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FH1E JFrim

1. 1 #ROFR

TENRBAEAPD, @RBMEIOEEELSERICH 6T RIETZ V. FlZ
(TERIT LT L IMBIBME SN D BEIHEORT ¢ —EHIZB VT, T4,
RE L B RMED N ERER SN THE Y, EREBEOSVHMEIREENRT
W5, —fRIZ, @BEMEEEBEN LSS, TV ARIBHERIEO—D2TH D
FIBRIENEZ2 & O THER, #: 0 IR LIS ISR T DRI R 72 &, Tl 4 DR Y
Rt 13T 2o 572, Tz i/NRICHH L7222y & Eis b2 X %
=R, MEIOEEEICEERBER L 25, T OBBERHEIL, BHERIC
5 BB TOMME N EREIZER L TS, ZoKREHEBET L
W, ZIVETIERA RIFFENR 2SN TE 7. ThH, BRI S &EME
DOifEaa AL & Z DZAVIZ, MEHNEROUANL T EBHAR DI, KAk DTG
fbie EOFMBE D LT, EFICEERIFE L 205 0. MIEERACHE S K
R OB LY, SEMELO N CITEA AR DR E, kD nHe &
WEZ Y, EAPEEICRE B E b6

ek, FESRTALOMANTIL, X BREIHTIC LV ~ 7 o fqiko SEERy 70 @ 4 TS
L72v, ZETEFIE%SE (Transmission Electron Microscope: TEM) % W TE
TR N — RIS Z 0 IR RETR 225 S T AL 2 it L7 3 253 13
RHGETH -7, Lo LITETIE, BRI REATE 780 (Field Emission
Scanning Electron Microscope: FE-SEM) % Fi 72 1% /5 BUELE +-[F14T (Electron Back
Scatter Diffraction: EBSD) (24X ¥, 100 um LA EOHEPFATH - THH 7 I 7 v A

— X — O R TR TR F O D K 9> T& /2. Z? EBSD (2 X



2 it G TN DUEAZ 0, TERRA 2R IGAT D3R 5 TIL D o T BT
WZFE S RO L b T TE D L oI o TE .

U ED X IT, ©RMEIOBIEAR 2 BFET 5 2 &1L, FNRESRE T T
<, LEMICHLZOEEMEITH L TETBY, ZThETL EIZRETHZ2RR &
FRED AT T D B D LR, AT Y O k2L DR ZE L)
HLTW5.

KEw3L T, A TN DOBHIT K22 bz d i d 28 Ltk LT, [
ITHIR DREINRIT KV K E D =D DOIMNL AR R BE A4 o 7 a7 AL gt 5
EERRET D, ZoxBA%E, BUEREOSBMENCIIT 25T X DR

TINEDEACITHR L L, @AM ICHERT U 72 B/ & b dG 7 AL oo [aliis & oD

BREHONCTHZ 2 HNET 5.

1. 2 JEROMFIEME
ATEI TR~ 72 & 912, AWFFETITR T ALOFT LW FIE L LT, [T
DI INRIZEV BEZOND =>ORMAELZTEAL, BHEEREZOEE
FRE ORGSR TR 24T 5. 2D, UUTORBHTHERMEL LD 5.
=RILT DN MFRL
fun TN DOERFLITEDONRER 2l & LT, 17K, 41 7 —AKRL,
axis/angle pair £FCIZHOW TR AR R 5.
< VEZETEA A © ik D 221k
SIBEMEHT, BHERIZ Ve EORMINEANS IV, £ OFMENE
69 %. BB O &JEMRRDOZIC SV TR E O 2 Rk

2



5.
- EBSD (2 L B MR T4 O b AL ARAT
FAPEZS 1% D4 B BHI XT3 Db T AL i#NT & L C, EBSD % W 7= Tk

IZOW TR EDHF e E A2 IR X5 .

1. 2. 1 =W TOHREL
FEELNIE, St TOHRMELICIDEIND. ORI IEITEREE

L, =RERATH], FA4 77—, axislangle pair 72 ED3H 5.

SWESATINC L BRI TIE Y, HUEL R IR E ER LIZDD, T O
JEAERIZRE L, ATHINOMENS 1 & 725 = IRERAITHITH 5 RHETHIR 2 T
KINnbd. PlzIE, FIEIC KL DR AN ECEZ Z D562, BEEER %
RD : JEZEJFIA], TD : MIE AT, ND : [EIEEERGTm EEREL, ThTh
OD JREAZE R 20375 v FEASE R O FEAR I & — B3 5 7o DT MBS A Es TR SN D .

F A T — 4 N K BRI TIE, FEEEIEETH 5 =S OEART HHE Y Ol
kRSN, O EOEESEHLAG DRI LY, R &EMA RS AL 2 3%
LT DI ENAREL R D, EAJEIER O A, x g, yEh, z@hl 5 &,
ZOMAEDEIT 12 EYFIEL, (FHIE2REERHER L OZDIRE LR ET 5
FICEY, FIOHTHEEATIIR & DXL L 705, HlxIL, FIEICX DES
FHRR O R EC TG i AR DT RIC B LTI, z i, x#h, z@hONACRERSH 5
Bunge DFE L HFIEINIEL VB 5. ZDOMIZE Roe 3 X T Kocks D F0 171
NN TEBY, Fx, 1EHSELEEE L ZOIERNRLR .

axis/angle pair (2 X 2L TIE Y, FEUEFEER I T RSO 8 2 £ 3 HAT A



7 bV =(hk1) &, ZOEEEEEY DR[O 0=d=7) TREIIhD.
52 W TCHEMAZ IR 503, = IREAATHIR axislangle pair (2 K 5 =Rt Mk

FOIE. EDOATHIORLSY ROEIEAf 7> D X BRI [RIFR D 7 o & PR 92 Z &

MEELN. Fo, A4 7 —ARLTIL, [BIHRH 0O3IRLER O NE 7 AT

HY, —HICRELLRWEWVWOIBENDH L.

1. 2. 2 BELRICH S @Rk 2l
PRI AT X % & BB O ZLIZ oV T, Hansen3s T8 Hughes 73,

2001 FE\ZZENE TOMFEE review LT\, 2D OWMETIX, JELER XD
INTAZ K > TR SN D IHIAERRICBI L, = OfSiki Rt OMBEoAE, £LT

Bt DEAHMBMOZIIZE B L, D MEMRE(L & B AOrEE & OBfR%
£ LOHTND. GRFOENHAFMATCHE ST AT, FIZ TEM < X #RIEHTIZ
LV EMEN TV, 2070 Fig. 1-LITRT L 9129, BT & 7 A AT
D5rfEREIL, TEM O FRAELEF[E47 /3% — > (Selected Area Diffraction Pattern:

SADP) O fEREICHIRE SN TE Y, LEHOM S A2 7 I 7 a4 XD

.

il

&

fiERE CTHUS RIBEZ: EBSD D KT+ TIdRdno7o. T X 5 7R sk

ERmBICE L, Bl aRiab RSN Tsy 9 mETIE, #lxi3

S

Galindo-Nava & "723MBVEZEIIC L 0 &BMEINTA U D=y e B2 Eh

AN VAR O YA ARG AL E7R E DTN OV TIRE L TN 5.
SPELS T X o T U D G b i b o0 2558 F2 12 B9 L, Bay & ¥35 JL U Hughes

5 NE, F—OREERINTH > THHRANC LY B2 2T ZNEH L, B

IS RN A Z ERRRTHDH Z EICEL LTS, 2D Xk HIThH



B HE D JF M S A — RN THE 5 Z IR L, Geometrically Necessary
Dislocations (GNDs)' 073 % 41 & O 55 FRAEL T & 41, fdn T O RIS Z 5B

THEEZLONTWAD.

1. 2. 3 EBSDIZ X 28T OfE S TN AEAT
EBSD 72 & CHUS L 725 T AL IE A2 VS, @Ak oo 75 &0k i 7 281k,

IZOWT, KR RN REOMESI D BT\, Filz1E, Dorner & Wi
Fe-2.5mass%Si 0> Xk i & JEARRRER 4 12, Witk @ EBSD 12 & 2 #& dh AL figdT 217
VY, AR TOARE) —BIBIC K DA DRI OWDTHE LTV 5.
F 7z, TSLEHD OIM Analysis (2525 S LTV B AEER TG O 7 — & AL 5
EDOMRERFE LT, Kernel Average Misorientation (KAM)F X U8 Grain Reference
Orientation Deviation (GROD)72 &3 4. Fig. 1-2 (2, Hexagonal grid THIE L 7=
A D, KAM £ 0 GROD DEHAZBXMITTT P Znbix, UTnk)
ICERSND.

KAM 1, ST SRR 5, FAEORER E OFAAED NV ZRmd . f
pRL DTS TIE, BT 2MIE R & OGNEPBUED AR (B 21X 10°) AR iZ
RAHGAEMNSZ N0, BT 22 TOREDFHMNED I VHEIND. —
77, wabL RO X o1, BEET DIER L OFGNENPREDAE (B 21X
10°) LA EZ7Z20, fEabi R 280 555021, £ 6 ORI EEHEORIRN D
PR D, CNAEMEICEIT DS KAM L LTERTE, Ptk oickd.

