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Testing method and failure characters of
very high cycle fatigue of metal materials
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Abstract: The very high cycle fatigue (VHCF) regime is defined as where the cyclic of structural component is greater
than 1X 107 load applications, which thoroughly breaks the traditional concept of infinite life. The fatigue behaviors in
the VHCF range is becoming a hot subject in the research field. The research achievements on the VHCF in the past
decades were reviewed. The development and application of ultrasonic fatigue testing were summarized. The typical
characteristics of S—N curves and the basic understandings of cracking initiation and propagation were analyzed. The

influential factors for VHCF mainly including load frequencies, microstructure and hydrogen contents were discussed. In

addition, some possible and prospective topics of future researches were proposed.
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Fig. 4 Diagrammatic drawing of point defect deposition mechanism!'”: (a) Initial state; (b) Concentration distribution of point

defects and change of atomic binding force after certain fatigue circles; (c) After fatigue crack propagation of Aa



3250 PR R AR

20154 12 A

32 MRBREMBERKR G T AR

v A 7 W AR (R BRSO AN AR AR T i 7 1
FLEEUA AR N e, D, MPRERIRIRES AT
PR GRS R 5547 N A B AR KRE L IR 0

TR R T PR AT JSE S ke A I 77 2 S IR R T
SIS EERR, 1R AR B 5 VE AT LA R GE
RN 3 APRES, ARG . AP 5]
ANFRAR IV g n] ARG R IR S A 59 e, B
(1 TR S8 S FRAR T R B f K 15, AR
THT VT 5 P98 7 SR A 73 i i) T S JEL R R R A 2
9 55 BEBCIR N ST AR A e O

W57 G0N FS A S AR v o 57 DL R R
JEBE, DRI, BRI ZH 23 FROW 45K o B e e 5747
PARNEEE SR Ai08- A1 IOy =Y vip SX 7 B IE SN R
AL T LA RE R Tk, — DT A] A e (v
TR IR RN, BRI 55 R EUt - et e 53—
3 T EIALEAT 98 57 20T R 1A Wi I 5 JEE DA i
%, AEMH RS IARHIY, A7 AE B ALK 40 A6 R v
1. ZHAO ZECSIRE 5T 1 AN [ 440 A0 B UL FSE o 2ol 7 £
GCr15 i = ]9 57 R EUH LAY FE MM AL, Bl
PSCHER MR, IR R IR AT,
BHAF LS IS ) (K RE ) BE 2 FEAIR, AR A 0 7 4k
REth Bz s

33 SmER

MURAKAMI %R FIAR I HACEE T 20464 TR
[FIEAR PR, 4R RINE & R HEGY MR
PRI TLMENEAE X T KN R TESS s T 24584
P E—w R, YUy AT RZA MW,
SUBR TR AT, fEMIERE AR T “EUfEial 7,
AL, WSS R LIRS ODA KA1 s
RERIR S5 75 @), ZERREIAIRIE T, B F
F ODA HIK/INKIEH, 31X B i st 7R 4 8EdE N %
MMGP FEM B WY R A S 5. 2K
i A5 OO 1 R [ AR FE T 24 T 3 AR A S &
(R RS SRAN S0CrVa WREE, B A% 55 iR A LA
TR (KRR o IR 57 AT N AT ST, 4 AR WA AL B wxt
T s 0 5 B B AR (9 57 o 8 A o S i),
AR 0 — e UAERRAR, XEAPRHE SN fhkthAs
HERTAip- Al

SR, A7 SR IU 1 R I A AR A 8 PR S 8L A=
(R, (EHE 95 A5 dn e R, A = H 2
L EE X RO, s =, AT 45
WA E G, BE— D S S G P8 (VA A H
LA ODA X [H4 R A2 TN N 25

