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Abstract: The ultra-high-power laser welding, with obvious characteristics of 
fast welding speed, small heat input, small deformation, large aspect ratio, high 
alignment, and high directivity, has a huge application potential. In this paper, 
the research findings and progress for ultra-high-power laser welding are 
critically reviewed in the last ten years. The investigation state of 
ultra-high-power laser welding is classified and summarised from the point of 
processing stability, common weld defects, application of numerical 
simulation, and external field assisted welding. Finally, the potential research 
problems and challenges based on ultra-high-power laser (≥ 10 kW) welding 
are discussed. This fundamental work aims to review the research progress in 
laser welding monitoring and provide a basis for follow-on research. 
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1 Introduction 

Light amplification by stimulated emission of radiation (laser) is one of the greatest 
inventions in the 20th century. With outstanding advantages of good monochrome, high 
brightness, and good direction, the laser has been widely used in industry, medicine, 
commerce, scientific research, information, and military. Through retrieval and analysis 
in Web of Science (topic: laser, timespan: 2015–2019), the number of literatures is 
477,992, and its related engineering accounts for 61.48%. The investigation of 
engineering-oriented laser applications is very active, especially in laser manufacturing 
(Laser manufacturing accounts for 37.65% in engineering-oriented laser applications). 

Laser manufacturing methods mainly consist of welding, cutting, cladding, shocking, 
marking, drilling, heat treatment, additive manufacturing, etc. Under the same retrieval 
condition as above, the research tendentiousness of different laser manufacturing is 
analysed. Laser welding attracts the attention of many researchers, and its proportion 
(23%) is a quarter of the total. Twenty years ago, ultra-high-power laser (≥10 kW level, 
UHPL) was used to weld metal material (Ito et al., 1999), and a single-pass penetration of 
70 mm was obtained by 100 kW fibre laser (Kawahito et al., 2018). With higher power, 
operation stability improvement, and cost reduction, applying UHPL has become popular 
to advance manufacturing, especially for laser welding. However, UHPL welding focuses 
on metal welding, while non-metal welding (or joining) currently adopts low-power 
(≤100 W) laser welding. There are many problems in UHPL welding of non-metallic 
material owing to material properties [for inorganic non-metallic materials such as glass 
and ceramics, powerful continuous-wave lasers without high-temperature preheating 
have been unsuccessful because of macroscopic cracking attributed to thermal shock 
(Penilla et al., 2019)], energy requirements (melting requires much less energy than 
metal), and so on. 

Ultra-high-power laser welding, with obvious characteristics of fast welding speed, 
small heat input, small deformation, large aspect ratio, high alignment, and high 
directivity, has a huge application potential. In this paper, an overview of UHPL welding 
was arranged in detail, which can be divided into four important parts. In the first part 
(Section 2), the processing stability of UHPL welding is summarised. The morphological 
characteristics and dynamic behaviour of keyhole, weld pool, and plume have been 
analysed, while the mechanical properties of weld joints have been introduced. In the 
second part (Section 3), the formation mechanism and control methods of weld defects 
were sorted and summarised, respectively. In the third part (Section 4), several numerical 
simulation methods are reviewed according to different prediction targets such as keyhole 
and weld pool simulation, welding residual stress simulation, and phase change process 
simulation. In the fourth part (Section 5), the optimisation of different external fields on 
UHPL welding are classified and summarised. The relationship between the four parts is 
shown in Figure 1. A stable welding process is the key to obtain a weld joint with good 
performance and no weld defects. The simulation is used to obtain the variation of the 
physical quantity which can not be easily observed in the experiment, shorten the 
experiment time, and reduce the experiment cost. Field assisted welding is an effective 
measurement to stabilise welding process and reduce welding defects. At the end of the 
article, the potential future research work and challenges about UHPL welding were 
discussed. This paper aims to provide a basis for follow-on research by reviewing the 
research trends in the past ten years. 
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Figure 1 The review structure and the relationship of each chapter of this paper  
(see online version for colours) 

  

2 Processing stability of UHPL welding 

In the process of UHPL welding, the laser beam with ultra-high-power density has an 
intense interaction with the material, and the dynamic behaviours of keyhole, weld pool, 
and plume are intense. Therefore, the welding process stability is poor, which greatly 
affects the weld morphology and performance. Many researchers have studied the 
processing stability of UHPL welding from the view of keyhole, weld pool, plume, and 
joint performance. The morphological characteristics and dynamic behaviour of keyhole, 
weld pool, and plume have been analysed, while the mechanical properties of weld joints 
have been investigated. In addition, keyhole, weld pool, plasma, and other optical and 
spectrum information of the welding can be used to online monitor the welding statuses 
(Chen et al., 2018b; Zhang et al., 2019b). As the research content is more related to signal 
acquisition, program design, etc. it is not described in detail in this paper. 

