31 B x M

Volume 31 Number x

rERERERFR

The Chinese Journal of Nonferrous Metals

DOI: 10.11817/1.ysxb.1004.0609.2021-36593

2021 4F x H
xxxx 2021

FE [6)5[E CoCrCuFeNiTiys SE4EEH
O 5= tRe

B R, g, Hkes !, Mokdh !, AmWE 2

(1. KK MRRES TR, i) 710064;
2. HEAMEMIFARE, % 710077)

2. KRHE R BEREEART % T CoCrCuFeNiTig i &<, AT A FHHLIE (5 pm/s. 10 pm/s. 25 pm/s)
WO G AR RE N o« A6 G A (OM)XS RO A ZUEAT 1 0 br, JFH X S ERATHMX
(XRD) A% S L7 BB TEMY#E T A& MAA K. S04 BB, A MEEER T, S4mHua
SRR, Bl B FR AT, BB T — 3 SiBLEAR M S pm/s BEINE] 25um/s B, A
BEAM 469.70 um JE/NF] 355.48 um, FARH B RANL, STE4EEUN 1.5981 3 NE] 1.6158, FifmAK TN
A, SR R RIS SRR T AR BRI A, FEHRRLEZEN 25 pm/s B, 58 ) EELE
CoCrCuFeNiTiyg i & &k B 1 i KIE4E N AR 11.98% Al KPUEHESE 1440.19 MPa, B 15 A ik [l 4 R
REA 3% CoCrCuFeNiTio g i & 4 1) J1 22 1k B

XHR: =SS EMEE, —RELREEE: J1AT N

XEHRS: 1004-0609(2021)-03- - FESES: TF11.31 XEkFRERS: A

SISTHE: 4R U, FHEFS, wIkHE, 5. € MEEE CoCrCuFeNiTi s il &4 AL S 2k Ge)]. HEA
B4R AIR, 2021, 31(x): xxxx—xxxx. DOI: 10.11817/j.ysxb.1004.0609.2021-36593

XU Yi-ku, LI Cong-ling, HUANG Zhao-hao, et al. Microstructure and mechanical properties of CoCrCuFeNiTigg
high-entropy alloy prepared by directional solidification[J]. The Chinese Journal of Nonferrous Metals, 2021, 31(x):
xxxx—xxxx. DOI: 10.11817/j.ysxb.1004.0609.2021-36593

RFTRR, “RAESENBLLPOAHET R, BT REE S AE WRRRBN: B

JZ R XAME SR A e B A AR
B AN EE TR b, @A A TR
ReGE IR . %X B EL S R T 2 A
AN —ua e, HEFERFMRE &8
Ho 1 R e (HEAs) 1 T A% 11X — R, &
e pH AR B E R A 6 BE JR T 2y AR A5 B A
I TC R AL R BT TR 2 2 e A .
GGl HEMANERTRES, 2
bR ERELEY), SRR, &%
wmG ek, MG TRATHBRZERET

IANINTEY e ! S VAN A 1 € VR I LY TRV
EHAA T2 IR TERE . Hh i RN & <
B 244 T PR VA T A R TR A A Y, i
ARSI 2D B ORI RS, AR RN
FFERIS A BT Ri & e 40R A R AR f Al i
J, VEBE BRI, At BAT SRR
REMI & EIR AL TAKYE . Sk, BEREAIRIE T 2
HEAs, JRBHBGVFZIT 0 R, Wk
i FRREE PSR LU B 5, R ) R A v ) W7 24 90
P, RAFIPUE DT MR R PR,

ELTH: REESEESSR “HES TN ETHMETR” 1 H (201906565024); HF JL m R SEREHT 78 3 4% B30 H (300102318205,
310831161020, 310831163401, 300102319304); K2 RK2AIHFT AN IITHRIZE BT H (201910710144, 202010710143);
Bevhss B AR B R 4 p R B I H (2019JZ-27);  BRVG4 B SR BHA AT 70 H -BR A5 B0 H (2019TLM-47)