4 BEEXIBSEKEFITA

PR BARE H T CRESC bR 2 N (0 5 4 3 R
TR, BRI R AN AT G bt 25 BEA 5 RS 2 23R B AT
FRARIN T AETOTH, I SRR BER TR A TERC
KT RE 22 S AR R A B e R e

RIIFFORI: BEMAEHEATAE 1 X107 JEFRJE Ik
JEha R AR IR AAEARGRNIE TR, (HAR
BAFI 5 PEREW] AR T BEM s AR ERREAE AR A 85
DR AR S AL R A 7 WA, T e JA
F7 X2 R AARIREIGE R XAk . W RIESR IR P
FINBIZR S RGNS ISR I 7 T RE PRI
(¥ S R0 U SO B A i A
370 C MBI TEREREA T, RBLEMR MR TR
FEARAAEHEM BRI MufE 370 'Ch, KRR
FERI ARSm et POMARESL AR DL A 25T,
MR WIRERS I AL 2RI (R S L R TR AR T
T2 370 “C R 5T R A R A R 1 A R

5 FERIE

Bt TALBOAR MR E, AEIANTENUR, s0iis
. BEURBN I AEVEZ TRRGUE, R REEE A
THI i e AR R R A, ZESRRERE A2 iil 1X10°~
1X 10" JAR IR JIAEER, DL, [ g 4023 X b
bt i JEBE S AT M BRI H 284 T o e S 7
PRI BRI H R oE3%, AR IX SR AR U
NATRE. BRI HAEIT MBI SUIAS T -0 10 R
{EE I A e 2 T REUSRE 55 Dot 1l 2. LA H AT
WFFCBERAE kAt LU JLANJT i ks fs et —2
RARIE -

WP g R 55 RS i BN L S e R =%, W
B SO AR T 7 20 A S 2 (s e PERILARD o B
FURT AT B AL PP 1, HERA TREIN A28 19 57 2
R WS A AN A v A 73 A b B
(R ELA, HER S E RGN B Be. BT ST ef B
PARKERE B B A B 77 2 B AN FROGAR
U, TG PE 7 i DL KRG e A5 i B T 24 2K
CIORFEAS S Al i & givt2A 051k, Whodsdn i
DA HERf AR S

PR TRERIEA . mRe (R, g
S, AR RN U5 4 AR WK



F25EH 12

S5 BJRAIRLEE A B IR T i B R AR A

3251

by

N
FHh
P
X 4

& TREBOR EEOFETIREOR . IR EOR . I
» A TBOREEBER 5| N B 5 T 0 #4876 A 521
& P O R S PERE . RS HURI ST S T AN )
7 i 9 57 AT R R g i VP AR TR S
BTG M ) Tk Al R e BA R

REFERENCES

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

[9]

[10]

M F, BUW R, 6, H
7475-T7351 %C.Aﬁﬂﬁﬂﬁ 73 TERELI].
2015, 25(4): 890—899.

CHEN Jun, DUAN Yu-lu, PENG Xiao-yan, XIAO Dan, XU
Guo-fu, YIN Zhi-min. Fatigue performance of 7475-T7351

I, REE, FTER.
o A (0 <6 2 A,

/)

aluminum alloy plate[J]. The Chinese Journal of Nonferrous
Metals, 2015, 25(4): 890—899.

NAITO T, ASAMI K, KIKUCHI M. Fatigue behavior of
carburized steel with internal oxides and nonmartensitic
microstructure near the surface[J]. Metallurgical and Materials
Transactions A, 1984, 15(7): 1431-1436.

STANZL-TSCHEGG S E, MAYER H. Fatigue and fatigue crack
growth of aluminium alloys at very high numbers of cycles[J].
International Journal of Fatigue, 2001, 23(S): s231—s237.
BATHIAS C. Piezoelectric fatigue testing machines and
Journal 2006, 28:

devices[J]. International

1438—1445.

of Fatigue,

MAYER H. Ultrasonic torsion and tension compression fatigue
testing: Measuring principle and investigations on 2024-T351
Aluminum alloy[J]. International Journal of Fatigue, 2006, 28:
1446—-1455.