KAM, :%ZN:A@”,(A@” <) (1-1)

I TAQ L, MENTGAG C R | L DTLFE, @ (TE - OfEERRIN & oH
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ET DREmITNZEDT KM, NIXAO, < Zilil- T HENERORTH D, i
Mrxtgeaii & BREEIIE A & OiEBEIX, EBSD THIE L7c A7 v FHIkRICKA T
L. ZORY, REHERIZT TR, BIrEU EOWE S AR 556 1]
HETHD.

GROD (%, fEenhiNDOEHES (L &, [Fl— DR SRIN O TSR R & DA
ORI TH 5. FEMEHNL O 1L, feehIN T KAM 23NRAR & 72 2 D5 % 2
T DEHE, MERNO LY G &2 R INT 2560350, MEilcisiT s
GROD X FRED L H ICEHESIND.

GROD, = ® (1-2)

1
T TP 1T, TSR ICIT D L & [l —Rb b N O FEHE A refl2 61T 5
FhrL DETHS.

{5 2 1¥ Kobayashi & 723, Ni BHEAEIET 527 U — 795781 O Mk
Pricds T, EBSD (2 &V MIE L7ohish TG 2z GROD (2K 0 figtr L, iT
B 720 el 7L DA LA LR TR Y A 7 VB E OFRESRE L TV 5.
Fig.1-3 (TR T X 918, TBIRDRERLR D “FHORBRAF OWF BN TS, 7
REROY A 7 B OB E R, RIEREEN O GROD OSEHAMEIZHIN L T 5
ZEWRDIND. ORI RITIZE Y, WHERGOSBMETICBT 2R

HALO s &, iRk & DI E L ZRE OO T mER RS TND
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Fig. 1-1 The changes of misorientation angle across the lamellar boundaries measured
along normal direction for cold rolled commercial purity aluminum®.



grain boundaries

Fig. 1-2 Definition of a) Kernel Average Misorientation (KAM), b) Grain Reference
Orientation Deviation (GROD)*?.
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' Notched specimens ®
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0.2 + Creep condtinon,
830°C X 294MPa
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Creep life fraction, t/t;

Fig. 1-3 Relationship between creep life fractions and GROD (analysis area average)

in the case of using double edge notched specimens and center notched specimens. t

and t, are interrupted time and time to rupture, respectively™.



1. 3 FWFZEDOHRY

AR OIE Y, HEROFE RGN ORBLFIETIZ, FEUEPRAT R O RIS D o]
R A A EfET D Z EDREE LV, BI04 A 7—AIC L HRETIE, |
HAH DRI T ONWAFIZ KV, [Al— D EHEATHI R Ik LR 0O @8 IR0Z DJIE
FRICHEBMENFEL, —REICEERADNRE SRV,

MM O & BB ORRRZE I, fx OBSBIOMEE IC B A KIFT 2 &
MH, ZHETEL OENRZRINTETND. EFD EBSD O ZIZfE,
TR AR PFTHI 22fE AL DB R R CTE D K D IChoTE TS, 7272
L, fEda AL RO FIEL, IS RFTR 2R S TA2 T 5 A EF SO 2
O Z L%, ZOREGREOZALRATE O FAEFEAEEE » O RIEEA 12
DT FIEOMENLIE, RIETTICHEREL THD EF W,

Z ZCAMIZETIE, FEHEATIIR DX INR N HF3 DAL D =D DR i % %f
Ay LY, BEAMRHICHERE LB 2 LD b2 6 S a RS T

[mlfs & DRARA LN T HZ A E T 5.

1. 4 KEwXOWRL

ABFFETIL, e R TH2H LVTREE LT ERL, 204
MMEZRT 720, WIEETGE OB B ORI AL OB E, B 2 v T
it L7z, B2\ TIE, dBAOEHBRISIOA A 7 —AFXRLEDELRL
o, B3 EETIL, MBHPICHERE Lt REIC X DRSO OB b E, ki %
FIWTHRAT L7=. %54 BT, B0 —F— 27 hL & i i Elfse o B %

Z, MEAE DT Lz, LUTIS, BARRSEONEZRT.

10



RO F LBEDOFRIZONTE LD, RFEOBHNER LT,
52 5 [[EHEATHI O G- 2 5 ik 02 B9 2 b A i

KA OBH MR E TN EZRT A=A AT U EZRL, T4 77—
axis/angle pair & %A & OZEREZIRRD . FIL, A T —MA LR E Bk
AN i B 3T, AN BRI B oM E 2 B TE 5720 T
72K, FHATHIRICK L —EICIREDFEMETH L F LT .

53 TERALFEC 10 AR U DG i [EIHR O e B 12 K 2 ffbT )

HANCRELIC Ko TAE U HfESEERIC R U, 5o 2 AW T2 FIEIZ DN T
R LT, IEEREIT & 0 s BORS &b S HERE L 72850 REI K 2 A Rlds 4
S A O TRIAT S 5.
5B AT TR B RS O VEPEZS AT P 5 #f S [R5 O AR AT )

10% O Bl AT 2SI 2 2 il R R SR B A G- U, AR O K D4~
DR E SR AL E AT D IREY Lo 0 RN e 2 Sk o BT AE R T 5
BEREIICONT, TNEMUIDL TV AX Y v EOMITIC LY, TREIT
DRPOHEE LTo/N—H— A7 hL LG inelixeh & Ot %, *Hof 2 M
WTHRHT %

55 % ¢ [

H2HEMOHEAFEE TOMEIZONT, BIET 5.

11



ZE R

1) D. A. Varshalovich, A. N. Moskalev and V. K. Khersonskii: Quantum Theory of
Angular Momentum, (World Scientific, Singapore, 1998).

2) U.F. Kocks, C. N. Tome and H.-R. Wenk: Texture and Anisotropy, (Cambridge
University press, Cambridge, 2000) pp57-77.

3) H. Grimmer: Acta Cryst. A, 40 (1984) 108-112.

4) N. Hansen: Metall. Mater. Trans. A, 32 (2001) 2917-2935.

5) D.A. Hughes: Mater. Sci. Eng. A, 319-321 (2001) 46-54.

6) W. Pantleon: Acta Mater., 46 (1998) 451-456.

7) E. I Galindo-Nava and P. E. J. Rivera-Diaz-del-Castillo: Acta Mater., 60 (2012)
4370-4378.

8) B. Bay, N. Hansen, D. A. Hughes and D. KuhImann-Wilsdorf: Acta Metall.
Mater., 40 (1992) 205-219.

9) D.A. Hughes and N. Hansen: Acta Mater., 45 (1997) 3871-3886.

10) M. F. Ashby: Phil. Mag., 21 (1970) 399-424.

11) D. Dorner, Y. Adachi and K. Tsuzaki: IS1J Int., 48 (2008) 1102-1106.

12) M. Takasuga, M. Wakita, E.Nakayama, M. Miyahara and T. Nishio: Trans. Jpn.
Soc. Mech. Eng. A, 76 (2010) 716-722.

13) D. Kobayashi, M. Miyabe, Y. Kagiya, Y. Nagumo, R. Sugiura, T. Matsuzaki

and A. T. Yokobori Jr: Mater. Sci. Tech., 30 (2014) 24-31.

12



W2 [AEEATAI ORI G- 2 DG TS BT A ek A
2. 1 %=
R DOFZNE, —IRICEEHL oD BENTEN R B 4y 2 Fi o Bl T4

RTHRTZENTED VN, MUERR EICLDERINOELERZDLDOD
ZALD D EEICERT 2 TR TH D, 22T, ROV ITHERERIT R
DA JEAEE D O =S DOEFEAE DM TH DA A 7 —/A I03MEbh s Z L 3d
5. AT AT 12 FEOMBAEDENFEEL, (EA S8 5 0EEGRE L 2 0ES
DA EDLREIZLY, F—DORIZKT 2 = >DEEEMA K OEIZE R 5.

L ZAHT, BOREBBEEORHEEIE & Rk, BRI TITHI O a1k
Bt a E#/T 52 ENTE DL . \EETHIR OAEINR X, =DM
FERRY R ORHT VYN THD Z ENMBN TS D AFFE T, InR
DZDOMSLIRR D, ROERIZE Y $72 6 45 [BlfR A BEAIC BT 5
FOICAMREKRETETHL Z LT, £ LT, ARV TR &
SR D=DD3, FxDHTETERINDIAAT—ALERY, RIZE

Hlnlinz —EHERBTE oA EATHL 2 L 2R

2. 2 [EEATHI ORI Gebgofs) (2 X B RE S TR
2. 2. 1 JEEEE Y OREEOMAE DY

EASEERE R OB, X,y @l 2 808 0 OREZRTATE A ENERR,
R, R, &L, #BHY OBGHAEZNTNO,0y LT 5L, SMEY BT

FIDRITITLL T D X 912 HEH T 5.

