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ABSTRACT: The work aims to improve the tribological properties of nickel-based alloy coatings. Two kinds of nickel-based
alloy coatings were prepared on the surface of GCrl5 steel by induction remelting and its isothermal quenching respectively.
The friction and wear properties, microstructures and surface hardness of the two kinds of nickel-based alloy coatings were
investigated comparatively by pin-disc friction and wear tests, scanning electron microscopy, X-ray diffractometer and
microhardness tests. The effects of isothermal quenching treatment on the tribological properties, microstructure and surface
hardness of nickel-based alloy coatings prepared by induction remelting were investigated, and the strengthening mechanism
was revealed. The friction coefficient and wear loss of the remelting coatings after isothermal quenching were lower than that of
the induction remelting coatings. The friction coefficient during the friction stabilization stage of the remelting coatings after
isothermal quenching was 0.301, 23.8% lower than that of the latter, and the relative wear resistance was 1.71 times as much as
that of the latter. There were two mechanisms of abrasive wear and adhesive wear in induction remelting coatings, while the
remelting coatings after isothermal quenching were dominated by abrasive wear and had better resistance to abrasive wear and
adhesive wear than the former. The average microhardness of the induction remelting coating and the coating after isothermal
quenching was 818.0HV,s and 873.6HV, s respectively, the extreme hardness difference was 170.9HV,s and 132.6HV,s
respectively, and the shape parameters were 18.5057 and 22.6189 respectively, thus the latter had higher average hardness,
smaller extreme hardness difference and more stable coating properties than the former. Microstructure analysis showed that the
synergistic effect of grain refinement, relative homogeneity and dispersion of hard phase, reduction of eutectic phase, abundant
wear-resistant ceramic phase and directional grain structure of rapid solidification was the root cause of the excellent Weibull
distribution of microhardness and the further improvement of the wear resistance. Therefore, the appropriate isothermal
quenching heat treatment process can improve the microstructure of nickel-based alloy coating, thus effectively reducing the
friction coefficient of the coating and improving its wear resistance.

KEY WORDS: nickel-based alloy coatings; induction remelting; isothermal quenching; friction and wear; microstructure;

microhardness; strengthening mechanism
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Tab.1 Chemical components of the NF201 powers

wt.%
C Cr Si B Fe Ni
0.5~1.0 14~19 3.5~5.0 3.0~4.5 <8.0 Bal.
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Tab.2 Process parameters of high-energy flame spraying

Oxygen pressure Acetylene pressure Air pressure Oxygen flux Acetylene flux Air flux
/(m*hh

/MPa /MPa /MPa

Powder feed rate Spraying distance
/(m*hhy  /(m*hh) /(kg-h™" /mm

0.45 0.08 0.25 1.6
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Fig.2 Friction curve of remelting coatings: a) induction remelting coating; b) remelting coating after isothermal quenching
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Tab.3 Average friction coefficient and wear resistance of the remelting coatings

Tribological parameters

Induction remelting coating

Remelting coating after isothermal quenching

Friction coefficient 0.395
Absolute weight loss/g 0.0262
Relative wear resistance 1

0.301
0.0153
1.71
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Fig.3 Wear scar morphology of remelting coatings: a) induction remelting coating;
b) remelting coating after isothermal quenching
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Tab.4 EDS microarea scanning composition
of wear scar of the remelting coating
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Fig.4 EDS plane scanning analysis of wear scar of the remelting coating: a) zone A; b) zone B; c¢) zone C; d) zone D; e) zone E

wt.%

Element Zone A ZoneB ZoneC ZoneD ZoneE

OK
CrK
FeK
Ni K

13.28 5.66
1.27 1.56
85.09 92.16
0.36 0.62

2.50 20.03
1.70 4.75

95.33 74.51
0.47 0.71

30.20
3.16
66.16
0.48
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Fig.5 SEM surface morphology of the remelting coatings: a) induction remelting coating; b) remelting coating after isothermal quenching
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Fig.6 EDS plane scanning analysis of remelting coatings: a) induction remelting coating b) remelting coating after isothermal quenching
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Fig.7 XRD patterns of remelting coatings: a) induction remelting
coating; b) remelting coating after isothermal quenching
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Tab.5 Weibull distribution characteristic parameters of remelting coating

