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Effects of Aging Treatment on Cryogenic Microstructure of Non-equilibrium Solidified
Al-4.73Mg-0.71S¢-0.33Zr Alloy
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Abstract: Non-equilibrium solidified Al-4.73Mg-0.71Sc-0.33Zr alloy was prepared by copper mold spraying, and the
effect of cryogenic treatment on isothermal aging behavior was investigated. The results indicate that large amounts of
coarse Al;(Sc,Zr) particles are evenly distributed in as-cast alloy, which disappear in the rapid-cooled alloy to generate
super-saturation structure with homogeneous composition. A fter cryogenic treatment, dislocation multiplication and sub-
grain structure occur in rapid-cooled alloy, accompanied with precipitation of discontinuous lamellar at grain boundary.
AL (Sc, Zr) phases are precipitated continuously in rapid-cooled alloy after aging treatment at 300 ‘C, which is acceler-
ated by cryogenics. After aging for 120 min, the extent of discontinuous precipitation is enhanced in rapid-cooled and
cryogenic-treated alloy, and nanocrystalline precipitates with coherent orientations are formed in the matrix. After aging
at 300 °C for 35 min, the micro-hardness of rapid-cooled and cryogenic-treated alloy reaches 120.99 HV, which is
increased by 50.9% compared with that of ones without aging treatment.
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Fig.3 SEM image and EDS mapping of rapid-cooled and cryogenic-treated Al-Mg-Sc-Zr alloy
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of rapid-cooled Al-Mg-Sc-Zr alloy

930

RS
“’); N &
7 PPy LR
¥ ol <
s 5ﬂn Sﬂn

(c) Sclfif14

25 LR A B B R SO e KO R, K
FEARESENT BG4 BRI I3 0 Al R, e R
R ARG & P oT R A R R 5] B AR
Az W B 3 A A

5 pm

(d) Zrlfi 19

(e) Mgl 14

RCULE Ab FE 40 o X JEH TWRE R, PR
HIRONE 51 A A R BRI 4, P9 b A 25 k) R AR ™ T
AR, BHA A48 W RS L A A I T 0 T T BOR A A
o QA IR —E RN, SIE AR M,
NI T S8 40 /N R 4 2

P 5 APV TRV B 4 135 T L B 41 20 e SRR 7
B EX AT . TTUEL e PR AR
N K B IR AR R L A T 25 R A, SRR G
Br R o &5 A 36 X A7 5 BE AT L IZ R E T A A
FEAR AU AE B — FCC S A& G548 1 a- ALFRATT S AR A
Jo WY B LB AR S B A, DA SR B IR AL S

Y y ~ .
5

100 nm
B 5 HeA+iRA 2 Al-Mg-Sc-Zré4 TEM 4L R B K 4k g it
X AT 4 52 5
Fig.5 TEM microstructure of rapid-cooled and cryogenic-
treated Al-Mg-Sc-Zr alloy as well as selected area diffraction pat-

tern of matrix



24 AR BEX AL-4.7Mg-0.7Sc-0.37r 15 4 A - 7 5 8] S 0% 2H U2 1

B4 FEAR T R BT AL(Se, ZoTTTER .
22 EHAEXNRASRRS+RAEEMEALANEIT

(] 6 Syt S AR v + IR A 4 B 8% 300 °C X 35 min
JE I TEM IS 318 o 43 Hr ol 0, Pl & 4 3 i H 8K
AN — BIAY A A W S (A R 3R BH T A S R A R AR
TR, kb R AEEST B (LA 6 .
W HLE A A AT i AR B 2 IR
Br i A R 28 R, o e KORSF 25 2 10 nm L A
6b) . LA &SRR, IR A A &P R
K AT H AR BE B B TR A A . I MIE L
FAE TIRE B S A & & R AN (L 4, &
B P A DX N JE A% SIS AR 6% 41 0 BT AR SR P
FoR TRV b R v BB IO R A A B RTREAIR MY
HHAH T A 3 RNl BHE A A8 (R HE L3 A1 L
I VR VA Kb B S PRV G 2 T Ty e AR i AT

P T T D VR A A O T OO BRI T A
B, AU A AR N TOUE AR AR KR R SR BT
[v) A kb B[] R B4+ TR A Al-Mg-Sc-Zr A 4 1 2

DEIRAPE iy S PO SR I
R GRS SRS S N b %
i e G .}_ & e ) ‘_( - ?ﬁl}v‘}& .;r

&
s «)_}-e.
3~ SRR
s ‘:'f“*}f

L
AR S A
(a) 35 min, OM

(a) Y% (b) PRIB+HRYS
B 6 Al-Mg-Sc-Zr4&4 300 ‘CX 35 min B 2L & 4 # )5 TEM B
H B
Fig.6 TEM dark field images of AlI-Mg-Sc-Zr alloy after aging

at 300 °C for 35 min

HA, 3Bl A, 28 300 “CHEZL 35 min B, & 4 dh A 4b
B & A= 2B o 0 B s C UL 720 o B AR TR B D ZE K A
120 min, fiy 507 B AR ) A I 835 22 CULIET 7b) o 4%
A A BT XRE I 2 BT L aR AL B T A R 2 R R
AL(Sc,ZOAM WL E 7c KB 7d) , 3% 5 DONG Q S &:1py
WFFE L5 AR — B0, 31X R BRI I e B G, B Ak 3%
ST Y AR B

