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T 1 LA Al-Zn-Mg-Cu A & Ab2E
Table 1 Chemical composition of investigated Al-Zn-Mg-

Cu alloy (mass fraction, %)

Zn Mg Cu Mn Cr
5.82 2.63 1.68 0.02 0.20
Ni Ti Fe Si Al
0.01 0.02 0.16 0.06 Bal.
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RIS FE B 490 "CHER A 505 °C R 1 h B,
L I E J5 AR S I A SRR, TR 2 3N
0.6~5.1 HV., TixfELrhZk 5's 6/l %0, K — [ iE R
450 ‘CHEE 2 466 CIF, &40 Z A K.
XA UL T G F SRR B, GV U A
FRF 1] PA] 25 1) 5 ) KT — SR VA IR FE o F H 42 3 4,
SAIHIEL 3'y 4’ S'RTHN, ZamfblE AL ER A4

40
(@)
38+
8
b 36
X
= 34r
7 32
g T —a— | — T6+177°C, xh
2 30l ——2—S,(466°C, 1h); A
8 ——3—, (450 °C, 1h)+(490°C, 0.5h); A
—v—4—S, (450 °C, Th)+(490 C, 1h); A
28+ — 55—, (450°C, Th)y+(505C, 1h); A
5 . > 6—5,(466 C, 1h)+(505C, 1h); A
0 4 8 12 16 20
Secondary aging time/h
&l (b) —& |'— T6+177°C, xh
—e—2'— (466 C, 1h)
200 —A—3'— (450 C, 1 h)+(490 C, 0.5h)
—v—4'— (450 °C, 1h)+(490C, 1h)
> 190} —<—5'— (450 C, 1h)+(505°C, 1h)
T —>—6'— (466 'C, 1hy+(505°C, 1h)
8180t
=
s
T 170+
160
150 1 1 1 1 1
0 4 8 12 16 20
Secondary aging time/h

1 Al-Zn-Mg-Cu &2 A FHAL 5 B
fh 2

Fig. 1 Conductivity and hardness curves of Al-Zn-Mg-Cu
alloy through different heat treatment process: (a)
Conductivity curve; (b) Hardness curve
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(7 FEL 6 P e P R K S 2 B % [ s A 3 7 )
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Aging treatment: (120 'C, 5h)+(177 °C, 16 h)

2 Al-Zn-Mg-Cu & &S FRM T A1k R
Fig. 2 Conductivity and mechanical properties of
Al-Zn-Mg-Cu alloy

22 E&EA
22.1 SEM #H#W%e

3 FToR N AN TR B AL B IS I S IR B R T
A ) SEM 1% . i@3d EDS X 28 ARk 247 4>
M, FEIEAEHIRSE AR T 2 3 Fis.
g al"mm, AR T EEN
Al;CwFe AHFI/D B Fe A1, BERTAHE Si MM
Mg,Si %5, FIH Image J HAFTHFEA A B IR
SR, 4 PPTENE 2R AR TIAR 7328053 08 3.0%
1.1%. 1.0%- 0.7%. FRFEIFEALIE, K 3@,



FE3HBE M

WM, S LI R E ) Al-Zn-Mg-Cu & &4 U5 MERERIE I

2393

WHF R R B A 2 RERIR . RERIRIRE A1
MR, ROFURHTETTIANZ)08 1.5~33.5 pm, —
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Fig. 3 SEM images of Al-Zn-Mg-Cu alloy through different solid solution treatments: (a) 466 ‘C, 1 h; (b) (450 C, 1 h)+
(490 °C, 0.5 h); (¢) (450 C, 1 h)+(490 C, 1 h); (d) (450 ‘C, 1 h)+(505 °C, 1 h)

&3 I3 AR TR EDS AT SR

Table 3 EDS results of second phase particles of Al-Zn-Mg-Cu alloy shown in Fig. 3

