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Table 1 Chemical composition of WC powder (wt%)

C w Fe Si Ni Ti Co Cr Mo
10.78 88.77 0.27 0.004 0.005 0.002 0.118 0.05 0.001

2 NiCrBSi M REILZE AL S
Table 2 Chemical composition of NiCrBSi powder (wt%)

Cr B Si Fe C Ni

14.0 11.45 3.03 3.08 1.47 66.97
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Table 3 Choice of different brazing temperatures

Number 1 2 3 4 5

Brazing temperature/°C 1020 1050 1080 1110 1140

F XRD-6000 7 X 5 2R AT A 73 B J2= BP0 AH 2E 1k »
FARIEE A 20°~90°, F4lii% B2 4 5°/min, A2 9 4 0.02°.

R #% GB T6396-2008 45 1 , F CMT5205 HL 1 /5 fig
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Fig.2 Schematic diagram of fixture in shear test
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Fig.3 Macro-morphologies of Ni-based WC coatings prepared at
different brazing temperatures: (a) 1020 °C; (b) 1050 °C;
(c) 1080 °C; (d) 1110 °C; (e) 1140 °C
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Fig.4 Microstructures of Ni-based WC coatings prepared at different brazing temperatures: (a) 1020 °C; (b) 1050 °C; (c) 1080 °C; (d) 1110 °C;

(e) 1140 °C
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Fig.5 Binary images of the coatings prepared at different brazing temperatures: (a) 1020 °C; (b) 1050 °C; (c) 1080 °C; (d) 1110 °C; (e) 1140 °C
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1.515%, FLERF- 27 1 AR M 468.829 pum? /N % 158.343 pum?.
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b — 25 BRAR A 1.212%, Bk i FL R 1 7 35 1H AL 4N
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oA 203t A% T A [ A AR AL 4 7 A= S ThI WAL 4 11 e
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x4 FRBHERE TABRILIRERFLEFHER
Table 4 Porosity and average pore area of coatings prepared at

different brazing temperatures

Brazing temperature/°C  Porosity/%  Average pore area/um’
1020 3.375 468.829
1050 1.741 211.464
1080 1.515 158.343
1110 1.200 180.938
1140 1.212 182.453

EFIRIREE Y 1080 ‘CHY , FUB TR FT AR L AR AL A5 U )2 AL
BB, FLBR T T AR RN » TR 2 PRS0 P B it

6 AN ET IR IR N B2 BT IR M 5 A T 3 4
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Fig.6 Microstructures (a,—e,) and corresponding interface line scanning results (a,—e,) of Ni-based WC coatings prepared at different brazing
temperatures: (a,, a,) 1020 °C; (b,, b,) 1050 °C; (¢, ¢,) 1080 °C; (d,, d,) 1110 °C; (e,, e,) 1140 °C

Xof B R RFAE ST AT EDS BERE A3 AT, S5 R LR 5. M
R LLE H, AR EFIRRE 2 20 RS IR/
fRHREN Q235 FL1Hi 4 ( W, P1.P5.P9.P13.P17)Fe & B 1K
m NE B H G IE S A /DB Cr Si A B, B HEN 5
Aib R Fe (1 1A R o 50T S THI A 1R 2K CLRRAE [X 35
(W, P2.P6.P10.P14.P18)H Ni &% &= & =1, & /> & [ Cr.
B.Si fll Fe, A DUHEN 32 222 Ni [ [ ¥ 4RI Ni,B. 2K
O FAE X 38 (WL P3.P7.P11.P15.P19) & W I C, #E
WA WCHW,Co 2K R 8] 40 INAS KU 2K (5.4
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Table 5 EDS point analysis results of characteristic points marked in Fig.6 of Ni-based tungsten-carbide coatings (wt%)

