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Abstract
Welding technology plays a critical role in materials joining, especially in the manufacture and maintenance of space stations, 
ships, and nuclear equipment that operate under extreme conditions. These conditions present researchers with a wide range 
of research topics. This paper reviews the current research and application progress of welding technology under extreme 
conditions, such as microgravity, high temperature, and corrosion. Initially, the characteristics of extreme environments are 
introduced, and the technical bottlenecks faced by current welding technology in extreme environments are analyzed. The 
comprehensive performance changes of welded structures in these extreme environments are summarized. Subsequently, the 
influence of extreme environments, such as underwater and space, on the appearance quality, microstructure, and mechanical 
properties of welded joints is analyzed. The influence mechanism of environmental factors, such as temperature, gravity, pres-
sure, and corrosion, on the performance of joints was elucidated based on typical welding cases of materials and engineering 
equipment. The various countermeasures studied to overcome the adverse effects of these extreme environments are com-
pared. Finally, the current challenges in welding technology under extreme conditions are summarized and sorted out. The 
development and research of extreme welding technology in conjunction with engineering application needs are envisioned.

Keywords  Extreme manufacturing · Welding technology · Extreme service environment · Material joining

1  Introduction

Welding technology is widely used to join components in 
various industries, including machinery, automotive, ship-
building, aerospace, and energy, due to its high strength 
and effective sealing [1]. Welding environments gradually 
expand to extreme environments, such as space, oceans, and 
polar regions [2]. Engineering equipment requires welded 
structures with higher performance and longer lifespans. As 
a result, these structures must be able to withstand the nega-
tive impacts of various extreme conditions, such as vacuum, 
low temperature, corrosion, and radiation [3]. Conventional 
welding techniques face significant challenges when deal-
ing with these extreme environmental conditions. Therefore, 

welding technology with higher durability and adaptability 
is necessary. Many researchers have studied welding pro-
cesses, materials, and post-treatment methods to ensure the 
performance of welded structures.

Welded joints are the weakest points in welded struc-
tures due to their unique material composition, microstruc-
ture, and uneven properties [4]. Environmental factors can 
exacerbate the vulnerability of joints by generating residual 
stresses and defects [5]. The study of failure mechanisms 
of welded structures is critical to the advancement of weld-
ing technology. Indeed, the effect of environmental factors 
on joints can be judged by assessing criteria, such as joint 
quality, microstructural characteristics, mechanical proper-
ties, and corrosion resistance. For example, low temperature 
can cause metals to lose ductility and become brittle [6], 
high temperature can cause metals to creep [7], and radia-
tion exposure can cause metals to lattice dislocate [8]. These 
studies drive continuous innovation in welding technology 
and materials technology to mitigate the negative effects 
imposed by the extreme environment.

In extreme environments, the welding method has a 
direct impact on the performance and integrity of welded 
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structures. Welding techniques have progressed from arc 
welding (AW) [9] to contemporary approaches like laser 
welding (LW) [10] and friction stir welding (FSW) [11]. 
In response to the challenges of welding in high-tempera-
ture environments, several technological means have been 
developed, including high-temperature gas-shielded weld-
ing technology [12], electron beam welding (EBW) [13], 
and LW [14]. These methods have proven to be highly reli-
able in such environments. In addition, various techniques 
have been developed to improve the strength and mechani-
cal properties of welded joints, including ultrasonic-assisted 
welding [15], magnetic pulse welding [16], and other forms 
of energy-based welding. These techniques take advan-
tage of various physical and chemical effects to facilitate 
the welding process and improve the quality of the welded 
joints.

The selection of welding materials is also critical in 
extreme environments. In high-temperature environments, 
materials must possess excellent heat resistance and oxi-
dation resistance, while materials used in low-temperature 
environments require higher toughness and cold resistance. 
Researchers have commenced investigations into novel 
materials to adapt to extreme environments. High-entropy 
alloys exhibit superior mechanical properties, corrosion 
resistance, and high-temperature resistance, making them 
suitable for use in various extreme environments [17]. Nano-
materials can change the interfacial reaction between the 
welding material and the welded joint and promote grain 
refinement during the welding soldering process. Adding 
nanomaterials to the welding material can significantly 
improve the microstructure and mechanical properties of the 
joint [18]. Composite ceramics are increasingly being used 
in equipment manufacturing as a representative of composite 
materials in the field of high-temperature and high-strength. 
They offer superior strength and durability compared to con-
ventional materials [19]. In the design of welding equipment 
for extreme environments, welding equipment is becoming 
increasingly intelligent. The integration of automation, 
machine learning, and vision technology makes the welding 
process more precise and efficient. In addition, the intelligent 
welding system can monitor and adjust in real time to ensure 
the overall performance of the welded joints [20].

These endeavors have led to significant advancements 
in welding methods, materials, and equipment. This paper 
aims to provide a comprehensive summary and analysis of 
research in this field, focusing primarily on extreme ser-
vice environments and welding environments. Initially, the 
paper outlines the distinctive characteristics of extreme envi-
ronments, emphasizing influential factors, such as vacuum 
conditions, low temperatures, and radiation. In this paper, 
through a comprehensive analysis of the quality, microstruc-
ture, and mechanical properties of the weld, the mechanism 
of environmental factors on the performance of the welded 

structures is investigated. Subsequently, the paper elucidates 
the effects of material composition, welding techniques, and 
post-processing methods on welded structures. The chal-
lenges of welding technology in extreme environments are 
analyzed in this paper. In addition, the current progress of 
research and application of welding technology in extreme 
environments is summarized based on materials and engi-
neering examples. Finally, the research gaps in welding tech-
nology for extreme environments are summarized by com-
paring existing welding methods, welding processes, and 
welding materials. In response to the need for high-quality 
welded joints in extreme environments, this paper looks at 
the development of advanced welding technologies suitable 
for such conditions.

Through a comprehensive analysis of the relevant lit-
erature, this paper aims to provide a comprehensive under-
standing of the various challenges facing welding in extreme 
environments and to provide a clear direction and focus for 
future research. Additionally, the key technical principles, 
methods, and application cases are refined to provide com-
prehensive reference and guidance for researchers.

2 � Research and application progress 
under extreme conditions

2.1 � Research and application progress of welding 
technology in the space environment

The rapid advancement in aerospace technology has high-
lighted the necessity of enhancing spacecraft lifespan 
through in-orbit manufacturing and maintenance [21]. 
Welding technology has become the main joining method 
for aircraft due to the improvement of welding strength and 
reliability [22]. Innovative methods, advanced materials, and 
intelligent equipment are required to meet space welding 
needs for reliable and durable welded structures for space 
exploration and habitation.

2.1.1 � Effect mechanisms of space environment on welded 
structures

The mechanisms through which the space environment 
affects welding structures involve various factors, includ-
ing extreme temperature fluctuations, vacuum conditions, 
and radiation exposure. These environmental conditions can 
affect the metallurgical properties of the welded joints, lead-
ing to changes in material strength, hardness, and corrosion 
resistance. Additionally, the absence of gravity in space can 
alter the solidification process during welding, potentially 
resulting in the formation of voids or cracks within the 
welds. Understanding these effects mechanisms is crucial 
for developing effective welding techniques and ensuring 
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the reliability and durability of welded structures in space 
applications [23]:

2.1.1.1  Effects of the microgravity environment on welded 
structures  The gravitational acceleration during the opera-
tional phase of a spacecraft in low Earth orbit is only in 
the range of 10–2–10–6 g0 times that of Earth's gravity (g0) 
[24]. Figure 1 illustrates the effects of gravity on porosity 
distribution in tungsten arc-welded seams. The distribution 
of pore sizes and shapes indicates that the solidification 
process during welding is altered. In a microgravity envi-
ronment, molten metal solidifies uniformly from the top 
and bottom due to the absence of natural convection. Pores 
are evenly distributed throughout the weld seam. The weld 
seam is flatter than that of the conventional.

In a microgravity environment, phenomena, such as 
component separation, buoyancy effects, and fluid convec-
tion, induced by different densities are severely restricted. 

Fluids are constrained mainly by liquid surface tension 
due to the absence of fluid static pressure. This absence 
of gravitational effects exacerbates capillary and chemi-
cal convection, and density differences no longer cause 
stratification phenomena [25]. Simultaneously, the surface 
effect of the liquid is enhanced during metal welding due 
to the absence of buoyancy and convection in the liquid. 
Additionally, the thermal conduction behaves differently in 
space than on Earth. Because of the lack of distinct direc-
tional boundaries, heat does not naturally rise as it does 
on Earth. This behavior leads to an uneven temperature 
distribution in the weld zone, resulting in thermal stresses 
and cracks [26].

Luo et al. [27] simulated the gas distribution in the weld 
seam under complete penetration and partial penetration 
welding conditions under gravity and microgravity condi-
tions, as depicted in Figs. 2 and 3. Pore-like defects tend to 
accumulate in the bottom regions of the weld seam due to 
the influence of gravity and are distributed along the axial 
direction of the weld seam. However, gas pores are more 
likely to occur at the molten pool interface under micro-
gravity conditions. The reason is that the effects of gravity-
driven convection and natural convection are diminished, 
making it difficult for bubbles to escape from the molten 
pool. These bubbles increase the probability of pores in 
electron beam deep penetration welds.

In microgravity environments, workers may lose the 
perception of their correct orientation of the welded work-
piece due to the absence of a reference to the direction of 
gravity. Moreover, workers are constrained in their abil-
ity to apply force and control welding equipment, which 
makes it more difficult to sense and control the force 
applied during the welding process. These factors can 
lead to deviations in weld position, resulting in decreased 
movement precision and impacting the welding process.Fig. 1   Effects of gravitational level on the distribution of porosity in 

tungsten arc-welded seams. a Normal environment. b Microgravity 
environment [24]

Fig. 2   Gas distribution of weld seam under different gravity and welding conditions a 1G. b 0G [27]
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2.1.1.2  Effects of  high vacuum environment on  welded 
structures  In the space environment, atmospheric pressure 
diminishes exponentially with increasing altitude. Near-
Earth orbit (NEO) space systems typically operate at alti-
tudes ranging from 250 to 500 km above the Earth's surface, 
where the vacuum level is approximately 5 × 10–4 Pa. The 
effects of a high vacuum environment on welded structures 
are mainly in the areas of gas removal, thermal conduction, 
and material evaporation. There is a lack of pathways for 
gas diffusion and escape during welding in a vacuum envi-
ronment. These gasses are trapped when the molten metal 
solidifies and can cause the formation of pores and cracks 
[23].

In the vacuum environment, the rate of atmospheric 
evacuation can impact both the arc and the composition of 
the weld seam. Due to the heightened pumping speed of 
the atmosphere during welding, the emission and flow of 
electrons may become more pronounced. The stability of 
arc discharge and contraction is significantly reduced [27]. 
Furthermore, volatile components like solutes and low-boil-
ing-point alloy elements might evaporate instantaneously 
in high vacuum environments, resulting in changes in the 
composition of the weld zone. Such changes may potentially 
decrease the comprehensive performance of the welded 
structures [28].

2.1.1.3  Effects of  light‑shadow boundary on  welded 
structures  The space environment lacks atmospheric 
protection, causing welded zones exposed to direct sun-
light to reach extremely high temperatures, while shaded 
regions remain relatively cold. This characteristic creates 
an uneven surface temperature distribution in the welded 
structure due to the unique boundary between illuminated 
and shaded regions. [29]. The temperature at the weld can 

vary from – 200 ℃ to 200 ℃. This large temperature gra-
dient results in significant thermal stress within the weld 
seam. Thermal stress can cause deformation, stress con-
centration, and cracks in the joints, affecting the fatigue 
life and strength of welded structures [30]. Moreover, 
welded structures may experience diurnal temperature 
variations in the space environment. The periodic thermal 
cycles undergone by each surface of the welded structure 
can cause thermal deformation, stress buildup, and crack 
propagation. These differences in thermal expansion and 
contraction significantly reduce the stability of welded 
structures [31].

