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ABSTRACT: The performance of laser cladding Ni-based NbC coatings was improved by adding copper-clad hexagonal boron
nitride (h-BN@Cu) powder. Nickel-based Niobium carbide composite powder with different mass fractions of copper coated
with hexagonal boron nitride was deposited on the surface of 45 steel matrix by laser cladding technology. A scanning electron
microscopy (SEM) was used to analyze the microstructure and hard phase distribution of the coating; The phase composition
was analyzed with an energy dispersive spectroscopy (EDS); The phase in the coating was characterized by X-ray diffraction
(XRD); The microhardness of the cladding layer was measured with a microhardness tester; The wear resistance of the cladding
layer was tested with a Bruker UMT-2 friction testing machine, and a white light interference module was used. The
three-dimensional topography of the wear scar was measured, and the wear volume was calculated. The results showed that the
main phase in the cladding layer was Ni-Cr-Fe, and other phases such as FeNiz;, CrB, M;Cs, NbC, M,;C¢ and Cr,Nb existed. The
study found that when h-BN@Cu was not added, the cladding layer was mainly composed of Ni-Cr-Fe, FeNi;, CrB, M;Cs, NbC,
M,;Cs and other phases, and the shape of NbC particles was mainly irregular polygons. After the addition of h-BN@Cu, the
unmelted h-BN phase in the cladding layer increased, and the NbC morphology changed to a cross-like and petal-like structure,
and the other phase compositions did not change significantly. This was due to the coating effect of Cu powder, which prevented
the melting of part of h-BN, while with the increase of h-BN@Cu content, the laser absorption efficiency during the cladding
process was improved, so that the molten pool absorbed more energy and promoted NbC particles disintegrate and re-grow. And
after the addition of h-BN@Cu, the reflectivity of the laser was reduced and the dilution rate was increased. Excessive addition
of h-BN@Cu would cause pores in the cladding layer and reduce the performance of the cladding layer. This was because after
the addition of h-BN@Cu, the molten pool absorbed too much energy, which leaded to the decomposition of part of h-BN into B
and N. N and O in the surrounding environment generated NO, which was then melted under the action of Marangoni flow. Pore
defects were formed in the middle and lower part of the cladding layer, which affected the performance of the cladding layer.
When the h-BN@Cu content gradually increased, the wear resistance of the cladding layer first increased and then decreased
due to the good lubricating properties of Cu and h-BN. When the h-BN@Cu content was 10%, the friction coefficient of the
cladding layer was 0.4, the wear scar width was 0.406 mm, and the wear resistance was the best. Compared with the Ni60/NbC
cladding layer without h-BN@Cu, the average hardness of the Ni60/NbC cladding layer with h-BN@Cu is slightly decreased,
but the hard phase distribution of the cladding layer is more uniform, and the hardness is still 3.1 times that of the 45 steel
matrix. The friction coefficient is reduced by about 27%, and the wear scar width is reduced by about 21%. The research results
provide a reference for the preparation of nickel-based composite coatings with excellent performance.

KEY WORDS: laser cladding; NbC; h-BN@Cu; hardness; XRD; friction and wear performance
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Tab.1 Chemical composition of 45 steel

wt.%
C Mn Si Cr Ni Cu Fe
0.42-0.50 0.50-0.80 0.17-0.37 <0.25 <0.30 <0.25 Bal.
Fz 2 Ni60 KRB
Tab.2 Composition of Ni60 powder
wt.%
Cr Fe C Si (0] Ni
16.75 4.43 0.60 3.18 4.30 <0.08 Bal

a h-BN

b h-BN@Cu

I NEIE o SO ER ) 2 1)

Fig.1 Electron microscopy of different powders
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Tab.3 EDS results of h-BN@Cu powder

at.%
Number B N Cu
P1 0.000 56.077 43.923
P2 0.000 43.106 56.894
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Tab.4 Powder ratio of (Ni60+NbC)+h-BN@Cu
composite coating

wt.%
Test number Ni60/NbC h-BN@Cu
Bl 100 0
B2 95 5
B3 90 10
B4 85 15
B5 80 20
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Fig.2 Cross-sectional morphologies of cladding layers with different h-BN@Cu contents
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Fig.3 XRD pattern of cladding layer
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Kl 4 AJF S h-BN@Cu Hy05 7 2 TS i 4 21
Fig.4 Top microstructure of cladding layer with different h-BN@Cu contents

