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A REfAA S THAEIF R F R ER TR, G HE
AR TR ZEBR MR ZE ERESEN . WA B A &
FHAEFE, AT DU EE A S MRS, A 0 R AR ol N )
fo FH R

IR T B AT PR G & F 2 ALR Mg RF1 Zn 755
MR, G SR R B fFE SRR 1 oA R B,
ik RN E GO £ T AL R ] RS 4, KL AL
Ga-Mg-Sn 5428 Mg/Sn LUAB RGN, & S0 BT 1S K, i
I AIAE] 152 HV s Wang 2550 T Mg & nl FRAE-& 42, 7
ZHENVY (at%) HUAE A 1/1.5, FF R T Mg97.5Nil Y 1.5 54
PUEREIL 410 MPa. F RV | Zn R [#RE 4, Gd
RN 0.6Wt%ET , G N 217 HV.

ERREE B T, X AT B o B A RHZEAT ]
VST A B A AT AR BT3B AN A AT, a3 R R A
R B B R RT o 1 R o VAR V4 T Al-Ga-In-Sn-
Mg-Cu 45 25 7] [ fif 48 & &, 3l I R b B8 )5, 3
145HV, 8 PR S5 2% 1) 7T [ i 45 5 <2 Al-Ga-In-Sn-Zn-
Mg-Cu-X(X N Ce.La), 7£ 50 ‘C N 3wt% KCI i 1) %
fiR T A 87~93 mg/(cm™h) YU P 5 A 0 B 2 O] 5 AN ]

S B 1) Al-Mg-Ga-In-Sn £ 4 F56F HLaEAT [E 75 A 380k
WEFE, G4 Mg & IR T R E YIRS & i

ks HEA: 2024-10-19
HEWE : BEXH AR 4 (12075274)

SUIH T AR A GIS M (Ga-In-St) FIHT o kit 240 g
T T IR EE R Al-Mg-Sn-Ga-Bi & 4 20 23 ) didh 2
PERERIREMN , JINEE S A 4 00 JE3 ek 2 g B, o ] 4 T P 1)
THiE &4 F T DS 2 BB AR, 22 540 CREE b EE S, &
&g R B 138 mg/(em®h)F#MK 4 15 mg/(cm*h).
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400,450 F1500 C T FIIE K ALHE s MR IAAL BEXT 1% RS
BAESHS AEEMEMEERR . LU Al-Ga-
Mg-Sn A B A 4 1 6 G A oo 20 98 F80m | ) s
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BR[STe [/ RA AL R R AR K FA A PR FH A6 = B (SX-
G181232, FE N 1200 C), FHEHZE N 10 °C/min.
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Table 1 Heat treatment parameters of specimens
State Number Heat treatment parameter Specimen size
As-cast condition 0
1 400 °Cx10 h
Annealed state 2 450 °Cx10 h @15 mmx10 mm
3 500 °Cx10 h
4 500 °Cx40 min 165 °Cx5 h
Solution/aging state ° 500 7Cx60 min 1637Cx5h @14 mmx12 mm
6 500 °Cx80 min 165 °Cx5 h
7 500 °Cx100 min 165 °Cx5 h

F1HIH T RFEG T e ARG . [ 78/ R b 7
REERSA @14 mmx 12 mm; 3B K ASFHRFER ]A D15 mmx
10 mm. FFAEFE RS 518 Kb BARE— 3.

K P 7 B4 JSM-6700F, TAEHL % 15.0 kV)
Bt & Be W OO B HEAT O SNl X RS20 43 A 5 FH X
SR AT B (D/max-2200PC , 48 S 5 Cu Ka 5 28, TAE
FA, R A EEL AR 49 1R 40 KV 40 mAD 4 K& &0 s F 441
2 5BE (ICX41M 50~1000 ) WL 54 G A 2050 F &
TR FE 11 (HV0.2T-1000A) 3 47 £ 903 5 K f Ak 1
YE3E (CHI-660) , I 52 F i T 3wt% KCLAR A 4 Ik