The keyhole is the phenomenon of vapour depressions during laser melting of metals, 
which is an important characteristic of UHPL welding. The X-rays method is used by 
Kawahito et al. (2009) to observe the dynamic behaviour of keyhole. To more clearly 
distinguish the interface wall between keyhole and weld pool, Zhang et al. (2013a) 
proposed a modified ‘sandwich’ specimen method to directly observe the keyhole 
dynamic behaviour in laser welding. With the help of a high-speed camera, the keyhole 
wall and weld pool flow (Figure 2) can be clearly captured. It can be found that the wall 
of keyhole is constantly fluctuating during the welding process. The flow of metal vapour 
in the keyhole (Li et al., 2014a) and liquid metal outside the keyhole (Fabbro et al., 2006) 
are the key factors of keyhole oscillation. In addition, Zhang et al. (2019b) found that the 
keyhole width reached the quasi-steady state earlier than the keyhole depth. In other 
words, higher laser power results in a more unstable keyhole. The oscillation of keyhole 
will reduce the stability of welding process and thus affect the quality of the weld 
formation. The laser optical system with long focus depth (Matsumoto et al., 2017), 
welding assisted with external gas jet (Xing et al., 2017), and nitrogen shielding gas 
(Kawahito et al., 2009) both can improve the keyhole stability. 
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Figure 2 Application of a modified sandwich specimen to observe the longitudinal keyhole 
during 10 kW fibre laser welding (see online version for colours) 

 

Note: Welding speed 1.2 m/min, defocus length 5 mm. 
Source: Zhang et al. (2013a, p.20001) 

The weld pool is the part of the base metal that is heated by the laser and melted, which is 
the liquid metal around the keyhole. In UHPL welding, driven by complex driving forces, 
such as vapour pressure, surface tension, etc. the flow of weld pool is intensified, and the 
weld formation will be directly affected (Fabbro, 2010; Ai et al., 2021). There are two 
common means of weld pool observation: heterogeneous element labelling and the 
‘sandwich method’ combined with a high-speed camera. The distribution and flow trend 
of weld pool can be captured by tracing the trajectories of some added special particles 
(Kawahito et al., 2009; Li et al., 2014b). A butt configuration of metal and transparent 
quartz glass also can be used to observe the weld pool geometry through a high-speed 
camera and an infrared camera recording. Zhang et al. (2016) studied a lower-cost 
method to obtain weld pool morphology. The welding stick with dissimilar elements was 
placed at the end of welding, a dissimilar metal is introduced into the weld pool. The 
shape of the region of the weld that contains the dissimilar elements can be 
approximately considered to be the shape of the weld pool. 

The plasma is the gasification product of base metal caused by laser energy input. 
Plasma resides both outside and inside the keyhole, known as plasma plume and keyhole 
plasma, respectively. The eruption of plasma in UHPL welding is more violent than that 
in low-medium power laser welding, and this phenomenon has a negative influence on 
process stability (Li et al., 2015a). First, the weld penetration in CO2 laser welding will 
be drastically reduced by the oscillation of plasma (Beyer et al., 1984). However, the 
ionisation of fibre laser is weaker than that of CO2 laser, the effect of plasma on the 
penetration depth is small in fibre welding (Kawahito et al., 2008a, 2008b; Bykovskiy  
et al., 2015). Secondly, the plasma affects the generation, speed, and volume of the 
spatter. With the absorption and uneven distribution of energy in the keyhole and near 
zone (Li et al., 2014b), the high-temperature plasma is ejected by a large recoil pressure, 
and some liquid metal is taken out to form the spatter (Li et al., 2014c). The accelerated 
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speed and increased volume of spatter are affected by the plasma (Kaplan et al., 2008). 
The fluctuation of keyhole is the main source for the oscillation of the plasma (Li et al., 
2015a; Wang et al., 2012). In other words, the stability of welding process is mainly 
affected by the keyhole plasma. Therefore, increasing the stability of the keyhole is 
positive to reduce the plasma instability. 

