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Quantitative Characterization to High-Cycle Fatigue Performance Based on Material

Microstructure and Its Key Technology

WANG Haidong, TAN Xiaoming, WANG De
(Qing Branch, Naval Aeronautical Engineering University, Qingdao 266041, China)

[ABSTRACT] Long operational life and high reliability has been the main object of aircraft structure design, fatigue frac-
ture is a serious threat to aircraft structural integrity. The existing status is discussed, as in the research field of the effect of
material microstructure on high-cycle fatigue fracture mechanism and quantitative characterization. Several key technical
problems are reviewed, such as the effect of material microstructure to multi fatigue crack initiation mechanism and quanti-
tative characterization, the confidence interval and distribution rule of critical size from small to long crack behavior, multi-
scale fatigue crack growth behavior. The key technical problem in this research field is obtained.

Keywords: High cycle fatigue; Microstructure; Fatigue crack initiation mechanism; Multiscale; Fatigue crack growth driv-

ing force
DOI:10.16080/j.issn1671-833x.2016.1/2.106

DR CBLAE (P 725 i 00 A 9 2 4, R g i i T
FEVEC W LA BT A 322 H AR, R, S AL
LERA B S ARt S5 R GBI B DR 5C, 2 b
PSR I 55 B 2R CHLAS I A BB RAE 2 —,
I 982 53 SR ASON A A2 ) 14 56 B A ™

TEAG IR EATVE T B4R 57 28— M e AR 33 sk
AR, BRSOk e LA RS AR
T I EAR R 3 RS AL . AR A SRS A
HLEANTR) 1, o s EE 61 5 42 A2 AW RUBE SRS R P S0
B 2280 A W REAE Y, AR BT 45 iR i 240
SRy T BB N A 5 22 BB AR AT O ELARAT R

[l — A RL 8 55 2 KPS [R] SRS AT A
[] 5770, b A 55 B 2 RO TR AT AR, I 5 75
fim EEHAR e/ NREY I Br. fERPRHES RO
AR /N R T RE S B S AT AN / U5

106 BizEhEEA - 2016 4558 1/2 1]

BRAFEAT O RFIE, 20 9 B N IR A K ARTR I, 2
SURYY R AR i TR, BT LR GE i 5 TR
JR AT DAL 25 K T iy obg 3 B RR FO A5, AT
TSR X/ NRET R A FIAILA] , 28 B 1E SR
JRAKEN IR RSB IR T T 3K X 55 77 iy Tl
I I S AR A AR T RO Y B —E
FEPEIS , 3B A2 RS F BRI, X T2 WLRUBE R SR
T E R BRI S /N T I AR 52, 7 AT ks TR
o UL, AN RUEE 580, T EAILERIG T D AN, SRt
P SISl 1) S BT IZAR A ) R RSy AL L
FIHSE o

1 EAMRRIR
FARMBUAS F X9 57 280 A2 R/ INRBL & 1 52 1)
AR B, 4578 TR R PR 55 B P LR S Ak



RESEARCH ﬁjt%Ei

B, X HER I RLE 55 F5 i HAA R 2 L,
B R CHLES R TR / 2 75 25 BLE LAY, iR &
B RAT L R OR SRR Ak, ENA 5 A
SR MR 57 RS AN S5 YR T O TE T oK
W5, HETX 7 T8 O A S 5 RS 5 ) 22
— BB AT 3 ATy A,
1.1 MRSt & RaEa £ rERLE

TCHLAEH 9 55 T SRR 22 RUBEIRI R, A4 RAIL
5 (m ) 9% 57 BEFRA , AN L mm ) >R ES
P Cum ) o 15X 7 LR 11 1 4 v 5598 57 4 00 A= O
BLFR Y 5 ROBE R R, 28 3 Al ik, (1) B o
B ARy Sk BRI T 59 8 (weakest link ) B
VSR8 57 B 11 R B0 5 2) P 95 B ok 7 X ik 1,
S BRI IR T SR R 1 O VR IR AN R S B
TR X% 55 S0 AR W VE AL, (3) BE T 40 7
2205 R J775 , Bertolino! ' A1 349 5 (1) 41 IR ihr
HON B 72 4 ST SR rp 2l 37 5 RUBE A BROCAR AL ; LUOM™
iz HAEEFE RIS Ny 1 (R JR 9% 57 2480 RO 9% 55 i
PVPAL R, (EJE X LU g0 R 4 7 9ok, i DLk A T
TRERH 5 Glaessgen'™ 12 FH 4318l J1 2K O F iR A
ARLEAGRE A FLT P R X AR AY CZM ( Cohesive Zone
Model ) #3758 — 41 — 2200 ROBEERERY [P, SCHik [14)
B RSERON 25 AT T Tolk 2l AR B ARG A B 1A T
R 5 SCHR [15] 2087 T 8555 A PRk RUBE SRR fe g 5
PESI2AT S, STk [16] 45 CZM 7 A 2D 2204 R oA
TR T 2A12 8 A A AW HE D125 TR AT T e 2
XU 3 5 H s