PR o 8 TR T (EST180-4, [ H 24 0.0001 @) X JiE
T 2 S5 A SRR TR E .
3 HER5TE
3.1 A&t
3.1.1 HEAERMAE

Xf K A 4 Al-Ga-Mg-Sn % 5 & &0 BT T
400 “C/100 min450 ‘C/100 min #1500 ‘C/100 min [& ¥4k
PEAN 165 “C/5 h B AP, B 50 1 A [R] [ 9 B 5 A 4
AT . PAEFL G A 4 SEM B A anl& 1 fios, 45

1 8675 K [E VAL F] Al-Ga-Mg-Sn &4 SEM [
Fig.1 SEM images of as-cast (a) and solid-solution treated (b —d) Al-Ga-Mg-Sn alloy: (b) 400 °C/100 min, (c) 450 °C/100 min, and
(d) 500 °C/100 min
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<2 FRERRE AL
i Al v Mg Table 2 Standard electrode potential of element'*™!
o Mg;Ga, 5 MgGa
Element Al Ga Mg Sn Bi Zn
i Te s " P Potential/leV  —1.66 —0.55 ~-198 —0.14 031 -0.76
é\' . v v Je v A
&
k| S R A R IS SR AR AE 22 e, A T IE B, b5 8 =3
h R IR 535 9 ALRAARAE \Mg,Sn M Mg-Gatl. SEM Hi3&
. ot B I A BB g AL AR L AR £ £ IR 1 Mg, S AR RIVR IR €
20 40 60 80 Mg-Ga .
20/(°) 75 8 Mg-Sn A M, B 21 7t Mg A Sn b, 1L & 41X

2 3Fh Al-Ga-Mg-Sn 5 411 XRD i
Fig.2 XRD patterns of Al-Ga-Mg-Sn alloys

B XRD 734t (B 2) , AT LA W i22 6 <0 0 5 b dn 22 [ VA 4
RIK 4 Mg-Ga 105 PR ¥ 2K £ 4R 1) Mg, Sn 2H %
I 55 [ ek 5 ) T v 8 [l B 3 A B 4 A 2 o
ARFNEL BT A A IR L A 22 di 5t F L 22 400 C L ORIR
100 min J& » A% SR80 SRAR FERAT SR AFAE 1450 °C VIR
I 100 min J5 , R & & A7 B EIRE L, 2=
500 ‘CIf, g R EEA K .

3.12 mbhek

BESNEREN S & &ERREVIML. K28
Al-Ga-Mg-Sn " BF 456 & & 0 % K BiZn Tl & &4t
TG BRI FAR FELA ),

AT HL R FL AL R Mg 8 AL AR, GaSn.Bi.Zn 7T
FHIL AL, FR A2 Bi N IE(E . ASHF U IEEL Bi 0 K A
Zn U BTG A (Bl TR VZn LR & 5<0.05%) Al-
Ga-Mg-Sn &4, MR/ BT F LA 2R 254

2 /& Al-Ga-Mg-Sn. Al-Ga-Mg-Sn-Zn 1 Al-Ga-Mg-
Sn-Bi & 4 1) XRD K1, B 3 N3 K& 41k Al-Ga-
Mg-Sn &% 41 SEM B . i@ it SEM 45 & XRD 43 #t
AT Tl Bi JG 3R TR Zn J0 3R IR IR 2042 Al-Ga-
Mg-Sn R & & AHAL R WA HILHTAH . RIAE XRD A7

A Mg, Sn(J 145.770.5 C), Sn 7E Mg H {14 [i] 7 52 Bt 385 52 T
T30, £E FE R 561.2 "Cik B i K1H 3.35at%. R
5 Al-Sn — o & AH BN A I AR Sn RE 58 42 T
1£598 “CHF, Sn 7E Al 1) 85 KIS A 0.03at% , J& T-1E
WAL MHEIEERAR R . B, Al-Ga-Mg-Sn & &
HHIE i Mg, Sn AH T G Al-Sn #H .

