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Estimation of fatigue life based on crack growth behavior

under combined axial and torsional stresses

By Matsumoto Taroh
Abstract

Fatigue is known to be cause of many mechanical failures. The structure
and machine parts are generally subjected to cyclic multiaxial loadings, even
if structures are subjected to simple uniaxial loadings. Fatigue structures
are considered as dangerous part in multiaxial stress state because of
complex shape. In such cases, as fatigue lives of machines under multiaxial
stresses were predicted, various criterions were proposed.

First, the methods of yield and strength theory for static loadings were
fatigue case was proposed. But, it was necessary to decide material constants.
Therefore, this theory didn’t accord with various materials. Next, experience
theory for combination of stresses was proposed. But, this theory based on
fatigue tests, there was no physical ground. Afterward, the theory based on
crack initiation and growth was proposed. As fatigue structures were
initiated by crack initiation and growth under cyclic loadings, fatigue life
was dominated stresses and strains on this crack initiation and growth plane.
Thus, theory based on crack initiation and growth is best and high
adaptability is considered.

Therefore, criterion for crack initiation and growth behavior was needed.
Generally, crack initiation and growth process have demonstrated that crack
of 10~100 x m develop into a Mode Il (shear dominated), otherwise branch
into Mode I (tension dominated) crack which leads to final failure.

In this study, prediction method applicable for out-of-phase combined axial
and torsional stresses with mean stress was proposed. And fatigue tests of
carbon steel, aluminum alloy and stainless steel with prediction method of
lifetime were compared.

In result, predicted life under combination of axial and torsional stresses
with phase difference and mean stress was available if result of fatigue life
tests under axial and torsional stress was known. It was shown that
predicted lives by the criterion were well correlated with actual lives for
various materials and loading conditions. And, it was found that prediction
accuracy of this criterion was higher than other prediction method of life.
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18 fibfd, PEZEH MO, HIFOMIER 72 HEH & I RETREIZH W ZAR
FEBIH O BRI ORI E & 72 0, LItk OWFE T Z DM af B DK L S B EL 72
Ko ThdEbhole. LSk, BITEICED F T A 2R 5 EE 2B 9 2 F%E 0
el HAVTWD DS, il TRITHE, MR ESEIERBBICBNT, BifED
TR RIR DO FEHNFEAE L TV D. SRR TR NG/ D 212, BE
RN T HICIE, FEFEICEOT —FZBRMELEEINDS. TO—FT, WEE
T BT T2 G O ZEIEA R Y M, T2 EOHEIME FOLONITE o
ETHY, TNHDOHEIDT —% %t L2 L CEBOE R TN TV,

UL LZRDN 5, FSAGER S -CAE i TR 72 & D TR 1T 2l EONMEH 5 2 4108
%<, EIRREI TG NET N ORELEEHOBEICI VAT LD 2
HEhfifE Th o> Th, ZORROEHE S 0O EBREBALIXZ IS JIREICSH 5 &
BZOND. ZOX D LRI T D RO FFamE TR 5 IRk
RHDONREEINTE . VD

1-1-1 FERTEICK U CEA SN S BREAEFOBEER LG TE S OGE
~NEEERLEZD D

I ORGP T BRI, Ak, FRAUM EIZKRT LTl H S 405 BRIR GRS
RS HRA AT T OHGAE~EIHELTZb DO TH S Y. BIFETYH, EMAEHT
%f LTl Von Mises, Tresca DFEIRGAFN—MRANZH VB, MatEbr o
4 )& ClE Rankine i HWH LTV 5.

£, VonMises i & 1%, OTHTZRAX—D 5L, KEEILZEDRVIE
WAL, T72bb, SAMERICET 2 ANOT AT 2L =03 EHIE A
DM CITE LI & EMEHIBIR L, WHERBZ5E LD THY,
KR TERIND.

