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“ Homogeneous ”
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[l Z::;; th /\ ductility \/ bending

hardness

“ Heterogeneous “

[ .
Figure 1-1: [lustration of press formability for homogeneous or heterogeneous

microstructure. Soft phase withstand a fracture, but hard phase do not
keep a local deformation. Differences of hardness distribution

contribute largely to deformation characteristic.
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Figure 1-2: Model for rule of mixture in (a) laminate sheet and (b) particle

dispersed composite.
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Figure 1-3: Image of non-linear effect on composite property. Property X is not

only follows the volume fraction of constituent phase (see fig. (a)).
Properties Y and Z could not be in existing relationship (see fig. (b)).
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Composition of this thesis.
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Table 1-1: Test materials and subjects of my research.
BRESHEBER FHRESHBERE
o {talts Dual Phase % /&5 /7 £
Figure 1-6: 590MPa class AHSS in | Figure 1-7: Semi-solid casting of
dual phase type. Al-Si7Mg.
AR 774K () O Al (F1dh o) O
sRAL AR ~ATrHA b (a) = SikiT, MgSi (]
o HEMEID In-situ H5d 7k In-situ B3 7E
gk vl (2 18 B8) b AK LEES | Lva i (K 19 ) £ THEILT
ANDZ LT, o~ LT oY | AZ U —RIZ U2, [0 0O8ME
A MERRESES. FELIT 2-1-1 H | TRRRMBREZMEE L, SIS 5.
(R FEL U 5-1-1 HIZRT.
& XHRLYTD TR EE RN AL HEHAZEBEROBRE L — A
SMENNTIZ B
+ % HEEH]
i)

Impact absorption member

Figure 1-10:

Cross-section view of TOYOTA AURIS Hybrid Touring Sports.

Left and right photos are shot from angle (a) and (b),

respectively.
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2-1

Eil#
il

2-1-1 B=m

(1) XRETHMH

o HEBEXRLERIMMIROFBILK

RS & B By R ST DB AL 1970 BN BT TN DA, KIZIC
ZOMFFIRE V. B 2-10N @& IR IR O3 R OHER 2 7”7

HENHX, 1876 FEIZ KA Y D N.A. Otto WEMM 2 4 A IV H YV v Vv EHIL, &
A LT—NENELBE L 185 EICH VY v D& BB HARYE L TLLR, xRk,
PEREM BB B, BRO A& OANE, RIFIEENC AR R eBEFE L 2> TE. ZOHT,
HE)EOHFA (Body in White : BIW) (21, 1920 £/ oy 7L v, SO
T VARRIGICE DRI LTcifiih g, ARy MNEER EICIV#EET 52 Z LICL Bk S -H
FEEDFEICHWGATEY, ZHUTiE, FIHEMRE 23 300MPa 7 7 2 DRI W HITE T
AV

ZDOX D, 1973 O 4 W HEESEZBICT T TR E N A A 4 5125 & B2
SRR LT, Wbwwd A A Ny a v 7 UL, BEIFEOBRELENRD b, HRE T
HHEIO S B, BEMEHI Z OB LZ 60%% D5 Z &b (K22 28), SR BTk X
NDEMOBEANEECTHL. TN EZEICFIIETR S 340MPa fkLL EO &R (High

@ 4
Forecast rate of
2014 at 2004
60 o
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50 ————— —

2000 at 1992 , ¢
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High strength steel rate (%)
w
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(b) () o
100 _ 80 T T : . oy E
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20T w a A {30 8
-E 60 - £ f ) 5t
8 50 v| 3 40 1?8 3
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2l v E = |,
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Year Year
Figure 2-1: Transition of (a) forecast") and (b) fact® of high strength steel use

ratio and (c) BIW weight provided by Toyota Motor Corp.®.
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g

Figure 2-2: Mass percentage of materials used for standard vehicle.
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Figure 2-3: Transition of number of traffic accident, injuries and vehicles

owned®.

Strength Steel : HSS) DM ELRITEm D B, BIR~OMHEHHIRZHERALT 52 LT, ZORE
e NENoY sl

—JC, 1960 FARUTIIZSBFMALFE Lz, Tkt 258l 2 BAl0MIkIc XY, 528
FHIZ LD AGE T 1970 FRAEPEIC—BRED L7z b oo, HlifkfA a8 OB tnaGEIx
BMO—i& %7z & o7z (K 2-39B ) . £ 0720 BB EOE L2 2k LoZRIZ XY, #l 21T,
KE OEH H BB 2 HHE (Federal Motor Vehicle Safety Standards : FMVSS) 7g & 4% [E Cfiif
ZER Osfb D HvTo. E72 1990 FRHATN D, KE - BRIN - BARZ S\ CTARKE]
MBI EORFEE RO VA T ¢ VIR EZART L2HBET XA TR 7T A

(New Car Assessment Program : NCAP,/ H A : INCAP, KKJN : Euro NCAP) <°, K[EE K% LR
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FMVSS 214 Pole
G (©)
EURO NCAP Pole FMVSS 216a IIHS Roof RCAR/IIHS Low Speed

Figure 2-4: Global crash requirement(®.

Wastes 2.1%

Industrial process 3.3%

Energy conversion 7.0%

Manufacturing

Transport

Figure 2-5: Sector ratio of CO; output in 20117,

W< (Insurance Institute for Highway Safety : ITHS) 723 B (& 59~ % 4 Ff 51l i 2S8R O L A
TA7Tur T ARRBIND K200 (M 2-490%8), KEFHIZ K HIETHE O R
BERR ST DL iR SR AR BE 2R s AR 1 L~ RE I TN D 2 & MilERR S 4L T
WD, FLL EORZ R A B ESHE A T EEEEORILZED TR Y, ZOREE, &
FEEOWMZGIEE LTS (KM2-1() OBH).

fth )7 C, 1997 ST HUHD CHAME S AV 72 56 3 MR EMHH AR E S (COP3) Tk S
7o AR EZE (Kyoto Protocol to the United Nations Framework Convention on Climate Change) (21X
RINd £ 912, HERKREREDOBEND COHIHARD LN TS, HAREERD CO, P&
[ LIEHBIIE 18.6% % 50Tk 0 (K 2-50B /), Z OHNEAMEIR # it 0 FHIZ M 7 #
B> TS, 2O BEIHZERTIE, WIREEDOMHRI, ~a 71 v FESEKHEHO
WABED SN TND, WK A 7Y v REOBEL, TOREOH LOD, E72,
ERABEOLAIE, HRHEBEOMROT-D, HEROBRELPRI RO LN TNDS.
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Z DK D RRHERDOE R L ENEOER & BB OHEE L WO T A ER ZT -0, Bk A
i 5 iR THR OFIEITE AL, B L~ EBBICRA S TWh5®. A 77—, B
ET—, 7arRoN—TD7a AR N, A, RV 8, BEEID OB ML, BREER
ICRBOEFZEMEZMHRT DLERD DT DHM OIEEREZ R 5 & & b ITHERFO LT &
BN TFIZHHITAMBEND D, Fi2, 70 bR TDH A RA LN, RUR—=DT T v
RNy 7 R E, KT - HEBOFREERAIE, AR LRI E T 52 LItk o T, BBRbh
T2 BRI N CRIRMICHEZE = F L X — 2 WIS 5 Z L RER STV DO 10,

® Advanced High Strength Steel MHEE

HiRR O @R AT < D2 O FRILEERE DS E AT H W S TR Y, M LA 2 il
5 Z & CRIBIEDREMN R DRk % 70 2 A T O@IRNMARAHE ST D (F2-1, K265
B . —RAVICAEHZ, INTOBRICH S, MTEHICEE L 22> THDITEMETHD Z &N
RKDODOND. ZDOTDITINLRE & BERFOMBFREIZ AN AL D &V 9 FEIR T, Fl—REDRR
TR O T, ORRIEDMRNZ &, @FEfHT B ER OEBIEIC X 0 BEREE M LT 5, »
D] B FEATE LM (Bake Hardening : BH) W &, QUNT AR AN R E WD L EDOFR
P 2 it 72 90 R AR IR AL B SRR 8 BLAR DT EEIRSGE A 128 L T D & STV L1219 K ffigh
TEFERE LS L 0 I &7z HSS OFEMAIIEE % [X] 2-7C- DIZ7R9™. HFIZ Dual Phase #iliZ~ /L7 >4
A MEICEEHET 2 7 = T A4 MHORLIUT AL T D ATEIHAALIC £ 0 FRIIZETZ IS I WV TREER
I TH DO, I HICEHECK T 2@ LE{LRETH D722, TR R EN D
EEDLN TN 19,

BRI (World Steel Association : Worldsteel, [H[EFE#kEM %2 (International Iron and Steel
Institute : 1ISI)) @ HEYE/3FE2 (World Auto Steel : WAS) 1%, KR OERE SNBSS 5 8k
PARPEHT L D 9~ <, BBV 2 5089 2 B btk & L2252 ULSAB (Ultra Light
Steel Auto Body), ULSAB-AVC (Advanced Vehicle Concepts), FSV (Future Steel Vehicle) @ 3>
OKRET oz Neib EIFTC&7z. K2-8615192 Zorny=r M TIREINT-REL

Table 2-1: Strengthening mechanism of various types of HSS.
Z27 BRALHAE [RIE 534
ElAfAsR{bEL C, Si, Mn, PIR&EZTMN
FiES RSOR SO (o
* f Aritiag(bEY Ti, Nb, VIREDITENZIE
FALIBIR(LE ESREICHDCu, BUVRICLDHEt=ES HSS
BH3E BEHTEERFORICKD,
8 BUERF (CEA SN ZEECTEE T S
N (DIS5A ba+RAFA M+ EKBA-XFTFA by)
e TRIP BREBIBERRIC LD, BB
YR a'RILT 2B RERE(bct) 9D
. wERME (BMNA—XF 7 i)
LREAEHS TWIP ZREBRIBERRICLD, BIETU(C AHSS
Er g YRERILT 2T A RERE(hep) B RURBREATD
DP (TS5 ha+EBRILT YA ~a')
RAF A i TRERIENCKDOARA T hEAZAIR
TEEEAREE — AR
R RILF2HA M REFEICKDRILT> Y NERZAIR
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Figure 2-6: Image of influence rate of each strengthening mechanism on HSS
strength.
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= 14T
3
= N O B | 476 | 635 | 25
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& i Sieg
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os (5%) (MPa) 70 mm X 70 mm X 320 mm
2.0 mm thickness
Figure 2-7: Mechanical properties of various type of HSS.

(a) elongation; (b) yield ratio'V; (c) impact absorption energy.
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Report of projects to propose next-generation vehicle launched by

Worldsteel (former IISI). Steel sheets for BIW component according
to (a) grade and (b) strength!¥; (¢) Proposal of FSV project(® 19
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DI=HO BIW #&itard. 7Ymy=/ haERD ZEIIHMEIBRBOEEICEY, SRzl v
BIREIC (=A T 4k), 7 L— FIZEAMBI O b O 2 FBMmMICRAT 5 X 91, HKiE{ko
BENTT7 FLTWDLDRDND. KRl bIEFICITHOI T 2008 4£25 2011 4£0D FSV e ¥
=7 FTIE, ULSAB-AVC 711 ¥ = 7 b5 35%DEREAICR I L, Z A3 fEiges vk itots
$HE LT BT EEHOME” & “EBhTSFL2ERAOME” OfER % 1000MPa ML & I H
ICEREAL TE I ENERERNTHS.

EOICAAEHE A= —IZB T HTHIREORE CHEBROEIE N R 6 5. BIERNISES T,
k3 % B EhERE A 4EIE PRIUS o (2 1470MPa % UHSS #£:H (2011 4E585¢8) (7, <> Z A4S
FHIE CX-5 D73 73—|Z 1800MPa #% UHSS Z#£¢/H (2012 -3852) 18, A XFHASHITA—
ST DRT 4 D 42%\Z 1180MPa #% UHSS A £ (2013 4F5552) 19, H #E B 8 ik U 103 Infiniti
Q50 {2 1200MPa % UHSS ZF-H L (LK1 T 2013 4E3852), 2017 45 % TIZ 25% % T ik 4
L2 ERELE(K2-9(0) CORM). Z 0k 51253 S 780MPa #& UL _E O HE 3R /8K (Ultra
High Strength Steel : UHSS) i eI —IIZ7/2 > TV, 1GPa i % 5 UHSS MIRFICHE
AlbasnT&ETWad, F7z, ZOMLHEE LTHHB T LAEND T, A TEIRIERE
TAHNA K73 —0@2D 2y hafLrEoa—AFTHERNLTT20—17 3—3 7
W72 ERFIHA S HUED TN D, S BIZ, #ilkiad A —A 7 F A MElkD 900~950°C £ THIEA L
Ttk @MNTT L ARRIE & FRHCEEANT DA v A X 7 HARO#HCS 200, [[—HH N
THECHRIE D 72 55 MM EATICELE L, 2R EBEbE TS TV AMTLE4T ) T — T —
RK=7'Z > 7 T35 (Tailor Welded Blank : TWB) O]l (¥ 2-9(a) @P& M) AT T
%.

2O XD ICHEBRFHMIIEBIC 7 a~~ 7 a OEAMBIENED DTS, 2D X 57z,
e HSS & b U CREMAIC~T a ki 2 B0 AT 7= SR RRIS, JetEmsE 18l (Advanced
High Strength Steel : AHSS) & FHENL TV 5.

== 1.2GPa

780 ~ 980MPa+HS
W= 440 ~ 590MPa
= Mild steel

[El27ompa [ Jasomra [l scomea [ ssompa

(@) (b)

Figure 2-9: Application of TWB (CERVO, Suzuki Motor Corp.)?” and UHSS
(Infiniti Q50, Nissan Motor Co., Ltd.)??,
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A NETEREG LB OIEETREAZITWV, A —A 7 74 MBI —EH 7 =74 M3 L72REE
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Dual Phase ¥k 2 555517 5 7 = T A MRV AT WA FOEESERFN S OM S 1%, 155
JBIE AT 5 Z & THIIEICE 5. X 2-11 1272 % Dual Phase #iik O Hil#17E ORI 2 779,
TaEAX LY ORLLAITABIEBDHEETHY, ZOEEMENEERHT =T 4 b

CCT for primary y
CCT for untransformed y at Ty

g

=

el

o

(M)

Q

g

|—

Time
Figure 2-10: Process image corresponding to Continuous Cooling Transformation
diagram to form dual-phase steel.
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Time
Figure 2-11: Heat pattern for producing different micro-structure. Light gray and

black part indicate ferrite and martensite, respectively. Dual-phase
structure prepared via process Y (broken line) have small and hard
martensite compared with process X (solid line).
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EREEARRCS 2930 BBt BRI LIS THEMEDME T35 Z i L D2END, B 1h3 8
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A TUNDHE),

H BV O H G 8 2 AT DI O RERATEIE, K 2-12 1R X 9 7e Ny NI & B L
L7 OERETM Th D, ZOX L WH7T VA, va—L 73 —07RE) T8I, &
BRI 2 DT SHEREARRICET 2EDO—2 & LT, FYLAMLIZEB T LA T
TRy VRN D, ATV TNy 7 L, HEREIC X > THRIEFMIZAE T D8I L -
THZDN, TOEITAR LoliFE—X v MBI 25 (15 A ZR). 207D EENHK
VERTEDREE LW E T T2 L, BMIREDE WO AT v 7Ny 7 BN KRE L, ZOHIEN KX 722
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Figure 2-12: Basic shape of BIW member. (a) Springback behavior trigger
dimensional error after hat-bending forming. (b) Weight-drop test is
conducted for measuring impact absorption.
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DEBEEOLCAEET VOUGEITIEAREE > TWD. CAEDMEFET /L OUEICEE L T,
ML RS 2 M — A o MIAREE IS AT 2 iTIS IS L > TR ED D, 1K2-13
(R T LT VAT T LB AT 2 #ik 5 @i 9 2 B dh i dh R LETE 72
DB REEAN A 5T 5 7-%, Bauschinger 1% (Bauschinger effect : B.E.) (ZxI4 5050 & %
ANTAT I TIR D GO, JRENEG 7] O LIEREKAAMED RS S 41TV 5. Bauschinger #5313,
LA & BENELRICV A MG D T E SR TRBLT 2 Z LA REISNTEY,
Chaboche E7 /L (1979 4, 1983 4F), Teodosiu-Hu €7 /L (1995 4-), Yoshida-Uemori &7
JLBZ5 (2002, 2003 4F) 72 E23BHYE SA7-. Dual phase ST H, MEHRHE EARRYIZ
L ENTEZ SN EAELRZEH 3 2 FiEoF AR S TR @n 59 "
71 - OF HBIFRIZx L T Bauschinger 2R 2 B & T 2 EMER BRI ZE@H T2 Z L I2 k- T,
BB EHZBWT AT Y 7Ry 7 OFREEIT R B L TWD 28, RT3
FEFEICITE L TR WO BELR TH 5669,

TTE ) )

) (i) (i)
Figure 2-13: Change in internal stress distribution associated with hat-banding
forming. Reverse bending stress in (ii) is subjected to Buaschinger
effect by bending in (i). When sheet metal is released from restriction
by die, residual stress in (iii) is formed by occurring elastic recovery
of bending moment which is equivalent of (ii). Thus, springback in
this process is affected by Bauschinger effect.
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Figure 2-14: Typical phenomena of Bauschinger effect.

