33 Ho S § =S Vol. 33 No. 2
2018 4E 4 A JOURNAL OF EXPERIMENTAL MECHANICS Apr. 2018

XEHS:1001-4888(2018)02-0272-09

TCL A BB AES R

N > s > > Wp
]3/7-]?\[:']5&1, %Eﬂ_nlza ﬁﬂiﬁﬁl, %Eﬂ:z‘él
(1. ZZE TR AR TREERE . PU4E 7100385 2. S HEfi 28 & sh UL R B8 e . db st 100191)

WE. DAL TELEEFRFHARTLAN 20kHz B ERFEEXRBARAAL, £TBT ZRT 4k
BTN T TCA RSB HRAEFRE, T o T REABH A XMHE o, EREN . A
PBHRKRKT 10" AR, RBEMAE LR THAL LR T RESEMMBIRRKENE i T, RAE
] R aggE MR TCA k&AM o 2K SR 5. 40k oA AW EB LR A R L5
B R SWM @A ISR P REESHER B AR EENY R ERE MY E
BBHEN, % TCLASEREDAE 7R Z AL b L HMIALR G R R 5 AIFG R
W,

KER: TCL4ke4; BHZRAMEY; READALR; BBk

FESES: V216.3 XERARIREG . A DOI: 10.7520/1001-4888-16-226

0 5|87

B m HR B0 AR IR DL R S S T M R Y AR 4 e — i B S0 4 R A A AR L TE T A
RT3 772 . Kb iz &l B BRE &AR BORER & & VBEG & D I, B,
SeiE At as R AN HLEY RSB A RSN R AU R DL R B IE SE ARG il R R AR T
SekAb T EN L i K ShHLLE BRAR N TR AL R A2 9% 97 A ik 107 ~ 10"k, KL
MR BOE R T R 25 R Ak, EREIZ 20 42 90 AR T HE 10 5 0 55 B ZWF ST R A
9 NALES M 58 3P Rk 49 ENSIP(Engine Structural Integrity Program) ™ i1 & 296 23 % WL 3814 14
ATEOR N 107 G4 = B 107 IAE IR . 98 55 00 1) AfF 9 35 B 1K 52 A8 17 7 /R T 22 W 284 1 908 28 J) Ik 7
107 DA b (3 57 R bl g JE 9 55 (VHCE) MY, 8w i 9% 55 0 5% s 1 20 k28 80 4FAX . 2 A i 1k . W bR
A G W S bR A v R R R A S T GO0 R R 9 0 R R HEAT T B F
e,

AT 8 v SR 9% 95 B 98 1 32 207 1 LA 20k Hz S 38 114 8 75 9% 57 B30 Lok °F & JF J 9 o7 il s 1Y,
UG L AR 7 U A e R AR B A R & As 20k H iz B3R A IE R . N T AE A R A v O A AR N
(R, [E AR X TC4 SR & B T AP BESE TAE  Takeuchi % ABFFE T TC4 Bk A 42 B4 %
RORE M s Liv % AWFSE TR 7 HeXd TC4 kA 4 v JE RN RS 3 J8D 92 55 1k R o s mi U s /Nl 5 A9 128
HRER KRR A9 TCA Bk 4 AR 1 B 55 7 0 L AR SO 52 960 2 5 el A 8 75 9 55 IR IR ML X T C4 4k
G 4 HEAT R R 55 LR 58, O 0 9 57 W 10 AT 23 B L O A S bR R B 45 R 1 ) 1 e F T 4 i B e
S,

« WiREH: 2016-10-29; fEE BHI: 2017-01-20
HEEWMAB: BRARFERESTHEAATHE (11402302) PeFi4 H AR FE 4 (2016]Q1031) (55 59 153 41 I —F % B
BEiEE: FEAL(1963—) W W+ Bz W LA RN, EEFR BN ) 1% 55 R E 5 R 8). Email: 1052863080@ qq.

