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Recrystallization Texture and Shear Band Formation in Bending of Metal Material
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x£1  AE LM (mass%)

Chemical composition of samples (mass%).

Ni | Si | Zn | Sn | Cr | Mg | Cu
2.3Ni alloy [UNS 64775] | 2.30 | 065 | 0.50 | 0.15 | 0.15 | 0.10 | Bal.

3.8Ni alloy [UNS 64790]
No.1-4

376 1089 | 051 | 0.15 | 0.20 | 0.09 | Bal.

EAMEBLER R I C RSS9 4 720, NP TERT O sl O %
WEFTTINEnEEZ BN D, F72, PSRRI, BE 5
EEO TR E AT N LUIREIC L DElE L, Nol ~4 )%
V23NIE&EIZOVWTENENZT um, 40 um, 3.8 um, 35 um,
46 um L FIZAE%STH - 7220, T2, HUEM BT B HTH
W OSATIREEZ FEEICT 5720, HARILRL ORI BB 4 F8
OB THER UL Lze 20X 9 12Nol ~40a0kHE, %
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HETH Ho MNTHEEE, R (a) IR d @8 % vz W lingn
TAZ X D FERE L7z HFPEERIZO, 01, 02, 03, 04 mm®
SKMETERL, REOMITOThEELHMEL 72 MIFFEA
NEWITE, KRERITOTARIHIET %0 DT, #HIFSRMAE
OR,04R 2 ED X 912K T K1 (b) 127R T & 9 1Al R AT R 1
Ly RF4 (LD), 2: M iE 75 m (v #hJ5 1) (TD),
3 EUE I I (ND) OERER L Lz, HIFREOEF)
AR ERIC BT B EIEF NPT & L7z BT ORI
10 mm, EZ1302 mm & L, HEIZH L TR A2

(Mg BT ORI IR O I LR T & 5 2,

(a) (b)

90° 90°
N N

D:\l/ | :
¢5§@ T \\~/’\\J/,

E1  (a)90° W T a5k ﬂ%wfﬂ L AER (b) fF T %
DOFREEF BT B SRR
(a) Press metal die used in the 90° W-type bending test
and (b) sample coordinate system in the bending
sample.

5liEaERIL, JIS- 135 BEtBRA I X ) O AakifE33x 1073 s~ 1
DT, SHRTHEM L 720 5IRET ISR TR O
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2.2 FE-SEM/EBSD%IC & % & AR DRERT

M P AT O TR & R a0, BRI AT 15
WA L 72 A WELE T HHT (FE-SEM/EBSD) 12£ 5T
Blgg L7, BlgmIXMPEAE O TDWIH CH 0, WiTE L
WL AT AER % BET L2010, RREBEBTT VIS A+

VG A 4T o720 EBSDOWMIEAT v 71301 um & L7z CI
E£30.05 LV F O WE mUE MRV & /2 L2, &Rik§ 5
Fhi~ vy 7L Image Quality I1Q) ¥ v 7OH TEE TR L 72,0
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L7z IQIA% /88 — » OFYEDOIHETH VIFF RO &
FEET T 5720, 4T 09 RO5A O E MR 2 FHI iV 72,
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T o720, S~y TR E PR TR O B ORI & H
L7z

o O A 2HEH O & AW O 9 A 13 Dillamore 5 9 12 7
50T, B2IZR-F L9 IZH AW % positive L ' negative D 2
TEETEFRL, CAMAMERFHAOLRTAEL B LT 5,

(a) plane strain compression
—[C ]

(b) positive shear strain

B

(c)negative shear strain

=y

3:ND

2:TD 1:.LD

E2 TD»o R7EAKN L2 0T AE— FOES
(a) P 0§ AFAE,  (b) positive J7H D1 A WF O A,
(c) negative JF D& AWF O3 &
Definition of strain mode in the schematic viewed from
the TD: (a) plane strain compression, (b) positive shear
strain, and (c) negative shear strain.
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X3 (a) ~ (e) 121 E N LA N0l ~ 4 RV 23NIGED%E
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No2121ZNo.l & No3IZH &Iz 455 o F 5 3 F83E L T
Who F7z, K3(d) &3 (e) ISR L1, Nod & 23Nié&
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O Cube(001) [100] M Goss(011)[100] A RDW(012) [100]
& WT(122) [221] V¥ BR(252)[743] @ R(132)[643]

3  ODF f##r
(a)No.l, (b)No2, (c)No3, (d)No4, (e)23Ni&4:
L TIEMEDRED b DA T 55 @ Euler A1 % 7R §
Orientation distribution function (ODF) analysis:
(a) No.1, (b) No.2, (c) No.3, (d) No4, and (e) the 2.3%
Ni-alloy. Euler angles of the typical texture component
are displayed at the bottom right of the figures.