TR 187 g A v 5 9 55 S0 A O LB A ]
BN, S22 WL 8 v DX 3 i AR 4 4 5 | 72 ) FUE
N BT R EUT A R R AR R AR, DT A A SO 55
L0, HEX SR IR LR 7% JEAN RS0 (A
BT ) RSE TR AN URE ] 8 R 25 A %o S S 2 e v A
Y SEI , QLA BB 50 8 75 RS0 A I oA LB

RS S HA Z RGO RHE, 20
RIS & T X — P4, A Harlow™ JEA WLEE T 7075-
T651 faAr it ZHE W A, Emery"” Fl Payne!™
KK 7075-T651 5155 4 2 S0 A= TAE BT —AHKL T,
SCHR [19-20] ZEBA ST AR A3 BT 7075 3564
FILEh (AR, R 50 U B T 23R8 A F i, (R
AW 22 80 A LR N A BTG b AR
TEG B R 2 2480 A AT MLy T A5
1.2 INRGFET ARKALWIGET R STHEFERIR

TEEAEATVEITT N a e, 152 K e,
FEY ML S s 3 A5 5 /N B0 5 K R a0 22 5
ART, M ELRE T R 57 /N B e B Be o S A i ok

BT PRI, /N AR S KRS I SRS B e
FOIAECE B, Cappelli™! i B BB T
R B 57 L RSO R8O AT R HE R
25 i BAR ARG B RSE 5 Emery ™D R /INREEL S KL
(I SRR A — A 52 B 0.381mm; MeDowell™
I Xue™ > PN /NS KRS0 B IE AR
10 FEROREEH RSE , H TR RS A8 ST R —F , AN R
ETABEA R RSO A AT R AR FHALEA ], BRE [) 25 6k
SR RS A2 — N8, R AN RETESE A 1l R
SHRE N 10 RO ZE A RS, B e ] P AR 4 22 5
Bl B/ N RS K ALBUW I AT A I E 2553 A
IFEHLEL
1.3 BRAEFRUZRETRITANEERA

T A 95 HBUAA 22 REEY AR, AN ] RUBEREL
PRRHLHELARE B2, XTI BN R E S
PN TR 45° BRI 1Y R, A I+ B G
RGP NGRS R A N L
11 R HA%Z B A VR R, 520 F 3R A A5G s
FZ RSE TR K oA ™ A s R rh AR A —
AR R I E LY R, AT R BT A4 XA B
P 22 i AL Y BRI R AR, I R A 1) 3
FEAR . SERRZINE A 3 FhEoRRAE, (1S,
Sih (## 5 H1) Al Tang (R HA) P g5y T 2480k 04
N FJ AT S S AN 150 R 2 RUBE 55 BB 3 B R i
KR, a3 1 2 REEREG i ny A5 2 i (2)
X LRI I X AT IE , Newman 258 A 577 I 28
SRR 2R T IS R S S AL ( plasticity—
induced crack—closure model ), Shyamm] ¥ BCS ( Bilby-
Cottrell-Swinden ) 25 A B IE T /NRLL R I EAVEIX
R, AR IR XABIE 7 I EANRE % IS Ha X/ N3RS
P REAT I ROVE AL (3 ) 15 B AL 53 ) i i A FR
JCA BT AR AT RS ui 9 i IR 8 3o~ 2 40 A X%
JETAEEA AIRE I, STHR [39] 6T 07 s T iR A K
S5Ra Rk B E{E A CTOD ( Crack Tip Opening
Displacement ) HZME I R MRS , HEN7 T Hiid/ N
JEAT M I 2B RY SRR [6~7] 1% AN [a) RUBE ()9 55 24
Gradt sy SRR IR T4 AT R (R BAT % TR S T
NG PR AR, PR, AU RUBE /N S A7
RS F B SE e, AR T/ NREURST , 2804 R
10 FL e R, SEE AN i85 FE e 5 T 2R 3 2 1)/ N L R 7
FEAZA, AN 75 FE R TR A K ANBESE 4 A ROT
WHOR R/ NRE A1 ™, PR R R,
A Ty ) KRB S RN Oy In S L O 1 RVRE i
Jie A LU ARG E , 2804 Ry /N L i, 36 e s
W24y 2 B9 A6 208 7 5t B DR i@ i m] LAAE A R a8y

