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Lowest Fatigue Limit Estimation of Ductile Cast Iron Joints by Considering Maximum Defect Size to Replace Welded Joints

Tetsuro HipAKA, Nao-Aki Nopa, Yoshikazu Sano, Nobuhiro Kai and Hiroyoshi Funmoto

Synopsis : In our earlier study, the authors revealed that the fatigue limit of ductile cast iron (DCI) specimens whose shapes are similar to the welded

joint shapes is about three times larger than that of the welded joint specimens. However, since many defects are usually included in the DCI

specimens, the fatigue limit of DCI joints decreases with increasing the maximum defect size. In this paper, therefore, the maximum defect

size is estimated by using statistics of extremes. Then, the lowest fatigue limit corresponding to the maximum defect size is estimated from

the 4 parameter model and compared with the lowest fatigue limit of the welded joint. As a result, it was confirmed that the lowest fatigue

limit of the DCI specimens is about twice as large as the welded joint.
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Fig. 1. Shape of welded joints.
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Fig. 2. Macrostructure of welded portion (Etched by nital).
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Fig. 3. S-N diagram showing fatigue design curve defined by
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Fig. 4. Dimension of DCI joints.
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Main plate . & 400 [1 Ao,” 7 =240MPa |||
thickness #, (mm) S P S Cu Mg S L 5 i H’
o ~ *
6 3.63 246 040 0.020 0.002 0.32 0.039 % ?‘\\é_ 3 7 s
12 373 253 041 0022 0002 031 0.047 g 300 TR0 6
24 3.67 245 041 0.024 0.004 0.31 0.042 § B \"ﬁ O o
8 200 [
Table 2. Mechanical properties of DCI joints. & -
Main plate JIS Z 2241(2017), No.14B type tensile test specimen 100 :‘ 1:7 :lNl{mlLer of sr1>ecirgen AL
thickness 41 | 0.2% Proof Tensile Elongation Brinell -7 P ot is the result under the conditior)
- of h fNo.7
(mm) | siress (MPa) strength (MPa) (%)  hardness (HB) o Erutim g vt
6 361 557 7.0 192 10t 105 106 107 108
12 339 561 14.5 190 b ¢ | failureN |
2 340 560 158 191 Number of cycles to failureN,, cycles
(b) t; =12 mm
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Fig. 5. Microstructure of DCI joints (Etched by nital). (Online Fig. 6. S-N diagram showing fatigue properties of DCI joints in
version in color.) Fig4.
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Fig. 7. Classification of broken position of DCI joints.
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Table 3. Fatigue test data of DCI joints (¢, = 6 mm) in Fig.6 (a). (Online version in color.)

No. Ao (MPa) N, (cycles) Broken position in Fig.7 Fracture origin and defect size: ,/area (Lm)
10mm Imm
D e
1 350 9.36x10* B + AIE [ [usions
W
v ¥ Varea=469
2 300 6.31x10° B (l Surface notch
Varea=583
g
3 280 1L21x10° B Surface notch
varea=480
4 260 3.11x10° B Cj Inclusions
Varea=1104
5 240 1.09%10 B Surface notch
Varea=943
6 240 2.09x10° B Surface notch
Varea=656
7 200 1.00x107 - -
7* 300 4.92x10°8 B lm’ el Surface notch
\ Varea=1157
8 220 1.00x107 _ ‘ Surface notch
g 300 7.20x10° B Jarea=728
Table 4. Fatigue test data of DCI joints (¢, = 12 mm) in Fig.6 (b). (Online version in color.)
No. Ao (MPa) N; (cycles) Broken position in Fig.7 Fracture origin and defect size: ,/area (um)
10mm 1mm
—
1 350 1.39x10¢ B 1 “ Inclusions
T Varea=1697
E—
2 * e ! -\E InCIuSions
Varea=196
3 300 1.41x10° B - D Inclusions
N varea=1411
Inclusions
4 300 1.81x10° B
| Varea=1459
Inclusions
5 280 1.00x10° B .
: Varea=985
} Inclusions
6 260 2.27x10° B : |
2 varea=906
1 I 1 .
7* 300 2.03x10° B
area=479
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5.1 BRREMBHEMFORARMBHAX
AR N B RIGH A 2D F — 21%, Z O¥RAHERA
RRENBOIBITIRIESHE L VRIIZH D Z L0 KD 5
N5, 22T, Table3 & D EMIT A6 mmDikBRH 12
No.l, 4 &RV T B (Fig.7 M) D EAILD MM 23 i