GEORGE T J, SEIDT J, SHEN M H H, NICHOLAS T, CROSS
C J. Development of a novel vibration based fatigue testing
methodology[J]. International Journal of Fatigue, 2004, 26:
477-486.

EO5h, WK 40Cr HEE SR 55 I E Ko 95 BT I 3T ]
o EBRIE R}, 2003, 24(6): 93-98.

WANG Hong, GAO Qing. Study on the gigacycle fatigue
behavior and fracture surface[J]. China Railway Science, 2003,
24(6): 93—98.

oAk, w PR R T HLE TORE U A IR AT T
[7]. PHREASIE A 2-244], 2001, 36(6): 595-598.

WANG Hong, GAO Qing. Analytical solution of the resonance
length for ultrasonic torsional fatigue samples[J]. Journal of
Southwest Jiaotong University, 2001, 36(6): 595—-598.
BELZIHT, B9 M, BATHIAS C. A 55 R ]
i, 2004, 25(4): 425-428.

XUE Hong-qian, TAO Hua, BATHIAS C. The design of

iR

specimen for fatigue test at ultrasonic frequency[J]. Acta
Aeronautica Et Astronautica Sinica, 2004, 25(4): 425—428.
A 40Cr. 50 TGN R R 5T IR BRI ST A T TR AL

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

BRII[D]. Beh: PURAZIE R, 2004,

WANG Hong. Study of fatigue behavior and mechanism of
fatigue failure in the ultra-high-cycle regime in 40 Cr steel and
50 axles steel[D]. Chengdu: Southwest Jiaotong University,
2004.

FEFE, £k, W PR lE
2255521, 2004, 26(6): 25-29.
YAN Gui-ling, WANG Hong, GAO Qing. Ultrasonic fatigue

R oI & VAE NP

testing and its applications[J]. Mechanics in Engineering, 2004,
26(6): 25-29.

ZEanil, XFN, B, B4, m W, Bk TL TC17 gk
et i A 7S MRS R I []. AU B IR, 2012, 27(3):
617-622.

LI Quan-tong, LIU Qing-chuan, SHEN Jing-sheng, CHENG Li,
GAO Chao, CHEN Wei. Experiment on ultra-high cycle bending
vibration fatigue of titanium alloy TC17[J]. Journal of Aerospace
Power, 2012, 27(3): 617-622.

oz, £ o5h, FBYEdE. BT ANSYS (R i 57 Ak
B BRI, DR 2% 254 CERRRL 22 ), 2010, 42(S2):
90-92.

DAI Jing-an, WANG Hong, TANG Wei-wei. Finite element
simulation based on ANSYS of the thin plate bending fatigue
specimen([J]. Journal of Sichuan University (Engineering Science
Edition), 2010, 42(S2): 90-92.

REYELE, T 5h. B S R VA MM AID]. o
ik, 2008, 30(6): 43—46.

TANG Wei-wei, WANG Hong. Method of ultrasonic bending
fatigue and applications[J]. Mechanics in Engineering, 2008,
30(6): 43—46.

EEEE, Eoah, mOR EASERNBCT s ERHNE KA
S PERERT L[], EBRIE R, 2004, 25(2): 78-81.

YAN Gui-ling, WANG Hong, GAO Qing. On ultra-long life
fatigue behavior of 50# axle steel under ultrasonic frequency[J].
China Railway Science, 2004, 25(2): 78—81.

SHIOZAWA K, LU L, ISHIHARA S. S—N curve characteristics
and sub-surface crack initiation behavior in ultra-long life fatigue
of a high Carbon-chromium bearing steel[J]. Fatigue & Fracture
of Engineering Materials & Structures, 2001, 24: 781-790.

F M6, & R, BEW, £ T AREINESE T GCrls
A R 9 AT N RO [D]. A R AL BE 224, 2008, 29(6):
53-57.