\/% {(O‘x -0, )Z + (O‘y -0 )Z + (O‘Z -0, )2 + 6(7@2 + Tﬂz +7° )} =C (1-1-1)

ZZT, ClIMElERTHS. ZOFMESIED LR OMEEMEL ST
ZEAICHEA L, MEOREERICITERES ) o, L EAMIE ty 2EL5.
DI F1531E 0 THDH. LoTRA-1-D LY



/O-yz +3Txy2 -C (1-1-2)

ERDMMD, 0,570 txy=T EBE, MEEER C ZEHREow NHROD &
C=0yw&2Db,

Noi+3r =C (1-1-3)
DIFEOND. FlMAC Y OLAETOREPREZ ¢  T5& C=/3t, L7
5, Mises i TIE, SRV JEME TORITIRELITHMAA L Y OHE OBIEIZR 5
ETHENDZ LTS,

WIZ, Tresca it &%, HAWISTIOBIED 56, ZOMIHEDOR KD H DN
MEHCE A 72 d DEICE LI & S MEHIBIR L, HOIENRSZ DL LZb o
ThHD. mRNEAIISSIDEEFEICE LTz & R IMEZ 4 U 5 50k

r =C (1-1-4)

m

EREND. XX, BIIEVEMENR LY OMETDOEED 0 TRWTILT]
ZHAWS EXA-1-DI%

. _No'+4r

max 2

C (1-1-5)
ERIND. BIED EMEOSE OWEITIRE o w BPBEATHILE, RK(1-1-5) XL v #F
BHE# C=0w/2 725, 7=, ML DWEFIRE « HEEMZRHE C=21,
EBD. LIRS T, ow=21,E720, Tresca il TIX5E Y JEAE TOIR F7EREE
idHia L o5a0 22705 THISND Z LI 5.

Rankine #i &%, 3 DOERSIDHI L, TORKOLOBMEHZEA2H 5
EIZELEEE  ENEZA L LD THD. TRDLERRFEITIZE 0 max,
MEVES C &9 2 EIEO ST

S, (1-1-6)

m

EEREIND. XX, SIEVEME QLY OMAETDOEE, K(1-1-6)1X

o - U+\/022 +47° _c (1-1-7)
EREIND. BIRVIEMOEGE ORI TRE o w DEEAI THIVE, MEHEE C=0w
D £, MR ORFRE « 2HWESEATHLC=c, 25, LR
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MR IIZE S BER TH 5. IEFREINTHAEEET OMEmIL, Z0%&
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AWFIETIL, S CTORE LT/l OMEEME FLEUCEH
W B 2 N 2 7235/ O T & HWOFRE, REZFH 25K Lz HaaiiEicon
THFET L7, EREH, TAI=0 L6888 XA T U RO 55 FFmak
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%<, XD T FFm OB IR E TOISTREEE 2, MRS
Lo THROLNLDBWIEN Z WD DN KN TH 5. MR #EOR L E AT,
TEITRIEIC R D F TOWMRRIZIL, KD 3 DDEMEH 5.

Stage I : TNV @EICTH > THEAMME ZNI AL, BRmEBEOR S E TR
E7 5t

Stage I : A KFISINTHEE R AN E WD ER T 2 EFE.

Stage I : AZIBTELHT O GH TRZEE 72 & WK IR,

—7J7, FE=HERERKITIE, UTDO 20024 7TRH5.

Mode 1 : 5[5V B X &k Ramfs. SRR I3 i RERE L 7).
Mode 1T : B AW & kR, R I3 K AW ],

Stage I D% EBEMEITET Modell TH Y, Stage]] TiX Mode I & Mode I ™D i
TGO H 5. Lanl, —RAZZISTRIEICIS W TIE, Bl Mode TR
THZLITENT, RE Mode ERDGEDZ .

