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Abstract: Laser shock processing (LSP) is a new and efficient type of laser surface treatment technologies. Com-
pared with the traditional surface modification technologies, laser shock processing can form a deeper residual
stress layer to the material and make surface grain refinement or even appear nano-crystalline, meanwhile signifi-
cantly improving the fatigue life of the material. When the high-energy laser irradiates at the confinement layer (black
paint, black tape or aluminum foil), the material of the confinement layer is instantaneously melted and gasified to
produce a high-temperature and high-pressure plasma. The plasma shock wave is a detonation wave that can be
used to calculate the peak pressure of the shock wave by the C-J model. The plasma propagates to the interior of
the material under the constraint of the confinement layer (water or optical glass). The pressure of the shock wave
far exceeds the elastic yield limit of the material. Therefore, the material undergoes elastic-plastic deformation and
eventually forms a stable residual stress field and a slight plastic deformation. The development of the technology
research process is also introduced. On this basis, the development direction of the technology is forecasted.
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wave; plastic deformation

DOI: 10.3969/j.issn.1003-501X.2017.06.001 Citation: Opto-Elec Eng, 2017, 44(6): 569-576

Wi HHA: 2017-04-08; WElERtsHEA: 2017-05-12
*E-mail: jpbzhao@sia.cn

569



—

e |

1 3]

POEI T H AR RO C S P AR FAE A
B R SRR T R . ER MR A B,
BWOLI THAR BT, XTI 250 T 5Byl
SERIRNE, FOCBORTEALRENS K5 AR R A fif T
TrE, IO E THEARTE Tl bRz 2] A8
FAL, BOES CUTREINT TR A ARk HE R
SR TFET o ASCR A RO rh s fX —r
TR0 T B S KBTS A e i A

2 HOtHEELERE N

Wt i AL R (Laser shock peening/process-
ing, LSPYEHOLII THARRIFAHFNA], R—FEam
FIMBER A, SR NEE 1, R FHEED)RE
2 GW GO PN AD S8 ik O CRSE SR AR R TR
Wz s WHSOZ BRSO RE F I AEAR R (A e Ta] A
(ns HZR0) TICH B ALAF B THOIRES, A5 RISk
WA RE R DU MK . i T IRIZ R — 2 4R
JZ, DRI B T T2 i b il LU RE 1) 2 AR
T7 I AREEAAR . AT b O N TR R RE R
W R I TR TR R T AR JE ARG I, AR ik
B IT 2 — RV, AR N AR SR AR
T1%, MBS 2R A ARLER, BEE R RRE A
MO SO R T MR AR TR TT - e
FETTE AR 57 A7 A TR I . B RPERE ),

SEGERIFRTRAEAMLIL, Ot iR oA
A A SRR S, FEEARDAE

1) SRRy T2 B A Bl I T
PUAZIEL GPa, #L2 TPa B, TEnhili 25 &JE M

;,' High power and short pulse

Constraint layer (water or
optical glass)

Absorbing protective layer
(Black paint, black tape or
aluminum foil)

20175 , 5544 % , 56 A

BRI N BRI AR RN R BEIAE] 1 mm~2
mm, AU 5~10 1%, HRZEE00H
Ko A EE 2 B A, X2 B S R AR
FRRE 55 A S, AR GE AR I E AR IO LB

2) ATHRAEEVESE, WA SRR |
MRIBPEROCIR RS R MR AR L, FOL s
BRI AR, Has b 5 T AT
BRI R AT T80T X et TR
PR RO ERE T #2,  HO/NIE 4 AT LORT 4%
i, PRI REA Ak B — L/ N B MEA B A Ao
fitn. FEREMIGE ., MREE. BRILAE.

3) Gl HTESS. BOL bR M G m AR R A
TCRA , 5 AU P 22 TR R L S R AR LE
HAERPRIR B T A P UM TR ARk, R
IRURPEEEAS ZIURS

3 EUtmEEU IR

OISR AR T 138 kb RO
PEIFIRIUR, ML T ol what i)
FAIBBE, HObPRHE P AR F =k — R
BT . HURE B R0 T PR A
Tt G BT R R T

3.1 FETFHHETH

1o BEROC R ISR R AOZ , ORI
WO RE R 2T R THE . KR, Ul WA,
ROESFE T ER R, SR TR — e R L
FRI L ARERL, FEHOCRE R i B A%
&, T AR Z AR 22, s
P PR TR 2 bORHN 2o A il . il B nT DL A

Shock waves

Absorbing protective layer
(Black paint, black tape or
aluminum foil)

B1 HAREZFERE

Fig. 1 Technical principle diagram of laser shock processing'®.

