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Study on wear resistance of laser cladding Ti,V,Nb based on

lightweight high entropy alloy coatings

CHEN Yueming , XIAO Huaqiang”™ , LIN Bo, MO Taigian
(College of Mechanical Engineering, Guizhou University, Guiyang 550025, China)

Abstract; In order to prepare lightweight high entropy alloy (LHEA) with suitable microstructure and excellent properties,
Ti; V,NbAI Ni  LHEA with different Al and Ni ratios were prepared on TC4 substrate using laser cladding technology. Its
microstructure, friction, and wear properties were studied, and the effect of adding a small amount of MoB ceramic particles on
its microstructure and properties was discussed. The results show that the phases of Ti;V,NbAlj s Nij 5, Ti;V,NbAl;; and
Ti, V,NbNi, 5 coatings are composed of a single body-centered cubic crystal (BCC), while the second phase Al5 is formed in
Ti, V,NbAl, sNi, s/MoB coatings. Compared with the hardness of the matrix, the hardness of four coatings has been improved.
The wear forms of four coatings are mainly adhesive wear, with adhesive layer and a small amount of oxide layer distributed in the
wear marks, and furrow characteristics caused by slight abrasive wear are also observed in the wear marks. Compared with the
matrix, the wear rate of Ti, V,NbAl, sNi, ;/MoB coating is greatly reduced, and the wear rate of Ti; V,NbAl, sNi, ;/MoB coating
is reduced by 51.1% . The LHEA in this paper has good wear resistance and can be used as a protective coating for TC4 parts in
aerospace, national defense equipment manufacturing and other fields.
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F1, BT I I B 24 RO EE R, B KR 4
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AT LA I VPR DR 2 AR A AT L AR TiLV (AL T
FORMISATAHREW D EH & E LAY S A
&I AT AN TV AL ) F i, E— R A 2 1 %
JE 5 7R RE IR 8 5 TR NS = A B S IR O R
T2 42 ROsF A IE B9 Nb G & o g 32 w5 i 3 1 R
HUANG % AN 58 i 2025 B 90 #4545 1 i, ZeVND
(x=1, 1.5, 2) LHEA, HIEWHIS0 0T, TiZrVND 4 4
B AR 37 TT S48 ( body-centered cubic erystal, BCC)
BV R A LA B VoZe M, R8T T I B 2 )5,
Ti, s ZrVNb44 % Ti,ZrVNb 44 # B % — BCC 41 A%,
LI % AR oG 3 1 R A8 HI3 B 1wl 45 T
Al sCoCrFeNiNb, (x=0,0.2,0.4,0.6,0.8,1.0) HEA,
SERFTH, N, VR J2 1 B 45 03 2 S /1N, 1195 8 A6 RN
FERNAE S Nb, U2 BA R R

FE i AR BB A KA 6 =0 4 1 I R 43
B Wl G R R FEA RO E .
LA 2= DR DL S A5 T I 45 , e O I A BOR (175
VR 2 AT AR TR 475 i 5 B TS B 5/ N G IR X
FEARELIT IR G 25 G S, AN O B AR AT
A TR AN N SE R E S) E R B A
DENG 25 A" 75 TC4 Sk F#e 5 T CoCrFeNi-
Mo, , FihH & 4 TR 2, 45 SRR W, U J2 A6 DLl 8 ] 3 e
HIE R T BCC A o H, H HA B 35 518 fb 4l
25 T A RS R AR RO | [V 5 Ak DL R Al R AL, 33
R IZM A BB R T, IR 5 T 900 HV , HE# R4
BT HARRRAG T 13.5% . ZHANG 25 N\ i o
BHAALE TCA £ 4 Bl & T TIAINSIV S0 G 4 0%
J2 LS AHE SR S, R )2 5 B A 22 (] S B bR
SRR AL A AT 3 HRSHE 10 pm LT 352
WEEEIRE) T 1357 HV KI5 800 °C T (i 5 1 43 1
SR 5 A5 4 45 KN TR AR L v IR
TRAFERE F3RTH AR A . A SCH R RO
B ARAE TC4 F i 46 TiVND 3 LHEA /M7 T AL Ni
JUERX TiVND 3 LHEA 4 ZUH:REM 52, [ B F5E T
TR I 1 P 8 S0RE MoB %o L 2H 21 J PERE B 52,
e M R T R S A 1 RN RS