LI Wei, LI Qiang, LU Lian-tao, WANG Ping. Research on the
very high cycle fatigue behavior of GCrl5 steel in different load
frequency[J]. Transactions of Materials and Hear Treatment,
2008, 29(6): 53—-57.

LI Wei, SAKAI T, WAKITA M, MIMURA S. Effect of surface
finishing and loading condition on competing failure mode of
clean spring steel in very high cycle fatigue regime[J]. Materials
Science and Engineering A, 2012, 552: 301-309.

SHIOZAWA K, LU L. Very high-cycle fatigue behaviour of



3252

PR R AR

20154 12 A

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

shot-peened high-carbon-chromium bearing steel[J]. Fatigue &
Fracture of Engineering Materials & Structures, 2002, 25:
813-822.

Bl H, HAME, BMRIE, AL, RAKPE. 7449 Gae A
55 RGO AT A 0] A GG R iR, 2012, 22(10):
2734-2742.

ZHONG Shen, ZHENG Zi-qiao, ZHONG Li-ping, LI Hong-ping,
WU Qiu-ping. High-cycle fatigue and crack initiation behavior
of 7449 alloy[J]. The Chinese Journal of Nonferrous Metals,
2012, 22(10): 2734-2742.

WA, X, BT, IR, & &, Bk, B NI
Al-Mg-Si-Cu 5 I RCIR A5 57 3 Rt b W B4R AL 1R 5 0 3],
T [ (04 2R, 2013, 23(1): 35-43.

HUANG Chang-jun, LIU Chun-hui, CHEN Jiang-hua, FENG
Jia-ni, SANG Yi, LIAO Yuan-fei, CHEN Gang. Effect of
precipitation state on fatigue process and fracture characteristics
of Al-Mg-Si-Cu alloy[J]. The Chinese Journal of Nonferrous
Metals, 2013, 23(1): 35-43.

ZHONG Jing, ZHONG Shen, ZHENG Zi-qiao, ZHANG
Hai-feng, LUO Xian-fu. Fatigue crack initiation and early
propagation behavior of 2A97 Al-Li alloy[J]. Transactions of
Nonferrous Metals Society of China, 2014, 24(2): 303—309.
AKINIWA Y, STANZL-TSCHEGG S, MAYER H, WAKITA
M, TANAKA K. Fatigue strength of spring steel under axial and
torsional loading in the very high cycle regime[J]. International
Journal of Fatigue, 2008, 30: 2057—2063.

ZHAO A, XIE J, SUN C, LEI Z, HONG Y. Prediction of
threshold value for FGA formation[J]. Materials Science and
Engineering A, 2011, 528: 6872—6877.

MILLER K J, O’'DONNELL W J. The fatigue limit and its
elimination[J]. Fatigue & Fracture of Engineering Materials &
Structures, 1999, 22: 545-557.

MUGHRABI H. On the life-controlling microstructural fatigue
mechanisms in ductile metals and alloys in the gigacycle
regime[J]. Fatigue & Fracture of Engineering Materials &
Structures, 1999, 22: 633—641.

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

MURAKAMI Y, KODAMA S, KONUMA S. Quantitative
evaluation of effects of non-metallic inclusions on fatigue
strength of high strength steels (I )[J]. International Journal of
Fatigue, 1989, 11(5): 291-298.

M. W ST AIMI. dbnt: BRI AL, 2000.

CHU Wu-yang. Fracture and environment sensitive fracture[M].
Beijing: Science Press, 2000.

GUENNEC B, NAKAMURA Y, SAKAI T, UENO A,
NONAKA I. Reconfirmation and new discussions on frequency
effect of fatigue property of materials based on numerous
published data[J].

International Journal of Materials and

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Structural Integrity, 2014, 8(4): 221-242.