1 0 0
R,(6)=|0 cosd —sin® (2-1-a)
0 sin@d cosd

13



cosp 0 sing
R,(p)=| O 1 0 (2-1-b)
—singp 0 cos¢
cosy —siny 0
R,(v)=|siny cosy O (2-1-¢)
0 0 1

ZAL D OB AR O OEERZ, oLl EO B OmE Y M A S DEIT LY,
EE O =RITA R EIENER TE 5. Flx1E, L FTORQR-2)OHLDIEFE TR,
R,, R,OFHL LTEHALNDORE, TNOLXTNENDEEEAEZO, ¢, v, &L
TE2D.
R=R,(4)R,(2)R,(v) (2-2)

KQ-2)DHLD L 9 72 =H>DFIp HHhJE O OlElR A (L AG 7ok 2 BAR
BINZA A—TF D7D, Fig2-1 1R T X 9 2 ZdhimsOfRE 4 FFo 2 =4
A e AT =D (D= F AT VR ONGHTH D, Z ORI,
I BB O 5 D A FEUE x-y -z JEEFE R T D =D O [aHE AR 3 & v TR Y, [H
TE ST Z DJERE LB RO = SO O FENIIE > T2 fEsa O x i, yil, 2
OB DOHNWZORGRE ROIEAELTEZXDZ LIRS, ZORDIEMAE
(X, RO X W,y s, 2 oD 518 0 FEHE x-y-z EATE R O JEAE 5 1) 7> B D[RR
ToHv, HEZEOREEO X",y #h, 8o ST, Ay JEEROS & T

UTFoXrsic5z6n5.

1 0 0
X'B//R| 0|, y'#i/R| 1|, z'#H/R|0 (2-3)
0 0 1

RQ-2)DHBIE, R,(vi), R,(e), R(6)722uke Liz[mlinz, 3 XTa 5

X-y-z JEAERIZKT T HEHRE LT, ZOIEFETITH> 22 EHRL TW5H. Fig 2-1

14



RSN TWDENA LI = OOEIZBWT, b &2 EMCEES =48
BOEEIE, —FTOHMAR, BATOMMAR, —&F EOEMAR, (ZH
V95, EOMBAEEEESE THZO FOMIOEEREIIZ(L LW T, B
TDO=>0HME,

1. —& O, R, &y, 723 EEE,

2. EAHROMS, R, %o 2 I,

O

3. —EBTOE, R, %06,7°1F
% Z DNEFE TITZ21E, Fig. 2-1 DRWMNRXQ2DELD LR TR TH D Z Lavb
MND.

PLED X 91, Fig. 2-1 D=4 A7 — VAL, X022)THZONHREZ
DEFEDHA T —1 (6, pv,) LXIESED LD TH D, HRECBITHA4A T
—AOBAIZENTIE, LIXUIE, H28E D ORERC L > T, ZOROHHE
Y OEEEO EEREINZELT 5 Lk S TWD 2. ZodRiiE, Fig.2-1 D=2 =
F AT —VRC, I OHAOEEO LoD T ORI E > TOHRME
TliX7e <, FTOEHELND EOEMITI D> TOBEMEERET 7RBUSFE Y LT
5. D%V, Fig2-1 O =F AT —UEMOEMEZ, E)D T~ HDHWIET
Mo E~DES L ONEE TEAET 2202 X o THEEOMATRIUI R 2 5203, =
D DER LD L I FURIEE A 73 [F] — 70 B A& 72 b ORI TR, F—Th 5.

AR DOINTIZ BN TIZ LIZ LIZ, Bunge DA A T —A VLTINS =ZoD
AEEDOHBEDLN DN, ZHICHY T 5 A=A A7 —URANX, x & D OlElER
ZHI LT HED, TR0z fil)E ) OlllsZ b 72 63 OO TR S o

T D, £, R OABETHIASINH WD A A T —/A Nt d 5=

15



=F AT — U, yllE Y OFERE 72 5T, BT Oz filJE] v oElis
ZHIEbT OB TIIIENTEETH L. ZmEU E, G T=20
WA YA B DR T x e A= AT = U ONT, ENHLDAA T
—ANERTEDZLIIRD. ZOXITHA T—AIZITFEAY DER1H V15
50, WIFROERDOAA T—HTH, HDRICONTORAERE O OEFRA
ROy E IS EB T A Z LT TERY. 2T, Fig2-l DXk HRd=F AT —
TERNZEB T, FNEHET S EmOECIEE N R 20T, 5D A E
S D 7e O DA O EHAA N —KICE R 572D Th D, LI &1L, LLTFD
RICHHEMETE S, DF V0, [THIOREITE W TRBIERNE— BRI IZAA T T,
[Eldis 4 223 A U CREETTHIDIER 22 X 5 &

R (G)R, ()R, (v1) =R, (#)R, (v1)R,(6) (2-4)
DRI ATHIOREOMEITEN L, £, BOIEFN RS

R(G)R,(2)R, (11)=R, (2R, (v;)R, (&) (2-5)
DX BRGERBIX, FEEHILOT-DITIX

6,#0,, o,%¢,, Y, 2y, (2-6)
D, TelEL, BRISERD LD, BEHEAERB/NTHY, —ROBUNEE

TDOR DG 2 O GBI ZBIENINL S 5 L B e S

2. 2. 2 [AEE{THIDOXHEK
TRITIZEB T A EEATHIR,,,

R - cos@ -—sind 2-7)
2 |sing cos@

DFEINR Y, (X, [EHRfH0 T DG DZ sy & DT > Y TH Y,

16



nr, =% 7 2-8
2=y o 2-8)

L% P ZWITICET HEIEEIE, Fig 2-2 12 THEIC, axis/angle pair & FEIEHL
% [Elfs#h & R ALY BV =(hk,1) &, ZO8E Y OFiEA O (0SD<7)
TREENDZEHHD. ZOV=(hkI1)EYD DO DREERIIITHIEI T

(l—hz)cosd>+h2 hk (1-cos®)~Isin® Ih(1-cos®)+ksin®
R=| hk(1-cos®@)+Isind  (1-k*)cosd+k*  kl(1-cos®)-hsin® | (2-9)

Ih(1-cos®)—ksind kI (1-cos®)+hsin® (1—I2)cos<l)+l2
L725 Y. ZORDKHEINRIL, V=(hkI) & OIZ Lo TLELTFORRRCHFRT

Iz s,

0 -ld ko
nR=| I& 0 -hd (2-10)
—k® h® 0

HELINR O ZDDMNLIeRRSy, hd, kD, [O%, APFTECTIIEA LS &
5.
1T ORI, A ML wTF T Vb Hencky OV 23R D 5 BRI b b
TV " ZOREOFHROFR XL,

1. JEREERIC L DA MLy FT o VL (EEAHITY) Otk

2. AL LA R LYy FT UYL (EA Ry FT Y L) OXEGHA

(EMES AATAN O 8BS, xRy DORE A Ry &3 51751)

3. MEGHRZAT S T2ATHD b & DL TR~ D FEIEIE
Thho72 . FEATHI O E RO D=0 DT & bEAITIZOFHiE LT
THDHN, BPOFHECIIER LS LEIL2D Y. £, dEkoEwkIy, bk
FLO T L1372 5 HETKQ2-8) L Q-10)EHTE 5 Z &% Appendix (27
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L.

2. 2. 3 ®MEEINRDOEDITHONWTO A=A AT — AN I AR

B THIR & Z DO INR DHWIZDORRIL, E ZHAATHE LT

R= Iim(E+|n—Rj 2-11)

p— p

LB D ZOBMRIE, FEA OB HOWT,

p
et = Iim[l+£] (2-12)
p—ow p
WAL L, n=e"& LTn & 2058 Ing D H W72 OREN
Iny )\’
n= Iim(1+—nJ (2-13)
p—x p

BB HATINHRE LT D TH D.

AR2-10) Q-1 LY, N Z+ZICKRERIEOEL LTI,

| 1 Z®/N  Kd/N
SR=E+"R_l jo/N 1 —ho/N (2-14)
K®/N hdIN 1

LLT,

R=~(5R)" (2-15)
2135, ZoNE, ORZRHITHITEZ b S MEEA N B TITO &, R
THICTHZONDEERERICIZR D Z E2EWRT 5. £2, K2-19HD ORI,
KQ-NDALDOAED % OIN(|O/N|<1) TEEHZT, sin(@/N)=D/N,

cos(@/N)=1 & LI2& EDFERICI>TND. E6IC

50 =h®/N,5p=kd /N,y =1d/N (2-16)
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EEZDE, X@-1-)HQ-1c) kY

SR~R,(h®/N)R, (k& /N)R,(Id/N)

- X(59)Ry(5(p)RZ(5V/)
1 0 0 cos(dp) 0 sin(dp)\(cos(Sy) —sin(Sy) O
=|0 cos(60) —sin(50) 0 1 0 sin(6y) cos(dy) 0
0 sin(80) cos(d0) )| —sin(Sp) 0 cos(dp) 0 0 1
1 0 0 1 0 op)( 1 -0y O
~[0 1 -s0|0 1 Ooflowy 1 O
0 606 1 lop 0 1) 0 0 1
1 oy op
~| sy 1 -6
~Sp 50 1

(2-17)
3%, BEEANBNROT, ZOXOELOER,R R, DIEEFNFZLL TS Z
DBIRIERALT D

Fig. 2-3 1%, ERRORINE T =4 A7 — VTR LD TH D, & 2T,
xih, y@h, z@hEvIS, TAEN, BUNAEhD/N, KO/N, [D/NZTE
RS ELOMMAER > T—2D2=y ML, TDOa=y FRZHITNHE
Hip>TWD. = ODOEMDOIHTHE I 415 Fig. 2-1 DIRPLTIE, s O 5E
FENRien L, WMURICK LTS, xdh, yifih, z#h, &6)EY oBEERAIIE(L
T5. ZHITKIL, BN % mlls S 555 < O TR & D Fig. 2-3
DOIRPLTIE, HDRITKT 5D, Xk, y#h, zih, 505 Y OFEEA ORI, hd,
KO, 1OIET—ERICILES.

