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Effects of Scandium and Zirconium addition on recrystallization
behavior of AI-Mg-Si alloy

Ken-ichi IKEDA*, Takuya TAKASHITA™*, Ryutaro AKTYOSHI***, Satoshi HATA™***
Hideharu NAKASHIMA****  Kazuhiro YAMADA***** and Kenji KANEKQ™****

The effects of thermally stabilized particles in AI-Mg-Si alloy on recrystallization behavior were investigated to
obtain fundamental knowledge to control microstructure, texture and mechanical properties of this alloy. In this
study, the AI-Mg—Si—Sc—Zr alloy was cast, homogenized and hot rolled. Three types of spherical Al,(Sc, Zr)
particles with L1, structure: rod-like incoherent, spherical semi-coherent and spherical incoherent particles were
observed in the hot-rolled sample in the Al-Mg—Si—Sc—Zr alloy by using TEM, STEM and EDS. In addition, it
was found that all particles have the core-shell structure with the core enriched with Sc and the shell enriched with
Zr atoms by 3D-ET and STEM-EDS. It is considered that these particles are formed during casting, homogenized
treatment and hot rolling. The results of crystal orientation distribution of annealed sample after cold rolling in-
dicated that the presence of Aly(Sc, Zr) particles may interfere with the recrystallization (the grain growth) until
600°C. From the comparison with the driving force of primary recrystallization and grain growth, and the pinning
force of Al;(Sc, Zr) particles, it was suggested that these particles mainly contribute to the suppression of grain
growth. The results of in-situ heating SEM/EBSD analysis of cold rolled AI-Mg—Si—Sc—Zr alloy supported the sug-
gestion.
(Received May 10,2016  Accepted July 20, 2016)
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FIEHENTH L, FEAMBNDREREEZ %9 2T, Lk
RO X9 B Ei A D BRI O AR LLEE & AT VLB 2 2 %
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Thbo AMETIELFLOBHTINE TIZE A LWIZELN R
EN TV o 7z Se, Zr A RN AL Mg-Si R A& % E3 L
FET- OFFFEIRFE & N T BB 2 E 9 T ol = 2580 2 560
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BE L COUREMEIC OWTHET L 72,
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Alloy A Al-0.5Mg-0.58i-0.3S¢-0.2Zr (mass%)
Alloy B Al-0.5Mg-0.5Si (mass%)
| |

| Homogenized treatment (550 °C - 4 h) |

| Hot rolling (400 °C, 78%, thickness, = 10 mm) |

TEM, STEM, EDS, 3D-ET
]

| Cold rolling (90%, thickness, =1 mm) |

Annealing In-situ heating observation
(400 °C, 500 °C and 600 °C - 1 h) (300 °C - 450 °C)

TEM, STEM, EDS, 3D-ET, SEM/EBSD SEM/EBSD

Fig. 1 Production and experimental process of samples.

A1-0.5Mg-0.58i-0.38c-0.2Zr (F{ T X mass%) & & (LT A
G&) L AL0SMg0.5Sia e (LLFBES) *HWw/iz. M
G&%, YWEALME (550°C-4h) B X OB ELE (£ 1E R
76 i Z 400°C, T #78%, JE & 10mm) % L 720 WA
& OB IER RS D W T, WEICHTET 2 56 Mk T
O AIRFECH 2 B S 22T 5 72012, EME T A
¥ (Transmission Electron Microscopy: TEM) B X ' #& &
18 EE - T e 5 1 (Scanning Transmission Electron Microscopy:
STEM) |2 & 2815 7% & UNZ T AV F — 3 BX A4 ik 12
& % ML H 4 AT (STEM-Energy Dispersive X-ray Spectroscopy:
EDS) %iTo720 72, BN TORELZHEL 22T 2
72D ZITETH M€ 7 7 4 (3 Dimensional Electron
Tomography: 3D-ET) i % H \» 72 STEM 81 2 & £ fiti L 72
3D-ET #1%% 12 13 Mel-Build f1: 32 HATA-8075 Z i #l R v 7 & L
THI, (EFEHE BERIP £75°, STEM S IV A BE 1~20 Tl fit
MG 2 WS L, B CE A (Simultaneous Iterative
Reconstruction Technique: SIRT) |2 & V) =R ITCFHEE % 4T -
720