Figure 3 Fracture surfaces of the tensile specimens at (a) (b) room temperature (c) (d) 750°C  
(e) (f) 850°C (g) (h) 950°C (see online version for colours) 

  

 

 

   

  

Source: Sun et al. (2019, p.107833) 

The properties of weld joints are affected by the microstructure, especially mechanical 
properties (Zhang et al., 2014). The difference of microstructure phases is induced by the 
different thermal cycles. In UHPL welding, the cooling rate is high, and the peak 
temperature of different parts is different greatly. A high cooling rate facilitates obtaining 
grains with high hardness and strength (Hu et al., 2009; Wang et al., 2013; Atabaki et al., 
2016), which will improve the strength and hardness of welds (Li et al., 2015a; Chen  
et al., 2017a), but reduce the impact performance (Wu et al., 2018; Yang et al., 2010a). 
According to fracture surfaces of the tensile specimens (Figure 3) (Sun et al., 2019), the 
fracture mode is ductile rupture both at room and high temperature, and better plasticity 
at high temperature than at room temperature. The exception to all this: for martensitic 
steel, the impact toughness is increased by the secondary-tempering phase in heat-
affected zone (HAZ) (Wu et al., 2018). In addition, the dendritic segregation is often 
introduced by a high cooling rate (Ren et al., 2015), which affects the uniformity of weld 
microstructure and properties, and deteriorates the weld properties. Meanwhile, the high-
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gradient thermal cycling at different parts of weld joint results in a great difference in the 
mechanical properties between the weld and the base metal, which is an undesirable 
quality (Sokolov et al., 2011; Yang, 2016). Reducing welding speed or preheating 
decreases the difference between the weld and the base metal, and increases the stability 
of the process (Sokolov et al., 2011; Yang, 2016). 

3 Weld defects in UHPL welding 

Weld defects are mainly caused by the instability of welding process. Welding instability 
is significantly enhanced in the process of UHPL welding, thus weld defects generated 
during this process greatly limits weld joint performance. The investigations of weld 
defects in UHPL focuses on the welding of medium thickness plates. The common weld 
defects consist of the splash, surface collapse, bottom hump, incomplete welding, etc. as 
shown in Figure 4 (Chen et al., 2018a). In UHPL welding of stainless steel, underfilling 
and humping weld beads are formed under the conventionally and tightly focused 
conditions respectively at 100 mm/s or higher welding speeds (Kawahito et al., 2009). 
Investigating the formation mechanism and control methods of weld defects is important 
to guarantee the stability and reliability of the weld joint. The formation mechanism and 
the control methods of weld defects (splash, surface collapse, porosity, and bottom hump) 
are introduced and analysed in the following part. 

Figure 4 Weld defects of UHPL welding, (a) splash (b) surface collapse and bottom hump  
(c) nail-head shaped weld (d) incomplete welding 

  

  
Source: Chen et al. (2018a, p.208) 

The previously published work has shown that spatter behaviour is related to the violent 
evaporation of high temperature and liquid metal in UHPL welding (Kawahito et al., 
2009; Fabbro, 2010; Kaplan et al., 2008; Cho and Na, 2007). A criterion of the spatter 
formation and eruption is that the local vertical momentum of the local melting metal 
exceeds the surface tension forces (Kaplan and Powell, 2011). The constriction and bulge 
formed on the rear keyhole wall is the key factor causing the vertical momentum of the 
melting metal, that is, the main reason for forming spatter (Ai et al., 2018). As shown in 
Figure 5, the formation mechanism of spatters on the upper and lower surfaces of the 
weld is deeply investigated by Zhang et al. (2013b) with different modes (low welding 
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speed, high welding speed, full penetration of melt, sporadic and continuous penetration 
of keyhole). Analysing from the formation mechanism of spatters, the side blowing gas 
jet assisted laser welding with a proper flow can be used to weaken spatters and restrain 
nail head weld (Xing et al., 2017; Chen et al., 2018a; Zhang et al., 2013b). A good weld 
with a little spatter and even without surface underfilling can also be acquired by 
appropriately tilting the incident direction of the laser beam (Li et al., 2014d) or directly 
blowing the protective gas to the centre of the keyhole (Zhang et al., 2009). 

Figure 5 Behaviours of plasma, porosity, and weld pool when spatter is generated on the 
surfaces, (a) low welding speed on the upper surface (b) high welding speed on the 
upper surface (c) full penetration of melt on the lower surface (d) sporadic penetration 
of keyhole on the lower surface (e) continuous penetration of keyhole on the lower 
surface (see online version for colours) 

 

 

 

Source: Zhang et al. (2018, p.103) 

The underfilling is often formed along the weld top surface concomitantly when the 
spatter is generated (Li et al., 2014b; Pan et al., 2016). For some kinds of metal with low 
melting temperature point and vaporisation temperature point, such as aluminium alloy, 
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magnesium alloy, etc. defects of underfilling and burn through are easily formed (Yang  
et al., 2010b). Instability of the keyhole and the weld pool is intensified, and the 
underfilling easily occurs, when the welding speed is too fast (Fabbro, 2010; Kawahito  
et al., 2007; Zhang et al., 2014). At full penetration of the keyhole, a deep underfill on the 
top surface of the weld and undercut on the bottom surface of the weld are formed owing 
to the massive direct melt loss from the weld pool (Zhang et al., 2018). The selected laser 
optical system with a long focus depth can be used to obtain full penetration welds 
without underfill defects (Matsumoto et al., 2017). 