Bk, B, Bk, G RHE S R T AT b 1A
FAERISZMAAIZRT]. <8 544K, 2009, 45(7): 769-780.

HONG You-shi, ZHAO Ai-guo, QIAN Gui-an. Essential
characteristics and influential factors for very-high-cycle fatigue
behavior of metallic materials[J]. Acta Merallurgica Sinica, 2009,
45(7): 769-780.

HOLPER B, MAYER H, VASUDEVAN A K,
STANZL-TSCHEGG S E. Near threshold fatigue crack growth
at positive load ratio in aluminum alloys at low and ultrasonic
frequency: Influences of strain rate, slip behaviour and air
humidity[J]. International Journal of Fatigue, 2004, 26(1):
27-38.

GUENNEC B, UENO A, SAKAI T, TAKANASHI M,
TABASHI Y. Effect of the loading frequency on fatigue
properties of JIS S15C low carbon steel and some discussions
based on micro-plasticity behavior[J]. International Journal of
Fatigue, 2014, 66:29-38.

GUENNEC B, UENO A, SAKAI T, TAKANASHI M,
TABASHI Y. OTA M. Dislocation-based interpretation on the
effect of the loading frequency on the fatigue properties of JIS
S15C low carbon steel[J]. International Journal of Fatigue, 2015,
70: 328-341.

ZENG Rong-chang, HAN En-hou, KE Wei. A critical discussion
on influence of loading frequency on fatigue crack propagation
behavior for extruded Mg-Al-Zn alloys[J]. International Journal
of Fatigue, 2012, 36(1): 40—46.

JOHNSTON W G, GILMAN J J. Dislocation velocities,
dislocation densities, and plastic flow in lithium fluoride
crystals[J]. Journal of Applied Physics, 1959, 30(2): 129-144.
ZHANG Yang-yang, DUAN Zheng, SHI Hui-Ji. Comparison of
the very high cycle fatigue behaviors of INCONEL 718 with
different loading frequencies[J]. China Physics,
Mechanics and Astronomy, 2013, 56(3): 617-623.

ZHAO Ai-guo, XIE Ji-jia, SUN Cheng-qi, LEI Zheng-qiang,

Science

HONG You-shi. Effects of strength level and loading frequency
on very-high-cycle fatigue behavior for a bearing steel[J].
International Journal of Fatigue, 2012, 38: 46—56.

JROAE, RAE, 23, KR, B BIRE SR
SUNHT S JRAT AT P EA SRR, 2014, 24(12):
3031-3041.

ZHANG Zhong-jian, ZHAO Sheng-zhi, PENG Wen, ZHANG
Qian-xia, CHEN Ding. Behavior of fatigue crack initiation and
propagation of cemented carbides[J]. The Chinese Journal of
Nonferrous Metals, 2014, 24(12): 3031-3041.
STANZL-TSCHEGG 8. Fatigue crack growth and thresholds at
ultrasonic frequencies[J]. International Journal of Fatigue, 2006,
28(11): 1456—1464.

FURUYA Y, MATSUOKA S, ABE T, YAMAGUCHI , K.
Gigacycle fatigue properties for high-strength low-alloy steel at



F25EH 12

R, 55 B AARHE v JH 5 57 (K507 15 S R

3253

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

100 Hz, 600 Hz, and 20 kHz[J]. Scripta Materialia, 2002, 46(2):
157-162.

ZHANG Ji-wang, SONG Qing-peng, ZHANG Ning, LU
Lian-tao, ZHANG Min-tang, CUI Guo-dong. Very high cycle
fatigue property of high-strength austempered ductile iron at
conventional and ultrasonic frequency loading[J]. International
Journal of Fatigue, 2015, 70: 235-240.

