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Abstract: The ceramic particle-reinforced high-entropy alloy was prepared by laser cladding
forming technology. The hardness of the specimens was measured using an electronic Vickers
hardness tester, and the effects of laser process parameters, reinforcement phase content of SiC
ceramic particles, and Al element content on the hardness of the high-entropy alloy by laser
cladding were analyzed. The results indicate that the hardness value of the high-entropy alloy’ s
cladding layer does not show a significant change with the increase in laser power. With the
increase in scanning speed and powder feeding rate, there is a gradual upward trend in the
hardness of the cladding layer. With the increase in the reinforcement phase content of SiC
ceramic particles, lattice distortion occurs in the specimen; the micro-stress increases, and the
hardness of the high-entropy alloy increases obviously. Al element has an obvious regulation
effect on the properties of ceramic particle-reinforced high-entropy alloy and can further improve
the hardness of the alloy.
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Fig. 1 Principle diagram of laser cladding forming
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Fig.2 Laser cladding forming system
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Fig. 3 Flow chart of ceramic particles-reinforced high-entropy alloy by laser cladding
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hardness measurement
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Table 1 Single-factor experimental schemes
LTS WOt P/W LM Z v /(r-min™") FHHEE v/(mm-min™)
1 1000, 1 250,1500,1 750,2 000 1.1 8
2 1500 0.7,0.9,1.1,1.3,1.5 8
3 1500 1.1 4,6,8,10,12
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Fig.5 Hardness of cladding layer under different laser powers
(a)—P=1 000 W; (b)—P=1250 W; (c)—P=1 500 W; (d)—P=1 750 W; (e)—P=2 000 W.
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Fig. 6 Variation curves of cladding layer hardness
with laser power
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(a)—v=4 mm/s; (b)—v=6 mm/s; (¢)—v=8 mm/s; (d)—v=10 mm/s; (e)—v=12 mm/s.
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Fig. 8 Variation curves of cladding layer hardness
with scanning speed
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(a)—v=0.7 mm/s; (b)—v=0.9 mm/s; (¢)—v=1.1 mm/s; (d)—v=1.3 mm/s; (e)—v=1.5 mm/s.

Pl 10 8 P o e A < T )22 S LBt 28
ALY O . o AT Bl 36 AR A 4
R, TP 05 6 2 )l 2 e A 5% 38 R )
.

500
—— Al +5%SiC
—— Al, +8%SiC

1»/;\}/;\;

z/i/’/i\‘

0i7 019 111 113 115
HHPE R/ (r-min™)
E10 REEEEREMERTL L
Fig. 10 Variation curves of cladding layer hardness
with powder feeding rates

400

HV/(N-mm?)
W
S
3

200

100

2160y R KB 1.3 r/min I, TR E RS
G R R T U S IR/ N . 2 R
A 1.3 v/min B, PP S A 400 7 2 U O i
M BEE . X2 T AE R AOE D 3R 5 1
ANAB KRy RN B S AR B DA R DL
Wit Z2 OB RE L IR SE R SRAS B3O i 1
2, FER AR Ak 18 R RV B SR Sl
Tt Py ELAT 3 2 B I AR R, I A D A ) e
{EL T LA A LA 0 1T 5 S50 /) 5 i 326 40 ko
PIRFEEIGE K, & a0 R3S 2 2 LU it 2 ot
REd, SLUE LA bR D |, B B (BT T 18 K 5 243
93 33 I K B — o PRI, AR A RS2 56 T BTG K
£ 1.3 r/min B, #5356 0 s SRR L0 K OB A
N CADN | BB AR 3 ) Ny 28 LW D N o2
)4 @ By R HEFRAE I B 2 3R 1, R BUIUE i ¢
25, 7 A T R T N R R
3.4 EBSD#&EEDHT