WHSHHR: 2020-06-30; 1&ITHHEA: 2020-12-15

BEEE: BUFE, Bz, #d; Bi%: +86-29-82337343; E-mail: xuyiku23@chd.edu.cn



2 hEA O RYR

2021 E x A

TERAIFIWE AL, HEAs # 5 SN SR [
RIS A 4. W 2004 4F, HHRIEFK FeCoCrNiMn
HEIERZ UGSV T B—1) FCC(HILSLTT)
MOEE AT, dr ok, WA B R R
CoCrFeMnNiHEA 78 14 A% T J5 475 B — ) FCC [#]
TR, BRI, AT AR A R A R R T
1 N =2 e N Ef 7 o e el AR d e B T8
A REFRITERE, R MELE S AN 50 B 2 A IA B P-4
BRIt JTAFRVE 2 538 i & T r 2 5 T mil &
SHIPAHEZ A S 4, f1(FeCoNiCrMn); 00 ALM
CoCrFeNiCuAlM. AlCoCrFeNi, "4, i i i
%2 M HEAs [ HCP(# HE/S 77 )/TCP(# 4h %
H/BCCHA DAL TN, AR T HEAs 11k
Rt

CoCrCuFeNi =y & <& — M B 52— FCC AH
HWERMAEFmIEREE™., AT ERRA
CoCrCuFeNi &4 M58, BFFL N ERAA A
Ti JCHRE Al TRFEEESIEREE . LY,
LN E ) Ti=0, 0.5)}, CoCrCuFeNiTi, & 4>
Mg RN FCC A, MIMAZ &M Ti(x=0.8,
1) B}, CoCrCuFeNiTi, & 4 W) & 1K 45 /4 7 -
FCC+Laves fH. JF HFE%E Ti ju&Em KINA,
CoCrCuFeNiTi, & & fIFREIEN, (PR,
N TR BT R A LE A, WL FCC O ARAN
Laves MI#EELTHER. Hit, ACk#EF T —MHEA
PIAHSE R ) CoCrCuFeNiTigg & & AE NI AN %

EAERE, SHE SR EREA NIRRT R
AR, ERRTHINTTZ. ABRTS)I. &
BrmaEl o mARBE. 3D el E ke
(DS)FEZMEARCHH THI& B E4E, JHFHA
IEE 7 AR T T P R . e rp SR 2 ) g ]
ARl T W2 R T AR, Fin, sk
BALIREC I PR E [ B & Je , RORR
TR 725 1 e 225 S IR & 4 INT38LC &8 M)
B SR T A RAFIIB SRR, $e T R
PEagY . #E Nb-22Ti-16Si-3Ta-2Hf-7Cr-3A1-0.2Ho
H & BT R R SRS R I, 5SS,
DS & 4 HLA W i ) 5 R 0 56 A 24 ) 12,
M EL5E [A) %5k [# 1) NiA1-32Cr-6Mo-3Nb & 4 EL 6 45 1)
NiAl-32Cr-6Mo &< 5 A 5 i 1) Je IR 8 52 1 s 4

FEP, BT, FURE R E AR A A, A
I & T mml e e, ERERS T SHE
S RER . BRI, X R 1 v i A ) % L
A FCC+Laves W AH 1) skl & & R0 FLIL R D

A S 3K FH 5 17 gt 2] 5 AR AE AN 5] el o 238 R
il # 1~ CoCrCuFeNiTig s il £ <8, 8 HIDG 7 A e
(OMYX H AR ZFEAT T 400, A X ST ZAir it
X (XRD)FIIZ 5 HL T 2B (TEM) i € 1 & 4 (1A
YR BEAh, MR AN [F) 5 5 N R - i
LRAYHT T RS RE . R T R v X A
B G L SURTE: BE (R R o

1 SCI§

ARSI TR BN CoCrCuFeNiTigg A 4x(%4 X
o). A HBRLCIRA Co. Cry Cu. Fe. Ni. Ti(4fi
JE>99.9%) M J50k}, T4 RS F i R5 25 RS A
PIERIE B, DAZs BRI 4 i A g . 8 KDX-600
R ) 2 5558, AT AR TR E R AR T,
DB RN, S TS S R oy 35 ) B e T 2
BT LR E IR B R 2G-0.025 HA KM
WG EERAT IR, 315 d 30 mm X 80 mm [ EEE
& MHB KLY FINGEEEEVIE R d 7
mm X 80mm FRIEIRRE DLHEAT 2 1] 5k B 5256 o 5 )
T B SIS FH (1 2 AT FLAT 20, R R R 5,
10 A1 25um/s, EERREN 200 K/em.

