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Numerical Simulation of Residual Stress around Fastener
Hole Subjected to Multiple Laser Shock Peenings
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Abstract Laser shock peening is a novel material surface modification technique, which is superior to conventional
shot peening technology. The experiments and finite element analysis method are combined, the residual stress
distribution of the fastener hole after laser shock peening is discussed under certain impact order. The results show
that the combination of several small spots with diameter of 2.6 mm can lead to a large circular processed area of
nearly 6 mm in diameter, which can replace a single large spot for shock peening. The amplitude of the surface
residual stress is increased from 134 MPa after the first impact to 254 MPa after multiple laser shock peenings, and
the maximum depth of shocked region is also gradually enhanced to 26.6 pm. After hole drilling in the shocked
region, the maximum residual stress around the fastener hole edge decreases sharply. The simulation value agrees
well with the experimental value.
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Fig. 3 Von Mises stress distribution after laser shock peening spot by spot

0602002-4



H # ot

FHRHEVE(ELTR J1 28 2 GPa b4 b ol PN 28T 5 DA 3B A J5T i 8 1 4 07 B FE O I 8. I 7 T K s,
B TR 7 v T A RE B B S R R AR R TR KA T SRR L BEL A R A AR B AR S B DR B
S DA T BRI T o WA AT T KO ) H 28 e iR O B AR UL PR 4 A U e i 2
JE AR TG AN 1B o0 A M e . 78 A BN 00T T B — YOI 405 08 2 W 95k A 0 1 B A T AR A . 5 1
P SRS R FR AR ) B RGA ] 134 MPas 55 2 s vh iy 85 05 o 2 T 5% A JR N (B84 Im &8¢ B W L B
KAEH 182 MPa, HE K T 48 MPa, i i Ry 75 H & IXCHHEAT T 2 Wt bl JB R T 3RAR TN 1 &, iX 5
FHOCSCHR I BT 45 R R — B X R B AFAE T4 3 mivhib 2R IS . 58 4 fURIEE 5 Rnh i 5 3R I AR A
TS 3 AN AN B 3o PR O MU A S5 5 3 el UL AR AR IR) . 7 9 Wk b il 45 U L A ooy IX 0B
HEAS U Rl 2T A TR 3k B e R AK . B AL - AL 1E 00 5 0 5k 4 T W ) M (B 980 /N B I L ik 2 TR R b 5
Wi s L 30 0 A Y 24 SROBESE L AR AR I T3 45 BRI

hole edge

s -

@

(b)

< <

a,

s s

n n

w —80} o

£ §—120 shot 6

B2_120} ——shot 1 —

% 120 ——shot 2 % -160¢ ——shot 7

=_160+ ——shot 3 = _200| ——shot 8

% 60 ——shot 4 % —_— :?tOt % -

&£-200t ——shot5 2-240¢ ‘ ) *hofer rillig
2 4 6 8 10 12 2 4 6 8 10 12

Surface /mm Surface /mm

B 4 FmBEAN ST () B 5 A (b J5 4 A gL

Fig. 4 Residual stress distribution of surface. (a) First five shots; (b) last four shots and after drilling hole

5 A B FL T J5 JREBE 7 18] WY BRAR I J1 o34 = . NP 5 1T LA M B FL T ARG LS 22 S48 e — 2 TR
JEE H) B A% TS VL 97 5 ke 2% S I 10 H) A A A 200 o AR 55 [ LA e P ot 8 o el B 0 9 5 S 49 7 10 WL R AT 17 2R
4L 3 5 BE PR, BT ST LAY 98 57 75 i

S, 511 (a) S, 511 (b)
(Avg: 75%) (Avg: 75%)
3.496 X107 2.225X107
-1.455X107 - e -2.762 X107
-6.405X 107 —7.749 X107
-1.136 X108 -1.274X10%
-1.774X 10%
-1 X108
L631 108 -2.271 X108
-2.126 X 10 _9. 770X 10°
-2.621 X108 '

K5 JEEI RN s . (@ 8FLET; (b Bl
Fig. 5 Residual stress distribution along thickness. (a) Before drilling hole; (b) after drilling hole

