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Effect of Laser Shock Peening without Coating on Friction and
Wear Properties of 40CrNiMo Structural Steel

CHEN Chun-lun®™? FENG Ai-xin'®!*3 WEI Ya-cheng'®™,
WANG Yu'*™, PAN Xiao-ming'****, QIU Hui™

(1. a. College of Mechanical and Electrical Engineering, b. Rui'an Graduate College, c. National International Science and
Technology Cooperation Base for Laser Processing Robots, Wenzhou University, Zhejiang Wenzhou 325035, China;
2. Zhejiang Zhenxing Petrochemical Machinery Company Limited, Zhejiang Wenzhou 325035, China;
3. Zhejiang Provincial Key Laboratory of Laser Processing Robots/Key Laboratory of Laser
Processing and Testing in Machinery Industry, Zhejiang Wenzhou 325035, China)

ABSTRACT: 40CrNiMo structural steel has excellent mechanical properties and is widely used in key components such as
turbine shafts, gear shafts and large ring gears. In view of the problems of fatigue and fracture of these mechanical parts in harsh
working conditions, the surface of 40CrNiMo structural steel is subject to laser shock peening (LSP) treatment by high-power
laser beam. The work aims to improve the microhardness and wear resistance of 40CrNiMo structural steel by inducing residual
compressive stress and refining grains through laser shock peening without coating. By means of metallographic microscope,
XRD test, microhardness tester, residual stress tester, friction tester and laser scanning confocal microscope, the microstructure,
microhardness, residual stress and friction and wear properties of the untreated sample, the LSP sample (with coating) and the
LSPwC sample were compared and analyzed. The 40CrNiMo structural steel samples were subject to LSP treatment
with/without coating under the action of aluminum foil coating/no-coating and deionized water confinement layer, respectively,
which induced residual compressive stress and grain refinement. The diffraction peaks of the samples were all shifted, and the
average grain size of the samples treated with LSP (with coating) and LSPwC decreased by 6.0% and 9.6%, the surface
microhardness of the samples increased to 313.5HV and 336.9HV, an increase of 13.5% and 21.9%, and the maximum residual
compressive stress on the surface could reach —405.3 MPa and —326.6 MPa. After the LSP treatment, the wear surface of the
samples was less worn and the number of pits and furrows was reduced, but the width of the furrows varied. The friction
coefficient of the LSP (with coating) sample was relatively stable, decreasing by about 14.1%. The friction coefficient of the
LSPwC sample was staged relatively. In the early stage of friction and wear, the friction coefficient was reduced by 22.9%
compared with that of the untreated sample and 3.2% lower than that of the LSP sample. The main reason was that in the
LSPwC process, the laser was in direct contact with the surface of the sample, which induced thermal effects and plastic
deformation, thus increasing the number of austenite nucleation. At the same time, the dispersed carbides prevented the growth
of austenite grains, and the distribution was uniform, which improved the wear resistance of the sample surface, so that the
friction coefficient of the outer layer was the lowest and the wear resistance was the best. In the middle and late stages of friction
and wear, compared with that of untreated sample, the friction coefficient decreased by 7.9%, but increased by 4.8% compared
with that of LSP sample. Compared to the LSP (with coating) sample, the LSPwC sample show an increased number of pits and
oxides on the surface and the presence of larger furrows. As the depth increased, the thermal effect of LSPwC decreased rapidly,
and because there was no coating in the LSPwC process, the absorption rate of laser energy was reduced, resulting in a smaller
shock wave energy. Thus, the plastic deformation effect was weakened, and the wear resistance was also reduced. The wear
amount of the untreated sample was 13 mg and those of the LSP (with coating) sample and the LSPwC sample were 6 mg and 8
mg, respectively, which decreased by 53.8% and 38.5%. On the whole, compared with LSP (with coating), LSPwC has a poorer
effect on the wear resistance of 40CrNiMo structural steel, but LSPwC can be directly applied to complex working conditions
and structures with complex structures, because LSPwC can be carried out under the condition of no coating, thereby effectively
improving the processing efficiency and saving the cost of the coating. At the same time, the microhardness and wear resistance
of 40CrNiMo structural steel are also improved to a certain extent.