YAN N, KAWAGOISHI N, MAEDA Y, CHEN Q. Effect of
loading frequency on fatigue properties of Ni-base super alloy
Inconel 718[J]. Structural Longevity, 2009, 2(3): 139-146.
PAPAKYRIACOU M, MAYER H, PYPEN C, PLENK H J,
STANZL-TSCHEGG 8. Influence of loading frequency on high
cycle fatigue properties of b.c.c and h.c.p metals[J]. Materials
Science and Engineering A, 2001, 308(1/2): 143—152.

CHEN Q, KAWAGOISHI N, WANG Q Y, YAN N, ONO T,
HASHIGUCHI G. Small crack behavior and fracture of
nickel-based superalloy under ultrasonic fatigue[J]. International

Journal of Fatigue, 2005, 27: 1227-1232.

TAKEUCHI E, FURUYA Y, NAGASHIMA N, MATSUOKA S.

The effect of frequency on the giga-cycle fatigue properties of a
Ti-6Al-4V alloy[J].
Material and Structures, 2008, 31(7): 599-605.

SCHMID S, HAHN M, ISSLER S, BACHER-HOECHST M,
FURUYA Y, MEHNER A, BOMAS H, ZOCH H W. Effect of

Fatigue and Fracture of Engineering

frequency and biofuel E85 on very high cycle fatigue behaviour
of the high strength steel X90CrMoV 18[J] International Journal
of Fatigue, 2014, 60: 90—100.

MAYER H, PAPAKYRIACOU M, PIPPAN R, STANZL-
TSCHEGG S. Influence of loading frequency on the high cycle
fatigue properties of AlZnMgCul.5 aluminium alloy[J].
Materials Science and Engineering A, 2001, 314: 48—54.
BOYCE J B L, RITCHIE R O. Effect of load ratio and

maximum stress intensity on the fatigue threshold in
Ti-6Al-4V[J]. Engineering Fracture Mechanics, 2001, 68:
129-147.

HUANG Z Y, WAGNER D, WANG Q Y, BATHIAS C. Effect
of carburizing treatment on the “fish eye” crack growth for a low
alloyed chromium steel in very high cycle fatigue[J]. Materials
Science and Engineering A, 2013, 559: 790-797.

SHIMAMURA Y, NARITA K, ISHII H, TOHGO K, FUJII T,
YAGASAKI T, HARADA M. Fatigue properties of carburized
alloy steel in very high cycle regime under torsional loading[J].
International Journal of Fatigue, 2014, 60: 57-62.

BENEDETTI M, FONTANARI V, BANDINI M, SAVIO E.
High- and very high-cycle plain fatigue resistance of shot peened
high-strength  aluminum alloys: The role of surface
morphology[J]. International Journal of Fatigue, 2015, 70:
451-462.

ZHANG Xing-quan, CHEN Liu-san, YU Xiao-liu, ZUO

Li-sheng, ZHOU Yu. Effect of laser shock processing on fatigue

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

life of fastener hole[J]. Transactions of Nonferrous Metals
Society of China, 2014, 24(4): 969-974.

MAYER H, SCHULLER R, FITZKA M, TRAN D, PENNINGS
B. Very high cycle fatigue of nitrided 18Ni maraging steel
sheet[J]. International Journal of Fatigue, 2014, 64: 140—146
NIE B H, ZHANG Z, ZHAO Z H, ZHONG Q P. Very high
cycle fatigue behavior of shot-peened 3Cr13 high strength spring
steel[J]. Materials and Design, 2013, 50: 503—508.

SHIMATANI Y, SHIOZAWA K, NAKADA T, YOSHIMOTO
T, LU L. The effect of the residual stresses generated by
surface-finishing methods on the very high cycle fatigue
behaviour of matrix HSS[J]. International Journal of Fatigue,
2011, 33(2): 122-131.

WREEDGS, FRTK, skFrte, ZRaiom, A0k, Ti-6AL-4V Bk
W B I LR T A PO AR 5 5 57 Pk B[], T AT ()
24, 2013, 23(1): 122-127.

