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Mechanism of Internal Fracture in Rotary Forming
and Proporsal of New Ductile Fracture Criterion

for Prediction of Internal Fracture
Koji Yamane

Abstract

A new ductile fracture criterion for skew rolling has been proposed in this paper. The
prediction of internal fractures is crucial given that internal fractures cause loss of
product strength and are difficult to detect. The proposed criterion considers the effect
of cyclic shear stress on void evolution in a cylindrical coordinate system. This paper
covers the following four points: (1) evaluation of the predictability of the conventional
ductile fracture criteria for the internal fracture in three-roll skew rolling, (2)
clarification of the internal fracture mechanism and proposal of a new criterion, (3)
application of the criterion to predict internal fractures in two-roll skew rolling, and (4)
relationship between workability and damage value determined using the proposed
criterion. Given that the rolling experimental results did not agree with the prediction
provided by the conventional ductile fracture criteria, which is composed of stress
invariants, this study evaluated the stress and strain state of the rolled material through
elasto-plastic finite element analysis. The results of the numerical analysis led to a
hypothesis that the cyclic shear stress is effective in determining the internal fractures
caused in skew rolling. The proposed criterion, based on the above hypothesis,
accurately predicted the internal fracture initiation, which is specific to skew rolling,
regardless of the number of rolls. The proposed criterion would contribute to the
suppression of internal fractures and the optimization of the rolling conditions. This
study has demonstrated that three guidelines are effective toward suppressing internal
fractures: (i) increasing the number of rolls, (i) increasing the feed angle and (iii)

decreasing the diameter and number density of inclusions.
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Fig. 1.1 Schematic of two-roll skew rolling piercer and Mannesmann effect !
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Fig. 1.2 Schematic of cross rolling mill for thread manufacturing
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Fig. 1.3 Schematic of skew rolling mill !
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Fig. 1.4 Schematic of compression stress direction during skew rolling !
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Fig. 1.5 Examples of fracture occurring in cross wedge rolling 1!
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(a) Three-roll skew rolling (b) Two-roll skew rolling

Fig. 1.6 Slip line field theory for three-roll skew rolling ! and two-roll skew rolling [*-12]
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Fig. 1.8 Experimental results on ductile fracture theory for two-roll skew rolling ['4
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Fig. 1.9 Comparison of central cracks on transverse and longitudinal views:
(a)aluminum alloy ['°), (b)plasticine and (c)predicted result by FEA 2]
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Fig. 1.10 Comparison between experimental and numerical results: (a)two-roll skew

rolling 12! 2*) and (b)two-roll cross rolling 1%
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Fig. 1.11 Distribution of damage values according to Oh’s ductile fracture criterion in
longitudinal section of rolled material, and schematics in longitudinal section
of rolled material at feed angles /8 equal to 6°, 12°, 18° and 24° [2°- 2]
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LR END. fATRA RBAE UG DR R A NERER, folJIEMERE 4 U
HREER A RERECThH D, RA FIEERIDf AR T5E, B RREEL
THRIOMIEN 2R T 2R 2 KRB L TN 5.

{f for f<f;
= 1/q: — fc (1.14)

fc"‘ﬂ(f—fc) for f>fc
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1 1 1 L
4 4 4 4

(a) Nucleation (b) Growth (c) Coalescence (d) Fracture

Fig. 1.12 Schematic of ductile fracture due to micro void growth

{ l LU LD LD L T m

(a) Metal flow (b) Chevron cracks

Fig. 1.13 Metal flow and Chevron cracks in extrusion [*#!
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[3) 122 IBO/IME

AREITIE, V7 &R T D RFHIRIEMERIE O TRIEAN 2 # Uiz,
ORI, IEHKET VDD, N5 NNCOTADOERESES Z &
TARA MLEENS HAER A Z TRIFRETH 5. GTN T /WL, A ROAER -
i s BRI L OMEHRER T2 KRB CTE28EE2HFT 5. 2720, GIN 75
JVIIM BRI CHEEOMBIER ZRET DML ERH Y, FE 8 O FEME AR 4
HRICH_NTRY DD EETHDH. ZOMIch, v /LF A7 — LiEHTic k %
FEMERE PRI FIENER SN TNDED, K LTI 28184 5.

I Lo A REROIEMEAEE T VL, A FOREICE L Cidk<F
BTETWEN, A ROAKIZET2RIIFIA o EBLoND. EEOM
BHZIE, MTEYCHIIAENEENTEY, 20 2SR A RBRAEKRT 5.
ZLTC, A FBELKDLDANCEAHDNERL, A4 FRIENEGETHZ &
LHVED. TE, SIRIENET TR, TAMISINRA RERIZKIET
BREMINTEY, KEITIEIRA FERZLOICEZEROER(LIZE L T
BETD.
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123, BABRADESRIRICRIFTZEICET MR
PERDIEMEMIE S RUL, BIRIS IR A Rk ES O IEMEAR I 2 R T H
HEVWHIHRICESE, ISHAEENOHER SN AN REINTEZ. L,
L, BRSO TR, TAKBIGHICERT D EHRELFEL, DA h
SALWEBLEIITN D, 2000 FFLIE, B WS B EERIEIC T 5T 52 &
NHESNTEY, KETIEZE D LIRS Z /BN T 5.

(1] EHh=ZEEDFE

Bao BB, T =T AEEE WA OFEEBRNG, ARV Y
P ONT 2070 & NSRRI REDS, S IRRBITIRE T 5 2 & /R L7z, Fig. 1.14
(IR =B BE DS T OS2 AT 5 2 . ) =B E S IEOE A B D 5
A, DEVSIRISIREBICB W TCIE, RA R SONCE L, iErEaE
WECDZ L Z2BRLUE. —F, WhZERAOEERD A, SF 0 EfE
JETPREEIZRB VT, Ao RIFE LIt <, TAWRENRRET L L2035
B, IBI, SN ZEEN-1B LT LR D0A, MEITAECRVWERELE. £
LC, W) =HED 0 AHEDRWIEDEZ D 5E, BIRISNICE DR A ik
FL, TAWISIIZE DR A REEPIRS L THEICE S, £ OEEIIME
WX TEZRY, RIAMETHDL ES KL TWAD. Wierzbicki 51X, Lode /3
T A—=ZEMZ, WSO F 0% BE LT ER R 2 %% L, Bao b D Mm% 7R
SH7-. Fig. 115 [ZF Y EEPEONT F g - his J) —BHEE 0m/oeg - Lode F1/XT A — 4 L
DB AMEME 2R, £z, Tutyshkin P1501%, EfERERIC T ATHZR AR A
ROEEAREBIZEL, IS Z#MENSVADEEZED &, RA R L,
BA =N T HHGHARE L. ZRDOIRIE, R4 RR4RZ SN
AR U CHEMEIREE IR 121X, FFEDOMELL LGRS NETH Y, JEMEIS
NG TIEARA RBRE LEHWZ L 2R L TN 5.

