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Effect of Mean Strain in the Diametral Strain Controlled Low Cycle Fatigue
By Kunihiro lida, Member Hajime Inoue, Member
Yuki Kobayvashi, Member Takeshi Miyamoto, Member

Summary

Taking the mean strain and strain ratio as parameters, diametral strain controlled low cycle
fatigue tests were carried out on hour-glass shaped specimens of two quenched and tempered 60 kg/
mm? high tensile steels.

As a result of the tests, the following conclusions were obtained ;

1. The effect of the mean strain to the crack initiation life was not significant as far as the
mean strain was not more than 10% of the static ductility. For the crack initiation life less than
a few cycles, the relation of Goodman diagram holds fairly well between the mean strain and low
cycle fatigue strength, but for longer life the Gerber’s law is good to express the relation between
mean strain and low cycle fatigue strength.

2. On the basis of the hysteresis energy consideration, an equation to estimate the effect of mean
strain to crack initiation life was proposed as follows ; 1— N /Ney=[ Wy, (€rm+€pq) — Wy, (€pa) 1/ W 5.
where N¢ is a number of cycles to crack initiation when mean strain is ¢, | co 15 a number of
cycles to crack initiation when mean strain is zero, Wy, (€in+€p5) and W,,4(€pa) are energy required
to strain to €u,+€p and €p, respectively, and W, is energy required to static fracture. The
equation gives better estimation for crack initiation life more than 500 cycles than the equations
proposed by Weiss et al.,, Munse et al.,, and Ohji et al.

3. A simple method to estimate the mean strain at the first cycle was proposed. The mean
stress at the first cycle is rapidly relaxed by strain cycling, and the behavior of the mean stress
‘is well approximated by the following equation ; o~ M"D —gy=(M-D = (;m—1)BEn. where ¢ is maen
stress at the nth cycle, g, is a constant determined by initial condition, m is a constant which
depends on cycling rate and temperature, BE is a function of strain amplitude, cycling rate and
temperature, and n is a number of cycles imposed.

4. Hysteresis energy per cyvcle is influenced by the mean strain at the beginning of strain
cycling, but not after the mean stress is relaxed.

5. Crack growth life is not influenced by the mean strain because the mean stress is relaxed
before a crack initiates.

6. Crack initiation life is increased by the heat treatment of stress relieving by 16%, but crack
growth life is not influenced.

T ¥ 2 B &

ﬁﬁ%@%%ﬂ@#4ﬁ»%if%k%,?ﬁ@ﬂ%b%%ﬁﬁﬁ~ﬁf&bo%ﬁiﬁ%ﬁ%mmmé%é
BEOETHRC, FIRIIRELY OENEBO X M1 v/ A3 —F — OERIT I\ TILAEDEE Lic +
DTFBESREL, ENVA 7 ASELRECERTH 2L 2 RE SR Tk b, T2, Crews 523 1y
Kmmww:;of%@ﬁ%*%m¥ﬁééﬁaﬁv47»ﬂ%$?5:kﬁﬁ%éhfv%°LtﬂoTQﬁ
AN L HBBYERTILEN S D01, FHEYZEL I 5% 2100,
gﬁ49»&%K%H5¥ﬁﬁﬁ@%@KObe%x%<@ﬂ%ﬁ%h‘7—R®¥ﬂﬁ%ﬁf%@&®t
DOPREEINT WD, Lal, BV A 2 AVEFCRIT L FEHEORBC D\ Tt o h % TN HE Weiss

¥ R T
ok a7 o T T AR £ 3 5

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

216 _RERBRFRRLE #1275

59, Munse 59, Ohji 59 DHEL 55 DA ThH HH, —HERAFTIE ASME o Boiler and Pressure Vessel
Code, Sec. III Nuclear Vessels iz 3\ Tiz %16 D FEERERETET 2 2 7L, DG4 21 T TE
FRIEL T 2EESh Goodman RN % BHEHBEHICIAA L THA ATV 28K Ch 5.
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%ﬁﬁd%+~&@ﬁ51&BZ@O%EGOQMmzEﬁﬁﬁWﬂmﬁOfgo,%@ﬁ%&%&T%kl
KiRdo AMIE 25mm B, B 24 mm EDEIRTH 5,

