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SUMMARY

The main goal of this study is to develop texture control technology, with which materials
properties can be improved and optimized. The texture control technology is composed of three
elemental technologies, Recrystallization control technology, Deformation-texture control
technology and Texture analysis technology. Each elemental technology has its own research
fields and topics and is developed independently, e.g. recrystallization control technology for
the maximization of properties of final products, deformation- texture control technology for the
control of first texture with forming process and texture analysis technology for the quantitative
texture measurements. To achieve the best materials properties, one needs the information to be
shared among elemental technologies. The texture control technology means the systematic
combination of three elemental technologies and could be applied to various production
technology and could find the best processing conditions.

. Aforementioned fundamental technologies have been developed and combined. These
technologies are applied to industry and examples are Al etched film for electrolysis condensor,
high Strength/Conductivity Copper Alloy for semiconductor connector and Fe-4.5%Si Steel
Sheet with Strip Casting Process. These are good examples of the application of the texture
control technology and several industries are trying a pilot production.

D.N.Lee has won the Ho-Am prize for his new recrystallization theory, Strain energy release
maximization theory. This new theory makes it possible to explain various recrystallization
phenomena and to predict well how a texture evolves during recrystallization. There is much
room for the development of this theory and it is expected that new research and experiments
will refine the theory further. Texture control laboratory held workshop and contributed to the
development and spread of EBSD technique in Korea. Researchers from academy and industry
could share their information and know-how of sample preparation technique. Texture control
laboratory will hold ICOTOM13 (The 13th International Conference on Textures of Material),
which is world best conference on texture in summer 2002. Texture control laboratory will

continue to transfer fundamental technologies to industry and lead the texture research.
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ToRlAE dFATHANY SHFHAARZ A7V F2 P g JAR=EFL
dTste @HAA T80 AR J4HY FF 5d Yolle HFAA Y FHA
2 @ dAgoith. £A471&9 AFEOkE XrayZ|€ S FF FHYSA o] 8" Ao
W HAEW Z/EBSDY E4AdH| = 1999900 EQE QY. &S AFzA/MARE
TAEN7IEY Favt HA U H3 ded FF s3] EBSDE MAAR A
71232 AeFe Rez q4an
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AM3d gigsd g ¢ A

AlA AER ol
L A2R Fgzd A7) A

A ALHE 35 ARELS AY YREo gAY Agolt. o|=e AA
A e R 2 A FANIX 3 EFF Fe wido] BstA e
bt FAA A ¥ AAYAE 2= AvE SN By, == 3= (texture)
< 3 gt BT JAFzAo] wHy grEe] AsE AP SAAS =
o] £33 EAEC] 5¢FHo|A gt}

AF2AL A5 ENH 4TS 7142, 24 Ao 712 2 IAHPA 9 e

T e BEE HFd o8 9% wen 18T, e ¥y QL I olge
G2 Yehdth 3%7] B0 AR BAL Aojdn HE Y4Eo EHL A
o137l AY BHoz Iz A77 WasA HAUG.
2, 7IAH 7tgol A% AR AAA o9 d#F o] U= o A4S
AARME S 232 Ye ZE A8 Uehds HAolth o] Fokol tiF F&8HH<
AT AYAHA 870 s 7H43 HJnh oA Tk, Az e 2T )4
TZ A E T HF A4 EA FA4L HE A% AR T He
A 717] 98iA Aok

RE gz B3 A7 wsN AEAAY P AFE A g} sfuksid,
AABA AT AR ¥ M3 L W] BVF AFE b AY Ao H]E)
e Ao wel M2 g& AE&E WErIE 317 w&Eoju

AAA AF=Hg Ast7] sl WA ol AF7} o)FojAT o7 o]BEo)
ANHN LY, o} thofd dAol tslA YBHA ALY 5 Q= o]&o) Bt
Aot HZ o)gde ¥ AU Al % $YFL 1Y WY 9y
A W& Huis} o] &(strain energy release maximization model)g o &3t & A
RYE Te FEA8 A2% A2 YL HYsY) olde oy 4a%
olE€E°] WHIIANY AAAY Aol AW EHo FAHL E W, WY ouR)
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$& Hujgh ol e AFHe FEHo| HE U WY oy ABR g of
WA Zael $¥4e neise S8 ol@Se] Aysta £ AW g sk A
oA Yoluhe AFH A=A BAY WAL YAk

2. 34 A5 odYH A2H

A7t 24 7hs R EF T 2 AL FAA HY, e gId 4E,
& HAY, A9, 2 A 718 58 R ¥y duAs 2454 " ol
& UE Ay oy Exs g oaE= B AHE ush, AAJ
SRR o] £xrt ufjg =g BuE Qe A dezs Wy 9 /1%
AgEL 2dE fAEY% B F Y.

a3y, HM¥E A8 Ve W, F Ady FAE AXNA € 9, d¥" A=
Wi AAEL €Hos ¥4 Hu, <Y FHR9 o)3o] st4stHT. o)
& Aol 3 BAse A8 vARAH EX Y-S 71JT ¥t stEE
T4 AR ofdyY Al Ytz o dojus wiA 23 WEE 19 31-1
[Humphreys 199519} el Ach.

a9 3.1-1014 Jetligi=o], 3] Brecovery)A HAT S AAHT AW A

A F=7F AuideA ot olE’ WAl =39 WlE gda FASA dojdr
a3y 8y ol d4E AAHAE & S A PG o9} B AF B
Aol A 22 Wsts I3t 7hE A HAEE $3 3 E(dynamic recovery)olA =
FrAREA BEE.
8o o5} A=Y o) AuARTHA, 2B (recrystallization)ol] o 22 AE H$
ol 47} v$ e Nze AFPEC] By JIAE £2A7EA 490 (29
3.1-1(0). o2} AAH AL EW7HF A HE9 ojdy FHo] gluiaAdE Yo
g 4 e, o]& F3 A AA(dynamic recrystallization)o] 2t Ftc}.

HIE QAo Ao UEE 43 ¥En oy, A Ude A3 99
gHog EAAT AAYAN EATD AFEAC] ¢45° T ALHE ojdyg e
o2 ARFUAY BHE FAANFHLEZA A AUAE FFA Hew, ol
Aol o3 ARFEES W 277t FUMshe A4S AHY Aoz ¥4 (o
¥ 31-1e). 281, 543 434 22 A Yol Mz o s 4AF ¢ v
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(Z™ 31-UD), o123 42 wiAY A Y AAH(abnormal grain growth) =& 2%}
A Z A (secondary recrystallizaiton)o) g} =t}

st 22 o) dy FHENA, FF 8 2PY HAF L JFOE FAE v
Azoe vetude W, A2 WA 2FYP A0 JsiME 1 o)A o
Alg vz HLPE o ol Aol 23 o] PYAHT, 1y, JtEY LY
od® Al Holg o9t & AAHEL I GAFH Fo HYsR gon FAHO
2 dojd F Ao =¥, AFA 2ol FHAE AR REOE dojgd 5
A& Fs)of drt.
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(a) deformed state

Fig. 3.1-1. Schematic diagrams of the main annealing processes;

(e) grain growth,

t4

(c) partially recrystallized, (d) fully recrystallized

(b) recovered

(f) abnormal grain growth [1].
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WE MBS 7IAH 24& MR AF S4Bl AYT=E, 23YY a7, 19
T ARPEY B4, & AT o) P Le 53 AYTFRE WY
AR O ol F e ojdY o AY AAA HAA W F IS XA Do =3
°|g AAT=E, AHY Z7), 282 P2 &4 WY F ojdY A 4uag
< §8t MZoA & 73

3. AZA A= LFE YR 7|E o8

24HFE 58 A U A 29 ¢ e AP APz B A
T AFHA A& e oot ol AR AjzHo] wddtel uat HF A
AR e ool AAA HI olol wet AR EAo] AF=Fo| wsta ge
B 924 2. AZA J¥R @D FAo) wat WA HE AE 24
&3 B dF3r] AAsME AR Az Jd @ B B dFee
Zo] B3 Fa35tr] wEo|o

o|AFE AAAIRE HHA o A YR AUAE SidtE FAHNAN 1AL
A Y47 ol ol o3 WD NA A A2E AP F=27 Arls Ao
T3 Fojjith. 71N 2Rz YA F 10°-15° F =9 ¢ xHmisorientation): o}
T AL ouidn. SHojd MEE 71AA dojus E AN HANA A7)
T @42 E 1A A olFol YojuA e AL oudth YwFHo = B
Axe AUiAE ¥37] As) A7 YA(ow angle grain boundary), o}2 4 Y
(subgrain)d ¥ 5 A< Auidol douA At

T 6041 del A FoF =AAZ Folle A F9 st AT WYL we
¥ AstA w2de AEAY AG=2 71U B Aol WY Fe A @
2 Aol AFA JY2AL A9 wEsx g1 ZANI LIS YehA "o
AEZF A3HA H¥e A Sobd AFAY AFz2o| AsA wasA Hey o
oAy Jg=Ao] dot AA Hu, YutFe: Hae A gE Qe APz
2ol YA Arh.

AAA Jg=2 A7 A 2PHmew grain)e] ws)o o] AP A &)
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Y R BREE T F 7HIAE AAS e Ao B AFHo gt EXIL
HE Adx2 e Ze A FRAAEE AZY JAdzZ o FA4HE Ao B3
AT A Zledt AAY FAdN 22X =9 FA7 Ho] ok AR AF
222 53 W ZRFHAA AEA do] $MFHo2 WYIJTE WY YA
(Oriented Nucleation) ©] &3} vl 2 FAX3A widd AeA EF w9l AHY
o] $HHoE AU Mg YA o] E(Oriented Growth Theory)e] F71#] o]
B8 FAHoE AFHY gt

ujgF A o]& (Oriented Nucleation Theory)

Y HPYY o8 &d3 AZFY A5 AFAF JF=F w9 dAHYo]
OE ¥HE zte 234 vls) o g2 o] YAJthEs o] &olt}. o] o]lg
Burgers 9} Louwerse [Burgers 193110 2j&] A=t 15 4Fuy dAdA S
UET AEA AA Ado) HlE) o Be WYL e FRAHI JGoM=A
fragment) ;|24 o] Yelte AL E1dYHo] 4L AAG A E ZRF
ARYAL TrFolgtal I I F B AFAE0] £l A4 ¥y /A
AZARE 2AE o] FUI}AY T2 FAR HYE ZE AL Felstnz 3
Aok F2 B4 AAEUAE T3 A By Yo H9E SHFTL R
o & Fowy st o] EololA BE o] lo] HA UwY F&Ho AL
444 FF=2(Cube Texture) 3 #do] Ye AZA dL FohYrE o,
A SR e o] wEetrtdl Witk = ALHT QYo

o] o]&9] s]&o] HE A7+ Dillamore 2} Katoh [Dillamore 1974]o) <] o]&
olFth 21EL 9AA H(polycrystalline Fe)e 428 uwf A3 AL AAarstd
Ul FA4E& & Holwl=(transition band)7} FAHF L RYth 215 ¢=3% A
AN AAY F L1 78 JdzZ o] wgdsimg, ojxe] YA L A £
< AA7 Ha dy S A ZAH A8 AAAe] AujEa gt = F8
¥ Aod2s gdd o d@ Zeloh o] A9 YwA ¥ (Cube orientation)&
THLE e HaYYolA Heo| Ao KA METE A7 A FE AR
GAHANNEE Aoz ofE AYYo] HNAsA HuA Y P9zl A
o] o] ot YA WA Hold HAEL o] LYol ha] A2 w3
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Foz st Aw, AAC 77 WHE A3 R dol YA, o Y
B S0l AARA G A8t JAY JF=2 o FAR] Aok Aol
A8 Az #F Hxe 4PF S99 Ridha 9 Hutchinson [Ridha 1982]
of ol&] AA AT 1EL Dillamore 7 AE&F A 2L FoA] dllo] YA 5
A& T3 AU EE T3 AU o1E9 49 A7 SAD U EBSD T
2 oA A=

rr

wj gk A4 o] & ( Oriented Growth Theory;0G)

g P47 ol RE WA HEo] AZAH x4 ofn] EA3I, o] F
F 71A% B 49 AV de HY AAEE e HF (g2 S AAHG
o3l Aot Barrett [Barrett 194012 old@ Al HAste A4HE AU ¥
Y5 4FuEy @2 J1AgE 3040411 A #AV doke AL ey
ol AA3te AARY APY L& FH WY &A= AL 4PFHes
HoFE Zolnt o] F dFuFe & AZAAlY olx AAA [Beck 19501914 =
4011 A BAVE s AL B ol ol& AwAdes AygAds &
of Ugt=dl, 53 FEF AL “dro] FAAIA Yehdths Zolth [Beck 1949,
Kohara 1958]. &#vrjg EH UdAHoZ A ¥HYS 71 F F& ANEL &
HEYE A 2L AZAEEC) FAAUE AVle AL FAsHT =7 o) 73
A7 27 AAA B9= AgH o2 A A(selective growth)dle] WYL 713 R E
A FE AAYo] T3 HEP S 7181A ¥ WFog A3 HFHo= o}
F 2 U2 AFA JE=2FE Ye AT olF F2 Licke AFONA o] o] &4
#4% g2 483 A58 B cHLicke 1984, Liebman 1956, Liicke 1974,
Licke 1976]. 94 A4A F59 AZAAA 4R A=z o] 42 F$ol o
s 4011 B|AZ 4P3te 2% A Bo] RuE Aot [Licke 1984, Beck
19661.

AE7A AL =39 A7t Yo% d A JF=Y LFe S Uy F 3
UellA 9ol A #AE HEAY o eI, R $9 94 Uz F st
40°<111> %9 BAE wFatd 22sA doan FRE o] A3 8o AAEH
22 F7R A F & 3 Y FATto] UALA WY Ao FAsmE o] 9
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23718 4 etk

A A o]& (Growth Selection Model)

: Variant Inhibition - Orientation Pinning

Azt FHEEZFE 2 EBSD 59 48 rjeo] AT syt g F
ol ol tht AE&& A3 A £3ta o} [Doherty 1988l ¢o & 5 71x] o)
B9 AU 94FE HF3] AsiMe A5 vz, & H1g 2 AFdRd
719 WA E AAH 22 FHstoof jir)

Duggan & [Duggan 199312 AAst= AAYLS 2719 do] 19 FAR Y s
& 29N WEA o8 Y4B O 2R BAT 98e FAHAL o8
d3tr] 913 HyPE 71 REFHQ AAHo| dojd AW WA Yo Y
Z32& EBSD & %3 #&3c Zo] A9 FAMojth ol Be FY9 B9 E
B AAA AFEZ Y 7|ded Ui ARE B FhEH FELE AT F
A7 o &ojrt.