3.2 BRBEAEBIITH—VOT HHEEHMITMIHEICEZ
K37 -

R 41250k Nol ~ 4 £ 23Ni G & DIE ) — O3 AR ERT,
KMzl y 7€y 54l (TPC) DFER LR LT b,

Nol ~ 4D KK CREMER O X 1387 2533 BV E)
ISINEIFIZR U725 720 23NiG 4L kT 2 L, 38NiAED
BRIV 31 #9100 MPa < I L LI S Lm0,
F 72, Cu-Ni-SiR&&ORRIEE KO TELEEs 78y T
LD LWL, TIEFIHMM AT BEDOMEILL2bDLE
ZHN5. BT A SHEDT >~ 7N T0145 5015 & [
HETHY, FIHAPIHIEL Tz,

1100
1000 |-
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o i
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© 600 - No.2
173 L
S 500 | No.3
&h L No.4
g 400 - 2.3Ni alloy
= i TPC
300 |
200 |
100 -
0 ! | ! | ! |
0.00 0.04 0.08 0.12 0.16

True Strain, ¢

X4  H#EhD R X 2 EHIE)) - BT AR (L0720
124 7 ¥ v F4 (TPC) 7773)
Stress-strain curves from the uniaxial tensile test.
Tough-pitch copper (TPC) is shown for comparison.

K211, BFBAMEEIZ X ) ND A S i FRim % @ L &
TR Z B HEHCOWT E LD TRT,

OR . TUF0.1R TIENo0.3 & NodlZBWITKRERY T v 7 DR
ENDIH LNo2TIE/NE R 2Ty 27, NolTlE7 5y
D7 \VIRFEZE 5 726 FFICNo L IZBEOR W 23NiG4 L) b R
HARMTMIE2 R Lz 29y 2 OFBEZORESIZE -
THWF S 2 MLk F5E, BWIEIZNol > 23%Ni
alloy > No2 > No4 > No3 &k Z&eo7ze ZDZ L5, BRANM
DM E WP LD HILIEAHRIATFES HAL,  # P Lk
FIEREABRIC B 2B OO R E S LIZBEET, EEHIRIC
Lo TRELEILL T2,

F2 [MTRERZR ORI O BEMEE I L 2 BEHE R
(FE-SEM/EBSD |2 & » T TD i 2 & Mk L 725
% FTHRECRT)
Bent surface observations. Conditions observed with
the FE-SEM/EBSD are underlined.

OR 0.IR 0.2R 0.3R 04R
good good

No.l good good _EBSD good _EBSD
No.2 crack crack good good good
No.3 large crack |large crack|large crack| crack good
crack good

No4 large crack _EBSD crack crack _EBSD
2.3Ni alloy| crack good good good good

X5 (a) ~ (e) 1T Z 2N Nol ~ 4 K U23Ni& € % 0R

THIII L7222 TD W L 247V, B BmsRic L - T
Bl LK R TH B0 B T ORI T HER R o Wrim &k &
RLTED, KPEBHETH - 7238808 (a) ~ () D& OB
BRETH 5,
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K5 ORI aERR O HiTE LA & o TD W2 & 85 L 72
M FTH LI OB IR () Nol, (b)No.2, (c)No3,
(d) Nod, (e)23Ni&4 (HWERHIZY T v 7 &2RT)
Forms after the OR bending test on the TD cross
section at the central part of the sample’ s width:
(@) Nol, (b) No.2, (c) No.3, (d) No4, and (e) the 23% Ni alloy.
White arrows indicate the cracks.

Nol 3 RMIZE2 % Lb R 5N 5 b 0o BIT7% REIRE
Thoteo —Hh, HM@&U&D:?éﬂéia’,Nwt
NodTIEKRERZ T v 72 EN Tz, No2& 23Ni&

TN ERT Ty IDRETHIZEEE 5TV, EFHD‘?JDIIi
AERREGHIRIC L o THFICR R D 2 &Y, ZOBlgk
PHb LTS

HHMPSD 7 T v 7 OTARIEFOFREITRY L9 12E#
1T, WINOWED R EI I 7 urThir I L 2EE
TBE, KFUSIRSb DT b oTe £, 7T v 7 Of
FEIZ R 25 35 ~ 40° ThH o 72,

