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Abstract: Thermal spraying coating technology has developed rapidly in recent years, and has become an irreplaceable
material surface modification technology in the field of surface engineering, and plays a key role in many industrial applica-
tions. As a new metal material, high entropy alloys have a unique composition design and microstructure, which exhibits
more excellent performance than traditional materials. It has deep academic research value and the industrial application po-
tential in thermal spraying high-performance coatings. The work summarized the advance of high entropy alloy coatings in re-
cent years. Firstly, the definition and characteristics of high entropy alloys were briefly introduced. Based on the technical
principles and characteristics of different thermal spraying technologies, the relevant researches on the preparation of high
entropy alloy coatings were described. Spraying is one of the common methods on preparing high entropy alloy coatings, in-
cluding plasma spraying, supersonic flame spraying, cold spraying and high-velocity arc spraying. The research progress on
thermal spraying high entropy alloy coatings microstructure ( porosity, phase composition) , performance (hardness, wear re-
sistance, corrosion resistance) and other aspects were summarized in detail. And the future development direction of thermal

spraying high entropy alloy coatings was prospected. With
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exploring the coatings preparation process, post-treatment process and performance evaluation mechanism is of great signifi-

cance to improve the thermal spraying high entropy alloy coating performance.

Key words : high entropy alloy coatings; thermal spraying; hardness; wear resistance; corrosion resistance
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[21]



352 Hh L b A

5 44 %

- FH o e A T A s A o s 7S o 4 S R
T 2 A RAE LA T, 80 P VA R TR IR 2 DLk
P RmscrEE A B m TEY . HAT, BUBHRER
A RS TR (air plasma spraying, APS) . ##7H kI
W% (high velocity oxygen fuel spraying, HVOF) . @& H
PRI (high-velocity arc spraying, HVAS) %,

1L FBTR

APS FE AR FH 55 8 T I Sy Bk i 25 1R 2 1 —
T2, S8 PR —F R4 ok, i ERk.
SRR R, BB E AR AR D IR UE PR
SRR BT IRIGTR R TR TELEE AT LA F] 20 000 °C DA
L, fegm b R 28 e R S5ESBMR ) Wik, APS
FARAIE FIAR LT AN 32 BRI 55 28 I S I 2 A
T 150~400 m/s Z (1], WESEMZRPLS 8L, H
HE R PG 2456 . T8 APS HURIEAN |, Bl
S8 T (supersonic air plasma spraying, SAPS) #F & h¥
Iy, HIAGREEE &, MORE N, BT T
WIZTR

2004 4F, Huang %7 ¥ UCHRIE TR FH APS $ AR 2l
SZBLT AISiTiCrFeCoNiMo, ; A1 AISiTiCrFeNiMo, 5 = i &
SWIERIHIE, PIFMRIZEEE R 160 pm, IR IX
FIFPIR)Z It BCC S48, /MMl BCC 455k 3= 5
YER, 0T FCC Z5MMTE i ; PIARR)Z i A & o
SR 0.95% F1 0.5%, FLBEE53 514 0.92% F 1. 06%
Hsu 55"/ F ] APS $L AR il % T NiCo,  Fe, ,Cr, ;SiAlTi,
A EIRZE, RIS SIS YA ERR, R24
Fr EEh IR BCC AH,  [RIE A2 B T B iR A7 AR 1Y
D ALO, Al Cr,0, EALY A, HIRZHIBEN T
1% ~5%Z 0], APS S0 & 4R 2 HR F 28 A UZ MR
Rire AT AR 5 A Ak, TR R R IS A
HE JF SR TR A SURE S AR,

Liu 25 3538 TR H APS £ AR 4 CoCrFeNiNb 4
BaWRE, JERMBEE Nb S RIE I, WRIZ450 b A
FCC 45¥%678 h FCC F HCP B A WARZER) , W2 s
BT & Nb B9 Laves A, Wang % 858 T R HI APS
ARl # ) (CoCrFeNi) s Nby B & &IRZE, KIS REE
SRAMLL, IR T B A Laves A, ELBLAHAIEL i
[ AFZE TR AT, B 28 Cr F1 Nb JTEE I & %
APS W E R AP AT B8 2 T BUH 41 R AR Ak FoC E R AT AT
HHEERA