1 XWEFE

SEY R TCA BRG4GB T AR D)
PRUTEI A 40 mm x 15 mm x 10 mm gHAAR, FHRP AL
B =R L PR A AL B, R A R G L p I Jo K
LB LEBRAEMI TS Y, TR . R AT 2 BRI
PLOYXQM-4L £1) ¥ 3548 Ti 'V \Nb AL Ni MoB # K 4%

M Ti, V,NBALNi (x=0,0.5;y =0,0.5) ¥ 5a 1) i bk
FTBCHIIHR G5 (BOBHEE 3 ¢ 1, 5% 3 200 r/min, 3K
BHE 2 b)), I HAE J2s TR 46 b (DZF A4 i B
105 °C) T4 2 h, B S5 ARG 5 R AR TR A
NEL 25 4% £ T Ti, V,NDAL (Nig < Ti, V,NbAIL ;.
Ti, V,NbNi, . Ti, V,NbAIL, . Ni, s/MoB % JF & i 4 4
WACAE TVN 1. TVN 2 TVN 3 'TVN 4,

BOLH B OLEREOE R S8 IPG YLS-10000 #Y)
A U E A AR AR R (10 L/min ) 58 780 (89 45
48 mm JEEEE A% 6 mm, WOEHE 2000 W, 494
FS5 mn/s), K400 ~3000 HEPLE A ATRHIR R
T AT - e, 6 A L an) (R AR L V(HE) -
V(HNO,) : V(H,0) =8 :42 : 50, J& {ih i [i] 20 s) X4
JE G A T TR A ok

F A 33 45 B 5% ( scanning electron microscope,
SEM) 5 77 59 68 12 40 B 4 ( energy dispersion spec-
trometer, EDS) WAER JZIEAAT B2 3 I X SRl
(X-ray diffractometer, XRD ) ( I 5. g 4% B X’ Pert
PRO, Bruker) 4387 1% )22 W) AR 2H 18 (#E A : Cu, Ko HF4R
A AR 20/ min; £ 82 10° ~ 80°) o R JH 43 K-
(B55 . FA2004 , | ifg 5% 54 F Bl 2SR A IR A /)
Tk AT SR Y ) R B RN IR 2 I
K1 Buehler 2 [ (5 il B2 310 52 04 J2 800 i Al
BE (A 0. 15 mm; N2z :5 N, B HV, o5 inzk it [a)
AN EWE ] 10 s) o A HT 75 0 AL (B
JP-040S , ZRYIT i B 5 v B4 A7 FR 2 w)) ¥ e 1R
A A EE R B ML (25 Rtee MFT-5000 +
Elite K) I3 B8 451 P B, S5 30 2 800 . i L A%
10 mm x 15 mm x 10 mm ; %f BEER Si, N, ( H£9.6 mm) ;
K E] 1200 s ANz gy 10 N X B # 48 8 mm/s
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AH,;, = ;4HlyCiCj,(i #J) (2)
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Ay = 2@(1-"—1) (6)
i=1 X
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A AS IR G s AH IR G R T, 0 30
T, ATGER i WG R Q I RRE 136, 974
WE;AVEC,iIEI%fD? i %ﬁ%?#&ﬁ{“ﬂ I%Ehﬂ:rr%ﬁ
(8.314] - K" - mol™");C, Fl C, il &EJCE i fiT
R J BRI R n RS e R R P TR AR R AH,
JETCR 1 5 j ZI W TR RITR BTk