Mole fraction/%
Particle
Al Zn Mg Cu Fe Si
Al;,CuyFe 74.18 0.98 0.59 16.44 7.81 -
Si-containing 61.93 2.16 3.09 0.65 - 32.18
Mg,Si 44.48 0.99 34.1 0.36 - 20.08
Fe-containing 84.45 2.01 2.32 2.6 8.41 0.21
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El 4 Al-Zn-Mg-Cu <522 AN [ [ V8 A0 1 e )

Fig. 4 Orientation maps of Al-Zn-Mg-Cu alloy through different solid solution treatments: (a) 466 C, 1 h; (b) (450 C,
1 h)+(490 C, 0.5 h); (c) (450 'C, 1 h)+(490 ‘C, 1 h); (d) (450 ‘C, 1 h)+(505 C, 1 h)
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Fig. 5 Recrystallization fraction of Al-Zn-Mg-Cu alloy

through different solid solution treatments
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e opes O 7 HIARFEFE 50 'C-3.5%NaCl J& itk
WA IR R BRI E s T opas Opa 20 2T
1E 50 C-REMH T sm BRI Z . Tggrr B/,
TREZE JE T A ORI 11 5 b i M e 22 il ), B
B4 PN ) 8 e e R

Hea AR, 317120 °C, 5h)+(177 C,
16 h) XL I 04 B 5 AEAN [F] A7 5 o 0 18 v AR 5 2
FAREE RANK 4 iR, 78 50 C-HEMF, HREE
LI 5 AR A R B IR P A B, PR A b
(466 C, 1 h)IN FIFTHL R E HAIC, 4 466.2 MPa. 5t
TR S, 2 AR 490 CRIR 0.5 h
I P 38 B B i, N 509.0 MPa. 7E 50 C-
3.5%NaCl K, #REE S REA A FRE
FEMIR %, gy AR SR TR SR 2.4%,
Issrr A 3.7%. SEAGHENAACIR S, 4 0 [E IR
490 CORI 0.5 h I i B2 451 2k e 11 B 2% [ Vs 4 3
FZEA K, Issrr N 4.0%. 110 2% [ V152 > 490 °C,
IR E 0.5 h ZEK 1 h i, FidismfE | 500.1
MPa(fE 50 C-HEMiH)FMLE 487.8 MPa(fE
50 “C-3.5%NaCl i), HkEN 2.5%, KA
BRI Issprs N 2.0%, BISRAS AL BTN 78 h
PERE. M ERIEFE H 490 CHEEZE 505 C, £
I 1 h sy, PR SR B 491.6 MPa(fE 50 C-fii 1)
A 465.6 MPa(fE 50 ‘C-3.5%NaCl J& i ),
SRIFPREEK, N 5.3%, Isspr N 6.6%, B EAH
1R T T i UK

K 6 AT NSRS B 4 AE 50°C-3.5%NaCl i ih

T4  Al-Zn-Mg-Cu & 4112 B AR 2 by {1

Table 4 Slow strain rate tensile properties of Al-Zn-Mg-Cu alloy

T R R AR T R AT T 1 ) B D) X TESR, B
JE TR G SRR R T A%, FE S A 8 A A1 ok
WAL EERTT, RECRWim Y . Wil
S (VBT V) S IX) R AEKFHE I X3, 7E 8T D) & X FH
AR I, RIS T D HERR 53 R 2
Ky “Hgr , Wk 6 B Sk, AT HEN
ROy BEE. HE 6 vLLEH, 5 EE L
FRAHEL, SRV A 3 A — 2 [ 5 B T (1 S K
TREERIAE S, s N e 2 . Horh 20
TIRE 490°CLRIR 1h B, JE b= MR > (0L
6(c))-

