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Abstract: Al-Si-Mg-Sc-Zr alloys are prepared through phase diagram design and the smelting process. The
effect of elemental addition levels on solidification parameters is investigated. Additionally, the room-
temperature tensile properties and microstructure of the as-cast alloys are thoroughly analyzed. The results
reveal that the as-cast microstructure consists of a-Al matrix, Al-Si eutectic phase, Mg.Si phase, AlsZr
phase, and Als(Sc, Zr) phase. Silicon has the most pronounced effect on the tensile strength, whereas
magnesium primarily influences the secondary dendrite arm spacing (SDAS). The liquidus temperature
gradually decreases with an increase in silicon content, and the solidus temperature continuously drops as
the magnesium content rises. With the addition of the Sb element, the morphology of the eutectic silicon
phase transforms from needle-like and long-striped shapes to short rod-shaped or worm-shaped forms, and
its aspect ratio decreases from 8.19 to 3.31. The fine-sized AlsZr and Al;(Sc, Zr) phases refine the grain
size from 272 pm to 224 pm. As a result, the ultimate tensile strength and yield strength reach 211 MPa
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and 125 MPa, respectively, with an elongation of approximately 5.1%. The enhancement of mechanical

properties is attributed to the fine-grained strengthening of the Al;Zr and Al;(Sc, Zr) phases, as well as the

second-phase strengthening effect of the eutectic silicon phase. As the addition of silicon and magnesium

elements increases, the fracture mechanism shifts from a combination of intergranular and dimple fractures

to purely intergranular fractures.
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Table 1  Chemical compositions of Al-Si-Mg-Sc-Zr-Sb alloy

(mass fraction/ %)

Sample Si Mg Sc Zr Sb Al

1 6.0 0.4 0.1 0.10 0.12 Bal.
2 6.0 0.7 0.2 0.15 0.12 Bal.
3 6.0 1.0 0.4 0.20 0.12 Bal.
4 7.5 0.4 0.4 0.15 0.12 Bal.
5 7.5 0.7 0.1 0.20 0.12 Bal.
6 7.5 1.0 0.2 0.10 0.12 Bal.
7 9.0 0.4 0.2 0.20 0.12 Bal.
8 9.0 0.7 0.4 0.10 0.12 Bal.
9 9.0 1.0 0.1 0.15 0.12 Bal.
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Fig.1 Equilibrium solidification phase diagram of Al-Si-Mg-Sc-Zr-Sb alloys
(a)Mg element; (b)Si element; (¢)Sc element; (d)Zr element
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Fig.2 Solidification parameters calculation results of Al-Si-Mg-Sc-Zr-Sb alloys

(a)cooling curve; (b)SDAS; (¢)yield strength in as-cast state; (d )tensile strength in as-cast state
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Table 2 Solid-liquid phase line calculation results of
Al-Si-Mg-Sc-Zr-Sb alloys

P b7 8 BE S 4 0E, 4 50 R 157.8.173.2 MPa Fll 165.3
MPa - BIE, kyors 1 oy rs W43 304X ER SITEER 2B 0K
SIS 5o 7.5%0) AR =K (BRI & &2 9.0%)
PEASPUHL R BT B ; R AU SITCE A FIKF ek
1E5 B/ME I ZEE, B Ay rs (191.0) 5 &yrs (165.4) 1
28, W 3ATHL, SITTE BN 7% Al-Si-Mg-Sc-Zr
B 4 FE A YU 5 A AR5 B 1) e UM A v, LR
HMgICE , Zr JUFR BB 5 T Sc LR s Mg IR I

. 1 s — = R ZotRM S LR MM, FAUEAR . T
9 622.9 557.6 65.3 RIBDMBEITT SR TEW N 6.0% .7.5% F19.0%
3 620.5 555.7 64.8 SITCER T 73 Bl e P HE AR B A i A B o 2 B
' 619 5643 47 56 R & R4 O HEATHE IR IE SC 0. R4 & 0%
. o . o AR B ASHLRLARIE FUR IR3 FE 0P 3 B 5%, a1 3
7 610.3 557.6 52.7 ‘H“%:%%ﬂ%n ) i'l{?ﬁﬁﬂ 90%81\ 10%Mg\ O.Z%SC\
8 599.2 563.4 35.8 0.12%Sb F1 0.15%7Zr JG % B} , Al-Si-Mg-Sc-Zr-Sb &
) 099.2 o432 o6 4 A A8 75 2 A s B B4 S BTN o B 5 T IR DR
&3 Al-Si-Mg-Sc-Zr-Sb & £ #3558 E 5 SDAS R E