2.1.1.4  Effects of other environmental factors on welded 
structures  In the space environment, atomic oxygen and 
oxygen ions are prevalent. These elements can permeate 
the interior of the weld during welding, which increases 
the amount of dissolved oxygen within the material. This 
heightened oxygen concentration accelerates weld corro-
sion, impacting its integrity and durability [32]. The weld 
seam is exposed to intense ultraviolet radiation due to the 
absence of atmospheric protection. This radiation exacer-
bates the oxidation of the weld upon striking the welded 
surface, triggering increased oxidative reactions [33].

Additionally, high-energy radiation particles in the 
space environment can induce ionization and displace-
ment within materials. These defects affect the atomic 
structure and stability of the welded structures [34]. When 
these particles collide with the welded joint, they generate 
significant mechanical and thermal energy. This energy 
induces alterations in the microstructure at the joint, which 
can lead to localized cracking [35].

Fig. 3   Gas fraction of different types of weld seam. a Partial penetration welding. b Complete penetration welding [27]
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2.1.2 � Current status of space welding technology 
development and research.

To construct the International Space Station (ISS), research 
and exploration into space welding began as early as the 
1960s by Soviet scientists. The first instance of space weld-
ing application occurred aboard the Soyuz 6 spacecraft, 
where Soviet cosmonauts conducted electron beam welding 
(EBW), plasma arc welding (PAW), and melting electrode 
gas-shielded welding [36]. Researchers have conducted fea-
sibility studies on space applications for various welding 
methods since then, including EBW, vacuum laser welding 
(VLW), PAW, and brazing.

2.1.2.1  Electron beam welding  This technology utilizes 
a focused high-speed electron beam to generate thermal 
energy to heat the weld zone to melting temperature, achiev-
ing the fusion joining of materials. EBW has been success-
fully tested multiple times in actual space environments, 
and the results have shown that this technology has several 
advantages for space environments. The process parameters 
of EBW can be precisely controlled and adapted to the melt-
ing and solidification characteristics of different materials. 
Therefore, EBW can effectively weld different types of 
metals, such as aluminum alloys and titanium alloys [23]. 
Additionally, this technology generates a high-energy elec-
tron beam that penetrates deep into the material during the 
welding process, which can ensure deeper welding. This 
method also reduces material distortion and heat-affected 
zone (HAZ) by precisely controlling the focal point, result-
ing in high-precision and high-quality welds [13]. For this 
reason, EBW is also considered to be the most suitable 
method for space welding. Current research on EBW tech-
nology focuses on welding equipment and processes.

The EBW equipment is crucial for achieving a smooth 
welding process and high-performance welded joints. In 
space welding, all equipment for space welding must be 
transported by rocket to the space station, which has a lim-
ited capacity and weight for new equipment. Space missions 
have strict limitations on the weight of the payload, and 
astronauts must use lightweight and compact mechanical 
equipment. EBW equipment is small and lightweight, mak-
ing it easy for astronauts to perform soldering work in space 
[23]. Figure 4 shows the EBW process and the vacuum EBW 
machine system.

In 1969, researchers conducted an EBW experiment using 
batteries as a power source on the spacecraft, marking the 
beginning of advancements in this field [36]. The inaugural 
manual EBW experiments took place in 1974, conducted by 
Parton Welding Investigations (PWI) in collaboration with 
other organizations within a sizable space simulator. The 
experimental outcomes substantiated the viability of arti-
ficial EBW [37]. Following this, PWI executed numerous 

technique experiments, both terrestrial and in space, to 
validate the feasibility of EBW in space. Additionally, PWI 
successfully engineered a specialized set of space EBW 
tools known as UHT, as shown in Fig. 5 [23]. To propel the 
practical application of EBW in space, a collaborative effort 
between the National Aeronautics and Space Administration 
(NASA) and PWI has been ongoing since 1992 through the 
international space welding experiment project. The project 
conducted a comprehensive evaluation of the UHT device at 
PWI. This evaluation encompassed the quality assessment of 
ground-simulated welds for astronauts, the potential occur-
rence of molten pool shedding, and the interaction dynamics 
between the electron beam and molten pool metal in con-
junction with the spacesuit. The assessment results affirm 
the stability of the UHT equipment and indicate a low risk 
to astronaut safety [38, 39].

Welding processes are also a crucial focus of research 
in EBW. Fragomeni et al. [26] analyzed why molten metal 
is prone to detachment in space environments. They have 
developed a theoretical model to evaluate the influence of 
process parameters on detachment behavior during EBW 
processes in NEO. This model was subsequently employed 
in EBW simulations and experiments to ensure the safety 
of experimenters. Xiao et al. [40] researched the effect of 
temperature on EBW machines in ultra-low temperature 
and vacuum environments. Through simulation calcula-
tions and experiments, they designed a control process for 
welding deformation under ultra-low temperature conditions 
and related exacerbation. This process can effectively avoid 
defects, such as leakage and false soldering. Das et al. [41] 
determined the optimal process parameters to achieve ideal 
welding quality. In this study, EBW joints were fabricated 
using different voltages, currents, and speeds. Penetration 
depth, weld width, and grain boundary distribution of the 
EBW joints were compared under different parameters. Fig-
ure 6 displays the results of three comparative experiments. 
The figure demonstrates that when the I/V ratio ranges from 
0.90 to 2.0, the deviations in overall penetration depth, weld 
width, weld volume, and grain boundary distribution are 
minimal, regardless of the welding parameters.

Zhai et  al. [42] conducted post-weld heat treatment 
(PWHT) on the joints to enhance their mechanical prop-
erties. They compared the microstructure and mechanical 
properties changes of welded joints with different weld 
seam spacings. In the experiment, they used EBW technol-
ogy to fabricate CLAM steel joints with different weld spac-
ing, and the joints were tested for microhardness, impact 
resistance, and tensile strength under both as-welded and 
PWHT conditions. The spacing design is shown in Table 1. 
Figure 7 shows the test result of the impact resistance test 
of weld metal (WM) and base metal (BM) with different 
states. The impact resistance of the WM is lower than that 
of the BM under as-welded conditions. After PWHT, the 
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impact resistance of the WM is optimized, especially when 
the weld seam spacings are greater than 3 mm, showing 
stronger impact resistance than the BM. These results sug-
gest that PWHT may improve the plasticity and toughness 
of welded joints. 

To verify the conclusions, the microstructure of the 
fracture was analyzed by Zhai et al. [42] Fig. 8 shows 

the variation of impact fracture microstructure for welded 
joints with different weld spacing. In specimens 1 and 2, 
an apparent brittle fracture with visible grain boundaries 
is observed. Conversely, a ductile fracture with fuzzy 
grain boundaries is observed in specimens 4 and 5. This 
transformation may occur because the HAZ and fusion 
zone (FZ) of adjacent seams intersect and overlap when 
the spacing between weld seams is small. As a result, the 
microhardness of the joints increases, making them more 
brittle. Additionally, increasing the weld pitch refines the 
grain structure of the weld seam, resulting in improved 
joint properties, such as hardness, toughness, and ductility.

The complex operation and the high cost of equipment 
pose significant challenges for EBW technology. Fur-
thermore, EBW requires large amounts of electricity to 
generate and accelerate the electron beam, and providing 
enough power in space is a challenge. Consequently, the 
experiments of EBW in space are relatively limited.

Fig. 4   The EBW process and 
vacuum EBW machine system. 
a The EBW process. b The 
EBW machine system [23]

Fig. 5   Manual space EBW gun developed by PWI [23]
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2.1.2.2  Vacuum laser welding  Laser welding technology 
enables the creation of high-quality welded joints, offering 

excellent heat resistance and corrosion resistance. These 
advantages ensure the stability and reliability of spacecraft 
in extreme environments. Vacuum laser welding (VLW) is 
an advanced technology that uses a laser beam in a vacuum 
environment. This method creates high-quality welded 
seams by preventing issues, such as oxidation, porosity, and 
other adverse effects, caused by external atmospheric influ-
ences. In the 1990s, NASA allocated funds to the space appli-

Fig. 6   The cross section of weld with different process parameters. a V-U. b I-U. c V-I [41]

Table 1   Weld spacings of two weld lines [42]

Specimen No. 1# 2# 3# 4# 5#

Weld spacings(mm) 2 3 4 6 8
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cations of industrial laser systems projects and laser welding 
flight experiments [43]. Gong et al. [44] conducted several 
laser welding experiments in the vacuum environment. Fig-
ure 9a shows the ultra-vacuum laser welding experimental 
system. The system consisted of a space chamber (6.33 m3), 
a fiber laser, a control unit, and a particle collection system 
for the plasma plumes. In this study, a probe laser is used to 
pass the plasma plume, followed by a screen to capture the 
beam to test the refraction effect. Figure 9b shows the cap-
tured probe laser spot behaviors passing through the plasma 
plume under different pressures. It can be seen that the mor-
phological fluctuations of the captured laser spot almost dis-
appear and the alternation of location is very subtle. This 

result indicates that the attenuation effect of laser ablation 
by plasma is weakened in a vacuum environment, which is 
advantageous for laser welding.

Suita et al. [45] conducted welding experiments using a 
high vacuum diode laser welding system, which can simu-
late the vacuum environment inside the ISS. They discov-
ered that the vacuum environment can suppress molten 
metal spattering. Additionally, significant changes were 
observed in the behavior of the laser welding plasma under 
vacuum conditions, with a noticeable increase in the depo-
sition of metal vapors on the focusing lens. In a separate 
study, Luo et al. [46] observed a significant enhancement 
in surface tension-driven molten pool convection under 

Fig. 7   The test result of the impact resistance of WM and BM with different states [42]

Fig. 8   Microstructure of the fracture with different weld spacing [42]
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microgravity, subsequently influencing heat transfer and 
microstructure. As illustrated in Fig. 10, with the decrease 
in ambient pressure, the weld surface becomes smoother, 
and the weld penetration depth increases, leading to a 

decrease in the depth-to-width ratio of the weld. Addition-
ally, the density and the size of plasma plumes generated 
during welding decrease, with a more significant reduction 

Fig. 9   Vacuum laser welding experiment. a The schematic diagram of the experimental system. b The probe laser spot behaviors passing 
through plasma plume under different pressures [44]

Fig. 10   The characteristics of weld and plasma plume under different ambient pressures. a Surface shapes and cross-section profiles. b High-
speed photographs of plasma plumes [46]
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observed at lower pressures, leading to a more pronounced 
suppression effect.

In contrast to EBW research, the application of VLW in 
space remains in the experimental stage. Further experimen-
tal validation is necessary to address the challenges in the 
space VLW process.

2.1.2.3  Arc welding  Research on arc welding in the space 
environment focuses on measures to avoid or minimize the 
adverse effects of the vacuum environment on the welding 
process, where conventional arc welding methods have dif-
ficulty in initiating and maintaining a stable arc. Japanese 
researchers have extensively investigated gas hollow tung-
sten arc welding in space environments since 1992. These 
studies analyzed the impact of microgravity [47], vacuum 
conditions [48], and process parameters [49] on welding 
processes and joint properties. They also investigated the 
distribution of weld porosity and arc initiation methods. Cho 
et al. [50] utilized a vented hollow tungsten electrode to pro-
duce a plasma, which sustains arc combustion. The results 
suggested that the arc initiation and transfer may be more 
complex in space than on Earth. Researchers are currently 
investigating methods to achieve high-quality welding in 
this unique environment. This includes optimizing welding 
process parameters, improving arc-starting methods, and 
improving the quality and reliability of welded joints.

2.1.2.4  Other space welding methods  Besides the three 
space welding methods discussed earlier, other techniques 
like brazing, heated cutting, and evaporative coating have 
also been acknowledged as potential methods for use in 
space [51, 52].

