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# 1 CoCrFeMnNiTi, 4 & 4 Uk = B REI 70 H7 45 2R
Table 1 Results of energy spectrum analysis of CoCrFeMnNiTi, high-entropy alloy coatings

Atomic fraction /%

Coating Region Test point
C Ti Cr Mn Fe Co Ni
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s DR B 42. 40 0. 86 4. 89 418 38.16 5. 09 4. 42
p A 53,41 11. 42 2. 49 2.35 25.76 2,31 2,27
Tiy -, DR B 31. 64 1.34 3. 96 3.63 51. 70 4,25 3. 49
IR c 33. 40 2.10 4.18 4. 28 47.70 4.37 3.97
p A 50. 44 15. 90 2,22 2.10 25.55 2. 06 1.73
Tiy - DR B 32. 30 1.77 3.77 3.56 51. 32 3.81 3.54
IR C 36. 08 5. 46 3.38 3.79 12,74 4. 29 4. 26
_ p A 51.18 27. 02 1.23 1.01 17.96 0. 89 0.72
i DR B 43. 97 4,27 2.32 2. 44 42,56 2,21 2.23
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Fig. 3 Atom-pair mixing enthalpy, atomic radius and Pauling

electronegativityof element in CoCrFeMnNiTi, HEA

coatings system
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Fig. 4 Elemental mapping of Ti, ,; and Ti, ;, high-entropy alloy coatings. (a) Ti, ,;; (b) Ti, s,
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(a) CoCrFeMnNi; (b) Ty o5 5 (¢) Tig 50 5 (d) Ty 75 5 (&) Ty oo

Fig. 8 Corrosion morphology of high-entropy alloy coatings. (a) CoCrFeMnNi; (b) Ti, »;; (¢) Tiy 505 (d) Tiyos; (e) Tip g

3.4 EBEHRITH

K 9 & CoCrFeMnNiTi, S-S 418200 B 5
FB 2R 1 R R BB A S, W DLR B, AN
W Ti & R Z A B S B, AR Ti
TR I B R AR 0 AT e B B A Bl oA
G, 3K S T 3R T %) B i S B ) AR R R B

1.2

Lo}
08 f
0.6yl

0.4

Coefficient of friction

0 5 10 15 20 25 30
Wear time /min

T, 25 5 Tl 50 » T, 75 il Ti, o0 l%]‘ [ é‘ﬁﬁ%%’ﬁ%ﬁ%ﬁﬁ
B -2 EE 5 R B0 R 0. 72,0, 79,0. 86,0. 59,
Hor, Ty o W2 EA /N B BR80T
EREEE R BT . 53 4h, CoCrFeMnNi = & 4
TR JZLER RS 1T 19 7 2 BE 4 R %k 0. 81, W]
Ti TR EE/R /N T 0. 75 WA IR 2 AT .

1.0

Q)
0.9F

08} ./
0.7}
0.6 F ']

0.5

Average friction coefficients

0.4 F

0.25 0.50 0.75 1.00
Mole ratio of Ti

E 9 CoCrFeMnNiTi, @A & WZEMEERE, (OEBERHML; (b FHEEREK

Fig. 9 Friction coefficient of CoCrFeMnNiTi, high-entropy alloy coatings. (a) Friction coefficient curve; (b) average

friction coefficient

& 10 i CoCrFeMnNiTi, &84 4% 2 0B
JREFC R M R MR R . & 10 I, Ti, s W2
PRI R e vk . MR E D T o0 £ B R L in F)
0.5 B, U J2 1A 8 R T 38 Bl 3 . A Il 3 4% 14
T CoCrFeMnNi & % & & I 2 1 B 1 £ 4
2.49X107" mm® « N~ em ™", & Tip s 2 1055 it
BRI, K 3,41 <10 " mm® e N em ', HAR
2 BB R K T CoCrFeMnNi B & &% 2.
o Ti, o W2 EA S/ 2 R 0. 86 X

107" mm’=N""em ', BEA Y ARk i £ 3R W
BAEWRETE Ti U R EEIR A 0. 25 B i B8 1 i 4
EA It B T R F 2 BRAR R 2 1 i B4

K 11 & CoCrFeMnNiTi, & & 41520 &
JRIES . IEH ] LIE i CoCrFeMnNiTi, &4 &
AR 2 W B IR T8 B S B A R 0 AR AL R AR RS T s
AARANBIESEE. R 0.722 mm, MA 11(a)~
(O LUF s Thy o U2 0 B IR 10 A7 7R 8K 5
FRIFHESLWEEEZE K11 n] LI g3 55 % X