(2] RA FRRAIOEHERDEZE

Weck #151%, L—F—IILTTALMIZRA REMGLET VI =0 AE58D
WA DIIERR L, RA FOBEA D =X LZH ST LTz, Fig. 1.16 125 9ER
BRI DRA REERD A =X LERT. NTARA ROPEDICEY S =58 T
SloRD %A, AW LV 5IEG MO 45° 5 MR A REIENERY, K
A4 FE LD & ZEEREMEL SN D, Buljac M 51X, BA REISIDSZEPEA 5 2
N AL RINETHBEER L 2 A, IANFHEEOBRINBEN T o 5 fH
Tlix7e<, frEMGH IR LT 45° B L CERT 5 2 L2l L.
Nisitani !5 1%, O SIIRFRD DIEMEARIEE A W= X L EEBE L, KA NE
TAMERE, WHTX0EEOMEERICLY, SHNERL, BN
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BENAELT D RGO 7. Soyarslan M5 1%, ARSI OREEZZE L, &
“EECHAE ST AT H GINBEET LV ARE L. )BT ARICEDHRA
ROAERL, G)EKESIRICE DHRA RORE, (i EORERICE G722 5 AW
JEINZ XD HRA FOFEN EAERICESHERRICE Y, WREHTFI2 1T 5 MErEfE
EEAEEICTHRETH D LB RTWD . B RN ER LR OLEL
SEFHLTHY, TOWEKZ Fig. 1.17 12777, McClintock 151%, SIS
NTFTEAWISNMERT 22 2Ick b, BERERORA RBFHBHBICKET
HZE RN L CWD., RA ROT AT MR EDDHZ LT, AA K
ICEHWNHER LG 2D e R®H Y, Soyarslan Dt x XFFT5HLDTH 5.
Kristoffersen ' 51X, IS JDIRBEDNEAG & SIBROBI TEE T A5 T TORA RFE
JRZWFGE Uiz, JEME — 51 3RRBRIC T, IS 1B 5 R OB O3 12 K
ETRELFELZE 25, MERBHZICHEBICESGROT AN T2,
BN BAEMEDME T4 5 Z & & %5 L 7=, Fig. 1.18 ()i /1N & iR B ofifim o 2 7
2k A R BRI O R, @QEMOT 2 A5 LR WS TIREW LD
el STy, (D)EMOT A% 0.40 15 U726 TIRALAE LS 22D, (o) EMD
T H% 0.80 5 LIS TITAL &1 5, WD K 9 72k 23 fead S 47z,

Z LT, () THIEINTZZHOERWILIE, B 1-2 pm D Ca0 X ALOs &\ o7z
AERL DT T2 Ch D Z 2R LTS, EMOTAEMNET L2 L
T, NEDBRET, TR A RBRE LD, MEIOEIFUERSZ 2 5N
RN L LB XN, T OMEIE, A RBGEIN XD
+kE LR &Y, SRNERL, EHEBEICED Z EERIBL TV,

(3] FAMEANERERICRIZTEEZEDERL

Li M50, SEBRIC TS i DS HER RRIC KT B2 A Lz, B0
THMMTEINDZ LT, MEWSCHIIAREN R R & 7o TN R AR A RvA
L, BIEISICE VRS RBREL, AR HIZE Y RA RRENEERT
L &N FEVERREE A 1 = X LA RN TWD. Lou 513, Fix ORBR I T DRk
RN L, ()R A FOER, ()AA ROE, (i)yAA1 ROAEKE NS Tuk
RERETC, MEMAENER T S LR RTNWD. £ LT, TG %2EX
b3 256, OGO T I e, ()IET] ZBHE on/oeq, (i) E AMWIIET] tma
DOEEENEY THDH LE L=, Lou HbOXER(LISHIZRT. C & CGIEEHT
&Y, Bao DFLIZHI Y IS =il 23-0.333 LLF & 22 BJEMEIC I TlE, A=V
DOHSEIZ 0T D EEFTLTCND.

Eeqf (2 (14 3(a,/0.,))"
f ( Tmax> { ( m/ eq)} deeq = Fioy (0 for 0,,/0,4 <—0.333) (1.15)
0

Ocq 2
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FRDiEY, RNA NORBEFEICRIT HITE, EEMIESA I EMEC
72%. % Z T, YoshimuraPUS X, BMHERIIE AWIGEIZ L DR O Bl
WX TAHELDZ & %E L, EEABOT AT R —(EHE AT
KZREL, WRUEIZEBIT 2FNFT 237472, Yoshimura & DA H(1.16)1C
~Y. Ci, C, Csl imiﬁ“(%é.

Eeqf de Eeqf de Eeqf de
le 372, —2 + sz 372, —2 + Cgf 313, —1 =1 (1.16)
0 Oeq 0 O¢q 0 Oeq

Komischke "' 51, 2 B — L OBRIEIZI T D NEENOERBEZFE L, IG5
ZHREEAY 000D 0.1 LWV TRV IEDIEEZ D GG, PEREIIIC L E AR 2 B
OFIRIETHINT D E W LWEIRZ R L. ZOBGIE, 5 =8
DB 5k 5 Johnson-Cook &7 /L TITIEEL TX 72U 7=, Johnson-Cook &7
LZ Lode /37 A—2 OB 0 Mz, ot 7 U — ~OwAWED
G LTIEA & TV % Mohr-Coulomb 0 2% Al # 17 |2 AL A iA T2 2 & 1S
X0, NEENEZ@SEEICTHTE % &~ TW%. Mohr-Coulomb D%, {T:
BEOUWmICHE T D EEIS ST EEAWRISD, RARMEIZET S kﬁb’i%ﬂ% C%
V) HERICHE SN TE Y, A i i & O AE DOEIL Bai I s BN EE L.
Fig. 1.19 IR L2 THFER 27T, KAADICOT Bl & B KA 7% %
A1 L 7= Johnson-Cook €7 /L%, F(1.18)IZ Lode f/37 A —4% OB 6 %z
BT NERT. C, C C3, CATER, n N T LIEERTHS.

q=q+gmm&gﬁg (1.17)

Ocq

& = Ciex —CG—m —| Ciex —Ca—m — Czex —Ca—m (1—9%>n 1.18
r = L1exp ZUeq 1€xXp ZO'eq 3€Xp 4Ueq (1.18)
Zhou PUBIX, HRIEICEKIT HNEEIINLE THIT 5728 BREAWIES T

&%kimﬁmﬂgméwmm&mmm@ﬁ%T%Ltzmu%@ﬁ%ﬁaw)
W7, ClE 0B 1.0 DEERALERTHY, MEZ L DILEDIST] ocritica %
8z 7B _Wiﬁimﬁ)%ﬁiﬁ“é ExFRLTWD., AL, BRI E&RE
KIS TTDIREIZE VR A RPAERL, HFRaZEX RN o0 B LIERT
palte io‘(%ﬁ” ERNPE INDAIGRIZESWH TS, L, ARITOTH
TG LaWew, IS B ZFHi T, TRIFEIZIZRMNES.