Point B C Si Cr Fe Ni w Possible phase
P1 0.30 6.14 0.42 1.34 66.34 25.46 - Fe solid solution
P2 0.21 4.24 1.38 5.58 13.14 72.85 2.60 Ni solid solution, Ni,B, and Ni,Si
P3 - 13.58 - - - - 86.42 WC and W,C
P4 4.00 12.10 4.69 42.39 0.85 31.34 4.63 CrB and Cr,C,
P5 0.31 8.18 0.58 1.48 60.25 29.2 - Fe solid solution
P6 0.29 5.28 1.69 4.24 14.35 72.05 2.10 Ni solid solution, Ni,B, and Ni,Si
P7 - 11.28 - - - - 88.72 WC and W,C
P8 4.16 11.16 437 21.92 0.76 29.81 27.82 CrB and Cr.C,
P9 0.27 12.06 0.86 1.14 63.95 21.72 - Fe solid solution
P10 0.18 7.86 224 5.98 11.94 70.19 1.61 Ni solid solution, Ni,B, and Ni,Si
P11 - 12.15 - - - - 87.85 WC and W,C
P12 423 12.09 4.62 50.91 1.32 11.03 15.8 CrB and Cr,C,
P13 0.42 12.28 1.65 1.69 68.83 15.13 - Fe solid solution
P14 0.31 7.49 3.15 4.24 16.15 67.46 1.20 Ni solid solution, Ni,B, and Ni,Si
P15 - 13.02 - - - - 86.98 WC and W,C
P16 4.52 12.07 - 37.50 16.80 10.65 18.46 CrB and Cr,C,
P17 0.35 12.86 221 1.76 60.42 22.40 - Fe solid solution
P18 0.29 7.21 3.69 5.15 11.56 72.10 - Ni solid solution, Ni,B, and Ni,Si
P19 - 12.78 - - - - 87.22 WC and W,C
P20 4.66 11.99 - 45.10 18.97 9.69 9.59 CrB and Cr.C,
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B 1) 50 5 48 i B R N R B E AR E R
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Fig.7 XRD patterns of cross section of Ni-based WC coatings

prepared at different brazing temperatures
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Fig.8 Shear strength curve of Ni-based WC coating prepared at

different brazing temperatures
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Fig.9 Shear fracture morphologies of Ni-based WC coatings prepared at different brazing temperatures: (a,, a,) 1020 °C; (b, b)) 1080 °C;

(c,, c,) 1140 °C
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Fig.10 Microhardness distribution curves of Ni-based WC coatings prepared at different brazing temperatures: (a) cross-sectional microhardness;

(b) surface microhardness of coatings

UL R B AL A i, R B K. R WC S i
TUUHLE, BRI AL TR ZE R RE . H4h R
U5 FE I 1020 “CHEINZE 1140 °C , 4 fill /) NiCrBSi £ 4} Xt
WC R 8 M AL M S . R )2 A FLBR R A
SR FE RGN, U 2 1) S T PR 3G K. R AR A Y
Vi 23 T AR FE AR AL 886.2 HV, 3 %2 970.3 HV 6
3.5 SHRIREIIKEMBMRISN

T RAEA VR AER BE T B A BT T i 4 A 7 il
PR EL TR A IR JE T BB P R AL , 0 2 A B 2 S 45
R . P11 R A [R] BE 5 T (R AT ARIR R T IR JE R R R
ARG . B 11a o] %0, BE A B 4R H] R 28 4K, R
JE PR R ORI N B 5 RS . AR R )
W1, 710, /NER 5 1R E 3R TH 2 (R BRI A B 7, T i
JEFRIM™ EEER, BT WC PR TR, R ERE