% SEM it 45 11 EBSD H, 11 B 7 569 B

] AR F GE 0T O R IR il 48 1Y Al s+5%SiC
R A A SRR SR i 1 ok RS R AT R AE S 4y
Br . 3 1 F TR D O T (XY R ) 1
EBSD EAF F SN 11 Fr7R . ok 5L BURLAN ok
SERE AT B (A0 11a fifzR ), 3X 2 Rk 45
A AR A IO A 48 AR 22 ) A A 4 X 240
JGHEHT T Y B AR I, 15 42 X e T 2 2R ]
145 7 )2 2 T T I AL P DR 5 [ 5 42 X3
()5 7 2 28 D AR K A i TR 1 X AN &2 7
TR Kt B PRI A 4 XA A A A Bk A R
T3, i A DI R A T B L AR AR ) AT
P 150 bR I T AR RO A B, E T 5 B 4
DX Jaf ok Ak . DRI AE XY R T R ) o A A
PRFLALE , R SRS Al SR A T s B HED ), F 4
7RISR v Y TN 2 N | £ 1S v - Y TN
SRR L IPF B St A Al s+5%SiC
5 A 10 V-2 AR R ST 8/, A 3801 o, 3 A
F Cr,Fe, C M A& SIC BT, 380 T 53 K
% R, s b R [ R PO R R 4 v, AT 4 4k
AioRL AL A B TR R R, el S
SWEEE 12 RE . B I 11b ATAT, Al +5%SiC
R i A 4 fee A7  bee A ATRRALY) Cr,C 4 A, H.
fec M & B 2, K L5 SC XRD K0 2 A fEAL ) .
S 2 TS0 B 2085 5% 1) SiC P TR
FEAE R o AR R S ki ) . A B
Jin SiC B & JUkL J5 & BE bee A & B b, %
RN SiC Py % kE X bee A1 A2 1= 4= 1 HH
AR .
3.5 HEESEMNHEFTNILESHEERE
BT

WA X SR AT ST (XRD) X |34 5236 ] 45 1Y
BOEAAE AT P AH 2, BT A $E 64y Fe HEL,
I B 2l +0.01°, F 4 Bl R 10° ~ 90°, 4394 2k
J& M 8(°)/min.

K12 @78 1 SiC i i 53 80530 5 o 0%, 2%,



%12 4

BERE R AIEESICTAE B IR 54 E N LB 63

5% 1 8% MY i FE XRD 25 5% . il FE Y A 4k 3 22
1O ST 5 (fee) A AR ST 5 (bee) A 43 @ Bk 1k
YA 4 T RE ALY A AR TR N SiC YRR 5L B Y
Cry,Cy, Cr,C, BB AL W U, F2IE H SiC 4= A=
MRS Sl A 2 Cron RE5 IR .
SICR MR Z ik & &t & L, AR TR
Cr,C, 1= IR, B SiC & A3, W (E 5
B2 LT TR SiC BT 4380k 2% iR T

B R IAFAE SIC ARSI , R BTESINAY SiC Fy
BEWURLZ IR I T 28000 5 LA, AEIAE ik A7 18
Cr,,CHAMEEY) . BEA SiC & R AR, iU fec A
RIS R A= W R (RS , 7 AR T A s , R Si it
T HIAFEA Ot AR BE T A A ) e R A K
FEARPE A RESS R, SOOI T 3 A, BELAS-37 i T A% 78
T AT T v AR A i B A

11 Al +5%SiC B4 S EBSDE

Fig. 11

EBSD diagram of Al,;+5%SiC high-entropy alloy

(a)— St I8l 5 (b)—HAHIAL.

= fco v 1 — 0%8SiC
+bee " 2 —2%8iC
v &R 3 — 5%8iC
« & ERMY 4 — 8%SiC

20/()

B 12 Al,s+x%SiC &5 & £ XRD Bif
Fig. 12 XRD pattern of Al,,+x%SiC high-entropy alloy

13 2 A [m] 3% 5% AH & £ FeCoNiCrAl, s+
x%SiC(x=0,2,5,8) = M 5 4 B 1l 14 bl 135 0
(B . R AT, 24 oK V8 i 34 5 A B SiC o & 43 4K
S0 B, B HY /N, R 477.3 N/mm?; 24
SiC Jiz it 73 KR 8% B, BUE I HV & K, R
576.4 N/mm?®.

A B 13 AT, O ke R &
FeCoNiCr Al = 4 & 4 W B il £ HV ik 3|
477.3 N/mm’, 5 5 LI 25 16 HR AR A5 1 [R) o
A4 HV A 180 N/mm?* /2 A7 AH e, A B4R 3 17 24
165% ; % X BOCHE AL il #5 1 () FeCoNiCrAl 5 /&
WG4 HV 270 N/mm* 42 55 7 249 77%. 2]
OIS T Y R BB A5 B 35 4 = ) A5 B A4 M
BT RE . X 32 8= O HOGIE B BUE AR B A

“RV ST R VA A I AR R R R R
THOULZEL VS Sy B3CR% A0 /1N , 48 i 55 A A0 X s B2 (.
femE s T ERHEEMEN.