2016 4R35 172 W] - piEE&E A 107



él’*iey RESEARCH

JERYIKEN T

2 XBRAMRE

i i AR G AT E N SIS AR, 2 2 A A
UNTR 3 AT TG A TR Ay AR figp

(1) BV T 1Y 22 4800 A R 1 55 bR A A8
WIHASG, FEE AR X 2 280 LR AT N 52 5
e

FRTAT R R S8 G — ik : DR A 4
FARE AT A TOUATL B 5 Ok 11 17 ) 4 r A 25 RLUJBE
VERIBLH A TR 5 ey JR 8 57 22 24 80RH R ATy S A
VEHIBL 55 BERAR IR, %) T g SRl 57 , B 4544 44
BHEZ WU AR T HEARES (2 i AR A B AN
7] 24 530 (AR I 5 B8 5 ) L RS R AR AU B 1) ) Bl 254
Z A AR ELAE T, 77 A oW,y B v T 22 A JR) R 2
PRI , T A2 22 4000 55 80, DAL A IR RR N 1% 458
— i, ANRERIZOT R o

(2) /N AR I RSB AIL , LA 9 251 B X
REiLES & puys

INREUEG AR IR B i SRS SRR K,
AN RE AR, B LA DX I B A RUEESR R A, H i
AR 55 /NS KRB G B E (L
ey 3 R 9 B A DX A A LR A5 7 T i R DA i
X IE S RALEE R 55 5 A7 1 BB , B 4 E 77
SEIRIHERITE

(3)F T BRHLE AL = AR 07 RO REY J A7
7, HR BRI oy SR 57 B 2 R e i < 5 e 3

FURIT, [ A AMITE 28 B A o A o SR e 57 2
FUEY AT A BB AE AN, — 5 I8
INBRETHY 11 28 BRI FARFAIE 5 — R R X i A
55 BLLUAN R RUBE )™ J AL, RSB ) BTG 1) OC
oA SR BRI G — i BT R R T s
Xt AT AT RE A

& % x o

[1] CHAN K S. Roles of microstructure in fatigue crack initiation[J].
International Journal of Fatigue, 2010, 32(9):1428-1447.

[2] PANCHAL J H, KALIDINDI S R, MCDOWELL D L. Key
computational modeling issues in integrated computational materials
engineering|J]. Computer—Aided Design, 2013.,45(1): 4-25.

[3] MALEKJANI S, HODGSON P D, STANFORDA N E, et al.
The role of shear banding on the fatigue ductility of ultrafine-grained
aluminium[]J]. Seripta Materialia, 2013, 68(5): 269-272.

[4] HARLOW D G, NARDIELLO J, PAYNE J. The effect of
constituent particles in aluminum alloys on fatigue damage evolution:
Statistical observations[J]. International Journal of Fatigue, 2010,32(3):
505-511.

108 BisEiiE A - 2016 4558 1/2 1)

[5] PRZYBYLA C P, MUSINSKI W D, CASTELLUCCIO G M, et
al. Microstructure-sensitive HCF and VHCF simulations[J]. International
Journal of Fatigue, 2013(57):9-27.

[6] MCDOWELL D L, DUNNE F P E. Microstructure-sensitive
computational modeling of fatigue crack formation[J]. International Journal
of Fatigue, 2010, 32(9):1521-1542.

[71 PRZYBYLA C, PRASANNAVENKATESAN R, SALAJEGHEH
N, et al. Microstructure—sensitive modeling of high cycle fatigue[J].
International Journal of Fatigue, 2010,32(3): 512-525.

[8] WEIXING Y, KAIQUAN X, YI G. On the fague notch factor
Kf]J]. International Journal of Fatigue, 1995,17(4): 245-251.

[9] KARLEN K, OLSSON M, AHMADI H, et al. On the effect
of random defects on the fatigue notch factor at different stress ratios[J].
International Journal of Fatigue, 2012, 41(1):179-187.

[10] OWOLABIA G M, SHIA L, WHITWORTHA H A. A
micromechanics-based fatigue damage process zone[J]. Procedia
Engineering, 2011,10:496-505.

[11] BERTOLINO G, CONSTANTINESCU A, FERJANI M, et al.
A multiscale approach of fatigue and shakedown for notched structures|J].
Theoretical and Applied Fracture Mechanics, 2007, 48:140-151.