Ibe9} Liicke [Ibe 196617} F3& Me3 44 o8& wisF FYA v A4%
oj&o] T UFHHE Ao MARHC] HF ANAF JF=2AL AIgE A
oltt. ol A WL FEH A AEA W AL WY 7R Vo EAEA
i, o] o] FH AFYET 40K11IDES FAE NEAINE ALl AAH
A2 E g dok= Aolth Hjelen [Hjelen 19911 F23F W3Fdo] UYs
eFuES 4ddtd, MY 71A Yo REHoz AAH @ HAY Yol EAE A
HE EBSD & ©]&3td At vAFY9e A=A & ##3t Dilamore-
Katoh =do] A|AI3te HolWl E(transition band)oll A AMAHHo] EAlstes AL &
AL, MFE 7[A 9 BEFFEY FELS gREe) H0KIDBAE HFAE A
< UF3AS. o] go] Ml =(shear band)r} Holwl =(transiton band)o] i oj
£ 3ol ojxei HHETE Bt {112KI1DH Y3d BH= 59
A1 Fo| EA8tA ¢47] Wl g H4% o] ALY 427 YAty By
%ol A WA= HAAH g% ez By

Doherty & [Doherty 1995]& B g oz Wy dZvjE 7oA AT =
E(cube band)7t F422 WS EAstE Aeol WIA EASE AFH B
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20l AMAARY 4IA LT AL FAIE AL BYH(Variant Inhibition).
ol do] WFoz A HYH JiR oA £3] Holx= nAMEA wjdh A4 F
£ (fine interband spacing)ell A= MZ S Y AAHL 7 1A 5437 P9 =
Zhegd Aol weigths Zolth oAl wald w9l AR YA s A= A
42t YAR A8 HABAE=IE A Hol dE APl wls) W] A o
T Aotk @Al &lo] EXHets F9 71X EXF Y BAE WEAF A
25® 4738 4 gl Aolth Jensen Lensen 1995 &l %] 13(Orientation
Pinning)2. 2 A% =39 AdFE A3l

4 W8 ouA B$F Ao olee B¢ A2F A= A

A Z1ERRTl, FEANRY ALY A WL He A2 AF=zFL A
W37l Aste ¢ B x¥o] 1A okt Ad s o slx mdEo]
AN o 22d, M3 dAHA H L & Y& ol BRAY HH=, &
A7A AAEHo] & F OJEEL UF L ojdFol o AAY AP=3L A
7] A8 =EFHAoH, & dA Y-S Fe AR dEiAE 2 ddo] Evls
& Aot

HI ol HIBE AU A A} AL T} ¥y oy BE
sl o] E(strain energy release maximization model) [Lee 1995-118 o] &3ld, A
23 [Lee 1995-2, Choi 2000, Kim 2000, Lee 2000-1, Nam 1999, Yang 19991% %3
% [Lee 200212 €& W& &4718" F4(fce, beo) [Hong 2001, Hong 2002, Lee
1996, Lee 1998, Lee 1999-1, Lee 2001-1, Lee 2001-2, Park 1997, Park 1998, Ryu
200119 AZ2A FFzAES AHE 5 AUk o1AY g AAH o]&Ee] MYy
Aot ARAAFE Atolo] AW B4 FAHe & wrd, HY oux $E Hoig) o)

L AAA FFHe] He WjF ¥y oA AAH ] 7 ojuix e B
F4& ot

AZZL A8 7tE T FHE AUAE Z4AF7] Y5 dojd. 3=
AqUAZE dAFE, A9, ZAEA, EH T2 U7 AHAE T4 A
T 3 A AREAHL WFGol Ak Ay} olR e Eohn st = A
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o] oj@ ojtd EXA-E ¥A ¥od MAAIF=AN Y THE & & Qo
AARHAL A o Aolo] 7]AF EHAAA Y oY A= AFY A7V AW
FARY 33 AFFold BZAH E71d A €& & FAE & Aok 2FHY
AE Aol o] & =(Mobility) Atole} o] Aol7t AAFY AA F JF=3 W3}
A 1B FAF AxYl EFDYTE YAFTTL 1 EXo] vimnd THAol=
2 AARIEZE YA TG 4TS VXA ¢S A 2ok At ofH o
d BEE A %od AZANG=AF FH3iA € Aol

713E AR Fole Zddy, A, TFHY o] EFsA vid= U
gy A9 WAL e (Burgers vectons A5 MW AFzA o o3
o ZAEHY AHMEL Z22HHY A IR AFE = ok 29 31-2¢
gAY AT wiEH Fe AUANENAY FEY BXE HAED. o] &
HEZE W AT SHER FHOE ANG Aolth o] AP ZRE
Aojgrel Huid 3389 WaFo] A2 HE WIS 2SS ¢ F Uk

Sutton 3} Ballufi [Sutton 1996]&= % 3.1-3¢] veld T3+ sje] 2ddudy
Aol e 22 $YHAE AU

G,, = —G,sinX, (coshX, —cos X, - X, sinX, )
o,, = -0,[2sinh X, (cosh X, —cos X, ) X, (cosh X, cos X, ~1)] (3.1-D
G,, ==6,X,(cosh X, cos X, -1)

9 Al Xi=2nx1/D, Xe=2m%e/D 6o=-Gb/l2D(1-v)coshXz-cosXp’] o, G, b, v, D
' 24z Ad g4 A S, WAL wE(Burgers vector), 24 Hl(Poisson’s ratio), 1
g AT AYE vepdT
X7t to 2 HIZE W, o2 o © AFHLZ 00 /YA, on & UeH 2L
ol FH3.

G
o, D(-v) sgn(x,) (3.1-2)

sgn(x2)=-1 if X220, sgn(x2)=1 if x2<0
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Fig, 3.1-2. Principal stress distributions around parallel edge dislocations calculated
based on (a) 100 linearly arrayed dislocations with dislocation spacing of 10b, (b)
low energy array of 20 x 20 dislocations with horizontal dislocation spacing of 20b,
and (c) low energy array of 100 x 100 dislocations with horizontal dislocation

spacing of 10b. b is Burgers vector and G is shear modulus [Lee 1999]
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Vo

Fig. 3.1-3. Coordinates in edge dislocation array
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Ho 899 A< xa #ol D2n o] 4Y 9 oy kol NFHoz HZeA
Ho, Ad F8Y 0 AL e =& €Y Ugo] "o}

OF €dHol dold A4, AE3e €4AMY AY W Eo) FYA ¢t o
T €Y Al A WY Eo] F/NEFE AYNLEEIE FUHee (29 3.1+4
(Zehetbauer 1993D), Ho} F&¥ 7] =F Z71dh. 2z, Ay F38 v
Foll viA= &4 €HAY 7IdEs 4 €AY AG AP &) wHsY o]
g Aeg EFE F Ut

= ﬂdy,. / dejde (3.1-3)

Ao Fgdo WFe AH7) AANE ¥Y A L= 2YASH F &Y
AdA dojus Ad HAEL Uolo} 310, oS L WY UY2H, BE: WY I
gz A4 S de F Utk

AR A MEA BASE Y Ha BAAS Bgo] Y 7Y Bg3
By o Bt A 7ae megg mdslate 13 3150 =4Ho=
ehiglch 27 AR(Y 31-5@)e YZ WA AR YRt Wy Yo
2 B4 SYgo] YAAG (Y 31-50). o W Aol W HY duAs 1Y
31-5(d9] 42¥ OACY AHoz Uehd 4 YUtk olH @ B Shgo] A3
= AgoA $YFo] g SUT ARE HADTHE AT Y YR RE A
7ty OBCS) Waoz Zadth o FEHE oixE 42H8 OAB W 3%
3o, o] W& AU dAHE AR HA BGHAS o] o)W EAYY
SEgel Wk PN W Huyjr} Bk

oldd Al, A@Ho] Wl s} AAHE Aol Ar) W $He Hrztol
A= Yo 2AY & Y& W, AUt AHE AP A9} AdAYe A7 1Y
3.1-59 B4 $Ao] Ay Y= ARG Yo YL AR AP 5 AU
AR A, AARLY A2 SAAS Bgol W /1A A T8 W]
Pt 2 o, & 9y AF2Ye) g8 S5 H9 BAS /M= AEA W=
Fo| YA w, Ao olvx Fas} HAohrt Ho} (2F 31-6) AP A
g A2 ola)o| sh&sgET), |
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Fig. 3.1-4. Evolution of total dislocation density with shear strain y dy/dt =0.01/s
Full lines: calculated values, signs: experimental data from resistometry and
calorimetry, X torsion, O compression; V straight rolling, dy/dt =1...10/s; (a) Cu
99.95%, T=77K (above) and 294(below); (b) Al 99.99%, T=77K (above) and 294
(below). Evolution of screw  and edge L densities is also demonstrated

[Zehetbauer 1993].
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@ F é o
o (b)
é '/ -
b E; B
(b) 4
V.
Tl . — c
A Displacement

Fig. 3.1-5. Stress free body (a) is elongated and its both ends are fixed (b). Strain
energy of body is represented by OAC. When small portion of stressed body is
replaced by stress free material, strain energy of system is reduced to area OBC

and energy release is represented by area OAB.

Recrystallized grain

}
Minimum Max. internal stress
elastic modulus direction

direction

Fig. 3.1-6. Matrix with high dislocation densities and recrystallized grains constitute
constant volume system, in which energy release can be maximized when absolute
maximum stress direction becomes parallel to minimum elastic modulus direction of

recrystallize
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AR e Aol A7 SHo] Aol AH A HAHZ A% SHR
EE 4A RsE= 2y A 29 BFE Folof @t oo dAAE FAHA 9
oA A & Aol

of o]&< AMT HdBH W S&A7 FEH [Lee 1999-2, Lee 2000-2]
715U

5. ¥¥ dvA & Ao olge T AZA AF=F g

7h. AW T 0280412 Al gAY AAFIFEA

Blicharski & [Blicharski 1995]2 H ¥ ¥ <423 (123)[412]/(123)[4121 &
(123)[412]/(123)[412] 2 9 AF 9] QAP T2 S 2H}P o, 7129 AAH
OJELEE 1 ZAFE AWET F YU o1FY T MY JduyA $E s o

€ o835t dHsiger o] ol A F2 dott. A7AH} FHBAA
of 4Ae FES ZRonZ, (123)[412]2 2 EAE HII o] AL H
HHY AEAY A e [123] o) QAREFLS [412]0)0 ek WYL
qAE7] fatd T2 FHE AL

90% ¢= ANHo WYAF2AE 1Y 3.1-7d Jehldch. ¥y Fo) ozt
2R3 Aol e ole I 31-ToA Hi uiel Zo] $xT 4 YIS 0gs
=4 [Canova 1961, Toth 198819 <&} # gterh AUl H3Wad-S A4
7] st #8 YA AG1-3)Y v o gE Flof Gk o] F YA
ldy/de| & e o] BAE Lolol ot o] FAE WYATRA Y HARHAA LA
Aok dyide & e o BAE 19 3.1-89) VU o] €Y AE dyide 9}
e BAFHOZRE =23 (0%dZA0 D) 7Ae] BHS T3 4 (3.1-3)
o yi #& EA Bk 2 A3 g £JAE A1D[101], A1D[O1T], (T11)[110],
(ATD[110], (T1D[011], ATH[101]°o1™ o159 yigte Fuigke Z+z+ 2091, 776,
1424, 2938, 76, 1397} Aot &7 @7HA FAE HE& €dLFo) ¢ WFH o
g O FEE FAydE Aotk dE EW, (11D[10T] €RAL TT1D[101] €9
Ae 2o AR &YHFe AW 41219 e o) FX T TRt &YEk
< daug
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(a (b)
Contour Level: 1, 5, 15, 35

Fig. 3.1-7. (a) Measured [Blicharski 1995] and (b) simulated [Lee 1999-1] (111) pole
figures showing deformation textures of Crystal (123)[412]after 90% reduction in
thickness by channel die compression. Simulation was made using strain rate
sensitivity full constraints model with m=0.01. O Initial orientation of Crystal
(123){[412], ®o Orientations of Crystal ~{135}<211>, m Orientations of Crystal
~{011K522>, «: Calculated orientation of Crystal reduced by 90%
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Fig. 3.1-8. The calculated shear increments at a thickness reducition of 0.01 on

acting slip systems of the crystal (123)[41-2] as a function of strain [Lee 1999-1]
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2t o2t 9 674 €WA F O 2hE 3 Floir} Br] WBe) RAHY
.
AHAUHFSH e 083 Bol At

209[101]+776[01 1]+ 1424 x0.577[110] +2938x 0.577[100] = [4608 3293 2867]

o714 A4 0577 1y}t (11np[10] €JA7 [110] €89FS T3
7] W &olt} [Lee 1999-2]. [4608 3293 28671 3aF == w2 #E [0.7259 0.5187
0.4516) W3aFol AAA Fols GFvlFe Ha S@AAFEFE <1000 F sv}el By
37 "ot

HEE 7IA e AZAE AA Abold = t&E3te] W HAAE A7) Ysko, o
9] <100> W& 2] E & st 100> Wy FHI WP e B
gotol 3t FE g Follv= HRWNESHYT Y A4tol AHEH AL [011],
[101], 1110]& € & Atk A3td o] F&e HAX HEE 71X U= A7)
AL & A7 W oIt o] B Fo [110] Wako] HAWE-SHuafa} §7.3° &
90° o 7}& 7zt [11014%e 718 7Hg 3 Hoju 22w 321 wifo)
ARG FE shte] <100>*3o] & ZAolth o] ¥&g a9 3.1-994 OBE Yehy
Atk OB OC& HUW 342l OA & e} 3 ojojof 3t OCE OA%}
(011132 e o2 A& & AT OBE OCS OAS #WElFHoz AL 4 Qo
w2t Al4kgl OA, OB, OCE Z+Z} [0.7259 0.5187 0.4516],

[0.0345 0.6833 0.7294], [0.6869 0.5139 0.5139]7} ®r}. o] =5 ©9 g o
I A2 FFoln AMAA Fo= [100], [001), [010]o] H&stA Dt &9 HEHE
o] JEEL WyE ZAN AZAE FA9 ABASE BE 3= WIFIARIC) H
ot} 2322 GAASLA LS [0.1534 05101 0.8463) 7 st

[0.8111 0.4242 0.4027]°] AAA Folle GSALLE S5t dg 4 Utk

07259 05187 -0.4516)(0.1534 -0.0062
06869 -0.5139 0.5139 (| 0.5101|=| 0.2781

-0.0345 0.6833 0.7294 /\0.8463 0.9606
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[0.0345 0.6833 0.7294) d i [001]1_

B
)

[011)

/ / 87.3

o A
[0.7259 0.5187 D.4516),//[100]

C
[0.6869 0.5139 0.5139]d 111010},

Fig. 3.1-9. Orientation relations in deformed and recrystallized states. Subscripts d

and r indicate deformed and recrystallized states respectively
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07259 05187 -0.4516)( 0.8111 0.9907
06869 -05139 05139 || 04242 [ =| 0.1322

-0.0345 0.6833 0.7294 )\ -0.4027 -0.0319

webA A" AZAR AT (0.0062 02781 0.9606)
[0.9907 0.1322 0.0319]°]t}. 2+ OA, OB, OCE <100>9] ¢4 24 53 o
€ A4AA} YA B osEs 2 WY oith o A4 AAAAF=ZS
349 31-109) A AAAR T FA Jetdidch Aggho) BAbgoi ot Askgkal
My & X

52 ANYEH A 24BAY YFAAL=R

HEAY UA7}F F2 Bl £ Fe 2= AAYIH GAFTEY YANY
23 & 9 1104210, T 112<111>, 12 2(Goss)®e 011<100), S 49y
123¢634>, 1 FAES 001<100> 2 FAH I ed2 FA o e H9S
Adste Mg £3 pA olatm @t (2 31-11). 1Y 3.1-12& 95% Yt
@ GuEY (11D SYEolg. BAY L2uEd 7o PYaudgAdgz2
o FHRE TAYALED ST BT WA Felst GRuFe AARAG=
Zo| ARt Ae T LA Uk 29 31-126014 HE i} zro] S W
o} YALY Abolof 40° <111 A KIIDE AZ02 40° o FAAA)} Y1
40° <11D>e] YAe) o) FEs} ATke A BB S Wst AR Fol gAY
97k "okn 4 A 3 Yol gk

29U FeAGRA ) YHHARAARZAL o 2 Bl UTs AT AUtk
£ 31-19) 4YA7} [Necker 199018 B 73% o|3te] Al E WYATZH o)
Aot TS AYn ARRAGRAE TAN sk 90%s] GG AME B
@ FYAGRA0] o1 AZRFARZAE 23 UFA LS oIt 5% WL
@ Al - 0~9%Mg 332 598KelA 0.5~96AIZE ol dFg A%, AYYFzae 7
P dee Wso YR DEPEAL R BT IUMgol M Ao AT
(29 3.1-13 [Koizumi 1999D. 918} F A$7k FerhgAg 2o YA
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Fig. 3.1-10. Measured (contours [Blicharski 1995] and calculated (solid squares [Lee
1999-1D) (111) pole figure showing textures of fully annealed specimen of Crystal
(123)[41-2] after 90% reduction and annealing at 125°C for 5 min.
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Fig. 3.1-11. (a) Position of some important ideal orientations (solid square). (b)

Schematic diagram of important fcc orientation fibers in three diemensional Euler

space.
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Fig. 3.1-12. (111) pole figure of 99% cold rolled aluminum specimen showing that
the (123)[-6-3 4] and (100)[010] textures have a common <111> axis (arrow). @
(112)-1-1 11, W (123)[-6-3 4], A(100)(010].
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Table 3.1-1. Texture Component Strength of High Purity OFE copper [Necker
1990].