NASA has significantly advanced space brazing technol-
ogy. In 2004, NASA conducted soft brazing experiments on 
the ISS. American astronaut Mike Fincke performed the pig-
gyback soft brazing experiment, as depicted in Fig. 11. Fig-
ure 11b illustrates a cross-sectional view of a solder sample. 
The solder has a symmetrical “football” shape with numer-
ous bubbles visible near the brazing wire. These phenomena 
result from the change in heat transfer mode and the absence 

of gravity in space. During the experiment, heat was applied 
to one end of the wire, resulting in a temperature gradient 
inside the solder. At the same time, the absence of gravity 
effect exacerbated the thermo-capillary convection of the 
liquid. Driven by the thermo-capillary convection and the 
temperature gradient, the bubbles inside the solder gradu-
ally moved to the joint interface between the solder and the 
wire [53]. This experiment established the foundation for the 
successful implementation of brazing in space.

The filler metal can also fill substantial brazing gaps more 
effectively than under Earth conditions. Brazing in space 
enhances capillary action and wettability of solders, reduc-
ing defects in weld seams. This welding technology mini-
mizes assembly requirements, enabling seamless joining of 
diverse shapes and varying wall thicknesses without slag and 
fumes [54]. Despite its advantages, brazing in microgravity 
presents problems as the filler metal encounters difficulty 
transitioning to the workpiece, which can impact the overall 
joint shape. Additionally, the microgravity environment hin-
ders the efficient expulsion of gasses from the joints. Severe 
temperature fluctuations in space can significantly impact 
the fatigue life of a brazed joint [55, 56]. However, these dif-
ficulties can be overcome by adjusting the brazing material 
and improving the process.

FSW is increasingly utilized for space welding due to 
its lack of requirement for additional welding materials. 
Jacoby et al. [57] investigated the vacuum adaptability of 
conventional inertial friction welding. However, the asso-
ciated equipment is cumbersome, which presents chal-
lenges for practical engineering implementation. Recently, 
friction welding has advanced and surpassed the con-
straints of conventional solid-phase welding methods in 
space applications. This advancement has led to the devel-
opment of diverse solid-phase friction welding techniques 
for space welding [58]. The NASA Marshall Space Flight 
Center (MSFC) has introduced an innovative high-speed 
rotary FSW technology. This technique alleviates pres-
sure during the FSW process and enhances welding speed 
by utilizing tens of thousands of revolutions per minute. 
To address stability concerns arising from high-speed 

Fig. 11   Brazing experiments 
in ISS. a The soft brazing 
piggyback experiment. b An 
optical micrograph of solder 
sample [53]
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rotation, MSFC has proposed solutions, such as ultrasonic 
friction welding and thermal friction welding [59].

Plasma arc welding (PAW) is also increasingly promi-
nent in space applications. PAW utilizes the heat generated 
by a high-temperature plasma to melt and join the material 
[60]. During welding, an electric arc is formed between 
the electrode and the workpiece, followed by compres-
sion using a cooling nozzle. This results in an increase in 
energy density, dissociation, and temperature, resulting 
in a bright plasma arc. The plasma arc has higher stabil-
ity, heat generation, and stability than a conventional arc, 
resulting in greater melt penetration and welding speeds 
[61]. This technology is suitable for welding different 
materials, such as stainless steel, aluminum alloys, and 
nickel alloys [62].

Several techniques offer advantages over conventional 
methods in space welding scenarios. Explosion welding 
(EXW) utilizes explosives to create high-strength welded 
joints. This technique is suitable for welding in micro-
gravity environments because it is not affected by gravity. 
Unlike conventional thermal welding methods, EXW does 
not require an external heating source, which effectively 
addresses the issue of energy supply in space environments. 
These advantages make explosive welding an effective tech-
nical option for space welding. In addition, diffusion welding 
(DW) and cold pressure welding (CPW) are both promising 
techniques for creating high-integrity joints in space applica-
tions. Both methods offer advantages for space applications. 
DW relies on atom diffusion, while CPW operates below 
melting points and is compatible with specific materials.

Despite significant advancements in space welding 
technology, several challenges still need to be addressed. 
Firstly, the impact of radiation environments on welding 
joints is a crucial concern. While research in this area has 
commenced, the effects of high radiation levels on mate-
rial and joint performance remain insufficiently explored. 
Therefore, further research is necessary to determine how 
to incorporate these factors into design considerations to 
enhance the service life of welded joints in high-radiation 
environments. Secondly, space missions require long-
term exposure to extreme environments, which may lead 
to problems, such as aging, fatigue, and corrosion. There-
fore, the corrosion resistance of joints in the space envi-
ronment is a crucial area of research focus. Furthermore, 
developing new space welding processes, materials, and 
equipment is crucial to meet the growing demands. This 
may involve the development of intelligent welding tech-
nologies and highly durable materials, along with welding 
monitoring and control technologies in the space envi-
ronment. Finally, space welding technology must address 
the impact of increasing space debris, for which there is 
currently no relevant research literature. In conclusion, 
these challenges provide opportunities to improve welding 

technology in the space environment and pose challeng-
ing questions to ensure the reliability of spacecraft and 
structures under extreme conditions.

2.2 � Research and application progress of welding 
technology in the extreme temperature 
environment

Temperature is a crucial factor in determining the quality of 
the weld, particularly in extreme conditions. Weld defects 
can result from excessively high temperatures, while brit-
tleness and cracking can be exacerbated by excessively low 
temperatures. Furthermore, extreme temperatures can alter 
the microstructure of the weld and impact its overall perfor-
mance. Therefore, conducting thorough research in the engi-
neering sector is crucial for developing welding techniques 
and materials that can withstand harsh conditions, ensuring 
structural integrity and reliability.

2.2.1 � Effect mechanisms of environmental temperature 
on materials

Under high temperatures, metal materials exhibit phenom-
ena, such as creep and relaxation. Creep refers to the slow 
and permanent deformation of materials under sustained 
mechanical stress [63]. And relaxation refers to the process 
of releasing stress by converting part of the elastic defor-
mation into plastic deformation when a material is exposed 
to a fixed strain, even if the initial load is below its yield 
strength [64]. High temperatures can cause materials to sof-
ten and oxidize. During thermal cycling, welded structures 
may undergo periodic thermal expansion and contraction, 
resulting in thermal fatigue [65].

Extreme low temperatures can increase the susceptibility 
of metal lattice structures to dislocations and cracks, result-
ing in a loss of ductility and embrittlement of the metal. 
At low temperatures, the tensile strength of metal materials 
increases slightly, but they are more susceptible to brittle 
fracture due to impacts [66]. Low temperatures also reduce 
the coefficient of thermal expansion of materials, leading to 
significant thermal stress inside welded structures, which 
can cause joint deformation and cracking [67].

Therefore, the materials are challenged by thermal 
stresses, thermal deformation, cracking, and many other 
aspects under extreme temperatures. Consider specific met-
als or combinations at the design stage to mitigate the nega-
tive effects of extreme temperatures. The effects of tempera-
ture on welded structures in extreme environments are also 
extremely complex. The internal stresses and crack defects 
in the weld have a more significant negative effect at extreme 
ambient temperatures.



	 Archives of Civil and Mechanical Engineering          (2024) 24:182   182   Page 12 of 42

2.2.2 � Effects of high‑temperature environments on welded 
structures

A comprehensive exploration of these influencing mecha-
nisms is crucial for a profound understanding of the behav-
ior of welded structures in high-temperature environments. 
Research findings indicate that welded structures experience 
a significant decline in mechanical properties when exposed 
to high temperatures. Thermal expansion and high-temper-
ature oxidation are important factors in this result. The vol-
ume of metal increases as the temperature rises, which poses 
a critical threat to structural integrity [68].

Guo et al. [69] explored the mechanism of temperature 
effect on the microstructure of WM. They found that high 
temperatures caused the grains in WM to grow and new 
phases to form gradually. Furthermore, they discovered that 
the tensile strength of the welded joints decreased in high-
temperature environments through mechanical testing. Song 
et al. [63] studied the creep behavior of 2.25Cr1Mo0.25v 

steel at elevated temperatures. Three different creep stages in 
the WM were observed during their study. Under high tem-
peratures, creep, void formation, and coalescence occurred 
within the microstructure of the weld, resulting in sustained 
softening. Figure 12 shows the results of mechanical prop-
erties tests. The stress–strain curves in Fig. 12a indicate a 
significant decrease in the tensile strength of both the WM 
and BM with increasing temperature. Meanwhile, Fig. 12b, 
c demonstrates that both yield strength (YS) and ultimate 
tensile strength (UTS) decrease at high temperatures. Spe-
cifically, at 580°C, the UTS decreases by 18.2%. This is con-
sistent with the behavior of metal materials, which exhibit 
significant variations in mechanical properties at different 
temperatures.

Yang et al. [64] have also researched the high-temperature 
creep behavior of CrMoV steel. They observed a distinct 
three-stage creep deformation curve in the weld specimens 
and confirmed that the three stages of creep play a dominant 
role. Figure 13 shows the microstructure of creep fracture of 

Fig. 12   Engineering stress–strain curves and tensile properties of WM and BM at different temperatures a Engineering stress–strain curves. b 
Variation of strengths. c Variation of Ductility. [63]
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CrMoV steel welded joints at 538°C. As shown in Fig. 13b, 
cracks appeared at the fracture surface. The reason for this 
is the sharp increase in deformation during the tertiary creep 
stage. In addition, creep cavities were observed in regions 
at different distances from the fracture surface, as shown in 
Fig. 13c–e. Further magnification of these regions reveals 
that the lowest carbide size and density is observed in 
region E, which is furthest from the fracture surface. These 
results indicate that the applied load during metal creep 
can promote the growth and precipitation of carbides in the 
microstructure.

Huang et al. [70] investigated the creep fracture behav-
ior and microstructure changes of martensitic heat-resistant 
steels F92 at high temperatures. During this study, research-
ers utilized gas tungsten arc welding (GTAW) to fabricate 
welding joints of F92 and Co3W2. They observed a reduc-
tion in dislocation density and precipitate coarsening in 
the microstructure of F92 at high temperatures. Figure 14 
shows the TEM micrographs of the HAZ at the side of F92 
creep specimens at different creep times. Large amounts of 
dislocation lines, dislocation tangling, dislocation walls, 
and particles can be observed in Fig. 14a, b. Figure 14c, 
d demonstrates an increase in both the number and size of 

precipitates, along with the emergence of subgrain struc-
tures. This indicates a decrease in dislocation density and 
an increase in precipitate density with prolonged creep, 
contrasting short-term creep. Consequently, the dislocation 
substructure undergoes complex changes during creep pro-
cesses. Peˇsiˇcka et al. [71] conducted research on the evolu-
tion of dislocation density. During this research, two types 
of tempered martensitic–ferritic steels underwent heat treat-
ment, and the microstructure of the materials was observed 
using TEM and X-ray diffraction (XRD). The results indi-
cated that these steels exhibited high dislocation densities 
in the tempered state, which decreased as the heat treatment 
time increased. The reason for this is that plastic deforma-
tion leads to an increase in dislocation density, which then 
undergoes annihilation and reorganization during prolonged 
creep.

Kumar et al. [72] observed significant variations in pre-
cipitate size, grain size, and substructure fraction in the WM, 
coarse-grained HAZ, and fine-grained HAZ of the 9Cr-1Mo 
steel welds at high temperatures. These variations led to 
changes in both the tensile strength and toughness of the 
WM. Sung et al. [73] reported the microstructural evolution 
and the creep failure mechanism of dissimilar welded joints 

Fig. 13   Microstructure of the creep ruptured weld pass specimen. a The overall micrograph of creep rupture. b The optical microscope (OM) 
image of the fracture surface. c–e The OM images of regions C, D, and E. f–h The SEM images of regions C, D, and E [64]
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of T22 and T92 heat-resistant steels. Cao et al. [74] studied 
the creep rupture behaviors of T92/HR3C joints. The study 
examined the temperature dependence of strain rate and 
proposed an evaluation method for the structural robustness 
under fire scenarios of the T92/ HR3C joints. Forni et al. 
[75] investigated the high-strain behavior of S355 structural 
steel under tension and extensive high-temperature condi-
tions, assessing the combined effects of dynamic loading and 
extreme temperatures.

