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ABSTRACT

ABSTRACT

As one of the key rotating parts of the aero-engine, disc’s major function is to
install blades and transmit power. In the working process of an aero-engine, as the
load-bearing component, due to the high temperature and high rotational velocity, the
disc endures complicated loadings by coupling of centrifugal forces, thermal stresses,
vibratory stresses and aerodynamic forces. The failure modes of disc include low cycle
fatigue failure, elastic-plastic deformation failure, serration fracture failure and
corrosion cracking failure, etc. Among them, low cycle fatigue is the major failure mode
for discs. Failure of a disc often affects the performance of the aero-engine, and then it
will reduce the safety and reliability of aero-engine. Generally, the low cycle fatigue of
a disc could cause uncontained damage of aero-engine, which will lead to catastrophic
consequences. Therefore, it is of important theoretical significance and practical value
to do a research on low cycle fatigue life prediction of disc.

So far, for the research on low cycle fatigue life prediction of the aero-engine disc,
the corresponding theoretical system has been established. However, comparing with
the advanced aviation countries, such as European and American, there are still many
issues that need to be solved. In practical engineering, the processing of complex
loading spectrum, the effects of mean stress and stress gradient will significantly affect
the low cycle fatigue life of the disc. In view of these difficult problems, combine with
the National Natural Science Foundation of China project “The research of structure
fatigue reliability design and application based on failure physics” and the engineering
project “The life prediction of the major parts of XX aero-engine” in this dissertation,
by combining the Walker mean stress correction model, strain-life prediction model, and
the fatigue cumulative damage theories, researches on fatigue life prediction of discs
have been carried out, besides, various materials’ test data are used to verify the
proposed methods.

The main work and contributions of this dissertation can be summarized as
follows:

(1) Development of a modified low cycle fatigue life prediction model based on
Walker mean stress correction criteria.

During the operation of an aero-engine, the disc endures complicated loads, the



ABSTRACT

local area of the disc will produce larger stress and strain. According to the true
geometries of a disc, a three-dimensional model is created. Then through the finite
element analysis, the static stress and strain distributions of the critical regions of the
disc are obtained. The fatigue loads of the disc are time-varying loads, which need a
processing of mean stress correction. In consideration of the fatigue life regions of disc,
by combining the Walker mean stress correction criteria and C. E. Jaske’s fatigue life
prediction model, a modified low cycle fatigue life prediction model is proposed which
considers the mean stress effect.

(2) Development of a practical method to determine the exponent of Walker mean
stress correction criterion, and a modified low cycle fatigue life prediction model based
on the Walker exponent and SWT parameter model.

The loading parameters rotation speed and temperature of discs are asymmetrical,
but the low cycle fatigue performance test data of turbine discs are obtained in the
condition of symmetrical cyclic loading. Until now, the Walker criterion shows the best
mean stress correction effect than others, and it can describe the sensitivity of mean
stress of material. However the unavailable Walker exponent limits its application in
engineering. Based on this, by analyzing the relationship between the Walker exponent
and the fatigue properties of materials, a mathematical model is proposed to determine
the Walker exponent. The Walker exponent can be used to represent its sensitivity to
mean stress effect of a material, by introducing the Walker exponent into the SWT
parameter, a modified fatigue life prediction model is proposed which can be applied to
different materials.

(3) Development of a low cycle fatigue life prediction model of discs to account
for the effect of stress gradient.

Under variable amplitude loading conditions, there are serious stress concentration
phenomena on the critical regions of the disc, which can lead to the local stress declines
rapidly and produce high stress gradient. The fatigue life of the notch components is not
only depends on the maximum stress and strain of the notch area, but also has a close
relationship with the non-uniform stress field around the peak point. Based on this, the
stress distributions of the disc critical regions are obtained by using finite element
method, then by analyzing the effect of stress gradient to fatigue life, a stress gradient
factor is proposed, and the stress gradient factor is introduced into low cycle fatigue life
prediction of discs.
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(4) Development of a nonlinear fatigue damage accumulation model to account for
the effect of load interaction on fatigue life of disc.

The loading spectrum of the disc is irregular under working condition, under
variable amplitude loading conditions, the load interaction effect has a significantly
influence on the fatigue crack growth of disc, and then it will affect the fatigue life of
disc. The fatigue crack length of disc depends not only on the current stress level, but
also relates to the before stress level. In order to overcome the drawback of the
traditional nonlinear fatigue damage accumulation models, by analyzing the effects of
different stress levels on the number of damage nuclei, and taking the maximum loading
stress as a reference point, a modified nonlinear fatigue damage accumulation model
which takes the load interaction effect into consideration is proposed by introducing a
load interaction parameter into a original model.

Keywords: disc, low cycle fatigue, mean stress, stress gradient, load interaction effect
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Ve, HOUBEFRREG M, R B AR G54y ) LUIE L H 8 45 M REAT IR e #4215 21
FEXT v i e B EAT A BROTE A AN, A SR I Bk St AT e i, AMEA
WP AERER, T HAF SRR AR Ik, N @G vk S e, 58 R
T3 58 RS AL AR AR, A R X MR A BEAR F vsy J di 6  1EAT BR e 77
A3 AT SEARSLEHAHERE B H A A & I ARG R R A AT = 4k
I, BRI R X AT A SURUERE # A7 ) f A5 5 O3 | #EAT = 4R .
FeimAe AR AT 6 MEARSL. 88 MERE, FEXT AT iRk LA B AR B AT = 4k
AR, B iR A AR S Y 1/6 S X, IR B ERFEGMEMERAAE, Wl 2-2 P
FEXT AT MERE ) Jst T 4 B BEAT =BT, Iy TR e Fe A B AR S5 M R 1/88 X,
I A IR LR, W& 2-3 Fi
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2-2 TEBRMERERFAIE I = IR EC 2 1/6 Fpi [X

2-3 MoRRIgAE FURFIE I i I I e At 1/88 B [X

TEXTE] 2-2 25 8] 2-3 (S AT RS RSP B, o fRiiE AR R A o e, Lk 5
BRI R, KRS S5 MR P B 25 1 IS R 4 7 . TEMEAR L. O LD
MRS (e [y A S P 8 715 A 6 T A B R 4 L Ase B AR g IO, T 7E o F i e 28 G
AR SIS S 4 7 A 4 TR SR TG R4 LGB B (R X A%

2.2.3 B
TEMLZS RN IRAEIS FE v, o R i e 38 Ak 52 38 T F e 0 & 7E M,
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9 E IS N IR R AR %57 A5 ar T

(1) P AR A AS B ve e e e 7 A P B8 L 8T

(2) BeARAR 7 1) b IR AR B 7 A P P AT

(3) My DAL e 4 iy Ja v 1 7 26 (K S Bh 8 o

(4) mFy AL AN 50 SAR T 077 AL IR Bl 8T

(5) FeAt 5HhA I 4 Be A& 7 A2 B HC R 7D
Forn, BB PREN BTS00 56 A 1 B 37 S ) SR 73 A7 5 M LN
DRIk, E %56 B = BRI AT AT AN, 1 R B BT A AT P 4 T

2.2.3.1 BibE T

o R A A R B e T AT S, R S AN AR Y A
R A TIIEARE G IR, AR R HE S ] B IX = AN EARMEIAH K. EERS
#% 800h 14748 FH e il an % 2-3 iz o

* 2-3 mRinEe At 800h Ah7fd H Hdk T

R PEIA L X R (rpm)
13-t K-#E 5l 1306 0-18050-0
18 2 i K-18 2% 2006 9520-18050-9520
- d K-8 AT 24326 16936-18050-16936

Xt 2-2 FRASBRMERERFAL (1 R IS e e A 1/6 o XN 125 0o aRamr N, 1/6 B R4
SF IS OBy AR AT SN P DA AR R A A ) 8 o 330 DA 53R T 2
INEAE 116 B S ke S b, RN N:
_ XM +myn)e (2-1)
27Rh
X, xymE R 2R 8, m ORISR, n e R O AE,
m, RS BRI REERMERE A, VR BRI B0 AR, o MR AR
H,  hoymERiRAe Rt 16 XA GRS . R imbeat 1/6 5 X P2 B0y BAR
BN 2-4 iR -

R

% 2-4 FIEIRECAL 16 FHIX T2 50 7

T 3 (rpm) JE 58 Py (MPa)
1 5)- e K-#E 5l 18050 150
184 K187 9520 40
- d K-8 AT 16936 128

S 2-3 AR BB FURFAE 1 i T iR Be A% 1/88 5 DX Jite il &5 Co A B, 1/88
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T A% B 1 B O far DU TR AR 20 a8 i P B0 8 0 8T DA Hs 9 1) T 2N 8 3 o
(1) 6 A~ s b, HOR/NA:
m o’
2~ Scos6
A, SOy 6 AN T ARG N, 0 0 ) SHERESZ D) TR A, s e
5 1/88 i [X I 52 3 Lo B Af BARAA 41 5% 2-5 o .

(2-2)

% 2-5 EIEIREA 1/88 B IX T Z 5.0 )

T 3 (rpm) JE 58 P, (MPa)
- K- 5] 18050 280
18 %55 K18 4 9520 78
IS B K-8 AT 16936 242

2.2.3.2 AETT

e i Fe R AR iR T AR, AR AT A BT BOR IR AR, BEI
FABAT o iy s T e A5 )R P 2 T B S e » R BEAT R BN, 3@ i APDL
BRI AR] Workbench mo S F s e #e £ A9 =Fh T, A O TR
Y RBOH A, 0k 2-6 iR BEIRES T I i B B A

R 2-6 L InEE AL AR T E R R

X (mm) Y (mm) Z (mm) Temperature (C)
103.68 10.34 108.49 149.7
103.70 10.34 108.49 151.0
106.58 10.25 106.50 131.6
106.48 10.22 106.21 131.7
106.08 10.15 105.50 135.8
106.18 10.22 106.21 134.1
106.28 10.44 108.49 133.9
110.47 10.22 106.21 148.7
110.08 10.25 106.50 148.0
110.17 10.22 106.21 148.1
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2.2.4 BREE

20 e i e A 1/6 F DXCEEAT A PR T /0 A H - SRR AR AR, X 1
A T P O T B DX PROE AL B s[RI O T ) e s A A 146 Jd X AN 5 A i 1)
AN T RIAAARLAS o 7 Ak B wg A FL A S T Ik ) 1700 2 4% 20 SRON 1] 2 % 20K

20 e i e A 1/88 B X AT A IRTC/ATI , [RIEL, X R A A 0 w0
TR BRAEIA LA, 55 s T A S WA L 6 S 10 00 & 1) 2% 249 SRORI A v B2 S 240 2R

2.2.5 MAOMNTRER

7£ Workbench 77, X @ KRS 4HE 1/6 5 XA 1/88 i X k4T MRS Xl 43, it i 25
O ARG T, FENINZIR 5, & R iREe g ie sl . HERE A O FLIE R
RSN IR SJ RN AR 43 A &8 SR an 18] 2-4 £ 2-9 iR

137
20770
104.31
0.83358 Min

0.00 80.00 (rmm) <:
e —
4500 i

K 2-4 R i i iR FL R IR T R 20 A
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0.00051769
9.1017e-6 Min

0.00 80.00 {mm) Q
e —
ki

45.00

K 2-5 R e i iR fL R ICIRES T AR 7 A

110.26

1.9748 Min

Y‘\.A
0.00 80.00 (mm) X
)

40.00

Pl 2-6 1w s i e BME R B ICIRAS TR A7 40 A

22
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0.000567 7
3.0305e-5 Min

v‘\lz
0.00 80.00 (mm) X

L
40.00

Pl 2-7 e s i e SR B IR S TR B AR Sy A

104.31
0.83358 Min

L}
0.00 80.00 {mm) h N

I 000000
40.00

K 2-8 ek i e i PO AL KCIRES T R A 70 A
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0.0020443
0.0014344
0.0010267
0.000451789

9.1017e-6 Min

]
0.00 80,00 () Id. v

I 000
40.00

Kl 2-9 i i O AL OCIRES T R 7 Al

MRYE B 2-4 218 2-9, WAL LASG B A 1Y) e KR 3 A R A2 g F e ikt v
Feimbe BN B B A NN, Rk ALk, LRSS fE R L. HERE . 1R
Fe LA L AL =GR LA = L0 N (RN AR AL 5y 3 ik 2-7 4% 2-9
Bz o

R 2T (e iR R G AL B KR ) A AR

T KRN T) (MPa) IR OREE R AR
(RN 254.14 0.0011778
DR 832.47 0.0041571
RIORE 976.52 0.0048669

R 2-8 LI EE AR AL AL B RN TR B AR

T KRN T) (MPa) IR OREE R AR
(RN 277.19 0.0012692
IR 828.11 0.0040558
BROCRA 932.14 0.0045882
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*® 2-9 R R A O AL AR B R R AR AR

T NFERN ) (MPa) B RN
BERS 176.74 0.0008094
AR 526.01 0.0025751
RRRA 599.28 0.0029483

R 2-7 23R 2-9 Al 40, 7EFE-—RET, & EiRFe M B A KR A
NAS, 3 BAE R ICIRA T RN 1 Ciid GH4A133 MR B IRM IR, BRI, 78X
JE IR EC B AT 95 55 5 T B, DAREREAE S e e B A 31T 5 A% 90 M

2.3 HREREDL

R R T AE TAR I R, RS2 BRI B IR g, I HAE R EB AL 1
KM GHA133 MR JE IR PR, HEN TEEMAEIX . I, KRS
2R R R A oo T R e A8 5 i (0 B3 B 2R s s 5 82 e R R S e
Feszmn BN R BLERE, Ptk, XS HATIE 5 F o T A AR EE R = . B
A, R T RS P 57 A5 A 00N ()75 22 g vk A 7y 19031, 63681

1o L R S0 A (0 P 9 7 2R R AT R e e ),

(D fEmEEimfe s TR, HEAE (s, k) 23EPRm .