Table 2 As-cast strength and SDAS extreme deviation analysis of Al-Si-Mg-Sc-Zr-Sb alloys
Sample Si Mg Sc Zr Tensile strength/MPa  Yield strength/MPa ~ SDAS/pm
1 6.0 0.4 0.1 0.10 157.8 84.1 25.7
2 6.0 0.7 0.2 0.15 173.2 92.9 23.4
3 6.0 1.0 0.4 0.20 165.3 88.4 21.5
4 7.5 0.4 0.4 0.15 163.5 87.4 23.6
5 7.5 0.7 0.1 0.20 170.3 91.3 214
6 7.5 1.0 0.2 0.10 186.7 100.7 19.5
7 9.0 0.4 0.2 0.20 181.4 97.7 21.9
8 9.0 0.7 0.4 0.10 188.9 102.0 19.8
9 9.0 1.0 0.1 0.15 202.7 110.1 18.0
ks 165.4 167.6 176.9 177.8
ks 173.5 177.5 180.4 179.8
ks 191.0 184.9 172.6 172.3
Ry 25.6 17.3 7.8 75
Influence factor of added elements: Si>Mg>Sc>Zr
kv 88.5 89.7 95.2 95.6
Eipys 93.1 95.4 97.1 96.8
Riivs 103.3 99.7 92.6 92.5
Rye 14.8 10.0 45 4.3
Influence factor of added elements: Si>Mg>Sc>Zr
k1 -spas 23.5 23.7 21.7 21.7
Eipspas 215 21.5 21.6 21.7
Eysoas 19.9 19.7 21.6 21.6
Repas 3.6 4.0 0.1 0.1

Influence factor of added elements: Mg=>Si>Sc=Zr
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Fig.5 Room temperature tensile properties of Al-Si-Mg-Sc-Zr-Sb alloys

(a)engineering stress-strain curves; (b)room temperature mechanical properties

Sc-Zr-Sh & & AN A EEH o-Al S5 SiA Mg,Si
M CALZr #15 Al (Sc, Zr) M R, Hor ALZr 45T AL
(Sc, Zr) MFE R Bt FEAZ LS, AT A R4 o- AL E F
40 A R AR s Mg, SiFF RN i StAH AR SR 58 S R AH
FEOR A AR AGVE T e DUk STAHSRARICR Ry
F o ORISR EE SR 0 &R AR 3
e MR VAL R R D T A ROy 2 g S DS E SR
TE AR | A% B AT BO8 B RO WO 7% % 5
a- ALFEAR Y S A% 5 RIORT S AS 2680, — Bl o B %
W5 a- ALFEAR A% 27—, HARBCRE /N T 5% B, 5l
AR A S BOEAZ , AT A AR, Al(Sc, Zr) A Al
a- ALAH [F) & 0o 57 5 454, A& 25 AR TR, AL (Sc, Zr)
AHEY SRS BN 0.409 nm, o- ALK 446 5 $0h 0.405
nm, fEA K )T R (0)

a; — Q,

0= X 100% (3)

A s a N FEARAH o - ALY A% B 5L o, T AH Al
(Sc, Zr) 1Y fb 46 80, A4 20 (3) 71545 2] o - ALAH AN
Al(Sc, Zr) MBS BLE () 2 1.0% UNF5%) , IR
AL (Sc, Zo) AT E A RUIEAZ TS, 404K a- AL
) R R ST o SCRRRAE S 1128 Ze SR NS T AEHE
R K R B ALZe M A0AR 5 2SR 21, Se  Zr
JCERINE R E T Al-Si-Mg-Sc-Zr-Sh #5854 4 1
mm B2 A R . A1-9Si-1Mg-0.1Sc-0.15Zr-0.12Sb &
4 Sc Zr LRI it BRI 0.25% , Al-6Si-0.7Mg-
0.28¢-0.15Zr-0.12Sb & 4 H Y Sc  Zr JTTR B N3 12 2
R, o 0.35 %, Ak A1-6Si-0.7Mg-0.2Sc¢-0.15Zr-
0.12Sb A4 I 4t it AL BOR B 3 5 STARAE S AlL-
Si-Mg-Sc-Zr-Sh #5354 4 i 3£ 2R BRI AR , OB 50
F R i 252 B A 4 B A8 5 R 1 24 AR BN Sb

JC 2 AR AH 28 5 AT Bk Ak Si AR S, 404k Si AR Uk R
L REASENERIIFERE, R 1
R FETH T TC R B HE L Sc Zr, W F e 2R i Si {111
R A SR T R AR Z EE A K G B, 4
fifi 3 ST R A i, R 2 SRS FRVE I . Ak, e &R
A 5 SR 242 1 A (r, (modifier) : 7 (sili-
con) ) Xf 2 i SIAB BTt A F H LMW . Y r, (modi-
fier) : r(silicon) ~=1.646 B, 3 & SiAHAZ 538 R fe A
Sc W IRF-242(0.164 nm) 5 Si g JFF-242(0.117 nm)
LI 1.402, Zr B )24 (0.160 nm) 5 Si i+
2420117 nm) A LA R 1.368, 2445 42301 1.646, %
B Sc.Zr LR AL o- Al SR A R B, 38 m % 3 5 Si
AHE AT A3 R A0 78 i, BR 1k St AH AR 55 T 40 4k Si AR R
sbo AN 0.12%Sh St E H A L, Al-6Si-0.7Mg-
0.28¢-0.15Zr-0.12Sb A4 RN 0.2%Sc M0.15% Zr Ji
PRIE b AT A5 3 B Ad 60 SR 40 Ak 5 AL RN A AR g A
B

