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ABSTRACT

In recent years, in response to the national policy of energy conservation and emission
reduction, more and more cars have started to develop towards lighter weight, and aluminium
alloys are therefore used in automotive manufacturing. Compared with other series of aluminium
alloys, the high specific strength and energy absorption of 7 series aluminium alloys have obvious
advantages over other alloys, making them ideal materials for automotive structural parts.
However, in order to be used in the automotive industry, 7-series aluminium alloys currently have
the technical problems of long solid solution time and high quenching sensitivity during hot
stamping. To this end, this paper aims to improve the organisation and properties of the alloy by
synergistically controlling the main alloying elements, micro-alloy elements and heat treatment
techniques to obtain a 7-series aluminium alloy material with short solid solution time and low
quench sensitivity that meets the strength requirements of automobiles:

Based on the strength requirements, four groups of aluminium alloy compositions with
different main alloying elements and micro-alloy elements were designed; the analysis of the
typical organisation of the four groups of alloys was carried out according to the results of
thermomechanical phase diagram calculations by JMATPRO software; the mechanical properties
of the actual specimens were tested, and it was clear that all four groups of alloys could meet the
strength requirements of 500 MPa.

The effect of different homogenisation systems on the microstructure of the alloy was
investigated. Based on the DSC results, the optimum homogenisation system for the four
combined metals was determined to be 470°C/24h; based on the degree of dissolution of non-
equilibrium phases, the feasibility of the homogenisation system was further verified by SEM,
grain size, comparative analysis of residual phases, and grain size.

The effect of solid solution system and trace alloying elements on the effect of solid solution
was investigated. By comparing the changes in hardness and electrical conductivity of four
groups of aluminium alloys at different solid solution temperatures at 470°C, the optimum solid
solution time was determined to be 10min; by comparing the changes in hardness, second phase
and grain size of four groups of aluminium alloys at different solid solution temperatures at a
solid solution time of 10min, the optimum solid solution The results showed that the grain size
of 7075 alloy with Zr and Cr increased gradually with the increase of temperature, and the grain

size of 7075 alloy with Zr added increased slowly.
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The effect of cooling mode on the mechanical properties of the alloys after solid solution
was investigated, and the hardness and strength of the four alloys were compared between water
cooling and air cooling. The results showed that the overall mechanical properties of the four
alloys were better when water cooling, among which, 7055 alloy had the best mechanical
properties, with tensile and yield strengths reaching 503 MPa and 568 MPa, respectively. Among
the three 7075 alloys, the 7075 alloy with Cr added had the highest quenching sensitivity, the
7075 alloy with Zr added was the next most sensitive, and the 7075 alloy without microalloying
elements added had the lowest quenching sensitivity.

In conclusion, this paper investigates the preparation process of 7-series aluminium alloys
suitable for hot stamping and forming in the field of automotive structural parts, and clarifies the
influence of micro-alloy elements, homogenisation system, solid solution system and quenching
method on the organisation and properties of the alloy. This will help the automotive industry to
optimise its body structure and promote the 7-series high-strength aluminium alloy in the

automotive body structure to achieve the light weight of automobiles.

Key word:7 series aluminum alloy;Hot stamping;Alloy elements;Solution time;Quenching sens
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1#7055 4 1.56 8.0 2.0 22 0.03 0 0

2#7075 22 0.96 5.6 2.5 1.6 0.03 0 0

3# (7075 & Cr) 2.2 0.96 5.6 2.5 1.6 0.03 0.2 0

4# (7075 & Zr) 2.2 0.96 5.6 2.5 1.6 0.03 0 0.1
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1
| ) |L°‘“-| 400°C/10n 22l 450°C |M-| 470°C |
K 2-2 &4 e4 sl E
] ZDHX4 F6 28 B S 4R & ST S S0 B b 3, & 2-3, 1% HEL B ) B
EINPGEEE AT IA 1400 °C, IREIRZEL42 °C.

sl Tk

@ FEE

K 2-3  hndiks

2. 4EFITE

ARG R VR BN 470C, 480°C, 490°C F1 500°C iX PUFiE
o [E VAN Smin, 10min, 15min A1 20mine KA 51 ZDHX4 465 B4
A B INIE LRV T =R KA E, KRR RIS KT 5s S EEET T6
IR, WA 2-2.

#2-2 [EELRETT R
= [ o VKL B 25t

470°C/ 5min

[a—

2 470°C/10min
3 470°C/15min
4 470°C/20min R 120°C/24h
5 480°C/10min
6 490°C/10min
7 500°C/10min

10
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2. 5 N UM SCIG
WFEEAE L TT 490°C[E ¥ 10min J5 73 MHEA TSR, K¥E, Frse A #1433 T T6 I
BALFE (120°C/24h) , Bl Jr2A e .

2. 6 TEREEI

2. 6.1 J1F M REMRK

X Tt A VAU N R A R AR, SR 25 mm 51#TH, H WDW-300 $i /715
PUE AT R IR, REER KNI 2-4. 3l G0 76 in I (R 0 80 K 25 T 5k B T
FEURIMALS TG PSRRI T SOl Zod PR N 400#. 600#. 800# D
PARIRFTBE, BEFPB T, LHURRT. IRt b, I bR RO B bR
PRALHEAT T 98 JEAEIE, IR IESS BT 7adsk, DAMET DUS B EdRE A 2 .

= 80 =
20 32 ol la 3
|
& — 1 I
——1 Ul
e
o Tensile specimen (Unit: mm)

Bl 2-4  Frfilee RS CRAZ: mm)
2.6. 2 lEE KEBSERME

SR A G BT L SRR, SR Sigma200881 HUF ki &)@ v AL, AL M AT
BEATRME, DA ORAFE R TN & 24 01, A BRI R 22 . fERLIEAE b, AR P8I0 2 40k
il T S B R R A [R) 2 [R] OC R T2k DA KA G BR K. D T ORIIE S 58 45 R ) T
P, B YURA ST BT S WIE, B KIS R IE AR AR R S R A
fAUE -

KH HV-1000A ZE [REERE , WE A kE T A kg, RIEITE]Y 10s, REEESEA
[FFAAR FRAS T RO B AT &, IR Ie . AR AT 75 X AR F 2 8 4Rk AT 4T
JEE B R R AT, WA BT . 4004, 800#. 12004, 1500#. 7EREFE
i EERIE T AN A, FERATRERL L, BRI A s RS E R AR A

2.7 RIER TR

2.7.1 &tEALEME (OM)
A ZEISS St i, WlEl 2-5, W& SAEA RS IR T B Sk T AT S
BEAT LSS, DISRIGEANRIE R . WEERT 75 R A 5004, 800#. 1200471 15004 7K BE b 4% %

A S RREATITE, 9T 8B 2R AR M RR R 5 el BT is, BHERNE
11
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RINENGEBRELEEHBEEEERmMIFRT. RERHELA 1.0%HF,
1.5%HCL. 2.5%HNO; 1 95%H,0 HIFLENHAR, XI-&&RMET 7R, FE)E
AR B T SRR RSB T &2, PG R B i 1 dioR R it
17T AF4INEE .

