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Table 1 Main chemical composition of four kinds of alloys (wt%)

Hardness/HV

Engineering Stress/MPa

Alloy Mg Si Zn Al
A 1.0 0.5 - Bal.
B 0.5 1.0 - Bal.
C 1.0 0.5 1.0 Bal.
D 0.5 1.0 1.0 Bal.

120
110 -
; 100 -
% 90 |
[}
§ 80
= ——Alloy A
T 701 —e—Alloy B
60
50
0 10 20 30 40 50 60
Aging Time/h
350
c
£ 300F
2 250}
2 200+
e —Alloy A
%D 1501 ——Alloy B
jod -
g 100
2 50}
S
0 -
0 2 4 6 8 10 12 14
Engineering Strain/%

Hi,#% Thermo Scientific, Themis Z(3.2) bi#k47 , T./F M &
9300 kV.e BT FE L OW %277 1) 9 <001>, . HAADF-
STEM 149 Z ¥ FEAL, I+ B 7R 14 B 5 57 1 H0sk
1E EER. TEM FF i 26 72 AN (5] H 200 10 48 4T B gak 136 3]
100 um , FEHFLERE A2 A 3 mm (IR F, SR )5 76 5000 H b
187 F1] 60~80 pm, Fi J5 I LA XU A AT e 243
Vo PR LG ek YR BT FH ) HL ARV 25% R R +75% HH I
AR HO , TAEHE AN 15~20 V, TAEIREZ1-30 C.
3 IR
3.1 FEFEMEEEMR

la i AB 2 Fl & 4276 180 °C N T I 25 A Al Ak,
o 2ME S AR EML . RIS, AEG4E
£ 5 his BIEAEAEE 106 HV, B 442 E 2 h ik 3 A5 fiff i
110 HV. 0] 0LE Si 1) B & 44 A 8 ey 1 e i 1 5 J 5
PR B 250 B3 6, 1 55 R N BRI L4 AR

1b A4 C.D 2 Fh & 476 180 ‘C A T i 2% A 44,
2o 2P G & EES M EEML. MNodfEd,Cc&4
765 hik B WEAE A 115 HV, D& 4 7E 2 h ik 3106 i 1 &
112 HV, Bl Zn JCE NN BB 32 T+ Al-Mg-Si & 4 I I {E
IR RE . AR A2, Zn TR DA E 1R E Mg & 81
IR TR B R T E Sid4, HE Mg CE
S EE RS & T & SifD &4, X5 A BA L&
eS8 5 A O A I

lc A AB 2 P& 4 1A W A BT 38O B i T FE Y. ) -

120

b
110+
100 -
90
80
—=—Alloy C
70 —e— Alloy D
60 J
50
0 10 20 30 40 50 60
Aging Time/h
350
3 d
300
250+
200
150+ —Alloy C
§ ——Alloy D
100
50F
O i 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8
Engineering Strain/%

1 4Fh & 27 180 “C N LI 0 i I8 FE2 A8 A Hh e AV (L IN 28038 & e ) AR R 7- AR AR HH 42

Fig.1 Hardness curves of four kinds of alloys during artificial aging at 180 °C (a—b) and engineering stress-engineering strain curves of the peak-

aged alloys (c—d)
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Fig.5 HAADF-STEM images showing the precipitation pathway for the transition from A", to U2, and then to QJ, in alloy C: (2) ;.

(®) /U2, (c) B7,/U2,/Q}., (d) /U2, /Q},, and (¢) Qf,

i

& ﬂén/UZZn

Z AIMgSiZn
0o o o

. ﬂén 0.5

-.: o o0 : % 0° : e b
B U2, B Bl
ey i /'.'E c
slropsd o Tes,
R .;.. ) g
o ‘.° '.:..'./'/ T‘:...:
S B/U2,,/Q), U2,/Q}, $27°Q4,

El6 Al-Mg-Si-Zn &4+ B, 11 B, B Qy, A I E /R =
Fig.6 Schematic diagrams of pathways for the transformation from /3, to 8}, or to Q}, in Al-Mg-Si-Zn alloys

