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On the Deformability Fundamentals of Ductile Fracture and

Prediction of Workability Limit

Muneaki SupmMura, Sakae Sarrd, and Eihachird TANAKA
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(ii) v *>7PHREB L, ThUBOETHIZA »
FUOUHECIREENA X STRY, FORZETHLhD
F14 FORKENBREZ 5. .

(i) K4 FESEET DL, ABOREDL STz
CRBHERT S BB EL D, FPEbEic HL<T
30°~40° DAL OBV E LVWAESRZ 5.
(V) Ry FUUPERHEIE, Ry VEHNOBER

Fig. 1. A schematic representation of the failure
of a sheet of voids under a tensile stress
at an angle to the plane of the plane of
the sheet: (a) eclongation and shearing
of voids under the action of such a stress;
(b) _oriented parabolic markings on oppo-
sing fracture surfaces after failure of such
a weakened sheet of voids,”
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FAE LT, RDFA FARDEEO#IE < DFFTIC

BT 5. T TTHREERIEN DIBRISH O KRS &%
KTl 2 Twb.
(Vi) po&ZEBtEIrE, K4 FIIESLELE L

Table 1.

TLEATD & 575 “void sheet mechanism” iz X-2>T. *
v 7 OHRLTBREEERT 5. (Fig. 1) i

(vii)  FI5R D #hicxd U TRk 30° 0 FEICH D DD
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(ix): PEDD7BENI T DHEIIT F 72D void sheet

Fourteen probable combinations of mating dimple shapes resulting from different

stress states, which cause the crack tip to deform by various modes?.

— Stress state —— ~——— Dimple shapes

Seen Seen on the
r—— through —— —fracture —
metal surface

D Top [ Bottom

N *
ON T
4 T

\————Uniform strain

— [

¥————Mode I (opening mode) ———

& HD

Seen

— through
metol

\———Mode I (edge-sliding mode) -

/\* U

————Mode l[(screw shdmg mode ) ~

/ T AN

—

7 -
' \

\ ,’ I"" B

,,||||||||

Il

~“——— Combined modes I and If o

_— — Stress state — ——— Dimple shapes B

Seen on the

—— — frocture —
surface

O Top I Bottorm

C
(A

C

O

(K
C

I

— Combined modes 1,I and I ————
Modes and combinations of modes that have been observed
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, rhoiRa3mEmbEoReE HELTWS. Fi,
void sheet it X A{EHENRR 2L DfEHL» 5. T
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(5) ZRERE
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(6) HE#aE
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NIEE SR WrG, X THNEO singularity 23522
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BEES K E WIEEITVE, iR dobh, 1
MEORFTEA{EEEND
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HHHEETHREETRIPBEZY, LrdLDOEHICK
X VBRGNS Lis WSO, EOS SR
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(BT HBIG )23 TV BT IE O THAE S BB
VAR R 7 WA B “When is a fracture a
fracture 2’ REEL Bk EFOZ LILLD. TOBHEI
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Wi EG O T CoMEloFsorRs—wsr% 2%
&, Eg X 53 ke @ E, FRREEoH
OIPTAE LB (“friction hill”) ©C, FOEAD
oA REE K EFEORIBIEL 5. 2o X 5 MR
Sl dL I B0 BEKERE MRS O WERERS
NOEFSERIGTC X > THRFESh, REBE XS
THaxbhD. Zhdd Sacks® HR~7z “WRIT IR
R T, T X 2TERE LIGHREBOTRE—H1-D
bR, FfHiPEETIL ALNE X5 hARARRICE
THRETS.

3. BMENTICHTIRE

WM DB BT BB RN c ST H 55, 2.
THEE LA ilm & B S v ¢, @Ik kT
LN EOMBE A EE L TR 5.

(1) smT

ZOBEOWEREDO—o1E, “over heat” 23 |k
“hot shortness” THh%. FWREITECRESEFE LT,
LR T2 O e HEL LT, % D7 dicbEpskr it
BRI THRP I TH 5.

Fro LR, BESHOMENEFELTLS. mT
ME THROM BIF L EhEM» d 5 L B O RMIEE X
BECETL, oKy IE BRI ST, EH
WERFE VB X DBRXIEALETI DB, Jd
DIREZHR E LT, TE MBI ORMmIC KT HEER T,
FRRENTEWERS I A Z LIt L 2T, BEMWEE -
ABEBIDHZEND L. INTERENKE L, HEKiEC
oA INIZEITRID S 5.

