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Experimental Study on Improving High-Cycle Fatigue Performance
of TC11 Titanium alloy by Laser Shock Peening
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Abstract The standard vibration fatigue specimens, made of TCI11 titanium alloy, are treated by laser shock
peening (LSP). The high-cycle vibration tests are conducted to verify the reinforcement effect, and the fracture
analysis is utilized to analyze the fatigue mechanism of the treated specimens. The strengthening mechanism of
fatigue performance is explained by the experiments of microstructure, residual stress and microhardness. The tests
results show that the fatigue limit is improved from 483 MPa to 593 MPa by LSP. Fatigue crack of specimens treated
by LSP initiates in the subsurface of 0.2-mm depth with a greater flatness area and lots of second-cracks and tight
fatigue bands. A layer with nanocrystals is generated on the surface by LSP, and the size of nanocrystal is about 40~
80 nm. LSP introduce a great compressive residual stress in the material with a 1-mm thick plastic deformation layer.
The residual stress in the surface can reach —591.5 MPa, while the surface hardness is increased by 19% . The
combined actions of high structure refinement and high compressive residual stress are the main causes of the fatigue
performance improvement, which block fatigue crack initiating and reduce crack growth rate.
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(¢) secondary cracks; (d) dense fatigue banding

3 T

it TEM-3010 B35 5f 1 B 3 5 (TEM) W
LI 1 i R20 X ) 08 ¢ X0 o s /i 1)
T BIHL K 6 Sy TCIL Bk G 4 it i il 14 Ao
A 0 H 7 S H B R S A S AR R, AL 6
(] LLE ) TCI1 S 46 H 2102 d S8R 1Y o AH
FVERAR 16 B AH 201 URH 20 20, L 52 30 37 ol 1) A
BARSFERIA ., B 6 (b, (o) Nt rh i 5 i

-

OV S W1 I8 37518 B R RS 0 40~ 80 nm
9 28 K il 2L 2R, L Pl A7 S 6 0 I 32 1T 40 0K i 2 21
FCEH ST, T s O 45 8 1 A o ol B AR I AE A
AT A2 (R RE 2R g IO AL AR BB TR T i
JZF REBR A < 3 2L A 7 5 1 A A 358 L A
oy AT A0 B A2 3 B i HE A O B R
B PORLER 32 2 A ol B ) doR B LR 4
BURHE T LR A 2R AL B A K A

K6 I oh i IRECT R E S B R I AR R . (0 Ribdis (b)) gk (o BB
Fig. 6 TEM photographs and diffraction patterns of the surface layer with different LSP impact times.
(a) Without LSP; (b) nanocrystallites; (c¢) dark field image of Fig. (b)

W oh i ) A R R IR AW e FER SVt e
s LR 3 fIE 2 FE B, B b o 02 9 1 7 3%
ARG M AR 1A 08 S 2R BB PR A2 it b 20 A 1) E )

K7 i 1 sl
BB'#1 NFIHT$ 700 ns 7647 TR (1035 5l B 16 12 R
T AL 6 () Hp—FEA7AE R A 30 nm 2647 AU ZAK fih »

0803006-4



AR

PO ILER i TCLL Bk 4w J8 95 55 M E B 1 S8 WF 72

JEJE 247 200 i ¥ i 75 16) A8 T 290 1 ok ) R
BTG R AE 400 nm FAL . H BT AR ALK dh 3L A
AIBLR . WO e 51 i Aoks 20 40 F B2 -5 H: ol
RAMFAEIER 5 56 & » vhify Ji 3 #R 78 HAE T

AR AR B R o O A5 B T IR bl 1) 9 A%
o 00 AL S BPORFIE 7R AT R A A2 AR ASIE | i B
IRVEAETE R REAT o oo e s 7t Bl 22 56 i o 350468 7 B4
LA TR AR 1R BB PR AL /N o o 2 AL TR BE A

