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Table 1 LSP parameters

Parameter Group 1 Group 2 Group 3 Group 4 Group 5
Laser power density /(GW/cm?) 1.58 2.25 3.02 4.92 6.43
Pulse duration /ns 16 16 16 16 16
Spot diameter /mm 2.5 2.5 2.5 2.5 2.5
Number of shocks 1 1 1 1 1
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F2 TCABRAEMIEAM B 25

Table 2 Basic material parameters of TC4 titanium alloy

Parameter  Density /(kg-m °)  Poissonratio ~ Modulus of elasticity /GPa A /MPa B /MPa n C
Value 4500 0.342 950.228 603.3825 0.1992 0.0198
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Fig. 3 Pressure-time history curves of laser shock wave
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Fig. 6 Simulation result of deformation when laser power density is 3.02 GW/cm® (a

) Cloud diagram of deformation; (b) cloud diagram

of deformation section; (c¢) detailed surface deformation distribution
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Fig. 7 Simulation results of surface residual stress when laser power density is 3.02 GW/cm*

. (a) Cloud diagram of residual stress;

(b) detailed distribution of residual stress
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distribution; (b) surface residual stress distribution
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1602206-5



2505 £ 16 H1/2023 £ 8 H/HEH*¢

6.56 pm [ ML AR T | 78 #E 6 BE w5 1 2% 0~0.2 mm 19
JEEN A T R N 1.62 pm BN EAZTE . K 9(d)
S[R3 B R R 1 M BB B R R DL
B A T A B, T LA Y Ok Th R
y 1.58 GW/em’ B, MIGT R B O 1.1 pm, 82 &5 22
0.5 pm; M BOET % N 3.02 GW/em’ B, M3¢8
4.9 pm, Y R LN 1.3 pm; MEOE IR E N
6.43 GW/cm’ Bf , M40 3 B O 8.1 pm, ™ = B K
2.3 pmo

DL EZE S50 . 3.02 GW /em? Tl % %5 5 T % 4y
N AN AR TR A3 A 5 BUE A A R AR A 2, B110
Shy 2% 1T M1 0 A B i ) 3 % AL Ak 1 4 TR G 45
A LU P B 5 0 0y A8 Ak ka3 — 30, B
BRERET IR 2E R 25% . X R T LSP BUE {5 E 1Y
IS H ARSI DL KA BR T 20 BT A R A B, TT
FH R 32E — 25 43 B 306 v o 5 B ORE N 1 98 M 3 B

/

—a— experiment
—n—theoretical

- //Il
o

g 6r ///
(] e

£

(]

g 4 /

&

Q/

2/

&

2 3 4 5 6
Laser power density /(GW/cm?)
P10 A [] Sy 22 %8 BT A4 3 ThT M1 470 9%
Fig. 10 Surface micro-indention depth versus laser power

density

32 B EEBELBERIOGNE
FE B5C{E 5 RN 56 &85 SR AT e 2 i T B 0 VR O

3l @,
L O S
5|
E 1
§ E Exp2PMod?2 fitting curve
E. =3r |
A i
i Parabola fitting curve
-6 :
0 15 5 10 15

Distance from center along x-axis /mm

P e N ST I B2 N A N R TR R N
EARFL ., ARHE X (D)X P 3.02 GW/em® T R %
T AR T AR B AT AR, 2 M B AR L2 Ol 2.65 X
1077 mm’, BRI EA L A 6.10X 10 mm’, X %
HH 2 T M1 10 B L — 38 43 2 7 oh b 1 2 8V U0 ) i 4R
T R AR R AR 5 — 5 7E b 2R A 4
TR R B AR B, 33X 5 B 5 L2 SR b R P
FEAER IR AR B R R B . B 1L EOR Y R
FE A 3.02 GW /em® B AS [5] ¥ B2 A 14 5 B A8 T 43 A 1
B, T DL s B R EE RGN, U180 AR T 1 2 T
IN YT PE R 2R 0.8 mm B, B RE P B AS I T 8 B
BEOE  BE S 7E R 20 1.2 mm W AL, B REAY P93 IF ) A8
T ik 3 e KAH 4.562 pm,

0.
b—o—o—o—o—0—0—0—0—P<g »
I AN

V—y o
S SN
["V*v—77v——v—7"v—v/ V/Q7‘/ \31’\

(=]

<
oo oo—o—o—o—o"" /
/
J—s—depth of 1.2 mm

,Aﬂ_‘ﬂlq‘«AA/‘ / —e—depth of 1.0 mm

Displacement /um

—v—depth of 0.9 mm
—&—depth of 0.6 mm
»>>"" < —depthof 0.3 mm

——— >
>
b —»>—surface

0 03 0.6 09 12 15 18
Distance from center along x-axis /mm

11 BOGhREBEE N 3.02 GW /om” N AS [R5 BE &b (14738 1 43 A

Fig. 11 Detailed deformation distributions at different depths

when laser power density is 3.02 GW/cm”