C Tgr + (1 —C) 0y = 0gp0y  (C = 0.94 54

{JZhOHZ(Im-tical Central crack (1.19)

Ozhou < Ocritical No crack
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Pater 15 4, e REAMWIET] tnar (Z01—03) L BRKRITIST) o1 ZHAE DY
ToREVEREE S R AR E L, find 7 & ONTEANEIEIC B 1T 2 NEEILZ T3 L
2. o WX 0FEEDT T HREXLE XA 200", WHEEEOLEICLY,
B WIS T & BRI S DS IE R I M AE T H G EN BT D L W O REICHES
X, SN ZWEDNAOE LD & Z TR KE AW thna DFHDS, W] = HEE 7
0705 0333 LLFD & I KE WIS T tnae & B RTEIEST 00 O DS, 6T =
HHEE DY 0333 D & X IFKRTINS) o1 DB PIEMRRIEICH 552 L 2 RB L
TWn5.

e —
j;) Y {(1 — @) g ’ alaeqUB + @ Oi‘_:q} deeq = Fpater (1.20)
=0 for m/0eq <0
@ =30m/00q for 0<0p/0.,4 <0333
p=1 for 0y /0.q > 0.333

Miller 51X, BEOEEA I = A L Z5E L, EAWIRT) « #iFIET) - 4
DR LEAREIE O S EICESMB OREZR L, HikEL KRB L7-. Fig.
1.20 1ZRT X 91Z, AW TT tohear & BT IS TT Gvending D3N —E ST ANCAVEA T
HZ LWL, RETVLOLXHDPERTHILEETERLTND.

(4] MEDEE

M DB KT TR BT T 298 b e ST b, Zhou P B, A
EROMEIZBIE L, NEWORBRHENOMUNRA REe ZA&APEAELIFD 5 Ll
RTWD., B T TIE, MMEmTIEsHOERZESE, MEHCE %L
blebTEBEZLND. MAT, NEWOH—EEE —NEEIN S ELORE&R
BEELL, NEMNZOHMEIZE, ZBEENMET L, WHENAEELS N
ExRLTE. Cox PInd, BIERBITIMEHIZ EN A2 MEDORE S & BT
THZEEREBL TS, Nemcko 51%, XBINET T 70— (WEIREE)
ZHNWT, v 77X U LEEOIRERTZBIEL, MmN TIER L, ik
FROB T & W o T AN Ee 72 & T b S RN ERT L Z L 2 FERE L.

(5] MEtEREDERIE

WatEasE o EAAIZEE T 278 F 61 o~ T. Reese UG I1E, FIS TG DR
D YIZFKME )] Traction AWz xR X—DXTHRIEZ XTSI H LWV
BZFERBE L TWD. Traction TERILTIUL, BRSNS EZZET D
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WHLIR 2N T8, Bl ZIXTFIEF O ERRIZZ RN T X ACERT 2B 0ET
JALIRE S & 72 % . Fig 1.21 [ZR$ L 912, B 2RO 0)IERS, i)zl (i)
B ZRELLS W, BHEINT A O A 7 — L R IO FIBEEE) $ FHE FT6E
ERD. MBEINTVDET NV, BIEAT— VRS a—T ¢ o T TaoEj -
FIBE, fEARkIR O & SR, A OZUT & o T MEERY 22 ik o B Yk
LbEMEEZOND.

(6] 1.2.3 TED/IME

Table 1.1 1%, AA FREL ZZERICKIFTTHERFICE LT, ROz
EEHLIZLOTHD. EMEMEO ERFRE, MEY, 0T A&, ISIREIC
KIFT 25 EEBRINTWD. O)RA FOAERIZIINED L OFTH, G)RA RO
EICIESIRIG ), ()R A ROEERZ DN & ZERIITEAWIS R EnE
WAL, 5IRIS NG TIERT 2 EARIE L, A4 NEEEZ - BIhEIE5.
EVERRIE I Z 6t D K BN 7 O FHEILEEMICEE S NS oH 583, UK
A D34 L X ZEROBIEZ 5 N ERILIT OV TE, BRI ST
BT, b D, [N TICB T IS BRI, 5198 « JEME - B AR
D 3 EETHEENTEY, BHERISBREPSIEEAEIC RIF T B 5 )
T DHZENEENS.

Table 1.1 Effect of parameters on void evolution and crack propagation

Void Void Void Crack
Parameter : .
nucleation growth coalescence | propagation
Inclusion
. v : : :
(size, number, arrangement)
Strain v - - -
Tensile stress
. - v - -
Hydrostatic stress
Shear stress - - v v
Shear stress assisted with tensile
v - v v
stress
Cyclic stress with material rotation - - - v
Grain boundary
. v - - v
Twin
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Equivalent strain to fracture &

!
1 X3 -
Shehr fracture Fracture due to
void formation
0
o
\\ I’
N
; | @ Compression (round)
¥ Tension (round)
Shear, combined loading and tension (flat)
o
-1/3 0 0.4

fav

Average stress triaxiality (Z£
(&)

Fig. 1.14 Dependence of equivalent strain to fracture on stress triaxiality [28-47]

7 i L (6=0°) =+1.0: Uniaxial tension i
L= = > 33 =c0s30 | L(6=30°)=0.0: Plane strain !
. L (6=60°)=-1.0: Uniaxial compression |

0.8-

0.6-

0.4-

0.2

0.5-'L"7'\"'-.nl___ /’
o T T4 Lode parameter
Triaxiality

Fig. 1.15 Representation of fracture locus in space of stress triaxiality and deviatoric

state variable [4]
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Vol Y

4

Fig. 1.16 Coalescence process of holes oriented at 45° with respect to tensile axis [**!

| >

L=

[ N &
oo 5%

.‘—
(a) Void growth under hydrostatic (b) Void distortion and inter void linking
stress state with material rotation under shear

stress state

Fig. 1.17 Damage development under different stress states and characteristic fracture

surface evidences [40]
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R =36
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| | | I
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] | : 2235 7.1 22.35
~1500

“12 0.8 ~0.4 0 0.4 0.8 1.2

True strain [mm/mm]

1M||||

(a) D1, 0.0 (x250) S Dl, 0.40 (x250) S () D2. 0.80 (x2000)
Fig. 1.18 (1)Stress history, (2)specimen size, (3)photographs of specimens after testing

and (4)fracture surfaces at compression strain equal to (a)0.0, (b)0.40 and
(€)0.80 1481
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Mohr-Coulomb model

Johnson-Cook-Criterion Mohr-Coulomb-Criterion
10 _ 10 _
9 _| 9
8 _| 8
7 _| 7
Y o6 Y o8
£ c
g 5 g 5
k7] W
2 [
= 2
R g
w L
3 3

Q

0 - o]
_1 \/E’ . \F\/;
0 0.5 0 0.5

11 11
Stress Triaxiality Stress Triaxiality
Lode Parameter i Lode Parameter I

Fig. 1.19 Fracture strain according to each ductile fracture criterion: Johnson-Cook and
Mohr-Coulomb 12!
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loaded flank

Uhending

secondary crack

tertiary crack

Fig. 1.20 Sub-surface-initiated fatigue fractures in gears )

— B=1 (% =/ f,% + ﬁ_zfsg = (1 —d)kgi

T ﬁ)l
A= \/(gn)2 + B2g?

