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6000 & Al-Mg-Si-Cu &4 J& T I R L s & 4,
BB, s DL RIFRIBOEYE . il
JRENESE, T N TR RIS B S E AR AT
AR . R 6000 RS S A it R, (HE—&
BENREE MRS T, Z R4 4 AR 5 iE
J& di(Intergranular corrosion, IGC)EUENE. Wi Cu
Refealit B AHMgSi) . I O FH(ALMggSi;Cu, 5L
AlsMggSigCu,'), MM FE A& HER, (3 1GC HUK
MBI, JERE Cu SR nmig KB phab,
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V5T R DX AN [RIREAE 2H 2R 7E 8 il A 02w T B 8893 AT
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RUOREACAR B 4 i T DX A SVELFE T AT HA AR R 40 et
(1 JCHT 4 [X (Precipitation free zone, PFZ). LARSEN
21 SVENNINGSEN 2581 KAIRY 25! It ¢ % 1,
WERTHORES T, ELL AT O HEUE Cu 5%
BOMATRIZE Cu 1) PFZ, — & 2 1A A BR R LA 2,
REAE 23 T S BF BRI BE AR ) e 452 s T i L, A

Mi&E A Al-Mg-Si-Cu &4 K 4E 1GC. I,
B AT O HEUE Cu AW, BT A&
KIEEE . WiginARkAs, BANGEFYS PFZ JERES:
JE R R, AR, &4 IGC UM ETE &,
T & A A5 il (Pitting corrosion, PC), RIUEHS &4 & 4 1E
B J5 ok i 2k R R AT O R R R AR IGC—PC 7%,
XA H AR Al-Mg-Si-Cu 48 AT i A8t 2
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SEEGMOEL A SR % E HI 2 mm A AR,
PEZE RSy WL 1. BRFFZE 550 °C, 1 h [EEALBERE 5
KEESE, SERIEEAT 220 CHERG. B RGaEfEd, KA
HXD-1000 4 [CREE v S, /1oy 9.8 N, £}
BT E] 15 so BE—FESIUE 10 ¥k, BCFSME FFER 2L
TEAL 28 o

®1 LREGEMLE

Table 1 Chemical composition of alloy (mass fraction, %)

Si Mg Cu Fe Mn Cr Al
1.2 1.1 0.9 0.13 0.56 0.13 Bal.

R4 (GB/T7998—2005 454 4 & 18] Ja§ ik 7
) VA RA 40 IGC MU o I 38ORE S A U
. BRPEERSE, 7E(35+2) ‘CHYJ 30 g/L NaCl+10 ml/L
HCl IR0 24 he SRJE,  ABREUEE PR S i A T o
i1, £ OLYMPUS CK40M <A it b W &2 Ji ik
AT, B KB R

X Fl TECNAI F20 & 4 ¥ i& % ¥ 8 (High
resolution transmission electron microscopy, HRTEM)
W52 B R0 40 11 25 P N it DX AL R AAE, in PR
200 kV. FEFHENIMIRTEEZ) 100 um, 7EZ1-20 CH)
30% HNOs+70% CH;OH(fA AR 73 Hi0) T & W i Hh X
HLAIYE, L S0 mA, HEZ 12V,

2 SLIGZER

2.1 BIEERITA

1 FiR A& 41 220 CHEACELITZ: .
B 1T, RIS, A EmRIRE IR
VAT 2K I B AL 3 AL BE . 550 C\ 1 h [ AR EE
FE K, A4aEEL) 86 HV1; B 220 CHAL
B IR K, i PR 0, HERT 2 0.6 h A B K AH
21137 HV1, BEEE S TIer SoRES s 4R80T 4L,
TSN R R, A Sk NI i 20 Bt

22 EITH

2 FIT7R N 220 CHFRORE ff IGC IR e s
A . HE 2 iTELEH, £0.03 h KEFRK,
BE SR S A0 R A IGC(BIFAIA) 1GC), ki
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Fig. 1 Hardness—time curve of alloy aged at 220 ‘C