22 EiIBIXVRNULVICBITAEHDEE, RERHE

X 2-1 1%(a)51E Y [EfER L OM#ila U0 Iick i) 5 24, REXEEZEL
TR 9TH L P OFEBITERHOEAL, REBEBOER L 72 280K LK
oZbThy, SRMEMMIZS SIZHHRIZE Y Modell & Mode I Bk
oD, F—FMICBWTHET S &, —ITHAQAT Y DIE > N5 I+
Ml b EHEORARYNELS, NOTAWRO T HUREN BN E 2D, Fl
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H3E R FamRHhE

AKETIE, & 2 BETRNNAMELHT L2560, FEICHhEET 556 T
DEGENETT FITBIT D EL3EE, RIS JEITTHFmeHERET 5. £,
ARBFFE TR O 2 FAMIS NI A IS PR A MR T 0 IZEM L1256 TH Y,
BB LU T Y oFETRBEREHNO D LT 5.

3-1 ZZRRBEEZLE L CEMIS12RD D I

FAEHIC S T2 D Fam Nelk & 2847 m Ni Mode 1T Al R BLfE D Fdn Ny
B IO Mode 1 B DHm N, OF1 & 72 Y 23 Ne CERITibd 5 &

N N N
e 4 ¢ + le _ 1 (3_1_1)
N, N, N

S

L. ETHMARTY OISR AT TOEETH 1 & 72> TWVWADT,
LA TIREZMA LD ~LEMT 2T DICKEBEOFEMLEEZLULTO L IZ
JEH 7=,

NN, N.N, NN, _, (31-2)
NN, N, N N, N,

22T, KB 1 DFDRZF e BEOUIZZTNENHAER L OWR L Y 04
BT, 2O E X OFBEMEOTMOIEIS IR I 31 1T Lo, FH
DFAENBIEIZ, FRKEAWIST] © max, AT AW EOHE AW & OFEE ST
D—WFEE T maxtk 0 n, WK FIEST 0 max E72 0, FEFBEICHBIT D HFmELNENR
DO ZEIS TR DI 5 EARET D E RN ELND.

N[c Tmax
N[l Tl

NIC _ Gmax h
N__ T (3'1'3)
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i, «q, NEIBBERBECO N ) & Fm ARSI D ERTHD.

S biZ, . 2- 1N R L7=flita U Y TOXRDOFA LARIED, &FFan Neloxt
U CHEBEEAINCZIL L, 220 NelZ AR 1 e ORXRERIUKFT D L AT L,

DD LI LBRPEOND.

N 4
—t =]—ex T

N, pl-47, "]

N, _ =exp[—A7 " Jexp[-A4r "]

Nf

N —P1 —pP2

= expl- Az "l -expl- Az " 10

f

22T, RB1-DFD A, Ay, B1BIOBUIERTHS.

X(3-1-3) £ (3-1-0) R (B-1-2ITfA L TR IE, ERHOIEA, lEREICE
DM AWIS IR E D, 28 20, SERAE, KEOKBEMBIZHBWT,
X(3-1-3), KB 1-DDOEHDEITZIL L. T72bb A=Ai=As B L Ra=ai=

=B1=B2 & LIZHEDOEMSHIIRAC IV EZBNS.

1
—c,t4c. —4cc, |*
T =
2c,

eql

¢ =(t_+ko)"

c. = A{T =2t 4+ko )Y +0 7”}—]
c, = AZ{(TW +ko )" - Aamm} (3-1-5)

CITREDEE A, k, aBNEENDN, al kDEZTD, 5IHEY EHME KL
R LY BEMARDOEED S NRKOT —2#HN 5L AZUTOLHICHEHE

TE 5.
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Z 27T, RB1-6)TlE, WHIRELD A BT, MOEFREL TH#EH T
B2 UXGIEY B R L0 I T 5REHENL U=tdo, THD.
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32 THMERBELZME L CTHEML I E2RD D7k

AR EERETO Mode I i & Modell (kEAEH#HAE LT, XVl L7ZX
(B-1-5)Ic b2 MIS W A8 T 5 HikxeE 2. £7, AB-1-DICBNT
Mode II F% 5= B P D Ffy N B L O Mode I i EE DO FHfm N, OFix Ny &9 5
ERGBIDIFLUTDOE TR D

N_N, A/Af N N,
=1 (3-2-1)
N, N, <sz AfN

R(3-1-3) TR LKA RA, MEERMBIIBITAMALY EHEEDHmik7:
SN, A3 1-4) TR LULESEETOMR L Y OFm & 2Fm & Ohid & &k
E%ﬁébt_k CEVUTOXHICEELT-.

