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Fig. 1 Diagram of ultrasonic coupling modes and devices in laser manufacturing process
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Table 1 Effects of ultrasonic vibration in ultrasonic assisted laser manufacturing processes

Affected behavior

Effects of ultrasonic vibration

Accelerate the flow of molten pool"”*”

Solidification
behavior

Promote the uniform distribution of elements and inhibit the precipitation of hard and brittle phases" """

Promote the convective heat transfer of the molten pool, reduce the temperature gradient and increase the cooling

rate' %!

27

Break dendrites and refine grain size """

Defect formation
Particle distribution
Residual stress
Dislocation

Surface quality
Forming accuracy

Mechanical property

Realize the transformation of residual tensile stress to compressive stress'
Induce entanglement of long-range and short-range dislocations around and inside the grain boundaries"”*

Promote the debris separation, break surface oxide, and improve surface quality of the formed parts'

Improve the hardness, wear resistance, toughness, plasticity, and other properties of the formed parts'

Inhibit the formation of pores, cracks and other defects, improve density"""

Improve the local aggregation of particles and improve the uniformity of particle distribution"™**"

34-36]

]

14,39]

Acoustic softening increase the plastic flow ability and decrease yield stress of the materials, improve forming

accuracy "’

41-45]
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Fig. 2 Electron backscattered diffraction analysis of 3161 with or without ultrasound™”

. (a) Grain distribution without ultrasound;

(b) grain distribution with ultrasound; (c) inverse pole figure without ultrasound; (d) inverse pole figure with ultrasound
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Fig. 4 Numerical simulation of ultrasonic effect™. (a) Flow stress in mushy zone during ultrasonic assisted laser deposition; (b) severe

convection of solute in molten pool caused by ultrasound
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Fig. 5 Ultrasonic assisted laser powder bed fusion™. (a) Schematic illustrations of technological process; (b) sub-grain structure

without ultrasound; (c) sub-grain structure with ultrasound
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LAZ: laser affected zone; UAZ: ultrasonic affected zone
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Fig. 10 Microstructure of the near-surface layer of AISI 1045, (a) Steel in the initial state; (b) LHT; (¢) UIT; (d) UIT + LHT;
(e) LHT + UIT
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Fig. 11  Scanning electron microscope (SEM) analysis of micropore inlet"*. (a) With ultrasound; (b) without ultrasound
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Abstract

Significance Laser manufacturing technology is an efficient manufacturing approach with high precision, high efficiency, low
energy consumption, and low cost. The sustained and rapid development of laser manufacturing technology has provided significant
opportunities for the industry. To improve the manufacturing quality, laser hybrid manufacturing technology has received significant
attention. Among these, ultrasound-assisted laser manufacturing has gradually become a research hotspot worldwide.

The ultrasonic energy field has both volume and surface effects, and can achieve stress superposition, shock waves, and acoustic
softening in solid materials to optimize and control their mechanical properties. Ultrasonic vibration can also affect the molten pool
flow and solidification behavior of semisolid/liquid materials through cavitation and flow effects and promote a uniform distribution of
elements and grain refinement. The mechanical effect of ultrasound promotes the slag emission and reduces the shielding of the laser
beam, leading to improvement the quality and efficiency of laser ablation. Therefore, ultrasonic vibrations play a significant role in

laser manufacturing processes.

Progress Among various hybrid processes, three different ultrasonic application modes were adopted: fixed-contact, mobile-
contact, and non-contact modes (Fig. 1). Applying ultrasonic vibration in fixed-contact mode leads to continuous and stable
transmission of ultrasound with less energy dissipation but has significant limitations on workpiece shape and size. In the mobile-
contact mode, the acoustic energy can be transmitted well at the interface and is less shape-restricted; however, there may be a
disconnected contact phenomenon between the ultrasonic head and the workpiece. In the noncontact mode, the process is completely
unaffected by the workpiece shape; however, there is significant energy attenuation when the acoustic wave is transmitted in a gas or
liquid medium.

In this study, the mechanisms and effects of ultrasonic vibration on laser processing are reviewed based on a summary of the
latest research progress. Ultrasonic-assisted laser manufacturing technology with various ultrasonic application modes was
comprehensively discussed for laser additive manufacturing, laser formative manufacturing, and laser subtractive manufacturing. The

principles and technical characteristics of each hybrid manufacturing technology are discussed, and the influence of ultrasonic vibration
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on the laser manufacturing process is summarized (Table 1).

In laser additive manufacturing, laser energy deposition technology, synchronously assisted by ultrasonic vibration, is widely
used for surface modification, additive repair, and coating preparation. The application of ultrasound inhibits the generation of
columnar crystals, resulting in a reduction in the microstructural anisotropy, pores, inclusions, and microcracks. In addition, laser
powder bed melting synchronously assisted by ultrasonic vibration has been used in the rapid manufacturing of complex components.
The influence of ultrasound on the melting process improved the comprehensive mechanical properties of the parts and reduced the
anisotropy in laser powder bed melting. Laser additive manufacturing combined with ultrasonic impact peening can improve the
properties of additive manufactured parts by conducting a post-treatment of the ultrasonic impact on the surface of the parts after laser
additive manufacturing. The combined effects of grain refinement strengthening and dislocation strengthening result in deep
strengthening, defect suppression, and shape and performance control.

For laser formative manufacturing, ultrasonic-assisted laser welding inhibits the defects caused by sudden heating and cooling by
applying ultrasonic vibration to the welding pool and then regulates the welding microstructures to achieve high-quality welding. Laser
impact combined with ultrasonic impact peening triggers a high-frequency impact on the surface of a material, which has the
advantages of both ultrasonic and laser impacts. The microstructure and surface residual stress can be effectively regulated, and the
surface accuracy and mechanical properties of the metallic materials can be improved. Laser quenching with ultrasonic impact can
significantly improve the mechanical properties of the reinforced layer owing to the multicycle characteristics and excellent control
ability of the surface structure and strain state.

In laser subtractive manufacturing, ultrasound increases the plastic flow capacity of a material in ultrasonic-assisted laser ablation
technology. The surface melt discharge and surface evaporation of the material are considerably promoted, resulting in an
improvement in the surface quality of the removal area and the quality of the hole. In ultrasound-assisted laser ablation for nanoparticle
preparation, the ultrasound in the liquid causes cavitation bubbles to form and collapse repeatedly. Additional ablation of the
nanoparticles induced by ultrasound enhances the density of the nanoparticles in the liquid and improves the synthesis rate. In
ultrasound-assisted laser polishing technology, ultrasound can reduce the bonding tendency between particles and the material surface,
leading to a reduction in surface oxidation, an increase in the material removal rate, and a reduction in surface polishing roughness. In
ultrasonic-assisted laser cleaning, ultrasonic vibration not only makes the surface easier to clean, but also suppresses the defects

induced by high temperatures, significantly improving the processing efficiency and surface cleaning quality.

Conclusions and Prospects Ultrasonic-assisted laser manufacturing has gradually become a popular approach for fabricating
various structures. A developmental trend in the ultrasonic-assisted laser manufacturing technology is expected. Further fundamental
studies on hybrid mechanisms will be conducted to understand complex hybrid manufacturing processes. Broadening the diversity of
materials and process applicability will expand their application areas. An innovative design for the ultrasonic application mode and
equipment will be developed to improve the integration. In addition, creative laser manufacturing technologies can generate new
hybrid manufacturing processes through the development of new light sources, thereby providing significant support for manufacturing

innovation and application expansion.

Key words laser manufacturing; hybrid manufacturing; ultrasonic vibration; coupling mechanism; ultrasonic application mode
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