(a) Stress-strain response induced by five level of pre-strain (result of
compression-tensile test at 100/s for dual-phase type 590MPa-grade
HSS); shift amount of starting point indicate comp. pre-strain. (b)
Microscopic mechanism and parameters associated with Bauschinger
effect.
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Microscopic Mesoscopic
v' Dislocation is piled up at obstacles. v’ Local stress is distributed in each grain

—> Back stress is generated due to the presence of soft/hard phase.

—> Area which is yielded at early stage on
reverse loading exists.

Figure 2-15: Mechanism of Bauschinger effect occurring in multi- component
metal.

Tt &= T2 7 = T A4 ML, ERARFERBRICITEEST, SREAARICE T ENTElz
ZAT TR o Te 7 = T A NSERAT - JEREIATIC K 5 BN e R R A2 AL 5 ) & omR a5
TW5.

Z @ X 512 Bauschinger Zh R DOFEHL A I = X AL, FEEBIN L ~LLfE b E AR L1 T
P KB E N D2, RAMNZIT T EI & 52T - &R B O NERFREE O RIS 1 AN Ak L, T
B S AR VIR, S, @REEE ORI, ERERBHO NP ZIZI 7 m~ R
VAR —VTCARE— L7 Z LICHET D (K 2-1558). ZORFTMI 15RO T-DIZ, W
1) D AT IR D BEAR I B I A —I124 U, Bauschinger Zh 23T 5.

o HIiLHhDRE
fill 8 OB | IRE T IV T, BT o, 13, ARTF RIS D S AFE LRV Aoy
WBL, ROEIITHITTORTZENTE L0477,

Op =0y +0, +0y (Eq. 2-1)
ZIT, o, BIMERALET) (forest stress), o, IZRHPAEIS /) (long range back stress) T 5.
W & BICMTEEE S L BERXD LN TE, 0y, +0, ENEISH LIPS ENTE D, — 77,
oo T BRI G IRV TR, RIS £ B X B 1% Orowan stress Th 5. og B8 LV oy, 13,
S D1 T AN ARAE L e WETBIRPUR S TH Y, o, 1T RIZER ) L C driving force & 785
537D T, WHROBERICINE, ROXIICHLLT I ENTED.

Or=0¢+0 4 —0, (Eq. 2-2)
INEY, blo,BNEDBND &, K2-1, K22 LVEISHOMBKDO XL HITKEDLZ Lz
5.

o), =%(O‘F —og) (Eq. 2-3)

RBRR L2 X 212, ARG op NEBMEHC —KRITb > T T, B2 i) ObREs
PISHBAETTWDS EIFEZ LT, fEsR £ 72 X B VAR ONAA N ELC T D L& 2
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TEONEVAEHNTHD. LN T, Eiffi - SIIERBREOMH LA L CRE LSS, o,
EERBNCH BN TR L SN EAEIS 2R T 2 L1 5. ZHITES LA o FetR dh i o
FLBEIEICHY T 5.

T, AR LONE, KMERFEM, Cu, o-Brass, Ti, Zr, Mg 2 EORLCVRERE, £-=060
I% Cu, Al, Al-Mg DJE#E - IR ATV, 2L OBBICLBICHRLT H%&MEE LT, PO
I &S IS NI ORNZR D X 9 72BfR A R LT 5.

T, =Tp —|2'R| =K- 7preM (Eq. 2-4)

M

oy =0y —|og| =K', (Eq. 2-5)

Epe TTOTHERT. £K, K'BIUM, M IIMEERLOEOMIC L -
THESNDMEIERTH Y, ZNTh AT v =W REE, v B =R 46T
BTN DT,

Bauschinger 2 RIS o OIS, NI U T —UOF Frg,, NIV U —ZF VX —E,,
IRAHKALIE B Ao, FEDFEIE 2 IO RHli MR R S TE 20880 (X 2-14 (b) 2 1)

- -
__Typ,,e ,

2) Fﬁ@uf&ﬁf#ﬁiﬁﬁ@%ﬁ% Hh=—XL
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%5&&%%;%%kﬁémﬁ®%mgi§<ﬁé INEISTTOOTHEERENE L VD, R
FHICT NI =T L7 ETEOBSENBEINT NS, fee BB, beec &8, hep &) THA
B Z 502 LR, [ 2-16 OBKITRT X D1, M TR 2 10T s ERFEE b
HE) FRETAZ AR @SOS A X DA Tl fec & BIIMN TA{EAA KX <, bee &JFITM
THEEDSNE NG S Z LM SN TV D, 72, MEBREEIC L0 OF REERFIEN R 56
MRS ZERENMBILTNDA, [Fl—58E O m R )8 & b~ T Dual Phase 0 51k /181X
O T HEERIFVER B NCO LN S R H D — 5T, ML FHIEDOE NI X DR O 8
HRonenen st s Hs.

O BB ER AT 2 & A T30 e R BUT1E & UL, &R EHIE OIS OO Bl R AT
PEIZKE L COT A R R S m 23 A LT

o= Coe"e"  (Co: MEHERD) (Eq. 2-6)

LERALENTZIET] - OTHRBEBREAN L SN TV DD, BEITITOT sk B 7
JESTEEIMEASDOT HREEKFITD 720 Sl Tng. Ko T, ILIZERIET oy Lxﬂ'ﬁ‘é
O BHE £ 1T

oy =A+Blog, ¢ (4, B: MEEE) (Eq. 2-7)
<,
log,goy =A+Blog,yé (4, B: ¥EER) (Eq. 2-8)

REORICTE > TEREINTVWAZLREZ VR, OFTHEEOHMIZ L > TROENELT S &
HEZLNTND®), Foml ARG E LClE, FFEREE L OMBMER RS

30



B2E BRESHEBEREICETLIENRERE

l(!i!’ﬂ.&aa “".} L 2 = ~ I m
mml o | BCC Metals |
¥ P
2] (0)
Figure 2-16: Schematics of stress-strain curve and cell structure that described

strain rate dependency of (a) f.c.c. and (b) b.c.c..
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Figure 2-17: Peierls force and kink pair formation process.
RTEM (intrinsic) REE w
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® [E#E (phonon, §
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Figure 2-18: Four type of obstacle to dislocation motion and its behavior.

Influence of thermal activation, change of top height by constant gray
area, is different whether character of obstacle is long- or short-range.
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Figure 2-19: Deformation mechanism in wide strain rate®?.
(a) Regions of temperature and strain rate spectrum of deformation
mechanism for low carbon steel considered from A. R. Rosenfirld
and G. T. Hahn®¥. Star-sign indicate experimental condition of this
study. (b) J. D. Campbell and W. G. Ferguson®® obtained the same
result.
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2-2 A

72T b= T YA M35 72 % Dual Phase B EIEIE B E 18K (RS fhAm = SR
Ar &) A L7z, 98 L~ULid 590MPa, 780MPa, 980MPa @ 3 ffiE %, 590MPa (2Tl
filio v SO D 2 FIEOMW A FE L. 590MPa kO DI, VEFRHEEN D > T TH
5.

FE DT, 72T 4 NEFD D% SPCE #REH (B A ARREEA S B) V-,

F Bt AL R RS L OM BRI E A 5% 2-2, £ 2-3 10T

Table 2-2: Chemical composition of ferrous test material.
JIS; Japan Industrial Standards,
JFS; The Japan Iron and Steel Federation Standard.

- : — -
Designa- | j1g e JFS grade Micro. Chemical composition (mass %)
tion bal. Fe

. R it el structure

in thesis i Number i Number C Si Mn P S

DP590-1 ; i 0.06 | 0.01 | 1.75 - -
SPFC590Y ! JSC590Y |

DP590-2 ; : 006 | 0.6 | 1.6 | 0.02 | =0.01

DP780 | SPFC780Y 115 G3133 CS780Y ! o’ 0.09 | 0 1.6

7 ’ ; | JCSTBOY » JFS A2001 i 7 i - -

DP980 | SPFC980Y ! JSC80Y | 0.18 | 135 | 2.01 - -

spcg | deepdrawing &g oy | 1sc270E | a 0001 0 | 0.11 |0.018]0.006
quahty SPCE ! !

Table 2-3: Average mechanical properties of ferrous test material measured by
quasi-static tensile test along rolling direction. Yield stress is
identified as 0.2% proof stress; n value is calculated as a point of 2%
and 5% total strain.

Test Yield stress Tensile strength Uniform 1 value
material (MPa) (MPa) elongation (%)

DP590-1 365.3 605.7 16.5 0.185
DP590-2 395.4 615.0 13.9 0.171
DP780 538.6 837.1 10.4 0.124
DP980 691.1 1066.5 8.6 0.120
SPCE 127.7 285.3 23.7 0.290
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Figure 3-1: Configuration of specimen for high speed test.
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Guide for running

Rod for running

Figure 3-4: (a)Electro-hydro servo high speed tensile testing machine and
(b)mechanism for running up upper chuck.
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Figure 3-5: Description of Bauschinger effect and evaluation method.
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il 7 W O R MRS BLEL T X 5 X O (TR %, FEITEE, EAEITEE 2 8% CBIZUR 21
U 72, BB 13 &4 A & 2 RIERIE Oum, 6pm, 3pum B LNz 4 RS U b B 0.04um
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(c) DP780 (d) DP980 (e) SPCE

Figure 3-6: Microstructure of ferrous test materials. Whitish area; ferrite, dark
area; martensite.

a-Fe o’-Fe
I’ ENOI solved
()
(a-2) RD (b-2) RD
Figure 3-7: Crystal orientation mapping and inverse pole figure of as-received

DP590-1 in (a)ferrite and (b)martensite, and (c)measurement result of
phase area ratio.
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Figure 3-8: Flow stress of ferrous test materials.
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Figure 3-9: Results of compression-tensile test under same strain rate of both

processes. Pre-strain is indicated as shift amount from the origin of
horizontal axis.

Table 3-1: Summary of results of nano-indentation test in depth of 200nm
measured at 80 points randomly. Minimum value of Dual Phase steel
is regarded as hardness of ferrite phase.

Nano-indentation hardness (GPa)
min. max.
SPCE 1.87 3.79
DP590-1 2.64
DP590-2 3.25
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3-3-1 Dual-phase #&EMB.E. 25X 51EH

(1) FEMIZKLSZEIE

9% L D BN ZS T 2 i 2 7= DP S OFARRBLEEHE R A (X 3-10 12”77 KAM {5340 I3RS dlhL
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bhn. 7xT4 MAOEFR LKL (K 3-10(b) OFRAL X) IZH, i~ T A MM
BL7e7 274 ML (RKOEALY) DEEMICETZ L TWDLE WD ZERbhd

ZOEE, wAT YA RBERT =T 4 bO TR S S 5 B972 RVE I2%F L CIT
ST EME - BIRERMEHT L THH LR >TWD ((HREZBR). LT WEFA—E L
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(a) as-received DP590-1 (b) 6.41%compressed  (c) 6.94% compressed
DP590-1 at 100/s DP980 at 100/s
Figure 3-10: Change in kernel average misorientation (bottom), i.e. local strain
distribution, accompanied with 9% global comp. strain measured by
crystal orientation (top) and phase mapping (middle). Grain boundary
is defined as misorientation more than 15 degree.
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(2) MHBRESIUVAREEAMHOEZE
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PUIRRO R Z R TIT T TH L. £ Z THROTAM OEE TER b L-BEL VW5 2
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BER=kypple,.) o, oy =kle,.)" (Eq. 3-4)
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BEU7-BEFRZ X 3-13 IZ/RT.  kype IE Bauschinger IR DOFBLDO KX X, nypp (X Bauschinger
HROTFTOTHEEFEEZERL TV ENLUTOZENEZD.
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WHRTHD. T, 5IRMS &) — 22 ERBR O AE 72 1) CIXE TR 2 HIl 32 =
LIXT&EZRVWE WS Z &, % LT Bauschinger VR BIH RGN H D Z L 2R LTS, AlH
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EBIZBERIL, JEMETOT e, LOTHEE e ORBIZE EZ 60D, X34 DKk g
Feling p o 1FOTHIELE ¢ ORIETH 5 &5 X, Bauschinger 2 F: 0 O3 B BER 7% & 2 LT
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kB.E.R.(‘é) =aylogy & +b;

ng g (é)=a,log &+, (Eq. 3-5)
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Figure 3-12: Association between pre-strain and back stress derived by eq. 2-3.
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Figure 3-13: Association between Bauschinger effect and tensile strength. Closed
and open symbol represent results of RD and TD sample,
respectively.
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Figure 3-14: Influence of strain rate on coefficient of eq. 3-4 for DP590-1 (O),

DP590-2 (), DP780 (A), and DP980 (L) DP590-2.
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Table 3-2: Material constant for formulation of strain rate dependence of
Bauschinger effect, i.e. coefficients of eq. 3-5.
k n
a b a b
DP590-1 RD -0.0557 0.6359 -0.0072 0.1427
TD -0.1188 0.7438 -0.0191 0.1265
DP590-2 RD -0.0486 0.5776 -0.0146 0.0835
DP780 RD -0.0518 0.6305 -0.0157 0.0464
TD -0.0905 0.8136 -0.0148 0.1093
DP980 RD -0.0319 0.6668 -0.0078 0.0326
TD -0.0475 0.7688 -0.0111 0.0647
SPCE RD -0.4915 0.7941 -0.3529 -0.1347
3) BEREICKDIEE
B 3-15 12, e v bR L DP SHOE A i L TR @%%W%Tfi%®?
HEL o PBLRA, ERE OIS AR LA A E R |

FEELTWDLZ ENb05.

Z O 72 D AR 2 © D RVE B 7 WX T B JERME - SIIEEMNT (16 E &) »
5Y, BREEENKIWVIEE MG DT 272 753 Bauschinger 20 3212 K 5 FFERIG T O T
RBIZN0%REOELE T LT T EIIRE THDL Z EPHERINTND.

3-3-2 DPHICHITHB.E DVIHEEKGFHEDRIRA H =X LA

(1) < hYy o REBHFOERSFE L DELER

774 NI DP ORI T D ERIEL BT LN TE S, [¥3-16 12, SPCE #lD)E
g - oIEARBREE R (X 3-9(e)) »>5HH L 7= Bauschinger 2R ORI %4 79", DP 8 & FIEEIZ,
3-3-1(2) FH CHER S MM & FIERIZ, QU Bl BN DI DAV FFRRIRIE J1 DR T #2038
b, ODP #H & g U ISR CTdh 5729, Bauschinger 2R D% 28 3HE/» L Bauschinger %5
DOT FHEARTAIEDEENT 2 & 5 5T SPCEHCTH FfE < R bnd.

—5C, 10/s BL EO@EBEER T TIXTOT AEOHEINIAE S Bauschinger 25 DR BLOHE/ N
R oz, ZOEBREOOT IR OEWIZ K 5 T O s AAEOE OFEW AN U7z JRIAI
O 5 TRV, BAREOIIMER, IF 8 (Interstitial Free : WK IFR), IRBHI KT 2 M
BISTEAZ 31T D Bauschinger ZhFOFEER LV, @O Aol B T3k b T 7z < AN b3 4
CDEWVWIRRBIGNEZ 52 &% R L TEY (Bauschinger 07T / ~ U —, X 3-17 &),
S HIZTPOT HEITH T DML S OT R 22 DI OB AHfIZ 2D, o7 /<Y
—BRITMERBETHDIFLEHETH L LV IORREZRLTND. REMBOIC K DFERTIZOT &
5%IZ 31T DT TRIM L 725 2R 10%s A — X —DOEBIRETY )~V —BIREZHRA L T\ D
D3, KAKOT F 0.2% Tl L 72 AR ER TILERAVHLIZ X ¥ Bauschinger 20 (2 X 2 #k{b & 8K
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Figure 3-15: Influence of difference in mesostructure configuration on
deformation characteristics. (a) shows uniaxial tensile behaviors, and
(b) plots evaluation index for Bauschinger effect. - - -O; DP590-1,
—@; DP590-2.
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Figure 3-16: Decreasing rate of re-yield stress for SPCE mild steel by Bauschinger

effect derived from eq. 3-2.
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Figure 3-17: Variation of Bauschinger stress ratio with strain rate of 1.6x107/s,

700/s, 1100/s, 1900/s for (a)pure Fe, (b)S45C measured by T. Hasebe
@, o3 is defined as back stress at 5% strain. Negative op is anomaly
for behavior of Bauschinger effect.
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%9 548D Bauschinger ZhHIE~ b U > 7 AMHOFFEL V H e L A AR RE T&)é &
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ARFEE TT, forward B L reverse OMjiEFE CH—OT HEEDOEREZIT 9 EFRFERIZLD
Bauschinger 23RO O B LR FIEDIBLA 77— LA B G0N LA, ARWFSE T OEBRSEIHE
P Tl Bauschinger #2R O T2 O Bl FEARAEE, 3772705 Bauschinger 205D O 73 g JiE
KAPEIE R b2 o Te (8 F S8R . ZUd>E D RER COEMERSMECIT+Ho22teL
DR SN TV holo b ) ZENRHERITE 5. Z0%E, FITHSRACEE M OFE
(2 X BNERI S DAY —PEDY Bauschinger I RACHH L CWD EE X B, FEMBINIZ T +—70
A LTERB R B2RZICRADNH Y, T LA IS IC Bk 2B 10 K DR hiE SR L ~L T
DOEEICEHER LEBENHU THLZ LA RLTND.