3.3 EBSDICL BT 4 LEAHEBEE T IRMOTHERER

FER TSR 7 5120 B B T ORI A 2 AT
TS HBIEEZHEST L0, ITI VAN EETS
NodZ@igt L7z R6 (a) ~(c) i, 04R THiFABRL 724~
TVENHFZLDOTHY, ZNENLD~DOFER A~ v T
TDANDERH~ Y TROIQ~ v 7&K, K6 (b) I2B1f
LEENOXFE TR & 0FHATIE, RO (BE) 2255k
SNZRFT 2 AR O & & 28R (AL um) TH D, 2D
&9 IR AR, BB 16 BT THERE S 110309 pm
DENETH 5720 TNEDOHF TG (a) IR T IR EE
® grain-A 2> 545 F grain-B £ TOFBICHEH T 5 &, grain-A
OELFLORMTHEAELIZEDEZ LNLEAN D grain-A %45
TAFEO M L, grain-B & o[ ok Sk %0 vk % 1Y)
) grain-BAEE L, grain-BOHIIEF THOTWAFETH
Mho F72, A, BOWKSEKIN O AW TIEX, LD~NO

KT % F Y ) grain-A TR D 5K B, grainB Tl ¥
YOS ENEEANEZALTWSEDIIR L (F6(a), TD
DFEERHINEZEAL L T T2 525 (6 (b)) o T AL
Jé/vlih?ﬁﬂm‘TD%iEhk L“Cfuaalﬁlfﬁz:b’(b‘é;t%%b“(io
D, BEICBE SN AN OB E —%T 5, 2D L)1,
@i@mmﬁ%E@Lt@Am%ﬁ NS T T O T RO B
PO SN Tz, FIZ, K6(c) IQ~y FIIBIT it
FHITRL7Z2OIERBDOEZETH Y, B TRV N Y FIRT ~
P ZAMEELTWAEAWAERMIZEE L TV A AE IR

JIBL TS, ZIH DR AR O BI1X36° 725 72,

ND 111
LD > 3 grain boundary 5um
001 101 —

gl A
sl g
(] , -
- — 0.8
Y% — N
= NS ~ 0.9
L8 - > S, .
&N 8 29 UG N -
08 NS08 Mo O
- — N 23 24 =
% S ]
= X shear displacement / im

6 No4?0AR i FiERH: D FE-SEM/EBSD 55 #
(a) LD 239 A& A~ v 7 (XX grain-A & grain-B
%9), (b) TDISH$ 285~ v 7 CPAT 42 KHIO
AL THROBMEITE AWM TN EEAME N =L ZNTN
RY), (O ARXA=TV I F) T4~y 7 (EEOIRMITE
AMPRIC X BRED AT v TERT)
FE-SEM/EBSD image of sample No. 4 after the 04R
bending test: (a) crystal direction map in the LD, (b)
crystal direction map in the TD, and (c) image quality
map. The “x” in (a) indicates grains A and B. The set of
arrows and the underlined numbers in (b) indicate the
shear direction and the shear displacement,
respectively. The yellow arrows in (c) indicate the
surface steps formed by the shear bands.

E7 (@~ () IZ02RCHTFRB Lz v 7V X h -2 hn
ZNLDNOMEFIE~ v 7, 1Q~ v T R UG F MRS % 7R
Fo M7 (a) DI BV T, ZBEMIIFATAERTH 5
MR E<—h L LTS L, ZRBICHERZEL TV
Z & h B negative IO ARITATER E N2 L0505
CORFOMMY 25 BAED SN L E AW OMEIZHS um
7207z, 7z, pHEBIIBVTIIZHOM SR FICEEN AL
TWb I E2b, positive HAIOE AR DR S /22 &3
GH B BN L T 2 HIS O 6 & AW ORI
5umé BED Nz nfHIBIZBWT, 7T v 7 2HATH

U & R AR RO A DEPEE RSN 202
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LS, nHEBOFAWG OWNEIICBWTE-F22 7 v 798
L7 035305,

ND J—
LD 3 3 grain boundary

2

7  No4d®02R T35 O FE-SEM/EBSD fiH %4 J-
(a) LD I3 g 2 i~ v 7 ("n" & “p" Idnegative /i
[a] & positive H I D® AW % ZNZIURT), (b) £ A—
oA T A=y T, (o) BFHEME G (HW=/A11E 2
T 7 O EIRT)
FE-SEM/EBSD images of sample No4 after the 0.2R
bending test: (a) crystal direction map in the LD, (b)
image quality map, and (c) optical microscope image.
White triangles indicate the end point of the crack. The
“n" and “p”in (a) indicate the negative and positive
shear bands, respectively.