B R E SRS, T 238 90% O [ E % fi L 72 v [
HERE 2R E LT, BREAEHONME Hry s LTmL
BULILZ A ) ML OBIE 217 o 720 W HEESEHTM
2T, W 12 400°C, 500°C 3 & 18600°C T 1h ) F Al
PUA B L 7o MR IE - BE 2 £ LB DWW T, TR IE A [
M (RDTE) @ 7T #% % J5 £ L0l #7 (SEM/EBSD: Electron
Back Scatter Diffraction) %12 & A #& 5 VT 21T o 720 —
WOHEHZOWTIL, RFOGMIREELZI S NIZT 572
HIZ, TEM/STEM % & 3D-ET 12 & % MEREHI % 17 5 720
F72, WSO L 2 MEZALEHO 2T 5720
I2, SEMHINEAA 7 — ¥ & H\ 722 O3 # SEM/EBSD f#
#1 % 300°C 2 5 450°C % T 50°C A T1T o 720 &ML TOR
FRRERIZ 1.5h & L, SEMTENESEAEE (NDTE) & L7z. SEM/
EBSD %12 & % Bl U O /E I F T AL-Me-Si R & & D f
ST % 4T o 2B % © O 7 v — T O T L Rk
OFFEHVI, D ETELN:, AGEOMRIERT b
b, @WHELERE O, AR OFTEIREEDS L O
JERE—BE 7 £ LB O Mk & TR S 2 B2 ] 1T Se & Zr
TRINOFEENZ DWW TGS L 720 Fig. 1IZEUR 0 58 T & %
BROWNZIRT o
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500 nm 1 pm

Fig. 2 HAADF-STEM images of hot-rolled sheets: (a) Al-
Mg—Si-Sc—Zr (Alloy A) and (b) AI-Mg—Si (Alloy B).

50 nm
Fig. 3 (a) HAADF-STEM image and (b)—(f) STEM-EDS
elemental maps of particles in hot-rolled sheet of Alloy A.

200 nm

Fig. 4 (a) BF-TEM image and (b) DF-TEM of particles in
hot-rolled sheets of Alloy A.
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4x & BA OB EFR O I [ AT (TD
E) 75%@%& LOFER, AB A DOND F IO SRR 6~
18um, BA&DHE AR 65~300um TH Y, Sc& Zr &

BRMT 52 LXK 5T, BRIEELE DB TR S 25
T2 ERHEPII o7z, FORBE L TIL, ik
FEIZBWTAGETILAL(Se, Zr) AEEREMPICAA L, Hib

KAAAL L7 Z 2 5D, Fig. 21d, WA E&OHMHEL
FEL O HE R AL © HAADF  (High-Angle Annular Dark-
Field) -STEM&TdH 5o K THLWI Y T A FTREN

LB, BT ESORELTUEIGFAETHILEZRLTE
D, AGEFIZIE, ERIRRPEIRZ: E Ok 4 I RED 85 Ak
TOHELET H 2 DS 927 > 72, Fig.2(a) ® HAADF-
STEM &2 5 8 AT O 7 A7 M ERDIZAER, 1.5
DU OERIRKLF- & 1.5 L EOBIRKLF25RIEL TB Y, #IK
FT-ORMASEIEHTIZEM L TV Z Ehbh o7z, Kk
FDEDS HAM DGR, HRIRFF O FEZEF L AL Sc B L
ZrCTHY), BIRKTI1ZAIESIDH LI, ALScB LU 2Zr T
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011

Fig. 5 ND plane crystal orientation distribution maps of
cold rolled sheets: (a) Alloy A and (b) Alloy B.

(¢) A-600

Fig. 6 ND plane crystal orientation distribution maps of
cold rolled and annealed sheets of Alloy A: (a) A-400, (b)
A-500 and (c) A-600.

(a) B-400 (b) B-500 (¢) B-600

150 um

Fig. 7 ND plane crystal orientation distribution maps of
cold rolled and annealed sheets of Alloy B: (a) B-400, (b)
B-500 and (c¢) B-600.