Bl 7 i N&EIREEGETE 50 C-fklFl
50 ‘C-3.5%NaCl J& T H (1 18 [ A% 1o 48 h A iU B
FAF4EIXTES, B 7(0)s (d)~ (DFI(h)FTR N EE
W X ek, DRI, R 8 s B 7 1 e BT 12 %
{14 15 77 JE bR AGE DX AN P SR IR BT R X A . T DL
H, 4 FEASFEPR A BB O 4R 45 X E 2o B A
TR, 7 50 C-REMF, FRHEEGEE, W
PV 2290 58 IR B A AE R RS BV A . 38 HOM 42 g 1]
WEY S EARAAFETS S, RS ER T,
G E NI, R R AR YA, B s 58O
58S, 2G0T aEW AR, RUBURL & B bR &
LR, W TR i S8 55 — MR T (1 5 AL T
. it EDS XX ek AT 400, AT DU B 5
Z 1) Al,CwFe #H. HAGENAALER S, 4 2[R
490 CLRIR 0.5 h i, B15s RS , (HIREE I
B, PTUARHEL TSR A AL B, RS . =

Aging Solid solution . o o Strength
treatment treatment Medium Rn/MPa Al% Isswrl% loss/%
50 °C-Silicone oil 466.2+1.6 14.84+0.2
(466 C, 1h) 3.740.5 2.4+0.6
50 °C-3.5%Nacl solution 454.842.1 13.3+0.2
(450 C 1h)+ 50 °C-Silicone oil 509.0+3.1 14.8+£0.6
o 4.0£1.0  2.5%0.7
(120 C,5h+ (490 C.05h) 50 °C.3.5%Nacl solution 496.142.2 13.0+0.4
(177 C.16h) 450 ¢, 11+ 50 ‘C-Silicone oil 500.142.5 14.5+0.2
o 2.0£0.7 2.5+0.4
(490 C, 1h) 50 ‘C-3.5%Nacl solution 487.8+0.6 15.1£0.2
P 50 °C-Silicone oil 491.6+1.8 15.240.9
+
(450 C L by 6.6£0.7 5.3+0.4
(505 C, 1h) 50 ‘C-3.5%Nacl solution 465.6+0.6 13.6+0.1




2396 hEA O RYR

2021 £ 9 A

6 7 50 "C-3.5%NaCl ¥ (¥ 18 W AR T A F A 7 1 (BT U [X)
Fig. 6 Slow strain rate tensile fracture in 50 ‘C-3.5%NaCl solution (shear lip zone): (a) 466 ‘C, 1 h; (b) (450 C, 1 h)+
(490 °C, 0.5 h); (¢) (450 “C, 1 h)+(490 ‘C, 1 h); (d) (450 °C, 1 h)+(505 °C, 1 h)
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s y ~ » ) 9
o b
~ 3 \ N3
fﬁuzFe
s 1! /

2 _=ALCu,Fe Fe-containing
— 3

(B 7 18 AR A IR ST 4E1X)

Fig. 7 Morphologies of slow strain rate tensile fracture (fibrous zone): (a) (466 ‘C, 1 h), 50 ‘C-Silicone oil; (b) (466 C, 1 h),
50 "C-3.5%NaCl solution; (c) (450 ‘C, 1 h)+(490 °C, 0.5 h), 50 ‘C-Silicone oil; (d) (450 C, 1 h)+(490 C, 0.5 h),
50 ‘C-3.5%NaCl solution; (e) (450 C, 1 h)+(490 C, 1 h), 50 C-Silicone oil; (f) (450 C, 1 h)+(490 C, 1 h), 50 ‘C-3.5%NaCl
solution; (g) (450 ‘C, 1 h)+(505 C, 1 h), 50 "C-Silicone oil; (h) (450 ‘C, 1 h)+(505 ‘C, 1 h), 50 ‘C-3.5%NaCl solution

INIARR F R AR AR e, O 3.0%, ROTER, NS o S et I e = [ S S R SN v D
299 1.5~33.5 yum(ILIE 3(a)), B ETERERIR. M, WD 7 RGUEMN e, SR b 3 bR 1
SERAGENA AL RS, 9 VIR A 490 CIRIR 0.5h  SEIMA T o FE A B 2 AR . 2 A IR