Figure 6 Transient formation process of periodic humps (see online version for colours) 

 

 

Source: Qi et al. (2019, p.116247-3) 

The plasma evaporates violently at the tip of the keyhole in UHPL welding, many 
bubbles are forming at the bottom of the keyhole, which cannot be vented in time, 
leading to the formation of pores. The pulse-modulated laser with the trapezoidal 
waveform, 400–600 Hz frequency, and 30–50% duty cycle decreases the number and 
volume of pores in thick plates butt joints of AISI 321-AISI 405 stainless steel (Meng  
et al., 2019). Moreover, nitrogen shielding gas can be used to effectively suppress the 
porosity formation (Kawahito et al., 2009; Sun et al., 2017), but the suppression effects 
are greatly influenced by the base metal and welding wires (Seto et al., 2000). Using the 
wobble welding with appropriate parameters, a high-quality weld joint of 130 mm 5A06 
aluminium alloy is obtained with average porosity of 1% and no other welding defects 
(Zou et al., 2019). For stainless steel with a thickness of 120 mm, the heat-conduction 
welding mode is useful to completely avoid the formation of pores (Wu et al., 2016). 

Usually, a hump is easily formed on the collapsed root surface, especially for UHPL 
welding, when the bottom surface tension of the weld pool is not enough to offset the 
weight of the weld pool and compensate for the dynamic pressure of weld pool flow. The 
focal position is the most important welding parameter affecting hump formation (Zhang 
et al., 2019a). Positive defocus is more likely to produce large humps. The process of 
periodic humps is shown in Figure 6 (Qi et al., 2019). Increasing the bottom surface 
tension of the weld pool can compensate the gravity of the weld pool and suppress the 
hump. Blowing shielding gas on the weld bottom surface can suppress the weld pool 
collapse, reduce the occurrence of the hump, and improve the weld appearances due to 
the increasing surface tension energy of the weld pool (Zhang et al., 2014; Chen et al., 
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2018a). Welding in the 2G position (laser beam perpendicular to the direction of gravity) 
or assisted by an external magnetic field can mitigate periodic root humps (Chen et al., 
2018a; Qi et al., 2019; Guo et al., 2015; Jones et al., 2003). During narrow-gap laser wire 
filling welding of thick steel plates, the relative position between the laser beam and the 
filler wire has a great influence on the weld bead geometry and defects formation (Zhao 
et al., 2017). 

4 Simulation and analysis in UHPL welding 

The traditional experimental methods have the disadvantages of long period, and high 
cost regarding the welding process and weld defects in UHPL welding. Therefore, the 
simulations of keyhole and weld pool, residual stress, etc. are of great important in the 
research of UHPL welding process, defects, stress and deformation. The application of 
numerical simulation in UHPL welding is introduced and analysed from three aspects: 
the keyhole and weld pool simulation, the welding residual stress simulation, and the 
phase change process simulation. 

The simulation of keyhole and weld pool better demonstrate the inner mechanism of 
weld formation and weld defects. The establishment of the self-consistent keyhole model 
breaks the previous assumption that the equilibrium radius of the keyhole is equal to the 
laser beam radius (Kroos et al., 1993). The equilibrium radius of the keyhole is larger. Ki 
et al. (2002) found that the effective laser absorptivity keeps fluctuating as a keyhole 
deepens (Mazumder et al., 2002; Ki et al., 2002). Even the stable keyhole has been 
formed, the shape of the keyhole is constantly fluctuating. Due to the different effects of 
convective heat transfer, the front wall tends to a large angle, while the back wall is steep 
(Kaplan, 1994). The front wall is inclined and stable, while the rear wall fluctuates due to 
insufficient energy absorption. The fluctuation of the rear wall and stability of keyhole 
can be improved by using an additional beam or an adequate intensity distribution 
irradiating this rear wall (Wang et al., 2010). And the amplitude of keyhole depth 
fluctuations can be significantly decreased by dual-beam laser welding under the same 
heat input condition (Figure 7) (Pang et al., 2015). In addition, Solana and Ocaña (1997) 
obtained accurate three-dimensional geometry of the keyhole and weld pool at medium 
welding speeds. The results of the study on the dimensions of the weld pool with a 
composite heat source show that the material conductivity is an important factor affecting 
the weld shape (Kazemi and Goldak, 2009). 