A TR R YR U B AR AR AR ) AR TR
R0 Ry =30 4« 08 IR BRAR (R A R A B PN
MR o R R R R B AL ) A I oy A i 2R S i E o
o B AR F 1] 12 R F ] Matlab 814 09 44 R} 3 1 AR
TE B 4 BE N EB AR T il 2%, 43 51 SR I T Parabola LA &
Exp2PMod2 il & H A

5
(b)
a4t Parabola fitting curve
£ 4
2
£
g 2
S
"a‘. 1k Exp2PMod?2 fitting curve
a /
(1) S Y AP -
_1 : I L 1 1
0127 3 6 9 12 15

Distance from center along x-axis /mm

B2 e (a) Fm MUUETE 5 (b) N 3N R 22 TR

Fig. 12 Fitting curves. (a) Surface micro-indention deformation; (b) internal convex deformation

FR A AN ] VR B A AR T2 4 A 0 il 26 U5 7 72, A A
Matlab 8 4% 35 73 2 T AR L, 15 2] 7E 3.02 GW /cm’ )

RN R MR LA R 3.24 10 F mm®, FRR Y
R B Y R 7.47 <107 mm®, N OEB T A AR R 4 ok

1602206-6



2.77X10 " mm’, [ 13 N AR Ty 3R 5% B T ¥ AR JE AR
R o3 A1 0 o B 13 Ca) Ry 453 4 R R A A8 Ak 34,
[ 13(b) 45 3 o AR BUIT o5 L8], w] L« B & T
R N, 45T A3 BB AR TR AR 23 3, 2R M1
RBUIE 5 H B 50% 148 L FHE T 57 %, K i AR N
EARBUIT G LB 16 %6 AL FREEI T 115, N0
PRFRIT (5 LU A1) B A ) 3 5 B A B = B TR N RE
M3, O R% BER/INE MDY R R 2 2
FFT ARG T SR N P 48 A7 55 R A F Ifi e 46 17
R A i Y BE PO KB A T AR AY R T, B R
] D6 B 20 2% FURE B N8 3L 2l L T I8 U AR g ) 5 B
Ty 5% B (W 380, T 5T BL3Z 0 K 1 200K ™ e A R

(@ 8

o
E l/-
a‘) 4 i /
sk . .
< " *o—
/ ———

g ol ¥——

8 |~

g gl Se \v
% \

£l

©

@ _g | —v—micro-indention

5 —e—superficial convex deformation

= —s—internal convex deformation
> 12 —v—sum of vollumes .

2 3 4 5 6
Laser power density /(GW /cm?)
K13

$50% 5 16 H8/2023 &£ 8 A/ EHE®
PR R AR R R, B R A2 B T AR A Ot e T
A e B 24 5 e A FH I e 4 B 8, B ) IR FR AR B
AR B A 5 L RE S R R E LR ) X AR R
IH o 4l 05 K Ll 1), sk = U2 R oy oA ™ R A2 O IX 8l o7
FOCEE v ol 2 A1 i 2807 ) b S8R IR B L O B 2
B O e g Ak DX A AR A R N T, A T AR
AR DX WA AR B ek 2D 1, i 30 AL R AR B
T X PR B AR R, I H— 3 o R B e 98 % AR TP o
TR G AL BT REORE Y S, FE TG A AR R B Bl AR 1 1
LR A BRSSO AS
K 1424 3.02 GW /em’® H) 2% T oh i /i J5 TC4
RESRZNBHBE(TEM) MG, K 14(a) W RZL

(b _ 12

superficial convex deformation 57%
micro-indention
101 ALY internal convex deformation

Volume of deformation /(10" mm?)

1.58 2.25 3.02 492 6.43
Laser power density /(GW /cm?)

