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1. 1 Al-Mn R 5%

Al-Mn 2D BAFHAMEITH 5 3000 27 )V I =0 LG5S ITIHUHEAI S S I I NS .
AREERITHAIRD 1000 2L 0B 10 BRREEVIRE BN THEEZRS, F0H0E
Td % AlgMn % a-AlMnSi 5 Al FEFIZ K U CEBLACERNICZE TH 5 72D EMICE 8
NEEETHZ Y. AGRIFE< PoFEHGRL LU THELNTSE D, FHlXI1F 3003 G54
(Mn: 1.0~1.5 wt%) 1 1906 fE1Z, Z 3T 1 wt%FEfE Mg 2 351 L 72 3004 &4 1% 1929 4
WZARINHETH S, T4 Al-Mn REHEGRORME L &% Table 1. 1MITR 7.
3003 AV HBNHEARKHBITDO 7 « VL LT, 3004 &0 TV I =7 LK DO
MEUT, 3105 BEHR MLVEL7 )L I =9 ZBAEHE D 372 e L TlibinTnwa. B
EH72B Al-Mn RARIFIRE LTy, BHATLVI=U LG8 LTEEDS
SHHHAINTVWS. FIZIE, DBENCEBITS2017HE 10 HO TV I =0 LFEIERDE
PE - i E 2% HS e, 2 TOMRBED LM 109,621 tIZX L, &% 33,686t & 3 HILA
EE2EDTVWSE. 72, MAOHBEMAT VI =7 LM 16,068t D> 5, B
FAEIES (123003 5087 ) 159,500t L 6 L 25D, £z, 20104
JEP S 2014 FEEDOENDEMHETIVI = LAEREEEOH W V% Fig. 1.1, HAED
iM% Fig. .2 12”7 . WINOHBRELZELTELZLHVWONT WS Z Wb hrb., Z
DESIZAIMn RERI TV I =Y LAH]FOFEERTESTHLE VRS,

1. 2 PESESR D ER & W5 Dt gEE) 7]

1.2.1 EESREFRDER

R TH 5 Al-Mn RE®I1E, ®HGRETRICBWTHECHERS, BXTIZ0
i DRERZ R U 72 48 fob s I 2 170, SR 0 M7 & o ORI B - bt & A=



PET B EMTEMNITRDONT VWS, THNITMATHEME LTHW SN 3004 &1
LIEMTAEITS 720, BWREMREYE SIS E 2 2 & TREEHE - EARHE
MRESGSIMNG UM =) I @BN MR T2 2 e EEEEE EIF T, 3R
NEHIRT 272D RDOENTH D, MM E UTRBEBL WERI LI h
HMEID—D ioTWnWE, =V V7 (RATVVIRRXAL - EvITy TEeHHE
h3d) &iF, UIZEITRIC HEERAMIN N T 51 & SEHIZE U 2R IED Z 2 Th b,
SRIREANDZEMOBEAN EIZ L >THELSE., 20TV VY TOELIZL I IT—Y ~v
JHEEVwbib.

LU, &Y - #r i o 4> BOIRRE & FEfd sk oo BI AR IZEERIIZ 13X & 2z T s v
FERBNCHHSNTOEOMEIRTH S, TDd, ZORBBREEMIZHS Z 2
TENE, AHENLEE TROMIIDRBEEZ NG, X612, ZORKREHS
MBI LT, FEER QWML ESHML EOREA TR R EEX SN, B8
DRREE, EME, BREER EOUENSFEI NG, 2, SHEY - HEY O 5 ECIRIERH
R B AMY 5t EOBBREFMICIEA S I T WY, 2 O7- o8 ELE
THRTIE, 4&8uy bbb ThHRMEOIXS D EICERT M IT—Y v 7oy

DI-OMTEEZEZ EIFBZEDNTERVE WS BRYH 5.

1.2.2 S HY - B NS R e B0 B 58

PR & Vo A BHICERT 5 L, EMED Al-Mn ZiRESICB ) 55
S K OB A Little? 512 & o THLEM & U T A q AloMn 28, ZEHE UTH
Jiddh AlMn DSELET B LI NTWDE. —H, AR LT Si2a0EMEET
X “6toa ZRE” LILIENAMHERPEZZZ Mo NT VWS 0, EFINTWVS
3000 RESTIMHBMHB KOt e U THEZEHTH 5 1ES M AlMn B K OLEHT

» B a-AlMnSi B EZINTH D, AlMn lZ &S TRAED S [EE Si 2 RIS 5



ZLTaAMnSi N ZRTH I RHISNT WS, Alexander 5 'id Z DA RRIT LA
RETH D, Fig L.3IWRTEIITHIBIZ ALK T2 EAZRIZREHEL TS, R
MM TETH S SiB XU Fe DFBIZDOWT, 1EKS DIk Al-1.1 wt%Mn &&12 DWW THE
BRMEIZED, 1.0 wt%Fe RN X > T Mn OFEERIZMETL, fritELEADTEZ L,