(2) FEg

IR I TR OBEECE S+ 3 R KORF
REETHS. WMREOBERRNT, KERG O
INTARREEHNCEHETH T, PRI I IE~E
SEMOIFE DI IIRRB DT TH 5. LITER
DIFE O EZ RIS, RIEZ LT VHER, R
R, LR VEMRICN &N 2T 5 X SN
DRMCIERAI NS ZREGBRVEHC X 55D TH 5.
Zofl% Fig. 2 TR

fx DBEOFEMIbI SV, Lrl, ZThbok
HFVIEEBHREEE, hot shortness, X IIFRH—LEROLRIK

X Bm¥EREEE & void sheet mechanism i€ X 5@%{7%
W EDTIHEALIRBTH 5.

(3) 3k

MR O & B> 55T, b BB TER
TH5. ZoHE, MENGBEVWERIGIBEET 248
—TRARE#KNS. ML OEESEERN TR VWES
i, RETHI D ORFIWERIAERfTibh s, i
TEPNESTERD, 54 2/IPNI VST “cuppy
crack”, “arrowhead cracking”, “center burst defect” 71

Fig. 2. Secondary tensile stresses in different
deformation processes: (a) compression;
(b) extrusion; (c¢) forging of a rectangular
bar, (d) forging of a round rod or ball.?

g

Fig. 3. Internal defects in drawing.

N

Fig. 4. Diagram showing changes of shape of
vertical plane in the metal as it passes
between the rolls during rolling?.

EEMHENR D NERRIED ERMIC RIS 222 b
5. Fig. 3.

(4) JEHE

FEE BT SEARERD, FEMOXE TR 5=
BN X o TR B, Fig. 4 FEROHETRE
MHMOFE L o — WEEIR—FLTW5BED, o— AN
MICHEEMIn - VERMI D IIP DL DL, v—H
AT E D ESBETS. TODEENOERT
SHMBPN R EZRCHET 5 X 5> T, FEMD
FEEA A D, FRFCERED SPLEE TOMTIE{L
CHERIPAETD. AREELFLEL AT LERL
S 5dicE U sENs Fig. 5(a) ©X 57k “cro-
codiling” TdHh 5. ZOBOBEER, LEPEMmIZL D
NTHFCWEMOHELCE V. o — VR CERBEEZRR L
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TFig. 5. Examples of fracture in rolling.

Arrowhead
cracking

H Fir-tree
cracking

Fig. 6. The free extrusion process, showing arrow-
head and fir-tree modes of fractures®),

FoE FWWEL B FERVISHT PLHEHIIBDT HhidE
L. Zhiil 2 Yi ) OFE TEI/NE WHEFITE .
WATDEET H 0 L EBOBRERET “HHh” TS
5. Fig. 5 (b). & FEBERCRET S X 5T
BEAT HEHRO PRI RESHh, —»ofF{KL
Fe S D TEES MG NS VERE» 553k 0 ~ZE(L L,
Ty DTHRADIFRIEAPERT 5. EEROBET
EMETIE, fOERX D SRMEASEIE R A2 T <@
HETDERTS. W CTREEDETEYITRWVWEE
Rt OB OZER IO ETHh, LOoFER, Fbh%
F LB LB, Fio, HEEIMEL, UIREREDE
WHHEIT Z D X S ihERic k1T B3R D EMBZK Eh
L.

(5) #pHiL

I LCiRZ 2 EROWEREIX Fig. 6 WRTXD
D THBHMH, IHLHRKAEROERATREZ 25
— RN X B REB PRICHCERT 530 TH
5. Ly boRRZ 58N (Fig. 2B) 1%, Zo#
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Wiz THBH. ke, o el LiEoRmikicEh
MHRZS. Fh, POHTL5HEE OEED “cuppy” @
EOUNPWENREIBLELDE. ZhbrWThibik
B ERIEN EET 53 DO THS.
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TREMEASSEV.  McCrnrocks) {3f& D7 74 7 U #
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Ao ¥ F T o self-consistent theory 7345 & B 5.
EMRRTNWBETH 5.
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h%@ﬁ%%k%?hﬁ,ﬁﬁwmimmﬁféélﬁ

IHEMRED 2 54 F Y3 o 2 EBECD T uT
Ub % 5Tl { EHRROBI O EZ » X+
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FNVXEN RIS NIEGRS LUORREEHO=/EE
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B ENTES.

(1) Cockeroft-Latham o 5 4 5 I % L 35136

HToEDr 47 Y FEEREVD XY LRBAVE
WorzFR L. FEHN, WEREOHENSL» LR
LLThH, DEEHTOHEBES T OVWTOHE» LD
GUETOWESETFRITER XS5k, HLEGRER ST
BLENTELNENTTHBEEZ, BEFCERELPEL
547N TN, [EHORKKEBEEZEL27T4FY
734 fy TR SN LaBEE LEnZ &
ERLFHLPTHDELT, GHETLFERRCERLE
7547 VA ERER LKL

7oL )e=c
T e

o FYGH e FIYE

o* : RFRIRREIRD G !

