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Table 1 Chemical composition of NiCrBSi powder (wt%)

C Cr Si Fe B Ni
0.78 15.9 4.55 <5 3 Bal.
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Table 2 Process parameters of high-velocity oxygen-fuel spraying

Parameter Value
Kerosene flow rate/L-h™' 26
Oxygen flow rate/L-min”' 900
Spray distance/mm 350
Gun move speed/m-s™' 0.6
Spray angle/(°) 90
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Fig.l Schematic diagram of high-temperature wear test device
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Fig.2 Cross-sectional morphologies of NiCrBSi coatings after friction and wear test at different temperatures: (a) 25 °C; (b) 200 °C; (c) 400 °C;

(d) 600 °C
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after friction and wear test at different temperatures
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Fig.6 Raman spectra of unworn surface (a) and wear tracks (b) on NiCrBSi coating surface at different temperatures
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Fig.7 Microhardness of NiCrBSi coatings at different temperatures
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Fig.8 Friction coefficients of NiCrBSi coatings at different temperatures



12 FEMS S

R L KORAI VR NiCrBSi i J2= e Ui BE 2 B L IR e T 9T

* 3227

0.15,

Fe I MR B R i R B PR TE 1 2 A 3 A R
SR EEAP O R EE SR AL, EERERE )
/N2 N 5 B NICrBSi 14 J2 B 45 22 BB A 14 Ji
o HIEE 6 AT %0, 75 IR AT 200 °C I 4 2 BE IR A £ 1 L
A EAERIAETE , BB IR P9 NiO i Cr,0, 14 2 g
VEREAR ] P2 3 AT 7 4 R EOR, 200 C R IRE M)
UL LA G40 FLBR 2R A 5 5 = R I AR Rl sz . 4R
1M TEVR 2 SRS M 725 P e DA B 3R T S8 L0 JE 4 A [ B
LR OL T, 200 CH IR EEEAR BN B ERT =
WM R IR 2 B R 5. Bk n] &0, NiCrBSi 3 2 1)
A A I R R BB ) = R IR, el TR = R
BERE R R EZAEN . HENR BT SR e A
SETHRERTE ISR, R FEsi i, S SiN,
W) 5 B i ) 2 V) ¥ DA R AR R R D B 4 3 BUNICrBSi
WIEE Si,N, W % R R 2 [R] R BT U1) 7 BRAR , JBE 8 S 45 b
fiK®. 400 CRIRJZ B IR N A AMREE 5 200 C A=
T BE A IS A [R]  H 2 0 J2 8 5 45 200 °C AT = st B 7
AR, BRI 550 2 R B A T AR I K, U 2 B R R AU
F-200 CIF B 2 8. 7£600 C TG 2 M B R B
LAEI K5 B B 2 PR AR AU . 7E BE B ) 4R
B B, BT el AR FH DA S A IS (R BE A S % )25 1 B
PERBOBAR, 48035, 7E600 C R g2 6 5 i 2%
BREAR , (7] B [ A B R )R AT, U B M R AN W e 2 B, R 42
Bl 5 12 B ARG K, HANRGE 5 B Y S AL 2 A
53 JBE i v P A T S TE LT Y B AR BB KL, A 1
FLEESIN U 2 0 PE i R BOZ TG K A2 0.5, 11 24 85
I T FEE R IR 55 184 DR T, R 488 B Uk )25 3 T )l 7 77 e
%, ¥R 2 (0 BE 3 AR BRI B/ SR v T DA R B

10

0
-10
-20
-30

Wear Depth/pm

-40
19002040608 10121

-101
20t
-30

Wear Depth/um

¢

Wear Width/mm

-40 :
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

()4 F AR 8 i )2 36 T f B R N 3 7 AR 1) K & NIO
NiCr,0,. SiO, Fl Cr,0, %5 5 A0 4 5 4 Fi 52, WA T 28397 4
AR ENENE BIER, IREE T IR E BE R R B
342 HREEHRE

