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Table 1 Chemical compositions of 2319 wire and 6061 substrate (mass fraction, %)

0

Material Cu Mg Mn Si Ti Al
6061 0.15-0.40 0.80-1.20 .15 0.40-0.80 0.15 Bal.
ER2319 5.80-6.80 0.20 0.20-0.40 0.10-0.20 0.02-0.10 Bal.

FEEE TR A B O 2 DTS 5 L 1 1(a)
NEREEELE L) ikl s B R, R H B0
ar SRS HLER N s 22 B G A A e AR
e BRK AR AT R AR E 37 B Al BB AR R S i
A LA phy S G U T ) ol A R AT T K A, 3
Ao A R A I 4 R S BV R AT R R e . OB
BER /N9 0.45 mm, 7 5A O 20 kHz, #7230

@

substrate motion
platform

2000 W, 728 8 #F f5 KPR WE K7 50 pm , FEAZ 2 °F &
o] g RE AL A EHLBR Bl o AR MR AT 0 5 e b o0 22 ]
4 3 25 (D) kA 75 B AR B

WiE 1(b) Fron , 2% 2277 SXOR F A& 1% 22, 2% 22 W
55K T Y e £l 2900 A5 0O 6 IR I B 77 RA B 1k 6
AR R BRI . AR RO R S B 99.99 %
B AR, 26 R 20OR 26 22 Tl TR] il 26 AL IR R

welding wire

[=———x—1

substrate moving i
direction

amplitude transformer

=

ultrasound D

L P A D O 22 I B - () P B2 5 (b) il i o 7

Fig. 1 Ultrasound-assisted laser wire additive manufacturing. (a) Platform device; (b) manufacturing process
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Table 2 Single pass deposition process parameters

Parameter

Without ultrasound

With ultrasound

Ultrasonic power proportion P /% -
Ultrasound input position D /mm -

Amplitude transformer pressure F /N -

20, 40, 60, 80, 100
—20, —15, —10, —5, 0, 5, 10, 15, 20
20, 40, 60, 80, 100, 120

Other parameter

Laser power of 3.5 kW, feeding speed of 2.5 m/min, printing speed of 1.2 m*min ',
oscillation frequency of 100 Hz, oscillation amplitude of 1.2 mm
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Fig. 3 Cross sections and morphology parameters of single-pass sedimentary layers under different ultrasonic power proportions.

(a)—(f) Cross sections of sedimentary layers; (g) morphology parameters of sedimentary layer
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Fig. 4 Grain orientations and grain size distributions for single-pass deposition under different ultrasonic power proportions.

(a)~(f) Grain orientations and grain sizes; (g) average grain size and legend
—= ok

32 BEAANCENEMARNEIE 1E B J7 B AT KT 1] R R RE R R R
3.2.1 #EHHR ARAT Y P BE P A P e o i 2 A AR 5 20 Bl R BT LA e

ANET TCh) 7, 24 A8 W AT 5 T 6 it 47 2E 7 19 iy J5
I, 3 5 A ] IE B (D>0) , le 2z 1.
ML S5C)) & H P A ) 0T 06 T R 9 52 i ]

o MR EE S O mm B 95 b AL TR 7 A Y

TR 2 0 A VR A S 0 K
3.2.2 MR

€16 g A% i 75 i A B LR L R
RSB IUSH BEE T 5 BATE 6()) T AR 24 7 i

1002315-4



£ 51% 5 10 H9/2024 £ 5 B/ EH:

~15 mm 1 mm

-10 mm

6
= g(mm) ® B(mm) 4 H(mm) v B/H ¢ tan 0
5 -
- . 458 453
447 440 442 444 @ . . . 5
- 431 431 430 e
1 mm e —o ¢ ° o
4%
4r 362 370 372
I = v 344 346
319 326 3.2 v v
s 4 v
3 -
2 -
1.40 5 141 . ;
g 122 118 A 116 gop 1P 13
28 1
L 083 0.82 0.84 087 082 084
Lf 0@ op op op o o op of
037 036 037 036 037 038 040 038 037
* * * * * * * * *
L L L

-20 -15-10 -5 0 5 10 15 20
Ultrasonic input location /mm

10 mm 1 mm 1-5:nﬁh : S i lnm 20 mm : 1 mm
KIS Al 8 i AL A ) AR 2 BT S 328 () ~ (D PLRUZ BT 5 (DITARZ B 2 8
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Fig. 7 Cross sections and morphology parameters of sedimentary layer under different ultrasonic amplitude transformer pressures.
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Fig. 8 Grain orientations and grain size distributions for single-pass deposition at different amplitude transformer pressures.