BT AR R AR R T, A R A S5 38 A TR —
Bt A S B SIS AR H W, XS S AT R
SKbr B AL E BRI S5 R . 1 Al-Mg-Si & 4 DL
WS F S E M IITE R BUATE %A @b B EANRE L%
FAR N JE WM . IR SR Zn SR TE B RE 45 R R I K
Z SRS 1 B R 15 AR AR AL o

EARE P A 1] Ja AR I AZ I LI AN R, 4 T Zn R
BT Al-Mg-Si & < (T HY B8 A8 A7 72 2 35 72 57 . AE Al
Mg-Si & &, VAR IN 28 BO R p7AR » 98 Ja A2 S I 2By
B R IAE » AR TGk L AR O i A BRI A A
B J5 I B B B B AR R R N - g — B UL U2
B, TiTE Al-Mg-Si-Zn & <, 1T pUAH T DL B
AR N SE [ AR CRID B, A1 02,0 9 HLJE HIAR 22 18 47 4E
RiE BIAHE AR (B U2, -4, 102, -Qy, AR, IRt S 35 HE

B B AR T LT 2 80 g 5 5 AR 24 i 2 A AE LA
SN Ja BRI 2 A A S 5 HL R T8 B 5 B AH
A B, QLA

NPl Mg/Si HExT 3 264 H A2 Lu Al ) e, e it 1
CD &4 1E 180 °C VAR I A I IR RCRAS T 2540 A
HeBl OB 7 o T I8 5 G AR R IR A S A St
I, — 5 B B E A FHGE A B — A By AR —A B,
Ko BB 70 LLE H CD 2 Fi & &R BORS T &
T H A AOR B B, A o 2R Rk & S i ORI, 2
A& By, AHI LB R R B, C & &b R T HUAH )
AR By AT D A G BT AR QL A A U2,
Mo FREEFULH , QDB AHTE RS 20 R o & i i B, A
QL AHFEAR, (2)'F Mg I C & & T il [a) T- K 4E B, A
By MIFIEAS , M0 & Si D & & i T kA4 B, M1 QL,



11

B A A Mg/Si LLi) Al-Mg-Si-Zn & T B A 25 A RN U086 AT A

* 2895

PA OA PA OA
100

’
Q|| %= ||
80} 02, | | % ||
U2,
X
> 60F B! U2,
5 “ 0 U2
% 40 B ﬁén ﬁZn Zn
L]
<3 7
20 I ﬁZn ﬂZn a
. Bz
O ﬁZn
Alloy C Alloy D

K7 CHID & 1E 180 CUEAE I X (PA) AL I AL (OAYIRZS T %
AHH ELA7]
Fig.7 Frequencies of different phases in alloys C and D under peak-
aged at 180 °C and over-aged states

FHIFTEHAS .

JR T3 ¥ % HAADF-STEM % 1iF 45 Bk 475 1 Zn
JEFAENT A MR AT A . B8 Al-Mg-Si-Zn & £ 1F
B 25503k CARER AT L B A2 VR, 7 7 TR e I R
B Zn J5 7 e 2 0 AR AT B P R A R I R AL
&L W1 4 Line 1565 B B B 48 (1) 58 B2 20 i (Bl 4D B
INo [l ARTEAS (IHEAT , Zn SR 2538 T MAT HRE Y 38 17
HAmHY 8 fE XA R T, Zn 7T B R A R AR
3T Zn, Q1P 4d H Line 2 X6 B ) JiR 14 14D 55 FE 43 AT C P&
AR R4, Zn i T MATH AR B e 8 B R,
Fe At SEAENT HAH S ALSEAA (1 5T Ak Can ] 4e AT 4fH 3 6
i Sk BT, M A P LA S Zn R 7 (B 4D . Bl 3c
FE Se Hp o (a5 Sk BT HR 38 Zn JE 1 AT H AH 4 3504 8L
R I R AE T A S AL AR R AR B o Zn R T
X Rl BT N AT RE A2 KA Zn i R ZE M HEAH 5 AL 44
FTH AT A ST ks FEAE A T ST AR E
3.3 DSCH#h

N P LEAS R Mg/Si LG 1) C D A 4 72 I R 72
AT HHAE AR 3 0, S8 A S AR S AT T DSC 43 B (L
KI8) o AR AT A 78 ] 012520 A - 270 “C A2 A7 )
N BAHBIHT H U . DSC T H e 1T AR 55 4T H A A4 AR 43 2
MAIEE . C A4 By, A EIHT B U 1 T R 9-5.78 J/g, D &
4 N-5.53 Ng, TS ARE TR, YU C & 4 By, MK
Bt s T DEE, CAEENBoL Pl EL
(1) By A, DRI SR A5 LU D G 45 W 1 14 VR BB AT B, 0K
5 1R Re g RAHTT .