ERTH B, &5 TNo.2, 3, 5~8DXKIEH 4 X H Ml
FHLEEDO N R TH %, [AMIZ, Table 4 LD 1, =12 mm TiZ
SEATERBIZ R M AR & 72 No.1, 3~7, Table 5& D ¢, =
24 mm Tid ) 7RZETBA (Fig.7 2 M) ISR R S h /2
No.l, 3, 5~7%#xR L9 5, &, Do AIBNHECHE (Fig.7

Table 5. Fatigue test data of DCI joints (#, = 24 mm) in Fig.6 (c). (Online version in color.)

No. Ao (MPa) Ny (cycles) Broken position in Fig.7

Fracture origin and defect size: ,/area (um)

350 1.72x10* A

|—

10mm 1mm
—

Inclusions

Varea=943

2 320 5.77x10* C

Inclusions

Varea=1470

310 5.58x10* A

58]

Inclusions

varea=886

4 280 2.52x10° C

Inclusions

Varea=700

260 4.14x10° A

o

Inclusions

Varea=735

240 9.05x10° A

=)

Inclusions

Varea=916

7 220
7* 300

1.00x107 -
2.28x10° A

Inclusions

Varea=1005

8 220
8* 300

1.00x107 -
6.37x10* C

Inclusions

Varea=1456

Table 6. Average value of defect size, stress concentration factor and stress intensity factor at each location in Fig.7.

A, B: Location in Fig.7, 6,: Fatigue limit in Fig.6, \/area ,;;: Average value of defect size,
Main plate K: Stress concentration factor, K;: Stress intensity factor
thic(:ﬁ?ness 4 Ain Fig.7 B in Fig.7 .
G MPa) areahyum) Kl Ki(MPaym) | oo(MPa) Vareaheum)  KI KiMPa/m) | o
6 220 196* 1.27 4.5 220 765 1.00 7.0 0.64
12 240 196 1.53 5.9 240 1150 1.00 9.36 0.63
24 220 897 1.68 12.7 220 1470%** 1.00 9.8 1.30

*Assumed value from Table 4 specimen No.2 **Assumed value from Table 5 specimen No.2



Z) THEWE L 72 No.2, 4, SIZMAEFGHAEEO N R4 5 B
FU7ze THET = 2B DT & &, BEIFALE 2 A E
DIBNFME 3R E 5720 Th 5,

Finfi 2 5K 6 % i R & VAR T & RIS LL R 95, %
ZC, FMEZ £ 12467 K (Fig.3, ISSC-ErkBiAARE) &
UCAERT &0 3 IAHAZ2 T T 5, ISR 1R 5
720 DfERARY &5 7 5. 0 ST HEPE O fERRIARRE Vi35
AN o, KB %0, THE, 62080, &% 54
PlAERRIZT 2 Z AR RT3 %Y, 2 2 TPATH
B2 WM L7zt =6, 12 mm CTIZFITED KB &%
2 mm O HiPH A fEfRARRE V" L L7z (Figs (a) 2H), V) 7
A THEW L 721, =24 mmiZ DWW T, IR HERED
EZEPOWE 2 mm, B4 mm DIy % kR & L
(Fig.8 (b) ZM), 5, HENAT o =R RY 12 KA,
t, =24 mm OfERRIER V136207 0, DHEHTH 0, fulk
RRE LTRYTH 5,

y,==In[-In(F)] - (4)
F,=i/(n+1)-100 - (5)
T=V,/V=NV/V=467. (6)

i+ MRS

F,  BROABIE (%)

T P

i BRI No.

n o aRERIARREL

Ve + VRIS %R fE ARt

N P % BRI (467 A)
Y N NN A N

LDUEAZ &0 M fdif st U BE & 1T > 72 #5 & Fig 9 12”9,

52 . 14
. e [T
I /_V E —I— Ni
= e —— B
i : 7% =11232 mn? ! o)
< V2 =13728 mnt LF
Il
(a) t;=6,12mm
13.9 ) 25
A N
.L’/%ﬂi’
s | 7 B
=
e A ¥4,=800 mm

(b) t;=24mm

Fig. 8. Control volume ¥ of one DCI joint.