570



DOI: 10.3969/).issn.1003-501X.2017.06.001

SR [l PE TR A BT T IR B R AR AR ) P
R [T A AN LI D) SRR ol D R i
MR, A5 B I i SR OO RE = H 15 4%
e, DO AR SR
XS U A e R 20 429 Chapman
F1 Jouguet JFURIA, MATHEH T Hepl i ml LI FtR 2L
IR ——C-] BRI R bR o
FERAER T LRI S8 . Z W R S R A A%
N, AT DL 3 — AR R b PR 22 s R v B Ak 2R N
JE IR )2 B A ISR W T 3 0 o 3 3 S AN
REATF AR ELIAE, AN T CZSE R LU T &8
P, BEEREUR NS AR T R IR R DT . BT
B EAR R S4 HA T .
B =P =pD*(v,~v),

L(Plvl —Fvy) - VO»‘}M +
7-1 Vo=V
\/(PI_PO)(VO_Vl)_a[O Vo=V, -0, )
2 \A-F

K. B . B AMEERIRBEYRET; py R
I AT R B s D A s R R A8 Bl ik
BEs vy o vy BEHERTRE S I, v=1/p; v R
ERTREL, PR SURBIEZIN 14; o AWRISUZ M RHE
BOCYER MR inY e 2 RO ERISeR, TRk
FRBAESIR, A8 0.8; I, HEOCIIREE,

IR ALY Rayleigh I Hugoniot X
£, B FIRRR A LI R i . 3
RS EMBLR 2 B0 ), B A Tk
2, fEHOCRERESRZ S, B TRBIRmMARZENL
W, HEJjasaksagm. ot bS] Tt
BRI R ) B 2 A2 1 B2 5K Fabbro
ZENAE 20 HHE20 90 A4 HS 155 25 - IR I A AU o]
P2 it nyino s e R e VAR o3 3 A S S AT oy
iV 3 A AL IR ek o 1|10 S O K i
HOtHER . TRE AL | Ik TE 5 sl B E R TR R R,
SEMEL WSS AE R Z) )2 PR =25 Z [ r A BE
PR,

BRI RO K i 4 SRR 257 A i K iy

(1)

71, HFGRAH N
P =001 |—%JZ4T, 3)
20+3
SR )
zZ 7, z,

571

4F

0= (5)
P P HEKME T, BAL GPa; o HAFEITIK
BE TN BERY LU R B, GBS o (EI 0.2~0.55 Z
4 JE BB Y R bR RS S B AT, B
gem™s’, Z M 2 ARRIEIZ ML AZ AR A BT,
A DL AR B TR SE E il
DGRBS, BN T INBOOERE S, B mm; 7
HHOCHK IR, B ss b AEOLTARERE, B
GW-cm™?,

[N e S A R N = AU i S )
FEJTHZSAE A . 1982 4, Cottet 38 i i B 77 i2:WF5Y
T op AR RIS R AR G PR fE
A E T R il R R R TR, JF
I R ) 5 R B T A . AT

, du _dP
DI(D —u)+ pC E]E

P _(n=1C*pu(D-u)

[(D-u)’-C?] (6)
ox X

b DR, CORIII R 0 WATRHN R
P, u. p ML PO R | AR
P 2 7R AE Cottet 123N IR b5 5 g 5 IR a]
BHRFR, AR E— R R — I i AR, Pa
Fn W R (ELIE T, & 6 2 il B O FE BURE ]
b 6 FR MR, 4. 6 Fon b P B
S5 1] o

P
Pn o
Puf2 |=zf--==
t
e
T
P L—_
- fo Shock
s formation
A X1 t1
T
Pn |-}
j' t
\\ ‘
P . Shock

Voo
i Increase

Po pom——m———
/\1
\‘ t4

Xa N Shock
decay

B2 ok & ke R i A goR .
Fig. 2 The formation and enhancement and attenuation
of laser shock waves "%,