L DIEINLDIE DS FEf, DASRAS SE96 T 7
eI TESEY R TR = S N S i o g TR R = N
SR, SR B R B, TR, B
AR A R R IR I R URE S8 A 70~2000 H 1 SiC
WhARHTEE, PR CrO5 ¥y A DA 2B I RIR o
SAHRFETE WL 0 75 22 Kk 20 so ARSRIGAH
FNC %A 27 57k 1) Axio Scope-Al )22 B il
(OM) #F 7t X #F 1 M W H H . ff H
Bruker-D8-Advance ] X B 2R ATH(XRD)FIi%E
S5 P SR TR PR T 1D v 4 A B T e R e AR 2
B, XRD #3314 20°0~90°, F9###EE A 8 (°)/min.
S H CMT5105 75687155 WL € & 4 1 = iRk
FETERE, INEGEFN Imm/min, JE4ERFEN d 7
mm X 15 mm B4



31 B x W

PRSP, % FEEER CoCrCuFeNiTios il & 4 4L 1) BE 3

2 FHR5R

2.1 AEHHMALERRTHA S MUALRT

Bl 1 RoR THBDE RS A 5 pm/sy 10 pm/s
F1 25 um/s ) DS CoCrCuFeNiTig g i1/ A 4 A E T
O Z . I AT DUE e [t & SR K =
AN B WIAR T B I R BORAS E B B W 1(a)
O, B ik Frds XSO W IE R B,
AL TGS, AT DUWLER 31| — 5K ) 2 £ 3] T R
K, XPJEEZH Cu SRR R, B &
W] 2 2 ) 14 , I Y B B (T b i T Sk i AR [X k)
Al DA BIR B k. i EM BeAH L, 7EAN[H
e iz 3 RN (RS E B BY I WL SR B TS B R SR A
28, FFEIHBIRR T A, RV T A,
WK 1(d). (RO, BEEEEEREMET,
fn VAl T — 80, Uil 1 m) B e % (L a2k ok

AR o ] A 3 A i SR i i B AL, TT A
MEER]5 um/s NI SREUA A 10 F125 um/s R
IR B g —, FF+H5 5 um/s ML, 78 10 A1 25
py/s RS ERY B, B B R R TRAR G 50—, 150 HH
TR ] DU R B AR A, A EAE
L (PN ] PN R B B RS AS A K B
AFEHHHLE R T CoCrCuFeNiTipg &4
e sE M BO RS A MO A 2 1 2 o . MBI rRaT
DLE H, A 40052 1 5 ] 40 23 D B R0 R 5 [ 2
. WK 2R, SHRMPIE N E kb
HLMLL, Spm/s TR R AR T foW 2 23 S BB 5
(PIBRAA 73 AT o B SRR 3G, A A Lo A
TR, BRI XS AR A, TEAH R BOK A
BN, MEBR SR EE I Sk
g 25 pm/s I, G0E 2e) RO R, BEE T
RN, BB T8, B RS ARSI
WA, ML TR A 1) (e)FI(H)nT LA

A B RO AL 2
Fig. 1 Microstructure of longitudinal section of CoCrCuFeNiTi,g high entropy alloy at different withdrawal rates: (a), (d) 5
ps; (b), (e) 10 pmy/s; (c), (f) 25 pm/s



4 hEA O RYR

2021 - x A

Dendrite

Interdendritic

B2 AFEHHLEZR T CoCrCuFeNiTiyg i £ 4 A i o 4141
Fig. 2 Microstructure of cross section of CoCrCuFeNiTiyg high entropy alloy at different withdrawal rates: (a), (b) 5 um/s;