C:—whE, —EiE, Tofoffr—El

7o & &, FEOHEIN & HIFEE

ef  WHEEE TOMYZSE

ROEHL LB LI, ZOZ 545 Y4 iittE
(=32 F) % (o%/0) LWHELATEELADDOTDH
%. CocecrorT BE, ZO73534F VA4 U DEEBETE
HILERDTED, Zhick VEEMIOEE % 2
ShiE+H572E LTkh, EREREPLD IV
PHELTWS. ‘ )
Baczz & Lucat™i, [EEOTIREFEEIHAROER
b, EHE (/e) DEAZDTTERZEBEET S
EERELR. X5T5E, 774794 0F
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% % R 2 T 973
ERE:EES et WRER Ly=0.0x"
e1f P R BT BRERATE L8 5. F4 FRliC internal necking %43 A& Ly
TH5.

INLDY 547 )4 %% X546, CockeroFT &
EMIMOERE LTOWRZZEZTWEZ ECEEX
nizv.

(2) P F.THOoMASON DZ 54 F VA

TroMason®® |3 Fig. 7 W RTEOSREFEFEA FD
S EFFOMEND, &N ox 0: BXCEKEPHER
L. PHEBEETELTE BE2E 2, K4 FREOHK
DORBE DRI ET D E BT MM NEEY < Oh
(internal necking) 234 UTHA FOASEMBERI D, Ik
WHCED EFEXT, 774 F VA4 %44 L. internal
necking R X W 57-DD3ENEH o, & internal
necking &I B F4RIE S 2k D% necking B4 0
IREPESETCT e » M 5L, Fig. 8 oXdicit
5

T/ BB R K AR S LHE L b, BT
LU DIEE dx & FhiE

Fig. 7. Plane-strain element containing cavities,
showing uniform flow and coalescence of
cavities by internal necking#,

30k
Envelope for upper bound
| curves axc>0
o Slip~line-field solution
< :\7 20}

0_5 1 1 \ ! ! |
0]

Fig. 8. Continuous relationship between upper-
bound constraint factors and neck geo-
metry43),

i ox, 0z THIICEENB FEA FOBEE n, 4 FOIE
Zw & Thid :
Ly=o0yn(6x—nw) + Pix
LD, BWARREDRIAEME Li<L, T, #4 FD
BHRPIGEDERAEHE LT
S =V )+ ?i <ol
HEOND. 2T Vs A4 FORRILT mw 2%

H
o
ot

ABRDMUS e, & necking ERDIZIK a, b D

T —exp(2e) VT - (1-V )
kg B,

LD a/b DIER IO Fig. 8 D 04/2k DIENFIN %
METDX OB ER o F U THIEED, ZDL Dk
FHETHER (c2)r Bkdbh%. ZORERE, WE
(e2)f DFEFKENRSOARE S CHEHERGTS &
LI LT b (Fig. 9).

ZDI 747 V)F ORBO—DK, HEMR;EED B
R4 FONERA v ¥ 7 X 5388 & v 5 BEpeE
THEZISHD, EECINEROERLL, 558 R&sE
£ (FTisbbiy—y) ik FERMCBIETROLNS
NG A= ZEBALT, EEANCRKVES T EBTES
WS T ETHD. 1, B CockcroFT DHEA L 5
5 Y, Tuomason XHMAKRED EHECIEHLTY
5.