Ang VSR APS Hi AR il £ T AlCoCrFeNi il Mn-
CoCrFeNi El & & IRE, /i A MANIRE FE2 H FCC
A A AL A A, TR 2 FLBR A 5 R (9.5«
2.3)%M(7.4£1.3)%, I-FIH DPV 2000 &AWL T

LB TFUIR SR P TR RO B, ITRESE
FHIE, 456 RIZHOWIE S A HA R APS TSN &
PRAEA B T 0 2 B K Mk RE R $E T FE SR AL
Anupam % (21550 APS ARl 45 19 AlCoCrFeNi 54 & 4
WEMAT TARIE, KBEEH FCCH I ESF, BCC H
R, FIRHHELT AB,O, RURA ALY, FERIH
DPV 2000 #5700 1AL FAEBT IR 1L B8 i A | IR
KRR AR, R IR TR R (R R4 3 /N RE$2 T U
JER TR, T S AR AR 5 A B DA B T 3k AT Y
FALRN, IR, Wi T S EL KR A
RHEFERENS B2 APS BiH A &R Z M 516,

J T E R R AIRZ, PR RS T AR B
ik e L S By | O T A 1 R VAR S A 25 A 1 5 i A
Ho Xiao %57 R HI APS £ AR il % T FeCoNiCrSiAl, i i
BERE, KIRZETFEH BCC MABE FCC AU,
H5 Al FEZMTX; LM H0.5, 1.0 F1.58,
PAL T 12 B S5 89 40 514 FCC+CryNigSi, . FCC+BCC+
CryNigSi, Fil BCC Z5#, REAE™ R A APS FL ARl % T
AlCoCrFeNiTi F1 AlCoCrFeNiSi & & 2182, K I
W2 E 2 BCC HARMH, i FCC AH KA T BCC AHAL
B T ELARSE T Bk i B APS £ 5 i A A iR
AT R RRE, e BT Bk ol e 37 A B AR R R
(L RIS YA N R TR AL )t WA N T T 7 = 1) [ B &
PERESE N S, Lin 257 858 T 600 1 900 °C #A4b B |
WOCHE I E B 3 Fh7 X APS H AR H £ 1Y FeCoCrNiAl
A SRZENEmEN, RMBEOCEES, SHA S
WA A RSB ME BRI AR T &4k, T
MEEERRBAWET S, (2468 BCC FE RS HIE M,
TFil B A 2 RV S8 P 4 I PR Ak A W0 AH . Wang 265 R 1 APS
HARGE T CoCrFeMnNi FHi & &2, ZMIRZIE FCC
g54h, O AL MARAE, FLBRRAN 2.9%; S5
T OGS T AN URZ MRS R T8 A DL KR 2 T 24 B 52
oI, BOGCER XA 3 FhE EA (18 3), S—Fp
Sk FCC AHEERE, BfiJS UE4T BCC AHEERT, idk FCC-
BCC #X; 5F —Fp e 8 i B o8 40 FCC M E [, B
Fully-FCC 28 55 =Fh b2 BCC MR, Z )52 N
FCC MHEERE , dk2 BCC-FCC #ix, Hid B FCC-BCC
HE R RE SRR SECT AR RS, X R B R HIR)E
225 FA) B4 725 DR 28 A A IR R e

AN, Lobel 2% %F APS il £ AlCoCrFeNiTi =4 &
SURZ BB AR T TRRSE, 0T T ELIER A AR
HIUBER 5 By AR PE AR S5 ALY R AE APS IR 2 il 55 P iy
WM, REEESIRE A EGE A S SR A 4
KoK, i H A LA 0 A A v )2 BRSO AT



FRGEMAE . AT S A SRR IS BR  JE 353

4
(O No solidification cracking
> With solidification cracking
g pepeppy =, T T
& ' X O
[}
g, |t Pum-rcc i b B
g |3 solidification [ iftcadlon m:)-e- he
el : mode H r :
(1]
g§:pO : O : Oy
2 ' : LI ]
.l R BCC-FCC
L H : solidification mode |
[} [}
[} [}
foi o x o
100 200 30 400
Power (W)

3 ERA A ARG TR A E T B 7 R R A
Fig. 3  Solidification mode and cracking state of high entropy alloy sam-

ples fabricated under different laser remelting conditions >’