-4
K 2-5 et Bk

2.7.2 FAEEBEIFA LA 22 (SEM)

SCUG R AE A L MG AR HE % T ZIEAAR, R Pz N i iR 2 i o e Y
FORBGS  SEHUEID R & e b, B0y 90% LB 10% = SR JE T B g4l o't
ma e rE, SRS IR P e R I iR T, &/5, H FE SEM.JSM-6700F %! SEM
BEAT R

12
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$=E AEMMR
B HAE AR E BN, 4522 MmESR, B R RE SR A
&, FNANR SR HEGE. WEFRESSMEMRE SmiEr=1R4 M B B, At
H AR S SRR NIA S| S00MPa LU HAF & RIS HEN], [5NE N B & — S %
F1o WA, RZEFARIBRICEA . S ta S A= r= . ik, B2 500MPa 45
F1EEVERE LR AL, A AR A MR IE N B A I ] A AR AR PR VAR R T KR
P
WA FaR o SR E AP 4 355k, KA IMATPRO #44:, LLE SR 7055 &4 AYEM
B 7075 &4 AR, TR TAE:
(1) Zn/Mg LA XA b HAH B P BE B2 M BT 7
(2) Cr, Zr 2 CEXN S SRR ST 5T .
3.1 AEMANBHR
FT 500MPa 55 72 B8 B RN RGN [ A P . R K BBUBE B KR I, M BT T
PLRVUHE 45007
% 3-1 A4

NO. Zn/Mg Zn/Mg Zn Mg Cu Ti Cr Zr
(wt.%) (at.%)

1#7055 4 1.56 8.0 2.0 2.2 0.03 0 0

2#7075 22 0.96 5.6 2.5 1.6 0.03 0 0

3# (7075 & Cr) 22 0.96 5.6 2.5 1.6 0.03 0.2 0

a# (7075 & Zr) 22 0.96 5.6 2.5 1.6 0.03 0 0.1

3.2 RAOFHETE

f FH IMATPRO # X 3-1 DY 26 G i o 34T O #AH EE 5

(1) 7075 (0.2Cr) &E&MMAHEITFELSRME3-1 ()  THEHAFEE RS M 700°C
Bz 0°C. BEIAIAEL, ZAE&LIE 636°CITFaGEH, Hh/5, WAH & EL 2RI/ . 540°CHE
[ RESE . SRR, eI E BN EYE B AL 450°CHTH T S A. 410°CH, MgZ
m FITFUEHT HIE 0°C, MgZno M5 L) 7%. BT & IcRSEEK, KhREm hET,
XFRE T ABOR Y Bl X Se A ) i B, @il 3-1 (b) Fro. BRI 280°CEA, T
FFFIEMTH, RA& S 4% 5 . EREESTFIREIEHT, £ 650°C, AlLCr AHIFHHTH,
AR N R IEAR MR T AR BEE, R RE ST G G At [ FE R AR S T AR B A
RHTEZ, MUESHR G . HT &8Pt ESEMRD, N7y (58 &4
ML, JEEEAERAHETHE S RE LY SRRt

13
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=

__--""'.....—f

Wit % Phase

T

Wi % Phase

Muaup

Warcr

Wa

W E_ALCRMGMN

W s_AL20UMG
MGZNZ

BT _ALCUMBIN
ALIM_DOZ2

Temperature(C) ! " 0 T::rfperaturéu(i:) 500 a0 o
(a) (b)
Kl 3-1 (a) 7075 (0.2Cr) &&MMHEITESR; (b)) Y HIFCK 10 %

(2) 7075 (0.1Zr) WIAHEFHE S RuE 3-2. HEATW, BHT Zr TEIA, ALM
ARTE A 4t [E] 50 BPF 2 A O AR ST A% T 65, X [R)RE AT DLE B 4046 55 25 ok R~ 1
YERT, AR 4 & a4k & WA e A B il 26 00 R IH B AR 1

10

8

B

Wt % Phase

4

1} 100 200

frm—T

400
Temperature(C)

700

K] 3-2 7075 (0.1Zr) &4 Y SHHOK 10 5 HOA T 45

EuouD

I

W _AL2CUMG
MEZNZ
ALIM_DO22
ALICU

(3) A% Cr, Zr ) 7075 &4 MM 545 5001 3-3. 5 7075 (0.2Cr) A4
7075 (0.1Zr) A EL, 7075 G AR Pl Hh fe I Sl ) AS [R) B8 1 <t 1 T 452 R T £

10

Wt % Phase

El
8
7
[
I}
4
3
2
1
1}

A

300 400
Temperature(C)

a00

700

K 3-3 7075 &% Y HEUK 10 (5 AH BT 45

14
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Huoun

'R

W aL2cUMG
MGENZ

WT_ALcUMGEN
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(4) 7055 & rIMHEF R R E 34, [FFE, BTREMETCERIEM, 70555
SRS AR I AR R AL kL. SEAEIRINE TR T 7075 G440, 705564
(1] MgZno # 5 LLE R, TERN T 13%, PAAGE HBLEAT AR LS 1) ALCu #H, IX 1%
TZ4 4 Zn/Mg tLART Cu 6 &R & B85 .

10

a
g
7
| [N=I0]la]
b AL3M_D023
s [P
W AL2CUMG
. MGZR 2
WT_sLcumezn
3
2
1
i

Wit % Phase

0 100 200 300 400 500 600 700
Temperature(C)

B 3-4 7055 &4 Y HHOK 10 R 00H B 45

IR TR, WS Zr, Cr ot R 2 & S ERE HT 2 2T H ALM AHFT Al,Cr AH
TR AR IR s, TRk Sk R ~T
3. 3 AL IE

R4 LR br, AT T IUAA SRS ESE . BWetb. B, [EE S Rk 2R
JE, 4N AETE VAR ARE 1 S B . IR AT I, HERR A BRSO S5 T % T
PP, WAL SN 3-2.

F 30 SR A G

Jei Mk 3 (MPa) fihrseE (MPa) i (HV)
7055 489 497 178
7075 476 486 161
7075 (& Cr) 459 478 152
7075 (%5 Zr) 468 482 156

WEE AT LRI, VUG SR EL S00MPa, HUEAT L, 8 X & 4 #kt
PR L EHATI, & SIAR BB Z&r 1T . Hd, X 7075 RAIMES, HE
T CrIt®, Zr UERMBINGE 7075 & 400w AR 5EE R bt hsm E 3T+ 8 i & .

3.4 KE /N

(1) ARFEHF T UHAE S, B HERERAE, &4 mE T 500MPa.

(2) 1£7075 R¥) G4, NN Zr JUEXN T5 8 BAK 122 e IR -8 T80 Cr o
E

15
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FMNE HEUUIZRHESITEXIISWBERAIF N

s T, 7 REE4ET Zn, Mg, Cu TENSER S, SECEITH
S ARP A E ISR, IR T KREREAE PSS A, 2B EPARITES . X L5
RERSE R TERAFRI 73 A1 A5 5 53 A R K 2H 23U 4 IR B0 o S R0 B/ 28 %
FEE I AR 1R . FERAT I IN T2 AT, A R AT I S b B, DA
R BT G 2R . S5 I B EE MR 0.9-0.95Tm 2 [A], EIX MR N Rk
AN EBLA/N . RIS RE S, VAR TR SR R AR, Ay EE
H, SRR G ST R R 7S040, RN SR 4 A e S, Seil
BRI Ay I3 504k, N SR IE N TR A B2 AF, I Ho R B K PR S Hhjg D>
iR A BE, e & PTEIE S 25 A .
4.1 5 AR IRIRE

XA SR & e 5E T DSC #0 4, THERIEZ 10K/min, DSC HiZan& 4-1 fx,
ME 4-1 1) DSC #£k &, VIS A RIE 470-485°CZ [AMF1E—NEORIR A 1L
W, AZMR A o N O AT 3L AR T (AIZnMgCul) o [EIIHfSE 1 T AH Bl R 4A A,
1#7055 &4 N 474.89°C, 2#7075 &4 N 475.12°C, 3#7075 (0.2Cr) &4 N 474.93°C,
4#7075 (0.1Zr) B4R N 474.76°C. RILIET FR YA A 40 T A IENA L &M,
T 28 A IR B35 SIS 9 470°C

B
1# -
T 15 r —2# o
—3# |
—4# '|
-
=
S e
Z — ,
= | ‘.'J
474.76°C||
0.5 f
200 300 400 500 600
AL/ C

K 4-1 #5454 DSC iz

4.2 5 IRIRATIE]
K 42 RS E SR TTE 1 Frgh 05 21468 B THE 2 470°C )5 715 Oh [ DSC #h
2. TTLLE H 2#7075 3#7075 (0.2Cr) 1 4#7075 (0.1Zr) &4 DSC mHZR (1) T AW Fd

16



T H BN AR K 2023 JASEHE Bl g GR3O)