0.5 wt%Si IRIINZ & - T Si ld— Higiil & S 72212 Mo RMEEVI O 2 B E D% &

J

IZTBZEERELTVS. £72, “6toaZf” TKIFTSIiB LU Mg BOMEIC
WL S Wik, HUEMK (Al- 1.0 wt%Mn-1.0 wt%Mg-0.2 wt%Si) & LL#g U T Si =550

(#9704 wt%) 12X > TEBMEES N, MgEIHIN (B 1.6wt%) IZX->TlliflENns
CHmELTWVWA. £z, ZONROHEFERIT Mg 2HE L 72&eITliE Al BAMEF O
Mn JHF D ILEGHFE, Mg Z2HE L7284 TIE MeSi DORIETH L Z L HHME L TV
5. THIZMn REEMBIEYOR I IZZNZH, AlMn i HV 550 F£/2, Als(Mn,Fe)lX
HV 700 F£/%, a-AIMnSi & F 0-AlMn,Fe)Si (X HV IS0 FRETHSH Z LR o TH
D, a-Al(Mn,Fe)Si DI & > TRIFARM I =) V ZMERGE I L Z e RESINT
W5,

E7z, FKIZAHY Si 2 &L FEHEGRONMEYMOATIEHT 5 & FEMEEL LT
IZHLRHCIR D AlMn B & OBHIRLIR D a-AIMnSi DFEERH L XN T WD, HHTRRIR D
a-AMnSi AT IO WT, Li 6 WIZEEME FBEME (TEM) L~V T block-like (2
A T2 & WS R E R OE A% > — b & U THET S plate-like D 2 FEIHNTELE
TEHIEEHMELTWS. 7z, MO EYIIMEE FREDOBBKIZH D, KRl
IZHETEIEHWELTWAS.

1.2.3 70 B & P AL oD BEl 6%
S EOAH & PR S AHAR D BEFRIZ D W TIE, Somerday & I K o TRAE 1 um BA EORK

IR EAII R R DAY A b &b T e THMAERZMEEL, | um BUF OB



BAHIFR A Z VO TE L THERZETZZeAHEINTVS. Inoldx
nNEN—HRIZELHoNTWE A0 Y VI X DI OFERB K U Zener drag 1IZ & o

THHI NS, UD U Zener drag [3F#G D ED FIZ D HREPZ/L L WMKED R T
OHEmTH D, EBEORTIXEE - HHmEFARIIHHEIRZI 270, K0EMHETHS.
Bedtirh D HIZ DWW TR S 191% Al-1.3 wt%Mn &4 8 & U Al-1.3 wt%Mn-0.05 wt%Si &
SR T 2N Z 721, Bebliz L 2R BLSEIZ( 2 TEM 2 X 2 Hr i o &
HEERZMELTHD, FEiES S FRICHRA Ed U XA EIZ AlMn O B Z
2L TW5. £72, 1§52 LT 673K FNOMKIRTITEEA E7 & DR KREGEHIZ
M E L X3 <7220, 723 K BL L O &R CTIEEE Mn QA7 81 THEIZ & - T
FrHOREMEESIND EEWELTWVWD. 20 SR LIV & O TR IZHH
PNz Lk > TOTAZXNVF—2FMI N, FAERPIHINS.

1. 2. 4 YBALALEL S & M RS D B 6%

3003 (Al-1.0 wt%Mn) &€5 L3004 (Al-1.0 wt%Mn-1.0 wt%Mg) &&IZH I 59H
LIRS & M iR S & O BRSO BIRIZ DWW TIE, FEFEIZZ K DMFEATh N
TWa. FIZIERADS "B XV Lee b B2 &> T, Hrliffks & ORFEH O Mn &%
BT FREE, (R, mARENEE L RIFT I EPRETINTE D, ZOHE
SRR & DBIR S BRI IZBMM I N DO DODH S, Lee 5 DA IT L 1F Mn HIBEEDH
<, RTINS B I BT 5 & O B LAUESA TIEREM <, HRZR
fEmAA I D, MnEEEOMKL 225 & 5 2B AL S © I3 < Sl

=

HimAERIc e s e IhTVnAS.

