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Abstract
Laser-arc hybrid welding (LAHW), being a high-efficiency with excellent properties of high welding speed, deep penetration, 
and good bridging performance, has been paid close attention by domestic and overseas scholars. So far, the lack of suppression 
and detection of welding defects is still considered the critical technical obstacle that affects its welding quality, particularly for 
workpieces with industrial requirements. One vital method to conquer this challenging issue is the visual analysis technique 
with the combination of numerical simulation technique, which has been researched by abundant study outcomes. The primary 
target of detecting is to collect basic information and to understand the formation mechanism of welding defects. This review 
firstly describes welding defects online detection technology, such as high-speed image, electrical signal, acoustical signal, 
and optical signal detection technology. Then much emphasis has been placed on the internal mechanism of forming welding 
defects, including undercut, humping, porosity, and spatter defects. Particularly, the defect suppression methods are presented in 
order to restrain and address the welding defect problems. Finally, the current difficulties and potential remedies are discussed 
to supply an understanding on what still needs to be improved in the LAHW process. This comprehensive review is to offer 
guidance for those trying to reduce welding defects as they enhance the welding joints’ quality.
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1  Introduction

Laser-arc hybrid welding (LAHW) can make full use of the 
respective characteristics of two heat sources, and obtain 
welding effects which are superior to single laser welding 

and arc welding. Compared with traditional arc welding, 
LAHW has the superiorities of high welding speed, high 
efficiency, low welding heat input, and small residual stress 
of workpieces. At the same time, the addition of a laser heat 
source can effectively improve the arc stability. Compared 
with conventional laser welding, LAHW can improve the 
bridging ability of base metal. In addition, LAHW can also 
reduce cracks, thermal deformation, and porosity at the 
welding joints. As an advanced welding technology, the 
LAHW method has been widely used in a variety of manu-
facturing [1–5]. However, LAHW is involved in many com-
plicated physical processes, including keyhole effect, molten 
pool flow, and droplet transfer behavior, which cause quite 
complex transport phenomena. The welding joint quality 
will be influenced by these dynamic factors. The potential 
welding defects will weaken the mechanical properties and 
fatigue properties of workpieces [6].

The welding states are divided into well welds formation 
and typical welding defects, including undercuts, humping, 
porosities, and spatters defects [7–9], as shown in Fig. 1. 
Due to the coupling effects of multiple fields such as flow 
field, electromagnetic field, temperature field, and stress field 
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in LAHW, as well as the extremely complex heat and mass 
transfer process of rapid transformation of solid, liquid, and 
gas states in metal materials, there are many factors affecting 
welding quality, and process parameters are difficult to con-
trol and optimize. The welding process still faces welding 
defects, such as undercuts, humping, porosities, and spatters, 
which cause stress concentration or reduction of weld cross-
sectional area, weakening the fatigue strength and load-bear-
ing capacity of welded joints, and seriously affecting the 
reliability and durability of welded structures[10].

LAHW is a common metal-joining method, which is 
widely used in production and manufacturing. The welding 
quality determines the strength of the welding joints. When 
the welds fail, the entire structure usually fails. In order to 
enhance welding quality, suppress welding defects, and better 
analyze the generation mechanism of defects, some detecting 
methods have been proposed to supply accurate and visual 
information to control joint quality. At present, the design idea 
of detection technology mainly depends on the coupling inter-
action of laser and arc heat sources. The interaction between 
heat sources and workpieces carries all kinds of welding infor-
mation, such as visual signals, electrical signals, acoustical 
signals, and optical signals, which have close relations with 
welding stability and quality. Therefore, the accurate utiliza-
tion of detection methods is of significance in explaining the 
internal mechanism of the welding process.

Figure 2 demonstrates the content frame of this review, 
which consists of two main processes. In fundamental theory 
(Sections 2, 3, and 4), the synergistic mechanism of laser-
arc heat source is deeply researched, and the advantages of 
LAHW in Section 2 is introduced. Then, to clearly observe 
the generation of welding defects, different online detection 
methods are presented, respectively, in Section 3. In addi-
tion, it further elaborates on the formation mechanism of 
main defects in Section 4. In effective measures from Sec-
tion 5, the suppression methods of welding defects are sum-
marized for analyzing and controlling welding joint quality. 

Finally, Section 6 describes the potential difficulties and 
challenges of LAHW and welding defects, and concludes 
this review.

2 � Laser‑arc hybrid welding

The LAHW is a novel welding technology[11], which was 
first proposed and experimentally studied by Professor Steen 
in 1978 [12]. The characteristics of different welding meth-
ods are summarized in Table 1. As shown in Fig. 3, the 
LAHW technology integrates the advantages of laser and 
arc heat sources, which can significantly enhance the quality 
of weld formation [13–15]. It is one of the most promising 
fusion welding technologies. Due to the synergistic effect 
of two heat sources, LAHW technology has many unique 
advantages over single laser/arc welding, which avoids the 
problem of insufficient single-heat-source energy. It has the 
following characteristics:

(1)	 It has high efficiency and low energy consumption [16]. 
In the LAHW process, the surface of the workpieces 
melts by the arc heat source. Compared to the surface 
of low-temperature solid base metal, the laser absorp-
tion rate is greatly increased, which has a significant 
improvement effect on the welds' width and depth, 
reduces the requirement for laser energy, and enhances 
the welding ability.

(2)	 It can improve the microstructure of the weld seam 
[17–19]. Compared to traditional welding methods, the 
welding heat input of hybrid welding is lower. It can 
weld continually with a higher welding speed, the weld 
seam with relatively fine microstructure is obtained, and 
the mechanical properties of the joints are optimized.

(3)	 It can reduce the welding deformation [20, 21]. The 
welding rate of LAHW increases, and the single-pass 

Fig. 1   The diagram of welding 
defects
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welding wire metal deposition amount is reasonable, 
which avoids excessive welding heat input. The size of 
the heat-affected zone (HAZ) can be reasonably adjusted 
to decrease the local residual stress peak value.

(4)	 It can increase penetration depth [22, 23]. Since 
LAHW has two independent welding heat sources, 
the arc welding current, voltage and laser power can 
be adjusted separately to obtain different weld depth–
width ratios. Meanwhile, compared to single laser self-
fusion welding, hybrid welding has a filler metal, which 
makes the weld formation full.

(5)	 It can improve welding adaptability [24–28]. Since 
LAHW has the characteristics of the greater filling 
capacity of arc welding, the tolerance of the welding 
gap can be increased. At the same time, by adjusting 
the arc welding current, voltage, and laser power sepa-
rately, the joint structure with different depth–width 
ratios can be realized. The welding process can be car-

ried out at a higher welding speed to improve produc-
tion efficiency[29].

3 � Welding defects online detection methods

There are multiple variables and many uncertain factors 
in the welding process, which obtain information directly 
or indirectly to reflect the welding’s stability and quality. 
Achieving online monitoring of welding quality has become 
a remarkable research hotspot in the welding industry at 
home and abroad. The welding process is a complex physi-
cal–chemical process under the action of electricity, light, 
heat, and force. It has become the key point of welding 
research to monitor the acoustic, optical, electrical, and 
other information in real-time, which establishes the relation 
between feature information and welding workpiece quality 
and restrains the generation of welding defects by adjusting 

Fig. 2   The flow chart of welding defects for laser-arc hybrid welding in this review

Table 1   The comparison among arc welding, laser welding, and laser-arc hybrid welding

Arc welding Laser welding Laser-arc hybrid welding

Bridging ability Wide melting zone; good bridging 
ability

Narrow melting zone; poor bridg-
ing ability

Wide melting zone; good bridging 
ability

Residual stress and deformation High linear energy; large residual 
stress and deformation

Low linear energy; small residual 
stress and deformation

Low linear energy; small residual 
stress and deformation

Productivity efficiency High welding speed; low produc-
tivity efficiency

High welding speed; high produc-
tivity efficiency

High welding speed; high produc-
tivity efficiency

Crack tendency High tendency for solidification Increased crack tendency Low crack tendency
Cooling rate Low cooling speed High cooling speed High cooling speed
Penetration depth Small penetration depth Large penetration depth Large penetration depth
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and optimizing welding parameters. Nowadays, the real-time 
monitoring technology for welding quality has made sub-
stantial progress, and the detection methods are gradually 
increasing, fully utilizing characteristic signals during the 
welding process, such as electrical signals, acoustic signals, 
and optical signals, as shown in Fig. 4.

3.1 � High‑speed image technology

High-speed image technology can clearly record the spatial 
and time information of transient change processes or high-
speed movement processes. It is more common to use high-
speed image technology to observe and study the welding 
process. In the LAHW process, high-speed image is often 
used to take pictures of droplet transfer, welding spatter, weld-
ing plasma, molten pool flow behavior, and arc morphology.

Zhang et al. [30] argued that laser energy density con-
tinuously increased with the increase of CO2 content, and 
penetration depth also increased. Meanwhile, when shield-
ing gas is 15% CO2 + Ar and 20% CO2 + Ar, the welding 
process is stable and has less spatter as shown in Fig. 5. Zhu 
et al. [31] investigated the impact of different heat source 
leading modes and energy ratios on the stability of LAHW 
and found that utilizing arc-leading mode could effectively 
alleviate fluctuations in the molten pool and achieve a com-
plete droplet transfer process, thus reducing the number of 
spatters. The droplet transfer behavior reflects the stability 
of the LAHW process, which plays a crucial role in the weld 
quality[32, 33].

3.2 � Electrical signal detection technology

The common electrical signals mainly include voltage sig-
nals and current signals. Electrical signals are easy to collect 
and have a clear physical meaning, and they are controllable 
variables, which directly related to the stability of the weld-
ing process. Therefore, it is considered to collect electrical 
signals to monitor the welding stability during the LAHW 
process.

