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Tensile tests and microstructural observations were carried out to investigate the influence of aging products on tensile
deformation behavior of Al-0.62 mass% Mg—0.32 mass%Si alloy. Solution-treated alloys were aged to form needle-like 8"
precipitates or Mg-Si clusters. The aged alloy with " precipitates showed higher yield stress than that with Mg-Si clusters.
Transmission electron microscopy observations revealed that the 8 precipitates pinned dislocations. It was suggested that the
strengthening types of the alloy with " precipitates were both Orowan and cutting mechanism, by estimating the Orowan stress
and considering crystal structure of 8” precipitates. In contrast, the aged alloys with Mg—Si clusters showed excellent perfor-
mance of uniform elongation due to large work hardening compared to those of the alloy with 8” precipitates. Dislocations in the
alloy with Mg-Si clusters were wavy in morphology. The yield stress of the alloy with Mg-Si clusters was higher than that of the
solution—-treated alloy and much lower than the estimated Orowan stress. This result indicated that the cutting mechanism was
the main strengthening type of the aged alloy with Mg-Si clusters, and this strengthening mechanism gave a good balance of
strength and elongation. [doi:10.2320/jinstmet.J2014063]
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Table 1 Chemical composition of the alloy.

Cu Si Fe Mn Mg Zn Cr Ti Al

(mass%) 0.05 0.32 0.13 0.05
(at%) 0.02 0.31 0.06 0.03

0.62 0.01 0.04 0.01 Bal
0.69 0.004 0.005 0.02 Bal

FIPIEN AR ICHEINTWA. EMIE, %, 803
K T 21.6 ks O¥BALALIR, 803 K TOBMEIELEFs X U4
FExfiL, REOREAL Imm & L. COGBELKR
5, FAHEX 12mm, 1§ 4mm OFRARKR, L0 20
mm X 30 mm DY v 71— A SHERA %, FIESH &GRS
MR —ET 5 LI Tz, CTOFIERBABA XU
=AW SRR ICH L, KKIFEHWT823K € 1.8ks
ORI Z 1 L, AKKPIZBEANI R, T A% H
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WA ERPICHEEL /2.
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0.=0 + Cel (1)
22T, o BELT, oy ZEILIITRLUZERIET, &1
BOTAR, CIIER, nidm I bEHezERS. (1),
ISR E A & D, Ce 28 0w I L THoRE W &Rl d
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TECNAI-F20 * TECNAI-T20 T, In#EEIT 200kV &
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Of=. KT, HEET Mg & XU SH O 20 L
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Fig. 112, 323K, 373K 35 LU 453 K THFRULHE % Jia L
TR ORI &V ) — ARE S OBItRZ /R, RpRhBith
BEHOY v /1 — AW X3/ 40 Hy Th 55, 323K, 373K
B LU 453K TORRAEIC LD, FhZNH 720ks, 36
ks 72 5 NC 3.6 ks THAL2SBHMA L, BERhBERI O I
WERL EFL TS, RAFIEEEICERT S &, KOER
M CH{b4 % 453 K Rpghbf i, BmhBHA 36 ks T 75 Hy
DFABEE 279 . 373K R Tid, k% 10.8 Ms(#y
4 5 B)TROKBERE 102 Hy % & 0, BB 2 160 Ms (# 5
E)EBZ CLZOEAEMRES S, 7, 323K KM T
(3, BEALABELA L T 160 Ms ##8 2 T 85 Hy #/Rd & THHM
HWinL T\,