Thick plate welding is an important application of UHPL welding. Compared with 
thin plates, the residual stress distribution of thick plate members is more complex, and 
the residual stress inside the thick plate is difficult to obtain. Not only the distribution of 
residual stress but also its distribution, reduction means, and possible defects are 
researched and predicted by utilising simulation. Yazdian et al. (2018) predicted residual 
stress fields and the distortion of thick welded plates of high-strength quenched and 
tempered steel. Furthermore, low thermal shrinkage induced by the hybrid laser/arc 
welding process was confirmed. Diao et al. (2019) simulated the residual stress to 
research the distribution law of welding residual stress in thick plates. In the thickness 
direction, the transverse residual stress and longitudinal residual stress are distributed 
symmetrically along the initial weld. Many factors influence the magnitude and 
distribution of residual stress. Studies have shown that double-sided welding can 
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effectively reduce angular deformation and the equivalent residual stress. The influence 
of external restraint on residual stress can be reduced by increasing workpiece width 
(Serizawa et al., 2011). The long weld has a smaller plastic strain, which can avoid weld 
crack (Serizawa et al., 2011). Welding residual stresses during thick plate welding can be 
reduced by adjusting reasonably the welding sequence (Figure 8) (Yang et al., 2019). 
Ibrahim et al. (2016) successfully predicted the crack initiation due to thermal stresses 
near the welds. 

Figure 7 The calculated maximum keyhole depth evolutions during dual/single beam CO2 laser 
welding 

  

Source: Pang et al. (2015, p.138) 

Figure 8 Contours of transverse and longitudinal stresses in different welding sequences  
(see online version for colours) 

 

Source: Yang et al. (2019, p.2436-11) 
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The multiphase microstructure stress evolution plays an important role in revealing the 
formation mechanism of residual stress. The researches mainly include the study on the 
stress behaviour mechanism of the multiphase microstructure (Boyce et al., 2006;  
Zareie Rajani and Phillion, 2016) and the study on the influence of phase volume fraction 
on residual stress based on the macroscopic homogenisation of the multiphase 
microstructure (Liu et al., 2009; Mi et al., 2014). However, due to the high-temperature 
gradient of UHPL welding, the distribution of alloying elements and energy is uneven, 
which results in the poor consistency of elastic-plastic mechanical properties in the 
micro-zone of the weld. The microcosmic multiphase coordination mechanism and the 
macro set of residual stress need to be further studied. 

Figure 9 (b) (d) (h) The predicted (a) (c) (e) (f) (g) Actual grain distribution and dendrite 
distribution (see online version for colours) 

 

 

Source: Tan and Shin (2015, p.454) 

Grain morphology and texture of welds significantly affect the properties of the 
corresponding joint. However, due to the opaqueness of metal, and the highly localised 
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and extremely fast solidification process, it is difficult to acquire the detailed dynamic 
evolution of solidification structures via experimental approaches. In recent research, 
three effective methods are developed to simulate the complicated solidification process 
in the weld pool, which included Monte Carlo (MC), phase field (PF), and cellular 
automaton (CA). MC method (Koseki et al., 2003) fully considers the randomness of 
microstructural evolution and can guarantee convergence. PH method (Zhan et al., 2009) 
has a clear physical basis, and the simulation process does not need to track complex 
interfaces. Cellular automata method (Wang et al., 2016; Tan and Shin, 2015) not only 
has a clear physical basis but also has randomness. Geng et al. (2019) developed a  
multi-scale model, combining the macro-scale model for heat transfer and fluid flow with 
the micro-scale phase-field model, to investigate the grain/sub-grain structure evolution 
in laser welding of 5083 aluminium alloy. Gao et al. (2021) calculated the grain growth 
and morphology evolution under different heat input conditions by the MC method. Tan 
and Shin (2015) inputted the generated thermal history of a macro-scale dynamic model 
into the cellular automata model (Figure 9), for the scale-span analysis of the grain 
growth and the dendrite morphology (Tan and Shin, 2015). Combining macro simulation 
with micro simulation for cross-scale analysis will greatly advance the mechanism 
research of weld formation and even the prediction of weld defects in UHPL welding. 
Kang et al. (2021) realised the evolution of porosity and grain coupling growth in the 
weld via a CA-finite element simulation method. 

5 Field assisted laser welding 

The field assisted welding is an effective method to improve welding stability and reduce 
weld defects. The effects of different external fields (external magnetic field, 
gravitational field, additional heat source, environmental pressure, and other external 
field) on the UHPL welding are reviewed. 