Bgr= 3 Cry NPT L1y, RITE i B

=
Moy = 3 Cox, BT HM Gtk ZHANG % A7 42
H, M —15 kl/mol< AH,,, <5 kJ/mol 12 < AS,,, <
17 J/(K « mol) 02=1.1 Fl15,<6.1% I}, HEAs {ii[a] T
T 7 1. GUO %8 APV 4R BCC ARTE Ayye <
6. 87 W} 51 55 J& B T 1 0> 5. JF &k 4R ( face-centered
cubic crystal ,FCC) 7E Aype > 8. 00 B 5 ;24 Aype A
T 6.87 ~8.00 Z[a]if, fi [ TH W, BCC + FCC #H,
TVN X(X =1,2.,3,4) LHEA Y3322 28003 1
F)]"/j—:\‘o 4 ﬂ//%%% AHmix 5‘(2’8r5AVECi/}JT£$‘—IE?’l/§1ZFH’AX
(B, A, T H 55 4 30 B S L, #3000 7T B
— [ AR
F1 TVN X LHEA (K2 &% S8
Table 1 Thermodynamic parameters in the TVN X LHEA system

AS, /(-

composition K ~'.mo] 7! )

coating

Ml g WM,
(kJ *mol 1) % %

VEC

TVN 1 11.44 -13.80 2031 1.68 5.31 5.78 4.78
TVN 2 9.80 -7.38 2054 2.72 4.50 2.55 4.38
TVN 3 10.02 -8.85 2115 2.73 5.48 6.01 4.57
TVN 4 11.46 -13.85 2032 1.68 5.40 5.83 4.79
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TVN 1, TVN 2 TVN 3 J% TVN 4 jX & LHEA 3% )2
1y SEM JES 70 Sl WL 1a ~ [ 1d, TVN 1 92)2 EDS fE
AR LI 2. 18] 2a M 2b 2351 9 %A% 5 A i
KIE ;B 2¢ 96 2b FYICER & i s BE P 5 [ 2d ~ [&] 2h
FEE 2b B ER EDS BT . B T el O ),

TVN 1, TVN 2 TVN 3 J TVN 4 1§)2 0SSl L8 5% 5k
Bfic TVN 1. TVN 3 K& TVN 4 JxJz= 2 210 i A s XA
S it ) DX ZEL ARG, S ML TR A T 2 ), A5 [ DX WL 456
FIBT Y, EDS ZERRWITR AT BN S o B
[BIHA, TVN 3 B A ER, TVN 4 2, TVN 1A i 52
/No TVN 2 PR JZZH Lk HUR i 2 A, b oo A 45 (AR
Z,EDS 8RR WU R Al BRSO 2] B
BR T AVEI ARSI, 7 Sl oRL AR R S b I B A B
WA o ERARAS A R AT A A L A AR A
B ) SEM-EDS 3% 18] 3 347 27 H B S8 (9 o3
By, LA i RIS i 18] S80080 23 50 A 2 B =3 R A=k
ORI A AL

1 TVN X LHEA ¥JZ /) SEM 3045 44
Fig 1 SEM microstructure of TVN X LHEA coating

2 TVN 1 LHEA )21 EDS Juz FliE%
Fig2 EDS element mappings of TVN 1 LHEA coating
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0.43) , HJF PR AE i REROE A A A 1 fe vy, TC4 2
MERHEGEESGEMARBAF R eSS, BT
TCA FEbFrf Ti 572 AR A M, I v DRk 5 ] )
TG A BCC AR R Ti &l & AR
e AR, R, BOLI S 12 3 B0t i i 5E
R fedt TMASALIE . A ATE U e
POLH AT PR BE [ 1) 1o A rp o v BEROR, (A5 b S
Fl &5 A R AZ 0 A, IS8T R i 1 IR
TR o R i M E 11 3 S, 1 AR ol ) £ 4 I T
Y, et TR IRIZANR IR AN, S EE
A it 2L ORI A 75 7 A S 14 D R A i L R A
BRI K

K3 5 TVN X(X =1,2,3,4)LHEA J XRD [#i¥.
AN ALN SR TVN X (X =1,2,3) G B —
[ BCC W, W2 s i 5 S AE O 8 T
ZTHAMRREMEENE. W V5 Nb Mo
BCC MRS E LR, EANFERLE BCC BY Ti A% 1 [F]
AR T Ti fAs /B AL SRS, B DAREAT Ti f ks
Ho R EA BCC 451 B Al [AIN, XRD AFF7E
Ti .V .Nb AL Ni B0 AT 0, R W% S 06 & 445
PEAF o

