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Fig. 1.2.1 SEM observation of fracture surfaces with different thickness t and ratio of the ratio of

thickness to grain size t/d 10
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Fig. 1.3.1 Increase of surface roughness Fig. 1.3.2 Relationship between roughening limit
and forming limit
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Fig. 1.3.3 Improvement of forming limit by removal of surface roughening

(3) HEWTRHEIC KIF T FKi b D

e BITRE 0.5, 0.3, 0.1, 0.06mm OFid 4 x5 IR 21TV, i b itk 2 E)
CIEMERR B A FRA L2, U 0.6mm M H D UHRE & TS, RBRaeiTo7-L
=%, Fig.1.3.4 ® X 5 ITHIENHEVIRE 0.05mm DA & RAEICHITE 2257 4 > 70
HERLE., ZoZEnD, EEEICKIETERmONOEELZRIL LT,

=0.5mm (Simulated surface roughness) t,=0.5mn

1,
>y

Fig. 1.3.4 Fracture surface of metal sheet with simulated surface roughness.
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Target of this study

Ductile fracture mechanism of metal foil

Previous studies and their problems

Researches on effect of surface roughening on ductile fracture behaviors

11 13
< Rougheningand forming limit> ) <Simulated surface roughness and fracture surface > )

1,=0.5mm (Simulated surface roughness) 1,=0.5mm,

A
L7

1,=0.05mm

10pm . - 10pm ‘}_ o ‘é

Only under uniaxial tension

Approach of this study

n-situ observation of metal foils under Biaxial tension

Fig. 1.4.1 Target of this study
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Confocal laser
microscope

~ 4

Small Marciniak testing apparatus

Electric XY stage
f v 4

Fig. 2.3.1 Appearance of small Marcniak testing apparatus on confocal laser microscope

Table2.3.1 Design specifications of small Marciniak testing apparatus

Size of apparatus (mm) 270W X 120D X 130H
Limited blank thickness (pum) 100
Maximum stroke (pum) 10000
Minimum feed (um) 10
Maximum punch force (kN) 4.0




Fig. 2.3.2 Appearance of small Marcniak testing apparatus on confocal laser microscope

: Laser
Die microscope
hoflder :
7777 A7 o3\
E 1
Die -
Blank =
: E
Driving &)
plate Blank =
holder
/ 777
Fig. 2.3.3 Schematic illustration of dies and tools
Table 2.3.2 Dimensions of dies and tools
Is Ipp Dpp
Dp Rp D» c
Rp (um (pm) (pm) (pm)
(um) (um) (um) P () | )
1120 700 1500
8120 /1500 7000 /900 80 50 50/100 /2380
/1000 /3000

10
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ETEmE E LT, M3t LT Marciniak E25EH CT& 570>, KDL & BT EHE

ZTOLBETED0O 2 REFE L. I6I12, FA—0RBRA MO OT HoMmNE & £k
bIEROBIEZRIRIIIT A D E e L.
2.4.1 P I OGRS TE

A & LT, BE 50umD#Hti 7 L 2 =7 A (1N30-0) & lidiiE(C1020R-0) % A /-,
(LR T L, B E1X 8.1 iz IR sz, BRI % Fig. 2.4.1 12
R kxR TERS9R ) ZATERR A KBTS 72 Marciniak EIC72 BV, FF9 O < U
8 wE O ULk E Ui, JEREF AR O E L b L5, UHINTI X > Ttk
F7=. w=1.0, 0.25mm DFEMIZDWNT DL, YIHIIN T O NG 2418 Uiz, #FEEIE#400—
#800—#1200 D= A Y —#& o, F7BITAT O 7 VX VEEHEEEDIC 5% AV
OFT B OBEDT= D, MM REIZIEH 50 CDRAEBEHI L > TARy 7L/ % —
L HRBAT L2 R LETdh 5 36 K2 2.4mm & & BN RBE O O 05T 2 IET 5 726
Eé%ﬂilﬁék@2ﬂmnﬁﬁtwm@m%ﬁob+~@%%mwk.h%w%ﬁﬁb
TR ICEE SE D720, BRE —F—WNT150°CIZ72 5 ETMEL-. M F—%7E
BHSE%, 7T M UOBIRICE LR S BEIERESEZ1TV, BEOREAE X > 7. R
HIZHOVWTIE 244 THRIRT D, RIA LT L— FORIRE Fig2.4.2 IR, FIA
vy 77— MIWE 50umE 721E 100umDFEHERL 2 7 > L A FEM (UFGSS) & v . /8
VT & OBSEIL T v S REEAE V.