Tetsui [34] collected the instantaneous values of volt-
age and current signals, obtained the waveform charac-
teristics of welding parameters, and found that this wave-
form feature can qualitatively reflect the droplet transfer 
mode. Arc waveforms can not only analyze the behavior 
of droplets but also understand the mechanism of spat-
ter defect generation. Similarly, welding current and arc 
voltage are always key factors to affect welding quality. 
Sheng et al. [35] investigated the effect of laser power 
on droplet transfer behavior and electrical signals. The 
droplet transfer time and current peak time were extended 
as the laser power increased, and the current base time 
was shortened. With the increasing of laser power, the 
droplet growth cycle was extended, and the droplet size 
was increased. Therefore, the waveform of the electrical 
signal was the main method to obtain a stable welding 
process, including a large amount of information about 
welding arc. Any slight changes in the droplet could be 
mirrored timely in the electrical signal waveforms, as 
shown in Fig. 6. Zhang et al. [36] studied droplet-transfer 

Fig. 3   The schematic diagram 
of the LAHW process
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behavior during single-pulse MAG welding and laser-
pulse MAG hybrid welding with high-speed image and 
electrical signal acquisition system. It could be concluded 
that, under the action of laser, the distribution range of 
welding voltage decreased, the probability density of high 
voltage distribution decreased, and droplet transfer became 
more stable.

The electrical signal device is simple to operate, and 
the signal is not easily disturbed by external signals. How-
ever, the number of information contained in the electri-
cal signal is relatively less, which cannot fully reflect the 
complex dynamic changes in the welding process. Moreo-
ver, the monitoring feedback time of the electrical sig-
nal system is relatively short, and the sensitivity is low, 
greatly limiting its application in the real-time monitoring 
process.

3.3 � Acoustical signal detection technology

The acoustic signal is also a useful signal in the monitor pro-
cess. In arc welding, the random non-stationary signals gen-
erated by the arc combustion process often contain dynamic 
changes. The skilled welding engineer can judge the welding 
process stability, welding spatter situation, and droplet trans-
fer mode based on the arc sound signal, in order to achieve 
the goal of improving welding quality. There are many 
related research reports in this field at home and abroad.

Račko [37] associated ultrasonic signals with weld-
ing crack propagation in the welds based on a typical 
stress theory model and compared the predicted acous-
tic emission signal with the actual measured acoustic 
signal values, thus proposing a welding crack propaga-
tion criterion. Grad et al. [38] collected acoustic signals 

Fig. 4   Welding defects online detection technology
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and explored the feasibility of using acoustic signals for 
real-time monitoring. It was found that the frequency of 
the acoustic signals was related to welding stability, and 
the type of shielding gas had a significant impact on the 
acoustic signals.

However, due to the complex and difficult separation of 
acoustic signals, the droplet transfer, the release of inter-
nal tension, the shielding gas flow rate, and the flow of the 
molten pool can all generate sound. The acoustical signal is 
also susceptible to interference from other factors, such as 
the external environment, which affects measurement accu-
racy. These factors make it difficult to establish a defini-
tive relation among acoustical signals, welding stability, 
and welding quality, which greatly limits the application 
of acoustical signals in actual production. At present, the 
industrial application of real-time monitoring of the welding 
process with acoustic signals has not been publicly reported.

3.4 � Optical signal detection technology

The optical signal is the light radiation emitted by high-
temperature plasma. The plasma light radiation signal 

which monitors can reflect the absorption degree of the 
laser by the workpiece during the welding process. The 
most commonly used sensing signal is laser-induced 
plasma light radiation. The interaction between the heat 
source and plasma directly affects the welding process. 
Therefore, the fluctuation of plasma is a direct reflection of 
the dynamic changes. Online monitoring can be achieved 
by observing plasma. The radiation generated by plasma 
mainly includes reverse bremsstrahlung radiation, hot 
electron radiation, and photoelectron radiation.

The first two kinds of radiation produce a continuous 
spectrum, and the last kind of radiation produces a line 
spectrum, whose spectral lines are mainly distributed in 
the visible blue light range. By measuring the absolute 
intensity, relative intensity, and contour of radiation spec-
tral lines, physical parameters such as emission coeffi-
cient, plasma temperature, and electron density in plasma 
are determined. This analysis method is called spectral 
analysis. As spectral measurement is a non-contact meas-
urement method that does not affect the light source, the 
measurement is accurate and stable, and it is the most 
commonly used research method for plasma radiation 
analysis in the domestic and overseas.

Fig. 5   High-speed camera images observing the metal transfer behaviors during the HLAW process with different CO2 contents [30]
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4 � Laser‑arc hybrid welding defects

The strong coupling effect of LAHW heat sources and the 
difficulty in optimizing and controlling numerous process 
parameters result in the generation of welding defects, 
which seriously affect the welding joints’ quality, as shown 
in Fig. 7. Therefore, this review elaborates on the formation 
mechanism and forming process of major welding defects, 
such as undercut, humping, porosity, and spatter defects.

4.1 � Undercut defects

The undercut is the welding defect formed by incomplete 
coverage of the deposited metal on the workpiece along the 
weld toe. As shown in Fig. 8, undercut defects can be divided 

into three types: curved, crack-like, and micro-flaw types 
[39]. It is a serious surface defect, which can cause stress 
concentration and welding crack easily. The undercuts will 
decrease the mechanical properties of the welds. If not kept 
at a minimum value, the undercuts will severely reduce the 
fatigue performance of the whole welded structure [40–43].

The formation of undercut defects is in close contact with 
the tension of the solid, liquid, and gas phases at the edge of 
the molten pool. Without considering the condition of arc 
force and molten pool flow condition, from the perspective 
of statics, the stress state of welding can be analyzed through 
the two-dimension model, as shown in Fig. 9. Equation (1) 
at the junction of solid, liquid, and gas is [44]:

(1)S = Ssg −
(

Ssl + Sgl cos �
)

Fig. 6   Welding current waveform under different laser powers [35]
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where θ is the contact angle of the solid-liquid interface, 
Ssg is the solid-gas surface tension coefficient, Ssl is the solid-
liquid surface tension coefficient, and Sgl is the gas-liquid 
surface tension coefficient. It can be found in Eq. (1) that 
when S = 0, the combined force is just in balance. It is a criti-
cal situation where undercuts do not occur. When S > 0, the 
combined force points towards the outside of the molten pool 

without undercut defects, and the liquid metal spreads out. 
When S < 0, the combined force points toward the interior of 
the molten pool, and the liquid metal will shrink. The molten 
metal will gather inward and form undercut defects. Accord-
ing to the above theory, the measures which reduce the ten-
dency of undercut defects are to decrease the contact angle 
and weld width and increase the deposited metal amount. The 
contact angle mainly depends on the material composition, 
gas composition, interface state, and cooling conditions.

At present, researches on the generation mechanism of 
undercut defects mainly focus on the following three aspects, 
as shown in Fig. 10. Firstly, from the molten pool force state, 
it is thought that the change in the direction and size of the 
force will cause the formation of undercuts. Secondly, from 
the molten pool flow state, it is argued that the molten pool 
flow behavior is the key factor for the occurrence of under-
cuts. Finally, from the numerical simulation research, the 
coupling of arc force and temperature field is used to analyze 
the reasons for undercut generation.

Fig. 7   The common welding 
defects in this review

Fig. 8   The type of undercuts at the weld toe of butt joints: a curved, b 
crack-like, and c micro-flaw

Fig 9   Schematic diagram of the surface tension of the triphase of the 
molten pool cross-section
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Firstly, from the perspective of the molten pool force state, 
it can be observed that undercut defects are in close relation 
to force condition. Mendez et al. [45] developed a numerical 
model, analyzing the balance of gravity, surface tension, and 
arc pressure in the molten pool. They found that the force act-
ing on the molten metal surface could cause undercut defects. 
Meng et al. [46] observed that arc shear force would lead to 
undercut defects. Hu et al. [47] found that the gravity compo-
nent of liquid metal along the welding direction was increased 
by specific angles of welding, which could be helpful to the 
transverse spreading of molten metal. Therefore, the flow rate 
of the molten pool decreased as the workpieces’ inclination 
angle increased. Gao et al. [48] changed the workpieces’ incli-
nation angle to prevent undercut defects, as shown in Fig. 11. 
It was found that undercuts could be improved perfectly when 
the workpieces’ inclination angle was 30°, and it had a close 
connection with the molten metal flow.

The welding speed could influence the molten pool force 
state. The undercut is quite common in high-speed welding, 
and it is difficult to overcome in high-speed welding [49]. 
The welding speed is usually closely related to the occur-
rence of undercut defects [50]. When the flow rate of liquid 
metal exceeded 0.4 m/min, the transverse transfer of molten 
metal was insufficient, which caused undercut defects [51]. 
The formation of undercut defects is caused by melt body 
flow solidification, which is relevant to viscosity and sur-
face tension. With the increase in temperature, the surface 
tension will decrease, which could have a negative impact 
on the adhesion of solid materials and could lead to under-
cut defects, possibly [52]. With the continuous increase in 
welding speed, the undercut defects have gradually become 
a serious problem [53]. Similarly, the coupling of welding 
speed and high laser power could further cause welding 
defects [54]. Alam et al. [55] argued that the molten pool 

Fig. 10   The generation mecha-
nism of undercut defects in this 
review

Fig. 11   The schematic of melt flow at varied inclination angles: a 0° (Few molten metal reflow), b 30° (Most of molten metal  reflow), and c 40° 
(Almost all the molten metal reflow) [48]

119The International Journal of Advanced Manufacturing Technology (2024) 130:111–146



1 3

was elongated at higher welding speed, and the molten metal 
on the side wall flowed towards the center, which resulted in 
undercut defects, as shown in Fig. 12.