VNT A PBEOT =T A b A L7 T TR S S 578 RVE (2 5 JERE -
FURETEMEAT X 0, FAH & 5 M OMREEZEN K E WIE ERBIFRRDBEE ISR D720, BISIIEA
T ERESHEIND ZERERINTWD ((HREZHR). 20 LHIcLT, v Uy R
DB S DO OT HIEERAFIETZ 1T T, Bauschinger 23O O Bl EEARIFIED RN & 72 D 2
ENND.

— T 33-1 QT IS OO HIREARIFED L 10MPa RREEDA— X —THDH Z L &1H
fii L7z, & 2°C, i) FEM35 5) 7 MEFRBOTEME - STRMERRER ) OG0 N 518 1k L OURT)
OOT B ERIFIED % B ET 5 Z & T, Bauschinger ZhH OO Al R AE THITE 72
W E D DRET LR R A X 3-18 12T, A FEEOFIETIS IO OT Bl R A2 B8 LT

23, WTIHFRERISOFRREE IR+ Thoto. FRICK 3-18(W) ICIEE T 5 &, WiBhiGs /)
DOTHHERENEE LERLEETAEZRA L L LT, ERIEBIZES < HIN) T
EHZ Y T TO Bauschinger IR DO T OT HEKFET L TR TE RN L3005, Lo
THEISHDOOTHRERFHEBR T DL OEERT 7 7 2 —ThHDLI RN 5.
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o7 =01+ —
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o, =F(£0+£P)'

: Cowper-Symonds eq.

required of 0.2% proof stress

: Hardening behavior at 0.007/s

approximated by Swift’s eq.

oy =Kp&™ -(so +g?

y

: strain rate sensitivity introduce

for coefficient F in Swift’s eq.

oy =Kzé™ -(80 +£?

fin)

: strain rate sensitivity introduce

for coefficient F and n in Swift’s eq.

_ 1m
c;=0,+K'¢

A =F(£0+£PT

: Hardening behavior at 0.007/s

approximated by Swift’s eq.

— ny
Op = kb *Epre

: required of result of
comp.-tensile test at 0.007/s

Figure 3-18:

Prediction of strain rate dependence of Bauschinger effect using

combined hardening rule under static deformation for (a)DP590-2,
(b)DP980, and details of modelling condition.
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T 5 & T, JEM - SIIRER TR 47z 590MPa #k AHSS (Zxt3 5, O AIHE 0.007/s 226
100/s @ Bauschinger 2512 & 218G I OIK TR (BER) DERL, ATV IRy 7HEHL
L CRAETHHEICHERTEDRETHLINE 5 DEREMNT ECTHRE L.
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4-2-1 ETIEDOHAEL

Dual Phase #ffKDEHE - 51 RRBAEFR DO ERT — X & W THEKRD /N> b BT I T 217
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O  Z OB, 5k FEM EHRETEMITICE O TEB SN TE SO OF SR,
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O HHEERFEOBEOMLENEZRTTT 2D TH D, £ 2 THIBIT OMEET V&
L THW L EAELRNCR LT, Bauschinger IR DO OT M EKFMEL BB LT b D&%
ITHRVEDELETHZ LT (F 4-1), ATV TNy 7 AEOTRICKETEEL R
it 5. Pattern A |8 OFMIFENT 232 L, Pattern C I[XBNIMENTIZ I 1T 2 HIFF X7z FEM
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AT 7 L OB & BER S 2 X 4-1 1RT
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EXE

Ny FRRIFIN T RIZ T MIATEBREDE

Modelling target to estimate the influence of considering strain rate

Table 4-1:
dependence of Bauschinger effect on springback prediction.
Pattern
A B C
Analytical punch speed 10mm/s 1000mm/s 1000mm/s
Base experimental data for input material
properties of combined hardening rule 0.007/s 0.007/s 10/s

Blank holder force

11111

15mm

Punch speed
10-1000mmy/s

!

Blank holder force =30kN

11111

70mm X t1l.4mm
(friction factor: 0.1)

w
15mm

Figure 4-1:
simulation.

THIREDOMAEDOEEEZ T3 /NF— (FK4-1 BR) &

Analytical model and boundary condition for hat-bending forming

1§
=

IR L7c. 7244 LR FITRNE,

BN TR & I IRE ST 12 5 B4 T, i 1056, BFEE 875 D522 D 2 T O T A

EERERAWE.
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Table 4-2: Material properties of linear combined hardening rule for hat-bending

forming simulation.

DP590-1 DP590-2

Pattern A | Pattern B | Pattern C | Pattern A | Pattern B | Pattern C

Linear isotropic hardening

Base static property at 105/s is determined based on strain rate
sensitivity calculated from experimental result of 0.2% proof stress at
0.007, 10, 100/s.

Hardening gradient is approximated linearly between 0.4-9% total
strain. Strain rate dependence of flow stress is considered as scaling
factor calculated from Cowper-Symonds eq. : oo, =1 +(€-/C)%J

Young’s modulus E (GPa) 193 193
Poisson’s ratio v 0.3 0.3

Yield stress YS (MPa) 307.7 314.6
Hardening gradient H’ (GPa) 2.9800 2.9113
Cowper-Symonds parameters C=4798.1, P=9.191 C=920.7, P=8.757

Kinematic hardening

Hardening parameter 8 is determined based on pre-strain of each

layers calculated from exploratory analysis and experimental result

of B.E.R. at 0.007/s (Pattern A, B) and 10/s (Pattern C):
B=1-BER/I-Ys/(vs+H,, )|

6 for layer 1 (punchside) ¢,,.=0.321 0.586 0.654 0.608 0.636
8 for layer 2 €pre=0.264 0.577 0.647 0.595 0.625
8 for layer 3 €,re=0.196 0.557 0.630 0.567 0.601
8 for layer 4 €re=0.089 0.444 0.537 0.431 0.482
8 for layer 5 (die side) €,,,=0.193 0.555 0.629 0.566 0.600
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4-3 HREFIUVEE

Ny MITRITIC L D A7) 78y 7 PRI R A2 X 4-2 12T

— DP590-1
DP590-2 ....................
(a) PatternA
Quasi-static analysis 23 2.9deg |
v
(b) Pattern B
10.2deg 3.0deg |

Dynamic analysis
without £ dependence of B.E.

(c) Pattern C
Dynamic analysis
with & dependence of B.E.

Figure 4-2: Springback prediction results for hat-bending forming focused on
flange part.

4-3-1 B.E. QUEFHEERBUENR TY TNy s BRI RIFTHE

SERATIZ 31T 2 B TRESTOIK FBLIG T % Bauschinger 20 23 A BT 2 o L5 [R]
WERTOIG A EHITE—RAY NOREEDODHTHDHTD, TOELIEIZE-TREDLARAT
Uo7y 7 BICRIETERITEMICHER T2 2 R TEen.

Pattern A & D HHEZIZ LV, Pattern B O X 5 IZENAETRIC L - TEBIRIIO AN LR T 5 L 2T
UL TNy 7 B +1CRREREM L7-2%, Pattern C O L 9 IZBENME(L/XT X — X 2B REE LT
TR T % & DP590-1, DP590-2 Ot TEALE4+1.3°, -1.4°DINE 720, Z ORI
KXoTRRDb D EIRoT2. DFED 10/s A— X —DEFIZE VT, Bauschinger )5 D O s
FERIFEEZ B LR WEA, TR 04°, 24°0-ENMETCTLE S EFHILE

71



FTA4E Ny FHITFMIEICRIFTMIAEBIEDSE

4-3-2 R—JL—FHRICECY S B5RTIVINYIEDELDE

Dual Phase 3& D A4 OB OIRERIBENIIIERICC ET R D TH 5. 3-3-13)HEIZT, fHFH
24 U 7e & B D 2037737232V 1A% Bauschinger 25 D FBLOFEFEIZ 3% (0.007/s) 2> 5 8% (10/s)
FREOMELR AT ERbnotz (K3-1580).

A lafl U 7= A & RIS CIE, Pattern A OFE R X 0 HEFHAEE T T 2.9°0fEEM 4T,
F7- Pattern C DFER KV FHEEIE FCIIAT Y v/ NNy 7 BORET v NEND IR D 2 &
MY, LA L Bauschinger Z5R O O Bl KA A B & L 72\ &, Pattern B D X 9 12
ZOTUREEIRTTHEEZ5.

WMRIEY R 2 L—3 3 AZBWT, KL A ——D % < BFIH L T 5 Yoshida-Uemori
ETNEMHEATIE, Im BEDOY A X UHSS #5142 B ~HEDO P HIFE I3 2+ 1 mm
DINIZINS D Z ERFHaA[EEICR > Tnd L5 TnaD. LR S>TFEM IZL A AT Y
TRy 7 FRREE O EA B L CHAERY M~ EFEIL 0104 — X —D PHllE#£EE <
RO TH Y, A BIEAEMAT TR ONTZETE OO T Bl OEWLHIR Ol m -~ k OFEWIZ X

LEEFFRTERNEDTHD. 5, MEFET WMICAMIFEREEZEANT HZ LT, LOEE
DERNTRE R 215D Z LN AREE 72 0, #EIN TAF ISk L ClMN L2 i+ L CIHEFICHERTH
HEEXD.

4-4 5

il

Dual Phase M & 5z J) 8RR D BAVENN THEIZDOWT, BLFD Z ERH LN T,
o HROAEFERHIAE L D ERMMEOIE S &0, BROOT A3 DE A Bauschinger 253
DB — VI RAETREL, ~y FMHTRBICE > TRHIERZENDATY 7\ y
I BICEETHHLOTH D E THITE 2. 590MPa #% Dual Phase Sl DI5A, 10/s 4—4—D
BRDATY 73y 7 PR, Fl—27 L— FROFEHN TH > TH R 550 T
ol ASEEEMNT ECHEE CEX DX 24 L TORRETH - 7-.

25 3K

[1] FHHB (2013) : “EREMBFET VERRALEAT Y V7N Ny 7 v Iab—va L,
KB, 545, 4%, pp.16-19.
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ZOMLIETIFFEREN L L FEEm LA s 0, BRI Y ) v RAT U — & EHE
BELTTHY HiE (M52@), BHEFEI VY v 2TV —zEfgihsikic L —EEb &
THhHE Ly ML UTHMAL CRHHET 5 51E (K 520) C, ENENLA AL -4
T - P - EIEEICET 35 2 LN TE 5.

O TIER T U RS EFE N L & M Lo & 538 0 =— XRBER LTV 5. 851E
TRV TL, Pl Z2 Rt S5 2 &I L 0 $RER I A 2 2HE MR TE 5 &
IWRPE, MUK L TT U FIA M2 L2 BETOEITTF 7 Y be v — e BT
HEWHZENRH SN, 1972 F2 MIT @ M. C. Flemings & D 7 )V—7CZ ORMEETEHT 2
WFERRFE 3 E - 7@, —J7, MMM TABIZB T, MLHEEBIE5 &) BT, #

R SE L
Sqpz ) FOEEREN ORI '
A BEOHEN e
T~ WERDE LB T

SIRSEFIRDID
ERESIAH (TR DIHEEN R
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\ EBRRE
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Figure 5-1: History of high heat process.
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Liquidus temp.

Temperature

Solidus temp.

Figure 5-2: Processing temperature history for (a) rheo- / (b) thixo-die casting.
Illustrations show mechanical and electromagnetic stirring as method
of preparing semi-solid slurry, respectively.

SRR — [Z=4%m L
BE(CHRE L TND — SEEUNHEETRR <
iy SV N e Pk 9

BREERNNS)Y ——————— BADREEN NS0 ~—

BEGOBL
HERENME ————— BOBFEN DR —

S50 BIER
BRI <:::::

—w EANT . PRIV TTAE
E#ﬁ}ﬁ}fiﬁ LE /ﬁ'}zb oJgE

(X DRI >+ FIFR MER

7 RSA R < ROORINDR ——> REREMOE L
T
RS FIVBHRN ————> REIIBEN T

Figure 5-3: Features and advantages of rheo- / thixo-casting. Words with broken,
wavy, and double underline indicate the improvement of processing
method, the reduction of quality defect, and the addition of extra
value, respectively.
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AN CIRS DI & b C— 0 ANRAE LT RBE TR 247 5 WFZEDS 1975 AT R KL PER T
WIFTORNS DT N—TThaE -7, ZOMLIETIS 2T 28 TH Y 2 b, &
AARTHDZ LR, BEAREI VY v FAT Y —EROZERIZR N TN D Z B3Ry 7 L7
D, BFERLEZAEICE-> TV D,

IV Y Yy RAT U —IZRD BN D OIFFERFRIZ, R fh 2, —ICERSEL 2L THD.
B ILAFIRBEZAE D FIEITITN L 202dH v, HEAYHFR (Semi-solid Rheo-casting 1@, Advanced
Semi-solid Casting Technology {£®), FEMIEHE (ERARHRIE®, T/ v X MED), HEIAIRE)
SO P ) (Swirled Enthalpy Equilibration Device 75®) , ###k )+ A1 (Shear Cooling Roll 75®),
Melt Drag Twin Roll Caster Z V72 5{E19), SFEELFHE#E (ARG JIRIETD, Sub-liquidus Casting
%, By EWD), mH - JIEAOHE (Ube’s New Rheo-casting 1513, Direct Thermal Method¥) ,
FEMOWRM (B FfEe B RAZIBAT 25, BRORR DSBS 2R TR E
bSE 2L, AR L R 2Ty IR LEMR. OB AEZFFEST 5 H51E), TOTH
A (Strain Induced Melt Activated i) 72 E&flAEDLET ANy FXE L TNk~ 727
HEANRAFE SN TEY, FHIANICIZZ 0EEE TER BN T2 IV ) v 2T U —liko
FlZEFL L7z,

BE MM OBI%E & LTI, 1981 £121% THIXOMAT Inc. 78 Mg DF 7 Y E—/LT (T ExE
BAZE L EPELIZHREI LTV D, EHP L0 10X LA E—LT 4 U 7RIS K 2R OR
E&AT>72 (M 5-4(a)). ITAETIX 2003 4RIZEEE - 2B K50 C.P. Hong & 23BH% L, #halatt
T X A NEHNBEEERE & 35 BEE LA DA FOTF Xy A ME (K 540)) 0,
RN CHE Ly N ZEfishid 1 2 BMRIERIESER S >2H 0, K2 X b - @H) - /hA~—
ATHHLZEPRDFLIRSTND.

ZOEI, v e E R E R EE D E WO L T 72 ADOWHED DI L 4
[ - PSRN T CH 5203, [FIRFICE B OREEFARRIZ RS E IS8 S5 a0 b BIRTR Y (X 5-5
ZH) . FRICT VI = U AFREM OPERESFEMEITILZE L THBY, T RTA N EME LYIEN
Bt Eh s 2 & T, MOSCRE SRS O RER M L35 &V EPAE B4 %1 @
AL 2 DSBS 5N R STV D.

(2) NEETHEMEMT

o HFABFEHMOEEIL~DERF

HemmEah, /— MY Ay ORBEBRENAL MMRIZ LY, ZREROF RS B ROk
FOVNULIZEBRL CEX W BN H 5. = //]‘/l/7k7ﬁ~ B Y F U LA A EMEOHE
MEEML (X 5-6) IZONWTHLRICZENF X, RERFENLAEINDENATY v FHE)H -
B E B E - OBHE M B By OB O FE L 72 BNy 7 U — RIS, RiIE/ZR 2 2 MK
B, BEAIDMARERNENZERISNTND

B 5-70NR L7zoix b 3 # BB RS0 A 70 » R —-PR I US (X, Z{XH)
D=y VKEEMENVEREERERZ R LT —ZTh5. 2000 FOPRPRIUSD~A
F—F = VLRI, B VR E AR, BT Y 2 — VDR Y 7 AR BIRRICEE L2y
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a
@ & high speed shot system
feeder
heater
nozzle
die heating cylinder rotary motor
(6 ingot melting glestromagnetic die-casting product

stirring

W’U’MUM’
/\

rotating field + perpendicular field

Figure 5-4: (a) Thixo-molding machine. (b) Procedure of rheo die-casting using
nano-cast method”). Metallic melt poured into a cup is agitated along
circumferential and vertical direction by electromagnetic stirrer
machine with temperature control, and then semi-solid slurry is
quenched rapidly after processing.

Thixo-molding ) Rheo-molding

Figure 5-5: Metallographic of products produced by various die-casting
method!?.
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Figure 5-6: Composition of battery for automotive application. Battery vehicle

has a battery pack containing protective cover and some modules
connected to each other. Battery cells are connected in series or
parallel and packed in a battery module.

Table 5-1: Advantages of each battery cell structure.
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tubular type NiMH cell
metal module case

rectangular type NiMH cell
resin module case
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Figure 5-7: Transition of battery for hybrid vehicle (PRIUS, Toyota Motor Corp.)
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LD REMD 2 LIL, Rl A BRREHI AL O,

&S BIT, SBITHR AT FFET 7 B A DENC LD BB OZIE, FALHRZ R B2 5
MEHOBIRAINEE 22 b NCHIBMEZ B T 2. ZHUSINA, 1-1-1 TTET 2 U Yo 7 Lkt
(CHEAS S HERIEED 2> THLMOTAMLOTH ZFIA L, fix OB EHBIEZ o7 /L
=V LR ERT 5 2 LT, HAMMe R BRGT & UG ERIE O RN 2 B % 7

Stripper \ %
Punch —_ %
Workpiece
Figure 5-8: Schematic of impact backward extrusion press for cylindrical
housing. Workpiece flow through the clearance between punch and
die which sidewall thickness of product correspond to, i.e. t,=(D-d)/2.
Table 5-2: Comparing impact backward extrusion press with deep-drawing.
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5-1-2 E£ITHE
(1) BOTHMIIC K SERAMMIEA D =X L

it AL OO L BT, M 2 B 22 O PRI 2 LS D FEE L TUASHHBA T
5. T, RO AT (Severe Plastic Deformation : SPD) /x5 2 & CIhaxEK L LD &
T HHEDER SN TWD. ZOFHER, UG E BRSO RS R ERE 2 LE e 35
FIELY b= F R AAMRUGED TE 5. SPDIEICIEK 5-9 1237 K 9 e HiEDBR%E &
nTna.

