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Fig. 1 Longitudinal section microstructures of CoCrCuFeNiTiyg high entropy alloy at different withdrawal rates: (a), (d) 5

pnys; (b), (e) 10 pmy/s; (c), (f) 25 um/s
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B2 AFEHHLEZR T CoCrCuFeNiTiyg i £ 4 A i o 4141
Fig. 2 Cross section microstructures of CoCrCuFeNiTiyg high entropy alloy at different withdrawal rates: (a), (b) 5 um/s;

(c), (d) 10 pmis; (e), (f) 25 um/s
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AL .

(b) Grayscale image

AN

Reversal binary image

Blnary image

B3 O RS R 4R o s A

Fig. 3 Calculation diagrams of dendrite size and fractal
dimension: (a) Calculation diagram; (b) Single dendrite
taken from Fig. 3(a)

5 469.70 1.5981
10 442.38 1.6001
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B 3b) it n AN 10 pm/s B 58 [ B [
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Fig. 4 Primary dendrite spacing at different withdrawal

rates

[PV gk IR AN L2 5 N i e 254 L
FERFLIE AR 10 um/s HEKF] 25 pm/s I, — K8
i [ BN R EE RN, s 122 it — 2
UESE T, B MhBLE RGN, HLRAGRIA L.

2.3 EMmEEE CoCrCuFeNiTips = EE € HIFELE
X 53 4
K 5 B A sE R CoCrCuFeNiTigg il &
SAEARFERHIER N XRD %, XRD BEESL T
DS CoCrCuFeNiTigg Ml & 474 FCC AHA
Laves #H. HH FCC MHI A& SHON a=3.579 A,

20 30 40 50 60 70 80 90
20/(°)

5 & %k CoCrCuFeNiTiys il & 4xff) XRD i
Fig. 5
CoCrCuFeN:iTigg high entropy alloy

XRD patterns of directional solidification
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HECNIE . M Cu JGE 3B A 7E P9 X I 1) ST
Ab, FETEIX K 2 H R F TR ISR/ NORL, X AT e
F Cu st E M T S . XK 1 FX K 2 1 EDS
ek 2 pral. B eb)Fi(c)En TTEE 6(a)ifds
KGR s B G . B 6(b)x 5K 6(a)H
MIX IR 1, EA e {8 B A 5 159 3 1) FEL T AT ST AR
FERT N, X4 1 NUS[110]&84#54H 1) FCC M, &5
HEE MG ST FE A 0.331 nme B 6(c)X) T B
6(a) F Xk 2, ATHHAEREI[001] f A il 1) Fe,Ti
B Laves A, 40 #FEUE 1 S E A 0.414 nm.
R4 TEM A1 XRD &5, W] DLE SE @ [A) 5 [
CoCrCuFeNiTigg Fifi &4t FCC 1 Laves fHH#H
R

2.4 EMmEEE CoCrCuFeNiTis mIE&EHFM

BES I

K 7 Btz N E R4t CoCrCuFeNiTipgHEAs 7E
AN R R N = RESE 2. W 7 LA
M2 BEH BB R R G, BIEARM
MR T, &E&rPUE®RES T 1300 MPa, &
GiNAZEIRT 9%, BAREFHImEMBENE, X2
FCC #HA Laves fHIL[FE/EH 45 R, FCC AHEA
UFEEYE, Laves FHEARUFMIRE . fERHERE
W1, FCC HHEKEATE, 4 FCC AHAZTY 28 K,
Laves Mt &KAARH, SR Laves IR RE I
B, R T AErd— 2K, &f CHR[13]4E
H, %454 CoCrCuFeNiTiyg &4 P ERE N
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«) @ Area 1
Cu @ Area?2
1
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Cr FeCO .
F
I i
Cr{def’|, Cu
o 8
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Energy/keV

6 1E 25 um/s N € [ &E[E CoCrCuFeNiTigs = & 410 TEM 1443 #7
Fig. 6 TEM image analysis of directional solidification CoCrCuFeNiTiyg high entropy alloy at 25 um/s: (a) TEM dark field

image and EDS pattern; (b) Diffraction spots after FFT and high-resolution image corresponding to area 1; (c) Diffraction

spots after FFT conversion and high-resolution image corresponding to area 2; (d), (e), (f), (g), (h), (i) EDS elemental

mapping in Fig. 6(a); (j) EDS spectra based on Fig. 6(a)

1848 MPa, MEVEN AR N 2.11%. HZ AL, FEANF
b E 2 N AT E B S, FTUEEL, A48
PUE SR A BT T BT ORER K, T He 4 AR
RESE . H A S0 48 N AR BE A B 2R
TR0, 76 25 pm/s BHE S 1RG5 N AR (AR .
FW T 58 A1 [ RE A 23R CoCrCuFeNiTigs &