AR B R 98/>, (HAE 490°CZ 497°CIX AN X 8] 73 Al B 7 — NN S AR #g . T
1#7055 & 4 T FHWR AR 5 28 BRAIG, LR HH BT R e A

Kl 4-3 ZPUHER A S HFE M TE ST 470°C/24h ¥ S0 AL B G 1Y) DSC #4ih£k. @i 5 -
—4 470°C/0h FUEHREXT L el LLR B, 2#7075. 3#7075 (0.2Cr) A 4#7075 (0.1Zr) &4
(17 S AR AU TE AV R, I ELIUZH A 4R H BT I IR A

ok, ATRLEE B A T2 R 1: =& (50°C/h) — 450°C (10°C/h) —
470°C (24h) , EH TARXEIKTHMMNAEGS. T, RE\EHARZR, & Crfd zr
[ 3#7075 (0.2Cr) 1 4#7075 (0.1Zr) & & IS S BEAE 207 58 1 il B R it Sl 1
In—24% 450°C/5h #1 400°C/10h GIR IS S 40P B, LAR B #E 3#. 4#E e & Cr yRHUH
S Zr YRECHE I SIHT H AR A

2.0
— 24
34
— 4
15 1#E5 4
=4
B0
sy
0.5
200 S[I)O 4[I)O S[IJO 6[I)O
B E/eC
4-2 BEA4E4 470°C/0h 1) DSC #h £8
20F I

10F

05 : : )
300 400 500 600
R/ ,C
4-3 B fr4 470°C/24h [ DSC #2814
17
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4.3 EE&BIEMLAEL S

VUZH A &R RE RS e S T AE A 2 208 T #HBL R AlsCuoFe #H, EZ&E 51 AbHE
Ja R SEM X AEBEAT W, WK 4-5, EXVAEEE &THRZE 470°CH,
1#7055. 2#7075. 3#7075 (0.2Cr) &4 T MG EARCD, Hrb 2#. 3881 447075

(0.1Zr) &4AE T MR, Zn SRR TP BUEEMAE, T M (AlZoMgCu

D RAEDRZLSHEARANT S H (ALCuMg M, KEFWELR) , M 145 &RHH S
FHEL R FAt AR o

LI SRR I [AIIA 2] 24h J5, 0 ULEE 2 AR AR T EDS 204, i 4-6,
ATCLEIWT S 1#E 0 T AR 24, 3#. 458 E SHIEARTE W, REIT 7 IS
A AlzCusFe #HA T HI/D R M. DU A SRS A 5 DSC 1 il 2 i £
FAr B FEAR TV A

25 b, 78 470°C/24h B35 40HIE R, @it DSC R B2 A 4 N 35 TC5% B AH
it SEM 441 EDS 73t &l Bwfie &N R F T 17 XS SiAH Al:CusFe AH, JoRIIEAH
T FHAI SAH. HFk, ATUE S T2 E— (470°C/24h) &R ATH,

#-470°C/0h=

18
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4#-470°C/0h 4#-470°C/24h

4-5 BEE A4 470°C/0h Fi1 470°C/24h ] SEM %o ELRE

] 1 2 3 = =1 =1 e =3 = 10
ull Scale 475 cts Cursor: 0.000 {=n0

] 1 2 3 = =1 =1 e =3 = 10
ull Scale 475 cts Cursor: 0.000 ket

[u} 1 2 3 4 = = rd = =] 10
ull Scale 476 cts Cursor: 0.000 =

T T T T T T
a 1 2 3 4 =1 =3 ki = 9 10
ull Scale 476 cts Cursar: 0.000 =

K 4-6 EDS 41 E

(a) afl; () biA; (¢)chH; (ddA

19
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4.4 REINGE

(1) DSCHREY], #iE 1WA G & HRICEIEFE SN 474.76°C, MG E 512
TRIRE R 470°C. JEiL 470°C/0h 5 470°C/24h BiFh 5141 N DSC 45 5 A6 L2,
AL ARG 240 BRIV BRIYH-& e 0 TS S AH.

(2) SEM [ EDS &Rttt — P I0AE T 1E 470°C/24h 3540 E S5, VUAH A4
NIC4 saAl, Bk EEAUCAMEE K Al.CusFe AH.

20
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FLE RERIZRMEETENEBEIRIFM
7 REASELAFIE, ABUS, SENMEREEFSHEANE M, A5
W, GEMsRA RS, Fik, 7 RESSNIR, HERITACE, BRI
L Gt S A, RN, G SRR R R G, (e S
Y5, T RIT i R . A SEIBIEAHT 7 R A G IR T A ] )
SRR, PACE SIEEEIE, I LB 7 RESHMWASIEL, TIAME
BRICEN T REE S E RN

5.1 BElia LZX AL M RERI =2

5.1. 1 EiEREI X3 M4 Be AU R2 0

St PUZH A 443 B 490°C T & Smin. 10min. 15min A1 20min & SZEP#EAT/KE, BE
Ja XPARE AT HL T 2R K e e

(D BHEX

B A VA AR T S B IR B4R ST R, BB AR A WA, A R R
R FEIG R, bk M AR 3 i el il F 3 2R T B, TS Hh PR3 3R R0 50 —AH I Hh B AR K,
MNHLFER R B n]HEN A A B A BRI 200, B 5-1 RARG SRR EA R [E %
T = RS <t 3 R i = N S I AN b = B o 1 el T 2 e g P 2 15
R, IX 3R IR 4 (] o [T 6 TR KT 8 o [V 10 430 DA b 3 2 o il AR
th, RHH L OIEARTEEREE.

-\-‘-“\
ol - - - 1mAe
e __,ZHA.A-_.
% T SlE
A
~ \ - - 38h 4
U . A ___4#/&/&_.
ﬂ: == o N Sl = I T
o
\_,45_ 'ﬁz;;_\ N\
Ny \
Q \\ kY
A Ny N
=
2 N
\
2401 NN
< .
2 2
= 3N
.= A N
g R0
835t A
58] R e
30 1 1 1
0 5 10 15 20

Time C(min)

& 5-1 Er e il i 3 R I [ Y 1) A2 A i 2
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(2) T

BRA PRI S SR R RN IZ 2 AR, BERBIE, 5 MBI AN E
W%, RS EEAE R . K 52 A S a A2, aTeLRI=
Flt 7075 G4 ARL AR 1#7055 G4 E, #AEEAEZE 10 4B f i -
T+, 10 e E BTS2, XS EATR H S RN RAHUTED . PRk, PRI [ 1 A
FEHR, JEFE 10min VENER A S 80FE 0 GV I (R BN A&

112
--- 1884
110' - e w A ;; ’//..
g Sl -
B = g 2
108 e _-F
+#+ 1 Slz /,’
Ems- A
/
%104 o l ———————— | MU
5] / _ Ll o
£ 102 )47
E / /%
S100f "~ . i s i e el ) S S
(¥ . e R o
Z o8 ?fnj
pesosfts
96 | g
/7
o4l ,”
/7
927 1 L 1
0 5 10 15 20

Time (min)
Bl 5-2 A4 ot Rl i ol [ 9 F ) 4% £ h 2

5.1. 2 ESRE XA LR BE A2 N

L FE A, SR R R B, VIR AR T 56 A IR 2 5 8UE ]
W HEASIu R M LY Fol Rkt , W CIETE O WA S A, 5 2 385 &
SO EWMARA RS . HEFEE S SN, S8 XSdREER, T,
e I RE R 2 FEAIC, DR 7 0 R IR S & e H 2 S RE Bk RIEATHIT AL, IR
HIE R AR VYA A & U 20 B 7E 470°C. 480°C. 490°C. 500°C | & %
10min 4 2 =06, FEJE#ET T6 2L (120°C/24h) 4bEE.

C1) AN [) [ i B %o 1 e ) S i

AN ) (B R FE 6 SRR B2 ] 5-3 FTow, BERORTE A Rl FE 2 Bl A5 [ A iR
() T B TS, 1E 490°CHy, PU4 &4 Bk B i i, 7 500°CH, A4k
ik, F SEM bt beilBEEAT S, il 5-4, T LLE B hAE V2006 S 3L I

22
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PIRAHER, IXUEH RS SRR J1 5 RE, T S EHE  500°C [ I & 4 i R
ST R Zi L, DUZH A SR v iR e i [V T2 1% % 490°C/10min ELA% &3 .