ML, RIZTHAEESZ AR AR AR BCC [ 1A LS
1, BRI ZAETE LB AL A

APS FiAR AT DL £ IR SE A 5% | PEREIL Y
WG A2, T HAZ R ARG TR R e, AT R
A SR ICR A R &, (A2 BR B k)=
FETEALIR . S . oA . MBI, SRR
SRR FIZE SRR . AR, W LGE AL APS T
SEECIRR R AT A IR R B R 45 R R
FE) | SR AR B SO R R it o ik e e Sl B ik
FEHEARTB, LG ERZRILE %,
3.1.2 RBEF#E KGR

KGR B AR S H A BT R A IR R 2 —
FEREA A S YRR . e ke, N ERL
RIRAEE ) Whber™ HE 14 i Tl A (3000 ~ 3500 K) 5 8 R b1
BHELL, SR 51 Rl 3 A Fa 245 R o o S 38 BE A b
B BOR 20 T2 AR, % T2 J01 58 4 ik L B
KR SIS . S T BEERE R R SRR, PR
BOE S MR R A AL T TS S8, 7E 20 42 80 4
A, AT K38 B 8 800 m/s 1 HVOF &% £33k
BT IR SRR, HVOF 5 R % 105 )2 B A 454
SRIE . BUBEL . R | TS B T AR AR A
A, 2009 4F, Aol = 22 R F 5 B K I BE VR T
2l % T AlFeCuNiCrTi, AlFeCu, {NiCrTi, AlFeCuCoNi-
CrTi, AlFeCuCrCo. CuFeCoCrNi. AlFeCoNiVTi B &4
W, WA IIERIZE & FCC Ml BCC MHZS M4k, %
JEHBEE, AR AL RIALER, REAEAE P4, A IR D
MBS PR SR OWL S AL, i HL A U AR U
Chen 2" R Fl HVOF £ AR 145 T Al,  TiCrFeCoNi 5 %

BAWE, W kIR )22 h BCC M FCC A4k,
HE5 R G R, WZLBRAN 1.68%, Libel
SEUTE APS R JERE B, BESE T HVOF $ R il %
AlCoCrFeNiTi Sl & & WIZ I M, 48 ZIMEIZH
b2 ¥ 19 BCC AHZE Z AR M2 AL, T IR 2 2 M
S ERE M, o rE AL E AMFLBL, Srivastava
4512 SR H HVOF # AR 1 % T FeCoCrNi, Al &5 5 45 1
2, MR ABSZ | FCC FEA L K & A M
(Ph ALO, NE) 1 BCC IREATA K, Vallimanalan Lz l]
K HVOF # A K146 T AlCoCrMoNi S &&R)2, B2
FLBRRZ N 1.03%, 5 316 NG5 P B4R 1Y 45 4 5 i
68 MPa, 2B (& 4) , Zhou 25" %[ HVOF #;
Al % T FeCoNiCrMn Fl FeCoNiCrMnAl, , Fii A 4R 2,
W & PR 2 ¥ R BN B — FCC MIZEH, WK 5 FiR;
WIEEAABARMFLER R, K AL TR BRI T %2
HIBL AL TERE

Substrate

Interface

P4 316 ANGEAELR KR R & &R 2 I

Fig. 4  Cross-section morphology of HEA coating on SS316L substrate| )

¢ + FCC
« BCC

u

Al, coating be *
; ke Stk

o i 4 Mm

lo

|
I
Al, s coating | * e Y e e,

20 30 40 50 60 70 80 90 100
20/degree

Intensity/a. u.

85 FeCoNiCrMn Fil FeCoNiCrMnAl, s FiMi & 48210 XRD [+

Fig.5 XRD patterns of FeCoNiCtMn and FeCoNiCrMnAl, ; HEA coatings'*

HVOF Hl & =M A SR ERE I E, &R, &
AR, ETHRTREMN A, B, EZHEAR Tk
JEA R A S B R A, AR AR IR R Sk A



354 Hh AR

5 44 %

SREERUR , AETERORALBR A B A, ATl T 22280
5T Brift — AR m IR 2 i
3.1.3 JHeiRuk

HVAS $ASEFI P AR 22 04 8 42 7= A= 14 s A 1L B
BrIe, MREE R R 25 0K L35 A fin o 1 B 2 3 b 3R 1 3 1
BEE BSOR)ZM T2, BT R RmE R 7™ A 04 LA
HYRESE R BE,  AJ DA WSk 22 b4 7E % 18] 3145 e 19 1L B2
PN EZr RS Wig X (AN T s % N e~ A IR N L (i)
i, EAEINE TN, ATseBlRmAmiR, TAESCR
B, HUAEsehs TR PSS T ) 2 R