The existence of the thin oxide layer on the workpiece 
surface will make the arc contract, increase arc pressure, and 
have a low oxide density. During the welding process, it is 
easy for the oxide to reach the edge of the arc crater area and 
solidify rapidly under the action of the molten pool oscilla-
tion, which hinders the further transverse spreading of the 
molten metal, results in insufficient molten metal filling at 
the edge of welds, and generates deeper sharp corner under-
cut defects. Karlsson et al. [56] studied the formation mecha-
nism of undercut defects under two conditions: retaining sur-
face oxides or removing surface oxides, as shown in Fig. 13. 
The research suggested that the steel surface with mill scale 
could produce sharp undercuts and form sharp oxide inclu-
sions at the weld edge. The presence of oxides constrained 
the arc and increased the arc force, which resulted in greater 
impact force and deeper grooves. At the same time, the den-
sity of oxides was smaller than that of the molten metal, 
which was pushed to the edge of the molten pool. During 
the solidification process, the melting point was higher than 
that of steel, which hindered the wetting and spreading of 
the molten metal and generated undercut defects. Proper 
protection of the molten pool could reduce the occurrence 
of welding defects. Oxides usually cause undercut defects. 
Norman et al. [56, 57] found that the oxides that entered into 
the molten pool would probably arrive at the edge of the 
arc crater. The molten metal would solidify quickly when 
the temperature dropped. The reason for the generation of 
undercuts was the transverse spreading of molten metal was 
restrained. Nguyen et al. [39] found that the occurrence of 
undercut defects was obvious when joining the workpieces 
with an oxide layer and caused larger welding defects and 

poorer fatigue performance. Therefore, removing the surface 
oxide film before welding would eliminate oxide inclusions 
and form a smooth surface.

Secondly, from the perspective of the molten pool flow 
state, it can be found that the molten pool flow condition has 
a close connection with undercut defects. Frostevarg et al. 
[58] suppressed the generation of undercut defects by adjust-
ing the DLA (distance between laser and arc) and chang-
ing the geometric conditions of the melt flow. According 
to the high-speed image, it could be seen that the keyhole 
and the position of the keyhole had an impact on the molten 
pool flow. If the DLA was quite large or small, the undercut 
defects would occur. When the laser keyhole was adjusted 
to the transition area between the arc groove and the molten 
pool, the undercut defects were suppressed. The asymme-
try between the arc and laser exacerbated the formation of 
undercut defects, which was usually caused by the narrowing 
of the melt flow behind the groove. Eriksson et al. [59] stud-
ied the molten pool flow behavior and generation of under-
cut defects through high-speed image and Particle Image 
Velocimetry algorithms. With the increase in laser power, 
the inclination angle at the interface between the fusion zone 
and the edge of the base metal increased. The reason for this 
phenomenon was that the fluidity of the molten metal on the 
inner wall and front edge of the keyhole was enhanced. Hao 
et al. [60] investigated the effect of circular beam oscillation 
on the flow behavior of the molten pool and found that the 
circular beam could change the molten pool flow behavior. 
With the increase in scanning frequency and amplitude, the 
width and length of the molten pool increased, and the tran-
sition at the tail of the molten pool became smooth, which 
was conducive to the flow of molten metal from the center 
of welds to both sides of welds. Li et al. [61] investigated 
the molten pool flow behavior of beam oscillation and the 

Fig. 12   The generation of undercut defects: a the weld cross-section of undercut, b scanned weld surface topology, and c sketch of hybrid weld-
ing under high speed [55]
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influence of laser beam oscillation parameters on weld for-
mation and welding defects. When beam oscillation was 
not added, serious undercut defects appeared in front of the 
welding joint. After adding beam oscillation, the undercut 
defects on the front wall were suppressed, and the downward 
flow of the liquid metal at the rear of the molten pool was 
improved. In addition, the microstructure of the welds was 
refined and the mechanical properties were improved. Tao 
et al. [62] carried out research on LAHW of pipeline steel, 
it could be found that from the high-speed image, stable arc 
characteristics and smooth molten pool were formed when 
laser power was 400 W. The optimal weld was obtained 
without undercut defects.

In addition, there is a strong fluidity of molten metal 
driven by surface tension. On the one hand, the molten metal 
can spread towards the edge of the welds along the welding 
direction, which prevents the formation of undercut defects. 
However, for single-arc welding, when the welding speed is 
quite high, the liquid metal solidifies rapidly, which lacks 
sufficient time to flow to the weld toe zone and fill the gap 
between base metal and deposited metal. Therefore, it is 

easy to generate undercut defects. After the addition of laser 
energy, the heat input energy increases. At a higher weld-
ing speed, the solidification rate of molten metal decreases, 
which has more time to flow into the weld toe zone. On 
the other hand, the temperature of the metal plasma inside 
the laser keyhole can reach up to 20,000 °K. Its tempera-
ture is far higher than conventional MIG welding. It can be 
observed that the hybrid welding has a higher temperature 
gradient. This means that the surface tension gradient inside 
the molten pool is greater, and the molten metal has a faster 
flow rate. The molten welding wire metal can flow along the 
molten pool and fill the weld toe in a shorter time to sup-
press undercut defects. Gao et al. [17] conducted research 
on LAHW of Mg alloy and found that the optimized LAHW 
process parameters could suppress the undercut defects. At 
the same time, the tensile strength was also improved. The 
undercut defects were generated due to the evaporation and 
loss of alloy elements, and it could be improved by increas-
ing the wire feed speed in LAHW.

Finally, from the perspective of numerical simulation 
research, it can be observed that numerical simulation 

Fig. 13   Formation mechanism of the undercut under the condition of 
keeping the rolling state or removing the oxide: a and b with surface 
oxide cross-section, c and d without surface oxide cross-section, e 

and f high-speed photographic image with/without surface oxide, g 
and h corresponding schematic diagrams, and i solidification process 
schematic diagram [56]
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researches could analyze the generation mechanism of the 
undercut defects. Ai et al. [63] established a finite element 
numerical model for the keyhole morphology and molten 
pool fluidity during high-speed welding, which verified the 
Rayleigh instability of the molten pool. The results showed 
that the Rayleigh instability caused by the increase in the 
length of the molten pool is the primary element, which led 
to the instability of the molten pool’s dynamic behavior, as 
shown in Fig. 14. Zhou et al. [64] simulated the transient key-
hole dynamics, obtaining the interaction mechanism between 
the liquid droplets and molten pool and clarified the shape 
and composition of solidified weld seams. Liu et al. [65] ana-
lyzed that the formation of undercut defects had relations 
with the welding arc and molten pool flow behavior through 
experiments and simulations. By observing the flow process 
of the molten pool, it could be seen that there were effects 
of multiple forces, such as Lorentz force, electromagnetic 
force, and arc force. The liquid metal was subjected to a 
combination of plasma drag force, droplet impact force, and 
arc force, which flowed toward the rear area of the molten 
pool. In the meantime, the arc root hindered the flow and 
diffusion of liquid metal. Therefore, there was only a thin 
layer of liquid below the arc. As the arc struck, the thin liq-
uid layer solidified rapidly due to the excessive cooling rate, 
which caused the generation of undercut defects, as shown 
in Fig. 15. Mendez and Eagar [52] proposed a model for pre-
dicting weld solidification. High arc pressure pushed molten 
metal towards the back of the molten pool, forming a thin 
liquid metal film that came into contact with solid base metal. 
Premature solidification of this thin layer would inhibit wet-
ting on both sides of the welds, which caused the formation 
of undercuts. However, Nguyen et al. [53] emphasized only 
the thin layer at the front, the vital effect of the molten pool 

edge in transferring molten metal to the trailing edge was 
ignored. Although some theories simulated molten pool flow, 
the reason and physical mechanism that generated undercuts 
were still unknown. Nevertheless, some technological meth-
ods have been proved to be efficient in restraining undercut 
defects by slowing down the backflow of molten metal.

There are two different methods for suppressing under-
cut defects in LAHW. Firs, under the interaction of laser 
and arc, the arc is compressed and more stable, which 
increases the welding wire deposition amount indirectly 
and improves energy utilization efficiency. The surface 
tension of the solid, liquid, and gas phases at the weld 
toe was changed, and the formation of undercuts was sup-
pressed. Second, through the interaction of laser-arc heat 
hybrid sources and the mutual superposition of the two 
heat sources in the molten pool, the surface tension gradi-
ent inside the molten pool increases, the flow rate accel-
erates, and the time at which weld metal flows from the 
center of the molten pool to the edge of the welds is more 
sufficient. Ultimately, more molten metal is moved to the 
weld toe, which fills the weld toe and eliminates undercut 
defects. Furthermore, adding active agents to the welds’ 
surface can also reduce the depth of undercut defects, such 
as TiO2 and Cr2O3. Since the addition of active agents 
reduces the surface tension of the molten metal, improving 
its flow-ability and spread-ability. Therefore, the combined 
effect of them reduces the depth of the undercut defects.

4.2 � Humping defects

The humping defect refers to the regular and periodic local 
swelling (wave peak) and collapse (wave trough) formation of 
weld metal along the welding direction. The humping defect 

Fig. 14   The variation of molten pool morphology in the horizontal direction [63]
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seriously affects the welding joint quality. Surface humping 
primarily exists in thin-plate welding and high-speed weld-
ing, while the generation of root humping defects mainly 
occurs in medium- and thick-plate welding, as shown in 
Fig. 16. The fundamental reason for the appearance of hump-
ing defects is the combined action of gravity and surface 
tension. Under the constraint of surface tension, the reflux 
velocity of metal droplets decreases, and the liquid metal 
continues to accumulate in the humping area. As the heat 
source moves and the welds solidify, it hinders the further 
growth of the humping. Finally, under the balance of surface 
tension and gravity, it solidifies into humping defects.

