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NiCrBSi-CrSi, ¥ 2 f il £ S oy il T 1) B8 52 5 451 1
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FOE R AR D7 AR 72 B R T A B A Y A R
JRUSIOL AR, it A0 R R IR I v L vk
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WEIR AR B, M AREMACR ZE, REMEAE
B PR I m T, WEER G IR E , R AR
W, RERILEZM, U EI RIS IRER
THOW 285 46 7= R s e, 08T S AR 2 I ) S e Re . BRI,
Wt 5E A IR e 9 B 2 0T 03 J2 (0 00 225 ) R o i B
BEERER EA EEE X

ZE ERTR, AW TR R KO R R AR
12CrMoV a9 bl & 1 A [F B it & 1% NiCrBSi-
CrSip W2, BFFUME M 20 10 J2 4540 A ) 22 PR RE 1
SRR, HFERER T %R I il R 1 R DA B B 4%
B, 4R E NiCrBSi-CrSi, 14 2 1 15 il JBE 152 B 45 1 i
FEAER L0 AN S A 4

1 % I

FARMEHER 12CrtMoV X, H RSN 60 mmx
30 mmx5 mm. WKL BT A FH R R R o & 2 4
30%I%) CrSi, FlJi & 4> %1 70%(1) NiCrBSi ¥ A . il i Ml
PREREE . BEREIRRL . WIS KL, 3L e 45 A S R A
#4575 B i NiCrBSi-CrSi, 48 M %2 &8 K, Lz
VO FITE 15~45 pmo B 1 2 KIEFHM XRD K,
BT AT RLE 0 R 5K T 2 FLAIE BRIR S5 44
¥4 HVOF IRy RIESMEK ;. ¥y K B p-Niv NizB.
Cr,B. CrB. CrSi, M CrsSis 25440 4 1% -

TERATWORAT, FHEMATLL RS BE KL
B} FEARHEAT B S BRI AR B s 7E 100 C RS AR #EAT
BRI, IFIRIZE 2~3 hs XFRRIMHJE B E AR AT W RD Ab 2
B A FH AR B4R 2 0 0.71 mm HIAZERI ERP, Wi L
71 0.6~0.7 MPa, Wb 50°~70°, WikbFEE] 100~
200 mm, WP /5 RMMFEE 5.4~6.0 um, HITTEK L
it 68 75 T R H R T .
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120 CAiAi. iRER M A 1 FAE ik 7 15 i i T8 JA
W IR WA Y g KR R SR R A R A R
SPR-3000 & %4t, Wit A5 JP5000. MR ZH K 1.

WA H A% Ultima 1TV 24 X 5146
AT (X-Ray Diffractometer, XRD)#E 47 FRAE, 75K
N Cu Ko (4=0.1451 nm), HUEEHEER 40 kV, TIEH
M 30 mA, 20 HRETERAE 10°~90°, JHHHEE N
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Fig.1 SEM morphology (a) and XRD pattern (b) of
NiCrBSi-CrSi, composite powder
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Table 1 Parameters of HVOF spraying

Coating 26 28 30 32
Kerosene flow rate/L-h™" 26 28 30 32
Oxygen flow rate/m*-h™' 53 53 53 53

Spray distance/mm 340 340 340 340
Powder feed rate/g-min’' 30 30 30 30

20°/min, FHFELZ KN 0.02°. HHE GB/T 9790-2021 fi
F 7= MH-5LD B 5 ffili B2 1 H i &2 J2 AT 4 TG R A
ffFE(HV), I#EAT 300 g, MNEA A 15 s. BEMRE
MR 20 MRS E, BOF B AE AR E S0 . R
% GB/T8642-2002 {i [l WDW-5E Hi ¥ i i 5 /1K
FH iz A2 00 B B IR R 2 I S S s . e B AT
N5 mm/min, BEACR AN AE B-7 (L EEAEIER
FEB IRA A, HAH A B2 R FEET B-7 i 5 Wi f
A Bk B RO &, SR 5 KR 45 4 U FE R A
130 CAR#A 3 h, H#E 24 h, BFPFES AR 3 RECE
o KM Image J MEBHREZFBEFLRZE . @it
P BEREHLR A 1000 15 FHIE K, H Photo-shop
BAERT G AT IR AL B, AN IR 2 1 L B 2R 2
10 NEHE BT 34E o {3 A 48 [ Bruker UMT-TribolLab
T PR i EE AR G AL, SR P e B B AT IR I 2 i
BE R R o IRFE N TN 20 mmx20 mmxS mm, ik
56 17 0k 1R RE R AT B A R, o R 3R T RERE B2 OA B
R,=(0.230.10) pm, FEEERIA¥:124 6.35 mm [ ALO;
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W A RQ) I EERE
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NEESRE I E A (m?), OB m (N-m)'], PN
IEARFT(N), L 9 BEREE B (m).
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58 ARMTHESHER, ARz HI 7 —E
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CrSiy 1 CrsSiz #H. HBHRER CrB. CrSiy M CrsSis
IR R R 2 HE MmN a, wEN
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ARG R . ARAE )8 oo BEIPY, ar DUMEI B
B E TS, JEREET S, 238 CrSi, M
B> A8 N CrsSis #H, Cr,B AHER 2848 4 CrB .