External magnetic field can effectively improve the welding quality, stabilise the 
keyhole, inhibit the flow of the weld pool, improve the surface appearance and the weld 
profile, reduce the welding defects and optimise the weld performance (Vollertsen and 
Thomy, 2004; Avilov et al., 2012; Chen et al., 2016, 2017a, 2017b; Zhan et al., 2017). 
Especially, the weld root defects can be avoided by the external magnetic field in full 
penetration welding of the thick plate (Avilov et al., 2016). The dissipation effect of the 
magnetic field on the weld pool would not be influenced by the polarity (Bachmann  
et al., 2013). An optimal weld pool support can be obtained by numerical magnetic flux 
density (Bachmann et al., 2014). When the welding temperature exceeded the Curie 
temperature, a maximum inductive electromagnetic force would occur owing to the 
magnetic hysteresis effect (Qi and Chen, 2018). The application of steady 
electromagnetic force (SEMF) breaks this limitation. And the electromagnetic force can 
be adjusted by changing the current and the density of the magnetic field (Qi and Chen, 
2018; Zhao et al., 2010). Moreover, a Lorentz force can be built by the magnetic field 
that is aligned perpendicular to the welding direction. Hereby, the flow of weld pool will 
be inhibited, resulting in the enhancement of welding process stability, and the spatter 
and melt ejections will be reduced (Bachmann et al., 2013). The Lorentz force can 
improve the element distribution over the entire thickness of the material as well as the 
mechanical properties (Shen et al., 2016). Li et al. (2021) introduced a new approach of 
electromagnetic assisted wire wobbling to regulate energy allocation, melt flow, and 
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metallurgical structure in laser welding of 316 L stainless steel. The electromagnetic 
assisted wire wobble laser welding can enhance the sidewall wetting and refine the grain. 

Figure 10 A comparison of processing windows between 1G and 2G positions (see online version 
for colours) 

 

Source: Shen et al. (2016, p.022418-6) 

Horizontal (2G) position welding is important to the manufacture of large and heavy 
structures, and in some cases, it is the only viable welding position. Comparing 1G 
welding position (laser directed towards the ground), welding in the 2G position (laser 
beam perpendicular to the direction of gravity) can mitigate some of the common 
welding defects including undercut and sagging (Guo et al., 2015). Meanwhile, the 
processing window of the 2G position is wider than that of the 1G position (Figure 10) 
(Shen et al., 2016). Maybe caused by the dumbbell shape (or X-shape) weld and relative 
wider weld, the pores of weld joints in the 2G position are relatively less. 

The addition of other heat sources makes it possible to obtain a large penetration 
under a small laser power, which reduces the requirements of laser welding. The most 
common one is laser-arc hybrid welding. It improves the weld appearance, reduces the 
width of the HAZ, and eliminates or reduces the weld defects. Moreover, welding 
efficiency also can be improved, achieving the synergistic effect of 1 + 1 > 2. The  
arc-leading weld has a significant advantage in defect suppression, especially hump 
(Tang et al., 2019). Meanwhile, the distribution of hardness is more uniform and stable, 
and the impact toughness of weld is 21.89% higher than laser-leading manner.  
Single-sided welding of X70 pipeline steel plate with a thickness of 23 mm is realised by 
laser-double arc welding, which significantly reduces the welding time (Seffer et al., 
2014). 

In addition, using the combination of multiple laser heat sources has a similar effect 
as laser-arc hybrid welding. Through this technology, butt joint with 60 mm thickness is 
achieved, which improves the productivity by 3 to 4 times with a tremendous 
improvement of the deformation (Coste et al., 2003). Dual-beam laser welding is also 
considered in aircraft panel manufacturing, which can optimise the weld quality by 
improving the stability of the keyhole and weld pool (Pang et al., 2015; Ma et al., 2017; 
Li et al., 2018b). 
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Many researches indicate that reducing pressure is helpful to deepen the weld 
penetration (Katayama et al., 2001; Gao et al., 2017; Jiang et al., 2017; Börner et al., 
2011; Blackburn et al., 2013; Punshon and Smith, 2013; Youhei et al., 2014). The effect 
of decompression on the weld penetration depth of different materials is different. The 
weld penetration depth of stainless steel increases with the decrease of environmental 
pressure (Youhei et al., 2014). By contrast, it is found that the weld penetration depth of 
aluminium can be increased by decreasing environmental pressure at pressures of 10 kPa 
or more. But the effect of reduced pressure on weld penetration depth is weak at 
pressures of 1 kPa or less. Besides, no matter what the material is when the ambient 
pressure was below 10 kPa, there is little change in the weld penetration (Wang et al., 
2019). The influence of ambient pressure on the shape of weld bead was related to the 
welding speed (Börner et al., 2011). The lower the welding speed, the more significant 
the effect of ambient pressure on the weld penetration will be. When the welding speed 
was higher than 4 m/min, the ambient pressure has little influence on the weld 
penetration. Similar to traditional laser welding, there is an optimal defocus distance of 
laser welding under subatmospheric pressure (Jakobs and Reisgen, 2015). In addition, 
joint edge surface roughness and pre-set air gap also influence the weld quality and 
penetration depth in partial vacuum atmospheric conditions laser beam welding (Sokolov 
et al., 2015). 