2398 hEA O RYR

2021 429 H

F% 490 CRiR 1 h, LALAZmF] 505 CLRR 1 h I,
M AT AR 7 08— DB, H2 &5 Sn AR B 1Y
m, ERLRSFRE R, MR TRk, R E R A
AFEAC. RNy, £ VAR 505 C O/ 1 h I,
Si 5 F B I EON Mg R RS R £ Mg, Si i
Fio Mg,Si A< PEASA IR T g B3k b, BRI
WA A I AN RE, PR ROAL B 5 & 4 1 i B AR
JERO, R e IRy, RV ) — AR T
TREE T K A T R B S R R /N
T E 28 vy i [ 5 B SRAF8 /N RST 1 diokr .24
A SIS o AT LA R IR A [ S O A TE B e LG A 11
EEERZHER, 4 AN [ [ 5 b 20 1) S 45 44 2 293 )
N 86.3%. 84.1%- 77.3%- 76.2%(WIE 5).

B BT (FEAMNIN LI T ) 5 i A = A v J) 8 12
A7) 52 RO O A B F S RS S B RE
B BMRTCR/N ). AL
e E. AR ARSI R R N ALY, TR
Wi & 4 B G B4 2 (120 °C, 5 h)y+(177 °C, 16 h)
XU B 2 FE ' MR RRATROR, 244
B A BE A, AH R B P R AR I e BRI, HR SR
EFt. BRI AR R AL RS AR
MO T HL SRR, GUYOT &L H
S IG 02 BT AH PR A AR K S 2, LIU
SN AR R S B s e Bh TR E S &
(1 H S 28 (L] 2 01 3), S ] i Ak B i o — % [T
B[] 4 S AR FE PR 4 v, R SRR KA TRTARUR R~
AN, IR HIREN I 3G N, RS 2 AT AR,
TR 0D, IR, SRR 2 B
SEHSREN . M ET REEEE 490 C
{RIR 0.5 h, —ZR[EIRAE 490 ‘CLRIE 1 h A1 505 C
PR 1 h A ARoRERE R, A6 4 0 B2 FIE FE RS A MK
IX 2 U B A 4 i B R R 5 2 LS AR [ B A% o)
EH— @R MR &R, EARBERES, Be%
FHAS B S e it b RS AR A 0T 58 B2 (1 52 10

3.2 [EFAIEX R R MRS

£ 50 ‘C-3.5%NaCl Eii+, ClBABEM
2o, SR E RS X, REa R,
A2 . SCHR(3, 252614008, 87 IR SUR & A
MRS (B Bl R P R Tl X U . AR S B

& EEH RN MgZn, M. Al,CuyFe AN
Mg,Si FHZE(ILE 3), X SR [ HL A 2 A 5
PRANTR], A 5 4 BH AR s B B, AT 5 B
T2 MgZn, M B 5 PR AR 5 A 7 (AL,
EEYERL T, RIS ARSI AR, MR
WA TR AR, DRIk, TR R AR R BRI
RGP R BE A (R N R A2 . MgoSi AH A ik
£ Hh i B AR SIORE, 1T & Cu AHFIE Fe AH I HLA7 I8
LG B AR R, 7R ik i R R R
R, Al,CusFe MIXHTHAR oM B, WANG
AR 52 A2 B MgZng A TAG0 54 4 5 et 7™ 28 (1
FERE, HRZE ALCuMg 1 MgSi #H, 1M
Al,CuyFe AHXT U RS20 AN K

IbAh, EEFEEE SR S — N EEREK:
FRZE 20132, RALSTON 25031 9t kil )R ~) A )i
TR KR, RIHPEER T, SR RSN,
R RS . SR, SR T RSR &
GRS R EAE AR HBOR, ERYE NaCl
VAR A AR P e R, B4R PRI e R VA KR AN
&5 5 Al-Zn-Mg-Cu &4 N J& it J1 i se
WA TREM, HERAATETT 7000 £E
ST B e 77 o S 3 T8 T A AE AR VS A AL (B
VT A Rk, T T A PR AR R A, T AR
UG B4 MY R, RASEEEmR.