The formation mechanism of surface humping is widely 
recognized by the theory of molten pool wall flow, as shown 
in Fig. 17. In high-speed LAHW, there is a rapid wall flow 
inside the molten pool that flows towards the end of the 
molten pool, which accumulates to form a tail protrusion 
area. Due to the large momentum of the wall flow, it can 
overcome the static pressure and surface tension of molten 
metal at the end of welds, which causes the humping area to 

grow continually. In addition, the molten metal accumulated 
at the end of the molten pool has a high enthalpy, which 
prevents the tail protrusion zone from solidifying fully. As 
the arc moves forward, the flow area on the molten pool wall 
continues to elongate as a channel for the backward flow of 
liquid metal. Due to the area with a thin liquid metal layer, 
the sectional wall flow that detaches from the arc heat effect 
solidifies to form a collapse due to lack of heat energy, while 
the tail protrusion zone solidifies to form a humping defect 
subsequently [66].

The humping of welds appeared on the upper surface in 
the arc welding first. Nguyen et al. [67] utilized high-speed 
images to observe the humping on the upper surface of the 
welds during high-speed GMAW welding. The scholar pro-
posed that the welding speed, welding material type, and 
wire feeding speed were key process parameters that affect 
surface humping defects. The problem of humping defects 
also exists on the upper surface in the laser welding. Eriks-
son et al. [68] utilized high-speed images to capture the for-
mation of humping defects in laser welding with high speed 

Fig. 15   Arc behavior and >molten metal flow when the undercutting defect forms [65]
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(the welding speed is more than 100 mm/s) and initially 
proposed the problem of surface humping in laser welding.

The above researches have all focused on the surface 
humping defects, but humping defects issues also exist at 
the welds’ root. The formation of the root humping is shown 
in Fig. 18. In LAHW process, the inner hole wall of the 
keyhole is full of wrinkles, and the swelling of the keyhole 
wall moves rapidly towards the bottom of the molten pool 
under the effect of the metal vapor reaction force. Under the 
combined action of gravity and surface tension, the liquid 
metal forms multiple contoured droplets at the bottom of the 
molten pool. The formation mechanism of the root humping 
is caused by the force imbalance of the molten pool at the 
bottom of the welds, and the molten metal pushed out from 

the deep penetration keyhole. However, the internal molten 
pool is difficult to observe and the interaction between laser 
and arc heat source is complex. How to alleviate the prob-
lem of the force imbalance of the molten pool at the bot-
tom of the welds has not been solved. Therefore, in order to 
achieve the application of single-sided LAHW technology 
for medium and thick plates, it is necessary to study the sup-
pression of root humping defects. At the same time, due to 
the large temperature difference between the front and rear 
edges of the bottom droplets, the reflux speed of the metal 
droplet decreases, which causes the molten metal volume to 
increase continually. With the heat source movement and the 
metal solidification at the tail of the molten pool, the growth 
rate of the droplet gradually slows down and solidifies into 
a humping under the balance of surface tension and gravity. 
Many scholars have studied the generation mechanism of 
humping defects through a variety of methods, which are 
mainly divided into two types: firstly, observing the molten 
pool flow and keyhole behavior directly with the method 
of the high-speed image or other means. Secondly, using 
numerical simulation to comprehensively analyze the rea-
sons for the formation of humping defects, combined with 
temperature field, flow field, mass transfer, and heat transfer.

The research on the root humping defects was first started 
by laser welding. Kaplan et al. [69, 70] found the roothump-
ing defects when the 16-mm stainless steel was joined with 
a 15-kW fiber laser. However, comparing the picture of root 
humping with normal welds on the surface molten pool, it 
was found that the appearance of the root humping was rel-
evant to excessive heat input. The imbalance between gravity 

Fig. 16   The schematic diagram 
of humping defects

Fig. 17   The theoretical schematic diagram of surface humping

Fig. 18   The theoretical sche-
matic diagram of root humping
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and surface tension makes the liquid metal downflow and 
accumulate at the bottom of the welds, as shown in Fig. 19. 
After the solidification of the molten pool, the welds appear 
the phenomenon of upper surface collapse and root humping 
[71–74]. The imbalance force of root humping defects in this 
review is summarized in Table 2.

Jan Frostevarg [75] utilized high-speed images to study 
the generation mechanism of root humping. He believed 
that the imbalance of molten pool gravity and surface ten-
sion caused the root humping defects. With the increase in 
thickness of workpieces, the molten pool gravity would also 
increase. The surface tension at the bottom of welds was the 
key factor for the formation of the root humping, as shown in 
Fig. 20. Palmer et al. [76] established a model for a molten 

pool with X-ray transmission system in LAHW. He argued 
that the imbalance between molten pool gravity and surface 
tension was the main reason for the root humping. At the 
same time, the effect of surface tension at the bottom of the 
welds on the root humping defects was studied. For the flow 
of molten pool in LAHW, Q Pan et al.[78] used a high-speed 
X-ray real-time transmission system to analyze the behavior 
of the deep penetration keyhole, the geometric shape of the 
molten pool, and the flow characteristics of molten metal 
inside the molten pool. It was found that a large amount of 
molten metal flowed out from the bottom of the keyhole, 
and the main reason that generated the root humping was 
that molten metal could not flow back timely. Based on the 
current research on root humping defects, the imbalance 
between gravity and surface tension is the direct reason to 
cause root humping defects. The complex movement of the 
molten pool in hybrid welding aggravates the imbalance. 
However, these factors have not been effectively combined 
with the process for the formation mechanism of root hump-
ing. Eriksson [77] found that humping also appeared at the 
welds’ root. This study confirmed that the root humping was 
caused by many factors, including the surface tension and 
gravity of the molten pool. This research considered grav-
ity as the main factor, which meant that the root humping 
defects were different from the surface-humping defects.

In addition, the change of welding process parameters 
also affects root humping defects. Different researchers 
have given different explanations for the influence of pro-
cess parameters on root humping defects. The influential 
parameters are summarized in Table 3.

Zhang et al.[79] analyzed molten pool fluidity through 
high-speed image, and observed that the formation of root 
humping was related to high welding speed, which caused 
the molten pool flow to be more intense, thus increasing the 
tendency of humping defects. They also believed that there 

Fig. 19   The forces analysis of the bottom of the molten pool

Table 2   The imbalance force 
of root humping defects in this 
review

No. Plate thickness Material Welding method Ref.

1 12 mm S420 MC Laser welding/hybrid welding [75]
2 4.8 mm DH36 steel Laser welding/hybrid welding [76]
3 12 mm High-tensile strength steel Hybrid welding [76]
4 8 mm 304 stainless steel Laser welding [77]

Fig. 20   The generation mecha-
nism of root humping defect 
[75]
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was an optimal welding speed range in the welding pro-
cess, which could inhibit the formation of the root humping 
defects. The heat source leading mode has a relation with 
the formation of root humping in the LAHW process. Tang 
et al. [80] compared the arc-leading mode with the laser-
leading mode and found that the arc droplet transfer had 
less impact on the molten pool under the arc-leading mode. 
Therefore, the formation of root humping was suppressed 
easily. Atabaki et al. [81] studied the humping defect in the 
LAHW. They conducted experiments from the perspective 
of the coupling effect between laser and arc heat source and 
found that there would be no humping defects at the welds’ 
root when the DLA was 8–12 mm. Pan et al. [82] utilized 
laser-GMAW hybrid welding with different shielding gas 
compositions and found that the humping defect at the root 
of the welds is less with the increase of CO2 ratio. At the 
same time, the study suggested that the increase of oxygen 
content in the welds could increase the viscosity of the weld 
and reduce its fluidity. Haug et al. [71] analyzed the flow 
process of the molten pool, as shown in Fig. 21. The differ-
ence in humping defect was compared and analyzed by using 
a CO2 laser and solid-state laser. It was found that the laser 
wavelength had a greater impact on the size of the humping 
shape. At the same time, it was proposed that solid-state 
laser was more sensitive to the humping at the welds’ root. 
Zhang et al. [83] used a 10-kW fiber laser to join stainless 

steel thick plates through laser self-fusion welding and 
studied the factors affecting the process parameters of the 
root humping defects. They argued that the focus position 
affected the penetration mode of laser keyhole welding and 
determined the formation of humping defects. At the posi-
tive defocus amount, the root humping had a large volume 
with periodicity, as shown in Fig. 22. At the negative defo-
cus amount, the root humping had a small volume without 
obvious periodicity, as shown in Fig. 23. Furthermore, when 
negative defocus amount was applied, the welding speed 
could be optimized to control root humping defects. Finally, 
the application of shielding gas has played a positive role in 
reducing root humping defects.

With the widespread application of high-power lasers, the 
issue of root humping has become increasingly a focal point. 
Researchers have conducted research and exploration on the 
suppression measures for humping defects. In order to restrain 
the generation of root humping in LAHW. Cao et al. [84] 
added ceramic backing plates to the back of the welds to sup-
press the formation of root humping defects. Shen et al. [85] 
utilized laser welding to join the thick high-strength steel with 
the horizontal butt joint method and compared it with the flat 
welding process under the same process parameters. It was 
found that horizontal butt joint is not easy to produce hump-
ing defects. Sun et al. [86] also used the horizontal butt joint 
method to join a 20-mm thick 304 stainless steel, achieving 
the goal of suppressing humping defects. Avilov et al. [74] 
added an oscillating electromagnetic field at the bottom of 
the workpiece, it could provide an upward Lorentz force to 
support the internal molten pool, prevent it from falling down, 
suppress the occurrence of surface collapse, and suppress the 
generation of root humping effectively. Yamba [87] found 
that the collision of the molten metal caused by lateral flow 
towards the top plate and bottom plate, and the interruption 
of the flow channel in the molten pool are the reasons for the 
formation of the root humping. As shown in Fig. 24.