29

IR R bz AR L7 RRR TR S #kik T O 7 RS L B Tk T-L O Lbik

8 p—
99.9 B 1000
* 99.8— 61— / 500 2
- 99.7 ~ 300 £
L; = L g 100 &
£ 99.0- ¢ = 50 E
— 9]
ET 24 2 10
s Prel g
Z 90— 3, =
= 02 2
= 80 H~ IN
: :
O 50— g
or- S
L
10— n E
O ]1: _ 1111 | 1111 | 11 | | 1111 I
’ 0 1000 2000 3000 4000
Defect size Varea,,,, , um
(a) t;, =6 mm (V = V& in Fig. 8(a))
8 —_—
99.9— B 1000 g
2998 | 500 g
~99.7+ 300§
= ~ L 100 =
5 99.0 2 g
5 &, 03
= S41 |5}
g g - 10
-} =
s BT 3 g
£ 90 3,1 <1
< 151 =
E 80— =~ %
S 50— i3
or— I
10— E <
L S =
1_ ‘-8
0 1_ _2 1111 I 1111 | 1111 | 1111
' 0 1000 2000 3000 4000
Defect size Varea,,,, , um
(b) t; = 12 mm (V = VB in Fig. 8(a))
8 p—
99.9 B 1000 &
2 98- L 500 g
~99.7— - 300 ‘S
& N © 100 &
) i T
£ 99.0— £ d 50 E
2 B4 5 k>
5 > pay 1o =
S 95-3 £
> 90— 3 z
k5 821 S
= 80 &~ n
: -
O 50— g
(U S
o TF L
- S
0 11: 1111 I 1111 | 1111 | 1111 |

2
0 1000 2000 3000 4000
Defect size varea,,,, , um

(c) t; =24 mm (V = V4 in Fig. 8(b))

Fig. 9. Statistics of extremes of defects occurred in DCI joints.
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5%, i, 4785 A — & EFNIdyared > 1000 pm O i
P2 WT A ABE T D %, Wi THERE L 72varea . 12
1000 pm &K DX B 2 KE W20, KFiTIE4/85 X —4
ETNEHCTETREO FHMEEZ Pl 5.

4787 X — 2T NOFEIFRE TR, KRGS A 2
JRC723DDFK T &I e, ZhZTh TR (7) ~
10) " D kSIckE N, T T, FHEKIZNEITBRE A
MBLO BRI 0, 12 HufFl 4 2 FEHIk T & 5 . fHIK 2 (IR
WX HVIZHld 5. X 8) 226bh b k51, T O
W$area’S 5 A — & FILTHEIFIRE 4 ViHll4 5. %3
ERBGEH A TR E LTI TH D, FEIFIRE I T IRAIR T
PERPRBEEA K, (I Hefil 4 5,

Gk 1 o, =0.480, )
A =2 1.41(HV +120) {(1—1%)}“

L\EfﬁﬁZ 6=26,= 76 T e 8

' (Varea) " L 2 ®)
a=0.226+HV-10" )

AK
M3 Ao=2-0,= th 10
! 0.65\/ﬂ\/area 107 (10)

o, SRS (B IENE) (MPa)
Ao EFRRIE (o I%EpH) (MPa)
oy D BRARIE (MPa)

HV Y&y h—2FE (HY)
Varea : KBNS IR KGEGZIHRE O 7R (nm)

R S yalia
a CHV TIREEIN B ER
AK, @ FRRAUS ARG (MPay'm)

Fig 10 Afa THW 288k F D487 2 — 2 £ F
IV &INT, £ 72, uifi THER®E L 7= Varea,,, % Table 71C
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N, Fig 10 &k 0, FHIK2, 38R E &5 5 KR A4 2 1&
Varea ,,,=3000 nm T & %, Table 7& 0, F W 51,236,
24 mm @ iR Bk F & Varea ,, <3000 im T & % 2 6, JE YT
FREE D 7l ik 2 0 X (8) #@H 3 %, 1, =12 mm
& Varea ... > 3000 pm T & 1, fHIEK3O X (10) % @ H ¢
%, %45, Fig I0fERRICH - D L2 & f/ ST X — & 1%
Table 8DE BN TH 3, ZIZ T, wHRIZY 3 v F 75
2 M KB EMERHIS ) 2 B E L 72, wilnsk, ~FEIs T
EUTERT 2 EMER I 1IE— 150 MPa & L7z, & a3 v
77 A MIC K BEMERHIB S, RTIARKTHESIZ
BTN %, 2078, ZETHEUL ZERAIRNOL
K2 R AEMIRIG D EIEL T3 Y DLRIC &
D, Fig.61Zm L7297 R E & AN EMEFR AL T2 5 )
WREEHM L7z, 2R, (=6, 24 mmIZR=—1047, ¢,
=12mmiER=—0.601F5N72, ZTH6DRDOHFFHTIE
43T A—=RETVITEELEALEED S RV, LT, Fig.10
BR=—047128F5%4/55 A —2FF L &ERELTRL

