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ABSTRACT: The work aims to study the effect of Si content on the structure, phase, microhardness and corrosion resistance of

CoCrFeNi high-entropy alloy coating. In the study, CoCrFeNiSi, (x=0.0, 0.5, 1.0, 1.5, 2.0) high-entropy alloy coating on 45 steel
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substrate is prepared by laser cladding technology, and the phase composition, microstructure, microhardness,corrosion
resistance and corrosion morphology of the coating is analyzed by using scanning electron microscope, X-ray diffractometer,
micro hardness tester,electrochemical workstation. Theoretical analysis combined with experimental verification shows that the
CoCrFeNi high-entropy alloy coating is a single fcc phase. The microstructure of the coating is dominated by equiaxed crystals
and dendrites. When the Si content is small, the Si element is mainly segregated in the grain boundaries. As the Si content
increases, too much Si will be dissolved into the crystal grains. The average microhardness of the coating increases with the
increase of Si content, and CoCrFeNiSi,, can reach 566.5HVs. In 3.5% NaCl solution, the corrosion potential of the coating
increases with the increase of Si content, the corrosion potential of CoCrFeNiSi,, is positively shifted by about 160 mV
compared with CoCrFeNiSipy, and the corrosion current density decreases from 1.17x10°% A/em? to 6.06x1077 A/em?, the
corrosion resistance is improved. When the Si content is low, continuous large-area corrosion marks appear on the coating
surface. As the Si content increases, the surface corrosion is dominated by pitting corrosion. As a result, the addition of Si
element to the CoCrFeNi series high-entropy alloy coating can promote the formation of bce phase, increase the microhardness

of the coating, and can effectively inhibit the corrosion tendency of the alloy coating and slow down the corrosion rate of the

2021 4 8 A

alloy coating, thereby improving the corrosion resistance.
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Fig.1 X-ray diffraction spectrum of CoCrFeNiSi, high-entropy
alloy coating

H AR P=C+1-F ( C &4 FITH, F T2
E DT, A 4 TR R R PR N T RO,
ARG A2, et R, AN T E 08 X2
KR Z 80 EICHIAETE, G SRR IIR ARG K, il
FILZ A AR E R K. T &Rk & Y
AR, A LA A T8 SR 2 1 SRR Z5 M, &
TR A AT A S5 KT BE B 4 ph T A 40 5 T A R 2 b
ARG IRIAMLA P Bk, E IR A mE S
S T A E RS R . B 1 AT LLE
CoCrFeNiSig &4 A H—M foc 454 B Si 7 A4k
SRR, fee MIRYATET IR EE B HTIRAK, CoCrFeNiSiy 5%
SHEAE A bee Mo BRI AE S BIE T &5 HARST, Ui
B Si J& bee MIMME R ITE .

2.2 BN

CoCrFeNiSi, & &b 20 B A 2E 5 m
B2 Fi7s o D SOMZH 208 50 1 P PR AR 2 4,
HNRREEE S50 . fER g, TR E P R A
I AR R A, HA e AL . BEE AR, T
T T T P 8 &, X AR A K 45 1) S B T —
SERIIRIVER , Fr A2 20 35 DL S5 A el o 3
H# 3 Al A, CoCrFeNiSiy o 2H 4 Sk 5 b AR o458
KLY, WS YRR EZ A 0.5, 1.0 B, SiJo
REEEMA LEE. XREEN Si 7EEE RS HIN,



. 346 - *x m H O OAR 2021 4% 8 /]