+BCC +AlS5 =
’é‘ S unknow phase
T 1 /8
2z L TVN4 ] | /Y
& [ .
TVN 1 .
———
TVN 3 i | i
TVN 2 1 . .
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20/°)

K13 TVN X LHEA {1 X 5FEAT 5 4]
Fig 3 X-ray diffraction pattern of TVN X LHEA

TVN 2 TVN 3 TVN 4 Fil TVN 1 4542 BCC AH 5
WS4 51 0.3235 nm, 0.3211 nm 0. 3203 nm
0.3183 nm, Hrft, XRD ¥ & i 32 06 1) (57 7% £ 152 1%
WRo TVN3 545 TVN 2 Ga M, ££ Ni Ji7 E
ALJFEFIE B A TVN 3 &4 BCC [l A%
PR R EL AN AR RS T NG TR AR A T AL R
BN SRR /NG Ni J5 A5 i 2 A M4 11
AR o HARRIME I RE T, ks R d 5 XRD i 4 £y
JERUREE, TVN 3 & ik RSE d iyl N 3 BOHATT
W A AE. TVN 1 G445 TVN 3 5 &M, T
ALNG (MRS, AL 1 ok o RST Dok 20
A8 RUSE d i), A7 5 1 JEE K R A S 06 1) A
o, 45518 1 H iy SEM [, TVN 1 544141 TVN 3

Bl , WAEsE 73X — .

TVN 4 LHEA TE4S T i (19 MoB J57E BCC AH
LA I TS 2 AH ALS AH, Mo B By Al BCC
FARATT S 1) 22 7% 5l , W] Mo (B (IS R TR %
AR IR S o DY A] fE R TR R BN R B S iE
Tk AT 7R it 1) Bt 14 5 R T R A 1 A o
2.3 mEEEE

>R FH BT BEOK FE HE /K 251143 TVN 1, TVN 2 TVN 3
I TVN 4 (245 4% J2 () 2 BE 2050 8 5. 24 % 107 kg/m”
5.08 x10® kg/m’ \5.45 x 10° kg/m’ F15.43 x 10’ kg/
m’ o F RS BN ( read-only memory , ROM ) 1144 [ 145
RBRZHBLEHE p,. ™

z",‘ ¢A,

" cA.
2
e, A Flp, 205100 @ TR B9 BT =50 48
Ji P R BB R T s n R AR R T R RN AR

P 31445%) TVN 1  TVN 2  TVN 3 fI TVN 4 4
LM BRRE AR 5. 61 x 10° kg/m® 5.35 x 10° kg/m’ |
5.83 x10° kg/m’ F15.64 x10° kg/m’ , 454 55 5 (i) 52
ME S THEAEAR AN, FE R T TC4 IR IR 2
HEAT T ARSI AT 1 S PR 2

K4 BRT TVN X(X =1,2,3,4) LHEA %214
PR RE 73 A o &1 DA J2 TR0 380 A Py et 32 -1 e v
wl X2 G2 PGE I X (heat-affected zone , HAZ ) I
FEUR 3 AN, I H 4 TG 4 b SR FE 34 5t T AR
ME#o 4 MG & E 5B iA 3 T 386. 8 HV, .
370.7 HV,.393.3 HV, .441.5 HV,,, 3k TC4
(322 HV, 5 ) A 348 F+ 7 20. 1% . 15. 1% . 22. 1% .
37.1% .