T REOGFS A 125 B8 1 bl PO i s b
ARETRTR .  ERBREOL b s LB AR BB A —
SERHESS, (H BB BB A SR AT A SRy B
A FUR— BRI, AN REAR G S RS B A 2
R, TSRS SEMEAF e 1R 25 . H TEH A S5
TP ER AT, JUHEAE i i — 4R Ay
T AT RR AR EE5E ¥

3.2 MERAEMRIAIRHEBRAEE(ER
WFFEBOETE S v AR AR R b A% 4 5 AH T
YEFRERE, AT LA RO G s A EOR A s Ak S 2
TSR AR SEF I AR (A R L B AN T (TR R
3, dEm b SE AR i B B
I R D 1Y, D EEER  FRATT AT N A B A
MO A I SRR R, IR
I UAAB R D 8 R T4 JE AR A 2B AR R It 1 e A
B, T EaR AL R A0 (ns 2K, APRHEXFERY
FEIMER MR R ARG e VAL . b
NIRRT LB R BRET, MRk & A S,
TE S S84 45 . Johnson Fl Rohde 7E 1971 4E4:H
Hugoniot V7 5T P E PR (o )EIE, IH4E T BhAE
NRSEE S oy ZHBYRFR, WAL 7R

. 1-2v
P = (7)
1-v

A o) WEISEIRSRE, o AFRHIARALL.
REA BRI FIFRAXI S IR S RE AN T&L 3 i, 3
JCAEG BRI I B AR S T, SFES b
T E e i— R e—sssnid #, i Cottet 223Un]
A A bl T T BE A = A . b
oy BT ) B N AL I, R /N TR
Opp » MPRMX S KA SRS 5 WA it Ty g4
m, HEIRT oy B, FORLCIE L T3 B3P
BB, e HBUEEAIE 5 M h i B T 20,

OyEL »

20175 , 5544% , 556 2

W, APRER AR R A, e R
PEASIEN, - Bl sl B i AR ER I AL, o T2
Wi/, AERPRHAIT R EE DT 1B A8 s g2 Hh i el
Hag, AR X Z RIS T /NT oy » 3
Loy B N AR I . Hip a5 os, AR
PASTE Bk 2 R A el 2, bR T R IS TE
WAL 32 BN TR SR D, X842 1] BB g
AN A T I E 1 BRI R D7 18] A5k A
J1351

4 FHSEHEEEEARTIBAIR A FA

L Ria%

H 20 el 2R BRRE ot ek, &
o — e my & e WOt RIS 5 N TR Bz B F A
PARHEOE Tl H =22 RI T T ORI RGN, 5 W
A DIE], KR BB EIE . BOCIDESE, Mk
ORI B R O iR AE R R, I
T R A B 2O G 125800

20 ted 60 4FAR, EEBFFA G TG
PRAAES, (2 E] 70 R4 IR IE R B
1 1972 4, 3k H 2 E B R B (Battelle. Memorial
Institute) 1 Fairand %5 A U220 FH R D23 ik vt
SR Ok AE 7075 FRA A A
A GERRYIR LB AT LR B 7075 505 G HIHL
MPERE, HEERWE 4 R,

B A H R 9SS — kN AFSY, RE
T TR A T T ERRR, W2 fa
R AR, HF 1977 4, Clauer%E A Ri%
FORM R RZE T3, A f17E vps s -t b
EEEMEERTGRE T — 2R OREMEL, AR5 HE
TS o BRI R AT A mT DU np i i
B 33 GPa 2% H I & 48 i v J5 Bk AR N

P,
The influence area of plastic strain
Plasma
— —|  — I
&p
— A—
Workpiece & Workpiece 010s<0

B3 HAENAFBKENFAFER

Fig. 3 The formation diagram of residual compressive stress and plastic deformation (7).