P 6 Sk Bk LTS 25 1 AL B O 18] RO BR AT 1 A A i 2k . TR 6 Ca) S s A8 B UL R 06 23 SR o L Bl FL T
F3 1 F RFR AR 14> 9 254 MPa Fil 226 MPa, &5 L5 092 1 5 K 5% 43 0 S8 43 51 & 133 MPa #il
138 MPa; #5500 56 45 SR 459 3 HH 3 1 7 18] 4% p5 Atk 5% 4% JK R 1 A BT 0 /0N 5 36 32 B J2 B A% IO 0 9B 0 A 8

hole dege
. O(a) oree 50 V(b)
= 40 A ;-ﬁ 0 M
:- § thos
U':; -80+ 5 50}
g -120 $_100}
Z _160} g
E . « test before drillinghole ~ F~150| o test before drilling hole
€200 s test after drilling hole g o _test after drilling hole
3 —FEA before drilling hole % ~200] —=—FEA before drilling hole
=240+ ——FEA after drilling hole o3 _asol ——FEA after dnllmg hole
0 2 4 6 8 10 12 0 05 10 15 20 25 30
Surface /mm Depth /mm

6 ENFLATE PERARN 1A . () WM A W (b) WFLIRE W
Fig. 6 Residual stress distribution before and after drilling hole. (a) Along surface direction; (b) along depth of hole edge

0602002-5



H | i ot

6 (b) i 7 #5540 45 5 v fL 01 A B 5% 4% R B S (B 1 242 MPa /N & 8 MPa, ik B 45 S i1 231 MPa /N 2
5 MPa; £L 3V R EE 7 [n] (14 55 4% 17 7 (80 B S i/ o 3 2 oh T80 LR 3R AR N i s e . AL 6 T LI s
RRAULAS B 1) B3 A% I ) B0 55 52 36 B s W 6 A
5.2 REEHEIH

WOt w51 R A Y SIS R E 7 B, TTRLE L9 S S S R I o B
i XS R T AT 2 A VRS TR (M50, AR T8 (1 X 0N R JE . T 25 000 B A% 1 RN 2 06 2 TR T2 (R , T [
TP, BT Al B 1 FIEEAR 2 JIr 485k DX 304 78 T VR R AN 7 A Ak L S B0 F A8 DX 3 ) A8 T R B L SRR
il K BT RE R X 2R b s B E Mg . e 1 M2 LEKRABTBRE 50290
26.6 pmAl 22.7 pm, fe/NETE IR BE H IEAE v DX Hhoo A7 8 IO S 2 by 5 1R BB R 1) 98 1 I 3 A ik
e R R .

@ path 2 ®
27.0¢

<9225}

——path 1
——path 2

ep!
—_
o oo
Q. O

Ll
=2

Deformation depth /pum
©
S

(=]

0 2 4 6 8 10 1214 16
Distance /mm
B 7 () npdi KUY AR TR TE SN (D) B 42 1 FIg 4 2 17288 ih &
Fig. 7 (a) Deformation morphology of impacted region and (b)deformation curves of path 1 and path 2

BOG P R 45 1 BRI IZ R TR A R 2R TR A S O i = 4R TOWLIE 3 A [m) I £ % A
)R AR LB BE AN 8 o . A 8Ca) Hrl & Y, OB IR 2 5, W 2 3R B R T B BOG B IR
. N (b)Y H A & i, 1o E 2 T V5 A Bl b T A 9 3, 32 PR A e b R T AR S VR b il )2 B T O
XoF 4 Je8 A AL % TE A B R E OB R il i S R e, G B0 Y 2 TRZ KA A T R B AR (R B IO R TR Y B[R] A

path2 pathl

(b)

g 125H(d)

0 1 2 3 4 5 6
Distance /mm
K8 s RERMREES . (0 WIJZEHERME; (b) R ;
(o) il X AOTE S0 K T 5 (D i S TR I 85 42 1) 2 T A8 T VR B )
Fig. 8 Surface morphologies after test. (a) Absorbed layer surface; (b) treated surface; (c¢) magnified microscopic

topography of impacted region; (d) deformation curves of different measuring paths