OT B AT 5T 2 2 LI K o TREERLOWHRIMED KL Z 5 A J1 = X A0, 5l LIS fHRE L CEh
PRGN 2 5 Z LI Ko THRESRRIAMBAI LT 2 & B TR 0 @), I L LIk
LTWD LW HMENH D). ZOFBIFLTOLIICERZINTWD. MLIZ X > TREM
BICECLZHLIT4-oD T o A5 K5.

L ERICL VRSN OB L, ALK E > TV DRIEIZR D

I FEARINE K ORLRICERE LB T 5 2 L oy — TR 7 " v
Z VAT DEMEBIGSC, RIAR A0 O BT EI A FRRS &b - A Ee =AY RS
o o EREERAY PR AL o NERFRIN IR A (3R 5-3 2 DEAIICEITT S

UL A 50D A H =X N TEARRZA T 2005 AR Ak S 5

IV. INTEZET L, MEHEEO M RS EFIREIC2 D (K 5-1099% )

(9) (h) Q)

Figure 5-9: Various method of Severe Plastic Deformation.

(a) Equal-Channel Angular Pressing, ECAP, developed by V. M.
Segal@? in 1981; (b) High Pressure Torsion, HPT, first come into use
by V. A. Zhorin and R. I. Kuznetsov®? in 1984; (c) Accumulative
Roll Bonding, ARB, developed by Y. Saito and N. Tsuji®® in 1998;
(d) Multi-Directional Forging, MDF; (e) Sliding wear; (f) Ball mill;
(g) Shot peening; (h) Friction Stir Welding, FSW; (i) Repeated
flexing.
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Figure 5-10:

Equivalent strain

Relations between amount of SPD strain and material property

improvement by HPT at room temperature using 4N-Al 29

Table 5-3:

recrystallization, and definition of those types.

Phenomena of continuous-/discontinuous- static/dynamic recovery &
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Figure 5-11: Theory of mechanism of grain refinement, i.e. grain subdivision, by
SPD based on (a)dislocation cell® and (b)micro shear band®". Thin
and bold line represent low / high angle grain boundary, respectively.

83



FOE FRRESHBERICEHT IENERE

Grain size
IOum Ipm 100nm 10nm 1nm 0.1 nm

Fe atomic diameter

Poly-crystal Il\anocrystallr.-\morphous (0.248 nm)
Consolidation of ultra fine particles
| Electrodeposition

/ Crystallization of amorphous
Severe plastic deformation

| Sintering of MA powder

> T ECAP, ARB
_/; | Super metal project, STX-21 |
~ ‘ TMCP
4 I Conventional structural metals |
Figure 5-12: Production methods of fine grained materials for respective grain size
range®?).
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Figure 5-13: Schematic of ECAP process. Four type of processing route is
considered.
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Rotation [t]

(a) (b) (©

Figure 5-14: RD-ECAP process sequence developed by Y. Nishida®” 3% in 2000.
(a) initial state; (b) after one pass; (c) after 90° die rotation.
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Figure 5-15: Recrystallization image of microstructure subjected to various degree
of processing. Dot and bold line represent low / high angle grain
boundary, respectively.

(a) contim{ous . ]
{ dynamic recrystallization JEm—

p, 0 d

0 strain annealing time

(b) continuous $
static recrystallization Iy

N

p. 0, d

0 strain annealing time

Figure 5-16: Variation of dislocation substructure associated with annealing®?,
p, dislocation density; 6, misorientation; D, (sub-)grain size.
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BREH 7 VI =7 5G4 ACACH ITXT L, MR L 0 ERL L 72 BEFRERDKT 50% 0 -5t [E #7
EFHA (BRSO T2 ) 2 A L7z, PhEE S AC4ACH (Zxf L CIXZ DB
M TEULEIAT - CTU/pv. LIRE, AC4CH-S.S. & Fid.

S DIZHB DT, W OEEMPHE I LV IER S 2#EH 7V I =7 554 ACACH-F #;
TER CRALEEAL) , AT V2 =7 5564 A3003-H112 JEAE £ F4 (A AELE T 3RS &)
AW, BIBICHWSEE, A3003-H112 12t L TIiE 415°C/1h + JFm D O BVLEE % Jii L 7=.

BBt O AL FS KL O BRI & R 54, R 5-5 1077

Table 5-4: Chemical composition of non-ferrous test material.
JIS; Japan Industrial Standards,
ISO; International Organization for Standardization.
TR; thermal refining.
Chemical composition (mass %)
Designation | JIS grade ISO grade bal. Al
in thesis Si Mg Cu Zn
| Number  Number | Fe | Mn | Ni | Ti
AC4CH-S.S. |- - - - 7.14 | 041 | 001 | 0.01
i i 0.11 0.01 0.01 0.04
AC4CH ACACH i JIS H5202 | Al-Si7-Mg0.3 i ISO 3522 7.14 0.41 0.01 0.01
F (TR: F) 011 | 001 | 001 | 0.04
A3003 A3003 | JIS H4000 | Al-MnI-Cu  {1SO209 | 0.06 - 0.05 | 0.10
-H112,-O | (1r: H112,0) 0.70 | 1.50 - -
Table 5-5: Average mechanical properties of non-ferrous test material measured
by quasi-static tensile test. Yield stress is identified as 0.2% proof
stress; n value is calculated as a point of 1% and 3% total strain. O
treatment; 415°C / 1h + furnace cool.
Test Yield stress Tensile strength Uniform Fracture n value
material (MPa) (MPa) elongation (%) strain (%)
AC4CH-S.S. 117.4 250.4 13.5 21.7 0.217
AC4CH-F 72.9 149.5 4.3 4.9 0.254
A3003-H112 89.2 141.2 12.5 32.5 0.157
A3003-O 79.5 130.8 14.2 35.2 0.153
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6-1 (XL &HIC

FRE A OERE, HEOMBIEREICL > TRESEELZZITDLZ ERMOLN TN,
_n%:ﬁ%l ﬁﬂﬁ%_ LA LD, AL & R B 2203 O M B OB M 72 & QN BB 2 3% 5
TELAREMERD 5.

ARETIE, FEAT VI =T ABEICK LT, PREHE L BOT AN L2 T2 & T, ME
UEOEENREZMRT L E2AMNET 5. $hEIEDOR/2 D ACACH (Al-Si7-Mg0.3) 12Xt L
T, MITIREE 200°C $ XY 300°C THOTAMT.O—FTdH 5 ECAP I T.%2 8 /XA L Thii L,
EARA 22 BB L ORI 22 v 9 7 2 V¥ — a VER - Bl AT - 7=, E - T
A[RE7e ECAP M LIEZBHFE L, 2 OBJBEIEOE W DM SRk R IE T 58 4, EE AT
& HVWTHRRRE L 7z,

6-2 RERFX

6-2-1 SR EOER
LLTF D 2 50 ECAP 1% U THoHRS Sk sk 2 fESL L 7=,

@O A~E#E ECAP ;% (conventional ECAP method, 6-1)

ZOFEITHERD ECAP IETHY, ML ANREICEME SRS HLERND L. KT
VRS D JEITERIZAR DY 9=90°, y=0°% L <X 15°D&M % vz HERR 5 DO ERHEIXK 5-13
ZH) . BERACIE5-1 £V, 1 AATENENHY O T F 60,=1.08 b L < 1L ee=1.15 & 5-
ZHZEMRIAEND.

@ #E#5 ECAP 3£ (Tri-RD-ECAP method, [ 6-2)

ZOFEIFEH SO L o TH% S Lzl T rAlEE72 RD-ECAP 5% =k Jtl ’WE L
2HOTHY, MTA— N2 TEICRODZEBAHETHSH. &8y, y, zHHCEBENNE
FofEch o, hnd 6 SOEMEKE RIS,

BEFIEIZROEY THH (K62 HFD a7 FHBR). £F, TH 4 SDiEE (0-C,
O-D, O-E, O-F) #77vVx—TEIZLIZL-T, L FEE, 20, REOEITH
%#ﬁgo:w w=0°D ECAP I THF v XA NHE TE HERBOERIIK 5-13 &), #

FHNCIEAS-1 KV 1 ARAATEAENAELEO T eo=1 15 2 525 Z E R RIAEND. BN
Niz4amix, MBI OLRICKVET 5. RIS, I THD 1 2O@EKE (A) 2»
LRBIZFFAL, 770V —T% 9 A OmE (B) ~FLIF Z & T, ECAP LD 1
NAH (A-O-B) WETT 5. B2/ 2ABOMTEITHBIL, O TREISIRA S
NTWLHEKOE (B) 2HH UHEEAIC2 D X ORERL, M T, MI— MISTTH]
DIZENNTWZEE D 5> HD 1 2%l T %5 (Route Be 17 9 4551361 21X C, D, F, E,
ADJE). 2%V, EROEEROLEFICE > T, T A— FMERICRETE S, TNk
DIETZ EIZL Y, HEFHEMNITEEOL— N TOMLAMEE RS,
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Pressing machine

Plunger
Support parts Hole to put cartridge heater
Figure 6-1: Schematic of conventional ECAP facility and disassembled die.

Pressing machine

F
Workpiece
Plunger
E
D
Support parts Hole to put cartridge heater
Figure 6-2: Schematic of Tri-RD-ECAP facility. The die has a channel which is

orthogonal three axes in shape, i.e. 90°, w0°. Yellow and red parts
represent plunger for blocking channel and workpiece, respectively.

B 2ODOFETWVTI G E SR 10mm X 10mm ORI 2 A3 548 % 70D T, ECAP
N T2 HET 72012515 10mm X 10mm X 80mm D EHLEM 3R 2 AR Lz, #f LiciE, JTEeR
Btk (RSt B EBERT, AG-500kN) & fVy, —EHE 0.5mm/sec TF 7 V¥ — & L7z,
TEBIOIMECHA LT — Y v o b — X —CE&RIRE 2 —EEICHHE L, I TIRE 473K
H LI ST3K ICRE L. &R EREIT Y 77 7 A4 P REEMCEE LZ. T — b
Bec &L, 4 NABLV 8 NAOIMLAEIT, MIHIZIIHFH LICET W EZFH L. /R
U 7 iBHE % R 9~ 2 Fik & TRkl L 7.
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(a)
Temp. (K)
473 or 573 + - -
] [}
Water " :
cooling r) '
RT t 7
WT -+ lecace= 4 Time
7min 6min 5min
>1pass (x4)
Extrusion, Adjusting Preparation
Disassembly workpiece size of die
(b)
Temp. (K)
ANAA AAA AAA AAA
473 0or573 T AAY AAY AA AAY
Air cooling
RT Time
4pass: 20min
Extrusion, Rotation of die
Figure 6-3: Thermal history of workpiece during (a)conventional ECAP and

(b)Tri-RD-ECAP.

® EfTH L UTERE ECAP T EDMEER

5-1-2(1) T2 X 51T, ECAP MM LA FEA S D72 OIITEHEERETH Y, 22200
T— R ZEHIRENR2NZ ERRD B D, —JFTHRM ECAP M LOWE, BENZ T 288
FEREL2 D b, PG s B OBHE S 2> b BB e ML I Z RN E U D & B 2 bivd . AR
AT T FIETREDZ T HIRERBEOME LK 6-3 IZ/RT. & 2 THROT AN L & ZSLIED
R GBEL TE X2 H72DIZ, ECAP L 4 AL OBIBIRED % G- 2 -l 2 ER L 7=, =
ORBHIZ IR T 5 FEZ HV TRl L 7.

6-2-2 SHEF %
(1) W EDRIE

Ji e (INSTRON Corporation, 5500R) % FWCHIRIC TEAVETERE CEHARHROT
BIRE 1.6x107%/s) #4157, FBHIEM I X v #7H L 5\ (Extrusion direction : ED) (2>
T, WE3mmIZAT A AL, AR 12mm, ZSEE 4mm, JEE R3 O X VARG
B aER L7z,

¥ L —EER AR (MRS SRR, Skefm) & VW CTEME DR 21T - 7. JIS 22202
(ZHADNWT 3 FakBR A Z2AF U7z, E 723 v L & —TE 8RR % O 3R i Ok O kR % B A
BHMEE (HAREHUSE4E, JSM7001FD) (2 CTHIZZ LT,
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(2) WNEESHDTOBAE

BRI 72 D F THFEETR, ~A 7 vty — A SR (XS BERERT, HMV) %
L, A E 0.49N (W EIREF 15 F) ICTHRHE S OflEEIT 7.

7, GREMEE LRSS 5720, NS—abv v F (ZAH#, a=62.03°) ETF&EH0
oA TrTr—yva rlBrE ol R st o U 4 =27 X, ENT-2100) (2L -
THmif #E 3mN (B EE T 10 H CTHRIEAG L, | BEOMERSZICERM) I TEHen
FZ & OREDORIE %, B (HYSITRON Corp., TI-950) |2 X > CAME 80uN (H A= 17 &
F TS HETHRIEAN L, 2 PROMERFRIC, 5M CRIEERR) (& TEHNE O AmllE
% 3k L7z,

() #AMERSE

B ET (RSt = =, OPTIPHOT-100) ¥ X OVESME FBAMEE (H ARE ka4t
JSM-7001FD 35 & TV ISM-6301F) % V>, 27 ANUA 36 K OGRS fa b OMBI R 21T > 72, &
HBLEEN TE 2 L9 RUB /NI L, M IR LD 14 [ BRI IS 21T\, BLESRURE 2 /B L 72,
MBS 134 A 7 2 R 15um, 3pm 38 KV a1 Rk U 7 &K 0.04pm DJNEIZITUY,
TN ol U

FFRFIZ, B O% T BELE TR AT 25 (Electron Backscatter Diffraction : EBSD) (24 ¥
TR ALIIE 24TV, Al Si, MgSi ZHIBI L7z, DR E AV, fESkiN o RETH O 24
fi % T 5729, KAM{E (Kernel Average Misorientation) D& &1T->7- (f1Ek D &0).

S HIZRIFFZ, fF )8 O = 3RV ¥ —43 1 X #1536l (Energy Dispersive X-ray Spectrometry : EDS)
R0 EFEGT T T
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6-3 HRELUEE

HEERM 6 OB B SE LA i L 72 3B O/ G = A X 6-4 1277 3. ECAP I L& i 97 12-D4L4)
i & I OENRZ L TWDONR T EN, ACACH-F (T3L54725, ACACH-S.SIZERIRA) G A3l
N Te otz 2 N ABORREITE AMIE &% F TSR B2 7228, I v— b Be #—i#
DL C TR ONT B A A LT 4n X A% (n: ) CTIRETEHMOBNTIRZ 2. F7z
ECAP I LFEDENWIZ L 5 BAAMRO I /E VI IR TE o 7.

F - HEHRSIERERIC X 2 WS IREEA X 6-5 12" Y. ACACH-F [ 8515 7=, S
A3003 & RSSO Z b B b BRI SIRi 12 L » TIEEIZZ U < MalkEf) 7ol 4 e = 5.
L2 L¥BEE & 2 i 9™ = & T, AC4CH-S.S.1E A3003 & [FIRRFEE DY — MO\ E A+ 5 £ TICHE,
(GO P Nt N ZY A [Tl S O

(a-1) as-cast ACACH-F (a-2) 4pass ECAPed ACACH-F (a-3) 8pass ECAPed AC4CH-F

(b-1) as-cast AC4CH-S.S. (b-2) 4pass ECAPed AC4CH-S.S. (b-3) 8pass ECAPed ACACH-S.S.

(b-4) 2pass ECAPed ACACH-S.S. (b-5) 4pass ECAPed AC4CH-S.S. (b-6) 8pass ECAPed ACACH-S.S.

100um
Figure 6-4: Microstructure of non-ferrous test materials. ECAPed sample of (a-2,

-3) and (b-4, -5, -6) is prepared using conventional method with
©90°, w15° at 473K. (b-2, -3) are prepared using Tri-RD-ECAP at
573K. Whitish area; primary a-Al, dark area; eutectic o+Si+Mg2Si.
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350

—A3003-H112
A3003-O

250 ACA4CH-F

AC4CH-S.S.

300

200 |

150

Stress (MPa)

100

50 |-

0 5 10 15 20 25 30 35 40

Strain (%)
Figure 6-5: Flow stress of non-ferrous test materials.
- - -; nominal stress-strain curve, —; true stress-strain curve.