LLEDOEREEREL, APFETIE 453 K FRhiC 1) 5 5%
KEEME (75 Hy) ICHY ¢ %, 453 K-36 ks, 373 K-432 ks
B LU 323 K-52.9 Ms(612 H)BshbficEH L7, LIk, %
NZN 453K #, 373K #, m5HUIC 323K H# EF5d 5.
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Fig. 1 Age-hardening curves of samples aged at 323 K, 373 K
and 453 K.
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BHY, MINOGZEMENT2°THAHF ()RRENS
N 5O, Matsuda 5% Yang 52V /R L 72HIk
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D, 453K M T B" W T OBRBEGRIL, CORFFHF
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0.79% L EH =N
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373K # (a) T, RHCRIFIRTHEAROIV FS AT
THERT A ENTESL. ZOMAROTV F S AMCEH
L 7c% 5 f#ee TEM % (b) T3, K23 2~3mm 3 &
T, RHOEFEINEWESI#H T 5 Enbhb. Fig.
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Fig. 2 TEM images and selected area diffraction (SAD)
pattern of 453 K sample. (a) bright—field (BF)-TEM image,
(b) and (c) high-resolution (HR)-TEM images.
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B 7807 & TREL T b, COBREREITLI-EC

A, KESF1~2mmFEXTHLHT ENHBL, TEM %5
TRONZBSROTV FSATFOKRES EFITE—FHKL 7.
F7, BEAOERRESRIT 0.26%, BEREIL 7.7x1028 m3
T, 453K MO B KT L N TRHENICEEE Coikd 5
CEBDbhote. INHLOEEE, BELAERE 2B
373K ORI &L 7= L BT 5 &, 373K Tid
Serizawa HYDRIE 5 L 51T, 343 K UL EOKRNEE T
WS ALY 5 ARDELESTHEW2 5. [[ARRIC, 373K #
Lok A I A 323 K # (Fig. 3(c)) Tid, KRERhALEIR
FEDFE NP D, 343K LLF TR A8 7 5 A X OFAES)
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Fig. 3 TEM images and SAD patterns of samples. (a) BF-
TEM image of 373 K sample, (b) HR-TEM image of 373 K
sample and (c) BF-TEM image of 323 K sample. The allows
drawn in (a) indicate dot-like contrasts.

2 7#(2015)

579 &

HEZLNAS.
DEDE>1Z, Vo h—AB IR LZ 7T5Hy 5L W
453K ¥, 373K #35 LU 323K M >+, 453K #f & 373
KMTH RT, SRy IAZBIThETNEHESh, 323K
MTIHEIR Y7 5 A X O A#EZE S /-, Table 212, %
BErmL CRHELZ B RTOFER RS, &l
75 AR OFHEE, WARYOREE S JUKESRE £
LA, Teds, AS3K M TR 5 B KF DS KD
ffEi, RENGE LD 0.92% FEH I h7-. COfEid
TEM B HkD7- " MTFOEKBESEOERMEICHL S, E
PB4 70 2 2 5.

3.3 BIREMFFHE

B ALBR % 5 L 7= 453 K #F, 373K M3 L UF 323K #
&, RELEE AT o TR WIBIREM OF [IERER H H 725
N-0¢ A% Fig. 5 1ICR”d. £/, ThH0Eh-09
AR HIRDIZFERIG T, KRG IRIES], ¥—EHEL X
UL L#5%A Table 312k & 5. 3 FEOKM T
i, B & L CRERRIE I B L URRB RIS I
S, O3 AR O 7 BT ICHEAD L Tw B
BRERIM O [REMFE AT LS AL L, By I —AWE
Z 5 Hy fiRICH— L CWah T EhbfiEaniz o,
WAB RG340 220 MPa S [AEBEOEAERL TW5b. —
77, AEERDA OBEIRIS T, H—EWE L J U L L
I3, FETARNERYOEEIC L > TENLR OGNS, Ak
BICiE, &7 S A B ICRIRY S AR BTN UL

@ : Mg atom @ :Siatom 10 nm
Fig. 4 3DAP elemental map for Mg and Si atoms obtained
from 373 K sample. The circles indicate the high-temperature

clusters.

Table 2 The type, size, number density and volume fraction of aging products.