Based on the above works of literature, this review 
summarizes four reasons for the formation of root 

Table 3   The influential parameters of root humping defects in this 
review

No. Influential parameters Author Year/ref.

1 Welding speed M. Zhang 2013/[79]
2 Heat source leading mode G. Tang 2019/[80]
3 Distance between laser and arc M. Atabaki 2014/[81]
4 Shielding gas Q. Pan 2016/[82]
5 Laser wavelength P. Haug 2013/[71]
6 Defocus amount M. Zhang 2019/[83]

Fig. 21   The influence of different laser wavelengths on the seam quality: a solid-state laser and b CO2 laser [71]
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humping defects. Firstly, from the perspective of the 
molten pool flow rate, the root humping defects tend 
to form when the bottom molten pool flow rate is much 
higher than the welding speed. Secondly, from the per-
spective of force balance, the root humping was caused 
by the imbalance between the surface tension and gravity 
of the molten pool. Thirdly, from the perspective of the 
heat input, the excessive linear energy causes the weld to 
be over-penetrated and generates root humping defects. 
Lastly, from the interaction between laser and arc heat 
sources, the DLA results in the formation of root humping 
at the bottom of the welds.

In LAHW, for the single-side welding and double-side 
forming on the medium and thick plates, due to the large 
thickness of the workpiece, the gravity of the molten pool 
on the bottom of welds usually makes the welds uneven, 

which forms the root humping defects. At present, the 
existence of root humping defects seriously restricts 
the development and application of single-side welding 
and double-side forming technology. Relevant studies 
have shown that the formation of root humping defects 
becomes increasingly serious with the increase of work-
piece thickness, and it is difficult to eliminate. Therefore, 
the suppression of root humping defects urgently needs 
to be solved.

4.3 � Porosity defects

The porosity defects formed by the gas in the molten 
pool cannot escape and remain during solidification. The 
porosity is the most common defect in hybrid welding. In 
LAHW, the porosity defects mainly include three types: 

Fig. 22   Schematic of the forma-
tion process of humping under 
positive defocusing welding 
from a to e [83]

Fig. 23   Schematic of the forma-
tion process of humping under 
negative defocusing welding 
from a to g [83]
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interlayer, hydrogen, and process porosity, as shown in 
Fig. 25. The interlayer porosities are large in size, irregular 
in shape with sharp corners, and contain black oxide sub-
stances. This is caused by the gas mixed with the flow of 
the refractory oxide on the workpiece surface to be welded 
[88]. The hydrogen porosities (metallurgical porosities) 
are usually circular in shape, with smooth inner walls and 
relatively large dimensions [89, 90]. The main reason for 
the formation is the decomposition and precipitation of 
water, moisture, and surface oil stains caused by surface 
contamination of the workpiece before welding, poor weld 
protection, etc. The process porosities (keyhole porosities) 
are caused by the instability of the keyhole during the 
welding process [91]. The keyhole is an important feature 
of LAHW, and its internal force balance is usually a sig-
nificant factor in affecting the process porosity defects.

The porosity is one of the most common defects in the 
welding process. Usually, porosity defects are the main 
reason for workpiece failure. It will destroy the effective 
bearing area of weld metal and greatly reduce the mechani-
cal properties [92] and corrosion properties of welds. It is 
a defect that must be strictly controlled for welding prod-
ucts. The fundamental reason for these phenomena is the 

dynamic characteristic of laser deep penetration welding of 
keyhole and molten pools. Leo et al. [93] pointed out that 
the porosity defects inside the weld significantly reduced 
the tensile strength and elongation of the welding joints. 
Zhang et al. [94] showed that the porosity defects seriously 
reduced the low-cycle fatigue performance of the welding 
joints. Therefore, in order to reduce porosity defects and 
obtain high-quality hybrid welding joints, it is especially 
significant to clarify the influence of process parameters on 
porosity defects. Cho et al. [95] proved that the keyhole was 
prone to collapse when the base metal was aluminum alloy. 
The gas inside the collapsed keyhole was injected into the 
molten pool and became bubbles. If it did not get away from 
the molten pool, it would evolve into porosity defects. Ola 
and Doern [96] claimed that hydrogen had a higher absorp-
tion rate in liquid aluminum than in solid aluminum. It led 
to the formation of hydrogen porosities during the solidifica-
tion process of molten metal.

Generally, there was a certain correlation between the 
instability of the keyhole and the fluidity of the molten metal. 
The interception of shielding gas, the release of super-satu-
ration gas dissolved in the molten pool, and the evaporation 
of low melting point elements may lead to the formation of 

Fig. 24   The influence of oscillated and non-oscillated effect on the weld bead toe angle at high traveling speed of the hybrid L-GMAW process: 
a–f high-speed image, g–l schematic illustration, and m–s bead appearance [87]
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porosity defects during the welding solidification [90, 97]. 
When the solidification velocity exceeded the filling velocity 
of the molten metal for the collapsed keyhole, porosity defects 
could also be formed [98]. The instability of the keyhole is 
another main reason for porosity defect formations [99, 100]. 
The formation of porosity defects had a close relation with 
the instability of vapor force in the laser keyhole. The droplet 
transfer mode was a vital factor in influencing the stability of 
the laser keyhole [101]. Mizutani M et al. [102] found that the 
keyhole was generated in the liquid molten pool, rather than in 
a solid metal, and bubbles were usually generated at the top of 
the keyhole. By using a simplified numerical model to calcu-
late the surface of the molten pool, it was found that the sur-
face tension of the liquid molten pool affected the generation 
of porosities. The research by Katayama et al. [103] showed 
that the keyhole was in a drastic fluctuation and unstable state 
during laser non-penetration welding, and the keyhole experi-
enced periodic collapse and irregular changes. This unstable 
collapse could envelop the gas inside the keyhole, which led to 
the formation of keyhole-type porosities during the solidifica-
tion process. Therefore, the stability of the keyhole is the key 
to affecting the generation of keyhole-type porosity defects. 
Xu et al. [104] analyzed the fluidity of the keyhole and molten 
pool state with a high-speed image system and argued that the 
erratic fluctuation in the keyhole was the dominant reason to 
form porosity defects. Wen et al. [105] investigated the effect 
of laser keyhole dynamic behavior on weld penetration. The 
results indicated that the effect of pulse frequency on the fluc-
tuation of weld depth was more important than that of laser 
power and defocusing amount.

Different process parameters also have a vital effect on 
the formation of porosity defects. The continuous optimiza-
tion of process parameters can improve the porosity defects. 
The researchers have carried out experimental studies on 
different process parameters, as shown in Fig. 26. The fol-
lowing parameters can affect porosity defects in this review 
and are summarized in Table 4.

The welding speed exerts a significant influence on the 
formation of porosity. According to Madison et al.[106], the 
porosity defects decreased with increasing welding speed. 
While Yu et al. [107] believed that the porosity defects 
increased as laser power increased. The characteristics of 
the molten pool depended on the laser energy and welding 
speed and were related to the formation of porosity defects. 
Zhan et al. [108] studied the formation mechanism of porosi-
ties, and found that the welding speed and keyhole stability 
were closely related to the formation of porosity defects. 
High welding speed led to the instability of the keyhole, 
which promoted the formation of porosities. Katayama et al. 
[99] believed that porosities would be formed in the middle 
part of the laser keyhole under the condition of high laser 
power. At the low welding speed, the porosities would be 
generated at the bottom part of the keyhole. Bunaziv et al. 
[109] suggested that the generation of porosity defects had a 
connection with the behavior of the back wall of the keyhole 
in LAHW. When the welding speed increased continuously, 
the inclination angle of the keyhole increased, and the rear 
wall of the keyhole was prone to collapse due to the instabil-
ity of the keyhole, which increased the porosity of the welds, 
as shown in Fig. 27. Leo et al. [93] demonstrated that an 
appropriate laser-arc power distribution can minimize the 
porosities of Al-Mg alloy welds with the thickness of 3 mm.

Welding current can influence the molten pool tempera-
ture, the molten pool fluidity, and the molten pool wetta-
bility. The molten pool temperature will increase with the 
increasing of the welding current, which makes it easy for 
the gas inside the molten pool to escape, thereby reducing 
the formation of porosities. Appropriate welding current can 
improve the fluidity of the molten pool, which is benefi-
cial for the overflow of porosities. Furthermore, the weld-
ing current also affects the molten pool wettability, thereby 
decreasing the generation of porosity defects. Xu et al. [110] 
established a three-dimension molten pool flow model, as 
shown in Fig. 28. It explained the generation mechanism of 

Fig. 25   The type of porosities: a interlayer porosity, b hydrogen porosity, and c process porosity
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process-type porosities. At the same time, the experiments 
were conducted to verify the model, as shown in Fig. 29. The 
process experiment showed that the porosity decreased from 
7.56 to 4.66%, as the arc current increased from 180 to 260 
A. The simulation results indicated that the flow direction 
of the melt around the keyhole was towards the bottom of 
the welds, and the flow direction changed, which increased 
surface instability and led to the closure of the upper part 

of the keyhole. Due to the buoyancy force of the porosity 
defects, the distribution of porosity defects in the welds was 
asymmetric. On the other hand, it was found that the flow 
velocity on the molten pool surface would reduce when the 
current increased from 200 to 260 A, which increased the 
keyhole stability.

Ascari et al. [14] found that the arc current of hybrid 
welding had a significant impact on the formation of 

Fig. 26   The process parameters of influencing porosity defects

Table 4   The effect of different process parameters on porosity defects

Process parameters Welding method Workpiece Plate thickness Laser power Ref.