SFAIMZo M4 4, & Sia &G EMN ST E
Mg &4, X2 RN B A E 7 Si, IR E Si & g A i
R BOE =, RN Zn 2 5, & 4 EERRAL A 2
B AL Zn T SR ARG Si AL SR B T 2SS IEH]
DR AT R STk . X T E Si a4, T A

— Alloy C

1Exothermic —— Alloy D

B A——5.531g

Bra h——5781/g

Heat Flow/W-g’!

g

sl . : .

100 200 300 400 500
Temperature/°C

8 CHID & <xlE 72 ¥ DSC i £k
Fig.8 DSC curves of alloy C and alloy D in solid solution state

TE SRR Si i 78 (1, BRI Zn HAS 2 R0k
IR AE AL RE JT . T X T E Mg &4, BT HAE B & g AH
I 52 ) - R ST, BRI 7E VAN IN Zn 2 J5 @ 38 A
20 ST BE W] DU EAT 1 5 22 Al , B & 4 (R I 24k
BE 1. Zn Xt E Mg & 4 (I 20 Ak B8 0 1 5 AR FH R
B Sif 4, A A Mg/Si L1 Al-Mg-Si-Zn & 4 F i 2k
fhae 1M .
4 £ 8

DZn TC R TN T Al-Mg-Si £ 4 1) 06 (8 i i
R IR E L IR B Mg - 4 10 e {1 5 55 71 IR, o
T INIAE . HE B EEE Zn T RSN B AH )
Si {7 A5, R E AR P A R STIR B, W E 3t S Mg & 4
HOE R 2 1) BAH

2) Al-Mg-Si-Zn & 4 FE I RGOS R 745 3 4% B, K 17
Jei BAAH (B, B QU e X WV B AR 5 50 N < BBl B
Bins BB U2, B2/ U2, 0B 5 U2, B 7B KT B
B2lU2,, =P 2/U2,,/Q}—U2,,/Q;—Qz,. A [l Mg/Si L
17 Al-Mg-Si-Zn % 4> ' 3 S5 AT Hh 8 78 2% A5 1) LU B A7 7E 22
58 Mg & & B n T KA B, A1 B, A AR, 1 &
Si & & A T R A By, M1 Qu, M FEAR

3) Al-Mg-Si-Zn £ 4 £ 5 W A1 AR B 280 B B, Zn JiR
T G AEAT HAH PR AR A R R T A TR 2
B, Zn JEF- 22200 AT 1 AH P BT SO S8 26T HAE S
AL SR AL

SE 0k

[1] Edwards G A, Stiller K, Dunlop G L et al. Acta Materialia[J],
1998, 46: 3893

[2]Li S S, Yue X, Li Q et al. Journal of Materials Research and
Technology|J], 2023, 27: 944