Aﬁuﬁkéﬁix&kLh%%KﬁﬁLtt@f%b,Mglg)mﬁTiﬁkﬁﬁﬁﬁKﬁdlloﬁﬁ
#&Kﬁﬁ%lb,ﬁﬁ%#mo:xu—&v&tﬁtﬁ%fﬁ&ttcBﬁ@?%é&ﬂaxa&Ltﬁﬁa
BER L7ent, Fig.1(b) o X5 RFREAK Ki=1.06 DR ECEBIMTL, BEA £600 = £ Y — K TH
Frctk, HBOIHO 1 RFIEDOEE, ML TGN L ThLRBET/c o, Wih b REBA DT
=L AHEE—FHL T3,

IEDBESEICITEZEREBE 2 FiVs, 4 B5HT 610°C ¥ TIREA LA X4, 610~620°C TI1RHEREL, o
B CHRRS S8, RIEISEMpOEEE T 10 torr [T Th ot

BERH OBRFRABRN 1< X 53 ERBEE Ry Table 2 1074, B o oo B
HCWRERIC X DTS IRMIE, PR, BB, QU= %1 Fo P
CFROETEF LT 5, | [

20 B B % B P ey e

AT 2 2 L LRBREIEC & > TAT 2 RRNEOEHE (a) o

Zfiz DTF T 2MEYy — K& O 20 ton K91 2 LS

RBWTIT/c 0%, FHEXY 47 2 2 & LELRBRICIIIEESIETRE e
HCEANENARIL, TOMNASE» UORES I ERELY [ ey
TRIEZLCHCY V2 A FALT RS REH Y vADHE -+ e
YR A 778 5 TR OMIER 20 ton 4 ¥ 1 7 L iE¥ RERMES B\ F-. heoreea teess Concontrnon Fot K110
RBEEOFMHIARZ BRIV, (b)

Fig. 1 Details of Specimen

Table 1 Chemical Compositions (%)

) 1 '
C ! Si | Mn | P S [ Ni Cr ; A ! Analysis
A 0.14 | 043 | 117 0.013 © 0.013 001 | 022 TA-beé  Ladle
B | 016 | 044  1.18 0.014 | 0008 . — | 022 . ‘

0.04 { Ladle

Table 2 Mechanical Properties (hour-glass shaped specimen)

. Nominal |Yield-to- Fracture Stress !
Nominal l : ! Reduction| T |
Yield Stress gltlmatﬁ Stéength o (kgmm?) T e FrazltJ:re | Energy, Wy
oy (kg/mm?) frength atio Nominal | T 5 oy : l(kg mm/mm3)
o },_ g/m oy (kg/mm3)| ay/a, ,~_,?T_I,I,]j,, 3 rue, o, } (%) ‘Stram, Cfl
S | | L P
A | oeos o8l 0.746 | 60.3 | 167.7 ‘ 642 | 1.03 | 128
e3.1x 752 | 0.839 439 © 1659 | 736 | 133 | 161
| 59, 3% 72.0 j 0.824

44.1 | 160.3 o725 1 129 152

* As Machined gpéimen, * f(;:l. 11
** Annealed Specimen, ** K;=1.06
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RBFEILETREARNEHEHRR ThH b0 BHOBHIIMAE»— KFXRBEOB STV 1 Vi, YL/ 4 Kot
T RRBEOBE I ZMPIGECROBY Th Do EREBEIRRBEE ChH o1, WK LEES, Has
120 ¥4 7 VLT OBE L 1.6 cpm~F cpm ThH, FHEs 10° 4 2 LU FBRER 5 & 26 cpm B
ETET. Lvl, FEARVBELBRIO 10 1 2 VEBE T T3 oom BE T THEEY Tio HibE
BRIEHAEFNHCTITco%s, EBRPEE L AHEDOSERIEY b ERTHY OFE X b @HRR RS
BALIADTT — 2 OMBILTL, KT Lico ABERCH BIEN 0 128 TRIE R £ OF & OB 8 L
Reb@RHEEHNTHY, Be e LbhbihWR I EBMARNOREEYETLOL T5,

EHERBRIC ST, B2ARTAVCBAORTEL LTCEDR/ME €min EBAME €max & DFEHE, +
BHLFHE €n KIDEDEL, €min & €max EDH, THHLER R(E) 1L 24D EN B D0 €min Emax
R, en LOMTIIERIEBY €2 & LT (1)~(3) ROBIENS B,

€= (€max —€min) /2 (1)
R(€) =€min/€max = (em“‘fa)/(fm'{"ea) (2)
€m=(€max +€min)/2=€,(1+R)/(1—R) (3)