Kl 3 A NiCrBSi-CrSi, )2 R SEM 5. M
WERTILS AT IS, B &= 26 L/h B,
BT I B IS, B A AE R i A Adh T A I i 2
& RCIRZS 1503 )= 2R 1 B 8 2 IORE LA SRR 5 4%
R DX 3 B R e s M & B2 28 L/h B, H
T AR FE R TE i, IR 2 TH 1 2 6 BlBORL )8 /> i )2
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Fig.2 XRD patterns of the coatings with different kerosene flow

rates

MBIBASP R I E N 30 L/h i, By AR 1 FHa i
W T, SRR RELE, W2 SR A A B A R Bl
LRI, RIS IF RS0 B0R B RS iR
32 L/h, BHTHEREE &, ARG B S, i
S BRSO RRAE A, W S8 AR SR VR o 75 ik
JERTAGAFEE, W WS U, b &
930 L/h B, 3R J2 3R TH I BRRE A RS RO i 2D, TR )=
RN T,

Kl 4 24 NiCrBSi-CrSi, ¥ Z Il SEM. MR )=
W T 3 A] AR B Y, NiCrBSi-CrSi, )2 W 0k K
A 2 BRI R ZR R IRES . X
ELFESR nT LA H 5 26 L/h (3R 2 Wik & 5 2 I FLBR,
g ah XA ES:; 28 L/h A1 32 L/h K2 W i 2
BABHIFLIR, BEAR 28 L/h (5 2 b i W0 22 (1 FL IR
W32 L/MIRERZ, (EXTH 2 NS EERZE R s
il DX 3k AT DLRA SR R B, 28 L/h e il X 3k 5% 32 L/h 1
J R DX 5 R I 45 30 L/h ¥ 2 FO Wi AR FLBR K %

B3 AS[A) o 7 1 NiCrBSi-CrSiy i /2 1 % 1 SEM 51
Fig.3 SEM morphologies of the surface of NiCrBSi-CrSi»
coating with different kerosene flow rates: (a, a’) 26 L/h,

(b, b') 28 L/h, (c, ¢) 30 L/h, and (d, d') 32 L/h
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K 5 SAARIEE ML = NiCrBSi-CrSi, #)2 FI A
SEM 5. EARMGER A MEE, 4 FikZ R EEEE
200 pum 2455 26 132 L/ i EmEE8mE Sa
B2 I R AT FLIR, 28 A1 30 L/h S 97t B 1 i J2 0
P s s, BA R B 4 ik EEm s A7
TE B S5 1R A ik X 3 T ) e i 5 1 R T W R R
B, 28 L/h ML & 1R iR J2 AT A7 AR — 5 (1) SRR A
FLIA, 30 L/h fEim & iR J2 a8 ) o os B B0
IG5 R, s H BN R B AL . SRR E
£ 30 L/h i &, M RIS, RS
FE R A4, 4 Bk BRI AEAE 3 FOR
() B £ 1) DX 3o S 0 AN [o] 25 65 1) X Sk 47 EDS s 4
o, HaRAMERILE 2. 46K 2 n2&&EY
LA H, XHHEART R A1 1. 4. 7 FL10 (I E BN
i, HItEFEEN Ni. Cr M Si TR &£ X,
BB A 2. 5. 8 fl 11 WS B RNKE S, Lok