B9 25 tH 7 NiCrBSi i J2 1 B IR — 4 % 35 A B IR K
TR . WRZETEF T EBIRER, BIRIRELIN 8 um.
TR IEAE il T 1B R E 253K, 200,400 F11600 C 2%
PER R BE IR 5 40 50 A 2332 A1 37 pme 38 3 300 1
Uy B IR I AUSRAS IR Z MBI &, i IR E R B A
B 1025 tH 7 A RNREE N IR E MBI . B 10 R 400
AT, B A TR AT R R I BRI K. TR
NiCrBSi % )2 1 BE 31 R 214 2.0x10° mm*/(N-m), [ % 5
JE T & 200400 F1 600 °C, 3 2 16 B 3523 20 i 3 K &
6.6x107°, 10.1x107° A1 11.3x10° mm*/(N-m). R & 7£
200 ‘CH} NiCrBSi iR )2 R FE 5 % iR~ 1R R 2,
B2 I B R IR SIS 1 3.3 1% . Rk, i 21
FEASIE S R 2 i B VP o — R R IR I = ST
U2 R 532 3 1R 0 I DA B W b 1] (1 S T 4K
TEBESR I AR AR T R A RS R T R R, &
HTIREBHCRENIE K. RETE 600 C I 1) B 157 % i
K ABALHE 55T 400 °C I (1) B2, 1235 15T 200 “CH (1)
PEYR R 7 5 v AT RVAE PR RO R AR R L i
J2 11 B 453 2 320 7 48 K, {H L NiCrBSi i 2 1) B 2
PERE 2 IS 2R AR AR, S BUR 2 BRI R IR
PERIABE
343 REBERFIG BRI

B0 T ARERE FRZENBIRES. HERE
U 2 B R S THREL AR 2 1 A8 A U, 23 0 1 Vi o B
77 1) R LT B 7 1a) ) B IR R ADRE B2, T 120

0
-10
-20

0020406 08101214
d

Wear Depth/um

1

-40 :
0.0 0.2 04 0.6 0.8 1.0 1.2 14
Wear Width/mm

Wear Depth/pum

B9 ANFIILFE T NiCrBSi 2 IR — 4 AR B R AR T i 25

Fig.9 Three dimensional wear marks (a—d) and wear trace curves (a,—d,) of NiCrBSi coatings at different temperatures: (a, a,) 25 °C; (b, b))

200 °C; (c, ¢,) 400 °C; (d, d,) 600 °C



W] B RS TR

555 %

. 3228 -
4
E 12}
< jof
£
£ sl
S
x o
8
S 4
5
9] 2r
1
035 200 400 600

Temperature/°C

10 ANFNELE T NiCrBSi 2 B i %
Fig.10 Wear rate of NiCrBSi coatings at different temperatures

1la f1 11 5N IR IS AT LAG H, B R R AR X
FHRE , BE IR R A IR K L B B HER . T 11b M 5 2R 1)
BIRTES RN IR ERMAAE IR EHARNERRE. R
2 ZR R VK R R R 2 R TR A 5 R ak ar IR
N ZR % 57 fr 3 80, 1& BRIV, HAx IR AE
PIBEIR NICrBS1 iR )= BN W, BUlR TR 2 #TE T2
FSCBE R, — 05 43 B R B B R AR PR RRRE , 75 B IR )
IRV AL TR FCIR AK E 1°) BE5 Jo8 MR 5y — 38 o B e ) 7 B
RIHT 22 5] N ER BRI RECR 5 ERIRIE. B2
VIR TE Y 5 BE 1 7 1) R 2 T R 7 I P 3 TR s 152
AHIE, £9790.1 pme

B 11c A 11d 45 H 7200 'C FIBERES . WE 11c
AT DA H R 2 1) B TR R THIAT AR SR AL 9% 55 R T

11 A[FEEE N NiCrBSi ik 5 ¥ B R TE 35
Fig.11 Morphologies of wear marks on NiCrBSi coatings at different temperatures: (a-b) 25 °C; (c—d) 200 °C; (e—f) 400 °C; (g-h) 600 °C

1.4
g —s—Perpendicular to friction direction
= 1.2} —e—Along friction direction
£ 1.0}
=
< 0.8}
g
& 0.6}
g
& 041
$—
<
S 0.2}
=
0.0 y . . !
25 200 400 600
Temperature/°C

