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Al-Zn-Mg-Cu alloy fabricated by wire arc additive manufacturing

TIAN Rui'’, JIANG Zhe’, LIU Jun"’, LIU Weiging', CHI Yuanging’, ZHANG Yongkang’

(1. China-Ukraine Institute of Welding, Guangdong Academy of Sciences, Guangdong Provincial Key Laboratory of Material
Joining and Advanced Manufacturing, Guangzhou, 510650, China; 2. School of Electromechanical Engineering, Guangdong
University of Technology, Guangzhou, 510006, China; 3. School of Metallurgy and Materials Engineering, Chongqing University
of Science and Technology, Chongqing 401331, China)

Abstract: Wire arc additive manufacturing(WAAM) was utilized to fabricate the nano-treated Al-Zn-Mg-Cu alloy. Effects of
fabrication parameters on WAAM formability are systematically investigated. The results show that the nano-treated Al-Zn-Mg-Cu
alloy is well formed by alternative path under the following parameters: welding current 190 A, welding speed 350 mm/min, dwell
time 90 s. Post-deposition heat treatment is employed to further modify the microstructure and the mechanical performance. The
WAAMed Al-Zn-Mg-Cu alloys at both as-deposited and heat-treated states exhibit homogeneous microstructure composed of fine
equiaxed grains without preferred orientation. T6 heat treatment significantly improves the microhardness and mechanical
properties of the as-deposited alloy. The microhardness of the T6 treated alloy reaches 178.3 HV, which is 61% higher than that of
the as-deposited sample. The ultimate tensile strength, yield strength, elongation of the T6 treated alloy along horizontal and vertical
directions are 469.7(+5.1) MPa, 366.3(£1.4) MPa, 6.4 (+0.4) % and 454.3(x18.8) MPa, 364.7(=16.7) MPa, 5.9 (£0.5)%

respectively, demonstrating that the WAAMed nano-treated Al-Zn-Mg-Cu alloy has excellent mechanical isotropy.
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Highlights: (1) Nano-treated Al-Zn-Mg-Cu alloy was successfully fabricated by WAAM, and the effects of parameters on

formability were investigated systematically.

(2) The WAAMed Al-Zn-Mg-Cu alloy free of hot cracks has isotropic microstructure and mechanical performance and

excellent strength-ductility synergy.
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TR S L7 /I ) B E JEE 22 i d Table 1 Chemical composition of welding wire
REFEAET 99.99% G TR, U 1S Limin, 0 M B @ "
bR B BB R 1 R, L N

®2 7075 BASEMUFENS (RENH, %)
Table 2 Chemical composition of 7075 aluminum alloy substrate
Si Fe Cu Mn Mg Cr Ti Zn Al
0.06 0.16 1.5 0.06 2.62 0.22 0.05 5.59 Akt
HCIO, LA (10% HCIO, + 90% C,HsOH) %z kE
T HL ARG, i Zeiss sigma 500 F14#iHL. 5% (scanning
electron microscope, SEM). it i HLT 11X (energy
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o SEM X It FE S AT i,
B e
- 50 2 ABREREITE
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1
Schematic of printing process and sample
cutting. (a) printing process and samples posi-
tion; (b) dimensional drawing of tensile specimen
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20101 A5 R N BT PR )R B A R R RO M
Al
SRR N 170 ~ 210 A, HL IR EE 2
SRS 3. 45 R AP, 1E 150 A FE3EH
W, BHE AN HARRE, I g i, MRE I
KT A AR IR b RO IS R A 5, AR

Y L ARG K HL R T OO, IR A AR
B S EOL, AR, XA A T IT
Ji& B 22 R AR R 170 ~ 190 A
B, p A8 AR MR B R AR L K T 190 A |,
y SEARREAAS, S TG A, PR OB
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Table 3 Macromorphology and cross-sectional morphology of single pass single-layer welding specimens with

different welding currents

HLTLIA T WHES  @WSWmm REHmm REREY
150 7.60 4.44 0.58
170 9.98 3.52 0.35
190 12.42 3.50 0.28
210 12.7 3.74 0.29

2.1, 2 J5HE R X LT PRSI A SR U M RE S )

PRFEEE S 250 ~ 550 mm/min, B38E 5 A5
TR ZORIE 5 5 #5035 4. Rl AR o 3 1Y)
BT, R R SR KE N R, A AN
N 5 BEREH N 250 ~ 350 mm/min, 45 T LA
FE— 2, (RN, K8 2R RAE, A5TE
JEUTRE, R WG RIF A GO A IR