*5 WEEMAMEDS £R
Tab.5 EDSresultson top of cladding layer

Number C Cr Fe Ni Cu Nb
P1 15.175 15.956 3.466 58.446 — 6.957
P2 37.367 41.567 — 19.864 — 1.202
P3 12.729 7.494 — 4.607 — 75.17
P4 30.209 41.403 — 10.807 1.170 16.411
P5 16.797 24.409 — 40.598 6.337 11.859

o T d R

5 B 10%h-BN@Cu 15676 2 AN [ X i i 4 40
Fig.5 Microstructures in different regions of cladding layer with 10% h-BN@Cu:
a) cross-sectional morphology; b) top; ¢) middle; d) bottom



. 436 - x mW H OAR 2023 4F 9 H

SCH T AR 7 T TR B, — /N R T R — 80 ——

YRR 1R, TR Kt ok R 19 b T e

T, AR S 0 R 2 S, GYR B BN =Pl B4
o ‘ ) % 600 —+—B5

BEAL, AT I AV XIS, (R T T % 1 2 I\ Fansion zone

TR T, Kk 4 397 A2 T P2 L T BT 200N £ soor g

E/(J %‘iﬂﬂ[ﬁ‘l[zg]o ,% 400 F Coating Subsn'at;e

2.4 HFMBESH % 300}

241 BEEESH w0 , . .

VS R[] h-BN@Cu A7 bt % 78 /22 8 1 10 25 A7 oS 0 0510

RN 6 FTs o LSS AR ALRE (0 A RE AR b il 28 ] T
TR 35 A e ) X S AE TR 2 I TR . 25 3 1K
SAMTRID, X T2 TR A 2R S A 4/
B A S, SRR B ANk AR A A . vk, Bl
& h-BN@Cu & &3, 5 AURECR ) o il 3 2 0
WO X — T R TR % h-BN@Cu i 15 [ 3
T, 5 AN IR 1 A, A7 9 o A 5 A A A X L A9 B AL 5
J—J71E, BT Bl R 2GR i NbC A 5 AH
HHZF, Cutj h-BN J& T4, RIEE SRR
ARV, TEIS AR R I AR 2 T80 & A RHR R
TR, BRI h-BN@Cu J5, W82 ny R B i
BT —ERER TR, SRS IRl 10%0T,
B3 FEATE 2 IO ) S i 29 650HV 1.0, X L
REI h-BN@Cu By R 2, BERE TR T 13.3%,
AN, SR h-BN@Cu I, %582 1Y S i BE 7
TE—E BIIE B, X AEAR KRR E 12 s 78 2 0 5 4 4
A E, W% h-BN@Cu BRI, WA 2 i s
FE R s/ . 454G XRD 23 BRI 0, %8i0 h-BN@Cu
J&, W4 h-BN B4 #, FAAR T CB, XAt
TIHEZ BB A . R 6 ik DUk IR,
TGN h-BN@Cu W47 )2, %5 h-BN@Cu J7 ,
VA7 )2 0 SO B T R B P22, X EE RN
h-BN@Cu Ji5 45 75 )2 7 B 318 K r sk .

0.8

0.6
05F
0.4}
03
02}
0.1}

Friction coeffcient

0 400 800 1200 1600

Time/s

a BEHERHL

Kl 6 Bz A e AR Al AT 4%

Fig.6 Line chart of microhardness change of cladding layer
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Fig.7 Friction coefficient (a) and wear scar width (b) of cladding layer



52k How

T, 4. OB (Ni60+NbC)+h-BN@Cu 152 4H 415 P RERF 5T - 437 -

SALPIAAAESE N T B SR T MR L, AN AT 3k e b5 B
TS B R S — T, AR NBC M
Cu Fl h-BN J& TR, BM& 2o F8UaEz
B R R R, AN ITSE2 0 52 50 J2 A Tt BB P i o

S R R R SEM FEF- IRl 9 fras . 4
EEEIRIA SEM B8R, 1T LU BT i 45 U )2 1 s
AL, MRG0 h-BN@Cu By KB, 1T NbC ks
5 Ni60 Bz M4 122, fEEmd b af
—48 NbC BUkr IR 2R MR T, 3 2L 1 1 75 Jokr
AT LR B R A/ R EE R it %) 55 A 5 D14
TN, STERZREE T WEW AT W AEE, WK 9a
TR o WA R0 7 R R ) R 5 745 5 4 2 T B AR R
AT 5 S5ORE X A v ) PEE 42 R 4, A0 7 )2 A B R s
BME . M h-BN@Cu i 508 2 10%)5, B