[12] LUO Chuntao, CHATTOPADHYAY A. Prediction of fatigue
crack initial stage based on a multiscale damage criterion[J]. International
Journal of Fatigue, 2011, 33: 403-413.

[13] GLAESSGEN E H, PHILLIPS D R, YAMAKOV V, et al.
Multiscale modeling for the analysis of grain-scale fracture within aluminum
microstructures[C]. Virginia: American Institute of Aeronoulics and
Astronautics, 2005.

[14] ZREE BIOAK % 585 . ZaiRp i rknis RE;
FCPFE (1] DUBR T R22F4 , 2011.47(10):43-51.

LI Junchen, LI Xudong, SHENG Jie, et al. Trans-scale simulation of
polyerystalline material components|J]. Journal of Mechanical Engineering,
2011, 47(10):43-51.

[15] ki, skoese , SRkl . IR0 B9 246 B IR I8 1k
SIHT (). [ )22 4 2012,33(3):233-240.

ZHANG Jing, ZHANG Keshi, XU Lingbo. Analysis of cyclic plasticity
using a polycrystalline model taking account of size effectp[J]. Chinese
Journal of Solid Mechanics, 2012,33(3):233-240.

[16] Fot2F . FETROMEHRY 2412 454 45 )R Wr 24 pLEE A
BESFYERERIE [D] M6 « W72 TR L 2012.

BIAN Guixue. Research on fatigue life and trans-scale fracture
mechanism of 2A12 aluminum alloy based on microstructure[D]. Yantai:
Naval Aeronautical Engineering University, 2012.

[17] EMERY J M, HOCHHALTER J D, WAWRZYNEK P A, et
al. DDSim: A hierarchical, probabilistic, multiscale damage and durability
simulation system-Part I: Methodology and level I[J]. Engineering Fracture
Mechanics, 2009, 76:1500-1530.

[18] PAYNE J, WELSH G, CHRIST R ], et al. Observations of
fatigue crack initiation in 7075-T651[J]. International Journal of Fatigue,
2010, 32: 247-255.

[19] HOCHHALTER J D, LITTLEWOOD D J, VEILLEUX M G,
et al. A geometric approach to modeling microstructurally small fatigue
crack formation: Development of a semi-empirical model for nucleation [J].
Modelling Simul. Mater. Sci. Eng, 2011, 19(3):035008.

[20] XINYUE H, BRUCKNER FOIT A, BESEL M, et al. Simplified



RESEARCH #*%Ei

three-dimensional model for fatigue crack initiation[J]. Engineering Fracture
Mechanics, 2007,74:2981-2991.

[21] CAPPELLI M D, CARLSON R L, KARDOMATEAS G A. The
transition between small and long fatigue crack behavior and its relation to
microstructure[J]. International Journal of Fatigue, 2008, 30:1473-1478.

[22] EMERY J M, HOCHHALTER J D, WAWRZYNEK P A,
G HEBER, A R INGRAFFEA. DDSim:A hierarchical, probabilistic,
multiscale damage and durability simulation system—Part I: Methodology
and Level I[J]. Engineering Fracture Mechanics, 2009,76:1500-1530.

[23] MCDOWELL D L. Simulation—-based strategies for
microstructure—sensitive fatigue modeling[J]. Materials Science and
Engineering A, 2007, 468-470: 4-14.

[24] MCDOWELL D L. A perspective on trends in multiscale
plasticity[J]. International Journal of Fatigue , 2010, 26:1280-1309.

[25] XUE Y, MCDOWELL D L, HORSTEMEYER M F.
Microstructure—based multistage fatigue modeling of aluminum alloy
7075-T651[J]. Engineering Fracture Mechanics, 2007, 74:2810-2823.

[26] XUE Y, KADIRI H El, HORSTEMEYER M F, et al.
Micromechanisms of multistage fatigue crack growth in a high—strength
aluminum alloy[J]. Acta Materialia, 2007,55:1975-1984.

[27] BB, SKPHGE | PRERE . SETRORS5HEY 2B06 4545 44
FFATERASL [1]. %S 244t ,2012,33(8):1434-1439.

TAN Xiaoming, ZHANG Danfeng, CHEN Yueliang. Probabilistic
simulation approach for holistic life of aluminum alloy 2B06 based on
material microstructure[J]. Acta Aeronautica et Astronautica Sinica, 2012,
33(8):1434-1439.

[28] TAN Xiaoming, LI Xudong, CHEN Yueliang. Study on
probability prediction to holistic life based on fracture theory[J]. Journal of
Materials Science (accepted),2012,512-515:2011-2014.