250
B 470°C/10min-AQ-T6
480°C/10min-AQ-T6
200 b 201 490°C/10min-AQ-Té6
=2 188 500°C/10min-AQ-T6
& 52
E 161
S _+
150}
& 132
g =
-
2
= 100 |
-
=]
=
50 F

18 28074 M d AHGE
Alloy
Kl 5-3 S <pikREAN R B2 AL PR f0 I RS A

100pm

Kl 5-4 2#7075 4 500°C/10min K [¥] SEM &
(a) JAUK 100 f%;  (b) JBUK 1000 £

(2D S [r) i 5 0 5 0 £ 23 1) 5

Kl 5-5 (a) FIE] 5-5 (b) NIUHEEAFAR S E 470°C/10min F1 490°C/10min
BACHL 2 JE 1) SEM HAU EL b . adk Bid, DU & 448 470°C/10min [ 75 40 2E 5 7%
B A 2, EEN S HLLEAMERN Al,CuFe Ml; £ 490°C/10min [EiA AL 5 7% BE
28 —ARED, BEATE SHH, EENHMEER) Al;CurFe £H.

Bl 5-5 (o) AAFIEERE T &8NEE . 5 MmRa 5R-F K L E .
£ 470°C/10min [EAELE T, 1#7055 &8 MEE N 8956 A~/mm?, 2 FHIIAR %K
0.8%, “FYJKEN 4.014um; 2#7075 G MEEEN 5652 A mm?, 2B AHIHA 2308
1.4%, “FYKEN 4.601um; 3#7075 (0.2Cr) A E&MIEEE N 10956 AN/mm?, 5 M
T HH 0.99%, FHIKEHN 3.359um; 4#7075 (0.1Zr) &4HIBUSE N 4086 S/mm?,
BT EON 1.49%, FHKEN 5.662um.

23
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fEZ 490°C/10min [EVEALEE f5, 1#7055 A 4 HIEUE FERE 22 3727 A/mm?, 25— AHTH AR
DNBIER 04%, FHKE BN 6.277um; 2#7075 &4 RS IR E 1454 AN/mm?, 5
TAHTHAR R 0.5%, “FIKE LKA 5.293um; 3#7075(0.2Cr) A & MEUR EF 2
3818 N/mm?, 2 AHIA T EUE B 0.6%, P LN 6.760um; 4#7075(0.1Zr) &4
(A FERE 28 1727 Nmm?, 58 AR 7 2005 2 0.54%, ~FIKFE KN 6.198um.

TG AT L, 490°C IR AT LUE & 450 2 1) S M [RIA Fe Ak, M8 & 4 1 800 B I
S5 AHTHAR - BOH I B R R, [FI R D /ANRRL S AR, A<erh B B ORI
AlCusFe M, HMEE —AHMFI EAR A B BT

i b, S AT, BT RAIE 490°C/10min iR A VA L2 R0 4T

12000 ———108

1#470°C/10min

1#490°C/10min

10000

' los

3000
0.6 5
6000

04
4000

2000
8000

2#-470°C/10min 2#-490°C/10min M) |14

j18
-0 F O HTIERE ()

6000

.. Ho
4000 5

2000

3#-470°C/10min

3#-470°C/10min

4#-470°C/10min 4#-470°C/10min

470 490

5-5 &4 RFf 470°C. 490°C T [E¥E 10min [ SEM A58 —AHXT EE K
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5.1. 3 imE AT E X MR T BERVINE AR

R B 2R s HARRE 77 22 M e S RV RIRLRE 2 (BI85 % 7055 A &R 73 Il 78
470°C/5min. 470°C/10min. 470°C/15min. 470°C/20min. 480°C5min. 480°C/10min-.
480°C/15min. 480°C/20min. 490°C5min. 490°C/10min. 490°C/15min. 490°C/20min.
500°C/5min. 500°C/10min. 500°C/15min. 500°C/20min [ [E & H]E N3, Wk 5-1.
B J 0T BEAN AR EAT 2 A FE I, 45 H A1) B2 ot B2~ S04 B2 5 . 3R S
MATLAB, XM N AT IR B B E o8r, ot R ILEl 5-6.
EIRTLAE S £E 490°C/10min BV i) B2 AAE 2 e AT U (E A B

PG M 45 R HE— B IGE T 490°C/10min F [ v 1] B Rl 16 -4 4 M At A B 1K
1, DRl age 338 AR g o A P R ] ) B 2 0 P

®5-1 G S

T
I ] 470°C 480°C 490°C 500°C
Smin o o o o
10min o o o o
15min o o L [
20min o o o o

1170

165

155

145

5-6 il LIS TAVAE P2 P p T 9D
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5.2 &SR &N E R

HERER RS S BRI A B BIRIKR, NESFTHrmEttsE, &
&7 Ao P b HA RIS 5 o ORI FEI G S Tn BN AR R EE IS, AR TR T 3 Fb
7075 &4 (2#7075. 3#7075 7 Cry 4#7075 % Zr) 1E 480°C. 490°CH1 500°C F [ % 10min
J XoT e AL FE RS2 43 AT

Kl 5-7 4 2#. 3¢, 4GS ARIEE NRaERE, B 5-8 ARG 4 shkn R T R E
T M TE—G4, EERENAG, @GR TEHER. UASMETEN
2#7075 & 4 A1, 480°CH ~F 3 i BL R ~F 24 56.29um; 490°CHt, P35 &tk R~ 3 22
80.22um; 500°CHf, A& PSRN ZE 90.37um, “FHIFHKIRZ) 17um. 3T & A HE
TG Cr Ml Zr B 3#. 4#G4, BEEIRERIEI, &8 73R RST ks 5 8%,
UK AE 4um 2245

FEFE-—RE T, WINT Cry Zr 1) 3#. M#EE PRSP/, P SRR SF#RTE
25um Aty o LA 490°CHHI, 2#7075 &4 35 sk R ~F 8 80.22um, 3#7075 (0.2Cr) A4
YRR SF A 26.57um, 4#7075 (0.1Zr) &4 P31k~ 25.89um.

Bl 5-9 N 2#. 3#. 4#EEAE 490°C/10min RSk RS, B LR RHIESS
3. b, 2#7075 & &K S E/Nan kLR 4308 108.57um F1 18.26um; 3#7075 (0.
2Cr) E& ik SE/NaRL RS2 518 36.29um F1 14.39um;  4#7075 (0.1Zr) &G4 KYH
BN KR SEA3 0N 36.15um AT 16.84um. HIL AT L, 3#. 4#E SRR SHENR )
WMZEE /N, ZHZ) 20um, Sk R~ 5] .

i FRTR, Crfl zZr i &5 AL A S ibbl, & e ik KNS H BERCR, F

REFDH SR T iy, A e RTINS A Bk, 340 4#
HERIELF, MIEEREE L.

W

480°C/10min 500°C/10min
. 90.37um

22.76pum

B 5-7  2#. 3#. 4#E S ANIR AR L T Sk
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100
=R 480°C/10min
490°C/10min
80 | 1 500°C/10min
i 60 |
= —
o
&
= I
2z 40
| H—H
0
2804 3u7T4dr 5
eS|
4 5-8 AR RS R AR AR
2 ]
vON
]
X At ‘
Lu1l ul |
A< N & ] ~ " (¥ 4
| 1) ! e
( Cr ad - 0 '
| P58 A TS 0, b}
M0 24

)

* T
’ » : » ; i " » 2 1o ) -
0

K 59 ANFEG a7

(a) 7075; (b) 7075 (&% Cr) 5 (¢) 7075 (% Zr)
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5.3 REINGE

(1) 43 FF R T A (5] [] 35 Jk A0 O 3L BN TBD06F DY 20 & 4 1 2 2R PR e s i o, 7
490°C/10min [MEEHIE T, PUH-E& ek B, Hf, 147055 &4 EiL 2
201HV, 4#7075 (0.1Zr) &4 MEEIAS 161HV. [N, 7E 490°C/10min HIFEVAEHIE T,
VUZH A 41 S AR A 0] 2 R HLAR 25 4 45 i o

(2) ARG S TR AR dobLE 2t iR, T FE—&4, MERENH
B, AR R SF B OK, 3#7075 (0.2Cr) A4 4#7075 (0.1Zr) & 4K IE
2%, XFFR-—EE, 3#7075 (0.2Cr) &4A 4#7075 (0.1Zr) &4 M& 4R R <7 B &
BONHFEYS), HA 4#7075 (0.1Z0) A& RN /NI 5], SEFERIRSE 2400
22.78um, R RE/D ARSI ZESZ] 19.31pm.
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BARE BRANERMSSIE RSN

7T REBE &R MUK S A 4, AR KRR,
REMIRZM AR, R ARTE R 1 AN [F) G 4 70 2 0 VR K BBUBME IR 2 3 AT
6.1 & EITTEXNEERIF

XF 490°C/10min [ 5 VU H & 40 Al AT /K% (WQ) , ¥ (AQ) , FilHT T6
R 2 (120°C/24h) AbEE, XFTLLEIRUE &S EE. K 6-1, BIAKE, WHAEE
SRV AT O REFE S v T2 A AL 38, ] LR PRIV SR R B R TR S A SRR .