E8ix, HM7IZ/R L7225 Mo AW 285K & 2875 L 7250
WA IR L CHE{E A LT 2 2 X2k ), BRIEE R O REE % i
MLZbDTHb, 7T v 7 THESNLELOETOD ) &
B CHE - 228 A Y VLY (@), 77 v 7> TEN%E
FIA SN TFATREH S/ (b, K8 (b) £, BHEERIICIX
EEDH4 um T, EAHES 2SR EN TV 2 LA
b Tibh, ZOMERZ negative 7 & positive HD 2
DOFAWTIZL > TEL, TP HERZIDNEREE LTE
HL7zZ el oT, BRMIDTEHREN/AI5 umIEOE AN
DOWEBIZ, XD IIEORE AWH AR SN2 L5 hb. &
LT, ZORAMERORHERDZ T v 7 OROT] & 412
Lol NG h b,

K8 (@R7Dr Ty s ifEOWKRK (7 Ty 7 L0k Fxh
DAL TIHA TV, xFIZZNEN, grainC, grain-D,
grainEX/RLCw2), (b) 7T v 7 &b720 LzRAR
BRI Z 2R OREEZ R T (HBORHONRZ hL7z
U (a) ORI CRH A 725818 % AT B S & 72)
Enlarged image near the crack in Figure 7
demonstrating the state before the displacement due to
shear banding with generation of the crack. The yellow
arrow indicates the vector of parallel moving of the
cropped area surrounded by yellow dashed line. The
“x” indicates grains C, D, and E.

ZDEHI, RINREAMER L 2 X B RIINVEDE
LIGEE) L ClRE Tz, INETIZD, 7T v 7 hBigsh
2 BT 2 positive )t N negative @ 2 J7 IO AW A ML 8y 12
BRIN TV, L) EANHE R Z T v 7 OF
B IR L0 TH S, T3, RETWZRE
ABTERA R E (1], 52 R RFRIMICTEM L 72D R
B DIROIOISNEREE RS (1], ThEkRTE LT, ¥
LW AMETE TS S, RSB 2O
Frh AN E S [vile LT, REOTAMEE 40> 728
ABPFICE > TE=F227 T v 7055 &RIEN S [v]le 20D
LI, RIS ABERIC X - CRIEIC—HA Uz BES
WEDSH 72 70 & AW DR e, €L T2 7 T v
7 DERERST 2 EDGHh o7,
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[vi W A N
74 stress concentration
& N

and mode2 crack

9 T EILOETICAE ) Bt & RRTZRO L0
Schematic diagram of the plastic flow and the surface
shape change during bending. [i]-[v] present the
progress of bending.

3.4 EBSDIC& 3 Cube ARIAFSEL RHOEREHBRE

X 10 (a), (b) (ZZNZN, 0AREAETHIITINT L72% O LD
AOFER TRy TEIQY Y T THE, M DE L DRk
fux B L CH Y Cube 2 F6E L EGMME AL T0D T
EERIB LTV D, fOREE THO XA, X6 (b)
R U HETEAMOME EEMERYRL TS, KLY, &
R No.1 2B 1T 2 W 22w & AW IE 3 7 & Nod 12 H_TIE
TN AT DD B

K11 (@) ~(c) ixF -z, 02R&MTHITIMT L 2%o
LD~NO#EEH I~y 7 TDAOFERAm~ v 7R IQ~ ¥
TTH Do RELMITOFT IR LT, &AW KON Y
I No4 & HARTIFFIZA % <, FIZ Cube KL TIZRFATIH A
DEOLNL o7, 512, IQ~ Y FI2BWTH K5 (c) X
6(Mb) TROENZ L) RER TR E EABEROR % 720
PEENR N7z, £/, MITERSHEITLTD,
Cube T BEDFE S HHIETD b ) Oz 72255 #E
FahTwni,

ND —
LD 2 3 grain boundary

No. 1 ® 04R il FikE&#: 0 FE-SEM/EBSD i85 %

(@) LDIZx 3 AfEd I~ v 7 CEAT 2 REIOM E THEA &
1)y 7 OREIEE AW & AW 2 2N EIURTY),
WA A=V 2 F VT A<y T
FE-SEM/EBSD images of sample No.l after the 04R
bending test: (a) crystal direction map in LD and (b)
image quality map. The set of arrows and the
underlined numbers in (a) indicate the shear direction
and shear displacement, respectively.