SAVEAS T AR BB 3 A1 o () 2% T8 7 AR BRAZ Al 345 (b) 4% 30 20 AR o 1L 4]

Fig. 13 Distributions of plastic deformation volume. (a) Trend in volume of each part; (b) proportion of volume of each part

{3 phase

tangle grain boundary
(a) 5

14

LSPHi )G TC44k &4 FRER TEM K% . (a) LSPHIZEH LA F 10 pm b ; LSPJ5 1 F 77 10 wm 4k i (b) [N 28 T H1 (¢) BRAR

MR JE X s (d) LSP R R LA 1 mm &8 i1 P38 e e A2 JE X4k
Fig. 14 TEM images of TC4 titanium alloy surface layer before and after LSP. (a) Position at 10 pm below surface before LSP;

(b) micro-indention and (c) annular convex deformation areas at 10 pm below surface after LSP; (d) internal convex deformation

area at 1 mm below surface after LSP

1602206-7



2505 £ 16 H1/2023 £ 8 H/HEH*¢

i WO bl 5 A 89 TC4 BR & & B R JZ 10 pm Ak Y
TEM K, ol DL« R 2 306 bl 53 Ak 5 B4 RE A T &
G or WY, A5 S AR AR S X R HE B, g ik kL D A
fn R RE A R o AR R B AR T AR ZE A o AR TP A
B S SRR AR BAH PN BE 5 W5 B — i B Y o 5
Fl 14(b) | (o) S 285 o't wh i 3 AL J5 2R )2 10 pm 4
M AR DX BN R A2 KBy TEM &L, il LLA i
S8 WO IR AR S L R P B R L B AL
Bk AN O 245 4 5 VR T 45 R R O EL TS IX B R )R
A E T R AR A R AR X
BT e 8 L S 5 T 70788 T DX IS oy 5 5 O AR, o
AL AR T DI SR A A X B I A e S Al . 8] 14(d)
h gt ot thili AL 5 BERJZ 1 mm ALY TEM &, /]
VAF H: Jmy ol DX dsltds 7= A 7 /b B (L B R 24, 5 oK 4b
BB LG, ks BRAE AL A R B v M o L L2
SRRl LSP Ak B S 25 DX B4 437 5 2 45 11k S0 A AL
S AR T AETE — 5 IS I OC &R o [MHE X R I
Jt whaly Y BE AL DX, I A AR A 28 A R Y B R TR
FU DRI 2 DX 355 A Y o7 B 280 4 R0 O, L A

60

@ = ‘
[ proportion ’:“ ‘
—— fitted curve
& 40r average size: 169 nm
8
£
2
©
& 20+
L= i
90 130 170
Particle size /nm
© _ ] proportion
30+ F fitted curve
' |\ average size: 108 nm
8 ' \
5 20f \
g “\
10+
I
LN —
30 70 110 150 190

Particle size /nm

Ay Hy T R B Y BB A R TR Al o AR X Y
FRAE AL T W) 2 O b ol VD 1 A% 1R B Y B V) ) B
T B L A TG B s DX, 98 PR TR R R R
PRUTIT A BT o % B 0 i EL b RT3 5 T o B R Y
T i A 7 AR U R Ol B DX A e i) T 8 R A 3 S
W] A7 Ao DR 8y 5% s A T T 1 40 3 A, 016 ol 98¢
e 1ok 22 G A I, W R T ) 0 U R O A AR R R, I
M7 3% DX 3 A A /0 8 07 8 2 45 )7 A R S R 77 AR
USRIt e

P15 S PO o it i Ak IS A TR DX IR A AR 23 A
00, 7T LA R AR 0 Al 5 TEM 70 Hr 45 58 5 9 — 2K
PE o R 2oL b SR AL TCABK& 4 19 2 5 kL
NESE 2555 169 nm, O bl 58 46 5 6 BE G XY &
KL RS 255 99 nm, FRAR ™ 2 A28 DX ok R SE 2y
9 108 nmy, P #R MR AR TE XA AR ST 24 136 nm.
s KL RS) A A2 A ML 5 98 1 R P B0 R B R A
SR+ (MG X3 S O ol 280 Ay B 0 28 DX 3, AR 240 4
T JEE A TR 5 FLUR O B M R AR T DXl 5 P o A AR IX
SR P R DU Bt A R T 4 T A /0N W EE A

95+ ® [[]proportion
fitted curve
- / N average size: 99 nm
S /1M
=1
L 15}
£
2 \
g / \
5L ‘
N\
L WDBD —

30 70 110 150 190 230 270
Particle size /nm
25 X
@ :] proportion
’7\ fitted curve
20 average size: 136 nm
£ -
_g 15+ j \\
b
2
o 10+
&
5t \
0 D ﬂ\{:‘ =

110 150 190 230
Particle size /mm

E 15 LSPHiJG TCA4k A 4 0okt /4K . (a) LSP R 21 LA F 10 pm &b s LSP J5 £ i F J5 10 wm 4b A9 (b) MBT AR FE 1 () BRAR Y A8
JEIXI; (d)LSP 3R LA 1 mm A i 38 i & A5 T8 X 45
Fig. 15 Particle size distribution diagrams of TC4 titanium alloy before and after LSP. (a) Position at 10 pm below surface before L.SP;

