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Notch strength of high silicon ductile cast iron and wide applicability to structural design
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Abstract

In this study, the notch strength 5" was investigated for high silicon solid solution strengthened ferritic ductile cast iron
in comparison with the tensile strength o;™°°", High speed tensile tests were conducted on notched and smooth specimens
at various strain rate and temperatures. The strain rate-temperature parameter (R parameter) is found to be useful for
evaluating the temperature and strain rate upon the notch strength. The required range of R parameter was investigated for
welded structural members in several industrial fields. The notch strength o5 is always larger than the tensile strength at
room temperature ag‘?"{{%l in the range of R parameter required for the welded structures. Therefore, tensile strength ag@gfrh
is confirmed to be more useful than Charpy absorbed energy for the structural design. It is expected that the high Si ductile
cast iron has wide industrial application potentiality.

Key words : High Si ductile cast iron, Notch strength, Tensile strength, Strain rate, Temperature
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ﬁﬁ%ﬁ%}fwg EOREE M EIOTRE « $IMEE, OF B0l S IRE OB Z M 2T 57080 (B, 1985) (2
, 1994) (1A, 1999) (1LiAft, 2000), HFfktOBHFELHHIE~OEAUITIIT TIZ, FREE - BIMERD D O

ﬂ@@ﬁﬁ [RAAZIELS D Z EDNEETHD. SEEEDORFHIBW L, S OZ 22 RET 572
DOOT B O _ERRE SR E O FIRENTFET 5. ZOHTHERM L LV IEBEREE A BT, SMK-FREE
TAHER CORRFEN EH & (L Ef, 1995)I2 LV /RENTEY, FE-2 /ﬁ?ﬁiﬁﬁ%%ﬂf‘@ﬁﬁﬁfﬁﬁgﬁT 5 ([ T,
1998), EH(EH, 1996)IC LV I/RENTNATE®, ZNHAER LICHEI Lz, F70, £ 1IQE, A7 HEH
DFERBRR 5NNV ) v T v LV E—FRERBR COOT HEE (TFIHh, 1963) (K2, 1995):1'0 KOS
L7CEDOSFME LR L. R LICBWT, 5IEBRCV /v F Uy L B —EERRR 7 & O— i/ iRk Clik
O Bl BB DO SR DI IE A B D2 e 2 AR BE T 2 T2 O DO BB D _ERRAECIREE O T IRMELZ S8 T,
HEIE M BOREE - $OMEm o0 sk - AR IR A @ U R R 2 W LT 6 Th D, FEHIZZ DL
D RERING, ISNEFORENYV v F Uy VB —EHEHAER A IE B L Chke Z2ilBos &R Co = mihlF
AERZIT o> T D(lkedaetal., 2016). LxL7eA3 5, SRR ORRGE - BUEICIWNT, = a5 R 3G AL
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SRE A RO HIFIEE LTI CiEe <, BIIRRE, M/)CR o7 IRE 7 & Of [sREEIC BT 2 EA B & X
5. & AT, ERIRESEES O R KT T OT 2l L IRE OB T 23072 <, FAETRS
TR (LA, 1999).

— 5T, Si BmAEFE D 2.0~27%L 0 b EDIZEERIEAE Si 7 = 7 4 b IEHIERIREBSAEHEL(EN, 2011) DR
M ~OBAMFIANEEED LTV D, 205 Si BB, FREDT =7 A h-r3—F A MIERRE
EniEEk FCD500 %F & bl U C, MIWIMEE O WIEIRS S NS <, JEBME, @A 7 VISR 72 SN D (fE R
fi, 2014). L2>L7e23 6, MEFRO Si EOMINE, SRR I CEM-IEM BRI 4 SRl B
By X H (M, 2013) (M@, 2014), [EHERICOT HAEDORE G 2T 5 < T D (lkeda et al., 2015). Z DR
BEN, FMEIOEE~OBEAIIRIZICRENTHD.