2 B2 H NiCrBSi 2 4 K i 14 4 R4) Fi , 3 T[] 2 4 R4
A T B B A R v R S MR T WC R, 2 g R
TR R B IR AR T M B L, B ST W C UK 32 T 2
#& R, (S R 5 WC BURL AR R T K 4y ZrO, /N ER il
JOITE B A5 28R A, WC SR D v s P55 7 JEE 4 55 45 1) 3k 2
PR HH A v P B R . R R RS B U2 E WC
IURL ) S 1% T 3R D0 H BN AR OE (1 BE 5RO, 24 /N R
WC 5 BE i 471, EL2E WC B0k ) NiCrBSi & /4 fl s Ak 4 4k
Bl R, B R B R I B . AN BT AR
& WC BURL 5 55 B8 450R 5 72 FE BE 40 1 2 B i A, 1
ol A T 24 PR B AR L ) SRR 4 R B AN B E A
RS — ERRE e Eh . & 110 & A BE 2 R 5
A FEEFRIRE TR Z S R ECP A . B A5, bl
FHEFFRIRE M 1020 CHETFE 1140 °C L iR 2 I EEE 2R3



12 1

T GEEE: TR RN SRR SRR AR B AT LA TR SR A SR R RERI R

* 3187

S L

W

T T
Qo

o
w

—1110°C

Coefficient of Friction

0.2F —— 1050 °C
——1080°C
0.1 ——1140°C
——1020°C

>
=}

10 20 30 40

0
Friction Time/min
0.6
b
S 0.5} 0462
5 = 0411
£04r r 038 0364 (355
Gy
o
= 03
g9
2 0.21
(]
o
© 0.1
0.0

1020 1050 1080 1110 1140

Brazing Temperature/°C

11 AN [7) P 5 [ FNET AR L E T SR BE AR AL A5 U 2 1) BE A R L
Fig.11 Coefficient of friction of Ni-based WC coatings at
different friction time (a) and prepared at different brazing

temperatures (b)

M 0.462 FEAKZ 0.355, F2AE IR — 45 51 B PUONATHR IR
JE Tt s T NiCrBSi £F R sl i, {2 HIH 7R WC
SO 2 1] {14 (] B A6 WC UKL 1 L 2, 9520 T iR 2 AL
B, 1R T T IR E 8O B, B AR IUAE BE R B T 72
W, WC BURLAS 25 LT 3 J2 TR i s 1 2 T 2 v

JEE P B 41 R 1 2K B R R AR R T B PR — A
HESRbR . B 12 A FERIEE TR E BB K E
AW . HEIWT LGt BEE TR 1020 C
ThiE 2 1140 °C, 3% 2 W B 1k B & M 0.0051 g BFIK &
0.0008 g. 1X 3 BBt EF IR FE Ty, TR 2 I B 401 2R B
EIRWRN R Z T B R E E. X 5 LR R
e R —5

SF AT BT R T U JE B A Y R 2 B
IR T WC-NiCrBSi 4@ A7 A6 I8 MR 25 N F i 1 4
JEMERE , PR TH LA 78 WC 0K [B] B LA K 5 28 WC Uk (1)
BEJT o IHRAVEFIEIREE R B R FLER R K IR E SR EA
%, 3 BB WS 22 s BT IR IR E T, R B LB R K %
K, R E BRI, R E WS v B4R T . (B E
FEXT WC SR (1) B8 453 i J2 25 Ak L THI A A 4 J2 T 0ot
PUBY VI BE A REM , I 5 A3 I TSR IR N B A, TR
£ 1080 “CINF, ¥ J2 FIHT BY 1)1 R R 225 1k e 504

IEHUEF SRR FE R 1080 “C R, BE 45 40 min J5 BT 3R 2
BESRIE ST W8, W 13 Fiom . IR THER IS BRI 2
M EEALER . FH P 13a W01, ¥ J2 3R T U A R 4 B 51 1)

0.006
0.0051

0.0032

v
@ 0.0021
= 0.0018

0.0008]

O 1 1 1 1 1
1020 1050 1080 1110 1140
Brazing Temperature/°C
K12 ARSI T SIEmRA A iR R B A R
Fig.12 Abrasion mass loss of Ni-based WC coatings prepared at

different brazing temperatures

13 EFIRILEE 1080 °C BN 1R 40 min I 4= B 402 35 B
Fig.13 Wear morphology of coating at the brazing temperature of
1080 °C and wear time of 40 min (a); enlarged image of local

area in Fig.13a (b)