These research findings collectively highlight the critical 
importance of understanding the behavior of metal materi-
als, particularly steel, under high-temperature conditions. 
Such insights aid in comprehending the mechanisms behind 
the degradation of mechanical properties, contributing to 
improved safety measures and structural design considera-
tions in scenarios where materials are exposed to extreme 
heat, such as in fire incidents.

2.2.3 � Effects of low‑temperature environment on welded 
structures

At low temperatures, the temperature gradient between the 
HAZ of the WM and the BM increases due to the reduced 
ambient temperature. The low temperature accelerates the 

cooling process in the HAZ, forming a brittle martensitic 
organization. Temperature gradients and martensitic organi-
zation may lead to internal stresses and cracks in the WM 
and HAZ. These issues impact not only the phase transition 
process of the weld seam but also the mechanical proper-
ties [76].

In low-temperature environments, the yield strength and 
the ultimate tensile strength of structural steels are increased, 
and the resistance to fatigue crack propagation is improved. 
However, the impact toughness and fracture toughness 
of the structural steels will be significantly reduced [66]. 
Research by Stephens et al. [77] has indicated that the low-
temperature fatigue performance of welded joints is signifi-
cantly affected by stress concentration. Shul'ginov et al. [78] 
confirmed that the fatigue strength of low-alloy steel butt-
welded joints increases under sinusoidal loading and low-
temperature conditions and decreases under impact loading.

Liao et al. [79] conducted a study on the fatigue crack 
propagation behavior and fatigue properties of the Q345qD 
BM and WM for bridge steel at low temperatures. To 
improve the understanding of the effect of low temperature 
on fatigue crack propagation behavior, Fig. 15A–F shows the 
SEM fractography of BM and WM C(T) specimens at room 
temperature (RT), − 20 °C, and − 60 °C under the stable 

Fig. 14   TEM micrographs of 
the HAZ at the side of F92 
creep specimens. a, b The creep 
specimens at 893 K, 140 MPa, 
and 1134 h. c, d The creep 
specimens at 893 K, 115 MPa, 
and 6051 h. [70]
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propagation stage for R = 0.1. The fracture exhibits a quasi-
dissociative pattern at RT, characterized by a short river 
pattern, small disintegration surfaces, and tearing edges. At 
− 20 °C and − 60 °C, the section displays deconstructed 
fractures with distinct river patterns and deconstructed steps. 
These findings indicate a shift in the fracture mode of crack 
extension under extremely low-temperature conditions, 
transitioning from quasi-decomposition to deconvoluted 
fracture.

Furthermore, Liao's research revealed that as the tempera-
ture decreases, the crack expansion rate of the BM decreases, 
whereas the expansion rate of the weld crack increases. Fig-
ure 16 illustrates the fatigue crack expansion rates of the BM 
and WM at low temperatures for different stress ratios. A 
comparison indicates that the expansion rate of the WM is 
more sensitive to stress ratio than that of the BM. It rapidly 
increases as the stress ratio is heightened at the same temper-
ature. Jeong et al. [80] have demonstrated that butt-welded 
joints of Fe15Mn steel exhibit greater fatigue resistance at 
− 163 °C compared to RT. Despite these insightful findings, 
additional investigations are required to validate the fatigue 
life of welded joints at low temperatures.

2.2.4 � Current application status of welding technology 
for extreme temperature environment

Researchers have devoted efforts to exploring and imple-
menting new welding processes and materials to ensure the 

quality and life span of welded structures in extreme service 
environments. Temperature has a minor impact on the appli-
cation of welding technology, primarily altering the internal 
structure of the weld due to temperature fluctuations. This 
characteristic enables the use of low or ultra-low hydrogen 
welding consumables, effectively mitigating hydrogen-
induced cracks at low temperatures.

Additionally, the implementation of preheating, PWHT, 
and heat preservation for both the BM and the WM have 
been proven to be effective in ensuring the quality of welded 
joints [81]. Fu [82] and Jiang et al. [83] investigated the 
influences of different PWHT processes on the microstruc-
ture and mechanical performance of 2.25Cr1Mo0.25V steel. 
Results from their work showed that the time of tempering 
plays a vital role in regulating the microstructure and tensile 
strength of the material. After completing welding on the 
steel plate, it is essential to conduct heat treatment on both 
sides of the weld within a range of 2 to 3 times the thickness 
of the plate. The heating temperature should be maintained 
at 150 ℃ to 300 ℃ for 1 to 2 h. After PWHT, silica insula-
tion cotton is utilized to shield the weld seam to facilitate a 
gradual cooling process. These procedures contribute sig-
nificantly to the dissipation of diffuse hydrogen and prevent 
cold cracking caused by excessively rapid cooling [84].

Adding auxiliary elements is also an effective way to 
enhance the performance of welded joints. Sklenička et al. 
[85] found that Cr and Mo are the main alloying elements 
that lead to solid solution strengthening. Specifically, Cr is 

Fig. 15   Microstructure of the fracture surface. A The BM specimens at RT. B The BM specimens at − 20 °C. C The BM specimens at − 60 °C. 
D The WM specimens at RT. E The WM specimens at − 20 °C. F The WM specimens at − 60 °C. [79]
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added to provide oxidation and corrosion resistance, while 
Mo enhances the strength of the high-temperature solid 
solution. Bae et al. [86] found that the addition of chemi-
cal elements such as W enhances the stability and overall 
performance of high-temperature alloys.

In summary, researchers have made some progress in mit-
igating the adverse effects on various welded joint mechani-
cal properties under extreme temperature environments by 
adjusting welding processes or material compositions. How-
ever, future operating conditions may involve even higher 
temperature ranges, posing greater demands on welding 
technology. At extreme temperatures, the performance of 
welding materials is affected. Therefore, it is an important 
research direction to study the stability of materials under 
high-temperature conditions and to develop durable weld-
ing materials and processes suitable for high-temperature 
environments. In addition, since manual welding is not suit-
able for extreme environments, developing real-time welding 
monitoring and control technologies applicable to extreme 
temperature environments is critical. This may involve 
research on sensor technology, intelligent welding systems, 
and adaptive control of abnormal conditions.

2.3 � Research and application progress of welding 
technology in the radiation environment

Welding technology is a crucial manufacturing and safety 
technology for constructing, operating, and maintaining 
nuclear power equipment. The defects caused by welded 
joints have significantly affected the operational safety and 

efficiency of nuclear power plants, particularly for in-service 
plants. These effects have posed challenges and demands on 
the welding techniques that are used to build and maintain 
nuclear power plants.

2.3.1 � Effects of the nuclear radiation environment 
on welded structures

The effects of the radiation environment on welded struc-
tures are multifaceted. Radiation damage stands out as 
the most immediate consequence. High-energy radiation, 
including neutrons and gamma rays, can cause radiation 
damage in materials. This results in the formation of lattice 
defects and an increase in dislocations, leading to alterations 
in the physical and chemical properties of welded structures. 
Consequently, aspects, such as structural hardness, strength, 
and plasticity, may undergo modification [87]. Deformation 
microstructures of AISI 316LN austenitic stainless steel irra-
diated at 200 °C with 160 keV H, 360 keV He, and 3.5 MeV 
Fe ions produce glide dislocations and increase in separa-
tion with increasing irradiation dose and increasing strain. 
As illustrated in Fig. 17, vacancies and some defect-free 
prismatic loops were observed in the sample after irradiation 
with 3.5 MeV Fe ions [88].

Electromagnetic and ionizing radiation can disrupt the 
stability and transmission efficiency of the arc during the 
welding process, ultimately impacting the formation and 
quality of the weld seam [89]. High-energy radiation may 
induce localized melting or overheating in the welding area, 
resulting in various welding defects, such as burn-through, 

Fig. 16   Fatigue crack propagation rates for the BM and WM A The BM specimens at RT. B The BM specimens at − 20 °C. C The BM speci-
mens are at − 60 °C. D The WM specimens at RT. E The WM specimens at − 20 °C. F The WM specimens at − 60 °C [79]
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cracks, and deformation [90]. Contaminants in the radia-
tion environment, such as chemicals, gasses, and particulate 
matter, can lead to corrosion, porosity, and inclusions in 
the welding area. This can ultimately diminish the strength 
and corrosion resistance of welded joints [91]. Numerous 
research results have shown that few materials are immune 
to radiation damage. Therefore, when selecting welding 
materials, it is essential to consider factors, such as mate-
rial radiation stability, resistance to radiation damage, and 
radiation-induced chemical changes.

2.3.2 � Current status of nuclear power plant welding 
technology development

Welding within a radiation environment faces severe chal-
lenges due to the influence of radiation on welding materi-
als and processes. Currently, welding and maintenance of 
nuclear power plant equipment primarily rely on arc weld-
ing. This encompasses mechanized and automated welding 
techniques, notably tungsten inert gas (TIG) welding [92, 
93] and metal inert gas (MIG) welding [94]. Concurrent 
with the ongoing advancement in industrial laser technology, 
there is a growing emphasis on laser welding (LW) research 
within the nuclear power sector.

2.3.2.1  Tungsten inert gas welding application in  nuclear 
power  TIG welding technology is widely used in the 
nuclear power sector, particularly for welding stainless steel 
and high-alloy materials. High-quality welded structures 
are necessary for key components in nuclear power plants, 
including pressure vessels, piping systems, and reactor ele-
ments. TIG welding stands out as a preferred method in the 
nuclear power sector due to its attributes of high precision, 
low gas impurities, and excellent weld seam quality [95].

A notable characteristic of TIG welding is using inert 
gas as the protective medium for the arc, ensuring that the 
welding area remains uncontaminated by impurities, such 
as oxygen and water vapor, in the environment [96]. The 
stable arc and the precise control offered by TIG welding 
enable it to meet the requirements for welding strength, 
sealing, and corrosion resistance of components in nuclear 
power plants. Advancements in technology offer potential 
for broader application of new techniques and processes in 
the field of nuclear power [97].

The conventional TIG welding technology is plagued by 
high energy input, diminished efficiency, and pronounced 
distortion. To address these issues, Yu et al. [98, 99] pro-
posed narrow gap arc welding technology, which enables 
efficient welding with minimal heat input. Subsequently, this 
technique was applied to weld the reactor vessels in nuclear 
power plants. They also investigated the tensile and fatigue 
characteristics of welded structures during the later stages 
of prolonged operation. Figure 18 depicts the engineering 
stress–strain curves for both new material samples and aged 
samples. The figure illustrates a sharp rise in yield strength 
and ultimate tensile strength in the new material, concur-
rently accompanied by a reduced elongation. However, no 
significant differences in elongation were observed among 
the aged specimens. Despite the tensile strength continued to 
increase after 13,000 h, the deceleration of the growth trend 
indicates the onset of saturation. These studies indicate that 
welded joints operating in prolonged periods within high-
radioactive and high-temperature environments may experi-
ence localized failure.

Fig. 17   Bright and dark field micrographs of the loop microstructure 
in 316LN austenitic stainless steel irradiated to 10 dpa at 200℃ with 
3.5 MeV Fe ions [88]

Fig. 18   Stress–strain curves from tensile tests for different aging con-
ditions. [99]
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The radiation environment constrains the application of 
manual welding methods. As a result, the integration of TIG 
welding technology with automation and robotic systems is 
increasing steadily. This automation technology has become 
critical in welding and maintenance within nuclear power 
plants, effectively preventing radiation damage to humans. 
Furthermore, in-depth research and application of TIG weld-
ing technology have been conducted in the manufacturing 
of specific specialized components in nuclear power plants.