com



% 2 PRIAE . TC4 BRa Gl i J81 i 55 1 REAT 52 273

1 BRERANEEFZARERS

1.1 BERREELRBRASRERE
R TR 95 0 3R G T TR A B R TR S L i R 1 R Kl = AT A%
SR DR F % S5 R R QAW ARG QMR R, IR RGh 4 55 R /E 884 50H
F P £ 5 B9 20+ 0. 5k Lz A9 0 A 74 L 00 £ o T R A 8 0 P 1352 2 B 7 2 B o £
SO G R LR 115 . Hehl B Y
TR IR/ 8 IR % A B MR RO (s | | € L |
JIKC B e A LA R T
[ SHE 0 3ot 24 5 2 0 0 O T SR A 4
14 45 90 W L0 3 2 B R A W, ¥ 2 D@@
F G0 LA 10 106 U ke X [ 8 490 4% 2 T T y
S BRI . IR B 4 R % B MITI
{8828 7R 7 1y MTT-2100 (56 2F 3 # A e, [ BBIORR |
TR0 AT ) 5 £F 0 B 14 18 28 X 4R 3 & 46 HEAT A 1
S A5 ) B 0 ) B 3o O 0 4 3 i —
R 0997 20 AR IR 0 30 0 I8 W 08 - 24
L2 HEEE [ —be 5
WAEH TCA 8K A 4 HAb 2= i3 & . 5. 8AL
4.2V, 0.12Fe, 0. 03N, 0.02C, 0. 005H, 0.150 }& WO RS At e
YR Ti, G0l 2 s TCA WAHEL A 40y B i
21, AL BUR: th 50 % IIRIZE o MR 50% 1Y o+ LR OT e A
B IR S5 4 AL M LI L SR FH OG22 B BB COMD XF Fig. 1 Ultrasonic fatigue system
324pm X 440pm XIRHEAT I AF 20 A o AHRFY AN 18, 64pm, 2 1 iR i H TC4 8k & 4
92 P e

[aD] [DaATl]
A

R

B2 Tr6AAV G4 M RAHBIMH R (ap FIE « M5 oo+ B JZIRE D
Fig. 2 Microstructure of the bimodal Ti-6Al-4V alloy(a, : primary a grain; o, +§:lamellar structure)
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Tab. 2  Ultra-high cycle fatigue results of TC4 alloy

%5 N 71/ MPa TEH R ) %' N 77/ MPa TEH
1 330 8. 00X 10" 25 390 8.20X10°
2 330 3.00X 107 26 390 9.67Xx10°
3 330 1. 07 X 10° 27 390 1. 92X 107
4 330 1. 20X 10 28 390 8. 00X 107
5 330 1. 40X 10° 29 390 1.14X10°
6 330 2.50X10" 30 390 2.39X10°
7 340 8. 20X 107 31 410 3.90X10°
8 340 9. 30X 107 32 410 1. 88X 10°
9 340 2.20X 108 33 410 8.00X10°
10 340 4.98X10° 34 410 3.00X 107
11 340 5.20X10° 35 410 6.91Xx107
12 340 1. 03X 10° 36 410 3.73X10°
13 350 7.89X107 37 425 6.90X10°
14 350 1. 50X 10° 38 425 8.95X10°
15 350 2.15X10° 39 425 4.06>10°
16 350 2.89%x10° 40 425 9.00x10°
17 350 3. 74X 10° 41 425 1.72X107
18 350 9.37X10° 42 425 1. 39X 10°
19 370 7.54X10° 43 440 5.00X10*
20 370 3.76X<10° 44 440 1.39% 10"
21 370 8. 00X 107 45 440 2.11X10°
22 370 1. 20X 10 46 440 7.00X10°
23 370 1. 92X 10 47 440 4.29X 107
24 370 6.07x10° 48 440 2.00X10*
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Fig.4 S— N curve of TC4 alloy Fig. 5 Fatigue specimen
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Fig. 6 Fatigue crack initiation arising on subsurface void
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Fig.7 Crack propagation region
W 6 () 7R, Part VX I8CA 9% 57 W7 11 W7 IX, 32 9% 97 2 80P 8 F I AR J5 & 2B e ol 7 24 11 X
B, i 6Ca) (o) PR, BB X W RDHLRS . & 8 R 434 H - S U (SEMD R, TC4 KA 4 il 44 W 1
Ik URIT DX 10 2 5 el o Rl e T DAL 5 A X R R T IX ) AR AE IR X R o7 S L R B AR S
KR FRYT RN B DX 38, FL IR /IN i 2807 10 /I W Ak i) 4 5 (U 49900 ) 5 28 A 1) O e e



278 ;K (2018 4F) 45 33 %4

&8 T IX (2000 £
Fig.8 Fatigue fracture area (2000 times)

WE 9 BrR 6 FF BUEE (SEMD Kot 8 05 (OMD T, TC4 8K & & il 14 Ik 3 1 2 8UUE 19
518 . FEE 9 Ca) (b) BRI BT Hi W8 5 1) 5 IR 2% 80 2 SR Ak 1y DY S % i, [ B B A T X222 96 4 R A
2, R XA KRS 1 0L DR T X, AL 9 (D TR 3 6 3K A XS 1 47 BB 33 0 T, 45 SR an 181 10 () (b) 2
F 3R, 1S E, B mA A 2 507 BHURE AL AL P& ERE. T S ERE .V & B AR
WLEER e AP i B . TR AR TC4 BRE 4 2 T 00 i ¥ iy, LT B A FL I 55 Bl B PR 4 B, 3% TC4
BG4 W W R T 9 S S0 7= 2 2 o L AOUR 4 20 b A LR L) I R 35 50 B R DR 4 B A T LY
X5 CERL21 ) 45 Y Ti-6 A4V i my JEl R S0 Ry A b fige UL %2 1717 Al 9 38 e e W B S5 1R AR AT