Fig. 2-3 OARPLE 0, A5 EATHE ) OElgs A D 43E| & 53 E] U 7z [BlHis 00 45 FEAT il

TOBRRFEITE NI BEIRIZBWT, MEAKD, kO, 1O ILEHAAH O 2 45 B
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SR UTeploy & A7 D . BIEREEV 28 & 2 FEEREH & SPATIC T U, 4,
Z OFEFFEENE © OBEERA ORI R EV. Fio, ZORERADOSE], 2EILTZ
[E1HR 0D A5 PEAT I T OB R IATIE, A EEEEE] ) TOXEA 2T ORERE —F I

TOlRRTHDL LRI HZ b TES.
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Fig. 2-1 A goniometer-stage model to represent the rotation given by equation (2-2)
with the Euler angles 6,, ¢; and ;.
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Fig. 2-2 A model showing the rotation of a crystal with respect to the x-y-zreference
frame given by the axis/angle pair (V,®).
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Number of OR : N>>1

Fig. 2-3 A goniometer-stage model to represent the rotation given by equations (2-14)
to (2-17) with the Euler angles 6,, ¢, and ;.
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2. 3 XA LAAT—ADLLE
KA &2 BRI RO D720 0p L LT, JEIEIC X 5 ¥iESE DO T2

9. Yoshida & "3, HEEF 99.99mass%D Cu Hifikdh & FEIE L7354 O i1k
A LT 5. Fig. 2-4 1%, Yoshida & 2355 L T B [EAEIZLE S fE s 7ML [A]
% X/IND, y//TD, zZ/[RD ZIE#eT e LIz AT LABREX TORLEZL O Y
T, QPELERTOYI ST, (b)D 50%EMERS DT A W Th 5.

Fig. 2-4(a)IZ AT L A B K TR S LTV D x-y-z FEMEEIZE R & Cu BLRS Al 013
JifLd (100) 23SHERLT % x'-y'-2" FEESR D B W E D BLE & - 2 % [RIER1T 1 R; 13,

X2 ERUERDOD &,

0.598 0.252 0.761
R, =] -0.372 0.928 -0.016 (2-18)
-0.710 -0.273 0.649

D, RFERODEFRD L &, Fig. 2-4(b) DIEFER D FFALIZ DN TIE,  x-y-z FEERE
ER L X"y 2 R AR O B O BR E 5 2 B[RRI T R

0.424 0.349 0.836
R, =|-0.686 0.726 0.046 (2-19)
-0.591 -0.593 0.547

L7rh. ZO¥A, Fig 2-3(@)D x'y'z' & Fig. 2-3(b)D x"y" 2" D b\ 7E D RIE
252 BIEEATHIR, ,, ©F O EEICHE S G OREEE 5 2 51TFIR,, 1%, xyz
HIEFEIF RO G & T,

0977 0.153 0.146

R,,=R,R/*=|-0.193 0928 0.318 (2-20)
~0.087 —0.339 0.937

LD,
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TN D% R 2 72 O EfEFH L IE Mathematica 9 <° Matleb O & 5 72 gL O
B - HERHY 7 MU = TICEOVRBIATI ZENTESD. E£l2, RD
axis/angle pair, V/®IIEZHITRD NS "OT, K2-100L Y InRZRD B Z &
LT&5., 20X HITLTHQR20)DR, O3 InR,_, Z3tHT 5L, R OXf
BAITUT ORISR BN D.

hd = -0.337, kd® =0.119, |® =-0.177 (2-21)

KQ2DD R OXBADEEAA T —AOMEE KT D, A1 T —ADOEE

L LT, K(2-2) L Fig. 2-1 ORPUTINZ, Zh & IZEEEONEE 2 2L S B 7= LLF

DATHRIAEINDRI b .
R=R,(2)R,(v,)R,(6,) (2-22-a)
R=R, ()R, ()R, (%) (2-22-b)
R=R,(6,)R, (v.)R,(¢,) (2-22-¢)
R=R,(9)R,(6)R, () (2-22-d)
R=R, ()R, (2R, () (2-22-¢)

Fig. 2-5 1%, R(@2-21) D% (hd, kd, 10) DiEE, KQ2)ICLD (0,0,p,),
(2-22-) 0 B 12(2-22-0) £ 5 (6,,0,,1, ) 125 (6, 05,9 ) PIE L HLEL LT TH 5.
ZDD(), (b), ()L, FIZFILxHl, vyl z#HE D ORERHIZONTOX
Bl —HEEOFA T—ADOHETHD. Fig. 2-5Hbnd L9512, EOfE
D DR TH R & A A T —AOMEIFZENC R > TODA, K6E Y o
xlcf OEIEZ OflfE © O =FREOA A 7 —AOEO LT, 72, K
(220D R DIE, A DHEIMED K E S 13 |hd| > (10| > [kd| & 72573, x4
A DOHERMED NS VT EEA & A A T —HOBNOEGITRE. 2.2.1T
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WRAR7= K 52 Bunge DA A 7 —MATiLziflh, x§h, ziOIEE COREZEZEZ XD
2N, TS DORERA OE S A6 OffJE O OXEA OME & 138705, & HFlER
DA % JEREEE © OIEHRIZ ST 256, —ERICRE LA RS &

HRREIRE S 2D,
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Fig. 2-4 Stereographic projections of the orientation of Cu single crystal (a) before
and (b) after the 50% rolling.
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@

-0.05
-0.1
= .0.15

ad.)

o
R

-0.25

Rotation angl

O
w

Rotation angle (rad

o
N

-0.25

h® O & & 2 05 23

average of Euler angle

I average of Euler angle I I

D

average of Euler angle

Fig. 2-5 Values of the log angles (h®, k®,[®) and the six kinds of the Euler angles
(01, 91, Y1), (02, 92,%2), (03, 03,Y3), (04, Ps,P4),(05, 05,95) and (86, 96, Ps)
for the rotation from Fig. 2-3(a) to 2-3(e) given by equation (2-20). The rotation
angles around (a) the x-axis, (b) the y-axis and (c) z-axis are shown.
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2. 4 fEiE
FER AL E FOBGIZEETHIR ICE > TEBHINA LD THHH, ROK

BInRIZ=DDOMSERBEA D RO T v eied. ZhbEDINR D
=ODOMSLIRESE, RS T2 b I AR A EREAC T D1 DITHRR & 72 D
AETHH A=A AT —UHENC L > ORLEE. T OREARE, it
BAE, RIC K DIENR % [EASEAE S O FEAFHEN)E © DR LTz & & DRy
B, MAILERINTWDOIAA T —ALITELRD, RIZHLT—ENIZ

RFEDLAEOHIZRD.
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Appendix (% 2 &)
A—2—1 RAIT7—A0OxInA DSy

HWICIEDE L 255D AT T — ADBRUNRIFHISt DHWZIZA 2T L LT
ETD. Zo%E, ADORMICKT LA ER THDL L LT, TOEEY, (X
v, =dA/dt (A1)
s, =k, B DOHNIEDOZEALST A ED D TR, ADEFESN/A
BB 57 H1E, v, 0ROV IR N DOEETH D
v, =(dA/dt)/ A=V, /2 (A2)
ZEZRLZ O, Zov L, UTORXTRIND LI, AOXEInA DK
WZELTHD L RieEs.

d(lnﬂ):d(lnﬁ)d/l_ﬂld/l v,
dt di dt da A

L=y, (A3)
LoT, DRI T —ATONWTED “BALROEALS” 2ZE 2 HTHIIE, A

DRELINA DZALTITER T LN &2 %,

A—2—2 [REATHIOXNEE 5 2 5K
TRTEC DN T DEIEITHI R, 1F, FiEAZ0 L LTUTORICEAbN.
(cosé’ —sinej
R2D= . (A4)
singd cosé
[F8E G 0 DSIRERE ¢ 12k U CHEReIIZZ b L CWnD &5 5 &, 1780 135 &
Wy LIATHITE 2 5B DT, R,y OBRIZLIZL FOIZRD s,

(A5)

dt  dt| cos@ —sin@

dR,, _d_e(—sine —cosej
(A)RUTUT AT T — A DA R EENTNDD, 1THIOGE TS TE 35D
WIS+ 5. Lo T, R, DT8R,

2D
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22 _sin@ cos@

o T, RANDFE =L E R ICHEHHATELL T HE, RASHNLBLLTD

o _( cosé sinej (A6)

BtRZ15%.