Rolling Brass | Copper | Goss S Cube

reduction

58% 3.6 2.6 1.1 14 0.6
Deformation

73% 2.8 3.0 0.9 1.1 1.1
Texture

90% 0.7 5.7 0.1 0.7 1.3
Recrystallizati | 58% 2.1 14 1.0 1.3 1.2
on 73% 1.8 15 1.3 1.4 2.1
Texture 90% 0.2 0.8 0.2 04 20.0
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Fig. 3.1-13. Effect of Mg content on (a) densities of copper {112)K111>, S
{123KK634>, and brass {110})<112> orientations in Al-Mg alloys cold rolled by 95%
and on (b) density of {001})<100> orientation in specimens in (a) after annealing at
598 K for 0.5, 4, and 96h [Necker 1990].
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Bz o2 Hite AL BAFE A o a2 o|ARORE FHE x|
2ot dustd g £ dxo /Aol WMEA M 5L A WA
23 #do] YA 7] wEeolt} [Engler 2001].

95% B4R T E 400~500C oA ojdFB 3t U BUE W3 (1Y
3.1-14 [Huh 1998D), 95% 37t Ad AA801L Al & 350C oA ojdst= H9 9}
AU ze] W3l (29 3.1-15 [Ryu 2001D), 95% B3t §t Fe-50%Ni 2 600C o A
old 3 T WAL= W3} (Y 3.1-16 [Caleyo 2001D), 95% WBrUAd T
2l€ 25 Kis 9] 71E& 52 150-300C 7kA] 71dsigtizt 35S wol] ojdy
e T WU =Y Wst (29 3.1-17 [Hong 2001)& 29 WA ws)7 =7)s}
7] A EStE e Ee] HE we AlgR o] ABERE FesEgst
AFFAZG LS o} BA AL S T 4 Ak |

AAR L HPAIAT £ YA AAH) dojur] 4o wygd AH o)
g WA 7E Taylor Alg (factor)ell BlElgchs o] @8l Utk YAy,
7L, S U9, FF ¢ Taylor AFE 47 245 3.64, 3.24, 245t} [Hong
20011 1.59] Wy E7HA HAWYLEI 99.99% L2uF AAHY AR U=
ST Aol &, FEHAIGe] S Y Bt L duAE Yt
[Godfrey 20011 whatA TeIHHE 712 A Yol S WS 714 AAY B} A2
d FFYel ¥ F Aoz Ay4dY. aug FaEdert S SR AAH A
UEALAE W3lele Ao ady 8 ¢ AUk
TUAYAZEEH TR LHZY Hol& WY ouix] 2 HuUg ooz MYy
F At LS {LKIUIDE dEstY (112)111) 239 HHuyets (=g
[112], @A%&: 1119 A$E 4593t 112)[171] 2AHe] HHEPYS A
A12)N1T] BE ep ol FEED st FYstn £Y¥AZ (T1T)[110],
(ATD[110], AIDIOT),AIDOTT) ol 2HA 9] HPGHA o] BF B Ao 7
AT e1s AA SHAL 19 3 (AW FHY hdW] FAWEgS e &Y
FFE ALY H A2 |52 HH AL & ddA ol Mysigch watA
AR HANFSE FEL [01T]+[101]+0.577x2[110] = 2[11T]. H71A 0577 2]
oA AE vt Atk 11] FFL AZH Tl HadHAS S (10010
y3kA At
E OE st BHAAE Astoof Aok AAANeANAM L HABAHAS
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Fig. 3.1-14. Changes in densities of copper Cu, S, brass Bs, and cube orientations

in 95% cold rolled copper during annealing at 400, 450, and 500°C [Engler 2001].
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Fig. 3.1-15. Changes in densities of cube, brass, copper and S orientations in 95%
cold rolled AA8011 during annealing at 350°C [Huh 1998].
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Fig. 3.1-16. Recrystallization of 90% cold rolled Fe-50%Ni at 600°C. (a)
Microhardness vs. annealing time and JMAK plot. (b) Evolution of bulk textures
with annealing time [Caleyo 2001l
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Fig. 3.1-17. (a) Orientation densities along B fiber measured by X-ray for center
layer of copper sheet cold rolled by 95% and heated to various temperatures
(Vdeformed, 425K, w475K, AS00K, 0525K) at a rate of 2.5 K/s. Orientation
densities along B fiber measured by EBSD for copper specimens cold rolled by

95% and heated to (b) 500K and (c) 525K at a rate of 2.5 K/s [Hong 2001].
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Fig. 3.1-18. Active slip systems (1, 2, 5, 6) of fcc crystal with orientation of

(112)(11-11.
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100> HFE ZF 3tutol] AT WP HefolMe w3 19 31-18¢ =31 o
AA4E nestd, AU E-SAREA 11113 £ vze 393k [011]
(101}, p11o} W& 3 pro)olojof &k 9+ 7oy, / [010) (A A 318} do} r
= 44 ¥ AZFE e gt HA Fod, 75 #ARE
B AZAARAE=2ZL (00D100]22 Asdo &, 1p11] ¢a3dgzz e
(0D[1001A 2R A F =2 o2 W3l o2 A4t AL AdstdA
{112K111> a3 =3 o] {001K100> AR HF=z2 o2 HI.

oj2i3 HMol7} dojurl 3t E AP E 71X AZE oln At 4w
A d2 REHE ¥ALY do) dasith YA AGI} He g&e 3y
AshME odd 5 T WHE HA olof it}
SATERDA T o3 AL FAHILSoUE) LAY L&Y

o e AR AAA ] 4D Foll Aol AT, o|AL Yo £YL UL
oltt. M7 H LS '

(ro1]  + [101] + [101]1 + po1] = [400] // [100].

o] BFL Ha vAAT #I Z7] "o AFAHE I EE bl A3

€ old® Foll st WskA ¥& Aolnt [Lee 2001). 1A 4o AREL 5E3
283 e & A HEDA & Ao)r] wWiEo|th WYX LE ] )3}o)
& AR ol oPA IHHE N dsiMe dE3kA g a8y g

d AL AHo] A T ALY 4P F AE3A IS 3t o]

29 Fegle 23S W 9A AYsEA AFFE Ao, fukstA e

2L AT AE W 3] Yot AT ALY AFL ST

U 258 28 08 B 23S AU st A7 |AEY A2
AL E AT Ao
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A2AdJExH &4
1. Neutron, X-ray

i QLEHUOlEZL Wy o] nl=2dAl]ER ®Ed: 54L& ol&sdl:e
TRIPZS  71&9 ZA7F 22 Réte & 4= 949 54L& = 7oz
dHA Aok zey, A B A7 R AAoH A REo=g
HEE AFHT s dAFolth. ¥y wE vi2diolE W ZFy 71375
Aeod 98X TRPZS Ay S d4¥E A "Ho B dFgME
Rietveld & ©] 83t TRIPZS FHEEE AFHoE SHAUT }

539 7AH AEL A2 FHEE, 4 2 Wd Fol s 2AHH,
E3] A249 RuEgol E@§AY 7AH Ao uXE 3o s At
o3 A2 FIHEEE SAstuA FEH(Image analysis)?], X-A 3dY L
Rietveld ¥ %o°] o]€531 uHR. L. Miller, 1968]. 2 #2490
2HUolEsL uAstA EEHO Ut TRIPZIAM FEAIE ofild AFHF
22EUolES RIEEE FHE A B 2A34E XEsA g4 =8 3
3AMe HEZE vHERYE EAEESE TIHE XA HAYPd A ARY
AE2F Lo wet 593 AA iz &4 Anr) 2R A .

/‘ \Vzl

. I
KFerrite peak with K= 41

Fygudy

Ferrite peak without

Austenite

e A~ Vy>> Vy

>
» >

Fig. 3.2.1-1. Texture effect on quantitative analysis Austenite volume fraction
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ol AFHe EAFEES FEHFHY AWM IdYF  Rietveld§ S0
ALE A Rietveldd2 924 2771 gle 229 FA4 ddoziE
AR3TxE A7) A3t RietveldHM.Rieveld, 1969]9 A surs 9o
Taylor$t Cox[GW. Cox et al., 1973]% Rietveld§ & X-4 2% ™Mo HLdd 4
AEF AEsict. AA JEFHE o] &3l Rietveld & 2P ads} gass
BFHol 3len, A2 F& 7t EFgAe diste] JAFY HE 7 4o sds
243t & & & FHol AtHHToraya et al., 1981]. 28} Iz o] 73}
w3t B AS JEHoz ETAEY et s2E Rietveldd L Algd
T eH, ol did Heo] Wastt AJFEMA Y 2 9L e
Az 4L nesty] g3 1Y 2709 d¥sE s 3ds 2XgSE
Rietveld®§oll & -83tE WY E[W.A. Dollase et al., 1986]°] A= ojH o} Ag=z2 o)
BeA LEHo de A5 BL 2348 ¥eA A

Lutterotti [L. Lutterotti et al, 1997] &< o8 Zx9 y9 o4 T3
AAAERRE 7 939 BAREFFODRHE TIA AFHAMsE
Rietveld'H & #3131t

€ d7ddMEe EAe IHZREH T PAEIIFE  x=0=004
Te10e HHE o] 43t Lutterotti[L. Lutterotti et al., 1997] So] A|otg W&
ol &% MEZE AFNY WHE AU FAHAA L XAL o839 g
HHe AP E AFsed, 4%QF Wydgl e STS 3049 mlEdiAlolE
&g Wstel 9zl TRIP7ZHY R EES S35

7t B3 AAE o4 W

A AF L2HUOE AF E& AL Cudt Mo BAL 0] 8% Xeray
3dol g AMgE: Qi) o] WHE AgY IHAREE AR vl
o 71zt 7 el EA AN HEAZE HEE wyoz tign
2L 4& o83 2EHYolEY FEE V,E T}
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1) Mo target ;

v, =— (3.2.1-1)
K2+1
IY
o 71
I,; HgolES HAEJRE
L; L2EHUolES AERE
K=2.19 for (200)4/(200),, K=1.35 for (200)4/(220),, K=1.12 for (211)s/(200),
ojt},
2) Cu target ;
| = L (3.2.1-2)
1+ 4.271 500)q / (1(200)y + I(zzon)
o 7)1 A,

Lo ; FIEHOIE (20008 9] HEZE

Laooys Io2oy 3 T LAHUOIE (200), (220049 HER =

o]t}

a8y ANge HEZ=E JgzAd A A dFE ¥ Ho, AFgzF]
HEE A EY AFEAA YoM ol&EHE TAF ek A 4A Aot

L}. Rietveld method
Rietveld & HAAFHE o] R3l9 dAgdoe= ZAHE AA FAMA AAFZ,
EX71A19 4%, AARF Fo AHE EAS 1HEEA Add IJAAME

A3aT dAAE Bgelnh &, 43213004 4P FAE JHAE y&
Aoz Ao A= yu9) A 5,8 HaAststd Y= FJRE AL

=Y wilyi ~ve) (3.2.1-3)

714 w;=lly; o]t}
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yoit A372 U3 HWLIORRE g Nol JaA 2Pt
Ve =59 Ly[Fc| 026, - 26, P A+ (3.2.1-4)
K

o714,

s; 37121 Zk(scale factor)

K ; Bragg3]| @ 9] Miller?|

Lk ; Lorentz, polarization 52} 12}

¢; WAL

Px; SEE ¥ X g4 (pole-density distribution function)

A; FFUA

Fe; kAl jdde] 7207

Yoi; 2S99 =

olo}.

IJEFHE Jrdes 5 920200 uWiHE EUAEY JHFH o
TA3E Gaussian EE Lorentzian® 2 FEA|H W, 3AAZxo Zavel EA
ot A= AP AU, A3 2AY mosaic spreaddt TAHo
gk Ao o &)

Rietveld & &7 & BA A S o] &8t AFHA FEAE )

s,(ZMV),
W=t (3.2.1-5)

isi(ZMV)i
4714, Wpe n/ll EFEY & &M pFo FAREEolTt a8 s, Z, M} VE
Z}z} Rietveld 271 @9 4G formular unit 3=, FA 2812 FuEgo|th
Ao AIA=E IS T2 ol 9dtd griE
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lek—lck|

PR

_ Zwi()’i—)'ci)2 "
o { Z""i()’ci)2 }

=l

wp
R

exp

Ry =

(3.2.1-6)

x=
o 7] A,

L; $3¥9 KHA Bragg 34 7=
La; AlAE KA Bragg 38 2=
N; #5289 F

P; ARz st WMy F
ojt}.

A Add AA @M zolg Yehle R, 283 AAMY Bragg
A9 ZEAlE UEE R, B FAE dolgd TAF AANYE Uehie
Re, 80 F& 45 Rietveldd A7} 43S Ueldc}. ‘Goodness of fitt L2 &
EZE & 1SET & 7% Rietveld 3E Z7]|o] 71AE 2do] AEEHJISES
Hetde, 1.0t 2 A z7d /H3E Edo] Y IFHMdozyH
T3 AL e et B2 H4E ¥Egsla Q&S UEPICHH. Toraya et al,
1981].