Surface shape

Type of the coating parameters f

Range of surface
microhardness (HV s)

Average of surface Limit difference of
microhardness (HVys)  microhardness (AHRC 5)

18.5057
22.6189

HEII-remelting coating

Remelting coating after
isothermal quenching

746.5~917.4
819.2~951.8

818.0 170.9
873.6 132.6




212 - EN TR NN

2020 4 4 A

3 #Hit

1) FEHFERR AT, G RE KGN EER
E%@@E%%EE%E%%E%%J@%@%E,
JEE P RAE B B BEE 2R B0 0.301, HJE E K 23.8%,
AR B 1 2 I A 171 4%

2 ) JERN T VR J2 R I A7 TR G RIS 101 FIORG 25
RPRIHIL , 107 20 2 IR Y S A FE AR U 2 DL R S 45
J T, HORTE EA A S AR R 5 RTORG
PIKEETT

3 ) TN HA IR 2 M 2 AR VAR K Ak B ) A U
JE- AR 4351k 818.0., 873.6HV, s, Rl EEHL 2%
43 170.9, 132.6HV, 5, TEARS S 5K 18.5057 .
22.6189, J5# Ll #H BA H mr R R . /N
FR) e P85 AR 22 LA R T IS a2 B TR 2 PEfE

4) ZAERENEBE, ERGRESRL,
JEAH AR 4 R B A A L LA AU | R AR
VA ) 2 LRI R 68 [ ) S 1o b 55 4 P P R D
HHEAT 5 0 AR BE Weibull 20 A5 451, DL R
PEAS 2 — 4 AR AR S A

&% 3Lk

[1] BIAND,XURL, GUO Y X, et al. Tribological behavior
of graphene reinforced chemically bonded ceramic coat-
ings[J]. Ceramics international, 2020, 46(4): 4526-4531.

[2] FRANCO M, SHA W, MALINO S, et al. Micro-scale wear
characteristics of electroless Ni-P/SiC composite coating un-
der two different sliding conditions[J]. Wear, 2014, 317(1-2):
254-264.

[3] CHEN L Y, WANG H, ZHAO C, et al. Automatic remelt-
ing and enhanced mechanical performance of a plasma spr-
ayed NiCrBSi coating[J]. Surface and coatings technol-
ogy, 2019, 369: 31-43.

[4] DONG TS, LIU L, LI G L, et al. Effect of induction re-
melting on microstructure and wear resistance of plasma
sprayed NiCrBSiNb coatings[J]. Surface and coatings tec-
hnology, 2019, 364: 347-357.

[5] DONG T S, LIU L, FU B G, et al. Investigation of rolling/
sliding contact fatigue behaviors of induction remelted Ni-
based coating[J]. Surface and coatings technology, 2019,
372: 451-462.

[6] SHI C, LEI J, ZHOU S, et al. Microstructure and mechan-
ical properties of carbon fibers strengthened Ni-based coa-
tings by laser cladding: the effect of carbon fiber contents[J].
Journal of alloys and compounds, 2018, 744: 146-155.

(71 BskH, AN, BZER, S Ni6O/SA T AR 5 E 1)
TG I 3% )= 1) SO 4 4 5 T PR (0], SRR, 2019,

[8]

[12]

[13]

[15]

48(1): 182-190.

YANG Xiao-tian, FU Xiao-yue, DUAN Jun-ling, et al. Mi-
crostructure and friction properties of directional solidifi-
cation coatings formed by Ni60/aluminium bronze after
spraying[J]. Surface technology, 2019, 48(1): 182-190.
LIJ, PAN L, FU Q, et al. Wettability and corrosion beha-
vior of a Ni coating on 304 stainless steel surface[J]. Surf-
ace and coatings technology, 2019, 357: 740-747.