EVIEYE, S GRS T R R A R R Ah
&, R\ T AESBA T, 7EE m &
AlCoCrFeNiy,, Ftdh i & &b kI 1 AU 45
L, BB SRR AR N, CoCrCuFeNiTios &4
R, MR, AMUES T #
(ARG 2, T LA AR R 350 50 4 3 BOEE 35 22 1 i R
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Table 2 Composition of area 1 and area 2
Mole fraction/%
Co Cr Cu Fe Ni Ti
1 23.16 1456 2.17 17.55 13.83 28.73
2 20.13 16.61 6.20 12.52 18.84 25.70

Area
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800 -

Stress/MPa

400

1 1 1 1 1 1

0 2 4 6 8 10 12 14 16

Strain/%
7 sEMEEE CoCrCuFeNiTiyg i & & EA R HE
NI - NAE il 2
Fig. 7 Stress—strain curves of directional solidification
CoCrCuFeN:iTigg high entropy alloy at different withdrawal

rates

i, S T IR TR ). T HA LA, S
AT, MRS R . EREES
(€ [ E A e rh, R AL (R R s 4 4L AT 35
0 R JE 45 vk BE . B A AINICY L Cu-cePY |
CoCrF eNiAlm[25 1,

JERTIIRIE R B> 2, ST e AR A R T2 kR
1 HEAs FIVERE 2 — PR A 200 F B e, &
S 56 8 AR il b JE 2 R 5 ] CoCrCuFe-Ni-
TiosHEAs IO LY, TSI T % & &M BB 1 ek
o TEARSLIGH, BEAGMHE AR M N, A 1 EL
T —, HAHSWRR Tk, RS
e, AR R TR RS BRG] ST AL, PRI, AR
[ (¥ ST R A B R IR B, T AE AL PR A
mnZH 2, MEARNE B2 5, B s
B YU SR EE AR RIS, b s Z 3 n 2) 25
um/s [N, A4 7E SR 46 5256 T 3RS T iR I R 46
AR 11.98% 5 UK 35 1440.19 MPa, Mgl 7
XA EVEREIIIE o & I8 2 T I F At 4 14 e

Ak 3 pral. WK 3 el LLEH, S80S
PERESZARLE R R, SRR I 5 poy/s I 11
51.55 kKN B4 E| 1 25 pm/s B[ 56.70 kN, 15 5%
FEM 5 umy/s I5F A 1309.51 MPa 8605 1 25 um/s i
') 1440.19 MPa, &4 %4 A il 75 il h s 22
XG5 um/s I 9.23%3 0% T 25
um/s B 11.98%. 8%, Laves A&7\ 77 4@ a1k
“W. Laves HIITER R L FCC A/, X {FIL X
[E . BHE. Kk, Laves A 7] L3 5% CoCrCuFeNiTig g
HEAs, {#3 CoCrCuFeNiTiosHEAs B A % 1$0 %
SRS, [RE, 7E CoCrFeNiNb,*?. Cr,NbTizZP¥
f&4aF, Laves MAHAE NEE MM T &4 1%
PERE. TR, CNIIAAL SRR, ARAGEE —AH TR
BAGAG, AT ME G B3R A (1 2R

%= 3 EMEERE CoCrCuFeNiTiyg =i A 4 1 = IR E 46 1%
REHHE

Table 3
compression of DS CoCrCuFeNiTiyg high entropy alloy

Experimental data of room temperature

Withdrawal ~ Maximum  Compressive Compressive
rate/ compression strength/ strain/
(pm-sfl) force/kN MPa %
25 56.70 1440.19 11.98
10 54.84 1389.07 10.23
5 51.55 1309.51 9.23
3 45

1) 52 FEEE G & MR A GO A . K
Hh, B i F FCC AHZH G, A it 8] 72 FH FCC AH I Laves
RN

2) AHHE R M 5 um/s BEINE] 25 um/s 1, A

A IRV BE RGeS B TR BTN, A
rnZH AT RA . 7E 25 unys NIEMLEE] T ZIH,
A o

3) FEEHPLEARIGN, B EAN 5 pm/s
IS} 1) 469.70 pum Y/ F 25 pm/s B 1) 355.48 pm, %
o BRI, SN . S TE4ERON 5
pm/s I 1.5981 3802 25 um/s B/ 1.6158, A
RIS, JFH .

4) H & M IRIE A O RE S 2.11%58 &
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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 were studied. The microstructures of the alloy were 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 is dendritic at all withdrawal rates, the dendrite orientation tends to be
uniform as the solidification process goes on. When the withdrawal rates increase from 5 pm/s to 25 um/s, the
dendrite diameter decrease from 469.70 um to 355.48 pm, and the fractal dimension increases from 1.5981 to
1.6158. The dendrite structure is obviously refined with the increase of withdrawal rate to 25 pm/s. Moreover, the
maximum compressive strength reaches 1440.19 MPa and the maximum plastic strain is 11.98%, which prove that
the directional solidification technology can effectively improve the mechanical properties of the CoCrCuFeNiTi, g
high-entropy alloy.

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