4 ARFEBEHT R K NiCrBSi-CrSi, #2171 SEM B3
Fig.4 Fracture cross-section SEM morphologies of NiCrBSi- CrSi,

coating with different kerosene flow rates: (a, a’) 26 L/h,

(b, b") 28 L/h, (c, ¢') 30 L/h, and (d, d’) 32 L/h

FE Cr mHm N E L X B A 3. 6. 9 A 12
PR EE N A, HIGR BN Ni LR E L X,
W e R, 264 28 132 L/ iREd S Ni MAlE Cr
AR A A ) HokE K5 30 L IR JZ dh RS,
H'E Ni ifE Cr A AR A
2.2 HhEEgE

3 HN 7 AN [EIARE I ) % 1R R 2 TR AR T TR
TR, FLBAR RS GomE . MILBRRE, REFLRE
B8 & B T e R IR &, X AT REH T
B 2 R B 1 T R, AR KR PR R R S T v
R BB AR Bk B, AFR 2 R =0 s i
MA I TS . Hdh 30 L/h G Z LR R
A&, EBET 0.16%, X85 ¥R E RS 5% 45
R MNRWMEERE LF, WIZ S0 b A b
BT 2N R B, AR EY 28 Lh
B, BHRASRE WS 5k, HE (HVey) A
6156.75 MPa. 454 o B Fifi o5 0 vl U & 2 B0 38 5 R )
@, diGimE LA TR T IR = N, AR
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5 ARFEEEHARER NiCrBSi-CrSi, 2T SEM K51
Fig.5 Cross-section SEM morphologies of NiCrBSi-CrSi»
coating with different kerosene flow rates: (a, a’) 26 L/h,

(b, b) 28 L/h, (c, ') 30 L/h, and (d, d’) 32 L/h
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Table 2 EDS analysis results of different positions marked in

Fig.5a'-5d" (/%)

Position Ni Cr B Si
1 36.33 44.67 - 19.01
2 31.98 50.16 - 17.86
3 73.83 5.64 - 20.83
4 52.79 30.41 - 16.80
5 20.45 64.40 - 15.15
6 84.66 9.32 - 6.02
7 57.14 26.90 - 15.96
8 34.83 55.96 - 9.21
9 88.46 5.56 - 5.97
10 46.71 34.75 - 18.54
11 33.56 50.95 2.07 12.81
12 75.52 4.00 - 20.48

WETHE, M ARERAEE T, R R BORL B R A AR
BRERE R, GRITHRZARERESS,
HRR R Ao BE T PY . B 32 L/ IR B 45458
PR, RmTHRMmRELR, MRS EEE, fEm
W RET GAEARE, SEHISMIRERB LS
&, WERBAREE, SEREREESNIERK, BRE
g LAy 2P,
2.3 AESREEERRE

Bl 6 NAFB MM E FIREMEE R B 7 H
ANFBEMRERENBERZE. nJULER], 4 R
B AR R I BEE RBUNTE 0.3~0.5 Z 850, B
BN 26 L/h B, By R IGRLACR 2, %2 LR 2 E0R,
BIEEGZ, BEAMBR, R EERE
BRI R =N 28 L/h iF, iRZ M FLER
IR, 2 MR D, BV R N R E
WEBHZRRE/AN . S EY 30 L/h B, 8 KA fl
B, WERRsERD, WENLARERME, &
JEEE R R B MR g, WYHEREE 037 £ 4, HiRE
(KBS B R B/ R 2.84x107 m?-(N-m) s 45 uh i = 7
F| 32 L/h B, T AR, 5502 R FLRR 20 5,
B L, SEEBEARTHNEKR, BZEBHE G
— S HE.

®3 TRBHRBARHIEER. EREERESEE
Table 3 Porosity, microhardness and bonding strength of

coatings with different kerosene flow rates

Kerosene flow Microhardness, Porosity Bonding
rate/L-h” HV(3/X9.8 MPa 1% strength/MPa
26 526.88 0.78 43.45+6.35
28 628.24 0.55 59.40+8.50
30 569.46 0.16 58.50+7.95
32 569.52 0.67 36.60+8.70