1E 3 Fh 7075 &4 (2#7075. 3#7075 4 Cr. 4#7075 8 Zr) ", BN T HIETTEN
3. MG TR EKE IR ZEER, XUHMETTER Cr. Zr i REREEE&0
PR BURE . Horh, and & BORERE Z2EARN T 386 &5, Ui Zr R T H &%k
BUBMERI 2 TG Cr G B .

[6] 7075 &4, 1#7055 &&= MKE EMESZINHEG SRk EE, XEHT
7055 A4 Zn T EA w (Zn) /'w (Mg) B, M2 TEZ ) MgZno 48, T MgZny #H2 &
G B R .

LTI, W0 Ze BN A S EN MBI, 15 Zn FEM w(Zn) /w (Mg) X2

R WK

270

240} [ ]
B wo

210}

Hardness (HV)
f— f— f—
D (5% ihn [+2]
o [w=] [==] [==]

(=)
=]

L¥¥]
[a=]
T

1#alloy 2#alloy 3#alloy 4#alloy
Bl 6-1 & EMobt 490°C/ 10min [ K03 I 2 A R VA OB 2800 i A8 2

6.2 MEETLEXEERNEN
XF 490°C/10min [E¥E 5 VU A 450 mldt T /K% (WQ) , &% (AQ) , FiHHT T6
IR 2 (120°C/24h) AbH, XN SEEMRE. E 62, A& mEHTIHS
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T PR AR AR FE AR PR R — B, B/ AL FE 1K) 5 £ 4 Je AR iP5 N o1 580 5 380 v T 74 Adb
i,

XFEE 3 Fh 7075 &4 (#7075 3#& Cr7075. 4#7 & Zr075) HI5RE, wJUHEHEAS
WMEEBILE B 246 & 5K JEREN ZE /DN, BXBURERAL, HIRERM T Zr
() a#E4, WNINT Cr i 3#G S ZH K, WK BURME &S

[ 7075 RANEGEHL, RIFMMELITTER 1#7055 GEHKA RS A &R ZRA
K, BEMRREJCGERT, #EemRmEMbihaER S UHEG &P RE, 1k
R, XFEFGEHT #5654 Zn/Mg tUER, 7245 T Z 1 MgZn2 M T

CELFTIR, W0 Ze SGENE SRR R, 15 Zn HEM w(Zn) /w(Mg) Xt
PTG B UK

650 27
R,
600} x|
[ KN
550} 421
. S00f 118 2
= =
- N
~ 450} 415
=
f- =]
2 5
5 400} J12 S
Z S
350} 19 =
300} 16
250} 13
200

0
1#AQ 1#WQ 2#AQ 24WQ 3#AQ 3#WQ 4HAQ 4HWQ
Alloy

K 6-2 Aa bt 490°C/ 10min [F]¥5 AL f5 254 A1 7K A FO IS REORE & 53
6.3 RE /N

(1D THASLKE IR G PIRERE, SRR A A T 5.

(2) £ 7075 &&%, BINE EnRS TGS E K BURIE T &, 68 B I
T Hd, B0 Zr SR Cr 78 & X T K BUBHE RS BN

(3) N Zn FEM w(Zn) /wMg) BE, #7055 &4 112 R T 7075 B 4.
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FLE H£Hie

ARSCERT 7 B A TR IR AU R R e BT T HA B P [T T R A AR K U A 7 1)
R, et 7 VYRGS B SEES G e sy, fEMRERAL b, alid Imatpro 21477 S AH
BIHE, HAbFES2E, FFKA OM. SEM. FEEEMAR. F il A s SRR, T
AFE GRS, YA B TV ) B AN RV K G 260 G S OWL AL 2R AN 7 PERE 5%
Wi, FERF LR

(1) J8 30k 1 DU H & 4 o 3047 71t se M, B0 E 17 & &R T
500MPa; fE 7075 RYIE4H, I Zr TR T A &R 1254 M RE I HETHL TN Cr ot
o

(2) XEEa AT 7 VU A SR AR 214 B2 R ) DSC. SEM. EDS, #fiE 1 IY
A S iR S FE R 470°C/24h, i) FEZE A W] DALRUE DY 4H & 4 HR ) T AHER S AH 52
R, RE T DERXMERAE AlzCuFe.

(3) A AV G SEAFEFEHE TR . S SEM MR E AW
B, FERA MATLAB Xf /7% PEfRe . B B () S iR B kAT 36 o b, e 718
490°C/10min [EEHI LT, & 4 0 FEE IO et

(4) AFEE G T0E00 dob B RS2 B LR B TG ST 3 I A& 42 1) Sk R
STRWEG . XNTFR—AL, HRESEN, &&0RNR 28 K&, 3#7075
(0.2Cr) &AM 4#7075 (0.1Zr) &SRS T F—EE, 3#7075 (0.2Cr) &4
1 4#7075 (0.1Zr) GEMEESA RS HEE/NEE), 2] 25um.

(5) I FAFER R T A E S )RR AR . fEKA T E8%
I e Re B ar, Horh 7055 A0 )R i, oA JE IR SR BE o i IS B T
503MPa # 568MPa; ¥sINTMG © 0 R e mM B K BUEAE, 1 Cr JuEREE Zr TR XY
AR K U A 52 T R R
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LTS 3ok H 7K, HRER AL Bk, (43R5 31X BN, k& ZAX
BT 2019 4K, AT 2023 R E FRAE S WL T o [RAB A B IRAS% R AR TG 78
W 18 /DN RF R 24, O 2 142 BN AU

T, WA ZOE AT A RIT, AT T AMEUR H R IR T A STAT
&, ARIRIGZAT B O T i XA, FEId T2 s BE VR A DU A o HE b R Sl Rk
WH N TR R EB LRI, ERIEYEREE, Fhin N, TAEMEL MJT K
& BSRRERE BB RS E, EEINH— O RIRETR, LB A
F R, EZIME R R4 S B R BE R, FEE AR A ST PR R Sl i
THESZIMESLIEZ N,

Hk, RERG IR SCEE A o B ACBE /N BIRS FRIERBR SR 5 2, IR
AR i R PR ) S R e 2o i PR AR 1) o 38 BRI IR () & A R ik R 2, IR — EL
PLRHIBE RS, IRUBIKIZREATERIFFOR, Gk T HAB IR,

s STEITZ A B S IR SOF R A Z RS TR BIRFREOW
S !
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i
iR — SPIOEXRINCHER
FREEAMBIARIZES 7o RINEG EBEFFERIFN

HE

XF R Al-Zn-Mg-Cu & & i th i BT 1 ARGt st. EATHARK Zn/Mg tb
Pl s ¥ — RIS G &, ELSEREEMSE, DGRBS 24 5L . BRI
M IEHUBOT DR AN o 3 Tl B2 NI 7xxx BRIV, NG
TNLI R 2k . I 2sh 4 22wt 70 e 9 FEIE NS I ROIRES, BRI B fie gt
AR TR T4 o 38 ZE s 3 B A (DSC)ALE i U (TEM) X & 4 7E BE NI 0 72
T TS, DS TR ERIDTESFAE . 0 TR R i ZUd 3, & Zn/Mg il
B EMRAM T E T BB, MR Zo/Mg LB TR FEE R R . 75— @ i

T Zn/Mg HAB 220 i FHRFAE, - AL RO AEAT B X 98 5 . AR SN Txxx RIVERG 4
FRIAfT H 2 0 S A2 4 PR R T4 1Y) B B SURFIE P 1T 78 iR