Aging . Radius of g, Length of 8", Radius of Number density, Volume fraction,
condition Aging product 71/nm I/nm clusters, 7,/nm N/m3
- Needle-like 8" o _
453 K sample 453 K-36 ks precipitates 2.8 22.0 1.5x10%2 7.9%x10°3
_ High-temperature o o _
373 K sample 373 K-432 ks clusters 0.8 7.7%x10% 2.6x10-3
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Fig. 5 Stress—strain curves of the aged and non-aged sam-
ples.

Table 3 Mechanical properties of aged and non—-aged samples
obtained by tensile tests.

Maximal Strain

Yield stress p Uniform p

’ tensile stress, ; hardening

oy/MPa oum/MPa elongation exponent, #
453 K sample 203 222 0.85 0.15
373 K sample 146 216 2.20 0.28
323 K sample 141 218 2.52 0.32
Non-aged sample 34 133 3.68 0.46

72 373K #35 K U8 323 K b, B K TAHL /- 453 K #t
EWANRTRERIETI D 3ENT Kb DD, H—EBELD
W TR LR EIT 2 fEIE EEWEZ R L TW5. i,

373K M & 323 K MO —Z T LU L biEHI

BRI O 6~T ElDfEixZhZnE L TWwAh. —fkiC,
BERN LRSS KT 52, 75 22 BB L7 373
K #7 HUNC 323 K # Tid, BIERRED O OEE EAICHE
DIEWLTEN IS VWE VLS. 51T, SWBKMBLU
323K M Tid, L7275 ARIENDBDLHLDD, BER
57, ¥—EWER LM TELRERICHEGEC TR 5N
TV, INEY, SEORERSE T, miR AR LIKR
75 AR OENTH [REHEICERAE LW EEZBNS.
DLED k51, &HEReghM 05 5RRER 2@ L C, KB
OFEFICIL . THIRAEEICECLEL L b o
7o BARANCIE, B KT SIEBLT 5 e b C U IR R 75
ELSHKT 55, BUAEHEK oM TE TS <RI
IS~ S, —C, &y 7 AZBIOER Y 5 A%
MRS B RERR CEBERIE IO B & & S ICn RO
TR AR E W72, BREE S IEMED/NS VAR B IE
MR SN,

3.4 EWMMOBMEBEIR

Fig. 6 IZ, WO %% 2968 AL /2453 K H, 373K M
B LU 323K # > STEM BIHLEF§ % 779", 453 K # (a) T
%, RECARTHIKO L 51, <1000 ICELR L 7z 87 K
FOEIT TIRMAS S Irhh > T b, &7z, 1RO
(3 A" KL & 0 BEEGE T TERAMEICHTnih i TR D, #rh
i 28 S [ERRIE 373 K #F (b) 72 5 UNC 323 K # (¢) H TOERNL

Al-0.62 mass % Mg-0.32 mass % Si & 45 [RA M KIE I Wbt g RE O 8 277

200 nm

Fig. 6 BF-STEM images and SAD patterns of samples after
2% tensile deformation. (a) 453 K sample, (b) 373 K sample
and (c) 323 K sample. The allows in (a) indicate the interaction
points between " precipitates and dislocations.

OFFRICHENTE. ShED, B RIS OES) % 5
EVIEDL, MEFFICHEGT 5 ERHESINS. 75
A2 DT % 373K # (b) & 323K #1(c) Tl3, B KT D
O 7T R T D3 HERR & N7 W EIR CERRL AT Ut 28 » T
H. ZEEHEOR, BTHREFEZ ST 012k AEMAKD 3 &k
TEZEA®L T, 373K M LU 323K M Tl bk ¥ 28
BONGEWHEBR CHRAPEZEZTNY 52 & oiERY LT
BY, COEEERTLHL, 3T3KMZHUNC 323K Mo
AR BIZS C R O N A OF NI D I3 ET D IS
WeheE2ZLNS. £/, TRRHMICEST SEEMICIE
453 K M TORRAL & N THEMMROTELXFT 5L D0 %
, W7 S AZBLUKIRY 5 2213 87 BT Ic X TiE
FEENC S T AP NSV ERREESNA.