H otz KAWL THWIEEIEIMeSIHEMAPFIET 25 &
EERDLEBRSIEEIITEINLEEMMTH L7720, Si
HAETHH S LS cﬂﬁﬂﬂ“% ZELTREINE, L2
T, BRI LR O2EBEOMES L 722 3 E 2
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2D OFRIAL T2 D TRUH 0 220 [T % V> 72 235D
A CTCOWHBBIRZ 7o 7288, WRoT®7 L 2
THIEWTE, BENFOYE, KA+ DAEIZ Ashby—
Brown2 v b A M EMIENATI— —EIKOOVDT AT b
FTANDPBIEEINED, FEAIIEDLIZONT, FEKkoa
YFIAMIET A SR TwE Y, Lizdio
C, Fig. 4(b) TRy & NI FIEEBEERTFTH D 2
EHHS DN o720 — T, BB SRR O KEITR L72Bk
PRALF- R 1L, BB S e o 7o, IR
BT DL % A3 5 Al (Sc, Zr) Td 55 &) 2% 5l
FT2HOIHI L ) I L D TEMBUEHER 24TV, B
WY OB OEFEITEIE 2 AT L 72 € OREN%, LS
#HT5HAL(Sc, Zr) THAHI EDPHRTE L, BT &
RL20FHMHEDHMEREREL TV EVEDOATH S,
Norman 5 2315 L 72 Al-Sc—Zr = JC& 4§85 & 8 =° Fuller 5 28
S L7z Se, ZeBEATRINST54 7V 3 =7 WA S B EIER O
Wigeis 2 25 2 28, BIRETIEHEROBROE
WCHERUBC L VAR L7z EZ bNb, T2, RSk
Hro ZERIRKL T (FZEFD) 128\ Cld, STEM-EDS D 4,
Sc i LFEIASERIRK T WICHFET 2 2 &b hroiz, &6
|2, STEM-EDS & 3D-ET & filAB b CIHaotzfro7z &
;73 ScALA L B RICIFAE S 5 2 L e S e 'Y,
VAR 2B I IR A S A, BRIREL 722 Uy
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DEofRLD, Al-Mg-Sia412Sc & Zr Z fmilNing %
&, LT 5 AL (Se, Zr) DEET A2 LS 2
ol MLBME TIIZBWT, ZOFIEESELY,
B ESE ST A 013, 2EEOBRKR T B X U
WHRAThH o7z RN LB E OFMNREREA LR VER
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KA 1Z, BWEACLE R A U2 2 EAVRIE SN,
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DHFAELTWBLEEZ BN,
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% TEM/STEM 81%2 & 3D-ET {12 & o TH S N7 7 0 22 [
SAVERAD SR, WEOREEFT - 72,
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W LANE SN -SRI B OBEZR $ L FULE) 12155
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ORGSR AL AN F -2 EROT R AN T LR L
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2T, gl I RAKAOZANF - FMNETHD
AIfZeCIEZN240320/m’ £ 15°& L7-"", SEM/EBSD i%:
TlE, IERMAEY 7 v a7k s 5o Aq Xz Ve L <
B, WESHEER xxHWS e, HESHOBERESIX
x/\BERD, COREIERHMESE LT, BEHTNOF
W0, 2B 2GR AOME, nEHWT, HESH
720 OHEREEHRLFE T A F =1Ly, x/3 TRDBZ LT
X 2, BEHIFN O 15° 00T O ol LT L 8 — OAIL
2iE, yEYy E b pBIEAETHRT A2 LT, —KH
FEEOERB ) 2 KD Do Fig. SO B OME NI, JIAL T
DOEFEEIECETH L I S, BITRROERD 5 Bk
L7299 Z CRO-BIEZHTmAE seHw2E, kLD
— KT OEE ), PJ/m’=Pa]l &RKOBH I ENTE 5,

P= @)

Fig. 5(a) (2R T AG W HEERE OS2 15° LT O
A ARSI LD, pbSZRDET A, ZTNENT.E9X
10 '0/m &£ 6.49x10 "m’ £ 721, Q) »oPERDIZLEI S,
LI8MPa k72 572 T OMH & RIAT/RT AL T2 X 5 Zener force
BLOIEERBEEORE) & OB %17