KEY WORDS: 40CrNiMo structural steel; LSPwC; LSP; microstructure; microhardness; residual compressive stress; wear

resistance
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Tab.1 Chemical composition of 40CrNiMo structural steel

Composition Cr Ni Mo C Si Mn S P Cu Fe
Mass fraction/% 0.79 1.58 0.23 0.4 0.25 0.64 0.017 0.012 0.19 bal.
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Fig.2 Macroscopic morphologies of 40CrNiMo structural steel under different treatments: a) untreated, 2D map;
b) LSP, 2D map; ¢) LSPwC, 2D map; d) untreated, 3D map; ¢) LSP, 3D map; f) LSPwC, 3D map
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Fig.7 Wear morphologies of 40CrNiMo structural steel under different treatments: a) untreated, 2D map;
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- 362 - * wm #H R

2023 4 5 H

0.7+
0.6
8
S05F
=]
.S
804r
3
—— Untreated
03 — ISP
—— LSPwC
02F

0 5 10 15 20 25 30
Time/min

B8 NIEALHG 40CrNiMo 45 Fa 47 14 BE 182 K %k
Fig.8 Friction coefficient of 40CrNiMo structural
steel after different treatments

14

12

—
(=]

Mass loss/mg

Untreated LSP
Different treatments

LSPwC

B9 RIFEAFRIE 40CrNiMo %5 K89 1 S H5 1

Fig.9 Wear amount of 40CrNiMo structural steel after
different treatments

LSPwC X b4 Ak B4 Tiif JE 1 5 AL s R i ey, HL B4 PR A
o LSP AbHRFEEAE T2 3.2%., MK FF&, LSP
b TR AL 1 BE AL L LSPwC b BRI RE R AE T 2
4.8%, BRI T 29 25%, Vi8] LSP %f 40CrNiMo
SRR AT B T s A RO e A . AE TR L, nf
RN T A5 K T TAE SR B 45 AR
%%, LSPwC LT IR B IR 2R #1730t s Ab 3
A DU RO i TR AT W2 AR, i HLAE—
FERE b, CREEOE A 3R 5= T 40CrNiMo
S FA AR A S VR R R I A

3 it

1) ot (LFEARZEMLERE)
AL 40CrNiMo Z5FHY, RENSA S0 i ke Y S f i
JE T S P BE

2) ot A AL B A S T S AR AL
RAifl, IRFEIEEA A A T 088, LSP Hl LSPwC 4k
FRARE 11 35 iR RS 43 3 T 249 6.0%F1 9.6%,
LSPwC &b P iU (1) 3 1 72 ok RO e/ o

3) SRAEHAFEA L, 4 LSP Al LSPwC 4bF 5
T 114 32 T S R B A B 8 T2 13.5% 11 21.9%,

FRAYTE I F143 53k $-405.3 MPa #1-325.6 MPa,

4) ot (BIEAREMLIRE) 4
G, BRE R AL 58 IR o A A PR 2 1 A7
FEAR Z RNt 2 i B ayeiR Sk, 4 LSP &b
SRR R I B My, AR an s B o A i1
A, Mg LSPwC AbHf 5 00 3% 1 i) [ 35 A8 Tk P 5
HH LSP FEA TN, HAFEERIAN

5) &dobrhdie (UIEEIRZMIEREZE) &b
PRAG, URE Y B b1 e AR SR O A TR AR . 5k
AL FAREA L, LSP A FRIFE R LSPwC AbBAE 1Y
W B T 2y 53.8%K1 38.5%. FEEEIEEESIHTH,
LSPwC AbH R (14 B8 482 PR EIURAIC, e LSP AbFAE Y
JEE PR B RRAR T 24 3.2%, LR MRy o B2 B St
(B ZE K, LSPwC AbBRUHE A9 BEIE R BGZ W T, &
Wika SETEARALFRAE S5 LSP &b B % B 452 R 4k 2
[, Lt LSP AYEEIRE IR = 120 4.8%, {H 5 AR H
FEMILL, LSPwC Ab# i Y BE4E AR RAIR T 29 9.7%,
Ui B URE I it BB A 38 T — 2 R T

S E 3k

[1] XU Le, CHEN Liang, CHEN Gao-jin, et al. Hot Deforma-
tion Behavior and Microstructure Analysis of 25Cr;Mo3;NiNb
Steel during Hot Compression Tests[J]. Vacuum, 2018,
147: 8-17.