PR FEAS R T I B U 2 el R AL, 4 R
BE BRI BRI E4T T SEM. EDS Rl UL b & 4001 &
8 AN [E R I B U 2 e P A S R PN ) SEML ] . 7
A B 22 BE R AT LR B, 264 28 F1 32 L/h )2 &
JRAFAERA B ALYE, UiRA 3 B E B B A B L
FERREAERY, 17 30 L/h 32 I BS IR A R L 2 1 Y
W, UL IZ R 2 2 T S TR B ks R R AR, A
B EOM B EIR R I, 26 132 L/h G2 B R L1 K
AR MR, IR TR R R AR, TE
SR ER AT m i BRI, B RS R R R T R A
(R 1S 77, A 3% J2 2R 1 = AR B M AR P4 .28 T 30 L/
MBS RS R IR BB . [FR R 4 FHiRE
(1 BEJR 35 B (LI 8 R 1. 5. 9 A 13 ). K
LB 8 T 2. 64 10 1 14 f). AKX (0 K
SHIMI 3. 7 11 F1 15 AR A XS (UL FE 8 111 4.
8. 12 Al 16 m)ZH . 4553 4 W EDS 45 &
B, BSJRERTH MR A X EEILEN O Niv Cr Ml Si
JLE; ARG EZEL, Cr f1 O LR NE; KA
X3k 3 EA Niv Cr. Si MR O LE; AMXEE

o
)

Kerosene flow rate:26 L/h
Kerosene flow rate:28 L/h
Kerosene flow rate:30 L/h
Kerosene flow rate:32]L/h

Friction Coefficient, COF
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Fig.6 Friction coefficient of coatings with different kerosene

flow rates
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Fig.7 Wear rate plot of coatings with different kerosene

flow rates
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Fig.8 Morphologies of wear marks of coatings with different
kerosene flow rates: (a, a’) 26 L/h, (b, b’) 28 L/h,
(c, ¢’) 30 L/h, and (d, d’) 32 L/h

B Niv Si fIfER O3 Focsk . W] 4 FRELE &
RN EEE D e R ¥ R AE T Ak, BRI FEK
FAIX . HINEWI 5 AAE KR E, 30 Lh ik
ERE M AN AR L, X 5RZNYIH A
— 3. W BEIRMA Y K ENEI, 4 FREYIRAE
TR,

9 AN [RL R I R v i B 4 i S K WL T
FiE. WE9 FrTLUE R, MEEBRMREN TS, B
BREEBE /N R ILIZ TN S B 10 B ER BB
SEM JE50 . WA 10 AT LUK I, 4 i 2 o6t BE BR AT
Rl A YOR R 2 ANRORL, 18 B IR JE TE e B R R R AR

x4 [E8a~8d'HARHRCAER EDS SHTER
Table 4 EDS analysis results of different marked positions in

Fig.8a’-8d’ (/%)

Position Ni Cr B Si (¢} Al  Fe
1 21.41 22.22 - 19.81 34.83 - 1.73
2 935 70.14 126 248 1530 - 147
3 20.85 47.85 - 14.89 1349 - 2093
4 71.83 726 0.04 1499 4.50 - 1.38
5 31.38 14.76 - 19.04 3334 - 152
6 11.69 7122 0.63 2.25 12.92 - 1.31
7 22.86 4741 - 16.68  9.57 - 347
8 73.08 4.77 - 16.40 3.94 - 1.81
9 43.44 1371 0.04 996 3439 - 146
10 21.33  49.32 - 15.57 10.80 - 298
11 60.97 10.98 - 16.36  9.76 - 193
12 76.90  3.07 - 15.31  3.00 - 173
13 3147 951 033 1939 3828 - 1.01
14 14.23 38.08 0.08 1492 3135 - 134
15 67.20  6.02 - 18.11  7.13 - 1.54
16 7275 4.7 - 15.59 5.54 - 1.64

Ko BRI 2 B R T3
Fig.9 Macroscopic morphologies of grinding spots of coating
with different kerosene flow rates: (a) 26 L/h, (b) 28 L/h,
(¢) 30 L/h, and (d) 32 L/h

TEEBHRM. &5 NER AR EDS LR T
Zidxtt, KIL 26 L/h BB EZ N Ni A
28 L/h #1132 L/h 1B BE = E24 Ni Cr f1 Si &L s
30 L/h MBS BE F2h Cr FIAM .