[29] KUNKLER B, DUBER O, KOSTER P, et al. Modelling of
short crack propagation—Transition from stage 1 to stage II[J]. Engineering
Fracture Mechanics, 2008, 75:715-725.

[30] LADOS D A, APELIAN D, JONES P E. Microstructural
mechanisms controlling fatigue crack growth in Al-Si-Mg cast alloys[J].
Materials Science and Engineering A, 2007, 468-470:237-245.

[31] ZHAIT, JIANG X P, LI J X, et al. The grain boundary geometry
for optimum resistance to growth of short crack in high strength Al-alloys|[J].
International Journal of Fatigue, 2005, 27:1201-1209.

[32] BRI, ASFHE , 280% , 45 . 2197(A1-Li)-T851 & 4= M55
ZALCH AT RAT ST [J]. W & @ AR S TR 2011,40(11):1926-
1930.

CHEN Yuanyuan, ZHENG Ziqgiao, CAl Biao, et al. Initiation and
propagation behavior of faigue cracks in 2197(Al-Li)-T851 alloy[J]. Rare
metal materials and engineering, 2011, 40(11):1926-1930.

[33] SIH G C, TANG X S. Simultaneous occurrence of double micro/
macro stress singularities for multiscale crack model[J]. Theoretical and
Applied Fracture Mechanies, 2006, 46:87-104.

[34] SIH G C, TANG X S. Simultaneity of multiscaling for macro—
meso—micro damage model represented by strong singularitiesp[J].
Theoretical and Applied Fracture Mechanics, 2004, 42:199-225.

[35] NEWMAN J C, ABBOTT W. Fatigue-life calculations on
pristine and corroded open—hole specimens using small-crack theory[J].
International Journal of Fatigue, 2009, 31:1246-1253.

[36] LUGO M, DANIEWICZ S R, NEWMAN J C. A mechanics

based study of crack closure measurement techniques under constant
amplitude loading[J]. International Journal of Fatigue, 2011, 33:186-193.

[37] NEWMAN J C, ANNIGERI B S. Fatigue-life prediction
method based on small-Crack theory in an engine material[J]. Journal of
Engineering for Gas Turbines and Power, 2012, 34:1-8.

[38] SHYAM A, ALLISON J E, JONES J W. A small fatigue crack
growth relationship and its application to cast aluminum[J]. Acta Materialia,
2005, 53:1499-1509.

[39] XUE Y. Modeling fatigue small-crack growth with
confidence—A multistage approach[J]. International Journal of Fatigue,
2010, 32:1210-1219.

[40] FEIAR MW YD . SEIEBE G A M RO IR ML 5L
R A5 R [J]. HUR TARBEEL 2006,30(2):1-5.

WANG Xishu, TANG Bin, TAO Sha. In-situ observation technology
and application of fatigue crack initiation and propagation for cast

magnesium alloys[J]. Materials for Mechanical Engineering, 2006, 30(2):1-5.

(Bt FF)

(k3% 105 )

F LRGN A A A B RS L B R . i
BN BETHTR AR ), i R U ERE] G (X) e

PUAGE QAR AR 2 i LT FO S e 8
15U, 5 L RATPERE TS EA T Sk, 0 TRL L i dlE
PEFT R LUK B S A A VEE . e o el Sk ] g o
TOHLTT SRR R A AR A B

3 H&RiE

T SBLRHLRY FARBE R, LA LR S,
ARIEPRER, TE A BB e, 20 AN R B %
BLIEA TR AR, O 90 R LA R G Lt A T
Bl AR R A, A LRE S X AL AY B A A AR
i, FLi i 5 AT P RE TS A B A Rdl < e, ml
W 1 S IR T7 R A A5 U A SR A TS ]

2 % X #t

[1] BR80T, H 54 55 Rk L dEat: AL
Ak AL L 1999.

ZHAO S N, TONG J X, LU X C. Modern design method. Beijing:
Machinery Industry Press, 1999.

[2]  ERHEERS . AMEDS . RATARSEHEBOHHOR | dbst: FR Tl
fikt: | 2008.

ANG H S, YU X Q. Advanced design technology of aircraft. Beijing:
National Defence Industry Press, 2008.

(3] SKWIAE . ©ATEHIR S . dbat: s Toll b ek L 1994.

ZHANG M L. Flight control system. Beijing: Aviation Industry Press,
1994.

[4] SCAEUE . BARRATRER] . JUEt AUEAAS MR R AR
2004.

WEN C Y. Modern flight control. Beijing: Beijing University of

Aeronautics and Astronautics Press, 2004.
(Vi &)
2016 4558 172 9] - i EEEA 109