6-3-1 FHREHELRBROTAHMIDESER

(1) HEHBOXE

6-6 |2 & TR ORI 2 a8 3 5 1o O S AL AR & 3. F 7 Bl | 3RZ5E° ECAP I
TahE L7 et orih ks KOS o X 2 X 6-7 127

BREM T VI B4 ACACH I, /772y b/ 77ty NROLEEZIEKT D Al-7%Si di it
A THY, FIFEHEEREICKIT 2 ILEDOIATIHIL Si THHO. BHEOREELT SE2Gs, It
fm Si FHIEERRICE LHRIET 5 (K 6-4(a-1) /). —F, YEESHFELZITO &, 5-1-1 HD
S RIZAERAN ST b ENTFERLE LT, ¥l o ld7 > BT A4 MKk B S TERIRIS
AU 6-8 1T & D IS Za il Si ARk B L <IIAERIRICARR S 1L, Fdh o & 3EEL o O
PNERE L 7oARIEIZ e o TV D . T ORI & LT, SR KB —ER L 220
ITHOBARDOFER & 22 2B O L KRG S5 Z LI2 8> T, A X% —{bi L O
YA XL O OB EANE Z 0 @, F T BEEIRF O M AR A O BIR A 6, HihsE =
FACTH D Al OFRHENKE 22 o 7o 7o DIZHIRATRLIR O L5 ST TR S0 E X b
5. ET-HHEEOBEIIEBEFEENICEEE KT L, i o OIS OENWEZEAHL TN,

S HIZH 6-6 (a-D IR K 91T, WO -EEE S S I TRAE DY 100um BERRETH Y, Hihil
fkFIZIE 03%D Mg & —HIEUS LT, @REHEAY MeSi T L T\, RET 25 &,
RA AT D R E S L, BB LT 6-9 IR TR A A B DD,

I, W ECAP M LZIX U &3 DF 4« OETEN FEEE S L 72 &R T T 2RI
ODWTHEIET 5. K67 XD, $fm§l5‘a§fﬂ£ TR O OB S ITZE L LRV DITK L, dednil
SOWEDET 2 H725 LTS, 2Tk oE Ak 32 2 &1 X » TR ER
a2 EDD Si b BN -T2 L2k D720 THhY, MR EBPICEE LTINS Z %
RELTW5A. F72 ECAP M LHI# TIEK 6-6 (a-2, -3) 12779 K 912, 100um 75 2~3pum FRE
F CTHRESERLMHI L S 41TV 5. BB O HIRERR PN O X 43410 O RIERE R A X4 6-10, [X] 6-11
W7 ZT AT OPIEENEICILEE & O ZEITR O HALeWy, ECAP I LA id 2 & Tofiz
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100um

(a-1) as-cast AC4CH-S.S. (a-2) 4pass ECAPed AC4CH-S.S. (a-3) 8pass ECAPed AC4CH-S.S.

TR
100um
(b-1) as-cast ACACH-S.S. (b-2) 4pass ECAPed ACACH-S.S.
Figure 6-6: (a)Crystal orientation parallel to normal direction and (b)phase

mapping of sample processed by Tri-RD-ECAP at 573K.
Ultrafine-grained aluminum can be obtained by ECAP.

as-cast AC4CH-F 154133
as-cast

Tensile 4.1%

%]
@
6 < Tensile 12.9%
<
@]
< Tensile 15.4%

) Processed through 4pass
using Tri-RD-ECAP at 573K.

m Eutectic
OAl-o
1

4pass ECAPed.™"
.

0 500 1000 1500 2000 2500

Nano-indentation hardness (MPa)
Figure 6-7: Average of micro-hardness at center of primary and eutectic phase in
a cross-section view. Each error bar represents standard error of the

mean.

Figure 6-8: Eutectic microstructure of as-cast AC4CH-S.S.
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« FHROBEXRIELZHRSI

e
SEETS < OBt
R (C KB HARAI/ER YRaHDZEIRIRE @
SRS U —AD DR EERATAAE i) s\t
#HMmDE—1b "
. HEFEITHD
=L VA EhRE H— 3 o .
BV VEHLRE #o-r Xt 'ﬂ_/;, BRERREDIE . HESIOMHERIR
« HIRAICHBAID
HBATHDS A S —LDMLE v hO— DSt
Figure 6-9: Characteristics of metal microstructure solidified by semi-solid
casting.
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4
ECAPed AC4CH-S.8.¢)
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" Processed through 4pass using Tri-RD-ECAP at 573K.
Figure 6-10: Micro-hardness distribution at a-Al.
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= 200
S © QO as-cast AC4CH-F
E Y\ 4.7% tensile-deformed ACACH-F
.§ 150 S5 O as-cast ACACH-S S.
] 1o (O 14.6% tensile-deformed AC4CH-S.S.
w © 4 O 4pass ECAPed AC4CH-S.S.
2 100
= o
=
2
g
5 50
£ ® Processed through 4pass
& using Tri-RD-ECAP at 573K.
=
zZ 0

0 5 10

Nano-indentation hardness (GPa)

Figure 6-11: Plots of properties measured by randomly indentation of 80uN. Point
X and Y indicate standard properties of aluminum and silicon,
respectively. Measurement of hardness by indentation has concerns
that result is affected by phase expect the target, but results should be
within the range of rule of mixture between Al and Si.

100 Unit: pm

1]
8 ) o /N 20~40 — HAGB
< ,\ / \ — LAGB
o ® Ne ‘
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£ \ @ Siparticle
i) -
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[
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£
o Bl
> L
g e
E Fine precipitate of Mg,Si etc.
5~20\
Figure 6-12: Characteristics of metal microstructure processed by ECAP.

HbhH, IHICHENOEENDIZIEVE I DME T 5 LW KR EG . ERk bRFEMZ2DIT,
6-11 IR T L DI, $BAHIC Al & Si OFpEDOERA DOE D B AV IR A2 A LT
HZETHD. RETDHE, WIRAEEIIRT 2IRMEE AW T, BEEMRRIC) L TX 6-12
WRT R Ik sz B2 o5,

102



(2

Tensile strength (MPa)
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) MEREUIR
100pum F&E DRGSR, ROT AN TUZ K - T 2~3um B2 £ THAME L T\ 5 Z E 83 5
(272 o7z, FESHALAE— ORI & ER SN DO E DO Al fEfRio iz, X 6-6 (a-1) THE
RTEDLLHT, WL ODOHL a O EZORAOIG o NG ENTHDIRENDS, F)
g o AN A3 EI9 5 X 5 IR Sk 2 TEAE - CnD . T2 TRETRER0IE, Al fEdkkE
W2 & 5> CHEBFFRONME ST REN L TNDHI ETHD.

ECAP I 112 X 2tk E D Z L 21X 6-13 35 L ONK 6-14 12777, SREEF X OUEME 1T ECAP

H 573K W 473K

400.0 35.0
(a) () .
300 foo 5
300.0 Sas0 | -~ .
=
g 200 ,
200.0 a T | ¢)
) ~Om=m-mc B
E 15.0 1
g
100.0 = 100
5.0
0.0 0.0
0 4 8 0 4 8
Number of passes Number of passes
Figure 6-13: Influence of ECAP process on (a)static tensile strength and
(b)fracture strain of AC4CH-S.S.. The mechanical properties of
continuous ECAPed material are corresponding to the case of
material which is processed by conventional ECAP at lower
temperature. Each error bar represents standard deviation of the
mean. —@; Tri-RD-ECAP and - - -O; conventional-ECAP with
same channel configuration.
35.0
30.0 —@— Tri-RD-ECAP at 573K
250 =<=0-= Conventional ECAP at 573K 490° | 0°
=«O== Conventional ECAP at 473K
20.0 +++Oeee Conventional ECAP at 473K }(090" ,pl5°
15.0
10.0
5.0
0.0
0 4 8
Number of passes
Figure 6-14: Influence of ECAP process on impact properties of AC4CH-S.S..

Material toughness is improved by ECAP without depending on
processing method, processing temperature, and configuration of die
corner. Each error bar represents standard deviation of the mean.
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(b-1) as-cast ACACH-S.S. (b-2) 4pass ECAPed ACACH-S S. (b-3) 8pass ECAPed ACACH-S.S.

50um
Figure 6-15: Appearance of fracture of materials (a) and (b) processed by

conventional-ECAP with ¢90°, w15° at 473K and Tri-RD- ECAP at
573K after Charpy impact test, respectively.

TS L2, — 07 Ttk —Hkicm B L7z, £72K 6-15 12R”T X 91Z, ECAP T
e it U 7 - ek ] 5 195 L Ak 48 B L RR L S AEMERI S D RE I 72 i T A LT DL SPD VAR O A 2
FREECHENT 3R U, FHY O A 5 FRE DL BISM ESCED RPN EFIRIBIC e 5 2 E MBI N T
W5 (X5-102H). [X6-6(a-3) THERTE 5L ) ICARFERIZENTS 4 /3200 8 NRIIMMIT

THREERIEIRIE L TV e WC BB 59, B KIEIZ M B L T2 2B,

— BN AE R LI IR B 2 SR L S D 13T, 2o X5 Rt oA, Z0/EH
FHEMETH D, A E RO ALILSIi-Mg B EHZIBW T, JLdh SiRL T ORRBIZ E AHD I A LA
FBICRE<SEBRTHEN) ZERFLLIZL > THEIN TN DO, ECAP I LOEITIZ L0 It
B SiRL DTN B L CHAAARR D — IO B L7 2 SITRTE CHER L7228, 2o X
IS EEMED P Al &8 S DE Y STURLF- DM DB — 1T B LI TERRZ & 5 &, SRt 72
ERICH LTIV EZRTZEETHETE, ZITREOHRE L T HHEATHDHO. =
DX, FERRR LD G Stk F NN KEANCER T 2 & THMZR SR - (RIENE
BZHH L2 2 LI PARTE 5208, MIIEOEWRII TIRESE D ECAP M LA TR % Ktk
R LI IZOW I B E THRE L 72,

BJ6-16 12, WHT VI =0 LARMAICK T 5, &5 ECAP I L&k CHESE %17 > 72 AC4CH
P& A2 OIEEON ESIT 2 70 v b Uiz, RS b L EEsFE Ic AT+ 52 &
&, REE - SEPED R L— A7 BRDN D OISR bR TH D Z LR bnd. 61T, MY
OFTHEIET DT A—F y #EFT L0 b LA, SEOT AN LIREECZ O BRI % i
IS AOEEZ I Lo e 0 ) ZERbo T, w ORE 351 KVHARL D
W2, LRI B TE 20T ARICEAT 37 2A—2Th U, y K2 ECAP I LIC KIFT 2%

104



B6E RBRAUAMMEHRICRIIIROS AMIATBEHREDTZE

700.0
©AIXXX (pure Al) )
600.0 } A2XXX (Al-Cu)
A A3XXX (Al-Mn)
X A4XXX (Al-St) > expanded mat.
< 5000 }
£ . ASXXX (Al-Mg)
= A6XXX (Al-Mg-Si)
N’
= 4000 | ATXXX (Al-Zn-Mg) |
gﬁ casting mat.
E: die-casting mat.
N
« 3000 F
=
2 *
o .
= 200.0 @ o
A
100.0 =
0.0 1 L 1 L 1
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Fracture strain (%)
ECAP Die Channel configuration | p = cessing
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-0 Tri-RD-ECAP 90 0 573
—{— | Conventional-ECAP 90 0 573
—— Conventional-ECAP 90 0 473
e A Conventional-ECAP 90 15 473
—3— @ | Conventional-ECAP | Back pressure 90 15 473
Figure 6-16: Position of improved AC4CH among aluminum alloy for expanded

materials.
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Figure 6-17: Change in the maximum value of press load required for ECAP with

the number of processing passes.
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Figure 6-18: Investigation of effect of heat treatment and SPD.
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-1 XL &HIC

B 6 T, PEEESFIER X OV ECAP I LOEEMFIC LY, FHE LMD b L— R4+ 7H
frafr>Z L, BIMENRIEICH ET25 2 EBRP O -o7-. £7- AC4CH-S.S.1X A3003-O

[ DX~ OER L bIRER I DT, B A3003 I I REF & 0 5 S Tiz
XIGTELETRTES.

ARETIE, EEE G LRBIC L > TEREREZRE L, flx O8EHfks o7 I =
LAEEORIEZFMIT 2 2 L2 BNET 5. HIRICTER 0.5mm OFRMR D » 7% 1 T
TYERL L, H5I2 ECAP M TIZ X 2 OT AN TSR3 2N T O Z (L2 B L.

1-2 RERFX

1-2-1 @EERAAE LA

MT7a—%K 7-1 \ZRT 50 UERIE 217 9 7290125115 ¢9.2mm X @& & 9mm O T4 % H
BELlE (A7v 7 A). 56T, ACACH-S.SAZBIL TIE, 6-2-1 T THl~_7= FyE % H TR AL
WHEEEF b HEL (X7 v 7' B), Bk O~-HEOHM IMEZGV L (AT C). 2Dk
& ECAP I TIX, ¢90°, wl5eD#RHE % FFo0E0A ECAP MEDO&M % VT, I TIRE 473K T%
it L7=.

ERAL ST HH U 0803, 00 TA % 5% 89 5 &R0 O£ D=9.4(mm), 7% & H=15(mm),
PRUFFEd=8.4mm)L L= (K5-8 M), L7=4 > CEMNEOBREL =0.5mm THY, £7-
JEOHRIEIL =lmm FRE L R D LI I L AE—2 g V2B LT, MEEREZER L (X
v 7' D). JLIZE, AC H—A7 L2 (RSt Ma®ERT, HIF200) & Mo, 7 L@E
1% 375mmy/sec, M1 LIREII=R CTH L. MEANIZAT 7V UMl 2 i Lz, ¥4 (X17-2(a)
SR 13X F R I D RATUE % SKHS1 BEAAL C, D JE % SKD61 BEAALM CIERL L
7o, FloNvF (X 7-2(0b), SKHS1 BEAL) (FEmICEEERL LOT — =%t 5952 £ T,
RUF LRI & OBERRERE A2 IS U, AT D) 2R L7z, (B L a3tk 4 %
FiEE AW CEMEi L 7=,

1-2-2 FHBF %

(1) ERGEDTEAE
MEERORNIEZ, BENE S (KU 2R, 45MG) 2 W THIE LTz,

(2) B R DA IEDBIE
JTREF B (INSTRON Corporation, 5583) % FAVNCTHIGRIZ THIH LA M (Extrusion direction :
ED) DA CEHARROTHERE 1.0x10%s) 215372, RIGHITHEM THICE D 2 Y
v NE AR, AZSTETEEEE 13mm, FEAEE Smm, JEE R2 O & L~V R ERER A /ERL L 7.
WSO DONHEBIIT NS E AL, EMOF ¥ v 7 THATHIERYD 21772,
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As-cast mat.

Impact backward

/ = extrusion processing

/ workpiece
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* A3003

* ACACH-F ECAP processing

e ACACH-S.S.

- (4passes or 8passes) - ECAPed mat.
4 -
7, Product:
*" ” = T thin-walled housing
s B workpiece
billet ECAPed sample
Figure 7-1: Processing flow chart.
(a) (b)
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Figure 7-2: Die set of impact backward extrusion press. The punch, shown in (b),

and the stripper set up on upper and lower die in (a), respectively.
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Figure 7-3: Press load required for forming a housing. Each error bar represents
standard error of the mean.

__earing
3 behavior

Figure 7-4: Defects in impact backward extrusion using AC4CH-F.
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Figure 7-5: Correlation between shape defects and eccentric distance. Plots

indicate whether product has any cracks (x) or not (O). Maximum
eccentricity is defined as absolute value of maximum gap between
thickness distribution of a product and target thickness, 0.5mm in this
case.
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Top edge
extrusion press

Side wall

Bottom wall

(a) as-cast ACACH-S.S.

Top edge
extrusion press

Side wall

Bottom wall

(b) 4pass ECAPed ACACH-S.S.

Figure 7-6: Change in microstructure before and after impact backward
extrusion. Whitish area; primary o-Al, dark area; -eutectic
at+Si+tMg,Si.
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Figure 7-7: Compositional SEM image of cylindrical housing composed of
(a) as-cast AC4CH-F, (b) -S.S., and (c) 4pass ECAPed AC4CH-S.S..
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Figure 7-8: Evolution of micro-hardness before and after impact backward
extrusion. (a) Distribution of hardness at housing top edge.
Uppermost part is almost as before the forming. (b) Average value of
sidewall hardness is indicated as data from products. Each error bar
represents standard error of the mean. Not all materials are increased
in hardness at the same proportion by forming.
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Figure 7-9: Evolution of deformation properties before and after impact

backward extrusion. Each error bar represents standard error of the
mean.
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IR 2 BN ) OB IEEKRIENE, ©F ¥ Bauschinger ZhF1%, RHEOEIEED ML
MIZH G T 20 TiEle <, o L ABEEMBIEE D SRR & o> TRBLT 5 LRI L7, 4
Rr DO H ML HE3 &, Bauschinger RO BT T2 L 5 HIG ) O OF Hl FERAFE
IZOWTH LN LT, ZOERO—DIE~T a & 29 2 SO OO Bk K
AT K0 REFR & B 2R —AH D IR IR A O ZEN B LT 2 &I K-> TPERRFO RTHY 722G
N OENRBEZICENTZT2DOTH DL EREF L.

~VNLVT U A NEARESRFEGHRIZE o THED EIRE(LT D &, Bauschinger Zh3 DR
IZH# K L, Bauschinger #h3R OO Bl KA Ed L OV O &K Lz, —5 T,
Al —& @ik AZ AT oM B CrEg L7z & &, s8R GMEIC K D 51RB S O micin > TEL
% Bauschinger Zh 3t DE[A X TH - 7=. & D72 % Bauschinger 21 &1L L b & T3 EIEIKFD H
2 TR — AR 22 A BEBR IZ X 2RI CIIE B C & 97, S HITMFBEIICAE L D ~T o i
R OBUERRZEI, FSIIRFFEICRE L KT S 72 T, SlAER T CIIERFtIcEEr 5
ZRT W EBRHL Mo T,
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b

FO8E A

ZOXD RO AEFERFIZEL Z2EBHMOIZTE2ERL, BROOT HIEE OE VR
Bauschinger ZhRDIBLA 77— /W KITT AL, #F TR LERZ /5 Ny TRz &
STHIEERZISNDARAT Y VI Ny VBICEET LD THY, FETERVHRELZELDLHZ L
MTRSNT. LR o TEE, 2O XD RFEMBRERT — X 2MEFET VIEAT D Z LITH
MThs.

