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Fig. 1 DED system and schematic for joining. (a) Robot and laser system; (b) powder feeder and ultrasonic vibration system; (c) robot

arm; (d) schematic of DED joining; (e) pore changes under ultrasonic vibration assistance
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Fig. 2 Al-Mg-Sc-Zr alloy substrate formed by SLM and powder for joining. (a) Al-Mg-Sc-Zr substrate formed by SLM; (b) schematic
of slot size; (c¢) slotted aluminum alloy substrate; (d) AI-Mg-Sc-Zr powder
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Table 2 Parameters for joining by DED process

No. Laser power /W Scanning rate /(mmes ') Powder feeding rate /(gmin ') Energy density /(Jemm )
1= 3000 10 3.7 75

2% 3000 7.5 3.7 100

3= 2500 5 3.7 125

4= 3000 5 3.7 150
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Fig. 3 Samples joined with different process parameters and size of tensile sample. (a) Sample under energy density of 75 J/mm’ and

size of tensile sample; (b) sample under energy density of 100 J/mm?; (c) sample under energy density of 125 J/mm?; (d) sample

under energy density of 150 J/mm®

#3 ARSI

Table 3 Ultrasonic vibration parameters

No. Current /A Power /W Frequency /kHz
Ul 0.8 176 19. 66
U2 1.2 264 19. 66
U3 1.6 352 19. 66
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Table 4 Hot isostatic pressing parameters

N Temperature /  Pressure /  Holding ~ Ultrasonic
o.
C MPa time /h vibration
HIP1 v
325 170 6
HIP2 X

3 4hHT I

3.1 EREEST

Kl 4(a)~(d) B T fig & % E AR 75,100,
125,150 J/mm’ F # % X 1 2 WA LE 5L . A 7 g =
BN AR A R LB Bk EE , B AR 4 Sherepenko
S A XA B A it B s S T R RE Y 3 A
5538 1 IX A2 42 (A A DX LA B A 100 3R Ak 1) LR B R
b, BERRESEMN 75 T/ mm’ B F 150 J/mm’,
15 DX DA B 4 X ) SAL B A RSt/ . 5] 4
(e)~(g)fmA0.8.1.2.1.6 AW H I NiEHEXR
b9 U A D) o WS s o N1 6022 7 i1 R
T AN T KRR FLRER L C Fk, U H RS
G X5 G 0 B ) KA LR B s R B
W/, FLEE R 350 1l A3 A R A 3 B X P R A 1) A HE
R BN AL R R BN R ARG . X R
PR Sk o 7 A1 1 T A A5 3% 2 4 R v 1 VR A 4 ) Tk

T X &AL Sl SRR S 4 Ak A 1) S HE S
B, XHAREAE SN WEZEG T EI,0.8A
5 1.6 AR L SALRST TN BT b

F4(h) (D) 43 518 [6— T2 S BRI 7 2800 5
FEAA SRR S A RIS . AT DL BA o 5% 3 I 55
FE T % 2 X R BN AR R T X 3R
1A AR Z M BRI R R . X 5K 4(e) b RKAAL
A B A7 XN, AT DA I T M R P R A R
FE 46 3% B2 X RS AL S 8UW . B 4G) TR b JC#E
A1 7l B AR i S SR R S AL 4L X H ] 4 (a) 1T DA
B, K RALC &R AR E R XA A A RE RS2 1
AL B ACk) B R R #E R A0 S5 B R RE O 2 A S
JEJE A Z X E 4Ce) BB, iE X R ALE G 2
SEATH A, IS AR B B0 B E & 4R A3 99. 99 % =
PSS A 5 0 R XA R R AR A AR (18
HEME M TZIMEA X KERENIILC LT
S AL R A R R 99 HV 2 71 2 45 K fE
160 HV. XFH I 6(b) AT 4(7) & B8, ¥ 5 ~1 375 B 1%
FeA B T PSR R AR 1 3 0

P AT SCA 43 BT T L, R S b A B 2 S AL
PG ] B R 28 (2) A& T Arrhenius 23 2 A i A9 S
AL TPIEGESEEN R AR k.