572



DOI: 10.3969/j.issn.1003-501X.2017.06.001

i, R Fiss Xt il o T30 e s A i) BRI ARE X
Clauer 45 A Bifife 4k SeEA T 20O np s A B AR
TR IRBTSY, RZASLIRE BT TR ZHE

IKVERH ML RZE MR Z —, HARYE £ 22k
H 1997 4F H A Sano! 45 A& T4 B h i i e 1 78
AR B 220 ETE . ISR A K 2SS
PR T S B TR IR, RIS AR
TR B (2K b 20 £%), b DR R ik ek
JE S B R Jovk B, R LU A R
drr, WE s s, [, E A2 5 A8 N2
FKT K9 PIEVE LA Z AR b 7= A RO
SERLRN, K9 BRESARL AT LIk B HE = ik D e TR A 4

o JRERE KA, A58 IARTE X R BT R ik
R EEHER AT DA GRAE o TR A A R R AR, DT e o
BET7, 1 HKADCF B ERREARIE R A RO %%
PE, PRIEEOLRE & I = S0R

2002 4, VLI L PV N 24 2 R[]
SO B R s B s T T ST . KA
JEFEAE—E LR NI, K BSEERE,  whai il R 07 SRR
T, WA RO, H R R R A XA S
SRR . MATTIAK I T K BB G RE
S, HAKBRRE 2 WSOR 55 B IR g it . FEXT
HEFBIE AR ARG, X5 Clauer %
NBIHF TS R —E

OS-N curve (compared with LP and SP) open mark: internal fracture

420
@ Unpeened
Ty
380 ‘ ~- ~ « B205-1.0A
N NG ® ASR230-7.8A
T 340 Nre A
a &LPwC12-0.4-C10
= b AN
® -, ’ IERE ALP8-04-L3
g 30 - AR
k7 > N| \ BEN
260 ™
g N ,\ \ .’F ~
.g '."‘.\K 3 . 4
X220 TN
= \\:'--. e ~ >
180 =
140 |
10* 10° 10° 10’ 108
Number of cycles
B4 gk iR 7075 426b ik % A4ty %ol
Fig. 4 Effect on fatigue life of 7075 aluminum alloy by LSP ',
t=5ns t=15ns =25 ns
In air

; . . .

B5 ZEA5KYEFEFRBIKRTEL

Fig. 5 The expansion process of plasma in air and water 2.



b Att2g 80 ARG, 25 DGR T XHEOL s ik
BORIIBITE, B SE A Tk AT BIAR A2 2t
PR Jerp, ikl 2 2o i ) TSSO G il i AL
AL, PE—P AR 7RO S bl e AT
FEN G T2 IS PO el i B A i BRA L 0t 5
SRR PER R JE R 28 Sy AL, PHPEA . BV
8 Pl IR 257 [ 2R A I 50 N B3 T 5 A RS (A
SN SN[ SURZ k20 TR NI i rplia L S iy
THESE, HaaiRmE 6. 57 R,

BEE DT BITRASEAT, I JLAE R AMIFTEN 5 ik
£ NI Y 6 AU IS T U AR IR VN O U L v A A
BT MER  IX PP AR A A AR e A IR
KRBTSRI . HETRIESREN . 5K

0
—— - - - - B

©
o
2 200
@
o
®»
§ | 5.0 GPa analytical |
‘o -400
4 7

-600

0 0.2 0.4 0.6 0.8

Depth/mm
B 6 ABAQUS AE#uM k¥ & 381k TCA H A5 A 57,

Fig. 6 Simulation of the residual stress field produced in TC4
alloy by LSP with ABAQUS software 7.

Control system

Laser host

20175 , 5544% , 556 2

Jenpd R E AR, ER BRI T AR AL
AR SRR RS, A3 T ot h s s
ARG EHFIE T 18

K EFOL TR AR SR, e ERRET
M T AR, W NS 3R BRI
ShOA LR, BENZUE B e &R BE I AN
KF, ERAFRLIRS . PRBELIH A shifbfr .
T Tk AL SRS il 1 T RIS TR 2s 2 T AR K455 B
Pl BRI O e e AR AT 9 1) ) 5 g
RE, 2007 4, FSETERE . THAREREGEN
LR e oA A = A PR MOG , Bove T30
bR AR AR T B AR R AESE, =T —R
FE BRI AR (IR 8 Fm), FEEN B RO RO

T T I
§ . {9 GPa 0.6 ns
R RS . I 0 S it
© : ' -y 7.QGPa;:5ns
& ‘ | ; ; ; ; |
oI BN U7 S Bt R R B B
2 - 50GPa10ns !
8 4 (O T SR Y R '
o o 3.2 ns PVDF
A 3.2 ns EMV
o Lk m 06ns
Analytical (¢=0.3)
10~20 ns
0 | | | | I