However, the test condition of decompression is very strict and the vacuum chamber 
of the corresponding size is needed, which is a major obstacle to thick plate laser welding 
featuring large components in the manufacturing fields of nuclear power, ships, and 
major equipment. Combined with the characteristics of vacuum welding, Tang et al. (Luo 
et al., 2016, 2014) propose a new method of mobile negative pressure laser welding, 
which provides a new way for welding and manufacturing thick plate components. The 
core structure of the new welding device is a negative pressure chamber (Figure 11). 

Figure 11 Structure of improved local vacuum chamber (see online version for colours) 

 

Coaxial gas flow 

Gas 

 

Notes:  negative pressure module;  tapered hole module;  fixed module;  air 
knife module;  the lens module. 

Source: Luo et al. (2014, p.700) 

Increasing environmental oxygen concentration has a positive impact on the deep 
penetration weld (Naito et al., 2006; Ribic et al., 2011). On the one hand, the laser 
absorption coefficient increases with the increase of environmental oxygen concentration 
(Zhao et al., 2010). On the other hand, carbon monoxide (CO) is formed at the keyhole 
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surface under the action of oxygen, and additional pressure from CO leads to an increase 
in penetration (Ribic et al., 2011). Adding appropriate activating fluxes can improve 
welding quality and increase welding depth without increasing input energy (Vidyarthy 
and Dwivedi, 2016; Ribic et al., 2011; Mishra et al., 2008; Wang et al., 2021; Ma et al., 
2014). Adding sulphur powder increases molten metal fluidity, elongates weld pool, and 
promotes heat transmission during UHPL welding, which improves the weld depth (Li  
et al., 2017). Ultrasonic assisted laser welding can also effectively improve weld joint 
performance (Vorontsov et al., 2018; Liu et al., 2015; Li et al., 2016, 2018a), but it has 
not been used in UHPL welding. 

6 Summary and future outlook 

In this article, a detailed review of the research status on the UHPL welding processing is 
discussed from four aspects: processing stability, weld defects, numerical simulation, and 
field assisted welding. The stability of UHPL welding process is analysed from the 
morphological characteristics and dynamic behaviour of keyhole, weld pool, and plume, 
and the mechanical properties of weld joints. The formation mechanism and control 
methods of common weld defects are introduced and analysed. The application of 
numerical simulation in UHPL welding is introduced and analysed from three aspects: 
keyhole and weld pool simulation, welding residual stress simulation, and phase change 
process simulation. The effects of different external fields (external magnetic field, 
gravitational field, additional heat source, environmental pressure, and other external 
fields) on the UHPL welding are reviewed. The following conclusions are obtained. 

1 Due to the increase of input laser energy, the intensified oscillation of keyhole, weld 
pool, and plume would increase the unstability of UHPL welding and deteriorate the 
properties of weld joints. It is of great significance to study the morphological 
characteristics and dynamic behaviour of keyhole, weld pool, and plume to improve 
the stability of UHPL welding. The observation methods of keyhole and weld pool 
are mainly divided into two types: one is that the material was welded to transparent 
glass and observed directly by a high-speed camera; one is using different elements 
for marking the melting metal. Both of these two types are used in keyhole 
observation, and weld pool observation mainly depends on the second type. Plume is 
studied by a high-speed camera and image processing. Their behaviours are periodic 
and interact with each other. 

2 The formation mechanism and control methods of common weld defects are 
introduced and analysed, as follow: 

3 Simulation calculation is an essential tool for optimising the quality of UHPL 
welding, because of detailed physical quantities analysis, short period, and low cost. 
It mainly includes the simulation of keyhole and weld pool, residual stress, etc. The 
simulation not only helps to explain the mechanism of weld formation and residual 
stress formation, but also can predict weld defects. But the microcosmic multiphase 
coordination mechanism and the macro set of residual stress need to be further 
studied. Although microstructure simulation is rarely used in UHPL welding, 
combining micro simulation with macro simulation for cross-scale analysis will 
greatly promote the mechanism research of weld formation and even the prediction 
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of weld defects in UHPL welding. In addition, the balance between accuracy and 
efficiency is always difficult, especially the simulation calculation of thick plate 
welding. 