3.5 MMM LSIREMFFECED CGRICEB DRSS

LD X512, Al-Mg-Si RGBS 5 " K1 &7
TARNE, BIREE, HEMER S CICERMARICKT L TRRS
MBS 25, P T, BEMREISE e O SRR AERK
WORTHELS LUK R b LICHERICHZHE L, &
RISTIDOFERE (Table 3) L DB LD, " KF &7 T A
2 O 5 KOG & AR E R O A IERIC 2T
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FEI 5. Ixds, T TIEAIMEMBILE ChTHER LUK
BoENAES N, B RFHPBRT 5 453K M bUIC
By I AXDEET A 3MBRKMICERTA. KLY T A
2R 5 323 K M2 oW T, FIRE I LUl
(L% 373K M TR L Th 70, 373K # &%
DL TH 5 L Rix L7z,

—EAC, SBRMEHIE « O TRk IhTw 5. Al-
Mg-Si Z&4 T, RHHOBEIEE, LURBETLHES &R
B D5 BCREED 5 [BRZE TR I e B3 5 L TS 1,
BRIETT a0y ~NDEH- L LT,

gy=0i+ 0+ 0, (3)
TRINAMERIAR OISO EEZLNALED. 2T, 0
A7V 2 2 ADOBERIET, 0o BEU o, TN Z NEE
TFE, HRTFIC k2@ E SR, CoXEAV5
&, G IRABRIC B B RIS T DO ERIE oy exp 2> HRFRIER
W & BN T EAEEDOERME 0pexp &5 TR & DICFTETT
HZENTES.

Opexp = Oyexp— (01 + T) (4)
KFETIE, o M7 VI =y AOBEKRIE T & LT 23
MPal? » {RE L 7z. o4ld, Takata HOHEL 2 EEL,
FRENER I OFHVEL OB YL LICEESINS
BERFEND, 43K MEB XU 3MBK Tz n 25
MPa, 29 MPa & FHIL 7= HriRi 12 K 281LF 55 O=f
Bl opcar 13, SFREAERY & BALOMHEIER % Orowan HHE
LREL, Scattergood 5283 EF L /R LA WA &
kD, FTEOESICRMLHILATES. CO open it
Orowan BITER T 5 L & WSS 5.

Mb D
Opca =AE yeTERnyY |:1n <7—0> +B:| (5)

T, EdvvrE(724GPa), MiZ5 45 —K+F
(3.06), b3/ N\—H— AR F VDK X X(0.286nm), v it
BTV H(0.34), 3K TRER LR, D31 LRT
SEHE R ORFIEYE, 7 [TERALE O cut—off AT 3b X ¥
(0.858 nm) Dfili, A & BB THH AMEAL & HIREEAL T
it .75 %260,

1

A=——, B=06 (b 4k

A=1, B=0.7 (HRiEERL)
R (5)THIT S 21T, FrRoBIR2 %2 HWCTEH L <.
A=1.25l,— 27, (6)
22T, L3I0 m {111} E ok b O, 7
R T ERO A BT S e+ RO E L TOR T
BaEL, HNTOXEr 2b0ICRBEIRf AL L, *
NZNA(7) EXR(B)D LD ITRI NS,

_ |z
li= 3 5 (7)

N

7’5217 (8)
APFFETIE, 72N E{111} ETO KRR A A OFLT
FREL L. 43K HOHE, <100>TFRICELm L 7 87 Fi
FOMNLEH TORFMEIEHEMNITH LI &b, ridzd

IR O PSR & L. 373K M TiE, SRy o
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AR wERIROMTHRLF & A7 L, 713 3DAP f#r 7 H3R D7
ML L7 F7, fid Table 2 ICR$EE SR L 7-.