B & FAL I, H 2R 5 18 FA AR
(& Fe MM Al,CuFe ) Bk J5. H4% b7 b3
Jei » IAFAERKTE AR Al,CusFe 1AL #5 & Fe M.
® SiMH, HRSTEROLE 3(a)), RERIEL S0,
DR R N E R I, NS E &
50 "C-3.5%NaCl Ji Ty i) Jig v 2Ll FE hnpie o i
it SEM WS I, FRZR [ b FR T I ZE 3045 XA
BT J§ XA FALAEAE R 2 JE i = ) HERR (LI 6(a)),
TERLIJRIVEFR 65 ikt J& Bl 25 5 T2 RN 4 Hp
MAETFRL, FE LR X WL EEFI B 55 %7 7 Ja il R Ak (UL
7(b)), Issrr B85, BT LLEABAR BTN 77 b R o
SRAG A AL RS, 4 AR E 490°C LR 0.5h
I, B AR KRR THI AR 73 8OR RS8N, H ] 3(b)
ATCAEH, SRR 2EUEEIR A, @ T
ATSAST AR T, RO — i A St oA, S 2 gl
Ry . TEBTU)JE DXORIEF4E X R IS th= 4 )
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WM, & SR AT R B Al-Zn-Mg-Cu & &AL 5 TEREKIE 2399

HEFR(ILEE 6(b)FIIE 7(d)), I 7 JE8 et ey R v -9
AR K. 104 AR IR BN 490 °C, PRI
[E]F 0.5 h ZEK & 1 h i, FHKAH(ALCusFe #H55)%L
BRSS9, BT H Bl ol R L,
Al,Cu,Fe AHFIE Fe AHSE [ ARAGURL & BBl 44 1) Ji 1ok
Gub, EBYEX =i (LB 6(c)), [
N 2 24 [X AR R I B S S B kR AE (LI 7(6)) - P
SEE G IMA K, RE TR Z MG H R
(77.3%), V¢ (/N B2 S E T R T REAIR, A
TR/ AR M HhAH, SRAS BTN /)
JE§ k1 R o 24 R [ R BT HH 490 CHE S ZE 505 °C,
PRI 1 h i, HII T SR BH AR RTRL (M g,Si AH), FE45 i
SEE N, SRR, SCC WA N RE T T 45 i it
FrdkAT, BIVIEXE g 2 (K 6(d), 4k
X BB S R AE (L T 7(h)), 45 5 ) 8 il
EPERE TR, Issrr i, SREEHURFN. R, 1R
Issrr 456 Wr 38 2 85 U1 & X0 77 J6 ihvRe Ak XA
BB T X R ik L, 4 R IR 490 C
PRl 1 h IS, BE88SAT A BTN /) 5 Tl i R
SEAL VA AL BR S, AN R 4R VA I TR] ) E
K, @R—. ZREREENRRS, S4B TRN
se AW ETb, T Lssrr 208 22 57 FEITIEIN 25(T4)
B I R (T73) I R P, 38 R EARAT tH AR RS
H¥s GP XFAZ Ny o'l n M2 T EOE R P T FE B
IS, IR FE i rERe s e, H 33 n) DL S R AR b
HH R I A7 8 iU Bz T, TSAT 2R
TR BT R A FH T LU AN [R] B 40 R s 45 44
MR B e RE, ANRE R GBP Fl AR 4E
XF SCC HFHII M . FIAEH, TEABEFF, A [
WAL T2 PR mRL A R A AR, R R AR
S GBP A i RS 5t I 7 6 il B PRS2

4 Z5ip

1) 7E3 2 KB A Al-Zn-Mg-Cu & 4% 5
IR (=38.0%IACS) (M 5EA b, 35 R IFoi At
REIEH AL T Z8: (450 C, 1 h)+(490 C, 1 h)
il 5 AL FE+H(120 °C, 5 h)+(177 'C, 16 h)If ZabFE . &
S PR RE . BRI R E 5508 532.8MPa.
158.0HV. 38.5%IACS, Issrr N 2.0%.