650

600

350 j ' I [
0 5 8

2
SiICREN%0%
E13 B GEEREILEESETN
Fig. 13 Variation of formed specimen’s hardness
with reinforcement phase content

3.6 AITESEXNHEFTNILESHAESRE
EEERNI

14 4 KA AL E i AL+5%SiC(y=0.5,1.0)
A 44 R XRD Bl 38 i XRD K AT,
4 y=1.0 B A 3R J2 B A0 57 77 (bee) 2544 | 1T O
SEJT (fee) 25K FRALY) Cr,,C AL . 1 & #57=
AT AR AR E YA & A B AR AR AERT A
KE A3 AT 0 & AR B B AW R, HL i fec 1]
bee #574F 5 24 y=1.0 B 13 FE bee 41 B B3 £ | fee
FHE AR R WA A T AR IF H7 28 T s i

HV/(N-mm™)
N W W
v (=) (%
s & 3

S
(=
(=]




64 AR FFR(A RAFR)

% 46 %

AR X T ALY S AR B A A5 A M
FEBESE A, BRAR AR 00 1 o BE 7 [0 7 5 AR 00
IG5 L [RINE, ALCER B AN 1 fec AHAYIE
B, (A v A < A1) T2 A bee A 187 A bee
AHLE fee AH ELAT T 58 A 5 B2 AR, f (ol ] 4L
A i ) 25 i e A8 O B W A A, DT iR — 24

[EN AN U S

= foc 1—Al,;
+bece . 2—Al,
vaRmi o, v

« SREEALY)

. .
20 40 60 8
20/()
El14 Al +5%SiC Sk & &I XRD Eik
Fig. 14 XRD pattern of Al +5%SiC high-entropy
alloy

0

K15 AN ) AT R % i AL+5%SiC(y=0.3,
0.5,0.8,1.0) (LA N aTic hy AL) &b 65 4 BB il
Rl S0 Ay PETRT R, 2 =03 B, OB I HY
/N, K 515.4 N/mm?; 4 y=1.0 i, BB i F HV
AR, 4 720.3 N/mm?.

800

700

HV/(N-mm™?)
o
S
3

500

400

0.3 0.5 0.8 1.0
y

15 RHEEBAISETN
Fig. 15 Variation of specimen’s hardness with
Al content

I P 1S W LA Y B s O e = A 4
TR I T 3 B AL 2 T R R, 2 =1.0
b 3 B TR 3 R A KSR K R ALTG R X P
U 3 R v A S 4 ik RE LA ] A R AR
ML, AR TReEITER, BF2E14% R 0.143 nm,
AL I, A KB R F R S 80 A% 4544
WA 7L R B R, B AR R 9 B F e, 1 [ s Ak
HESTES LIS

4 4 B

1) P 25 FOURE 1 58 v 5 4 s 7 )2 B {1 i
WO T ZR I K AR I AN B 5, B o %
o3 3o 23 R 7 )2 P AR A R K

2) BfAE SiC & AN, R 7 )2 A
W K 5 AR IR SiC AR Z A EL , VR 0T R 4
B 8% M SICIRJZMEEEHE & T 21% , Ho B iy
T A A X %) B e 5 R VR

3) ALJTE ] B % Uk 3 % = B 6 4 1 1R e
HA I W EEER, BEE AR &, Hiw
TR S R B0 6 4 ) B A R K AR
R B I RE, [ oAb 50 R f 3 1 o ; [) B IR
it 552 TR 2 2 Pl AR A o ) S5 T A B AR O i A A

i S e e A U -
S

[1] GuoY]J, Li CG, Zeng M, et al. In-situ TiC reinforced
CoCrCuFeNiSi, high-entropy alloy coatings designed for
enhanced wear performance by laser cladding[J]. Materials
Chemistry and Physics, 2020,242:122522.

[2] Zhou X L, He L J, Zhang M N, et al. Effect of ceramic
particles on microstructure and properties of CoCrMoNbTi
high-entropy alloy coating fabricated by laser cladding [J].
Optik, 2023,285:170987.

[ 3] Ghanbariha M, Farvizi M, Ebadzadeh T, et al. Effect of
Zr0O, particles on the nanomechanical properties and wear
behavior of AlCoCrFeNi-ZrO, high entropy alloy
composites[J|. Wear, 2021,484/485:204032.

[4] Lian GF, Yang J H, Chen C R, et al. Influences of Ti and
Mo alloying on the microstructure and properties of laser
cladding for CoCrFeNi high-entropy alloys [J]. Journal of
Materials Research and Technology, 2023 ,27:5945-5964.

[5] He YL, Cong M Q, Lei W N, et al. Microstructure,
mechanical and corrosion properties of FeCrNiCoMnSi,
high-entropy alloy coating via TIG arc melting technology
and high-frequency ultrasonic impact with welding [J].
Materials Today Advances, 2023,20:100443.

[6] Liu B C, Chen H S, Zhou J, et al. Interfacial bonding
behavior of WC/AICoCrFeNi, , eutectic high-entropy alloy
matrix composites fabricated by fast hot pressing sintering
[J]. Vacuum, 2023,217:112574.

[7] Wang Y, Li P J, Ma N, et al. Effect of Y,0, on the
microstructure and tribology property of WMoTaNb
refractory high entropy alloy coating prepared by laser
cladding[J]. International Journal of Refiractory Metals and
Hard Materials, 2023,115:106273.