(3) McCLiNTOCK3M) DU 54 7Y AL

McCrinTock X, FhiERPOILOKE OHERH S ¥
W OILO REDOHEMREHEE L, FITHE LA TLosKi
BETDIEARUTHIBIIES & v 5% 20 HIErEREEE

d

o W o]ea 9 Ho
N ol 21N g A
~a SEEEEE
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Fig. 9. Theoretical relationship between post-
instability strain to fracture and mean
hydrostatic stress componant, for varicus
volume fractions of cavities in a hypothe-
tical material6e).
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D734 F7VFr2BhblvwWic. ZOBEEGOE T,
HiRlzMABILE—Esb L >a=y b2 rvDogESKE
HEL, AiBREELC2z=y FerokEIIELE
EEXLTOMBIEET S EVWILDTHB. FHMRE
TREERE € i '
Y (1—n) In(lby/2b)
— sink[(1—n) (ao+as)/(20/V'F)
L5, T
n: N TER{LFREK
ly: 2=y PELDKEX
by : FlLoKEX
Gay 0 * EJCT
€ fENE
o FMIET
Thb. TDVI47 ) PIRERET O R ERI,
SIS EM T (LIS A Pn 2 Fc & T A IR D B
(4) KarLAN-ROWELL D J 54 F Y o 99
7o & %1E McCrintock HE{ROESEE T DWW TH
ATWVBIENEB/E, OB U0 RZE5T X
ST RTBHDTHSE. ZDEIXEL DI T4
F U)X TEROER L SN 5 HWIERIRMEE O 4 ik
INEV TR LT, il WER BT A ERT D
WHSIARTET B D T 7% < T, Wik KIEBIRTE T
HDTHHS ETHRERES ZRbii®. $bb,
Taomas OFEEFIC LHE, WEDOH B EHIZEWT, B
— G T OWEEMP R SN TV Th, £EsRY
— NG EK L TV BB EIC T OS5 COWEREH
OB XD THF bR DD TH 5. DX 5 EHe
“material constraint” }IEL. KAPLAN 5%, /94 F
KRB R Y ENERINX 5EREZIT > T “material
constraint” D&M L7z, T OFRIE, 7RO
EVIRESIS E S EFF ORI T KET 50T
Wi L T, 784 ToOfIBESET e DREED MBS
KT D LETRT DD TH DR ChE—HIcE
ANLNTWABRMBEIIELREZ2IDTHS. HDH
VISR REEE Y 54 7 U A L & material constraint i %
LS MR IR L. ZOXE T REERIX
SHEGLDERC I D THRIEEN D L ERD 5.
(5) fhoBEHHZSAF V4
FA PRI 5 EDIE R FoElico
WTRERIS 5 WITEBRICIER T2 T AOTIZA
THhhTERY. £ LT, — UM EWEE BN T
P HEA FHRERT B &, FRMBEHIGH L &KSEED
OHEEEDOT CHEBNIKIABSL T EB—RIAD LT
s, LT, K4 FREET2HBBCOVWCHHHE
Ebh»DOTE T\ 590,
BEMAEDRF» 5 KA ROEERANEZVIERIC
DWTHMEINTE Y, ZoOERIRETRR X5
EEROHME,PLOMEELFHEL TS, Zhbiton

CTOFEH D Arcon DRLD P HLLTHBI LK
T 5.

(1) =Z2A0X - 2545707

REDPS K4 PR RETHABLCOVWTD =2V
X¥.2545 975 GurLanp » PraTteaus®), MW,
FREFHO L EPLIREEIATWS. LALThLIER
1 FRAEOUEZHTHO T, KFCNEDDSHEIE
T % DI RIS B F i & s RESRED T E T
LUENRS S LB 5.

(1) PFov4 XELERICHOT7 FTa—F

E@, HEEREERI 2 o34 ZORNEPRTFOEb
DDOFRA FOEEDI HIAE S, O % 5B ETFIRM
SITHIST 5 &, BMLOBHIPE L WEBEAERT
OB TIEBPINZ V. i, RFEMEEA
OB I L ONFDELIR T VXF 4 v ¥ - —
T bl HEAHEAA LN B, Licdi > TR FASK
EVHARIE ERGYI T o —FA 0T H5 E Bb
h, BLFH/NESWIHEREIREIFRN 7 77 o — 7 %05
THASEBbh 5.

(i) SEHEELERICD ESKEREH I A7) 7
NPT ERIEME, T0Eb b Oiby HHE
bR & L, MRUIE oI LBl Ric o kg
R, ThiCAE2EREED, LI X5,
ZEfTHR T W58, ArconN D i[RI E 2 IR EE
FiER M OTRE L. Thic I hiX, AT 290
SELTHET HHEORMENSEBOGIRIEE BIE
COREIEL, HFOY A4 ZICIHEE Ly, W4
ORI FRIOMEIERR S 5585 CBD LN 5.

(iv) BRMETFNVED EDLSBERIGHI 74794
AsHBY® |7 X O TIRE XN, TEABEE BRIV —
TORFo Lo TCREHCRREShs s vwd EF
WERPER LTIRETT 5 &, FEWEMEEfB L — TAT
HAEEINS L&, RARSHEPCOWCFE CERBS
bh5.

5. #34FVF ORI SRBEY
MITIEHITHEBDOTFH

WEH TR LILORBADI 54 F VA, FLT
FoORE, BEOMEOMII T 5 EHEOFRlicEs
Dy, EWVH T EMROEAISS. BEENLRTRER
D LHIDOERRRGEL I 74 7 )4 oGRS
EhTwb.

