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Ductile and brittle fracture initiation behavior for compressively prestrained steel

By Hitoshi Yoshinari, Membe}' Keitaro Enami, Student Member
Tadashi Koseki Hiroshi Shimanuki, Member Shuji Aihara, Member

Summary

The authors have found that a ductile crack initiation for compressively prestrained steel can be
- evaluated quantitatively via a limit curve of ductile crack initiation, which is presented by stress
triaxiality-critical equivalent plastic strain relationship. In this research, validity of the limit curve
approach, with which ductile crack initiation for compressively prestrained steel is predicted, was
examined and stress-based quantitative evaluation of brittle fracture initiation for the compressively
prestrained steel was investigated through experiments and numerical analysis. In this investigation,
validity of the limit curve approach was confirmed and it is found that brittle fracture occurs with the
critical cleavage fracture stress depending on compressive prestrain. :

1.8 K

HR, Jk, R, BREORL RKENRBEIZEES,

R, BAHE. §%H 5\ RO THEREIC L )k
SRS RBHOTLEZ T B R8BI LD (2
hE, FOPFHRERES) , =& A TBARKESEL Th,

KEHEOTH 2T - FAEBEDH O ITEE X RNR
£ - RRETAEMREMERHD D 9, BHEkLWBEITI.

HEME & RDORAE - RIS TIRIIARBIC X - THatERk
BWARET B L bELLNS, UL, TXKEDE.
VKBS D S DREN: - Bt R A TG 2RI

EE % RMOBR Y F UV E E2 R L+ 5 EFEORIS
FEHFECEET A HBOP T, ARICED LN TIX

¥ OERERFERFEL LFERGIZER
R H AR (BR) SRt FURT

R V1346 H29H
MEFERCBLTHEE FRIBEILAIL, 16H

VRV, T T FIRAKKED B SRRE b b D EEM: -
Mt A Y ERMICIHM TE S FHEERITIH
Lid, XY BOWRE@EEYORHOIDICEETH D,
E¥HELIZ, EETOTAREZT AN ODOEMEER
SN, S SHEE- RS B0 T A TR S D I
XBBAERAHBICE > CERMICHECEZ 2 %

CHALMIC LY, —FH T, KEERBIEIREICBIT 5/

FRRBI RIS NS5 RIBEICET S L RETHE &
ML E SNTVD 9, FBFFEETIL,

1) HEIRAMICE VB O 5T SRR AR R
CE Y. EETOTLMOEN & HRERR LM T2
FHEOE YL RERT S, _

2) EMTFOTHHOMMRBRESRGELY ., BHFRKE
T A =210k ) EEEICFHET 5.

ZEHBE LT, Me DER L KEMRIT£1T- 7,

2. Eft - REWEREDISATUT

2.1 EtHRAREDIZFA4TIT
FMMEOT e, LIS ZEWE o /o 13, RDKD

NI - El ectronic Li brary Service



The Society of Naval Architects of Japan

MXE F 1905

560 ‘ A A s iRz
wREh DD,
de,=[2/9{(d e -d e D*+(d e p-d £ )*Hd e 5-d RENIE
. D
o m=(0 1+ 02t 03)3 @
o =[{(o 1 0 9*+(0 2- 0 9)*+( 0 5- 0 1)3}/2]"? 3

ZT. deg. deg degiIFBEHOTIIEYTH S,
m%mﬁofaeuicup%ﬁﬁu o THATBE
LizkoRdoND, £ 0. 090 03I XEPDEIR
HTHB, 0n XFHIEN. o, i HBYIEHTH S,

7B FORERdrr 13, KO LS ITREND O,
dr/r=0.283  d ¢ pexp(1.50 /0 .) “4)
T, ri3RA FOEETH D,

FEAERE R A ICE T ARAMAUBHEOT A (s LFEL
TEHT3) id, @RS LHEL AR L SIS =HE
W BB EN S 97, RFMYBHEOT S e 1k, FA
FORBERICKEHIT S L EXON DD, [5HZHhE
Ol 0o LIRFAFMYEBHEOTL e ¢ DBIHFRIT. KO KD
ZRIN3 9,
e=aexp(-B on/o,) (5)
ZZT. a. BIZEDEETHS,