0 -0
3 Ry _ ARy d[e oj A

TG0 dt P dt
DRITRENTND L HIZ, Z2DITHIR,, & dR,, [dt LA TH v, IHE %

-
—

B2 THREIFZ L. RNANYOE =01, EENCEB)THEZLND R,y D

BT, ZRITOEEETHI R TH(AT) & RIZEORERXA Y 2> Z L1, ()
DRIZOWVWTOHBIZ L - THERTDHZENTED. 9FD, ZDRDHFTS]
R
hk (1-cos®)+Isin® Ih(1-cos®)—ksin®
(1-K?*)cos®@+k*  kI(1-cosd)+hsin® | (A8)
(1-17)cosd +1?

(1-h?)cos®+h?
R™ =| hk(1-cos®)—Isin®
lh(1-cos®)+ksin® kl(1-cos®)—hsind

THY, BEHEROHEIV =(h,k,1) 23 —E T O BREH t OBIRCET 255,

—(1—h2)sincD hksin® —l1cos® lhsin® +k cos®

drR _do hk sin @ + | cos ® —(1—k2)sinCD Kl sin ® — hcos ®

dt dt
Ihsin® —kcos® klsin® +hcos® —(1—I2)sin<D

(A9)

ThdZ b, 2-100L Y ELTOREBRENMRILL TND Z N5,

| K
%?R]f:nggc:%? | 0 —h|=
K h 0

d(InR)
- (A10)
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3 E  HRAIERIC LV A U DR R EIER O A K 2 AT

3. 1 f&5

VEETZZ LV BEAIN D& BN O EIL, JoldFE— Th o 7o ki
BN TH, BN L2/ D2 l, TRhbbimEEEZ 267, 2o
&9 ApfbdhElEslE, FIZEIBALR J7 W T o S ELEST W (Rolling Direction: RD), [+
JEARI AT 1A J5 9] (Transverse Direction: TD), [ 4iE fiyA## J7 1 (Normal Direction: ND)
BIEVEERERIZ &Y, MBIORSE AL & ORBBREZER L TH D, BRI K&
HEJERE R E © ORI & i B A S 1O,

RETIE, FH2ETHALM AL, B K2 EREERICE T 57
W, BAAREC L AFEREHEOIR Y N HONWTIRAR S . F0f%, = oL
LC, MBS O RS A U fbdb AL O 2Nkt L, & O #EY)

DT7A v AX v v EOR TR, RE 2 TR L7z,

3. 2 fEsHAZEA

3. 2. 1 I X DR

EANLHED BB B ICAATET 2356, T a0 2 58180 B Ol 02 %
B3 %. Fig. 3-11%, FEHHF ORRALFIA KPR 2 A L TV DA 2 BRI
RLTWS 9 Fig. 3-1(a)B L D)L, THENEENIS DAL BLUNDA2IZ LY
AR DR STV AT Th 5. KHIZRT L 51T, DAL BL U DA2 IE
FNEn, FROFESRNZ LT x 88 Y 12 o, OBl L0V #8012 0, O
fna 7= 59, Fig3-1(c)TlX, #5751 DAl X O DA2 EARINIZ o LT

WHRRTZRLTEY, ZOHEICENTbmERO TS B ~D5ET O
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BAGIZHE L, $ESEIAMLOZERNAE LD, 22T, P S ERI~ONLE D24
(X o A LA EATIIR TRT &35 &, HiEMA o & 0, TR DX
LS & 72D, B O XM X DRE TN B b AT D eI,
JEAZ R OBIE 0 OlElls & Lol Sz Bz Th 2 5 Am IR IcERATH
L. Wz D L, A A T —AX axis/angle pair D K 9 72, i LAl A FHL
T 5B, A LA R O O EI A & B T X 57210 T
72K, RIZHL—EICIRELRBLLFIETH D120, FimEllsz A L ZE 5506

DKMz w9 D BRICERTH 5.

3. 2. 2 HEESRINOEANEEC X Db an T A2 AL
il L N OBEAZEE Y, Z OERNREZAE) 5 ST OB L, HismElEEZ b
7257, Fig. 3-21%, —ODHENEEDWI BEL O DW2 IZ K> TAL S, Kb
ZAE SR, 1(V,, 8D,) B L VSR, 1(V,,80,) ZHAAIT/R LTV D, [HEEA 50, &
5D, NPT EWNGE, OR, & SR, DFEIL A L 720,
SR~ 6R,0R, ~ 6R,0R, (3-1)
BLO
IN6R =In6R, +InJR, (3-2)
ElehH. TIZT, AQ-10)ZBIT L4 BADERD T, axis/angle pair ([ZF1T 5 [H]
VY = (h,k,1) &R O IC LV kSN E Y Frwg, BIFO L) Ik T
w = (hd, k®, D) (3-3)

UTD=Z>Dw &, Zhahbzx &b EEsoxsn & ORI,
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w=V&p=5b(hk,I) for 6R
w, =V,60, =80, (h,k,l,) for SR, (3-4)
W, =V,80, =80, (h, k,,1,) for SR,

LxrRbIh, UTORBRIELNS.

W= w, +w, (3-5)
I ORIL, BB K DRGSR LB A AT DB T E 5. Bl x0T,
FEEmOFEV,BLXOV, RO L &, wiZdk b DWI BILRDW2 ~DOEIA %5

925 Z ENATREL 72 5.

3. 2. 3 WUNBEIERICIS T D5

SEM/EBSD T J A A3 v N 5 650 % W = fi#r o5 & LT, Fig.
3310 L9 el L OE N EE 2 D JFUE O 2> HALE x, 36 KX O, ~ D dh
FhrokliEy, TnZnR(x)BLOR(y,) TEZONS. 22T, AR AR
JERE S C OB x, 36 K O, DRIDRIEE 7 5 TR TH] & EHT 5. =0
[EEATAIDORARIT, LT ORI S.

R(x,)=AR R(x,) (3-6)

Fig. 3-4(a) & 3-4(b)i%, TN ENK(B-6)D A0 & LN DRI ERLTWD. AR IS,
HHEERE R TOR(x,) 72 B R(x,) ~OlalE & R THTH 585, KB-6)D 4
MRS T D ERIE 2 = » N oA ERL, Fig. 3-4@)IRTEEIC2 5. 2 2T, AR
Ze FEVEEAT R CORIFEE D x, 70 b DElER & EF LI E, AG-6)EDIEST & Fig.

3-4( DA ELRDKRNITIED L.

35



AR BBUNEIE T Y, 7235770 O axislangle pair IS Ad 1X[AP] <<1 %

W L IET S, 758 AR, K(2-11), (2-14), 2-157D5,
AR ~E+InAR (3-7)

LD FT, AR DXES (Aw, Aw,, Aw,) 1T,

0 -Aw, Aw,
INAR =| Aw, 0 -Aw (3-8)
-Aw, Aw, 0

LB, ZIT, [AD[<<ITHBID, |Aw, |Aw|, [Aw|<<1ZETRT 5. 2o

Bfrafio &, XGB-6)i%

1 -Aw, Aw,
R(X,)=| Aw, 1 —Aw, [R(x)
-Aw, Aw, 1
1 0 0 1 0 Aw,)( 1 -Aw, O
[0 1 -Aw, || 0O 1 0 [[Aw; 1 O ([R(x)
0 Aw, 1 )J{-Aw, 0 1 0 0 1

(3-9)

ERLIRTE S, A(B-9)IE, ARIZ K MR/ DOXES (Aw,, Aw,, Aw, ) 13, (LIE X 12

1% R(x,) LA x, 12350 % R(x,) ORERH 5% 7T EHE LB TE .

3. 2. 4 (LEIKEF LTSI OZA
ZIT, b n,DETHEMBNENEEET S, R(x) B x iz o T AT
BEZ2RE, x,2B1T 5 R(x,) & 5,281 5 R(x,) 07EIL, DTFOICRBTE 5.

[R(%)-R(x)] =[R(x+Ax)-R(x)] dF\;—)((X)Ax (3-10)

Q

X3B-6)25(3-8) &LV, LLTOREKREES.
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0 —Aw, [ AX  Aw, [ AX 4R
Aw, [ AX 0 —Aw, [ Ax z{a—}Rl (3-11)
X
—Aw, / AX  Aw, [ AX 0

Z ORI FTRRIC, FHEEFTHIR (x) OALEIC X 280, S Aw, Aw, B
L UAW, I k- TRk TE 5.

W72 B X IZFB VT B TAI R (x) 23N & R EHEA TH 554, R(x)IC
B2 18RI L 720, XGB-6)2>5 InAR X, L TFORRIZRS.