CHEN Guo-qing, TIAN Tang-yong, ZHANG Xin-hua, LI
Zhi-giang, ZHOU Wen-long. Microstructure and fatigue
properties of Ti-6Al-4V titanium alloy treated by wet shot
peening of ceramic beads[J]. The Chinese Journal of Nonferrous
Metals, 2013, 23(1): 122—-127.

KUMAR S A, SUNDAR R, RAMAN S G S, KUMAR H,
KAUL R, RANGANATHAN K, OAK S M, KUKREJA L M,
BINDRA K S. Influence of laser peening on microstructure and
fatigue lives of Ti-6Al-4V[J]. Transactions of Nonferrous Metals
Society of China, 2014, 24(10): 3111-3117.

ZHAO P, GAO G H, MISRA R D K, BAI B Z. Effect of
microstructure on the very high cycle fatigue behavior of a
bainite/martensite multiphase steel[J]. Materials Science and
Engineering A, 2015, 630: 1-7.

SOy, Be, SR, T, RTZE, K HE Bkl
JEXT 42CrMo 0B v J 5 7 AT O (KD 56 R [T, B4R R A 2 2
¢, 2014, 35(S1): 175-180.

DOU Qiang-jiang, ZHAO Zi-hua, NIE Bao-hua, MA Jing, LIU
Ke-jun, ZHANG Zheng. Effect of tempering temperature on
of 42CrMo steel[J].
Transactions of Materials and Heat Treatment, 2014, 35(S1):
175-180.

OGUMA H, NAKAMURA T. The effect of microstructure on

very high cycle fatigue behavior

very high cycle fatigue properties in Ti-6Al-4V[J]. Scripta
Materialia, 2010, 63: 32—34.

gk, BMTE, WGk, E O, SR R
42CrMoVNb 8 151 A 57 PE RE R WA [J]. < J 24, 2000,
45(7): 880—886.

ZHANG Yong-jian, HUI Wei-jun, XIANG Jin-zhong, DONG
Han, WENG Yu-qing. Effect of grain size on ultra-high-cycle
fatigue properties of 42CrMoVND steel[J]. Acta Metallurgica
Sinica, 2009, 45(7): 880—886.

MURAKAMI Y, NOMOTO T, UEDA T, MURAKAMI Y. On

the mechanism of fatigue failure in the superlong life regime



3254

PR R AR

20154 12 A

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

(721

(N>10" cycles). Part 1 : Influence of hydrogen trapped by
inclusions[J]. Fatigue & Fracture of Engineering Materials &
Structures, 2000, 23(11): 893-902.

ZHOU Chao, ZHANG Yong-jian, HUI Wei-jun, WANG Lei.
Influence of hydrogen on GBF in very high cycle fatigue of high
strength  steel[J].
International, 2013, 20(12): 92-97.

B, skkfE, MI%E, F & EX 60Si2CrVA FIE
R VERE M SEIALT]. AN ST, 2013, 25(9): 45-51.
ZHOU Chao, ZHANG Yong-jian, HUI Wei-jun, WANG Lei.

Journal of Iron and Steel Research,

Effect of hydrogen on very high cycle fatigue properties of high
strength spring steel 60Si2CrVA[J]. Journal of Iron and Steel
Research, 2013, 25(9): 45-51.

KA, R, PR, WIS, BRI SN 2 A

50CrV4 e R 57 PERE M S [T]. 4 )8 %3, 2008, 44(1):
64—68.
LI Yong-de, LI Shou-xin, YANG Zhen-guo, LIU Yang-bo,

RONG Li-jian. Influence of hydrogen on ultrahigh cycle fatigue
properties of high strength spring steel 50CrV4[J]. Acta
Merallurgica Sinica, 2008, 44(1): 64—68.