12 ANRNELEE T NiCrBSi ¥4 2% 8 R T HEL A
Fig.12 Surface roughness of wear marks on NiCrBSi coatings at

different temperatures

BE IS 5 VA B G AR B R AE B R 2 T T B 1) IR AR AE
B 11d SR B IR AR AR 6, X 5 B 11 SR 1 B R E
BABRIZM . LI, £ &R E T IREA
b2 B IR RIS Ol R B R o B JRORELRS 4 R

SR, WEAG PR 7 1) (PRELRE 2 24929 0.37 pm, 17 3 BT X1
IR 7 1) (RPAELRE FEAY 9 0.13 umee 3% — 45 B0 BH , VS BE 7
) bR R AEAC AR BE YR 7 (A T A= 7 B 1) 98 57 7%
HHF1Z NiCrBSi i 2 75 i 505 C I A K A 45 8 I M
[RLtE , £E 200 °C R BRI AR R A G, BB ST
ST BT B P v T AL, SRR R T AE B VI R
RAFTE

1le FI11F45 H T 400 C iR EMEBIRIES, BoR
5200 ‘CHL M B IRTESURFIE (AR TR S E K. B2
AR RS FE s, VR R T (RS 2 24079 0.97 pm, 17
I BT R T ] FEREDRES B4R 0.15 pme 3RJZTE 400 C
NHEFE RS RRR RE B R R K, SRR EE
P ) R A B T R 5 RV L U B A R S R
FEREK.

11g 1 11h R Z1E 600 C 2645 T BRI, &
71t B R B IR AE o B ORORLRE B 45 R o,
600 C N &2 HIHE A /& 400 CHF /) 1/2, 78 B fih 277~
WERAETEREIBEA ., R NiCrBSi /2 1F 600 C



12 1

FEMSFESE B & B mER NICrBSi ¥ 2 v Ui R F5 S 1 M e 9

* 3229 -

Fatigue-induced abrasive weard
Load Fa(iguc l* SAE o

spallation

Hard abrasive
particles

Abrasive grooves

Softening & activated interfaceD
Load Coating , T Y

lsoﬁcning AT
7 s :

Initial tribo-film

Predominant abrasive wear €
Load Grain P and

‘d

Interfacial
activation

Abundant

Intergranular || abrasive debris

wear
Pronounced

abrasive grooves

K] 13 NiCrBSi i )2 Bl AR A0 5 T i B B Ha L i) 35 2

Fig.13 Wear mechanism evolution of NiCrBSi coating as a function of service temperature: (a) room temperature; (b) 200400 °C; (c) 600 °C

iR N RIFLBR R AR, B SR 2 0 (HIR 2 A BT
SEWTRRL T HES S50, BHR KL T B R B A 21016 445
B o TEIEMMEAT AR IR A ER T I 2 5 7= A1
AL, TSR RL 6] 1) TF RN 57 RV o RIVE I BEHR
WL W T BB L, 32 BB IR 7™ B PR BB R BE 401 o LR, IR
BEAGUATL A Sy 57 BB R S L B 43 1) 52 S AL

13 2045 1 NiCrBSi U2 75 IR AR 5 T v BN 1 B 4%
HUHI % AE . NICrBSi i 2 1 B UL i 8 A% F 25208
JEAE R 4 AR A AU B L R . =R
200 CI, BEAL I LU 55 R O 2, A8 Bl B BE 451, 3X
72 BT BER R T (8] P 5 UK, FEAE 3 T 2 A AR
LG HORL T T4 400 CHE, i 206 5 0 2% R &, 9
PEARTE3E K, 5 B H 07 1) IR 55 3 9 0 J&il 600 C R, R
IR E R A2 S BUCE A ARRL T AT R T A B0 & 45
A EEA AR LU Y e S 80k RIVE
KI5 SORE A Sy B WL T ) S 453, T G 55 3R ¥ 5 S S 454
(ARG WL G P B A B A 9 32 5

4 25 ig

DNICrBSi i /2 7E £ 505 °C B iir i1 35 & 45 /33 25 1)
A 2 R A IX P AR AE — e R B AR T AU
I AR FLBR 2, (EL[R] I e B 2 3 () PR, A ik 2
LR R MR R . X SR, Al AT N B R T EGE
W5 K S B AR IF AN B B R IE e I 2% 1R T PR T 5 42
R, H X JEE 45 B 2 e PR S ) 5 45 0 M RRR AL AT
LREVTA