2.3.2.2  Laser beam welding application in  nuclear 
power  Due to its high energy density, laser beam welding 
(LBW) focuses the laser beam in the weld zone, resulting in 
less heat input than other welding methods. This results in 
a smaller HAZ, alleviating deformation and residual stress 
in the welding materials [100]. This characteristic has led to 
the widespread application of LBW in areas such as struc-
tural steel plates within nuclear power plants.

Many scholars have conducted in-depth research on 
laser welding technology. Wu et al. [101, 102] utilized a 
fiber laser to weld CLF-1 structural steel plates of a nuclear 
reactor. The plates measured 17.5 mm and 35 mm in thick-
ness. The welding process with the fiber laser resulted in 
well-shaped seams for both thicknesses without any cracks, 
pores, or noticeable defects. Figures 19 and 20 depict the 
microstructure of LBW and EBW welds under the OM. The 
WM of both welded joints was mainly composed of lath 
martensite, which is wider in EBW than LBW joints. In the 
HAZ/FZ transitional zone around the fusion line (FL), a nar-
row coarse-grain heat-affected zone (CG-HAZ) composed 
of narrow and fine lath martensite and a few carbides was 

formed. In addition, a fine-grain heat-affected zone (FG-
HAZ) composed of a mixture of tempered sorbites and cs 
was formed near the FL. This analysis revealed that for 
13 mm thick steel plates, both LBW and EBW produced 
sound welds without gaps, cracks, or other defects. In gen-
eral, the microstructure in EBW joint zones was coarser than 
that in the LBW joint.

Subsequently, a comparison was conducted on the 
mechanical properties of CLF-1 steel welds achieved 
through LBW and EBW. As depicted in Fig. 21, both weld-
ing methods exhibited commendable ultimate strength and 
average impact absorption energy. The WM demonstrated 
superior ultimate strength compared to the BM and closely 
approached the average impact absorption energy of the BM 
[102].

The radiation resistance of welded joints is closely related 
to the composition of the material. Zirconium (Zr) alloys are 
frequently used in pressure pipes and fuel cladding shells 
due to their exceptional mechanical strength and oxidation 
resistance, which has led to extensive research on their weld-
ing processes [103]. The weld characteristics are primar-
ily determined by the residual stresses on the surface and 
the formation of metallographic phases in the weld FZ and 
HAZ [104]. LBW yields superior microstructures in these 
zones compared to conventional arc welding methods, such 
as TIG welding and resistance welding (RW) [105]. Conse-
quently, LW emerges as a more suitable method for welding 
Zr alloys.

Bharadwaj et al. [106] investigated the impact of pulsed 
laser heat input on the mechanical strength and microstruc-
ture of Zr-2.5 wt.% Nb alloy weld seams. The study results 

Fig. 19   Microstructure of LBW joint. a Weld cross-sections. b Upper part of the weld. c Middle part of the weld. d Bottom part of the weld. e 
FZ and CG-HAZ. f BM and FG-HAZ. [102]
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indicate that heat input significantly influences the depth of 
the weld and the width of the HAZ. Figure 22 displays mac-
rographs of cross-sectional weld beads developed at vari-
ous heat inputs. At a heat input of 800 J/mm, a weld with 
favorable macroscopic morphology and microstructure can 
be achieved. However, the weld's ductility is compromised 
compared to the BM due to elevated microhardness and 
residual tensile stresses in the weld fusion and HAZ. This 
may be attributed to substantial changes in the α-phase and 
the residual β-phase in the melting zone and HAZ.

2.3.2.3  Other welding methods application in  nuclear 
power  These methods may offer unique advantages in joint 
strength, efficiency, or the ability to join dissimilar materi-
als. A typical example involves using Inconel 625 as the BM 

for nuclear power plant protection, with GTAW employed 
for the welding process [107]. Inconel 625, known for its 
corrosion resistance and high-temperature strength, is a 
suitable choice for such critical applications.

Moreover, the integration of computer technology and 
virtual reality into welding processes is a noteworthy trend. 
Luo and others explored the application of virtual reality 
technology to nuclear power welding [108]. They used 
Unity3D and UG software to construct a virtual reality 
system for riser automation equipment welding. As shown 
in Fig. 23, this system includes virtual representations of 
welding carts, welding rails, welding power supply, virtual 
cameras, and other equipment. User interface graphical user 
interface systems were employed to create human–machine 
interface scenarios, facilitating human–machine collabora-
tion. Through this technology, operators can visualize and 
interact with a virtual welding environment in real time. This 
has implications for training, simulation, and even remote 
operation.

The use of virtual reality in radiation environments offers 
several advantages, enabling real-time monitoring and con-
trol of the welding process. In the maintenance of nuclear 
power plants, certain areas are restricted from manual weld-
ing due to radiation. The use of automation and virtual real-
ity improves the precision of welding operations and guar-
antees the safety of the operators. This trend aligns with 
broader developments in automation technology, making 
it a potentially effective means for not only nuclear power 
plant maintenance but also for applications in space struc-
ture construction, marine engineering, and other fields where 
extreme conditions may pose challenges for human workers.

Fig. 20   Microstructure of EBW joint. a Weld cross-sections. b Upper part of the weld. c Middle part of the weld. d Bottom part of the weld. e 
FZ and CG-HAZ; f BM and FG-HAZ. [102]

Fig. 21   Tensile strength and elongation results for LBW and EBW 
joints. [102]
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While welding in radiation environments has been exten-
sively researched, there is a lack of studies on the effects 
of various types of radiation on welding materials. These 
effects include deformation, damage, and gas injection, and 
may impact the performance of welded joints. Therefore, 
further research is needed to fully understand the impact 
of radiation on welding materials. Due to the specificity 
of the radiation environment, it is a new research direction 
to study the combination of welding materials with radia-
tion protection materials to improve the radiation resist-
ance of welded joints. Addressing these research gaps can 

improve the feasibility and reliability of welding in radiation 
environments.

2.4 � Research and application progress of welding 
technology in the deep sea environment

Underwater welding is considered an extreme manufac-
turing technique in the marine industry. This technology 
is used for ship repair, energy pipeline laying, and infra-
structure maintenance, which involves joining materials in 
a deep sea environment. Complex marine environments can 

Fig. 22   Macrographs of the 
cross section of weld beads 
developed at different heat 
inputs. a 312 J/mm. b 520 J/
mm. c 650 J/mm. d 800 J/mm 
[106]

Fig. 23   Test system structure diagram [108]
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have a significant negative impact on welded structures and 
materials.

2.4.1 � Effects of the deep sea environment on welded 
structures

The deep sea environment is characterized by dynamic 
loads, low temperatures, high pressure, and intense cor-
rosion [109]. Metal materials used in marine engineering 
typically possess considerable size and thickness. The truss 
structures are commonly employed in construction, leading 
to intricate welded joints and notable stress concentration. 
These factors significantly impact the comprehensive per-
formance of materials and welded structures, and the main 
influencing factors and mechanisms are as follows:

2.4.1.1  High‑water pressure  Water pressure in the deep sea 
increases sharply with depth. The high-water pressure envi-
ronment not only limits the application of welding meth-
ods but also impedes the release of gasses from the molten 
metal. These gasses lead to cracks and pores, reducing the 
sealing and strength of the weld [109, 110].

2.4.1.2  Dynamic loads  Dynamic loads are prevalent in 
the deep sea, such as ocean waves and currents. The cyclic 
action of these loads can result in fatigue cracking and struc-
tural damage in welded joints over repeated loading cycles 
[111]. At the same time, the welding process may be dis-
turbed by water flow, which affects the welding quality and 
stability.

2.4.1.3  Corrosive environment  The high salinity of seawa-
ter, coupled with other chemical substances, poses a signifi-
cant risk for the corrosion of welded joints. Welded joints 
are typically vulnerable points to corrosion in materials 
[109]. Welded structures exposed to marine environments 
for extended periods may experience corrosive damage, 

heightening the risk of corrosion fatigue and reducing the 
overall structural lifespan [112].

2.4.1.4  Bubbling effect  Underwater welding causes water 
to decompose into hydrogen, which dissolves within the 
weld seam. The gas is less quickly expelled as the molten 
metal solidifies, making the joints susceptible to cracking 
and complicating the weld quality assurance [110].

2.4.1.5  Temperature fluctuations  Water exerts a pro-
nounced cooling influence on both the WM and the BM 
within the HAZ. The rapid cooling at the weld induces the 
formation of thermal stresses, resulting in cracks due to the 
embrittlement of the weld tissue.

2.4.1.6  Limited visibility  Water exhibits strong light reflec-
tion and absorption, leading to noticeable light attenuation. 
Simultaneously, a significant number of bubbles are gener-
ated during the underwater welding process. These bubbles 
form around the welding area and cannot dissipate quickly, 
reducing visibility in the underwater environment. This vis-
ibility reduces the precision of the worker's operation, with 
deviations and leakage of soldering.

These complex factors place high demands on the devel-
opment of underwater welding technology. Currently, com-
monly used techniques for underwater welding include con-
ventional arc welding, explosion welding, friction welding, 
and various other methods. These methods are classified into 
three categories based on the welding environment, includ-
ing wet welding, local dry welding, and dry welding.

2.4.2 � Wet welding technology

The wet welding is performed directly in water without 
any waterproof measures. This technology is commonly 
employed in marine engineering, underwater pipeline 
repairs, and other welding operations beneath the water sur-
face. Figure 24a illustrates the scenario of a welder engaging 

Fig. 24   The different welding techniques in the underwater environment. a Wet welding. b Dry welding. [113]
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in underwater wet welding. Welders need to wear special 
equipment, and welds are formed directly in the water. In 
comparison to welding on land, the microscopic structure 
of wet welding joints is also more prone to the occurrence 
of welding defects [113].

Wet welding can produce severe defects and problems, 
such as porosity and cracks. Porosity is caused by the disso-
lution of gasses, such as H2 and O2, in the molten pool metal 
at high temperatures. The internal metallurgical reactions 
produce gasses, such as CO and H2S, which are insoluble in 
the metal. These gasses gradually escape during the solidi-
fication process of the molten metal. However, the cooling 
effect of water causes the molten bath to cool rapidly, pre-
venting the gasses from escaping in time. After solidifica-
tion, these gasses may form pores or other defects in the 
metal, which can result in reduced density, plasticity, and 
strength of the weld joint [114].

Electrode welding and flux-cored wire arc are the most 
commonly used welding methods for wet welding. In the 
1970s, underwater flux-cored wire welding technology was 
developed by the PWI to replace the wet welding technique 
of underwater electrode welding. Due to the higher weld-
ing efficiency and more substantial scope of application, 
this method has become the most promising underwater 
wet welding method [115]. Liu et al. [116] used flux-cored 
welding wire as the welding material for TIG welding. This 
method ensures a uniform distribution of the arc tempera-
ture field, resulting in a more stable welding process than 
conventional unfilled TIG welding. Chen et al. [117] incor-
porated multiple alloying elements, such as Nb and Ti, into 
conventional flux-cored wires and used these wires to weld 
Q235 steel. The impact of different alloyed flux-cored wires 
on the microstructure of Q235 steel joints was investigated. 
The research findings revealed that a significant amount of 
brittle martensitic structure formed after adding alloying ele-
ments. As the content of the Cr element decreases, plate-like 
and lath-like martensite become the primary constituents of 
the microstructure. Liu et al. [118] developed a self-shielded 
flux-cored wire containing Cr elements and investigated the 
influence of Cr elements on the WM. Numerous experiments 
were conducted using this self-shielded flux-cored wire. The 
results indicate that the wire demonstrated high slag cover-
age and excellent removal performance.

In addition to optimizing and enhancing the welding wire, 
the wet welding process is also a key area of research. Hu 
et al. [119] successfully executed an underwater wet multi-
layer welding process, employing different joint configura-
tions. The results indicate that the welded joints exhibit no 
slag or other defects. However, these joints do display clad-
ding, porosity, and unfused elements. Despite these blem-
ishes, all mechanical properties meet the required standards. 
Cai et al. [120] used wet laser welding technology to fab-
ricate TC4 titanium alloy joints and studied the influence 

of different process parameters on the microstructure and 
mechanical properties of the joints. The results indicate that 
underwater laser welding can form an effective joining when 
the water depth is less than 7m. The microstructure of the 
weld consists mainly of brittle lath martensite. Compared 
with conventional laser welding, underwater wet laser weld-
ing produces narrower welds with finer grains.