REEZ) 215 um(ILE] 2(2)); £ 0.6 h 1GR3, &4 IGC
B, BONR IR BE G N A 2 300 pm( L 2(b));
LT RCE 1.4 h, IRFERE R FASE L7 B R AR IGC (R
JaiB IGC), B KR BN 22 140 pm(ILIE
2(c)); kG E 5.6 h, A4 1GC BURMER &, X
KA PC, B REHIREEL) 200 pm( AL 2(d)). 2R,
PHEKT I A 14 h, AEFIRKERIIGC, &K
JE R 29 240 um(WL I 2(e)); 4kt 25 139 h,
BEFIRRAELSIIGC, KRB MIRE S —LmE
27290 um( WL 2(0). HRHE IGC ML FnT %, U
KA 4 7E Bl Ja 0 5 R0 B, R AT DN AR IR R R
IGC—PC—IGC #747,

2.3 TEM &

234 220 CHF2 0.6 hy 5.6 h F1 139 h 5, SL¥&
&0 AL T R T i ORI B RCRAS (UL 1), T8
P27 53598 IGC. PC A IGC(WLE 2). N 1 {8 T4
W, YRR AR AL, SO IR 3 i 8RR 2
WA PA(220 °C, 0.6 h). OA1(220 ‘C, 5.6 h)All
0A2(220 C, 139 h). K 3 ffizny PA. OA1 1 OA2
WA S B AX TEM B. T 6000 %
Al-Mg-Si-Cu @I P A2, 47a
i >k ] LA AR i 1 A [ %5 44 (Supersaturated solid
solution, SSSS)—JR T HIE—-GP X —p"—>f+Q'—p+
O+Si> 1720, Hodr,  JE 7 H A I AR R L Mg
Si. Cu ZFHFEFWEXEL; GP XAEIR g 53k 5
LM, SRR A TR RS AR, SRR A 4
FERRAH: BRERIR O AAIERIR pr 5 B A 2 k%
SRR, WHIL TN SE 4, /R I
W RCAE 4 v O Si PR H ILE ™ B I R0
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Fig. 2 Optical images for polished cross-sections of IGC testing alloy aged at 220 °C for different time: (a) 0.03 h; (b) 0.6 h; (c) 1.4

h; (d) 5.6 h; (¢) 14 h; () 139 h

e 4. iYE Al-Mg-Si-Cu & & M7 A SURRALE
220 ‘C. 0.6 h UERF K1) PA RFESEAAHT A BL B4R
F. HAERER OMHLE 3(a)), 1220 C. 5.6 h
IR OAL IRFEEEAMT AR L, OF N &b
BEER AHOLE 3(e)). 5 PA IRFEHILL, OAT lFERE
AT AR DD . RSTHE K I el 2R o B e B 1)
OA2 i F£(220 'C. 139 h)ZEfAAT HHAHZR R 5 OA1 ik
HIFE, WL oMM, FN& A8 pAH, ETHAHE
gt — B . ReF i — 2R 3(1). 4,
M 3((a)~ (e)FG) AT LA Y, S2m & & um B (1) 2
T B ARBCRE A % PA—OA1—0A2 B/
I, PA. OA1 F1 OA2 TFErh ZEARMT HIAHRFIE 5 I 2%
AL RE s (L 12 A