2.2 BUERRREDISATIT B S
MEtERkEEIY, ~ZBMETHIEESNEY, ~ZHAMK
B, ISHXEBOBETHDLEDLNTWS Y9, ~
BRI AMEIY. SFEMICKRRTREND LEXOND,
01=0, ‘ o (6)
T2, o IBRKEEHTH D, o JIEHBR~ZH
BEUSH Th B, 0 /IRBH - OIRTESICBHRES .
MEHZ X - TIZIE—EEF RS Z EBMbNTNS 9,

3. = B
3.1 ftR#
Table 1 Chemical composition of steel tested (mass %)
C . Si Mn ; P S
0.013 0.004

0.16 0.44 1.46

Table 2 Tensile properties of steel tested

Yield Tensile Elongation vEQ
~__stress strength
353 MPa | 527 MPa 29% 127

vEQ: Charpy absorbed energy 0°C)

fEbf I3, JIS-SM490B $Hb (4% : 16mm) Th 3,
HEERB DL 4> & Table 1 1Z5R$, S8 D51 3RRE
& Uy Ve —ER{EZ Table 2 1277 Y,

3.2 WMBFZE
3.2.1 ERFUTHHOSIBRBSE
35
""“'651" ool |
t
R

‘Unit mm
Rolling direction

R: Notch radius R=1.2,5,15

Fig.1 Round notched tension specimen
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Fig.2 CT (0.5T) specimen for CTOD test
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Unit: mm

Specimen 10N, 30N, 30=N

Fig.3 Reversed bending test
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Fig.4 True stress-true strain curve of steel tested
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Fig.5 Stress triaxiality-critical equivalent -plastic
strain relationship of ductile crack initiation for

various prestrain conditions
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:é ‘ 0.1k RA~EBBEIS T, FOTHLEICI>TERL, ’
&) E 1 3.3.3 HHITRBER :
0.05 Table 4 Reversed bending test conditions and results
Pre. Temp. Load Fracture Depth
0.0 L (%) (C) (kN) (um)
-100 0 100 200 10 ~ -20 245 No crack 0
Test temperature ( °C)
' 10 -80 247 No crack 0
Fig.7 CTOD test results for various prestrain 10N# 0 184 | - —
< 2500 —————7— - — 10N - -80 171 B —
s " 30 | 80 | 247 D 2
22000 30N .10 214 B -
_§ 1500 30N _ -70 143 B -
& _30* -20 245 No crack 0
£ 1000F -~ . (Y%prestrain(-100°C) _ 30+ | -80 245 | Noecrack 0
S 500 """ : 10%prestrain(-21 50) _ 30*N | -80 139 B -
g | '3 0%prestra1n(60°C) | 40 -80 "~ 933 D 10
p=] 0 . . e Pre.: Pre-strain, Tgmp.: v Test temperature, Load:

002 04 06 08 1

Distance from crack tip (mm) Tensile load, Depth: Ductile crack depth, N: 2mmR

notched, #: unloaded before fracture, *: Annealed, B:

Fig.8 Maximum principal stress distribution near L C C o
8 P P : Brittle fracture, D: Ductile crack initiation, —: not

crack tip at the critical CTOD level
observed

Table 3 Results of critical cleavage fracture stress

| Table 4 ic. WlTRBEM L RRETT, *I-EM

Prestrain (%) | Temperature (°C) o . (MPa) FOPFHBOEE SEM BREEORENLLDOE
0 100~ 1633 Fig 9@~y , RERBOKE. M FMIED
10 —2LA e BRATERAIE 10%., 30%. 40%(D&TDFOF Hbt CHEHE
0__ — 60 2487 STEORATRD LIED T, 40%H THUBHIEET
o o+ Critical maximum principal stress at the onset of BeAAE L. BEOMMAE L TNDMR, FRORATH
cleavage fracture | | o b BV (Fig.9(a))e
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—_—> Pfestrain 4+— Reverse load L

0.05mm
0.05mm . : . ]
Fig.9 (d) 40%Prestrain, -80°C(tensile-loaded) 40
Fig.9 (a) 40%Prestrain (as pre-bent) 40 Fig.9 SEM observation of compressed surface of the

specimen for various prestrain conditions

< Reverse load » >

b )znilﬂ.