(2) o IR EE A5 A T 57 75 iy 2 3 X IA) — e 10°-10° IRAEF

XTT GHA133 #hkt, H N AR-F3dn th £k 22 & AE X PRI IR B i M7 b ke 2%
PR AF R0, TS He it e 25 1 S PR fay Bl S BEAL A, DAL AE A8 FH X 5 e it e A
AT A IO, TR EN KT PN e . B AT TR BRI R 2
BRIV EA IR 2, ABAS R PBE R AN T v 20 il s s dim e 35 098 57 75 i Tl 25
S BPELO g T B e v IR TR A A 55 A A TS B, AR R R o A
I3 RME IERIAY o 25 R 2] vy e I Fe B IR B 8 57 R RAURe i, AT 3 H — Fh
T Walker ~F~ 351 % 74 1E 1 1] () 24033k 3 A% 75 i TR ASE A

2.3.1 Walker 5 R H & IE &N

Walker #1258 7 A FERPRE P2 N M i RO, PRIk, HxS Py
A PR AT U P35 LA TE RO, 7 Walker #EIH, 5 ST —AM53%
JRHE RIS SR g, DAHEAT PR IMBIE, HFRIEA KA %9,

=(2ga)7(°hg4§jly (2-3)
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A, e NRTBRARE, ¥ M RIE S, 4T GH4133, HEUE Ay = 0558,
N T #AE Walker 75 U 598 55 F5 i 2 TR B R, F0 H N A 2 TFE E, Jaske %5
TR 2 AR RIS E AR AT, 456 Walker #EIU, $2H T 40 F ¥ OB IE

VIS Gk
guge
Iog [ %ezq j (2_4)
gLI
ool %)

b, AVRTAHENARE, o, NS IED) &80 BRI, &, D9 S 1E D7) 6 5
MR IRAE, HEARIE A 0y:

logN, = A, + A tanh™

£, = €4 Iy, 1o +0.0025 (2-5)
~0.0005 (2-6)

€e = &eq N, =10°

2-10 Ay U IE V) R E iR B s . 456 20(2-4) F1 1 2-10 "] LLE
H, SR IE TR B R BN TR 175 T X 8], 7E X A] 10%-10° YRABIATE A,
PTG A A . R, fER@-4)F, TR TSRS e,
415 X (2-4) FT AT AR AT IR AE T 01998 55 7 am To0l o H 2 A8 S OUC i T D7) o 5 ) 4 FH o
FEAFAEE DR B

(L A FE 5.

(2) WEMEWMSHRZ, T2 RERSHAR P FF .

(3) g, e, FMEXMELIE .
IR B S R T Jaske S H IE D R AE AR BRI

> A
N
W

100 10> 10° 10" 10° 10° 107 10®

K 2-10 SRt IED) e BoR = K
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2.3.2 FT Walker AN py%8 22 B K 55 75 ap TN AR 2

Jaske &4 H 2L T Walker P45 B 4% 1E #E U 1 75 iy TN A Y, B SRR AN 75
Ay XA DY, ORI ) R 5 il 2R O AL B e o, (E7E i X (7] 10°-10° KA
IRV, OB I 7] R E 2R IR AR A AR AT S — N i 28 1R FUEEAR O ARARL,  [RTES
0 LR T B OB R 98 55 75 i th R B P R X ] 10°-10° WRIEEAWY, DRIk, o S X
IEVIERH i 26 7E 10°-10° YRAGIRIX 7]y BB HEAT R0 0L T 5 A fRT s (0 6 4 ok 5
X IATHER P e I e A A TR S 9 55 2 YOO 2 M AT )

% 2-10 23 2-13 ¥ GHA133 & & BB EA RS T AR I R R 158
HARES Y, AR R T AR N A, it AR R ARG Ak
R ARG B (0 7 ek, 3 2-10 £33 2-13 TP M. HF, &, o H
N RIS, 6, AR (2-3) 115453 2], b GHA4133 M RHEA R T
[Pt E E v R 2-1 B, o NIREEIE N, 3977 2, HAE/N R R 505
N, e, BRI PR IS5 DR 22 45 50 B e SR AN PR, e
o N, RS

#* 2-10 GH4133 7£ T=250°C, R=-1 TR E g

&a Omax (MPa) N¢ ON Eeq
0.00318 666 24766 5769 0.0048
0.00422 821 7998 2243 0.0060
0.00483 892 5291 399 0.0067
0.00542 936 4164 692 0.0073
0.00697 985 1782 351 0.0085
0.00825 1040 864 81 0.0096

% 2-11 GH4133 7f T=400°C, R=0 T fik50 %

&a Omax (MPa) N¢ ON Eeq
0.006 880 1703 169 0.0076
0.005 826 4023 329 0.0067
0.004 751 6915 1202 0.0057
0.0035 718 12141 986 0.0051
0.003 681 20421 1790 0.0046

0.0025 645 35620 7496 0.0041
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#* 2-12 GH4133 7£ T=400°C, R=-1 TR E g

&a Omax (MPa) N¢ ON Eeq
0.007 916 1043 266 0.0084
0.005 838 3489 806 0.0067
0.004 741 8259 1929 0.0056
0.0035 690 13678 1270 0.0051
0.003 597 25100 3358 0.0044
0.0025 502 28402 682 0.0036

#* 2-13 GH4133 7£ T=500°C, R=-1 Tk E g

€a omax (Mpa) Ni on Eeq
0.007 868 919 381 0.0083
0.005 782 3282 420 0.0066
0.004 714 8410 1432 0.0052
0.0035 653 12426 2772 0.0050
0.003 566 23459 1213 0.0043
0.00251 483 55499 4044 0.0036

X% 2-10 B3R 2-13 HH N Ml e, HHRHEATIS, FRIWE 2-11 & L.
FFE 2-11 AU, BARER 2-10 236 2-13 Hh M5 Hid & GHAL33 5 G IR FIEA
R T RIRNJTEE R NS 21, (RS0 1 o A 54U 6 i 42 140 5 I 2
iy, AR 2 o A AU & 2 1 LR, DA A i 40 & A 20 .
B 2 T PRI h7E 10°-10° KPR, R0 S 0 i T 1) R HAC7E L R Y 4 2
BilG, FE TSR NS e, GBI, R H AT AT R R AN
LR B 5 A A T o 7E 10°-10° UK IR N, UL it 2k 20 A LA S-N i 2 AR ALL,
AT S8 e 4L 65 i 2T 0 A oH B, R 8 2ok oo HLaE AT A, H A aRiA S
N
£, =0.004212¢ " 1.0.005178¢ " (2-7)
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10— I T 0 Rk
o WA

Eoq

Kl 2-11 Eeq T Ng R0 2

2.4 BUHREN AR

9T S IEA B TR AR T Walker ~F-32 8 748 I 1 DU 1) et FRD 8 55 75 i 000
A R IR A PR AT 28k S SN 20 FCHT (10 HL8 57 75 i 00N 45 SR HEAT VA
Sy It sE S T
Nf
Nt
X, s OATRERT, ForaBeii Kb, N oI Gdr, N O A

R GHA133 & &4 AR AR 1E = LA [ IR B AN 6 2 EE R Ay ik s B ©4
XA B iR AR R AT IR, GHA133 MPRHEA R s EiE E /iR 2-1 &
(), TR RN 2-14 3 2-16 A1 2-12 £ 2-15 o, HA, NOWIRE A,
N, NitH .

<

<s (2-8)

» |~
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* 2-14 GH4133 7£ T=250°C, R=0.44 T {58 75 fy AT 75 i

&a Omax (MPa) Eeq N Ns
0.00344 7774 0.0052 8461 10945
0.00340 743.5 0.0051 12141 11790
0.00343 741.2 0.0051 14352 10945
0.00349 748.6 0.0052 12855 10945
0.00459 806.4 0.0062 5610 5858
0.00437 841.2 0.0062 5320 5858
0.00554 932.9 0.0073 2191 3039
0.00540 904.7 0.0071 2903 3451
0.00555 935 0.0074 2535 2844
0.00548 961.7 0.0074 4276 2844
0.00545 905 0.0072 3026 3241
O N;vs. N,

N=N,
————————— 1557 B
j — 1.54% 7y #i o o0

K 2-12 GH4133 7£ T=250°C, R=0.44 T {5875 a5 75 i 1 LL
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* 2-15 GH4133 7£ T=250°C, R=-1 TR E8 5 A1 T 75 1y

K] 2-13 GH4133 # T=250°C, R=-1 T {156 75 fiy A1 TR 75 iy 1 B A

31

Ea Omax (MPa) 8eq Nt Nf
0.00317 662 0.0046 18997 18366
0.00421 826 0.0060 7950 6578
0.00418 836 0.0060 6250 6578
0.00424 801 0.0059 4992 6976
0.00485 903 0.0067 5862 4390
0.00482 896 0.0067 4669 4390
0.00484 894 0.0067 5077 4390
0.00482 898 0.0067 5431 4390
0.00481 872 0.0066 5418 4653
0.00544 951 0.0073 3337 3039
0.00540 917 0.0072 3599 3241
0.00543 951 0.0073 3953 3039
0.00538 930 0.0072 4799 3241
= O Nyvs. N, ‘
- Nf:Nt
———————— 1.5f% 4y
"""""" 1.5 4 Hi s
10'F
SV
6080
o
O -
3
10 3 ; 4
10 10
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* 2-16 GH4133 7£ T=400°C, R=0 56 75 iy AT 75

Ea Omax (MPa) 8eq Nt Nf
0.006 896 0.0077 1871 2300
0.005 802 0.0066 4244 4653
0.005 830 0.0067 4293 4390
0.004 780 0.0058 7533 7404
0.004 757 0.0057 6703 7867
0.0035 704 0.0051 11457 11790
0.0035 735 0.0052 10734 10945
0.003 714 0.0047 18465 16625
0.003 686 0.0046 19411 18366
0.0025 651 0.0041 26570 31125
0.0025 659 0.0041 29960 31125
Z | o NuvsN, ‘ ‘ T o ‘
N=N,
"""""" 1.5% 43 i
"""""" 1.50% 43 #i
O
4
103 L L L L L 1 Lo
10° 10° N,

K& 2-14 GH4133 7£ T=400°C, R=0 I Hiak56 75 iy A1 T 75 4y 1) L35

3 2-14 3 2-16 fIE 2-12 & 2-14 1150, KR A 25 W 0 et 75 4y
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iR, GHA133 & &M R AEANEIREE T AN AT E R T B9 55 75 i T 45 SR L A
FELE 1.5 50 B0 AN, 55 Hdn T 45 B G RIF RS, RN, SOEmiAl g
W, HEERE, T TR

25 SRt %5

fE225 WG, miRie s KRGk MmO AL THEREAL, DItk AR
AR E P K3 T Walker -2 7748 1 HE U 6 ek A o7 7 dm TSRS, IR & &
1y LS T e i S B A Ak A N g AN A I3 AT 0 i s T e S EAT 98 55 75 A T »
R 2-17 JyR MR @-7) th ST 5 e R i Se A AE 800h M7 8uamr i 9 57 AR

% 2-17 R iR%eAE 800h A EM I N 1 55 Bl

T/,
184 K187 - 5 -1 AT i E- i K- 5]
X N 3 (rpm) 9520-18050-9520 16936-18050-16936 0-18050-0
omax(MPa) 976.52 976.52 976.52
Emax 0.0048669 0.0048669 0.0048669
Emin 0.0011778 0.0041571 0
€a 0.001845 0.000355 0.002433
E(GPa) 194 194 194
y 0.55 0.55 0.55
ni 2006 24326 1306
N 28812 147520 13856
Di=ni/Ng 0.070 0.165 0.094
iR 2-17 FE4E A Miner LT, 15 31w 5 I8 6 55 7E 800h 41371 F 4 i~
RS iTPAE
"N
D :;N_L:0'070+0'165+0'094:0'329 (2-9)

fJa, THEAR R R iR A 1 A7 NN HO

t =800 % — 2431.6h (2-10)
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2.6 RE /N,

AT IR S IEVEAT IR ST M Ja i, R Hh e T i e A 1 S B B A 0 ) AR
AR FLATR gL, JFIRAG TSR EAL AN S RN AR 73 Ao 5 1S 1] i s i Fe A L
VRIS i 52 380 B ARRS AR, DL R B (PR RE S RO 2 R FE IR A X PR 2 A
AR E NI MR, BRI AR AT, R T Rk T Walker
¥8 N 3 A L A U (10 et ROAE B 982 57 73 e PR A, A A sy B, T
NIRRT GHA133 & e AR AEAN RN BEAT N 77 bR Rk 96 Kt o it A A gt
TV BE, 5RERY], SRR RGBSR, e TR 2
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= TR i i 2R e B R R 0T A5 T

=8 ETNT-FaHEnL2IKEARKSHFwm T

31 5|8

FERUE RN IS R, — AR AR 5238 R I AR B A, AN
WERIEETEA WA L, AT R R BRI . KRR TR 00 0 72T
W], PN R MU S R ST T, 3 11 5 i B LSS A K008 577 75 i »
PLAFP BTN 7 2 B AR UM A5 A (1098 55 7 e 1T Hs 248 T~ 220 L 73 2 B4 N BILA 45 4 1) 9
G5 A>T [Nk, SR FH A ERL 5 VR AR R A s A TP S B8 1 B
) TRE R 3

ST NL TR 55 75 i RIS R S LRSS AR B R DA G, R T
MR S5 . FAEEE T2 A A B A B A R AR R I 18] S5 [R5
AT P RIRL IR T, A FE R E IS EERFAE: PN ARSI R
RIS 35 182 75 01 () R AR RE Y, ¥ 35 187 g 8 ot 2 5 38 A 1 0 e B £ 5
MBS AN YR, BEITP2E N BT, I BT N B 8] A3 4 T A W sk
ANHRERE, BTIRAEAOR, PRI R st L G 2l B s APREXS A R 775 Y
RABUE RT3 B 305 AN [R5 57 73 i B AN TR Y B S50 [R] — b
ORI RE, AR AR A B RE AN R, 88 B 3695 57 73 i PR 5200 2
AR, — A L SR A A ¥ 14 2 7 (g e 5 Sy 2 O,

RIA TN CLedR i, i n] DL REAN R X~ 48 B g 30 L 52 (1) R A8
Walker ~F-15 5. 74 1 #E I 5 H RTS8 EEh PN B 17 i . {B42 Walker ~F-2)
2342 M SR BO M REE 8. FEME e & 20 M, R, R T
HAETRE ERYS 2N RN, 58 — 2 pr g i A /5 2R Bl Mo 2 S 40 AT
W, BRRERr, SO, BT, AFERES Walker SR8 SR EIERES S 2
AR AR, 20 BRI, IR SR SWT S8R h, @t — ANl I
AN ES AU A B R R 57 73 dr TR A, R A e s v gt AT IR E )=
PR i P o e A AT A i T o

3.2 PN N

£ LAERE S, SR B A AR B M, B DM, R
it N /ME A B T KB A AR, gt AR P T o BT B 5 S5 A8 R
J7 SR ABSP R N Okt G AR 7 R R AR R Mt AN R S, Tt A [ 45 F R AT [
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T AR N 07 75 i AN R R R, 08 TE AR~ 2 I g 9 57 7 i BT IS5 HT
1T FAEY-35 Ay e 98 55 25 B (e AR FEY, G 3-1 i

B 3-1 ~F-I4 I 0t 7 i R 7 i

BRI, FEIMEE, SRS i R S, L5
BB BB 0, TR 0, BV Ac FIBL b R 4L,
3-2 LR AR

GA

i

O o — O i
— _ max min 3-1
o, = (3-1)

.., TO0.
—  max min 3-2
0, =T (3-2)
Ao =0 O min (3'3)
R = O nin (3_4)

(o}
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= TR i i 2R e B R R 0T A5 T

X TS YR RIE 57 A o Z TR OR &R, A AT T RERAFAL, 8 X
BARRAT M, IR T ARZ IR AEN], K2 R m A R B iR 7
PN D09 55 R B e . S EANIA B e SRR, HEr LR B E
EH Goodman. Morrow. SWT 1 Walker &5 N A& IE N .