2) iR A R R U RR B AR T P R
5 AR P W TR R o B IR R T v T P
VRIS , [F] i BE 4 % o A2 i) NiO L Cr,0, & NiCr,0,
SR , B W IR AR THT TV A O R e B 76 )2, R —
SEFESE FORAE BRI R R e TR e . %
45 R R W], NICrBSi i )2 7E i JBE 45 34 58 b G g d ik 72
TG RSB — € 1) B T BEARAT

3)VE R IR B R R, (B 45 R 45 B
Tk & T v T S 25 48 , AR A i PR T e i A 1 85 1

RIZIRPUBE RN AR R R K BE D). HiRETH R &
600 “C I, ¥ J2= BE AL Hy LU 57 B 453 0y 2 1 ) kL
BEAGREAR , S EBE IR . 1285 KR, R T AR AR s
IR P IR A 26, AR 48 NiCrBSi ¥ 2 M LA R] IR 52 BRI
JEE S S AR 404, i B 70 75 38 5 e e A B R T R

T H iR LR A ARG RE -

SE K
[1] Han Bingyuan(3 7K J#), Gao Xianghan( = #£i#1), Du Wenbo(F1: 3¢
1) et al. Journal of Mechanical Engineering(HLH T2 2= 4R) 1],
2024, 60(24): 177
[2] Chen Lijia([f 37 4%), Zhao Lidong(#X 71 %), Wang Xu(E JiB) et
al. Transactions of the China Welding Institution( J& ¥z % %) [1],
2021, 42(5): 65
[3] Giinen A, Ciiriik A. JOM[J], 2020, 72(2): 673
[4] Singh G, Kaur M, Upadhyaya R. Journal of Thermal Spray
Technology[J], 2019, 28(5): 1081
[5] Fernandes F, Polcar T, Loureiro A et al. Surface and Coatings
Technology[J], 2015, 281: 11
[6] Ren Y, Liu X, Chang C et al. Ceramics InternationallJ], 2024, 50(13):
22947
[7] Grain A K, Singh N K, Maurya S S et al. Diamond and Related
Materials[J], 2024, 150: 111748
[8] Wen Z, Zhao B G, Kong D J. Transactions of the Indian Institute
of Metals[J], 2018, 71(10): 2565
[9] Liu Jie(X] ), Liu Xia(X| f%), Hu Kai(# 3l) et al. China
Surface Engineering( [E R0 T.#£)[J], 2020, 33(3): 119
[10]Liu L M, Xu H F, Xiao J K et al. Surface and Coatings
Technology[J], 2017, 325: 548
[11] Wang Jiawei( £ {£fH), Yang Zhenlin(##& #&), Lv Wenquan( & 3¢
SR) et al. Tribology(FEE % 5:4R)[J], 2023, 43(12): 1486
[12] Winkelmann H, Badisch E, Kirchgaliner M et al. Tribology
Letters[J], 2009, 34(3): 155
[13]Shu F Y, Wu L, Zhao H Y et al. Materials Letters[J], 2018,
211: 235
[14] Yu Ting(4 E£), Chen Jie(Bk 7%), Rao Xixin( 1% %5 #) et al.
Laser & Optoelectronics Progress(¥ 65 6 T % 13t B)[J],
2019, 56(10): 241

References



* 3230 ¢

W] B RS TR

5 55%:

[15] Planche M P, Liao H, Normand B et al. Surface and Coatings
Technology[J], 2005, 200(7): 2465

[16] Deshpande S, Sampath S, Zhang H. Surface and Coatings
Technology[J], 2006, 200(18-19): 5395

[17]Chen L' Y, Xu T X, Lu S et al. Surface and Coatings Techno-
logy[J], 2018, 350: 436

[18] Wang Jinlong(F 4: &), Wang Huiming( £ 2 #), Li Yingju(Z= M.
2%) et al. Chinese Journal of Materials Research(#4 ¥l 7T 2%
)[I], 2023, 38(7): 481

[19] Guo H J, Li B, Lu C et al. Journal of Alloys and Compounds[J],
2019, 789: 966

[20] Zhang Z Q, Wang H D, Xu B S et al. Surface and Coatings
Technology[J], 2015, 261: 60