Sliding direction
R

Substrate

. — Friction pair

- El-

e — h-BN

T VARG AR A | ART, WIE 9b Fim . X — 7 T &
T4 76 2 B R GRS, 7R s R R v, 7
FESERI R B AR T, Wit ) 9 J0R0 AT LR 25 5 B e
AFEXT AR P BE T, A Bl 0 B 61 3% 1 VA A A 5K
R, %1, h-BN ok fE BE L fe b & %
AT BT Y h-BN 2 B0y 148 U4 /N 2 R R K
AT D7 B B4 2 1 P YA b, YN T R ) B R
JEP K% h-BN@Cu & A4S, e 9c h
EMTHRZMEEEE, HHH TERIRS S0 0%
Yoo BXIEH FEM ShEE T R rhr, 400 2 1 7K 27 JEE
RIET B BE VR, el = T AR, I
MILSIR T &EEE . 2 A HxTE s, #6505
PR, FE— MR AA & R, A5 — MR
FETERITE T, DLRTIR)Z MU oM B &

—NbC

P8 i ZTE R A

Fig.8 Schematic diagram for formation of lubricating layer

Groove

‘/\

/Shed particle

a 0% b 10%

K9 AR h-BN@Cu & i B 5 Z IR SEM
Fig.9 SEM images of wear scars of cladding layers with different h-BN@Cu contents

WOLM A, A R 2 e i,
BRI
2) I h-BN@Cu J&, FRIRT BOGMRIT%,

100 pm

3 #it

ARSCAE A FIHOCIEE BRI NoC E A IRZMR
Py, B IS FES Y h-BN@Cu By A, B
%% T h-BN@Cu &%} N160/NbC BERZEHL B
K E LR, A3 T A A58

1 RE N h-BN@Cu B, 6 8 2 £ 22l Ni-Cr-Fe,
FeNi;, CrB. M;C;, NbC., My;Co FEMIMILLIAL, NbC
WO IEAS FEAAMM A 230 . %I h-BN@Cu
J5, WE)Z AR h-BN L NbC A A+
FAR ACTER G5, FAB P AR O R K A= W 1 A2 Ak
XM T Cu By EMEN, BHIE 785> h-BN K1k,
IMki%E h-BN@Cu &t i3 n, 42 T a b

L Groove

\ Shed particles

Adhesive wear ¢
debris

Al

Spall pit

100 pm

c 20%

{3 NbC i

BRI, SRR h-BN@Cu 2158 2 74
AL, BRI B2 MR o X IR I h-BN@Cu )5
e T 2, SR h-BN 43l B fIN,
N 5 BIHE A9 O 4 NO, 5 78 & 22 A% JE T PR
T TEEE T N HIE R ALERG, a2 b

3) £ h-BN@Cu FEZEiHmmd i, mF
Cu Fll h-BN 47 (A3 1 MR, 15 78 )2 1 f BB 1 Re e Tt
Jal . 2 h-BN@Cu i3 50h 10%0, 15321
FEMERECH 0.4, BHIR VRN 0.406 mm, T 5 1 fig i
i, Y2 REREZ) R 650HV 1.0, #KIHE 45 BIHELIA
7 3.1 4%,



£ 438 -

EN TR NN

2023 9 H

S E 3k

(1]

(10]

(11]

[12]

Wk, BRoKHE, WRETES, S5 BOCHBIN Tk RN
RE M RUE T APt b e (0] FmHE A, 2022, 51(6):
76-88.

CAO Jia-zhao, CHEN Yong-xiong, CHEN Ke-wei, et al.
Research Progress on Focusing Performance of Laser
Cladding Machining Head and Forming Technology[J].
Surface Technology, 2022, 51(6): 76-88.

GOU Jun-feng, WANG You, ZHANG Yong-kang, et al.
Dry Sliding Wear Behavior of Fe—Cr—C-B Hardfacing
Alloy Modified with Nano-CeO, and Its Mechanisms of
Modification[J]. Wear, 2021, 484-485: 203756.
BALAGURU S, GUPTA M. Hardfacing Studies of Ni
Alloys: A Critical Review[J]. Journal of Materials Rese-
arch and Technology, 2021, 10: 1210-1242.

DUBOURG L, URSESCU D, HLAWKA F, et al. Laser
Cladding of MMC Coatings on Aluminium Substrate:
Influence of Composition and Microstructure on Mecha-
nical Properties[J]. Wear, 2005, 258(11/12): 1745-1754.
DAS K, BANDYOPADHYAY T K, DAS S. A Review on
the Various Synthesis Routes of TiC Reinforced Ferrous
Based Composites[J]. Journal of Materials Science, 2002,
37(18): 3881-3892.

WENG Fei, YU Hui-jun, CHEN Chuan-zhong, et al.
Microstructures and Wear Properties of Laser Cladding
Co-Based Composite Coatings on Ti—6Al-4V[J]. Mate-
rials & Design, 2015, 80: 174-181.