(1) Goodman “F3 3 J14& IF #i |

Goodman H4 AR )5 FE S5 (R T RPRHI S R PLRL R fE, $2H 7 MRk

[71],

%2 1 In _q (3-5)
O

o-ar

K, o, NN I NER RN 14, o, NRERIR

(2) Morrow ~F3 5 74 IE#E N

Morrow 7E Goodman ~F-¥J N F4& 1EHE N ) FEatl B iEAT T80 AR B Sk
WiZda e o ARBA BRI WIR o, 3 H T TRk E,

% 1 Fny (3-6)

O

u

o-ar

(3) SWT V¥ 4 1 v

2 & B M R BE S B DL 3RS, Smith. Watson AT Topper #2H! 7 — 2 fi 84,
AARIGATAT AR e SRR T R IEE, HRia =R oN00,

Cor =\ T (3-7)

(4) Walker “F-34 3 774& 1E #E ]

AN [FIAA RS- 25) 77 5% 10 ) R RS A AN [T, Walker @i 51 A —AN Rk 5 4k
K FEAN IR P48 B AT 5 ) R, $R T Qi s Ay Les 6,
=o g7 (3-8)

FE FIR PR, Goodman P35 & TE#E I LU BCE A T It AR, % T
TEMERD RS IR 45 R AR B 4R L SE W S50 o, IR, Morrow 3%
8 948 TE HE ) BAT S5 47 (A5 IE 25 SR 1B . SWIT S 2487 348 TE A kT 45 AR EL AT
BAFIMEIERCR, W T EARAE IR U — B 1, Walker P34 57 /745 IE #E
W T-25 1 T A [EAPRERE S35 87 77 52 0 (1) RBREH 4y » BRIk, B A B A BT

BA M1 TR IERCRE %, Lt SWT PR )& TEHEN AT Walker -1
2B IEHEN R K, SWT #EN 2 Walker I 1 —FRRFERIE 30, 2y = 0.5 1, Walker

#ENI AT a4y SWT HEM, RV SWT HE PG AN [F A AE X~ 2 2 7 5 1 ) SR BB AU
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Al —H %, XIECT SWT HEND T 3L B2 N IERCRBCH Walker #E U
it

3.3 Walker i 8RO E

3.3.1 HFHRBHIES

Walker P35 /1 IEAE U B FA4 R H iy 0051 AAEHS AT (A4 R A 42
UFHFR R I MEIERCR, By BRI RAER R B B IR~ Walker #ENI7E T8
ERIN . HAT, AFEBE y EEEE AR R, ARG, i HAR
ALGHE. Bk, 4 kS RISy [ERBCAR AR HEE .

BT,y FERRV R R, A TR IR AR X 124 2 7 5 () R U
y AEBK, FPREXTP- 2 7 52 1) R BB 325 ik, A AN RAT — >l 2
SRS y BEATRE R HA . Dowling ZE LA b4 7, #EdEE LT,
y SRRHA 57 TERES BRI R o, 77— BIR AR, (B EULAIRAIE y » DL,
MR R R RES B AT 0, AL Sy Z AR &R, K 3-1 05 16 A
IR BHEAS RSN R 57 PR RES B B E .

Xt 3-1 AT 70, 15

(DR E, y ERARLIER DY 0-1, BR T y it EH %P1 0.4-0.8
Z 18]

(2) XF[FE—KMEL, BEEERKIR o, « 52K o, MESEWIREYE o E
RIE N,y fEI N o AEXEASRIRRL, AAEAEIAE R

(3) y BRI IR o, « SREWIR o, fFAEH € RNAEIRR, JEIRKKR o, A
SRR o, W REREEG,  y ME#RIT 0.5,

i R AR A S AR AR E s A ER R AR BR o, A5 AR IR o, 14
Walker FIFENH KLy » IF4 i h Breaakin s

(3-9)

FIZRA R RAT SR BV E e, AP REE Sy B R RFEME . £ L,
ZRIARHE y IRAE 2 SR, X TRk, @9 h+M-iEh, By fE27
KT 0.5, AIHRHEFISAP AT BIR) p AE1F LA K2 — AR y (AN RIS
By WIS EEAT X, oy ERAMER A, BRI KT e N 0.5, HY
TREEEMEL v HEERKIR o, « BERIR o, FRE R LE
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R 3-1 ANFEREHR 55 1 fES A0 K fE

ML oo(MPa) o, (MPa) o;(MPa) (%) RIMH
SAE 1015 St!¥7] 228 415 726 67.9 0.7352
GSMnNi63 Stie®! 312 501 846 26 0.8113
Ck45 Stie] 531 790 1271 60 0.6949
SAE 4130 St, Norm!® 647 799 1144 15.2 0.6903
CC 450 SS, H1150% 678 1015 1360 23.2 0.6253
SAE 4130 St, Hard!®! 1200 1241 1586 8.3 0.5457
CC 450 SS, H900! 1354 1405 1750 15.3 0.4758
PH13-8Mo SS, H1000!°! 1358 1413 1758 - 0.5969
300M St*! 1634 1958 2303 - 0.4157
SAE 1045 St,705HBM 1827 2082 2131 2 0.4839
SAE 1045 St, 55HRC™ %1 1731 2165 2690 38 0.4286
6061-T6 All°Y 276 310 420 - 0.6330
Al Mg4.5Mn, Cld RI 298 363 476 13 0.6681
2014-T6 Al 438 494 581 13.6 0.4803
7075-T6 Al 489 567 729 16.5 0.4150
Ti-6Al-4V/!] 1006 1034 1271 14.5 0.5431

3.3.2 ¥FRAIHYIGIE

N T BGAE 3.3.1 i AT AR AL I IE R A R, KR 3-1 AN AR JE AR
PR o, EAIBR IR o, (HRA(B-9), 152y MiTEAE, REXTy BRI E At
BT IR, Nk 3-2 FIFE 3-3 FiR.

R 3-2 FIFE 3-3 vl 4, R (3-9)%F 16 FdFBLHIAM B £y HATHE, Br
BNy THEE S IRREREEL, A 8RR 1.2 50 Bei AN, BA R
(RGRE, DRI ST L 3y AR 55 VERE S BB IR IR o, « BREERIR 0, 2
R RN, Xy #ATEMZ TR, BI(3-9)72 IE#hFIA R .
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R 3-2 MRFEALy MRS E AT RE

ok} o, (MPa) o, (MPa) RXEME yn  IHEAE 7
SAE 1015 St 228 415 0.7352 0.7908
GSMnNi63 St 312 501 0.8113 0.7325
Ck45 St 531 790 0.6949 0.6961
SAE 4130 St, Norm 647 799 0.6903 0.6051
CC 450 SS,H1150 678 1015 0.6253 0.6991
SAE 4130 St, Hard 1200 1241 0.5457 0.5168
CC 450 SS, H900 1354 1405 0.4758 0.4815
PH13-8Mo SS, H1000 1358 1413 0.5969 0.5198
300M St 1634 1958 0.4157 0.4098
SAE 1045 St,705HB 1827 2082 0.4839 0.4348
SAE 1045 St, 55HRC 1731 2165 0.4286 0.3886
6061-T6 Al 276 310 0.6330 0.5580
Al Mg4.5Mn, Cld RI 298 363 0.6681 0.5983
2014-T6 Al 438 494 0.4803 0.4400
7075-T6 Al 489 567 0.4150 0.4261
Ti-6Al-4V 1006 1034 0.5431 0.5137
<o oy ‘ O
— N7 5 O
rrrrrrrrr Lfis A o
rrrrrrrrr L2ff 43 1 0P
© o~
10°<
10 "

K 3-3 FRRE Ly FI B AT SR A LR
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3.4.1 Z BN FIRU R BY N 28 5 A FIUM AR BY
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A5G 2R, e i F (1 R AR 7 6 TS AL 2 R Basquin 76 1910 4E 42 H 1 A AR R
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,se=%=6—Ef(2r\|f)b (3-10)

{H2 Basquin 2 xUfE7E LR BBk -

(1) AKBEH RT3 BT X695 55 75 A IR R

(2) FLREST AR AR Ay 3= 0 465 A 14T 985 55 74 iy T
Xtit, Coffin A1 Manson AT 7T, 25t 7 EBIENAL ¢ MG AR N, Z IR AR, H
Rk A N,

g,=¢; (2N, ) (3-11)

454 Basquin A AT(3-11), Coffin F1 Manson #2 H 7 78X FROEER &k 17 T 9058

P AR - A A Y, Rk Xy
ea=egu%=fg{2NJb+Q(2NJC (3-12)
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ST BIRD,

1T 30 (3-12) B TEX BRI Eitar N 4a i RIA R, AT A FIFEANRE S &P 35
JIXFIE 57 FF Am (PRGN o 25 RS 3 2(3-12) LEXT ARG Eamr T 1) ek B2 DL SR 7% S8~ 3
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Ige,
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Ig(alf /E)

IR A 3 AR - 7 i T 2%
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Kl 3-4 NAR-Ag i it 26 0C R 1K

XF(3-13), EAPEHRE 5T 58 R o, MIESEWTSR I o AR, Morrow
SRR AR 2 IE AR B AR A RORSBE (BN T AR & S5 57 9 R M o, RIS T 3
SRS o ZE LUK IR EL, Morrow Sk N AR A2 IERERY TN R Z2 80K JE T i,
Smith, Watson A1 Topper gt 1 — ] LAZ5 (&4 N FJ RN, - (RIS %o Bl AT 4 R
AU 55 o PO BRI, Rk A,

(o)’
E

O max ga -

b+c

(2N,)” +&,07 (2N,) (3-14)

SRR, fE SWT ZHAE R v, S04 8 1Y) B K L 7 428 11156 1~ B4 L 0 06 98 575 75 i
ISR AELE TE L 7 770 T ) BRI ) 0, MSIARIR &, 2 KB (AR o, 6,
SRR,

X (BE-7)M(3-14), FTLAEH, SWT SR E SWT ~F-1 8 12 IE 1N
I . HT SWT P2 B F A8 1 HE NIFE AN [RIA RS- 241 2 7 75w ) RN [F)
—HH 05, K, XE-1)RGREMER. Prel, ZFPRXS TR 52 i R
HUEMWES 0.5 I, 3(3-14) 198 57 75 i TN 25 AR 7= AL BOR M 22 o

3.4.2 BUHARBIMES

£ 3.2 740, B H P N B I HEN ) 73, SIS AR 4 N 15
i R IR RV Ky 15 Walker P28 7542 1 #E N BAT S 19T /12 1E
MR, IFHAE 3.3 Whas i TRy MACERAL. [FR, SWT S Hi R n] DU
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A3 o MR R, (BN Ty (B W 0.5 IR KL, UK T o, 35T 2R 77
RISZIR A [, 305 FEAT R TR e m i) R . Ik, 45 Walker 1
B BTN M IERUR, R SWT S EBALE T BTG 4k 3 i T ) d
FATE, ASTESE 0T I AR Y .

(O"f )2 b+c

20 & =T(2Nf)2b+g;a‘f (2N,) (3-15)

max—a

£33 asaly kAT

y=05+2 (3-16)
o, to,
45 (3-15)F1X(3-16), P15 2 fim i A Y (1) Rk XM«
o,—c,, (0}) . bic
ZGmaxea(O.SiGquGz): é (2N, )" +&0; (2N (3-17)

HI(B-15)TLLE ., Zy =051, AFEFZISGERAIRLY SWT 24
B, Bl SWT SHU AR A & R AL i) — R Rs IR IR 30 i TAPRVE By 15T,
A8 45 UCE AR T DA JEAN [RI R REXT P 24 N2 A 5200 () RAEURE ARy AT AR PR
oy~ SREHRIR o, FINERRR, Xy EE TR, (2 7V iZSa R TR BN
Hle

3.5 BUARRERY F 7R

N T BSAE AT BT H 1) e SWT S350 55 5 iy TR ZY (1) IEAf 1, A543 331
K1 GH41330% 81 Al 7075-T65157), g4IV 1Cr1INi2W2MoVERIPU Fbt e it
06 B X A ) SWT S B RS HEATIGAIE . (7] I B8 NOab R B (0 25k, s Hoge
A RS SWT SHB B Pl 25 SR gk AT 0 b . % 3-3 v GH4133. Al
7075-T651. FRAMA 1CriINi2W2MoV PYF#RHE 55 PERESEUN RIS E, R 34 &
* 3-7 18 3-5 =& 3-8 HIUFA B fm il I (i . SWT SER 4 dn th 548 . 2L
Bk SWT SHUR R A dn o A LA R =38 Z R . [RIRE, A 7 S0IE AN 2 BT S A 2
(i A, AR RIS A L 43 ) 9 DU AR AS TR s A4 ), 3 B RS B 2 7E A
RIS LN 2I0), JEH, T REM R £y W57 a2, ax DY
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* 3-3 GH4133. 7075-T651. 4N F1 1CrlANi2W2MoV J% 55 14 fE S B 16 (E

GH4133  7075-T651 TN 1Cr11Ni2W2MoV

Ji AR BR o, (MPa) 878 501 1731 979
58 FE MR 6, (MPa) 1221 561 2165 1131
FPERL R E (GPa) 220 71.7 205 180
I 55 g 2o, (MPa) 1796 1576 3372 1651
P57 AREL b -0.09 -0.1609 -0.103 -0.09
o7 IEVE R ¥ e, 0.2527 0.1575 0.038 0.278
98 57 IEVEFEEL ¢ -0.56 -0.6842 -0.47 -0.56
MEFFH y 0.663 0.4435 0.61 0.43

7 3-4 GH4133 %% 57 F5 i i S AE AN TH 54

omax(MPa)  on(MPa) €a I Ne  SWT Ny i SWT Ny
863 4315 0.006 1534 2192 1038
864.9 54.8 0.004440 2879 5356 2298
863.4 71.2 0.004365 3720 5688 2424
886.5 85.75 0.004330 2508 5363 2301
734 367 0.004 7778 13337 5128
757 378.5 0.004 6703 11938 4653
743 371.5 0.004 4707 12763 4934
740 370 0.004 6249 12951 4997
761 380.5 0.004 6641 11716 4577
693 346.5 0.0035 12619 27475 9658
704 352 0.0035 11457 25822 9147
735 367.5 0.0035 10734 21841 7899
777.4 100.6 0.003440 8461 18837 6939
743.5 74.2 0.003395 12141 23501 8422
659 329.5 0.003 20852 63994 20318
701 350.5 0.003 19717 49178 16106
686 343 0.003 19411 53886 17457
714 357 0.003 18465 45533 15050
644 322 0.003 23660 70713 22193
672 336 0.0025 44070 132140 38708

647 323.5 0.0025 45090 157420 45285
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= x Ny vs.N,
O Nf2 VS. Nt
N=N,
rrrrrrrrrrr 1.54% 5y B x
i — 1.5f% 5 B ”
10°F .
i .
X
0
« X
10 @ -
, 0_,9'
xx X @Q
K OQ,,/'O
10 &1 L L L | | L L | L
10° 10" 10° N,
K 3-5 GH4133 5 55 A5 il I A AT A A bh AR
% 3-5 7075-T651 % 55 7 i A IS AH A 1T HAE.
omax(MPa)  om(MPa) €a R Ne SWT Ny 2t SWT Ny,
506.2 152.5 0.0050 2862 2212 3082
506 221.3 0.0041 6144 3847 5409
536.3 268.2 0.004 5275 3500 4915
440 159.9 0.004 12288 6147 8697
440.1 220.0 0.0032 17885 11754 16744
401 200.5 0.0029 34956 20711 29638
355.3 177.7 0.0025 54680 46483 66832
293.2 146.6 0.0021 209237 141670 204530
507.8 432.1 0.0011 245801 190890 275800
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= x Ny vs. N,
O Ngvs N,
N=N, %
rrrrrrrrrrr 1.5 7

N 1.56% 53 s P

10 - b

% B
O .
K
10" Q i
6 -
'X,/>’<
x .