Table 4 I, 453K #3 L U 373K M35, BERE
7 BRI BERIGE T O WENE 0y expr RO H-5 03,
BILFEIC L AEE 55 05, R(4)»ORDIK T E
DERE Opexpr BLUR(5)EHR(8) ETORRE DL &
ICEH L 7Rt E O R 0y ca 9. 453 K M T,
Oyexp 12 203MPa TH O, B K TIZ K% 0pexp 13 155 MPa
LIRS NS, SIS L, B KT OFERS KUKRES E
PHEH L7 0p i 217 MPa T, 0y & HEIL T4 #1F
FEWEZRL TW5A. 3T3K MHIZ oW Tid, BRIGEHDSE
HE%EET 5L, @l 5 AR BRIE TS50 OFER
H (Gpexp) 135 (4) 5D 94MPa & gL b 5. —F, &
Bl (opea) 12 279 MPa & FH S, FEBRH & FHREMEICH 3
fEOEPROLNS. DXL, B 463K # CORER &
L ThRE .

LLED X512, 453 K #Tld, Orowan BéfEA (e L TH
H L 7R T8 b EF 55D 0pea 1, Opexp &N TEWEZ R
T ERDD T 43K MICBT D Gpeny & Tpea DFEIE
# 60 MPa C, 185 MPa O34 U7z 373 K #1 & g4 %
LhEW. FE i, R HAEILZE (Fig. 6(a)) @ L T, 453K
L ROL TRIVARN A 1w ey YN (o AN 1| e N R AR /Y
RINTEY, EAMEECNT 5 B KO IE 7 5 A
A X BEHNICHERTEVWEEZONA. TIT, 453K
PO BRI, W FEINTIRAME B 5k T (Fig. 2(c))
L, BAERS kT (Fig. 2(b) 35 0, 8= & 7 KT
MICIRETZAMHEERZRT I EREEINS. BEAIC
i, BTEINCHAMEEZE T 5 87 R T ik, RTHEBICHE
T HTNDETEMPEET HNED D 5702, R
LU CHEAZ T 5 Z & T &4 Orowan BT VERUS 4 &
WL AR L, FEFNCHERIME S v 87 RTF T, K
F & Ba L2 B B E T 5720, BAnESE) I L
THWERNEZRT EFEZLNAT. D21, 463K M T
13, BEGL L B KT O T Orowan R b BERE 1C 024 9 5 48
BERZRITRT &, BRALIC &> TRAW SN SR T 2B
L, Bic#FED XS 7 Cutting B b ORBIC LY
Opexp 13 Opcal ITHARTHF DICENMEA R LI EEZ DN S.

ITBKMTIE, BlRY 5 AR L BHIEEFTD D 0pexp
Opeal ®RKELFEIAC ED B, Orowan Tl 7 < Cutting
B O A LB T, 2o, 75 AXE L MFICHN
THERALEEN G T B IWMPLIBEFITEIN C A EZE I NS, &
AT, EMABIZICT, 373K MR 323K M TR L
7275 ARIIKREZ 2~3mm 1F & T, RO fec B I1T5E
WS TH 5 C LR IN TS, F72, W o
MERETNDZRIFT I EPRBEINTVSLR., 2D
LB, BRAIEH T fec BEEICHEW 7 S A BB HICHA

Table 4 Measured and calculated values of yield stress.

Oyep/MPa  6;/MPa o,/MPa o,a/MPa 0,/ MPa

453 K sample 203 23 25 217 155
373 K sample 146 23 29 279 94




w5 = Al1-0.62 mass%Mg—0.32 mass % Si
Wr, £33 75 AXfFETZEITNDLLTVWEEZ LR,
BALEENCS T 5 7 5 AKX DEPLNI NI W R HEE I
L. ZLTC, COXDREMNE TS AZOF I ERNE
LAC LT, SBRKHMLBEUL ITEREXET 5 323K M T
i, BRSNS ESWBERIETTTH S DD, 453K
MEEDOBVERIGT Z RS wEE 2z NS,