ALLAHYARZADEH M H, ALIOFKHAZRAEI M,
REZVANIAN A R, et al. Ni-W Electrodeposited Coa-
tings: Characterization, Properties and Applications[J].
Surface and Coatings Technology, 2016, 307: 978-1010.
YU Peng-cheng, LIU Xiu-bo, LU Xiao-long, et al.
Tribology and High-Temperature Oxidation Behaviors of
NiCrBSiFe Composite Coatings on TigAl,V Alloy by
Laser Cladding[J]. RSC Advances, 2015, 5(93): 76516-
76525.

it WRlE, 5%, 55, JEAL NbC XHOGKHEEE Co HEiRk
FEAABERERE M. T EEOE, 2020, 4703):
167-174.

WEI Yi, HUI Chen, YING Wu, et al. Effect of in Situ
NbC on Microstructure and Wear Properties of Laser
Cladding Co-Based Coatings[J].
Lasers, 2020, 47(3): 167-174.
SUN Shu-ting, FU Han-guang, PING Xue-long, et al.
Reinforcing Behavior and Microstructure Evolution of
NbC in Laser Cladded Ni45 Coating[J]. Applied Surface
Science, 2018, 455: 160-170.

LI Xiao-feng, YANG Xiao-hui, YI Deng-hao, et al.
Effects of NbC Content on Microstructural Evolution and
Mechanical Properties of Laser Cladded FesgMn3yCo1¢Cro-
XNBC Composite Coatings[J]. Intermetallics, 2021, 138:
107309.

KUMAR DAS A. Effect of Solid Lubricant Addition in

Chinese Journal of

[13]

[17]

[18]

[22]

Coating Produced by Laser Cladding Process: A Re-
view[J]. Materials Today: Proceedings, 2022, 56: 1274-
1280.

LI Da-yan, ZHANG Zhi-xin, CUI Xiu-fang, et al. Effect
of Graphite/CeO, on Microstructure and Tribological
Property of Plasma Cladded Co-Based Coatings[J].
Materials Chemistry and Physics, 2022, 280: 125756.
SHAO Li-fan, GE Yuan, KONG De-jun. Effect of MoS,
Mass Fraction on Microstructure and Tribological Chara-
cteristics of Laser Cladded Cu—10Al Coating[J]. Surfaces
and Interfaces, 2022, 28: 101599.

ZHOU lJia-li, CHENG Yan-hai, YANG lJin-yong, et al.
Effects of WS, and Ti;AlC, Additions on the High Tem-
perature Wear Properties of Laser Cladding YW1/
NiCoCrAlY Tool Coating[J]. Ceramics International,
2021, 47(24): 35124-35133.

R X5, B, 55 BnEAERH h-BN Y
G BWOCEHE y-Ni JEER 2 S IRZ05E ). B
FHHOE, 2014, 34(5): 383-388.

XIANG Zhan-feng, LIU Xiu-bo, LUO Jian, et al. Study
of T'-Ni Based High Temperature Anti-Wear Composite
Coatings with Addition of H-BN Solid Lubricant on
Titanium Alloy by Laser Cladding[J]. Applied Laser,
2014, 34(5): 383-388.

ZHANG Shi-tang, ZHOU Jian-song, GUO Bao-gang, et
al. Friction and Wear Behavior of Laser Cladding Ni/hBN
Self-Lubricating Composite Coating[J]. Materials Science
and Engineering: A, 2008, 491(1-2): 47-54.

HUANG Xu, ZHANG Jia-cheng, CHENG Yuan, et al.
Effect of H-BN Addition on the Microstructure Chara-
cteristics, Residual Stress and Tribological Behavior of
WC-Reinforced Ni-Based Composite Coatings[J]. Sur-
face and Coatings Technology, 2021, 405: 126534.
KUMAR V, RAKSHIT R, DAS A K. Mechanical and
Tribological Performance of Fiber Laser Cladded H-BN +
SS316 Composite on SS316 Surface[J]. Journal of
Materials Processing Technology, 2020, 278: 116509.
XL, BRI T R RS IR R BT ML
HBIED]. R RIESSE A, 2020.

ZHAO Yue. Design and Wear Mechanism of Self-
Lubricating Nickel-Based Composite Coating in Wide
Temperature Range[D]. Shanghai: Shanghai Jiao Tong
University, 2020.

YAN Hua, ZHANG Pei-lei, GAO Qiu-shi, et al. Laser
Cladding Ni-Based Alloy/Nano-Ni Encapsulated H-BN
Self-Lubricating Composite Coatings[J].
Coatings Technology, 2017, 332: 422-427.
ZHAO Yue, FENG Kai, YAO Cheng-wu, et al. Micro-
structure and Tribological Properties of Laser Cladded

Surface and

Self-Lubricating Nickel-Base Composite Coatings Con-
taining Nano-Cu and H-BN Solid Lubricants[J]. Surface
and Coatings Technology, 2019, 359: 485-494.

( T35 468 11 )



