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1.1 PR R AL EE

SIS A KL 76 mm 1 7475 45 6 & VELAR
H1 400 mm J [1) 7475 556 4 538 J B 18 1k SR ELILTE
400~420 CiBE T HRATEIHRG, HAZER N 1
Fis. ES4 R EE41T (473 °C, 2 h)+(485 C, 2 h)
A AL B IR K A K o SRS 23 kAT T6 T2
T73 TEFT6176 T. KR R B . T6 T. 2R H
121 'C. 24 h BRI AR T73 TZKA (120 C,
4 h)+(160 C, 24 h) XK I 2 2 Tel76 T2k H
(1 2 4 [ R K R RE IR 22 130 "C AR 0.5 h T
4G vk B, FAE 65 C N AR 240 h AT
AT [ 2L, 285 HEAT 120 CHI160 °C AL FT
IR 2K
=1 7475 A S FE R

Table 1 Chemical composition of investigated 7475 alloy

(mass fraction, %)

Fe Si Zn Mg
<0.08 <0.06 5.85 2.41
Cu Cr Mn Al
1.52 0.22 <0.06 Bal.

1.2 NWEMERBESENR

AR A ) 1/4 JE Kb 3 FL 1] (RD) ) BB At
FE, %18 GB/T 228.1—2021 £ GMT-5305 % /5 R
AL ) AR I8 R AR AL B AT R AR, SR15 i AR o
FE(Ry,) DURLHREE(R )FITK 3 (4), Rifiid Ay
2 mm/min, ARSI =4 P47 3R 15735
8o T FE IR AR 45 GB/T 4340.1—2009 7£ VH1202
BIYERAEFEUF BEEAT, SN 4.9 N, INEE A
10's, BRI = AN B A BP0

B 5 K I AR 4 GB/T 12966—2022, 1E
Fischer SMP350 5 3 L it4T, AT 56 H
FruEEo S AOCGHEAT R E, S8 5 W 2 R FL ) - A
i) (RD-TD)#KTHI T HL G2, 7SN 07 B 5 2R Y
FHME

1.3 SRR fh 1 RE
MR 1/4 J5 FEE RE U G RE 1EAT J5) T /6 otk
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Redato ol IH) JE3 i S 36 34 R GB 7998—2005 brifE it
17, AE RSN 40 mm(RD J5 [A]) x25 mm(TD J7
7])>x10 mm(ND J7 [A]), BEMAREBA E =S4Tt
B o WW4LK N 57 g NaCl+1 L H,0+10 mL H,0,,
R 2 1 AR 5 56 VA R AR AR () B 29 9 10 mm?/
mL; B KRR B R D (35+2) 'C, IR [A]
6 ho LIGLEFRGIRICEREILS, HHl & TD-
ND # 1 f) & AR FE, 7F Leica DM2700M 7 )¢ 24 3
B LR FN A AT R A R kg O, HPF e S

SV 6l v S 06 1% IR GB/T 22639—2022 frt
AT . WAER S 10 mm E(ND J5 1), 100 mm K
(RD J5 ). 50 mm % (TD J5[]), k[ y RD-TD
Hom, HapRmAHWIERAE: BN 4.0 mol/L
NaCl+0.5 mol/L KNO,+0.1 mol/L HNO,, & & F!
SRR FE AT HE 9 20 mL/em?; 3l HE IR KB
B HITE(25+3) 'C, =48 h J5 HUH X R h 554
HATVEMY, R RR IS SR E & SR
FE, 1F Leica DM2700M %4 % 18 13 8% N W %% RD—
ND B 0 P ARRAE, I8 B KB R

HLAE 220 2 /E AUTOLAB M204 4 Hi 4 2% T
Vel BitAT. R =R ARG, HAWRH R Bk
RNZHCHMN, BN, W8 TR
Mo WTH A B5OM PR 5L ) -4 7] (RD-TD)#k1HI, 5
Fe AR 10 mm?, RN T A I 25 3, VAR
3.5% NaCI(Ji & 77 BOW R, N iR (£20 C).
WAL B 28 R AE-1.2~-0.2 VIS E N #E47, KA
KHO0.1 mV I EREES . PPN TE T 2%
AR REAT, WA 8 1x10°~0.1 Hz, #R1ME M 10
mV Z AR R A 5, 15 2 R 1 H Ak
PR . AEPRRASBA MR = A P47