1.3 RIAFKDOALED T

PLEIZ@RR7ZZESIZ5EFTOMEEZIEOIRS L, £T “6toaZRE” IHEEWIZE W



TIREZLDHREMRZINTVWS. LU, FERKZMABE 1P EEMLEY DX
CETEL0THY, AMEE X UCBIERMAIC X2 HPRELP “6toa B O
o 7R AL R R & DA R ENIC B U CREMICIH S 2MZ I T WA L IXE 2R\,

7z, HERORZ 2P ORHIZOWTIREERERY S EBEROHEN R I AT
DIEETHY, 0T ADHECHEARIZLDEHEEL(REEZFEL, Fil&%2 08U
T2 ifTo - ERFE ALV, RIZEHAGETHAAMYISiZzEALTZERTIE
ERDEB D AlMn & o-AlMnSi D 2 FHBERDEAE UTHB L, Hrili & FRIZ “6to
o R LRI 78, BBAICEISHKIEMTHS. TS LT, HERH
TN & B EEE ORI S RE 2R S Z L XN TH 5.

FrHINZDOWTH, BEREITHHIT 28R D a-AlMnSi & BEFH & D AR BIHR 7 &1
TEM Z HWTEHMIZTARN OGN TV E D, REESHKELZLEEZ 6N Y — ML
FEIRDHEITH 57408, BIROIEREE & M HIZ BRI EKS. 72, HHE LTl
Be5EDLE—HHTD BRI AlMa AT HEYID “6to a ZHE” IZDWTOHE XA
Wi o\, FA—HTHBLE, @Y EFERKD “6toaZR” PRI BT &+
EZoNnb.

Z ZTAWSETIE, £3 ALMn /A<D DS HHHIC BT T AHY) Si B OREEZIH S 2
T572-0SIiBEOANELDS Al-1.9 wt%Mg-0.5 wt%Mn & 125 U CTHRFEHMES L O
SEM IZ & > T i OB, Wk, MNREFARD e Uiz, £72, Ml
WY1 D 38U B lF 9 AR S D 2 B S DT T 5 72 O I AL D FR R E B
K OWHIEE % 2L X 72 Al-1.0 wt%Mn-1.0 wt%Mg &85 L, JeFBEMEE I & 28
MBI EITS. 01T, ZYL U2 o oA mE - HEEPENICRIETHEZ S

2T B 72O WIEIELE - BEB L il klic s L~ 7 B ey b — A X GBS & OOk
PEISER I & DHAMBIR 21T 5. TNE NG S NS RO M B\ TR Z R T 1
Lo TEEBMLEZSDEMAGOLETHERT S Z & TRl S BIE - B OBERE



BHSMZTBHZ e Z2RASL. £/2, TNSOMMHPIIZE T2 0B OES X O =
DR EZFARBD 7212, XEREH (XRD) [Z X BHEIEE LY — b )L MRz

KHE~7 7 uREEFMETS. TOICHEYOHEARBEEHIZOWT TEM ZHWT, ¥

7

AL S K OB b oMt Y OFZERRIZ & £ 732 5 FRREZ AL B K VA RE D A R % fig
fry5.
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Table 1. 1 Overview of properties and application of major industrial Al-Mn alloys"
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Jump-Ratio Images

Fig. 1. 3 Energy-filtered TEM images of a duplex particle in a specimen made from 3003 alloy heat-
treated for 1 min at 500 °C reported by Alexander et al.. The particle has transformed around the
interface with the matrix, and there are numerous Al-spots within the new grain of a-Al-(Fe,Mn)-Si
phase (intragranular Al-spots). Silicon is present at a constant concentration throughout the a-phase,
yet was undetectable elsewhere. An increased concentration of manganese around the particle
perimeter suggests diffusion of manganese into the particle.'”
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2.1 45
B1ZIZBWTHRRZED, AfEEL LTSi2ELEMALMnRZEETIE “6to
o R LIEENBAHARBPEZ S Z WMo NT WS, HIZIXFEHI NS 3000 REE
TOHHB & O AH TR AlMn DMEZEM, o-AlMnSi L EMHTH 5 L b "
TW5. FEHPNZ DWW TIEARMY) Si &5 X OB & > T AlgMn & o-AIMnSi D
HRIZZAL, SHEMIPLIEMIARLICBI3MIT—V v IHicgEs 52
52, Mrlime UCid, ai# iR EAHIRIT, S#F M 2bnRIc il ¥4 5728
FEREDIE T X o TR TR O AN TR L & X BESiRF O FAS BB BT 5 Z L 23
Z6N5. UL UARHY Si &A% EWe i iz JIFTEIZOWT, H—BRENO &
5 PR EE T HB U BAL L 2 R IR R 2 52, ok AiTBWT, F-—
B D AR TR T —Y ¥ /MR EORMIZZ(AET 2 Z 2 iE, FHREMT R L2 &M
BT AMTHEERN EPZERED T b, ISITHHEEOE W L > TIIT
TR B & OVBESIRE D R AL 5 X0 PG S Al 2 & 2VEMb S 2 L T DR 2 — IR D
ETREELRD. 20D, MPITRIC LS HEEYRH YOS BREBO 2 LR S
295 EIFIERICHETH 5.
ZZTARETIEARMY TRE ULTALED Si 2E AT Al-Mg-Mn &4 (5049 &) %
W AHIY) Si AV HPI DI RPN Y OB E B & CTERBIZ RIZTREZ I 5 2T
THIEEHRNE L.