FAAEC TR HVAS AR GESE A &R K& T
FeCrNiCoCu il FeCrNiCoCuB W Ff E i & 4182, LB
FRURIZ B FCC [ R AR AL A, 0 FLVR 2 41418 5] 5
%, RHBRIERIREEH, B F EE R HVAS HiAR
fil# T FeCiNiCoCu Hili &5 &R )2, KMRZFEEH
CuNi, Fe,Ni,. Cr,Ni, S50 WA FCC [ 3% 7R 40 A /b
Fe,0, 1, Wi HAFFEAE MA12L; W58 T A4 3 T 2%
WIZEE g, &P E A B R T, IR R
AL R, O SR kA I AR Mk, 81450
RABUEA.

AT A R i R R 2 5 s O A
SRR, RZ Ay & aEGs, mHEB RS
FIARAS | FLIRSE BB ME LR, 25 5 A 4 8 Rk & )
AR RARIAR DR R B R i S B A TR 2 B
SR D,

3.2 Amg

20 tit2e 80 4FAX, 1A A7 2 5 XU i R B R
SR A, HTIRBCRR B PE AR R 43 Be e 5 N o
WIFFE T 1 B 2 KL D F il T 6 5 38 TR (cold spray,
CS) FARM™ | ZHA R A IS S F ik A,
BRI E SRR 2 A8 15, MR & R AR R
i U 5 LA TR RORJE R 5 APS, HVOF
LGRS AR AT, €S TAE S #dh 7 A4: il AR T

WSUR AR IA A, S TRRL T R & AE s 1b 0 P08 1 11
AL, EE TR RS, e, MHAESEME, XA
TR i 25 £ e M Uk A e AL ) 6 1 SRR . VR R
A AR RRR R

RMESEDY SR €S HAR$ % T AlFeCoNiCr, AlFe-
CoNiCrMo, AlFeCoNiCrMoSi = i & 4 % 2, W2 ¥k
BCC i B 45 F4 AR 4L AL, SR KL RS FIFE 12~ 37 nm
ZIa); BWIEFLBRRLNT 1%, 5IEREE 458 8 i m ik
58 MPa, EZERIAHIMEA G, Yin 7 RA €S HA S
% T FeCoNiCrMn Rl & & 0R)2, RIRIZRE THORH
KA, ¥iEd FCC AL, 1 H IR 2 LB R
i, B m (E 6); RN & B2 Sk RT L e v b
AR IMANAL, 332 B R R i 2 A A e n A
SIS A & L, Anupam 27V R €S HARS & T
AlCoCrFeNi S & a W2, MR RMIRIZ SR B R K
AR —E, ¥ FCC FZARA BCC IREAHLL K, 1
Hillid TEBE MR, 7] UG 2 LB R i 35 o
Ui T 18] (925 4 . Lehtonen 257 SR €S Hi A Hl 4 T
CrFeNiMn =G &2, R TRERENSEE LELS
O TR 2 T R R, ARAS I de 0 R )2 LR
KN 3%, KR T IREZHA—1 FCC AL, HmE
R AT RN FCC MR BCC MM E A 45
FEASTA]

CS B AR 4% B0 6 40 1 2 T LA B W5 34 493 oK i A1
SERPRAE, SR IRIZEA BN A SR AR, 5
FARZ B B 25 A om BB, T HL Aok kAR B R B an Ak,
AU TIRZEREMIRT:, H, &R T TR Lk
KA, T E ] AR S, BOE T S R AR S Y
TRRGRE A, Ani s i R sl s v 25 A8 1R i R T B 4

AN, B THETE CS HORMTEE, MEmtih T 2A5 5
KAHERE, 21 e 3T (IR HVOF $oAR , Wpfrh
IRMTER (warm spraying, WS) 4R, BIFE HVOF Wiig A5
FHE AR, LK HVOF iR - 2/ T HVOF