[211Li C J, Wang Y Y, Li Hua. Journal of Vacuum Science &
Technology A[J], 2004, 22(5): 2000

[22] Zheng Zhenhuan(Xf 3% 34), Li Qiang(ZE 5i), Xue Huan(Af M)
et al. Chinese Journal of Rare Metals(%i 5 43 J&)[1], 2007(5): 596

[23] Li Yong(Z= B), Chang Zhe( #), Xie Weiwei(#] &) et al.
Rare Metal Materials and Engineering( % 6 & J& ¥ ¥l 5 T
FE)[J], 2025, 54(10): 2553

[24] Wang Zhiqiang( £ & 3#), Liu Xia(Xl f%), Zhang Shihong( 5k t:
%7) et al. Rare Metal Materials and Engineering(%i 13 4= J& ¥ &l
5IFE)[I], 2024, 53(3): 825

[25] Allison T C. National Institute of Standards and Technology[EB/
OL]. (2022-7-29)[2025-12-01]. https://catalog. data. gov/? q=nist-
janaf-thermochemical-tables&sort=relevance

[26] Kale G M, Fray D J. Metallurgical and Materials Transactions
BI[J], 1994, 25(3): 373

[27] Sun Xundong(#h il %), Sun Wen(fh 3¢), Huang Jibo( 5 4% %)
et al. Hot Working Technology(#IN 1. T Z)[J], 2025, 54(2): 22

[28] Li L, He K, Sun SY et al. Tribology Letters[J], 2020, 68(1): 26.

[29] Rukhande S W, Rathod W S, Bhosale D. Tribology in Industry[J],
2021, 43(2): 247

Tribological Behavior of High-Velocity Oxygen-Fuel-Sprayed NiCrBSi Coatings
at Elevated Temperatures

Du Pengcheng', Yang Rentao’, Wu Zhengjiang’, Fan Mingzhen', Zhang Yan', Yuan Zhennan', Chen Tongzhou'
(1. State Key Laboratory of Special Materials Surface Engineering, China Academy of Machinery Wuhan Research Institute
of Materials Protection Co., Ltd, Wuhan 430030, China)

(2. The Third Gas Production Plant of Changqing Oilfield, Xi’an 710018, China)

(3. Wuhan Second Ship Design Research Institute, Wuhan 430010, China)

Abstract: A NiCrBSi coating was fabricated on 304 stainless steel substrate using high-velocity oxygen-fuel (HVOF) spraying. The tribological
behavior of the coating was investigated at room temperature (RT), 200 °C, 400 °C, and 600 °C to reveal the effect of elevated temperatures on its
wear mechanisms. The effects of temperature on the microstructure and mechanical properties of the coating were analyzed by scanning electron
microscope and high-temperature microhardness tester, respectively. The morphology and chemical composition of the wear tracks were
characterized using white light interferometer and Raman spectroscope. The results show that the NiCrBSi coating exhibits a distinct
crystallization exothermic peak at approximately 505 ° C. Above this temperature, the crystallinity and microstructure of the coating are
significantly improved. As the temperature increases, both the porosity and microhardness of the coating generally decrease, with a relatively
gentle decrease below 505 °C and a sharp drop beyond it. The combined effect of mechanical action between the coating and the counterpart ball
and the high-temperature environment induces oxidation during friction, generating oxides such as NiO, Cr,0,, and NiCr,O,. At temperatures
below 505 °C, the high-temperature environment leads to a certain reduction in friction coefficient. With a further increase in temperature, the
lubricating effect of the oxides further contributes to the decrease in friction coefficient. Meanwhile, the wear rate of the coating continuously
increases with temperature, rising from 2.0x10~° mm?*/(N-m) at RT to 11.3x10° mm?*/(N-m) at 600 °C. At RT, the dominant wear mechanism is
fatigue wear. As the temperature increases to 600 °C, the marked decrease in coating microhardness leads to the generation of substantial debris,
making abrasive wear the predominant mechanism. In engineering applications, the determination of the amorphous transition temperature of
NiCrBSi coatings provides essential data for the design of coating service temperatures and the formulation of heat treatment processes.

Key words: high-velocity oxygen-fuel spraying; NiCrBSi coating; in-situ high-temperature hardness; oxidation; tribological properties
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