— f<1
Interface between two materials with a gap vector g and traction vector t between two points

/Oxide film\
m T J \\ T 29

Interfacial decohesion

Substrate

Fig. 1.21 Decohesion process taking place along oxide-substrate interface [6!-64]
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1.3. BIRAB/

[EIRREE NN TAZ 31T 2 NEFIALICES 4 247818, 2042 b Efi STV 5
HOD, FEROMZE TITEHEREDOEMRN LRI ZBE L TEBY, W
FINDOEREMED AN =ZALIETLERPIA T THD. £ LT, WNERE
O TREMITE L TIlE, TEROIEMEMIE ST EE S < & A — V& e MR
R 5 Z L d EFE o TS O T AFRAFL (Strain limit models : eeq, Forming
Limit Diagram), & /J[RJLF% (Stress limit models : Triaxiality, Mohr-Coulomb), T
THEINTIOFETH H = 1r/LF—il (Combined strain-stress models : Cockcroft &
Latham, Oyane) ZE{ZHD A RIERADRES N TND DD, NEFIFLEL
L% BRI CE 2BERIIME S LTV, 2T, =— LA NEEIL
DOALESLTRRIZ KT TREICEL TH, 6N R-o TRy, 282, O
TH o S TT ARV IR UM TR - S 2 &\ o 7o Fl 2 DR 0S EMEREE L Z XX

RN, ERIIMAINATELT, BIELIENED LN TWD . [AlHRE
PN TIZB T DS NEREIZEMETH Y, MEOREERIZ & bRV, SRR S
R - JEME - AR E BT D720, EROERTRIEIN N Z O F F@EHTEET
HDHMTREROSRINRNTH D, T TIE, Fig 1L19IR L7-ffEdmEIc L 5
FNTHGEBINTWDD, KRFETITICNEROZE) %2 FMEICERE TE R
Wiz, WEEINREAO TFHREE I A+ L Ebind. 22T, RIFETI,
[EIERVEPEIN T BT DI ERE DO ZE AN FIAVCKIET A I =X L& L,
FINO TR ZHNLTHZ 2N ETD.

T LI, BESEBMEINT.O1S TH DEREIEIZIN T, BAHEEFRRICTH
HENDOERND T RERICELETEBLL, FINBENME - TPRE - ER L
RO ELNEDEH LTS, 3u—LE2n— L XOERBELEER)D,
0 — VBN EINRBIC KT L E 5T 5.

I, ERNEIEOEEMITE T VAR L, FEMOEEEEZTHET 5.
BUEFEAT 2> DM BINEI OIS T & O T B2 EERIZEHE L, EERONEHI A
R EHEL, BINAD =L E2BET L. MR T, EEMOETEEE & NEE
NOFRAEFMMICEA L THOMET 2. FEB - BUEMT - ITEW & VW o - fli %
DFELZMAGDE DT LITX Y, ERUFZEIZ RSB TIZRE LT, Hi
NVDORABMEZ I 5T 5.

FENT, JEIESRA » v — UELE S - MPEICERMR 72 <, ERNEERAA O NEE
VDM A 2 — RN THIT 5 <, ARBUIS EE DWW T8 LW IE PR S =X
ZRET D, BUEMHRER & FRER L L, 2O Y9ELFHMET 5.

RN, FEHEEMEIN TIZB 1T 5 NEEIN A A T =X L& REEL, NEEN
O & EIESAF D i kT & 3 % i 1 e PRl 2 =g
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14, REWXDIERL

F1E [FEE) T, ASEOE R EMEET, 7o b TR OV TR
X ARFROBEZREHLNTT S,

2w [EHEAE SRR K 2 MBI A3 A <1, 3 — XM
JEIEIZ 31T AN N O EZFT 2 #&im T 5. 3u— L XNOMAYELETIE, 20
— VAL AR THNEELE 2 0 #E, MR O JEL T Y o ZRICNERE
NWINBETDEORN DY, TOEEZHLNZT .

FIE THUEMATIC L DN EINEAERA D =X LDEE] TlE, 3u—1Xo
TERNTEIE DENEFRHTE T VEAEE L, JEIEM OER 2 BT 5. kDT
PERRIE SN E VT, NERINIE A TRIO RIS 25 9 5.

Fazw MERYLIEIZ I D2 NEEIVRAETRIE T VO8RS Tk, EBELEIZ
ﬁ%éhé@%ﬂ@%l"féW%ﬂh@%i%?M?é&<,%ﬂ®@%

WCAER T DI RS TRELT 28 LW EMERE SR AR L, ZOFHl
%E%%ﬁ#é.

H5E e — VDRI LT T2 T, 2r — L ROBRELEICE
UéW%%hG%E%@%ﬁﬁb,%h%é@fﬁ%xA%mﬁfé.ﬁrﬂv
AITBNTY, BENUT X 2 NEENYIIITAEDO —FA 72 TR TS 2 REET 5.

FoT [ TEMDINEEIIC AT T2 T, FLM@W/%kW%§M®
FAESKMEICE L TEmT 5. MEZLoNEEINRAESMELS, FIERRIC
ﬁbtﬁWMI¢ ﬁ%#%%ht_kﬂ%,ﬁ$®ﬁf%_ﬁab,ﬁf%

MNEBEIIZ RE T E L ERT S,

7$F%%MI B ANEEGL TiX, @RINTICRBT 2 NS~
DEZXOEH TG ZEm T 5. AWBOMEGIHERERIZ B 2 %50k v 134T
THY, BEEMENWELEITEIT DNEHEIN O LT 25537 5.

weE S T, MEREMEN TSR 2N EINREZRT), 2o NCED

TR L CTRIEL, AECEONT-MA L 5% OMEE RT.

2%, AEDS| XX Elsevier, Springer, ASME, (ff) HAMMEIN T2 X
O (fh) B ARSI = OFFEZ 1S TR L TV 5.

The citation figures in this chapter were reprinted with the permission from Elsevier,
Springer, ASME, JSTP and ISIJ.
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F2F REEERRICKDINMENEEZHRE

30— )L ROMEREILETIE, 20— E_XTHEERARZVIZ< L, 4
By BEERELTED, MEHLLEORZD TU v ZIRICNE B 3644 5
EWo TN D, £ T, RETHIE — VX OMEEEIZB T 2 NERE N
DHEEEZHLNIT S,

2.1, 38— )ILXOEREZEIZSTHHNMAOKY T

Fig. 2.1123 v — /LA O R EIEAE OIS X 2 7= 3. ARFEIERIX, = —/L3 /3
T A U EFNTI20°E CRLE S VTR YD, o — Ll N2 T A Tk LT
HNTWD., ZOAEZERALLEFES. £, MEOAEKY 81, o—/ L
DAETEZTICe—VRREEZDZ LICLVREL, EERITe — LR O
WM OBERIZE L 8D, 2 —/VHERALIC L > T, JEEHITIXEER & D
2ODEEN MO L7280, FIEAM ITIRERIER L7203 6, AMENRE NS, 17—
JVIE T #% O JFESEA O BT FE Vol dsin SICIG U T2 L L, EEHEAH K& WIE SR
HESHEE VTN 5. MRS Y BT a — 7 — SRS 31T A MPEHE R 2 4E B
WY, SR BB REWVIZENTIRLS 25, RN K E S, AR Fap
INEL 72 BT E, JEIERM S v — L L0 SR LT A B ClI il &b . #hD
W UE FEECIEINEEIN B AEDHIETH Y, CHRREIWIEENTEINNREL
E;b\ [

JEAE AN IS 1T 280 IR UE FlEECE, v—8X, v—/VED, v —/ L
Aa, 70—/ /VIEERHN, v —/VHJEGREE V), v— VETES EEY, 7—L
T EIC I T DR R, JEIERTAM B R do, FEIERAEM R, iEfitte (=
JFE# R S EERiRE S) 2AWT, RO LI ICEHAGETHD. K(2.1)
IE, tanplZ PRl L, iEfdlbe & MR D FKICHBFITHZ EE2RLTEHY, A
APN/INE L, AR FERKREL 51T E, CIIEMT 5.