INAR =In[ R(%) " R(x,) [*INR (x,) - IR (x) (3-12)

ZIT, BUNEERICH T HWMITU T O TEZAbND.

dInR [d—R}R‘l ~ R‘{d—R} (3-13)
dx dx dx
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@ (b)

Fig. 3-1 Schematic illustration showing materials containing dislocations. Materials
containing grain boundaries composed of (a) the array of dislocations DAL and (b) the
array of dislocations DA2 that cause the rotations of the upper grain with respect to
the lower grain as much as @, around the x-axis and @, around the vy -axis,
respectively. (c) A grain containing both of the dislocations of DAl and DA2
dispersed in a local region. The rotation angles @, and ®, are the log angles of the
rotation matrix R giving the orientation change above and below the region shown

in ().
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Fig. 3-2 Schematic illustration showing the changes of crystal orientations caused by
dislocation walls DW1 and DW2.
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R(X,)

R(xy) AR
0 X, X, b
reference

Fig. 3-3 A model showing changes in crystal orientations for line scan of SEM/EBSD
measurements.
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Fig. 3-4 Graphical representations corresponding to the (a) right- and (b) left-hand
sides of (3-6), where the difference AR in the crystal orientations between those at

x, and x, is expressed by using the reference frame at the origin.
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3. 3 HHURESOMMIELEC X DR AL
3. 3. 1 SiHEROMMEL & O BEIER O 707

SHEUAT K D EAALRE D FRHT FIE O & LT, BPEATEITE O Sl B i o
fEan AL O Z A Lz, BRE 2mm, B 20mm OHTZIR DFEE 99.9% oD §i B
fElC, WHEREZ1T > 7=, Fig. 3-5(a) 1%, LT O RS S ORE S 0%
LTS, MFDOTD, RD BLUND Fiiik, ZhEnHAERORITH, T
EJTIE), ERRITIM AR LTS, TD, RD BX O ND IXEREEARATHY, £
NZNOFES ALY Fig. 3-5()Zit# LT\ 5

15%4 B AE#% DA %2, SEM/EBSD (2 CHIE L7z, HIE X, JSM-7001F
(JEOL)NC, TSL @ OIM-analysis ver.7.01 Z FH\>, JIEEELE 15kV IZBWTAT
v 7Y A X 1.0 um & L7z, Fig. 3-5(a) D& WZEHLT Lo, TDm Lo
REIR A EXT G LT, Fig. 3-5(b) 12, WIEA D TD D ND 56 D ififi ]
(Inverse Pole Figure: IPF) %7~ L7=. IPF O 7 —2— NI, E#E AR LT
BV, TD M O RD JA, ND HlabHRLTVNS.

Fig. 3-5(b)IT”T & 91T, FEIER ORI A7 b F Ak L ORE D TR/ R
N BlE SN, 2O/ ROME XL, RDIZX LT 0.56~0.65 rad (32~37 ° )
Thole. ZOWMAK EIRLIEFEF O 0D A~DT A A%y o EORS
FRLEAGIZHOWNT, 2.4 um [EIIE CTHIE L7/ B2 I WENT 3 5. Fig. 3-5(c) (2R
TAT UAREZMIE, FA O TORGMFMNERLTWND. #5 OA LOfkd
N, {11WRS %2 BT Fig. 3-5(e)ZRd. KPEDOEREDILNY NG, E

IZ K AAEdmmEERIE, I TD Z#Elgih s L T Z o 72FH A2 R~ LTV 5.
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3. 3. 2 AL

Fig.3-6 1L, 74 v A% x> OA LIZBWT, JFUR O »HDOEEEZX4 % TD
fill, RD #l1, ND i V) OEELEA T b DA (Wi, Wepr Wio) PEALZ R LT
5. THNHDOFRERNS ZODOMEADH T w,  DEEAKRHREL, +0.14 rad
BEOFATENL TWD Z ERbnd. FHZRw, DX, Fig. 3-5(b)D
H LD/ ROFUEAY, TD #hE 0 ISR Y 36 L O EEHE Y o/ ME Mk 7
THDHIEERLTWD. Fig 3-5(b) (ZBWTC, ZORMEIEATR ML, i
Fig. 3-5(c)DHL 6 111 FRISOFREH & AT L oo TV DL /IMEARIRD,
Fig. 3-5(b)D LA RN R LIzBafood & 5 72, (T1T) 9 i oAk
BN B TRER STV D H A FER L T 5. Fig. 3-5(a)lls 3 i Bk & o w131 5
fraExHE, Zo(TIT)AAMEERIFED LTSV R THD EEZDLND
9

Fig. 3-7(a) 7°5 (NIRRT AWy, AWey 3 K VAW, 13, Fig. 3-5(b)IZ7=" 375> OA
FliZBWT, 24 um HEOMDY A 5 2 S TOxEA DL E /R LT 5. Fig
3-7(a) & (), AW,y — AW, & AW, — AW, DEIRZ R L TEY, T — X mIIAH
B> T X BTATE LTS, —J, Fig. 3-7(c)TliE, Ko s oME & 12in
S THRIFNZT —Z DL T2, ZORBMOBEEITHONTE, BIFEBRA
D.

Fig. 3-8(a) 1%, TD [ CHILE S 7o/ MEAR R ABANITRLIZ b D TH 5.
(T2T)iE ECHREMED H 59~ S e LT[0T11]& [101] b BRI RER L7
(RIRESEDY, ND-RD (i E OO ARIECOMHEL TH H &35 &, [112]
MEMEZ (T1T) il EoF AW TR E 2D, 2O X5 KR, (111)iE ETo
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[0IT ] L V10T ]P “EF RV ICL > TRBNS. 22T, (T11)H ETO
[1T2] 5 WD ABTETEAE Z - 72354, Fig. 3-8(b)IR 3 BRI, i b a1 [ 110]
O TD #ifil » OIEEEE 72%. LU, Fig 3-8(md e, ZomEsE, (111)
[01T]& (T2T)[L0T]P 2 SO TV ROIEEIC L Vil 2 5[ 21T & [121] ol
DERELTEZZXLND.

mlsh (A, &, 1)13, RQ-10)R L& 91, HAOER L BHET 5. /M
FORLIL 2 ) B [EIRE S [ 20T & [121] & Grdeifi THE 2 2358, AWyp — AWg, D BIFR
I%, Fig.3-5(c)DEBTRIMHETHZOND. O XL, Fig 3-8(c)DfHE &
SL< 70D, ORI, SHEREOWBIEIEIC L 2R EA OB eiX, fEshr
DOEALE LTH 2 B, Fig. 3-7()ZFRHE D AW, — AWep (235 1T D kIR 707 — &

DL, Fig. 3-8(NIRTHAAEIEIZ L » TR T& 5.
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: /’L ------------------- frmems
. - !
ST = ND=[T11]

RD =[112]

TD=[110]

Fig. 3-5 Cold rolling of Cu single crystal. (a): Schematic illustration showing a shape,
and crystallographic orientations before cold rolling. The region analyzed by
SEM/EBSD technique after rolling is also shown in (a). (b): The inverse pole figure
(IPF) map showing the crystallographic orientation of ND on the TD plane after
rolling to 15% reduction in thickness. (c): The stereographic projection showing the
orientation at the origin O after the rolling. Changes of crystal orientations along the

line OA are also shown by {111} pole figures in (¢).
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Fig. 3-6 The variations of the log angles (wTD, Wrpy WND) along the line OA in Fig.
3-5(b) as a function of the distance from the origin O. The log angles show the

orientation changes from the orientation at the origin O. (a), (b) and (c) are for the

components of wiy, wgy and w,, respectively.
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Fig. 3-7 The relations among AW;,, AW, and Aw,, at the same locations on the
line OA in Fig. 3-5(b), where AwW,,, AW, and AW, are the changes in the log

angles between neighboring two measuring points. See text for an inclined broken line

in (¢).
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Fig. 3-8 Schematic illustrations showing dislocation structures in the rolled single

crystal. See text for the details.
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BUNBEIERDO G F TH LM BAOMENEH T2 2R L. T7abb, 4
AN L DGR TN OZAL, A OEIE LTHEXLND.

ERNLBE RS DM & LT, TR AR OO SRS SR U TSR T D o)
ZUTOWT, P & RV TIRNT L7o. ZOfER, TD @il 5 [110]/8 v olalis
A, TEOSITRFO (T1T)[01T] & (T1T)[10T [P 2 DT~ 0 R TO ARIEAL
FIC L > TAEL 2 [21T B L Q120 0 OEEO ERAEDETH D 2 & 2T
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o4 T LR SR O BYEA T O il S BIEs O BT
4. 1 f&S

PRI AE O G EER O fEHTICR L, 2B TR LA ZHND Z L

T, ZWRITOAlE % £ FEEEREEE © ORI L, SArREC K 2 5SS el
AT CED Z L AF I T TR L. RETIL, EBSD T X D fEdn FALHIE 2T
T, MUEERZICRBAREICAE L TRVBOBELZBNTHET, IF
B0 R bl & OBREMAT 5 A AL L.