(2) FHRESHBEREOEMEMIME

I RA S OEEMEL, ORI REIC L > TRELS EEBLZIT L2 e BMbA TS
D, ZHEHIET S Z LT K0 F—(LFRA A R D722 DB OB A TEE 72 & QN BB ME & 3%
RICE DR D D, £ T TH A OFRETE &SRO I Lk &6 D8 T2 720080 - Jhdd
WIEZXAIAET D2 LT, MEUEOEHGIRAZHR L. SOICEN TA~OJSAEZ BT 5729
HWRERRIEZITV, ~7 2GRk & oo BEME 2 FGE L 72

Z OFER, ECAP M LIZ K D SRIMAIE OZIR L0 b, =R ITHY e ABIETE OV I LIT
£ % Si b T-OFER L OELEOEA, ERFFEICKEAICIER Uiz S HER U7e. hEEsEs
AR TR EEERRR IS S, WP L7 7 Si ORI EIC L 0 Stk iR WD, F
7= ECAP N LI%, AVafEHEtmkicxt LTI Si HZ A b 2@ 83 d 0, FEEEE
KRR U CIIERIR O 22 9180 Al 212K L Si R -2 S e Emicdh 7. —5 T, M
Bl A &g 0 R IEEKTIR ] ECAP MEOIR BRI I S 2 M AL S & 5729, #ftiRHE ECAP
BEOFPMESEICHE L-FIETHDLZ ERAL NIRRT

DURRIERE D D P REE SIS CE T T 5 2 L UE, TREE - IEVED b L — N A 7 BIR b ORI
LR TH L. L LIBOT AT K DMEYEET, a0 Z b OEWIC X 0 2EREsh
EM OB RITRE. £z, ECAP I LTEHEATE Y OTH®ICET D R/MIFH)/XT A
— X EEETLHR0 T LA, BOT AN LIRE 02 O BB 2 Hl4H - 2UIA B EE A Lo
ZENbhrol.

Z DX 9T ECAP M T & HE L7 Y BEEHE T L 2 =0 AAEITRE L IEIEDO AT ANREL,
T CITM 72 S AR 2 A L T D T OISR T 2R SR i Bh & £ 5 WA R I8 L T . sk
FEDENARNIN T ) CHEBRE G UH LEERATRETH 0, & 52558\ TICHx > 52 &
DRI S L7z

ULEEY, ~TeiEEs A3 286 MMNERICONT, ITEOERMIEETRD 72D DR ELER
FHEEHPIORDMELE T Y » V7 ORFUZ O TH LN Lz, WIFRORBHIIB W T Y, fEdbhL
FPHANL PR &L W b A = DORENAT oG IR L LB A XN TH 5 2 &
B LNC IR T A%, RIRBERISH T CERM B ORREIE, LY —EommEl, BEs
wAb, A IeFTEORMEHITEA~DERIZHEY, EMMOZRIEAEL & FHISND. AWFZED
BRI, MOBIBR¥E, XGh, EPE - N L4 R C LA A A R 2.
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8k A

Z CTOHIE
® LJIREE

Wt A S 72 & &2, BT E G IR 2 TS ) 0, 7210 TR <, BRIBSRIEIZ AT
JRWZ S L > TG ROE PR S CTHRAET H2E G OIS o, #IFIZE > THRIEN
HCHIE T TR AET DIEMEIS N o, , & OIC b R ITIC X 2 ABISHENFET H0
T, BB =B E LTE 2 2T s,

ZZTEHEHEOTD, AW IR o, DR L R L ZRGtRET b B O AR RE
ERETHZ L LT D, oF 0 BISHE,

oy=0y > 0,=0, > 0;=0,=0, &,=¢, =0 (Eq. A-1)

o MMOMIE LT
Gl LEMEOIST) - OFHBRIIFE — L AE L, $72bBREmE D ORIED 172 O (=7, )
Az (HRy) THDHETD.

ro=T (Eq. A-2)

FMBHIEIL L LT e=fo) LB ZENTE DA, 22 TRE A1 ITRTHIEEAL
WIEMEIRZRET D. DF b,

a=0'e+D(£—ae/E)=ae’+Dg

<:>s=f(0')=(0'—0'elj/D

(Eq. A-3)

(o3
%
!
(o3 O
€ -1
l tan~ E
5
Figure A-1: Symbols used in equations regarding work-hardening behavior.
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# i

o LUTHERIEDISEHBOBAAER
IS O RS E S —E L7 55 (FBIERT) (AT 5.

-~ [RET ] BBYERAEOT e (TR s, I HBIT 5 ~
S A (Eq. A-4)
S S 83
=72 L,

A WlER (1>0)
BVERAOT S e =g ¢, CEHBIEOTH ¢, =(g +& +8)/3)

L WSS s =0,-0, (FHEERH o, =(0,+0,+03)/3) )

[ OED ] IO & - TEREIZZE L Lievy CBIERYFEEHETE)
[ & t+éy+e3=0 (Eq. A-5) |

RELDELY, ¢,=0c¢=¢
FRET LV, X A-6 @ Henckey-Nadai @ HFFEE )L 5.

gl:;,.sl:4.{01_m}=21[01_62+63j

3 3 2
€2=ﬂ.~sz=ﬂ.~{o’2—M}=zﬂ{o’z—a3+al) (Eq. A-6)
3 3 2
53=ﬂ,-s3=ﬂ,-{o-3—o—1+o-2+o-3}=zﬂ,[ 0'1+0'2j
3 3 2
~ DBGETL ] K& DS T C O L {ERE ~

ARG DEISN T ORREMHFITHNT, MASDRISNDOKRE & & i3]
RIS LTI 2 720 IS A SIS S 0, OB Z, 417
BORIEN T OWMMEATVAET ORIFICHILR L ClAT 5. T72b by
S5 18— 8B R O BEARIS /) % 2 THIRT 2 10D T O 2 b 1
T5. ZOBEOTHOKE S& M5 ROBIEOT I L it 5200
REEE UTHYSEO T e, LV O BEGEZEAT S,

ET2, Oy~ oy PERIL, MEOM LM o~ DRIRE R TH S
LU, 2D, g, =flog )it s LET 5.
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HAMOTHT kL F—3 (Mises) B R AWTIG I (Tresca)
0-)2 O')2+(O' _0)2 Geqzo-max_aminzo-l_o-3
\/_\/ ’ ” ’ ’ 1 =(S1+O-m)_(s3+am)
= \/:wlslz 485,74y R
2 2
\/E 5 5 5 Eeq :E(‘gl _‘93)
3 Thd
Ths.
Do Te=as, URHLT) BRATS L, Do Te=as, (RHLT) BRATS L,
2
Eoq = /1\/%11512 +s22 +s32 Eeq :g/l(sl _33)
Lo EoT
gm=f@@};»§aw (Eq. A-Ta) gm=jﬁnﬁ=§4@@ (Eq. A-7b)

&Y, REA MBI O T LR & OBIR BN o T,
X A-7 5 &, Henckey-Nadai D 20 (X A-6) TR T L O ICEEHRZ 52 LM
TE 5.

> EAREAIFIC HAREEIZH 1T 5 E4KR
22T, NAS T ERO IS Ik w@mAT 5. A1 LD,

_ f(aeq)[a _0'0+0j=0
w 2

aeq

<0, =050y =voy

w

(Eq. A-9)

B AWTOT B 2L F—3H (Mises) R AWS IR (Tresca)
ZOL YIS, ZOL YIS
eq:%\/(09_0)2+(O_O-w)2+(o-w_o-9)2 Ueq::::_o
1 oy -0f +(0-050,)
B E\/+ (0.50'9 -0y )2
3
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KA ZFHWD L MFHE OO 2%

86:

f(deq)(o_g _0+o0, j
eq

2

o

_f(o-eq)( _0+0.50'9j

= \/5 Oy >
70'

£
2
A3

(o)

f
ZZTRX BIWMEEME Y,

SF Y, EHEEIC

!

o, 4D

BOTUTOBEBRAELND.

8k A

KA ZFHWD L MFHE OO 2%

fbwmég_0+q]

fo = O 2
__f&nﬂ[ _0+0509]
B Oy 70 2
-2

ZZCHRAIBIOMEEN LD,

O¢q — O Gy —O

flo)= =20 %

D D
D& xE,

& :30-9_0-6
4 D

’

= Oy =0, +T€g

Oy = 72721, a=+/3/2 (Mises) , 1 (Tresca) (Eq. A-10)
a
o EHREEDEMAER
> FARERITIS KRR IS & (S BARR
FROMFISREZEN 5. KA1 XD,
Oy P v 0 Ep
M T 0 N I
Ty = 0 (I-2v)2||yy =0 (Eq. A-11)

vE
o

w Zm(% +5t)

LTAT, N A9 [THMERIEEMNMEZ B L BRI TH 50, WMLV TEET
v =05 SIFRE7R0. Lo LHEBMESE R T OIS O AR 2 e 572, FPERIZRE N TS 2
DEIELTZ. KA1 A9 ZAAT D L, HMERICBS W T TORRRIELND.

E

g (Eq. A-12)
1-v

Og = P
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8k A

e F DT

—ED R THT LT 252 T Tl == U, £ o3 F ' — X > b 0 T EE T
BLiawha, $2obREMT2RETL2L T2 (KMA2E2H).

e {ilf
PRI &Y, iAo, s o MRy Lo LTS, PN D OEE D
i n (2B 2 AT R OBFHOT I,

2 +r,)0-2r0 7 (Eq. A-13)
2r,0 7,

%, ZoEE, AFH LTI HEATMOMITIE) op s KOMITE—A b M 1%, 2V AEW
RS LU OXDRLY 325,

892

m{%mﬂn,M=rw%mn (Eq. A-14)

AREAENT 2HAETMOOT Az e, LB< L, RA13 W EHF S ENA2 128D,
KA-14OFE _NFLITO@EY ITHEESHBZOND.

(t/2)/r,
ZIt ! cpepde, (Eq. A-15)

% %o
M= WI ogndn = 2wrn2I OpEpdey =2wr,,
T 0 0

o miFTOHMERIE (RTYT/IRNvY)
PRAGFICE D ATV 7Ny ZHigOMITAEZNZEN G, 6, P ol ER Ly,
P T B R LIDEE =1 0 RO, AT Y TRy Z A I T O Th D,

AO=0-6, (Eq. A-16)
r_r

AO 1, 1y,

29 T Eq. A-1

7 I (Eq 7)

Tl

FIERATV TRy B80T, MFEECAm LT — X by ERIUKE I THiAEIZ
NN T2 ZBZ A ENTEL. AT IRy 7 OBIZA L 5 HBE T RO )02
fb% Aoy ETHIE, ZOEEDODDENVFEENSLLLTORD Y L.

0=IMMhAawdm,—ﬂM=mewAaynﬂnl (Eq. A-18)
it i
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(a) before unloading (b) after unloading

Figure A-2: Symbols used in equations regarding dimensions of bending plate.
Additionally, ¢, w, r; and r, refer to plate thickness, width, curvature
radius of inner and outer surface, respectively.

> FTEHUVTH#5 - REEELCEBEEARDIGE

FREOIGE &2 & AT BN I Tai b4 (28 A-10, L A-12) 222X A-15 B LU A-18
AT HZ LT, TR Gons.

F9, XA TIZH WML Ac, 1T A-12 2N L TAT Y 7Ry ZHitg O MJE 5RO
OTHOE (gy—>gy) EBFESTONLDOT, XA13EZFIAHL,

-V l-v Tl Tn

E E 1 1
Aoy = 1_,2 (591 —59): 5 771(—__} (Eq. A-19)

BELND. X AI8 DFERICK A-19 ZRATHE, Wil KRE—AL R (=wi/12) %
)EHII\VCy

_M: E L_i Irn]nlzw.dnlz E L_L ]
1-v2\r, r, M 1-viiry

nl nl n

) (Eq. A-20)
ol L I7vy,
Ty 1, El
Lo THA-17, KA20 B LUK A2 kb,
_ 2 _ 2
A_6:(1 1% )Mrm :12(1 1% )Mrm (Eq. A-21)

] EI Ewt?

wiz, BT OMMEIERICER ST E'T— A0 P M TR A-15 IR A-10 BT 8
TELND.

M

2 ! 3 ’
_wt'o, N wt”D :2{3”m6e +4_D] (Eq. A-22)

da 9r r atE 3E

m m
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%, NA22 2K A2 ITRAL, LTFO@ 0 I IZrn’&Eons.
éﬁ_@_vz§@£;+i2
0 oE  3E
~ 9

D . D
=—+ l-—|o,
E A4datE E

(Eq. A-23)

25 3K

[1] FEEEN B ABMEIN L2y fW (1995) : Tl L —@sEb~odkigk—), = o).
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18 B

B&

AWFFE TR L 72 EHE i R s (3-2-1(2)IH) 2L - C, @MYl T A21T> 2 &
MNTEDLDEIDITONVTHEEL, AEBRTIEICBIT 2B ORI EHELFH TS,

EERFE
32-1QQEICEH#H LI=FELEREE L, UTD 48O\ TERETHoT-

(1) K& 12mm OFRRER R FATERRH THFIEM S ITON TN D Z L 2R3 5720, 2mm Z &
(2T DS X AR CIEMERABRICHE L7e. SBRATRRICT V2 v A T THEREZ R L, BGAITIC
FOIREHREOREZHEL T, BTN EMHEOEMEOTHEE M Lz, 2O, T2 EH
ofkoTEE~A 7 A =2 THEL, X311 2HWTHRILE.

(2) JEMEERRIZRB A AT RS ORR T 1 Ly b3 o586, FEROFHMES RSP
BRbDIZR>TLED 120, BEOSNE AR IOV TOFEEIT- 7=, 723, WEROHBE L,
TATHE S NTIRBRA ORMEOESEZHE L TEIB 7 4 Ly hO¥RSEZELGIWTHEET
L7, Bl OSIVE AR IIHFE— S Z W TR L.

AR:(WOZO—lj/z (Eq. B-1)
wt

() B A HIIAT Z 21T L o TUEMITEWEIET 2 2 & DG4 B9 & L7 1G AR & {7
FHBRO RN M X DRHREIC &> T EMREC & 2EH MA~ORR T S Cnian &
AWMERT D720, WEOT I e, \IZOWTEli&47 - 72

& -l (Eq. B-2)
lo

4) R EWREFAICKZDEENEETHD &, AMPBSHEERETIXR 25700, R
MZEHHER O OT BT — D 2 MDA I, [EMRFIZ AL MZAET 2D 20 E L. £72, 5l
SRZE T O BLES S IRAE & RIS, ERMEETRICRB W TH HllS JREE L 22> TV D 2 L B HERT 5
7o, EIEH M0 L7 OB OT 2l (r ) ICOWTOFHliZ 1T > 7. Hifilig|iE
BT D rfEIX, JIS 72254 [IZEEDWT 5 5k 2 W CHIE L7z, JEMEICHs T 2 rfEl, &K
FEBRTHWLRER A (X 3-1) OEFERIEOFEATH-NEIC I FEH L.

. In(w/w, )
In(t/z,)

(Eq. B-3)
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HBRELUVEE

(1) ¥HFEHE

i 22 DIEMGRIFIZ T 2 3B PATE O 28 M OFERE % AR L OEHE O T A %X
B-1 129 dilr oot L CEDZEBID 72 <, EMETGITRBR A FATH CHFIC RS TVD
ZEDHERTE . IRBAERTIL, HATHN THECEK 1% EOEBNE LSS, RR
R L L TEOROFERIZH N RN &L L.

(2) HEBRABROZHM
JERERBRCAE U A OO S EA M B2 17T, 2R 3-1 8L0B-1 LV, T
WoEMEEAl (Al=1y-1) Z/37A—2L LT,

AR =lylexp(- &, )~ 1f+ AL]/2 (Eq. B-4)

LD BIRRA SR B LD O TEDETRICR L. [[A—E FRTER L TLEROT A2,
ZZLOIELOERRONE, ZORKNE LTTRBRF 2RO L SR E2 LN, £z
FIE T RIZBW IR B-4 OBIRRITIFIERE - TEW D28, JEMGEE ISR, JERES R CH
WAL ROKEDIT bV ODRESKOARE =S NH LD DOIXLOENA LT, BRI T
X, JEEOORIUC LY IS HERREOD 5%HENE TEHFRTDHE L, AR>0.1(mm) DY
&, REZHEBR & L TEORDOERICHVW RN & L LK.

Q) EMEAREIZKSHE

X B-3 LV, IWEOTAHREIIMZ 2 EMHOTAHEDOEIMIEN ML TWD. Lizno TIRE
ARAKER & LRFFER O ARV MM K BHEE D, SRR A OMJE 5 R O TE 2 il L TV 2 & 2 RERR
T& 7.