© 0.05mm

Fig.9 (b) 10%Prestrain, -80°C(tensile-loaded) 10 Fig.10 Brittle fracture surface (30N,-10°C)
A <4— Reverse load —p

4 Reverse load EEE——— QD y ){
i o Compression Crack opening A
(a) — (b) — . (@

Fig.11 Deformation of 2mmR notch

Table 4 (ZHIRDENBEORBRERL T, AR
A CHatEREE L 2o T s, BT OTHBRELRD
B, EMEIRIRE - RETHILBTND
(Fig.9(b)~(d))e —77. 0% TITEMEEROREEIT
HRRICERD SR D o 7o, BESLIC X D FOTH L BEIS
HBBRESN, EENEEL-EEZLND,

Fig.10 (2. 30% YK EtEm AR EE LR, M
Fig.9 (c) 30%Prestrain, -80°C(tensile-loaded) 30 PEREER L. WETRIERIC X v —BEMRER 2 Z T IR

0.05mm
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Fig.12 FEM model of reversed bending test
Compression ' Tension
«— —
0.009mm

0.016mm

0.003mm
< ;/\

40%prestrain(-80°C) 40
. Fig.13 The change of hollow shape by pre-bending and

reversed tension
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REFOETT N ERBHRICEDURETIV) OWHT
T EAT S IR R A BT 5 & 5IRMEN 115kN K

RERH 1T+ THIC 2 5) OBRATEAIZ. 2mmR 8]
REF LTI 1452MPa. i SAEHE /L TE 1405MPa
LRVIBERBETH Tz, O edh, AZEE
B K ESHDBERIC OV TIIERERICE DHIRET NV
TORRIC &V EEEICEEE T X 5 &l L,

4.2 FEFRERORERYT&ER
4.2.1 YIROMFFRER N
WGV R OIS ZBE 0 of 0 ABYBHEO T e, /B
FEL Q)RDEM & RUSATR MM L LB LR %
Fig.14 (2R3, M, BEIRREEICL>TIZEALE
(L Lot %, REBIEE-80°CHEEIT VTR L,
EMFOPTHNRKREL 258, HKXBIERE (CH) O
YEHEOTHREML TIT 2B 505, 10%H1,
C ATRENBREHRIGEL T TEMERORAEL
ol EBRER L —BT 5, 30%HiL. C A TREEN
FRAEMR EITE L., EEERORE LIRD - EBRER L

— BB, 40%FHE. C AHSIRAHEEIE X, EME X R

BRAELI-ERBRL BT 5, 40%H TiIfec, EE

DB X HORERS ZMED EF L. REIOERIC

HRI~Y 7 b TR EFEXLND, '
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BIIER (C &) ICBENRAMBRICELTE 51‘\ FEHE
XZOARICRE L 2o e KRR E BT D, D

X5, BEE ORS) SEE- 1 MO T BREZ RD,

BRESREBO LAbED I & TERRBAEZFMTSE
B L IR ENT,

ep 2 T T T T !
| A: maximum C ©:40D
compression A:30D
1.5} B: unloading Ll 10 —
C: maximum B 30* —
tension D : ductile crack]
1l -80°C observed

—: not observed

*: annealed 1

L .AT
0.5+

|

-1 -0.5 0 0.5 1 1.5 2
om/ge

(o)

Fig.14 Stress triaxiality-equivalent plastic strain
history of reversed bending test for various prestrain

conditions

o ; (MPa)

1500

A: maximum
compression O 40
B: unloading 430
10001 C: maximum L:10
tension | 30"
*.
- 500} -80°C : annealed

brittle fracture: not obserbed

I ! ! ! I
-1 -0.5 0 0.5 1 15 . 2

Om/ge

Fig.15 Stress triaxiality-maximum principal stress

history of reversed bending test for various prestrain .

conditions

Fig.15 (2. EYIRMDIGSIZHE 0 o/ 0 - KRELS
o JBEER T, WYKL, £ CHEMERE Ui n o 7,
T BRER DO BAEARHNT TiL, 0%44 D BBMETEBI i 2 L
THIT T M OB, LR 21T - TNB T EMb, &
Fe Rl L L CRATIRA A~ & BARORS /i, IREER &
BRI — R EEX TINLEIBELHDH D 1D
1919 [Z0> 0% F OB D SSFTIRF~ X B IS /11
FIRME L+ A @B T~XBRBENRET S LD LK
R Ute, SEBTHRNT TIL. A8 MM O H R 3 d
WCEELT B8, BRI~ BIREIEIS 7 0Dy 7oA 2 Bt