H.O(g)=2H+ O, (2)
Q

K CH AR E s A R 5 A 4 R R EE AH 6 1Y)
WG QMNIEALRE s R N AR it T il B (K
K)o MR R R (2) , 78 3% 30 B b & 7 A &R 5
BT W) IRERS, SAERE S P NERE
AN G WO IR AR A A AR I S S TR A e
FERRE R A AN R OIS | &8 IR E BRI 5
A T A R A A AR R AR R, — i AR R
BF 3, 25 A b oy 7 IR 8 BRAL L S i B2 XM
B X A KB I Y % AR SAL il SEM E AT 0
T, 25 S & 5 AR o AREE S LB AR AL 2 /B , R

CZA-exp( —

0422002-4



fusion boundary

Joining zone

fusion zone

a4k F 4H1/2024 £ 2 B/REER

(e)

vement direction of pores

P4 R A 7 I 0 i R A A TR SRR R AL 2 (a)

fE 2 R 150 J/mm?*; (b) BE % B 4 75 J/mm’; (o) g i 2% R

100 J/mm?®; (d) A& 5% FE o 125 J/mm*; (e) @A IR M 0. 8 A (DA A 1.2 A5 (@A LR 1.6 A (h) R #0510
FE i B2 T 5 (1) IS e S5 R o B2 T 5 (§) G RE 75 il B RE i 104 AR S R R SRR Y A A ALY 5 (k) BB 75 Al B RE S A SR R RS RE Y
S AT A1 SR S AR B g £k

Fig. 4 Metallographic structure of samples with and without ultrasonic vibration and hot isostatic pressing. (a) Energy density is

150 J/mm’*; (b) energy density is 75 J/mm’; (c) energy density is 100 J/mm®; (d) energy density of 125 J/mm®; (e) ultrasonic

current is 0. 8 A; (f) ultrasonic current is 1. 2 A; (g) ultrasonic current is 1. 6 A; (h) sample surface without hot isostatic pressing;

(i) sample surface with hot isostatic pressing; (j) metallographic structure without ultrasonic vibration and with hot isostatic

pressing; (k) metallographic structure with ultrasonic vibration and with hot isostatic pressing and microhardness curve
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Fig.5 SEM images of pores. (a) Pores distributed around the interface; (b) magnified morphology of the pore

0422002-5



BT RIS I 7 I ) B B A 4R T 5 BOE R Ad
LTI A XAy, X 51 4(e) ~(g) Py ALk FE Y
I3 A LRI, k3 9106 BL B 5 R S IR A I [ L
B BRI R SR T T 7000 IES I S AT
U 5 A B R AL Ak O el 2 mT DA U i
0 0 3 DX 5 0 X R B0 B W] TR VS e
RO TR O . 5 LN BB 1E 1.6 A RS
L A B e B S X B

P 3% RS [ DX I e A R 5] 6 (b)
7R o RS TR 7 A1 37 %l Bl Ik SRR A 4 2 I ARORE R

(€))

— — trend in joining zone
— trend in fusion zone

1joining zone
fusion zone

N
N

90

Efficiency of space filling /%

#
W 2% 3% 4 Ul U2 U3

without ultrasonic vibration with ultrasonic vibration

Zone

a4k F 4H1/2024 £ 2 B/EER

175 HV , 3% 82 X A B AE 130 HV £ 47, B8 % fe Ik A Aor
TR A KB, 3 5 AL B BG Y 53 Ai DL SCSUR B
X it 2 BE 75 J/mm B E] 150 T/ mm*H), 344
550 A DX S B T B 3 A AN AR T O R X B R 1 T
TN R AN S B R SR B9 R RE O
175 HV, % 4% X 8 78 120 HV Z2 47, BAK T R 7
R P R ) T R R e AT A A T R A O XA A
BB, 31X 5 AL B 18 43 A LA B 3505 B A0 B R 5 0 A
IX. Wi TR BE B i SR 99 HIV 5 oK WA i 8 75l B Ik i g
I T I0HV &4 .