L7=23o7C, & Si BRSNS O B IRFFEIC KT T O Bl LIRS OB A 7R 2 LI, [RIBPRFOE F P
ZIEL W2 ECEHERMAOOEDERD., £z, /LN, —RARERIRESSESOEM ETo
FHZ1T ) ECOEREB XD, T I TARMIETIY, & Si ERIREENEEELZ SIS & LT, IR Tofkx ek
PNEHEE SRR T 28R E T o 72, S 612, OFT AEE CIREORZMEZEO 5 T-DICUIR X 25T 7R
BRI OWT Y, kRx R BArHE LR ICB T D5 ERBR 21T o 72, £ LT, BE#(lkedaetal., 2016)> = Sphif
R COMFHIT &t E, UIREBEICER L, OTHEE-RERAEOBLEN D, R B ORIEEM ~OE G
P2 ERAICEE LT,

Table 1 Examples of strain rate and temperature range acting on various structural components.

Industrial field Strain rate & [s'l] Temperature T [°C] | R parameter [K]
Welded part of outer plate- - _ -
bulkhead (Ship hull) L 10 4846
Design
Weld toes of beam-column
(Architectural structure) 2 s .
Tensile test 10°~102 | "TIREE | 6864 ~ 8923
Test
Temperature range of
V-notch Charpy impact test = 10° this table 3524 ~ 4118
(-18 ~ 25)
2. EBAEK
2-1 #tEMH

PEEAEHE, R 2 ITRTRRDICIIE L5227 = 74 Mo Si BRBERECTH 5. IS G 5502 IZHLE
NTWBHBEY 7ry 7z, $histke0F EX LIRTHEFED IR 28 L. #3112, M
OB R AR, SIRRBEE RIS, IS Z 2241 IZHUE &N TV 5 4 5558 (B4 = 14 mm,  JEEE i
FREfE =50 mm)Z AW CIRBSICHEIL L CTRIBRZ (T 72/ TH 5.

Table 2 Chemical compositions of as cast specimens.

[mass %]
C Si Mn P S Cu Mg
3.27 3.94 0.35 0.023 0.010 0.02 0.043
Table 3 Tensile properties of test specimen.
Tensile strength o5 [MPa] 0.2% Proof stress o, [MPa] Fracture strain g [%]

543 426 20
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(@) Position for JIS No.4 tensile test specimen (b) Position for smooth and notched round ber
specimens shown in Fig.2

Fig. 1 Schematic view of Y-shaped block (in mm) and position of specimens.

2.2 BEEELEETOIRHRREBEHAR
2 IIARFBR CHWERBR A A TIOHEEZ <. BBAIL, 880l C—MRA7ZRREBRA TR CTh 5 It F
WM EHENR Uiz, F70, O A0l SR O MEE 5 5 72 DICBRIRUIR M 2 el L=, OIRETRIE,
FIE—HBERBRA THWONTWD V ) vy F LRIZIRE LTz, 22T, vy b BRI U7X 2(b)
IORTYIREFES 2mm T, EBEOSHFHREOFHICN TIC L > TRAINL2mOMHME D B SNNTENS O
Thd. £, K2bNTRT IR X EHE p=0.25mm ([ZOWTIE, Hl2 I38ERIC BT 28 Ca—F—Ho
B p T 2mm UL ETHD 2 ENBUE STV FhE T2, 2002) (H A T2, 1987). L7=3-> T, AR5
WCHWAEIR EI « ~HEE, ERBICAONDHOL Y IEFITH LSO TH S, 7o, HibobIx X5k
BT 5B TIL, p=025mm QUK ZH L3RI, UIR X EREE X T-p=2mm OUIRZH b -,
F1HERRBR I U E Y — R RGBS ERT ELI00kN)Z VY, A b o — 27 2808 v % 8.5 x 10°~2.7 x
10°mm/s, JREE T %2-130~25°C DS TRER L7z, £ LT, VBH D5 EHE oyrooh s L OBRIRYIK & DY)
IR E R ooth 2 R L 0 SR Tz
omooth = 4p -/ nd?
} M

oM = 4P/ md

T ZC, P (TFRBREFO R AMTE, d 1T BB AT L OBRIREI R & 4 fe/ BT i 8 (B0 & JECHER) O 3R
HIDOERTH 5. S 5IT, BRI LE O IHEERE O L 2R3 7= 03B i ORI BIER 21TV, JEVERR R R fo(fil
BB SN DT 4 o TR O LR ZHE Lz, £72, o2 1%LL T OMED T/hEWiEHZ W T,
EBAE FBEEE(H LA T 7 7 1 P— X S-3400N) & T, SEMEAE O TFE A B2 LT,

| | 2
| i /“
T

] f2xeis Y f2xeis .
- | A i p=o.2,%5 j 45
o ' - ) 4
© L 24 o '{.4.‘¢A
o | o S A
<t ' - v