(b) micro-indention and (c) annular convex deformation areas at 10 pm below surface after LSP; (d) internal convex deformation

area at 1 mm below surface after LSP

33 EEEthHBUHRHME

B BE I M S AT R O S R $E R O vh
sRALE R S WE S R T — R . B 16K
3.02 GW/cm® U) R % T G BE#5 12 50 O i 19 & 1T T

o HIEHAR N OmE, RIAE AL FEERIN KD
e BE L X IR el 28 A AR A R R M B, A e
BE5CBEAS SAE i T bl 24 87 D) 77 5 [ A A RHE TR
TER, 2 BN R o SUBE 1 RFE DG AL 7 A fe R

1602206-8



£ 50% £ 16 H1/2023 £ 8 A /HEHN¢

convex
9l deformation  micro-indention

Displacement /um
a

|
[=2]
T

|
e 2]
T

0 2 4 6 8§ 10
Distance along x-axis /mm
B 16 JEEREHE H:5 0 i I OG o s R TP 5

Fig. 16 lLaser impact surface morphology when spot

overlapping rate is 0

1 B 0.89 pm B M S, SR BE 1T X A TR
298 8.2 pm W B MTT , FF HLil TG BE 18 T BE 2 1F
FH L OGEE 178 5 OEBE 2 #5422 19 75 BBl B 0 AR A8 JE | [
OGEE 2 vt 5 AL B A ) 1R R TDE A 6] THORBE 1,06
BE 2 7 A8 DX A 00 M 450 R B DA K3 BB AR N F ok
BE 1. BEBE, 7EGEE 1 MOGEE 2 5 S My h B R T B
KA LR 5.3 pm I GRUMN R AR IE | 38 B M B b e 42
TE 1) 5 B 0B A OB i 07 S5 6 BE 1 R 4 1)
MR AR TE AR o A AT b e R AR TR A S A2 B PR
WO v AE A < S 02 32 BDRBE 1 b D 19 57 DI ) A
[ BB B AR T, o4 ) 2 T s 2 A 1) 1 o
B & kAR R, 2 5 X2 208 2 0ot
AR R AR G EE 130 5 A0 T8 1 04 0™ R T ol 2
faf 77 1] B 1 [, 5 350 B 32 B TUT 70 v g oty A o A1
TR N GA N R = . OGBE 3 T AR X S K i
TV 5 FN Y8 1 AR T2 1 00 55 6 BE 2 2, FE % 0 BE T 7E X
WoEAE THRIEA N7 pm MBI 568 2 58 A
Ab P T I K 2R 6.3 pm BT AR I .

E 17 4 3.02 GW/em® U)K % 5 T O 5% H
33% MR M S, 0l LLE H 495 % R 330 i, 4%
ASTEEE XIS 7= A T B M B A G B 2R Ak 7R A T B

convex deformation

overlap zone

Displacement /um

0 1 _2 3 4 5 6 7
Distance along x-axis /mm
B 17 HobssH:5 0 33 %6 B HOE i R R 5

Fig. 17 Laser impact surface morphology when spot

overlapping rate is 33%

R IR AR O i R R R O O B AR TR . HE
X 35 T e I 52 30 6 RSO b AR T PR A T ORI
FE A9 U150, R BE 1 AT 78 XA SR B 24 R 2.8 pm, ot
BE 1R BE 2 85 3 X8R M BT IR 2900 4.1 pm; o6
BE 1 OGBE 33 2k Ak ) S B H AR B BE 2 1 o ol v Bl
WS H] 3% S 30T OBBE 2 M 5030 B R 2 AT 4
A1 A T B8 G, A2 HE S Jo S 2 oo o DX 3 ) R TV 5 R
FEBEN GRS . FE S OREE 2 B B A M BT b ok
BE 1 &= A 0 R AR Y S A 2.7 pm, 6 b
BE 1 AR DG AN AR Y & E R 0.62 pm. [RIFE, 76
JEBE 2 FOEBE 3 A 45 422 X 3k, MB35 51 4.8 pm,
KFEEHE 3 H0 XA BT R B (3.8 pm) .