[2] KUKREJA LM, HOPPIUS J S, ELANGO K, et al. Opti-
mization of Processing Parameters of Ultrashort (100 fs—
2 ps) Pulsed Laser Shock Peening of Stainless Steel[J].
Journal of Laser Applications, 2021, 33(4): 042048.

31 Zfh, ZENNLr, (DA, 25 Botmd s e EoR I &
AR BOGSGH 22, 2008, 45(12): 15-19.
LI Wei, LI Ying-hong, HE Wei-feng, et al. Development
and Application of Laser Shock Processing[J]. Laser &
Optoelectronics Progress, 2008, 45(12): 15-19.

[4] LI Jing, ZHOU Jian-zhong, FENG Ai-xin, et al. Analysis
of Microstructure and Tensile Properties Produced by
Cryogenic Laser Peening on 2024-T351 Aluminum Alloy[J].
Vacuum, 2018, 158: 141-145.

[5] KAWASHIMA T, SANO T, HIROSE A, et al. Femtose-
cond Laser Peening of Friction Stir Welded 7075-T73
Aluminum Alloys[J]. Journal of Materials Processing Tech-
nology, 2018, 262: 111-122.

[6] SIDDAIAH A, MAO Bo, LIAO Yi-liang, et al. Surface
Characterization and Tribological Performance of Laser
Shock Peened Steel Surfaces[J]. Surface and Coatings
Technology, 2018, 351: 188-197.

(71 sk, fEERE, SO, S otk WC—Co 5
BB OSSR IR AN T BRI [)]. RIEHAR, 2018,
47(4): 230-235.

ZHANG Chao, HUA Yin-qun, SHUAI Wen-wen, et al.
Effect of Laser Shot Peening on Microstructure and Resi-



528 5

WREfE,

% TIRZESC AL XT 40CrNiMo 4

75 )0 FEE % S 1 M BE 1 R ) - 363 -

[10]

(11]

[14]

[15]

[16]

[17]

(18]

[19]

dual Stress of WC-Co Cemented Carbide[J]. Surface Tec-
hnology, 2018, 47(4): 230-235.

GANESH P, SUNDAR R, KUMAR H, et al. Studies on
Laser Peening of Spring Steel for Automotive Applica-
tions[J]. Optics and Lasers in Engineering, 2012, 50(5):
678-686.

TSUYAMA M. Effects of Laser Peening Parameters on
Plastic Deformation in Stainless Steel[J]. Journal of Laser
Micro, 2016, 11(2): 227-231.

ML, Trn, BE, & BotRimuetE). Rk
A, 2005, 34(5): 10-12.

XIAO Hong-jun, PENG Yun, MA Cheng-yong, et al. Sur-
face Modification of Laser[J]. Surface Technology, 2005,
34(5): 10-12.

LU Heng, REN Yun-peng, CHEN Yan, et al. Wear Resis-
tance of 20Cr,Ni4A Alloy Steel Treated by Laser Shock
Peening and Implantation of Diamond Nanoparticles[J].
Surface and Coatings Technology, 2021, 412: 127070.
KARTHIK D, JIANG Jian-cheng, HU Yong-xiang, et al.
Effect of Multiple Laser Shock Peening on Microstruc-
ture, Crystallographic Texture and Pitting Corrosion of
Aluminum-Lithium Alloy 2060-T8[J]. Surface and Coatings
Technology, 2021, 421: 127354.

TSUCHIYA S, TAKAHASHI K. Improving Fatigue Limit
and Rendering Defects Harmless through Laser Peening
in Additive-Manufactured Maraging Steel[J]. Metals, 2021,
12(1): 49.

fR I, TS, AERISR, SE. Eotnhil E690 i
Ostwald #LIL L AL B HFFE[1]. RMHLA, 2022,
51(9): 371-378.

XIE Peng-peng, CAO Yu-peng, HUA Guo-ran, et al.
Experimental Study on Ostwald Ripening of E690 High
Strength Steel by Laser Shock[J]. Surface Technology,
2022, 51(9): 371-378.

BEGTI, SKAkHE. T APDL A 5 AR A8 vk T AL
Sempdim b G RN H13 0], M T 58, 2021(5):
52-57.