Welding speed Laser welding 304L stainless steel 1 mm 1.2 kW [106]
Laser welding 5A06 aluminum alloy 2 mm/4 mm 2.6–4 kW [107]
Laser welding TA15 titanium alloy 5 mm 2–6 kW [108]
Laser welding 304 austenitic stainless steel or 

aluminum alloy plates
12 mm 10 kW [99]

LAHW High-strength steel 45 mm 15 kW [109]
LAHW Al-Mg alloy 3 mm 2.5–3.5 kW [93]

Arc current LAHW Aluminum alloy - 3.8 kW [110]
LAHW AA6082 8 mm 3 kW [14]
Laser welding AA6061-T6 alloy 6 mm 6 kW [111]
Laser welding 316L austenitic stainless steel 10 mm 2.4, 2.7, 3.0 kW [104]
LAHW Low-carbon steel 10 mm 3–4 kW [112]
LAHW HNS 10 mm 4 kW [113]
LAHW 5A06 aluminum alloy 6.9 mm 3–3.8 kW [114]

Heat-source leading mode LAHW 5083 aluminum alloy 10 mm 3.0, 4.9 kW [115]
LAHW AA5754-H111 Mg-Al alloy 3 mm 3 kW [116]

Distance between laser and arc LAHW Aluminum alloy 6 mm 2.5, 3.0, 3.7, 4.0 kW [96]
LAHW AZ31B magnesium alloy 5 mm 1.5 kW [117]
LAHW 5083 aluminum alloy 5 mm 2.5 kW [118]

Shielding gas LAHW Al/steel 1.5 mm 2 kW [119]
Laser welding AA 2024-T3 aluminum, alloy 3 mm 4.9 kW [120]
LAHW A7N01P-T4 aluminum, alloy 12 mm 4 kW [121]
LAHW 42CrMo steel 5 mm 3.1, 3.3, 3.5 kW [122]

Butt gap Laser welding 5A06 aluminum alloy 2 mm/4 mm 2.6–4 kW [107]
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porosity defects, while the DLA had little effect on the 
porosity defects. Ola et al. [111] found that laser energy 
and laser beam diameter could affect the morphology of 
the keyhole, which affected the number of porosities. Xu 
et al. [104] believed that the merging of bubbles was more 
intense when energy density was higher, and the possibil-
ity of forming porosities increased. The porosity increased 
and then decreased with the increase of arc current. The arc 
could drive the liquid metal near the keyhole to block the 
keyhole and form bubbles, which escaped from the molten 
pool [112]. Cui et al. [113] investigated the effect of heat 
input on weld porosity defects. The results showed that weld 
porosity defects increased as the laser power increased. Zhao 
et al. [114] thought that high laser power could promote the 
escape of porosity defects from the molten pool.

Laser welding can effectively control the formation of 
porosity defects due to its high energy density and focus 
characteristics. On the contrary, the scattered focus and low 
energy density of the arc welding, the welding parameters, 
and shielding gas conditions need to be adjusted more care-
fully to reduce the generation of porosity defects. Huang 
et al. [115] adopted laser-leading and arc-leading welding 
methods to implement experiments, respectively. In the 
laser-leading welding process, the arc became more diver-
gent, the keyhole was less prone to collapse, and the bubbles 
were more likely to escape from the molten pool, which 
effectively suppressed the formation of metallurgical and 
process porosity defects. In the mechanical performance test, 

the tensile strength of welding joints obtained by laser-lead-
ing and arc-leading methods can reach 90.3 and 87.9% of 
the base metal, respectively. This was related to the smaller 
porosity (Fig. 30), smaller grain size (Fig. 31), more precipi-
tation of second phases and dislocation lines (Fig. 32), and 
less Mg element burning loss during laser-leading welding. 
Casalino et al. [116] found that the molten pool was more 
stable in laser-leading welding mode, with fewer keyhole 
collapses, and fewer porosity defects than in arc-leading 
welding mode.

A large DLA may lead to insufficient filling of the welds, 
which limits the fluidity of the molten pool, making it dif-
ficult to expel gas from the welding area. In this case, there 
is a greater risk of porosity formation. On the contrary, a 
small DLA may promote sufficient filling of the molten pool, 
which is beneficial for the uniform distribution of heat, and 
makes it easier for gas to be discharged from the welding 
area. Ola et al. [96] conducted bead-on-plate welding on a 
6-mm thickness 2024 aluminum alloy and statistically ana-
lyzed the porosity defects. The study found that the DLA had 
a significant impact on the welding penetration and porosity. 
As the DLA increased from 1 to 5 mm, the weld penetration 
increased and then decreased. When the DLA was 2 mm, 
the coupling effect of the laser-arc heat source was best 
with the smallest penetration, but the porosity also changed 
with the change of penetration. The depth of penetration 
was proportional to the porosity quantity. Chen et al. [117] 
studied the effect of process parameters on the stability of 

Fig. 27   SEM of microstructure and misorientation angles in the root of a and c high-heat input and b and d low-heat input welding [109]
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the keyhole and analyzed the principle of porosity formation. 
The results showed that porosity defects in hybrid welding 
usually appeared at the bottom of the welds, and a large 
weld depth-to-width ratio would make joint porosity defects 
increase. In addition, the relative position of the laser and arc 
heat source also exerted a significant influence on the gen-
eration of porosity defects. Bunaziv et al. [118] found that 
aluminum alloy was more prone to generate porosity defects 
compared with steel, as shown in Fig. 33. Since aluminum 
alloy had physical properties with good fluidity, low melt-
ing point, and low surface tension, They mainly investigated 
the effect of DLA on porosity defects. Although there was an 
optimal value, there was still a 15% porosity rate.

One of the main functions of shielding gas is to prevent 
oxygen from entering the welding area, which reduces the 
formation of oxides. By using appropriate shielding gas, 
the formation of oxides can be effectively reduced, which 
improves the weld quality. Choosing the proper type and 
flow rate of shielding gas can help minimize porosities and 
enhance the compactness of the welds. Furthermore, the 
fluidity and stability of the shielding gas can help maintain 
the stability of the molten pool. A stable molten pool helps 
to expel gas and reduce the generation of porosity defects. 
Sun et al. [119] showed that the shielding gas composition 
greatly affected the formation of porosity defects. When N2 
was utilized as a shielding gas, it could suppress the porosity 

Fig. 28   The formation process of keyhole-induced bubble and porosity at weld pool cross-sections [110]

Fig. 29   Weld cross sections for different welding currents [110]
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Fig. 30   The longitudinal sections of the weld beads and X-ray radiographs of welds a–c ALHW and b–d LAHW [115]

Fig. 31   Grain size of equiaxed grain zone in the center of the welds a ALHW and b LAHW[115]

Fig. 32   The density of dislocation in the WZ: a ALHW and b LAHW[115]
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defects of the welds. Ahn et al. [120] concluded that the 
thermal conductivity of helium increased the welds width, 
molten pool temperature, and solidification time when 
helium was utilized as the shielding gas, which was helpful 
to the escape of porosities from the molten pool, as shown 
in Fig. 34. Chuang et al. [121] argued that the mixed shield-
ing gas of argon and helium improved the keyhole stabil-
ity and effectively suppressed the formation of porosities 
during LAHW. When the helium volume ratio was 50%, 
it could improve the penetration depth significantly and 
inhibit porosities. Zhang et al. [122] argued that increas-
ing the flow rate of shielding gas was beneficial to reduce 
porosity defects.

The butt gap has a certain impact on the formation of 
porosities and welding quality. Yu et al. [107] pointed out 
that the generation of porosities has a close relation with the 
stability of keyholes and the flow of the molten pool. The 
addition of welding wire will affect the keyhole stability 
and cause the molten pool fluctuation, making it easier to 
produce porosity defects. For flat plate butt joints, remaining 
appropriate butt gaps can provide a channel for bubbles to 
escape and a flow space for molten metal, increasing the sta-
bility of the keyhole and molten pool. If the butt gap is large, 
the amount of material filled in the welds will increase, and 
more molten metal is needed to fill the gap. A large butt 
gap may lead to insufficient heat input in the welding area, 
poor fluidity of the molten metal, and increase the risk of 
porosity formation. A small butt gap is beneficial for the 
uniform distribution of heat input in the welding area and 
the sufficient filling of molten metal, which can decrease the 
generation of porosity defects. Therefore, in actual weld-
ing, the appropriate butt gap should be determined based on 
welding requirements and material characteristics.

The oscillation laser welding technology, in which the 
laser beam moves by swinging or scanning during the weld-
ing process. The oscillation laser welding can affect the for-
mation of porosity defects. Compared with conventional 

laser welding, oscillation laser welding has many superi-
orities, including increasing assembly tolerance, improving 
weld formation and joint performance, and inhibiting weld-
ing porosity [123–125]. Wang et al. [126] showed that the 
porosity defects were effectively hindered when oscillating 
laser welding method was utilized. Hao et al. [127] found 
that beam oscillation parameters had a suppression effect on 
the porosity defects, as shown in Fig. 35. Miyagi et al. [128] 
studied the effects of scanning laser frequency and ampli-
tude on the surface discontinuities and porosity in welds. 
In conventional laser welding, the weld penetration depth 
was large and the weld width was small. When the keyhole 
was open and close, the gas would enter into the root of 
the keyhole. The gas was not easy to be discharged when 
the molten pool cooled rapidly and formed porosity defects. 
After scanning, the molten pool would be stirred to reduce 
the depth of the keyhole and increase the weld width, which 
was helpful to the spread of the molten pool and the floating 
of bubbles. However, under high-frequency scanning, the 
excessively high frequency could cause sever stirring of the 
molten pool, which was not conducive to the stability of the 
welding process.