YH/NBLIETE I P A, , 1X R A R B U AR P IR B R T
KA T BB BRI R VIEIER- . 1Ak, B
32 THEATAE — LG AR U) 73 A7 PR JBR AL, T 16 JRR ot 1) HH 300
RPALEBEPULI R R E T RE B G, S T Ak
T (R Je 38 8 e s sk K 7 A (R B RITE ISR .
TR BRI TR E B EE R EE LR, X B 13a R
BORAAE X SdE AT 1 ORISR, 45 2R WK 13b. MR 13b
A LAE B, A 5 WC IR, T BE B 1H , B8 IR OIS A TR
ANFRTRITE ST . WC SIORE ) oy b e L A8 o PR A B, 76
WIETRBISHEER . BV a5 T WC BRI R H
FM A B JE T HA B R B ey, 7E RO AR vp, B X
G JURL Y NiCrBSi 55 4 1 Jo i B B, Bl 5 WC kL
R KR T ORI BEEE A, X AT AR T



* 3188 «

W] B RS TR

555 %

NiCrBSi & & B 51 , (R B & ZrO, /N ER 51 )2 R 1 2 [7]
S A2 EEHE , WC BiRL 5 NiCrBSi J& £ 4> 2 8] 1) 45 4 5 iR
TRk 55, WC BIUREL K| 52 B9 55 /E FH R AR RIVK X L 7 (1)
WC AL 25 BN (K B KL, 4k 42 2 5 BE 4R R A5 el R, in R
BERVRIE o 27 b AR SRR A IR 2 A B 45U L B o U
KL, [F AR /D B R E BB

4 25 i

D AP L PR AR IS B A9 1k R R T 48
PR AURLRS B2, 44T IR 9 1080 C I, ¥R 2 R 1M
AP L

2) B L A0 45 I 24N 2 AR 32 2E B WC-NiCrBSi &
[l WC-NiCrBSi 1 [H] J2 ST I FEAR R i ST X
B2 b Fe 0 ] %5 44 N1, B Ni,Si K4 i, 57 4% [X 3 22 /& i Ni
([ 754K \WC W,C . CrB. Cr,C, 5 b & W 1 o

AR N 1020 CHIMNZE 1140°C IR JZ ML R
M 3.375% BB FEAR 2 1.212%, 18 2 B FLBR T 5 T AR
468.829 pm’ [EAK % 182.453 um?, I ZBUS E i & . FT1E
5 TR T v A SR U 2 TR AW 4 2R s 2 B 50 B T
EEPE, SR RN 4.7 pm B 0% 13.9 um.

A FFIEIRFE N 1020 CHEINE 1140 C, %2 PLEY
U158 S 38 0 5 vk /S 5 AT R IR N 1080 C B, 4R R K
AR 2 BB D) FE 55, N 336.5 MPa. 12 3R 1M 1)
i 55 RS20 AT 186 I

SYEFJRIRFE M 1020 CHEDNZE 1140 CH, %2 BE
FRBURN B 45 2R H R M PR AR W5 R 2 BB 1 T 5 R B
T B R, A D BRI

S

[1] Cheng Jipeng([% # AH), Wang Ji’an( F it %), Zhou Hongping( &
%), Surface Technology(K HiHiAR)[J], 2024, 53(15): 234

[2] Wan Wenpeng( /i 3 ), Huang Chunjie(¥& & 7%), Xu Aijun(i %%
%) et al. Journal of Materials Engineering(#1 ¥} T.#2£)[J], 2026,
54(3): 229

[3] Zhang Guangcheng(7K)™ i), Gao Jun(F 18), Zhu Ziyue( sk F#K)
et al. Hot Working Technology(#Ji T.T.2)[J], 2022, 51(24): 63

[4] Niu Ben(4* #%), Zeng Bangxing( & %), Zou Xiaodong(ZRHEAR)
et al. Journal of Netshape Forming Engineering( ¥5 % W J¥ 1.
FE)[J], 2023, 15(2): 95