B L7kt 4 VTR LERBR 217V, BRI Ui A LR U —FBAMET £ 72137 v
BN~ A 7 aAa—I G CEEBAICEIZE Lz, BTV BUISEE O, BlE5Mt,
7 VA VEEAERIEDIC I & 2 OF A0 ORIESMIE 3.1 BiTikR%.
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2B RmbbIFEOBRBIEO DO/ T EEH USRI O B %S

w=15.0, 9.6, 8.6, 7.8, 6.0, 4.26, 2.1, 1.0, 0.25

1

Rolling
direction

'
!
[

Thickness: 50um

Fig. 2.4.1 Dimensions of blank with various widths

Hole diameter 4=1500, 2380, 3000

Fig. 2.4.2 Dimensions of driving plate
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2.4.2 &EEMIZIIT D Marciniak 1% O H o GEM:

2.2 Hi ik ~_7= L 917, AKiAB#EIT Marciniak 0 ISO B IZEEDS & &TSHENRE X
NTWDR, HEOEASNTHY, Fr2o Marciniak R T2 DIRAEIT RV, £ 2 TR
/NETCIEIER L2381 R oo ATREME 2 F A L 7.

Fig.2.4.3 15 LU Fig. 2.4.4 |Z3r% OEM AT H I JOBAMEE TR L7k L a2
RLEEBDOTHD. EHLEHICA SN SMABEOBMEZITAE, RIA 77— DR
WALEZ R T 57201 60 UORBRA IR THWZ DO TH S, WL R/
V7T — NRNOAE TR A T TND Z ERbnd. ZOROESH-HEIIEROHE
D CTholz. BRSHE, FERVFLERTA e T L— FEOME S EE TRV E S
V%E,ﬁ4ﬁ%iUF74b/77V“%@Aﬁu B DWEEN R OILTz. T H Ol
FRCTFHRBEDFABEREZRELL, RIA 7T L— &R FHOMEN % IE
b2 & THBET 22 ENTE. FERBRAORKREELRD &, BRA 07 7 U8
WCLDIERAELTELT, BB OMRIIITO 15mm EIFEAEEb> TV olz, =
DZEMD, MBRO7 7 o VEHITZNEICIRA L TR LT, MBREO LbIx Nidt+mKE
NI DR T E .

Fig. 2.4.5 1% w=15, 7.8, 1.0mm OffidilE & %512, AWrERTICH T DM LEE, &K
FOTAHFRDOAA T —OTHOMER LTS DO TH S, BFERITE L% 2mm 1057 &4
INTH DD, BEEETIC BT 2 O T AEF 2B TE H51F 8 HoMo VWO T B & [l E T
X5 Enbhotz.

Fig. 2.4.6 33 X ' Fig. 2.4.7 |2k % 72EORBR 12 EB1T 2 0T AR ORI TR R4 R~

77 7HOOTAHITHELTZOT ALY, BH—ER L TCWDLEHTOVEEZ &0 ET L
To. 777 10 Hhg HRIREED & % @5 iRIKAE £ T, BRx 22 ZHhg 3R Y o H B AR A3
BoONTWLZ EBbns.