5T Mg-Ga K, 45 & Al-Mg-Ga-Sn & 4 A Al-
Mg-Ga-In-Sn & &I 7t 45 A, 7] DU 58 Mg-Ga #H N
Mg Ga, f1 MgGa 12 &4
3.1.3  Al-Ga-Mg-Sn-Bi &4 4 fi 1 71 5|

HEEREREM, KA Z AVH0 KN, N
LIEQDF

4Al + 2(n + 3)H,0 = 2A1,0,-nH,0 + 6H, T (1)
A, n=1 N—/KIRE AT n=3 I S =K4R

#ig B EAETE BN TE, B AVH,0 KB A]
HRBT . HIZ N BE A2 OB, 12 HAL 22 O
AN ER A T E BRI RO A CE I S b ) R PR
P, 7575 8 AL 27 v R RS T S 7 1] PRS2

K] 4 J9ta Gk J5 1 Al-Ga-Mg-Sn 2 & & 78 %1 <
3wt% KCLA T P 1 A A6 il 28 Ik 25 . Al-Ga-Mg-Sn
A4 EE AL (-1.370 V), &4k Bi L& Zn TG
F I Al-Ga-Mg-Sn & 4 1 AR AL R A T A%

32 H 7R ) B R ke S A AN S

3 3% Al-Ga-Mg-Sn 441 SEM &
Fig.3 SEM images of Al-Ga-Mg-Sn-based alloys: (a) Al-Ga-Mg-Sn, (b) Al-Ga-Mg-Sn-0.03wt%Bi, and (c) Al-Ga-Mg-Sn-0.03wt%Zn
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(\"E <10 2 0.5 AP ALO;H,0 AlO;
S Rt
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85l —— 7200.03%) 27
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Potential/V
4 A a1k Al-Ga-Mg-Sn R & & E = T 3 wt% KCl i+
MRIRR AL 2%
Fig.4 Polarization curves of Al-Ga-Mg-Sn alloy at room temperature

in 3wt% KCl solution after microalloying treatment

Zn LR Bi TEMA ST Al-Ga-Mg-Sn &4 H &1
HA 3 5 -1.494-1.559.-1.565.-1.565.—1.585 F11-1.599 V.,
A W, BiZn TG AL ol AT B AR RN IR T, Bit
FIRZn JCENT Bk HLAT Ry e BE B

A e B AL S B s 2 SRR FE VAT
pH HZERNRH K. BS N=IR25 CH4EH E-pH &1
0T A S5 s R ) pHAE A T 4 FE R LA
FEITEE S EHEH o & B R TE/KIE R P R A Bk 2 5 ok
(7= 43 S B B (D IR AL(OH),; (2) ALO, fii .
JB AR AI(OH), A fE B 424 45 1) F Ak 22 8 ke, A 24 ROIR
Al(OH), ¥4k ALO, B J5 , BR 3 H & A= A AT LLFH 3445
2 BB,

pH
5 25 CH4a[) E-pH & im &

Fig.5 E-pH corrosion diagram of aluminum at 25 °C['%!

YRR E &S, AR AN T-1.29 VI, B
5 H,0 RAEFRFE RN . 4565R 3R ZntHR Bi iR
A 45 Al-Ga-Mg-Sn R &5 B /NF-1.29 V, Bk w]
THHN SRR B St ] PRI
3.2 PRLIEXNESALRIFM

BT LU ESHE A Al-Ga-Mg-Sn i &t & 44148
G5 B A Ak PR e BI04 AT 45 2R L 1 HL0.03wt% Bi 2
552 Al-Ga-Mg-Sn & 4, JEAT [ ¥/ 23504 3 RTR K
PARER A S RST SRR AL B TS AR 1.