3.3.2 Al(Sc, Zr) FIFIZ X % Zener force

AR NIZAETE T AT IR 70 & O3 HR 113, O H)
ES A & TR X 2 EENNCEES3 5
W, FEERR L EAHEEEOBIE S L EELMMBATC
bdH b HmOFERIIARETH L7720, bk
SR AR R B & BRE S 5 2 & T, A s kAL e &
OFEBRICEN L LIk b RIFFETHV 72 Al-Mg-Si &
&\ZSc & Zr EMEIRMT 5 &, Sttt & 0% <
D Aly(Se, Zr) R HEAET B0 RHTIE, 500°C & 600°C T
BeZe LA Lo oW T, BBNICHEET AR T O
Zener force'™"” 1ZOWTHE T %0 KT L RIROME NI
MHE 2T 5 F O L > TRELZET %, Fig.
8(a) (ZTHAH L IEHEG 2 ALBALR & 72 B AT DR L B 12 T2
IFT B AR LA TH 5. KABEO I TOY
HIATH Y, BEITH & S 12 < AT K 5 Zener
force T %o Fig. 8(a) L DHFIZ AN F— pg EMTHIKF
£, dx H\WTCZenerforcex X9 2 L 23C X, AN T1
& 72 V) @ Zener force, F; 12,

Fy=ndcosa-yysina 3)

Eehe T2 TaldWAERTOLRTAETH S, a=45°D
L& KR EED, FOMEIZ,

() . (b)
jAS T AN

Coherent
Grain(1)

__________ Grain(2) SN

=~ -~
& /

Particle(3)

Boundary

Incoherent
particle

Incoherent

F; (Zener force)

F, (Zener force)

Fig. 8 The interaction between a grain boundary and a
spherical particle: (a) an incoherent particle and (b) a co-
herent particle.
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wdyy,
F o=/
s 2

LB T b EZHAER D 72 ) OIEFEERLF- O Zener
force, P % K& %o HALMETEH 72 ) OIFEER T OHEN, &
&, KAADSHAMAES 72 0 IS 28 0%, NI,
NEdN, £ %o TIED, AR KT ICHIRE 2 K& S5
DG, R OHAE#ED 2 ) 120 LIRS R T2
H 3 5 Zener force, P; 1330 (5) TREN S,

“4)

N, rd Zygb

3 )

Pi=NFy=

Fig. 8(b) &, R LA 2R Z AT SR &R

BEORBREZ R LEAN TS %o RFREEIO T IIIERES

KFOREEFAKETHY, ZORFI1XGrain (1) 120 L T

BTk, Grain (2) (26F L CIREGRIMRIC 2 B0 RIF-3KIH &

FAOERIZBNT, REOZANVF-—DH)EVEERD
&,

Y23 = i3 Ty c08 B (6)

Ehe 22T, i3RI AV —, p;3ldGrain (1) &
FTOBEARM T AT —B X WyyuldGrain 2) Lk TF
JFHEAERMT AL F—THY, plEFig 8(b) \IRTAEL L
Ho TNLY, BEKT 1EDH 720 D Zener force, F AT F &
BERTORTAE, oZHwDE

F.=nd cosg-y, cos(f — @) ™

THEEND, p=pRBIUVB=0DE X, HAMEF 2L,
D,

ch = ﬂ'-dy12 (8)

Lo b IBEENTOHELEFIC, KAOHIRESZY
V2R L CEAERLT-D5H 3 5 Zener force, P13 (9) TRE N
5o

F,=N,-F, :Nv”dzl’lz 9

s cs

w(5) E(9) BT HE, KMAEKFOLTHED
90° LA & 72 B 5fr, BEART-O Zener force DK & { 7 %o

AWFFETIE, AG S D500°C B L U8600°C HEZ F L akkt
- (A-500, A-600) @ #7 T @ TEM/STEM i 22 8 X UV 3D-ET
TN L DS, RTOREEL LR T, 483
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Tilt AXIS

Tilt Axis

Fig. 9 HAADF-STEM images of cold-rolled and annealed sheets of Alloy A: (a) A-500 and (b) A-600.
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Fig. 10 ND plane crystal orientation distribution maps of cold rolled sheets of Alloy A by using in-situ heating EBSD analysis.
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Fig. 11 ND plane crystal orientation distribution maps of cold rolled sheets of Alloy B by using in-situ heating EBSD analysis.
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