0602002-6



H = # ot

L CONAD ) B R BN LA A% 328 25 4 Ja B A DRI OG0 1 3R 1T A 23 52 BN HOL B A ks B A 1
AT TR T RABERIER ML, WK 8Ce) ot mili 5 9 = 4E RO S T LLE il )5 B
T T IBVEGUR TR BE AN G — 3K S Hh TS 2 el A R A4 R 160 3T 0 00) S i o R R0 b il S A L B LRI
SR 18R il ORI, O HLUBE A by DB BERE B M5

B 8 () M AEA I i B A2 T R AR dh 4. APl DU Y B84 1 A4S 2 il &ad 3 Il
AN TR B8 el AR A DI, b AR 1 28 OB 1,45 Fr7e i X, B AR 2 Z20d D6 BE 1.8.9 FT e i X8, 7 B8 A%
A2 bR RABIE IR BE 43 292 19.1 pom 1 25.7 pem, TR A5 5 1 d5c KAZIE IR E R 26.6 pom s IR B HU 74
B R AL R 5 LR RS B W 5

6 4 g2

T 5 2 AN /NGB 4 BE— R Iy PR AT OBt LBk AL R LU B — A 5 R B 3 AL B Y e DX, DR AR
KBS AT s fl .

TE 2 S HOEWOILE B T AAAE 2 A R BRE M F5 82 I DX S0 AH 25 1 o o vk B 8 n L 9 D DX AR
TR 3 01 3 T % 4% 7 0 WL 3504 i 8 0

TE SR AL Y DX AN LG L 01 R [ A 2 T RN L3 TR B T 1) 1 AR Ak 7 T B S )N L 3R DR S BR A REIE L L
HGA LRI R] T IR FR AR A5 3] T R,

2 % x

1 Zhang X Q, Chen L' S, Yu X L, et al.. Effect of laser shock processing on fatigue life fastener hole[J]. Transactions of
Nonferrous Metals Society of China, 2014, 24(4): 969-974.

2 Gopalakrishna H D, Murthy H N N, Krishna M, et a/.. Cold expansion of holes and resulting fatigue life enhancement
and residual stresses in Al 2024 T3 alloy-An experimental study[J]. Engineering Failure Analysis, 2010, 17(2): 361-
368.

3 ZouSK, Cao ZW, Zhao Y, et al.. Laser peening of aluminum alloy 7075 with fastener holes[J]. Chin Opt Lett, 2008,
6(2): 116-119.

4 Cao Ziwen, Che Zhigang, Zou Shikun, et al.. The effect of laser shock peening on fatigue property of 7075 aluminum
alloy fastener hole[J]. Applied Laser, 2013, 33(3): 259-262.

B3, BRI, AR, AE L WOG b d R 7075 G B AL 57 PR RE RO 2R (T AT, 2013, 33(3): 259-
262.

5 Ding Xin, Ji Xue, Sheng Quan, et al.. Impact of residual and tangential thermal lens effect on output characteristics of
high brightness lasers[J]. Chinese J Lasers, 2010, 37(11): 2780-2783.

T gk, F L, R OR, . R U m G BN X R S O A R R sz e [T b B oG, 2010, 37(11):
2780-2783.

6 Hfaiedh N, Peyre P, Song H, et al.. Finite element analysis of laser shock peening of 2050-T8 aluminum [J].
International Journal of Fatigue, 2015, 70: 480-489.

7 Wang Cheng, Lai Zhilin, He Weifeng, et al.. Effect of multi-impact on high cycle fatigue properties of 1Cr11Ni2W2MoV
stainless steel subject to laser shock processing[J]. Chinese J Lasers, 2014, 41(1): 0103001.

Ok, MiEEAR, A, &L ot OB 1Cr 1 INIZW2MoV AR 454N s I S S5 e e po st (1] . o O, 2014, 41
(1): 0103001.

8 Xue Yanqing, Zhou Xin, Li Yinghong, et a/.. Validation and restraint of“residual stress hole” produced by laser shock
peening[J]. Laser . Optoelectronics Progress, 2012, 49(12): 121405.