In oscillation laser welding, the choice of laser power and 
frequency will affect the weld width and the formation of the 
molten pool. If laser power is quite low or the frequency is 
much low, it may cause excessive heat input of the molten 
pool, which makes it difficult for gas to escape from the 
welds, thereby increasing the possibility of porosity defects. 
In addition, the amplitude and speed of the oscillation laser 
will also influence the molten pool fluidity. Proper oscilla-
tion amplitude and speed can help the molten metal fully fill 
the welds, which is conducive to the discharge of gas from 
the welds, and reduce the generation of porosity defects.

The LAHW has a strong synergistic effect of two heat 
sources, which may reduce the porosity of welds. This 
integration of laser and arc welding technology helps 
to enhance the gap-bridging ability and can decrease the 

Fig. 33   The effect of heat 
source distance and MIG torch 
direction on weld appearance 
and quality [118]
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accuracy requirements. Due to the utilize of welding wires, 
the chemical composition of welds has been improved [129]. 
In LAHW, a laser beam with high energy density irradi-
ates metal materials, forming a keyhole through reaction 
pressure and pushing surrounding molten materials. The 
keyhole is kept open by the reaction pressure generated 
by the non-equilibrium evaporating particles. During the 
welding process, excessive pressure generated by the metal 
vapor can cause instability and collapse of the keyhole, and 
the metal vapor and shielding gas at the root of the key-
hole are involved in the molten pool to generate porosity 
defects[130].

4.4 � Spatter defects

The spatter defect is the fusion of the welding wire and 
welded workpiece. Under the action of arc force, the droplets 
formed by the melting welding wire cause spatters around 
the molten pool, and the molten metal flying outside the 
molten pool is called spatter defects. Spatter defects not only 

seriously affect the surface forming quality of base metal 
but also affect the surface treatment of the workpiece and 
subsequent accessory installation.

Many scholars have conducted relevant research on the 
spatter generation mechanism and analyzed the formation 
of spatter defects from different perspectives, as shown in 
Fig. 36. On the one hand, from the force state of the droplet, 
it is believed that metal vapor reaction force could affect 
spatter defects. The vapor shear force and the surface ten-
sion co-determined the spatter defects [131, 132]. On the 
other hand, from the flow situation of the molten pool, it is 
believed that the dynamic behavior of the molten pool was a 
critical factor that affected the generation of spatter defects 
[82, 133, 134].

In the first place, from the perspective of droplet force 
state analysis, the spatter defects have a connection with 
the droplet force condition. In addition, the mechanism of 
spatter defects has also been studied. Specifically, the mate-
rial located at the front of the keyhole is vaporized due to 
overheating. Because of the volume expansion during the 
gasification process, the momentum of the molten metal 

Fig. 34   Transverse sections of 
welds under different shielding 
gas: a argon and b helium [120]
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increases. The molten metal flows toward the back of the 
molten pool. The molten metal located on the surface of the 
molten pool flows at high speed. After reaching the critical 
force and speed, molten metal overcomes the constraint of 
the surface tension of the molten pool to form a liquid col-
umn with certain spatial characteristics. After detachment, 
it forms spatter defects. It can be concluded that the factors 
that cause the spatter are the inherent characteristics of the 
vapor flow in the keyhole and molten pool.

Nakamura et al. [135] utilized a fiber laser to join titanium 
plates with a thickness of 6 mm and adopted different weld-
ing speeds to study the generation of spatter. The research 
showed that the spatter was formed between the keyhole 
and the solid–liquid interface, and the time was about 20 
ms. When the welding speed was less than 50 mm/s, 80% 

of the spatters were generated on the front wall of the key-
hole. When the welding speed further increased, the number 
of spatters occurring at the back of the keyhole increased 
significantly, and the average size was less than 1 mm. Wu 
et al. [136] studied the formation of spatter defects on the 
keyhole wall through numerical simulation and high-speed 
image method. They found that metal vapor shear stress in 
the keyhole was an important factor in causing the genera-
tion of spatter defects, as shown in Fig. 37.

In the second place, from the perspective of the molten 
pool flow state, it can be seen that the spatter defects are 
related to the molten pool temperature, the molten pool sur-
face tension, the molten pool wettability, and the molten 
pool fluidity. Excessive temperature can lead to excessive 
liquefaction of the molten metal, which reduces surface 

Fig. 35   Inverse pole figures IPFs of the welds, a without oscillation, b r = 0.75 mm and f = 25 Hz, c r = 0.75 mm and f = 75 Hz, d r = 0.75 mm 
and f = 150 Hz, e r = 0.25 mm and f = 75 Hz, and f r = 1.25 mm and f = 75 Hz [127]

Fig. 36   The main generation 
reasons for spatter defects in 
this review
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tension and increases the possibility of spatter defects. When 
the surface tension of the molten pool is large, the molten 
metal is more likely to form small spatters. If the wettabil-
ity between the molten pool and the workpieces is poor, it 
may make the molten metal unstable and prone to the gen-
erated spatter defects. The molten pool fluidity also affects 
the generation of spatter defects. When the fluidity of the 
molten pool is poor, the molten metal may stay on the welds’ 
surface, which forms large droplets and spatters.

Fabbro et al. [137, 138] used high-speed images to study 
the generation mechanism of spatter defects and believed 
that the main reason for the spatter was the expansion of 
metal vapor caused by laser irradiation. The molten metal 
was affected by the impact force, and the direction of the 
impact force was vertical upward, so spatter defects were 
generated. The coupling effect of the steam plume and 
molten pool flow accelerated the flow of molten metal near 
the molten pool and keyhole. The surface of the molten pool 
presented many chaotic surface undulations, and the droplets 
generated dramatic fluctuations around the keyhole, which 
led to the formation of a liquid column. After the impact 
of metal vapor on the front wall of the keyhole, the spatter 
defects were generated, as shown in Fig. 38. M. Wahbaa 
et al. [139] utilized 100% CO2 instead of Ar shielding gas to 
reduce the cost, optimize weld formation, and reduce spatter. 
The results indicated that the change in the heat source lead-
ing mode had a positive effect on improving weld formation. 
A laser keyhole located at an appropriate distance behind the 
arc can adjust the arc length, thereby causing disturbance to 
the melt flow and eliminating the interference of arc short-
circuit on the melt flow. As a result, a high-quality welding 
joint was obtained, greatly reducing the size and quantity of 
spatter defects, as shown in Fig. 39. Li et al. [140] utilized 
a novel and intuitive X-ray transmission image technology 

to study the influence of spatter defects and molten pool 
behavior on welding quality. The results showed that the 
generation of spatter defects had a close connection with 
the flow behavior of the molten pool. An increasing in laser 
power would cause stronger metal evaporation, resulting in 
more molten metal being extruded. The different types of 
spatters were formed due to changes in the focal position 
of the laser beam. The prerequisite for obtaining a stable 
keyhole was that the laser focus position was located inside 
the metal, as shown in Fig. 40.

Y Kawahito et  al. and S Katayama et  al. [141, 142] 
conducted a study on the molten pool dynamic behavior. 
The study showed that metal vapor inside the keyhole was 
ejected towards the oblique rear of the keyhole, and the 
strong shear force generated by the injection squeezed the 
back of the keyhole. Similarly, the protrusion phenomenon 
of molten metal appeared at the back of the molten pool 
and then separated from the molten pool under force, which 
formed a large volume spatter. When welding speed and spot 
diameter are 6m/min and 560 μm, respectively, the influence 
of different laser incidence angles on the spatter defects was 
studied. When the laser inclination angle was 0°, the keyhole 
was located in front of the molten pool, and the melt was 
blown out from the keyhole, which formed spatter defects. 
The prerequisite for reducing the number of spatter defects 
was that the incidence angle of the laser beam would need to 
be tilted towards the side of the molten pool. When the laser 
inclination angle is 20°, it was found that the melt sprayed 
out from the keyhole opening under the combined action of 
shear force and laser-induced plume.

Zhang et al. [143] analyzed the reasons for spatter for-
mation, compared laser-cold metal transfer (CMT) hybrid 
welding with laser-MAG hybrid welding, and believed the 
transfer mode of CMT is short-circuit transfer; the impact 

Fig. 37   Temperature °K and fluid flow fields of y = 0 cross-sectional view simulation without considering vapor shear stress at a t = 0.113 s and 
b t = 0.116 s [136]
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of molten pool and the mutual interference between arc and 
laser were reduced, resulting in a significant reduction in 
spatter and porosity defects. Zhang et al. [144] studied the 
effect of welding speed on the spatter defect formation on 
the keyhole wall. They found that the spatter defects were 
mainly generated on the front wall of the keyhole during the 
high-speed welding, with a small size and fast movement 
speed. On the contrary, the spatter defects were mainly pro-
duced on the rear wall of the keyhole during the low-speed 
welding, with large size and slow movement speed.

There are two main reasons for spatter defects in LAHW. 
First, the spatter is caused by droplet transfer. During the 
droplet transfer process, the liquid droplet flows through 
the liquid bridge, causing a short-circuit transfer mode. The 

short-circuited bridge overheats and explodes, which causes 
the liquid metal to contract sharply under the electromag-
netic contraction force. With the increase of current and the 
decrease of necking, the liquid bridge is continuously heated, 
which causes energy accumulation, and the liquid bridge gen-
erates a gasification explosion, resulting in a good number of 
spatters. Secondly, molten metal flows with the change in the 
molten pool temperature. There is a metal vapor force near 
the laser keyhole, and the liquid metal sprays out with the 
metal vapor force, forming spatters. The generation of spat-
ter defects can reduce the quality of the welds and may cause 
defects such as the surface collapse of the welds.