32.1 iR KAE

] 6 /& 400,450 £1500 “CiB K 3R 10 h J5 Al-Ga-
Mg-Sn-Bi &4 1) SEM B i Fifi 5 18 Kl & 1) T v » e
PRAE 2T K

T B 6 AN [E] DX AR 2R, X P 6 s 1

® 3 MAEHAIEE Al-Ga-Mg-Sn REEEEIR T 3wt% KCURRTHBELFSH

Table 3 Electrochemical parameters of the Al-Ga-Mg-Sn alloy after microalloying treatment in 3wt% KCI solution at room temperature

Specimen Z1 Z2 Bl B2 B3
E J/V —-1.494 -1.559 -1.565 -1.565 —-1.585 -1.599
I_J/A-cm® 3.894x10° 4.490x10°° 5.864x107° 6.466x10°° 7.985x10°° 9.382x10°*

corr’

Kl 6 400.450 #1500 ‘CiR kIR 10 h 5 Al-Ga-Mg-Sn-Bi 42111 SEM [ 1
Fig.6 SEM images of Al-Ga-Mg-Sn-Bi alloy after annealing at 400 °C (a), 450 °C (b), and 500 °C (c) and holding for 10 h
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XIHdE4T 1 EDS s34 04, 25 R R 4 s .

FrE 14 Mg A1 Sn LUAE  2.4:1: 67 & 3 & Mg #1 Sn
FEAB 9 2.4:1 ;47 B 5 4b Mg 1 Sn LL1E 2.6:1. HAR1.3.5
b Mg/Sn HUAB # 25 2:1, (HI AT LA /& Mg, Sn. {7 B 2
i Mg 1 Ga LUAE N 1.7: 15 47 & 4 kb Mg Fl Ga 35 tLAE A
2.6:1. 454 T LAHERIAT B 2.4 4 Mg-Ga # (Mg, Ga, 1
MgGa) .

3.2.2 7S Ak IR R AL 12

K17 2500 °C/AN [F) LR ] [ AL B +165 C/5 h v
A B S, Al-Ga-Mg-Sn-Bi & & W6 I8 . wl I
500 C[H A AL FE+165 C/5 h i R0 Aab B AT DAY bR 85 A F di
ARBZR, TE RS0 T b FAL R 56 A

Rt — 5 5, WHAFEREAT 7 SEM ML ER AN FA 4
G555 0 LT 8 AT 9.

K8 4500 C, {#i7 40,6080 F1 100 min [ i 24k
FH+165 °C/5 h i 2L 4L P 5 Al-Ga-Mg-Sn-Bi & 4> i) SEM
HB o AT L AE K AR B T o s ATt A DTS RS
G3AREAT W R R

HEHL 500 C {4 80 min+165 “C/5 hI kb H 4 4 ik
THEHFR L 9. 7] WL AL Mg 43 A 51 2 T AMIR
A, AL I Mg i, Mg mi B AUIG s Mg BE 5 Sn L5 Ga
NMES. - PRHUEGETERA AL-Mg M (AFLE
Mg-Sn A Fl Mg-Ga #Hl . H.& 4 #A4b # 5 Mg-Sn #H 2 /4
AR, 1 Mg-Ga AH 2 SCHRATERR 70

*4 El6H &R EDS HHER
Table 4 EDS analysis results of points marked in Fig.6

Test value/at%

Calculated value

Point
Al Mg Ga Sn Mg/Sn Mg/Ga
1 31.1 46.9 3 19 2.4:1
2 25.1 472 27.4 0.3 - 1.7:1
3 27.4 50.5 1.4 20.7 2.4:1
4 60.4 28.6 10.9 0.1 - 2.6:1
5 3.8 67.2 3.4 25.6 2.6:1

B 7 45 J 500 C/AN R PRI [ [ 7 AR BE+165 °C/5 h I (AL R 5 Al-Ga-Mg-Sn-Bi & 411 OM i A
Fig.7 OM images of as-cast alloy (a) and Al-Ga-Mg-Sn-Bi alloy after solid-solution treatment at 500 °C holding for different time followed by
aging at 165 °C/5 h (b—e): (b) 40 min, (c) 60 min, (d) 80 min, and (¢) 100 min
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8 500 °C[H ¥ 4L FE Al-Ga-Mg-Sn-Bi & 4: 1] SEM &}