Although wet welding technology is highly mature and 
can meet the joining requirements of various materials, the 
adaptability to specific materials and alloys still needs to 
be investigated. Wet welding increases the risk of corro-
sion because direct exposure to the underwater environ-
ment exposes the weld and the surrounding metal structure. 
Therefore, it is necessary to develop underwater wet welding 
materials to reduce the adverse effects of hydrogen and oxy-
gen on welding joints and enhance the corrosion resistance 
of welds. These welding materials will extend the service 
life of the equipment and encourage the use of underwater 
welding in diverse fields.

2.4.3 � Local dry welding technology

Local dry welding represents an advanced underwater weld-
ing method, combining the benefits of both wet welding and 
dry welding, leading to a high-quality welded joint [121]. 
The commonly employed techniques in local dry welding 
include underwater TIG welding, MIG/MAG welding, and 
LW.

TIG welding is a highly versatile technique that is gradu-
ally being applied in the deep sea environment. Hamasaki 
et  al. [122] demonstrated successful welded seams at a 
depth of 200 m underwater using a drainage device with 
a modified dual-nozzle structure. The device effectively 
released argon gas, which contributed to the stability of 
the welding process. Lyons et al. [123] utilized an orbital 
tungsten inert gas high-pressure oxygen welding system to 
repair submarine pipelines and similar tasks. This approach 
demonstrates the versatility and adaptability of TIG weld-
ing techniques in challenging underwater conditions. Zhai 
et al. [124] introduced the concept of flux-cored local dry 
underwater tungsten electrode welding and systematically 
investigated the metal transfer mode in this process. The 
study analyzed metal transfer mode, weld morphology, and 
microstructure, confirming interactions between electrode 
gap, metal transfer mode, and microstructure. Researchers 
are exploring the use of high-frequency oscillation genera-
tors to initiate the arc. Process parameters are optimized by 
selecting the appropriate tungsten wire tip cone angle. These 
efforts aim to expand the application of local dry underwater 
TIG welding, making it more versatile and efficient for vari-
ous underwater welding scenarios.

In addition, MIG/MAG technology is also a significant 
research area in local dry welding. MIG/MAG welding 
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for underwater applications dates back to the 1960s, and 
substantial experience been has accumulated in practi-
cal applications. Gülenç et al. [125] contributed to the 
understanding of this welding method by emphasizing the 
importance of shielding gas. Their work involved using 
argon doped with varying levels of hydrogen as shielding 
gas, revealing its influence on welding outcomes.

In 2001, Hitachi Ltd. [126] made significant strides in 
underwater welding technology by pioneering localized 
dry underwater laser welding. This innovation involved 
expanding the study of water curtain localized dry under-
water welding, with the noteworthy step of replacing the 
original arc welding method with a laser torch. This tran-
sition marked a milestone in the evolution of underwater 
welding techniques, showcasing the adaptability of laser 
technology in challenging underwater environments. 
Zhang et al. [127] further advanced the field by demon-
strating the substantial advantages of local dry underwa-
ter laser welding. Their work highlighted the use of laser 
substance and process inspection techniques to achieve 
high-quality welds. Localized dry underwater laser weld-
ing provides precision and control, making it a valuable 
technique for underwater applications where maintaining 
weld quality is crucial.

Guo et al. [128] used underwater laser welding equipment 
to weld 304 stainless steels. The experimental system is 
illustrated schematically in Fig. 25a. As shown in Fig. 25b, 
they utilized self-developed air curtain nozzles to exclude 
water and air, forming a localized cavity to protect the laser 
welding environment. Mechanical property testing revealed 
that the mechanical properties of laser-welded joints in 
the controlled environment were nearly conventional. This 
accomplishment is noteworthy for its potential real-world 
applications, highlighting the feasibility and effectiveness of 
local dry laser welding in underwater environments.

Therefore, laser welding is a research focus for local dry 
welding technology. However, the amplitude and phase will 
change due to the absorption and refraction of laser light by 
water, resulting in phenomena such as changes in spot size 
and scattering. These phenomena can lead to laser attenua-
tion and even failure. These factors significantly constrain 
the welding effectiveness of underwater laser welding [129]. 
Currently, underwater laser welding is mainly confined to 
basic experimental research in shallow water depths. One of 
the future research directions is how to acquire correction 
data and perform laser attenuation correction.

2.4.4 � Dry welding technology

Dry welding uses gas to displace water from around the 
weld zone, creating a dry or partially dry environment for 
the welding process, as shown in Fig. 24b. This technology 
offers several advantages over wet welding, including higher 
welding quality and better joint performance, leading to an 
increased focus on dry welding in various applications [130].

Dry welding is classified into high-pressure and atmos-
pheric-pressure dry welding based on internal pressure. 
High-pressure dry welding occurs in a chamber where inter-
nal and external pressures are nearly equal. Water within the 
chamber is expelled by injecting compressed air, argon, or 
helium, creating a dry space to optimize the air environment 
for welding [112]. Research in this field has concentrated on 
constructing high-pressure chamber welding devices, with 
institutions like the Brazil Cenpes Center, the Marine Engi-
neering Center of UK Cranfield University, and Norway's 
Sintef actively involved in such endeavors [129].

High-pressure dry underwater welding has successfully 
achieved automatic monitoring, ensuring excellent weld 
quality and efficiency. However, a critical limitation of this 
technology is its dependence on diving welders. Essential 

Fig. 25   The experiment system. a Schematic of the experiment system. b Schematic of the double-layer gas curtain nozzle [128]
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tasks, such as equipment installation, maintenance, and test-
ing, require the direct involvement of human divers. This 
reliance on manual intervention imposes depth restrictions, 
and the current welding system faces a notable constraint, 
unable to operate beyond 650 m. Moreover, the professional 
and technical requirements for underwater welders are nota-
bly demanding.

The development of intelligent welding robots is widely 
acknowledged as a crucial area of research to meet the grow-
ing requirements of marine engineering in greater depths. 
These robots could potentially overcome the problems posed 
by deep sea environments, enabling more efficient and reli-
able welding at greater depths in the challenging conditions 
of the deep sea. The integration of automation and intelli-
gent technology into welding processes could revolutionize 
underwater welding and contribute to advancements in deep 
sea exploration and infrastructure development.

2.5 � Research and application progress of welding 
technology in the high‑pressure environment

2.5.1 � Effects of high‑pressure environment on welded 
structure

In a high-pressure environment, the arc tends to contract, 
which exacerbates the disorderliness of the arc column and 
leads to deteriorating arc stability [130]. Simultaneously, 
plasma velocity decreases under high pressure, resulting in 
more erratic movement of the arc root on the electrode sur-
face. Differences in current density between the arc column 
and the arc root give rise to the formation of counter-electron 
plasma jets. These jets cause pressure disparities around the 

weld pool, hindering droplet transition and consequently 
causing spattering and process instability [131].

Wu et al. [132] revealed the effect of different environ-
mental pressures on the arc characteristics of GTAW using 
a self-built high-pressure GTAW experimental system. Fig-
ure 26 illustrates the arc characteristic at 0.1 to 2.3 MPa. The 
results indicate that increasing pressure makes ionization 
more challenging, especially with higher currents. Treutler 
et al. [133] investigated the impact of different environmen-
tal pressures on the weld depth. During this experiment, the 
welded joints were fabricated at environmental pressures 
of 2 bar and 16 bar. Figure 27 shows the cross section and 
microstructure of the weld in different environment pres-
sures. It can be observed that as the environmental pressure 
increases, the width of the weld increases. This result sug-
gests a significant increase in penetration depth under high-
pressure conditions. Moreover, Azar et al. [134] proposed a 
mathematical model based on extensive high-pressure exper-
imental data. The model was able to accurately predict the 
electrical behavior and stability of the arc in a high-pressure 
environment.

In summary, welding in a high-pressure environment 
requires comprehensive consideration of the material, 
equipment, gas protection, and operating techniques, and 
the adoption of appropriate measures to ensure the quality 
and safety of welding.

2.5.2 � Development of welding in the high‑pressure 
environment

Research institutions have extensively delved into high-pres-
sure welding technologies, mainly focusing on high-pressure 

Fig. 26   The arc characteristic 
in different environmental pres-
sures [132]
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dry welding techniques within the 500 to 1000 m underwater 
depth range. Key contributors in this field include GKSS in 
Germany, the Federal Defense University in Germany, Sin-
teff in Norway, and Cranfield University in the United King-
dom. While the specific details of these projects may vary, 
they collectively arrive at consistent conclusions. Within this 
depth range, two arc welding methods have proven effective: 
PAW and MIG welding.

PAW is characterized by the concentration of energy in 
a small diameter arc column. This welding technique is in 
contrast to the unrestricted arc spread in hydrogen tung-
sten arc welding [135]. This compression results in a high 
concentration of arc energy, elevating both arc temperature 
and stability. Cranfield University has concluded a signifi-
cant research initiative on high-pressure plasma arc weld-
ing. Findings indicate that the plasma arc maintains stabil-
ity under ambient pressures equivalent to a water depth of 
1000 m. Moreover, it demonstrates a smooth and reliable arc 
initiation under this substantial pressure [136].

In the mid-1970s, MIG welding was initially applied 
in a high-pressure environment. In a high-pressure envi-
ronment, flux-cored arc welding demonstrated success 
through the use of tubular electrodes [137]. The evolu-
tion of high-performance power supplies has prompted 
a reevaluation of the MIG welding process [138]. GKSS 
[139] and Cranfield [136] universities have pioneered the 
development of welding power control systems explic-
itly tailored for high-voltage welding processes. While 
there may be nuances in the specifics, these systems fol-
low conventional design concepts by regulating the static 
and dynamic output characteristics of the welding power 

supply to optimize welding process stability. The inte-
gration of this control system with a high-performance 
welding power supply empowers the MIG welding pro-
cess to execute all-position welding under environmen-
tal pressures equivalent to a water depth of 1000 m. This 
setup attains satisfactory stability and fusion rates [140]. 
Extensive research conducted at Cranfield University has 
demonstrated the capability of the MIG welding process 
to effectively fuse materials under high pressures, reaching 
up to 25 MPa. The process exhibits stability, reliability, 
and repeatability that align with practical requirements.

In summary, there are still some research gaps in weld-
ing technology in high-pressure environments, which need 
to be studied and solved in depth. First, welding materials 
under a high-pressure environment may experience differ-
ent stresses and deformations. The study of stress–strain 
behavior, plastic deformation, and fracture behavior of 
welding materials under high pressure is deemed neces-
sary. The generation and distribution of stresses in the 
welding process is also a focus that needs to be researched. 
Secondly, conventional welding processes cannot be used 
in high-pressure environments, and the optimization and 
development of welding processes, materials, and equip-
ment are urgent research gaps that need to be addressed. 
Finally, the reliability assessment methods for welded 
structures under high pressure, mainly including life pre-
diction and new energy detection, are also an area that 
needs to be investigated. Through in-depth research on 
these aspects, more comprehensive and feasible solutions 
can be provided for high-pressure welding technology.