Bay 5 Y3 LU Hughes & 213, BBMEZATEIC X % fE SRt DR R & LT,
MR K o TRI—DOfE PN TH > THIGITIZ LD B 5T REH)
L, #R5FMNA~OFR@EEEENEZ 5 Z & 228 T D, fEIKIC K 0 dhEES
DFmMBPERD E, Z OB OMEEIZIE Geometrically Necessary Dislocations
(GNDs)Y23 A &4, HWNCHAL DR BHEBOREAE ZEMT 5. Thbb,
PVEETEAC X » CTA L D5 SIEERIX, 20 GNDs OfFEZ D H ORI LTV
%, NyeiZ, (RREF ORI E GNDs D534 O BIR % 5 % %5 e /A i r
B (continuum dislocation theory) ZH5E L7=. Sun & %, #1HTZ ORGEE
EBSD (T & i b TALAEATICIH ] L, BBIEA TR O Al s 231 5 GNDs @
O3z Bt Uiz, BISITAE T, Konijneberg & ©2% =kt EBSD IC & B ik )
MFRATIZ LV, Nye DEIEBET Y LOETOEZELRETHELITHONT
W5,

ARFETIE, B W% ORI K R ER 03~ 0 #1 &G S 7R
Fric kv, FEEKRINTHATIC LY BT RE2HEL, RRD5TY
SR DTGB A M) 2 #1500 T C 2 ik BlEs & 2 o RlEsih & ORIk 2 A L7z,

51



4. 2 FEBRIGIE
Table 4-1 |2, AFEOERIZ AWK RFZI O E =T, BRI
DA Ty FERERL, BHEEEIT 7o, £ D%, FRbEd X TN60%
DJE TR THBEIEZ i U7z, A8 TIE, BA2E DMK < LB A R I 7 ik
Wi 2 479 2 S AR R SR IR SRR 245 2 728D, M EAER DR fr &2 973K T
100 FOMPRFE L, EHIZHEE AdLiz. %, iz KBEE AT 5 L8tk D
WL D72, F A7 T FITTHREANDIFETIRROE(EIWE. 2
DERIZ LT, # 150pm OfEEKREZ AT 57 = 7 A~ B DMK 32 ik 2

flE L7,

Table 4-1 Chemical composition of the test material, low carbon steel.
Compositions (mass%)

C Si Mn P S

0.0016 <0.01 <0.01 0.0003 0.0002

15 5 N T IR IESRAR I SEIEZS T 2 0 2. % 7= o), B AlakBh V% 5206 L 7=, Fig.
4-112, HHE BRI W TR A TR LB DBz m L. 22
THAMEBROEAES (1%, BlE3)7m) (OD/ X ), AW (SDIX, i),
ABTENERR ] (SN X8R & 3 5. B AW A O FEHEL LIz, B

PBTEEAC £ BERART > Y Mg, LAFORRICRE 5.

F= (4-1)

00
1y
0 1

o O

ZIT, plEy=0/nTHAEINLIEAMEERETHY, s &hixzhEh, H

fiEAEBL LU0 —UR (REETIE 3mm) THD. 10% D BT
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PG IICRB W TBE T NG, 0T moOBlEs L O s AL oRlE %,
Field Emission - Scanning Electron Microscope (FE-SEM : JSM6510)% & O* Electron
Back Scatter Diffraction Patterns (EBSD : TSL) CHE/fii L7=. Z DBZED =, itk
IR S (BRI 2 o L, SR O O F A8 2 FR%E L. EBSD

ORENX, 0.2um AT v 7 & Lz,
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wweeg
|
I

38mm

Fig. 4-1 Schematic representation of a simple shear test specimen. The coordinate

frame of the simple shear test is also indicated.
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4. 3 EBREEH L AENT
4. 3. 1 T_XDHpEIE

Fig. 4-2(a) & (b)IZ, 10% HfliE A KR OB A2k 3%, FE-SEM IZ X 59~
DA R, B X OV 1REF CHIE L 7= EBSD 52> 5 AERL L 7= inverse pole
figure (IPF) ~ v 7% /"7 . HilE AW ERI ORGSR R %, Fig. 4-2(b)D IPF <
v TINBIRE L, Fig. 4-2@)I2 F DS T Lz, Fig. 4-2@1CRTEEIZ, RBR A
FINUT TR BARRICBIE S, PROFEERIN TIEATICE AT Y
BRCRU) S - BN S 78 S 7=, Fig. 4-3 12, Fig. 4-2 D AWV T A 7258
WMOPERGEZTRT. K1) 25 (i), BRO(iii) 225 (iv) D KD RKHETTOH R

FREITIE, SFATRT R0 MO BEIIR 23520 2 BRI Blg ST,

4. 3. 2 HisHEHEROMEAT
ARIFFETIE, JuxFE—TholofEbiNIZB N T, BEEFIZE>TELD
it aE LSRN L D I BEPE A AT Rt 5 & Lo, BICHE R Z R 20%, 10% O Hflid
AWIETGAZ X - TA U D5 T, 2 10° FBREE TofETH -7z,
—fEEICHE ] S D EBSD OF — XY 7 N E WA, RS & A
A T—ME L THRLIERENRD. L, BondAA T —MI%, A
FEEDLLRWVIEHE LT R ThoTh, REBRFTNELFOLARH L. i
ZNE, BRE L7 AUV T 107 BUF DAL LR\ (100) IIE WAL Tdh -
Th, F—D[00]| 2RI RWEERH D, £ 2 TAIFZETIE, KT LDZAk
i g DIZHTY, 1ZIER— DR ITAL & A7 DI K L, A A T —F

T =2 ST ORI A B R L THIEL, A 7 —A&ZEERITHIR ICA
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a7z,

BRI O R ORI % R TR THI D EFR %, Fig. 4-4 |ZR"$. 22T,
BIEZREI N D L OFE S TALIE, Fig. 4-1 123 Bl A Wik BR o A 5 4 JLUE
ELTWS., ZOHUEFEIE ALY, Fig. 4-2 (2759 EBSD OIEHEIE R & [Fl—THh
D, ZOHE, TORERERE RS L, fEa 2D a, ~ORERE KT (ER

THIARIZLLT D X D 1272 5.
AR=R(a,)R"(q,) (4-2)
ZIT, R(a) & R(a,)lE frifa ik a, DIEERIEICS T DR LE b

b REEATHICHS. i, R'(a)lE, R(a,)PHITHITHS.
[FIHRTTAI AR 1X, aixs/angle pair & FEIIL D, [BIHEA O 35 L ONEIHRHH 2 7% 9 Hi{L
R MV =(hk )2 HANTETZ L TE, Z0#H% Appendix (2777

[FHEZTH AR O In AR 1,

0 -o o 0 -lo ko
INAR=| @, 0 -o |=| |D 0 -ho (4-3)
-0, @ 0 -k® hd 0

ERYE, o, 0, o0F, HSFESNAEEY ORELHOGEEARED. ZO
[EIEATAI DX In AR Z AW 2 5T, =Rt D [BlfR 2 BERATE R IS 31T 2 454
D OEERE LTHBITHENAREL 72D,

Fig. 4-3 O (i) 25 (ii) 3 L O (iii) 22 & (iv) O ZARDKENT T 5 H AL D%
fb%, ENEIN Fig. 4-5@)B LOOITRT. 2OT A A% ¥ BN T, H(4-2)
DAENZIB T D RNLE e 2, ThLh (i) IO (i), £z, ITdRONT
boa, T A AXy > O E L=, Fig. 4-5 1239 8EIC, Fig. 4-3 Tl

HINTTROBERBTMNOLEE LT HHICLY, 20T A Fx
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L7ctElk A Bl Lz, 72bb, H—HRIPATRT X0 BB S 5 HEK
THDH[A], [C], [D], [F]&, O DHEENRD HEBEIL[B], [E[IC0H
TLHENTE L. KR, SERNORKRA RN AR iE L, AkE
DRAITRLTWS. ZOREMRGIIX, $oFEAEC, 20D
LR BETOEA~DEEEH ORI ENE 2D ROIEER L) T4 02
¥ ETREEE L OZIE, FIZZOBEBENTH D Fig. 4-5@)D[B]H LT

Fig. 4-5(b) > [E] T4 LTV =,

4. 3. 3 [EEIT Y ROMT

RODSLTEF DERIZIB N T, TN HFRIIREST R TH S (11) THY, 0D
N—=H =AY bVE, #FEBZa L LIckZal2(111) L 2 5 05T
Wh. —J, TRVEIE=O|MESNTEREY, {1104, {112}, {123} O =D
N ETNIEBENTEE T 2 AR H 5. KFHEIBICB T 2T RV REHET D
72%, EBSD OfERZHWT =203 XV md s L —AD KA &, Fig. 4-3 1R
L7 FE-SEM (T K 53 XD BRDO T & e L7z, Fig. 4-6 12, BH—FHRICFATR
TR BOBESNZEE[A], [C], [D], [F]ORENRFMOAT LAEE
X ZRT. BIZZDOAT LAEEK EIZ, FESSEMIZ X WIS -3 )V HE h
L—ADNME, RAMFEZOERTRLE., 2 HH>ETORFKIZENT,
TARYEIE{110}IC R —FH L7z, 2o {110} ETE, Zo0 (11D 70 HrH