(a)-(g) Grain orientations and grain sizes ; (h) average grain sizes at different amplitude transformer pressures and legend
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Fig. 9 Multilayer deposition microstructures without ultrasonic wave
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Abstract

Objective High-strength aluminum alloys are widely used in the aerospace and national defense fields owing to their light weight,
high specific strength, and corrosion resistance. However, owing to their material characteristics, high-strength aluminum alloys are
often accompanied by coarse columnar crystals and a serious hot cracking tendency in the additive manufacturing process, causing the
additive manufacturing of high-strength aluminum alloys to lag behind that of other alloy materials. Compared to conventional
Gaussian laser additive manufacturing, swing laser additive manufacturing has a more stable laser keyhole and a smaller molten pool
temperature gradient. It can also stabilize the deposition process of aluminum alloys and reduce deposition defects. Recently,
oscillating lasers have been widely used in welding and additive manufacturing. In addition to the oscillating laser, high-intensity
ultrasonic vibration is widely used to improve the microstructure of metals owing to its cavitation and acoustic flow effects in the
molten pool. The deposition formation and microstructure properties of oscillating laser wire additive manufactured sample under
ultrasonic-assisted conditions are studied to address the difficult problem of microstructure property control in the laser wire additive
manufacturing of high-strength aluminum alloys. The effect of ultrasonic parameters on the formation and microstructure of 2319
aluminum alloy is systematically studied using ultrasonic-assisted swing laser additive manufacturing technology. The effect of

ultrasound on the microstructures of multilayer deposited samples and the behavior and mechanism of the molten pool are analyzed.

Methods The test materials are an aluminum alloy welding wire (diameter of 1.2 mm) and a 6061 aluminum alloy substrate (size of
200 mm X 100 mm X 10 mm). The welding head, wire feeder, and ultrasonic horn remain stationary, the substrate moves horizontally
at a constant speed, and the distance between the molten pool and ultrasonic input position is fixed to achieve a constant ultrasonic
intensity input (Fig. 1). Table 2 lists single pass deposition process parameters. Because ultrasonic waves can produce cavitation,
acoustic flow, and mechanical vibrations in the molten pool, they produce a series of strengthening effects on the molten pool. After
the test, we compare the macroscopic cross-sections, microstructures, grain orientations, grain sizes, elemental distributions, and
phase compositions of the samples using optical microscope (OM), scanning electron microscope (SEM), energy dispersive
spectroscope (EDS), and X-ray diffraction (XRD). We analyze the mechanism of ultrasonic molten pool strengthening based on the

grain orientation of the sample, element distribution, and phase composition.

Results and Discussions The influence of ultrasonic power on the deposition morphology is generally small but significantly
influences the grain size. When the ultrasonic power proportion is 40%, the deposition morphology and grain size are the best in the
same group (Figs. 3 and 4). The increase in the ultrasonic amplitude leads to an enlargement of the maximum sound pressure region.
As the amplitude increases, the area of the maximum sound pressure zone gradually approaches that of the full molten pool, and the
area of the maximum sound pressure zone does not change with the increase in amplitude. The ultrasonic amplitude distribution on the
substrate is a typical standing-field wave distribution. When the molten pool is close to the ultrasonic input position, the cavitation

range of the molten pool increases. When the ultrasonic action interval increases, the cavitation area in the molten pool gradually
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decreases until the maximum sound pressure value in the molten pool is lower than the cavitation threshold, and cavitation cannot
occur. Therefore, the average grain size decreases when the ultrasonic action distance is relatively small, and the effect is better when
the ultrasonic beam is located behind the molten pool (Fig. 6). The pressure of the amplitude transformer affects the flow in the molten
pool by affecting the droplet transition frequency. With an increase in the pressure of the horn, the mechanical vibration energy of the
ultrasound is enhanced, which accelerates the transition of the droplet on the welding wire to the molten pool and promotes liquid flow
in the molten pool. When the horn pressure increases, the role of promoting droplet transition remains unchanged, and the
mechanical vibration effect of the ultrasonic wave reaches a certain saturation state.

The microstructures and composition distributions of multilayer deposited specimens with ultrasonic assistance differ significantly
from those without ultrasonic assistance. The ultrasonically assisted multilayer deposition samples show a decrease in the macroscopic
defects (Figs. 9 and 10), a significant decrease in the grain size of the deposition structure (Fig. 11), mainly fine equiaxed crystals, and
a decrease in the average grain size of 64% (99.6 um). The introduction of ultrasound results in more Al,Cu in the multilayer sample.
Al,Cu, as the strengthening phase in the 2319 aluminum alloy structure, prevents slip and dislocation (Fig. 13). The strengthening
effect of ultrasonic waves on the molten pool is essentially realized through cavitation and sound flow effects, which influence each
other. The cavitation effect essentially involves multiple cycles of bubble expansion and rupture before the solidification of the molten
pool, resulting in fatigue fracture of the grain. The sound flow effect is caused by the attenuation of ultrasound in the molten pool and
the sound pressure difference, leading to a low solute flow.

Conclusions An ultrasonic-assisted swing laser is used for the additive deposition of a 2319 high-strength aluminum alloy.
Compared with single-pass swing laser additive deposition, introducing ultrasound can effectively reduce deposition defects, promote
melt flow, inhibit columnar grain growth, refine grains, and improve microstructural properties. Simultaneously, the ultrasonic
assistance increases the content of the strengthening phase to a certain extent and inhibits the expansion of strain cracks. The

ultrasonic parameters also clearly influence the macroscopic morphology and microstructure of the deposited samples.

Key words laser technique; oscillating laser; ultrasound assistance; 2319 aluminum alloy; additive manufacturing; microstructure
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