AN F RN R, RO R, R TR
IR T S5 BRI S A4 B SR 1 35 i i
AR EEEN T 0. g OPHIARRTH, FIRE, 5
T T AR 1) PFZ. % T2 PA iRXFE, &b
FHTH A R ORES S Hi, PFZ 54 35 nm(ILE
3(b)); mi TR TEM AR (LI 3(c) e & EIOLE
3T, SAATHAFER A AL Mg, Si
i Cud ook, MoA O AN, ST 2 OAT RFE,
JOSERE R FRIAR SR i ST LR AF 52 B0 K] 6 7 42 25 A
PFZ 55 I N ZE ) 65 nm( W& 3(f)); &g 2 S05 (L
K 3(e) FIREE AT OILE 3(hy)ist— B3R, dh ST
HAA O Mo X Fid i 20FE B B =i OA2 RAFF,
Bt Q MIRSHE— DK, HEEEMR, WAk
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B3 2220 CRHANFE R A& SRR S TEM (R
Fig. 3 TEM images of matrix and grain boundary of alloy aged at 220 C for different time: (a), (b), (c), (d) 0.6 h; (e), (f), (g), (h)
5.6 h; (i), G) 139 h
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E, RUESNAG, PFZ FwmiE—SHINEY 125
nm(JLE 3G)). BAL TEM 043, 7E 220 “Cid 2L
R, Al-1.1Mg-1.28i-0.9Cu &4t O MR AEE
B Wi M ARk, AR, St PFZ % HF
(2310 N

3 Sh5IR

WIRTFTIR, B2 6000 REAA 4 1GC UK
PERTAE— N F, ST A PFZ Re8 T i
sEpEph iR, P 3 AT, PAL OAL Al OA2 HAX
HEMPHNTHMENE Cu i) Q M, ShFMIT NTTIA
JR ) PFZ. 7E 3.5%NaCI(Fi & 550, PFZ ik
HALZ1—0.876Vsce™, O MJE 1l LA £9-0.970 Vg
2P B SR W, O MR Mg o AR,
SEIREYY Cu. SiCREE, BIEALZE R,
RATERR O MM PFZ J9RHRL )8 it . 2%
RIS —AVEME T R B AR I R T Al-Cu-Mg
&4 S M(ALCuMg)®!. Al-Cu-Li &4&% T1 #
(ALCuL)®?. Al-Mg-Si A& f H(MgSi)* "%, 5
—7Jjll, PFZ SR aiELinAn, [FnF, UERRL PA
FER R O MR ES S A (W 3() (). (d)),
B AR R SRR AT R R, R, PA
A& HA™E IGC BUtkE(LE 2(b)). 2R, T
OAT 5URE ORI A 1 O AH S BB 251K Wi 8 23 A (AL
Bl 3(f)), 5 PFZ Joidb i 42 65 i it (R, OAT
A&7 1IGC BUEHELE 2(d)). X T A2 T A
FEE ) OA2 IFE, A O MHEHEAMA., ERESHE
LK 3G)), Bk RIELSNARAE, 5 PFZ g
T RSO 2 B b B R, ATT 550 OA2 A4 KA IGC(B]
2(0). BB FXHEL RN, SLI-& e e 2L
B BEUR 42 10 IGC—PC—IGC #4452 i 7t O MR HE IES:
— W —E S AR TR E S PFZ B85
S 252 5 ol L L 1 DA SR A5 R

PUAEWFRENTIANA, Al-Mg-Si-Cu & 457 O #
5 3 B R B A TR BRI S T Re 1) B B R AL S
FE T — WA AT DL R I B B
IGC—PC A%, (HICIEMRRER S 1) PCoIGC %748,
ik, LTSI RUCN, i 200 B A O kA%
H SR JE RS PR S A AT AR R B Sl 2
12U R RE B8 AR I 2B BU IGC—PC—IGC #4742,
HITCIEARRE PA>OAL B dh 5t PFZ 55 BESE A I 5 (0
Kl 3(b) (D). 9 T & BRI I B B & 4 i 5 O A
(1) A RFAE AR AR, A AR 3 3t — DA A IR AT

S5 T 0 b AT AR KA SO FE R A . B 2K
TEALER A S I AR W EDIRAS I MRV i i1 R e 4
Fan AT AR BT H 5 KR, T S I SRS A
fiEe MBSt NI 2 B, BT i A s 7 1)
mn SEHT tHIE R4 b O T R AR SRR, — 7T
BN AT I S T A b N R A BT AT, A
(R O Ji -1 i A 1) R T 267 B 8 TR A AR .
X I AR A28 TV 0 S P ot S G, R RO
F—J7HL, TR ZER, AR AN RS A
HAREMRE, PR R IR 4 PFZ ¥ HUd NI, JF
DUUE T RO RBOR B a0 i AR, (R, [F,
R PFZ 56 SEIG N o X — i A2 4 TR R 1 1 dm N
A, R .