Table 7. The predicted maximum defect size: /area .
Main plate thickness #, (mm) v/ ared maxr (UM)
6 2605
12 3976
24 1598

Table 8. Parameter value used for 4 parameter model.

Tensile Vickers Threshold stress
strength o hardness  Stress Ratio R a intensity factor AK,,
(MPa) (HY) (MPay/ m )
—0.47 (1,=6, 24) 12.5 (1,=6, 24)
360 200* -0.60 (1,=12) 0.38% 12.9 (£=12)
*Converted value of Brinell hardness in Table 2
**Value at the long crack
500 LILLALLLLL I |||||||I LILLLLILLL I |||||Il|
400 —
s 300 - g,°¢0; 7
Ay
=
k* 200 o, <HV -
3
ocC
:: o ocAK "
& ion I ion I
g Region Region
2 100 +— —
w2
g 90 - -
»nn 80 Region Ik .
70 = -
0 L varea,,,, =3000um |
50 11 IIIIIlI 1 1 IlIIlII 1 1 IIIIIII | IIlIlII
1 10 100 1000 10*

Defect size Varea,,,, , pm

Fig. 10. 4 parameter model of DCI joints.



TWd, 72, ald—MMIZA 9) TR SN B2, BEHZ
FoTR () TRDBMEEDKELS BDZ LSV H
%%, X612, AK, ZAKHNEREIC & > TRD SN B Z
EMBND, AKWTEG & 720 5 05 DR TTIRIC K DAK, &
BREDEVIHELNH B, X5 T, a AKX,
GaRaREE, O DARE OB & 1T RS O BOR e g8k
R, AKWIE & 75 5 5 R 775 % 17 > TR 72
i L U7z, &%, R=—047, —0.601251F BAK, 133
BRHETRY 725 K02, FiglHImdEVE R (R
¥ Varea=1850 pm) % H ¥ BAK, & ROBEHR™ 2 5K
Wiz, ZTZT, AK,i3v/area> 1000 nm DFEPFH TIHIEIE—E
L3275, fH3 Dyarea ., > 3000 pm O FFH T
LR EEZ 6N 5,

X (8), (10), Table 8 & 0 MY U 7= $5#kMk T D) 57 BRI
D FHUEAGLS" & Fig.6 12/ L 725 37 BRI 12§ 2R TR C,
% Table 91Z/R§, EMF, A6 mmDE X Ao, =216 MPa,
Lt=12mm®D & ZEAc) =178 MPa, t, =24 mm D & ZAc)S
=156 MPat % 572, 22T, t,=24mmiZDOWVTIE, Y
T RFEHA (Fig. 7S ) T L T 5728, 2 D7 IR
B3 0067151255, XoT, X B) ks

Table 9. Lowest fatigue limit of DCI joints.

Main plate Lowest fatigue  Fatigue limitin ~ Reduction ratio
thickness ¢, limit AchS! Fig.6 Ac2S! Ac?S! ) AaDS!
(mm) (MPa) (MPa) (%)
6 216* 220 98
12 178%* 240 74
24 156%** 220 70
*Caluculated from Eq.(8)
**Caluculated from Eq.(10)
***Caluculated from Eq.(8) multiplied by 0.67
q
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=
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(1-R)/2
Fig. 11. Relationship between AK, and R for tension-

compression fatigue tests.
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Aop=234 MPalZ0.67 % UCHEM L, BLEICXD, E
7R O TR Fig.6 127 L 7202 37 BREE D F2ER A 0.2 0
BEZT10% ETIKTFT AR E L 572