PLEORERZEE 2, BM THHAERRIC Marciniak #E235@EH A[RETH D Z L3 -
7-.
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Tested
specimen

Images just after crack
opening

Die corner radius R» 1120 um

Punch corner radius R, 700um

Thickness of driving
plate Tpp

Hole diameter of
Driving plate Dpp

Fig2.4.3 Images of tested pure aluminum foils with w=15, 7.8, 1.0mm and tool dimensions

5 025

Tested
specimen

Images just after crack
opening

Die corner radius R»

Punch corner radius R,

Thickness of driving
plate Tpp

Hole diameter of
Driving plate Djp

Fig2.4.4 Images of tested pure copper foils with w=15, 7.8, 1.0mm and tool dimensions
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02 F REHNTDOHBEO DO/ " dhiEH LB OB %

Width (mm) | Images just before crack opening Euler Strain distribution

Strain
direction

2 A 17666 mm

7.8
Strain
direction

500pm *

Strain
direction

1.0 ¥

Fig. 2.4.5 Images just before crack opening and their strain distribution of pure copper
with w=15, 7.8 and 1.0mm
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2B RmbbIFEOBRBIEO DO/ T EEH USRI O B %S

0.25

< < <
— — o
o wn (=]

Minor true strain €2

=
=
h

0.00 -
-0.10  -0.05 0.00 0.05 0.10 0.15 0.20

Main true strain &:

Fig2.4.6 Average strain paths of pure aluminum foils with various widths

Fig2.4.1 Strain ratio a of pure aluminum foils with various widths

width w (mm) 15 9.6 8.6 7.8 6.0 2.1 0.25
&

a = 6—2 1.13 0.74 0.05 -0.11 -0.14 -0.14 -0.28
1
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KEbNZ OBBIEO -0/ HEH LB OB %

Main true strain &:

wl.0 w7.8
(a = —0.53) (@ = —0.15)
0.2
0.15
wl5
(a = 1.01)

0.1

0.05
0

-0.1 -0.05 0 0.05 0.1 0.15
Minor true strain &

Fig. 2.4.7 Average strain paths of pure copper foils with various widths

Fig2.4.2 Strain ratio a of pure copper foils with various widths

width w (mm) 15 7.8 025
=

a 1.01 -0.15 -0.53
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2.4.3 Kbt DRI

KR HNOTDOBEBIETHEM 2 AT 5720, RBE LEETOEMOEm T 07 7 A /L
ZEF L7, Fig2.4.8 12 7.8(a = —0.15)IZk L CEE T 7 7 7 A V& TG LI- R 2R~ T
A hr—71% Fig2.8.1 OB x FEE L — NH TS YA r—V X0 lEL. H
A ATERAE, RIA 77 L— hORRINEZ /R L TWD. XLV EROHEITIZE
IRMMT T 7 ANDOEALE, F—ECBWTEIETETWD Z ERbn5s.

RIEMERZ R T D72 DIITEERTOBENLETH Y, B —EICBIEE e
1349 250pm U7 &< 72 5. £ 2T, ARREEE CTITEE R T — P& 7o B Bk RE
FAL, BT EoBEEEILRZK > TW5. EEIC, Fig2.4.8 THZEBOKE S1EX
£V, K 1500pum WA EHERLTWD., ZHRICEDERETHELY, RIMEer 77—
NRPITHRYS 28R LA, AT 5720 O30 IRWER A BIZR T T\ 5 2 & 05k
WTE-.

Fig2.4.8 7 O IXEBEAFFRE/ZR A b v — 27 MRS OWEIR 2% 523, EEICIEER/D
10um &\ ) /N R EE BUGRR S ATRETH D, Z DA hr—7 BT, OFROEHFC
MERERE, B 2SBE < B 72 E13 2 b - TR WRE THhH - 7o, B LXK EIc o>\ T
1T 4 TR RD.