N, _1fz, +ko, -
N, 2 T
N _Mow]
N, 27 (3-2-2)
N, s
—L =1-exp[-Bt "
N, pl ]
N
r =exp[-Br " -9-
N p[-Bz, "] (3-2-3)

~

T, BBEUBITEHTH Y R(3-1-5) A+ HE &[RRI EE D EIEA
m%&%_;gﬁ Ee L., o7, (822 &B-2-3)2X(B-2-DITRA L
Tl OWTIRITIE, XZoREL 1 DICRE Lzl ESRENIC K S S A
WS IR ED, RO XHITHEZLNS.

(3-2-4)

o (2 + B{— 2t “+(t_+ko ) +o " }j;

(me +ko )7” +o "

ZZTBIERG)TDOA LREEEAREZ T TCEETALEUTOLIICRD.
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3-3 WSS DFEEEZRE LT-5E DEMIL T

WIZ, FHIEN BT 556 OFHIEIZOWTE 272, ZO5E, FHFmi
i#%@%l331k;0l332_T#Gmmmnﬁlfﬁﬁﬁé%Am%m.
R, EIS S OMEREEINT B I o TS IRIEAEA T 5 R E2 R~ K
G-3- DI haEBE L2 MmehXThs. 2oz 3-1-5) L&
RO BN DHA(3-2-4) FTOD 1 max [ TEARTDOEE, 00 DEAILFIEY EfEE
E N0 max [ LA D Goodman X OREREZMZ 72 b D TH Y, SEHIS T DMF

mE g a1 E@-2-c—8T 5.
Tw:(z@—cwm“)+cua+egji

e te,

e, =llr. vt /0 ko +o (o, o °

1

ez = [O-max + O-w(_ O-m /O-B)+ TW(_ Tm /TB )]7{1 (3'3'1)
ZZTow tweoB TBBEDPom tmlZZFNENLIEVEBITRLYD
R, SIS, KR I 2nd. £72, EECITUTO LY ITR-EN5.

I VAR

2@} (17 +17)
f = HZ’ + TW(— T /T, )} + k{i” + GW(— o /o, )H

f. = [O'P +7 (-7, /t,)+o (-0, /0, )]” (3-3-2)




O a

Normal stress amplitude

T a

Shear stress amplitude

Q
2

0B

Mean stress om

3-3-1 HEEIS IR 02 &G T) 0 & DOEIFR

TB

Mean stress tm

3-3-2 HAWISIIRIE 0 2 & EHIG T 0 & DOEIfR



FAFE  SRRELE, MEEHLETOISHNRTA—H

RETIE, MHBLORALY OMAEREFICHEWT, 254, wER L
TORKEAMIES « max, FRAAWTE EOREIE 0 n, A5 0 max
kDD,

4-1 FASEFRET TORIIREE

5 4-1-1 (SR BRI\ THIT [0 O 8 &8 711D bV A3 ) AR 7
¢ &b TEAT 2456, ZOYATHER abed (IR TREEIES o (©)
BEORAMIE) cDEELDBOLETS.

o(t)= o, sin ot

T(t) =7 sin(a)t + ¢)

(4-1-1)
ZZ T,
oa, ta :HHEHE IO ARIE DR
¢ VAl A b
w AR
t o IR

Thsb., ZoLx, X4-1-2 - TRER R OFRmMESR abed OFN T[5> 5 0 D
T2iEMR 2 & O FICAE T 2 AWM TT T as(t) & TEEIS 7T 0 IR X 0 B
5.