Vg [ nDN cosf (dy—d,)/2tana
C~X -——. =X- . .
nd, V,/e nd, nDN sinf3 /e

2.1)
e (dy —dy)/2tana

=X-
d, tan
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Billet
¢ Rolled diameter

!/ : Roll contact length

Roll axis

--Pass line

p : Feed angle

Roll diameter
o : Roll face angle

Fig. 2.1 Schematic of skew rolling mill with three rolls
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RS2 BIT HEE72 5 N HZEZ Table 21103 JEAE/NT A —& | 577,
O, HA—VEHONEIZFEHT 5.

Table 2.1 Nomenclature

Symbol | Description Unit
X number of rolls -
D roll diameter mm
a roll face angle degree
N roll rotation number rpm
Ve circumferential velocity of roll mm/s
V2 advance velocity of roll mm/s
/ contact length of material on tapered roll faces mm
do billet diameter mm
di rolled diameter mm
e elongation ratio (= rolled length / billet length) -
S feed angle degree
C number of cyclic rolling times -
u friction coefficient -
h heat transfer coefficient W-m=2.-K?!
t rolling time S
Oii normal stress MPa
oij shear stress MPa
Om hydrostatic stress MPa
Oeq equivalent stress MPa
om/Oeq | stress triaxiality -
€eq equivalent plastic strain rate /s
€eq equivalent plastic strain -
f increment in damage value /s
F damage value -
Finax maximum damage value -
Fe critical damage value -
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22. EBEREH

BAMTFIESEERIZ T, 3u — VR OMRNELED IR DM 28I L7z, JEIE
W IR OM O EEAERT I 2 BT 5 2 Licky, BE—oiREN5NEE O
FAEZEE A TE 5. Table 221 FIESA A2 /3. JFEIERTABHMZIX70 mm, J£
TERRIT42 mm, MR D R (= ETEERT MR do) 1340% CREE L, fER
%4, 6, 8 DIFMITELIHDZ LIck Y, #0IKLUE FRECDOLZENRN
BN AEFENC RITTRELZ A L. 7ok, MEVINEGEE 1X1100°CE L7z,
ARIEIESAE T T, MBS g — AL TH B a — LD R/ & e DAL E
FTIZ, EEMIXS-12[E57 5.

Table 2325 DL Fk 0y & 7”3, A 121E, MnS<PPb & W\ 7= EM &
G T, BB DS B O HISISUM24L % FV /=, Fig. 221 p=4°1281)
B AR AERS D A=A E 7B S (Scanning Electron Microscope) [H[{# % /<.
MnS%& L RUZ AR A RBVERMR LS <, WEHEINOBIZRICHE L TWD. MaSD XL 9 72
MEMOEHEIZHAEI LT, BIEZ®EITEm< 25 EEX0N05. MEWRNA
HEIIUC RIFE TR L IR THEET S,

Table 2.2 Rolling conditions for three-roll skew rolling

Roll diameter D [mm] 180
Roll face angle a [°] 11
Roll rotation number N [rpm] 100
Billet diameter do [mm)] 70
Rolled diameter d; [mm] 42
Reduction in diameter [%] 40
(do-dr1)/ do>100%

Elongation ratio e [-] 2.78
Feed angle £ [°] 4,6,8
Number of cyclic rolling times C [-] 36,22, 16
Billet heating temperature [°C] 1100

Table 2.3 Chemical composition of SUM24L [wt.%]

C Si Mn P S Pb Fe
0.07 - 1.04 0.07 0.33 0.17 Bal.
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T
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Fig. 2.2 SEM image of void nucleation in skew-rolled material at feed angle S = 4°
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23. AEEINOEBEAE
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L7, ABlE221%, KEYENCE 5V # )L~ A 7 1 A 22— VHX-6000 % 7=,
BIEFIHIILLTO®EY Th 5.

(DBIHEAFEE U 7= [ AEREWT I O AL E & 50 £ TR, IR L8 OEB 2 A
KL T I OBEBRIZER L, &R o FEIERWT i O RG22 1ER T 5.
Q)AL L7z B LR 2 f L, 200 pm? (CEERE 16 pm) LA EO RS %
RAR1DEIT L b5, 728, 1Pixel D—0DK XX 415um TH Y, 200
um? DARA RIE 12Pixel & 722, JEVERRIERFICIEAE T 5 EAS 30 um B OB

IRRA RERMT D720 DNEITHTH 5.

QGYEIER DE LB I mm T EIZBITF DR A K& B v kL, Fig 231277
U ZROERCHRE L CTHEMEEYS Y ORA RMEakk, bbb, KA N
WEEZEMNT 5. A RBPEABREICH L5581, A4 FomEN L%
SEENDZZVTICH T T 5.

Number of voids

Void number density =
Area [mm?]

Void (= black dot)

Fig. 2.3 Measurement of void number density in rolling cross section
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24, ERHER

PR BT, M0 IR UE Flal$k C A2 MERME p=4° DM O I TR TE -,
C OB RME p=6, 8D TIIWNEEIN 2 MR CTX /2> 7-. Fig.2.4(C
JEFEE T DM OB E 4 9. v — VB OEEER /N 72 AE%E 0 & L,
Z OHI% 10 mm O JEAEWT i 2 FEAIICBIZE L7o. Fig. 2.5 ICERME p=4°1281F
L IEEREWT I O~ 7 v B E 2789, Fig. 2.5 WO BREIX 1 mm 2R3, JEEREWT
i A, O, B OBIESER D, EEAM OB B E mm BEIL-AIEIZAR A R34
L, HEIENEDRIZONTARA FBE L, ™A RELESMEGRIZERS Z
CIZEOVWNEBEINICES Z LR L. WEENnABAELENESbhs 3
72—/ TH, #0IKLUTEFEE C BEWEIESM (R MK, SMEKRDY
KNE) ZREL, HHIS SUM24L @ X 9 2 BIAURSZMEDS i3 O B2 R AR
5HE, WEHINARA L.

Fig. 2.6/2, BEAR 72 A DR T D AT ORI AL © NTOIZEB T BT
BN O R A RESEE (V0 7 A =30 FRff) Z 3. EnHics
FDRA ROIFE A ENEREI umlL FTh o7, JRIEBImAIZ BT, JEIE
MO DR A FEEEEIT0 /mm?>TH Y, shOHED D A6 mmff Ut Tk
LD, JEIEREEIEOIZ I T A AR A NMEBUEE OS5, HIEEHT A & [F% T
HU, B ED B EES-Tmmf B TEAM L R o7, EROFE.OEY, 3r—
NAROMBERNEIEIZ BT D2 ENOFAMEL, MEHLOH CIXR<, DU T
HoT.