103 - , ! Ly \4 . ! L \5 . . L

10 10 10 N,
K 3-6 7075-T651 I 57 A7 fim ik S A1 1 S4B L
# 3-6 AN 57 5 A i B AE A T SAE
omax(MPa)  on(MPa) €a K Ny SWTNu St SWT Ny,

1659 1171 0.0025 58040 162860 64674
1704 1123 0.003 14670 61695 24897
1322 645 0.0035 28090 97820 39152
1904 1165 0.004 5640 10204 4304
1519 703 0.004 19030 28017 11498
719 -337 0.005 40230 318650 125460
1058 0 0.005 23133 52709 21336
986 0 0.005 15492 72923 29337
1653 664 0.005 4070 7132 3044
1907 942 0.005 2240 3856 1682
970 -308 0.006 23860 34065 13917
1226 0 0.007 1727 6057 2599
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= x Ny vs.N, B
@) Nf2 VS. Nt «

- Nf:Nt

rrrrrrrrrr L5 5 O

rrrrrrrrrrr 1555 el o
10 - X b

X
O
104 : O |
103 ) L Lt L
10° 10" 10° N,
K 3-7 BN 55 A dn i e A AT B A bR AR
% 3-7 1Cr1INi2W2MoV & 57 75 i IR 36 AE A H SHAE
omax(MPa)  om(MPa) €a W Ni SWTNp B3k SWT Np

997 0 0.01186 395 310 434
1296 0 0.01212 241 180 239
1272 0 0.01186 307 190 260
893 0 0.00803 1418 990 1463
988 0 0.00798 1470 783 1142
987 0 0.00649 2039 1323 1988
955 0 0.00550 5472 2273 3536
873 0 0.00549 4311 2963 4693
919 0 0.00550 4701 2537 3976
817 0 0.00452 13062 6696 11247
839 0 0.00451 11720 6179 10317
699 0 0.00350 55378 30217 56537
722 0 0.00351 53326 26257 48665
695 0 0.00350 53293 30923 57947
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=" x Ny vs N, o
S0 A
O Ngvs N,
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———————— 1.5 73 HUH
"""""" 1565 5 BT ‘
104 r OO 7
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X
X
,"XV//
103_‘ 9 -
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o .
><><
102 , L \ L : L
107 10° 10" N

K] 3-8 1Cr11Ni2W2MoV ¥ 57 75 fir 1\ B8 A AT AR 1 El st

M 3-4 23k 3-7 filld] 3-5 2K 3-8 740, SWT SEUEAIXT Al 7075-T651 Al
1Cr1INi2W2MoV 9 57 75 i Tl R R BLAF , oA B A HARIEAE 1.5 %40 Bieiv bt il
H 2N GHA133 R ENIE 57 77 i PN SR I 22, T B A b #8V& 7E 1.5 £% 7 By
PAGL, T2 i bhas BRI FE R I 22, 2K SWT SH R BEXT 735 B ) 5%
Wi () R B E VR S, Bl y=05. XFE. GH4133. Al 7075-T651. H% %W
1Cr11Ni2W2MoV VUFi A1k y {H, &I Al 7075-T651 F1 1CrlINi2W2MoV 1] y (&
BoMEER 05, B, EXPUFH RS, SWT Z8EAX Al 7075-T651 F
1Cr11Ni2W2MoV % 57 5 TSR 8L 4f . 5 SWT SR il 45 RAH L, 24
BER) SWT S EUER 1 TS BEAF 2] B $emr . B9k GH4133. Al 7075-T651.
AN AL LCr1INi2W2MoV PYFFRFRLE) v (EAE Z2 80K, (H S0 B SWT S5 A XX
VUFRAERLERZA W T B0 ) PN 3R, FIOIIE ARV E 1.5 F5 70 s 9, ml BLI 2
TR SERR T 3R o £5 L FTIR, W FRR AR 135 8 77 5% ) R AU 1) Walker 548y 5
AN B SWT SHUE R Hpoxt kA7 56 38 & G B0, 57 Z5 e TR RS FE AR 2 T B35 i,
Dk, A2 AR A e SWT S ER R & IE A AN AT R
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AR T EAR S TNk T Walker ~F-351 8 7548 1E #E I ) SS03E A9 77 75 o
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EFRER FIXAER, AR A7 AE — e I PRMTE, 1 e S B i e 7 2 KR I
F7 B B RAEAT IS, T ARME, RSRBEL AR, ik, £
HN B TRE M, b T 2R R AT, B RSB E Bt TG, th
G KOG IR E S TREMEL, TR AR 5 e B, ik
AR PERES Mt T A, BRI 7 HAE TRE BRI . Tk, AERH—
i F 3 B A AR BOAR J % 57 3 i U3 PSR, e At 6 vk et B A B 1Y
WREEE . T MR R AL UE I RE P R T GH4133 & & i AT I 57
I, ANRER 2R 3-4 mP Kl ae Bt iy MR R (RS EEAT bR, S RN

3-9 o, Ho S Z e G A v SRR . A SRR TG v SR AN G A il e R 23 0l
N~ N, FIN, F5.

= X Nfl VS Nt Z
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X
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HAG an IIE R 7> RVEAE L5 i N, R BN SV 1.5 50 §eii st
Rl VA AE 1.5 f5 70 B W B R AR Th FE L2 N, = N BRI, TBREEIT EZE N, = N,

FoR HAE A BUONAS FEG . A%  FTR E B R b, TS T R AR TR
SEHT, TR T 1T L% B R TR AR TS R B B RS, A
TR HEPAE 1.5 550 BOH 1Y, I ELIC— 72 47 HOBEIR A SEeP 76 ELER N, = N, BRI,
R AR S T8 S R, [, 2R T B 9 55 A I %
HBHE TG, (65 H U T A RS T

3.7 SEREEEwHFda TN

TEEE BB P e Y, o RIS A 1) 55 S W i T MR Ak o R A5 DL
T S e A A K ) 55 TR 7 R0 A S R, SR B SWIT S B0 2 [ % A
FEFF A TR, HaEAE 3-2, W i R IREe S AT A A i, (g 5 3-8
i

% 3-8 FEIRELAAMERG 800h AMAEMT I T A 57 B s

TH,
184 K18 SRS FNES EU i 3- i K- 5]

X N 33 (rpm) 9520-18050-9520 16936-18050-16936 0-18050-0
omax(MPa) 976.52 976.52 976.52

Emax 0.0048669 0.0048669 0.0048669

Emin 0.0011778 0.0041571 0
€a 0.001845 0.000355 0.002433
E(GPa) 194 194 194

y 0.663 0.663 0.663
ni 2006 24326 1306
N 46437 +00 15137
Di=ni/Nj; 0.043 0 0.086

B T2 3-8 JR4E A Miner VAT, 43 805w R IR FC AL 7E 800h SMA ( FI#AT 1S T
iNESEALIIPSR

n n.
D :;N_L:0'043+0'086:0'129 (3-18)

B Ja T LA 2 s i W e 4 A0 A 08 T /N 0y -
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t =800 % =6202h (3-19)

3.8 KB/

EES RIS 28 B ) 50 RABUE G Walker 555y AR HNPE, AZE ST T Ak
Wy SRR RIR o, FIBREIR o, Z RIS R, Al T B 5 y B3
A, ORI EARIRUE [ ZECA R R IR RS EE AN S M . 5 RE R SWT S Hs Y
AT AHEAT BT PERE 55 75 an T A AR i DA R LA [RIAA LS P 35 82 73 52l 1) R
BBORE A (] 5 B R R i, AR ZE 4 Walker $528 y 51 N2 SWT S ot Hogh AT 58
B, R T A Su ) SWT 80057 G an AL, GH4133, Al 7075-T651. fik
PFIAT 1Cr1INi2W2MoV DYFH 4R} ik ae 25 48 B uF 1 eSodh A 28 1) B AN IR 1%
B3¢ S N P eSO A T v e TR B AT TR 5 A e T
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‘.
D:;ﬁ; (5-2)

(4) KB40 AN A3 i AN 2 Bar N7 SR 2, BIA AR 45 07 B2 5 ad 25
AT IR
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(4) FFAE BRI AR 57 RRB G EL R 1%,
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KNSR B A I AR (5 P R Y, ABE AT 1) AT W S ) 5 BR
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v
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(1) Carten-Dolan &7

Carten-Dolan #5432 JE 4 V9% 57 RARTUG B Y P A B R B 2 —, H. T,
Corten #1T. J. Dolan #9555 LML 5T 5 M= B BB — B /&
DXl AR A 5 B BRI A R DX ™ AR O R S 5 =B BUMO R AL & & 5
VIR R g, ik Rl

D=mm" (5-4)

X, mATIIZEHE, r B EESR, n N EEIREL b L.
Carten-Dolan B [~ = B Wi 5-2 firor, B 2k a AEAT o, fEF T
PR DT 2, #h4 ¢ BT o, YER TR R R 4 #iZkb A o, fl o, &
B R R A5 4 i 2k o
MPFEA RIRE R E R T, HAR AR RN, S48 D 2R —% 4. W
U, R B A SZ AR IR AT o, Fl o, B, HOE S5 ] AR IR A
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.
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Freudenthal-Heller f%5 Carten-Dolan B35, (HE S M8 S AR BUR R,
Freudenthal-Heller 4571 fr) & i 2 fan R 244,

D=y 1% (5-13)
o N
N e ApSE
1=% (5-14)
zni (o, /o)

KA, o NZEAERFEMEAE T, o RIS H MIERRECA10° - 10% I it B A 34
fl, N X R o K557 4 dr R R

Freudenthal-Heller #5273 /& 5 — =5 i 27 18] AH ELAE FH SR 2195 55 B AR B A%
G, R R 57 0000 5 R I B 2R SO R AR R, T BN SR S0 (B 1R ER B L
TN JIE{E . Freudenthal-Heller 574 fll Carten-Dolan #i R4 AH1L, $47LPLS — N Hi 2k
RNFEERY, (HRAEBA SIS RIERE Carten-Dolan HERUA[E, BRSSO
P A IR IR 10° —10% IRAGE B it 2 1) 8 A 4L %Iﬁﬁ(ai/g)b WK &
A Z AR AH AR

(3) Morrow #57

7£ Morrow A58 i, S8 Dyl F 2% R8 28y 1] (1) AH AR T GG 295 55 7 i 1R 52
Wi, 38 Ik — AN AT [RLAE ELAR s ma DR 5] N B2t i 55 R #ie . D. J.

75



L BRSO A1 208

Morrow %5 tH 75 2 SR F 45 r ik 204

Ln [ o f )
f=(g+c+1)/g (5-16)

s URPRER B T AR EAE S i R, ¢ WIEkIRE, g IR T7 98

T ANF B £A FE B B, Morrow 1 1 Carten-Dolan A5 74 4 A 1bL . B 30(5-15)
LA, 22 R TP BB R 7 4% F B R A & R A 7 AR, 22 TR
(0 O ) 2 R SHTE A0 47 1R A L1409 55 4 i 1) 2

(4) Carpinteri f& 7!

A. Carpinteri 25ME 5 5 HHEBOEMSE &, 8 R AR A AR AR R
5 A i 5 AR S 19 57 AR AT A

1
Lon (o K
[ﬁ=ziﬁﬂ_j’02pal (5-17)

i=1 0,

0 , 0, < po

A, KOVMPHERTILE R =10, EXAEFR AR T, S—NHIZHIRER, pyzs
AEL —BHMEDY 0.5,

i EPR, EEIRBAT T, T AT AN, B AL A A 2o f
IR 5 7 2R R, 3 T S M B 1 (98 57 73 o 4003 % O 280 L A el 38 14 P 1) B
RN STHRER], HEFEN AL A E B0, B b 0% K 4k 4k
VN, 2L T, SHBAIMEAR, SO R, A
LR DR Bmr 1 v 1 i K NN S IR R, RGN 7045 oK B T 1 BLAEA R 93
i (AR AR SR IR, R L SIS GEAR L M 07 R i d B vp - DL
AT [R)AH LA 98 57 73 i B2 o

5.4 BUARVIREL LK 55 RIRMAIRE

5.4.1 FETHRAIEM IR WAYIFE MR F R A 1REL

FE 2 8 1, SRR A REIERE RO A LA g8 55 451 i REAE I A2 1) 70 T, D. Y.
Ye ORI T B MR ERL I IR AL 1 AR LR P9 57 ARG AL . TER R 55 2K
RO R, AR B AR 5 B BR S WA 1 S S OO, PRI AR AR R AR, A
RS R ST 2 3 B0 ARSI BT BBIETERE T BRI R F it
NPT S B AR A AL F S B BE LA AR . IR R BRA R 9 S MM AR

76



SELE 2 AT R AR LA RN e P 57 SR A4 1k

IRIBTIRAG. D. Y. Ye 25N h@ s Lhir B 5 HIVERE BUE SRR 28 B A B A
ks, HRiksanh .