[8] Chen B, Li X M, Tian L Y, et al. The CrFeNbTiMo,
refractory high-entropy alloy coatings prepared on the 40Cr
by laser cladding [J]. Journal of Alloys and Compounds,
2023,966:171630.

[ 9] ShenQK, Kong X D, Chen X Z, et al. Powder plasma arc
additive manufactured CoCrFeNi(SiC)  high-entropy alloys:
microstructure and mechanical properties [T]. Materials
Letters, 2021,282:128736.

[10] Zhu T, Wu H, Zhou R, et al. Microstructures and



%12 4

BERE R AIEESICTAE B IR 54 E N LB 65

[11]

[12]

[13]

tribological properties of TiC reinforced FeCoNiCuAl high-
entropy alloy at normal and elevated temperature [J].
Metals, 2020,10(3) :387.

Bartkowski D, Kinal G. Microstructure and wear resistance
of Stellite-6/WC MMC coatings produced by laser cladding
using Yb: YAG disk laser [J]. International Journal of
Refractory Metals and Hard Materials, 2016,58:157-164.
Grewal H S, Nair R B, Arora H S. Complex concentrated
alloy bimodal composite claddings with enhanced cavitation
erosion resistance [J]. Surface and Coatings Technology,
2020,392:125751.

W E, ANEL, ARG BL, SF Bk XU A 1L
Al ,CoCrFeNi B & 42 0 T 2 2 MR A1 Sk R [T, 75 %

[14]

SCTRAFAA] L 2018,52(1):151-157.

(Xu Yong-yong, Sun Kun, Zou Zeng-qi, et al. Processing
parameters, microstructure and properties of Al ;CoCrFeNi
high entropy alloy prepared by selective laser melting [J].
Journal of Xi'an Jiaotong University, 2018, 52 (1) : 151-
157.)

2N, R, TR, L AL SR CrFeNiAL ST & #
FatEReng R ma [V ORHE 5T 2441, 2021,35(9) - 712-
720.

(Li Gang, Wen Ying, Yu Zhong-min, et al. Effect of Al
content on the properties of CrFeNiAl Si high entropy alloy
[J]. Chinese Journal of Materials Research, 2021,35(9) :
712-720.)

KIS0 O00S0SO00S0S0S00S0S000S 000000000000 S0 00 00000 0000000000000

(EEF187W)

[7]

[10]

[11]

Deng J X, Zhang H P, Wei S F. Prediction of vehicle-cargo
matching probability based on dynamic Bayesian network
[J]. International Journal of Production Research, 2021,
59(17): 5164-5178.

Huang Y X, Zhao L, Van Woensel T, et al. Time-
dependent vehicle routing problem with path flexibility [J].
Transportation Research Part B: Methodological, 2017,
95: 169-195.

Elgharably N, Easa S, Nassef A, et al. Stochastic multi-
objective vehicle routing model in green environment with
customer satisfaction [J]. IEEE Transactions on Intelligent
Transportation Systems, 2022, 24(1): 1337-1355.

YuY, Tang J F, LiJ, et al. Reducing carbon emission of
pickup and delivery using integrated scheduling [J].
Transportation — Research ~ Part D:
Environment, 2016, 47 237-250.
JRBERT, B PR AL, 45 5 R AR S 1 2 A (0
5 AR AN AR [T ] 45 5 3, 2022,37(2)
473-482.

(Zhou Xian-cheng, Lyu Yang, He Cai-hong, et al. Multi-

Transport — and

depot green vehicle routing model and its optimization

[12]

[13]

[14]

[15]

[16]

algorithm with time-varying speed [J]. Control and
Decision, 2022, 37(2): 473-482.)

Bektas T, Laporte G . The pollution-routing problem [J].
Transportation Research Part B: Methodological, 2011, 45
(8):1232-1250.

Deb K, Agrawal S, Pratap A, et al. A fast elitist non-
dominated sorting genetic algorithm for multi-objective
optimization: NSGA-II[C]J// International Conference on
Parallel Solving from Nature. Paris, 2000: 849-858.

Liu Q, Li X F, Liu H T,
metaheuristics for discrete optimization problems: a review
of the state-of-the-art [J]. Applied Soft Computing, 2020,
93: 106382.

i O S e e s E YO N U R AR )
AR, 2023,58(1) : 48-57.

(Ni Shao-quan, Luo Xuan, Xiao Bin. Optimization of

et al. Multi-objective

vehicle-cargo matching regarding interests of three parties
[T). Journal of Southwest Jiaotong University, 2023, 58
(1): 48-57.)

Ala A, Goli A, Mirjalili S, et al. A fuzzy multi-objective
optimization model for sustainable healthcare supply chain
network design [J]. Applied Soft Computing, 2024, 150:
111012.