14 BMALERE
375 S LB A A 335 S R A R AR VRO K BE D
AR AR AREE K20 80 um B A, PR R EL

2 PR R RS L R

23 mm B/NE F, AR5 7E MTP-1A XU i ek 74
b 3R AT U, HL AR TR A 30%HNO; 5
70%CH,OH(1AF 73 O IR &, A AR IS
P AE-20 CLLR, i 50~70 mA, HLJE25 V.
K FEI G*F20 24 3% 5 HiL B3 (TEM) WL 5% 45 4 i Y T
AT RH B ROARRAE , DN HE R D 200 KV SR
Titan G* 60—-300 2 375 5t H B3 WL 5 AR P9 S5 T UE 2R Ak
AR i 58 —ARRFAE, I FE RN 300 kV s

2 SLIGLER

21 NEFEMEMBESE

T2 H T AFRPRS KRR RE . TR 2
SR, WR2ATEL, T6 15URE 1 58 B AR B 5 K,
W& KT TOI76 IRFERT,  T73 GRE 3 5 A B /N
TOI76 IR AF A T73 WA K R AN B S 340 Y, 35
T TOWFERT; T6176 XA I e ARGRAE . PuhusifiE
FOIAEEEE G T73 R 3 s 1 12.4%- 8.8% £ 15.9%.

2.2 [SEBMHE ihiE e
221 fhiE) &k

T6IRFE . T73 AL TOI76 1RAE i 18] /5 1= i
Je AR P 28 TH] B0 FE R A TD-ND 8% 1 440 18 A
TR . MRETEES A T LIS, ToilfER
THT A 35 o DX 3 e 1 €8 1) 65 el = 4 78 25 (L T 1)) s
T73 BFE R 3 = D (WL 1(e)): T6176 1T
FH I ek = A L 1(e))o #E— B XHRFE
TD-ND #IHEAT SAIIEE, T6 TR 12K M KH )
X IR BEE 2IUT o B TR RRAE , TPy & f T A ek
WERY 2, B K TR B2 29 9 105 pm( AL B 1(b));
T73 BRE I TR N BORERE LE To wlRER R, I Bl
TR s T JE PURRAIE B KR R B2 R 297 32 pm(AL
Bl 1(d))o T6176 1A 2 AN g WL 58 21— LE AR 1) 150
JE T, R WS F B S () RS AR E K

Table 2 Tensile properties, hardness and conductivities of samples

Sample . Conductivity/
R ,,/MPa R /MPa Al% Vickers hardness, HV3
state Po %IACS
T6 467.5+£10.6 549.54+6.0 13.1£0.9 18243 32.7+0.3
T73 416.0+£10.9 505.0+8.7 15.8+1.1 15742 40.5+0.3
T6176 461.249.5 541.0+7.3 16.0+1.2 17942 40.7+0.3
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TR FE 2954 26 pm(L & 1(6)). HR¥E E F7 GB 7998—
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a2 R, HE205, TR RETAE KRS
YR, RIHENSEIS, X2 AR

IR ERE, TR N EC (WL IE 2(a)). X T6 Rk
JE3 b RE 1) RD-ND AT AT WL 5%, e K e R &
21195 um(JLIE 2(b)). T73 ik FE 2R 1 v] W 22 31 42 4k
MG, (HREIFHENDERR, &KE
ThVR FE 27 49 um, AT PFEN EA 22 (L B 2(c) AT (d))»
T6176 AR R AEE B —LefU NG, & KE
PR EZ) 43 um, ATF N PC R ILE 2(e) (D). X
Ut B TO176 X 1) Bt 1 96 5 e v g KR AL T T6 1K
FE, T HLBSAL T T73 30k
223 WAl 2 5 B BTatEs R

FFEg AL (OCP) R A7, 38 AT LE PR3 & 4
2 T b B ) PR R . MR LA SR (L

1 it D7) JE kiR Y00 J R 10 2 T 50 Py A TD-NID A8 T <65 AH HE
Fig. 1 Surface digital photograghs((a), (c), (e)) of samples after intergranular corrosion and TD—ND section metallograghs

((b), (d), (0): (2), (b) T6; (c), (d) T73; (e), (f) TOI76
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Fig. 2