18



Stroke Captured Height

(um) images distribution
1500. D & Eppm
1000. 0 1::

S00.0 =
-15.0
200

-25.0

0. Opm 500.0 1000. 0 1423.3

500.0

0. Opm py

0. Opm 500.0 1D00. 0 1405.9

e G
1500. 0
15.0 ym
10.0
1000. 0 0
0.0
5.0
-10.0
500.0 ‘
-15.0
-20.0
-25.0
0. Opm

0. Opm 500. 0 1000.0 14835.3

1708. 4 8. 9um
1500. 0 15.0 ym
10.0
50
1000. 0 0.0
50
-10.0
S00. 0 -15.0
200
-25.0
0.0um

0. Oum 500.0 1000.0 1435.3

2380

2590

Fig2.4.8 Captured images and their height distribution of copper foils with w=7.8mm
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2.4.4 [A—RBRTIZBT 50T HaAmllE R X O E & vt R EhEl s

BICOT oA 2 IE Lz DIC ¥k TlE, 52U RmICBABEHT L > TR
I NRE =2k, BIRFHONRE = OEbE S ENZOT A OREEITH. LvL,
BELORFOBE N R HONFB OB AL KFTZ LIIRFFHIBBR TS, 22T, K
INETTTITBEI O b ORE A L, —2OREBRA S OT oA IE & £ b EE O #]
BAEITO Z L EMEt L.

BELOBR AR 5720, NE =B SHEMICH LTT ' b R E V-
TR &R L& WMEEFIH L 72 BB D 2 > OMLER % i L7-.

A I VE 1 BREREIT 72, YRl 02 L% Fig. 2.4.9 (@), OI/Rd. £, 1ZIEFR—
HATIC RIS A lE O SOk %Z Fig. 2.4.10 1257, YeidaT 2~3um FLEE TH - -
JER I REDRE E TR SN TWE Z EB3b0n s, FRICREI T O ENEE TH 5.

Fig. 2.4.11 268 L 2 WMEZFIH L2 BRI O 2R3, f6 & BBt &I 1T
BRZR AN BV, [WH ONESHOFESIIKF O L O ITHMAOAERF /LM e LTRNLE. 20
7o, ZOREREAIC L EVEEZRITIIE, MO X 5 ICBEOHSORZ T 5 2 &3 T
X5, IREMHALTCEORCT y MU A LT-. T72bb, WEHROm X7 — & &4k
brL, ZOREHOE ST — XL > THET DU ZIT- 7. ZORER % Fig. 2.4.12-2.4.13
WRT. BRI E DI S AL lum DL FRRE & e o7z, ZAUTIKIHRRRENICR L7z R
BH ORI EIZERIEORE I ThHo7o. LEOME AT Z LIk, KEbi#s
ICRIE T BERE OB 2 FARIRICHf T 5 2 e N TE D EEZbND.
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ANV B AT
Poaie® 07 9% Penic® el %5
o2 P e R

o o . o 9 A - {~ ‘.-
i, i " oS, . BT T e
@ . : 1, SRR -
2ll°7«me .ué ‘ ._’ e = . Ilﬂlﬂulr\g 0 = ’ ‘ 3 e ®
o @ O & el Tia Ty MR e
g 'ne @@ a8 L400%n. 1] BT S s T@IT L L N
(a) Before cleaning (b) After cleaning

Fig. 2.4.9 Patterned surface of copper foil before and after cleaning

23.000
22.000
21.000
20,000

19.000

um
50.000 100.000 150.000 200,000 250000 278292

Fig. 2.4.10 Comparison of height profile between before and after cleaning

rRanE Wy
o« N
e
. [N
Vg
ninge “n
e .

Fig. 2.4.11 DCL and BCL processing of toner painted specimen
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(a) Before processing
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(b) After processing

Fig. 2.4.12 Comparison of height profile between before and after cleaning

18.000

17.000

16.000

15.000

14.000

0.000

50.000 100,000

um
150,000 200,000 250000  278.282

Fig.2.4.13 Comparison of height profile between before and after cleaning
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31 MBIV RFIA LT L—}
R IR =50pmOAET v 3 = 7 AfE INB0-O #f & i C1020R-0 41 % fu 7z,
(LSRR & O%ARL S 4 Table 3.1.1-3.1.2 35 L (" Fig. 8.1.1-8.1.2 [/” 4. £7, flidbhi
%% Table 3.1.2-3.1.3 |75 3. Fig.3.1.4 O3ERER A 2 H, 56N IIEH 0T %
Fig. 3.1.5-3.1.6 |\~ 3. 36N OT BN n it o = Ke™iZHE D & L2 E,
FERTE O TAE{EFEENE n=0.296 THH-7=. KT 77 L — NMIRE 50umDOHGHIKL
AT v L ASHUFGSS) % -, RIS ERIT 2.29um CLslili skl # Fi > T80, KT 4
EL ST L MCESR SN DB AP EE NI CX 5. Fofh, BB ~D ALy 7