~ T

(c) 200015SEM (d) W 343 br

P9 W RS

Fig. 9 Subsurface crack initiation



52 W BRIZAE . TC4 kA 4 1= J8 9% 55 R Be if 5% 279
600 - Ti 1600 A Ti
500 4
400 1000 A
300
200 - Ti 6001 Al Ti
| vV Ti \Y
100 Al Ti v Ii
01 2 3 456 7 89 01 2 3 45 6 7 8 910
keV keV
(a) 5 (o ¥ B4y (b) @) ¥ R4
Bl 10 TC4 A& R aIR e /4T
Fig. 10 Energy spectrum analysis at crack initiation of TC4
4 g

AR ORI T R AR % 97 IR R F AR IR & 9 20k Hz #7597 95 300 R 40 . 76 = T 58 AL T X FR 38 Ao
YERIE TC4 BRG 4 0l g A 55 056 o0 A 1 3 T W 5 a1 W7 11 L 4531 TCA BRe 4 HO 55 e e«

(

D AER ST R=—1F . TC4 BRA & S5 IE3 R T 107 J U AR AF AT 25 % A2 0 55 Wi 28, BLIR 97 9

JEE 2 FEL O B R A M8 I TG T I S AN A7 A T A A 9 5 A BR

(2) TCA BRA5 W 11 52 B A0 R I B 5 2 55 W 1A A9 R J52 1 -5 92 5 106 DX IR 8 14y 48 DR i /) 5 24
TE o I 8 T AR BRI P B A BB R AR TE

(3) 1% TCA BRG G UK B 57 RLEC )™ A 2t HROULZE 21 i 50 AR 50 1) A 349 2 S50 i P9 0 1) 2

Foati 2
S % Uk
L1] Bg&EpE, XRER, BHER, % SRS SRS (M. Jtat: BB Tl #iii#:, 2001 (TAO Chunhu,

(2]

L3]

(4]

L5]

L6]

[8]

L9]

(10]
[11]

LIU Qingquan, CAO Chunxiao. et al. Failure and prevention of aeronautical titanium alloy[ M ]. Beijing: National
Defense Industry Press, 2001 (in Chinese))

Wi, FERE P o FEIGHB M EILBEMEID] W%, 5% T B K%, 2006 (XIE Feng. An
aeroenginelabyrinth disc of 9 grade fault rupture mechanism[D]. Xi'an: Air Force Engineering University, 2006
(in Chinese))

Department of Defense Handbook. Engine Structural Integrity Program (ENSIP) [ S]. MIL-HDBH-1783.
Department of Defense USA, 1997.

A, XN, BEAE. TCL7 SRk & A S iR sh e o5 I [T, iz sh 1% 4R, 2012, 27(3):617—622
(LI Quantong, LIU Qingchuan, SHEN Jingsheng. Experiment on ultra-high cycle bending vibration fatigue of
titanium alloy TC17[J]. Journal of Aerospace Power, 2012, 27(3): 617—622 (in Chinese))

Bathias C. There is no infinite fatigue life in metallic materials[J]. Fatigue and Fracture of Engineering Materials
and Structures, 1999, 22:559—565.

Cremer M, Zimmermann M, Christ H J. High-frequency cyclic testing of welded aluminium alloy joints in the
region of very high cycle fatigue (VHCF)[]J]. International Journal of Fatigue, 2013, 57:120—130.

Phung N L, Favier V, Ranc N, et al. Very high cycle fatigue of copper: Evolution, morphology and locations of
surface slip markings[J]. International Journal of Fatigue, 2014, 63:68—77.

Marines I. Bin X, Bathias C. An understanding of very high cycle fatigue of metals[J]. International Journal of
Fatigue, 2003, 25(9-11):1101—1107.

Stanzl-Tschegg S. Very high cycle fatigue measuring techniques[ J]. International Journal of Fatigue, 2014, 60:2
—17.

Bathias C, Paris P C. Giga-cycle fatigue in mechanical practicel M]. New York: Marcel Dekker, 2005.