ND —
LD 3 3 grain boundary

11 No.l ® 0.2R B FiRER % D FE-SEM/EBSD #1454
(@) LDIZK§ Bifta 7~ v 7, (b) TD I 2 ikh 77
M~y 7, (AA=V X )T4<v T
FE-SEM/EBSD observation of sample No.l after the
0.2R bending test: (a) crystal direction map in the LD,
(b) crystal direction map in the TD, and (c) image
quality map.
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4. BE

41 FRUOTHERECAKMOTAOEAFODVOTHE—RN%E
BELETA7—-EBRICLER
ARUPGETHNTIN TR IEE AN 2 & ORI ELT EBR L,
ZAIUIHE S LA DR A i % B T L ASFEERIGICH] & 2
IZ& N7z CAMATORREE2ZERT L2012, BRE—F
DIFH O AEMEE— P2 HEAMOTAE— FAOY ) Erb

NRTEORELLTTAT—WFME 7z, HEART
YIYNLIZLUTFOEBYTHD,
1 0 O
P = ge (0 0 0 ) for plane (1)
0 0 -1
] 1 0 —tanf
shear—posi _ 44 o0 0 0 for positive shear (2)
cotf 0 -1
1 0 tanp
[Shear—mega _ ;. 0 0 0 for negative shear (3)
—cotfp 0 -1

COLIZBITDLOTARET vV IVDIF1111<110> 3 XY 28
EoBE#EEeETHLE L,

D= Zy(i) E (5O @ m® + m® ® s<i>)] @

ZZT, YOI R HEE, mIETRDHEOERNRT L, st
TR KM TH 5o ﬁijI:J?kZ)full constraint (FC) €7V TiZ,
5L EOTRY RO ERIIER T 20E L T b, A 4) %
RS AIEET XD ROMAGHLEOHF T, T) OFARD
WAL LD T AT —HT & LTHRHA LD,

M =mm<2|dy(i)|>/ds (5)
ZorE, WENGT o lFEERE AT © 2 W
o=M-1 (6)

THbo Cu-Ni-SHREEIIB VT © DfE TR S

WEEZHLNDLDT, ?/lLéﬂFSﬁk:@lé&%» 1ETMORE
IZDOWTEERT 5,
T, WL ORISR DO W LAz D  Mpla b

Lshear | 235 { Mshear % 3R wy 7z & OFTHEIERH L 7245 Sk
T YT LJITH B No. 4hHEATE, B12 () I21XH6 (a)
IR EN7zgrain-A, BiZoWwWT, E12((b) ICIEHETREMN
7zgrain-C, D, EIZDWTF O E L TMshear OFHRFGEH
IRENTWD, T2, MPADOFHRFRIZAHTREIN TS,
ZITIE, HAMEIE R L7 EOfEE e LTH6 (a)
K OHBIZB T XEITR L7z AW IO BB 55
SRR V72
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N 4
S
o 39 3
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_g 25 + - X grain C
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w 2 L L L L I I I I
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compre B /degree compre B /degree
-ssion shear -ssion shear
L L

12 OFARE-FLEFCT A 7 —NTMFCORIR (Iiix %
R O O F REFED O AT — FIZ X A MPla)
(a) grain-A K. O°B, (b) grain-C, DB LU'E
Relationship between the FC (full constraint) Taylor
factor and strain mode: (a) grains A and B and (b) grain
C. D, and E. Dashed lines indicate the values of MPl,

X112 (a) 127" F & 912, grain-A, B TIIAEMR T ROE NI
BT, Mplak Mshear DIEHKE L S &R D DT DHo —
T3, kSRS B T Mskear hsppla ) B 7 B IR 4
OIS NTID F=3040° 1I2H o720 T, FTAMEED
30-40° H AN HIRAGEE = ) R\ 2 & 2R$, BEIZ, F=3236°
DFPIIZ BTV NOFEFRLIT b Mohear T2,
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BT %0
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ENEEZOND,
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ARG 2 D W T Mplane b \fshear 7 5145172,

Cube /7 ' RDW J 2D D J5 0 Tld Mpla = Mhea =
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WAR\Z, SR O MPplane SEY{E T d % MPla % ODF AT O
BEENNTIO ROz, Nol ~4 OFREHIBIT A EIXZN
FN, 308, 322, 333K U329TH > 720 MPAH/NENIEE
M0 L 25 BT SRR 5 LD o Mpla Hsklst i 12 M shear
L0 AT, B AT ORI S iz 8 E 2 b,
ZDEHIZ, Lrlak Lshear 5 L7 FCT 14 7 —HiIZ L o
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OBRIDTA LT 5 2 EATHIET 53, BlFER CGN L%
FEDA S A kT MARFEHE TR SN b 00, X0k
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