T,,.\_(t)=_%a(t)sm 20 +1(¢)cos 20

= % [(22 cos 20 cos ¢ — sin 26)sin et — (24 cos 28 sin ¢)cos ot |

o (t)=olt) I+ c;)s2t9 +7(t)sin 26

= % [(1+ cos26 + 24 sin 28 cos ¢)sin wt — (21 sin 26 sin ¢)cos ot | (4-1-2)



ZZTTlX
z=§ SEAEIE A
ThD.

F7, O EZRBCT A DI 1-DFD sinot BL N eoswt ZEL L
77 0 a TERITTILT D &

2t (t)

= A sin(wt +a )

U(l

20, (t)

:A” Sin(a)l‘+0£”) (4_1_3)

U(l

A =+/(24c0s20cos ¢ —sin 20) + (24 cos 20 sin ¢)’

A, = J(1+cos26 + 24 sin 20 cosg)’ + (24 sin 20sin ¢)’ (4-1-4)

&%, R4-1-)FD o BEI P anlIfifBATH Y RNIT IV REND.

—2Ac0s20sin ¢
tana = -
" 2Ac0s260cos ¢ —sin 260
tang = —2Asin 20sin ¢
" 1+c0s26 +2Asin 20 cos ¢ (4-1-5)

As B LU A ITHEEISEE A, IS HBIALFRZE ¢ 36 KO AWTEI 517 6 12 & - T
2T %.
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T (t)

O (1)

4-1-2  FKHEFR OIS IIIRRE



4-2 B RFISSTEB LT OFAWISS1E D5

T, HRKTFICAEO ST ENINE-1-DICBT D AvnORX%E 20 TREST 52
LIZXEVRDDHZENTED.

6Mf= (4-2-1)
0(26)

0° =0 <180° OHPHNT 4 DOWMEARD B, —HHAFKII ST O J7 1A
Z, b BN FEIRSOFMERL, RREISEOHE O0n & L.
WIZ, e REAWISHE O I RE-1-DIcBiT 5 A, 0% 20 TR
HZEIZEORDDZENTED.

=0 (4-2-2)

EHIT, 0l OWVWTHELS &

42 cos¢

tan46 = 0.
n 1—42 (4-2-3)

BARTISEZRKD D6 & FEEIZ, 0° =60 <180° DO#iPHIN T 4 D OMR{E N
RKOBI, —MBEREAWISIE DT A%, & 5 —fHBN R/ ARSI O
MzRL, RKESHEOHMEZ 0 & Liz. 72721, X@4-2-3)% v, 21=0.5,
6=90° DLGE A=l & WO HAWNS T L 6T —ElE & DRSS
Thb. X4-2-1 BEOK 4-2-2 1ZFISNEB X O WSSO F AN K BIET)
RIEOZEAL &2 /RT . XD 2 DOMFRE, RN FIL IR A, FEEDNE AWTIS
FIHRNE As &



An As

0 [deg]

X 4-2-1 JE/TRARKI(A =0, ¢=0°" )

An As

45 ﬁ 135 180

0 [deg]

Xl 4-2-2 & JAREEXI(1=0.5, ¢=90" )



4-3 mRFEIGT & HBREAWTE TOE AR & EEIST

AN AWIE I ISR 28 ARDEIRIE As 36 K OREIS I IRIE An OFF
FEDEXES/ S MENE v (R

27 (t)

ns

=4 sin (a)t + ax)

T (4-3-1)

20 (t)

n

o , SIH(C!)Z‘ + a”) (4-3-2)

X(4-3-1),(4-3-2D 2B W T, EIn B LT AWIS ITRIEN R KIZ72 D D%
sinlflot+as), sin(flottan)1DEETHD.