EVERE. AN E S LA T, KA, 2002, 34(3):6—11 (WANG Qingyuan. Accelerated fatigue
testing by ultrasonic loading[J]. Journal of Sichuan University, 2002,34(3): 6—11 (in Chinese))



280 D N (2018 4F) 45 33 &

[12] Takeuchi E, Furuya Y, Nagashima N, et al. The effect of frequency on the giga-cycle fatigue properties of a Ti-
6Al-4V alloy[J]. Fatigue & Fracture of Engineering Materials & Structures, 2008, 31:599—605.

[13] Liu X, Sun C, Hong Y. Effects of stress ratio on high-cycle and very-high-cycle fatigue behavior of a Ti-6Al-4V
alloy[J]. Materials Science & Engineering A, 2015, 622.228—235.

[14] H/NEE, T, FREY. & ABEBKREX Ti-6 ALV k& 4B R o7 e r ()], 76 g AH i Rt
R, 2007, 22:5—8 (CAO Xiaojian, WANG Qingyuan, CHEN Guoping, et al. Influence of subjection to
physiological saline solution on giga-cycle fatigue properties of TC4[J]. Journal of Southwest University of Science
and Technology, 2007, 22:5—8 (in Chinese))

[15] A, BUEE, SR, &SP RY M R R 5717 8 AR IE RS2 R K [T, & Jm 24, 2009, 45(7):769
—780 (HONG Youshi, ZHAO Aiguo, QIAN Guian. Essential characteristics and influential factors for very-
high-cycle fatigue behavior of metallic materials[J]. Acta Metallurgical Sinica, 2009, 45(7):769 — 780 (in
Chinese))

[16] Randall D. Analysis of methods for determining high cycle fatigue strength of a material with investigation of Ti-
6Al-4V giga-cycle fatigue behavior[ R]. USA, DTIC: ADA441887,2005.

[17] McEvilly A J, Nakamura T, Oguma H, et al. On the mechanism of very high cycle fatigue in Ti-6 Al-4V[]].
Scripta Materialia, 2008, 59(11):1207—1209.

[18] Murakami Y, Nomoto T, Ueda T. et al. On the mechanism of fatigue failure in the superlong life regime ( N>>10"
cycles). Part I: influence of hydrogen trapped by inclusions[]]. Fatigue and Fracture of Engineering Materials and
Structures, 2000, 23:893—902.

[19] Kuroshima Y, Ikeda T, Harada M, et al. Subsurface crack growth behavior on high cycle fatigue of high strength
steel[J]. Transactions of the Japan Society of Mechanical Engineers Part A, 1998, 64(626) :2536—2541.

[20] 4. XITFNI. HSA. TCL7 Ba G o 25 i 3R g 57088 (1], =S 3 T34 4. 2012, 27(3):617—622
(LI Quantong, LIU Qingchuan, SHEN Jingsheng. Experiment on ultra-high cycle bending vibration fatigue of
titanium alloy TC17[J]. Journal of Aerospace Power, 2012, 27(3):617—622 (in Chinese))

[21] Yoshiyuki F, Furuya Y, EtsuoT. Giga-cycle fatigue properties of Ti-6Al-4V alloy under tensile mean stress[]J].
Materials Science & Engineering A, 2014, 598.135— 140.

On the ultra-high cycle fatigue behavior of titanium alloy TC4

CHEN Jiao', CHENG Li'**, JIAO Sheng-bo', LU Kai-ju'

(1. Aeronautics and Astronautics Engineering College, Air Force Engineering University, Xi'an 7100382, China;

2. Advanced Aero Engine Collaborative Innovation Center, Beijing 100191, China)

Abstract: Applying a 20kHz ultrasonic fatigue tension and compression experimental system developed
based on piezoelectric ultrasonic fatigue technology, an ultra-high cycle fatigue experiment was carried
out for titanium alloy TC4 under condition of symmetrical loading and at room temperature, and
specimen's fracture surface due to subsurface fracture was analyzed. Results show that when fatigue
cycle is more than 107, fatigue fracture still occurs, and fatigue strength decreases with the increase of
cycle number, there is not obvious fatigue limit of specimen. The morphology of TC4 titanium alloy
fracture surface presents “fish-like” shape. Inclusions in crack source area is not observed by energy
spectrum analysis. The roughness of fracture surface decreases with the increase of distance to fatigue
source area, and crack propagation rate is faster in the later stage and is accompanied by a small
amount of plastic deformation. The fatigue cracks on subsurface of TC4 titanium alloy are caused by
the microstructures inhomogeneity or slip bands inside the grains.

Keywords: Titanium alloy TC4; ultra-high cycle fatigue; subsurface crack saurce; fracture morpholo-

gy