[5] Wang Kaiming( ), Lei Yongping( 75 7K *¥), Fu Hanguang (7%
FEJ6) et al. Rare Metal Materials and Engineering(Fi 5 4 JE Mk}
5 TRI], 2017, 46(11): 3474

[6]Yang G R, Song W M, Wang N et al. Materials Today
Communications[J], 2020, 25: 101342

[7] Xing Donglun(Jf Z:4£), Wang Yiqi(F 75 #F), Ke Changsong(f £
¥A) et al. Agricultural Engineering(AMy. TF£)[J], 2023, 13(8): 92

References

[8] Ma Teng(Zy J#), Tang Biao(J# J%), Zhou Heng(Jf] 1H). Welding
& Joining(}i-42)[1], 2025(3): 45
[9] Wen G D, Wang S Q, Zhang S H et al. Rare Metal Materials and
Engineering[J], 2025, 54(5): 1177

[10] Wang Zhihui( F % &), Yang Aidi(# % 33), He Dingyong(% &
) et al. Rare Metal Materials and Engineering(¥iH 4 J& £ %l
5 TFE)[I], 2008, 37(10): 1869

[11] Long Weimin(72 /% [X), Qin Jian(% %), Lu Quanbin(#% 4=#) et
al. Materials Reports(M FEHF4R)[T], 2022, 36(7): 98

[12] Li Yin(Z* 4R), Zhou Yumeng(J# i #5), Zhang Yu(5K i) et al.
Journal of Netshape Forming Engineering( ¥ % ¥ T.F£)[J],
2025, 17(6): 56

[13] Wei Yaxin(ZE IV 28), Cao Qigao(# 5% /), Yang Xiaohong(#% 1%
4T) et al. Special Casting & Nonferrous Alloys(F¢ i K F o
H40)[7], 2025, 45(10): 1550

[14] Chu Junlong(3% % J&), Gao Zeng(f5 1), Wang Zhenjiang(F #i#
IT) et al. Materials Reports(MEHFHR)[I], 2021, 35(24): 24062

[15] Li Pengcheng( 2= H /i), Lu Qingsong( [ifi & ), Wang Kai(
Y) et al. Welding & Joining(FE#5)[T], 2023(12): 23

[16] Long Weimin(J£ /% [X), Liu Dashuang(XI] -k *0), Wu Aiping( 3% %
) et al. Journal of Mechanical Engineering(HUM T2 4%)[J],
2023, 59(12): 225

[17] Wu Kangkai(ffi i 9l), Zhang Zijian( 7K - 1), Li Songze(ZE 2
) et al. Surface Technology(GRIH i A)[J], 2023, 52(5): 111

[18] Wang Xingxing(F £ &), Tian Jiahao( H 5 5%), Wu Shengjin(i
WE42) et al. Transactions of the China Welding Institution(Y&4%2%
[I], 2024, 45(1): 40

[19]Han C F, Zhang X D, Sun Y F. Physics of Metals and
Metallography[J], 2019, 120(9): 898

[20] Zhang H F, Zhang C H, Wang C Y et al. Materials Science and
Technology[J], 2022, 38(1): 19

[21] Lu Shanping( i 3% *F), Dong Xiuzhong( # 75 '), Wu Qing( %
IR) et al. Acta Metallurgica Sinica(%:)&“#4%)[J], 1999, 35(1): 83

[22] Tang Qun( H 7). Chinese Journal of Rare Metals( ¥ H 4=
J&)[J], 2001(6): 468

[23] Xu Xiangping(¥F#£F), Wang Yi(E 14), Liu Zhaolong(xX|Jk %)
et al. Journal of Jiangsu University of Science and Technology,
Natural Science Edition(YL 75 Bt K 2% 22 4R H R R k) [J],
2018, 32(6): 778

[24] Liu Aiguo(X!| % ), Wang Xiaojuan(F B¢ %), Wang Weiwei( T
W H5). Transactions of the China Welding Institution( J§ %
R[], 2021, 42(6): 91