HREE, WK, EEE, % EaSBEiIEE Nieo IR )2
AL ZIFIMERR]. &R EE, 2017, 42(7): 83-87.
XIAO Yi-feng, ZENG Fan-jian, KUANG Wen-hui, et al.
Microstructure and properties of Ni60 coating by vacuum
sintering cladding[J]. Heat treatment of metals, 2017, 42(7):
83-87.

CHEN LY, XU T, LU S, et al. Improved hardness and
wear resistance of plasma sprayed nanostructured NiCrBSi
coating via short-time heat treatment[J]. Surface and coat-
ings technology, 2018, 350: 436-444.

YANG X C, LI G L, WANG H D, et al. Effect of flame re-
melting on microstructure and wear behaviour of plasma
sprayed NiCrBSi-30%Mo coating[J]. Surface engineering,
2018, 34(3): 181-188.

AFANASIEVA L E, RATKEVICH G V. Laser cladding of
NiCrBSiFe-WC coating with multichannel laser [J]. Letters
on materials, 2018, 8(3): 268-273.

%A, ﬁﬂ%ﬁ, BT, T ESEOHOCE EZ HOE
SIS RIEHAR, 2007, 36(4): 57-59.

JIANG Wel, HU Fang-you, HUANG Xu-ren. The influence
of craft parameter on the microstructure by CO, laser cla-
dding [J]. Surface technology, 2007, 36(4): 57-59.

LIU Y J, LI S J, ZHANG L C, et al. Early plastic defor-
mation behaviour and energy absorption in porous B-type
biomedical titanium produced by selective laser melting
[J]. Scripta materialia, 2018, 153: 99-103.

DONG T S, LIU L, LI G L, et al. Effect of induction
remelting on microstructure and wear resistance of plasma
sprayed NiCrBSiNi coatings[J]. Surface and coatings tech-
nology, 2019, 364: 347-357.

fif Ty, TkiE, BRKA, F R E R Z U A KA
WA IRTRIT]. BRI SiRE, 2019(1): 122-126.
XIE Fang, ZHANG Yao, ZHAI Chang-sheng, et al. Des-
ign of flame spraying gun for prefabricating high efficie-
ncy and stable coating[J]. Machinery design & manufac-
ture, 2019(1): 122-126.

B A — BN, TR OE R RN e R
CN201510995789.3[P]. 2016-05-25.

ZHAI Chang-sheng. An integrated device for induction pre-
heating fusion coating: China, CN 201510995789.3 [P].
2016-05-25.

( FH655 229 11)



B4k Al

Bkggaes . o KAE DR N/TI(C,N) 4 & M %

B AN AR KR - 229 -

(20]

(21]

60(4): 2579-2584.

RADEK N, KONSTANTY N. Cermet ESD coatings
modified by laser treatment[J]. Archives of metallurgy
and materials, 2012, 57(3): 665-670.

RADEK N, WAJS E, LUCHKA M. The WC-Co electro-
spark alloying coatings modified by laser treatment[J].
Powder metallurgy and metal ceramics, 2008, 47(3): 197-
201.

skta, RS, BAE, 55 i KIEDTR R LK L 42 R g
BWE MR A L SRR, WA &R kS TR,
2019, 48(2): 601-607.

ZHANG Yi, CHEN Zhi-guo, WEI Xiang, et al. Microstr-
ucture and properties of chromium carbide based metal-
ceramic coatings prepared by electro-spark deposition[J].
Rare metal materials and engineering, 2019, 48(2): 601-
607.

LIU Jun, WANG Rui-jun, QIAN Yi-yu. The formation of
a single-pulse electrospark deposition spot[J]. Surface and
coatings technology, 2005, 200(7): 2433-2437.

T, RARKR, BROAR, % R aRimE KETUR
WC LR ARSEAT T[], R4, 2006(4): 25-28.
HE Peng, WU Cheng-dong, QIAN Yi-yu, et al. Adhesion
behavior of WC coating deposited on titanium alloy by

[22]

[25]

[26]

electrospark deposition[J]. Transactions of the china
welding institution, 2006(4): 25-28.