2.2 EBRAE
2.2. 1 #EEAM

DC #5812 & 0 /ERL L 72 AA5049 B4 D 200 mm ORI L w M2 A L. MgH
FOMnEIT—-ELL, SiIEOANPRLLIE LY M2 3FEEMAZELZ. &Ly oM
ik % AA5049 DFiKE Y& HIZ Table 2. 1 12T, SEHWZGEREAHMYPE L TOD S %
5049 DA TR D ESIMR ML B> T Wb, LA, &ikRHE Table 2.1 (2

RTEDIZSIiEIZE > TIERRT 5.

2.2.2 B L
H£EEDE LY ML, KREFZHWTHEMEZEL-. €Ly MX 873K £
T4h DT THEDE, 2hREF, TOREGR U, MEWHZER U ZREEE% Fig. 2.

1IZRT.

2.2.3 X #EHr (XRD) #HlE
AW hmTchHEOMKE E 572 0.087Si IZ2WT XRD (RINT-2000, VA7) (Z
K AMEEZTT o 72, BIESMITEE S, EEITE 40kV, EEI 40mA, HIEHFH 20 =38

~46 (deg.), AT v 7WE0.05deg., AF ¥ VHE300s/step & L7z,

2.2. 4 HlABIEE

EAVME DR, YLy hORFHAFRE L OG0 H U 72 FE A S MRS A a0k
ELT20x20x 15 mm’ D70y 7 2 EREOF LA ST 0 d L, AfEED L. Z
DKL % #80~4000 D KB EERK Z FH W T B D%, RE3Jum D XA VYEY FX—Z b
BXUOawA X)) hxEAWCCEEEL 7.

S BEMER B AR X B AT EE U 72 30RHZ R U 353 K @ 20 vol% H,S0.aq H1C 20 s D



BRZIT-o7-. ZOEEHIEIXALM-Si ROBEYOBTIZ LKA 2L §5 22
ENREINTVS

FETTE M (SEM) BIgHHARNIBIRT OB @2 REEELZN <20, HEME
T—T7EARO—EIZET B IS M. ZoEHT U KHTE & (BED |

& 5 SEM #i%¢ (MIEFEE 15kV, SU-6600, HYNA T2 /0y —X) #{ro7z. E7z,

0.109Si (Z2\WTIX EDX (Quantax, Bruker) (2 & 2 YOO %217 - 7=.

2.3 FERB L UHEE
2.3. 1 WA D A E
Fig. 2. 312 XRD Jll7E O FE R %2R 9. a-AlMnSi (2 DWW TN Fdl (2[R Pm3) o-
AlpMn;Si (a=1265nm) &3 2HE 2H3dH %A%, ICDD/JCPDS 7 — X RX— A2 Z DFHD
[EH 82 — TSR T T VR, RSN T WS EODOHFTIRZEMBELHE L T, KT
TERDIENSL i MnpSizAls (a=1.250nm) & EHFANZ — BRI 2 L& O
NTWa72H, SHEIEZ ORI E— 7 1E % H\WT a-AlMnSi fHHO ¥ — 7 2 [HE L 7=.
Z DRER, 0.087Si iX Al, AlMn, o-AlMnSi BSHRHE XNz, REBRTHWZE S IEAHM
WMEFERE UTHED Fe 2 58720, EBOARERIZE) 2 EERMERMIL ALIZMZ,
JERMEEYI D Mn B 1 b % Fe S —ERiEH#HL U 72 Al{(Mn,Fe), a-Al(Mn,Fe)Si TH 5 & & X

LN,

2.3.2 E I DS I BAF T AR Si DR

EH GO FIMBIER % Fig 2.3 1R T, Bab X OKAO & EY OFEDHER
T& 5. Warlimont IZ X 1UX T3S D& NI IKE D & HPIE Al(Mn,Fe)biZ, BEOH
H113 a-Al(Mn,Fe)Si fH & 5 OX N T WS, TNEND Y O HEFER % BEGRFERT & 0

B4R % Fig. 2.4 2R T, MgBEUMnBIE—ETHBIZHHEDST, SifmH0.065



Wt% D2 5 0.109 wt% & D3 TN 2 DIfE W 2RO EERIT LTIz imd L
7o, F7z, SIEBINZE 75T 0.06551 D Al(Mn,Fe)DHFERIZ 0.75 BFEETH>72 %
DHY0.109S1 TIF 0.3 %IEE E THAL TS, o0-Al(Mn,Fe)Si D[RR (T 28N L <
Wo 22 e ofEB SOBEME L Wo 2 EIRICEPNTWARIZ “6to o 2RE”
MR -72bDeEZOND. 72, Al(MnFe)DJEAE & O a-Al(Mn,Fe)Si D ik
0.109 wt%Si 32 THIANTZE L TV B Z L35 ARNS.