JLE wi/% x,/%

AT 98.80 99.46

2 Sc 0.60 0.36
S Zr 0.60 0.18

Sc|Zr
Sc

L |Zr L 1 1 1 |

1 1
0O 2 4 6 8 10 12 14 16
fitht/keV

(c) 120 min, SEM (d) 120 min, EDS

B 7 RF) A AT R T B oA+ IR A Al-Mg-Sc-Zr &4 R 2R
Fig.7 Microstructures of rapid-cooled and cryogenic-treated Al-Mg-Sc-Zr alloy with different heat treated durations

8 M B + VA A 4 22 300 °C X 120 min B 3% R
1) 375 555 FRL 45 5 3 21 0 R e X AT S B . i TR 8a il L
AL(Sc, ZoBr th AR 3K P RSF 2 8 nm., 45
A 1 X H AT S B S T, AR o R H B AL(Se, Zn)
FH A AT 5 BE S R 8b) o Z AT AR th Zr B4 BT 112
L5 ALSc HR R4 Sc i B i, H A MR 9 70 4% 45 KA

= 5nm 5 1/nm

(b) DX RIS B
B8 e+ iR A Al-Mg-Sc-Zr &4 B 2 2 300 ‘CX 120 min &
)G O A LA AL 2R
Fig.8 TEM microstructure of rapid-cooled and cryogenic-

treated Al-Mg-Sc-Zr alloy after aging at 300 °C for 120 min

i, BEAS $2 @ A7 AR 0 = R TR A PR AR . A IZ AT i
A5 - AL LA AR ] A T O ST S5, 55 1 A% 8K
H0.410 5 nm, AL AL T 1.3% , 3% & K 4l Bt B )
G BRI L A e PR i o 2 B B e i A S &R
23 RALEXNRLEEHYBMEENE I

B9 AR I3 T2 T RS B + IR & &
OROEE R L W LR A A Y R B (HV) A R
79.86, R , A 40 (HVOIEHE T+ 5 80.17, 3%
R IS 8525 1R, TR VA Ah BT 51 ) A7 4685 4 i e o
J2 RORAS 8 ST X A B R R N K, A e ke 4R
TFIF A . £ 300 °C X 35 min IR &b 3, Hevd K bk
Yo+ R A A 1 B GORE B B R A W B R T D rh e
A4 WO B (HV) O 108.77, M e i &k B 42 58 T
36.1% . 4545 16 43 B il 3 2 R T I Ak R v BR AR
H kA Al(Sc, Zo) B2 AT G %A 5 LA R] (1 4%
BN 23 T L R ) b 3 k5 A e R B A8 A
kA B s iz sh , N g A &R . IR

931



B sl M OA 4 2026 4R 46 5 6 1
o Kb B B SR B 07 4 g R AR T AR R N T SE A G T (7] 2529 Bk BROGRE . bF i b v R 6 4 4 0 BRI 5 0 2 i

S T = I T O R N S T T 3 S S T
B AR A 4 BB (CHVO 4 TH 2 120.99, A HC 3R
BT 50.9% o 4 BF st [l — 25 48 K % 120 min, B
T 5 AL AR E ST R R TR B, B 4 ok R

Kl At AH PR L B 4 S R B A T R B
140 I:l PR
A te+ixi
120
= 106.6 106.3
Z 100+
P
B
S g0l 79868017
o
60 _ F%
40 FROE I 3435 min - IF2%120 min
e

B9 RE 423 Al-Mg-Sc-Zr Be A &4 b 20 2 AL JE 69 % va
Fig.9 Effects of different treatments on micro-hardness of rapid-
cooled Al-Mg-Sc-Zr alloy

3

=1

#

(D#EZS Al-4.73Mg-0.71Sc-0.33Zr & 4 B L K
it AL(Se, Zo PR . 28 HBUPYS J5 B AR rhof R
Al (Sc, Zo)# B TE 15 A5 B4 8000 i, & & A B 5 R 4y
T

(2R BV A 4 v IR S 67 B 20 i

A, Al A AT 2 R 2L, R A AN T ST

(3)%: 300 °C X 35 min B &4 Ab HL, e & 4 SE 4
St WA A ST L TR VA A B RE R R A A 4 Ak
Bt o BRI B ] FE 4K 2 120 min, PR HIRE & 4 fh

SRR % S i H R B 0 TR] sk SRR AA A B e AR A7 1) 56
1 AL(Sc, Zr) 20 A .
(4% 300 °C X 35 min I &AL B, (% +IR B & 4

IR B CH V) 535 120.99 , 47 B 3BT 32 7 50.9% o
5 % X W
[1] SAMANTA S, SAHOO J R, MISHRA S. A robust phenomeno-

logical modeling framework based on cross-slip propensity factor for

capturing the effect of dynamic strain aging on work hardening behav-

ior of an Al-Mg alloy [J]. Acta Materialia, 2023, 254: 119 014.