Cross

grain boundary DR

100 mm

7 WOkt SR A S R A I B
Fig. 7 TEM photographs in cross section treated by LSP

HRLER A  JEHE AR R 20 A U AE —
FEJE b BH 11 FIHE 2 98¢ 57 S0 7 A2 R JE s 016 e ol
o b0 2 T 2H 3 PN 7 A e B ) S L B IR L R
il A AR 3K 2 % RE FELAT <52 J i 1 v (o2 55 1Y)
Mo gly Al 4 o 4R BB R U Bl A B k2 DT 488 55 <6
JE BRI . )2 A0 AR (K D B D AR
] T RO AR T S 2 AR T AR IR AR
T3 AW IR 1 RS 1R TE B T 2 SRS R Y
il S BEL T o (0 57 L S0 Bt S ZE AR g 5 T 4R
R R RO i) 50 B8 A A TR DX DR i R o A7
BT LUA SO B 7 R s R

A BRAR N RN TR
B2 5% 43 i 1 R ] Proto-LXRD #Y X
SRPER N T3 DN IRASC I v SR T AW ] 5 W ¥ 5 e A
Hg Cukes fi7 5 5 W Ti (213 ) & H. 20 fA 31 K
136.1°~145. 3°, FHii LR 0. 02°,F 5 s — ;X
B R 4 o 40 kV AT 6 mA HEH E B R
=2 mm,MiKIR % Ac H+9 MPa, & # 5% 4
JO7 3 4 A B T 2L 58 5 H A O LR T W < 24 %
HNO, +14 % HF+62% H, O (fRFH B T, Ji folt 338 2%
TR R 7 K IR RE S 0. 2~0.5 pm, 382 I
WIS AT O AR B MK TR B BRI 2 A
RO EE BRI R TR BE E sk A N T (E . AR
H % #% # GB/T4340. 1-1999 # 2, % H MVS-
1000JMT2 %Y I o 4 PG A% FE 1000 5 485 v s 2 0 3 2%

i 9 500 g PRI IFE] 10 s, 4 3~5 4> rd BP9 {H.

Bl 8 Dyl eSO b iy J5 AT 5k A% B ) AR
Tl Bl T2 1) 23 A Y 28 I T 7 A2 T — 591, 5 MPa
M5 AR N Iy BIE T 1 mm B8 PEASTE 2 5 i
WO dr 351 HV 4R w2l 418 HV . & T
19%, BERESS IR 2355 0. 9 mm 7247 . BB RIE H
1) e o 99 1 3 4 AR AR » 3 v IO R 8 el i R 4 il
R AT+ 22 B8 ¥ 3 A 1 B . AR L ) S 1 7 A R
DAL DA A sk PR i A 8 PR AR T 3 s 7 A A R R
i J3E i v 2 DR Ry SRR AR TR I 7 i 9 A I et R 20 £
T TS PR AR e B T B Y R
A B THRBUAN R B 840 L Bl 1k R EUE

WO bt 5 A RER R TE R — )2 R BB R AR T

100
=420
< 2 -\l > &
= \ @
-100f = S
% . . 1400 5
$ —200( % . P
17 \ 5}
g-300r R} 380 €
2 _q00F X £
= s 360 2
-500 (U 1360 5
\\\\\\\ o
-600F
M 1 1 1 1 1 4
0 200 400 600 800 1000 S0
Depth /um

8 WO bty i Ak )5 a8 1 B Ak IV ) R I AR
A 48K TET 4 A1l &
Fig. 8 Distribution curves of residual stress and

microhardness in cross section treated by LSP

0803006-5



H |

# ot

JIHERPEASIE 2 o B 5 Ak g 07 T 5 S 1 61 R 55 1)
FRIAS AL Ast, s
Aty =— mg,. (L
M RE 2 1H A SR AR H N ) 2 (A A R Y 9 57
e FREZ o AT FR BRI I E T R 8. G4
2 LSP JGTERJZ B A m BUE M BR AR N 77 7T L
15 965 55 AT H B R 7 R AT A AR R e
BHI I 57 B . AR R Forst X 2 B IE R,
B A T o D7 B 2 S0 e TR 1 R A5 42 i X 2
SUIESEAN R T ¥ TR L2 80, 5% R N 1 A 4 40 4k
e S Bk 77 R aE PR Z W 4 B3 '
(1) S ECTE SR Ak B DXL A2 B 8% 4 0 7 B AR T S s/ 3
SUR v 1 7 5 BE TR BRI B e e L A AR
PR AR e B0, B AR e AT AL 55 W O
S A N KSR 0 RSO T B R A R 0 1 1
VBRI 2 VIAH G .