CAI Shu-peng, ZHANG Yong-kang. Reconstruction of
Residual Stress Field after Laser Shock Peening by Eige-
nstrain Method Based on APDL Language[J]. Electro-
machining & Mould, 2021(5): 52-57.

KAUFMAN J, SPIRIT Z, VASUDEVAN V K, et al. Ef-
fect of Laser Shock Peening Parameters on Residual Stre-
sses and Corrosion Fatigue of AAS083[J]. Metals, 2021,
11(10): 1635.

CLAUER A H. Laser Shock Peening, the Path to Produ-
ction[J]. Metals, 2019, 9(6): 626.

SATHYAJITH S, KALAINATHAN S, SWAROOP S. Laser
Peening without Coating on Aluminum Alloy Al-6061-T6
Using Low Energy Nd: YAG Laser[J]. Optics & Laser
Technology, 2013, 45: 389-394.

LI Yu-xin, REN Zhen-cheng, JIA Xiao, et al. The Effects
of the Confining Medium and Protective Layer during

[22]

[23]

[26]

[28]

[30]

Femtosecond Laser Shock Peening[J]. Manufacturing Let-
ters, 2021, 27: 26-30.
WANG Hao, KELLER S, CHANG Yu-ling, et al. Effect
of Laser Shock Peening without Protective Coating on the
Surface Mechanical Properties of NiTi Alloy[J]. Journal
of Alloys and Compounds, 2022, 896: 163011.
SANO Y, OBATA M, KUBO T, et al. Retardation of
Crack Initiation and Growth in Austenitic Stainless Steels
by Laser Peening without Protective Coating[J]. Materials
Science and Engineering: A, 2006, 417(1/2): 334-340.
BINOD D, SWAROOP S. Mechanical Properties and De-
formation Dependent Microstructural Aspects of Laser
Shock Peened 7075-T6 Aluminum Alloy without Coating[J].
Materials Characterization, 2022, 183: 111620.
SPADARO L, GOMEZ-ROSAS G, RUBIO-GONZALEZ
C, et al. Fatigue Behavior of Superferritic Stainless Steel
Laser Shock Treated without Protective Coating[J]. Op-
tics & Laser Technology, 2017, 93: 208-215.
LI Jia, YAN Hong-zhi, LI Song-bai, et al. Structural Cha-
racteristics and Sliding Friction Properties of 40CrNiMo
Steel after Broadband Laser Hardening[J]. Coatings, 2021,
11(11): 1282.
KONG De-jun, ZHANG Lei. Effects of Laser Quenching
on Impact Toughness and Fracture Morphologies of
40CrNiMo High Strength Steel[J]. Journal of Mate-
rials Engineering and Performance, 2014, 23(10): 3695-
3702.
JIA Chang-yuan, HUO Yuan-ming, HE Tao, et al. A Re-
view: Double Multivariate Nonlinear Regression Cons-
titutive Model of High-Speed Train Axle Steel 40CrNiMo
during Hot Tension[J]. JOM, 2022, 74(4): 1798-1806.
PG, Wrdz k. WOLRSE XS 40CrNiMo H9ZHZ1
PERERIFEIALI]. BERMEDT, 2021, 54(5): 144-149.
LIAO Jin-xiong, CHEN Jin-you. Effect of Laser Surface
Strengthening Technology on Properties and Microstruc-
ture of 40CrNiMo Steel[J]. Materials Protection, 2021,
54(5): 144-149.
LIU Xiao-xiao, ZHANG Zheng, ZHANG lJie, et al. Enha-
nced Strength and Toughness in 40CrNiMo Steels by Aus-
tempering below Martensite Start Temperature[J]. Journal
of Iron and Steel Research International, 2022, 29(5):
810-818.
WANG Wei, MA Rui, LI Lian-ping, et al. Constitutive
Analysis and Dynamic Recrystallization Behavior of As-
Cast 40CrNiMo Alloy Steel during Isothermal Compre-
ssion[J]. Journal of Materials Research and Technology,
2020, 9(2): 1929-1940.
CHEN Huan, FENG Ai-xin, LI Jing, et al. Effects of Mul-
tiple Laser Peening Impacts on Mechanical Properties and
Microstructure Evolution of 40CrNiMo Steel[J]. Journal
of Materials Engineering and Performance, 2019, 28(5):
2522-2529.

( #5397 10)