(1) CockCROFT-LATHAM DV 54 FVF 0D

Kosavasui {7 X 5 g0

INTIROFENIZERRF O, EREBOHTEBRIN
2094 7 VA X SRINER Sy & LT Kosa-
vasui XS X CHETARRB 2TV, FEAlC
et Uiz CORBRERIC B VW THEIRIE barreling %2
Li-BHEERE ETHRETS. XOTX£ITOET,
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Table 2. Test conditions in upsetting solid cylinders and ringss? (material: SAE 1040 steel
annealed. Diameter 1.01in. : inner diameter for rings 0.375 in.)

S-6,R-6| 1.0 |Grooved dies,
fiat ends

Run Height | Too!-work . Schematic
solid, ring hg in. intertace Lubrication solid ring
Liteliss yy4
$-0,R-01{ 1.5 Flat dies, |Uniubricated
fiot ends
T ITTTIT 7
IR EIIYY) yryi Z
S-H,R-1| I.5 Fiat dies, |Lubricated
flot ends T77277777 7 7 7
Lagtatdald LALLLL
S-2,R-2 | 1.O | Flet dies, | Unlubricated
tlat ends 7T TrrT
L il bl ld ya Li L
S-3,R-3| 1.O |Fiat dies, |Lubricated
'qu ends T77rr7T77T, 7777
. £ L
S5-4,R-4 | 0.7 |Fiat dies, |Uniubricated :I::L II:D“
flat ends 'rz
S=5,R-5| 0.7 |Fiat gies, | Lubricated ;L::I :ﬁ:lj"
flct ends 7
..... AN Y

Unlubricated

S-7,R-7 | 1.0 | Fiat dies,

conical ends

S5-8,R-8| I.5 [Recessed dies,
tlat ends

Unlubricated

Lil el
el
Lubricated m
TIr7rrIrery
z Z
7

S-9,R-9| 1.5 |Conical dies,

conical ends

—
N
=

| step uniu- =
bricoted and

thereafter

lubricated cad

P77

DI 2 RO B L W Hd B4,  barreling DI/NHTEZE
(LIS 2 RiE T oo, B OLEEERR DA LTh
i Ef 7. F 7, barreling BE ICIEMIC TS S K
ETRF T E KBTS B & &5 Table 2 7R
TEIBBERE T CHBET oV,
(1) IREODZERL - EEEIRAE D 5E EHRIGE
(ii) bulge profile..---- barreling /N FREE D iBl|5E
(i) HhEw EoBoflE
XN TNRDI. DX S FEELER B LIhd
&, JREHSEREE RO LN S.
72, BIESNABPLEMERMTOISHEZRD L S

) T TR T LA n
HE Tk 'f"'hf{;ﬁ CIRIVEGHIRE (6,—0,

ge, 62) &Y, s, oz XFRFR
6 2+4a s 1 —2a
V3VIita+tar’ T yTVIitatal
T, a=de;/deq, (A% XN 7 BIFFEH & graphically
bho.).
5D, é”‘@ LN EEROEILIGHERECE
L2525 LIk s

PLEDE S LTskadtcfnd), ZBREEZ MW T Cock-
CROFT DXAEEH U7z, o H13 Table 3 TET L

)%’

~

IH;(

e
IEN

xmll

geg=

N
&F az‘ﬁ ry

Table 3. WVarious quantities at fracture.

Run lnéh'l % x) Oz [a*dg
S -7 1.88 1.24 135 —15 65.2
S-5 1.61 1.02 132 —14.8 61.0
S -1 1.56 1.01 140 0 63.9
S -4 1.55 0.90 139 1.8 71.3
S-8 1.30 0.77 145 25 60.7
R-7 1.73 0.95 139 0 69.1
R-3 1.52 0.83 135 —3.6 66.2
R4 1.39 0.72 139 10.7 61.5
R-2 1.32 0.68 139 16 63.9
R-6 1.25 0.65 141 22 62.6

575 f# & 750, COCKCROFT D ¥ 54 7 U AL /;Ef o*dT
=C(—%) ZREMmET /R LD

DX 5ic, KoBayasur mEE T X - T, COCKCROFT-
Latuas 02 54 7 ) 4 R RETERS NI E 51T H %
. L, 202547 ) & EETREOL ik
LTHRFAT5THS. Jan /K2 4, MR E O
- ZE (BT FE MG D SEBR T, RO R L AR BEE LT
o ERDOFEREEE £ D5 NiNEETH D 2 & & A
EDTW5.
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(2) HoFFMANNER (T X 5 ERBAIMEE