Fig.8 SEM images of Al-Ga-Mg-Sn-Bi alloy after solid-solution treatment at 500 °C holding for different time: (a) 40 min, (b) 60 min, (c) 80 min,

and (d) 100 min

9 500 ‘C/80 min [H¥AALEE+165 “C/5 hBF AL J5 Al-Ga-Mg-Sn-Bi A &1 SEM [ v T ye 2 1 43 A
Fig.9 SEM image (a) and EDS element mappings (b—e) of Al-Ga-Mg-Sn-Bi alloy after solution treatment at 500 °C/80 min+aging treatment at

165°C/5h

3.3 MEEMIK ST
33.1 HE

%45 Al-Ga-Mg-Sn-Bi A& N 1123 HV,,, £ 5 &
PAT ARG R PR3 R (G 7 A AT I D
E4E 500 C R 2B 40.60.80 F11 100 min [ 7 A BE A
165 “C/5 hN 2 A 38 ), 55 3 50l 09 136.7.138.4,152.2 Fll

154.1HV,. &41E400.450.500 C T, 3R 10 hiR K Abs
JEHERE 4339 93.1.82.9 /1180.8 HV -

332 [EfRrhe
R AN [F) 00 S A5 75 SR A 7] S A R 5 < 10 B

[EIS g8
fif 3 N 5~150 mg/(cm®h). B 10 A1 11 43 5 3B
KA A [ I RO E S A S EE R N 3wt% KCLIFR
T R A g N 0 % Joi B 4 B0 ) B PR A T 2

MR LA H I [ R il B[] (7 4 K A B K
IR TEE, & & 70 ST HZ R M B K, &4
F1 e gk 2 TR
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Table 5 Average hardness of specimens after different heat

treatment processes

State Number Hardness/HV ,
As-cast 0 112.3
1 93.1
Annealed state 2 82.9
3 80.8
4 136.7
Solution/aging state : 1284
6 152.2
7 154.1

100

—— Specimen 0
—— Specimen 1
—— Specimen 2
~—— Specimen 3

80t

Mass Remaining/%

0 20 40 60 80 100
Time/min
10 400450 F1500 ‘C 1 1E K AR 10 h Ji5 A e FEAR it 2240l &
Fig.10 Fitting diagram of alloy degradation curves after annealing at
400, 450 and 500 °C holding for 10 h

100
— Specimen 0
—— Specimen 4
—— Specimen 5
~—— Specimen 6
—— Specimen 7

80

60

40+

Mass Remaining/%

20}

0 100 200 300 400 500
Time/min

11500 “C A [l [ VA I A1 +165 “C/5 h I 24k F3 5 A <5 B A i 2
N

Fig.11 Fitting diagram of alloy degradation curves after aging at
500 °C for different solid-solution time+aging treatment at
165°C/5h

NT DT G SRR WA F AL Al-
Ga-Mg-Sn-Bi £ 47 50 C < 3wt% KCI ¥ ¥ H 2R 47 &5 ik
R FEIIAA , AR 4 AL N (] Py SR T AR B < ) SRR
FFow, W2
MO_MT

V=""7s

@))

A, VAR SR B T 2, B AL A mg/(em’®-h) s My F M,
o3 AR 2 B ISR 5 B AN S B T hJE B R B, 6T
Hmg s TACEK [ SIS a], 5467 9 hs S AR FE 5 K
P ful (R T AR, BT A em? s

B A S B R IE R N 71.2 mg/(em®h), 1B K
4400450 F1500 °C ) & < [ Al 22 53 30l 4 61.6 43.6
F122.5 mg/(cm®h); 500 °C . [& ¥ R U5 B [7] 79 40~100 min
() G B s 5 99K 52.3.46.9.39.3 F133.5 mg/(cm”h);
RIS [F) TR B A 4 10 B A %2 25 R I T B a4y
X5 B 10~11 H B A h 28 i B R R — 2