0 10 20 30 40 50 60 70 80
1(GW/cm?)
B 7 PVDF(Ew BB %)F EMV(dALER )RR
F kxR R BRGE 4 o & [ Ayl 4 R P,
Fig. 7 The measurement results of the impact pressure for

different pulse widths tested by polyvinylidene fluoride (PVDF)
and electromagnetic gauges (EMV) ¥,

Power supply

Cooling system

B8 4%k 7 a4 &4k SGR-Extra Bk #h 4 Nd:YAG #6514,
Fig. 8 High performance SGR-extra pulse nanosecond Nd: YAG laser produced by beamtech 4.,

574



DOI: 10.3969/j.issn.1003-501X.2017.06.001

A AR I E AR RN, AP ST
ISR 3 O4 el s it 0 < S I 2 s Y 1 & UL e
BARME TERICER, Bt B b A5 E= 8
T AR T AR

2009 4, HERFABEVLH A Zh RS TR T8
St BT T AR5, B3R E &
RO A AS, HEE T O SR AR R Y
NFAE, SEELT (TR A RN B o ep s Ak
T, S T EEBEBATHT 2020 FARBIH .

HOE MR AN — Pl A = A R R AL
R, BE ZrW TR . BT iZEOR B
T TR S A & WL 97 Fr i, Hoak ot
IR SRR . METEAARRER, ZEARK 2
G Uy NN e G

5 ZEFRiE

1) #OGhdr R A RBOLIN THAR R AT, 2
— R R B EROR . ZEOR BB PRI T ok
BORIFARNTT , HEARN )RR R GBI,
() A R 2 AR RO 2 R RV 22 H BRAAOK &t
PRI 57 A5 s BN, AR L TR geakimin il
FARAE RIS, R—Fhm st iR im ek .

2) LRI THOEH SRR AR B,
St s A e b A5 B PR R IR A R
SRR AR, #OEHE RSB T b ke
BRI R AR 5835

3) A& T EOL bl s A HOAR T R Y e
WRRLASAZER MBI E, H5 T ARRZEARM K&
JET5 1 o

EEH

E % A RB#34:(2015020115) % B H ; E K &
KL (U1608259)

S 30 Hk

1 ) HK, MobA THRARAL A M]. LT s 4 Tk kR,
2007: 1.

2 Li Wei, Li Yinghong, He Weifeng, et al. Development and appli-
cation of laser shock processing[J]. Laser & Optoelectronics
Progress, 2008, 45(12): 15-19.

BAh, Fuir, ATRE, F O R RAE ARG L B A E R[]
BB ke FF R, 2008, 45(12): 15-19.

3  Sealy M P, Guo Y B, Caslaru R C, et al. Fatigue performance of
biodegradable magnesium-calcium alloy processed by laser
shock peening for orthopedic implants[J]. International Journal
of Fatigue, 2016, 82: 428—-436.

575

10

1"

12

13
14
15

16

17

18

19

20

21

Qiao Hongchao, Zhao Yixiang, Zhao Jibin, et al. Effect of laser
peening on microstructures and properties of TiAl alloy[J]. Optics
and Precision Engineering, 2014, 22(7): 1766-1773.

firie, R, RERE, F. okt £kt TIAl SeA R Folk
feagBemd]. RF HHE 142, 2014, 22(7): 1766-1773.
Caralapatti V K, Narayanswamy S. Analyzing the effect of high
repetition laser shock peening on dynamic corrosion rate of
magnesium[J]. Optics & Laser Technology, 2017, 93: 165-174.
ERA. HObA EIRAIER SHEARM]. A A A, 2013
7.

Fairand B P, Clauer A H. Laser generation of high-amplitude
stress waves in materials[J]. Journal of Applied Physics, 1979,
50(3): 1497-1502.

Zhou Liucheng, He Weifeng, Luo Sihai, et al. Laser shock
peening induced surface nanocrystallization and martensite
transformation in austenitic stainless steel[J]. Journal of Alloys
and Compounds, 2016, 655: 66-70.

Che Zhigang, Yang Jie, Gong Shuili, et al. Self-nanocry-
stallization of Ti-6Al-4V alloy surface induced by laser shock
processing[J]. Rare Metal Materials and Engineering, 2014,
43(5): 1056-1060.