BAT RS X OB KEMSORBH ORBRMEOERY d7, d° L3+ 5L, BUOERY d) £ L TFRFE
NE DR DEFHAFMBEDME €97, €€ BRORXRTEHLHIND,
€47 =1n(d7/d,)
€.4°=1In(d®/d,)
2T, GEOERTRELEY T2 2L LEBHER (4) RTEHE L R(EY) HV, BROFTL R(e)
wHVics
R(e:?) =€,%/e,2T (4)
FREL T A XL LICHBEIE, BRI (5) RO en® X HAV-7, BRORTCITEFAICBE LY (6)

;;@ €tm %ﬂib‘f\:o
€m® = (6,7 +¢€,4T) (2 (5)

€m=—2€m* (6)

KRIIEL T 2 OB R(e*)=-1.0, —0.8, —0.5 0, +0.5, +0.8 6 £HTHs 2t FIHE
TR ZDBEL €n=0.0, 0.02, 0.04, —0.04, 0.08, 0.16 D 6 FfFTER LA, €n=0.0 DBAILIES
P LOBE L 1 RFIRBR L T, IEIEEMORREFH <1

55 €m=—0.04 OFFLNAILETFEREV A 2A0LES A1 2 L RBIA L,

AHETIIPEAREL LT, RAIRICL 2BMORR S LORBRA OB E8® O, ThbicET s tiem
FioyA 7 ABUL, BIEC OV TR ARRBERGLIFD N TRb L, BECOL TIKKHGR L0 N, ©F
H LI,

3 HBRRSIUEE

3.1 BRKH-EHRECZATYZN—T

Table 3 (X BHOEY A 7 VRBRIC KT 2BAR LOBINEHD A 2 Ve L 5B(bhFb TIE -4 214
RO A Y v FOFTH D, —BCERBOKRZCBEI VA 2 A BEDRED TR THEEI KX <D, Wik
@ % cyclic hardening B & 75 5, FHRIEAVN S VAT N, D 1/10 BE ¥ TORICIEHIRER A L —2ic
ZT5, LB cyclic softening AT /e %o £ OHREOEIRIE TIXEY) 1~8 41 2 L DRI hardening &
is b, >3T softening DB %R LA T HRIBIZ—EIC 7 50 Table 31TRT X 5 1C €m=0 D
IS TEIRIB €0=0.061 OFF Tix hardening K, €,<0.011 Ti softening B/t 5755, €m=0.08 nDig
B% €220.092 T hardening Hl L 72 D, €4<0.041 T softening M & 72 %, J& S84 L= B# oD & softening
& hardening ORZHIR%E, BEICFHE en % L O HBCLTERIB 6o % £ >T Fig 2 ©id, BHEN
K& I IR softening DFKALICOHAH DI 141 7 L TS PR £ UITHR(E LAk
BOLESA 2 ABAREZIDTH D,

BESE U7z B OWHEIRIB €pa L5 1 VA 2 L DIEIRIE 0150 & DBIFIL Fig. 3 0Tt & 51c, BT
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Table 3 Pattern of Stress-Cycle Curve 05
o A i
€1n=C0 (Annegled) | €1m=0.08(Annealed) @ l Am;me: Sp;c'me.n
T nsion vl . T e ion e .8_ l s Machined Specimen
1 ] 1o ;——'
§ro Cﬁapresslux Cdmpr: E Cyclic Hardening Zone

g (e} :

0.142 E— o142
ooszl F——  |aoez

coel

] |
Cyclic Softening Zone

0.1 0.2

004l E« 004}
ooze| ——~ Jocai

o
Mecn Strain ; €m
Fig. 2 Cyclic Hardening-Softening Boundary
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0006 (~———— 0008 ———— %00 00! ol 03
\&ﬁ 4 Plastic Strain Amplitude ; €pa
0004 | — N —— Fig. 3 Relation between True Stress Amplitude

and Plastic Strain Amplitude

KELRBIGE Oo1es K E T2 D0 €n=0 ODBFRIFFELT LIS ROT LN TE, (7)) R BOLNI 2.
68.4 €007 ¢,,<0.016 1)

115 €p,°- 14! €30>0.016
PHELSSHHBELERCRVELNTE, BEF (8) RCELT T EMNTESR, (7) RThLHINIHKR
LY LOBSCHAGKEIRO N, (7) ROLOR LN THBHITTRI D /P ERERETX (7) At
HEATEHLDLELDN S,