L1 AR B R P 38 B iR 3R T s 2 e %
Blo W 11 AT RUE Y, FEREAT @il BE A, IRER
TR T A, ELEEER. B PSR ey il RE 26 1 41
754 T Cr054 NiCr04+ NiO Hl Si0,. W5 E T,
NiCr,04+ SiO, Ml Cr,05 FITE il T LAAT R BH 1133 2 Y 1
—B R, AR 4, B ERN A ER R 2R
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Kl 10 EERESE SEM B3I
Fig.10 SEM morphologies of grinding ball spot: (a) 26 L/h,

(b) 28 L/h, (c) 30 L/h, and (d) 32 L/h

x5 E10 PREIRICAER EDS K5 21
Table 5 EDS analysis results of different marked positions in

Fig.10 (w/%)

Position Ni Cr B Si Al O
1 55.12  8.65 - 3.64 2.50  30.09
2 37.65 8.43 - 2.90 2.74  48.33
3 1.62 0.47 0.03 0.02 41.89 5597
4 1145 6.40 - 6.85 17.19 58.11
5 1593 11.56 - 10.36  2.70  59.44
6 1.83 0.99 - 0.90 38.27 58.01
7 9.27 7.23 - 8.14 5.11  70.26
8 6.31 5536 - 5.42 1.90  41.02
9 0.43 0.39 - 0.07  59.81 39.30
10 16.47  9.90 - 10.89  4.69  58.05
11 13.42  9.46 - 9.95 13.42 60.98
12 0.42 0.37 - 0.02  40.57 58.62

B, BEIR N ) A A 5 A NiCrO4 1 CrO50 1E
P E N 30 L/h N, SE A& Efem, A /DER
NiO Al SiO, £ R, it B JBE #2 BE 4 F gk — PR 3 T4
P . KRR E R RN
NiCr,04, H 26 L/h #1132 L/h (2L YR 12 v
AN B FE L BARII S 30 L/h FRJZE - MXHEERFN
P IR P BE P SR T P2 0 MR B, 30 L/h 2 1 BEHE i

¥-Si0, m-Cr,0, ¢-NiO 4-NiCr,0, a

32 LM AT $

Intensity/a.u.
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¥-Si0, m-Cr,0, 8-a-Fe,0, +-NiO 4-NiCr,0, b

u v
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o 8
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= : .
= 28 L/h PR
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K11 BEIRANRI . BB IR PN AR T B (BRI ) B 2 il
Fig.11  Raman spectrum of the outer surface of the abrasion
mark (a), inner surface of the grinding mark (b), and

dual ball surface (c)
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Effect of Kerosene Flow on Microstructure and High Temperature Wear Properties of
NiCrBSi-CrSi, Coating

Wang Zhigiang'?, Liu Xia', Zhang Shihong'?, Ren Yi'?, Yang Kang', Yang Yang', Xue Zhaolu'
(1. Key Laboratory of Green Preparation and Surface Technology of Advanced Metal Materials, Ministry of Education,
Anhui University of Technology, Ma’anshan 243002, China)
(2. School of Materials Science and Engineering, Anhui University of Technology, Ma’anshan 243002, China)

Abstract: The NiCrBSi-CrSi, composite coating was prepared by supersonic flame spraying (HVOF) technology on the 12CrMoVG
substrate at different kerosene flow rates. The coating phase, microstructure, mechanical properties and high temperature friction and wear
properties were characterized by XRD, SEM, EDS, Raman, Vickers microhardness tester, electronic tensile testing machine and high
temperature rotational friction and wear testing machine at different kerosene flow rates. The results show that the phase composition of
coatings is basically the same, all of which have y-Ni, Ni3B, Cr,B, CrSi, and CrsSis;. But as the kerosene flow increases, the CrSi, and Cr,B
parts in the coating will be transformed into CrsSi; and CrB phases, respectively. The microhardness and bonding strength of the coating
show a trend of first increasing and then decreasing with the increase in kerosene flow, and the porosity and wear rate show a trend of first
decreasing and then increasing. When the kerosene flow rate is 30 L/h, the powder melting effect is the best, the porosity of the coating is
the lowest of 0.17%, the microhardness (HV,3) is the highest of 5576.2 MPa, the bonding strength is the highest of 59 MPa, and the wear
rate is the lowest of 2.84x10™ m3'(N-m)’l. Oxides such as Cr,03, SiO; and NiCr,O4 generated on the surface of the wear mark and the
high coating hardness make the coating at the kerosene flow rate of 30 L/h show optimal high temperature friction and wear resistance. The
wear mechanism of the coating is mainly oxidative wear and adhesive wear.

Key words: supersonic spraying; NiCrBSi-CrSi, composite coating; kerosene flow; microstructure; high temperature wear performance
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