. A=A L 13T Rietveld Y

Lutterotti < E&A 4+ BE JAMEL Al43ld & WHFEF 7
A g Rietveld AVZAAZHE LALEEFFODHE & WS AGEAt o
WYL e Bail H[A. Le Bail et al, 1988]2 o] &3l o|&87ZQ M Hxe
Agzos &Y ZAxo HE F3L o|l2RE FHEE Tl LAEIIFE
A, F3l9 YAEELFTERH AdddE IHEE ANF @BoE 3y
Fo FE2AEL UEFF 9Y7A BE ALEA foh 2ASEHA FERARL
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3EAY Z=el wAe 4L Iz IJAMY A= wE Jgn
BARE Fe ol 8std wEALY 27)d ARATFZ, SAFA A5, WirFEzE
R AF &Y & Rietveld BA 3 W& Al4ke FRENA Le Bail WIMVE
ol &% Rtz Mg Ik Yy, o wEE o]&dlo AFHAL s
A E ALY AF g2 ofHE FHEE Ty Y5t & BL HPML
T8t of 3t @] Utk

E d7dAE olgg ddE ZE] sty ZF 9 FHEE =5l
WHAEELTE TR, o] o] 8438149 Lutterotti (L. Lutterotti et al, 1997] S-o]
ALE MAUDE ©] &3+ Rietveld 4L 81t

2t T4 A3y (AAZ o] 4r1eE, A e
FAA AREL T 2 FAYTS d7E AR 4L F UE He
B 9dy fie 229 AFY, FYFH EHAT Bo] oFHo gon, E3
2 Mg dstd FAHom AV FF2AL EAY + A& FHol Utk
TS €4 A7 d3T ZE 54 Z1 glen o 9 EHEL A7
okt Hodtuz e EA w v5xdoz L M2 AFEH tdsiA
o] &5 1 o}
() A71Hez FAol7] W& Fi FHol E:, ol LY YFI
NEEFZAE 44 J48 F & F insin 77 71538k
2 AL A DEFS AAUIY FHET FUIEE A9 g
FaoA vz 37 AEE Zed. g XA gl 292 #4359
Be2E ¥& UZZE /HAH, TL YAWNId FHYAESoY AT

(3) FAAE A7l $EE #Fn U A AT FHHY =FEAH ¥
RA=Y 24 dF5o] 7Hssteh
Ef F4AE XA 24 2 dig £3go] 31, Agd YAMstE
FA2 e uie Fdstm W A77 BE AR 3em o4 Hmz, 377}
lemXlemXlem AEQY AEE AMIC @y FHE EFJAdE A8
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YArbste W9 Zxd ozt W] gz e Holo] F2 7]Qd defocusing ATE
FAZ £ glen, A5 71384 wixd 93 FHEaHE 3ol o a5y
ojAE WEEY ANgiME FAR £ glov, FF7F & Frde JFRF A
Aggt 3719 dE7 FUT ELA R U SHEE SHF2A o]gd o
2F3E EA%YG 2 dFodAe did dAH AT FAALH 4% GAA
3] A& X (Four Circle Diffractometer; FCD)E o]&3la A5 3dM % IFHLE
FA%A A5 Jg2F Y 2 FZFEAL s

E drddAe EFA dddd z+ g4 AdE HHEXTES(ODR%
Rietveldd & o] 4T M2 AZHY P L AAsSATh STS 304 (L2EYolE.
60%)%} STS 420 (FIEHIAIOIE40%)Z FAE BEF AlHE A3FAstq A2 2 X-
Ag ol&std AdE A WY AFHE AFHUS A BEE o &3l
A4 TRIPAY IAF L2dHUolE Ry gy JAfzz ddEs 44 2 X-
A& ol g5t &, vwsilch T 7|Ee AlSHojE FHMY FHRAE HE
o] &3 FSAWHI MZo] ALY WHE ol§3 AFEAY ZAFAES nusrh
M2 AFAY PUE B3t FHHY HEAZ HE o843 iuY $5¢
AFEN A48 & F AMeH, FAHAR 2 XAE 8T HFEY AAE
4 A 8H3i et

¥ 32122 Si-Mn TRIPZY 42 ddx JdxAE n9sA] &L
Rietveld B @A} o|t}. R,,=13.3%, Ry=9.5%, Rey=2.7%, x=4.82 Rietveld &2 7} 9]
AR=7E Fou, A AXF ZF dAFES ¢ F . AL
f2dAlo]Ee] EIELL 14%oltt. IY 3.2.1-39 3.2.142 Si-Mn TRIPZS)
Q2H ol ES FHgtolEY Atd SHES WHEEFS otk 22HUO|EY]
3dl ODF#h-E 30|19, Brass 4E 3} Cube ¥ AFZZ o] sA s Aot
H2to|EQ FHoh ODF#hE 42 A JgxF o] FstA w&sf ok 28 32152
e2HYolES HEgolEe] WHREFTE  o]8E  Rietveld FHHAATo|T}
R.=11.9%, Ry=8.9%, R.,=2.7%, x=43% Rictveld FAAAI}9 MNF=st FodH,
AT Aol & IXTE & F U AME vIEdAEY RyEEL
14%°ltt. EEAHI} 2] TRIPZS Z¢ A¥ZEALT 1A &3 Rietveld
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AEE st AEUA ALdE FMol F dX &y, HH MARE FA
F7tE Aot

T4 XA MY AE, Y 2 AXc AL AW EA
i B2 A¥S WA doh FLE SAAAA AAAA sHEAMY BxE
AgzAe & 71 B 9 oo, T3 A YL A7(crystallite size),
0] &AW ¥ (microstrain), HFAFT L EAYFR(mosaic structure) Tl ol siA
wsigitt, AAol WY Tl osiA  BZA A PA(sub-grainboundary)E =
EARgT2E A HAYW AA ™l FolxA =HW, AW} AA(perfect crystal)ol
Histo] e HEZEIL F748te &4 @ 3 (extinction)o] UoUAl FEHR. A.
Young, 1996, B. D. Culity, 1977, D. L. Bish et al., 1989]. ¥ Rietveld F @A = A7
arziek wliAyge ot HEMH ZF9 o]¥d  ZFJl(anisotropic broadening) <
312{3t7] A3t Popa model& ©l &3ttt TRIPZH FFEAIHS Hdl ODFate
43R JgxAo] FsiA HEHAXN T, TRIPZ T 23] EFAHL STS 3049 &
ume vlE2dAlolEo g2 FAHOA STS 42008 o]Fojx FgzAWa ofg
AARYE 371 2 vadg oA Fol HEMY Axd AYE XA "k
EENHY A$ F8lA 22T APz vl=drlelE9 AAY F7)¢%
mAaEYe ool AN Ard AdFE WH JFEAL 1A Fe
Rietveld A- 9] AE9 a4 ZAdes Iz L 12i¢ Rietveld AT 2ol &
Uetl Atk 22y TRIPZAS oFshAl dadt Agzd o] @AY Zxd H43gL
A JE2AL 08K e Rietveld JA9] AT} A Any) Agze
112 Rietveld AAA T} FAIG Aoz Azt

3% 3.2.1-6% Si-Mn TRIPZHS] EHA A XA FdMd3 JFzA&
128A] &2 Rietveld BBA Aot} R,,=63.7%, Ry=53.9%, Re=3.5%, x=182
Rietveld AAZAI}e] AF =7 of¢ o, A4d vwl2dAEY Eiige
13%°]}.

3% 32172 XAoE2 &3 QAHUo|ES} HElolE] MR ¥ FFolr)
L2HUolEQ HetolES Hd ODFate 52 AgzFol 43iA wdddoh
¥ 32182 LEHUYo|ES HEolEe HIAEIFTE ]R3l Rietveld
FAGE AFolth. Ry =9.2%, Ry=5.1%, Rep=3.5%, x=2.622 JT¥=3& uag 43
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Rietveld A7) A =e oi¢ Fasin, dPga Aitatel A9 Ixd¢e ¢
F Atk AAdE vt2drtolEY EoE&E 13%0].

HetolEQ (200)3 M7 L AHIYUolES (200) L (220) 3 HMY HEZEFE
N@42-)o] s 7§ SAELbo|E RHESE 26%0]T},

E 32.1-1% 32.1-2€ TRPRC dig F42 33 2 X-4A& o] 8F Rietveld
BAFEMOZRE T AIE #F Z A FAGFgeold FAHAY x-AL
o] &% Rietveld 3AY AITE EF Fon, EFAHI} STS 3049 g Rietveld
A3 Zo] FAAALG X-Hoe2REH 73 A4S ol Aol7t ALe &+ UG
¥ 32.1-32 Rietveld®t 4 (3.2.1-1)& °]4% AREAo ZAzold xS
nd FHAAS X-AE o] 8T Rietveld A AFEA A A9 e ¢
F gtk a2y, 2 321-D)& o)&d AIFEN ZAde FHPz2AL 1HF XA
Rietveld AZFEAY ZAxes wj¢ & Aol Rolm o o2RE zHdd
AENL2RY F2dE 4 321D o188 AFEH S AW L2 IAFRA
el B 2AE X¥Y F AeE ¢ 7 AT
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25000 4——t—1 1 | Neutron ; TRIP(POSCO) |
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15000
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femte
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(b)

Fig. 3.2.1-2. Neutron spectrum and Rietveld refinement of TRIP steel

(a) Neutron Spectrum
(b) Rietveld refinement without texture correction
(Ruwp=13.3%, Ry=9.5%, Rexy=2.7%, x=4.8,3, =2.854A, a, =3.5924, Vv, =14%)
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OF
0 90°

90° |,

(d

Fig. 3.2.1-3. Pole figures and ODF of Austenite of TRIP steel by Neutron
(@111  (b)200 (c) 220, contour: 1,1.2,1.4,1.6,1.8,2

(d) ODF ¢, =45°section
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90°

[ S % B o B

90°

Fig. 3.2.1-4. Pole figures and ODF of Ferrite of TRIP steel by Neutron
(a) 110  (b)200 (c) 211, contour: 1,1.2,1.4,1.6,1.8
(d) ODF ¢, =45° section
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2-Theta [degraes]

Fig. 3.2.1-5. Rietveld refinement of TRIP steel with texture correction by Neutron
(Rp=11.9%, Ry=8.9%, Re,,=2.7%, y=4.3,a,, =2.855A, a, =3.5944, Vv, =14%)
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400 —_— e X-ray ; TRIP(POSCO)
1 (110),
350 -
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Fig. 3.2.1-6. X-ray spectrum and Rietveld refinement of TRIP steel

(a) X-ray Spectrum

(b) Rietveld refinement without texture correction

(R.p=63.7%, Ry=53.9%, Rexy=3.5%, x=18.0,a, =2.865A, a, =3.6094, vV, =13%)
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goo L 1 1 | 1 1

Fig. 3.2.1-7 Pole figures and ODF of Austenite of TRIP steel by X-ray
(@ 111 (b)200 (c) 220, contour: 1,2,3
(d) ODF ¢, =45° section
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w

oocl . L TN

Fig. 3.2.1-8. Pole figures and ODF of Ferrite of TRIP steel by X-ray
(a) 110  (b)200 (c) 211, contour: 1,2
(d) ODF ¢, =45°section
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Fig. 3.2.1-9. Rietveld refinement of TRIP steel with texture correction by X-ray
(Rup=9.2%, Ry=5.1%, Reyy=3.5%, x=2.6,a, =2.865A, a, =3.6094, Vv, =13%)
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Table 3.2.1-1. Reliability factor of TRIP steel

Method X Rup(%) Ry(%) Rexp(%)
No Neutron 4.8 133 9.5 2.7
Texture X-ray 18.0 63.7 53.9 35
Texture Neutron 4.3 11.9 8.9 2.7
Correction X-ray 2.6 9.2 5.1 35
Tabel 3.2.1-2. Calculated lattice parameter of TRIP steel by Rietveld method(A)
Method Ferrite Austenite
No Neutron 2.85392856 3.59196287
Texture X-ray 2.86504080 3.60890639
Texture Neutron 2.85430670 3.59405078
Correction X-ray 2.86502963 3.60904852
Table 3.2.1-3. Austenite volume fraction of each method for TRIP steel
Specific diffraction X-ray Neutron
; eqn. (4.2-1)
No
26 13 14
Texture ‘
Texture
. - 13 14
Correction
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2. EBSD
7}. EBSD A|AH 9] wbgt

1924 SHEZF Agoz2 =99 ol AR A SAHAE X4 IJAH Algol
F2 o3t X4 FA AYL BHNE d3 AWAA ANH Agza 9
FEE A€ F Jdon, Az EAS 24T F Jde +A, 9 Mo AAHAA
dolX e WFHY FEE 9L F Aok A2 5o Y29 B gs) moh
TEAHo 2 offstnA st ATl o|FAAXWA, AAY Y sty WYE o
o}tz ZAY Abol9] misorientations FA 3t PlAITEA N #AF A7) o] F
o] AA HA

2y XA 3E AL SHYLE X-AE ARt EdlFe] £ m- 4
mmol| o]27] W& ZAFY ZAZe g £4& fdte AIAFEAY dFdE
H@gstA] dow, AAE SHYLE 3t FFH HAEVE L T IF7 o] Fo
AA HAh. £ ARP0 A S ol gt A vA 22E BFEA 39 EA
o] Zksd ¥ olYzl, E3lsol 10nmol o221, WY A FEZ oAM=
0.2° o] \jel ABAEE 27] W] ofZAE o] WHSH o AR YA 54 &4
S5 22 Aol Bol AT Uch [Schwarzer, 1997)
azly 73 HAERAE o8& A¥L ANE EHJF o¥xn Al HEHE
FFol dF dgoz AFdodE DHE AT YoM, FAER dn| Al
SEM)°lAl A=+  Kikuchi pattenS  ©]83l9 WHE EHYE F e
A58 4 Ak (Electron Back Scattered Diffraction method : ©]3} EBSD)o| 7ia®
F Balled Aol FHAAGUACI8 TEM)ol HE Fo= E7sla ¥3
FEiel A" A Adte FAH 9L Fol AYE SHT F g HAA o
o] &o] F7tstxm Qlrt.

a9 3.2.2-12 EBSD Al2H9 NEFEE Yeld Zolth EBSD system A 3%
o2 o|Fo] X, AR EBSD pattern2 JAA|F]1E sourcel] SEM HFEo|t}.
SEMo|M e WE REof AL dds AFLE AL, FRE & F UF
AHLZ olFA7IE 98 34 9. ERAE YA E pattemS =3}3}E camera
FEoltt. A4 AAd=e EBSD Y2 wig g AZo|r] wjio] ¥F 2347

- 70 -



of-¢- F1ZHeE cameraE YR 2 3t} Camera] contrast, brightness, gaing ZA 3= &
£o] BF oo THHAY. AAE camera7t o] Eole AIZE digitald 3}
capture3= frame grabber F-¥3 o] F A FojR digital imageE EAste] e A

g Fo1 g Z4e A% FAL SEMOl Bule BHE ERol oy A
o)
o

O

date Aoz WMEFA =Hd date 9y A W9 FRE dA He
=3

EBSD A|2®l¢] ¥d -2 Hardwared Q] WHollX WA o]Fo] Ft} EBSDY| uigt 4
TE 1972928 1980d  AloJol  VenablesToll o8] H&oz  o]Fo] Hul
[Schwarz,2000] 19823 F-E] 1984'd Alo]oll= computers ©]-2 3+ EBSD pattern 3)4] 7]
<o] NP, SEM WA MAE = Kikuchi patterng g1 E0]7] 3] 7]=9)

o|m|X & s5uj7tA] FEZ 4 = Silicon Intensified Target (SIT) Camera”} A= E Q)

i

Orientation Image Mapping®] 7}5 3} A

3, dojX pattene HFE P2 Q14317] 9§ interface(frame grabber card)
E AgHReH, dste AXNE AG3A ol 3 HoA X E wHAHEE
71913) SEME& ZFE A control3t interface 3 HEH ATt 1990 ol = Hough
transform 7|H& EYFT S EHA pattern indexingS HH AFoZ & F Qe 750
AEHAE, 29 3.2.2-2F5 Hough transformation S 3rers] A& Rolo),

"M BE ¥l Zo] X-Yspacedte BE HL
Y=xcosT+ysinT (3] 3.22-1)

o 23] Y-Tspace® WEAT. o]w X-Y space A9 ZE 2L Y.T space Aol A
= stue] Ho= WEE7] & Hough transformationd ©]-§3+H EBSD pattern (©]
&t EBSP) A9l lineS & AFE A A A4 & JA HAZ, 7]&80) FFo=
YA Ao HX A& AFEs FHEA ol Wt AFEHE ol &F dA
A4 indexing®] 7He A Al HATh ol HFEE o] £F FAAF indexing”| &
< AU B2 HolEE €& F A FHL, SEMOE HAXE AA 999
W9l A =E & Orientation Image Mapping (©]3} OIM) 71&0] 7/WE A =Yk
olgigt 71& MLE Hl¥oeZ 19903 %9 = EBSD Al2®2 software HQ WA o]

FE o] FqAA HJeH, TSL, Oxford,
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Lead glass
radiation . :
shield
. Phosphor. &

< screen &

T |

Peltier cooled
CCD camera .