) 180 ~Z — — trend in joining zone
— trend in fusion zone
160+
é 140 . . 134
77
5 120 7
|
100 é
80 %
# 2#  3#  4# Ul U2 U3
without ultrasonic vibration with ultrasonic vibration

Zone

Pl 6 P T A B S BRI () P T 3 A1 B8O 2 5 (o) 7 T 0 e 1 S At 3

Fig. 6 Efficiency of space filling and microhardness of samples with and without ultrasonic vibration assistance. (a) Efficiency of space

filling of samples with and without ultrasonic vibration assistance; (b) microhardness of samples with and without ultrasonic

vibration assistance
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Tensile properties and fracture morphologies of specimens with and without ultrasonic vibration assistance. (a) Stress-strain
curves; (b) fracture location of different tensile samples; (c) fracture location with 1.6 A current ultrasonic vibration and
150 J/mm’ energy density; (d) fracture location with 150 J/mm” energy density and without ultrasonic vibration; (e) fracture
morphology with 150 J/mm?® energy density and without ultrasonic vibration; (f) magnified fracture morphology with 150 J/mm®
energy density and without ultrasonic vibration; (g) fracture morphology with 1.6 A current ultrasonic vibration and 150 J/mm?
energy density; (h) magnified fracture morphology with 1.6 A current ultrasonic vibration and 150 J/mm® energy density;
(i) stress-strain curves with and without ultrasonic vibration and with hot isostatic pressing; (j) fracture morphology with 1.6 A
current ultrasonic vibration and hot isostatic pressing; (k) magnified fracture morphology with 1. 6 A current ultrasonic vibration

and hot isostatic pressing
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Table 5 Elongations of specimens with and without ultrasonic vibration and with hot isostatic pressing

No. 1# 28 3%

Ul Uz U3 HIP1

A% 0.73 0.68 0.44

0.58 1. 36 1.29 1.51
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Fig. 8

Microstructure and chemical composition distribution in the joining zone of specimens fabricated with and without ultrasonic

vibration. (a) Microstructure with 1.6 A current ultrasonic vibration and 150 J/mm® energy density; (b) distribution of

strengthening phase with 1.6 A current ultrasonic vibration and 150 J/mm’ energy density; (c) element content of strengthening
and non-strengthening phase with 1.6 A current ultrasonic vibration and 150 J/mm’ energy density; (d) microstructure and

element distribution of specimens with 1. 6 A current ultrasonic vibration and 150 J/mm® energy density; (e) microstructure and

element distribution of specimens with 150 J/mm” energy density and without ultrasonic vibration
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Fig.9 XRD spectra of substrate and joining zone with and without ultrasonic vibration. (a) 30°-80°% (b) 30°-45°

4 4k e

X DED T 70 # 4 SLM ¥ Al-Mg-Sc-Zr, 5%
AR T LS HL K 75 51 7 Bl 5% 0 %o 3% 2 0 1 o
21 2 T i A A5 T 24 MR RE Y 5 e R A 5 B T L B Bt
3 1) 0 1 2 378 B R S R 8 15 Ao g 2 MR RE AR TH 1Y
KHER 2R TS 458 IR 1) 7E 75~150 J/mm’ #0O6 fE
I A TR P RE A RO, AL D B R
oo R A 3000W ¥ Ot Th R 5 mm/s B ER
3.7 g/min i By R A B s A X E A X
O OM bUobrosw B, 4 Ak 90 HV, 90.83% .
203.38 MPa, 2) M s BT, 8 IR sl 42 #F Al
(Sc, Zr) s AL AH B9 T2 AT, 40 40 S kL, I BE 98 43 20TH
B BB (S FLA ) A R S BT o BRI R X
FE 19. 66 kHz )88 75 4 s 4 R 1 1. 6 A 75 L 3t 19 8
7 AN B R 384T DED 3% 4 Al-Mg-Sc-Zr L5, #8 7H
PR Bl 7= B A 0 St A5 RN A A Tt N ALY R R 2
i PR 1 0k 0 S BE A N IR 75 A B 4 iR RE 1 FL B
BB S S A TN A A R B S ) S e
BRI A X AR N 95 HY, 8% B R
93. 06 % , BLHi 5 B Ky 292 MPa, %5 A 8 75 WF 43 51 32 &
T 5% .2.4% 44V . 3) 8 E I ok FAGE ER R Y R Ak
PSR ISR A SR RE AR Bt — R R A XA
B 160 HV, B % & F 99.99%, ot fr o & N
405. 71 MPa, B AR AR 43 5 5 55 17 68,496 .7. 4%
F138.9%,

Z X x #
[1] Cole B, Daniel A. Applying graded material transitions with low

-cost additive manufacturing[J]. Rapid Prototyping Journal,
2023, 29(2): 378-392.