BEEE K, JH B, ZBNIZL, SF. WO R AL B A N I 6 TE A A r sk g (1] . ot 5ot i TR, 2012,
49(12): 121405.

9 Cao Yupeng, Feng Aixin, Xue Wei, et al.. Experimental research and theoretical study of laser shock wave induced
dynamic strain on 2024 aluminum alloy surface[J]. Chinese ] Lasers, 2014, 41(9): 0903004.

WS, WA, B, L BOLWEIE S 2024 586 & R F) A MR R IR A 5T S AT (0] . RO, 2014, 41
(9): 0903004.

10 Liu Yuanxun, Wang Xi, Wu Xiangian, et al.. Surface morphology and deformation mechanism of 304 stainless steel

0602002-7



H = # ot

11

12

13

14

15

16

17

18

19

20

21

22

treated by laser shock peening[J]. Chinese ] Lasers, 2013, 40(1): 0103004.

Moo, £ OB, RAEET, . OG0 #1304 TR 59 R T 09 TE AR AR AE J HLEE Ax A L] b EOG, 2013, 40(1):
0103004 .

Zhang Qinglai, Wang Rong, Zhang Bingxin, et al.. Effect of laser shock processing on mechanical properties and
mesostructures of AZ31 magnesium alloy[J]. Chinese ] Lasers, 2015, 42(3): 0303001.

KHER, £ R, sk, 5. BOGrhE R AZ3T BEG & it RE A SUEE R sZ e [T P EEOL, 2015, 42(3):
0303001.

Zhang X Q, Li H, Yu X L, et al.. Investigation on effect of laser shock processing on fatigue crack initiation and its
growth in aluminum alloy plate[J]. Materials and Design, 2015, 65: 425-431.

Ivetic G, Meneghin I, Troiani E, et al.. Fatigue in laser shock peened open-hole thin aluminum specimens[J]. Materials
Science and Engineering A, 2012, 534: 573-579.

Kim J H, Kim Y J, Kim J S. Effects of simulation parameters on residual stresses for laser shock peening finite element
analysis[J]. Journal of Mechanical Science and Technology, 2013, 27(7): 2025-2034.

Hu Y X, Gong C M, Yao Z Q, et al.. Investigation on the non-homogeneity of residual stress field induced by laser shock
peening[J]. Surface & Coatings Technology, 2009, 203(23): 3503-3508.

Zhou Jianzhong, Yang Xiaodong, Huang Shu, et al.. Residual stress field of ZK60 specimen with central hole induced by
both side laser shot peening[J]. Chinese ] Lasers, 2010, 37(7): 1850-1855.

SR, B/NAR, B R, AR RUEEOLBOLR K ZK60 BE & r SR N T BB B S 1] 0O, 2010, 37(7): 1850-
1855.

Johnson G R, Cook W H. A constitutive model and data for metals subjected to large strains, high strain rates and high
temperatures[C]. 7 th International Symposium on Ballistics, 1983, 21: 541-547.

Peyre P, Sollier A, Chaieb I, et al.. FEM simulation of residual stresses induced by laser peening[J]. The European
Physical Journal Applied Physics, 2003, 23(2): 83-88.

Hong X, Wang S B, Guo D H, et al.. Confining medium and absorptive overlay: Their effects on a laser-induced shock
wave[J]. Optics and Lasers in Engineering, 1998, 29(6): 447-455.

Fabbro R, Fournier J, Ballard P, et al.. Physical study of laser-produced plasma in confined geometry[J]. J Appl Phys,
1990, 68(2): 775-784.

Voothaluru R, Liu C R, Cheng G J. Finite element analysis of the variation in residual stress distribution in laser shock
peening of steels[J]. Journal of Manufacturing Science and Engineering, 2012, 134(6): 061010.

Gill A'S, Telang A, Vasudevan V K. Characteristics of surface layers formed on inconel 718 by laser shock peening with

and without a protective coating[J]. Journal of Materials Processing Technology, 2015, 225: 463-472.

0602002-8