Lo T, HRFIEHFRGE-2-D) X VRO IR TISHHERDO T B % 0, % &
AT T OX AW/ & TEIS IR R IS 1w O F5 1 0 s 2 2(4-1-DIZfRA L,
X(4-3-1),4-3-DIHEHT D EXD K 9127 5.

o\/(1+c0s26, +21sin6, cosg) +(24sin26, sin )

O =
o 5
o 0'\/(22, 0526 cosp—sin20 ) +(—~24cos26 sin @)
max - 2
o - 0'\/(1 +¢0526 +24sin@ cosg) +(21sin 26 sing) (4-3-3)
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HoE AL TRET D EMIS I OF At

AFECIL, 3 EORDIEMEA L THEMLF L, HHHMRBR R
L HALT, Fnabiliii ot A A TR L.

5-1 BEFORFBFMT —F LS5

ARFZETIL, BEIYHFIERE T b R BRRE R & bk U7z, SEab 13
FlAg I R B S45C, /L RKRFEE CH10A, 7 /v =7 AE4 AGNO01-T5,
F—ATF A FRAT L A SUS316L Th 5. BB OLFRS ¥6 L Ok
FPEE IR 5-1-1 005K 514177, £51-5 8 L1V 5-1-6 13 S45C, CH10A
ABNO1-T5 D 5% 77 L, SUS316L OAlE, ik kOt Lty
(CEROBIEY,, FREFMR T 2B AO 4 FBETHY, FH5IEY O
BEEFRLY EoIE 1k E om/ta=1 & L, HHRLT Y OHAEIT « m=100MPa
THEE E LR R 5-1-1, X 5-1-2 127



#5-1-1 AR I K OB (S45C)

Material S45C
Chemical Si C Mn Cu S Ni
.. 0.18 0.45 0.67 0.06 0.012 0.05
composition
% Cr P
0.12 0.027
Heat o .
850°C 1hr FC  FC:Furnace Cooling in Vacuum
treatment
Mechanical Yield stress in tension Mpa 371
roperties Tensile strength MPa 591
prop Elonf_;ation % 30.5
7% 5-1-2  AbFA S B L OO E (CH10A)
Material CH10A
Chemical Si C Mn P S Al
composition % 0.01 0.12 0.35 0.20 0.015 0.025

920°C 1hFC, 710°C 4hFC,

550°C 4hFC, 400°C 8hFC,

Heat  la00°c 8hFC, 200°C 12hFC, 100°C 24hFC,
treatment ..
FC:Furnace Cooling in Vacuum
Mechanical Yield stress in tension Mpa 252
properties Tensile strength MPa 328
Elon;_;ation % 46
#5-1-3 AL IS K OB AL L (A6NO1-T5)
Material A6NO1-TS
Si C Mn Cu Mg Al
Chemical ]0.40~0.90]below 0.35below 0.35below 0.350.40~0.80 bal.
composition % Cr Zn Other
below 0.30below 0.25|below 0.15
Mechanical Yieldl stress in tension Mpa 245
Properties Tensile strength MPa 302
Elongation % 21
#5-1-4 bR B L OB AT (SUS316L)
Material SUS316L
Si C Mn MO S Ni
Chemical 0.23 0.01 1.82 2 0.01 12
composition % Cr P
16.8 0.03
Mechanical Yield stress in tension Mpa 220
. Tensile strength MPa 534
properties Elongation % 58
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Number of cycles to failure Nt

5-2 S-N#X(CH10A)

#5-2-2 BMEHIEB T 55 H, n OfF

Material H n
S45C 587.14 -0.096531
CH10A 311.54 -0.087661
AGNO1-T5 | 467.81 -0.12104
SUS136L 353.57 -0.056799
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Material A B C v=t,/ 0,
S45C | 856x10"™[993x 10" — 0.723
CH10A |350x10'%|531x10" — 0.714
A6N01-T5 ]| 3.81 x10'®| 7.94 x 10'® — 0.823
SUS136L — — 9.23x 10" 0.645
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