—10 mm «— Q= +10 mm

Roll

Fig. 2.4 Measurement position of semi-finished product in three-roll skew rolling
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Cross section A

Rotatingidirection

cross section O

cross section B

Fig. 2.5 Photographs of voids in rolling cross sections at feed angle f = 4° in three-roll
skew rolling
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Fig. 2.6 Distribution of void number density in rolling cross sections at feed angle f =
4° in three-roll skew rolling
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A NEAERIL, THRA Fokmfg (Ba) HEkRmiE (B4 36) x100%)
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Fig. 2.7 |2, JEAEREWTIE A, O, B \ZERT DRI m N DR A RifigR L~
REEZRT. v B EEORFIIELEM OO OFRE R T, b, &
FEREWTE A, O IZI1T Dt DR KL 0.5% CTH DAY, JEEAERE B (ZBI1T 5
el DB KAE X 10.0% & 20 512 L7=. Fig. 2.8 12, EEAEMIHE A, O ICBIT HE
SEREWIE N DR A REEEEE & AR A REFER O A2 3, B3 b i
Hoa D ORRRE, 51 eI A NMEEEEE, 5 2 MR A NEfR e R T,
JEIEREWT I A, O IZ351F DA NHFERE O30, 78 b NI FIEREW T A 2°6 O ~
B LT-BEORA REEEOHEMEI S, Fig 2.6 IR LERA NMEKEEL R
<—HLTWA., KHEND, BERMRZANERTIHORNA NMESHKE &
A RERERIL, RREAREDH T VP L.

—77, B A HER U 7= % OB B 123V CiE, R Smm & 8
mm (& CTARA NEREEDRETIICE <, LB A, O IZ81F 581 Niaf
ROJMERR>TND., Zux, EHPAHANCERT L2 LI2LD, Mk
SREEDME T L7 R O#PHICHEE LT L, WicZ o EMH TIXEE S EREE<
RHlDEEZBND.

46



Area of voids / Area measured X 100%

Area of voids / Area measured X 100%

Area of voids / Area measured X 100%

0.5

0.4

0.3

0.2

0.1

0.0

0.5

0.4

0.3

0.2

0.1

0.0

10.0

8.0

6.0

4.0

2.0

0.0

. .n.ﬂ.ﬂ.”.ﬂ.ﬂ. S

1 2345678 910111213141516

Distance from center of rolled material [mm]

(a) Cross section A

12345678 910111213141516

Distance from center of rolled material [mm]

(b) Cross section O

n.ﬂ,ﬂ.ﬂ. . Hm e

12345678 910111213141516
Distance from center of rolled material [mm]

N

s

N\

N

7

[+

v

\\\ .

(c) Cross section B

Fig. 2.7 Distribution of void area index and photographs of voids in rolling cross
sections at feed angle £ = 4° in three-roll skew rolling
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Fig. 2.8 Comparison of void number density and void area index distribution in rolling

cross sections at feed angle f = 4° in three-roll skew rolling
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3.1. BUEMRHTAE

3 o — VAOMRYEIEIZ BT DM BN O LB 2 a3 5 ~<, WH=—
R Simufact. forming & VT, FRAYRRAREIC KX D 3 RouHNE — BVigdE Rk oA
PREZFMEAT 21T > 72, Fig. 3.1 ([ZENEMATE 7 V2o~ d . BEf#tr =7 11, Fig.
QU LI Z L TR Y, o—/LEilA s LTy, JEEMIL 6 mik
HHT 360°%ET /b L, BIENORD UAFET A R &2EIE AR E LT
M DOIRN AT L7z, BREOEARY A X(FEFHES 12mm TH Y, JEEL
DTG OIS R OT B2 W E R SFHIiT 2 <<, dilpEbE s o 235 A
X FME S 0.1-0.5 mm &+ < E L. REFRET 90000 F2E T
bolo. 70, Fig 3.1 OILKKIIRTHEY, FEIEAM O OZERITE ST
72, ZAREOXI R 6EIETHD.

FEBC CEEM ORTHEFRE ZRET D Z L2k, Mk E o — Lok
DUEE B IE D &I S 7. S IE W AR 2 BB L TP R & [mllis & 1
L1280, 7 —a UEEEMRE n 12 0.5 LERE LT, E72, MEREEEIX 1100 °C, =
— VIR 150 °C T—7E, B v — VI OBVREREC A 1310000 W-m™2 - K?
& L7z, m— /Ui & BV R h Ofilx, FEEMY—E D A T I TEEE
BOMEREEE 2 NCe —/VREZRETHZ Lk A7,
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\\ \\\“ 2
R _llp{.
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Billet Roll

Fig. 3.1 Model of three-roll skew rolling process designed with Simufact. forming
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(b) Stress-strain curve at strain rate of 1 /s
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(d) Stress-strain curve at strain rate of 10 /s

Fig. 3.2 Young’s modulus and stress-strain curve of SUM24L at each temperature
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Fig. 3.3 Distribution of damage-related values in rolling cross section A at feed angle f
= 4° in three-roll skew rolling: stress triaxiality, equivalent plastic strain rate,
equivalent plastic strain, damage value by Ayada’s criterion
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Table 3.1 Values of each parameter at material points 1, 2 and 3

Material Material | Material
Parameter . . .

point 1 point 2 point 3
Stress triaxiality [-] 0.3 0to 0.1 -0.1t0 0.1
Equivalent plastic strain rate [-/s] 0.4 0.9 1.5
Equivalent plastic strain [-] 0.8 1.8 3.0
Damage value by Ayada’s criterion [-] 0.18 0.09 0.03
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(a) Cross section A
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(b) Cross section O

59



[MPa]

60
50
40
30
20
10

(c) Cross section B

Fig. 3.4 Distribution of stress in rolling cross sections at feed angle f = 4° in three-roll
skew rolling
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Fig. 3.5 Distribution of temperature in rolling cross sections at feed angle f = 4° in
three-roll skew rolling

61



Roll —_

I
/Neutral point

.-’-l..

Fig. 3.6 Distribution of velocity in rolling cross section A at feed angle f = 4° in
three-roll skew rolling
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Fig. 3.7 Effect of velocity fluctuation on shear deformation of rolled material at feed
angle S = 4° in three-roll skew rolling
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(b) Cross section of tensile testing specimen

Fig. 4.1 SEM images of fracture surfaces: (a)skew-rolled material and (b)tensile testing
specimen
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(a) Typical example of inclusions
before skew rolling (SEM)

(b) Arrangement of inclusions
simurating SUM24L (FEM)

Fig. 4.2 Two-dimensional numerical analysis model for basic research of the effect of
cyclic shear stress on equivalent plastic strain

Table 4.1 Numerical analysis conditions: 7 types of stress combinations

No. Cyclic stress Constant stress (no cyclic stress)
1 | Shear stress Oxy/0eg = 0.5 -
2 | Shear stress Oxy/0eg = 0.5 Tensile stress 0y/0eg = +0.5
3 | Shear stress Oxy/0eg = 0.5 Compressive stress | g,/0e4 = -0.5
4 | Shear stress 0x/0eg = 010 +0.5 | Tensile stress 0y/0eg = +0.5
5 | Shear stress 0x/0eg = 010 +0.5 | Compressive stress | g,/ = -0.5
6 | Tensile stress 0y/0eg = 010 +0.5 -
7 | Compressive stress 0,/0eg = -0.5t00 -
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Fig. 4.3 Effect of cyclic shear stress on equivalent plastic strain distribution
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Fig. 4.4 Schematics of ductile fracture mechanism patterns under low stress triaxiality

conditions
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O, O, o, )\ o, 0., )\ O 7
f when f>0

F= dt = (4.2)
J-<f> <f> 0 when f<0 "

TR U T E M SR A kR 2 72 BHCE 3 5 72, K(4.2)24@.3)D X 9
ICEXE L. FlX, BERMRNEENNIE L & EOFMEDORRSF A —
EEEWL, TOMITELEM OERREIZHEIT 5. AHFFETOEEE L 1L, 5l
IERRBRICI T DHHE O Y ZEWR L, ZHENTEDORIE L NCEA &
AT 5. BHEIEEERIC T, F.OHPHIZ0.08225030THh D Z & A LT
BY, FxOHMIZBIT DFAIAZOWTILIEE TELET 5.