NG — O LT, EEIER 8T 2.41 Tl

Table 3.1.1 Chemical composition of 1IN30-O

Al Cu Si+Fe Mg Zn Mn Other
=99.3 =0.1 =0.07 =0.05 =0.05 =0.05 =0.38

Table 3.1.2 Chemical composition of C1020R-O

Cu Other
=996 =04

Fig. 3.1.2 Microstructure of C1020R-O
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o Slge gress gfMPas &

Table 3.1.2 Grain size for 1IN30-O

Thickness 7 um Grain size d um Number of grains in thickness t/d

50 113 44

Table. 3.1.8 Grain size for C1020R-O

Thickness f pum  Grain size d tm Number of grains in thickness t/d

50 16.6 3.0
93
< 30 > N/ Gagel =
> ge length=10
’@ < / ~
| _ \
—t  — s — e — m— e — . — —.-i—..— ................ —.t\.\/
)
Fig. 3.1.3 Dimensions of specimen for uniaxial tensile test
|
|
|
-
|
0 0.01 0.02 0.03 . 0.04 0.05 0.06

True strain g

Fig. 3.1.4 True stress-true strain curve of 1N30-O
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250

200

=
a1
o

100

True stress ¢/MPa

a1
o

0.02 0.04 0.06 0.08
True strain g,

Fig. 3.1.5 True stress-true strain curve of C120R-O
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3.2 FEBRFIE

BRI L7k 2 W CHEaM O sRH LR A 17 5 . BRI O -0~ HES OB
DONTIE 2.3 Hi TR TWD. BRHFIIEM OEL L%z, eV —FBEMEE 23Ty
BN~ A 7 aRAa—T7O 2 EOBEMEIE AW CEOLEIE L. BMEITE bzl F—
T ABTH Y, ES VPR, TN~ A 70 R a—70 L DB M
Fig. 3.3.1 1T F & 7. FEARMIC L — VAR SRS 2 72y, BRI G s iP5 8)
DFHT, K =a 2 MHES—RIAWVBIEEIR A B WG e R EIET VA~ A Zn Ao
— 7 .

Confocal laser microscope Digital microscope

Ductile fracture /

. Ductile fracture
Surface roughening

Measuring object

Observation time Long Small

Confocal laser
microcope

Appearance

Electric XY stage

Center of the stretched region

Observation
area

Image size =2000 x 2000pum 2570 x 3420um

Fig. 3.2.1 Observation conditions using confocal laser and digital microscope
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3.3 aHifiJ5ik

TEM ORI LR 2 £ O848 Lictk, TS Lcifgd K OER%E 0B A 2 v T
R ZAT 72, BUG L7ZBB A BIEEICOTHESMOUEEmE T a7 7 A VORG%
1To7=.

OF BT 2 Z VAR B (DIC )12 & > THIE L7=. Table 3.3.1 (2 DIC i:DH)
ERMERT. Y7 MIMATLAB ETHEIET % Neorr!® &9 ¥V 7 & vz, DIC AT
%, BIEAIAOEBRIZESOY 7y EMHIN L HERE ER L, BREOY Ty A
B OBKE O3 A THIB - BEFL, TOTHSMEG5. Neorr TlEH 7 &y MIMIRTH
v, Strain radius |X% D>f>#%, Subset spacing (XM 7 v Nl L0 CH 5. Tz,
O B A 2 15721%, TEM O JREE < CIVETEBR MG Z FHI 3 2 72012, MIBRFA O O HIE
AT o7z RIBIRFAOF A3 Marciniak 0 ISO Mk WIZKSEHE L. T7hbb, &
DOFNEIZ L -7,

DR EEELRT O Hi{5 %% 58

QFINDOEFF MK L CREIEBOR L&, B EORKRFOT HhenmiziGs.