5 4 ®

TCL1 BKA A pr fEDE 55 1210 76 WOt vh o 4k 215
HEAT i JE 4 3h 9 57 5056, 56 UE 5 1h 80 5 A 1 E
S MR FE 9 55 MLEE, I ISR ZH 21 5% 4% I 7 Fn i 1k
it i 5 7 T 0 BT O b o B R 0T MR RB I PN 7E R R
Fsg AL HLHEE 15 B 0T 4548

1) TCLL Bk A G b o957 95 124 1495 95 5 B 1 DR
GiR 1 19 483 MPa 48 & F 593 MPa, # & T
22.8% . FH T T3 AL, wh ik b BE S 24800 7 T
WHRZ FH KPR MY X R R L &, Hog o
FarHES B

2) MR RIZ4 8L gk g antk , HAn
LR I 25 A% 5 8 0 A A1 5 O 1) iy SR A
F T 42 = 1 B T AR P 7 R in 2 80 e 1Y i B
T3 i 95 55 ZLGOU b S € AR B ), AT A A B0
P57 ML Y E

3) MRl rhili J5 F T 7 A4 — 591, 5 MPa (5 4
JERL 1, BERE 4R T 19%, HIE B 1 mm 245 1Y 5%
Wi J2 . KBk 4% L 7 0 A 78 1T AR o A4 R 55 1
B, B 1 24 20 A ok 2 A IR R R

5 £ X

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

2 Charles S Montross, Tao Wei, Lin Ye, e al.. Laser shock
processing and its effects on microstructure and properties of
metal alloys: a review[ ]J]. International ] Fatigue, 2002, 24
(10): 1021—1036.

3 Li Wei, LiYinghong, He Weifeng, er al.. Development and
application of laser shock processing[J]. Laser & Optoelectronics
Progress, 2008, 45(12) . 15—19.

IS I ) VA WP (I ER = S O U Ui r i R [ v N -8 |
[J]. Mot 56m 2808, 2008, 45(12): 15—19.

4 P Peyre, R Fabbro, P Merrien, et al.. Laser shock processing of
aluminium alloys: application to high cycle fatigue behavior[]].
Materials Science and Engineering A, 1996, 210 (1-2):
102—113.

5 Zhou Lei, He Weifeng, Wang Xuede. Effect of laser shock
processing on high cycle properties of 1Cr11Ni2W2MoV stainless
steel [ J]. Rare Materials and Engineering, 2011, 40 (s4):
174—177.

6 Hyuntaeck Lim, Pilkyu Kim, Hoemin Jeong, e al..
Enhancement of abrasion and corrosion resistance of duplex
stainless steel by laser shock peening[J]. ] Materials Processing
Technology, 2012, 212(6): 1347—1354.

7 W. Sagawaa, T. Aokib, T. Itoua, e al.. Stress corrosion
cracking countermeasure observed on Ni-based alloy welds of
BWR core support structure [ J . Nuclear Engineering and
Design, 2009, 239(4): 655—664.

8 Zou Shikun, Wang Jian, Wang Huaming, e al.. Fatigue growth
rate of laser shock processed metal sheet[J]. Laser Technology,
2002, 26(3): 189—191.
aptitah, £ @, EEUL S WO A G T8 M S i R e
PRI #otHAR, 2002, 26(3):189—191.

9 Ren Xudong, Zhang Tian, Zhang Yongkang, et al.. Improving
fatigue properties of 00Cr12 alloy by laser shock processing[J].
Chinese J lasers, 2010, 37(8): 2111—2115.
fEIRAR . 5k HL BKoKFE. S5, WOt A B 5 00Cr12 S
PS5 PERELT]. HhE ¥, 2010, 37(8): 2111—2115.

10 Wu Bian, Wang Shengbo, Guo Dahao, et al.. Research of
material modification induced by laser shock processing on
aluminum alloy [ J]. Acta Optica Sinica, 2005, 25 (10):
1352—1356.

R, BN KM, & ORBOE P A A ot A EE
[J]. J6%24R . 2005, 25(10): 1352—1356.

11 Cao Ziwen, Zou Shikun, Liu Fangjun, e al.. Laser shock
processing on 1Cr11Ni2W2MoV martensite steel[ J]. Chinese J
Lasers, 2008, 35(2): 316—320.

W, AR, X7 A, S WO AL B 1Cr1INi2W2MoV
AT, HEBEOE, 2008, 35(2): 316—320.