D
Y UL VO 1 ol (5-18)
InN; N In N, \p
o
D o
D= M [1—2(0i lo,) " n} (5-19)
1 N
In—(O'i /Gf)
2

H 2 (5-18) F1(5-19) i LAE th, 28 B A 1R (3 Bl £ :0(5-19) 1, #4
PRI 57 30405 5 A R0 55 5 P R ORI 57 S B 4R BB R T ek, SRR B X
(5-19)HHAT M, 153:0(5-18), HEAFIEHMMMIEA, FEHEST THERMA,
(BRI AN T AFAE 5 /N BE 25 FE 5 17 [ AF LA P e, 30 T S 1) 2 R TR R

5.4.2 BUHRBIAYIEST

MO A SR, iy 18] AR EL AR P e Dk SRR 0, FA) F BRSUAE v 7
1EF R B A2 80 H R H S S E AR R R A R I A B H Y 2 i
R A7 A 5 Ui i 2 S R R DT A = A 145 0, I HARZ N 77 5 e K
TIZERIER, ﬁﬁ@mﬂ%[m]MfM%V%ﬁ Bt Z A A v T3k
N A% SR B A AR o DRIl 3R 2 et T sk NS
R, NI B e AR ELAE R LA

0= (5-20)
O

max

¥ 20(5-20) 51 NE(5-18) 1, 15 25 FE AR faf AH ELAFE F A et AR 28 M 9 55 BRI
Pt Ry

D =% L p[- (5-21)
Omax INN N,

max

KT AR ST BRBGIEAL, A IE R AR g LR = A 1) A
(D XTI, — RO e 2 g e K .

(2) 2, BT R

(3) ZHFPRIEE RN, Him A2 20

XA, AR AT o) AR n IROEIA, i R i -

77



L BRSO A1 208

p =% In(l—ij= -1 In[l—ij (5-22)
o, InN, Ny ) InNg, N,
H 78— BARATAE S AR ST R A BAER, P AsA(5-22) #1 X (5-18) &
AR L
TEZRBSZBAE T, BRI o, MER n IR, RETEET o, 1EH
n XEEIR, Ho, >0, WIEBRGERED, 87 o, 0 n & SRR T
BT o, I N, K RFAAA, B

D, = L In(l— nlj: 1 |n[1— b }ﬁ: 1 e (5-23)
InN,, N,/) InN,, N(, ) o InN;, N, o

KA A(5-23)1F 2, HITFAERAT o, EH n, UGE KI5 i 9 :

INNf2 6

InN§q 02

n, |,_ M -
_{1 N“J (5-24)

WIPE g s B AR R, M 98 55 4530 -

NNt 2 o

InN§q 02

n, + n, _ 1— n, + n, —1_ 1_& + N, (5-25)
N, N, N, N, Ny N,

[F B, SRIGE=ZRBAZLEAEAT (o,>0,, 0,>0,), MIERTST o, /EH N,
YOS A A -

InNt3 oy
InNf2 o3

kB [ L T (5-26)
f3 fl NfZ
WFE =R L BAEH T, WA 57 10495 9
B S O L T + s (527
Nf3 Nf3 Nfl NfZ Nf3

[FIEE, HEHAPEAE 2 T T Rk

78



SELE 2 AT R AR LA RN e P 57 SR A4 1k

Y=ty T (5-28)
Nf(i—l) Nf(i—l)

Ko, Y, AHIPEEE (i 1) A F I, 3,

InN g oi1
InNf (i-1) oi

—(1-Y,,) (5-29)

n
Nfi

MIF 2 AN, MR35 A
n.' n. In IanN(uﬂ—l)m?Tl n.
L =1-(1-Y,, +— (5-30)
fi N fi ( ) N fi
XTGBT, — AN BRI 5545 00 R B ik SR S DL T 4o,
(L) it A nl e ge B 72, I B2 i n . X+
Sk AR 2 1 8 T R A, X H R 315
oD 1 o,

ann=[(Nf_n)Ian].o_m'aX>0 (5'31)

i /2 AT o
(2) AT T, NS fEH — A R0 T 8 1 — 2R
Bif, Al
o’D, 1 1

anao_[(Nf_n)|an]0max>o (5-32)

i 2 2%
M T SO R RAT & 264 (1D A1 (2), PrbAARE e e RS
B, h R R AT BRI

5.5 BUIARRE R F 7R

NI A = 45 L 2% R B AT 1) AH B AR FH RS ) AR 2 k9 577 R AR AL F
IERHEAE Rk, AT AR A 45 SA0RT 16Mn 28X FA R 6 T BURE AT B 113K
B, XA EE RS AR AT PRI N8R 20 BB B0k, [N g o™ e e AR 2R 1
TR, K FLTHI 45 5 Miner 25 1A JEAS R (6 300 45 SR EAT EL AL

B, WIEAEPIREA, RIG-20) st 2 ARH 45 SANCEE RN
Jio, =330.9MPa o, =405.8 MPa {EH] T, 16Mn $H{EIEIRL. /) o, =337.1MPa I
o, =373.5MPa fEF R 98, o 58 (5-20) (3 45 45 A A T 36 B 5 ELE AT L 4

79



L BRSO A1 208

i 5-3 £ & 5-6 P

O

BIRAH

T

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

A

m [ [ [ [ [ [ [ 1 1
0

T

T

T

T

[ 1 1 [ [ 1 [ [

0.8 0.9

n/N;

& 5-3 45 SANTE 6,=330.9MPa | 475 11 Ak AR I A1 i EL 3¢

O HIME
— i

T

T

T

(@]
©)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.9 n/Nf
K| 5-4 45 SAN{E 6,=405.8MPa | #2475 11 A5 AR I A1 i EL 3¢

80



SELE 2 AT R AR LA RN e P 57 SR A4 1k

o T o keem
PR

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 N,

K] 5-5 16Mn 4N 1E 6,=337.1MPa I #5455 1 B8 AR IS8 1 HL A

a o WiGE
AR

0.7r

0.6F

0.5F

0.4r

0.3r

0.2r

0.1r

| [ | [ | [ | [
0QO 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
n/Nf

K] 5-6 16Mn 4 1E 6,=373.5MPa I #5475 11 B8 AR ISR 1 HL A

81



L BRSO A1 208

H &l 5-3 £ & 5-6 AJLAE t, EEMEEGEH T, A& I-ER R0 RAE
REBS IR IF b 58I B &, S5 242, BUE T P s 2y () IR R
it — DR A T P B AE 2 BN EAE F T B3 ar TR /), K H 45 541
A1 16Mn 4P Rh R TR AN B R (R B R e 7% 2K (5-20) BEAT 5 2%
Inaase e, Ho sk AR AR08 0.25mm. By 0.25mm.
RIS HHE LA 5 A, KT 45 SAOEH R RIE TR, R g0k E
Ao T 3 0l 9
(LD S-{Rhn#Emr ik 331.5-284.4MPa;
(2) fi&-rEr &k far it 284.4-331.5MPa.
X T 16Mn ARG e, R PR I3 A 15 40 A -
(D S-{Rhn#Emr ik 562.9-372.7MPa;
(2) f&-rEr &k far it 372.7-392.3MPa.
XFF 16Mn 6 RE, LIS P N B A 1% 40 A -
(1) - hn#ai il 394-345MPa;
(2) m-fiChn#E il 366-324MPa;
(3) fiK-m=rm#E fir i 345-394MPa.
XF T 16Mn ARk e, R PR I3 A 15 50 1 A -
(1) SRk 294.2-166.7MPa;
(2) fik-mn# K fr i 166.71-294.2MPa.
G R T SR A 2 T B A i o, TN &G B A SR AT Miner I DL JR
B (0 5-18) BYTRIMIZE RAEAT T LhE, FmuFFlbbiss Rin#k 5-1 3% 5-5 FIE
5-7 & 5-11 7R

4651 FLCH ARG INAL F 45 SABIHRRHR LRI (R 508
G Miner 5BV ZOER
WA n PR "

2 2 n, n,
ACE (MPa) L Ny, Ny Ny, Ny,

500 0.010 423700 0.8474 0.990 0.988 0.986
12500 0.250 250400 0.5008 0.750 0.705 0.665
331.5-284.4 -
25000 0.500 168300 0.3366 0.500 0.431 0.375

37500 0.750 64500 0.1290 0.250 0.186 0.141

125000 0.250 37900 0.7580 0.750 0.788 0.816
284.4-331.5 k-5
250000 0.500 38900 0.7780 0.500 0.565 0.613

82



SELE 2 AT R AR LA RN e P 57 SR A4 1k

1 — -
N ‘ ‘ ‘ O M- EHAT St
= ,;\\ x AR-E AT R R AE
09 o MineriZ i
o "..‘*?\\\ """ JEAR AR AR AT
SNl JE AR T~
08F ‘..‘ SN o === U B A
SO N —— — SO -k
0.7 LN \*\\\
g ". \\ b
. N
* N ~N
’,. . \\
0.6 \\ ’0.. S *
\ 0... ] \\\
05- O \\\'*.. RN 1
\ .’0 \\
~ o.’ \\
04+ MO .
O \\ ’.’0 \\\
031 SOt .
~ ’0‘ SN
~ N
~ 0.. \\
0.2 \\ "0‘ \\ —
N ', .
O \\ '0.. \\
01 I~ ~ 0.. \ —
LA
S
O 1 1 [ [ [ 1 | [ [ ‘ \
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
nllNf1
Kl 5-7 PR AR A inak T 45 S80I R 0 e (A AN T BB ) LA
F 5-2 PPFREATINE T 45 SAEk O G e (A AT AR
HONERS ik n, I Miner JFUSAL Uiy
n Nf n, n, n, n, n,
25 (MPa) i ' Ny, Ny, Ny, Ny,

125000 0.25 55500 1.110 0.750 0.788 0.816
284.4-331.5 f&-% 250000 0.50 58000 1.160  0.500 0.565 0.612

500000 0.75 24600 0.492 0.250  0.319 0.375

5000 0.10 421500 0.843 0.900  0.880 0.862
331.5-284.4 -k 12500 0.25 337700 0.6754 0.750  0.705 0.666

25000 0.50 234500 0.4690 0.500 0.431 0.375

83



L BRSO A1 208

o 12F | | § O iR A Yl
iy . xR E AT A
MineriZ: )
""" Ji AR v~
S B - 40
“*\}\ - AR A AT
o —— — SO g
A SN
O "0 \\
0.8 RN |
\\,\ Sa
\..'0 \\\
b\\'#... ~_
0.6 SO s .
~ ‘e ~
\\ 0.'© \:‘\\\\ X
~ . N
N e RN
04+ ~ n
\\ .'0.. ;\\\\
N ‘e N
\ 0' N
> ’#..' . \\
0.2 R ]
SO0 \\
SOl \\
SQLnl
0 | | | | | | | | | "
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
nlle1
] 5-8 PRI AR EART INEL T 45 S AWk 1 RRE 5 07 90 (B AN T S 1 b st
% 5-3 WL FARERAT AT 16Mn 409561 R RE 0 1R 508 F i B
i "“ i ZA 4‘.‘;Iﬂ:_i{ ] 4‘.‘ill:_l'{
. n N,, n, n, n, n, n,
KF (MPa) Wiy Ny, N, N, Ny,
2 0.0005 73600 0.9352 0.9995 0.9993 0.9989
200 0.0504 59400 0.7548 0.9496 0.9321 0.9040
562.9-392.3 -1k
1000 0.2520 56300 0.7154 0.7480 0.6736 0.5672
1700 0.4284 47600 0.5411 0.6176 0.5191 0.3903
38900 0.1450 75500 0.9590 0.8550 0.8550 0.8617
372.65-392.3 {k-%& 64400 0.2400 62800 0.7980 0.7600 0.7600 0.7705
116000 0.4330 62900 0.7990 0.5670 0.5670 0.5833

84



SELE 2 AT R AR LA RN e P 57 SR A4 1k

1 =t Eh R
= _ | | | O HERATIA
Yl \".}\ x AR RS IR
09F ‘.‘*\\\ MineriZ
N IR A
0.8+ \ “t \\< <« T J’?TijﬁéﬁQ;'%ﬁ{ﬁ%
LN == = BT - R
Nt 0 — BB PR
O 7 L \\ 0‘00 \\ |
*e N
\\ *o, S N
06 L \ 000 \ -
\\ “, N
N 0.‘ (@] \\
05 \ *, N |
\\\ » -, \‘\
04f N N .
. \\ .. A
\\ .’0 \\
031 N RN 1
\ '0. NN
hXN ., SN
0.2+ S ‘e BN !
A Y LN N
~ . N
~ * N
\\ ~.. N
01 [ \\ h.. \ —
So '0... \ N
~ .'.. \N
0 | | I I I | | I = -7
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
n /N

Kl 5-9 PZLRLAHEATINE T 16Mn A8 6T RS 75 30 (B AN T S4B A EE A

54 PIGCR G INER T 16Mn B9k DR R I A i

BN i n, I Miner  JEAY Uiy
nl N nZ nz nZ nZ n2
7J(E|Z (MPa) Jllbjr? " NfZ NfZ NfZ NfZ

260000 0.25 52500  0.9492 0.75  0.7971 0.8794
166.7-294.2  fik-= 520000 0.50 37900  0.6852 0.50 0.5791 0.7338

780000 0.75 18500 0.3345 0.25  0.3353 0.5384

13800 0.25 497400 0.4788 0.75 0.6943  0.5252
294.2-166.7  =-1%
27700 050 343900 0.3310 050 04151  0.2119

85



L BRSO A1 208

T T O RGBT
E O A B RS
09l \\ N MineriZ
’0.. [ JRAEAY =K AT
sl N ~_ | AR 8 A
' \ ., S — AR K R AT
\ ’o. S - ﬂﬁ*ﬁﬁ1&7%ﬁ%
\ ‘e S |
0.7+ \\ 0.. ~ -
\\ ‘,”. \\\
06 \\ 0.00 \\\ -
\ ’0’ \\
05 AN - N ]
\ X N
\\ "0 AN
041 N N .
\\ . . \\
O AN X
0.3 N \ Voo
N\ .’0 \
N -, \
0.2+ \\ 0‘.‘ \\ -
1N ‘e, \
~ e
011 Sso \
Seo RN
~ L) %
0 \ \ L L L \ \ [ 025
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
”1/Nf1
K] 5-10 PR P ARFRAT INZ T 16Mn AX R RS A5 R 06 B AN T B4R A B
% 5-5 WEIEIRATINE T 16Mn 495k R RE 0 1R 508 F i B (E
i "\‘ i ZA 4‘.‘ill:_i{ ] 4‘.‘;Iﬂ:_l'{
n N, n, n, n, n, n,
KF (MPa) g N, N, N, N,
39940 0.2000 995670 0.7267 0.8000 0.7723 0.7469
79880 0.4000 545300 0.3980 0.6000 0.5535 0.5127
366-324 -1k
109800 0.5498 448780 0.3275 0.4502 0.3969 0.3521
139790 0.7000 306000 0.2233 0.3000 0.2481 0.2071
72400 0.1800 96733 1.0346 0.8200 0.8386 0.8572
) 181000 0.4500 82867 0.8863 0.5500 0.5885 0.6286
345-394 k-
197100 0.4900 80970 0.8660 0.5100 0.5503 0.5928
233300 0.5800 59750 0.6390 0.4200 0.4633 0.5098

86



SELE 2 AT R AR LA RN e P 57 SR A4 1k

s ‘ ‘ ‘ O A REAREAE
< x x AR R AE
1 . Minery£ |
SN R LD JRAEAY =K AT
9\\ T SRR AU~ = AT
i x — AR K R AT
sl o *~§>\ —— — SRR - AT
06
04r
0.2+
O |
0 0.1