Og 1= {

111 €%V €m=0.02
110 €501 €= +0.04
108 €,,09%0 ¢, =0.08 (8)
106 €540 €;,=0.16
T4 911«7%&}0'6“,&%&%& N, TR LEBDOENIIRE do.n, & €pq & DBBFRIX Fig. 4 WiRT X5 F
BB ILTHA—ERLECODTED (9) RTERHLINS,

Og-15t =

Q’ll

. ‘ E ~-
3 l 2 h
% > 4
° e Py £ . 13
E E Tale= 122(Epad™ - Em S Ws=4X ‘} sz 6y
3 = e = 0 00 10 . X ® A 00 (asma]
‘E"E —H = *'9-0.0 § . 5 oA 00 (S.R)
<~ o i & 0.2 g o A% 002(S.R)

Z i T D004 o 004(S.R)
< _ : m-0.0¢ w /‘/u a M -004(S.R)
- K] i ! v 0.08 E ) v  Q08(S.R)
& - Qo " O 016(S.R)
L] 8 » As Mochined :% I o 2 ot Ne
E 'E 1o Soscimen L | | W #2; of 2nd Cyce
=0 [e]0 0] 00! [o)} lcchoe o] s ] T

Plastic ~ Strain  Amplitude ;  €po Longtudinal Plastic Strain  Amplitude ; €
Fig. 4 Cyclic Stress-Strain Relation in the Fig. 5 Relation between Hysteresis Energy per
Stationary Condition Cycle and Plastic Strain Amplitude
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Oa-No=122 €pq"- 158 (9)
Fig. 4 OB L-BH AR AR CLELI L 5T (10) ROBR L 2%,
Oa.N,=132 €pg®- 181 ' 10)

Fig. 4 O FHINB IO N MEETD 1 YA 2AD e RF Y Y R=FAF W, & €0 L OBIKIZTHE

KBk < Fig 5 iRT X Sk (11) RTRHTT E2TE 5o
W, =430 €118 o (11)

Lirl, EBENCRBICE AN, A T2y L 27ARBT AL A7 Y A2k A¥— it Fig. 5 ©iRT15
KRS B ITETAE 2 5o B

3.2 FYHHOER ' |
| ZLFERTAVBARBEHERR TLOTL PO INRET 5, S THEERNLL A 74D 5 b0%
KIS of LBMES) o° LOPHEE LTRET 5o AXIIHE LS A 2