OF KA L T L b BARE TRV 0% F O B4 D
0, T~ZBIBBR AL MY 52 &k, VWhIERLE
SRIOBETMZ1T > = L1025, ERTFOTHIET
L. BKBIERE (CR) DRAEEHLRELARBIE
ByBe B, 10%. 30%% 1% 40% EEESAIL, C AORK
FISHBBIUEHEICEL TR b ¥, Wtk L72o -
FoEERRE R L — BT D, 30%MEMETTH, C ATRKE
FEABRRISHEICE L TE 53, MttisE L2 s ol
EBRER L KT 5, _

4.2.2 2mmR YR HHBFREA

01 (MPa)

15001

‘A maximum
compression

B: unloading.

- C: maximum

tension

A: 30N(-70°C)B
O: 30N(-10°C)B-
l 30*N(-80°C)B

1000

500

V: 10N(-80 ‘C)B
l:l 10N#(0°C)
1 N: 2mmR notched
O B: brittle fracture -
- : *: annealed
-500 ] 1 | | )

-1 -0.5 0 0.5 1 1.5 2
. v ’ OH‘/UQ

Fig.16 Stress triaf(iality-maximum principal stress
history of 2mmR notched plate specimen for various

prestrain and test temperature

Fig.16 17, GIKH OREESEAE AAE(Fig. 10) DN =

| RRE-RR S BAE R R, 30%H (-10°C. -70C)

LU 10%K (-80°C) ., B KBIEE C AOBKEIES
A IRFTRR~ & BRSNS L TR Y | Mtk L
7 EBRIER L —Bct 5, Table 3 IRLIE DT, —#k
FEME 30% T OTHM D o i3, B D 0 LT 1.5 %
AKX < 725> TV B, Fig.16 TIIRFT~& BRER
Hiz. FETOTLHERPRECIOTIRE—EE - T
W5, —ERERM & T ORTERRROEV A, Table 3 &
Fig.16 DfERICES 4 LS B THEE L H D, £z, B
& 10mm @ 2mmR IR & S REFELP L TR L &
w224, Fig.16 TEED oI 30% T U T Hbt
TRICEVKELS B ELEXLNDM, ZORIZHE
LTRA®DBETHD LV B,

10%%4 (0°C) &, C ﬁ@%kimﬁmﬁﬁﬂﬁtﬁﬁk
ELTE LT, MHEE LR ERER L —BT 2,
MEEMATIT., 4 DOBESEF LizoTRY ., EMT
OTHLRBBREICE 5ENRHE Y BILTORY,

30%LESAT (-80°C) 1%, BKBIERF C RTEKRES
AHRFRIEHEEFIC R TN D, HFTRA ~ = BIRIS
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2mmR YIRDOIFFE £ 5 BKERH O LR 03 et nkiss
C REOKEMRER THoLEEILND,

5. &5 %

FERETOTHEZT 8655 DOMEM X RS 1T, JE

BFOTHERREYEEOTHO—E LTEDR
1E.0% T 09" b OFEME X BAR AR MR CHMTX
CLERRERLE, Thbb, MYEHOTREEH S
EORET, TOTHLEH CRELSE 2L Figs ©
Eoic, POTHICE L FH—MICIRARERETS =
LRTED, HRELT, 1ORD L SIRETE D,
edo /oe) € pret € reverse (10)

TETy € e R FOTIAICHIET B LB DT 2,

£ rovorse (LI T IIRBFIC ST B Y BHOTHTH B,
7272 Ly BRSO 2 350 S DR & LT
FENBH, BTLL—FMEIZRLR, (10RO
REZAVD & GIRUSRERE O 38 C DR
LY, RBERICLOTHETE S, BB, €
ﬁm%ﬂkfwé%éﬁ\hmm@OTbé&E&é
NB, DFEY . FHEAM CIEABIBIRCA2D &,
LAYERE TéfkﬂﬁMﬁm%éféa%xan
% (Fig.5 DA*) .

T, CTOD B T EHl-CHEtEREE L7 OT
B 3 KO RFRF~ = BRESH 2RO 1-05, [BR
FEHTERTOFTHRORM L BV ME L 2o 7= 1919,
ZRUE, FOPHEOEH & B 5 B & o
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