Surface digital photographs ((a), (c), (e)) of samples after 48 h exfoliation corrosion and RD — ND section

metallographs ((b), (d), ()): (a), (b) T6; (c), (d) T73; (e), (f) T6I76

#3), T6I76 LI AL N-787 mV, T73ilfF
(I B8 L AL 9 —810 mV, T6 ik KE (Y I BR LAz Ny
-839 mV, Hi AT DAHEWT T6 1R i Fag ok 4 i A
7, T73 FE BT B v BE L, T6176 1AE (1 i
& i R

F B 4 (R J6F e P P IR o AR A0 2SR PP A
WAk 1 28 BT 2 W9 1) 6 4 ) 5 ot LA (o) R IEE TR
L PRI 5 B (o ARG, 50 B 5 6 R TS5 e 2
U, AER AR A 2 1 5 ok P AT 3 25 5 52 38 LR A
PRI, DRI, 32 R P AR A i 8 v 4D ok L I
2 R SR BT S el b AR, 1R 3 IR R AR
Rk A 2R MRS . 5 T6IRFE. T73FEA L,

3 AT R PR O T % ELAE AR A il 2 P
RS RIS ot LR

Table 3 Open circuit potential, corrosion potential and
corrosion current in polarization curve of different aging

heat treatment samples

Sample state OCP/mV Y Joon! .
(nA-cm™)
T6 -839 -784 2.20
T73 -810 -770 1.78
T6176 -787 -755 0.66

T6176 WAL h R AR A R 5. WK I TTLLEH,
T6176 W KE . T73 REEA T6 IREE 1 J6 1l o 57 2 3 Ky
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Fig. 3  Polarization curves of different aging heat 07 I, H AL e CPE AR A2,

treatment samples

-755. =770 f1-784 mV, J& bl B I R A oA
0.66. 1.78 A12.20 pA/em?. iX 3 W T6I76 ik ¥ b
T73 3FEFH T6 BFE T I HE B 47 PR o e 2k B o

B 4 it o = PR S SURE 0 3 T B i f 55 4L
kK. WE NN, EZmMESTET, mRApIK
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Fig. 4 AC impedance test and equivalent circuit diagram of sample by different aging heat treatment: (a) Nyquist diagram;

(b) Bode diagram; (¢) Fitting equivalent circuit diagram of impedance test data
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Table 4 Electrochemical impedance fitting results of different aging heat treated samples
Sample state RJ(Q-cm?) CPE J(Q"-cm™s™") n R /(Q-cm?) W -em ™5™
T6 6.483 1.1x107° 0.88 5473 4.03x10™
T73 6.788 1.0x1077 0.90 7336 1.63x107
T6176 6.05 7.1x107 0.91 8710 1.40x107

23 RRALRA

T6. T73. T6176 = Fif AL HE T2 1 i W
Hr AR TEM A 2 a0 B Sa)s (e)F(e) . T6
FE I CO11 ), 3 X FE T A7 S AE#F (SAED) £E 1/3 Al
2/3{022} , AR {111}, 77 I e BIAT S BEAN R 2640,
T 5(a)H A0/ i AH 2 AP, RS20 4~7
nme. ¥ (011, AT H BIEDIR 5/ AHA(110) ,, 75 7]
A E2 gl 2 3 P S () PRI TIR BT T8 T T L A
Bo n' WBA SIS, F(0001)y' TH 5 (111)ALTH
AT, EAEIDALZERT . Bk, 7EC011) Al
i 7 il R I LSRR, AH DA AR AR R AN B
WK A EIEAR

1 FH v 43 2 TEM AT T73 180RE 4 & 9 A e AR
HEAT T, O, 3 X FL T AT S £ FE(SAED) K
PX AT A E g 40 N T3 X E
Hr AR TR S WARAH ' TEARZEAL, RO RS
Ko RSFZ5NT~10 nm, BRMBEFEHRLIA ~
18 nm, K 5(c)Fw.

15 FH 75023 38 2 (HRTEM) X T6176 8 EE (154 A At
HAHEAT IS, I 73 #F 26 3% 5 FiL B3 (HRTEM) A&
FFET M A LAE R ILA A AT AR DLIEARAS 1
AT, 1Ky A58 R 2 18] 1) S T S A% 2F
S R A, WE 6w AR, SR H
M bR SHEEAZ B 2ELE LR,
H, WK 6(b). M T6I76 [ TEM Bi71% v] DLW
SR/ AR ST 2959 3~8 nm, &[5 R 8iFHIR
FAAE,  RHEBOR BB BRI B ROR RS 7E 7~
10 nm 2 [6], WK 5(e) .