6. RAXRFEEBELLIREZNFHBEFO
BHRECHFZERFEOLLE

61 BEFHSHCHEISERRBMFHEMFORERFREDT
FRIEE B IE T EDLEES

Fig 12 {2 $F#EET & s kT 0 7758 s % ik L 7
R A N, SRR T 13 Table 9128 U 7298 97 BRI O TR
BORKR/NEFEZ R LT\, &k, ARGHOMEX 1T
EWREH KT H 524 mm D S-NiliFz (Fig.6 (c) =) %
BEL Ul —H, TR 39 57 3% 5t #RISSC-E
(Fig3Z#) Th s, ZhkD, SEkT-0REITRE D TR
fllZAG =156~216 MPa T& 1), ZiA45#kT 0 %EHE
FIREAG =62 MPaD I K7 25~35fG 5> 7=,

PEDZ &n b, $h8ETFIE, KRIGIZ & DTS K
T42E00, +FRERTF IO 2B I3 d 5
LWz b,
6-2 HREBENFHRMFORKCHEPRRICHESIN R

ARBHEENBERELIFZEDEFRE

Table 9 & 1), $AFHAET W 7R 13 FAME 1, = 24 mm D
& & Ao, =156 MPa & PHIITTE, 3O FHRIEOH T/
kb, 72720, ZOTPHEIXL =24 mmD ) 7RZELA
(Fig. 7)) O A EMERITONRE L TED, D2 A
WEECER (Fig.7 M) 1284 L T3 & 5 BB Lyt o
REGZBRAA L T B, T ab b, B¢ OmEia
DFFEINE > TRIGD FAETR R AN E % 7 — ST
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Fig. 12. Comparison of lowest fatigue limit of DCI joints and
JSSC-E in Fig.3.
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THO - 72, KFITIE, BRI AKRME, Tabb
CHERIZRA U2 K& BRI S &0 7 AR AL EE % £7 0,
& K& LK Kby area . % FUE U CEITRE 2 2 5
%, bbb, TDyarea , Nk KISTTERHTH 51=
24mm, AFIZEEFh S LIEL, ZTDO& ZDHPHMTFO
PETTREE A . L IEPEAKT & Ok A AR S .

Table 5128 L2 RKRMY 4 &% &L, 5 - 28filnk,
M AE AR AL EE % 47 5 &, Varea,,=2840 yom & 5 5, Zh

AEBDO B E IR & L 7=area ., = 1598 um (Table 7 %)
DUERERE N, ZOL E2Dn=24mm, AFIZBT 3
TEHRRE 1IZACL =142 MPa L B T X 5, 2O FlllfEIE
Aoy =156 MPa (Table 92H) K DK FL T35, Th
T AT OFE I FREA G = 62 MPa D 2 {5 LI L5k X
Hdbd,

7. 1

il

FeDWIZE LI I ZE - P Hafh T 1R Pl S R 72 Bk
REFSES T 2T, DO FWRE, =24 mmiZH W
TEIRENEET LD KE VT L EIRL 2,

AR TIE, S8k T O EME e, %6, 12, 24 mm & 378
ISR U O ikl 2 940§ 5 & & 812, Mffiftatic
& & IEHTIRIE D FRIEAG, & PIIL 72, Z O T FRAE
& VIR BERT ORI IRIE O FRRMEA g, (82 57 3% AT
JSSC-E, Fig.3 &) I2DoWTIHiREZ L, KL MOt % &5
7z
(1) FfE AR at iz & & D < $hgkftk T o )i 57 BRI o 1 BRAH

Ao =156 MPald, FERTH b N iEREAcL =
220 MPaD 70% M4 %, 2 T8 T FEHEkRT O
REMEYTIRIE Aoi> =62 MPa & HbiE L C 25152, Lo
BEND 5,

() IEEMET I TERE 259 mm A 520 mm I 2 5 &%
FrBREE 2340 MPaF2E(IC T3 %, — A, %ﬁ%&% S
JEt,=6~24 mm DEPHIZ BV TEFRIEIXIZ L AL
ZAL L,

(3) $APAET 1 EMIFE 1, =6, 12 mm 1 I\ TEFRER (A D
IR CHEr4 %, —KH, ,=24mmiZFNTIXY T8
OO ., 20 & S ISR E A R 2 B
B34 Ko, & REGY A X arean & 51T % 5 b
IR B0 L & K, =0.65 K0,/ 70v/area D K/INh 5 Bil]
T%% (Table 63H) .
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