A. L. Horrmanner? |3, Bx OBE2H>7T, koD
4+ EOERRERBRZ T o/

(a) EPIREMNEBLIUCEHEETMOABRKBRA DT

5ED

(b) HiLs® 35 X% ELLixgTONS® |2 L DTIREXH

7ot & G )7 B
(¢) @HWFTEhEMEERBRA DOERD
(d) HMHERARF OFEHEMHTIC X 505 [A)/EHE
3 ORI ) FE A
IhLORER, Bohiciifiz, A)EEEEB)MEL,
OBEBTRIDBHOEMSEFR LK L. 20X S
8 RBRABRRE DL WD D TH 5.

HorrmManner DFERTRENIZZ & D—2D1F, Cock-
CROFT } LatHAM ORBRMFERI R D I VWERS S
ABTETHD. To—pflix, BELOKIZHEOOE
IH2Z B 7 ¥ IR EE (center burst defect) @ T|Cdh
5. Fig. 10 = 2 v FEE (BWHEEx 40 ¥ E2RT
NTE 27D D) LI LILOBEBRTR LD THS.

D7 — #TlL, center burst defect I K& W44 R
A, 18 2Y7- ) OETEAERNWE &, HROBEED
NECHECRI S Z b 5. ZOROINHBREOD
HI#RAS, T OINTHEIC B4 BANT A M DL BT Y
DTS,

b5 —DDEETREFERIIKOETSHS. HEhE <
KT IAF v+ — DX S IERA TR EELFo
TW5b. T, McCLINTOCKSD |7 X > CIRZE X -4
SERIGRLT, ROBF%RERE L.

Iner=A+B(o7/0)avg

TZT, ef BWEE, 6r37AXF v —OHHKE

BH M DEE G OB AEOF, ¢ 13EH cr OfiHA

Workability parameter for the process :
centerburst or chevron defects

?gg°® o Al-2024TO
N » Al-2024T35]
2nd® o Indicates centerburst

Fracture

O O O
H» o o
T

120° Included Material
e

Fracture strain-energy density

03}

Al 20T24-
0.2+ Included
ol

Process 4\ \
curves
0 |
10 1.5

R./R; Reduction ratio
Fig. 10. Workability criteria for centerburst based
on a maximum tensile stress-strain energy
criterion?).

DEIENOTHETHSH. A, BIEHTDHS-
DX SRS, ERTFIIRY 3 X CFES AR

DERITH b T (Fig. 11). # L TFEDT — %
LZRITAD2TWA. LT, MElERHANBEEOR

EETEE~DERFHERL, BCHBLCRAE

OERFHERLTE D, & BB IEHC
Ml EEIh .

(3) M LT3 KMEIERIZ 2T THOMASON
DT |

P. F. THOMASON®) 1%, HORM LI 47 )AL
2EOT, UM PiTd C 58K (arrow head
crack) & MR (Tir tree crack) OFELE % FHlT 54
BEETRLTWS. TOFFREKDOEEHTHS.

(i) &BoEMHE, FEHKICHKGORE IHE
RGBTSR & v 3 VBB OER (post-instability
strain) & (EIEEEIKIGC N ES) / FRKGTD), DRk,
o EROERIEFICTR Lo Fig. 9 €, zh
BEDOL 5470V F 10 2 bDTH5.

(ii) MMTITEROEBHEIIEA O TFEHFIKIE I Ko D
KRESLHFEHMBLENHD. T THRE LOEE
T D ARE IR S Fl AR BiERS (2ol
&, WG EFEERGFCRE,LD) THI LI
XoT, Wi EOFEHFFmGHEZ kD (Fig. 12), &
NA SEEEIKIE TR~ L7z, TR IPH T
LT, BF4ARABET LT Foy FLALLOH Fig.
13 TH5.

(i) NFE Lo PREBTRLEREEMT5RY OW
UERREEBLHE LW ERELT, £k In(4o/4)=—3E
oS, Thx 0.1 & LEEBRREALTS
B

Pure sheer
Renge of test Usual range
results for of tensile test =
ransverse results for < —
tensile longitudinal
specimens specimens

) ‘,‘Pure l“
i torsion
20} g

1ok Rodiused notcm
0'9 [ tensile specimens
08

|- Transverse|Longitu-
- dinal
S

Al 2024 T 35!