[25] Zhou Xusheng(J& ¥ Ft), Zou Wei( 4B %), Long Weimin( J& {F
R) et al. Electric Welding Machine(FAEH1)[J], 2018, 48(3): 205

[26] Qin Jian(Z %), Long Weimin(%{F E), Lu Quanbin(#% 4= 4) et
al. Materials Reports(F1 FHF:41R)[J], 2020, 34(S2): 1457

[27] Long Weimin( J¢ ffi [X). Rare Metal Materials and Engineering
(Fifs &) ATRLS TRD[I], 2025, 54(4): 837



H12H T GEEE: TR RN SRR SRR AR B AT LA TR SR A SR R RERI R * 3189 -

Effect of Brazing Temperature on Ni-Based Tungsten-Carbide Coatings Prepared by
Vacuum Brazing Using Flexible Metal Cloth as Brazing Filler Metal

Pu Juan', Li Xinzhu’, Long Fei’, Shi Xiaohui*, Xu Xiangping®, Shi Qingqing’, Xu Jiuxie®
(1. School of Intelligent Manufacturing and Control Engineering, Shanghai Polytechnic University, Shanghai 201209, China)
(2. School of Materials Science and Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, China)
(3. Institute of Materials, Henan Academy of Sciences, Zhengzhou 450052, China)
(4. Xinxiang Qixing Brazing Technology Co., Ltd., Xinxiang 453010, China)
(5. Gree Electric (Zhengzhou) Appliances Inc, Zhengzhou 450066, China)
(6. State Key Laboratory of Precision Welding & Joining of Materials and Structures, Harbin Institute of Technology, Harbin 150001, China)

Abstract: A flexible Ni-based tungsten-carbide metal cloth, which was prepared by mixing WC powder, NiCrBSi powder and the binder, was
coated on the surface of Q235 steel by vacuum brazing. This flexible metal cloth can be arbitrarily cut and folded, enabling the preparation of
coatings with controllable thickness on the surfaces of curved and irregularly shaped structural components. The effects of brazing temperature on
the microstructure, shear strength, microhardness and wear resistance of the Ni-based WC coatings were explored. The results show that
increasing brazing temperature does not change the microstructure composition of the coating. The interface between Ni-based tungsten-carbide
coating and steel substrate is mainly composed of Fe solid solution, Ni,B and Ni,Si compounds, while the brazing seam zone is mainly composed
of Ni solid solution, WC, W,C, CrB and Cr,C, compounds. With the increase in brazing temperature, the porosity and average pore area of the
coatings gradually decrease, while the density gradually increases. Consequently, the microhardness and wear resistance of the coating are
enhanced. This is mainly because after the flexible Ni-based tungsten-carbide metal cloth melts, as the brazing temperature increases, the ability of
the molten NiCrBSi alloy to encapsulate WC particles and fill the gaps between them is enhanced. This reduces the porosity in the coatings,
improves the density, thus endowing the coatings with higher hardness and wear resistance. The bonding strength between Ni-based tungsten-
carbide coating and steel substrate increases first and then decreases with the increase in brazing temperature. When the brazing temperature is
1080 °C, the shear strength of the coating reaches the maximum value of 336.5 MPa. This is because the thickness of the compound layer at
coating/substrate interface increases from 4.7 pm to 9.2 um when the brazing temperature increases to 1080 °C, and the compound layer with
appropriate thickness increases the bonding strength between the coating and the substrate. However, the thickness of the interface compound
layer increases to 13.9 um when the brazing temperature increases to 1140 °C, and the compound layer with the excessive thickness leads to a
decrease in bonding strength of the coating.

Key words: flexible Ni-based tungsten-carbide metal cloth; brazing temperature; microstructure; shear strength; microhardness; wear resistance

Corresponding author: Pu Juan, Ph. D., Professor, School of Intelligent Manufacturing and Control Engineering, Shanghai Polytechnic University,
Shanghai 201209, P. R. China, Tel: 0086-21-50217418, E-mail: pu_juan84@163.com; pujuan@sspu.edu.cn