{ ~Beam.
§ control

Fig. 3.2.2—1. Basic Layout of EBSD system
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Fig. 3.2.2—2. Simple description about Hough Transformation
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HKL, NoranF 9] 43 AbSo] S 48 A2adg Z2F3 ZAsA = A
o] o] Al7jojt}. o]2]gt A AL softwared FHoIA HlFAHA AL A o).

Grain béundary misorientation® CSL boundary ¥4 53 22 boundary 54 #Z o)
7besl A& ¥ olvet 24 9 B0 A FAA Ay IAF=3F sy 7}
oA HA L, 2ZAFE WE pattern WEHE 0| £ FEAE JMEsiA A
o]21 & software®] WL 2000d¢] HHUA A A oA HJoH, Zo
A= Al hardwaredl] T3 @A o] o]Fojxa ¢ltt. 4 EBSPS source?} ]
T SEM YAHde dig @de] F=g A 7|&9 H2d HHWNEE o|gF
SEMOl|l &€ EBSDE A271A] FHox EF3L 100-500nm T2 35 o
ol 2 & A do Kk ol 1999 8Y AUtk EE LM W
ICOTOM 12 (International Conference On Textures Of Material)oll A1 = Humphreys7}
[Humphreys, 1999] schottky type®] FEG SEMS! Philips XL-30F/ HKL technology
CHANNEL EBSD systemZ ©]-&3l9 ¢Fwn|&2 EBSDE £AHE e 20nme] E3)
s, BrassE SAY W& 9nme BIFE BY F USE LHEIF LAY 3.2.2-3)
3 % A AAHSE FEG SEMe| EBSDE &35t ILEss EBSPE FodE Al
7t o] FA 3 Ut K 322-12 gun FF ©E SEM A5 S A L Ao
2 source®2 FEG SEMZ °|&% 7% A9 2717F Folx 52 Edled €
T UE ¥ oz, AFLEIL gobAY] gl Brh ARY EBSPE €< 5 A
B & YA Y total probe current =3 F 2% IS A Hed, 3 oz <
A E F12Y do] Al HE I HolAM I AR S Axte o] molxl A
51, g FE AZE £2 qualitys] HES dA do. A EBSDO AHE-H
= SEM<L 7|82 ©=Z FEG SEM, FEG SEM F|A X total probe current®] 2 Schottky
type SEMo] AlE-= 1 glon, 22 Schottky type SEMZFINAME LAFE S8&
%= High Current SEMS A3t 91gko 2 dhdo] o] ojx|m gld).

TN e 19909 F9H5E EBSD Al&¥lo] F&E7] AZEAE=d, EBSD A
€ A&"o] opd FAZ image TEEOU 38 A EFHoz ¢ ®o| AL
I 903 EBSDY £ FFQ WY #FgozeE I FEEI WE Ho|Arh ol
AEdigtn Agx32 Ao AFAAME 19993 5E EBSD workshopg 7} 3 3t

-74 -



1.0
2
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Fig 3.2.2-3 The effect of grain size on the fraction of patterns indexed
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Table 3.2.2-1 Comparison of SEM performances according to Emitter type.

( Data from LEO catalog)
' LaBg Cold FE | Schottky
FE
Cathode Hair pin W LaBg W(310) ZrO/W
(100)
Effective source radius 15,000 5,000 2.5 15
[nm]
Emission Current density | 3 30 17,000 5,300
[A/cm?]
Total Emission Current 200 80 5 200
[ A]
Brightness [A/cm®.sr.KV] | 1x10* 1x10° 2x107 1x10’
Maximum probe current | 1000 1000 0.2 10
[nA]
Emission current drift 0.1 0.2 5 <0.5
[%h]
Image resolution 100 50 1-2 1-10
[nm, operational]
EBSD resolution 200-500 | 100-200 | N.A. 15-20
[nm, operational]
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EBSDYell thd =7i¢} tjEo] EBSD AHES 9% AW Fupdgel s =z
At glow, ddE4es, g AAdnA 355 dTHEE Ix
E4 EBSDE °|&% ATEok tg <l 485 Fstn ot

Ho
tlo

o
o

S E LTI

EBSDE °l&% HE=F FH A% 2 FPL buk AEHY A HA
nAREEHE SAT £ doe Heldh EBSDY TEMES &% wAREz2 <
54L A"olM AAHE AW FHIAY AT HAd"e Y FZEA
AR A, EBSD d4¥L SEMA Ay wEe A Y= J9e
A5t SRR BAE A dE ADE] £ B ollzt AHA
e 5 BEFE AAse d YoMxE TEMOl ws] A2s fsioh
dtez ¢dF BAY A 49T #A normal WEHL SEM
FAPEEFel] 70° 712°]1% holder normalZ ¥ transverse W& sample®] tilting
axis?t AAAA Fedl, A¥e] SR e Wy HHE <d3: 4L AL o

e ER AW FEAC dAANYA 1 9o AA HEA A7} dojx

] A
He= Aolth, I¥ 32242 CuSn solderdlA] CugSns Aol AAsl= AL
Aol tilting axis®t HASA Tu A Aoz HAANH Zwoi

<01>¥Fo2 HFtm Uee ¢ F AT
o 2HYA B

EBSDE S¢ 2AY ¥4 B AAA @AM o|Roix7] WEd 7]&9)
H84 oAel g AAY YA BAYE £F UE 2YE HAET 29
32258 38F e o8 ved A 2R due] AYYPAI ode
EJETh 22% boundary’} UEE 9902E B3 d29 ®Y x: 539
RS Ao 9@ AR R B BEo] etchingsE sH5Ao] A7
gov, awgoz AHos: AAYAZ B 4 gk wde ERSDE =9
AAYA BEMME 84 ewchingo2E BRAER L= ARYAY BRHE
$oh 1Y 3.22-62 Ni-Cr-Fealloy® ZA Y A7 ZAA YA

[
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a) SE Image b) Normal Direction ¢) Growing Direction

111

Growth of CuSn, in Cu-Sn Solder |“™ 4
Growing Direction : [100] ‘

100 110

Fig.3.2.2-4. CusSns growth direction analysis in Cu-Sn solder

(Sample by Y.S.Kim of Hongik Univ.)

w L
Miaeriestation Dandt

=LY

d) 3degree grain ID ¢) Misorientation map ) Misorlentation Histogram

Fig.3.2.2-5. Ghost microstructure in Aluminum

(Sample by Y.C.Yoo of Inha Univ.)
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d) Misorientation

Map

[ 1 n » w n w
Miseiigntetion Dends

ey S

e) Misorientation Histogram

f) CSL Map

Fig. 3.2.2-6. Boundary characterization in NI-Cr-Fe(Sample by J. S. Jang of KAERI)
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= [e) j=]
EAE 4

o

A7Z 383 etchingd FdAE TEIA ZIAYE AR LA
EBSD mapping® 53] #ZHE AL £ 4 U olwe AHUAE win BAS
°]FE 3 CSL boundary2A AgAe] 73zl wie] gy AL EaAde
Bzo] A &3 TEMolY EBSDAA ZAAFZE EM& PFgo=x BiHo)
o}3 glth. o|sh o] EBSDE o] &34W 71&¢] TEMAMT 7}5atn Fato}
SEMACZE B/eyY AN BHY ZAYA I BRI ARPAY

54 24 Fhsat.

¢

B

2}. EBSDE £3 AFEA

EBSDE ZAATZRe ABE ztu

do
il

EA37] Wi, 2T 98 F
%€ EBSDE B3 A3, 2FTZEZHEH AXE Kikuchi patten™ ZA 9
Kikuchi pattern Alo]e] Bl|ZE B3 A5 JEAHE 3 & & Uth. 28 3227
L2HUolES HEolE EF TRIPZA EBSDE ¢|&3td AEAS AAstz
Ztzrel AR ZAEA EAE BAF Aoth o ABM
S2HUYOlEES 053Ime] A7]E e olEd ZAAYEL &Y
HHNEES ©o|§% EBSD A&HoAE &4o] Erls 3R opded A
AEzA Aol 74 HA" FEG SEME ©]€3% EBSD A|2®E& 53
33t EBSDE %3 SAHE L2HUoE EE 129%E X-ray?t Neutrond
S SHE (¥ 3228) 13%, 4% A9 UX3= HoE EBSDE T
FEAe] A3 AHAAME T AL BAFE AFo|th o b HRE YAs=
interaction depth= 3cm(Neutron), 100[In(X-ray), 20nm(EBSD)Z 54 W] wme} 74zt
e, dRtoz 33 AEA o E HFEr gy €84 E Neutrond
o] &3 AEEF 23 WY Xeray, EBSDE 0| &3l &AHE AEFo] BT
HIRE e RAFo2M go= AEA AT EBSDS #e 24939 ¥wye
o] &g ATVt dWrHoz ARE F ULE HAFE Ao|th. E EBSD 4¥

T3 AFRES LEHUYCEEY ZAHUA EXL £4% ZF SEM o|v|A Fo=
#EA st AAYeE AAHE AFHEE Fo EP IHe ZAHE]
EAste RS & F ANeH o W dZA AAYP] AA-AE AEAl Hold

63 ARAYPAE 23 YL

N
H

¢

of
[
,

o
T
_191_‘
=

i
tfo

- 80 -



- - | Deted

Phase - %

Wrtcro 00 Unscived poiils

Ovon(Aphay  67.1 Cubic, BODY
Cubic, FACE

Bran (Gamma) 129

c) Phase fraction

e) CSL map

d) Normal direction of Austenite
Fig. 3.2.2-7 Phase analysis of TRIP steel by EBSD
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Fig. 3.2.2-8 Phase analysis of TRIP steel by X-ray and Neutron
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Neutron 4.3 11.9




& AN olHd AHYUA EAL EBSDS TEME FsAqr #zbo] 7bssl
Aolth. Cubic TEE ZE ZrCY hexagonal TZE ZE 7B, EIE 7o)
&3 g FRE Zte A4S0 E¥Ho JdE A 99E EBSDE £33 Axast

i

A olFo} AX, AATEE Fol7t W2 U %= H3ol: EBSDTOE
duslA Best o)2e] XX Fow, EDSEY HEH AHE SAd olgste
wolyt AW FAFE straino] )& EBSD pattern quality®] xto]Z o] &&=
o] AEE T 3ok

ul, 1835 EBSD

dndoz Aelse WrAe Bse FAY AR WL FEY & U= @4
ot EBSDY EalEe Wz Foso} 31X @r] Wi 4714 & W Hels
i Foh ¥ 32299 (a)2¥[Schwarz,2000-1]& Arpile] AR A 93}

TS AR YAA U2 Kikuchi pattern©] H A= AL YeERA Aot o

[e]
g 739 EBSD software= F7HA] ZAH 9 § AP R Q4L 3}
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A4BAY JFS TAZ A4A He 497t BT GeiN BBSD A2we] B

35 ©13}2] spepsize2 mappingS 3HAl HW FAMHA A YA L5 EFEA X
dHAY 2 EAE vt B BAHR g 990 4714 9o

1% 322-10& EBSD €35 353E 98 SEM image E3lT Ao AlgHE
gold particleS 155} W&ol A EBSD mapping3t Z3tojth TP A B vi9} 7o)
10nm step2 2 FAsIF oYU AQ AAPAE 43 A¥sA T deE Re
2 F 3t ol MEd F¥EA Ao A7) AAE EBSD A|l2H 2350l
10nm °l3tetes AL BYFE ZFo|th 3 mapping®] ©}d point measurement M}
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(a) Overlap of EBSP at G.B.

Fig. 3.2.2-9.

(b) EBSD map from platinum
- Resolution : 20nm(smallest grains)

Resolution of EBSD
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Teekva

First acquisition : Large image drift

Door Open /'

A *Magnification :
x150,000
*10nm step mapping

ot )

Second acquisition : stable beam condition

Fig. 3.2.2-10. Mapping of gold particle at x150,000
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a) SE Image

Fig. 3.2.2-12. Image drift of Copper interconnect
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v}, 31X F EBSD

% 322-109 54 Z3E A9EW AUA A A EHE AF wYelA
oA vl EZ o] SEM imagedll Al Bole R&TE 9 ¥F WIoR A4 &
ol A& A& & F 3tk ol AAW EE Al XAyt 4As AR =5z
wol S33te B 284 dH7] WEolth o3 AL image drifigty 3tE
d, ol8 ZL& image drift A4S B2d HAE SEMIA 8,00001 2 mappingdt
259G goloj(a¥ 3.2.2-11)9} Feg SEMA EAH copper interconnect®] =% A3}
(2 322-12)9A4 % "AZMAR B 5 . o2 % image drifts 28 3R ¥
FadA 2T wjgo] F/E wet o dge] IA JEUA Ho nEss Ao
A REEA] sFsol & ZAZ goEA HATh
A E5H3E& dstes RHUoE SEME AAT F 5108 AT ALE /U™ %
SAYeEHA o= Ax FJT + gtk olgd ¢H3e] adE I 322-1004 =
F Aed, & 2 qe AAETHo] s @ F AUJE W image drift7}

%
T Ut Image driftE EFole U E WHozZE AH AAES

o

e

Al SANNE Fole WY =

AlZE Wel TS B HolEE d& & Y] Wi 473 $23 Wyelt a2Y
3.2.2-132 probe currentE® RS ] F ZL quality?] pattenS 97] 3 FL 3
AlIZHE YERA a”elth a2l BE ukel o] probe current®] F71E integration
time?] ZAok AHuld &} ole} & YL AYE LFE AWl A @
ofddNE A FFol fANE (2™ 3221400 HFH AFI LEH
#4oltt. watA EBSD TR Edlwd] 43S vixA 2 HYddd Hge
probe current® Folv Aol fKEstn, VA TAFIF 7l53 SEMo| EBSDE

BFEste WPo 2 EBSDY w0l
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Acc. Voltage : 20KV Acc. Voltage : 20KV Acc. Voltage : 20KV

Prove current : 200pA Prowve current : 1nA Prove current : 10nA
integration time : 2500ms Integration time : 400ms Integration time : 40ms
Camera gain : 50 Camera gain : 50 . Camera gain : 50

Fig. 3.2.2-13. Current effect on EBSD pattern quality

Acc. Voltage : bKVY Acc. Voltage : 15KV Acc. Voltage : 20KV
Prove current : 4nA Prove current : 4nA Prove current : 4nA
Integration time : 1000ms Integration time : 100ms Integration time : 100ms
Camera gain : 50 Camera gain : 50 Camera gain : 50

Fig. 3.2.2-14. Voltage effect on EBSD pattern quality
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A} SEM emitter type ¥ 3}ol o}2 EBSD quality?] 3}

AN AT E 32212 emitter type B3to] W2 SEM] Asix] 4% wats
A Folth A7jA LT EBSDE 3 FAL 2tz Aol & golgE
‘Effective source. radius’$} ‘Maximum probe current’ Ztolth. A w|AHolA =
TS ¥7] HAMAE 4 A" YA} HE AA probe sizeZl HL Ao
ettt wEkA ‘Efféctive source radius’7t 15,000nm$}  5,000nmQ] EHA€
%E}Dﬂiﬁ} LaBs 2T} Field Emission Guno] i £3)%| fa sttt o)8)d Ax=
image resolution®] ZUIE wWigo] EHo] WA O Z analytical ZPe] AIEEE=
ZZA YA = image resolutiondl] A (operational resolution) Field Emission Gung
AHEss A9 Edsel 84 Holde & F Utk EBSDE AlWe] 70° tilting®
el EAH7] wFo EBSDY £38l%5E operational resolution®] 3BjAEE
deid glom, wetA Z emitter typeo] WE Ea5S ¥ dtdESL 200-
500nm, LaBe¢”7} 100-200nm, Schottky FE7} 20nm =2 <A ¢t}