BRI W A E L ZISREE SIS Aks i, SWRTPIIEAZER, BiE Si TR, HAL
AR NER St ETE. R M T S EIna i m S SioVELOCIBEROR, ILARLNEREY Si &R 2T

a CoCrFeNi b CoCrFeNiSi, s ¢ CoCrFeNiSi, o

d CoCrFeNiSi, s e CoCrFeNiSi,,

K2 mEIZHLUEH
Fig.2 Magnification structure of cladding layer

®3 RENRX S EDS o347 B Si & B THm E W T R Y x=2.0 I, SR
Tab.3 EDS analyses of test points in coating , FEIRBIERE . 3 4 W20, Si T MR Hil
WO Segbh. tEASRI S| ERR, — AT, T
Region Co O Fe N SU o FoRfRR, SMRENESEEARERA,
o 19.33 20.73 40.15 19.80 0.00 FERRES . 5, JE TR/ S ETA B
CoCrFeNiSigy 1 19.61 19.61 40.67 20.11 0.00 H%l*%ﬂgg:?l@{ﬁﬁ, %%Tﬁ%ﬂ\rﬁ’ EIEEﬁ:ZIETJE/‘J*HX#{%
2 18.92 23.15 37.54 20.40 0.00 Foms fE R X, RO 22 TR fi e 2 T
p 1571 16.86 41.08 16.29 10.06 580
CoCrFeNiSigs 3 17.06 1641 4324 1582 07.47 s60 L
4 12.86 1638 27.86 21.81 21.09 ~ 540t
vy 1448 1571 3643 1583 17.55 Eo 520
CoCrFeNiSi; o 5 16.16 16.74 38.79 14.85 13.45 :g: 500
6 1473 1607 31.79 17.50 19.91 g 4or
5 1277 1392 33.78 1427 2525 E :jg:
CoCrFeNiSi;s 7 15.59 16.14 32,12 1522 20.93 p= 0k
8 13.96 14.99 29.89 14.76 26.40 400 b
e 10.63 1410 2565 1211 37.51 380 . : . . .

0 0.5 1.0 1.5 2.0
X
3 CoCrFeNiSi, il £ & 2 B~ 14tk flc B J3E
Fig.3 Average microhardness of CoCrFeNiSi, high-entropy

CoCrFeNiSi,, 9 12.27 10.74 26.86 11.06 39.07
10 12.67 1542 2452 1491 3248

2.3 E%’Iﬁﬁ}ﬁ alloy coating
CoCrFeNiSi, 1% J2 (1734 Wb iwfchefl 2 it Ze il 3 e R4 GETENMRETEE

. HE3ITHE, S SifyElmEZ k00, 0.5, Tab.4 Atomic radius of alloy elements

1.0, 1.5, 2.0 i, IRJZ 724 8 50As 2 535 02 401.2. Alloy elements Si Cr Fe Co Ni

421.5. 507.8. 523.7. 566.5HV,s, &2 W) i hf g Atomic radius/pm 117 128 127 125 124




$50% 8l

TSRS WOEIEAE CoCrFeNiSi, B A 4 1k 2 18 S it b M REAH 5 - 347 -

24 HEBEM%ERE

ZER T CoCrFeNiSi, %2 MFIEAT 45 WTE 3.5%
NaCl ¥y sh b th &l 4 s, % 5 %4
BT AR LA S A AR F AR 2R S S R
BEWBEMEBAL Eoo 2R MIEE 2B M m, JE
ol L A7 G, L0 P ot 0 T B /N2 T e e 9 %
BE Jeore VU2 A 2 J5 TR SR (B A, B8 ol oL % B
K, FEU B A 0 T ol Rt gy, SHLC TR e g 2 O
M 5 hafIES, BEE Si SR, 5408
LA Eoo 3K, CoCrFeNiSiy o # CoCrFeNi (1 th
HALIEF 2 160 mV, LWL Si &G4 A 1K1
JEBE ] . A AR B Jeon B ST BRI TR
M /N, 5 CoCrFeNi Mk, [FZ5EEmh4&FT,

500
—— CoCrFeNi .
—— CoCrFeNiSiy 5 -
0F —— CoCrFeNiSi;,
E —— CoCrFeNiSi, 5
a —— CoCrFeNiSiy
$ 500
%
Z
53]
—1000 [
—1500 [
1 1 1 L .
-5 —4 -3 — 1 0

Ig[J/(A - cm™)]