Fracture strain

&
[o]
o
T
x
"
i
9 3.
8§
€8
£&
‘s
=)
a,
o
=]

Jinal specimen

JLon

e
% *]?;:,zﬁfe B |
0.1 L 1 L fest ! L ] 1 i 1
1.0 08 06 04 02 0O -02-04-06-08-10-[2-14

0,/F —Reduced transverse stress

Fig. 1l. Fracture strain dependence on the reduced
stress g7/ ¢ with superposition of the ranges
of gr1/¢ corresponding to each test2),

— 112 —



- &

. o

E

r'

Yy ¥

2w T 277

Fig. 12. The plastic deformation zone for free -

2%

extrusion, showing the axisymmetric slip
lines in the meridian plane with co-
ordinate axes and angular co-ordinates.

~
1.0 \\\
\\ ~

\ \\ v

~ SN (%
Ny L

3 05 N =%

“i&ﬁ%‘\ﬁi

- N _ |oos

SS~—— _ \ 0.16
I} ! - N _ \ \025_
\ NN
- = o

\
1
Envelope of d,,;\ \
-05 | |

0O 01 02 03 04 05 06 07
In (A,/A)

Fig. 13. The mean hydrostatic stresses at the axis
of symmetry (gum.) and the die exit(a,,g),
for various logarithmic reductions in area
and die half-angles, superimposed on the
relationship between total strain to fracture
and mean hydrostatic stress, giving the
conditions for the arrowhead and fir-tree
modes of fractures®),

(iv) Fig. 91t dH AW ¥ T post-instability strain
%, Fig. 13 @ pre-instability strain iz ipx % 2 &7 X
2T, ZOMKBOZOMTEHICRYT B EEOIRE %

» o=15°
334 ! 10 Reduction = 85%

Numbers refer to
-009 pressure / 2K

_ Sheet center line

-062

Fig. 14. Distribution of hydrostatic pressure in
in strip for one set of drawing conditions™).
(2k is tensile yield stress)

5.
(v) CTOFETE, BRINEDOEREL V%
MEOFFED—2 & LTRAV A, M Bttt 4
Vi TREALTE A Ebriu.
(4) HWHMOBECH T 5EE O FH] —— Rocers
DM & FEER

R. C. ROGERs 560 ~103 - InTrbus in TAH N o RERIc
TER SN B HIEREIEE VS, T DORERICE< 1S H ok hk
SIEEIKTFT D &2 2, ZOMBITDWT—EDOFRE
BT DT3B, T DRI DORITDS ik X O f% ¥kic &
+
(i) 8, AR ZERACE > EaIcE—28
RANET D ENE VA, EEOMTIERIT5EFIT
DOTCRE—LLDTHD. FEY—LEREBHIES,
DB OBERY, FEE, BIEHEAEOEE & v S HIR
& B AMRITILD.

(i) WOFLE DT~ 0 #AFE Hie-Tupper™ |z
EOTRINTED, Thrdb 14 2HHLaltk&
EnE xbh5.

(iii) Zh#i Hencky ORAHRAERVCIEET S &,
KGN DOEILIZ T XD BOB[BILcE>ThHbbxh
LT LD b, LI 2T, 14 2A[EFETES
THIE, TOREDOTXOEEIS, §HKIE T ORS O
SAEMD T EMRTEXD.

(iv) Zo—flps, Fig. 14 Ths. o TADMER
KSR TH S

(v) FhC X5 &Mz BEHIC IR S 5 ik
JCNOWHE EREZRIMIEHT LhbROSkE D
BICE AR, 192470 DF FEE X OFEEGE
e ARTF Y 5.

(vi) BDBHEE T, BKISHIITEEAEHBEED
THOTHBEBEOFLHETLDEDE LY. L,
T DEGIIRENTHS.
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(vii) BHEOWRAR TRWEOEESKEWRED
L, 4 FEERIFEST 5 I3 LNENBDR Y
SR BEBTH BN, N—F4 b 4340 Fo XS
BHEIBEGESE L HE5DNS.

6. MOETREECEET IHMHFENAT
(CDNWTOaIX Y b

SADEWFECEH T HHHREMNEF T OVWTE, W
ANARHB LN TV HEFRAEDERMRTR LGS E
HRIIEEA LY, EWVS X DIEERERPD EWVD
CTEWTHAHH., EMEMCITACELL FIFEshTY
5™, X I T, TITRLULREELEXTHBEEFE X T
S AR