‘Maximum probe current’#t> EBSD pattern quality®t @@ S o] F Q3 factoro] o},
EBSD pattern< YA o F4d Aol o3 dojx|7] wjio] JAtd ARt
Fol BETE ] 7132 EBSD patten YA ©th. Cold FEY 7% operational
resolution®] 7Hg HojL}E2 EBSDY E3T:= M Holg FAoE AAHULY,
analytical £ 02 Alg5H+E ZLAdE probe current’} 4 pA FFo]7] wWFo

< EBSD qualityE 47] 918l & Schottky FE emitterS ©] €% w Bt} 20u)
o] AEAIZto] B3, HA EBSD FHo| glolME f8A40] "ojx:
Re 2 yverst.
3¥ 3.22-15~3% 322-172 80% YAH IFZl A emitter type ¥3tel] wt& EBSD
quality®] W3E Yved Aeolth. ¥ 322-15904 HE e} o] BHA®
YIAHEE o83 EBSD A&HY AS o= AR HoHE d& &£ Jout
Mol @ol 7tafzl FEAME A5 dHolEH HEL IS 5 glo] AAH

tloleje] AlgAdo] "olAE ALZ YERTh Cold FEG SEME ©]£3F A|AE g
3¢ F& EBSD quality® YEMSITH 28y EBSDE 97 €% high current

modeoll A AHE P3lE 7F image resolution®] £AFF o] U5t =4
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Too many unsolved
points
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Fig. 3.2.2-17. Mapping of 80% cold rolled IF steel by thermal FEG SEM
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Adz AZE 5 g @3 vehiden, deodA AdF3 A o

54 Aol Wol A8 FHUT oo H]3 Schottky FEG SEME o] &3 A]x®lg
BF Aol dole A A image resolution® FA FAEL YUE AL B
T A

oL. IFZe AZ2A 7AF 4

IF73e] AZAAR As FEL (0.49wt% Mn, 0.008wt% P) bake hardening [F7+& 4] o
E BEGY. 4 SRR 28 9848 WA Vickes AEE A3t
ANEAAR LEE SAHH Bdedl, 29 3221894 BE upet ZHo] 600°ClA 700
°C Atolel] AAAC] FASA dAY=s AL B = Ut
71&¢ EBSDE ©|&% AMEAAH AT ATFE2[TFE, 2000] AZHo] ot AA
Hel B ¥y Y ZAA vis) HEHe ¥& AAFTZE ZA Hau e
Pattern qualityS YElRE A& o835t AFA A¥E wasdo. 23y A4z
© 3™ 322-1994 BE nisl o] AAAC] &3] dojux &m I ET Uoj
T B9 E 433 L pattern qualityS YER O] pattern qualityHo 2E A AA

FE ZAXE 7 I HEV HA XES ¢ 7 A}y gy B dFdMe
AAA AFE B3l 7|F O 2 pattern quality 2 olUet AR Y UlRo) Moz
o] F X sub structure”’t WEdHE A ARE X1 BESIA HUT oA Hoz
#EHY AAFHES 2¥ 32220004 B ukel o] AP A7) uig
oAl E7stn 2 AZQ GAlA oleid IF2Fo] YA Wiste A Gotr
Fig=

T AZA @Y AFH vhEE Bostr] s Wngdd Aot AEA
dAg °@ Y JAFFRAEL XryE B3 AU o2 ¥ 322219 ¥HE
3th ¥ ddd® #AME AFAHA FRY AFAFEAQA {112)<110> A F
Zz o] sy, AAAY MY AR AZF JF2HA (11<n2> Jg=
o] 2E¥E ¢ F AN 23U ol T XrayE ol &3 APxF FRELE F9)
e AANAQY JAE2F 3t & F U, A4 AZAEEY @97} owae
2 H3ste Ae #EE 5 AAT WA 27 AZHPEY AEY AFL =
45t7] A8 650°Col A 303 AXEF AHE EBSDE T34 E4stn
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200 . —=—0.48 Mn 0.06 P
T —4—0.91 Mn 0.064 P
220 - .
[ TSI —A—0.49 Mn 0.008 P
A L 9,
>

200 [~ \ .\\\\
3 A——A ™
180 - \A\’

[ u
> 160 |-
T 5
140 |- 600°C 1h annealing g
120 | A o,
L \. | |
100 |- A
9 A\A’———A
80 |- 650°C 1h annealing
P | ///l 4 i 2 1
-100 0 600 800

Temp

Fig. 3.2.2-18. Vickers hardness variations after 2min annealing at different Temp.
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f) Misorientation histogram

RX Region Deformed Matrix

Fig. 3.2.2-19. EBSD map of 0.49Mn 0.008P specimen after Smin annealing at 6000C
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Grain analysis
By misorientation

o e

Lo 3] Lot 258wty

Grains undcer Smicron Grains 3-10 micron Grains over 10 micron

stnagn

=410

L:on!a;.nl.muhﬂ;ﬂ‘ N

IContous Lavalafi] 12 143 x4 155 [x6 [7 B -

[ERF s

[Contau: Lavalstxl 1n2 k3 %4035 [%6 [x7_ 8

a) Grains under Smicron b) Grains 5-10micron ¢) Grains over 10 micron
- Nucleation - Growth - Deformation

Fig. 3.2.2—-20. Separation of recrystallized grains by size and texture calculation
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2 A%E 2¥ 3222240 YEUAY. o] W 02lim 27)9 AAREL F=2
{122}<110> WA E, 2-5Timn A71E€ Z= ZHFYEL {100}<100> FHE 71 &
T AT o] W Fold wE W& AAA AAYE] WA {100}<100> cube
FAZE d2tde otk ol dRMAR ZY AZAH AFdME B 5 = 27
ojt},

olel F o MAAol MA3] dojue 600°CAA 5B 108 A3 AHe &
Z3tn o] ¥ 3.22-23~3.2.2-259 YERAITE H7]ME DA {100}<100> cube
BA7E 27) AZAREAA YeEd Qe AS B $ 2lsd o] Ro] bake hardening
FZe) S4AA ohid gutdel 3o AZH ASH B A= Ak & o @
T7F 48 ¥ Aoz YZAHY, ol 284 AT insiu AP T nFE Aol
o}, '
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Fig. 3.2.2-21. Macro texture variation of 0.49Mn 0.008P specimen according to annealing
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Fig. 3.2.2-22. Texture of recrystallized grains of 0.49Mn 0.008P specimen
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Fig. 3.2.2-23. Texture of 1-2IIn recrystallized grains of 0.49Mn 0.008P specimen after
annealing at 600°C
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Fig. 3.2.2-24. Texture of 2-5IIm recrystallized grains of 0.49Mn 0.008P specimen after
annealing at 600°C
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Fig. 3.2.2-25. {100}<100> orientation development in 2-5mm grain sized recrystallized

grains
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7t oled WA

1) 229 A2
AEY A2Yol@ ASFZ W @ TRA
smm ol3tel BHE BATh 2EY A2y A §8349 I UG UE Ee
B 8 |20} Aof, old] e MNFEE 3 33110 YET 2=
A=" Wol oa 44Y B4 WAL 2 94 2 SAS A3 AF 2hsne,
A 4d 53 2 BAL 2% HBol BE B AFHE 3L BT o
d 2EW A2 wAY A9 97 dd FAH 2e 24 AFY wERow 1 B
Qo #2 g3 A9 nazdel dal FAHNNA Gk Beby BE dTRS
oo 22 A=Y A BAY $1 Y, B A, AGEHe) Wa Fo AT
Ho) fon), AANE 059 Aol B AT DS AP )cHTakuda,
1993].

R

[t
M

(2) LA A7 3w

I7A A71ATE Z WR oARF Aoz A7 oA e FIIAA nFd
A71 E4E I/ ZAE AsH, oled §4L& ZA U 24 AAEY EF
Jg=3 P4 71A ). 29 3.3.1-20] BCC F&oA grzezs aiddE A4
Agz2E dehliglen, o] F 17i A713|e z7] oA (110)[001] Goss
Az 71Ydste Ae2 BaEn UtHGoss, 1935]. oA § JF=AL nFa
A 4 4l Al BT (in[i2] ASAgzH o], FAHE A (110)001]
FzHoz Waste Ad 7IAste Aoz RuE3n rHMishra, 1984]. LukF O
B aa AZ1ZAwY AzxE F2E ZAY A7) oA 28 A% 9T ¢4,
AEE Ao, 37 &<, AZ2A dAF T wE FA g3 ojFojAT}, 2
olgigt A7I1Zwe Az WHL Avt B AFol vt 2u] o] FHY FF
& o738, 53 1F 9 7] 549 FU1E 9% 749 oF HME Adse
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@l ek

(3) 2E¥ M"Yl g A7|dw Az

223 A29 g d9F nFs A/Rwe Az AFRAL Aoy A
b g4d 2 97 49 23 shEe] @& HO, 749 oA NE Ml g
agy ol g AL ddd o AdIFxA o] weo] Hol, Fwe z}7] ojuA
< YEI7] A& Goss ATEA9 Aol dAHE A2 BauHu ok uehy
2EY M2R g ATz YA 11 33.1-19 Y ZEY AXE
ZAsA A AG¥Pol dojUrF st Aol Rdht, HES EHAA 3
= qael s dFdel wAZ £ A HWEd AAY FnIsF
(metallurgical length)©] & nip point7} H =% F & ZA3odof o) E AT
dAE oleld W foll, nd W7AVY AR A FQ UFQ co §F 2 Si

o] geFol #3ld 133 o). [Park, 2000]

A
z ¥F

Ch H&Ed co &F

I7ta AZZAw de zdd 2AY 23 & BEA7]7] AdAE, vAste 7
4 HZENAIN, MnS T) 9% 12 AZAYS] 28 2 AFE dAss Ao
Faslith. cE 72 W ALN, Mn, S| n8Xo] Jge Ul'ilﬂl, wh2tA AIN, MnS9] 4
2 2 AF & 9FS A= AL BadHa Yo vAEa FLF AN, MnS
9 &g AsiAe A C FFol ItFHoZ 0.06wt% ©]/do] Hojok e A
o2 puHu oy, CE IAFA A7ZAWY vlaveE ANEE FUsinz gy
TARAAE B9 28 AMIYE 1 Ut B ATFAME =EY MN=® A CY
gF Aojrt 2EY Ul AN, MnS 4E G uXe #AE L&t od we
AgzA 9 Wae nFsnz 3 ch[Lee, 1997

(hsi &FF 57 R 4% 1F
T ol FAETS AL AV1ARY AVH 54 HAHE ALR B
LHR gow, ot ZUF ARFE 23 wed 7jAdd. Iy sio #AF A
b A e FEste Gl Ao, AW FHANME I FFE 3wt A=
2 Agstn ok & dFdAME 2EY A2E A s §F Sk ais AE
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B 71AY B9 #AE 1F8Y, 2EFY M2® ¥ 9% npi: AV AR
o] Az Aol AR sie] H7/AF B 712 2AEE FH3Ia2} 819tk [Ruder,
1979]

. A9y

(1) 2EE A2¥

TAY 4E 2EY M2EHE o] &t drtFA FFY Fedswth 2EHE F
Z33. F2 A 89 FEEE 20°C, 30°CY F FFE e, T2 2149
Co &< 10ppm ©|3tE A|oJ3}3d T} AL N, Mn, S9] &L V& n7d AV AwR
o 24¢ BLANUYG. B AToIN A8Y nFx A71Bwe) 24 E 33119
JeERRATh 2 SOKW FERE ALEsiey, 449 432 93 =/
MgOEZFIE AME3I3ith | & ElJ9 BN 42 AF9 xZo] g w4z
44€ FYHARL, F2 M9 AU s 2xE 12000CE FA 3539 ©Y
A4 HEL ZAR/MIE AHEEAoY co 3 24L& JAS] st =7
Y Wi ¢2ruE =Xstd ALEATh &3l F2E FAEYINA o]
Rned, & 4 1.6mmolA 13rpme &2 F239).
39 33139 B 290 A8 € 2EY A2HY AFERE AT 89 FF
< 200mm, E& 100mmo] & AEE SKD61E AM&3Igic 9 Wzte 29 ¥
HO2RE 14mm 8tEF-o] 8mm A7 Wzt F 4070E AZ3E9 121L/ming] ¥zt
&7t 227 8ok

(2) Z2EQY Y gdz 449

Zzte §9 Bdmold 728 T Lomme] AEY EWL AHA, brushingdh D
T 2FF 29 W 4F HE o83 025mm FAQ AW R AFFHAL. 2
G Y dAolMEe WA F2E 2EYE 0.8mm FA7F € 9 74X @z gds)
olg AZF F2EAZIY 1050°CAA SE 3 F 28F F, tA] 0.25mm7t
2 Wyez Yz ¢asisich
W 4 @ Z2EYL 75%H+25%N, EH47194 700°C7HA) 230°C/eE 52 ¥ o
Al 20°C/hr2 1200°C7HA] 23813, o] 2=0A 100%H, 29712 2043 §A s

H

X
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1 dAE sk o] W dXg F 850°ColA AlHE AHES vz H 3
AL BFstq EAEY =F9 12 AFAAY 7+FE 1@ 18
33149 e AZAA dHde AFEE e

() A¢=x3 &4

2EY ZHORREH 7 'r”ﬂ°“ g Agz4 & EAs%en, SR &
2% 33159 Jeluidck AlEe £ANE Z 271X Z1AH o2 Auig F,
Aol Al 2BE ADAY stressE AAS7] A3 90ml H,0;, + 10ml HF §902 A
opA g o Asch AlHe ATz XRDE AN eH, FHE AL Seifert
D3000 PTS gonimeterE ©] £33ttt Co EFZLCZ (110), (200), 2112 E4A AL
(0~70% Schuliz MAPE O 2 SH5508, 2AH GhostE AL HFE WMV 34
o2 WAREFFE A4S HMatthies, 1982]. FZA} HF dxze Al
AAQEY v& HYE #2237 39 Link Opal A|2¥ o2 5 5= EBSDUEOL
6300)2 4% H3AUt

1E i e Yigd F 48 548N

YA $9 5 FY & AR 2EY MN2HE EAIG a4 A8 AJHE A
28 F, 49 54E n@Zssch A 24 Fed.5wt%Si9} Fe-5.5wt%Si F 7}
A& AHgsiden, 8729 FAdEE 30°CY 70°C F HAE dtq AAHY 2GS
5539 FAY 2doz @t F2E F9E F 45HE 20%7F HES ¥
Weko 2 rdstm 22t AFAH AAHE P F WA 2 L AF=A & EBSDE
FEac

o 23 9 n@
() 2E" N2" @ 274 2EYHS 24 §4
(b 4% 4= wE 2EYY vHz3 Wz
3% 33.0-601 £%9] Azl WE vlHzA e Fa JehiA. FALEL

FHETE 27 &4 AL FaE, FARY dFo] Friste AE #F
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g 71 ey, ol Kurzl AQHeE el myiodd wisloj 718 HKurz, edit.
10].

(h) 8% AExd we si FHY

459 HAx7} 30°Col A 20°CE ZAFE 2EY ) Si9 HAL ZA x4
FHY9 FHE Jdehvde oz @EHALH, old diE sMA AFHE Y
33.1-790 YERAT. E43td] 98 2EQ) gugage 499 AFAest i
g5 F716HA gt wEA Hdxrt A4S Edatel g 2EY FAR)
%% A9 squeeze outo] F71eHA HH, ol me} Si 2ARS RBA ofAlo]
Uets o2 34 Arl{Shibuya, 1991].