K184 3.02 GW /em’ U) R % B T #6558 H
50% BB RMEIES, 7T LLE M H % R 50 % B, &
T 4D ke 1M1 35 0 A o™ A AR TR 43 A 5 350, 4% BV 1
PR ) e TU 37 R B L % O BRE 3 % 1) A e o R AR —
0, BOGEE B b o B AR IR W LA IR R R AR A AR K
IH J2& 45 A 6 B oo X8 B A 77 A B 19 35 0% 76 4%k
BE i1 26 A0 77 A R o DR BE 1T IX 8 A 11 470 VR
230 5 pm, FECEE 150 BE 2 #5482 X B8 & T /= 2
2.1 pm RGN R AR TE 7 BE 1R F5 Bl 2k Ak i
R 0.78 pm o JEBE T FDEEE 2 F5 12 X 58k ) ok M1 T iR
BEZ R 5.3 pm, B K TOGEE 1R 35 32 X 88k, L BE 2 Fiot
BE 35 1 X 0 i M LR BE 208 5.4 pm

| convex deformation
overlap zone

—

Displacement /um

0o 1__ 2z 3 4 5 6
Distance along x-axis /mm

B 18 Hot#sH: 3k 50 %6 I I HOG v s R TP

Fig. 18 Laser

impact surface morphology when spot

overlapping rate is 50%

A A5 FOE SR ™ A R O ol 5t A Ak B i R
SRPEAR T FR AR sl i 45 58, R I8 Ot sh i e B 1
(9 45 I, SOE 5 5 OIOR 7 AR % B IR TE AR Y
VEFITE bl 05 1) 25 B1ORE P D7 ) 4% 4%, e 6 TC4 8K &
G AT 7R — 8 TR B ST AR I 5 il T s 2R R
STYI I3 5 1A AR B A AR B 2 Ak 7
AT BT AR TE BB — T 20 i o 7 1 e A B R
73— R E G BE I G ALY R T PR AR R . Y I —
JE W F8 H R UEAT L BE 2 B9 O b i, SEBUR TG BE 1
VLG BB E AR T AR FR U sh 45 R b ROk A T PR IR

1602206-9



2505 £ 16 H1/2023 £ 8 H/HEH*¢

PG OCTE 2 515 95 H XY B0 e A8 ] 32 3158 Y
il 2 A VR, 5 3 DX M0 P B o R A O U et 3
A7 7 1) 1 [, A R 1 2 AR O 160 3 Bl , AR R BEOR
A bl 6 BE L R AE R I UM AR TE AR R R
3 18] 35 PN E D 1 O 3 % RS, 2 T8 0 A 3 TR 5 e X ek
T U R AR T, I BRI N & A G BED 4 57 R R
/N B AR T o B e B AT LB A R
{14 1 3 Bk e 7 A (] 9 D30 AT BR BRARONE  7E HOE i
i A R R O RE R B R il i ik A AR
SRRV A S MR O vk SR AL RO BERE ISR
S B DX IR T A A TR R BT B M A2 ) 4
JCBERE AT, 7 A2 SR A TE B4 (] I A AR ok i 22 M 1]
A N BRI Ko i 2l doe 28 45 FR R 0 B AR B b il
AT 7 11 ) PN B 3 21, 20 820 (4 A R AR i Ol B
G TR B, TR G BE T R N ™ A B — 5 B
e

4 4 b7

S HE AL S I A S A T PR T
TC4 B A 4 3R 0 PO vh oy 58 1k i 72 v 9 28 4 37 3 L
LT T O e SR A S S AR TR B Sl (A B Bl
JIER SRR L 753 E) LR A58

1) AE SO ek v DX, 2 T 15T A 26 T ER IR
A PR O D AR 5 T B TR AR G, SR T T g A B R
TR AR R AR

2) WO bt 9 AL S BR AR T AR M S
Bl A2 AR A, 3 23 A R A B SO i i A5 T 1
PR B, TR R AR R 1 JZ T J5 1 GAE ) MR AR T X
75 To AR AL PR R BCAZ B BT, 3R T BROIR T R AR TE 7R AR
A R A T A BR 22 5 2 T MR R AT 45 L RO
it iR A I R R B M T A S RN AR T A

3) WO vl 5 Ak Y R A Bh R W A% X I AL
B AR PR BILR , FRE 20 P B A 3R T MG X BROIR T i AR
TE DX I, oA 8 T 1) 22 T DX 2 238 D

4) FEEWOE sh i AR A s B R T
BT MITAE I |, A M5 3 T A D' BE 34 2% Ak A7 78 32/
4 R AT TR R B 8O BE I G AR IE BT IE 1]

I .

2 % X #

(1] ERmHe, EHpE, s, & O b o e Bk & 4 9% 55 % f
WM LEIR[T]. P E e TR, 2022, 35(2): 103-112.

Qian L Y, Wang Y H, Dai F Z, et al. Laser shock processing and
its effect on fatigue life of titanium alloys: a review[J]. China
Surface Engineering, 2022, 35(2): 103-112.

[2]  Yuan S, Lin N M, Zou J J, et al. Effect of laser surface texturing
(LST) on tribological behavior of double glow plasma surface
zirconizing coating on Ti6Al4V alloy[J]. Surface and Coatings
Technology, 2019, 368: 97-109.