5 � Defects suppression methods

5.1 � Thermodynamic balance method

The hybrid form of LAHW determines the coupling mode of 
laser-induced plasma and arc plasma, which influences the 
current path, arc force, and droplet transfer mode directly. 
Therefore, by changing the hybrid form and welding method 
of LAHW, or external magnetic field to achieve the control 
of droplet transfer, arc force, and keyhole morphology, the 
formation of welding defects can be effectively suppressed. 
It is an important way to obtain hybrid welding joints with 
excellent performance. The specific improvement forms can 
adopt laser-multi-arc hybrid welding, laser-pulse-arc hybrid 
welding, laser-CMT hybrid welding, and double-sided trans-
verse laser-arc hybrid welding.

Laser-multi-arc hybrid welding adopts a symmetrical arc 
distribution method. The purpose of this method is to bal-
ance the force of laser-induced plasma on the arc, improving 
the droplet transfer mode, and making the welding process 
more stable and efficient. Laser-pulse arc/CMT hybrid weld-
ing mainly improves arc behavior and droplet transfer mode, 
reduces welding heat input, and improves the microstruc-
ture and properties of welding joints. Laser-pulse multi-arc 
hybrid welding combines the advantages of the above two 
methods, and its characteristics are more outstanding.

Fig. 38   The formation mechanism of spatter [138]

Fig. 39   The influence of arc-leading mode on metal transfer and spatter formation [139]
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5.2 � Improving metallurgical atmosphere method

The shielding gas is one of the critical welding factors for 
achieving effective LAHW and achieving maximum effi-
ciency. It not only plays a protective role in the metallurgi-
cal process and prevents oxidation of the molten pool and 
burning of alloy elements but also affects the droplet transfer 
mode and the distribution of welding arc morphology and 
energy. It can also change the surface tension state of the 
solid, liquid, and gas interfaces, thereby suppressing the for-
mation of welding defects.

The shielding gas is a quite significant process parameter, 
and it has a vital influence on the welding joint quality [145]. 
The shielding gas can remove the plasma shielding effect 
and improve the welding stability. At the same, in arc weld-
ing, the shielding gas can achieve stable arc combustion. In 
LAHW, shielding gas plays a key role in the weld quality 
[139, 146]. Most scholars have carried out a large number 
of experiments about the effect of shielding gas on welding 
stability [30, 147–149]. Zhu et al. [150] found different drop-
let transfer modes under different shielding gases in LAHW. 
When the shielding gas was Ar + 30% He, the droplet transfer 
was stable. Pan et al. [82] compared the influence of different 
gas compositions on the welding joint defects. It could be 
found that optimal shielding gas composition could reduce 
the generation of spatter defects significantly. Cai et al. [121] 
found that the He content had a relation with the formation 
of porosity defects. When 50% He was added to the shielding 
gas, the porosity defects could be reduced, obviously.

The shielding gas can prevent oxygen from entering the 
welding area, thereby reducing the formation of oxides. 

Oxides are common weld defects in the welding process, 
which can reduce the welds’ strength. Through utilizing the 
appropriate shielding gas, the formation of oxides can be 
effectively reduced, thereby improving the quality of welds. 
The shielding gas can restrain the generation of porosity 
defects. Choosing the proper type and flow rate of shielding 
gas can help minimize porosity and improve weld quality. 
The fluidity of the shielding gas can control the shape of 
the welds. When using a suitable shielding gas flow rate, 
better weld morphology can be obtained, which improves 
the appearance and mechanical properties of the welds. The 
shielding gas can reduce the HAZ (heat-affected zone). By 
using shielding gas to reduce the oxygen content in the weld-
ing area, the formation of oxides in HAZ can be reduced, 
and the properties of the material can be improved.

5.3 � Finite element analysis and prediction method

Welding finite element analysis is a beneficial tool for 
understanding the whole physical phenomena and the basic 
mechanism of the welding process. It is also a convenient 
and efficient method for optimizing welding structure and 
process design, avoiding welding defects, and improving 
the quality of welding joints. A numerical model can assist 
in process development and enhance understanding of the 
complex phenomena in the LAHW process.

In order to compensate for the lack of process test or detec-
tion, it is essential to utilize numerical simulation method to 
study physical mechanisms. There are numerous researches 
on the numerical simulation of welding [151–155]. Du et al. 
[156] developed a thermos-metallurgical finite element 

Fig. 40   Schematic illustration 
of molten pool behavior under 
different focal positions [140]
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mode to predict the phase field and molten pool dimensions 
of steel plates. It can be found that the numerical model 
could guide the LAHW process. Wu et al. [157] developed a 
numerical simulation to observe the keyhole dynamic, which 
laid the foundation for improving the process parameters in 
LAHW. Kong et al. [158] developed a numerical study to 
observe higher residual stress distribution in the welding 
process. It could be seen that welding distortion was related 
to welding speed. Gao [159] established a two-dimensional 
thermoelastic plastic model of the welding HAZ and simu-
lated the liquefaction crack behavior with the finite element 
method. It could be found that the driving force of welding 
liquefaction cracks was related to the local stress. The ten-
dency of liquefaction cracks could be quantitatively analyzed 
by the strain rate and the geometric shape of the molten pool 
during solidification, which explained that LAHW has lower 
sensitivity to liquefaction cracks than single laser welding. 
Xu et al. [160] developed a three-dimensional finite element 
model for aluminum alloy T-joints. The welding temperature 
field and residual stress deformation caused by heat energy 
were calculated using a thermal-mechanical sequential 
coupling algorithm. The results indicated that there was 
high residual stress in the weld zone and HAZ and a large 
deformation occurred in the middle and rear of the welds. 
Kim et al. [161] utilized a three-dimensional thermoelastic 
plastic model based on the finite element method to predict 
the deformation and residual stress distribution of LAHW 
joints. By comparing the trends and amplitudes of weld-
ing deformation caused by different laser and arc heat input 
ratios, the effectiveness and universality of the heat input 
model were verified. Finally, the welding deformation was 
well-controlled through the optimal heat input ratio.

The finite element analysis method is a universal numeri-
cal analysis technique that utilizes a finite number of com-
putational elements to analyze the stress, deformation, and 
possibility of structure failure. It simplifies the simulation 
calculation of complex engineering structures under actual 
stress conditions and can predict the performance, deforma-
tion, and component failure.

6 � Conclusions and future outlooks

6.1 � Conclusion

There is a growing number of researches in the review aimed 
at analyzing the formation mechanism of welding defects, 
and how they can be suppressed or avoided by changing 
process parameters and observing through online detection 
technology. In fact, for high-speed welding and thick-plate 
welding, the lack of stability of the LAHW process has 
been widely considered as a significant issue that deserves 

abundant research. The continuous development and inno-
vation of defects detection technologies are regarded as key 
factors to push forward the industrial breakthrough of the 
LAHW process. This review summarized some conclusions 
as follows:

(1)	 The welding defects online detection technology can 
timely detect welding defects, so as to take measures 
to improve welding defects, which ensures the quality 
and integrity of the welds. Handling welding defects 
can avoid structural failure caused by welding qual-
ity issues, which ensures the safety and reliability of 
the structure. In addition, the welding defects detec-
tion technology can reduce unqualified products, and 
costs. By monitoring and analyzing defects in the weld-
ing process, welding parameters and processes can be 
timely adjusted to improve the stability and consistency 
of welding quality.

(2)	 Based on online detection technology, all kinds of 
detection technologies have been widely applied to 
analyze and understand the generation mechanism of 
welding defects, such as undercut, humping, porosity, 
and spatter defects.

(3)	 Abundant experiment researches have summarized 
plenty of advanced defect suppression methods, which 
integrate visual analysis technologies and finite element 
analysis methods, in order to restrain the generation of 
welding defects. More and more scholars began to learn 
deeply to explore and extract complex characteristics 
of welding mechanisms.

The LAHW process not only involves a variety of field 
interactions, such as flow field, temperature field, and stress 
field but also the heat and mass transfer behavior of the 
solid–liquid–gas evolution of metal materials which is very 
complex. Therefore, the metal melting and solidification pro-
cess is quite easy to generate surface defects, such as under-
cut defects, humping defects, porosity defects, and spatter 
defects, which cause serious hidden dangers to the reliability 
of long-term service of welds.

6.2 � Future outlooks

At present, researches and applications of LAHW are 
increasingly attracting widespread attention from industry 
and scholars. With the diversification of heat sources hybrid 
form and welding materials, and the further development of 
science and technology, the research on LAHW will focus 
on the following aspects:

(1)	 The coupling effect between laser-arc hybrid plasma 
and molten pool plays a decisive role in the formation 
and development of welding defects, such as undercut, 
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humping, porosity, and spatter defects. Therefore, fur-
ther research is carried out on the interaction mecha-
nism and heat sources’ hybrid form in order to more 
accurately reveal the generation of welding defects, 
which fundamentally suppresses the formation of weld-
ing defects and fully utilizes the characteristics of large 
depth-to-width ratio, high welding speed, and narrow 
HAZ in LAHW.

(2)	 The theoretical system of the hybrid form, plasma mor-
phology, droplet transfer, and numerical simulation of 
LAHW heat sources needs to be further improved. At 
the same time, the research on the LAHW process and 
related finite element numerical simulation urgently 
needs to be carried out deeply, in order to break through 
the limitations of experimental conditions and defects 
detection methods. It provides accurate and reliable 
theoretical references and data support for the devel-
opment of new structures, methods, and processes.

(3)	 The high-energy density of LAHW makes it possible 
to break through the efficiency and quality dilemma in 
thick-plate welding. The use of narrow gap grooves and 
high-speed welding may become the focus of LAHW 
technology and theoretical research, as well as numeri-
cal simulation.
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