Pmix = (8)

480 ——TVN 1
4501 coating, :$m %
S : 1
= E
2 390r i
S isubstrate
£ 360 T
g !
330

00 03 06 09 12 15 L8 2.1
distance from the surface/mm

Kl 4 TVN X LHEA (/)4 GRS
Fig4 Vickers hardness of the TVN X LHEA
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T HES TR AL 2= 2 o [T R I - [ A 4, I
A A VA BTN RN ORI § P/ SRR PSR
S 1 UR IR I SR AL s R WO B I R PR ¥ 21
AR G EA AR BB [ AR A — e R BB TR
AT, 5 B A TG vk PR A K, BELRS 17 KL A L R
A, XS T TR IR B A AR AL ; Heh TVN 4 54
AT B 1A 2 A1 50 2 AT DR Z P R AR 2
SEASRACRIVE T, e — 0 T LR o MR Il M
<5 (4 M W AR SN, R R PN T R 28 T8 B a7 A2
FERBR, [F6 75 PR ) A W RO At 2 ™ B, T 3
THRRBE SRR T N R AR AR T
AlJEF BR8N, HIE TVN 3 TVN 1 iR)Z25 TVN 2
URIZHLE, Ni - fOR AL 7 s A5 Ni i34
SRS IS ROV, A B R B T, YAO S N B BESE
UESE T3k — 21 TVN 3 5 TVN 1 VR 2R 2 R
R, ATRESE TVN 1 IR JZ A R B AR A 1
BEAh,4 B LHEA 93 J2 T -5 TR J2 e 50 14 B 15
i 2200 535 16.2 HV5,24.9 HV,5.19.5 HV s,
31.8 HV, 5, RIPEM T B BEE ARG Z . Hp
IR TR RIS RE , 5 T IR 2 IR TR A L REE 2 2002
HI T H ) S A T T R 03 2 P O RS Y

2.4 PEEEPEIRIERE

K 5a ~ & Se 43525 TVN 1  TVN 2 TVN 3 ' TVN 4
LHEA ¥ )2 J TC4 A 28 488 2 %5 ( coefficient of fric-
tion, COF) , & 5f 24 4 f LHEA 1§ )2 5 LR 5 B 8%
AP O .l BRI, TVN 22 10 R 458 S 4
R NG OB R BB BAL 2 B, &S
W], 4 FORTR L S> LHEA I 2 580 B 45 b Be i) JEE 442
REIHTE 0.5 ~0.7 Z ], HOF 3 BE 42 R 4007 5 hy
0.6098 .0. 6627, 0.6306, 0. 6243, ¥ & T L & 1
0. 4065 ; H 1A B 452 72 BB AR Y Ji R AT R i BRI
A, 4 B LHEA I 2 1 BE 45 2 B S 1V & [ Bew)
TG Iy 2 T e TR B e e (L, B BESBE AR, B Je iR )¢
NEGRE M) 0.6 ZoAq Bk A BRI SR — B, i T1EZ
Je 5 B B B i sl A P BE A AR A s BRI 2N
) Tl , PRI 2 B A IS Sl AR 2
WA B, R E AR BRI PR3 L™ R

JEEAZEA5c) A I At B R4 R BCSUR T R Rk
(X PR B AR 0 Jr PR < U = 55 BT 435 flh T AR 5 SR G K
JIT 7 A YRR R R B o TEJE & P BOREAE R B e
MR I PR AT REZ , OR3P 2 Y A J0 A 75 0% J2 BB 400 1T 5 %k
VS SR PESERE 1080/ o FERGE A0 I BORE A AR B I
i E R S R ] B R A W AR R A

1.2 125 1.2
a TVN 1 TVN 2 ¢ TVN 3
1.0} 1.0 1.0
0.8 0.8 0.8
5 0. Wik 5 0 5
S 06 S 0.6_ S 0.6}
0.4f 0.4 0.4+
0.2} 0.2 0.2}
0.0 —_— 0.0, 0.0 D —
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
time/s time/s time/s
1.2 1.2
¢ TC4 f
1.0 1.0f
0.8} 0.8F 06627
= &3 r [« H K
o 5 o6l 5 .6[0:6098 0.6306 0.6243
QO Q [ Q [
0.4MWW 0.4} 04065
0.2} 0.2}
0.0 0.0 - N —— 0.0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 TVN 1 TVN 2 TVN 3 TVN 4 TC4

time/s

time/s

5 TVN X LHEA pfBE48 2%k
Fig 5 Friction coefficients of the TVN X LHEA

SEERERLIE, NIE 6a ] LU Y, U= B B i
PR BEE S T 10T AR, A OA% 2= ) T 1P 15 2 2 1
MR TRIZ MR B 5 - K 0 5 i A (R LA A 5 42
Yy Archard 72 (5 G BB R IE LT HRERE) o