T 5 o 7 - 1
(a] Fec (] S e Coating
Coating |
| Fcc
FCC =
S~ Coating | A
Interface 5 . of Neisd i, .
o
Substrate =
Powder I ! y)
e
=
=

T T T T T
30 40 50 60 70
2 Theta (°)

Fl6 VeBORFNG SR (a), FIREA SMAFIIRIZ N XRD [ (b) , Bl & 4R 2R SEM BT ()|
Fig. 6 Photo of the HEA coating machined by cold spraying (a), XRD patterns of the HEA powder and coating (b) , cross-sectional SEM image

of the HEA coating (c¢) (52]
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Table 1 Phase composition, porosity and hardness of thermal sprayed HEA coatings
Preparati P ity/ Hardness
Coating composition r;[:}r]il;un Phase composition Orz/illy (d;\r;e;b Property Ref.
AlSiTiCrFeCoNiMo,, 5 0.92 486+31
APS BCC [27]
AISITiCrFeNiMoy, 5 1.06 52452
APS 4.3 429 ,
AlINi , Cog Feq , CrSig 5 Tig » BCC EX.Ce"?m [65]
HVOF 2.8 450 oxidation
. A X resistance
NiCoq_¢ Fe o Cry 5SiAlITiy , APS BCC+Cr; Si — 429 and wear [28]
WS BCC+FCC+CrySi 470 resistance
NiCoy ¢ Feq ,Cr, 5SiAl HVOF BCC+FCC+AL0,+Cr; 0, +Cr, Si — 440 [66]
APS BCC+FCC+AL;0,+Cr;0,+Cr; St 400
NiCoy ¢Fe ,Cr; 5SiAlTi , APS BCC+Cr;Si — 450+19 [33]
APS 3.1 356
CrFeCoNiMo,, , FCC+Fe;0,+Fe,0;+AB,0, [67]
HVOF 0.6 390
BCC1+BCC2+FCC1 (HEM powder) 476
AlCoCrFeNiTi APS BCC1+BCC2 (Aomized powder) — 599 [38]
BCC1+Ti +Ni ( Powder blend) 354
Excellent
AlCoCrFeNiTi HVOF BCC(B2)+BCC(A2)+BCC(B2")+C(A12) — 730 wear [41]
AICoCrFeNiSi APS BCC+FCC+B2 — 612 resistance [68]
CoCrFeNiAl APS BCC+oxides — 573 [62]
FeCoNiCrMn APS FCC+MnCr,0,+MnO — 332 [70]
FeCoNiCISiAl .51 0.1.5) APS BCC+FCC — 655, 666, 568 [33]
FeCoNiCrMn CS FCC 0.47 333 [52]
FeCrNiCoCu HVAS FCC — 408 ~500 [48]
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Preparati Porosity/ Hardness
Coating composition r:i‘:;zléun Phase composition Orz/illy (a;\r;e;b Property Ref.
AlTiCrFeCoNi APS BCC+FCC+B2 — 642 [64]
Excellent
AITiCrFeCoNi/Ni60 APS BCC+FCC+B2 — 727 high temperature [ 69]
Al ¢ TiCrFeCoNi HVOF BCC+FCC 1.68 789 Wearressinee g
. Excellent corrosi
(CoCrFeNi) ¢sNbs APS FCC+Laves phase — 325 xee er.l comosion [30]
resistance
AlCoCrFeNi FCC+BCC+oxides 9.5+2.3 497
APS — [31]
MnCoCrFeNi FCC+oxides 7.4+1.3 460
Ni, ,Co, ¢Fe, ,CrSi, , AlTi, , APS BCC _ 434 o [63]
AlCrFeCoNi APS BCC+FCC+B2 — 428 — [61]
CrFeNiMn CS FCC 305 — [50]
FeCrNiCoCu 408
HVAS FCC <5% — [46]
FeCrNiCoCuB 346