0.109Si IZBEWT EDX IZ K 5@ DM 217 o 72, KEERRITH T 5 FER
Mn RALEWIFH & U T Alg(Mn,Fe)& & O a-Al(Mn,Fe)Si S MH X 7= Z &2 5, Fig. 2.512
Kl 2 Mn+Fe)&, #tilz Sige LMot ofiRExrd. @MEYESiZzIZLAEE
FRVEDEELEDICKRINTELZZ L bhd. ZOSizaEhWVWEEYIX
Alg(Mn,Fe), &L HHEPIIE a-AlMn,Fe)Si iIZXnd b & EFE X 6Nnb. £z, SizEal
Wz 817 5 (Mn+Fe) : Si LD Y fEIZ(Mn+Fe) : Si=3.0(0.6): 1 &% 0, HEINTWD
AR 0D 5 5 0-Al,(Mn,Fe);Si 12N TEHHDEEZ 5ND.

Y OREREL SIRBANIZ L £ 2> Th PP LB 2 EE T 5. (L¥R
CAERMEEL OHBEINDZEE LD Mn @2 —EDHE, o-AlMnSi (FE : 3.62
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D WS &2 IR U 72 E 2 Fig. 2. 6 12RT. ZDORIX 6 to o Z2EDEFE TE K
INZEDEEZON, EERIZEADOH DO APEEYOEITN S2/NI L RoTH
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Fig. 2. 7W2/R S . JFHAMENIC & o THER T E 2 WIEE M BRI B A AE T 5
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Fig. 2. 8 ()T hLIRIT i DB E B L HBEEZ /R T, Si OB & & 72525 TR
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FETRKERD I ENbMNo7-. £72, Fig 2.8 )KL W) DR DA %2R .
0.065Si Tl 60 nm LA R DIEFIZHHM 2L OB DO TNITBEINTZDATH > 72DITH L
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Z & TMn DEFEBIZHEKRT1I2wt%fHEE TR TS Z LITMA, ¥ a-ALIZIEI Y
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FZLURFERTH D L EZOND.

2.4 /NFE
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ZNZF N Al((Mn,Fe) B & OF Alx(Mn,Fe);Si IZiE\WE D TH o 7z. MnpSizAls 13 a-
AlpMnsSi & [ — D[R & FEFITE WS FERZ b 2baWThHo Z eh s, K
FETHWZEEIESIBICESTRMEE LTAL ¥4 MnREBRILATMHE L
T Al{Mn,Fe)B & O a-Aln(Mn,Fe):Si 12 & > THER I N T WD Z & hbho 7z,

2. WHYIOEHERIZ SIiEHIMIE B> ThT WA LEZ., ZHiE MnE—ED
T “6toaZR” NI o756, BREIEIELT4%IIHEADTHI ITL 5.
FEED Aly(Mn,Fe) DA B 253 5 a-Al(Mn,Fe)Si DI N4 DR IX 70.3 %E L O
1A% THOMNIDORISTHIHTE S Z Ldbh o7k,

3. MrHWEHAHCIR D Alg(Mn,Fe) & & UHIRLR D o-Al(Mn,Fe);Si THK S 1T W
7z, SiEEEINC & b ko THURIF Y OB EIZ K & < BA Uz —T, Rkt
W OBEE B X OCHERRITEML, 0.109Si TIIEIEER TONHM KR ¥ T



Hotz. iz, KRR HEYIOHBERIIHEKRTE 0.6 %REETH Y, 4k Al-Mn-

SiIRALITBIT A Mn DEEIRIZL > THBHTESZ 2N bho 7z,

. 5049 B@ DK (Si=0.40 wt%)IZB W TH, 0.065Si 55 0.109Si ~D Z < &

D Si EDZEAIZ & 5T Alg(Mn,Fe) & a-Al(Mn,Fe)Si DRI K E K BT B Z 2
b o7z, a-Al(Mn,Fe)Si 1% Al(Mn,Fe)iZ LB L THWE X 263 5 & EHELEY
THY, 5IHKEMIPLZEMIITEWTHRDM T =) v 7z M EXE 54
TH5I Lo REBRTHWZ Al-1.9 wt%Mg- 0.5 wt%Mn (+Si) & <2 12 5 W T
T=Y ML ESELIOITIIMHIEN SiBEOHEEZZIT S 0.1 wt% Si AT
TIXHIEDEHE LAY, BUEIT 0.1 wi% Si A E T UM RELA R T 5 7=
DEIEHNEG TH D LiERMNITSN5.
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Table 2. 1 Chemical compositons of the used 5049 aluminum alloys and compositon designated
in the standard (wt%).