K 5-11 PG B AT N T 16Mn AR 1 RE H 7 1364 A0 T S0 O EE A

M3 5-1 £3£ 5-5 F11K 5-7 £ & 5-11 w1 &1, Miner LN EAG AT A HHE
fESEHRE, HEhTHB LR, BERKRE. FEREEEE T HMm W
IR RO, FAE - N R FILEAR- s AT T F T 25 SR & AN R
XF T 45 S AAT 16Mn AN FORTRL, SR A BRI EAT TN, AR A e FUELLE - i
BT NN L, MR-m T AT 1, 5 Miner v5 U (19 35000 45 B4 T Hh s,
JEEAS Y R TOUIRS P2 3 1 o T AR B BT SO AR Y PR T AR SRR B R R BTN T B
JE B AT A 18 AR P AR, L TURE P8 7 R 2 () Bl SCf i dit v, ELOT SRR
WERAR, LR LR EZH. WA, TERENZ, DRI
SR ZE R, U T &5 SRR SR R R B . ZF BRTIR, AR
FEA AR [ FH ELAE FH A0S (1 R 2 1 997 57 R B A B R e A5 3L o

5.6 SEREERKTHHTN
I T84T L9 HY i [ i e 2 10 e S R e L AR, DALk, AR DAMEAE A2 A
17 AT SCIRAS =R 00 T R S5 5 i N B e, SR AR 5 i §2 25 g 48 1)

87



L BRSO A1 208

HHELAE I ROSE B AR 2 i 577 2R AR 45 00 5 2R of e BEAT 9 57 73 i UM« % 5-6 Ay iy [ iy
FELHMERE 800h [ 4137 2 Ay S AIAN [7] L0 98 57 B2 00 o

% 5-6 = RIRECALAERE 800h A M A i R 57 1514

TH,
18- K18 - fpe K-8 AT i 3- i K- E)

omax (MPa) 976.52 976.52 976.52
o2 (MPa) 361.19 72 488.26
y 0.663 0.663 0.663

ni 2006 24326 1306

N 70041 +00 22831
Di=ni/Nj; 0.029 0 0.057

H T AEFRE AR JUIRES N 40 9 0, BRIE, mlA e ik e B AR A8 9 2 4 Ar
T, HINEIF A “BICRS-E 4R 7. M Walker ~F1 8 )14 1E i ) *3Tar 45
1o s RS T AE B RRES N S RN J1 o

o, = o o7 =976.52°% . 488.26°%° = 617 MPa (5-33)

max — a

R IR A B TEAS AR T IS RN J1 oA
o, =0l =976.52°%".361.19°%° =505 MPa (5-34)

SR FH A B P 3 5002 (14 2% 8 480 [ AH EL AR Y 0ONE PR AR 2 987 7 BR800 o 2k
o R T B A P 8T R RO AT BN, £ R WNER 5-7 R

R 5-7 kiR Ae AR 800h HIAMZ AT I T I 5T 45 1

LB ZIE n n, Miner SRR
MK s n N,, n, N, ", M Mmoo
(MPa) N f1 N f2 N N f2
617-505 -1 1306 0.057 2006  0.029 0.086 0.1056
BEES, ARPEHERE AL 57 RAI G TH A5 B R R A B R A A8 A AN ECR -
t =800 L 800- L 7576h (5-35)
D 0.1056

TERTREE — &, =2 MBIUZ R, Z Ao B2 5 R R e AL A48 F /N
B #4 2431.6h. 6202h. 9302h. ﬁ?“—aﬁ”—a%hﬁﬁ% TR, PYE T
A5 3 5 RS A B A3 18 /NI SO 25 2 BT AR B R IR S 5, X E T

88



SELE 2 AT R AR LA RN e P 57 SR A4 1k

PR S TR A 20 Hk, W2 S8R iR 3o 78 B /N 2o 2
BRI BB R R A 28 5 PR A 32 & B T AR 57 5 A TN, v s
AR LA N A e T s ST, RS BUSHTC AT TR B R IR
B 75 i R 22 UK B AT AR ﬁﬁ—ﬁ%%ﬁiThﬁﬂm%ﬁﬂm
PR, X T 28 AN = B TSR A AR B e R AR B A A NN, b
=TT BT 2 RN, %%E%?ﬁm%%ﬁ%$ﬁﬁ%WMh%@
E%%ﬁiﬁ?%ﬁ?ﬁﬁﬁfﬂfﬁﬁﬁ? ip=A P ﬁﬁﬁﬁmﬁﬁﬁﬁﬁ
Zr o TRG L — iR . AFEAEEE & B =3 DUACE Y & (5Ll
f@iMmr&W%ﬂﬁ 168 Ik 2 R A AT AR E AR FH ARSI 575 75 i (1) 2 il E%
XTI iR B AN A NS BOEAT TR, B, X TR R IR R B B A E
FFdr, DAARZEL R oNME, B s RimEe 8 n 45 8 /N 80k 7576h.

5.7 KEINGE

A T 8 I DU 2 R e 1) A B A FH 0 [ 48 L 57 SRAR TR A AR Y 347 X L
GrHTS %%Tﬁf@wﬁﬁmﬁﬁ%%ﬁ%WMMMME P T AT TR AH HLAE
M Ao ARG, I a8 A BAE s md DN 5N B2 T M R B R IR
%%#%ﬁﬁﬁ%&h%&i¢,hﬁT%Tu%ﬁﬁﬁmmfﬂf,xTu%
JE AT A)AH E A FH 25O ) e A Y, 4 3 H T A P AN 22 48 A N 28 T 1Y)
FARETY . dfa, @I 45 SAXFT 16Mn AN FliA R H7E 5 2 a7 2 A 96 2 <ot
SCH R IEAT T IR UE, Ar A 45 RIS T SO R IR M ANE R, IR
HEBLTY T i He e B AT T 98 57 A A T

89



L BRSO A1 208

ERE FiLE5RE

6.1 EXB4

VE RN RSN AR 1B, SR ZH B0 ). BT, PR3N 558
W EAVER, [RGB 52 R A o ) JE R S E R AR R 57 R A A
Hip BB RSN MRS B m B KN 2 et Bk, Xt
FOREEAT R BE Sy AT AN 55 A Am TN, X R A R BN AT SR R R

SRR AR AR 55 A (R /AR 2, WRARIM 22 RO, R iihn L
SEINE ) BB ERATINEIE L PR S, (H B AT R A0 R 55 A7
SRR R Z A 0. HAT, X I e s e 6 A 50 S R 57 75 o I TR 2K 1
PR IEN, (TS IAT R ALIE 55 4 ar U 7 A A BRI AN e 3 . JE Tk, A
SCIE I XA 505 55 A5 AT T RO (SR N 7 N e BB AR A Ik 1 1 AT 43
M1, WE LIS AC A% 57 A A OALER, DL DRI 20k 3L 51N 2158 B & 9% 57
i PO T iR AR o, JR2h & 22 T5 an et D RN 57 RARS M FR R IT TR
R, HEBERRA:

(1) LT 5T Walker ~F35 87 4% 1 v D] (1) (0 JE 98 55 77 o TS 24

EAFERCATIRE T, HTERESGIEH, 38R K I B I ECR I R
JIFIRNAS, FEA S S . AR SCE B A RIC /o rik, B TR0 R 5T
L DA B S G BT (R DL R N AR 43 AT o RIS, 5 FE 30 e i A Tl A0 I R 3 F) A %o R
P, 2R R ) AR R HFEAT 98 5 5 am TN, 75 X s fmr i gk AT T3 8 7
B IE o I Walker ~F-351 8% 7748 TE v U] (1) 55 20008 3% 2 ORI R E4) 8 AR - 7 i 1t 2%
ght, RHT AT AT PR R B I B B R 9 57 A A TR A, AR Y
AMBETE AT S, (R IR B 55 75 d PO vE SR AR T R SRS . GH4133 TR
RIS EAR IR UE T 2B A B R R B, 12 OB B AL 5 I H < < XX K Bl
MLEZEFEHA a5 T

(2) #E THAE Walker B A4, FEHEH T 456 Walker $5 20 SWT
SRR AR 55 75 i TN AR 2

Walker P35 8 JJAE TEAE N B A e i 1)~ F 35 BB IERUR B Walker 1831
E R BERKEMRLE, XEFHAMEZCRM, S5rtEtzE, BT H TR MR,
ARSI 53 BT S AR IR AR SR A SR BE AR BR Y N FE DG R, EAL T — AN )
PATHEL Walker 355 BUA AR, 2% FE 5] Walker $55A] L Sk R A [l 44 BE 0 34
LT R R, DL SWT S8 o] H T B M RHE 55 75w (0 70, A8 S00Hs

90



FNE iS5 RYE

Walker f5405| A2 SWT ZH A, $R I T — A el (R ) 3 57 73 fim TN AR 2,
R FH DU AR AN [F) A £ 1 0 Kb 26 E AR R () IR I AT R0, 2 R L Y 3
HRSIUH << XX KB E BTt E”

(3) Rt 1 5 8 N3 P 0L PR A 7 A3 s T AR 2R

e RS A A MERE L iRk LA O AL SR O, TN AETIR, &%
B A el w0 N B P, AN AR BRI L JIRREE o e 45 R 98 57 7 i 7
AR BT, ASCE SR . SRR SLAT PO FL = AN G R AR AL B Ay 34T
M, BARE T IR =ASERALN B A A o IR R IR TN A R T e £ 5T A
iy LEE, ST N R RN, R SN B AR 7 A A o pr e, B
H T AN SO RO AR 07 A A TR . BF AR, A A R TR
M.

(4) $EH T 25 RS AR ELAT P RN S S 2508 57 73 i 50 () A F R V98 57 SR AR IR
(RFSIIR

FEX e IS I R A =R 00N AR O HEAT RN, A SR 52 2R 1 3 57 R AR
BOTEE, (BZER 57 RGO BB AL ANRE 5 RS BT IR RO LA K 8 A L
VR P ROSL R BR o AT FRO AR LA P X G5 A4 8 57 73 i IR S AN R RS 11, R il 5
R E AR BRI BT o T, ARSCWEFT 1 38 A LA 98 55 75 i sz il (R AL
AL A 1 2 T P B AR R s 38y 22 8] AR LA P, R 3 o R 8y A LA
ISR 7 51N B — AN AR B RE IR A AR S ki 57 BRI A AL, 32
7 AR, JRHES T IR R 2 G B A TR S, iR
PAETEvATREA U RV = g2 I

ZR ERIR, ASSCUARZ M 55 75 i (K DR 2T I 7T N 6 P AN A 28 A e
NKEZR, 73 AW T 55 75 o ROLEE, I8 IR 3 5T N BB F50% 57 73w 0 o
e TR AR 57 A dan TN s, R IR 1 SERR TR

6.2 RETIERE

AR SCAE R R AL e T i e AL 0 L 0 A B2 B, SR T 5 dn it
TR AR 8 57 75 A TN i St AT 1 A dw vy, (B T S 58 B X Fe 2 57
A TA R, MARZ N RER R EREHRS, WALLT L TR L
1E:

(1) MAR-J 57 S HAR AT T Be it e TRl R s ML i R AR, AR AR
WA, BRI i, e Bt JF HREE R AR i AW
PR Z B 2 AR B R S AR R, TR B S R 5T AR . DI, ERA

91



L BRSO A1 208

W FC AR G I AZ EAR . A B PUR R D0 BEAT B0I0,  RSE e BT dn PEATAS
LIPS ¥

(2) 25 AR T S BN e VE IR SR 55 A5 dm TN o e 09 57 77 iy T A
RS, TwEZEE MR AR, il e SR SRR, e
FIAFAEE AFE M. ISR AR . 308 N 51 10 B 45 DL R e i ahs Ak 78 7 X
HIARE, MaSBSEAEM,. Kit, FLESIAMEGE G, JTREHA
BRI 55 75 A T o

(3) fals AL H X R A 57 47 i IOREMT . T 25RO AR e, Se iR fG ks
FRAL DN SEAR FLATMERE, HACH AR 2. A R 254 R fa e & 5 B A AR R 2 7
FNAR AT, WL B or i, ATLAEHI RIS E R A oy B R 58, — &
G ER RGO BEA RGN R AR R, L, BF 7 fa R A 5 H X e i % 57
A3 RIS AT A0 2L o

92



ot

B4

G RHE, B IR, BB, HORELANERER, BAdk, f
KW, AR BRI, ARG AIHK, AR RN, HE R
ORIRAT, VOETHH, BF 7RG bRz bR, X0 E S
Koo AN S N7 H 2 A i !

B R AL R B O S M e, s IMELR A SRR, W
& H ORI, B B A Ol KB O S ARG 40 IR, 3 O R
WICHIES, BUMHEREAS R A (A AL O AT B 5, KBNS SCREARAESE, /)
BRI EATT, A E N RIMKBSURE, BUT™ERRrSESZ2A D&
MBI, AR TR 24k, H g & AR B H W) UM R R R A
AR E QA RIER, T HC, BN 7RSSR TE
KRN, AESZEmIL. wAET, BNEAEE CHKE, LHRAZRX
PRI R 2l 45 B SR — D E iR mILse. fEi, EE R
PP AR RIE B OB SE  IAE N R  FR 2t

SRR 2 I, [FIRH2 3 R, &7 H OEFl BRI,
R IMAEAAR B BFEAN IR AL A O BB, A8 T2 IS . RO FEiE T
FERIABIEFHE I XTI, FZEEM. REREM. KANFZI. 2K
EIM EEREN R b, fTRAEZ i VR TR T R SGLAHE B

AT TARERIARIXIE . 2058 . M, Ll 2130 TEE.
ZIRFR K. BORUH . KM, R A BUKBE. SIIRT . Ml %,
JAAT < UEARE S S AR N [ 2 DA R g S DTARATT, A AT OB AR A
A AR, BANERER, ARG — R IX B AR i ),
NI PN

FOCEUHE AT Rl I ) 2 5 AR SO R 5 3 B B A L 5K

i Ja ORI E SN, MATTERER U SCRFAIE 5 (0% /2 B SRR INA 58
AL B KB Fa s ARG AN e S S AR, 72 B O IRIKBE S AT il
ORI EPIR, AR B CRIZRIRASORE, Ol e Clx N Bath
H A FEMI TR R LA AT B 3 25 OB AT 108 B CORRL, A SRARAT TR AR AR
PRAR

93



L BRSO A1 208

[1]

[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

B2 3CHR

Ve, phEnE, £A08, & s kel st e s 5 i M]. Jbst: ER5 T
Akt iR, 2008.

Borss, R A SR T LR A 57 rTSE I 20 A [D]. VERH: ZRAE K=, 2005.
C. L. Liu. Reliability analysis for an aero engine turbine disk under low cycle fatigue
condition[J]. Acta Metallurgica Sinica, 2009, 17(4): 514-520.