! || g8
4 |l 4 11
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(@ Smooth specimen (d=4 mm, p=w) (b) Notched round bar specimen (d =4 mm, p=0.25 mm)

Fig. 2 Configuration of test specimens (in mm).
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2:3 UVFAHEE-BENTA—SDEH

AWGETIE, O HIEE LIRS OB LIS 572018, O AR E /X7 X —% R ffi(Strain rate—
temperature parameter) Z FV >, EHEA O 5 [BEFREE oimooth 35 T OBRIRGI K & M O U)K X RS oloch 2 F8BL L 7=. R
1%, ONT B OB 2 S BRIRE OB L b d LTEEXHZ-H0THS. Bennett 52Xk, #ikiey
D beec BRBIZEBNT, RO OT B R R AF 2 REIC & 0 BEBEC X 5 Z & H3/R S Hu(Bennett and Sinclair,
1966), D%, BIZIXFEI: OO O (BRI, 1985) (AR, 1994)IC K-> TEBRMICHLEM T IN TN D, £
72, BRI TR SIEME L RIRICEE C& 5 Z L N ERIICHE SN TR Y (Ffth, 1998), 7 =71 ik
HOERIRBENEHER D5 [BRIREE, BER A>T /1) S RAE & BVWVEBEIN & 5 Z & 23t 4T A (HuAth, 1999). R i1,
EV R E 3V

R=TxIn(A/%) @)

T, TITERBRRE, AlIRENER, 108sT TH % (Bennett and Sinclair, 1966) (LA, 1999). &lF FEigtf D
FTE O OP BN E 72 I3BRRYIR E M OUIR E EDOOPTIRE SN TH 5. M OTATIRO O ik
Egsmooth g @I L W EFE L.

&Sm0 = (u(t) /) / ¢ 3)

ZIZT, u)iE A hr—2 N TH Y, FERIZHFT 20 LT 5. CIFATHE S 40 mm, tIZAMHTH L.
—7, BRIRUIREMOEAE, KLEOWOTHEENECLYREEICER TS, UIRIIEOOTHIL, EBRT
DOFHAUARD TINEETEH 5 DT, NI (4) TH S B R (b, 2014) (B M, 2013) (Noda et al., 2015)
2LV RDHT-.

M = () 1) /% Ky 4

Z I T, K XA BRERIEIC X 2 MM TR B 7= O 2o B 45 rP R AL C (&M, 2014) (BF Hth, 2013) (Noda
etal, 2015), AMFFETHWERIRGIR M OGS, K 12949 ThH 5.

3. HiR - BHEHICHETHURERELVIRERIL

312 Si ERIREE RSO IR T OIS [BERBRICEB T 2 i B L OUIR M oIs -0 Al 2~ L,
F 42, TORKBE (oINS LN ofoth 2 — B ICHEHE L ORT. X 41121E, £ 4ICRR ULTRKHE & )R &K
P p OBRZ/RT. 728, T2 TIEBEROZDIZ, K20)2R Lz p=025mm &35, YIREEEREEZ
Tep=2mm BT D5 RRBRER bR LIz, K4 LD, OIREEERD NS WVIEERKRET EF LTS, 2
D X5 7GR Z58I0IX, 872 EDIEMEOER VMBI TR GRS VTV D ARIEM & [AIRRE DS 1RREZ A3 5
— DT =T A h3—=F A MNUERKREEREEERIC BN T HUIR X HR(LITMER S L TE Y, IS 10 Lk & Bl
TeBLEPTOITWA(EFA, 1980). % 2T, AMRERIEIC LV IS OZEE %2 73 $51E n(Davis and Connelly,
1959) (H15fth, 1986)&KDH7=. i, KGNk EEIND.