K4 ghrafitifbhzk

Fig.4 Potential polarization curve

: o $4
a CoCrFeNi

d CoCrFeNiSi, s

b CoCrFeNiSig s

x5 BUFESH

Tab.5 Electrochemical parameters

HEAs Eeorr (vs. SCEYmV  Joon/(A-cm™)
CoCrFeNi —758.18 1.17x1076
CoCrFeNiSi s ~710.44 9.20x107
CoCrFeNiSi, —634.06 7.08%x107
CoCrFeNiSi, s —633.37 6.85x1077
CoCrFeNiSi, ~598.60 6.06x1077
45 Steel -1057.03 1.63x107

CoCrFeNiSi, o A 4 [ Ji ph BUR IS | it f 1 e 3
P o FEAR 45 AN LB BAR TR 2, Ehk
LU 2 BEAE CoCrFeNi W2/ 1 AN B, UiiTR)Z
Xef LA T DL B4 R0 5 T B B

K 4 R8T DIFEH, CoCrFeNi 1 CoCrFeNiSi, s
T FEAR 223850 A B W i BE AR T o0 o TEBHR th £k
T AL XA 2% o Bt 25 A B 38, 2R A I IX,
Bifi J5 AEEEAL X R AR AL RS, e e mlad glifb X, 7F
CoCrFeNiSi; o. CoCrFeNiSi;s. CoCrFeNiSi, o HIH 4k
Mgk, B &M AEI LIS o X R R e il
AR A SIRZRM, SERKENEM™=Y, H
FRAESRIH, XPUR)Z AR PE AT, T REAIS 17 ol sk
%3[27]0

2.5 [BHESRSH
CoCrFeNiSi, Bl & 418 2 TE 3.5% NaCl B+

B AR S SR AN 5 s, WTAEH, Si & B

&y, BT EL REARREha B, BiE Si &

¢ CoCrFeNiSi, o

e CoCrFeNiSi,,

IR e ate I L Y 2
Fig.5 Corrosion morphology of HEAs coating



- 348 - * wm #H R

2021 4 8 A

TR, WR)E LSRR IR R s L, X
DR 3 2 ) J68 ot e (S JE 0, e A /), T et L
VR BEDR/)N R 2 A I e AN, PR B
B P R R L5, S ETOR BRI IR

3 #it

1) CoCrFeNiSi, R i & & MOt EIRZ 2
R SE T 458 (bee ) RN T 4548 (fee ) A%
MUREIN Si B, BaH Y fec SiHHM. MEE
Si ERAIIN, TRIZH fec MM bee HFEAE . T B
WAL, Si & bee HAYIERICE

2) WA LIRS SR E, B Si
F, eSS AT . B SRR TE, Si2x [ 2] i
RLNFR . TR AT BERE Si % = A I T
% x=2.0 i}, 73k 566.5 HV, 5.

3) Wi Si FEMBEN, CoCrFeNiSi, & &
A TE 3.5% NaCliE W i ol o7 B 7, il i 2%
FEW/S , Uh W e P B4R v o A i P R el B FR R
F|/NH CoCrFeNiSi, ¢>CoCrFeNiSi;, s>CoCrFeNiSi; o>
CoCrFeNiSij s>CoCrFeNi,

S 3k

[1] YEH J W, CHEN S K, LIN S J, et al. Nanostructured
high-entropy alloys with multiple principal elements:
Novel alloy design concepts and outcomes[J]. Advanced
engineering materials, 2004, 6(5): 299-303.

[2] RANGANATHAN S. Alloyed pleasures: Multimetallic
cocktails[J]. Current science, 2003, 85(10): 1404-1406.

[3] ZHANG Yong, ZUO Ting-ting, TANG Zhi, et al. Micro-
structures and properties of high-entropy alloys[J]. Pro-
gress in materials science, 2014, 61: 1-93.

[4] YEH J W. Recent progress in high-entropy alloys[J].
Annales de chimie science des matériaux, 2006, 31(6):
633-6438.

[5] MIRACLE D B, SENKOV O N. A critical review of high
entropy alloys and related concepts[J]. Acta materialia,
2017, 122: 448-511.

