RS A 2
MR KINGE L 25 0E, BT Rk AR
TEA LS i, XK R SRR AR EL RN BT X A
R AT IR RS A SN I Sk, e R R
%, mZAANE 7(d) BR. XA A ECT il CHT
FEM ) EBSD EMGXT 53 T 5040F, CHT A4
KA T BEM RO (WA 2), i ECT A &
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(AR RIS 35 5) (WL 1). 534k, B RU)
(1) LB S BT 2 P (3 5 2 FE AN, R R ( A5
KA R Z R E) g, X IR BY T ARLA Ak TS
T Bt — AR ), AP SRR LS .
IR BEARAIG, F XU e B AL
B, WICEE N AR R B BRI 7, FEE b AR
TEFEHIAE R TR, H bl B ok 5 3 R KB
%, WE 1(d), (e) Frx iy ECT180 F1 ECT200 #
s EBSD E&.

Partial recrystallization

Full recrystallization

7 HGALIXS CoCrFeNi i i & 4 £F 2 14545 & iy /E
HLEIRIEE  (a) RIRES; (b) FHEERIERL (RLEREHE); (c) &8
SrFRAS A (d) 58 24

Fig. 7. Schematic diagram of the mechanism of electric cur-
rent treatment on CoCrFeNi HEA microfiber recrystalliza-
tion: (a) Cold drawn; (b) recrystallized nucleation (disloca~
tion rearrangement); (c) partial recrystallization; (d) com-

plete recrystallization.

NI, 24 L AL B R U R
WG LT A KRR AR T AR — R Y
RIS, 5 < 21 A S ) T AR i S i 4 21
2 LI S LA RN, R4S A S U B R TR B
BLEIFE R ROR. i B2, BRI gt
PRAE el A TR SO AT AR 2 21 81, (H 2 (fiA
dRLZSURLK, BN AR RE. I PRl AL HE 7
AR LR HE R SR REAN il & (18] 4 F13k 2),
FERA TR P S0 EE T, ECT A b ) JiE I B B2
Wi T CHT 4, [R5 IR B 20T CHT
Fedd, XANE H T ECT AL 211454

3.5 HALESRAEAENCEEZER
LA

EAIIEERM, M ER IR T S XA

A MR B8 KR A Cao 45 B9 (1 KUEE, HL T3
AL A B LT R O 6 s s R T AR SR IR
0, AT LT KT F,, 5 R R AL
IEH, FRA

F.y = engj (;{i), (5)
Ho, ng HHTHIE, JRIEE, Ny MO
2, p A B KU SRR MK Sl Rt T
BLEEITTZl, 38K T IE 5 S S5 AL AH B I HEAR,
FHOEAE KM I, B rP L8 8 UG PR AR 155,99,
AN, Li 55 B8 — DR IE s, ZERERT, {7
B R T IR S 1) A T ARG i 1 A% 10 e . [
o TR H ARG RIR T, 258 eIk Peierls # &2 1)
RE S 2s W R R. PIAEABETE b BAR Ay HL i
B R ARSI S, Rz ), AAS2T AE (o 4 B T
WEAR. DAETHE A5 % 2 (18] 3) ] L, HL At
B R AL HE T Vo R AS AT Y- A5 B FE A, Xt
BLAE ECT FEMHAR EE CHT FE i HAT TP Ad 38 % ]
S (1E 4). B R AS BERL 5827 B Y PR AT A2l
U PR F A B P A AR RASEONE , PR A Ao S 3
Y FFES SEAZ . FRAS A% O AR KRR ST AR A
HyALES. L 5 ECT A i Al CHT A it Y 10
TSR] WL, A ST FRAS B S 2 (R i P A
wm, RN ASTEAE. S, AL HE R ey E
L% QVRSE I3 1%y AN R (SRR E 7= DA = W &
B RMEETT, B K T IR, IR 1
A KRR A THFE, RAFECTH
Uit AL T 2T 2 (3 5 R R TG AT, O e e A
ECT # il CHT F¢ 5K I T A [F R 12470
(ULIE 4 Fge 3).

4 % i

ASCHEVT T LA BEXT CoCrFeNi & A 4
LR AL LSRR T 2R R RE R RE R, Fd i SRSk
ALFT 5% L, A AR 5 AR BRSO F R, 4B T
FEL Y0 ALD BT 5 0 A 4 2T A 2H 2 25 4 R 24 E I
SEMAALEE, HUS a0 T 4518,

1) AL PROT AR 8 5 & CoCrFeNi =4 &
S LRI TEEE &, (LA AR I A SRR R 58
LG, HARAE SR K, L Ah BEAR TS Y F 25
A AR AR /N 34) . EAR ) HL AL B S RERAIG
TR Y 555
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2) M FAL GeiR k75X, FE AL BAT 21 )
SEVEREE NS S R R, v AR B
TLHE PN TET CoCrFeNi 1 i 4 4 £ 2k i it AR 55
FEE ST HEAR 2 RAT 58 BEAF 400—2033 MPa 2 [H]
LT, [R] s fe RIS S ZRTT 3K 53%.

3) LA B AR vp ) RN (KU A
B HLADIR A AR AE) o8 P R R, R
Shahid . RS E AT, AN B ] e
PRI AR T2, S XS AR TR AT L4, kb
SRR RIS, SEMRAS A L 5eiR kO =
1) 85 I8 5] S AR

4) B T E A AR LS IR AT K
B, F AL PRRS, R R S A R P ]
YEH, 35 T 45 e RIS A 3452 RE 0, e b0 485
TERAEHE, I EES SIEAZ, A SRR LR 2
HLAEE 2 8, I AL SR AT A TR
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SPECIAL TOPIC—Order tuning in disordered alloys

Optimizing microstructure and mechanical properties of
CoCrFeNi high-entropy alloy microfibers by
electric current treatment”
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Abstract

High-entropy alloy (HEA) microfibers exhibit promising prospects in microscale high-tech applications due
to their exceptional mechanical properties and stability. However, the strength-plasticity tradeoff largely hinders
their further industrial applications. Heat treatment can optimize the mechanical properties of HEA microfibers.
However, the traditional heat treatment (CHT) faces challenges in accurately adjusting the microstructures in a
short period of time, while also being prone to grain coarsening, which can affect performance. In this study, an
electric current treatment (ECT) technique is used to finely modulate the properties of cold-drawn CoCrFeNi
high-entropy alloy microfibers on a microscale (~70 pm in diameter), the effects of thermal and athermal effects
during ECT on microstructure and mechanical properties are systematically investigated through electron back
scatter diffraction, transmission electron microscopy, and synchrotron radiation. A model of recrystallization,
nucleation and growth of HEA microfibers is established. Compared with CHT, the synergistic effects of
electron wind force and Joule heating during ECT significantly accelerate recrystallization kinetics, yielding
finer and more homogeneous grains with a great decrease in dislocation density, and finally lead to better
mechanical properties. The ECT-processed HEA microfibers achieve a yield strength in a range from 400 to
2033 MPa and a tensile elongation reaching 53%, which are much higher than those of CHT samples. These
results demonstrate that the ECT is effective for optimizing the microstructure and properties of HEA
microfibers, and can also provide both a theoretical foundation and technical guidance for fabricating high-

performance metallic microfibers.
Keywords: high-entropy alloy, microfibers, electric current treatment, microstructure, mechanical properties
PACS: 81.40.—z, 81.40.Jj, 61.72.Hh DOI: 10.7498/aps.74.20250518
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