(c), (d) 10 pmis; (e), ()25 pm/s
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Fig. 3 Calculation diagram of dendrite size and fractal
dimension (a) and single dendrite taken from Fig. (a) (b)
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Table 1 Dendrite size and fractal dimension of alloy at

different withdrawal rates

Withdrawal rate/(um-s ™) d/um Fractal dimension

5 469.70 1.5981
10 442.38 1.6001
25 355.48 1.6158
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Fig. 4 Primary dendrite spacing at different withdrawal

rates
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Fig. 5 XRD patterns of DSCoCrCuFeNiTiyg high entropy
alloy
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Fig. 6 TEM image analysis of DS CoCrCuFeNiTiyg high entropy alloy at 25 pm/s: (a) TEM dark field image and EDS
pattern; (b) Diffraction spots after FFT and high-resolution image corresponding to (a) Area 1; (c) Diffraction spots after FFT
conversion and high-resolution image corresponding to (a) Area 2; (d) (e) (f) (g) (h) (i) Based on figure (a) EDS pattern; (j)

EDS spectrum
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Table 2 Composition of area 1 and area 2
Mole fraction/%
Co Cr Cu Fe Ni Ti
Areal 23.16 1456 2.17 17.55 13.83 28.73
Area2 20.13 16.61 620 12.52 18.84 25.70
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Fig. 7 Stress—strain curves of DS CoCrCuFeNiTiyg high

entropy alloy at different withdrawal rates
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25 um/s i, AETEREIELELI RS T KM
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Table 3
compression of DS CoCrCuFeNiTi, g high entropy alloy

Experimental data of room temperature

Withdrawal rate/ fx RKELE S PUEMRE/  E45RAY/
(um's ") /KN MPa %
25 56.70 1440.19 11.98
10 54.84 1389.07 10.23
5 51.55 1309.51 9.23
3 iR

1) SE FEEE A SR MASUNB AL . H
Hh, B F FCC A %G, 2 it 1] 52 i FCC AH A Laves
FHAL R o

2) MHhFE M 5 um/s BINF] 25 pm/s 1,
mn (VB SN GE—, — R a8 TR BN, A

rm A Bk, TE 25 um/s FIBWEER] T Ik
B o

3) BHEHPLEARIG I, HEEAMN S pm/s
IS} 469.70 pum P/ F] 25 pm/s I () 355.48 pm, 1%
fn ELAR BRI, SRANEGER R A . S TE4ERON 5
um/s 517 1.5981 4 E] 25 um/s I 1) 1.6158, F
RIS, FE B .

4) Ga B NAS H ST 2.11%45 &
BT AE 25 pm/s T E AR S 11.98%, KT M
HBEIE Re A B S & S R4V RE
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Microstructure and mechanical properties of CoCrCuFeNiTiyg
high-entropy alloy prepared by directional solidification

XU Yi-ku', LI Cong-ling', HUANG Zhao-hao', CHEN Yong-nan', ZHU Li-xia’

(1. School of Material Science and Engineering, Chang’an University, Xi’an 710064, China;
2. CNPC Tubular Goods Research Institute, Xi’an 710077, China)

Abstract: The CoCrCuFeNiTigg high-entropy alloy was prepared by directional solidification technology. The
effects of different withdrawal rates (5 pm/s, 10 pm/s, 25 pum/s) on the microstructure and mechanical properties of
the alloy was studied. The microstructure of the alloy was analyzed by optical microscope, and the phase
composition of the alloy was determined by X-ray diffraction and transmission electron microscope. The results
show that the microstructure of the alloy was dendritic at all withdrawal rates, the dendrite orientation become
uniform with the solidification process. When the withdrawal rates increased from 5 um/s to 25 pum/s, the dendrite
diameter decreased from 469.70 um to 355.48 um, and the fractal dimension increased from 1.5981 to 1.6158. The
dendrite structure was obviously refined with the increase of withdrawal rate to 25 pm/s. Moreover, the maximum
compressive strength reached 1440.19 MPa and the maximum plastic strain was 11.98%, which proved that the
directional solidification technology can effectively improve the mechanical properties of the CoCrCuFeNiTiyg
high-entropy alloy.

Key words: high-entropy alloy; directional solidification; primary dendrite arm spacing; mechanical behavior
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