Designation Mg Si Mn Al
0.065S1 1.86 0.065 0.52 bal.
0.087S1 1.86 0.087 0.53 bal.
0.109Si 1.88 0.109 0.52 bal.
AA5049 1.6-2.5 <0.40 0.50-1.1 bal.
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Fig. 2. 1 Measured heating profile of the homogenization treatment in a air furnace.
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Fig. 2. 2 X-ray diffraction pattern of the 0.087Si sample.
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Fig. 2. 3 Optical micrographs showing microstructures of homogenized samples;

(a) 0.065Si, (b) 0.087Si, (c) 0.109Si
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Fig. 2. 4 Area fraction change of primary particles with various Si compositions.
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Fig. 2. 5 EDX quantitative analysis results in primary particles shown in a comparison
between (Mn+Fe) composition versus Si composition.




Fig. 2. 6 Optical micrograph showing a boundary between gray Al (Mn,Fe) and

black a-Al(Mn,Fe)Si primary particles indicated with an arrow.

Table 2. 2 Area fraction change of the primary particles comparing to 0.065Si (%).

Designation 0.087S1 0.109S1
Al(Mn,Fe) -0.402 -0.447
a-Al(Mn,Fe)Si 0.283 0.319
Volume change ratio 70.3 71.4




Fig. 2. 7 SEM-BSE images showing microstructures of homogenized samples;
(a) 0.0658Si, (b) 0.087Si, (c) 0.109Si
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Fig. 2. 8 (a) Number densities and area fractions and (b) size distributions change of
granular precipitates with various Si compositions.
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Fig. 2. 9 Number density change of the plate-like precipitates with various Si compositions.
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Fig. 2. 10 Equilibrium phase diagram of the aluminum-manganese binary system
(aluminum rich side)'.
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MUTHEL, BBIZE>THELZY Y NN % BB % W T T (DIC) %
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Table 3. 1 Chemical composition of the examined alloy.

Elements Mn Mg Fe Si Al
wt% 0.99 1.01 0.26 0.15 bal.
Mn, at% »
“C) 0.5 1.0 1.5 2.0 2.5(CF)
8%0 | ' ‘ T T 160
L nA 7
700 L+ 1.95 4L1+?A£r'ﬁ1:_ 1,400
600F—Al — 1.82 658.5C ! 1,200
500>~ Al+ MnAl, “51,000
400}, 800
300k 4600
Al 1 2 3 4
Mn, wt%

Fig. 3. 1 Equilibrium phase diagram of the aluminum-manganese binary system (aluminum rich
side)®.
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Fig. 3. 2 Schematic illustrations showing homogenization treatments applied to samples;
(a) condition R-R, (b) condition S-R, (c) condition S-S
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Fig. 3. 3 The examples of images (a) before and (b) after binarization on image analysis.
The “mosquito noise” is indicated by red arrows in (b).
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Fig. 3. 4 Macrostructures of the non-homogenized sample from
(a) transverse and (b) horizontal cross section of DC cast direction.
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Fig. 3. 5 Optical micrographs showing microstructures of as-homogenized samples with various
homogenization treatment; (a) non-homogenized and (b) R-R
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Table3. 2 Area fraction and number density of precipitates in as-homogenized samples.

Granular Plate-like
Sample Area Number Diameter Area Number
fraction density average fraction density
(%) (x10%/pum?) (/um) (%) (x1073/um?)

R-R 0.62 0.018 0.59 0.097 0.36
S-R 34 1.6 0.43 1.1 4.1
S-S 4.3 2.2 0.41 0.90 3.7

1200

1000

2

Number density, D /10" m?
D
2

”hj

H R-R
H SR

HS-S

<0.2 0.2~0.3 0.3~0.4 0.4~0.5 0.5~0.6 0.7~0.8 0.8~0.9 0.9~1.0 1.0~1.1 1.1~1.2 1.2~1.3 1.3~1.4 1.4~1.5

Diameter of precipitate, d / um

Fig. 3. 5 Size distribution of granular precipitates size with various homogenization treatments.




Table 3. 2 The average interparticle distances with various homogenization treatments.

Sample Average interparticle distance (pm)
R-R 6.6
S-R 2.1
S-S 1.7

Table3.3 Electrical conductivity of as-homogenized samples and calculated amount of solute Mn.

Electrical Calcurated amount of
Sample conductivity solute Mn
(%IACS) (wWt%)
non-homogenized 27.5 1.10
R-R 33.7 0.727
S-R 34.7 0.681
S-S 36.1 0.619
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Table 4. 1 Work hardening with various homogenization treatment.