4) EHEFFOAFEIIREE

JERERRBRRFICA L MZAE UMD ORI L v, BB ICH»DHEEEZFEH LR A2 X B4
W &Y, EAERER S EBRER A SPATERC A U 7o i B, NG TE S J1 DB BN L,
FD2%RREEITIR Lz, F 7B 0.2%IM 012k LT, HEE 3%REICINE > 72, [EfEEE
DT, FTRFOR O—A T THREE LB OT 2 ENED B, BENHELE L,
FA-BIZT THRE LAV MIFET 2T & IS X o TIREFFEIMA~B B L, 2Ll
B ORZIRIC L A HENEHEICINb > Tnb B2 LD, 728, [EMERI NS 5 T
NERFIZELS o TWNDEZARHDHN, ZHITEMRERISNIDETIZLA2HDTHS.

FHESEICRBIT D rEE A DE TR B3 17, KLY, FHEELEOH TIESL >V T
WHHEDOD, FIEBIOEMRO rfEXIEE—HLTWDLEEZ5.

HENEMERBRIZ DT, BB I T EENE L D720, BEIER & 72> TRV ATRENE
WD, ZOHE, FKERFER EORELZZTLZENEZLNDN, FIEOOXmENEHME
IZBWTHEZ 0.2%I0M /10K 1%& L= & %12, Dual Phase Sl iBhS I X HEHS[5E L 0 5%
FEIZUHEML, 72 rEIXIFER U TH o2 EfER LT D T, RERIZEB W TEMHER & 58RE
FEOREIS ) OZETIEHTEHRELLEZOND. 2O 0D b, [EMERBRILTERR & F
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18 B

4.5 8.0 7 10.0 10.0 7
£ 40 70 g < 90 1 9.0 g
EREEIN N S N———— Y R S R e ——— R
s 30 | g s 7.0 1 7.0 g
2 5 150 % % 60 | {60 =
= I e——o——o——o——o——e@ = = 2
3 140 = s 50 150 =
2 20 | = -2 o—o—o—o—o—0 =
2 {130 = 2 40 140 —
£ 5T § £ 30} 130 §
g Lot 12 = & 20 120 %
§ o5 [A—A——A—A—A—A | |, 5  § 0 [ A—A—A—A—A—a o =
&} - S o 10 1.0 E
0.0 . . . . . 0.0 0.0 . . . . . 0.0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Axial distance after comp. (mm) Axial distance after comp. (mm)
(a) DP98O(RD) — 0.007/s — 0.6mm (b) DP980(RD)—0.007/s — 1.2mm
4.5 8.0 2 10.0 10.0 2
L 40 | g—a—m—0—pg—8 ] 70 £ < 90 190 g
£ 35| leo 3 = 80 [m—m—p—B—m—un {380 &
£ 30 f 5 F 70 170 §
205 | o—o—0—0—o—@o | 0 Z % 60 f 160 £
= ——0—o—o—0 | -2 g ] =
£ 20 | 4.0 = £ 5.0 *—0—0—0—0—o 5.0 =
2 {30 = 2 40 140 =
£y 5 % 30} 130 §
£ Lo ¢ 12 = £ 20 120 =
£ | A—A—A—A—A—4 | | 5  § () [A—A—a—a—a—a o =
S os 2 S 10 10 2
0.0 . . . . . 0.0 0.0 . . . . . 0.0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Axial distance after comp. (mm) Axial distance after comp. (mm)
(c) DP98O(RD) - 10/s — 0.6mm (d) DP980(RD) - 10/s — 1.2mm
4.5 80 ~ 10.0 10.0 —~
T 40 170 E & 90 1 9.0 E
£35 m—a—n—p—n—um [0 7z = 30 180 3%
£ 30 5o & s 70 170 ¢
225 | e—e—eo—o—o—e |, £ 2 60 p—E—m—a—8—y |00 2
S 40 = s 50 50 =
2 20 = 2 40 o—e—eo—eo—eo—o |\ =
2 130 = 2 4 0 =
s 5 g S 30 130 %
g0 120 = £ 20} 120 =
S 05 | A——A——A——A—A—A | 10 = S 1o A—A—A—A—A—A | | 2
Q . S Q » . S
0.0 _— 0.0 0.0 _— 0.0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Axial distance after comp. (mm) Axial distance after comp. (mm)
(e) DP98O(RD)—100/s — 0.6mm (f) DP98O(RD)—100/s — 1.2mm
e=ll= Compression strain
—=@==Width of parallel part after comp.
e fpw= Thickness of parallel part after comp.
Figure B-1: Check of uniform compression. Each subtitle indicate “type of test

material — compression strain rate — amount of compression”.

FRICHEPRIE TITON TWDH NS ZENF R D, RBARERTIE, rEXEHKOEMEER C
DB 1y \CKT LT, 7 =1, (1£02) DFEEPHICILE & 220 o 7288, REARBRAELTZO
BOERITHN RN L& LT

25 3K

[1] FREE (1986) : [ IOT A fighr], saENE, p.212.

[2] ZRRIEE, VEMABRES, AuEseis, FEEEFEM (2000) @ “HmpN Bl E NG R ER IC X D & R
WOIETTOT Hih#R E r EORIE”, 2000 FFE AP TR HE S H R CE, pp.
213-214.
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025 — 025 ~
7 7 7
7 ‘o % %0\
N\%, 2 > 2 >
020 N\%, %, %, 0.20 % %\
E 015 Eois | el
g £
= 010 (Zp % e & 0.10
N o, ‘@ ] o -
2, o ‘o0 2 LN
0.05 \@ N \'A g 005 o3, %
° % ) % @
‘o, oy, N\ N0 e .
0.00 % 0.00 (500
0 2 4 6 8 10 2 4 6 8 10
Comp. strain (%) Comp. strain (%)
(a) DP590(RD) (b) DP780(RD)
0.25
00 {\3
0.20 f" 2 N
- o .
g \ . ® oy =0.007 /s
< . Y 10/s
(]
o, 100 /s
.... '...:\.q’ .
AN 5
4 6 8 10
Comp. strain (%)
(c) DP98O(RD)
Figure B-2: Reduction of specimen’s fillet radius by compression. Contour lines
indicate the amount of pushing.
6.0
S so0f S
£ 40t E
2 30 ;
@ L
% 20 f %
E 1o z
0.0 . . . . .
0 2 4 6 8 10
Comp. strain (%) Comp. strain (%)
(a) DP590(RD) (b) DP780(RD)
9
g
E .
Z . Ecomp. = 0.007 /s
g 10 /s comp. test
._E 100 /s
tensile test
Comp. strain (%) based on JIS standard
(c) DP980(RD)
Figure B-3: Increasing tendency of thickness strain accompanied with
compression process. ——; Chain and solid line represent average

of Lankford value of each test materials in compression deformation

and the range of £20%, respectively.

18 B
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s S
< 50 100 =
S 45 DP780 {190 =
N 4.0 comp. strain rate: 0.007/s | 80 ©
£ 35 170 =
< 3.0 160 =
U =
£ 25 150 £
8 20 pr 140 =
= 5
g 15 . 130 3
g 1.0 i 4 2.0 i
g 05 ¢ 110 ¢
T 009 : : : : 0.0 £
7] 0 200 400 600 800 1000 @
Nominal comp. stress (MPa)
Figure B-4: Surface pressure which a specimen is subjected to during

compression test.
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B&

AWFZECTERA L7z il g R B TE (3-2-13) 1) 2L - C, @MUNIIS N OTHBRE2HES =
EMTEDLNE I MITOWTIRGET 5. OF A5 — DI KA HLSIC E 2 AT B9 5 ATREM: N
BHDHN, OFT BT — VRS L OTHAEED —BICHERF STV D & BT OF Bl EEHEE 5
WY TH DN EHEET .

RERFIE

3-2-1 Q) HEIZFH L= FIE L FRR S L, Wl L2 OT 37— 12 X o TRERASEI T O
OT a3 2 EERIC, mEHED AT (RSt 7 + hr, FASTCAM-512PCI) % Hw
Trnd SRR 2 IR L7z, @ty 7 b (kl&4t7 « 7 7 b, DIPP-MotionPRO 2D) % A\
THRE L 7o W& & SEATER M O O A 2 RIS FHAI L 7=

HBRELUVEE

INAROT BIEE 100/s O s 5] gRFER (1Z , REBRA AT O AR OT A EOHERB 2 X C-1
R

Mﬂ®ﬂﬁ# , ZBICAT OB T T 20T AR EICET 5 2 LR TE RV, HDHA

UT# HEEISNLD B3 D 2 & idbhotlz. ZHERIMEOZEZERL, ¥iFFT 507 Z2H

F BE LR OREIBEEEE~OBITICER LTS, O TR =IO T HE 10%LL FD
BRECHIBEST D Z & o Tz,

WIZERED A7 TRE L CHILZO0T AEOHBIZER T 5 &, OF Al EHEL L Ol
EIFEAER N oTe. OFT HIEEIIRF2 L 2 BB L TWDEN, SLH ER Y 0 BAklrE T
DOTHREEIBBOR—ETHDLLEF X, DT AHAEEHEEITEYTEEERD.

- target strain rate: 100/s
2

DP590
ef/ 15 —_— measured by double-side
£ === strain gauge
s detached
2 10 ) )
= O measured by image analysis
=
£ s
4
0 L n n I
0 500 1000 1500 2000 2500
Time (psec)
Figure C-1: Transition of strain during dynamic tensile test at 100/s.
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EBSD 357 TiX, &8 ORfE S 1B T 2 Y4 CoBRIC | SV TA U545 3% — 2 D3 ik di
A ORECHZICEADO LD THDHZ LMD, M EHET LD THDH. EH%E SEM
BIZHANTH DR T DIEXRBE SE RN SHET H 2 & T, —mOFE S Ao HlE Sh
. ZO—ENZEFREYTERR 1 BB TR ThY, ZORE T BN ST
NIEHEF > T D

K D-11ZRT L8, HHET L AICKLT, METIE7 BV & ORISR T ZE
g NFET D, HDHE BNV AR L TEEBENS KAM L 1%, AT TOE 7 ELED
TSN EDVEIETH 5.

1
KAM 4 :g(gAl+gA2+gA3+gA4+gA5+gA6) (Eq. D-1)
212U, gnbiRIGNLED Y7 vV i ITEE N BERIS.
1
KAM 5 = g(gsl +8p t 836) (Eq. D-2)

ZDOXEHITEY 7 BMZHOWT KAM EARE &, KAMEODMMKNTE 5.

W, [F—ORE s LA FF OIS 1 DORERLE 72 SND . Z DD EOT B OGH,
TN ORGSR IAIE—E T DN, 0T HEM 5T LI VRN T A AERELD Z &
DEHBNTND

=z TTKAMTﬁ&%HwTEUﬁ?+ W HHBEMER B D L W BN 2 STV A G T,
KAM [ERNAROEDOESENER L TWDHTZW, GN EINEE GRS E RN D BEE)

xR T DI ERHALNTHHEEXHZEMTELENLTHD. LL, FFICHEOTHAILT
AT O B3 AT 255121 SS #ahr. (WEFHAUICHERE T D H50L) DEBEADKEN R 725
EEDLNTEY, ThE2EH TEXRVWEDICKAMEE OTHAEFBEORIT 5 Z L1325 127> T
IEWVNF 2R,

25 3K

[1] 5-HFHE (2010) : “EBSD VEIC X @@k D & Eat Al ™, #5700 & kK O HilH 82 i
mb 70 & AR O HIEEEE = BIHE R

[2] &ARIE— (2010) : “EBSD IEDJFER & BPEHHBARNT ~DJSH”, 5 40 [\ YN L7 +— 7
LEEHE, Vol. 40.
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A

As-received material

| subjected to strain

Crystal orientation distribution
in a grain become non-uniformly

' EBSD analysis

Figure D-1: Method of local strain calculation by EBSD.
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B&

2-12(D T~ L ST, WEHE ME2ahAGMMeER LML 525 LIENBAE—IZ
AT D, ZOBLEDS Bauschinger W R DFAEKNZE 2 5 &, RHEASR DR & E G A E
HOROFENEECER L TWD), IO 2 FRINCOMEL TERT 5 Z L3R TH 5.

£ 2T, ZHTHERCS LD RVE & W T, (RABEICH 2 OB ELZEH L TRT7 A —F R
X T 4 %4TH Z & C, Bauschinger ZIRICHET LR 1L Z2DOFHEDOESWE THIT 5.

HiEMTFiE

. =E7_'°)l/1|:.0)35EL\
7, OO A TR SN B 57 3D-RVE ZAERK L, [EHE - 51EZETR 0SB BB %2
Totz. /Bohi)sd] - OF A% S Bauschinger W HOFEE 2 53 5 72 O HIE T o,
(X2-3) BER (K32 ZHEHLEZ ZoLIRO28E2BFLE.

(1) SR OFRRHIENC IIIEF I BT RlRE 2y b — VRS EE e B 72, Sl A e R
IFHRERROBEIM IS DREIEL S NH D L FREND. £ 2T, —~fRNRMEREBR T
H D HEMSEFMEIIR—CTHV 2235 (K E-1), @RMABEN R 54, Bauschinger %)
ROBHBICEOREXETLO00EHET L. 2oL X, KL S Model I % DP590-1 FH24 &
TETMEEITD, ENED b~ T U A NERESE 27201286 SEHEATOIREN DT )
AR, T 722bb~LT A hOERBERREMES, HE23EmWEHEEZE L T Model 11
Z1ERK L7 (R E-1).

(2) HEEHAMEAE D Bauschinger Zh5R1%, #AKT 20 B RO LR &, A EH kDR
BEREEGHITER L TAELTWD EEZBND. £2T, RVE ORMICKI LTS8 — (&
E-2) OMELET LV EZBEA LT 52 6T, 2O00FEHOREE BEL 5.

e RVE #fiE# B BREH

RVE (1x1x1) &7 /OB & EERRM 2K B2 1TRT

ETIVOERIZIZY VTREEET Y 777 v N7 4 — A Digimat (e-xstream BA¥E) ZfEH L
72. Matrix # 7 =74 K a, Inclusion THDH~ILT WA b a’ IFEKEEZRELT2ET L (R

E-1Z28) ZHEL, TULORE TIXENENOHOHEZIA L., E-ZNENOHEOE
TERFMEZ DWW T, MPEHER R OB G 2 & T 5720012 5 X2 — 2 (RE2ZR) 2 B L.
ZOMEHED A Ty T — X2 OFMAE R E-3 ITRT.

A IR I I X BB fRTE Y 7 b 7 =7 LS-DYNA (Livermore Software Technology Corp. B
W) AR L. 6mIED S b—HAE —ElE CMHIZEN % 5 2, oL Saint Venant O il
A X OISR AR E L. ZO, K3~10%0D 3KEDTERE, KBELELE %
72. RVE |ZHim#$ 9678, %k 49791 |Z Hypermesh (Altair Engineering Ltd. BH%§) % VT A
w7, TRIZREOTAHERE .
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o
B 400 - J
200 Matrix (a-Fe)
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Figure E-1: Computational material testing using dual-phase structure of model I
(—) and model II (- - -) indicate same uniaxial tensile property in
case of pattern A, B, C.
Table E-1: Modelling target to estimate the influence of production error.
Model | Model Il
o’-Fe geometry
o'-Fe volume fraction 0.32 0.30
o'-Fe diameter 01-05 0.08-0.3
strength of a’-Fe 1 112
Table E-2: Modelling target to estimate the influence of material model accuracy

on simplified computational material testing of dual-phase RVE by
considering (O) or refusing (—) deformation properties.

of Bauschinger effect

Pattern
[0} S A C
dual phase structure
— O O O
strain rate distribution
strain rate dependence
of flow stress - - o O
kinematic hardening rule O
parent under static deformation
phase strain rate dependence O

pre-strain dependence
of Bauschinger effect

strain rate dependence
secondary of flow stress

phase kinematic hardening rule

T8 E
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+Xx

0.035
0.070

0.105

Figure E-2: Analytical model and boundary condition for computational material
testing of dual-phase RVE. Displacement along +x direction is
provided at +x face with fixed parallel +y and +z faces.

Table E-3: Material properties for computational material testing of dual-phase
RVE.
a-Fe phase o’-Fe phase
Material property pattern Pattern S | Pattern A | Pattern B | Pattern C Pattern S, A, B, C
Dual-phase structure model Model I & 1I Model | Model I

Hardening gradient is approximated linearly after 0.4% total strain.

Using experimental data, uniaxial tensile result | Using
of SPCE at 0.007/s (Pattern S) and 100/s | literature data (6).
(Pattern A, B, C).

Linear isotropic hardening

Young’s modulus E (GPa) 195 210
Poisson’s ratio v 0.3 0.3

Yield stress YS (MPa) 1254 385.6 1339.8 1500.0
Hardening gradient H’ (GPa) 1.3756 2.1623 4.6880

Hardening parameter 8 is determined based on
. . . experimental result of B.E.R. at 0.007/s
Kinematic hardening (Pattern B) and 100/s (Pattern C) :

p=1-BER/2Y-YS/(¥s+H's,,, )|

for &,,=0.03 0.280 0.441
8for &,,=0.06 0.361 0.818
8for &,,=0.09 0.380 0.902

148



HBRELUVEE

T8 E

(1) Dual-phase #EDEWIZ &L ZEE

72 % A Z b0 RVE BT/ 5 IERE - SIIRETMITRS £ 42X E3 1oRT. Zhk
D, BTSSR X VT L AR O D72 778 Bauschinger 2051 & 2 FRERIG 1) OAK Tk
I I0%RREDEE LT LT Z LIRS THDHZ ENbnD.

static

1.000 l dynamic
l M Sim. (Model I)

0.800 | Sim. (Model II)
A 0.600 F
i
o

0.400 |

0200 |

0.000

3.2% 6.9% 10.6%
Pre-strain
Figure E-3: Influence of phase structure. Figure shows analysis result of

compression-tensile test for RVE under pattern S and A.