bl L7y 5 A% LMD, 373K #MIs LU 323K
MOmMTHAEEBICOEELE2 L0 E20N05.
Table 3 IZ/R L 72 & D12, WM O TWALIEEIL, 453
K# &gl T2 FaiEom Wiz Rl Tnwhb. TOIZ &
Mo, 3TBKMBIU 323K MTIE, 75 AXMETOER
MLOLZET XY PBFREL L3 <, BRRUBEIEIE L 7-8sfr 239
N0 AR 2 750 DAL F - CHEER T 2 HEAE2 5 C
EC, I EAREI NS EEZONS. T D ORI
ICCAZETROPEL AERN L LT, %ﬁﬁ%x&ﬁ;@
KR S ARICEENLEILOFESL, Al-Cu RE&&ICE
H%ﬁﬁﬁ?7727@Py‘W&%ﬂ@ﬁﬁ@%uﬁf
LWER EEESLH L, K75 AZPEMEOMILIERT
TS L BEERBICE S 2 EIC kb, TETRDDFR
RHEOEMNL EBEZ DNA. ZTOFNL, SHBWS M
FTREHEVZS. UEDOESHBEIC LY, 75 AXDfF
TEid, B2 & O EIER CRAREBE > LR S ¥ 57210 Tk
<, ILEHMbZE L 7 EMOMRIC I F ST 5 -E2 605,

4. %5 B

ABF3eCid, Al-0.62 mass%Mg—0.32 mass % Si &4 1%
L, 323K, 373K 35 L N 453K CH LI Z# L, & v
N — AR SRR, 7R, MRREZSE L b ICER A
7oA RE O T A 4T\, BRI A B 538 R ZE T4
MICH 2 558, BICEMNEOHAFERIZOWTHERL
7o, ZORER, UTomEIE LN,

(1) =i CHRRhd %13 & B LA R CHEfT L, fh)i T
T R Bl 3 R IR B M 373 K 35 L UF 323 K I sh b
NEVEWEART.

(2) §Hik B K FHIUH L 7= 453 K-36 ks BrZhbf %, Ktk
ISIBEL S BWEEZRT. RVEAMBRBEZECE, B NT%
SR IT N D A 2 L SR SN, B R TEED

FieHFHEIT AL EDRbroTc. T, BMEFHEZEL T
B R TFIC & BB LS 2 4 EY L /oS R, Orowan B ooag 1k
PeHE & Cutting RO LB OR T HPRELT 5 C L AL S
N5, EALEENICH S S B R T OB 7 5 A XA
TS, COEPBERBEOMKICKESFF LI EEZD
ns.

(3) KxX2mmBOFRY 5 AKX B L /= 373 K-432
ks Fegh#t, 7O CNTIRIR 7 S ARDIBR L I-2E 26N 5
323 K-52.9 Ms Wishi#t Cld, 7 5 AX OIS »0H 5§
B EFICHES IO T 2 2R 2H 5 by
572, T HORAH TIL, Cutting B o gk 2 R B
L, &7 5 AXOEAMERI ST LI NIEEEEE 2 Hh
. —hHT, BALELET T AZOEOMHAEIERRIE =D
WAZIZ LB 7 5 AZ DR AN OZETNDPEL LT

B BD5 RIS B 3 BT P RE O 8 279

<, MIBALZHER UGREE b5 & AEPEARFF OWIAZA AT HE & 7
BT ENRRINDS.

RKFAFOBEITICH /2D, HhERBE LM KFEEH Y
Y—Ft 2 —) I L Sadegh Yazdi i+ (5 ~<~—27 TF
KERTHEMEE L 2 —) k0, BEAHS LTI IHN
Wi EE L. AMMEO—IBIE, (A BREeEESYS,
E%UE@EK?WE@%'%?H FHIE g MIRE S5
i) 4 (SARMIGBR & Ik 4 % 75 FHF 98 35 Mg 1 e /IR IE
075808 E L. £, KFFETHW 4R
ik, HWMATABCEE  HUAC)) L DRt/ 2 & F L
7. TOBHEREOL, BEREMICEHBL ErEd.
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