518

7xxx F I (Al-Zn-Mg-Cu)fa& 4z B H H U BT V2 B FH T 25 i R A At =y
SEREMERNF o SR, RAG B KB A DA [R) AN 4G 4 07 2 390 1 AN I 7 g ek T 24 8 AR
Writr. 4R Tk, A KRS ) — B AP ERAL MR R PR AP 1 738 B Tl 7xxx
R PR FLIE 3T OO B80T, SRR IRIR(T ORI 2, AR5 2 58 NSt &=
(RIS 2 (T2)AE 8B B AR P2 R JL A A R R SR 1), ARARLT Xof 4 ol Bsf R0t 7% DA
A B SRR BRI = R A S CER AR TN Txxx RYIE & ITTE T AE T RN N
SSSSa GP X, y & FHi7 MgZno 7MY,  EARILLE L 38 DA AR A& —FAE 24 T4k (1 S A 00
fltn, A ANIREA PRSI GP X, B GPI AT GPIIPOL, pheAb, RIS RE HIbT H AR
T MgZno FrEEREIfEI 5 2:1 Leloh, ERH T Z s 2 U8, a8 s Trlks
. RG4S R AU TR o TR, e TN T 3PS T RE
Wy AR, GE0RESUIET AP RPRES B, RE R TN FEFAE T o] Gefs
FETRLCRE e AHAIAFAE — 22510 . i, AATIRE i\ 9 R I RO &5 M B GP( B D)X 40
B, XEEXATREY y3AE, WATReY y ISR TSR SR AT GPIL X I8 y '[10]/ 4
B AT A T6 A B /R SR B0 y £H, (AR I R EE R N, P4 y A0 H
s . RSB, IERN BRI A, RAE T R A E A A B R . M
X T A SURRAE, 95 A P SRR AT M R e, T W M R U 5 R T 24
52 B éiy FURFAE PRI FZ I o
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SR EE Txxx R AIE a0 A TR T T O p e 383 S e TvE M Fr AN
N1, CRUEH, X T4 ERREKT, AR A5 AN FKE AR, I e
BERSE . W ME AP S BURI PR A S0 Tl . X MR 53] 13t
B, B ERURIE R G e, Rl Zo/Mg BRI IRBEAT I T, IS
FIELIREL

TR ERLE

ARWFFEILHIE T 5 M Txxx RIVLI AL, WK 1 im. Boadilokss, Dt
—Z&%] Zn:Mg B, HEER S E[Zn+Mg+Cul A 3E, MR At & 3ea gl & 4. b
BN Fe. Si 1 Cr, FRAARAESRILIIL 75, VABCNEDL 7xxx RFEGE&HRFK. @
i R AR A IR A AR 7 4 250mm x 180mm x 35mm I555E. ¥R, MWEEAME
HOID T H AR EEA T A EL, D 60%. FACERAEFE IR S SR Rk T, (AR
B R B AR MR MR S . TR TRALFRALHELE 475°C IRI—/NIE, SRJG A KR K. IR
LT 5 THRESZE 1 =105°C Al T .2=165°C. {HE 6 /M) T1 KA RG0S 8]), #%
T2 H 5T I Rf i) I 10kg G718 (Hv10)W0 8 A [F] B R[] 5 (0 4 IR 5 . 7Eax e gh L1
Eeah b, GEBREE D IRE R T R PR R ARDSOMIE S BT B BH(TEM). AT H
DSC ¥J{#i ] Perkin Elmer Pyris-1 {( #8317, TEM ¥ &l ] JEOL JEM -2000FXII. %X
Sl LT AT S (SAED)YBE 3t FH SR R 591 4715 T [RI s 28 B BE A

F 1 WM Txxx BRI E S IH B

Alloy ID Chemical Composition, at.% (wt.%)
| Zn Mg Cu Total Solute | Zn:Mg Ratio

1 34(7.8) | 1.5(1.3) | 0.9 (2.0) 5.8 2.3

2 3.0(6.9) | 1.9(1.7) | 0.9(2.0) 5.8 1.6

3 27(6.3) | 2.1(1.9) | 0.9 (2.0) 5.7 1.3

4 25(59) | 23(2.1) | 0.9(2.0) 5.7 1.1

5 23(5.5) | 2.5(2.3) | 0.9(2.0) 5.7 0.9
e
Bz hE

K1 SR 1 SRS & A DU I RO AR — B BORE R AR . TR, A& &
FEER — [ B U5 #GA 2 7 A R, JFAE B i PR ¥ Bl P 4k 5538 A [ F) Vg
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AT, ¥4, LA ZnMg Hof 4k SRR WS RO 1. B &4 ZnMg
P IIHIII, A e E R I (RN 50 OB FE S Ao K

AHardness
| |
10 HV10
e =
<

AHardness
—
10 HV10

-2 -1 0 1 2 3 4 5 6 7 8 -2 Q 2 4 & 8 10 12 14 16 18 20

Second Stage Ageing Time, hours Second Stage Ageing Time, hours
+ Alloy 1 4 Alloy 2 x Alloy 3 < Alloy 4 0 Alloy 5 + Alloy 1 & Alloy 2 x Alloy 3 ¢ Alloy 4 0 Alloy 5

1 R A AR A BN AN ) £ 6 R

M F5

Kl 2(A)Z &4 15 Zn:Mg H)FER RO B A RIF B — 5241 DSC #vEl. 5 T
i 2 2 7E 28— B B RS SERIFA TR Y, T A il e 2 IR B o B Ak R ) 12.5
AN SEIRE), AN ETHRE 1 Al BUE Y, XARER T P I RS . X LR
R LA AT 50 2 056 FH () iy 44 753047 T hRid, B BRHIE R IR A 1, BN TTa 1 TIb, )5
AN . FFEERMZ, BEAER AW AT, 1R RGERESIM. fHRiieH
PRGN TTa R TIb WAEEEA PB4, RN T 25, RUR MR — RN
R, B EHEIERE 2 B R (A

K 2(b) T o 1 TR A 4 20 5 3 A 9 /NI 55 B B I DSC IR, 4% Zn:Mg HL A
MBI HES . R, BRI B T IERIRIR B — 8, HREE Zn:Mg b
BIEIBRAR, BHIE T —AEANEEE. i, 448 1 FHEHE, MEEEF
Zn:Mg LB BRI D . A4 S@n:Mg LLER)E T 564 TIEwMLL 1 F/, F)
B T RIS Ta AT TIb AT TE M ] W,

K 32— ANl TEM EA B AF S SAED B RIIBI T, &4 1 58— R
BLEEHS, B 105°C K 6 /Mo EVER, XFMEO L85 Kl 2(a)H BT DSC il 4 B 4%
XL AT 3R SAED (GRS 7EIX P& L FA77E GPI. GPILFly 'o 3K 2 M4
TAFER PG EESER . 7E 165°C ik 2 /MG, GPIXAFEHEL, X5A4 1
A 25 A A — 5. y BIARAEAE 4 /DTS RPN, IR, y MR ERHE.
B, —LEER, EMEEKIAR UGS, GPI XANSRAALE .

R2 A NIRRT A EB B E AR

Ageing Treatment Phases Observed via TEM / SAED
6h/105°C GPI, GPII, v’
6h/105°C + 2h/165°C GPIL v’
6h/105°C + 4h/165°C GPIL n’, (n*) * denotes minor
6h/105°C + 12h/165°C (GPII*), 0", n presence
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K 4 8o VSRR N G 1M 5 IR I S EAERRE, TR
HIBN )72 5, XM A R G AR R AS [ PR IR RS TR SEI AR 548 1 75 228 — I 30 )
N 4/NI, a4 5 75 12 /N A GRS RIAR R RORE LK. T BLE Y, BRI RN & 5
SEORHT AR RS R ATAR L, (EEFAARKIAR, S8 5 BRI BRI HH
R, SCRBU BRI B R X 582 .

llSh at TL/‘{.