(th MnS ¢} AIN9 4%
I7a AR 2d AAY AL vMsn 243 MEE9 13 A2A o
Aol IA &gt 1Y 33.1-89 ol AEE 9 TEM o|uR| 9} ME& B 24

& YEhE EDS £4Z2AE ZARAL, 1Y 33199 o] @ MEEES RS
Hetyideh 2EY M2E S & A% AL N, Mn, § 50] &3, 39 59 =43

A2 A Aol PG HEEE 1EA EXde AL ¢ FU e, g
A 2EY ALY nia 3o ¢ 58 48 F4 flol 13 AAA] A
2T Us A2 wagn

() 2E™Y FF=3

FEE7E 20°CR1 AE 2EHY EHAME (100)<uvw>9] A{zFo] wsla,
$=08~06 FFolME (100)<110>8] Goss WE=ZZAo|l Wasin], FAR|ME
(100)<uvw>2] AfFZ o] waste AL FAY F7}1 gleH, oo #I ODFE 2
d 33.1-1000 JERAC. oleld HAFYRAoBRE tatEe] o Wy
$=0.8~0.6°1 }FE AL & 7 Yo, ol 2EY FHL YZo] s FA9
7o Yol AA dojuyn, 2EY FAR 2L Puwy AgzrHo F
g o]F7] W Aoz wodr.
HEE=7} 30°CA BE 2EQGY AAAA FZ (100)<uvw>2e] AfHzHo
A€ BEL 7 7 A2H, Goss FFEAL A9 FFHA P= AL BEFY $7}

o
o
o
rir

- 107 -



At ole] #F ODFE ¥ 33.1-119 YR en, ols HEE7 Fsle 4
S Ehgo] Hojx Aol Ay WEo wadEch

2 g 2 23 AFAHY LA 2EHY vz d JF=3

AutAQ ;s AV) AR A$ Zul Goss AFEAL A7) 9J8ld H2E9
UAEEE A% dXAE A T 23 AZA IAIYE P34 Bk Yy B
ATFNME 2EY A2YE A7i: 2ERL 20% BUYE 3 F 23 QAR &
Pt on, 1 Az 583 A dXE A glol AF lemd] zulg AAHYPS
€ F U AL AT 4 ANeH, EBSD #F A 2o ZHYL (100)<110>9]
Goss ATZAE Zt= Aoz FFHAG ol digt AxE 27 3.3.1-129] e
Act.

@) 1

2EY A28 nvd Z8 JF2AE @A 2EY A" Yoz
AzE LA B8 At ARFHAA aFHE AN, MnS 59 & dxg 2
gek dAE 59 & 5% FHo] AFd AdE 22 = AV 54& 7L
A F Ade vARAE ZE Aoz FFHAY. oz 2EY N2 A H4EE0
AAR oz vt LA HEHY, EGdtel A3 2EHY HIHF ] Goss
A=A & redtc A2AE JA87] gEe= dddH

Table 3-3-1.1 chemical composition of the strip-cast Si steel sheet (wt%)

C Si Al Mn S N Fe

<0.001 446 0.014 0.054 0.013 0.015 ~ Bal.
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Fig. 3.3.1-1 Schemetic diagram of twin roll strip casting process
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Fig. 3.3.1-2 Reduced Euler space with important fibers and orientation of BCC metal
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Fig. 3.3.1-3 Schemetic diagram of twin roll strip caster
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Fig. 3.3.1-4 Heating cycle of the final high temperature annealing

TD

Fig. 3.3.1-5 Definition of S parameter
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Fig. 3.3.1-6 (a) Microstructure of as-cast strip at AT=20°C
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Fig. 3.3.1-6 (b) Microstructure of as-cast strip at AT=30°C
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Fig. 3.3.1-7 SMA of Si for as-cast Fe-4.5wt%Si strip
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Fig. 3.3.1-8 (a) TEM image and EDS analysis of AIN in as-cast Fe-4.5wt%Si strip
(a) Bright field image (b) spot pattern (c) EDS analysis
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Fig. 3.3.1-9 TEM bright field image of precipitates in as-cast Fe-4.5wt%Si strip
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2. HlAY &4

7hol &3 w7
v&Ae AP dode ArhA dAEC] F9FE "I A 7HEREIASF n
o AYEEVNRE m, 248 Y] RES § F Atk 2 EAA/NAY FaJgA

a3t 3 olF9 ANEL AWtE me LTUES B OB GFTULE Wi

°| It nghE AR LA @A W L2PAFH = BAS AR FA
gesn 5U8 ARHE JR2Ae] wet o oE B HAg BYYRH T
&0 dRbAd YidddA  dehdte HEuFed o3 dayE=E
Cuf{li2}<ili>ol A S{123}<634>F AA B{110}<112>°l] oj2& HFF=H JFx3A
o] W}y o]2 EA EFAFITxA o2 RECL. Dillamore 1964, J. Pospiech
1975, P. van Houtte 1981, A. Skalli 1985, J. Hirsch 1988, J. Hirsch 1988, J. Hirsch 1988, Y.
Zhou 1992, Cl. Maurice 1997]. 729 A$£ n&FF947F S7Hstel wet Copper-S-
BrassH 9ol o2& ‘85I FRY 2R H BrssP Y vedes F5¥ AT
ZHES Holg vUele ALE ZeA A1) 23y &FvF 59 Ae
HEAFAUA} w3 BN 2L 8R4 Hole A9 YelvA &t E
FHAFAFEAL ALHIAHIT F2 C{001}<100> 5 YL E o2 v HAY
247 8} Al (R-texture) BTHK. Lucke 1984]. 53] o] ATz o] F&£AA HL
E2YAS MR AsiATIe HAELR dEA Atk 71EY FAHANA YEHE o
2 JAFZAEZ At ¢FuE FFEAdAME 1008ty FaLAdHIFuE
Bolg ZA$7 giF-&olth

Ty R FEA 4IA #AY BHANE FAFY EEARIERE
e b2 EFF JFzF o vEdt. NIz B AY A7) olg ALAs
I glen ol thEA B olYe dAAAMT FAYGoR EFFAe] i
o} St W. Bunk 1954, R. Bauer 1969, H. O. Asbeck 1973, R. Bauer 1970, J. Hansen 1975, K.
Lucke 1976, K. Ito 1981, G. D. Kohlhoff 1981, P. S. Mathur 1973, W. Qesterle 1981, D. Raabe
1996]. o813 EFAAFY YU 2E HolQd 2L AHS] 7)518AHA Fdoly
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SU9, 12U 2 vlFEE A% AU FE E 5 AT Truszkowski
S[T. Sakai 1987, T. Sakai 1991]¢] ©o]&{g 7|al& ] Y& S FHAAE T3l 1dak
°] 0.5 o3} & 5.0 ol FolM AFAFAFLZA o] LTIy Pon HA
S 2REY HAFHEE XA Y. T.Sakais[T. Sakai 1988, J.-K. An 1999, B. Major
199212 7o n&EYAE Tt Zo Ede A3 AVBIEIFEIL de
o H.Abe[H. Abe 1979]% T. Kamijo [T. Kamijo 1972]% &3¢S E3to 24z 2l
g2 AlMgEEAA AeHAPFEAS 4L v Ao HIdE vFgds
ot AR F&olM ADHIPF2A FHAIA e o &
5 SASATHS. H. Lee 1998, S.-H. Hong 1997, N. Tsuji 1998]. ol2i @ AAYBH %9
SRFEAFRAOZE {001)<110>, {111}<110>, {111}<112>HESo] P Ao
g2A Utk °olE F RP/{11JARC] F&BAY tZ==2dAMd /M A
Eolth. ol= Z¥([S. Mishra 1982} F3t9 Z €3 AHHEA Ygdd A2
e T {lll}<uvw>AES E2A7IE 7€ ov] &HEH o 299y
H7} 2.0€ 9 ZYZ=E2YE ZFEE AdEa U

33 F 2o oz &¢Fujy A ola Re/IAAES U TG
A BBAE FEA7I2A e Yol A Ut TKamijo[T. Kamijo 1972]5 2
Al-Mg@':ﬁL—% T2oA dAste FAAE A4FYUE B35 2™ JHull. Hu 1996]
2 o]F&AAS Fot] AARNPAFR2 L AL v Ut

of AFdME ¢FrlE FSHANA AU AFZAE BA FA LFdd 2
AN BE2A BDA7]7] 918t vy LA (asymmetric rolling)S Z{FeHGTh W
A dAFTAY =24 YeE a¥33.2-1 of JERAATE F, A Fo] TE FRE
23 AREES L ZEER IHAANIA HE BA AT olgH G B8FE
T 229 4dFINEE0 gEA d9. gEgA dAHE A5 fFEATFTO T4
Wl met A& 2 WA Ha old wet FAWG AX vuy z2A A
gl Zteld Aoz didrh ol 2L XY v LFIAEEY HJt
Zouw ol& Z-&H|(Roll ratio)g} ¥ 27]2 3t} Lin[Z.-C. Lin 1994152 vlA 44
e 449 27 98P 5L A2 Hwang[Y-M. Hwang 199515 & < A3l
g ol &3ty HthY ¢de FHH, ¢¥, ELIAFT L AMNIE 5 AEFAA HYA

dETHdAE F2 AP xE FHANY Fo] o]F AL ¥o|n

O

i
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3% 3.3.2.-1 Schematic diagram of asymmetric rolling process

Roll ratio(R.R.)=R:R,=v;:v,
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[V. A. Nikolaev 1992, A. G. Svichinskii 1992, R. Shivpuri 1988] o} & o]-&3ld Az &
Aoz ol o}2 BIE uirt Atk

oy HI olFY T olF Mg dATHES ¢FvF FTHAY Mg
HYAFEA Yo S&3l TET e 2AYEn| o F44e AL v A2
g 1996, A& 1998, # &3] 1997, C.-H. Choi 1998, C.-H. Choi 1997, D. N. Lee 1997, D.
N. Lee 1998, K.-H. Kim 1999].

o] AtelMe HItHAY LA ol&dtd AATAAA FRiEe ADUE G o
ot JgxA e wsE H&s| FHs sAstnx st

2

v, Ady

A8E 99.99% Lee EFvES AMESIRT HA FA 75smme EFeE A
Z& 40mm7HA] YA ER7FEFES 4506C A 1083 X T F FA 2.0mm7bA]
B FAgdsRT. o257 ZE HEAFATEAL BRI EEA
S Zte A Ay

CHlgA 4EE s fiste AZEA Y vldA 2EE& ARSI vigA 4]d
Ao MFEE 2¥33.2.-1 of JEHRAT AF 126mm, F203mme] 32 Lol o
&to] A& 248mm, 190mm, 160mm 9| A|7}7] FH-2&S Azteiglen 74z 28
2.0, 1.5, 1.252 AHE&t3ith 3 2&u7t AR EIF A Y B nXe 4
< A7) 9%t 27157 2.0mmd] e ¢FUE BAY dUe dus ¥
FARFgeZ FJS Wo] BAE og 139 50%e e v AR
ddE B AHEF obHE |l FAS digtd SHEE FAHSAC

ZIAA dekgt getdntE AR Alfe] et SchulzfAMHLE SHEE &
33t XA 3 A7) & Rich. Seifert & Co.2] XRD 3000PTSE Atg3atgon Fe TE 9}
Co KA B, 7143% 2 ARE 47 40kV, 30mAY SAHAZAL o) &8t =
g {111}, {200}, {220} SHE2ZHE WIMVE S ol &3l WAEXTgs2 HHF sl
Rt

Mo

A

£

o. 4g4dx
oA S o] 83ty v dAFAG 7|E9 oA 44 FAL vELEHR
o} 2193322 2 HHA GAdFHY 27 24FE Ve 289 NEL AA
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Aol A6 =&Y ZA Stk AFE2 L9 AEL 190mm, FZ &Y NEL
128mmZ 3o AW Z7)FAE 2mmE 50%9] ¢EES JME + UEE )
Atk 21¥332.-29 %27] 2agoz ALE Fo ¥¥E" 24LE 1¥3.3.2.-3(b)
el en 4 et BEF 126mme 2E&E AMESY Z7)FA 2mmolAM HEHE
50%2 A 4dd Fo ¥yd 24%S 1¥33.2.-30@) YEAAGE. ZzZhe A
AHAAM ZEHR gAHE BAAlolY ulZ@AFE Coulomb w4 042
a3t |

¥933.2.-30)N A B vie Zo] B gAdd #AjAE FA $Fo= y
] gAA ALAFHASS ¢ F Aok 28U T”33.2.30)94 & F AR
o] }iA ¢dE VAL FF FHAME AP ¥IE AW FHF o2 o7
FE 743 HANYPS Be, T O WE Y AT B4 (inhomogeneity) S
Bch

olg ¥ EALZIE 7R ddA A Z A gt dATAHAA ¥R ofy
2 A, 4, 9, TAx 7HE 5 FEARY 7ML VIEH e dold o
T Agy 2AHUFE o] &Y o T 2ATHFFTAHCAE tholst A Aol wh
& ek Ho ddddo]l Erbysiy ol mel wigo] EFAsA Hrh 53
AATHL o] FAHA FAHAF T T FAZAIL o]FoiR| 7] ojP T Az
ot ddwigo]l T oz ATV L FAdA Yeide AdydFxA g

ol

AT AN U AP A1 A T2 EFE F At AA
T 2&3 gAALol Y Z18 A FERAA] g Aoz ol FE I IAZE E
E A4 12 2T BAALe] HE], de ¢ A, 59 #A o FFFA
£ Yerdth H. O. Asbeck3} H. MeckingS I/d Q12}7} 0.50]8t2 wl$ Z& golA B
73 ®Wgo] YeElY[H. O. Asbeck 1978] W. Truszkovski, B. Majors< 50|49 & %

A= Ao o3 BFa Wo] dAgdcty B a5 THW. Truszkowski 1980,
W. Truszkowski 1982]. &, 0.50]3tlME A9 F5AS] 53 WA ez &)
9] ZF7+Z (intermediate layer)o| Al WEH Y S gton 50]4ko] Z oA e F2 #A)
o EAFAA 7 & HAdvydE gon FHZo
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1% 3.3.2.-2 Initial mesh of asymmetric rolling geometry with roll ratio of 1.5.(Dyppe

wi=198mm, Digwer oni=126mm, t¢=2.0mm, t=1.0mm)

- 125 -



193.3.2.-3 Deformation meshes of aluminum sheets after (a) symmetric rolling and (b)

asymmetric rolling by 50% ( 1.=0.4).
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2 7hAA oFsfRTh AL Tselikove ©183 5 7kA] ZA ol tiste] 2& Alolo o F
%o Ao B3 2dg AL vl ATHA. J. Tselikov 1961].

AT 2&3 BajAte] 9] ntzte] o3 AGHHE E & ok HAZ ¢hataFol
AAY QLR Adde 223 BAAlY FE wpEEo] EVHEY o)l EF
dATAH BEAo7IE Fr}h ol vl BAJL e ATsHe WUlo] B
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S¥o] dA3sA ¥ 5N v RET 59 29[R. E. Baver 1977] Sakai®} Saito
T ZHIH2ZY 1, 12 GAA] BHAY Ad wygn Aagzz s
X 113} THT. Sakai 1987, T. Sakai 1991].
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1%¥3.3.2.-4 Calculated distributions of shear stress in (a) symmetric and (b) asymmetric roll

gap.
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1¥3.3.2.-6 Calculated distributions of shear strain increment in (a) symmetric and (b)

asymmetric roll gaps.
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center surface

s=0.9
contour:12345

T1%¥3.3.2.-8 Calculated (111) pole figures of symmetrically rolled sheet through thickness

direction.

center

s=-0.9 5=-0.6
contour:12.345

1%3.3.2.-9 Calculated (111) pole figures of asymmetrically rolled sheets through thickness

direction.
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200m

1%3.3.2.-10 Distortion of marked line of asymmetrically rolled sheets by 50% with roll ratios

of (a) 1.25, (b) 1.5, and (c) 2.0.
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71¥3.3.2.-11 Deformation mesh of aluminum sheets asymmetrically rolled by 50% at roll

ratios of (a) 1.25, (b) 1.5, and (c) 2.0.
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----RR=1.25 Upper surface
84| —RR=15
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1%3.3.2.-12 Calculated rate of deformation in the upper surface layer of aluminum sheets

asymmetrically rolled by 50% with various roll ratios.
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10 " i A R
----RR=1.25 Center layer
84 | —RR=15
I R.R=2.0
6 A
o 4
£
2 ..
0 2t
-2 T v T
1.5 2.0 2.5 3.0

Time, sec

1%3.3.2.-13 Calculated rate of deformation in center layer of aluminum sheets asymmetrically

rolled by 50% with various roll ratios.
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10 1 — 1 i 1

----RR=1.25
81| —RR=15
} - RR=20

Lower surface

2 . . T .
2.0 2.5 3.0

Time, sec

1%3.3.2.-14 Calculated rate of deformation in the lower surface layer of aluminum sheets

asymmetrically rolled by 50% with various roll ratios.