QOEBDOOT HHND, e BNIKNE 725040 & 5.

De; IR EZWDTHRAFEDOOT B % < ONNERO O B & LTRSS

@F% 7z < CIE D OF B o340 & s el U, & ORRK 5 % ey O RIZ RO 7
apnc v,

©FkkICe; BRIEFT RO EOTH) ORIEIRA O T Zreyp) 2155 .

Dezpy = —(E1¢p) + E3(IICEV g5 E1F 5.

B O, HESV—THEMEEHRDO Y 7 by 2Tk > T F & F 7208 il hE
ThbH. AHFETIE, 3D a2 —OER, MEOKRHT 2T 7 A VOKIR, RiEHEO
BEEIT- 7=, ZEH S OREERE Fig. 8.8.1 (27, R S ITHENITPHH S ReB IO
RRE S R (S)ZME L7z, Rald, Rl ORES K FEEZ TS 726, HEILES M3 L 0°,
45°,90°1Z 1\ - R D HL E Ra(0), Ra(45), Ra(90) Z I E L 7=, BEHEGHERIE 1 A 1500um O ELH: 61 A<
MRy, E5IERRIL 16 AL L.

Table. 3.3.1 DIC parameters for measuring strain distribution

DIC software Ncorr

Subset radius (um) =85.6

Subset spacing (pUm) =193
Strain radius (- ) 15
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5 3 F MM L OERTIE

(a) Maximum height £, (s) (b) Arithmetic surface roughness £, (0)

(c¢) Arithmetic surface roughness R.(90) (d) Arithmetic surface roughness R.(45)

Fig. 3.3.1 Measurement area of surface roughness
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4.1  &JBTEM O GEM R 2 )
AREITIE, HSATER X OWT VI =7 AEM OIEPEBIERE OB 2SRRI OV TR RS,
AKENTET, WEICELE TOLREEREZRET H7-OME LmNOT A% RT.

4.1.1 BIEF X OREPE 56 E)

R DL Z R D720, 72X VliEFHBEDIC 15) & AW mN O 255046 D
MEEIT- 7. WER % Fig.4.1.1-4.1.6 |[=/~x¥. Fig. 4.1.1-4.1.3 I IC BT 2 E N
ZH w=15smm (@ = 1.01), w=7.8mm (a = —0.15), w=1.0m (a = —0.53) D OTHIREEIZD
WTRLTHY,Fig. 4.1.3-4.1.6 1347 /L 2 =7 AEICBIT 52N w=15mm (a = 0.96),
w=7.8mm (a = —0.07), w=1.0m (a = —0.53) @ﬁ?\?()\ﬂ‘%ﬁ(ﬁﬂﬂéﬁ*%’i’ﬂ“ LTW5. OFH

ETHAT—OTHTHY, BRI L TARESR X JGm) LenEdm (Y HE) Zh
ENOOTHhENT—arZ—KTRLTWS., KPP THECHTN TS BROERD D0
FIEREI R T A B 77 L — hOSUROMEEZART 572912, oo LR EEIC
NRUTHWEZbDTH L. mRFOT AL, MEHTDT w=156mm X X K1\, w=1.8,
1.0mm TIXY FREIZERE ThH 72, EEBFORRKEOTHAGHOa X —KIZEEHT
5. EOFMHIZBNTH, IZLOH—IZER LI=0L, TROEREREIREN, WHEICE
STV, ZOLE, METEKRFEOT AL MK L TIRTEE R S Th 7.