T6. T73. T6176 —Fj i S AL BE T2 (1) d 7
At H AR 1 1 A B BRI 312 (STEM-HAADF) 4 14 5
() (RO M TOBAFE 1) fh S8 7 m] LA 52
B LLHER A AT HAH LB 5(b)), TSR A
ATRFAEFIAT HH AR E JE3 e P TR 55 5 A T 5 o 5
H, HERUE Y RIEIE, SEUE Ry
fE. WSO R LA, T6176 A A1 T73 i

FER & ST AR & SR A1, 5 T6 AR L H
ARELER. HEEBZ: T6I76 WAL &L
DUVE BT 4 (PFZ)“F ¥ 2928 45 nm, L T73 K1)
(P27 68 nm)FE /)N, FEAS ) 1 Fi b 5 1D J6g el o
i, R R RS SR Ry R R AR, R
TR A PRZ A A R BE AR A 4 8 e, R A o b
B A, B 2 () PFZ A R T 08 22 T8 vh 1
KA,

SHARE R R T g A A 2 o AT T A0 AT
B 745t T TORFE I RES R 0 AT 8 Lk mT 1,
b g A RS Zn Mg Biff ot &, CuZsi
fht R EEAEF K. S XF T6. T73. T6176 kA
F n AHIEDS 4307, ¥ Mgyt & & & 44 33.3%
(BEIR 30, AN TR) I A B AR AR 0 2 AR50
SRR S o, 7T RLURILT6 AL Cu & &1
EE T73 3FEAT TOI76 AL I & &K, HZn & &L
T73 FEFI TO176 XA s T73 AL Cu & & L
TOI76 AEIME, 1H Zn & & EL TOI76 LT .

=S5 AFEIN BRI & S TR S B S
Table 5 Statistical chemical composition of # precipitates
at grain boundary of samples with different aging heat

treatment

Mole fraction/%

Sample state

Mg Zn Cu

T6 33.33 48.27 6.90
T73 33.33 43.98 10.11
T6176 33.33 39.37 12.13

R4 B 2 dds, w4 Te176. T73
A T6 = i R Kb 38 T 25 1) 3 A 2 SR AR AT L
FRE R, AR 6 FE 8. kUL, &
FEHT AR TR RE K JEUTUENT H 7 (PFZ) 56 B /N
Ft b R 22 1000 B RE T T6176 AR PR i et 12
REDLT T6 AN T73 12k



2502 [ E B4 R 2022 49 A

BS AR BEBURE o 5 BT AR TR TEMAR 2 s FH0T AR 1) STEM-HAADF 15

Fig. 5 TEM images of precipitates within grain ((a), (c), (¢)) and STEM-HAADF images of precipitates on grain boundary
((b), (d), (f)) of samples with different heat treatment: (a) Within grain interior, T6 sample; (b) On grain boundary, T6 sample;
(c)Within grain interior, T73 sample; (d) On grain boundary, T73 sample; (¢) Within grain interior, T6176 sample; (f) On grain
boundary, T6176 sample

Ve SRk A H R B AR i NS ECIR S A

3 S5 ie WRAT HH R ST 0 . — R A AR T e
GP [X A5 T ok, 040 th T DL S ok IR, 4%
3.1 IR BRI S 2 R R N . ML N,

Al-Zn-Mg-Cu 84 42 vl HAb i se i &4, Ut (0001)y' HI 5 (11DALE AT, ELEAIDAL ZEIRYT
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Fig. 6 HRTEM images and FFT of precipitates within grain interior of T6176 samples: (a) ' phase of T6176 sample; (b) 7

phase of sample T6176

R6 AR & AS U

Table 6 Microstructure characteristics of samples with different heat treatments

Precipitate within grain

Precipitate at grain boundary

Sample
: . . PFZ
state Type Size/nm Size/nm Distance/nm
width/nm
T6 Mostly 7' phases and bits of GP zone Fine particle: 4-7 5-18 0-18 38+8
. , Fine particle: 7-10
T73 Mostly # phases and bits of " phases . 11-37 35-176 68£15
Coarse particle: 9-18
, . Fine particle: 3-8
T6176 Mostly " phases and bits of # phases 8-21 36-182 45+11