149



T8 E

2) T RUYI ZAOMHEEFENERMEEICEZ 5FE

RVE E7 /L OMERHEICK LTk A e BHE T V&l U CHERE - BISRETEARNT 217 - 7285
K%M E-4 277 d . Pattern S,A O~ b U v 7 AOKTEREIIBEMELRI 2 HEA L T2 b
P57, BERMYIZIE Bauschinger Z RN HBLL T 5. S HIZ Pattern C D7 = T 4 MEIZTOT
FEIHEINT 212D Bauschinger DI RAMEHT 2 KL OREL TWDIZHELLT, HISHITT
O i & EOMBIMEAZ R L T 5. Pattern S & Pattern A OFERA LT 5 &, EROOT A
HWEORWE &, T70bb “HOPMIBRBE D AN RKREN L ZFZEHFILNTIRELRY, 56
WCEMRB R PEREIFRETCHL~Y M) v 7 ANTAE LD OTADARIIRIA L 72D 2 E3bho
7z.

(a) <>B -1 400.0
&
o8 1 3000 o
s &
| A
® & ¢ =
O ]
o © A 12000 %
© &
1.0 s B %
0.8 B
E 06 |, Al 1S {1000 &
& 0.4
0.2 o
0.0 0.0
3.2% 6.9% 10.6%
Pre-strain
dynamic
(b) © 1
—= <~ 0 static
0.00 l
. = <= T 5t 0.5%
e -
3 - & &
= & ¢ -10
5 ) < @2 3%
g 52 a5 |
2 —> <~ S g
= =2
— 7 <— = 20 r
9%
-0.01 < s L
Figure E-4: Influence of matrix material properties on macro deformation

property. (a) shows analysis result of compression-tensile test for
RVE composed of two phase structures of Model I. (b) and (c) depict
contour figures of strain along loading direction at a cross-section of
RVE at macro pre-deformation of -0.5% and progress in distribution
width of local strain on each macro pre-strain under pattern S and A.
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Dual Phase #2539 % Bauschinger Z15R D P A Ol EEK 71, 372405 Bauschinger %))
ROOPHIEEIEEAE 2 WE L, “HfE% A 5480 Bauschinger ZFEOFBLA 77 = X
DZOWTERTD.

RERFIE

3-2-1 THIZRE#R L7 FYE LAk & L, reverse 2D OV Al % 0.007/s (26— L T, TEED
forward AR D O A FE & 280 S CTHEHE - 5IERBR 21T 7.

HBRBLUVEE

JEAE - BIRRBROMERZ K F-1 12 L, ZOREED B HE M L7- Bauschinger 253 O aFAMifE % X
F2 12T, KXY, TERBOTAHAEENRLRLIGEHTH, BRI L O Bauschinger 2% D
FHA T — M RERERD AL ONRNZ Lo Tz. LA > T, Dual Phase #ilZ351T %
Bauschinger 250 T A O3 AR IFE, 372405 Bauschinger 2050 O3 A ik g R (K 771k
FEACZIREINEIVWEEZOND. ZOBERKIZOWTERD.

2-1-2 (1) HIZik~7= & 512, Bauschinger iR IX FAEEHIEA ST 8:A7, BLRENICE -
Tl Z B0 ARE)— SRR LT 4E9 5. Bauschinger 231K L CRESERIN L~V T O ZE8) /)
IR D L, TEHITER E NI B VB DFIEIC K > THIS DB BET 2HERRENVE S
BITWDH, —7F, K2-16 IR L& I, e &b OTHBEDENIT L > T /v
DIFENEDLD Z EIIHLNTHD. AEBROBERTHL TEROTHAEEDENIZEL T
Bauschinger ZNRDORREIZENE U o702 &L, OT HEEDIEWIC L5 B /VEBRIEIEOE
WRE L TWeWZ L2 LT O T, ZOEMEFEBRSEM ClE+o ke g WS R S LT
Mol Z ERHERITE D, BRI B VBRI R S < WATEL BESRUERH D
ZEFIMBNT VDD, AEBRIZZNICHS D, ZOHE, FICHMRASCHEEROFEICL D
WERIE S DAY —1E A Bauschinger 1R ICA 5 LT\ 5 &5 2 H415. Dual Phase lOSE, &
FRINIZ 7 o — 1 A LT e B2 IR A3 H 0, T L A A& IS R T D IS L 2/ da
PESER LNV TOEEIZER LEBEEPEY THLZ EEARL TN,

F7o, OFTHEELEREBRICEL Y, BRI OOT R ERGEIIBM OO T AEEIZ L - T
RELIERMESNTVD. Lo TEMRMREETO 0.2%0M N mRE DL TIEXTERO
forward FEDOOT HHE DB LY &, RKEEARE D reverse RO OT Al BE I K 2 8% K
ELRTDEVIMERNTE S,
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25 3K

KEEE, SRS (2004) @ ¢ H B BEEZELE MM O 72 O OO LTI ) O OF
RFEEOERAL”, FFEE TR REAAE, 125, pp. 1747,

SRR, BEmEE, —EEZ, SFER (2003) @ “HHEEM BAIKER SO O HEE R
K OOPTHRBARAFNE”, A ARS8 11 BIEEHATEL - APBHIN T B s i & 5h SUE,
11 %, pp.221-222.

IR, HATEE (1994) @ “EOT AR EREIRIC 31T 2 R0 G &R Ik 2
IRBR”, B AR EESRRSUE AR, 60 %, 579 5, pp. 77-82.
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Figure F-1: Result of compression-tensile test under various strain rate condition

of each process. Pre-strain is indicated as shift amount from the
origin of horizontal axis.
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Decreasing rate of re-yield stress for Dual Phase and SPCE mild steel

by Bauschinger effect derived from eq. 3-2.
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5-12 HTERZ & 91, HESNEOTHORE THMEBFHITIR L LSO TBY, £
72 SPD D4, ﬁaa*ﬂr’%ﬁﬂﬂlﬁ ZEGT BRI SRAEL Z D & RIS HRAL O [14 R0 B kL
IRENETS 5. 2O X9 B OB S SRR Z TRIT 5 2 LIXNEETH 5.

Z 2T, RE SPD RICEZ VDTNV =0 AR@DOHMMEBO NS — 25 2, B
BT & > TR 23013 2 St 2 TR 5.

HiEMTFiE

o EFI)LIEDIALY
LLLTODSOOD:E?/I/ (K G-1) ZAERR LT, MR, HTHPOFLE, FROEARKREDOE
, ROT BN LHE OB ICBIT AR REREICE 2 DB RIEL - 7-.

[A] HRREE D OT ft 515 O A B EAE b B 2 A8
WIHRIN DR 7 7 LA o O—H 3mSR R X =R EA ST L RE
T5ZET, £ IO AREEIT S OMMBTR O ERKE S 5.

[B] FRONY A AN LA AN fid o 2 1 - 7o & 2 ARE
WIHIRIN D T o B DS EE b OV T 7 LA v O— Il mWER T R L F—0
BASINZERET HI LT, £ IbARYEICEBAOBMPTRL OB AR E SH 5.
ZAUX[ATFEY OO A & BERL L &2 A2 FIZZ T TR BB ISR Y L, 3t ECAP IED N TR
A ORI ZIER T D 7o DIcE 2 T2

[C] 53 72O 25 5-1% o0 sdfor F il A 25 8 2 AEE
WIHIRINIZ T o & DGR E% S O 7 7 LA V& BLiE L, & ORIAR 58 2 81
295, iU, ML RAMTREZRMLEAE RS 720 %2 /e K 912 L R
ECAP & HWT, JIMLNEFIREBIZAD 4 "L E (K 5-10 28) oM LE5%
e LY TS EE XTI

e BRESEEFIIaL—PI3aUEH

Phase-field 1% M\ 7= &4k S I = L —3 3 Y —/L MICRESS (ACCESS e.V. Bi%)

ZEH U7z, BRSO3 EITFRERIZI, Non-conservative 7@ double obstacle function 7 > 3/

¥/ (T8 HZMW) % Multi-Phase-field & (ZHE9E L 72k 2z VL 72099,

4 = Zml{yy(¢v¢ IV + ( )] FAG} (Eq. G-1)

FENTREIR I 2 YR IT 12umx9um (grid size 600x450cell, grid spacing 0.02um) & L7=. 5RO A0
LTI 100nm OFE SERIAIL £ TRRE Thd 2 & SO TN D O TH, WIHIKIN ORI L,
£150nm O 7 X L) A X% H -z 7= Voronoi 781 > K "C Voronoi 435 L 72 F-HRiEE 500nm 0 25 i
DA S LAHMREA DOV 7 7 LA U 2AER L, FUmEEA 3cell & L7z, E72MPEMEIE, Rift
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Out of dislocation tangles Out of micro-shear bands
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> X — LAGB
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In case discontinuous ReX is
occurred at the low level SPD
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In case discontinuous ReX
is not occurred during SPD

Figure G-1: Modelling target to observe discontinuous- and continuous-
recrystallization behavior with various initial grain condition.

SyENEE m=mg exp[- O/RT] (mg=9.8 m*/(J's), Q=147 kJ/mol) 35 L UMLIR = /L3 —y=0.6J/m? ©
RV, 15°LLFOIRARIROBEITENEN 033, 0.75 FOMERE Lz, 3HEIEOFARLZE
#HOET /L (K G-1 Z) (3T DT LORIEDENRLZE DM OEKZFE G-1, K G2 1R
7.

F72, M&ERTP~ORMPDOFEHESCEEILEOTINL, B - FEROEITNEDL SND. 2
FUTEROFS db d CRZIRY) IS RT3 MEHT L, 8507 - RIROBENEE 2/ NS < T 579
ThHV, drag ZFEEVS. IHICv MY 7 ZAFITHHONTEY), BB BL T84
WIZZENDDORE SIZ Lo THMEMICEZ DEENLR D, K lum UL EOMH KRR 23 E T
ICIFEL TWDIEA, R OB TRE—ERNEL S Z & THRARE LT 2570, R
A IR E SN D, — 0, IR T3 0B L TV D 5AIE, REABENICRT 5 vk
DINENA U T, RRIIIH S 5. SISO R LY, CUEdRBE L TN D
EARGE L CREN AR 7 2 A L7
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Table G-1: Analytical condition for recrystallization simulation. The influence of
analytical parameter of red font on final grain size is investigated.
Parent phase Second phase
[A] | [B] [ci (fine precipitation)
. _ d=250nm
size ave. d=500nm area fraction=0%, 5%, 10%
Initial subgrain misorientation <15 | random random random
stored energy ave. 4.8)/cm3 -
temperature 473K, 573K
max. number of nuclei 2.5~3/subgrain
size d=200nm
further nucleation i
afea fraction of ) 10%, 30%
high energy subgrain
misorientation 15~60

discontinuous SRX

continuous SRX

Unmoved particle

0%
H
10%
(b) 2 level of area fractio
L
Nuclei
without HAGB with HAGB
(c) 2 kinds of misorientation.
Figure G-2: Initial grain model. Contour figure of (b) and (c) indicate stored

energy, that is area fraction of nucleation, and misorientation, that is

magnitude of interface mobility, respectively.
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S DITHERE SR D, RIRRE ORI OWTHER L. 3, BrhioAEm,
FIRILEDOEWNNI LA Z G3 (RT. ZOfERLD, $AFERS S OB AN HE ) A
fen & D NI D BT, 100K QNN LR EE AR AR ICBHE R L KIET Z RPN Lo
7. FZOMIIREIC K 58030 “FHOMFEIC L > TRIBIZEK L, B G4 27T X9
RIRMHI IR E -6 Lz, 20L&, FIRENSARY—, D0 HRBFIEOICERK SN0 R
TS T o720 § 213 SRIRMHIZRITE T L, K RAITR LSRR R O B v ik
HMPIZHFG LT eWZ ERNbnd. RIS, V77 A ORI EDNRIREAC RIE T A%
¥ G-5 2R T. FRAEARFUCHEN THWDE5E, BRIV =20 S8 5721013k
R+ 2Ehs S8, IabblEflnSEs 2 & TRV —2 5T HNIREN. —J
TIRARICHH EN TV DGA, Lok ZRR LT, T72bb Rl MRS E5 2 L TERET
ANF—ZHETHHPER. 2O X ITEARIROFEIC L > Thip RN R0 5 2 &
MWDo T, BRI DEARL L7228, ik U7z X 5 ISR SR RS2 £ U D RE0 & RipE#
IR, BRI K DRI IR T L.
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Figure G-3: Analytical result of recrystallization after 10sec. Graph shows grain
growth rate of single phase under —; continuous SRX, and

discontinuous SRX with A; 10% nuclei, <; 30% nuclei.
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PGS R WA IZ I3 0E K,  Johnson-Mehl-Avrami-Kolmogorov <& 7 /L2 D & BR Al € 5 /L
EHER f = l—expl— kt"J (Eq. H-1)

X2, Cellular automaton &5 /L, Monte carlo ‘&5 /', Vertex &7 /L, Phase-field &7 /L& DEfEH £
TADHOLITW S, ARBFSE T Phase-field {52 AV 2. 2 OFEICIE, HOM OB mo#E
EEGREA, IEBOTEX, EE R A BRI T 227 7 7 VR E By, SERERE?E
HAL L2 WO RIEDNH 5.

72— X7 4 —)L FIEOFHEIE, RFUIARREAEFFOLEE X, n{HORLO R HHRL i & i
THIDOME r LR ¢ ST DL S, =¢,(rt) (7272 LEBNO R TORICBNT
G+t @+t P, =LAV D) AERRERE L THEATLHEZAICHD. ZOERIT, ¢ =1

KrilN), 0<gy<l (Kii EMORIORIIR), ¢,=0 (Kii LVI) THY, BRIFEDOIEHF =
TR DIREEDIFMREA BB RT. 22T, MOREBOKEMEREIL, AT L0HHT RILIEF—
R & S92 &0 ) JFEICNIH L CB 2 5. 2 O FIEII RS S Eh-00 i 2> B [E A O R
EHSEOARESFHTICFI A SN TN D.

Ginzburg-Lindau % F 1= 3L ¥ — 3 g = g(r,0) DS L LTUTFTO LY I25 2 HN5.

2
F= J (”’7|v¢|2 + f(¢)Jdr (Eq. H-2)

X H-2 OWRE D TEO S —EIZABLT 2L X — (Gradient) TH Y, ¢ NZEEANIE—KE7 & X%
Kesn, £ H2 OWRESHEOFE IHIE, R0 —DLEOHHZ R L X—BbEEEL
TEY, —RIZ2OOMENbRbLEEZD.

f(¢): Fdaub + Fchem (Eq H'3)
R H3 OF—HIZIF 7T 2 LRT v/ (Double-wall) THY, BV ESMHOBEHT R
X—DREREEZ R T, ¢p=0+1 Th/MEZ & HBHNEY TH Y, Flz X EHFARRT vy L
TEBT D L,

Fupuy = @f° (1 9Y (Eq. H-4)

S5 H-3 o “HIMEFEA EH B = %L ¥ — (Chemical) TH Y, BEV & HIMHOE—FHExT
FX— 1, fLEET. BRIZBWTROLMIETEEEZ, ¢lp=0)=0, g(¢:1):1,
g(p=0)=g'(p=1)=0 23 LT 5 ¢ |TkH9 2 BRI g(9) 2 VT,

F'chem = g(¢) 1t (l - g(¢)) 2 (Eq H-S)

EVIHIETRTONELETHD.
AR ZHFRAREELTD L&, BB RZ L) ICRITFICHHRHZ RV F =2k b RIS T
HNZRHFERT D L EZXDDT,

[ [y
o 5p ot
o .
X -M;— 5 (Allen-Cahn /7 F23X) (Eq. H-6)
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iz kY, BRFEEEOEEMBEXDEL N, EOICFNETE BT RV —0ONRD HEE I Hfld
A E W) BRI H S . Non-conservative 7 D double obstacle function ;R T ¥ ¥ ¥ /L & AW =5 A,
BRp 723 RAT L T oz 5.

. 2
¢=m7{(l—¢)v2¢—¢v2(l—¢)}+%(—1+2¢)+’””jG H—9)  (Eq HD)

IR EES, m TR S EHE (mobility), y Xk — /L ¥ — (interfacial energy), AGIIEFE
TRAXF—PLREHENS2 DO THD. ZOL EHE -HITAR = XV X — % FEIC L7 InHa

(Diffusion term), % « ZHEIX TNV T 2 VAR T Uy VB IO E B 2L —% £
L7-BUGIE (Reaction term) Th 5. Z OB ERIT, 0EH T XL F — 2 LS C
WHIZLE D &2 L, 23T =M ITNEDRKREI VKR Z, ZOENP I RELA
HHANCEALSBTE D EBERO RN XK TICEIVHFET LN BEDAT 2280, FF
BINDZ Enbnrd

EAZEST, BV & 5 48 (Phasei, Phasej) 38X H DRI T B K EE DR
RA&H H-1 12T, FRICRRGENER L ORI R 3L ¥ —1L, RRREOREERY A X Th->T
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b5, ZTOTOIAFETIIMMLIZAE S GND X SSD  (Statistically Stored Dislocation) (DH#A( D
RN B TE DRERPIIRT & O~V F A — LT V) 7 BTN TN DA,
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