[3] Lao X S, Zhao X F, Liu Y, et al. Study on the friction
characteristics of plasma spray modified layer on titanium alloy in
artificial sea water environment[J]. Materials Science Forum,

(4]

(5]

(7]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

1602206-10

2020, 990: 73-78.

BEREE, REKI, B0, 55 Ti S gk 4 R st 7e 24 4 B 4
BT T RE[T). G 2piE, 2022, 58(7): 837-856.

Cui Z D, ZhuJ M, Jiang H, et al. Research progress of the surface
modification of titanium and titanium alloys for biomedical
application[J]. Acta Metallurgica Sinica, 2022, 58(7): 837-856.
PRI, sku i, AB3, 45 . WO bl 3 A X BOL S #1 il 3 TC4
BRE G SUERERY R [T]. T IEEOE, 2022, 49(16): 1602017,
Chen X P, Zhang L F, Xiong Y, et al. Effect of laser shock
peening on microstructure and properties of laser additive
manufactured TC4 titanium alloy[J]. Chinese Journal of Lasers,
2022, 49(16): 1602017.

Ananth M P, Ramesh R. Sliding wear characteristics of solid
lubricant coating on titanium alloy surface modified by laser
texturing and ternary hard coatings[J]. Transactions of Nonferrous
Metals Society of China, 2017, 27(4): 839-847.

EAERL, R, PRMGEE, S TCABUILI AL Oy 55 U [T, Jb st
LR KM, 2019, 45(9): 1723-1731.

Wang Y Z, Li F, Chen Y Y, et al. TC4 shot peening simulation
and experiment[J]. Journal of Beijing University of Aeronautics and
Astronautics, 2019, 45(9): 1723-1731.

SRHEBE, ARNLL, oy TR AR S R S AL R OE nh ik R AL AT
Tk 5 T LB T AR 224, 2021, 57(16): 293-305.

Nie X F, Li Y H, He W F, et al. Research progress and prospect
of laser shock peening technology in aero-engine components[J].
Journal of Mechanical Engineering, 2021, 57(16): 293-305.

Jiang Q H, Li S, Zhou C, et al. Effects of laser shock peening on
the ultra-high cycle fatigue performance of additively manufactured
Ti6A14V alloy[J]. Optics &. Laser Technology, 2021, 144:

107391.
W, Hh ik vk, AEEK, F ORI x TC4 5k & & K im
TiN W )2 FUTm 25 & Mg i 52 ma [J]. R4 R | 2022, 51(3): 315-
325.

Xu S, SuB Y, Hua G R, et al. Effect of laser shock peening on
the interfacial bonding properties of TiN coatings on TC4 titanium
alloy[J]. Surface Technology, 2022, 51(3): 315-325.

Hu Y X, Yao Z Q, Hu J. 3-D FEM simulation of laser shock
processing[J]. Surface and Coatings Technology, 2006, 201(3/4):
1426-1435.

Sealy M P, Guo Y B. Fabrication and finite element simulation of
micro-laser shock peening for micro dents[J]. International Journal
for Computational Methods in
Mechanics, 2009, 10(2): 134-142.
S SC, B, R, AR O ehd A B X GHB039 ik & 4
FTE S8RV R e [T WOt 5Ot T e Bk, 2021, 58(3):
0314001.

Zhou W, Ge M Z, Wang T M, et al. Effect of laser shock
peening on surface integrity of GH3039 superalloys[J]. Laser &.
Optoelectronics Progress, 2021, 58(3): 0314001.

BN, X EE, AtaE, BB TS HOS O o i A s R
I LT]. b EEOE, 2012, 39(5): 0503004,

Huang 7Z H, Liu H X, Shen Z B, et al. Process parameters

Engineering  Science and

analysis on surface texturing under laser shock peening[J]. Chinese
Journal of Lasers, 2012, 39(5): 0503004.

BIDCIR, WG, SSOERT, 4% . BOL oh i b 21 304 N5 49 % 1 1B 3R
FEAE BCHEAHLER M [T]. i [0, 2013, 40(1): 0103004

Liu Y X, Wang X, Wu X Q, et al. Surface morphology and
deformation mechanism of 304 stainless steel treated by laser shock
peening[J]. Chinese Journal of Lasers, 2013, 40(1): 0103004.

Lu G X, LiuJ D, Qiao H C, et al. The local microscale reverse
deformation of metallic material under laser shock[J]. Advanced
Engineering Materials, 2017, 19(2): 1600672.

BAM, FIEE, K, F O 7R OR8]
(V). Lz bR 4R, 2018, 38(6): 1-10.