2) sRALEVE T — R EVEIREE B 450 CHEm
466 ‘C. 2[R A1 0.5 h #7538 1 hy gl
IR 1 490 CHEEZE 505 CHF, HER, KR
Perm, BEEE. SRFERRAC. Hob, TR R R
mafe K, FUOR R, — R IR
Wi /o HLRER R IR RN 1.0%IACS, flFE
B AR 2 5 RN 5. 1HV . TEAR [R] [ v Ab 3 T 2,
HL 5 6 AN g I B R R ST AR A X g 2 P R AT B
TG kP R 2

3) BEFRA KM FEZA Al;,CuFe . & Fe
FHL B SiAHA MgoSi A . SRAG EVA AL FRIN, 2
B VIR 490 C, AR T H 0.5 h #ZEK % 1 h Al
TR E IR B 490 ‘CHEE A 505 °C, fRIE 1 h B
Issrr H1 4.0%5G08/NE 2.0%, SRJEIEKE] 6.6%, &
T RUNIR AR AR D, BRI U, fi 5
PSS B m AR R, BN 7 R
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Effects of enhanced solid solution on microstructure and
properties of Al-Zn-Mg-Cu alloys used in fasteners

HUANG Qing-mei', CHENG Quan-shi"*, YE Ling-ying">?, TANG Jian-guo"*?, LIU Sheng-dan" >

(1. School of Material Science and Engineering, Central South University, Changsha 410083, China;
2. Key Laboratory of Nonferrous Metal Materials Science and Engineering, Ministry of Education,
Central South University, Changsha 410083, China;
3. Nonferrous Metal Oriented Advanced Structural Materials and Manufacturing Cooperative Innovation Center,
Central South University, Changsha 410083, China;
4. Henan Aerospace Precision Machining Co., Ltd., Xinyang 464000, China))

Abstract: The effects of solution treatment on conductivity, mechanical properties and stress corrosion resistance
of the Al-Zn-Mg-Cu alloy extruded bars for fasteners were investigated by electrical conductivity, mechanical
properties and slow strain rate tensile tests, combined with scanning electron microscopy (SEM) and electron back
scattered diffraction (EBSD). The results show that the alloys treated by enhanced solution have better conductivity
and mechanical properties than single-stage solution treated alloys. The conductivity and elongation increase and
the hardness and strength decrease with the extending of secondary solution time and the increasing of primary and
secondary solution temperature. While the second solution time has the most influential on conductivity and
mechanical properties of alloys, which is followed by second solution temperature, and first solution temperature
has the least effect. The stress corrosion sensitivity index (ISSRT) decreases and then increases with the extending
of the second solution time and the increasing of temperature. The decrease of residual coarse phase is the mainly
responsible for the decreasing of corrosion sensitivity. And then, the crystallization fraction increases and the grain
grows, which worsens the stress corrosion performance. On the basis of meeting the requirements of the
conductivity(=38.0%IACS) of Al-Zn-Mg-Cu alloy used for fasteners, the suitable heat treatment process for good
comprehensive properties are ((450 C, 1 h)+(490 ‘C, 1 h)) solution treatment+((120 ‘C, 5 h)+(177 ‘C, 16 h)) aging
treatment. The tensile strength, hardness and conductivity of the alloy are 532.8 MPa, 158.0HV and 38.5%IACS,
respectively, Issgr 1S 2.0%.

Key words: Al-Zn-Mg-Cu alloy; structure; enhanced solid solution; stress corrosion resistance
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