TVN 1. TVN 2 ' TVN 3 TVN 4 A [a] i 4> LHEA & )21
PEFEAF R4 0.94 x 10 ™ mm®/(N+m) 0.99 x 10 ™* mm’/
(N+m).0.92x10 ™ mm’/(N +m) .0.87 x 10 ™* mm’/
(N -m) AR TCA 43 BEAK T 47. 2% (44.4% |
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48.3% 51. 1% , H:rr, TVN 4 3% 2 10 i BE P B v 1
TVN 2 VR )21l B PR e AR, Ho 34 TR R TC4 BE %,
X Ni JTER I AT LU 980/ i kg RoT k51 &
m AR M 722 T e 5 i A 1 7 =G R R J2 A
FEAREE 1%, 1M1 Mo B T2 A9 In A AT DA o AR il A 5T
AHTFF LS AR SR A 0 5 2 T U 2 0 B e 4 v Tf B ke
& 6b Ry AT 4 A LHEA 12 Bk v
TS5 ] R AT £ A B B ) TR EE N
FEIE o For RO A B IR 30 AR X B v HLARIR, SRR
FEJR AR AR K F TVN X LHEA U )2 M B JR AR A AR

~ 220
g 2.0r 1.78
T 1.8F R
Z 1.6
g 1.4}
1.2}
T 1op 094 02 092 (g7
< 0.8}
2 0.6
S 04f
g 0.2f
g 0.0
TVN 1 TVN2 TVN3TVN4 TC4
10
8,b —TVN 1
6l —TVN2
g 4t —TVN 3
< 2 —TVN 4
5 0 TC4
< -2
5 -4
2 ¢
8k
—10- -
200 200 600 800 1000 1200

width/mm

K6 a—TVN X LHEA BYE#HIZRE b—TVN X LHEA ffAH b R h 2
Fig6 a—wear rate plots for TVN X LHEA  b—the corresponding cross-

section curves of TVN X LHEA

K7 45125 TVN 1 TVN 2 ' TVN 3 .TVN 4 LHEA
URJZE I TCA LR BEIRTE Ao A = K A 4 0 B R 2% 1h
(WK Ta~ K 7d) , WE 2 50 2 BLG LL R0 B 8 1
SAVEASIE, . FERERUEE bl U B8 i Rk
LT I T R B 5 FLIS 1 36 10T 30 A7 76 3 4 B A X
WMENDEAERZRIE K T 8462 seah, rJZ2 % m
I TN A AT AN . I Th FR Rl DO F]
TVN 2 %% 2 (0 B A HE BT R 3508 110 0k, $i ) H:
TEPEAS L A o] BRAE R 88 — R U i 2 — 25 i s R
NI XVl 2 30 TVN 2 B & 1RZ M EE R
Bk s, B 7c R TVN 3 IRIZBIRES, A i R
P50 g R0 DX I b 5 3] — S 57 R o, Z R B0
A5 1) 3 BT B BRI 8 5 1), 6B TVN 3 IR 278 B8
P R sz BT Rk R DI 5 N T, XAl
FECT W RBAER BRI B K. B Td
TVN 4 R)ZEBIRTES, %2645 TVN 3 54 HI 1 [H

FEAYZEL, ZRB TVN 3 IR JZAE B I i R P R AR 2 21 1
X BRACR VIR 3 55 He S 3, 328 100 3 i 17 B 45
BAERE BRI B AR K [ Te Oy TC4 JEA
JEIR SEM 5538, HR JZEIRIE AU BL 1 AT T3 Rk
18 BI 75 1) F8 R T 1 TR B B R — S P R, AR (e
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