Mg,SifEk Al-Si-Mg & 4 b iy s f A, HIE &
KANKA A X6 4 1) 12 PERE YA 5 . Mg.Si M
U R ZAR T Mg Ju 2 % 2, Mg i in & =3 s
Mg Si /R B #0234 i, (8 P 38 RSH I E 2 4%
PERG I, HBE# Mg ICZ G I 18, [ i A0 v
Gy A ANYEY Gy T AR R i T AR 25 4, 52 g 2
PERE. /AR A Mg, SiAH A K 72 R - A —(100)
Al AR A2 K (110) A A2 K — /i R B i A >\
AT A B B8 SE %\ THA , TR0 Ze SR B, Ze LA 25
A4 7 FAR R /T A4 Mg, Si AR K BT, AT 4 il /\
AR 2548 Mg SiAH I PR A 4, T 5 5 28 Sk 207N A
A, M0 AL-Si-Mg & & 85 S 124 PERED . AL-6Si-
0.7Mg-0.2S¢-0.15Zr-0.12Sb & 4 % 1 0.15% Zr 7T &



W4t 2

Al-Si-Mg-Sc-Zr-Sh &4 U s 5 3 A O 41 205

A g RS A A M, ST EIIES, H Mg e R 5 H
TR WS I et ok e B (1 06) 2 R BT 5 T8 B MigO 8
PRI, [T i pAs rh i 8 [ H 3 2, BRI R S =
I VERE
25 EHAR

Al-Si-Mg-Sc-Zr-Sb £ 4 % 25 i 2 4Lan 1 6 Jir
N HIERATHL, Al-Si-Mg-Sc-Zr-Sh & 4 #6 S 4
T o ALFEARF AL-Si 3 A A2 B, - AT G S TE
SRR (8 6(a-1), (b-1), (c-1)), Al-Si 2t A

(8 s SRR A0 2 i R sl i Btk (1 6 (a-2) , (b-2)),
(c-2)) . WA SITCRWINFHEIG I, & A X AL-Si
I AR R B S 3 0, R RO I 2R R L AL ST
Ko tb#E 2k B It . FIH Image Pro Plus 6.0 %448 it
Al-Si-Mg-Sc-Zr-Sb & 4 H A H 2ok ROF A3k i Si
A L, 25 R /R 4 SITCE BRI il 6.0%0 14 &
9.0% B}, Mo SIAHI T8 Heth 3.82 7+ 2 4.81( &1 6(a-3) ,
(b-3), (¢-3)) , 54 fbhr RS B 272 pm B % 224 pm
(Kl6(a-4),(b-4),(c-4)),

RS " (a4

&y

fpiies
APedhtisel e

[#16  Al-Si-Mg-Sc-Zr-Sh& 4 #5785 B4
(DR B (2) SIATTEAR ; (3) 3k dh S FELL s (4) FaS divkhi R
(a)Al-6Si-0.7Mg-0.2Sc-0.157r-0.12Sb A4 ; (b) Al-7.5Si-1Mg-0.2Sc-0.17r-0.12Sb A4 5 (¢) Al-9Si-1Mg-0.1Sc-0.15Zr-0.12Sb A4
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Fig.7 Morphology and dimensional statistics results of eutectic silicon phase of Al-6Si-0.7Mg-0.2Sc-0.15Zr-0.12Sb alloy
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Fig.8 EDS surface scanning analysis of the as-cast microstructure of Al-6Si-0.7Mg-0.2Sc-0.15Zr-0.12Sb alloy

(a)as-cast microstructure;; (b)Si element; (¢)Mg element; (d)Sc element; (e)Zr element; (1)Sb element
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Fig.9 EDS scanning analysis of as-cast microstructure of Al-7.5S1-1Mg-0.2Sc-0.1Zr-0.12Sb alloy
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Fig.10 EDS spot scanning analysis of the as-cast microstructure of Al-9Si-1Mg-0.1Sc-0.15Zr-0.12Sb alloy
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Fig.11 Fracture morphologies of Al-Si-Mg-Sc-Zr-Sb alloys
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Fig.12 Mechanism analysis of fracture expansion of Al-Si-Mg-Sc-Zr-Sb alloy

(a)fracture expansion path; (b)intergranular tearing zone
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