Micro Vickers Micro Vickers
Amount of work
Sample hardness hardness hardening (%)
(Befor cold rolling) | (After cold rolling) g7
non-homogenized 55.7 96.3 72.9
R-R 45.7 90.7 98.5
S-R 46.9 95.9 104
S-S 45.1 92.6 105

Micro Vickers hardness, HV
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Fig. 4. 1 Isothermal annealing curves of 90% cold rolled specimens annealed at 573 K
after various homogenization treatment.
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Fig. 4. 2 Isochronal annealing curves of 90% cold rolled samples
with various homogenization treatment.
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Fig. 4. 3 Optical micrographs of cold rolled sample with various homogenization treatment
observed under polarized light; (a) non-homogenized, (b) R-R, (c) S-R, (d) S-S
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Fig. 4. 4 Optical micrographs of non-homogenized sample observed under polarized light;
(a) as cold rolled, (b) after annealed at 573 K for 10.8 ks
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Fig. 4. 5 Optical micrographs of R-R samples annealed at 573 K observed under
polarized light; (a) the point when recrystalization starts, (b) annealed for 10.8 ks
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Fig. 4. 6 Optical micrographs of S-R samples annealed at 573 K observed under
polarized light; (a) the point when recrystalization starts, (b) annealed for 10.8 ks
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Fig. 4. 7 Optical micrographs of S-S samples annealed at 573K observed under
polarized light; (a) the point when recrystalization starts, (b) annealed for 10.8 ks
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Fig. 4. 8 Optical micrographs showing dispersoid and recrystallized grain;
(a) R-R sample, (b) S-R sample, (c) S-S sample
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Fig. 4. 9 Change of epuivalent diameter for isochronal annealing
with vaious homogenization treatment.
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Fig. 4. 10 Change of aspect ratio for isochronal annealing with vaious homogenization treatment.



Table 4. 2 Electrical conductivity of as-rolled samples and calculated amount of solute Mn.

Electrical Calculated amount of
Sample conductivity solute Mn (wt%)
(%IACS) "
non-homogenized 26.7 1.16
R-R 32.5 0.787
S-R 334 0.742
S-S 34.7 0.679

Table 4. 3 Electrical conductivity of 723 K 3 h annealed samples and calculated amount of solute Mn.

Electrical Calculated amount of
Sample conductivity solute Mn (Wt%)
(%IACS) "
non-homogenized 31.5 0.802
R-R 351 0.693
S-R 34.8 0.674
S-S 37.6 0.569
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Fig. 4. 11 Schematic illustrations of microstructure change during recrystalization;
(a) as-homogenized, (b) as cold-rolled, (c) beginning and (d) halfway of recrystalization
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Fig. 4. 12 Schematic illustrations of a intersection between dispersoid and grain boundary.
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Table 5. 1 The structure parameter of Aluminum;
(a)space group and lattice parameters, (b)atomic coordinate

(a)
Space Lattice parameters
Group a b . a B y
Fm3m 4.04958 4.04958 4.04958 90 90 90
(b)
Oceunancy: Fractional Fractional Fractional | Isotropic atomic
Site pancy: coordinate; | coordinate; | coordinate; displacement
g X y z parameter; B
Al 1.0 0 0 0 1.0
Table 5. 2 The structure parameter of Al Mn?;
(a) space group and lattice parameters, (b) atomic coordinate
(a)
Space Lattice parameters
Group a b o . B y
Cmcm 7.5518 8.8704 6.4978 90 90 90
(b)
Oceupancy: Fractional | Fractional | Fractional | Isotropic atomic
Site pancy: coordinate; | coordinate; | coordinate; displacement
& X y V4 parameter; B
Mn 1.0 0 1/4 0.0433 1.0
Al(1) 1.0 0.176 0 0 1.0
Al(2) 1.0 0 0.102 0.1402 1.0
Al(3) 1.0 0.317 1/4 0.2832 1.0




Table 5. 3 The structure parameter of o-Al ,Mn,Si”;

(a) space group and lattice parameters, (b) atomic coordinate

(a)

Space Lattice parameters
Group a b o . B y

Pm3 12.643 12.643 12.643 90 90 90

(b)
. Occupancy: Fract@onal. Fract@onal. Fract@onal. Iso.tropic atomic
Site coordinate; | coordinate; | coordinate; displacement
g X y V4 parameter; B

Mn(1) 1.0 0.32631 0.19779 0 0.616
Mn(2) 1.0 0.17295 0.30790 172 0.569
Al(1) 1.0 0.36784 0 0 0.687
Al(2) 1.0 0.12429 1/2 1/2 0.758
Al(3) 0.01 0.28966 0 1/2 0.821
Al(4) 0.65 0.16552 0.10141 0 0.608
Al(5) 0.37 0.33611 0.40026 172 0.624
Al(6) 1.0 0.33135 0.40206 0 0.813
Al(7) 1.0 0.12387 0.11768 1/2 0.821
Al(8) 1.0 0.11798 0.18860 0.29906 0.774
Al(9) 1.0 0.39074 0.31291 0.19617 0.782
Si(1) 0.99 0.28966 0 1/2 0.821
Si(2) 0.35 0.16552 0.10410 0 0.608
Si(3) 0.63 0.33611 0.40026 1/2 0.624
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Fig. 5. 2 A schematic illustration showing a crystal structure of aluminum.
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Fig. 5. 3 Schematic illustrations showing a crystal structure of Al Mn;
view along (a) a axis, (b) b axis, (¢) c axis



Fig. 5. 4 A schematic illustration showing a crystal structureof a-Al, Mn,Si.