4 Based on pure laser welding, external field assistance such as magnetic field and 
gravity field is added to further optimise the weld performance. External magnetic 
field and welding in the 2G position (laser beam perpendicular to the direction of 
gravity) have a significant effect on the inhibition of hump. Laser welding adding 
other heat sources, such as laser-arc hybrid welding and multi-laser heat source, 
welding in partial vacuum atmospheric conditions, increasing environmental oxygen 
concentration, and adding appropriate activating fluxes are helpful to deepen the 
weld penetration. In addition, ultrasonic assisted laser welding can also effectively 
improve weld joint performance, but it has not been used in the field of thick plate 
welding. All in all, field assisted laser welding has great potential in UHPL welding, 
especially in the field of thick plate welding. However, the effect and mechanism of 
different fields on weld forming need more in-depth and multidisciplinary research. 

Table 1 The formation mechanism and control methods of common weld defects 

Type of 
weld defect Formation mechanism or main reasons Control methods 

Spatter With the violent evaporation of high 
temperature and liquid metal in UHPL 
welding, the rear keyhole wall constricts 
and bulges, the local vertical momentum 
of the local melting metal exceeds the 
surface tension forces, forming spatter. 

The side blowing gas jet assisted laser 
welding with a proper flow; 
appropriately tilt the incident direction 
of the laser beam, or directly blow the 
protective gas to the centre of the 
keyhole. 

Underfilling The main reason is the material loss 
caused by metal vaporisation, formation 
of spatter and loss from the bottom of the 
weld pool, thus forming underfilling. It 
often occurs in some kinds of metal with 
low melting temperature points and 
vaporisation temperature points, such as 
aluminium alloy, magnesium alloy, and 
others. 

Use the selected laser optical system 
with a long focus depth. 

Pore The plasma evaporates violently at the tip 
of the keyhole, many bubbles are forming 
at the bottom of the keyhole, which 
cannot be vented in time, leading to the 
formation of pores. 

The pulse-modulated laser welding; 
nitrogen shielding gas; use the wobble 
welding with appropriate parameters; 
the heat-conduction welding mode. 

Hump When the bottom surface tension of the 
weld pool is not enough to offset the 
weight of the weld pool and compensate 
the dynamic pressure of weld pool flow, 
the weld bottom surface is easy to form 
humps. It is common in thick plate single 
pass welding because of the big weld 
pool. 

Welding with negative defocus; blow 
shielding gas on the weld bottom 
surface; welding in the 2G position 
(laser beam perpendicular to the 
direction of gravity); welding assisted 
by an external magnetic field; the 
suitable relative position between the 
laser beam and the filler wire (in the 
narrow-gap laser wire filling welding). 
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The ultra-high-power laser welding, with obvious characteristics of fast welding speed, 
small heat input, small deformation, large aspect ratio, high alignment, and high 
directivity, has a huge application potential. Judging from the application of  
ultra-high-power laser in welding technology, ultra-narrow-gap single-pass and  
multi-pass laser welding of a large thick plate (Artinov et al., 2018), narrow-gap  
ultra-high-power laser-arc hybrid welding, and high-speed laser welding of an ultra-thin 
plate (Rong et al., 2022), are gradually becoming three important research interests. 

There are three main problems with thick plate welding. First, the single-pass depth 
of fusion is limited by the laser power, and multiple passes are usually required, resulting 
in low welding efficiency. Second, for single-pass welding thick plate, it is difficult to 
overcome the welding defects, especially collapse and hump. Finally, for multi-pass 
welding thick plate, the shape and properties between layers are inhomogeneous, which 
has a great impact on the performance of welded joints. Narrow gap ultra-high-power 
laser-arc hybrid welding is an important way of joining thick plates. Not only a 
reasonable groove design is required, but also multi-pass laser-arc hybrid welding 
involves many process parameters, which is a complex manufacturing process. 
Moreover, with the further increase in the thickness of the plate, a series of 
insurmountable problems arise the transverse crack in the surfacing layer, porosity in 
bead edge, and non-fusion between layers (Lai et al., 2021). There are two main problems 
with high-speed laser welding of ultra-thin plates. First, precise calculation and control of 
the laser energy input are required, as much energy input will cause the join to fail. 
Second, deformation of the plate will be caused by the concentrated input of laser energy, 
so a suitable fixture is required. Further researches on the process stability of welding, 
weld defects, simulation, and field assisted welding are needed to improve these 
problems, thus promoting the application of UHPL welding in welding of large thick 
plate, laser-arc hybrid welding, and welding of ultra-thin plate. 
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