A 450 ~ 550 mm/min, K5 720 7E ST YA it
St B G S04 LR ML RE MR R RN 550
mm/min I}, B, TS G FF R ERIE 2 )23
TR 5 M43 Bl 350 ~ 450 mm/min, y FEAS AR [,
{2 K 02 3 BE 7E 450 mm/min B, K848 22 00 BB 78
I WO i A A ) S A, e AR B AR S
350 mm/min.
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Table 4 Macromorphology and cross-sectional morphology of single pass single-layer welding specimens with

different welding speeds

JR43 3 B v/(mm-min ) TS WEES  WSEwmm  RESHmm AR
250 I 11.26 4.54 0.40
o som]
350 g 11.90 3.54 0.30
450 I Ll 9.72 3.10 0.31
3 mm |
550 7.85 2.92 0.37

2.1. 3 YIRS AR X Ol 22 2 R AR U A RE S M)

FEHLIE Z )2 AR5, DB AR X Y 1 RE
A EERZW, PR R 350 mm/min, #7452
7 190 A T2 F X Al-Zn-Mg-Cu & & T8 £
IR, W 2 iR, B 2(a) A B—J7 [ BAIE
Z AR, W AR ), X 2 W S
LA B AN FR A, X2 TR IR S O B
TMSHCAN ], ASRAL i T B, TS 804

WA FHE 15 20, i T Uk R,
RIS IE W AT UE 2 )2 AR, SR AT
SR ARHEA T BE 22 RIS, IR 2 Bk
IR

K 2(b) MAEETIRBRAE T 35 )2 5l 2 2 041
UREZ LS, I 45 B = N 62,7 mm,
Y20 1.8 mm, BURE B ARTE RS AL 5 AL 2
XAk AR, HAR DG P8, OB RER i —Tr )
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Fig. 2 Macro forming morphology of single pass multi-
layer additive samples under different welding
directions. (a) single direction; (b) reciprocating
direction
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ANFNGER, fe7E Sl A 45 R 1], L m] LA JA
15 A REL S A, (HRad 1K B A I R) I F A A

TIALAER .
2.1, 4 JZ[A) AR I () %) BT 22 J2 08 B R P 1
AERZ R

BB H 190 A, /425 350 mm/min,

JE A 5] 30 ~ 120 s, BTE 22 )2 B0 MR RE 22
WU 3 ik, HIE 3 AT LA AR5 f 2 i S 1
[ 90 s. 7F 0~ 90 s 4 4 i ] P bifi 5 )22 I 46 12
] 1 00, S 0 S 453 o P B A S, LG )2
K B K, A HTIA R, K 1 22 ] A 13 ) A
TP BB, SR 45 TR AT, T i
I R B HRRE . (H S 2 8 A ) K 120 s
I, OB TS A R I, AR T R e
YLRE, SEHTIA g, dob K A 2 R I () 2 S B0 i o
Fid P IF4R, it 2k i SBuR G

(b) J2BIZEFEA] 60 s

(d) JA B SRR ] 120

B 3 AREBEEFRELRE S RIS RN R
Fig. 3 Macro forming diagram of single pass multi-layer
additive samples with different dwell time. (a)
dwell time 30 s; (b) dwell time 60 s; (c) dwell time
90 s; (d) dwell time 120 s

22 AR ME

X 22 5 TR B IURE (8 T ICP-OES HiJE&
A 45 B 7 IR & 4% 3% 42 (inductively coupled
plasma optical emission spectrometer) Ki Il 7TC % 1% &
b, TR S R Th T R PR, WA
BT WL 5.5 B Zn o R BB O 39.3%,
Mg TCR BN 40.3%, SrHTIAA, HUITE B o
T TR AR 22 7 A R 2 Zn R Mg 450T
RIERFE.

x5 EMABLERS (RESH, %)

Table 5 Chemical composition of additive samples

Zn Mg Ti Cu Al

5.22 1.91 1.26 1.98 Axat

4 Akt Al-Zn-Mg-Cu 4 4 il £ )2
SERHARE TR S T | rp 3R RIS HR 10 OUL 2 SUE
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Fig. 4 Optical microstructure of the top, middle and
bottom regions
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9T AR RS, 4 EDS g 4 1 1 3
B X IRRE AT 204, S5 5R A 1A 6 B, 1] 6(a)
1l 5(a) FRAEIX 2 EDS fgiE, 258K &AM Cu 5 Mg
JLETE A LA AR B A T EAE, Zn iR
AR A B s AR, LIS — A0 AlCu 3%
#H AlL,CuMg, [FIl} Ti JCRLE M A L EE 8, £
YRR B AT A L & 6(b) AFEIL A
BRI DX 35k 1 EDS Th 4 45 L, 45 SR B 3L S A
Mg, Zn, Cu Fil Al 4 B JC 2 LR, e A 8 T 5
4 Cu 5 Al JTE ) MgZn, #-Mg(Zn,Cu,Al),, [F]H}
BRSSO N R AT AR 9 oK Bk, W]
YRR fi A A — 2 AT .