WRIE IR b, B B A& 4 T O
A A RRAE AR AL AT AU R8s W R0 A &4 4y
Hi (K O AL 3(c)F(d)) A B i H A L
A, MEE NI R B, R ER T I S O AT
FA IS AR BRSO BE AT, T [ B A B A ks i) )
Feth O MRV RE fL At O AHKORIS FRAR RTINS, A
&% PFZ %5 FER R (ILIE 3(b)FI(E)), H 77 A8 (1) ¥ i R
TR AR LT di 5 O AR ATRHIE = A B3 5 o [A]
I, £ PA-OAL W IN R R IHMN B, &5t O A A ke
fIF 2 BRI A BT i B R A R . RT3
B> G ROLE 3(6). BEE M O ML
FEEE 3G, A7 HAH L BEIZ B AG,  FECHH
AWK LR, (Hi2, ft O S Hk O MRS 2 R 13
KOLE 3(6), FEUNUHE R O MHIEEIEERT O
ME RS RERES: . Eamdidkir. Wik, fEpEE
OA1—-O0A2 BB, it O AR FTITHEAR O
FHIA RIS AR R 32 N, S50 PFZ 58 B 4k 238
At O ARG ARBEE R, IR R AR IE . B8 HiE
TR BARIE L ARAEOLE 3G)). WA, AR SCIEH R
P T e 3 T 06 AT AL 5K K
M, AMLREB R PA—>OA1—OA2 IR FE sk
A4 A O Mg — Wi —IE L 1 A AR IEELL
H1 F8 IGC—PC—IGC JEF AT AR, R 7]
DARRRE T PFZ 56 FE R LI KL 4

4 Z5ip

) LA & fE TN M B Rk
IGC—PC—IGC JEMAT HHEAR, RIFTIEN IGC Bt
i

2) IR BL, SER A 4 IGC—PC—IGC & iAT
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Re-sensitization to intergranular corrosion in
Al-Mg-Si-Cu alloy during over-ageing

WANG Zhi-xiu"?, ZHU Fan, ZHENG Kai', JIA Jun', WEI Yu-long', LI Hai" %, ZHENG Zi-giao

(1. School of Materials Science and Engineering, Changzhou University, Changzhou 213164, China;
2. Jiangsu Key Laboratory of Materials Surface Science and Technology,
Changzhou University, Changzhou, 213164, China;
3. School of Materials Science and Engineering, Central South University, Changsha, 10083, China)

Abstract: Based on the Vickers hardness measurement and acceleration corrosion test, the hardening behavior and IGC
susceptibility of an Al-1.1Mg-1.2Si-0.9Cu alloy (mass fraction, %) aged at 220 ‘C were investigated. The results show
that the corrosion behaviors change in the sequence of IGC—PC—IGC during over-ageing of the peak-aged alloy, which
verifies the re-sensitization to IGC. The transmission electron microscopy observation results indicate that the
continuous—discontinuous—continuous distribution of grain boundary Q phase precipitates determines whether the
continuous electrochemical microcouples can form along the grain boundaries, which is responsible for the transition of
IGC—PC—IGC further. Furthermore, a mode of synchronous development and successive domination for coarsening
and growth is proposed to explain reasonably the distribution of grain boundary Q phase precipitates and width of
precipitate free zones during over-ageing.

Key words: Al-Mg-Si-Cu alloys; over-ageing; precipitation; intergranular corrosion; pitting corrosion
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