Fig. 4.1.7 13#8A5E 2B 1T 5 w=15, 7.8, 1.0mm ZNZENDOEINEOILKREE, X O
Wi > SEM 84~ L T5. HIEHICEHRT 5L, w=15mm (a = 1.01) OFFITEAE M
WCEFHME L >Tnd—F, w=7.8mm (@ = —0.15) BL O w=1.0m (@ = —0.53) Tk
EHENEWEN E 72> TS Z N5, ZRHIEWTIN O RKEOT A llk LT
ME R JTEIC—E L TEY, Fig.4.1.1-4.1.6 TR L7 #IROEEF I G L Tz, £
7o Rk O SEM %% 75 &, WINORBRAIZEWTHT 1 MBS I LR 7.
[RIAFEFOBRE 0.5mm 35 K OV 0.3mm OIAF D FERABRIZIB N TT 4 TV OFIERHE ST
5B 2, RS RORE « ARBHELIAD A B = X B2 Ko UEMEICE -7 L B2 5
N5, £z, MMICEUERRS 2T T 7ANRMETHZE DB Rk S TR,
R HIVUTER LT SEPEREE N RIE S D
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Euler Strain distribution Euler Strain distribution
in x direction ! in y direction

500pm

0.211

.

Fracture point

Fig.4.1.1 Captured images and measured strain distribution of pure copper foil with
w=15mm (a = 1.01)
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Euler Strain distribution Euler Strain distribution
in x direction ; in y direction

e T

Captured images

Fracture point
z #  500pum

Fig.4.1.2 Captured images and measured strain distribution of pure copper foil with
w=7.8mm (@ = —0.15)
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Eeq

0.096

0.152

0.175

Euler Strain distribution

Captured images " . .
I = in x direction

-0.02
-0.04
-0.06
-0.08
-0.1
-0.12
~0.14

0
-0.02
-0.04
-0.06
-0.08
-0.1
-0.12
-0.14
0
-0.02
-0.04
-0.06
-0.08
-0.1
-0.12
-0.14

500pm

Fracture point

Euler Strain distribution
in y direction

0.18
0.16
0.14
0.12
0.1

Fig.4.1.3 Captured images and measured strain distribution of pure copper foil with

w=1.0mm (@ = —0.53)
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\ . Euler Strain distribution Euler Strain distribution
Eeq Captured images . . . . ; .
in x direction in y direction

Fig.4.1.4 Captured images and measured strain distribution of pure aluminum foil
with w=15mm (a=0.96)
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. . Euler Strain distribution Euler Strain distribution
Eeq Captured images . . . . i .
> in x direction in y direction
-3

0.104

0.156

Fig.4.1.5 Captured images and measured strain distribution of pure aluminum foil
with w=7.8mm (a=—0.07)
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4FE FEBRERBIOEBE

&

Euler Strain distribution Euler Strain distribution

Captured images . . . . .
: in x direction in y direction

S
<

1 mm

1 mm

Fracture point

0.288

Fig.4.1.6 Captured images and measured strain distribution of pure aluminum foil
with w=0.25mm (a=—0.24)
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Images just after Fracture surface
crack opening

Strain ratio a

-0.15

$§3700 15.0kV 4.4mm x1.00k SE 2015/12/10

-0.53

Fig.4.1.7 Opened crack and fracture surfaces of pure copper foils with w=15, 7.8 and
1.0mm (a = 1.01,—0.15 and — 0.53)
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4.1.2 ERETHORLE LR

AI/NEIC RN T, BEOEITICENOT RARIRICE T L, O CHlEICES Z &
Whinolz. &I TANITIE, #ROEBETIORAE L OB OV TR~
%.

Fig.4.1.8-4.1.12 1%, FINEEZHEUD X 5 e EORREOTHAOMAZRL TND.
Fig.4.1.8-4.1.10 |ZHigRE D Z L F N w=15mm (a = 1.01), w=7.8mm (o = —0.15), w=1.0m
(@ =—-0.53) OFER%E, Fig.4.1.11-4.1.12 13H7 VI =7 MBI 5 Z L w=15mm
(@ =0.96), w=7.8mm (a = —0.07)DFERZEZ R LTS, BIFOETITHEND, X TD—FRIZ
ERTDHb00, HHO0THEBZDEEENRITHNCET L, #EREL THIESRND)
5. E£7m, ZOL EEBETHUNOEBITIZE A EEE L THR.