Fig. 27   The cross-section and 
microstructure of the weld in 
different environment pressures 
[133]
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2.6 � Research and application progress of welding 
technology in the corrosive environment

2.6.1 � The corrosion mechanism of welded structures 
in the corrosive environment

The impact of a corrosive environment on welded struc-
tures is a lengthy and intricate process. During the pro-
cess, the material is lost and destroyed due to the effects 
of the surrounding medium, which results in an overall 
decrease in the structural integrity. The forms of corro-
sion on welded structures include electrochemical corro-
sion, intergranular corrosion, stress corrosion cracking, 
and localized corrosion [141]. In a corrosive environment, 
welded structures may undergo electrochemical corro-
sion, particularly in electrolytes such as water. Different 
regions within the welded joints (dissimilar metal contact 
points, defects, oxides) may form electrochemical cells, 
resulting in localized corrosion and damage to the surface 
of the welded structure [142]. During the welding pro-
cess, the interaction between carbon and chromium ele-
ments within the high-temperature zone leads to the for-
mation of brittle carbides. These carbides are distributed 
along the grain boundaries, compromising the integrity of 
the metal grain boundaries and making the grain bound-
ary region more susceptible to corrosion. When metal 
materials are exposed to external corrosive media, corro-
sion occurs at a faster rate at the grain boundaries com-
pared to the interior regions, resulting in the phenomenon 
of intergranular corrosion [143]. When welded structures 
are exposed to a stress-inducing environment, corrosion 
can trigger stress corrosion cracking. This phenomenon 
typically occurs in high-stress areas exposed to gasses, 
liquids, or salt solutions, making the material more prone 
to corrosion-induced cracking under stress [144]. Local-
ized corrosion occurs when the corrosive environment 
targets specific areas on the surface of welded structures, 
such as weld seams, defects, or vulnerable metal surfaces, 
leading to corrosion damage. The corrosion mechanism 
of welded joints in corrosive environments is depicted in 
Fig. 28 [145].

Previous studies have indicated that corrosive envi-
ronments corrosive environments exert diverse effects on 
welded structures. The initial defects of welded joints, 
such as residual stresses, cracks, and porosity, are exac-
erbated. Moreover, the fatigue limit of welded joints is 
reduced, making the structure more prone to fatigue fail-
ure. Corrosion accelerates the generation and propagation 
of cracks, further worsening the fatigue-related deteriora-
tion of welded joints. These phenomena pose a threat to 
the reliability and safety of structures.

2.6.2 � The effects of the chemical composition of steel 
on the corrosion resistance of welded structures.

The alloy element content and microstructure in the material 
have a significant impact on the corrosion resistance of the 
welded structures. Wei et al. [145] conducted a comparative 
study on the corrosion performance of ordinary steel and 
Q690 joints in a marine environment. The results indicate 
that with increasing corrosion time, the corrosion resistance 
of Q690 joints is significantly superior to that of ordinary 
steel. In a separate study conducted by Song et al. [141], the 
corrosion resistance of low-alloy high-strength steel (HSAL) 
WM with different compositions in atmospheric and marine 
environments was examined. Both the BM and WM under-
went Scanning Kelvin Probe (SKP) and corrosion weight 
loss tests. The test results, as depicted in Fig. 29, revealed 
that the HSAL WM sample with a strength of 980 MPa 
exhibited the highest level of corrosion resistance according 
to the SKP test. Particularly noteworthy was the significantly 
elevated voltaic potential observed in this sample, especially 
at the weld interface, surpassing that of the other two sam-
ples. As shown in Fig. 29b, the corrosion weight loss tests on 
the three welding samples further validate this conclusion.

Wei [146] and Zhang et al. [147] compared the corro-
sion resistance of steel materials under static corrosion and 
wear corrosion conditions. The wear corrosion behavior of 
30CrNi2MoVA steel and S31254 steel structures subjected 
to gravel and seawater was investigated. Tafel curves, as 
shown in Fig. 30, were obtained through electrochemical 
tests. By comparing results, it was observed that the cur-
rent intensity of wear corrosion was lower than that of 
static corrosion. Table 2 illustrates the corrosion potentials 
of 30CrNi2MoVA steel and S31254 steel. The corrosion 
potentials of these materials under static corrosion were 
− 0.6502 V and − 0.074V, while during wear corrosion, 
they were − 0.8646 V and − 0.504 V. These observations 
indicate that materials corrode more severely in seawater 
environments compared to normal conditions. 

Somervuori et al. [148] compared the corrosion resist-
ance of austenitic stainless steels with different grades 

Fig. 28   Schematic diagram of corrosion mechanism [145]
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Fig. 29   Experimental results of HSAL with different compositions. A 460 MPa HSAL. B 690 MPa HSAL. C 980 MPa HSAL. D The results of 
weight loss tests [141]

Fig. 30   Polarization curves. a 30CrNi2MoVA steel. [146] b S3125 steel [147]
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(EN1.43.1 and EN1.4318) and levels (2B, 2F, and 2H) 
under different corrosion conditions. In this study, they 
investigated the effects of composition, surface quality, and 
chloride on the corrosion resistance of steel. Their research 
indicated that the type of chloride has a minimal impact on 
fatigue strength, and the corrosion resistance of 2B grade 
spot-welded specimens is better than that of the 2H grade. 
Ha et al. [149] explored the corrosion behavior of S32101 
with different phase fractions. They achieved two phases 

(α phase and γ phase) by subjecting samples to different 
temperatures. Figure 31 shows the microstructures corre-
sponding to different phase fractions. At a heat treatment 
temperature of 1040 °C, the fraction of the γ phase is signifi-
cantly higher than that of the α phase. However, the α phase 
gradually becomes the predominant phase as the temperature 
increases. Figure 32 shows the results of the Scanning Kel-
vin Probe Force Microscopy (SKPFM). As illustrated by the 
potentiodynamic polarization curves, the corrosion potential 
of the specimen decreases progressively with an increase in 
the fraction of the α phase. This suggests that the lower cor-
rosion resistance with higher α phase fractions.

In summary, alloy composition directly influences the 
corrosion resistance of welded joints. The addition of alloy-
ing elements, such as Cr, Ni, and Mo, effectively mitigates 
corrosion propagation. In corrosive environments, surface 
defects serve as initiation points for corrosive media attack, 
accelerating corrosion progression. Furthermore, the distri-
bution of phases, grain size, and precipitates during welding 
also affect corrosion resistance. Therefore, it is necessary to 

Table 2   Electrochemical parameters for static and wear corrosion 
[146, 147]

Material Status Potential/V Current 
intensity /
Aˑcm-2

30CrNi2MoVA steel Static corrosion − 0.6502 4.17×10-7

Corrosion wear − 0.8646 2.18×10-7

S31254 steel Static corrosion − 0.074 0.7×10-7

Corrosion wear − 0.504 514.4×10-7

Fig. 31   The microstructure of 
S32101 at different tempera-
tures. a 1040 °C. b 1080 °C. c 
1110 °C. d 1140 °C. e 1170 °C. 
f 1200 °C [149]

Fig. 32   Kelvin probe force microscopy scan results of the S32101 with different α fractions. a 36.0 vol%. b 38.7 vol%. c 44.9 vol%. d 51.6 vol%. 
e 58.0 vol%. f 61.7 vol% [149]
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consider these factors comprehensively during welding to 
ensure clean and smooth joint surfaces.

2.6.3 � The effects of the welding processes of steel 
on the corrosion resistance of welded structures

To investigate the influence of different welding processes 
on the corrosion behavior of welded joints, Gnanarathinam 
et al. [150] employed arc welding, MIG welding, and TIG 
welding techniques on 316 steel. Three strong acids, Fer-
ric chloride (FeCl3), Oxalic acid (H2C2O4), and Nitric acid 
(HNO3), were used to corrode the welds. After a 12-day cor-
rosion test, the results indicated that 316 steel corroded fast-
est in FeCl3 solution, while corrosion was slower in H2C2O4 
and HNO3 solutions. The research highlights the crucial role 
of chloride ions (Cl−) in corroding steel. These ions disrupt 
the passivation film on the steel's surface, prompting a reac-
tion between Cl− and the steel specimen's surface, initiating 
an active corrosion process. H2C2O4 exhibits mild corrosive-
ness toward this type of stainless steel. Interestingly, in the 
FeCl3 solution, TIG welding and arc welding showed lower 
levels of corrosion compared to other welding processes. 
This suggests that the choice of welding process can influ-
ence the corrosion resistance of the welded structure, with 
TIG welding and arc welding demonstrating better corrosion 
resistance in the specific corrosive environment of FeCl3 
solution.

The mechanical properties of welded structures under 
corrosive environments are crucial indicators of their cor-
rosion resistance. Omiogbemi et al. [151] summarized the 
variations in the mechanical properties of joints in acidic 
corrosion environments. Their study focused on mild steel 
and examined its corrosion rate in 0.5 M HNO3. Figure 33 

shows the mechanical properties of the joints after different 
treatments. A significant reduction in the tensile strength 
and elongation of the corroded joints can be observed. This 
conclusion indicates a reduction in the ductility of the joints 
under acidic corrosion conditions. In their study, Wang et al. 
[152] aimed to improve the corrosion resistance of welded 
joints of 2024 aluminum alloy in a corrosive environment. 
They compared the variations in mechanical properties 
under different conditions. FSW was employed to join 2024 
aluminum alloy in the study and the welded samples were 
subjected to corrosion by exposure to atmospheric and a 
3.5% NaCl solution. The experimental results suggest a sig-
nificant decrease in the overall performance of joints made 
with 2024 aluminum alloy in corrosive environments.

To investigate the influence of different process param-
eters on the corrosion performance of austenitic stainless 
steel, Zhang et al. [153] employed EBW for joining. Welding 
was conducted at heat input levels of 0.43, 0.46, and 0.5 kJ/
mm, followed by corrosion testing in a 3.5% NaCl solution. 
The current density curves of the joint samples are shown 
in Fig. 34. The results indicate a significant decrease in the 
corrosion resistance of the joint when the current density 
exceeds 100μA. This result may be due to excessive heat 
input during the welding process, causing changes in the 
microstructure and chemical composition of the joint area.

2.6.4 � The effects of the post‑weld heat treatment of steel 
on the corrosion resistance of welded structures

Nyrkova et al. [154] subjected Al–Mg–Si–Cu alloy joints 
to heat treatment and tested the corrosion performance 
of the joints. The test results suggest that the mechanical 
performance of the joint decreased by approximately 1% 

Fig. 33   The mechanical properties of joints under different corrosion 
conditions. [151]

Fig. 34   The current density curves of the WM with different heat 
input and BM. [153]
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to 2% within 14 days. With increasing test duration, the 
intensity decreased by an additional approximately 11%. 
During the corrosion-mechanical impact testing, the form 
of fracture of the joints primarily exhibited ductile failure. 
Kumar et al. [155] employed FSW to join AA7075 alloy 
and subjected it to peak aging (T6) and retrogression and 
re-aging (RRA) heat treatments. Dynamic polarization 
performance testing revealed that the weld exhibited 
higher hardness and strength under peak aging condi-
tions, albeit with reduced corrosion resistance. The RRA 
treatment significantly improved the corrosion resistance 
of the weld while maintaining its mechanical proper-
ties. This dual enhancement in corrosion resistance and 
mechanical performance highlights the effectiveness of 
the RRA treatment in optimizing the overall performance 
of the AA7075 alloy weld.

In addition, Fereidooni et al. [156] explored the influ-
ence of ultrasonic treatment on materials. TIG welding 
was employed to weld 316 SS and 347 SS, with ultrasonic 
treatment applied near the weld zone. The polarization 
curves after ultrasonic treatment are depicted in Fig. 35. 
It can be observed that after ultrasonic treatment, the BM 
becomes the anode, protecting the weld zone from corro-
sion. This effect is primarily attributed to the ultrasonic 
treatment's ability to refine the grain structure and elimi-
nate residual stresses, resulting in improved corrosion 
resistance of the treated weld.

To mitigate the impact of corrosion on steel structures, 
the selection of materials with excellent corrosion resist-
ance is crucial, such as stainless steel or steel covered 
with anti-corrosive coatings. Regular inspections of steel 
structures are essential to promptly identify and address 
potential corrosion issues, thereby extending the struc-
tural lifespan.