Yang F H, Lu G X, Yang Q T, et al. Research progress of laser
shock treatment in the field of material forming[J]. Journal of
Aeronautical Materials, 2018, 38(6): 1-10.



RIS £ 50% £ 16 H1/2023 £ 8 A /HEHN¢

[18] Zhou W F, Ren X D, Yang Y, et al. Dislocation behavior in by laser-shocks[J]. Le Journal De Physique IV, 1991, 1(C3): C3-
nickel and iron during laser shock-induced plastic deformation[J]. 487.
The International Journal —of Advanced Manufacturing [28] SRSEHT, TEG . SRIMOGIR B VE S o An [T, BRI S5k
Technology, 2020, 108(4): 1073-1083. W, 2022, 34(1): 42-60.
[19] Zbib H M, de la Rubia T D. A multiscale model of plasticity[J]. Wu X Q, Huang C G. Laser driven explosion and shock wave: a
International Journal of Plasticity, 2002, 18(9): 1133-1163. review[J]. High Power Laser and Particle Beams, 2022, 34(1): 42-
[20]  Cheng G J, Shehadeh M A. Dislocation behavior in silicon crystal 60.
induced by laser shock peening: a multiscale simulation approach [29] LulJZ, WuL1J, Sun G F, et al. Microstructural response and
[J]. Scripta Materialia, 2005, 53(9): 1013-1018. grain refinement mechanism of commercially pure titanium
[21] Ding H, Li Y W, Zhang Z K, et al. Analysis of microstructural subjected to multiple laser shock peening impacts[J]. Acta
evolution properties based on laser shock peening[J]. Optik, 2019, Materialia, 2017, 127: 252-266.
179: 361-366. [30] Kaschel F R, Vijayaraghavan R K, Shmeliov A, et al. Mechanism
[22]  Gill A'S, Telang A, Ye C, et al. Localized plastic deformation of stress relaxation and phase transformation in additively
and hardening in laser shock peened Inconel alloy 718SPF[J]. manufactured Ti-6A1-4V via in situ high temperature XRD and
Materials Characterization, 2018, 142: 15-26. TEM analyses[J]. Acta Materialia, 2020, 188: 720-732.
[23] Johnson G R, Cook W H. Fracture characteristics of three metals [31]  FEfm, BAL, LA WOL LR AL TCA RO ZH 2 1k K 4 K
subjected to various strains, strain rates, temperatures and SR RELT]. TP EEOE, 2022, 49(8): 0802019.
pressures[J]. Engineering Fracture Mechanics, 1985, 21(1): 31-48. Wang B H, Cheng L, Li D C. Microstructure evolution and
[24]  Peyre P, Fabbro R, Merrien P, et al. Laser shock processing of nanocrystal formation of TC4 by laser shock peening[J]. Chinese
aluminium alloys. Application to high cycle fatigue behaviour[J]. Journal of Lasers, 2022, 49(8): 0802019.
Materials Science and Engineering: A, 1996, 210(1/2): 102-113. [32]  BETE, WV, DRAR, 5 o6 R O AT TCA5k A
[25]  Zhang X Q, She J P, Li S Z, et al. Simulation on deforming BB AALE R R[], R E SR, 2018, 11(2): 198-205.
progress and stress evolution during laser shock forming with finite Xue J, Feng J T, Ma C Z, et al. Influence of laser shock peening
element method[J]. Journal of Materials Processing Technology, on microstructure and oxidation resistance of laser additive
2015, 220: 27-35. manufactured TC4 titanium alloy[J]. Chinese Optics, 2018, 11(2):
[26] Yang H, Zhao J B, Wang T R. Research on a different method to 198-205.
reach the saturate limit of titanium aluminide alloy surface [33] PuTY, LiuW W, Wang Y L, et al. A novel laser shock post-
mechanical and fatigue properties by laser shock process[J]. Optik, processing technique on the laser-induced damage resistance of lw
2019, 193: 162989. H{O,/SiO, multilayer coatings[J]. High Power Laser Science and
[27]  Ballard P, Fournier J, Fabbro R, et al. Residual stresses induced Engineering, 2021, 9: e19.