(b) FFHEIX 2 SEM FES

(d) FHEIX 3 SEM JES

5 MARZIXEEHER SEM 3R
SEM image of the middle part of the as-
deposited sample. (a) SEM image at low
magpnification; (b) SEM image of area 2; (c) SEM
image of area 1; (d) SEM image of area 3
Kl 7 ik EBSD IUIRAE SR, Xl r [l oy
HES . A 7(a) 5B 70) 7T LA BT
TiC 4K WORL Y R ERCR, 5 HAbME S8R & 4ol
SEBA T A J2 AR 5 2 1) A5 B ot P 2L 8 )
“HPRT AR S AR TR Y, GOk Al-Zn-Mg-

Fig. 5
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(a) #FEIX 2 EDS [ (b) LK 1 EDS 3%

E 6 A% EDS giLE
Fig. 6 EDS energy spectrum of as-deposited sample. (a) EDS map of area 2 in Fig.5; (b) EDS map of area 1 in Fig.5
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(b) I H 2 EDSD %51

B 7 X#EHER EBSD 4R
Fig. 7 EBSD characterization of the Middle part of the as-deposited sample. (a) EDSD results of position 1; (b) EDSD
results of position 2
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WA, U5 B ORAE 701 1,92 1 1.74, 3%
38 A R AN AE P S 20 . oK el Al-Zn-
Mg-Cu & & WAAM J5 23 T R 4 19 41 21 4% 1)
[

DL SRR, KRR I AR #E 1 H 5
M Al-Zn-Mg-Cu & 4 418U rfop AR & ) 4l /N 55
Bl AR B B X B T LR P O R A
OTIC PURL A T 45 o 45 Jas 68 [ 3o 72 v 1) S5 0B
¥, TiC 5 Al HA AR 1 SR L5, I H I # Z [H]
F AR S TECRE AR 6. 9%, IR I TiC 44 oK JBkE i)
VLR o-Al B RO BB A 88 Q7FR 43 94 K Bk
TEBEE R RS 2 A, O TR A gkt
KX AR I A SR Z B RIVEH]. LA E PR AR
LR, S IS M 9K BPE Al-Zn-Mg-Cu &
S AR/ N S TR I

7 S AT B LI 7075 485 A R L
43, SCHR I To ULBET 25 M [E% (475 °C/1 h) +
N LHES (120 °C24 h). &l 8 4 T6 IRZE T AY OM
K, 3 Tmagel BAEXT T6IRZS T Sk 73

(a) T6 i SEM

(b) T6 =ifis

SEM

BARF] T6 Ak R ST R 12.79(1.45) um. Xf Ho &
M, 23 T ALFH T, fki N~ SO A I JE
AR, HLYA SRR, X 2R TiC 99k
BRI T 5 i A R b S B B 3, i
T ERL R K, Frh it b B S, SRR ST TG
M Bk,

(b) T6 =% OM K&

(a) T6 fikfi5 OM &

8 BTN T6 &HAR

Fig. 8 Metallographic structure of additive samples after

T6 heat treatment. (a) low magnification; (b) high

magnification

K9k T6 2% SEM L, T6 Z J b At FATI o3

ATAT ARAE S R P AR B AH, 151 10 D181 9(c)
EDS fgi 4 45 5, EDS 145 25 R 3R W1 ik LL 40
AlL,Cu I Al,CuMg, Al-Zn-Mg-Cu & 4 ' Al,CuMg
AH T e 5% B B L, AL, CuMg ELAT S 1 = il
R P, i B r )l B 0 [ ) ) A
e,

(©) FE19 (a) FEF L2 SEM

9 T6iXiEHER SEM 3R
Fig. 9 SEM image of the middle part of T6 sample. (a) low magnification SEM image of T6 state sample; (b) high
magnification SEM image of T6 state sample; (c) SEM image of the dashed rectangular zone in Fig.9(a)

ALCu T B R IR, % R 525 °C'™,
23t To AR Z 5, HAUP A AE R B % 1) AL Cu
5 AlLCuMg #l. & 11 8 T6 A H S50 b,
SER KR T6 Z 5 bt LT LR BE SR A3 A AT H
HH, AT AR R SE 2958 30 nm, 33 8641 O [ % T 356
53 Cu Je Al TTERI n #H (MgZn,).