IMTHCER SN S X 5 EFFILCHREBOT T, 15§
EDLBMESTIHB LML &0, MIROBEG%Z
FRIT B DOVLEEED—DTHHH, £ OHEITH
BEMD X 5 BESME L WTH A I . ERAECK
T AMEEMRFOEECOWTREBLE 2T D5E,
COFEDOF — 2 b HBRERFECILOLEDNSL.
& ziE, 1960 B BIEE L “dynamic tear”’
(DT) sERDFER X Z D> Th 5. Fig. 15 IREEDRF
BT SRR A SE L 3O TH S, THEEMEANR
Kic ERBRISHOT, FEERENS I EH TS D8
BHASIo B, tepd | LA bl B & & oA B #E7s R
BNBNWELTTL S, Kic OETIER L, SHELF DT
TR AUFREFEBEOY v V KEo SHELF = i1
XrBEREH EOBBRTE 25 b1, TOMERRD

kgf / mm?
O 20 40 €0 80 100 120 140160 180
| S B D R IR B B |
8000 - .
120 . Ouctile
« 10} TOOOF | TT'Ch‘r}O'oQ'm' fmcn%
S ool 5 ZLow— 7 in. specimen
£ - 6000 Zstrengih i /section size
. 90F & Zsfeels 7 i ) Flaw size
§ ool 5900 7 7 iluX & redcones
g 70 §aoool 7 77 gipec )\ Gon prcie
Z :
s ol Eiml | % {22
- e Z 2 i <160
£ 4o 520001 7 ¢ 2 Jid0ls
ol o S &g 2
3 500 | Lower bound 2, 180 &
ot limit for steels “%, and, 2, Proot” 60 X
5% { 2, missile 7 test | 40
Loy ou gy s s, 20
0 20 40 60 BOI0O 120140160180 220 260
200 240 280

Yield strength, ksi

Fig. 15. A classification of steels, defining the
general effects of production factors on
the strength transition. The three
corridors of strength transition relate ta
metallurgical quality (void site density)
which controls microfracture processes
and, thereby, the macroscopic fracture
toughness of the metal. The location of
generic alloy steel types are indicated by

the notations™).

BB+ b Sstrength-transition” BHFEETHI &, &
BEROBALTORENELDTREVWI EHPEAT
ns.

% 7T, SHELF =i icfRESND X SEMEDL

e aRpc i Xh 5 H® Gre (MREHE) s B
HIREE DM E % B 5 L, Table 4 DX T/ 5™. K
® (a) IEEAMEDIEATH 55, o fik:-LEikE
BIEERb» 2TV, FhEDFaEyviRETHIY
HEATILERBEREREISKY. L L, Zhdd
KENDOMBE B ZINL L725E, BRATHENEIS L

EWRFETE WD, [ERIEE 120 kg/ mm? DL O AiEE
|k X UEREROFRULE TR 5HIET R4 FOE
REESEGEOAELY LB, THED 40Xt
BHPNE GIERT F X RERWRETFRDHDOTHS.
ZDHEEHED(D)TRLTH5-

Bt v, HEBHIME D £ R I X UVRIRIRE A BUKic
EEY 5. Lo T, BRI AEORE R, Th
LEBIETHEL LTEADLENSD. EbHT—
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ER/®
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Table 5. Typical deformation speeds™,

Deformation
Process speed, m/sec
Tension test 10-6~10-2
Hydraulic press 0.025~0.35
Tube drawing 0.05~0.5
Deep drawing 0.05~1.0
Sheet rolling 0.25~.25
Hammer forging 2.5~10
Charpy impact test 6
Wire drawing (fine) 5~40
Pneumatic-mechnical forging 20~-50
Explosive forming 30~200

(1) BLAEDBETRMING, 7 =54 MEAKE
ZRC(ThIBERIC 5 2), 6, % LRXES (w4 F
A). REE, LETIIRR FeC & LTHH LTS
T MENBHORET A AVEFLET I, SBTI
N=T4 PEBAL, SIHEBECET S 500 5 5K
TEE5. 2%, HE B o ¥ LEEIE, TREFR
M-z, by x LR8B4 FX.

(i) =>r#y, =0 Y VRERREZRE, ky 2
TIETFIR. &bz, =2 #H it FesC DR BRI
EHFEE). T = o Al3EELESLT AIN L
D, Thp7 =514 MERKELZRUTHS. =473
FER. 722 L, WTFRLRASH 5.

£F. HEESHR

ML OB A Filll$ 510 Y 7o > TEE L s i
OIRVWAMBO— D MTEEDOSRCH 5. BEIEEE
AT TV S INI&EEE 13 Table 579 10 5R4 X 5 ic v
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MEROZBI BT TSI 530 L1E, i
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D7~ 2 DERIIEE T

b5—2, BREASTELLAY Fik cEKEE
EETL MR ER S CAM 2 RIE LT 5
RIS, MM OBELERICIET X 5 TH S
2 ZOHENCIIFEEANC NS H B 2 LTI A
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