XIE'Y, WANG M. A feasibility study of preparing MCrAIX/
BN composite coatings by electrospark deposition process
[J]. Journal of alloys and compounds, 2009, 484(1-2): 21-
24.

MA G, WANG L, GAO H, et al. The friction coefficient
evolution of a TiN coated contact during sliding wear[J].
Applied surface science, 2015, 345: 109-115.
WRFRE, B, FEEAEE ML 56 2 M. dEat
ARk, 2017: 283-284.

WEN Shi-zhu, HUANG Ping. Principles of tribology[M].
Second edition. Beijing: Tsinghua University Press, 2017:
283-284.

MA K J, CHAO C L, LIU D S, et al. Friction and wear be-
haviour of TiN/Au, TiN/MoS, and TiN/TiCN/a-C:H coa-
tings[J]. Journal of materials processing technology, 2002,
127(2): 182-186.

JACOBS L, HYLAND M M, DE B M. Study of the
influence of microstructural properties on the sliding-wear
behavior of HVOF and HVAF sprayed WC-cermet coat-
ings[J]. Journal of thermal spray technology, 1999, 8(1):
125-132.

ik

( FREES 212 00)

[18]

[19]

(20]

(21]

B, — PR PR IR R B APLSE H R Gt
HrE, CN201510995527.7[P]. 2016-05-25.
ZHAI Chang-sheng. A human-computer interactive
system for the integrated device of induction preheating
fusion coating: China, CN201510995527.7[P].
2016-05-25.

B, — PR A I R R R
HE, CN201510995497.X[P]. 2016-05-25.
ZHAI Chang-sheng. An intelligent operation and control

REIZIE RS

system for integrated induction preheating fusion coating
device: China, CN201510995497.X[P]. 2016-05-25.

XU M K, ZHU S G, DING H. Electrical contact strength-
ening of induction-clad Ni-40%WC composite coatings
on 40Cr substrates[J]. Surface and coatings technology,
2015, 279: 32-38.

WaH, TR, 8, % 4% N 654882
HILHLRZE Y S PEREUSRRAE D). #rE &JB AT RS AR,
2015, 46(3): 693-698.

YANG Xiao-tian, WANG Peng-chun, LI Xia, et al. Evolu-
tion characteristics of microstructure of Ni-based alloy coa-
tings and their properties under complex process[J]. Rare
metal materials and engineering, 2015, 46(3): 693-698.
FRHEEE . P ERE L AR A E 1) B [ B 5 R S
4 DZA1TG[]]. £J824, 2002, 38(11): 1163-1174.

[23]

[26]

GUO lJian-ting. A directionally solidified nicked-base sup-
eralloy DZ417G with excellent properties and low cost
[J]. Acta metallurgica sinica, 2002, 38(11): 1163-1174.
WA, ERF, 25304, . BT R R E
T RRZHSURIET]. AR, 2010, 43(8): 46-50.
YANG Xiao-tian, WANG Zhi-ping, LI Wen-sheng, et al.
Surface coating prepared by inducing cladding technology
and its organization[J]. Materials protection, 2010, 43(8):
46-50.

B, TR, B, 55 APOKREGIRIZ Zr0,/0.05w
(ALO) IPERERY Weibull 23 A d5PE[T]. FEFEE T
2, 2005, 18(4): 13-17.

ZHAO Wen-ming, WANG Jun, ZHAI Chang-sheng, et al.
The Weibull distribution of microhardness and microstru-
cture of Zr0,/0.05w(AL,O;) plasma sprayed coatings[J].
China surface engineering, 2005, 18(4): 13-17.

SRAERR. Geit PR R A S HIM]. BUM Wk
A, 1992

ZHANG Wei-ming. Theory and application of statistical
quality control[M]. Hangzhou: Zhejiang University Press,
1992.

CHEN J, DONG Y, WAN L, et al. Effect of induction rem-
elting on the microstructure and properties of in situ TiN-
reinforced NiCrBSi composite coatings[J]. Surface and
coatings technology, 2018, 340: 159-166.