Coarse particle: 7-10

Ho KESHREY, »' WHAMEMERE FIFrsRit
A, g AR R R 2. ' AR
FELULLY  THATH, RARRCSS, R AR, {7
BEAE (111}, T WS 35 (1100, 77 [ i P67, Uy %5
(TDALHT H 38 B0 0 ' RS AH B 64T 5 PR
AL s s, MImSe s R s R . Rk, Té6
TR B FE /N SRR A L LA R e ) s
FVEEE o T73 A FE I A2 1) s o B T i N
TEARRAR AR, e a0 5 B DTRRER /s AR AR A% o7 AH
AR, ik, SRR T To A, T6I76 ik
FERIROMZH 23 b BA & BA 6 B T73 30FE R~ SR 4
NG BRI ST B SRR i K A, TR RS A
AR B EL 5 B /D (W3R 5),  [RI T 3R A5 B8 A R 9 A 3
RE2),

EE BN, WS R AL B AR 3R AT L
T6 AR ZS T w51 R 5 B 2 R R SICEL T T Hh AR 40 40 s

AT P R SR T AR KA R (R T
HORBLRY, AR RO AR R T BRI O R AR A
— A AR, N Tilm SRR R R R R
KA 7212 1 J5 7 B R 4R 8 KT etk GP
DX o [ A K 55— B B R 47 P A A i1 4]
AT IR AR WORBOE TN oAb, B
BOEATARIR I TR 24, KR 7 Rt T
542, A ERAEF, AREFRAZMRGPX, T
HURRESRAF AT AR R o AIRIR I TR IR 2
FORAEIR AR T 70 'C FREAT, MR P RAK SRR
ARAR I S AR, G TR RERT DA
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Fig. 7 SEM image(a) and EDS element scanning analysis ((b)—(i)) of grain boundary # phase in T6 sample
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Fig. 8 Schematic diagram of precipitate characteristics of
aging heat treatment: (a) T6; (b) T73; (c) T6176
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Effect of interrupt aging on mechanical properties and
local corrosion resistance of Al-Zn-Mg-Cu alloy thick plate

ZHENG Xu'?, TANG Jian-guo"*, ZHANG Yong" ®, CHEN Ming-yang'-*, LIU Sheng-dan',
ZHU Yu-tao®, HE Ke-zhun?, ZHANG Xin-ming">

(1. School of Materials Science and Engineering, Central South University, Changsha 410083, China;
2. Guangxi Key Laboratory of Materials and Processes of Aluminum Alloys,
ALG Aluminium Inc, Nanning 530031, China;
3. Key Laboratory of Nonferrous Metal Materials Science and Engineering, Ministry of Education,
Central South University, Changsha 410083, China)

Abstract: The hardness, room temperature tensile properties and electrical conductivity of a 7XXX series
aluminum alloy plate in T6I76, T73 and T6 under three aging conditions were studied and the local corrosion
properties of the alloy were investigated by means of intergranular corrosion tests, exfoliation corrosion tests,
polarization curve and electrical impedance tests. The results show that the strength and hardness of the T6176
sample are equivalent to those of the T6 sample, but the local corrosion resistance is significantly better than that
of the T6 and T73 sample. The microstructure results of scanning transmission electron microscopy (SEM) and
high-angle annular dark-field transmission electron microscopy (HAADF-TEM) show that, due to the extended
pre-ageing time at relatively low temperatures, the fine and dense age-hardening 5’ precipitates seemed to be
identical for both T6176 sample and T6 sample. The results have also shown that the grain boundary # phase in
T6176 temper has a higher Cu content, a lower Zn content than that in T73 temper. The width of the precipitation
free zone (PFZ) near the grain boundary is narrower after interrupt ageing treatment, which can effectively block
the anode dissolution, therefore a better local corrosion performance is obtained.

Key words: aluminium 7XXX alloy; interrupt aging; mechanical properties; intergranular corrosion; exfoliation

corrosion

Foundation item: Project(RC20200101) supported by Nanning Talent Youth Science and Technology Innovation
and Entrepreneurship Training Program; Project(2019015) supported by Nanning Innovation
and Entrepreneurship Leading Talents “Yongjiang Program”, China; Project(2020002)
supported by Program of Cultivating Academic and Technical Leaders in the New Century of
Nanning, China

Received date: 2021-09-09; Accepted date: 2021-10-14

Corresponding author: ZHANG Yong; Tel: +86-731-88830265; E-mail: yong.zhang@csu.edu.cn

GRE )