>1.0 Internal fracture
F/F, { (4.3)

<1.0  No fracture
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Fig. 4.5 Schematic of each stress component
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Fig. 4.6 Schematic of combination of normal stress and shear stress in each section
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Fig. 4.7 Variation of stress state in a designated material point set at a radius of 6 mm
from the central axis of rolled material at feed angle f = 4° in three-roll skew

rolling
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Fig. 4.8 Distribution of damage value according to new ductile fracture criterion at feed
angle S = 4° in three-roll skew rolling
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Fig. 4.9 Relationship between void number density and damage value at feed angle § =
4° in three-roll skew rolling
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Fig. 5.1 Schematic of skew rolling mill with two rolls

Table 5.1 Rolling conditions for two-roll skew rolling

Roll diameter D [mm)]

400

Roll face angle a [°]

3

Roll rotation number N [rpm]

30

Billet diameter do [mm]

70

Rolled diameter d; [mm]

63

Reduction in diameter [%]
(do-di)/ dox100%

10

Elongation ratio e [-]

1.24

Feed angle S [°]

8, 10, 12

Number of cyclic rolling times C [-]

6,5,4

Billet heating temperature [°C]

1100
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Fig. 5.2 Measurement position of semi-finished product in two-roll skew rolling

88



Cross section A

N

Rotating direction

[unit: mm]

cross section O

cross section B

Fig. 5.3 Photographs of voids in rolling cross sections at feed angle f = 8° in two-roll

skew rolling
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Fig. 5.4 Distribution of void number density in rolling cross sections at feed angle f =

8° in two-roll skew rolling
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Fig. 5.10 Distribution of temperature in rolling cross sections at feed angle f = 8° in
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feed angle f = 8° in two-roll skew rolling
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Fig. 5.14 Relationship between void number density and damage value at feed angle f =
8° in two-roll skew rolling
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Fig. 5.17 Fracture shapes after crack propagation in rolling cross section B at feed angle
S = 8° in two-roll skew rolling
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Fig. 5.18 Final fracture shapes after crack propagation at feed angle f = 8° in two-roll
skew rolling
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Table 6.1 Chemical compositions of specimens [wt. %]

Steel type C Si Mn P S Pb | Ni Cr Fe
SUM24L 0.07 - 1.04 | 0.07 | 0.33 | 0.17 | - - Bal.
SUS416 0.12 | 0.39 | 0.98 | 0.03 | 0.28 - 0.2 | 12.4 | Bal.
SUS304L | 0.01 | 0.39 | 1.05 | 0.03 | 0.01 - 9.4 | 18.0 | Bal.
S15C 0.17 | 0.24 | 0.68 | 0.02 | 0.02 - - - Bal.
S45C 0.44 | 0.18 | 0.69 | 0.01 | 0.02 - - - Bal.

Table 6.2 Inclusion components and content in specimens

Steel type | Component Maximum diameter ii:: (S‘_)f;;lz:;smns /
SUM24L | MnS, Pb <15 pm 1.00 %
SUS416 | MnS <10 pm 0.50 %
SUS304L | MnS, CaO-SiO2-A203 | <30 um 0.09 %
S15C MnS, AL2Os3 <5 um 0.02 %
S45C MnS, AL2Os3 <5 um 0.02 %

Table 6.3 Rolling conditions for three-roll and two-roll skew rolling

Number of rolls X [-] 3 2

Roll diameter D [mm] 180 400

Roll face angle a [°] 11 3

Roll rotation number N [rpm] 100 30

Billet diameter do [mm] 70

Rolled diameter d; [mm] 28, 35,42 56, 59.5, 63

Reduction in diameter [%]
(do-di)/ dox100%
Elongation ratio e [-] 6.3,4.0,2.8 1.6,14,1.2
Feed angle S [°] 4,6, 8 8,10, 12
Billet heating temperature [°C] 1100

60, 50, 40 20, 15, 10
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6.2. EMEELANIEINFEEFHICRIZTEE

LR OBV T 2 33 5 70, @il EES | 3EFRER (Gleebledklh) 12T,
W% DAL © 2 E L7=. Fig. 6.5(251RRBRAT% ORBr i D4V &2 7~
ERE70 mm D FERESR D S HEI D H U725 ERER A1, EA10 mm TR FH MO
S mmOHPERS mmO I L Lis. SIRRBRIY, HEZE5RPHKICT20°C/sTH
S, ERNEIEESR & [ U 1100 °CT300 sifff L7, ERIELE & RO O
FRIRFES /s7CHhE L7=.

Fig. 6.6/Z[RF & A —fiF. & 5liRBRIC I 1T D65V OBk EZRT. k&
B0 IL, -In (BkE OWEREA, SRR OW HERA) & EFRT S, Y 1, &
DREVIEEIEERE N &2 RT. KHPOMER Y 1%, o7 v Hn=3D1)
BTHD. MEME L ETSUMALD R 0 I1X1268 K HIKLS, RWT
SUS4161%1.37, SUS304LIZ#E T5< 1.70, SI15CES45CIF3.47L SN TH - 7=,
RERNG, RIS A —MEFAT, B D R H 0, BT @
BT ENE BT AE LENZ E LN o 72, SRR bR %
FETIUL, MEZ L OFBNHERIFEETH 0, #R2K0 L NEEINORAOF I
ZHBITX D,

Before
tensile testing

SUM24L

SUS304L

S45C

Fig. 6.5 Photographs of specimens before and after tensile testing

121



<
%)
-

S
N
Ch

0.20
0.15

0.10

Critical damage value F,

0.05

0.00

< O

L Logarithmic reduction of area

| 0.30
| 0.27

i Critical damage value

| o

o <o

i 0.11
| | 0.08 0.08
SUM24L SUS416 SUS304L SI5C S45C

e N e e
N o N o N o o
Logarithmic reduction of area

S
o

(a) F', and logarithmic reduction of area in each material

Critical damage value F,

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

Logarithmic reduction of area -In(A4,;/4,)

F,=-0.078 In(4,/4,)

¢
&

¢

00 05 1.0 1.5 2.0 25 3.0 3.5

(b) Linear approximation of ¥, and reduction of area

Fig. 6.6 Relationship between critical damage value and logarithmic reduction of area

122



6.3. EWEEENEYMDOER

WIRTHETIX, ™A RAERENEDORBGREH LML TW5. Baker!!
HIE, BN TH O ONTEM OEREB 2B L, NMEMOE, R &
AEVDREZE, TEVMORE S, SMEVMOEIERE & W o 2R3, RA N4
i & & BRI S LB LT A, Babout P 51E, MEMN AL —IZE
FIENTZT NI =y AE5EESIERR L, SfBEEOXRNEY 77 4 —% W
T, RBF 22051, EEHEA =X LA L. M OERENK
W, DFE Y IR & G E 2 TE O FRE ZEN K X WG, SRR O 2 EE
ISR ENTED O FH OFIBEC L DR A RAERTH L0, FA OMEZ KX
FHICONT, EMEMED TERIE, RA RERND S ZERICE (LTS L+
L CUWAD. Yamamoto 51X, MnSXCALO: & W\ o 72 FEE B I TEY DI IR D JR
PR 72 SEME I AT TR B A Lz, BEARS pmll EONTEM O, 72 b TN
EW DT AT NEBHEINT 5220 T, SIERBRIZE T 23 50& 0 234
HZEREFFELT-.