ENER Uhad DS AT 5720, BIERAOTHOMEEIT 7. BIERAO
T AT ISO Hiks I EESEMIE L7z, BARBYZeWE H kT 8.3 fiCik~<7=. Fig. 4.1.13
B L O Fig. 4.1.14 (Z2 - FHlidiiE T O L 2 =0 A5 O RIE IR O3 211 E 5 R %
RY. 3AIZEST LT ey MR, EREIVIEETERTER IS T DR KD 2R LTS
REZBBL, BEICELIETOOTARKEEZ L STCLDTHD. TRTOERMBITENT,
FRIEBRAR A Z 7= D G AEICHEENICIZE ST, BEE VoM TFRb o7, ZoMi
Fig.4.1.1-4.1.6 T/R L7-HRR ORI O AT E T T DRI KIS LTV D, F 7oAl
B OWTIE, HHICIEig R & LT, B ORIERA & R Rl e BT h 5
Hill'® 35 X O Stéren-Ricel? BEGGIZ K 2 IR AR 2R U7z, WERG®IC L 2 R A O
Phreyp HRADIBLOUDITFT. 7272 LEBIERTIZ I T 2nReii{kllo = Ke™29E 5
I —EBAMEREL TS,

(4-1)

n
Sl(f):1+a(aS0)

2 2 -

o B e 0570 -
2, nidNTE LR, alfa =&/, OOTHRETHD. ANEED nflilk L OEH
NS TTOTHBEINZ DN T 2 BEE SR I, Fig. 4.1.18 XV, COREKIZHENT
b FERAVIZHE L 72 R AU I LR OB BR A 2Rk L TR Y, L biT
w=15mm (a = 1.01) TIIMMD 2 FITLLRZDENRRKE o=, D7D, Bk O T
T D2 L OTEIRE, RfbER, fESAR, SIEAA ROREGEE Vo7
ERPWIERFUCEBE L TWDEEZLNS. ZDH b, RA ROREAEROEEIZON
TIE, AVNEID SEM BGOSR L VIERNTH .

37



54 FERFRE LUER

0.14
0.12
0 0.10
= 0.08
= 0.06
0.04
0.02
0.00

mn &i

stra

am tru

M

250 750 1250 1750
X coordinate (um)

Fig.4.1.8 Main true strain distribution of pure copper with w=15mm across the crack
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Fig.4.1.9 Main true strain distribution of pure copper with w=7.8mm across the crack

39



4 E FERERELOEE

0.15

0.10

0.05

Main true strain &

0.00

-0.05
250 750 1250
Y coordinate (um)

Fig.4.1.10 Main true strain distribution of pure copper with w=1.0mm across the crack
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Fig.4.1.11 Main true strain distribution of pure aluminum with w=15mm across the
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Fig.4.1.12 Main true strain distribution of pure aluminum with w=7.8mm across the

crack
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Fig.4.1.13 Forming limit curve of pure copper foil determined by experiment and theory
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Fig.4.1.14 Forming limit curve of pure aluminum foil determined by experiment
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Fig.4.2.1 Strain and height distribution of pure copper foil with w=15mm (a=1.01)
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Fig.4.2.2 Height profile of pure copper foil withw=15mm (a=1.01) across the crack
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Fig.4.2.3 Strain and height distribution of pure copper foil with w=7.8mm (a=—0.15)
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Fig.4.2.4 Height profile of pure copper foil with w=7.8mm (a=-0.15) across the crack
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Fig.4.2.7 Arithmetic mean roughness of pure copper foil with w=15mm (@=1.01)
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Fig.4.3.8 Ten point mean roughness of pure copper foil with w=15mm (a=1.01)
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Fig.4.3.9 Arithmetic mean roughness of pure copper foil with w=7.8mm (a=-0.15)
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Fig.4.3.10 Ten point mean roughness of pure copper foil with w=7.8mm (a=-0.15)
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Fig.4.3.11 Arithmetic mean roughness of pure copper foil with w=1.0mm (a=-0.53)
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Fig.4.3.12 Ten point mean roughness of pure copper foil with w=1.0mm (a=-0.53)
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