[2] Yang K, Rometsch P, Davies C H J, et al. Effect of heat
treatment on the microstructure and anisotropy in mechanical
properties of A357 alloy produced by selective laser melting[J].
Materials & Design, 2018, 154: 275-290.

[3] Yuan R, Deng S J, Cui H C, et al. Interface characterization
and mechanical properties of dual beam laser welding-brazing Al/
steel dissimilar metals[J]. Journal of Manufacturing Processes,
2019, 40: 37-45.

4] WIeie, skfe, B, 55 1A 6016 56 & /IR HOL IR Hk

SRS TERELT] MRS, 2020, 34(4): 4108-4112.
Luo B B, Zhang H, Lei M, et al. Laser welded joints of
automotive 6016 aluminum and low carbon steel: interface
microstructure and mechanical properties[J]. Materials Reports,
2020, 34(4): 4108-4112.

(5] MEmnJy, BRAMAY, @b, &5 A St BotEEAE N
BFELI]. O L 2010, 37(8): 2091-2097.

Mei L F, Chen G Y, Jin X Z, et al. Study on fiber laser overlap-
welding of automobile aluminum alloy[J]. Chinese Journal of
Lasers, 2010, 37(8): 2091-2097.

[6] Hong K M, Shin Y C. Prospects of laser welding technology in
the automotive industry: a review[J]. Journal of Materials
Processing Technology, 2017, 245: 46-69.

(7] T, #E0, FEEMK . 6016 M1 518245 A & OB 1% L i 4141
YUy b EROE, 2019, 46(4): 0402003.

Huang Y, Huang J, Nie P L. Microstructures and textures of
6016 and 5182 aluminum laser welded joints[J]. Chinese Journal
of Lasers, 2019, 46(4): 0402003.

[8] Wang Z H, Lin X, Kang N, et al. Laser powder bed fusion of
high-strength  Sc/Zr-modified Al-Mg alloy: phase selection,
microstructural/mechanical heterogeneity, and tensile

deformation behavior[J]. Journal of Materials Science &
Technology, 2021, 95: 40-56.

[9] Wang Z H, Lin X, Tang Y, et al. Laser-based directed energy
deposition of novel Sc/Zr-modified Al-Mg alloys: columnar-to-
equiaxed transition and aging hardening behavior[J]. Journal of
Materials Science & Technology, 2021, 69: 168-179.

[10] 44, SRLDHE, WRUETS, &5 i 2s 0 K i P R 6 b1 Rk AG 1

WO R B0, 2020, 47(5): 0500002.
Gu D D, Zhang H M, Chen H Y, et al. Laser additive
manufacturing  of metallic

components[J]. Chinese Journal of Lasers, 2020, 47(5):

high-performance aerospace

0422002-9



a4k F 4H1/2024 £ 2 B/EER

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

0500002.

ZHOR), MR KR X BOLBILIR G & L HE A M
HRHAE UL 2 U0 % 0 B0 F 9 S [T). b [ O, 2021, 48(14):
1402002.

Qin Y L, Sun B H, Zhang H, et al. Development of selective
laser melted aluminum alloys and aluminum matrix composites
in aerospace field[J]. Chinese Journal of Lasers, 2021, 48(14):
1402002.

bty FEMEAR, TR0, A BE RO A AL AISTIOM g By K 1 ik
WESELI] B AR H T2, 2021(7): 57-63.
Yang X M, Jian H G, Zhang W,
characteristics of AlSi10Mg aluminum powder in the selective

et al. Research on

laser melting[J]. New Technology & New Process, 2021(7):
57-63.

XA, RS, XU ZE . R AR A B B R OB AR HE T
ROL #om T2, 2021, 50(17): 6-11.