B ORI HHL 0 72 B NS IRFH A — VEFN 872 D JRIR & R4 %~ <,
Thermo Fisher Scientific! Metal Quality Analyzer (HZISEM¥EE) % HWC,
HIZE ENDINTEW & b Uiz, JEIERTD B Ly NI A 6 308k 2 £REL
L, 16 mmx16 mm®»D T Y 7 250015 CRIZE L. = U 7 NICAAET S FFE M £E L
umPh EONTEME R L, NTEMORSy « mfE - A2 iHA Lz, MBS,
HE L mEfEZ EMNOBERICHBE LTEETH L. Kot TRl S E®m O
A3 FE & LT, BRI TEYIMNS & R b R TE#ICa0-Si02-Al0s b L < 1%
ALOs ThoTo. Fio, HALHEFEY Y O EW OFRENE, SUM24LIZ550 /mm?,
SUS41613400 /mm?, SUS304L * S15C * S45C1£180 /mm> T - 7=.

Fig. 6.7\ZIM{EM DO MRS B L EEE 054 (o T AFm=3DH 1fl) %
AT PNIEBEIUASFEAE LSV SUM24L & SUS4161E, FIAH %23 umbl EdOMnS D
EEEENE L @Y. BIERANTEMIER 75 L, 5 EIIMnSD1/10
ThHDHHOD, SUSIALIZIZHFEYSES pmll D Ca0-Si0-ALOs B & N 5.
SUS304L 2N RHIHH 2R D THEIACTWEL I, HLK72Ca0-Si02-ALOs 25 AT 5
T EHERI SIS, —F, S15CES45CIE, IMEM O HFRYS R b OB 5
MINS L, BA RAEROE R E 72 DHKRITEM DD I T= 012, NEEITLN
WELEEWEEZEZOND.

123



(]
(]
(]

150

100

th
=

Inclusion number density [/mm?]

=

o, 20
z
=
2 15
‘%
=
2
=
= 10
=
=
i
=
Lo |
a3
S
=2
=
o
5 0

I ESUS416

. BSUM24L

mSUS304L
Z aS15C
O0S45C

-2 2-3  3-5 5-7 7-10 10-15 15-20 20-30 30-40

Equivalent circle diameter of inclusion [pm]
(a) MnS

SUM24L
i SUS416
m SUS304L
i OS15C
O0S45C

mm%jﬂl | I

- 5-7 7-10 10-15 15-20 20-30 30-40
Equlvalent c1rcle diameter of inclusion [pm]
(b) Oxide inclusions (Ca0-Si0;-Al,03. AlO3)

Fig. 6.7 Distribution of inclusion number density: (a)MnS and (b)CaO-SiO2-AL203,

ADLO3

124



JEIERT DI TER) & 5 AT T 5 729, EEME FHMEE (SEM) & ThiR
DOFELD 104757 2 1000-50001% THIZZ L7=. Fig. 6812 D 5 L O 27~ 7 .
MnSiZ 7 L—, PbiZAM, BILHRNMEMITENT L —TRRIL TS, ME
IZE BT, MEMORRIEL, KEZHPHETH o720, —EHIZ~AFERMnSH»H
Bl 7z. SUM24LTIE, FHFEYSET umll EOMnS2 % < Bl S, MnS
OJREFEH U< A IZPb 23RS S 417z, SUS4161E, SUM24LIZIRV Y TMnS2 %
<, BEINTEMnSOL L, MAEYES mEETH Y, 10 um% i 2 HMnSi%
ENTH -7, SUSBMALTIE, T v b oo, HAENSEEI0 umEz B2 5
CaO-SiO2-ALOs B S, T OB BIIMaSNIFE L=, £, SFICd MY
£E1-3 umDOMnSIN AR THEIET 208, T 0HII AV 72<, Fig. 6.7% FfHT DHER T
HoT-. S15CES45CTIE, FAHYERL-3 pmPDMnS7: H NIALOs B E I 7=,
W OFEWE, FAE Y] pmRili O 2MnS O TH Y, ZDOHIISISCOT;F
MS45C LV £y, Fig. 6.6I1C/R L7 Y, RV RFEITCTH, SISCORFF A
— IMEFAXS45C L D 0.03(K V. Zauid, ARFERTHEMH L7ZSISCOMMAE ML um
K OMnSE % < G ATVl EHEl S D, Fig. 6.7007 LT TEW 94T C
1%, S15CES45COEEEEICHEAITIA LR WA, ik, Metal Quality
Analyzer® /3 fiFHE & BUEICEN T2 L O TH Y, EBIIM/ N eMnSOE A BIZFE
BRbhdEeBEZBND.

125



SUM24L

SUS416

SUS304L

313C

345C

Fig. 6.8 Typical examples of inclusions before skew rolling: SUM24L, SUS416,
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Fig. 6.9 SEM images of fracture surfaces in skew-rolled material: SUM24L, SUS304L
and S45C
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Table 7.1 Rolling conditions for cold two-roll skew rolling

Roll diameter D [mm] 400

Roll face angle a [°] 3

Roll rotation number N [rpm] 30

Billet diameter do [mm] 70

Rolled diameter d; [mm] 67.9,67.2,66.5

Reduction in diameter [%]

(do-di1)/ dox100% 345
Elongation ratio e [-] 1.06, 1.08, 1.11
Feed angle £ [°] 8

Number of cyclic rolling times C [-] 1,2,3

Billet temperature [°C] 20
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(a) End face of skew-rolled material

5 mm
(b) Cross section of skew-rolled material after mirror polishing

Fig. 7.1 Photographs of internal fractures at reduction in diameter = 5% in cold two-roll
skew rolling
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Fig. 7.2 Stress-strain curve of SUM24L at 20 °C
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Fig. 7.3 Distribution of stress in rolling cross section A at reduction in diameter = 5% in
cold two-roll skew rolling
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Fig. 7.4 Distribution of equivalent plastic strain rate and strain in rolling cross section A
at reduction in diameter = 5% in cold two-roll skew rolling
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Fig. 7.5 Distribution of damage value according to new ductile fracture criterion in
rolling cross section A at reduction in diameter = 5% in cold two-roll skew
rolling
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Fig. 7.6 Photographs of SUM24L specimens before and after tensile testing
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Fig. 7.7 Relationship between critical damage value and logarithmic reduction of area
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Upper Die

Stroke S

Lower Die
=l

Fig. 7.8 Schematic of cold cross rolling device

Table 7.2 Rolling conditions for cold cross rolling

Die face angle 6 [°] 0.4

Specimen diameter do [mm] 6

Specimen length [mm] 10

Rolled diameter d; [mm] 5.2,5.0,4.8,4.6

Reduction in diameter [%]

(do - di) | do x 100% 14, 16, 18, 20

Stroke S [mm)] 60, 70, 80, 90

Number of rolling times C [-] 3.2,3.7,4.2,4.7

Rolling temperature [°C] 20
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Rolling cross section

Enlarged photograph

[mm] m diameter [%] in central axis part of rolled material
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80 18.6
90 209

Fig. 7.9 Photographs of internal fracture in rolling cross sections in cold cross rolling
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