Fig. 5. 5 A schematic illustration of the relationship between Debye-Scherrer ring and scan axis.
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Table 5. 4 Mass fraction of dispersoids and calculated Mn solubility in as-rolled samples.

Mass fraction of

Mass fraction of

Calculated amount of solute
Mn (wt%)

Sample a-AIMnSi (Wt%) Al Mn (wt%) (Calculated electrical
conductivity (%IACS))

non- 0.84

homogenized 0.15 0.39 (30.4)
0.66

R-R 1.00 0.06 (33.9)
0.65

S-R 1.04 0.05 (34.1)
S-S 1.1 0.06 0.62

(34.6)
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Fig. 5. 14 Comparison between electrical conductivity and XRD/Rietveld refinement
on the speculated solute Mn concentration calculation in the samples
before annealing (solid symbols) and annealed at 723K for 10.8 ks samples (open symbols).
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Fig. 6. 1 TEM-BF image showing plate-like precipitates in an Al-Mn based alloy foil prepared using
a conventional electrochemical polishing method."
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" Boiling phenol (455K)

Fig. 6. 3 A schematic illustration showing a setup for boiling-phenol method.
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Fig. 6. 4 TEM images of a granular and a plate-like precipitate in the sample annealed at 723K for
3h after homogenization and 90% cold rolling. (a) bright field image, (b) high resolution image
from the [100] zone axis of the aluminum matrix.
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Fig. 6. 5 SEM image showing typical plate-like and granular precipitates
in the as-homgenized sample.



Plate-like precipitate

Fig. 6. 6 SEM image showing a plate-like precipitate in the as-homogenized sample.
EDX measurements at points A and B are indicated in Table 4.

Table 6. 2 EDX quantitative analysis results at points A and B in Fig. 6. 6 (at%).

Point Al (o) Mn (o) Si (o) Mg (o)
A 92.4(0.1)  7.60(0.8) N. D. N. D.
B 86.8(0.1) 9.50(0.7) 3.70(0.1) N. D.

N. D.: not detected



Fig. 6. 7 SEM image of cross-section of a plate-like precipitate in the as-homogenized sample showing
thickness of the precipitate.
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Fig. 6. 8 (a) TEM bright field image and (b) schematic illustration showing a transformed region and
strain contrast in a plate-like precipitate extracted from the as-homogenized sample.



Fig. 6. 9 (a) HR-TEM image of the partially transformed plate-like precipitate
extracted from the as-homogenized sample.



(130), // (532),

(cont.)
(b) FFT image of black rectangle area in (a) and a simulated diffraction pattern of Al Mn from

[001] zone axis.

(c) FFT image of white rectangle area in (a) and a simulated diffraction pattern of
a-Al _Mn,Si from [023] zone axis. The remarked a-Al Mn_Si spots are indicated by white

arrows both on the FFT image and the simulated diffraction pattern.



Fig. 6. 10 A schematic illustration showing a orientation relationship of the
“6 to a transformation” from Al Mn to a-Al,,Mn,Si. The orientation relationship can be written as

[001], // [023]_ and (130), // (532),. Blue lines indicate parallel planes in this relationship.



|~ 1000 nm

Fig. 6. 11 TEM bright field image showing a group of granular precipitates.
Red circles are indicating gaps between the precipitates formed by “6 to a transromation” reaction.



produced
aluminum

AlMn
(1) (2) (3) (4)
Original Transform and Dissolved by Particle group left
Al.Mn plate produce Al boiling phenol

(Some gone away)

Fig. 6. 12 Schematic illustration showing a process of forming a precipitation particle group;
(1) original Al Mn pl6ate, (2) phase transfomation occurred and Al was produced between a-

Al ,Mn_Si, (3) dissolution of produced Al was dissolved by boiling phenol, (4) some particles
connected with intermetallic compounds were left as a group of particles.
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Fig. 6. 13 Diffraction patterns from each of the particles designated in Fig. 6. 11.



Fig. 6. 14 A schematic illustration showing a orientation relationship of the “6 to a transformation”
from Al Mn to a-Al ,Mn,Si. The orientation relationship can be written as

[001], // [152] and (200), // (311),. Blue lines indicate parallel planes in this relationship.
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