Liu Z Q, Zhao J P, Liu C J. Research status of bifocal laser
welding of high strength aluminum alloy[J]. Hot Working
Technology, 2021, 50(17): 6-11.

R, FEE, TR, & TAS2E A SO ok
MG PERERTFE[T]. NEH SO, 2014, 34(6): 567-571.

Zhang Z H, Dong S'Y, Wang Y J, et al. Microstructure and
properties of fiber laser welded 7A52 Al alloy joints[J]. Applied
Laser, 2014, 34(6): 567-571.

WHER, MR, T, % T LS 6061-T6 14 41
AR S S AU R RE RS2 [T]. $0m TT2, 2023, 52(21):
26-31.

XuY L, LiCR, LiJY, etal. Influence of process parameters
on microstructure and properties of 6061-T6 aluminum alloy
laser welded joint[J]. Hot Working Technology, 2023, 52(21):
26-31.

ARfE, XVALZE, TR, A R BRI Al-Mg-Sc-Zr & 4 I ROLIE
Ut B L2 W5 D] #Ot 5ot 7oz ik R, 2023, 6009):
0914003.

ZouJ, Liu HJ, Zhao Y H, et al. Study on process parameters
for preparing a high-strength Al-Mg-Sc-Zr alloy by laser melting
deposition[J]. Laser &. Optoelectronics Progress, 2023, 60(9):
0914003.

Ahmed T, Joao S, Jamil K, et al. Improvements in the
microstructure and mechanical properties of aluminium alloys
using ultrasonic-assisted laser welding[J]. Metals, 2022, 12(6):
1041.

BT, PR, AR, A SN OB AL DU Al-Mg-Sc-Zr &
SASUWERERY SR [T]. Otz 2 i, 2023, 43(2): 0214002.

Zhao Y H, He C, Zou J, et al. Effect of external field on
microstructure and properties of Al-Mg-Sc-Zr alloy prepared by
laser melting deposition[J]. Acta Optica Sinica, 2023, 43(2):
0214002.

Sherepenko O, Mohamadizadeh A,

Determination of resistance spot weld failure path in ultra-high-

Zvorykina A, et al.
strength press-hardened steel by control of fusion boundary
transient softening[J]. Journal of Materials Science, 2021, 56
(25): 14287-14297.

JHERE, £, ZERUE R L T A BB o B R (T
MBI F4R, 2013, 25(5): 39-43.

(21]

[22]

(23]

[24]

[25]

(26]

(27]

[28]

[29]

[30]

0422002-10

Yin S K, Wang Y S, Li F H. Behavior and effect factors of
hydrogen diffusion in weld[J]. Journal of Iron and Steel
Research, 2013, 25(5): 39-43.

FLAEE , ARWE, skaf, 55 IR EE SR b YT EUE MY R AR R BF
Gk I]. Sk, 2015, 50(10): 77-84.

Kong X F, Zou Y, Zhang J, et al. Review of formation and
controlling for diffusible hydrogen in steel weldments[J]. Iron &.
Steel, 2015, 50(10): 77-84.

Chicos L. A, Zaharia S M, Cempura G, et al. Effect of
concentrated solar energy on microstructure
selective laser melted Ti-6Al-4V alloy[J]. The International
Journal of Advanced Manufacturing Technology, 2022, 118(9/
10): 3183-3207.

A, W, XEUR, & RS S OE-MIG 2 4 R
P AL R B, 2021, 48(18): 17-26.

Cai C, XieJ, LiuZJ, et al. Welding characteristics and porosity

evolution of

control of weaving laser-MIG hybrid welding of aluminum alloys
[J]. Chinese Journal of Lasers, 2021, 48(18): 17-26.

PR ch, BEHE A, Bl A A BLEUXT SrB T ZL114A SR 4%
HAERER A [T]. AT & m A RS TR, 2019, 48(1): 1802002.
Fan Z 7Z, Xiong Y C, Lu Z, et al. Effect of vacuum
dehydrogenation on welding microstructure and mechanical
properties of ZLL114A alloy modified by strontium[J]. Rare Metal
Materials and Engineering, 2019, 48(1): 1802002.