JO, ko, BIE, £ AX 42CtMoVND Ml
SRS PERE M REMA[T]. BNERBITFL A4, 2013, 25(12): 52-57.
ZHOU Chao, ZHANG Yong-jian, HUI Wei-jun, WANG Lei.
Effect of hydrogen on fatigue properties of high strength steel
42CrMoVNDb[J]. Journal of Iron and Steel Research, 2013,
25(12): 52-57.

OCHI Y, MATSUMURA T, MASAKI K, YOSHIDA S.
High-cycle rotating bending fatigue property in very long-life
regime of high-strength steels[J]. Fatigue & Fracture of
Engineering Materials & Structures, 2002, 25: 823—830.

WU H, HAMADA S, ODA Y, NOGUCHI H. Effect of internal
hydrogen on very high cycle fatigue of precipitation-
strengthened steel SUH660[J]. International Journal of Fatigue,
2015, 70: 406—416.

DAS H, CHAKRABORTY D, KUMAR PAL T. High-cycle
fatigue behavior of friction stir butt welded 6061 aluminium
alloy[J]. Transactions of Nonferrous Metals Society of China,
2014, 24(3): 648—656.

SIVARAJ P, KANAGARAJAN D, BALASUBRAMANIAN V.
Fatigue crack growth behaviour of friction stir welded
AA7075-T651 aluminium alloy joints[J].
Nonferrous Metals Society of China, 2014, 24(8): 2459-2467.
LIU Xue-song, ZHANG Liang, WANG Lin-sen, WU

Transactions of

[73]

[74]

[75]

[76]

[77]

[78]

[79]

Shuang-hui,
prediction of A7NOI

FANG Hong-yuan. Fatigue behavior and life
aluminium alloy welded joint[J].
Transactions of Nonferrous Metals Society of China, 2012,
22(12): 2930—2936.

RRR, ERY, TR NOBH, X 5. Q235B JREHESL
T v RV 95 PR BB LT]. R 22441, 2008, 41(12): 14801484,
WU Liang-chen, WANG Dong-po, ANG Kang, DENG Cai-yan,
LIU Zhe. Super high cycle fatigue properties of Q235B steel
welded joint[J]. Journal of Tianjin University, 2008, 41(12):
1480—1484.

TiAEE, R, BREE, TIRIE. Q345 Mgkl R i Ll
}%f)}?fﬁ AE[J]. HREAR, 2011, 32(8): 77-80.

FANG Dong-hui, LIU Yong-jie, CHEN Yi-yan, WANG
Qing-yuan. Ultra-high cycle fatigue behaviors of Q345 bridge
steel welded joint[J].
Institution, 2011, 32(8): 77-80.

XURA, T B, Ty &R, iR, SRR R U7 S
YT, SEH 124, 2011, 26(5): 617 624.

LIU Yong-jie, HE Chao, FANG Dong-hui, WANG Qing-yuan.

Transactions of the China Welding

Experimental investigation on very high cycle fatigue behavior
of welded joint[J]. Journal of Experimental Mechanics, 2011,
26(5): 617— 624.

BB, R, CENDE. PR G KA

PEWFSEI]. A E R, 2012, 38(3): 20-26.
HE Chao, TIAN Ren-hui, WANG Qing-yuan. Study on

ultra-long-life fatigue properties of welded joints under

high-frequency loading[J]. China Measurement & Test, 2012,

38(3): 20-26.

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.

;dJM%, FFUT, RWISE. 25Cr2Ni2MoV AN J5 Bedie Sk it v
PEIFRIED]. BB RE24R, 2014, 50(4): 25-31.

LIU Long-long, XUAN Fu-zhen, ZHU Ming-liang. Very high

cycle fatigue behavior of 25Cr2Ni2MoV steel welded joint[J].

Journal of Mechanical Engineering, 2014, 50(4): 25-31.

ZHU M L, XUAN F Z, DU Y N, TU S T. Very high cycle

fatigue behavior of a low strength welded joint at moderate

temperature[J].

74-83.

International Journal of Fatigue, 2012, 40:

(%miE FTHELD)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