Al {5 % Al-Mg-Ga-In-Sn & 4 [RHF 7045 SRUO%T Al-Ga-
Mg-Sn-Bi & 4 W B #4745 T i B . Al-Mg-Ga-In-Sn
A4 2 M Mg,Sn. Mg, Ga, fil Mg-Ga [ 07 2% F45
FEAA R HAT , FAKE AN OO G 4 B8 A 5 R R A T LAY
ZE [ E AR HEENY, Al-Ga-Mg-Sn & 45 8 W AT 6045
TEJA B AR 2L B M. 72 57K B R, Al-Ga-Mg-Sn
B G AR A I AR 5, = A ALPE 9 AR , AR R 42 )
GafE N HIMG , 7EA8 & G R Be— il B 5 ok Lt AT
JE B AR . BEfE— BR85S B, A 5
TR AR, H 85 5 ] V5 44 5 28— A Mg, Sn J2 Mg-Ga #H
HL AR FLA, 22 ORAE FEARAT R

AL 5 Al-Ga-Mg-Sn £ 4 (1R 5 R B4 Atk RE 1) A2
A, TR FL VAN Sxxx REBEEA S MAT: T Sxxx &
B 4 ] B 28T T B0 37 AR R A4 AN e A A 5
A BETE AR ol I P AR A B ORI [ BE AR AL (B 4
B B IR I AR A AR S R D S T A A B R AL AR
a4,

M AL Mg F K > Al-Ga-Mg-Sn A & #£1UT Sxxx
A ALMg B A 4, (H Sxxx RS &R AT A H R 1L
AR , Al-Ga-Mg-Sn £ £ F Bl 6xxx & Al-Mg-Si
R4, nIAT A A, 43 8 Mg, Sn AHFI Mg, SiAH .

G AW LR 4 B, W LA Al-Ga-Mg-Sn &
G —Fh AT BT Sxxx R M 6xxx 7~ DABE M fE oy £
PEREFE AR 108 BLES & 4, AR F Mg, Sn BT H AH T
i RE o0 A AR R A B s e AT 5 dE — IR
Wt o

4 25 ig

D H BB kTG &M 5. Al-Ga-Mg-
Sn &4 BB A N-1.370 V. & BiZn TR EE &
4 A JE b B A BRI, 0.03wt% Bi A—1.585 V,0.03wt% Zn
N-1.559 V.

DA A A Al-Ga-Mg-Sn [ A 2H 3%, AH 4H B
B8 Al F:AR R Mg, Sn fll Mg-Ga k.

3) A N Al-Ga-Mg-Sn-Bi 74 BE [ 5 M 4 2 - 3B
KA R B P T AS ALK, [T/ 205 Ak B i 5 A B A
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Effect of Heat Treatment on Microstructure and Degradation Properties of
Bi Microalloyed Al-Ga-Mg-Sn Aluminum Alloy

Zhang Jianbin', Guo Xin', Hao Ting’, Lu Yu'
(1. State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals, Lanzhou University of Technology, Lanzhou 730050,
China)
(2. School of Mechanical Engineering, Suzhou University of Science and Technology, Suzhou 215009, China)

Abstract: The as-cast Al-Ga-Mg-Sn degradable aluminum alloy was microalloyed and heat treated. Al-Ga-Mg-Sn-Bi alloy was selected for
annealing and solid solution/aging treatment. The microstructure, phase composition and self-corrosion potential of Al-Ga-Mg-Sn-Bi alloy were
analyzed by optical microscope, scanning electron microscope, X-ray diffractometer and electrochemical workstation. The results show that the
addition of trace elements Bi and Zn reduces the self-corrosion potential of Al-Ga-Mg-Sn. The as-cast Al-Ga-Mg-Sn-Bi alloy is composed of Al
matrix phase, Mg,Sn and Mg-Ga phase, and the characteristics of fishbone dendrites are obvious at room temperature, the self-corrosion potential
in 3wt% KCI solution ranges from —1.60 V to —1.49 V. With the increase in annealing temperature, dendrites decrease, and disappear at 500 °C.
Mg,Sn and Mg-Ga phases are precipitated after solid-solution/aging treatment. Compared with as-cast Al-Ga-Mg-Sn-Bi alloy, the hardness of
alloy after annealing treatment decreases. Whereas, hardness of alloy after solution/aging treatment increases. Compared with as-cast Al-Ga-Mg-
Sn-Bi alloy, the degradation rates of alloy after both solution/aging treatment and annealing treatment reduce.
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