WOREE, EEE, XMW, L AL(Se, Zok T 5 35 A Al
Mg-Se-Zr £ 45 T 25 kb K W 2447 R oo 52 mw [T, op [=A (646 )R 2
fit, 2015, 25(5): 1117-1127.

Huang H F, Jiang F, Liu X T, et al. Effects of Al,(Sc, Zr)
particles and shear bands on recrystallization and fracture
behaviors of Al-Mg-Sc-Zr alloy[J].
Nonferrous Metals, 2015, 25(5): 1117-1127.

Rosalbino F, Delsante S, Borzone G, et al. Assessing the

The Chinese Journal of

corrosion resistance of binary Al-Sc alloys in chloride-containing
environment[J]. Materials and Corrosion, 2017, 68(4): 444-449.
Riva S, Yusenko K V, Lavery N P, et al. The scandium effect
in multicomponent alloys[J]. International Materials Reviews,
2016, 61(3): 203-228.

AR, SRESC, BT, LR THODR A MG S SR
T A5 A A 58 [1/OL ). #0624 & - 1-8[2023-06-05]. http://kns.
cnki.net/kems/detail/50.1085. TN.20230517.1752.022.html.

Xu Z, Zhang Z W, Lu Y J, et al. Nondestructive testing of
microstructure and properties of aluminum alloy based on laser
ultrasound[J/OL]. Laser Journal: 1-8[2023-06-05]. http://kns.
enki.net/kems/detail/50.1085. TN.20230517.1752.022.html.
Tang H, Geng Y X, Gao C F, et al. Microstructure evolution
and mechanical properties of high-performance Al-Mn-Mg-Sc-Zr
alloy fabricated by laser powder bed fusion[J/OL]. Transactions
of Nonferrous Metals Society of China: 1-25[2023-08-05]. http:
//kns. cnki. net/kems/detail/43.1239. tg. 20230727.1547.006.
html.

Wang J E, Gao Y, You Z M, et al. The effect of ultrasonic
cleaning on the secondary electron yield, surface topography,
and surface chemistry of laser treated aluminum alloy[J].
Materials, 2020, 13(2): 296.


http://kns.cnki.net/kcms/detail/50.1085.TN.20230517.1752.022.html
http://kns.cnki.net/kcms/detail/50.1085.TN.20230517.1752.022.html
http://kns.cnki.net/kcms/detail/50.1085.TN.20230517.1752.022.html
http://kns.cnki.net/kcms/detail/50.1085.TN.20230517.1752.022.html
http://kns.cnki.net/kcms/detail/43.1239.tg.20230727.1547.006.html
http://kns.cnki.net/kcms/detail/43.1239.tg.20230727.1547.006.html

445 E 4H/2024 F£ 2 B/RFEZIR

DED Joining Process and Ultrasonic-Assisted Performance Optimization of
High-Strength Aluminum Alloys Manufactured by SLM

Shang Xiaofeng', Dong Jianzhou'?, Zhang Yingwei', Wang Zhiguo®”, Zhao Yuhui*’",
He Zhenfeng™’, Zhao Jibin®*’

'School of Mechatronics Engineering, Shenyang Aerospace University, Shenyang 110135, Liaoning, China;
*Shenyang Institute of Automation, Chinese Academy of Sciences, Shenyang 110016, Liaoning, China;
‘Institutes for Robotics and Intelligent Manufacturing, Chinese Academy of Sciences, Shenyang 110169, Liaoning,
China;

'AVIC Shenyang Aircraft Industrial (Group) Co., Ltd., Shenyang 110850, Liaoning, China

Abstract

Objective As structural materials, aluminum alloys are widely employed in aerospace, especially in the 5 series and 7
series aluminum alloys. Currently, most of these aluminum alloy materials are prepared by traditional forging processes.
Additive manufacturing technology, especially selective laser melting (SLM) forming technology, has gradually
demonstrated enormous technological advantages under numerous demanding requirements such as weight reduction and
functional upgrading of aerospace structures. However, currently, SLM forming of aluminum alloy structural components
mainly relies on low-strength aluminum alloys, and these aluminum alloys' strength and other indicators cannot meet the
performance requirements of 5 series and 7 series aluminum alloys. Additionally, the size of structural aluminum alloy
components formed by SLM often has certain limitations. The development of high-strength Al-Mg-Sc-Zr forming and
joining processes is significant for the large-scale and integrated development of aerospace equipment. Currently, there is
relatively little research on the joining technology of SLM-formed Al-Mg-Sc-Zr alloys both domestically and

internationally. Therefore, we hope to find a method to improve the joining performance of high-strength aluminum alloys.