[3] Chen J H, Costan E, Van Huis M A et al. Science[]], 2006,
312(5772): 316

[4] Zandbergen H W, Andersen S J, Jansen J. Science[l], 1997,
277(5330): 1221

References



* 2896

W] B RS TR

554 3%

[5] Andersen S J, Marioara C D, Freseth A et al. Materials Science
and Engineering A[J], 2005, 390: 127
[6] Ravi C, Wolverton C M. Acta Materialia[J], 2004, 52(14): 4213
[7] Kumar K. Metallography, Microstructure, and Analysis[J], 2022,
11: 467
[8] Vissers R, Van Huis M A, Jansen J et al. Acta Materialia[J], 2007,
55(11): 3815
[9] Andersen S J, Zandbergen H W, Jansen J et al. Acta Materialia[J],
1998, 46(9): 3283
[10] Lai Y X, Fan W, Yin M J et al. Journal of Materials Science &
Technology[J], 2020, 41: 127
[11]Dong Q P, Zhang Y, Wang J H et al. Journal of Alloys and
Compounds[J], 2024, 970: 172682
[12] Shishido H, Aruga Y, Murata Y et al. Journal of Alloys and
Compounds[J], 2022, 927: 166978
[13]Hu X J,LiTY, Lai Y X et al. Journal of Alloys and Compounds[J],
2024, 978: 173515
[14] Mortsell E A, Marioara C D, Andersen S I et al. Journal of
Alloys and Compounds[J], 2017, 699: 235
[15] Mertsell E A, Marioara C D, Andersen S J et al. Metallurgical
and Materials Transactions A[J], 2015, 46: 4369
[16]Weng Y Y, Jia Z H, Ding L P et al. Journal of Alloys and
Compounds[J], 2017, 695: 2444
[17] Chakrabartia D J, Laughlinb D E. Progress in Materials Science[J],
2004, 49: 389
[18] Guo M X, Zhang X K, Zhang J S et al. Journal of Materials

Sciencel[J], 2017, 52: 1390

[19] Ding X P, Cui H, Zhang J X et al. Materials & Design[J], 2015,
65: 1229

[20] Guo M X, Li G J, Zhang Y D et al. Scripta Materialia[J], 2019,
159:5

[21]Guo M X, Zhang Y D, Li G J et al. Journal of Alloys and
Compounds([J], 2019, 774: 347

[22] Jiao N'N, Lai Y X, Chen S L et al. Journal of Materials Science
& Technology[J], 2021, 70: 105

[23] Liu C H, Ma P P, Zhan L H et al. Scripta Materialia[J], 2018,
155: 68

[24] Saito T, Ehlers F J H, Lefebvre W et al. Acta Materialia[J],
2014, 78: 245

[25] Fan Wei(Ji5 M), Xiang Xuemei( 1] 55 #4), Lei Panmin( 75 i )
et al. Journal of Chinese Electron Microscopy Society(*8 1 . il
A7), 2023, 42(6): 731

[26] Gong Xiaokang(2&/]N EE), Yuan Xin(3E Jik), Xi Haihui( Ji #f #5)
et al. Journal of Chinese Electron Microscopy Society(Fd ¥ i1l
23RO[T], 2023, 42(2): 143

[27] Nellist P D, Pennycook S J. Advances in Imaging and Electron
Physics[J], 2000, 113: 147

[28] Shen C H. Journal of Materials Science & Technology[J], 2011,
27:205

[29] Chang C S T, Banhart J. Metallurgical and Materials
Transactions A[J], 2011, 42: 1960

Evolution of Precipitate Structure and Age-Hardening Behavior of AI-Mg-Si-Zn Alloys
with Different Mg/Si Ratios

Lei Panmin', Hu Xiejun', Lai Yuxiang’, Xiang Xuemei', Niu Fengjiao®’, Chen Jianghua®
(1. College of Materials Science and Engineering, Hunan University, Changsha 410082, China)
(2. Pico Electron Microscopy Center, Innovation Institute for Ocean Materials Characterization Technology, Center for Advanced Studies in
Precision Instruments, Hainan University, Haikou 570228, China)

(3. Modern Engineering Training Center, Chang’an University, Xi’an 710064, China)

Abstract: The precipitation hardening behavior of Al-Mg-Si-Zn alloys with different Mg/Si ratios was studied by mechanical property test,
differential scanning calorimetry, and high-angle annular dark-field scanning transmission electron microscope. The results show that the addition
of Zn significantly increases the peak-aging hardness and yield strength of Mg-rich Al-Mg-Si alloys. There are three pathways for the
transformation from the B, phase to the late-stage phases (£, phase or Q}, phase) in Al-Mg-Si-Zn alloys during aging. The Mg-rich alloy is more
likely to undergo transition from the 8, phase to the 3, phase, while the Si-rich alloy is more prone to experience transition from the 5, phase to
the Q,, phase. During the early and peak-aging stages, the Zn atoms enter the precipitates and occupy the energetically favorable atomic sites. During
the over aging stage, the Zn atoms will gradually diffuse from the precipitate interior to the interface between the precipitates and the Al-matrix.

Key words: Al-Mg-Si-Zn alloy; micro-alloying; aging; precipitate; electron microscope
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