2 2 2
1=30y / g = V20 + oy + Uz)/J(UrUe) tH(oy—a) +(o,—a) ®)

ZIT, on PFHEEILT), oIS TH S, LT, AT ORI Z O TWD 23, FlZIERHE O ([
Fsftl, 1986)(%, T DIFETHE~ OHPAIZ 6 L TUIR & 5L LIS DLt L ORfRZ BB TE T D, Licdio
T, MDY 7 = 74 M THHm Si BRIRBEnERE S, RIFEIC L UIRE 5k &S O LHE & OREEF T 23
EMERINCFRETH D EEABND. M5IT, IRKRFREZL n L ORGRTEELZHERZ Y. K5XY, no LA
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900 - _ 900
M for p=025mm Smooth specimen ) Notched round bar specimen (p=2 mm)
800 / Notched round bar specimen (o=2mm) Notched round bar specimen (o= 0.25 mm)
"N or p= 2 mm Notched round bar specimen (p=0.25mm) X Fracture
— 700 1 X Fracture . 'D:i‘ 800 | ™" for p=0.25 mm
o d 05" for p= oo
=, 600 e =
@ 500t __-—""" x 2
s il | = 700 - """ for p=2mm
T 400 | | iz
S ’ S
" — o — X
= 300 | | =
= 200 | | = 600+
100 : :
0 I S B P T 500 | | | |
0 5 10 15 20 0 0.2 04 0.6 0.8
Nominal strain [%] Nominal strain [%]
(@) Stress—strain curve (b) Enlarged view in the dotted line of (a)
Fig. 3  Stress-strain curves of notched round bar specimen and smooth specimen on static tensile test at temperature T = 25 °C.

It is seen that the maximum strength of notched round bar specimen is larger than that of smooth specimen.

Table 4  Results of static tensile test for notched round bar specimen and smooth specimen at temperature T =25 °C.
Test conditions Test results
) ) ) smooth Triaxiality factor
Notch root radius | Temperature | Stroke speed |Maximum load | Tensile strength O and 7
p [mm] T [°C] u@/t [mm/s] | P ex [kN] notch strength &7 [MPa]
co(smooth) 0.01 6.8 553 1
2 25x1 0.01 8.3 650 1.29
0.25 0.01 10.0 762 1.47
900
800
c c
c X < & 700
g = g 2 |
g 5 2 § 600
@ .0 (a1
(SR 0 a
P ;b [ < sb 5007
25 400 - S % 400 |
L5 — 5 —
5 300 |- ® 5 300 -
v L v » L
—_- c - Cc
% g 2005 % % 2005
F = 100 < 100l
O | | . | . | 0 | | | | |
0 1 2 3 4 5 1 11 12 13 14 15 16
1/p [mm™] Triaxiality Factor 7
Fig. 4  Relationship between the maximum Fig.5 Relationship between the maximum strength
strength and 1/pon static tensile test at and triaxiality factor # on static tensile test at
temperature T = 25 °C. The maximum temperature T = 25 °C. The maximum
strength tends to increase with increasing strength depends on triaxiality factor.
1/p.
[DOI: 10.1299/transjsme.1x-00000] © 201x The Japan Society of Mechanical Engineers




Kikai, Gijyutsu and Tokyo, Transactions of the JSME (in Japanese), Vol.00, No.00 (201x)

ARV IE R L TR Y, UIREICL VIS OZEEN < 205 Z L AvE Si BRIRES R DY) Z 58(kI2
WELTNDLLEEZDLND.

4. PIREFBFICRIFTVTHEEELBREORE

4-1 FiEH

512, 5 Si HARBEAEEERD T I HFE X DRI L TSR RE ~HICE LD TR K6
(T, #5ITRE L3R oot & REOBIRE SRR E7, BRI U L-L OSRIETENCE
HOT =T A b EEHERR B O STIMECEE, 1997) (LA, 1999)% Hlkl LOR Lz, AEBRCROIF
OB BRI oot X RIS £ VI TE THY, RIEMETT2I1EL, ofmnN R 5. 2o SiEkiRE

Pk & RIEROAE I 2R LTz,

Table 5 Results of high speed tensile test for smooth specimens.