(6]  BAUKA, MM, FWEW, 2. SR Bl g Mo it g

[J]. BPELTA, 2017, 45(11): 129-138.
CHEN Yong-xing, ZHU Sheng, WANG Xiao-ming, et al.
Progress in preparation and research of high entropy
alloys[J]. Journal of materials engineering, 2017, 45(11):
129-138.

[77 SENKOV O N, SCOTT J M, SENKOVA S V, et al.
Microstructure and room temperature properties of a
high-entropy TaNbHfZrTi alloy[J]. Journal of alloys and
compounds, 2011, 509(20): 6043-6048.

[8] ZHANG Hui, PAN Ye, HE Yi-zhu. Synthesis and chara-
cterization of FeCoNiCrCu high-entropy alloy coating by

[10]

[11]

[13]

[14]

[17]

laser cladding[J]. Materials & design, 2011, 32(4): 1910-
1915.
24, BB, WA, 25 FeCrNiCoCu(B) i &4axis
JER & S FRAE]. PEZRIE TR, 2011, 24(2): 70-73.
GUO Wei, LIANG Xiu-bing, CHEN Yong-xiong, et al.
Preparation and characterization of the FeCrNiCoCu(B)
high-entropy alloy coatings[J]. China surface engineering,
2011, 24(2): 70-73.
A, W, otk AF ST EL FeAICoCrCuTi, i
Wie &2 ALV ST EVERET]. FORHRY, 2018, 51(9):
8-11.
DONG Shi-zhi, MENG Xu, MA Zhuang, et al. Micro-
structure and wear resistance of Fe AlCoCrCuTig, high-
entropy alloy coating prepared by argon arc cladding[J].
Materials protection, 2018, 51(9): 8-11.
DOLIQUE V, THOMANN A L, BRAULT P, et al
Complex structure/composition relationship in thin films
of AlCoCrCuFeNi high entropy alloy[J]. Materials che-
mistry and physics, 2009, 117(1): 142-147.
AL, BERE, A, . AL KAEDIR AICoCrFeNi
R A U 2 B R R A S AR RE (7], MRS,
2019, 33(9): 1462-1465.
GUO Ce-an, ZHAO Zong-ke, ZHAO Shuang, et al. High-
speed friction and wear performance of electrospark de-
posited AICoCrFeNi high-entropy alloy coating[J]. Mate-
rials reports, 2019, 33(9): 1462-1465.
DU LM, LAN L W, ZHU S, et al. Effects of temperature
on the tribological behavior of Aly,sCoCrFeNi high-entropy
alloy[J]. Journal of materials science & technology, 2019,
35(5): 917-925.
LI W P, WANG X G, LIU B, et al. Fracture mechanisms
of a Mo alloyed CoCrFeNi high entropy alloy: In-situ
SEM investigation[J]. Materials science and engineering:
A, 2018, 723: 79-88.
VERMA A, TARATE P, ABHYANKAR A C, et al. High
temperature wear in CoCrFeNiCu, high entropy alloys:
The role of Cu[J]. Scripta materialia, 2019, 161: 28-31.
HPRAE, $LJRIC, XL, CoCrFeNiCuTi, i 4 it
WLLH S5 TR JE ik MR REBE S (0], B R iR & HR, 2020,
38(1): 10-17.
MIAO Zhen-wang, ZHU Fu-wen, LIU Qi. Study on micro-
structure and corrosion resistance of CoCrFeNiCuTi,
high-entropy alloy[J]. Powder metallurgy technology,
2020, 38(1): 10-17.
3, AR, EWISE, S Al 3 EEX ALCoCrFeNi &
R G A L ZURN M RE A 2R (7], AERLRAE H A= 4R,
2018, 39(12): 29-36.
ZHANG Xue, CUI Hong-zhi, WANG Ming-liang, et al.
Effect of Al content on microstructure and corrosion
resistance of Al,CoCrFeNi high entropy alloys[J]. Trans-
actions of materials and heat treatment, 2018, 39(12):
29-36.

( THe5 381 1)