A DFHIES) Omy 1% Fig. 6 KRB X 5IBAGS ol LIEHWE o § 1 sem
[N +: E —
ERBV-T (12) ﬁfﬁbéjtbol g /__.m«-"“' T
0m-1=dlsc——2—‘40m (12) = / |
195 ERRR DI ) -TBRIBAT Epmac=€m+€pa & 0T DBET 7
Y, AXIEHBEM LB Tt Fig. 7 DX 5Kk %, AN LIER —o N
CHEATS Y, WRINTO % ¥ 0 AR X OWHBESE L7 BHIZERER t | Glste
BRIFRDOA T H-ERERE LI %,
68.5€ph0t  €pmax<O0.023
AW “TSF{ 11665 €pmax>0.023 (3) _
Bt . {72. ge,,%:.:’:‘ €pmax <0. 032 s . ——e».n————.—e..'——-¢ |
113€pmax €pmax >0. 032 Fig. 6 The First Strain Cycle
Fig. 7T CifR@% 21 Tt7 vy F LTWAB IR x Annealed Specimen
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Db LI BRI B K, mux—otn MR B __ TRt Sot] 3
EHIEDRLDDOTHE, Lin2T (18) £ 8 [ Gami s 1L
BBV ) RT emae ¥ Ga I, ol O 50 l [
3 0.00! 0.0l Ol 10
1/2 40yyy=0g.10s KR Z 2 EKE L 1o BEOK = Plastic Strain ; €p.mox, €po
H-EREIALH, 25Kk (12) R AV T Fig. 7 Stress-Strain Relation in the First Cycle
BIENORENTE D, ZOHFERIENK 10 :
BRI HMNA RS2 5o 5'59 Ei) oSl s 5
H1914 2 CEULEBERIREr A 6Y50]| v |+ (0020|150 328
PR ORITE L SCRMICHDST B, Fig. T [P eYers oo e on
812 €m=0.04 DB AMALTIED S & :gi.\ e Svar ol ook
R s PR o¥tERT. Fig. 0 ¢ (IS NIl
RER—OEFEOL LT 2MADE . PSS
BECIOTETHPHENO H MR § Tl s S I0CN ,
o HB1¥A I ARST EPHEIIFY e AR S8 A
ErE-E LR, A—PSECREEE 8 i . .
BAEVREEV. FTHBEORRHE L[] 5 .
RIS bO TR RS ab s, Py gl LU L P RUI Ll LI,
BHDH A 2 A DREFTLE 5 AL BT No.  of  Cycles
BT, BAHEA 1 kg/mm? PTR/ Fig. 8 Dynamic Stress Relaxation Curves
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Specimen €m | Eta | Nc | Nf |.
*6Y68 |0 [0.16 |00I3| 330|596
* 6Y81 | v |00B]001] 650]931 . 1
* 6Y62 | 0100410011] 545/813 ] u, €
LT * 6Y 4 | 4 10.02|0011 | 4B4[658 ’
| * 6Y55 | @ F004|0011] 575] 760
25 N * 6Y27 | 0 [ 0.0 [0.0il] 453[8086
£ TN IINGN x*6H29 | @ {00 [0.0] 300607 ue €2
> ~~...\:'\' - Annealed Specimen
g =Rt B
5 I o
; X N P ; Fig. 10 Rheology Model
£° 5 T
I 41118 Lde '
8 ) m
b3 e v
. 3 E//
B 10° 10 10° 10*
No. of Cycles ; N BE=140 €™ /
. o . ycles . o _.__.__._93_\ H/é
Fig. 9 Dynamic Stress Relaxation Curves u o B
B LRERICI 5o WBHESAMT 5 & AMICKE < B 5o 8 — 2| o 1
PERNOBRVEMRPEEEEL 5 Z b k> TaEHD 8 oo 1]
004 I
WHITRIA SR TH Do IR 2 v — 7 L RIS b, /] v| ooz
B2 U — S TIRE & LT & OMIC (15)RMRIT+ 59, oo =
deg/dt = Bo™ (15) 00 - o o
ZZT B m ¥ THLD, B REEOBMKL S, +=C Fig. Plastic Strain Amplitude; €pa
10 L5l vAro—eFArEr, B w OB € 2K Fig. 11 Relation between B-E and
Ho LOME (16) ROBRNRS D, 4 OB € o Tid (15) Plastic Strain Amplitude
KRBRELDOIDET B,
€|=U/E (16)

C:fEf:ﬁﬁt?%o %#0@5 54 € & €3 &Oﬂ]’@}; D, (15) ﬁj’sloz (16) kab‘bkmj}%ﬁ?i;
bbT (17) AhrErh 3, .

do/dt=— BEo™ an
ZZTHA 7B LM E XFNTHD L E2 MENZ, (17) REMSTHIE o0 2MOEKE LT (18)
Bzt 18 (I |
0~ -1) g ~(M=1) = (s —1) BEn (18)

FRROPAIRE LEEL Y com BET m IXBRIEICL 53 2.35 BEThH oo BE & € & OB
Fig. 11 gRT X5 (19) ROBBRIIRIERTLT 5,

BE=14.0¢p,'1¢ : (19)

Figs. 8 3 X U* 9 ORBL (19) XD BE ¥\ (18) RR I THIVW b DTh 5 »5, KR L AOTH
%, Fig. 9 D 6Y72 3sxvr Fig. 10 » 6Y68 03— [T v RieT)
R DHROLEOFCETFRTOEDIR, EOH & [ros | 6ae 040 303
WO KECIE LEEY Eftcicd TH b, : o R=o.8:m\. L= e §>§§
BE #r ¥ OEBILIE LEEIC K ¥ < AT B, ] T2 T

3.3 ARRENGICRETEHBOLE £ {eazo 1

Bl R(e®) %192 L LEAMSIORS  Soo =
Bot7 2 2 L LIcBH (GBESUM) ONBE >
R N, L METIRE ¢ LOBIWRY ERER [ 3]
Figs.12 3 X 0f 13 7R ¥, Fig. 2 RELAB X oo M
SEBHA 3T A X L THIITEIRIE - BHENR o No of lO'cmes fo C«l'?;k Initiation ;'NO: ot
AT BDOTEREIVNZ 10D L BHOKET & Fig. 12 €p4-N; Curves
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