Test conditions Test results
Temperature | Stroke speed Strain rate Maximum load | Tensile strength | R parameter [K]

T [°C] U@t [mmis] gSmoothrety | p TN oMM MPa]

0.01 0.0002 6.8 553 8033

2.76 0.07 7.3 588 6292
25+1 20.0 0.50 7.3 601 5701

97.9 2.45 7.8 620 5237

273 6.84 7.7 630 4921
-100+1 20.0 0.50 8.2 668 3276
-130+1 20.0 0.50 8.1 664 2726

1400 |

'© 3 —@— High Si ductile cast iron (3.94 %Si)

% 1200 —{1— Ferritic ductile cast iron (2.49 %Si)

=, L (Yamamoto et al., 1999)

5 1000 - —A— SN490B .

g L (Kurihara, 1997) L

e 800 |

E [ o d smoo
R i
8 B = « smooth — t /‘ /ﬁ
5 400 [ g =® /1)
2 [

B 200

5] L

= O L il L

1000 2000 3000 4000 5000 6000 7000 8000 9000
R=T - In( A/&°™") [K]

Fig.6  Relationship between tensile strength &$™°°" and R parameter for high Si ductile cast iron, FCD(2.49 %Si)(Yamamoto et
al., 1999) and SN490B(Kurihara, 1997). The tensile strength o§$™°™" of high Si ductile cast iron tends to increase with

decreasing R parameter. It is found that R parameter dependence of o§™°" for high Si ductile cast iron is similar to those
of FCD(2.49 % Si) and SN490B.
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4-2 YIRZEH

F 612, B Si BRIRESREEEL DOBRIRUIR EMIZH 1T DA DIRE & HE COFERBRERZ —EICE L O TURT.
ZHETIZ, X6 DOFIEM T, OTHEE LIREOREL REICKVEIHTE L 2 2R TE . RIT, p=
0.25 mm OYIR X &% T 725l OGEIC OV TS RIEICE 2B A4S, ETET7IZ, T 25 °C Ofth
IZ, -42, -100, -130 °C OAIREICE T Hofoch L M DERZ T, K7 T, o3 o L7 L L bick
LD H DD, BHOIRROOTAEELZBZ D LK TT5. 2O MET LI 5 iE R OO Hi
FENE, JREMEL 2513 8/hEL/oTnD. £2C, K7 Zofoh b RIEOBHRICHIEHE LR EX 81TR
T oI REE BVHBER® Y, AEBREIHICIT, UK E L OO Aol 1R R E ORI O A
R ST A —4 RIEEFIATE 5 Z LR ahrk.

Table 6 Results of high speed tensile test for notched round bar specimens(p = 0.25 mm).

Test conditions Test results
Temperature Stroke speed Strain rate Maximum load Notch strength | R parameter [K]
T [°C] u(t)/t [mmis] £ [ P max [KN] o " [MPa]
0.01 0.002 10.0 762 7344
2541 0.84 0.20 10.5 836 5969
18.1 4.35 10.8 876 5048
46.3 11.1 9.9 786 4774
0.01 0.002 10.4 820 5671
-42+1 8.42 2.00 111 875 4087
16.3 3.86 9.8 776 3943
0.01 0.002 10.0 798 4262
-100£1 0.08 0.02 10.9 858 3855
16.0 3.78 7.0 557 2965
1301 0.08 0.02 9.2 791 3194
16.5 3.90 3.9 307 2451
1400
' -
= 1200 5
5 1000 |
E g L=
¢ 800 : ;
E 8 éﬂutch
g 600 i | d notch 410 / aﬂ
= 5 . R e e nd?
% 400 [-e-T=25C SN pcich — (i .
§ o T=-42C \‘. %’ gt =(u(t) /) / 4 xKtp
(ZD 200 j—-lZl—-T: -100 OC
0 ~-A--T=-130C
10* 10® 10® 10" 10° 10" 10
Strain rate at the notch rootZ ™" [s"]
Fig. 7  Relationship between notch strength o 2" (p = 0.25 mm) and strain rate at the notch root £"°" in the temperature range

of -130 ~ 25 °C. Strain rate dependence of oM is influenced by the test temperature.
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1400
1200
1000
800
600
400
200 |

O e b b e e
1000 2000 3000 4000 5000 6000 7000 8000 9000

=T+ In(A/2") [K]

» N O @
e

0C
0C /_L:me

éﬂutch

£ O_Er.lutch: 4Pmax ! md*
T 9N = (ul(t) / 1)/ € < Ky

Notch strength oM [MPa]

Fig. 8  Relationship between notch strength o 2" (p=0.25 mm) and R parameter. It is found that & 2" is controlled by R
parameter for the wide range of strain rate and test temperature.