0802002-7



F£49% 5 8 H1/2022 £ 4 A/HER

— Tig25 —o—Tios0
—&— Tiozs —=—TivLoo

Depth /um

-50 F

-800 -600 -400 -200 0
Distance /um

200 400 600 800

& 10 CoCrFeMnNiTi, =& 452 B 455,

4.0

(b)
ey 35
g
T
P
m'E 25T
j‘E 2.0 \.
(=]
< 15t
Q
B 1ol
AR
]
E 05

0 1 1 1 1
0.25 0.50 0.75 1.00

Mole ratio of Ti

() 5 R i 28 5 (b) BE B R

Fig. 10 Wear results of CoCrFeMnNiTi, high-entropy alloy coatings. (a) Worn profile; (b) wear rate
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Fig. 11 Worn morphology of CoCrFeMnNiTi, high-entropy alloy coatings. (a)—(c) Tiy 55 (d)—(f) Tip.75; (2)—(1) Tiy g
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BEIE PR O TR TR R X2 WERE R 100, R Z BRI —B T, B 11~
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# 3 CoCrFeMnNiTi, =G 412 MRS 40
Table 3 Elemental distribution of worn scar of CoCrFeMnNiTi, high-entropy alloy coatings

Mass fraction /%

Coating Test point

C N O Si Ti Cr Mn Fe Co Ni

Tiy. 55 A 4.79 0. 60 20.02 1.28 1. 87 9.49 9.92 31.55 10. 33 10.13

B 6.65 0 1.00 0.22 1.76 11.87 12. 35 39.14 13.79 13.20

C 7.31 0 5.43 0.19 2.54 11.77 11.48 35.70 13.23 12. 36

Tiy 50 A 15 0. 64 32.66 3.61 1.77 5.94 6.05 21.49 6.74 6.10

B 5. 64 0 3.27 0.07 21.72 9.09 8. 89 32.97 9.19 9.17

C 7.88 0 13. 40 0.24 2.57 9.68 9. 77 34.48 10. 88 11.09

T, 0 A 3. 40 0.47 34. 40 2.52 11.77 5.67 5.33 25.18 5.77 5.051

B 5.51 0 2.27 0.13 5.77 9. 44 9.75 45. 37 10.62 11.13

C 18.03 0 13.10 0. 39 1.77 6.18 4. 20 42.93 6. 84 6.56
NGRS B A Gk BB G B iy SR T SRR ORIE N B B AR
SRS A TRV R 5 SN, B[] 5 T3 B2 BT LA 5 30 L A B
ﬂmEUwWWﬁﬂEﬂww%%Lﬁﬁ WA T2 430 A, SUN, MRS R % )
b BT my o (,  TEREEL L i R B G
2+ BV/8) o T 4 DR A 9 T T AR R 4

XA T, AEWEGB00 K)oy NEBEREL T NEEEE 50842748 K M 470. 87 K, 3R W] Ti, ,; IRJZE 0B
S (SRR B O A BB R L F sk T TR IR T AT R Sy TR AR

BV SR Bl TR R IR TR JZ 5 SN, Xﬂ‘ﬁ*ﬂ% ] (9 % 5 17
uTIB(F\ Jy . HEMTR TR R B AR, X Ti s AR
re=TEG) Ve PN L T el
# 4 CoCrFeMnNiTi, Sl & &2 FYEE S NS RE RS
Table 4 Calculation results of average temperature and flash temperature of CoCrFeMnNiTi, high-entropy alloy coatings
Coating A, /mm’ F v N T,/K T:/K
CoCrFeMnNi 1.83X107" 0.16 70.12 1854 360. 43 384. 41
Ty 2 0.63X10 * 0.47 43. 20 1298 427.48 470. 87
Tiy 50 2.51x10°° 0.12 103. 02 3068 350. 14 365. 66
Tio 75 1.76X10 ¢ 0.17 69.76 1893 366.57 392. 25
Ti;. o0 1.40X10 ? 0.21 65. 69 2001 356. 02 375. 23

VR 2= BE BRI B B A2 mT LA el AT LD R it A B 1k X FBE B[] A ek 2 ThT L 4 4 ik X IR 2 B A —
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FEE IR ) AL 2 e W R AR AE BT BRI T T WRIZA WL AIREMR (I3 51 350. 14 K
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Microstructure and Properties of CoCrFeMnNiTi, High-Entropy Alloy
Coating by Laser Cladding

Liu Hao"?, Gao Qiang', Man Jiaxiang"”, Li Xiaojia', Yang Haifeng', Hao Jingbin'

' China University of Mining and Technology, School of Mechanical and Electrical Engineering, Xuzhow,
Jiangsu 221116, China;

Abstract

Objective

* Jiangsu Collaborative Innovation Center of Intelligent Mining Equipment, Xuzhow, Jiangsu 221116, China