R — T, XUN, ANEE B8 G T Hh siRA BURE P A kiR (T].

[ bR HEJR L 2019, 38(3): 231-241.

EE, WM, IVE B 7050 545 4 B SR Bl BE 5T 43 B

[T]. RES T 5T, 2024,19(2): 122-126.

l%“ﬂ}ﬁ’ﬁ, WORHE, RSET S Se Zoxt Al-Mg-Mn & 4 Uk g

TP RE [T). R o i oA (G, 2024, 44(2): 228-235.

wiﬁ Bt L RS A TR R AL SR i AL-0.3Sc-0.37r

GGV AT RN [T]. AORHAAE B4l , 2024, 45(6): 16-23.
B IS, H L EE R BULIR A BUR OB AL-Cu-Lif 42 Iy 2

AN PERE A2 [T, A2 MRER, 2022, 42(3): 28-37.

932

(8]

[10] s d

[11]

[12

[}

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[21]

[22]

[24]

WEFEE R [T]. bR TR, 2023, 51(3): 29-38.

WANG Z H, LIN X, KANG N, et al. Making selective-laser-
melted high-strength Al-Mg-Sc-Zr alloy tough via ultrafine and het-
erogeneous microstructure[ J].Scripta Materialia, 2021,203: 114 052.
R R X R RS L U EAE X Al-Sc A 4 HZUR AE
BERY S [T). R Fh i oA (R4, 2022, 42(10): 1291-1 295.
CPRTR RO, S5 PRV AR AL B X ASS9 HR A &
FYERERIRE I [T]. RR R 51 Jof (5 4, 2021, 41(7): 821-826.
LIU L, JIANG J T, ZHANG B,

and electrical conductivity for a dilute Al-Sc-Zr alloy via heat treat-

et al. Enhancement of strength

ments and cold drawing [J]. Journal of Materials Science and Tech-
nology, 2019, 35(6): 962-971.

W, B A7, ok s AL, A5 V8 B A0 AZ9TD B 4 IE - 1 55 [
HAW T LT]. T EA 8R4, 2014, 24(3): 593-599.

LIU J, L1J G. Microstructure, shape memory effect and mechanical
properties of rapidly solidified Co-Ni-Al magnetic shape memory
alloys [J]. Materials Science and Engineering, 2007, A454: 423-432.
SONG C J, XIA W B, ZHANG J, et al.
mechanical properties of Fe-Mn based alloys after sub-rapid solidifi-
cation [ J]. Materials and Design, 2013, 51: 262-267.

FAN K, LIU F, YANG G C,

undercooled Ni-Si hypoeutectic alloy: Effect of non-equilibrium

Microstructure and

et al. Precipitation in as-solidified

solidification [J]. Materials Science and Engineering, 2011, A528
(22): 6 844-6 854.

DONG Q S, HOWELLS A, LLOYD D J, et al. Effect of solidifi-
cation cooling rate on kinetics of continuous/discontinuous
Al;(Sc, Zr) precipitation and the subsequent age-hardening response
in cold-rolled AIMgSc(Zr) sheets [J]. Materials Science and Engi-
neering, 2020, A772: 138 693.

T, PP TS A R A B R AR IR AL 2524 FR A S AU
M PERERZN [T]. ReR BT BT (B 4, 2023, 43(3): 420-424.
HUA T, GUO Z X, JING K F,

enhanced martensite phase transition and texture development in

et al. Residual stress evolution

cryogenic-tempered WC-Co ultra-coarse grained cemented carbide
[J]. Materials Science and Engineering, 2022, A834: 142 592.
KR A, S RV A SRS Mg-6A1-1Y A 43 45 6L I
ST R B R [ 1 FHRFSR L 2023, 37(12): 190-194.
SONAR T, LOMTE S, GOGTE C. Cryogenic treatment of metal-
A review[J]. Materials Today: Proceedings, 2018, 5(11): 25 219-
25228.
GILL S S, SINGH J, SINGH R, et al. Metallurgical principles of
cryogenically treated tool steels-a review on the current state of sci-
ence [J]. International Journal of Advanced Manufacturing Technol-
ogy, 2011,54(4): 59-82.
WANG W, CHEN Z N, GUO E Y, et al. Influence of cryorolling
on the precipitation of Cu-Ni-Si alloys: An in situ X-ray diffraction
study [J]. Acta Metallurgica Sinica (English Letters) , 2018, 31
(100: 1 089-1 097.
TAENDL J, ORTHACKER A, AMENITSCH H, et al. Influ-
ence of the degree of scandium supersaturation on the precipitation
kinetics of rapidly solidified Al-Mg-Sc-Zr alloys [J]. Acta Materia-
lia, 2016, 117: 43-50.
PANIGRAHI S K, JAYAGANTHAN R. Development of ultra-
fine grained high strength age hardenable Al 7075 alloy by cryor-
olling [J]. Materials Design, 2011, 32(6): 3 150-3 160.

(g M)