EER, A, JUKH, F. ot £ TCA K2R M AR
WA (FE )], WA & BAtats 142, 2014, 43(5): 1056-1060.
Zhu Ying, Fan Bowen, Guo Wei, et al. Influence of laser shock
peening times on microstructure and hardness of TA15 titanium
alloy [J]. Journal of Beijing University of Aeronautics and Astro-
nautics, 2014, 40(4): 444-448.

AR, UL, 3B, F.oOLF ER ST TA15 ML R AL
¥ald]. AFMEMR K F FR, 2014, 40(4): 444-448.
Kashaev N, Ventzke V, Horstmann M, et al. Effects of laser
shock peening on the microstructure and fatigue crack propaga-
tion behaviour of thin AA2024 specimens[J]. International Jour-
nal of Fatigue, 2017, 98: 223-233.

Montross C S, Wei T, Ye L, et al. Laser shock processing and its
effects on microstructure and properties of metal alloys: a re-
view[J]. International Journal of Fatigue, 2002, 24(10):
1021-1036.

FRS . Ot BAE M]. AL B B Lok sk paat, 2002: 112,
FRELFAD, REEIFKAC. BEREM]. HE4F. bx:
55 HH AL, 1958.

Fabbro R, Fournier J, Ballard P, et al. Physical study of la-
ser-produced plasma in confined geometry[J]. Journal of Applied
Physics, 1990, 68(2): 755-784.

Cottet F, Romain J P. Formation and decay of laser-generated
shock waves[J]. Physics Review A, 1982, 25(1): 576-579.
ERA, HObA EIRAIER SHEARM]. A A d g, 2013
133.

Sun Rujian, Zhu Ying, Guo Wei, et al. Effect of laser shock
processing on surface morphology and residual stress field of
TC17 titanium alloy by FEM method[J]. Journal of Plasticity En-
gineering, 2017, 24(1): 187-193.

ks, KA, B, F. Ot Rkt TC17 R@HRAKEA
LA 5 %o 6 H RSB M R[], B AR F R, 2017,
24(1): 187-193.

Fairand B P, Wilcox B A, Gallagher W J, et al. Laser
shock-induced microstructural and mechanical property chang-
es in 7075 aluminum[J]. Journal of Applied Physics, 1972, 43(9):
3893-3896.

Clauer A H, Fairand B P, Wilcox B A. Pulsed laser induced de-
formation in an Fe-3 Wt Pct Si alloy[J]. Metallurgical Transac-
tions A, 1977, 8(1): 119-125.

Sano Yuji, Mukai N, Okazaki K, et al. Residual stress improve-



22

23

24

25

26

27

28

29

30

31

32

33

ment in metal surface by underwater laser irradiation[J]. Nuclear
Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms, 1997, 121(1-4): 432—
436.

Li Zhiyong, Zhu Wenhui, Zhou Guangquan, et al. Experimental
study of the effects of PMMA confinement on laser-induced
shock waves[J]. Chinese Journal of Lasers, 1997, 24(2): 118—
122.

FEF, RIH, AR, F. FRALANIIHL REA P+
FR A P EME, 1997, 24(2): 118-122.
Zhou Jianzhong, Zhou Ming, Xiao Aimin, et al. Study of the
effects of overlay thickness and flexibility on laser shock pro-
cessing[J]. Applied Laser, 2002, 22(1): 7-9, 6.

Bz, AU, 82K, 5. AREEEAFHigok o &%
R Fald]. R, 2002, 22(1): 7-9, 6.
Grevey D, Maiffredy L, Vannes A B, et al. Transformation de
phase par choc laser d'un acier T.R.I.P.[J]. Scripta Metallurgica
et Materialia, 1990, 24(4): 767-772.