5. BEREVORMEHLS SiRROFUROBERHE L TOER

8 Tl, RIEDIKTFIZHED o8N (p= 0.25 mm)DE T3 R fE 2450 ~ 4300 K O#PH TR S =. £2C, =
D X 9 72 o RO DAL T AR EAEE A ORRFHEME L L CRHOBNDIEE & O HFEDSMEICB N, FEA LM
EE IR DB D, IREHRGETM O 8 TEER S D O Bl B -CIRE O M SR R I R E 9 B 2 i L
T3 2 <, OFT B E D ERRME SR TIRIENY, 1O X HICE L DD Z R TE S (M T, 1998) (EH,
1996) (- HIft, 1995). ZiuH DA HIWT, SEEETM O REZXQ) LV FEH L, — OB T
HHIERBRB L0V v VE—EERERBRICBIT D L REE bR L7z, £ 1 L0, AREIOEROFFEANIZIB

T, BAERSEEM ORISR b D TR RE 4522 K & Hfg LT, ¥ v /L B —@EEiBRICH1T % R fE 3524 ~
ANB K MR REMIZA Y, WREIRFETHDLEEZD.

X912, X8 DUIKERE L RAEOBIROHFIT, SREZRFOIEAEL L CTHW LN D FIRTOFIEHERN
FIIRBRIE o gmeeth 2 fHr TR g, [FIKNCIE, %11@@&%¢%ﬁ@?@Rm&a%ﬁ% ¥y L B — B ER
IR 2 RMEOHPHE R L TN, X9 XV, RIE4522 K DL EOFFHIZE0 T Si BERIRESAEER D o Jo M X, o gmep™
IZHART30~50 fEmEVy. 2D &b, WHEHEEHHM CER I 5 R 4522 K UL EO#FHIZIHBWTIE, & S
B BRI SR SRR G HRF OIEILAE & U CHIR - FCTORRIREE A WD T & DSBRIRFIEE O AR 1Tk L 222l oD
R THHLEEZDH. B, Uy E—EHERERT, SEOFEFIZENT, EAEOTRAZ FES REIZHT

HAHIETH Y, FHETREFMIE L LTE, ZOLMEIRMRH 5.

LZAT, X9 TE, RIEDOKT, J7bbiE, mEkic ;of@m%%ﬁr“omhybxkﬁb, =7 EL
TERIIRT T2 28HMR R ons. ZOZBHEZLITICELET 5. K10 12, X9 TRTEIREHMOEER IO
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Fig. 9 The comparison of notch strength o " (o= 0.25 mm) and static tensile strength at room temperature o5™%™ in R
parameter range of industrial fields. The notch strength o 3" is always larger than the tensile strength at room

temperature o-gf“ﬁ%‘h in the required range of R parameter.
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Fig. 10  Relationship between ductile fracture ratio f, and R parameter. It is found that the critical R parameter for o °" is
closely related to the fp.

[DOI: 10.1299/transjsme.1x-00000] © 201x The Japan Society of Mechanical Engineers



Kikai, Gijyutsu and Tokyo, Transactions of the JSME (in Japanese), Vol.00, No.00 (201x)

@ Fracture surface at plot A in Fig. 10 (b) (b) Fracture surface atplotBin Flg 10 (b) (c) Fracture surface atplotCin Frg 10 (b)
(R=5969 K, oroch =836 MPa) (R=5048 K, oo =876 MPa) (R=3943 K, gpoth = 776 MPa)
Fig. 11  Fracture surface of plot A, B and C in Fig.10(b). There is no dimple in figure (c).
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