A, B, RN RALIRIE IR 5T A dr AT SEPEAT TT 0], AR IR S A,
2007, 20(1): 39-43.

L. P. Gan, H. Z. Huang, S. P. Zhu, et al. Fatigue reliability analysis of turbine disk alloy
using saddlepoint approximation[J]. Int. J. Turbo Jet-Engines, 2013, 30(3): 217-229.

JRE A USRI A A BN E R AR E AR fR E [M]. B AT AT T Y Rk
2004.

MRASEL. U RS P 9555 75 i MTATSE BT 7T [D]. B KK, 2009.

Hrlge s, WPT R K ShHLI e A7tk 7E[3]. AR, 1999, 2: 23-34.

RIS, BEFE, RIAT. WPT R SHLE a5 [0]. i Acshil, 2002, 1: 33-39.
S. A. Meguid, P. S. Kanth, A. Czekanski. Finite element analysis of fir-tree region in
turbine discs[J]. Finite Elements in Analysis and Design, 2000, 35(4): 305-317.

L. Witek. Failure analysis of turbine disc of an aero engine[J]. Engineering Failure
Analysis, 2006, 13(1): 9-17.

B BE. FEME 57 A A [M]. Abst: 7 Tk H Rk, 2003,

YERG. HURE 57 5T SR [M]. AE5T BEE R, 2006.

L. F Coffin. A study of the effects of cyclic thermal stresses on a ductile metal[J].
American Society of Mechanical Engineers, 1954, 74: 931-950.

S. S. Manson. Behavior of materials under conditions of thermal stressfM]. TN 2933:
NACA, 1953.

W. N. Findley. A theory for the effect of mean stress on fatigue of metals under combined
torsion and axial load or bending[M]. Engineering Materials Research Laboratory,
Division of Engineering, Brown University, 1958.

J. Morrow. Cyclic plastic strain energy and fatigue of metals[J]. ASME STP-378, 1965:
45-84,

J. Schijve. Fatgue of structures and materials in the 20th century and the state of the art[J].

94



22 3CHk

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

International Journal of Fatigue, 2003, 25(8): 679-702.

W. Schiitz. A history of fatigue[J]. Engineering Fracture Mechanics, 1996, 54(2): 263-300.
TR P RAEIM]. b = AE AR HRAE, 1988.

A. Circular. Guidance material for aircraft engine-life-limited parts requirements[J].
Washington DC: FAA, 2009.

European Aviation Safety Agency. Certification specification for engine CS-E[S]. Koeln:
European Aviation Safety Agency, 2010.

J. S. Faragher, R. A. Antoniou. Preliminary finite element analysis of a compressor disk in
the TF30 engine[R]. Defence Science and Technology Organisation Melbourne, 2000.

D. Taylor. Geometrical effects in fatigue: a unifying theoretical model[J]. International
Journal of Fatigue, 1999, 21(5): 413-420.

K. Tanaka. Engineering formulae for fatigue strength reduction due to crack-like
notches[J]. International Journal of Fracture, 1983, 22(2): 39-46.

R. A. Claudio, C. M. Branco, E. C. Gomes, et al. Life prediction of a gas turbine disc using
the finite element method[C]. Eighth Portuguese Conference on Fracture, 2002.

L. Witek. Numerical simulation of fatigue fracture of the turbine disc[J]. Fatigue of
Aircraft Structures, 2012, 1(4): 114-122.

S. R. Bodner, I. Partom, Y. Partom. Uniaxial cyclic loading of elastic-viscoplastic
materials[J]. Journal of Applied Mechanics, 1979, 46(4): 805-810.

A. K. Koul, N. C. Bellinger, G. Gould. Damage-tolerance-based life prediction of
aeroengine compressor discs: Il. A probabilistic fracture mechanics approach[J].
International Journal of Fatigue, 1990, 12(5): 388-396.

M. E. Melis, E. V. Zaretsky, R. August. Probabilistic analysis of aircraft gas turbine disk
life and reliability[J]. Journal of Propulsion and Power, 1999, 15(5): 658-666.

X. Wu, W. Beres, S. Yandt. Challenges in life prediction of gas turbine critical
components[J]. Canadian Aeronautics and Space Journal, 2008, 54(2): 31-39.

D. Rusk, P. Hoffman. Developments in probability-based strain-life analysis[R]. Naval Air
Warfare Center Aircraft DIV Patuxent River MD, 2001.

B. K. Beachkofski, R. V. Grandhi. Probabilistic system reliability for a turbine engine
airfoil[C]. ASME Turbo Expo 2004: Power for Land, Sea, and Air. American Society of
Mechanical Engineers, 2004: 171-179.

PR, R A R BB LR BRI By B SR B2 7 b 5 75 ek SR [D]. U2 Pudb kKo7,
2006.

95



L BRSO A1 208

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

TP, FARARIEI R 55 7 iy TS 28 AR50 Pk 777 70 [D]. B st B S M
KK, 2006.
Wk, WAL, fRETE, 5. HT RN AR R R AARIE P 57 A7 an TN []. =2 % TR
K224, 2010, 11(6): 12-16.
S. P. Zhu, H. Z. Huang, L. P. He, et al. A generalized energy-based fatigue-creep damage
parameter for life prediction of turbine disk alloys[J]. Engineering Fracture Mechanics,
2012, 90: 89-100.
A5, BUOKRE, TAESR. BR8N B L IR R 57 A7 dw TN [J]. Aiiasah sk, 2013,
28(6): 1236-1242.
el A R AT 3], Wi sl 71544k, 1988, 3(4): 341-346.
BROGiE, oM, dtILBE ORISR R RS B R [3]. Miassh gk,
1994, 9(4): 416-419.
Bfiil, B, IAARELE AT SLIA O A R o o 77 i A LRI [I]. A3l 244, 2002,
17(1): 87-92.
BORRE, EREZR, FiFBE. ARG S0 A WKL 5 oo a i3] BiEsh a4k,
2009, 24(6): 1299-1304.
e, b, EER. KRNI SRR A a5 T SR TH R D). M sl i Ak,
2005, 20(3): 407-412.
Borss, e, WHERH, SF. R 57 TSI 20T H) Monte-Carlo 7 H[J]. R4t
i E244), 2007, 19(2): 254-257.
Ml sk, BHRAE, 4. BIBRST RN R i N0 57 ME2 A3 dr e M 7 VA ). A
B 1154R, 2011, 26(9): 2039-2043.
HEaPE. M RSB e sl AR A% 57 75 i T 55 T SEPE 2> A 59K [D]. B T
BHEKAE, 2014,
E. Castillo, A. J. Conejo, R. Minguez, et al. An alternative approach for addressing the
failure probability-safety factor method with sensitivity analysis[J]. Reliability
Engineering & System Safety, 2003, 82(2): 207-216.
E. Castillo, R. Minguez, A. R. Teran, et al. Design and sensitivity analysis using the
probability-safety-factor method. An application to retaining walls[J]. Structural Safety,
2004, 26(2): 159-179.
U. S. Department of Defance. JSSG-2006 Joint service specification guide: Aircraft
structures[S]. Washington: U.S. Department of Defance, 1998: 17-141.

KT, Bavb. 57T 2 AT Bt HALN]. MUkt S liE, 1991, 3: 11-14.

96



22 3CHk

[51]

[52]

[53]

[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Federal Aviation Administration. Advisory circular 33.70-2-Damage tolerance of hole
features in high energy turbine engine rotors[R]. Washington DC: US Department of
Transportation, 20009.

STAN DEF. STAN 00-971, general specification for aircraft gas turbine engines[J]. UK:
Ministry of Defense, 1987.

W. C. Cui. A state-of-the-art review on fatigue life prediction methods for metal
structures[J]. Journal of Marine Science and Technology, 2002, 7(1): 43-56.

S. Suresh. Fatigue of material[M]. Cambridge University Press, 1998.

TERE, RATL Wi MK202 K EHHLN /3 kRHE(EGD-3)[M]. AbxAt: BT g it
1979.

O. H. Basquin. The exponential law of endurance tests[C]. Proc. ASTM, 1910, 10:
625-630.

J. Morrow. Fatigue design handbook[J]. Advances in Engineering, 1968, 4(3.2): 21-29.

S. S. Manson, G. R. Halford. Practical implementation of the double linear damage rule
and damage curve approach for treating cumulative fatigue damage[J]. International
Journal of Fracture, 1981, 17(2): 169-172.

M. Nihei, P. Heuler, Ch. Boller, et al. Evaluation of mean stress effect on fatigue life by
use of damage parameters[J]. International Journal of Fatigue, 1986, 8(3): 119-126.

K. N. Smith, P. Watson, T. H. Topper. A stress-strain function for the fatigue of materials[J].
Journal of Materials, 1970, 5: 767-778.

HE T AR T R R . T ESTE AR R ) M]. db st E AR
Ji4t:, 2001.

C. Eady. Modes of gas turbine component life consumption[R]. Recomended Practices for
Monitoring Gas Turbine Engine Life Consumption, NATO RTO-TR-28, paper, 2000.

K. Walker. The effect of stress ratio during crack propagation and fatigue for 2024-T3 and
7075-T6 aluminum[J]. Effects of Environment and Complex Load History on Fatigue Life,
1970, 462: 1-14.

INE SR, 5T 3 BT RN - N ARVE R A R[] AL AR, 1984, 4: 72-84.
Bocss, et mSRHE, SF. BT 2B 0T R R BB A AR AE I 5T A e B 0],
FEALHE TFE, 2009, 20(7): 843-846.

S. M. H. Kabir, T. Yeo. Fatigue behavior of an austenitic steel of 300-series under non-zero
mean loading[J]. Journal of Mechanical Science and Technology, 2012, 26(1): 63-71.

N. E. Dowling, C. A. Calhoun, A. Arcari. Mean stress effects in stress-life fatigue and the

97



L BRSO A1 208

[68]

[69]

[70]

[71]
[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Walker equation[J]. Fatigue & Fracture of Engineering Materials & Structures, 2009,
32(3): 163-179.

J. A. R. Duran, C. T. Hernandez. Evaluation of three current methods for including the
mean stress effect in fati-gue crack growth rate prediction[J]. Fatigue & Fracture of
Engineering Materials & Structures, 2015, 38(4): 410-419.

C. E. Jaske, C. E. Feddersen, K. B. Davis. Analysis of fatigue, Fatigue Crack Propagation
and Fracture Data[J]. NASA CR-132332, 1973: 49-54.

J. H. Park, J. H. Song. Detailed evaluation of methods for estimation of fatigue
properties[J]. International Journal of Fatigue, 1995, 17(5): 365-373.

M. A. Miner. Cumulative damage in fatigue[J]. J. Appl. Mech, 1945, 12(3): 159-164.

N. E. Dowling. Fatigue life prediction for complex load versus time histories[J]. Journal of
Engineering Materials and Technology, 1983, 105(3): 206-214.

D. L. McDiarmid, W. Choy, T. M. Lee. The effect of mean stress on delay in fatigue crack
growth under load stepdown[J]. International Journal of fatigue, 1984, 6(2): 101-105.

P. Luka$, L. Kunz. Effect of mean stress on cyclic stress-strain response and high cycle
fatigue life[J]. International Journal of Fatigue, 1989, 11(1): 55-58.

T. Wehner, A. Fatemi. Effects of mean stress on fatigue behaviour of a hardened carbon
steel[J]. International Journal of Fatigue, 1991, 13(3): 241-248.

S. J. Maddox. The effect of mean stress on fatigue crack propagation a literature review[J].
International Journal of Fracture, 1975, 11(3): 389-408.

WRJRLML. P X8R X 7075-T7451 fa& AR 57 115247 A HISE R 7E[D]. AiH: i
TR, 2012,

D. Fang, A. Berkovits. Mean stress models for low-cycle fatigue of a nickel-base
superalloy[J]. International Journal of Fatigue, 1994, 16(6): 429-437.

W. Schiitz. Fatigue life prediction for aircraft structures and materials[R]. NATO,
AGARD-LS-62, 1973, 10: 1-32.

K. B. Katnam, A. D. Crocombe, H. Khoramishad. Load ratio effect on the fatigue
behaviour of adhesively bonded joints: an enhanced damage model[J]. The Journal of
Adhesion, 2010, 86(3): 257-272.

S. K. Koh, R. I. Stephens. Mean stress effects on low cycle fatigue for a high strength
steel[J]. Fatigue & Fracture of Engineering Materials & Structures, 1991, 14(4): 413-428.
Q. Bader, E. Kadum. Mean stress correction effects on the fatigue life behavior of steel

alloys by using stress life approach theories[J]. International Journal of Engineering

98



22 3CHk

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Technology, 2014, 14(4): 50-58.

Q. Bader, E. K. Njim. Effect of stress ratio and v notch shape on fatigue life in steel
beam[J]. International Journal of Scientific & Engineering Research, 2014, 5(6):
1145-1154.

S. J. Wang, M. W. Dixon, C. O. Huey. The Clemson limit stress diagram for ductile parts
subjected to positive mean fatigue loading[J]. Journal of Mechanical Design, 2000, 122(1):
143-146.

N. E. Dowling. Mean stress effects in stress-life and strain-life fatigue[R]. SAE Technical
Paper, 2004.

J. A. R. Duran, C. T. Hernandez. Evaluation of three current methods for including the
mean stress effect in fatigue crack growth rate prediction[J]. Fatigue & Fracture of
Engineering Materials & Structures, 2015, 38(4): 410-419.

S. Keshavan. Some studies on the deformation and fracture of normalised mild steel under
cyclic conditions[D]. Waterloo: University of Waterloo, 1967.

B. Chr, T. Seeger. Materials data for cyclic loading[J]. Parts AE, Elsevier Science
Publishers, Amsterdam, 1987: 205-225.

H. J. Grover, S. M. Bishop, L. R. Jackson. Fatigue strengths of aircraft materials:
axial-load fatigue tests on notched sheet specimens of 24S-T3 and 75S-T6 aluminum
alloys and of SAE 4130 steel with stress-concentration factors of 2.0 and 4.0[M]. National
Advisory Committee for Aeronautics, 1951.

C. K. Lin, C. C. Chu. Mean stress effects on low-cycle fatigue for a
precipitation-hardening martensitic stainless steel in different tempers[J]. Fatigue &
Fracture of Engineering Materials & Structures, 2000, 23(7): 545-553.

S. F. Military Handbook. Metallic materials and elements for aerospace vehicle
structures[R]. Department of Defense, Washington DC, 1972: 9.16-9.20.

R. W. Landgraf. Effect of mean stress on the fatigue behavior of a hard steel[D].
University of Illinois at Urbana-Champaign, 1966.

A. Fatemi, R. I. Stephens. Tensile mean stress effects on uniaxial fatigue behavior of 1045
HR steel[C]. Proceeding of International Conference on Fatigue and Fatigue Thresholds,
1987, 1. 537-546.

B. J. Lazan, A. A. Blatnerwick. Fatigue properties of aluminum alloys at various direct
stress ratios. Part I. rolled alloys[R]. Minnesota Univ Minneapolis Inst of Tech, 1952.