Cheng %'/ 1 Mu %5/ XF AlCrFeCoNi 1R)2HUBIFT IR
WRIZHOREE R A RNR & A O FA A 5 8 TR
JRMRERE . Wang %' FEHFSE Ni, Co, (Fe, ,Cr Si AlTi,,
WA EWZER B, )2 EEEEEGE R SR —¥
HoR 40 2 B m AT B TR 2 IR (A AR, (H 25 Ak
S, KRG Cr,Si YUTE 19 7 A8 (0 1 2 9 A B2 R I
Tk, Hsu ZE T HF58 T APS, HVOF Hl WS H7 A %}l % 14
A S FZREW, K APS Il HVOF il & /Y & &
SWRIEHEBZIRGE K, B A D o w0 AR A
SIHTA R T RE R B R A P A R Ak AR
SR WS AR 28 10 J2 T WS U A A A 3 A v A
TR, HAFR A & AR, kR 2 Y A
JERAR, AL PSR T T CrSi U00E, 80k
JZERTE S DT
4.2 THERMERE

o T AR ERE DRI N DX AR S A A
WRZIAHALR OSSR RN IR T2 HEAT T R RIFSY

FEVR 2 A3 P R Jn i 6 8 3 CL g B 2 ks A
LRI RO . Jin UV R IBBE A Si AN, Fe-
CoCrNiAl, Si, R & IR Z WA BCC+FCC+Cr,Si FF%
A5k BCC+Cr, Si A1, T 32 1 8 1 AL O 3 755 . A7 BF 9 iE
B, %0 Nb B] 42 #F CoCrCuFeNi & & 414 )2 W Laves
FAATE I, 32 007 B g S 8 0 i BB 7 Xiao %50
5% 1 FeCoNiCrSiAl, IRZ M EEEEHITERE, 450 3RW], mE
AN FeCoNiCrSiAL ¥R 2 LA BCC M12M ., FCC H# /D,
AL BT SR A5 J2 I WA RE e N, AR X R Ak 3 24
WIERYASZ AR K, 7ERAE YR )2 FCC AR BBC AH
AR IFERLT CrNi,Si, &)@k aY, RubBE, 15

PRI VR VR 2 14 S S 8 AN T B 461 M BB KR4 =i, BCC A
SEHEE FCC MRS, M FCC S5H 5 BCC 454 5% A8
W BRAR N AR BE AN 75 A1 307 1 e B, TR v AR A T B 46
PERE'® . X —EHE ML R A AR Z L
i B RE AR A T E A S SR NS TS

NI A4 T 25 B i A BT w25 A0 4 4 4% J2 T B e
Sxpe e RE 2, Huang %577 XF AISiTiCrFeCoNiMoy, 5
F1 AISiTiCrFeNiMo, 5 =% 5 4 U )2 WO T JES 400 PR RE AT 1
W, RIAE TR A S B P 0 45 1 T PR IR 2 1Y
it EE 45 BE 5 SUJ2 Bl S AR Y, (R AE 800 °C #ALb 3
10 h J5 PRR R 2 B TRt B 450 RE (135 18 m/mm ) B 4
T SUI2 BRI (11,2 m/mm’” ) F1 SKD61 #HE T H A4 Y
(10.2 m/mm’) , ZAHTIA R IX B4 35 T AL BT IR )2 i
BLRIHT AR . Li % HRE T APS A HVOF F AR il
% B CrFeCoNiMo, , ¥RJZ BT EEYE , KL APS 12 BT B
PERZ L HVOF W2 8 — A B g, X EZEIIRE THAL
I RS ) TR A, L B AL i s SR AL R P B 7
17 HVOF ¥ J22 1) 3 2 5 45T BIL 1l 2 86 o B 461 . A [R) 2% F
T, WSHl&M =& & RZENEREILT APS A1 HVOF
W2, RIS B TIRIZ N AHDOENT )2
(10t P 5 P A S R INT L Hsu 218 & B APS I
HVOF il £ B & K A 4 0 2 RO i S 45 20 501 4 (21 £3) il
(20+2) m/mm’, EFAEGHAM SUI2(12 m/mm*), H
MR 5T, BORS SN A 4R IZ RS E 7
800 CiR A5 AW I, 5Z AT —#, Cr,Si Ky
Mr th 2 S SO B RS A BRSNS R B T
PALFEXT FeCrNiCoCu Bk & & TR Z M 5gm], K IIRZTE
500 CHAHS K& A T AR A LU S AL AR, Wi HLIRE
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