Lh at 12_}\
¥y \/
L.sr-. at T2~+, /

L Alloy 1 f‘;\

5 g
2 g Alloy2 /7 ‘R’
= = 1
w | !
8 7. . .
o o H [ k=]
% | = i 5 =
@ o H o | ey
T =1 1hat T2 -1 i k= o
3 2
k] Kz
T ®
E 2hatT2 LA _——% ) E
=} i~ L=
= ! Z
12.5h at | !
T2 1
oy
o 200 400 600 0 200 400 600
(a) Temperature, °C (b) Temperature, °C

K2 (ay&4 1 7EBEA RO FE A AN B I TR 3R 75 DSC #4 A,
(b)YA4 1 2 5 1E1E E K /NS 28 — i BEi 8505 34510 DSC #4 K

K3 & AR BB THN RUa LRSI SR 52 TEM RRUE AT SAED B %
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4 4 LR S FERSHEIE IR KCF FIN5ES TEM S0 A

Wit

AW TR FEI G 4 o B R IS B 1 AR B W AE R B KT, X ekl H, BN
EATRSE SRR R, SR, EATTER R8N 1125 A e 2 A Ik B 220 235 TR R R
W —RBENES . A THBEREER, HAFRELZESSTINBIT, REHE
2By, Rl Zn/Mg LLl sz

AT HEH ) DSC Al TEM UE4E — &AL 1 9¢ T N T 0 R Hh kA8 B A (A
FIFFIME G E . O Txxx RIE &0 REAAEPR PRI GP [X;GPI X 5 3444 —
2/, AT {011} 24T = A 140-150°C 2 8], &% GPIIJE TR IH {111} Z4E 70°C
PL LRI, TEM Al DSC 455 E M, &4 158 1B T T GPIAI GPII[X 1 B2
ML 6 /NEFES 2T (R ), R y'FETE. X ATREZ T GPI X[ y 'X#41k, GPII X
My "Xk, B RET y HEBERKSS, Ui AERE IS R 165°CH, GPI X R 0]
AU, T GPIL X 4R SR BRI AN y M. AEfER/N JGIA B EREE, H
BALR A GPIL XA y M b AHPRA Y. TERENEEEAA, P y P, &
H G iEE y" AT 2 (HR AT RS y EERUZ 1. B0 BRI EEMT y M5
A, USRI/ EAH T y A% BB ARy, R T IRE S REFE I TR B 2 i
DSC iEHE S X — A — BOWF . R TRT LU R T GP X RN y B, X E T
IR B ERARIRMERAATIE T NAEER S PR, (RmT DA S SE il FiE 3 BBl 345 2 2
A JE e o, o B A5 R (36 0, 06 T AR R TR EE A 140°C %6748 %] 180°C, 1X AT LAY

First stage age at 105°C (T)): SSSS — GPI/GPII - v’
Second stage age at 165°C (T2): GPI — solid solution
SSSS - GPIl - 1w —n:
SSSS — 1" —n»
SSSS —
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Abstract. A systematic study of the precipitation processes in high sirengih Al-Zn-Mg-Cu alloys
has been conducted. A series of experimental alloys was prepared with varying Zn:Mg ratio, but
equivalent total solute content, to be representative of those used in applications which demand a
combination of strength. fracture toughness and resistance to environmentally sensitive cracking
mechanisms. Artificial ageing curves were constructed for each alloy, based upon 7xxx series
duplex treatments widely used in industry. Ageing kinetics were investigated beyond peak strength
into the overaged condition. since this is known to promote the most favourable balance of
properties, Differential scanning calorimetry (DSC}) and transmission election microscopy (TEM)
observations were made on the alloys throughout the ageing process to fully understand the
precipitation events occuring. For a particular overageing treatment, higher Zn:Mg ratio alloys were
consistently found to be at a more advanced stage of precipitation while higher strengths were
retained at low Zn:Mg ratios. Grain boundary characteristics, such as particle size and precipitate
free zone width, were also influenced by Zn:Mg ratio at a given strength level, This paper provides
new understanding of precipitation kinetics and the control of important microstructural features
which influence the balance of properties in 7xxx series aluminium alloys.

Introduction

Txxx series (Al-Zn-Mg-Cu) aluminium alloys are extensively used in aerospace and other high
integrity applications due to their attractive mechanical properties. However, maximum strength is
achieved at the expense of both fracture toughness and stress corrosion cracking resistance [1].
Within the aluminium industry, considerable effort has been focused on methods to optimise the
overall balance of properties [2]. It is common for industrial 7Txxx series heat treatments to be based
upon duplex ageing schedules comprising an initial low temperature (T;) age followed by a second
slightly elevated (T) age [3]. While such practices were developed some decades ago, there appears
to be renewed interest in the control of ageing processes to generate enhanced performance variants
of high strength alloys [4]. The precipitation sequence in 7xxx series alloys is usually represented as
55550 — GP zones — 1’ — 1, where 1 is the equilibrium MgZn;, precipitate [ 1], although it is now
generally accepted that this is a rather simplified view of events. For example, it has been proposed
that there are two types of GP zones, namely GPI and GPII [5, 6]. Furthermore, the precipitates
present after ageing have been found to adopt a wide range composition in addition to the simple
2:1 ratio required for MgZn, [7, 8], with copper often being present in commercial alloys. Precise
alloy composition and processing conditions dictate the sequence of formation and thus the variants
of 1 which may be present after artificial ageing [9]. Alloy strength is directly related to status
within the precipitation sequence, although there is still some debate surrounding which particular
phases may be present in different conditions. For example, it is generally accepted that the
underaged microstructure consists of GP (1 or II} zones, which may or may not co-exist with i’

All nghts reserved. Mo part of contents of this paper may be reproduced or fransmitted in any form or by a.tg' means without the written perméssion of TTP,
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phase, whereas peak strength is attained via a combination of GPIl zones and n’ [10]. The
equilibrium 1 phase has occasionally been observed in the T6 condition [I1], but becomes
increasingly prominent with the extent of overageing [12]. In practice, it is the control of the above
precipitation events that ensures suitable combinations of properties are achieved for service, In
relation to microstructural features, strength is dictated by the nature of intragranular matrix
precipitation., while fracture toughness and resistance to environment induced cracking are
influenced by grain boundary characteristics.

A methodology for engineering the microstructure of high strength 7xxx series alloys has
previously been proposed [13]. By influencing the precipitation sequence and kinetics, it has been
shown that it is possible to generate quite different grain boundary characteristics for a given
strength level, thereby providing opportunities for improved combinations of strength, fracture
toughness and resistance to environmentally sensitive cracking., This concept has been further
developed in the present study, by conducting an examination of the effects of composition,
specifically Zn:Mg ratio, in alloys of equivalent total solute and hence theoretical strength.

Experimental Procedures

A series of five experimental Txxx series alloys were prepared for this study, as listed in Table 1
below. Compositions were carefully selected to provide a range of Zn:Mg ratios, but with total
solute content [Zn + Mg + Cu] constant in order to provide alloys of equivalent strength [14].
Small additions of Fe, Si and Cr were made and standard grain refinement practices used in order to
be representative of commercial 7xxx series alloys. Ingots of approximately 250mm x 180mm x
35mm were produced by gravity casting into chilled moulds. After homogenising, blocks machined
from each ingot were cold rolled to a reduction of 60%. Heat treatments were performed in
recirculating air ovens, using thermocouples mounted in dummy blocks to monitor temperature.
Solution treatment consisted of a one hour soak at 475°C followed by cold water quenching.
Ageing curves were based upon a duplex practice with Ty = 105°C and T; = 165°C. A consiant six
hour T, ageing time was adopted and the effects of T; ageing time examined. Vickers hardness was
measured after various ageing times using a 10kg load (Hv10). On the basis of these results, further
samples were selected for differential scanning calorimetry (DSC) and transmission electron
microscopy (TEM). All DSC was conducted using a Perkin Elmer Pyris-1 instrument whilst TEM
examination was performed on a JEOL JEM —2000FXII. Selected area electron diffraction (SAED)
patterns were used to identify phases present at the various stages of ageing.