Forget P, Strude J L, Jeandin M, et al. Laser shock surface
treatment of Ni-based superalloys [J]. Materials and Manufac-
turing Processes, 1990, 5(4): 501-528.
Cellard C, Retraint D, Frangois M, et al. Laser shock peening of
Ti-17 titanium alloy: influence of process parameters[J]. Materi-
als Science and Engineering: A, 2012, 532: 362-372.
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.
Sano Y, Adachi Y, Akita K, et al. Enhancement of surface prop-
erty by low-energy laser peening without protective coating[J].
Key Engineering Materials, 2007, 345-346: 1589-1592.
Ocafa J L, Morales M, Molpeceres C, et al. Numerical simula-
tion of surface deformation and residual stresses fields in laser
shock processing experiments[J]. Applied Surface Science,
2004, 238(1-4): 242-248.
Bischoff A J, Arabi-Hashemi A, Ehrhardt M, et al. Shock wave
induced martensitic transformations and morphology changes in
Fe-Pd ferromagnetic shape memory alloy thin films[J]. Applied
Physics Letters, 2016, 108(15): 151901.
Shadangi Y, Chattopadhyay K, Rai S B, et al. Effect of LASER
shock peening on microstructure, mechanical properties and
corrosion behavior of interstitial free steel[J]. Surface and Coat-
ings Technology, 2015, 280: 216-224.
Peyre P, Berthe L, Scherpereel X, et al. Experimental study of
laser-driven shock waves in stainless steels[J]. Journal of Ap-
plied Physics, 1998, 84(11): 5985-5992.
Ye Chang, Suslov S, Kim B J, et al. Fatigue performance im-
provement in AISI 4140 steel by dynamic strain aging and dy-
namic precipitation during warm laser shock peening[J]. Acta
Materialia, 2011, 59(3): 1014—1025.

576

34

35

36

37

38

39

40

41

42

43

44

20175, 5544% , 56 Hf

Ye Chang, Suslov S, Lin Dong, et al. Deformation-induced mar-
tensite and nanotwins by cryogenic laser shock peening of AlISI
304 stainless steel and the effects on mechanical properties[J].
Philosophical Magazine, 2012, 92(11): 1369-1389.

Ye Chang, Suslov S, Lin Dong, et al. Microstructure and me-
chanical properties of copper subjected to cryogenic laser shock
peening[J]. Journal of Applied Physics, 2011, 110(8): 083504.
Ye Chang, Liu Yang, Sang Xiahan, et al. Solid state
amorphization of nanocrystalline nickel by cryogenic laser shock
peening[J]. Journal of Applied Physics, 2015, 118(13): 134902.
Braisted W, Brockman R. Finite element simulation of laser
shock peening[J]. International Journal of Fatigue, 1999, 21(7):
719-724.

Peyre P, Berthe L, Fabbro R, et al. Experimental determination
by PVDF and EMV techniques of shock amplitudes induced by
0.6-3 ns laser pulses in a confined regime with water[J]. Journal
of Physics, 2000, 33(5): 498-503.

Ge Maozhong, Xiang Jianyun. Effect of laser shock peening on
microstructure and fatigue crack growth rate of AZ31B magne-
sium alloy[J]. Journal of Alloys and Compounds, 2016, 680:
544-552.

LuJ Z, Wu L J, Sun G F, et al. Microstructural response and
grain refinement mechanism of commercially pure titanium
subjected to multiple laser shock peening impacts[J]. Acta
Materialia, 2017, 127: 252—-266.

Li Jing, Li Jun, He Weifeng, et al. Microstructure and mechanical
properties of TC17 titanium alloy by laser shock peening with
different impacts[J]. Infrared and Laser Engineering, 2014, 43(9):
2889-2895.

&3k, FF, TR, F. TCIT 484300 5 b &R E LR
Fa ) FEA R[] Lotk 142, 2014, 43(9): 2889-2895.
Meng Xiankai, Zhou Jianzhong, Su Chun, et al. Effect of tem-
perature on surface mechanical property of 2024 aluminum
alloy treated by laser peening[J]. Chinese Journal of Lasers,
2016, 43(10): 1002003.

ERI, AR, s, F. RO AR 2024 ALE4EA
AR E A F AT eal]. T Eigk, 2016, 43(10): 1002003.

Lu G X, Liu J D, Qiao H C, et al. Surface nano-hardness and
microstructure of a single crystal nickel base superalloy after
laser shock peening[J]. Optics & Laser Technology, 2017, 91:
116-119.

Qiao Hongchao, Zhao Jibin, Lu Ying. Develop and analysis of
nanosecond pulse width Nd: YAG laser for laser peening[J].
Chinese Journal of Lasers, 2013, 40(8): 802001.

Fer, RERE, BE. APIE Nd: YAG #Ob HiBLoL %
e HEH B AT[J]. & Bk, 2013, 40(8): 802001.