12 Wang Shengbo, Fan Yong, Wu Hongxing, e al.. Research of
strengt hening 7050 aerial aluminum alloy structural material with
laser shock processing [ J]. Chinese ] Lasers, 2004, 31 (1):
125—128.

ERY, B, RN, G 7050 fiE A SR EHEOE b
AR AL B A ST T]. P EEOE . 2004, 31(1) . 125—128.

13 Li Wei, He Weifeng, Li Yinghong, e al.. Effects of laser shock
processing on vibration fatigue properties of K417 material[ ] ].
Chinese J Lasers, 2009, 36(8): 2197—2201.

R TR, BRNLL. SF RO RALXT ka17 BORHR 29
sitERem g m L], P EOE . 2009, 36(8): 2197—2201.

14 Wang Cheng, Ren Xudong, Zhou Xin, et al.. Influence of laser
shock processing on short crack growth of GH742 nickel-base
alloy[J]. Heat Treatment of Metals, 2009, 34(7): 57—60.
EO. KR, B #, & b eh Xt GH742 BRI S 0T
ALY R, 48 A BAEHR . 2009, 34(7) . 57—60.

15 He Weifeng, Li Yinghong, Li Wei, e al.. Laser shock peening
on vibration fatigue behavior of compressor blade[J]. J Aerospace
Power, 2011, 26(7).: 1551—1556.
ff T, 2220, 4% . 5. B ds SR Ak 42 m R AL R g
FFVEREBT LI ], Mz 3 244, 2011, 26(7): 1551—1556.

16 ] Z Lu, K Y Luo, Y K Zhang, e al.. Grain refinement

mechanism of multiple laser shock processing impacts on ANSI

0803006-6



AR

PO ILER i TCLL Bk 4w J8 95 55 M E B 1 S8 WF 72

304 stainless steel [ J]. Acta Materialia, 2010, 58 (16):
5354—5362.

17 ] Z Lu, KY Luo, Y K Zhang, e al.. Grain refinement of LY2
aluminum alloy induced by ultra-high plastic strain during
multiple laser shock processing impacts[J]. Acta Materialia,
2010, 58(11): 3984 —3994.

18 “Aeronautical Manufacture Engineering Handbook ” Edits
Committee. Aeronautical Manufacture Engineering Handbook
[M]. Beijing: Aerospace Industry Press. 1997. 235—237.
sl TRFM S SRS, Misss TRFMIMI] b,
fi2s Tkt RREL, 1997, 235—237.

19 Wang Xuede, Li Yinghong, Li Qipeng, e al.. Property and

thermostablity study on TC6 titanium alloy nanostructure
processed by LSP [ J]. Journal of Nanjing University of
Aeronautics & Atronautics, 2012, 29(1): 68—76.
FAE, ARLL, 2R84 TC6 4k& 4 i WAL a8 K 2 21
PR AT E M FE T ). B B A AL R R 224 4. 2012, 29(1)
68—76.

20 Xiangfan Nie, Weifeng He, Liucheng Zhou, e al.. Effects of

laser shock peening on TCI11 titanium alloy with different impacts

[J]. Advance Materials Research, 2013, 681: 266—270.

21 Zhou Lei, He Weifeng, Wang Xuede. Effect of laser shock
processing on high cycle properties of 1Cr11Ni2W2MoV stainless
steel [ J ]. Rare Materials and Engineering, 2011, 40 (s4):
174—177.

22 Zhou Lei, Li Yinghong, Zhai Xusheng, e al.. Fatigue-life
improvement of symmetrical pressure hole by laser shock
processing[ J]. Journal of Nanjing University of Aeronautics &
Astronautics, 2010, 42(3): 379—382.

JA F, AN, B, & RO s R AL 3R S B AL 4
Mg 55 5 e LT 1. B o 0 & i R K % = 4. 2010, 42(3):
379—382.

23 Ma Zhuang. Fundamental Research on Laser Shock Processing
Used on Aero-Engine Parts[D]. Xi'an: Engineering Institute of
Air Force University, 2008. 37—38.

5 b s RS LI EOE b SR A B BT SR (D] 7
e BETRRE TR, 2008, 37—38.

24 N E Frost, K J Marsh, L P Pook. Metal Fatiguel M]. London:

Oxford Univ Press, 1974. 130—195.

EERE: REHE

0803006-7