High-entropy alloys (HEAs) are novel materials for laser cladding. HEAs form a simple solid solution

structure during solidification owing to their high-entropy effects. Compared with traditional alloys, HEAs have

better wear resistance, high-temperature deformation resistance, and corrosion resistance. CoCrFeMnNi is a typical
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HEA system with a single-phase face-centered cubic (FCC) lattice structure. It has excellent tensile plasticity but low
hardness. The low hardness limits the application of this HEA system. Alloying is an effective strengthening method
for HEAs, and Ti element is a typical strengthening element. Therefore, to investigate the effect of Ti element on
microstructure and properties of the CoCrFeMnNi HEA, the CoCrFeMnNiTi, (« is the mole ratio of Ti, x=0.25,
0.50, 0.75, 1.00) HEA coatings were prepared using laser cladding. The microstructural evolution, microhardness,
corrosion resistance, and wear behavior of the CoCrFeMnNiTi, HEA coatings were investigated. The results provide
references and guide for the strengthening of the CoCrFeMnNi HEA.

Methods CoCrFeMnNi HEA powder, pure elemental powder of Ti, and 45 steel are used in this study. First,
CoCrFeMnNi HEA powder and Ti powder with purity greater than 99. 5% are used as cladding materials.
CoCrFeMnNiTi, HEA powders were obtained by weighing with an electronic balance according to the designed molar
ratio. The configured powders were mixed with a planetary ball mill for 2 h. Then, laser cladding experiments were
conducted on the surface of 45 steel using HWL-1500-type laser. Then, the effects of Ti on the microstructure of
HEA were investigated using an X-ray diffractometer (XRD), scanning electron microscope, and energy dispersive
spectrometer. Finally, the average hardness of the coatings was measured using a Vickers hardness tester. The
corrosion resistance of the coatings in 1 mol/L NaCl solution was analyzed by electrochemical workstation, and the
wear resistance of the coatings was analyzed by friction and wear tester.

Results and Discussions The XRD pattern and microstructure of the CoCrFeMnNiTi, HEA coatings show that the
coatings are dendritic structures consisting of FCC solid solution phase and titanium carbide (TiC) particles phase. As
the content of the Ti element increases, TiC particles precipitate in the dendritic region (Fig. 2), and the Ti
element segregates in the interdendritic region (Fig. 4). The lattice constant first increases and then decreases as
the content of the Ti element increases due to the lattice distortion caused by Ti solid solution and TiC precipitation
(Fig. 1). The microhardness of the coatings gradually increases to 364.5 HV0.3 (Fig. 5) because of the solid
solution strengthening and second phase strengthening caused by the doping of the Ti element. The microhardness of
CoCrFeMnNiTi, o, coating is twice that of CoCrFeMnNi coating. The changing trend in the potentiodynamic
polarization curves of the HEA coatings with different Ti content is similar (Fig. 6). The CoCrFeMnNiTi, ,; coating
with the smallest self-corrosion current of 4.60 X 10 ® A-cm ™ and relatively positive self-corrosion potential of
—0.490 V has the best corrosion resistance (Fig. 7), indicating that excessive Ti doping is not conducive to the
corrosion resistance of the coating. The corrosion mechanism of the HEA coatings evolves from pitting to
intergranular corrosion. The intergranular corrosion of the coatings in the activation stage is intensified as the
content of the Ti element increases (Fig. 8). In the wear resistance test, the friction coefficient and wear rate of
coatings first increase and then decrease as the content of the Ti element increases. The CoCrFeMnNiTj, ,; coating
with the lowest wear rate of 0.86 X 10 * mm® + N ' «m ' has the best wear resistance (Fig. 10). The wear
mechanism of the coatings changes from adhesion wear to oxidation wear and abrasive wear due to the thermal effect
of friction and microhardness improvement.

Conclusions In this study, CoCrFeMnNiTi, HEA coatings with different Ti content were successfully prepared on
the surface of 45 steel using laser cladding technology. The microstructure and properties of the coatings were also
investigated. The results show that the CoCrFeMnNiTi, HEA coatings consist of FCC solid solution and TiC particle
phases. It also shows that the lattice constant first increases and then decreases as the content of the Ti element
increases. The microhardness of CoCrFeMnNiTi, HEA coatings increases as the content of the Ti element increase.
The addition of the Ti element leads to the solution strengthening and second phase strengthening of the coatings.
The corrosion mechanism of CoCrFeMnNiTi, HEA coatings evolves from pitting to intergranular corrosion. In the
anodic polarization stage, the segregation of the Ti element intensifies intergranular corrosion. The wear mechanism
of CoCrFeMnNiTi, HEA coatings changes from adhesion wear to oxidation wear and abrasive wear due to the increase
in the hardness and averaged temperature during friction. The change in wear mechanism minimizes the friction
coefficient of CoCrFeNiMnT}i, ,, coating. The oxidized adhesive layer has a certain protective effect on the surface of
the coating. The CoCrFeNiMnTi, ,; coating has the best corrosion and wear resistances.

Key words laser technique; laser cladding; high-entropy alloy; microstructure; microhardness; wear resistance;
corrosion mechanism
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