A. Fatemi, A. Plaseied, A. K. Khosrovaneh. Application of bi-linear log-log S-N model to

99



L BRSO A1 208

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]
[112]

strain-controlled fatigue data of aluminum alloys and its effect on life predictions[J].
International Journal of Fatigue, 2005, 27(9): 1040-1050.

J. Fash, D. F. Socie. Fatigue behaviour and mean effects in grey cast iron[J]. International
Journal of Fatigue, 1982, 4(3): 137-142.

T. Zhao, Y. Jiang. Fatigue of 7075-T651 aluminum alloy[J]. International Journal of
Fatigue, 2008, 30(5): 834-849.

BRDTR. B ST BCHIM]. At BB MY H SR, 1994

BT ORI 9 55 A i B T VAR SE[D). Kb TR, 2012.

SCORF, SREAE, BIAT. ARES SR a0 K A T i R R S - 8 A RRNA[I]. ALk
50, 1990, 22(1): 13-18.

RUE, R, FEF, S 57 AR fi TN N0 AR ST 9], ALk &, 20009,
47(543): 56-59.

FAER, ZFRR, IENT, 5. RN BRI 57 A dr N TR ). MLEsh
224, 2013, 28(6): 1208-1214.

BRAEVE, FRESR, RER, & AR R 55 75 ar BN 77 1 SR AR ], A UREe
R 5T, 2014, 27(5): 25-29.

M. Filippini. Stress gradient calculations at notches[J]. International Journal of Fatigue,
2000, 22(5): 397-4009.

J. Schijve. Stress gradients around notches[J]. Fatigue & Fracture of Engineering Materials
& Structures, 1980, 3(4): 325-338.

E. G. Munday, L. D. Mitchell. The maximum-distortion-energy ellipse as a biaxial fatigue
criterion in view of gradient effects[J]. Experimental Mechanics, 1989, 29(1): 12-15.

K. Stamoulis, A. E. Giannakopoulos. Size effects on strength, toughness and fatigue crack
growth of gradient elastic solids[J]. International Journal of Solids and Structures, 2008,
45(18): 4921-4935.

M. Makkonen. Notch size effects in the fatigue limit of steel[J]. International Journal of
Fatigue, 2003, 25(1): 17-26.

H. Adib-Ramezani, J. Jeong. Advanced volumetric method for fatigue life prediction using
stress gradient effects at notch roots[J]. Computational Materials Science, 2007, 39(3):
649-663.

sl . SURIER OV 57 5 A VR[] Wi Bh J12E AR, 2013, 28(6): 1223-1230.
SR, BJEATERE ST AT RN 7 AR [T]. A 5254k, 1997, 18(1): 38-48.
W. X. Yao. Stress field intensity approach for predicting fatigue life[J]. International

100



22 3CHk

Journal of Fatigue, 1993, 15(3): 243-246.

[113] W. X. Yao, K. Q. Xia, Y. Gu. On the fatigue notch factor, K; [J]. International Journal of
Fatigue, 1995, 17(4): 245-251.

[114] G. Qylafku, Z. Azari, N. Kadi, et al. Application of a new model proposal for fatigue life
prediction on notches and key-seats[J]. International Journal of Fatigue, 1999, 21(8):
753-760.

[115] EHIFE, KRB, BTG, TN sm A R 2 b R 57 73 dn i SOV ). K
HlLikit, 2015, 35(4): 10-13.

[116] FB-F-. J T3 ik AR 3 32 S 3 57 A7 i TN L LI 7w F ST [D]. B A B AL L

K K2, 2008.
[117] JEMME. 3T 370k f R B e Sk 0% 55 F5 dn s I R =W AU [D]. K% RIER T K%,
2011.

[118] L. Susmel, D. Taylor. An elasto-plastic reformulation of the theory of critical distances to
estimate lifetime of notched components failing in the low/medium-cycle fatigue
regime[J]. Journal of Engineering Materials and Technology, 2010, 132(2): 1-8.

[119] W. X. Yao, B. Ye, L. C. Zheng. A verification of the assumption of anti-fatigue design[J].
International Journal of Fatigue, 2001, 23(3): 271-277.

[120] G. Qilafku, N. Kadi, J. Dobranski, et al. Fatigue of specimens subjected to combined
loading. Role of hydrostatic pressure[J]. International Journal of Fatigue, 2001, 23(8):
689-701.

[121] E. Siebel, M. Stieler. Dissimilar stress distributions and cyclic loading[J]. Z Ver Deutsch
Ing, 1955, 97: 121-131.

[122] W. Eichlseder. Fatigue analysis by local stress concept based on finite element results[J].
Computers & Structures, 2002, 80(27): 2109-2113.

[123] FAEm. & a9 o5 weovt 77 5-R )ik BBt 7E[D]. dbnt: 1§51 K4, 1984

[124] 1. V. Papadopoulos, V. P. Panoskaltsis. Invariant formulation of a gradient dependent
multiaxial high-cycle fatigue criterion[J]. Engineering Fracture Mechanics, 1996, 55(4):
513-528.

[125] E. Siebel, M. Stieler. Ungleichférmige spannungsverteilung bei schwingender
beanspruchungl[J]. VDI-Z, 1955, 97(5): 121-126.

[126] M. Klesnil, P. Luk&s. Fatigue of metallic materials[M]. Elsevier, 1992.

[127] Biete, Bk TR, BUfse. #iE o7 R0 Be Bt [J]. + E TR, 2008,
5(4): 81-87.

101



L BRSO A1 208

[128] A. Fatemi, L. Yang. Cumulative fatigue damage and life prediction theories: a survey of

[129]

[130]

[131]

[132]

[133]

[134]

the state of the art for homogeneous materials[J]. International Journal of Fatigue, 1998,
20(1): 9-34.

M. Matsuishi, T. Endo. Fatigue of metals subjected to varying stress[R]. Japan Society of
Mechanical Engineers, Fukuoka, Japan, 1968: 37-40.

G. Hua, U. S. Fernando. Effect of non-proportional overloading on fatigue life[J]. Fatigue
& Fracture of Engineering Materials & Structures, 1996, 19(4): 1197-1206.

M. Skorupa. Load interaction effects during fatigue crack growth under variable amplitude
loading-a literature review. Part I: empirical trends[J]. Fatigue & Fracture of Engineering
Materials & Structures, 1998, 21(8): 987-1006.

T. Bui-Quoc. Cumulative damage with interaction effect due to fatigue under torsion
loading[J]. Experimental Mechanics, 1982, 22(5): 180-187.

T. Adam, N. Gathercole, H. Reiter, et al. Life prediction for fatigue of T800/5245
carbob-fibre composites. Il. Variable-amplitude loading[J]. International Journal of Fatigue,
1994, 16(8): 533-47.

J. R. Schaff, B. D. Davidson. Life prediction methodology for composite structures. Part I:
Constant amplitude and two-stress level fatigue[J]. Journal of Composite Materials, 1997,

31(2): 128-57.

[135] W. Van Paepegem, J. Degrieck. Effects of load sequence and block loading on the fatigue

[136]

[137]

[138]

[139]

[140]

response of fiber-reinforced composites[J]. Mechanics of Advanced Materials and
Structures, 2002, 9(1): 19-35.

S. P. Zhu, H. Z. Huang, Y. Liu, et al. A practical method for determining the Corten-Dolan
exponent and its application to fatigue life prediction[J]. Int. J. Turbo Jet-Engines, 2012,
29(2): 79-87.

S. P. Zhu, H. Z. Huang, Y. Liu, et al. An efficient life prediction methodology for low cycle
fatigue-creep based on ductility exhaustion theory[J]. International Journal of Damage
Mechanics, 2013, 22(4): 556-571.

S. P. Zhu, H. Z. Huang. A generalized frequency separation-strain energy damage function
model for low cycle fatigue-creep life prediction[J]. Fatigue & Fracture of Engineering
Materials & Structures, 2010, 33(4): 227-237.

S. M. Marco, W. L. Starkey. A concept of fatigue damage[J]. Trans. ASME, 1954, 76(4):
627-632.

FAEMR, P2z, AR 5T Har i g U [J]. HLBREREE, 1993, 15(4): 37-40.

102



22 3CHk

[141] EEAR, P22, TR BEALIE 57 B0 A AL 2R 30 3 g 1 e U [0]. AR bR 22224k,
1994, 15(4): 327-331.

[142] D. J. Morrow. The effect of selected sub-cycle sequences in fatigue loading histories[M].
Random fatigue life predictions, ASME, 1986, 72: 43-60.

[143] H. T. Corten, T. J. Dolan. Cumulative fatigue damage[C]. Proceedings of the International
Conference on Fatigue of Metals, Institute of Mechanical Engineering, London, 1956:
235-246.

[144] A. M. Freudenthal, R. A. Heller. On stress interaction in fatigue and cumulative damage
rule[J]. Journal of the Aerospace Science, 1959, 26(7): 431-442.

[145] T. Bui-Quoc, J. A. Choquet, A. Biron. Cumulative fatigue damage on large steel specimens
under axial programmed loading with nonzero mean stress[J]. Journal of Engineering
Materials and Technology, 1976, 98: 249-255.

[146] A. Zhang, T. Bui-Quoc, R. Gomuc. A procedure for low cycle fatigue life prediction for
various temperatures and strain rates[J]. International Journal of Fatigue, 1991, 13(4):
422-428.

[147] A. Carpinteri, A. Spagnoli, S. Vantadori. A multiaxial fatigue criterion for random
loading[J]. Fatigue & Fracture of Engineering Materials & Structures, 2003, 26(6):
515-522.

[148] D.Y. Ye, Z. L. Wang. A new approach to low-cycle fatigue damage based on exhaustion of
static toughness and dissipation of cyclic plastic strain energy during fatigue[J].
International Journal of Fatigue, 2001, 23(8): 679-687.

[149] ME%k, TR, 7RIS 45 ANFIR J1 LR RAIE[]. AR 5T 2241,
1996, 10(4): 357-361.

[150] ME5%%k, AR, BN, 5 — MR T AORIIERERC I HT I 55 951477 58 B8 T VAR
SEIG 772F, 1999, 14(1): 80-88.

[151] J. Schijve. Fatigue of structures and materials[M]. Dordrecht: Kluwer Academic, 2001.

[152] L. Kaechele. Review and analysis of cumulative fatigue-damage theories[R]. RM-3650-PR.
Santa Moncia, California, the Rand Corporation, 1963.

[153] T. X. Xia, W. X. Yao. Comparative research on the accumulative damage rules under
multiaxial block loading spectrum for 2024-T4 aluminum alloy[J]. International Journal of
Fatigue, 2013, 48: 257-265.

[154] X. Chen, D. Jin, K. S. Kim. A weight function-critical plane approach for low-cycle

fatigue under variable amplitude multiaxial loading[J]. Fatigue & Fracture of Engineering

103



L BRSO A1 208

Materials & Structures, 2006, 29(4):331-339.

[155] ¥ HLEH, EMEAR, 1R 557 St i A R AT (3], N g2k, 1992,
9(4): 66-69.

[156] J. L. Chaboche, P. M. Lesne. A non-linear continuous fatigue damage model[J]. Fatigue &
Fracture of Engineering Materials & Structures, 1988, 11(1): 1-17.

[157] mi4E), s FphARZ ke 57 10 R RORT FT[I], M aE4i, 1998, 19(6):
647-656.

[158] W%k, SEAANIE 57 1 e AL (A 5 7 i TUIN B J7 00 78 [D]. TLRH: ZRABK#, 1996.

104



FESE IR 2 15 050 T

[1]

[2]

3]

[4]

[5]

FERHIAS ST H5

E K A RRIE IS T H « 56T B 5 R B 45 898 55 ml S Pt B B S HL
FWEE, #1ER R 2013.01-2016.12, HiH%5: 11272082.

W E LR B T I H = XX ORI BRI Agdr it 5, AL E
2013.01-2015.12, R4S : 2014008169,

ER R CRBAREERIUE . B4 XX RS AR T o P S 45 v sk s ot
58, #IERSIE: 2013.01-2015.12, 45 : C1420130001.
SETIFRE S TH . XX KPR s &2 W 5 Py e 78, kb A
2012.06-2014.06, %5 : 9140A27020212DZ02310.

iSRRG H « XX 4515 XX 8580 I RG] FEPEXT LU 7T, S ki [a)
2010.01-2012.12, g%+ : 20090580012,

105



L BRSO A1 208

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

FEFHRE) & RFKANERILL

Z. Q. Lv, H. Z. Huang, S. P. Zhu, et al. A modified nonlinear fatigue damage accumulation
model[J]. International Journal of Damage Mechanics, 2015, 24(2): 168-181. (SCI &)

Z. Q. Lv, H. Z. Huang , H. Y. Gao, et al. Lifetime prediction for turbine discs based on a
modified Walker strain model[J]. Journal of Mechanical Science and Technology, 2015, 29(10):
4143-4152. (SCI ki'%)

Z. Q. Lv, H. Z. Huang, H. K. Wang, et al. Determining the Walker exponent and developing a
modified Smith—Watson—Topper parameter model[J]. Journal of Mechanical Science and
Technology, 2016, 30(3): 1129-1137. (SCI ¥ &)

Z. Q. Lv, W. W. P, H. Z. Huang. Improved data processing of loading spectrum for applications
of rainflow counting method[J]. Journal of Donghua University, 2015, 32(6): 919-922. (El £
=)

Y. F. Li, Z. Q. Lv, W. Cai, et al. Fatigue life analysis of turbine disks based on load spectra of
aero-engines[J]. International Journal of Turbo & Jet-Engines, 2016, 33(1): 27-33. (SCI £ &)
Z. Q. Lv, Z. F. Zhou, Z. A. Gong, et al. Analysis and study on BIT false alarm of flight control
system in the sensing layer[C]. Proceeding of International Conference on Quality, Reliability,
Risk, Maintenance, and Safety Engineering (QR2MSE 2012), Sichuan, 2012. (El #%)

Z. Q. Lv, H. Y. Gao, F. J. Zuo, et al. A nonlinear fatigue damage accumulation model
accounting for load interaction effects[C]. Proceeding of International Conference on Quality,
Reliability, Risk, Maintenance, and Safety Engineering (QR2MSE 2013), Sichuan, China,
2013.

Z. Q. Lv, W. W. P, R. Yuan, et al. An improved data processing of loading spectrum for
applications of rainflow counting method[C]. Proceeding of 6th Asia-Pacific International
Symposium on Advanced Reliability and Maintenance Modeling (APARM 2014), Sapporo,
Japan, 2014.

Z. Q. Lv, H. Y. Gao, F. J. Zuo, et al. A practical method for determining the exponent of the
walker strain life model[C]. Proceeding of International Conference on Quality, Reliability,

Risk, Maintenance, and Safety Engineering (QR2MSE 2015), Beijing, China, 2015.

106