Table 1 — Compositions of experimental 7xxx series alloys investicated

Alloy 1D Chemical Composition, at. % (wt.%)
In Mg Cu Total Solute | Zn:Mg Ratio
1 34(7.8) | L5(L.3) | 0.92.00 5.8 2.3
2 3.0(09) | L.9(L.7y | 0.9(2.00 5.8 1.6
3 27(63) | 2.1(1.9) | 0.92.0) 5.7 1.3
4 25(5.9) | 232D | 0920 5.7 1.1
5 23(5.5) | 2523 | 092.0 5.7 0.9

Results

Ageing Kinetics. Figure 1 shows the evolution of hardness for the five experimental alloys during
the second stage of the duplex ageing treatment. Note that all alloys achieved the same hardness
after the first stage age, and went on to achieve the same peak hardness level, within a spread of
five hardness points. Firstly, it can be seen that the time to peak hardness is shortest in the high
Zn:Mg ratio alloys. Furthermore. the rate of hardness decrease, during overageing beyond the peak
condition, increases as the Zn:Mg ratio of the alloy increases.
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Figure | — Change in Hardness as a Function of Second Stage Ageing Time

Precipitation Sequence. A series of DSC thermograms taken from Alloy 1 (high Zn:Mg ratio) at
various stages in the ageing process. is shown in Figure 2(a). The uppermost curve is taken
immediately after the first stage of ageing, while the remaining curves are presented in order of
increasing second stage ageing time up to 12.5 hours which, as can be seen in Figure | above,
represents a heavily overaged condition. The peaks have been labeled in accordance with
nomenclature used by other researchers, with the main features being the endothermic peak I,
exothermic reactions Ila and IIb, and finally the endothermic reaction III. Note that, as ageing
progresses, the onset temperature of peak I increases. The exothermic reactions ITa and ITh, which
indicate precipitation events, also vary throughout the sequence, with the doublet being replaced by
a single reaction before ultimately being eliminated after the longest T ageing time.

DSC traces from all five alloys after a common two hour second stage are presented in Figure
2(b), in order of decreasing Zn:Mg ratio from top to bottom. Note that although the peak I onset
temperature is consistent for all the compositions, it occupies a more narrow temperature domain as
Zn:Mg ratio decreases. Precipitation thus appears most advanced in Alloy 1, decreasing as Zn:Mg
ratio in the alloy reduces. Indeed Alloy 5 (low Zn:Mg ratio) is quite similar to Alloy 1 after the T,
age, with a narrow endothermic peak I and double exothermic peaks Ila and IIb still clearly visible.

Figure 3 is an example of a bright field TEM micrograph and associated SAED pattern taken
from Alloy 1 at the end of the first stage of ageing, i.e. six hours at 105°C. Note that this
microstructure corresponds directly with the top DSC curve in Figure 2{a). SAED patterns obtained
from multiple orientations indicate the presence of GPL, GPII and " in this condition. A summary
of observations made after different ageing treatments is shown in Table 2. GPI zones were no
longer observed after two hours at 165°C, which corresponds to the peak condition for Alloy 1. The
presence of 1 was first confirmed after four hours, becoming more pronounced after longer times. It
is interesting to note that some evidence of GPII zones remained even afier prolonged ageing.

Table 2 — Phases identified in Alloy 1 at different stages in ageing process

Ageing Treatment Phases Observed via TEM / SAED
6h/105°C GPL GPIL v
6h/105°C + 2h/165°C GPIL 1’
6h/105°C + 4h/165°C GPII. T]-. {T]_*) * denotes minor
6h/105°C + 12Zh/165°C (GPII*), ', n presence

Figure 4 shows typical overaged microstructures of Alloys 1 and 5 ar equivalent hardness level. It is
important to note that, due to the observed differences in kinetics, this condition was attained via
vastly different ageing times: Alloy 1 requiring a second stage ageing time of four hours whereas
Alloy 5 required twelve hours to reach the same hardness level. It can be seen that, although the size
and distribution of matrix precipitates are similar for the two alloys, the grain boundaries are quite
different, with Alloy 5 exhibiting both a larger precipitate size and precipitate [ree zone width.
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Figure 2 — DSC Thermograms obtained from (a) Alloy 1 at different times throughout the ageing
sequence, and (b) Alloys | to 5 after a constant two hour second stage age

Figure 3 — Typical bright field TEM micrograph and SAED pattern from Alloy | immediately after
first stage (T)) ageing
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Figure 4 — Bright field TEM micrographs of Alloys | and 5 at equivalent overaged strength level

Discussion

The alloy compositions investigated in this study were found to achieve the same peak hardness
level., which is to be expected since their total solute contents were the same [14]. However, they
have shown some significant differences in terms of both ageing kinetics and final, overaged
microstructure. In order to explain these results, it is necessary first to consider the precipitation
sequence in the alloys and then the effects of chemical composition, specifically Zn:Mg ratio.

The DSC and TEM evidence presented in this study together offer valuable information about
the precise sequence of events occurring during artificial ageing. It is already known that two types
of GP zones may exist in 7xxx series alloys; GPI zones are coherent with the matrix, forming on the
{011} planes between room temperature and about 140-150°C whereas Zn-rich GPII form on
{111} planes upon ageing at temperatures above 70°C [5]. TEM and DSC results show that both
GPI and GPII zones form in Alloy | during the first stage T age and, after six hours ageing time,
also indicate the presence of n'. This could be due to GPI zones transforming to n'. GPII zones
transforming to 1’, or alternatively by the direct precipitation of n° [5, 8]. Upon increasing the
ageing temperature to 165°C, the GPI zones dissolve back into solid solution [11], whilst GPII
zones continue to nucleate, coarsen and transform to n* precipitates. The alloy attains peak hardness
after two hours, via a microstructure containing a mixture of GPII zones and 1’ precipitates. Shortly
after peak. the equilibrium phase 1 begins to precipitate, most readily by transformation of n° — 12
but possibly also via direct the nucleation of 1. The distribution of fewer and large incoherent n
precipitates. at the expense of the previous higher density of smaller semi-coherent " precipitates,
accounts for the decrease in hardness after peak. This general sequence of events is supported by
the DSC evidence presented in Figure 2. Endothermic peak I can be attributed to the dissolution of
GP zones and n’ precipitates, depending on the stage of ageing. Whilst it is difficult to resolve the
various phases present within peak I, important information can be gained from the temperature
range of the reaction. For example, the shift in the onset temperature of peak I from 140°C to 180°C
with increasing ageing time can be attributed to coarsening of the GP zones and n’ precipitates.
Exothermic peaks Ila and IIb are consistent with the 1~ — 1w transformation and direct nucleation
of 1; respectively [9]. The overall precipitation sequence can thus be summarised as follows:

First stage age at 105°C (T)): SSSS — GP1/ GPIl - ¢’

Second stage age at 165°C (T2): GPI — solid solution

SSSS — GPIIl = 1" — 2
SSSS—n"—n
SSSS —
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The observed differences in ageing kinetics with respect to composition may now be interpreted
in light of the precipitation sequence proposed above. It is generally reported that the Zn:Mg ratio
of the precursor phases is below the 2:1 ratio required for the equilibrium n MgZn, precipitate. The
composition of " is reported to closely match that of the GP zones, with Zn:Mg ratios close to 1:1
observed in practice [8]. Higher Zn:Mg ratio alloys are thus more likely to favour the nucleation of
Zn-rich GPII rather than GPI zones, which have a Zn:Mg ratio closer to 1:1. Conversely, low
Zn:Mg ratio variants are more likely to promote the nucleation and growth of GPI zones. This is
consistent with the findings of other researchers in which only GPI zones were observed in a 7xxx
series alloy with a Zn:Mg ratio close to 1:1 [15]. Such compositions are therefore more reliant on
the direct nucleation of 1, rather than the energetically more favourable transformation from GPII
zones. Since peak strength is attained via a combination of GP zones and v, it follows that those
alloys which enjoy a greater contribution from GPII zones will achieve peak more rapidly and the
overall order of kinetics should therefore follow the Zn:Mg ratio of the alloys. Overageing is related
to the equilibrium n phase and, importantly, an associated increase in Zn:Mg ratio relative to v, It
may therefore be expected that the rate of overageing is greatest in high Zn:Mg ratio alloys, since
the matrix will contain a higher concentration of Zn atoms in proximity to the n° precipitates. The
differences in final microstructure at equivalent overaged strength are consistent with previous
observations on commercial 7xxx series alloys [13], and could be expected to lead to enhancements
in fracture toughness or environment-induced cracking resistance.

Concluding Remarks

It has been demonstrated that Zn:Mg ratio has a major influence on ageing kinetics in 7xxx series
alloys of equivalent strength, both in terms of the time taken to reach peak and the subsequent rate
of overageing. These observations have been interpreted in light of the detailed precipitation events
occurring in the alloys and in particular the role of GPII zones in accelerating the formation of 1.
Perhaps the most interesting aspect of this study is the ability to vary grain boundary characteristics
for a given overaged strength level, and this forms the basis of ongoing research.
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