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Fig. 1 Structure diagram of this paper
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Fig. 2 Characteristics of laser micro-welding. (a) Heat transfer”™; (b) melt pool flow""; (¢) deformation™™; (d) gap sensitivity"”
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Fig. 3 Schematics of laser micro-welding modes.
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Fig. 5 Effect of laser micro-welding mode on microstructure of weld™. (a) Cross section and phase composition of heat conduction

welding joint of stainless steel; (b) cross section and phase composition of deep penetration welding joint of stainless steel
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Fig. 6 Effects of lasers on laser micro-welding. (a) Surface morphologies of copper welds welded by green laser and near-infrared
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Table 1 Typical light sources and research results of laser micro-welding
Wavelength /' Spot Pulse Pulse Welding speed / . Thickness
Type am size /uym  width /ms freql;;;ce / (mm/s) Material /um
Semiconductor blue laser™ 450 - - - 58 Cu 10
Disk laser ™"’ 515 - 1 150 12.5/10.0/5.0 Cu 10
Disk laser ' 515 48.5 - - 16.7- 266.7 Cu 250
Disk laser"™ 515 147 1.8-3.2 139.8-210.3 4-11 Cu 10
ARM laser™" 1070 70/180 - - 200/500 Al/Cu 4004400
Femtosecond laser " 800 25 3.5x107" 1000 25/125 Ag/Cu 25+125
Pulsed Nd: YAG™ 1064 200 1.5-305.0 12-20 1.4-54 316L stainless steel 1004100
Pulsed Nd: YAG' 1064 200 4 39 - 316L stainless steel 10043000
Pulsed Nd: YAG"™ 1064 200 1.5-3.5 14-18 3.4 316L stainless steel 1004100
Pulsed fiber laser " - - - 500 20 316L stainless steel 70
CW fiber laser ' 1090 17.5/35.0 - - 500-2000 304 stainless steel 50
CW fiber laser"” 1090 35 - - 1000 304 stainless steel 50/20
CW fiber laser" 1070 - - - 50-300 Cu 300300
CW fiber laser” 1070 30 200-1000 Al/Cu 200200
CW fiber laser™" 1070 68/175 - - 150-250 Al/Cu 450+ 300
CW fiber laser ™" 1070 24 - - 50 Al/Cu 5004500
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Fig. 7 Typical defects of laser micro-welding. (a) Incomplete

&7

penetration; (b) burn-through; (c) undercut; (d) spatter;
(e) pore; () crack; (g) humping; (h) deformation
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Fig. 8 Humping in welding. (a) Surface and cross-section

morphologies of humping; (b) formation mechanism of
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Fig. 9 Surface morphology and cross-section morphology of laser welded metal foil stacks. (a) Green laser welding of copper foil™”;

(b) blue laser welding of copper foil ™
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Fig. 10 Effects of laser power and beam diameter on weld formation. (a) Cross-section morphologies of welds at different powers when

spot diameters are 34.8 pm and 17.4 pm, respectively™; (b) surface morphologies of welds at different powers and speeds

when spot diameters are 200 pm and 375 pm , respectively”
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welding and oscillating welding captured by high-speed photography™”’
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Fig. 12 Application of laser micro-welding of metal materials. (a) Pressure sensor”’; (b) bipolar plate for fuel cells”; (c) blades for

aerospace engines; (d) electronic component pins and copper printed circuit board””; (e) tantalum satellite collimator'”; (1) cardiac

pacemaker”™; (g)—(i) lithium ion battery tabs"”
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of Technology, Beijing 100124, China

Abstract

Significance In recent years, notable progress has been made in the development of equipment components aimed at precision and
miniaturization. These miniature components typically exhibit complex geometries. They are composed of diverse materials. Further
miniaturization of these components has led to an increased demand for precision welding. Consequently, the assembly of small parts
and the packaging of devices require increasingly high levels of connection accuracy and quality control. High-quality micro-welding
technologies for metallic materials have important applications in aerospace, power batteries, biomedicine, and other fields. For
instance, micro electro mechanical systems (MEMS), characterized by feature sizes ranging from 1 pm to 1 mm, are commonly
packaged using micro-welding technology. Moreover, power battery electrode foils, with thicknesses as low as 612 pm, require
precise connections for current export. Furthermore, the assembly of components and metal shell sealing in implantable biomedical
devices rely heavily on micro-welding technology.

Common micro-welding techniques include resistance micro spot welding, ultrasonic micro-welding, micro tungsten inert gas
(TIG) welding, and laser micro-welding. Compared with conventional micro-welding methods, laser micro-welding offers several
advantages, including a small focusing spot size, precise heat input control capability, high welding speed, and compatibility with

various weldable materials.

Progress This study investigates the laser micro-welding technology of metal materials, providing a comprehensive analysis of its
significance, microscale effects, welding modes, laser selection, and defect and quality control measures. It is difficult to reach a
consensus on a precise definition of laser micro-welding. The connotations of laser micro-welding are comprehensively summarized
based on previously reported studies. Strictly speaking, laser micro-welding pertains to a laser welding process where at least one
feature size of the connected material or weld is less than 100 pm. Laser micro-welding involves two welding modes: conduction and
penetration welding. In laser micro-welding, oxidation promotes fluctuations in the penetration-welding process, resulting in a
transient phase. Subsequently, the influence of microscale effects is introduced. When workpiece dimensions are reduced to the
micron scale, typical microscale effects occur. The physical characteristics observed during laser micro-welding, such as heat transfer
and molten pool flow, differ from those observed during macro-welding (Fig. 2). Based on microscale effects, the defects and quality
control measures in laser micro-welding are summarized according to the process parameters. Welding defects such as lack of
penetration, burn-through, spatter, humping, porosity, and cracking can occur during the laser micro-welding process, and
optimization of the welding process parameters is an important means of controlling weld formation and welding defects. These
parameters include the laser wavelength, laser power, spot diameter of the laser, pulse laser parameters, welding speed, and
scanning path.

Furthermore, the applications of laser micro-welding to both similar and dissimilar metal materials are reviewed. lLaser micro-
welding is used to join precision components in the electronics, automotive, aerospace, and medical industries (Fig. 12). Notable
applications include pressure sensors, bipolar plates for fuel cells, aerospace engine blades, electronic component pins, copper-printed
circuit boards, satellite collimator components, cardiac pacemakers, and lithium-ion battery tabs.

Finally, the challenges and future development directions of laser micro-welding technology for metallic materials are
summarized, including the welding mechanism of metal and non-metallic materials, new process technology, and laser micro-welding

systems.
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Conclusions and Prospects The characteristics of laser micro-welding are complex owing to microscale effects. Although laser
micro-welding has been widely used for connecting metal materials, some challenges remain. First, there is a burgeoning demand for
the joining of dissimilar materials, including the micro-welding of dissimilar metals and metal/non-metallic materials. Dissimilar
materials with different physical properties pose significant challenges in welding. Second, increasing the welding speed is important
for improving the production rate. However, humping occurs at high welding speeds. To address this, process innovation and the
recombination of multiple energy fields are required to further increase the critical speed of humping by controlling the flow
characteristics of the molten pool and the solidification process during micro-welding. This is essential for improving the production
rates and ensuring the product yield in high-speed welding. Finally, the development of intelligent laser micro-welding systems is a
key future trend. The use of an intelligent laser micro-welding system has the potential to improve weld quality and welding

efficiency.

Key words laser technique; metal foil; laser micro welding; scale effect; process parameters; application
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