Flow Law of Plastic Deformation of TC4 Titanium Alloy by
Laser Shock Peening

Liao Xinlong, Su Boyong , Xu Shuo, Hua Guoran, Wang Heng, Cao Yupeng
School of Mechanical Engineering, Nantong University, Nantong 226019, Jiangsu, China

Abstract

Objective Laser shock peening (LSP) is an advanced surface modification technology that uses laser-induced shock waves as a
direct source of force for the production of plastic deformations on the surface of metals. It can be used to regulate the surface quality of
the material and improve its properties. Laser shock peening has several advantages over other surface modification techniques, such
as high loading pressure, large influence range, and controllable impact area and loading pressure parameters, and can be easily
automated. It has a wide range of applications in aerospace, automotive manufacturing, and marine engineering industries. The plastic
deformation is the fundamental process for laser shock peening in the reconstruction of surface stress, improvement of surface
morphology, and hardening of surface materials. This deformation is influenced by a complex nonlinear dynamic process that is
dependent on various factors such as laser shock wave pressure decay, the dynamic yield strength of materials, plastic strain rate,
internal dislocations, and microcracking of materials. In this study, the flow law of plastic deformation of the TC4 titanium alloy under
the action of shock waves is analyzed by combining numerical simulations and experimental studies. The reliability of the numerical
model 1s verified through experimental studies, and the volume changes of internal plastic deformations under different laser shock
parameters are calculated based on the numerical model. Additionally, the influence of plastic flows on volume distribution, stress

reconstruction, and internal grain distribution of the material is analyzed.

Methods A TC4 titanium alloy is used in this study. A combination of numerical simulations and experiments is used to study the
flow law of plastic deformation of the TC4 titanium alloy by laser shock peening. First, a numerical simulation model of the laser
shock peening of a TC4 titanium alloy is established. The surface deformation and residual stress distributions in the numerical
simulation are extracted and compared with the experimental results, and the numerical simulation model is validated. After verifying
the validity of the numerical simulation model, the internal deformation distribution of the material is extracted from the numerical
simulation model, and the internal deformation distribution data is processed. Subsequently, the deformation distribution data is
fitted, and the fitted equations are calculated to evaluate the flow of plastic deformation by obtaining the volume change of each part
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after the LSP. In addition, the microstructures of the surface layers at different depths before and after the laser impact treatment are
observed using a field-emission high-resolution transmission electron microscope (TEM), and particle size measurements and

distribution statistics are processed.

Results and Discussions The clouds obtained from the numerical simulation show that other plastic deformations occur beyond
surface microindentation and superficial convex deformations after laser shock peening. The effects of the shock wave cause the
volume of the microindentation deformation produced in the center of the impact area to shift to the surrounding area. This results in
the formation of the superficial convex deformation at the edge of the spot impact, and the remaining volume is squeezed into the
material, leading to internal convex deformations (Fig. 6). The distributions of the residual stress and deformations on the surface at a
power density of 3.02 GW/cm® are consistent with the numerical simulation results (Fig. 10). As the volume in the residual
compressive stress zone decreases, the volume in the residual tensile stress zone increases, and a part of the volume is transferred to
the internal part of the material during the plastic deformation process (Fig. 13). After laser shock peening, a large number of
dislocations, dislocation walls, dislocation entanglements, and other sub-structural defects appear inside the grains. Lamellar
dislocation accumulation occurs in the lamellar organization in the microindentation deformation region, and high-density dislocations
are formed in the convex deformation region (Fig. 14). Variations in the grain size are directly related to the intensity of the plastic
deformation. The grain size is the smallest in the microindentation deformation region, which is directly loaded by the laser spot. The
superficial convex deformation region exhibits a larger grain size compared to the microindentation deformation region, while only a

slight refinement in grain size is observed in the internal convex deformation region (Fig. 15).

Conclusions In this study, the microindentation deformation is formed in the center area of a spot, the convex deformation is
formed in the edge area of the spot, and the residual compressive stress is generated in the surface layers of the microindentation and
convex deformation areas. The 3D morphology test results of the TC4 titanium alloy surface show that the volumes of the
microindentation and convex deformations are not equal, mainly because the laser shock wave induces the flow of plastic deformation
in the surface metal towards the interior of the material, forming a convex deformation area under the microindentation deformation
layer and a residual tensile stress layer in this area. Based on the results of numerical calculations, the volume of the overall plastic
deformation is extracted and calculated. The results show that the sum of the internal convex deformation volume and superficial
convex volume is approximately equal to the microindentation deformation volume. In the absence of phase changes, the overall
plastic deformation adheres to the volume constancy law. The TEM images before and after laser shock and particle size distribution
results show that flow of plastic deformation of the TC4 titanium alloy by laser shock peening directly affects the grain refinement
mechanism in each region; the degree of grain refinement decreases successively in the microindentation deformation area, the
superficial convex deformation area and the internal positive deformation area. When a multispot laser shock peening is performed, all
spots work together to form microindentation deformations, and small convex deformations appear at the edge of the indentation

surface. In the part without an overlap of spots and impact of shocks, convex deformations are formed.

Key words laser technique; TC4 titanium alloy; laser shock wave; plastic flow; residual stress; grain refinement
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