FEET 5. WA AR & B IS D AR E S8 L8, FR[A] & [F] T

(011)[111], fEssk[C] & [D] TI&(T100)[111] IEFBT RV R TH D LHfEE L7
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AEIORERTIE, 78 & OMEBICIH VW T10}(111) 2EB T =D R TH D LHEE S

iz, LIRS RERE OfERTIE, {110} (111) §°< 0 RO HEM L 7=,

4. 3. 4 fEEHEESEO BT

Fig. 4-5(a)3 L NbNT/R Lo fEdmElERIZ I 1T D [AlERfc B L, A Eikicis VT
FENT LTo. T4 VA% v Ui o AR C o R o Zkicon T, K
@2 B LVE-3HE MWz, 22T, HEANOEEDFIZEBIT 5 ARIE, H(4-2)
DADIZ BN TR HEILDOREN e FAL x5 2 HrEa, & LTEEAE L. Fig. 4-7
IZ, ARDEEETH D V=(h k1) %, %HE[A], [B], [C]ofi&m7 iz
AT AT VAR BICRA TR L, KT, fE[A]RB K O[C]OTEEI§~
D Z, ZNENVKAOEHRBIOCRAOEHTRLTND. M T, T
FRIEFRITIE) (slip plane normal, SPN), /X—7%'— %X~ kL (Burgers vector, BV),
SPN B LT BV Ol GICEER Tz, ThthO, O, ATKRLE. (Al
DOFEENL, A ON/NEL 2B IR T 5. £2C, Fig. 4712130 >05 O
FROHR LT, Z OfER, SIR[ACRIT D EHEREhI T [ 211 (W G0k
BEL, fHI[ClICH 1T DA mlEsi X [120 1T W HALICERE L T, Zhbo
RIS D RS & 2 B AEIR [ B] T, fbdbElisihi XEik[A] 5 L OC] Dk
[FIEAH T do 2 [211] & [120] ORISR E > Tz, KPic 7w v M9 2 ik B]
OfidhElE g 2 © > 5 ICHIIRT 5 F T, HiZ[211] & [121] O PRICERL TV 5D
ZENHRERD. b DD T A U AF Y L TH D (jii) 125 (iv) DFFFTIZ B
T, FEROFIEE AV, BREIR[E|ICRIT i fbERE O3 i, #hE
B3/ ® >15" & LT Fig 4-8 (28 L7c. SIS B]ICIT D MAT & [AIRRIC, BRI

58



[E]iCH 1 DR E, fH[D]d LU [F]® SPN & BV OMGIZEAZT 5

T O PRI L Tz,
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SN//x,

l SD/Ix,

OD/Ix,

001 101

Fig. 4-2 Microstructural observation of a low carbon steel after 10% simple shear
deformation. (a) FE-SEM image showing original high-angle grain-boundaries before
deformation denoted by dashed white lines. A white solid square in this figure
indicates magnified area shown in Fig. 4-3. (b) Inverse pole figure (IPF) map showing
the crystallographic orientation of OD on the OD plane.
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Fig. 4-3 Magnified FE-SEM image of the selected area in Fig. 4-2. The arrows
heading from the points (i ) to (i ) and from the points (iii) to (iv) indicate the lines
that the EBSD line-scan profiles have been analyzed.
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| 5
a, a, X
R(a,) R(a,)
SN//x,
SD/Ix,
OD//x,

Fig. 4-4 Definition of rotation matrices R and AR showing crystal orientations
obtained from the EBSD measurements. a, and a, show the locations where the

EBSD measurements are made. The reference frame is the simple-shear-test

coordinate frame shown in Fig. 4-1.
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Fig. 4-5 The variations of the point-to-origin misorientation angles along the arrows in
Fig. 4-3. (a) From the origin (i) to (ii) and (b) from the origin (iii) to (iv). Open
arrows indicate locations of representative orientations in each region from [A] to [F].
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Region [A] Region [C]

Fig. 4-6 Stereographic projections of the representative orientations in region [A], [C],
[D] and [F] in Fig. 4-5. Directions of slip lines observed in Fig. 4-3 are indicated by
black solid lines with solid arrows. Possible slip planes are also indicated as black
broken line for {110}, gray dotted line for {112} and black dotted line for {123}.
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Region [A] (®>0.5° ) Region [Slﬂ (®>0.5° )
SN _ 7

Fig. 4-7 Rotation axes whose rotation angle is more than 0.5° are plotted as black
dots in the stereographic projections of the representative orientations for regions [A],
[B] and [C]. Rotation axes with rotation angle of more than 5° are also plotted for
region [B]. O, [0 and A indicate the slip plane normal (SPN), Burgers vector
(BV) and orthogonal to SPN and BV, respectively. Open gray symbol and solid black
symbol correspond to region [A] and [C]. Broken lines indicate slip planes.

65



Region [E] (©>1.5° )
= SN

Fig. 4-8 Stereographic projection of the representative orientation in region [E] in
Fig.4-5 (b). The rotation axes, indicated by black dots, are plotted for the cases in
which the misorientation angle is more than 1.5°. Black and gray broken lines
indicate the slip planes in region [D] and [F] respectively.

66



4. 4 B
FAMEE T K 2 d R i b O I B I 3N C, Rl — DOREERRIN TR 2 5

B

TR ZPTEE T HFIC L VBB ER SIS, ZOMELELT, b
Sy E| ST BEEAY BN R e 5 G I [ElEs U, ERBAEEJE T Z o B L 5EK
BT DN ELHET DHERAELT, T30 L0 GNDs &7 5. =
DER TR T D GNDs OHERE S 5kt A, BENAIIC Fig. 4-9 (2R L7z, 4458
S C DG AL TR OFRATIC L 0, BRI IS 2 A A EEEENE, £ O MRl
HE—4~ V) S 2 AT HEO SPN & BV [ZEAST 5 J5 6 O HPREICHERE L T
HESHP L. F£7o, SEBEZR L FIICEE LR, 2o o s
ZIRIHT 2728 GNDs BB L 720, SV L, 2D GNDs (2 LV fldnks
FOEFEN B 25 ENTWHE B E 25, Fig 478X 0048 kv, EBEKO
AERRIE, PRI E S e B HEIED B D GNDs OHEFEIZ LD H D TH D LT 5
HENTED.

Fig. 4-7 3 LN 4-8 |2 81T S it da RS OMEATIX, Fig. 4-4 128 FDa %, KH
WOREN R RTAEE L TITo7. LER->7T, Fig 4-78LX004-8D
AT VAL, Fig. 4-5 OBFEBORKR LI A, Bl AWk o B
FERWEEELE L CRLTWD. L, TRVROFHIE, TA 2 AF
EORERRERA S & VBRI L LTV, FERERE O L TR FRED
e PR BR 2 i T D 7o OIS, BT AR T ORE LA R & O D LB
bb. £ZT, FARFx v EOMEEONEa IZBIT D i EERE W,
frfEa, TORBIITMR(a) 75, HEa, ~OfEHIR(a,) ~DEEL 725

FEHATHIAR, & LT, UUTORAKRERT.
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AR; =R"(a,)R(a,) (4-4)
B2 OB 8, 12351 2 RE MBS X' - X', X, 2 HEME L LT /7 T, AR,

DiEFZ Fig. 4-10 [IZHAINTRY. LUT O TIE, X'\ - X', - X' FEER O #6
%, BV & SPN ZIEZZ 3% 71 ORD (//x' #h) , BV (//x', ) , SPN (//x', #h)
L.

K@Dz, T4 A%y LD 10um BETOAR, Z3FH L, #EfhEEE
HOZELEFFT2. ZOAR ZHWHHFEIZLY, MR Z R— D27 LA #
M BRI Z LR TE S, Fig. 4-11@)I2, (ZE () 2D (i) DT A AF v i
BT D, ALE (1) 226 OBRECS9 Sk s O 28L& 7~ 7. Fig. 4-11(a)icd
W, ORD, BV, SPN OIRXFTH DA BLO[c]lE, TNHOEERET D
OISR U SBIBEEEER L TEY, 20 O/ b X IR
LTW5%. Fig. 4-11@Q)D AT LA RKEK O FLREREIRIL, fHE[C]DOIFEIT <V %

EHAEL LTz, T4 VA% ¥ ZBWT, BIR[A]ICHT 2 /GBI, BV,

EIHAZT D il

(
=
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>
=
%7’

W[ClITE3<UZONT, B ZEART DI

O1AY
AR, DX TH D INAR, Z W5 T, Z D =IRITO[AlHR % i Gk A A

T A K DEEE~E SRS HERAREE 2D, T70bb, ZDOINAR, DS T

& B [FIHE A (orp 1Dy 1 Ospy ) 135 TRIHEF @ 2 GEI [ C | O fJER R T & % ORD

BV Tll, SPN Bl U DIEHRIZIMAE L7 b DICHE 5. Fig. 4-11(b)IL, @ IZ%F

T2 (Worp py Ospy ) PENG 2, JFARALIE (i) 20D OEREEDOBIE & L TRL TV D,
ZORIZBWT, FEIR[AICB W T gy / © BREREIGEZ HEDTEY, 20
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Fig. 4-9 Schematic of a wall of GNDs caused by the motion of dislocations of various
slip systems. Cubes labelled [A], [B] and [C] show the variation of crystal orientation
along the arrow.
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SPN/IX',  SPNIIX';, NSPN//X',

ORD//% ORD/% ORD%

BV//x', BV//x', BV//x,

Fig. 4-10 Schematic of the calculation of rotation matrices in the region, ARc of
equation (4-4) with respect to the crystal coordinate frame. The crystal coordinate
frames at each a; are also indicated.
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Distance from origin (i), x/um
Fig. 4-11 Analysis of crystal rotation at 10 um intervals along the line scan from (i)
to (i) in Fig. 4-3. (a) Changes of crystal rotation axes shown in the stereographic
projection. Gray and black chain lines indicate the planes orthogonal to the Burgers

vector for region [A] and [C]. The crystal coordinate frame is also indicated. (b)

Changes of ratio of worp, msyv and wspy to @ as a function of distance from (i).
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OXy ———

screw dislocation

X (0‘11 =a, other «; = O)

Fig. A-1 Schematic of the arrays of screw dislocations in volume when o, =, and
other «; =0.
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