- 140 -



B BEEA 2L wA Aol A wEHo] Hu g wtEHd] ot wAjst
F229 3A&E Aozt

2ol FAZFNA Y AdWAFHEo] FAF vStY FAHS] ZAstd FUAYHE
Fdol EAstA Bt WA 2&u] 159 ASE BA 9otUAI FAEF =
FolA vy 1E AIGWIES oy 1 HEFEE M ok

AollA AFE A7 28u7F AF2A Y T A FTFE Fotrr] ¢
o] ZtZhe] vdAE #wAY fold 2 FAFAA FHEE AU AN
g (IDFHEE 1¥33.2.-159 YERAAT 2&H] 1.259] Z$e @AY 9, ol
Aol Ae 2] 159 2000 vste AGAFAJEA HJELE 7P 8ol FHd
A3g Boy FHFAME HE¥Y JAFEAH} 34 dER &&5& & F 3l
o ol 9A AME ADHIED)Y BT dAIH. EF 2] 209 AL
T FALEd AR MY 224 FEF2FS Yoy AagygdzA A
Foz 713 sldol € & ¥4E Btk 284 159 A5 vA9 TAYES o
€ Adz3 9 FAAT ADIFEA JEo=9 IH AxE /M 2 wFA=
AF4E 1Y€ ¢ F dv webA v dd w4 ASAdAF AL 4d
He #Ad st e AdAd s Zd EuAt dsS ondn.

3¥33.2.-158 AL AIAE vigoz vdA ddE F¥d ST THE
293324169 YEPUNACE A A, FY JFxF e HMHYE F JF] Ao =
NAZEH o 95% WA gA=H F&£3] Z 24 Y AFATEHE 283
fen 271574 2mme] 99.99pct LT EFUE BAE 139 50% v 4A
stk 2¥33.2-159 AxAFGe} v F dXge AFE BAS € F UH. S
A9 F2499 XY ND/<111> AE F (1IDFHEY F4AHe] =g SH3
o I2¥33.2.-170 JERRATE 714 Heojd Zxrt E4F HAMY JEx A
W7k 060l M-S AU AT o 2-dA BE die} Zo] 2
<8 2094 FAYG AN 44T A45E LAY 1562 /M A Hoiwk
o< ¢ FA wde 22| 1259 Fe FATAA A9 Aol o] Fo{AA|
oot M E4de F4S JEUATh watA voiA A 28] 1.59 Aol
A7t 224 Ay E L F UeE ¢ 5 Ao

]

- 141 -



1¥3.3.2.-15 Calculated (111) pole figures of aluminum sheets asymmetrically rolled by 50%
at roll ratios of (a) 1.25, (b) 1.5, and (c) 2.0.
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1%3.3.2.-16 Measured (111) pole figures of aluminum sheets asymmetrically rolled by 50% at
roll ratios of (a) 1.25, (b) 1.5, and (c) 2.0
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T1¥3.3.2.-17 Measured rotation angles from {111}<112> orientation component in texture of

aluminum sheets asymmetrically rolled by 50% at various roll ratios.
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(7H L, NT, R wire (MKE, 7I cast bar) _

AZHoz ANE 12MIL Stoloje] mATxs} MAYTRAS Auins] A%
o2 7|&d AMEEY XrayE ol EHLS AW =37]9 A wfFo] A
E7bsstth mebA ol wAFEA T wATR TS 95t HAd W
Hoz go]o)E 71F3E SEMAIHS BHET EBSDE ZA 39 WIS AAINAD
A MKEA AAtstn e Al F79 ¢olo], =, L, NT, Rel| W3t EBSD
AeAt. NTE 7189 Tl Ca%ol T %ol A7E EFolu.

-~

il

=
=

Cold drawn AYEje] L, NTS}o]o]

2% 3.4-2,3,4,5= L8 NTH 9 cold drawn} B} 2} ¢}o]o]S EBSDE ]85t
SA¢ Aooln 1Y 34-2, 49 a)e goloe onA], b= AP EE YEd AL
Z Y7L ool AL she) A HeR RdFoY AAYS FEF I1Y9)
Ao de W g dusiAe det o). de 4z YAIFND), GEHIHRD), F
< FAYFTD)NAN 47 UHE A ZAxjo|t) oolojoy HAGL =29
kol AT FALEFL gojoje MY =2dWEgM SIS )
W g s TG Wdo] Hrd. ¥ 3429 o), NDEEOA AHE A= F
AR7E {100}8 0] Ueyn] otojojo] uigZ o 2= TA] (100}8EH (112}4 %
(Betayo] YEtdS & 4 Atk 2 Yol dFEY oo dHe {1113 Ee] F
7 E2E € 5 Utk dBFHLE feeFSE =2 JAFRAL (11114 2] =29
WEo 2 wigdtiy A glom Aud] golo] =E2AME e AT dof
Aot gholo] duubdkoA el WYo] By ANHow EFATL & F Ut &
gtoloig] ZH} FAFZE 1004 E, 11145 100, 111, 12EFAHE, oA go]ojrba
A9 10042202 golo] ARz Az £37F tdsitt. 1Y 34-32
HHAEEE 44 NISHEQR), ALY ASHAZ0), FALY 9335, @A Y
Bl Zolth IMSHEES JSHEoA B BAsA =29 Agzz 42
{111} {100} 8-S &2 & 5 gt XraySA WA E 92 EBSDE o] &30 24
AlHY Ao WE LAEEE & 5 o] Solojo o W Wk ¥ o FAA
S AEY 7 Uth YHETY FAARLE ARAT A IHHLY JAY 42
o J%&& 713 & Utk 1Y 3445 NTES ¢}o]o]& EBSDE A3 Ajo|t}

- 148 -



LE 7 np7tx 2 NDHEl A AHE Uoe F2 {111} R]8 oo FAR
S} gfolojol 7ht mpgREel 1004 £0] A8t 1 Aleldle 1129 7H7he A&
o] BXFE & F Utk ¥ 3458 RY MNISHEAA LY nls) 22
{111}, {100} FAFZHALYES Yehd. 4SHE JA (LA EF (10038 %
2o} 4834 BRI FEo] {100} {111}FE F2 FJHH] 31Le B F
ATH AAH oz NTHL L¥ vsiy =24 JFz=9 & dg3tn oy o
ojo] G AHE LAEY HAAHA BE= AFTRY FHE Wz o

£ AolA H2E AT BT

ol

-

2

rlo

#F annealing® AEfS] L NT,R $}o]o]

Cold drawn ®© L, NT, R¥ 9] ¢}o]o]& annealingX 2] & 3l HRF =59 dAl
G BEREE A & AF o]0 ol &3t EBSDE FASHAUT. 1™ 346,
7,82 Z}2Zt L, NT, R¥ ¢tolole] EBSDSAH Aol om| |2} 7} vhe} Qlth o
HollA L, NT,R &< &3 8o W £ X annealingd 2] EE & A4F3] FAst
Al Y23 9t} Annealing 0] 2] 9}oJojolA REQ olojojrl Ad o2 {10034
ol A duwgA 2 JdxAY AR o 234 AAHo 2 ool
SACZEE Foz oprtaA AR IV DA FAAL ¥ =FE & F 3
o 3™ 349 99 3¥ 346, 7, 894 SAE LHEFH Ao 11SHFEY
ND, RDEFHEE YEH Aot} RYY Annealing}o]o}7} duldez =2 I
Y30 T3 Ut

- 149 -



(© (@

Fig. 3.4-2. Orientation for cold drawn L type Au wire
a) Image b) Grain(=5°) ¢) ND d) RD

- 150 -



<
S’

(1 1 1]

Sample Nornmal

I[101]

~~
£
<=

[111]

Longitudinal Direction

(©)
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Fig. 3.4-3. Pole figure and inverse pole figure for cold drawn L wire

a) 111 pole figure b) ND inverse pole figure(IPF) c) RD IPF
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4. Orientation for cold drawn NT type Au wire

Fig. 3.4

a) Image b) Grain(I=5°) ¢) ND d) RD
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©

Fig. 3.4-5. Pole figure and inverse pole figure for cold drawn NT wire

a) 111 pole figure b) ND IPF c) RD IPF
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Fig. 3.4-6. Orientation for L type annealed wire

a) Image b) Grain(I=5%) ¢) ND d) RD
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Fig. 3.4-7. Orientation for NT type annealed wire

a) Image b) Grain(I=5°) ¢) ND d) RD
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Fig. 3.4-8. Orientation for R type annealed wire

a) Image b) Grain(I=5°) ¢) ND d)RD

- 156 -



(2)

(b

©

111 PF ND IPF RD INF

Sampls Narne : Sample Name :

Material : GoM Material : Gold

Measurements : 4096 Measurements : 4096

Date : 23-Mar-00 20:10 Date : 23-Mar-00 20:10
nin

Sarple Nonmal 4

Sazople Narw : 260 NT aneal rot F1 Sumple Narw : 261 NT anneal vot FL
Material : Gold Material : Gold

Measurements : 4096 Measuraments : 4096

Date : 03-Mar-00 05:11 Date : 03-Mar-00 05:11

iy

Longitudinal Direction

Sample Name : 259 R anneal rot2 F1 Sample Name : 259 R anneal rot2 F1
Material : Gold Material : Gold
Measurements : 3782 Measurements : 3782
Date : 03-Mar-00 03:11 Date : 03-Mar-0003:1]
niy

Sample Norrmal

Fig. 3.4-9. 111 pole figures, ND/RD inverse pole figures
for L, NT, R type annealed wire respectively
a)L b) NT c)R
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(1) Initial Cast Bar size effect (MKE, NT, 71, 111)
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(th) Pre-deformation effect (MKE, TG, initial 9.51)

Casting bar®] Z7] AZFHEL 1Y 34-1914 BYEo] =14 Mmolate FAA
Z3S Uedn. o2 279 Y EXE FFHLE IMIL, £ 12MILAE
8} spojoirt ke ZAHASY A7V EXS TS JHAZ stolole JAF
Aol 9%e & 7 Utk B FoAM A F3¢ annealing A HAF AF 7]

A 424& HAgste ez uelg 5 ok 7] golojE FAHFxA o
2 AHE3A &3 groove rolling®lYt £& ECAPHE, Torsions e WL F1 AR

g& uAst Al F F53F amnealing®lo] $boloE ALY F£E QI T F3t
annealingS ©] &3t Sfolojg AN £ = gich Ao A4F Ao oFA z7)
casting bar®] 2 7Fo| EFF HF stolol (111X Frletn golo] T A
TEE HERXE B 228 E & F AU Groove rollinge TKKS}F o] %
71 F3E HES] gololE Aists Aol 2ol Ed, ol#F olfe F=
AAE 2717 232 E2YE s7lde 3 JEHE olvn FRIFAHAA A
F e B4 FY i HYP22A grooverolling®] A 7} wFojch,

Z7) A7 9.51] cast barE ©]| €359 Imm7bA] groove rollingS A A|BLIL 450°C

- 158 -



A 1A1Z} annealing$t § oo} =2 § AIH(TG02)T F7t annealingS {11
@A) groove rolling%t Alj’?(TGOI)i EBSDZA St I¥ 3.4-112 lmm7tA] =
Zt annealingX 2] & ¢ F ojojd @S ST Aot} Groove rollmg°ﬂ o] 3
Stolo] o] PAL Zto] UgY AUSE & & eH groove rollingd] s o]
bl {111}, {100} &o] B&3 dHAF=2AY HHE BAFL Y& ¢ 5 Ut
gy =229 JFEAF Zo] At TEEAE dkon FEo] YA HAG
2 ¢ F Utk o8 L2 7] JFEAS VAL golo] =20l AA] HE
AS B Z 2dd =29 JAF2AE 44T 5 Ao 1G29 A$ A% immol
A 1A1ZE] annealing A& 31G17] wiiEol] AAZAQ AN JH =z} wYPR
8 FAHLE AY &7] cast bar®} Fo] T3] FE AL AEF F Jem FF2AFY
A8 A7) 25STmA =oltth. olejd Ha ZAAYW A7ie %719 9 el B34
thE ztolxl Zzelnt. F, TG2¢] goloje WFE9 {111} A&, 259 (100}

AES 7 E Hd37] 25SImAEY A EZE FAE Immeolofrt x7] Al#H 9
82 3l 9 annealingX E7F 91 TGl AIHE %7] 9.51 HE wWo] 3
o] AAE HZE gtolojo|t}t. 218 34-125 TG, TG2olA] AR ZHz} 25, 3019

¢tolojo] EBSDU. {100}/{111}44ES] H &S EHW 30Iméo]old] HAE¥7 Bt
TANEANE 58S & F o HF DA annealing 3 wWe e &
g9x A aels ook d7] wEe) 25Imetelol ¢t 30Im $toloje] W E X x}olrt
TR gfolof 31733"} ZAZE vk A A7 FE. Groove rolling®] E7te W
o AL oA S2YAFT &2 sfolojd nlEjM Pz wEAHETL @
A vdeiva glen nAFEE Aoz 7498 EgS EAFAE &1 Uk
olgdt AFWe ¥3 B Z7| casting bar®] F 7] pre-deformation®dH 2.t} 3
Zz3 9 B Fa3A ALdttur B & 9o, oo RE4H Groove rolling
o] Al FAHNAN HELE W 7|€& =2 THH HAsste FAHo] FaFS ¢
T AT

- 1589 -



Fig. 3.4-11. Orientations for cold drawn NT type Au wire.

Groove rolling was carried out from initial 9.5I cast bar to
Imm wire and then orientations were measured with EBSD.

a) Image b) Grain(I=5°) ¢) ND d) RD
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Fig. 3.4-12. Orientation for TG wire produced from 9.5f Initial casting bar

a) TGI1 annealed 25mm wire b) TG2 annealed 25mm wire

¢) TG1 annealed 30mm wire d) TG2 annealed 30mm wire
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'(2}) Temperature effect (MKE, NT, initial 111 wire)
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(©

Fig. 3.4-13. Orientation for NT cold drawn wire after annealing at 300°C
a) for 1 min b) for2min  ¢) for 10 min

d) for 30 min e) for 60 min f) for 24 hours
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(a)

®

(©)

at 4600C for 1 hour
a) L type b) NT type ¢) R type
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(A (A
\& \¢/

el -L-rE-tch -L|I_:| -Lﬁ

film

Anodic cycle :  Al—AI" + 3¢
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Fig. 3.54. (111) pole figure of (a) as rolled aluminum foils and (b) 250 °C (c) 300 °C
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Fig. 3.5-5. Optical micrographs of aluminum foil annealed at various temperatures, x40
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Fig. 3.5-6. TEM micrographs of aluminum foils (a) as rolled and annealed at (b) 250 °C (c)
300 °C and (d) 400 °C for 1hr.
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