Methods Due to the difficulty in forming large-scale high-strength aluminum components by SLM directly, we
investigate the directed energy deposition (DED) joining process of Al-Mg-Sc-Zr fabricated by SLM. The distribution and
morphology of defects and their influence on the mechanical properties are analyzed. Moreover, the microstructure,
element distribution, and properties of specimens joining with different DED process parameters and the addition of

ultrasonic external field assistance are compared, and mechanical properties are improved by hot isostatic pressing.

Results and Discussions The results indicate that the defects are mainly distributed in the fusion zone, which is the
interface between the base and the joining zone (Fig. 4). The aggregation of dense pores at the fusion zone leads to a lower
hardness than that of the joining zone and the base and then affects the mechanical properties of the whole specimens. With
the laser energy density of 75-150 J/mm®, the higher energy density leads to higher density and tensile strength (Fig. 6).
The highest fusion zone hardness, joining zone efficiency of space filling, and tensile strength of 90 HV, 90.83%, and
203. 38 MPa respectively are obtained using 3000 W laser power, 5 mm/s scanning rate, and 3.7 g/min powder feeding
rate. Ultrasonic vibration promotes the precipitation of the Al(Sc, Zr) -enhanced phases and refines the grains, and
ultrasonic vibration reduces the pore number and size. With ultrasonic vibration, the comprehensive mechanical properties
of the specimens are significantly improved (Fig. 7). Hot isostatic pressing after ultrasound can further enhance the

comprehensive mechanical properties.

Conclusions We employ the DED process to join SLM forming Al-Mg-Sc-Zr and explore the influence of different
process parameters and ultrasonic external field assistance conditions on the microstructure and tensile mechanical
properties of the joining samples. We also elucidate that the suppression of pore defects is a key factor in improving the
microhardness and tensile mechanical properties of the connecting sample. Between 75 J/mm” and 150 J/mm”’ laser energy
densities, the larger energy density brings fewer pores and higher tensile strength. The highest hardness, efficiency of
space filling, and tensile strength of the fusion zone are obtained using 3000 W laser power, 5 mm/s scanning rate, and
3.7 g/min powder feeding rate, with values of 90 HV, 90.83%, and 203. 38 MPa respectively. Ultrasonic vibration
promotes the formation and precipitation of Al,(Sc, Zr)-enhanced phases, refines the grains, and solves the defects,
causing the pores to tend to escape outward and disperse into the joining zone. With ultrasonic vibration at a frequency of
19.66 kHz and a 1.6 A current, the AI-Mg-Sc-Zr joining is carried out by DED. Ultrasonic vibration generates a stirring
effect in the melt pool, providing sufficient escape speed for the upward movement of pores in the melt pool. Compared

with the alloy samples without ultrasonic vibration, the pore defects in the sample are significantly reduced and distributed
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more evenly, with notably improved mechanical properties such as strength and hardness. The hardness at the fusion zone
is 95 HV, the efficiency of space filling is 93. 06% , and the tensile strength is 292 MPa, all of which are 5%, 2.4%, and
44% higher than those without ultrasonic vibration respectively. The post-treatment method using hot isostatic pressing
after ultrasonic vibration can further improve the comprehensive mechanical properties. The hardness of the fusion zone is
160 HV, the efficiency of space filling is 99.99% , and the tensile strength is 405. 71 MPa, which are 68.4% , 7.4%, and
38. 9% higher than those without hot isostatic pressing respectively.

Key words optical design; directed energy deposition; joining; Al-Mg-Sc-Zr alloys; ultrasonic external field assistance;

mechanical properties; hot isostatic pressing
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