2.3 NEFMEEES
2.3.1 BimEREE
Pl 12 Sy i BT F5 4G B4 CRE (0 R BE X 1L, P

AT, T b 3R 2 46 a1 DU U A A 2. DT
FAZS - Y88 K 110.6 HV, 255 T6 #Ab B 5, -
YIWERE A 178.3 HV, SUIBUSAH L, To 258 15 5]
TR FETE, FETHIRBE T IR 61%. R 14T+ 3
BUEM T To 4G KRS o-Al FEARLR RS X
ZAH AR ) R ARAR BT B 4 5
BRA A B R AR, T YA I e AT TR .
2.3.2 PifiPEfE

X T6 AIRFEHEAT T hr AR Re L, BURE (7
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B 10 T6 4 EDS gtk
Fig. 10 EDS spectrum of T6 sample
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—— PIRES
240 e T6
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"N : £ 160l
BRI S
il i
5 120 M
=
= 80
2 40
(a) T6 ZFE T M A DITER SEM [£]
0 I I I I
66.0 10 20 30 40 50 60
soal A 5 TOE R HR BEHEAREE 2 L/mm
% 5281 > w (%) a (%)
=4 462 Mg 4.12 4.81 pr
m]}H 396+ Al 86.29 90.68 lg 12 Eﬁ@g;ﬁ tt
2330¢ Ti 2.11 1.25 Fig. 12 Microhardness contrast
23264 ¢ i 2.0 0.90
R198 Zn 546 237
be 132 z
O0lucld . wm  omgm 500
0 1.3 26 39 52 65 7.8 9.1 10411.713.0
X B F I (cps) 400
(b) M FHULTEAR EDS &5 <
[aW
- =300}
B 11 TeiRFrHERABER §
Fig. 11 Spot Scanning Results of precipitation along =900 |
grain boundaries in T6 Sample. (a) SEM images
of grain boundaries precipitates in T6 state 100 +
sample; (b) EDS results of grain boundaries

precipitates : . . . . . !
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

BRI 1R, B R 13 B, Frifss e

ST L F 6. T6 AR EUAT 1t 5 (3B o, 3 B 13 T6 LR

JIZEPERE GASTEAS 7075 454 4 T6 Ab3 5 17221 Fig. 13  Stress-strain curves of T6 treated samples
REAH Y. X EE Al s ] | Gl R f PR RE IR IC B T6 ASIXFE LS i 5t B2 £ ZORJET LT LT

Ze5, UHIGPREIE Al-Zn-Mg-Cu S8 FRERA TR, e ai oAk, il 2 2URIE S R vl
RAFAPERE S ] [ 1, X R T WA U & mmIvE. 0, Te A5G 4 4/ iy 558l 2 1, B Hall-Petch
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Table 6 Tensile strength of T6 state samples

i R &S Wi i R
R, /MPa Ry /MPa A(%)

T[] 469.7+5. 1 366.3+1.4 6.4+0.4

) 454.3+18.8 364.7+16.7 5.9+0.5

o FCRT AL, @RERE/IN, RS B AR s FLUCRh T
AL, T6 AbBL)5, Al-Zn-Mg-Cu & 4 TR i
SEPE Y A, X JE Al-Zn-Mg-Cu 54 EE ARk
FH. BEAN, B o Ak oA o R B A T BTk,
TiC FRi5 Al JLAR IR, Wi 2 B HA R
TR ST 4G P, AR AR T LA K ) A

S FERET,

(@) T6 ZRER BRI SEM 8

() T6 15# EME.‘ EM

R BIHEBR AR IUR, |, MM o
2.3.3 Fiffsr S

P 14 Sk Sk #1538 A URE 4 A B 1 55,
A LLEBIRZ RPN SRR B8, OF B m
TREE R, Ui e 1 W7 2405 SO B W L. 471
SRR T B R Ry 38 A o AR P B T i
P14 25T o, T R U U P D M AR, T
17 _EAFE D RS AL, SEUAER A S e e oA
ARG A B, TR IR SR A A B ST
R I PR R Bt T BB <AL ALY
TE L2 B B0, FEARATRHR B, LR, QT
R, AP P I AR — SEROR R NI R T i
AR, SEEAA I A 0.

E 14 T6 MO SEM E
Fig. 14 SEM image of T6 state tensile fracture surface. (a) fracture surface SEM images of T6 state sample at low
magnification; (b) fracture surface SEM images of T6 state sample at medium magnification; (c) fracture
surface SEM images of T6 state sample at high magnification
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