2.6.5 � Development of welding technology in the corrosive 
environment

Different welding methods indeed have varying impacts 
on the corrosion performance of welded joints. The TIG-
shielded welding process tends to facilitate a more adequate 
transformation of ferrite into austenite. This results in a weld 
zone with a phase ratio of austenite to ferrite that is closer to 
the ideal phase balance. Numerous researchers have recently 
explored special welding techniques, such as FSW, LW, 
EBW, and PAW, to enhance welding efficiency and ensure 
high-quality outcomes.

FSW stands out due to its characteristics like low energy 
consumption, minimal pollution, and excellent welding 
quality. It can circumvent issues commonly associated with 
conventional fusion welding, such as coarse weld zones and 
high ferrite content [157]. LW offers a negligible heat input, 
resulting in a narrow weld with a higher ferrite content. This 
technique produces minimal HAZ in the weld, leading to 
increased resistance to uniform corrosion, although it might 
have relatively lower resistance to pitting corrosion [158].

Research and development of corrosion-resistant materi-
als is an effective way to deal with corrosion. Gong et al. 
[159] systematically investigated the corrosion behavior of 
welds containing different alloying elements in a CO2/H2S 
environment. They utilized welding wires with Cr, Ni, Cu, 
and Mo to weld seamless steel pipes and the alloying ele-
ment content of the WM and BM, as shown in Table 3. After 
corrosion, the microstructure was analyzed and Figs. 36 and 
37 illustrate the SEM morphology and 3D topography of 
localized corrosion on weld WM. As shown in Fig. 36, the 
depth and the quantity of corrosion pits in WM4 are sig-
nificantly less than those in the other samples. The average 
sizes of corrosion pits in WM1 were 0.13 mm and 17 μm, 
while the average diameters and depths of pits in WM2 and 

Fig. 35   The polarization curves of different materials after ultrasonic treatment. a 316 SS, b 347 SS [156]
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WM3 were 0.10 mm/8 μm and 0.06 mm/6 μm, respectively. 
In WM4, both the diameter and depth were less than 1 μm, 
suggesting that the addition of Cr element enhances the cor-
rosion resistance of the WM.

Research by Xu et al. [160] confirmed that Cr and Cu 
have synergistic effects on increasing the corrosion of the 
weld due to Cu promoting the enrichment of Cr in pearlite. 
This suggests that the content, distribution, and structure of 
alloying elements affect the corrosion behavior of welded 
structures. Avazkonandeh-Gharavol et al. [161] investigated 
the influence of Cu content on the corrosion resistance of 
Cr–Ni–Cu low alloy steel weld metal. They observed that 
when the Cu content ranged from 0.14 to 0.94 wt.%, the 
microstructure of the weld joint became refined, leading to 
improved overall performance of the weld. Adding Ni and 
Mo to welding materials also serves to prevent corrosion in 
welded joints. Bhole et al. [162] incorporated Ni and Mo 
into the filler metal, and experimental findings indicate that 
the combination of Ni and Mo significantly reduced the con-
tent of grain-boundary ferrite in the WM, thereby enhancing 
both the toughness and corrosion resistance of the weld. Ti 
alloys and Cu-Ni alloys have broad application prospects in 

the field of marine engineering due to their excellent corro-
sion resistance and comprehensive mechanical properties. 
Wu et al. [163] joined Ti80 (Ti-6Al-2Nb-2Zr-1Mo) and B10 
(CuNi90/10) to investigate the galvanic corrosion behavior 
of B10/Ti80 in simulated seawater environments. Figure 38 
shows the polarization curve of the sample in a 3.5% NaCl 
solution for 28 days. The potential difference between Ti80 
and B10 exceeded 300 mV, indicating that severe galvanic 
coupling corrosion of B10 occurred when the two materials 
were in contact. Figure 39 shows the EIS diagram of B10/
Ti80 coupling with different cathode/anode area ratios. As 
depicted in Fig. 39, the combination of B10 and Ti80 does 
not accelerate the corrosion of B10 at the initial stage. This 
is because Ti80 generates an oxide film that protects the 
surface of B10. However, due to the significant potential 
difference between the two materials, Ti80 eventually accel-
erates the corrosion of B10 until reaching a steady state with 
increasing corrosion time. As the cathode/anode area ratio 
increases, the corrosion rate also increases. Therefore, alloy-
ing elements can effectively modulate the electrochemical 
activity and electronic structure of welded joints, thereby 
enhancing their corrosion resistance.

Table 3   Alloy element content 
of BM and WM (wt.%) [159]

WM1 = CHE507SHA, WM2 = CHE507CuP, WM3 = CHE507CrNi, WM4 = CHR507Mo

Composition C Mn Si S P Cr Ni Cu Mo Fe

Base Metal 0.12 1.28 0.29 0.005 0.012 0.04 0.03 0.05 0.03 Balance
WM1 0.11 1.42 0.45 0.006 0.021 0.05 0.04 0.04 0.02 Balance
WM2 0.11 1.08 0.58 0.010 0.017 0.41 0.23 0.23 – Balance
WM3 0.09 0.94 0.50 0.011 0.013 0.96 0.20 – – Balance
WM4 0.14 0.44 0.71 0.010 0.012 9.61 1.80 – 1.33 Balance

Fig. 36   SEM morphology of 
WM surface. a WM1. b WM2. 
c WM3. d WM4 [159]
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Overall, these studies show that the alloy composition, 
surface quality, and microstructure are critical factors in 
ensuring welded joints exhibit excellent corrosion resistance. 
PWHT, surface treatment and chemical protection meas-
ures are also effective ways to solve this problem. Presently, 
strategies, such as coating protection, alloy selection, and 

anodic protection, are commonly used to prevent corrosion 
in welded structures and base materials. These methods are 
critical focus areas in future welding technology research.

2.7 � Research progress of other extreme service 
environments

2.7.1 � Strong‑wind environment

The effects of strong winds are an unavoidable challenge in 
the construction and marine industries. Strong winds cause 
frictional wear on materials and reduce weld strength and 
sealing. Meanwhile, the strong wind can blow away the 
welding arc, disrupt the stability of the arc, and result in 
uneven microstructure and metal distribution in the weld.

Moreover, strong winds can weaken gas shielding, 
exposing the weld area to the atmosphere and increas-
ing the potential for oxidation and contamination. Tem-
perature control in the welding area also becomes difficult 
in strong wind conditions. This leads to high or uneven 
temperatures in the welded joints, which in turn affects 

Fig. 37   3D topography of WM surface. a WM1. b WM2. c WM3. d WM4 [159]

Fig. 38   Potentiodynamic polarization curve of B10 and Ti80 in a 
3.5% NaCl solution for 28 days [163]
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the strength and organization. Su et al. [164] conducted 
TIG welding experiments with different wind speeds. The 
experiments revealed that higher wind speeds correlated 
with a decrease in hardness values in both the weld zone 
and the HAZ. These results are attributed to the varying 
cooling rates and heat inputs in the WM and the HAZ. 
Therefore, the effect of wind speed must be carefully 
considered when using gas-shielded welding. While con-
structing wind shelters is a simple and effective method of 
mitigating the effects of wind in welding zones, it may be 
challenging for high-altitude projects in confined spaces. 
In such cases, alternative methods like LW, which are less 
affected by wind speed, should be explored.

2.7.2 � Wear environment

Wear is a major factor in the failure of base materials and 
welds, and frictional wear is the most common form of wear 
[165]. Wear significantly changes the surface roughness and 
shape of the joint and affects its chemical composition and 
organizational structure. Nasresfahani et al. [166] investi-
gated the influence of wear on the internal structure and 
mechanical properties of friction stir-welded joints. The 
experimental results showed that intense wear increased 
the brittleness of the joints, leading to a 40% decrease in 
mechanical strength.

Li et al. [167] delved into the wear behavior and mech-
anisms of welded joints, focusing on rail joints. Wear 

Fig. 39   EIS plots of B10/Ti80 
coupling with different cathode/
anode area ratios. a, c, e 
Nyquist plots for cathode/ anode 
area ratio of 1, 3, and 5. b, d, f 
Bode plots for cathode/ anode 
area ratio of 1, 3, and 5 [163]
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experiments conducted on welded joints revealed that the 
degree of impact wear escalated with increasing impact 
cycles and loads. As the impact load and cycle intensified, 
the impact wear of rail welded joints underwent processes, 
such as plastic deformation, localized pitting damage, and 
fatigue crack expansion. The combined impact of fatigue 
and oxidative wear causes this phenomenon. Future research 
endeavors can explore the impact of different treatments on 
the material properties to improve the quality and perfor-
mance of welded joints. It is important to consider mate-
rial, process, and design factors to ensure welded joints have 
good wear resistance and long-term stability.

2.7.3 � Electromagnetic environment

In an electromagnetic environment, welding equipment 
is exposed to a magnetic field that can cause arc shaking 
and drifting. These changes in arc behavior can result in 
increased melt droplet spatter, diminished arc stability, and 
increased operational challenges. Additionally, metal materi-
als may experience electromagnetic induction, resulting in 
induced currents that can cause localized heating or elec-
tromagnetic forces around welded joints. These combined 
effects pose significant obstacles in achieving high-quality 
welded structures within such an environment. Mitigating 
the impact of electromagnetic interference on welding pro-
cesses is crucial for ensuring high-quality welds. Strategies 
may involve shielding and grounding techniques, as well as 
the use of specialized equipment designed to minimize the 
effects of electromagnetic fields on welding operations.

2.7.4 � Petrochemical environment

In the petrochemical industry, welding equipment is 
designed to meet the demands of different usage conditions 
[168]. This equipment often operates in high-temperature, 
high-pressure, and corrosive environments, requiring weld-
ing methods that can withstand these challenging conditions 
effectively. Moreover, the welding requirements can differ 
significantly based on the application, whether it involves 
plant manufacturing, on-site installation welding, or main-
tenance procedures. Given the stringent demands, the pet-
rochemical sector has been proactive in embracing welding 
technologies that offer high efficiency and reliability. Among 
the widely adopted welding methods in this industry are:

2.7.4.1  Friction welding  This technique involves joining met-
als through the generation of heat resulting from mechanical 
friction between the components. Due to material melting is 
not involved in the process, friction welding produces minimal 
deformation and residual stresses, which reduces the occur-
rence of voids and solidification cracks. This technique can 
effectively join dissimilar materials that are difficult to weld 

due to differences in melting points or properties. These 
advantages make friction welding an ideal choice for petro-
chemical industries.

2.7.4.2  Gas‑shielding welding  Gas-shielded welding creates 
a stable atmosphere, preventing molten metal from reacting 
with oxygen and nitrogen in the surrounding air, thus ensur-
ing high-quality welds. Gas-shielded welding finds extensive 
applications in chemical engineering environments due to its 
ability to produce high-quality welds and maintain the integ-
rity of materials under harsh conditions. In chemical plants, 
where corrosion resistance and leak-proof connections are 
paramount, gas shielding welding techniques are employed to 
join various components, such as pipes, tanks, and structural 
elements. Additionally, gas shielding welding offers precise 
control over the welding parameters, allowing for the customi-
zation of welds to meet the specific requirements of chemical 
processes.

2.7.4.3  Plasma and Tig composite welding  Utilizing a plasma 
arc alongside TIG welding creates a composite welding pro-
cess that offers high precision and control. This technique is 
beneficial for welding materials requiring fine detailing and 
high-quality finishes.

The evolution of "green" welding technologies has also 
influenced the welding practices of the petrochemical indus-
try. Environmental protection and energy conservation are 
important trends in the petrochemical industry. Future welding 
technology is likely to focus more on reducing energy con-
sumption, reducing waste generation, and using more envi-
ronmentally friendly welding materials and processes. Moreo-
ver, automation technology plays a crucial role in enhancing 
welding efficiency and precision in the petrochemical industry. 
Advancements in automated welding systems, robotics, and 
computerized controls have contributed to improved weld 
quality, productivity, and safety. These automated systems 
enable precise and repeatable welds, reducing human error 
and ensuring consistent results, which is particularly valuable 
in petrochemical operations where reliability and safety are 
paramount.

In summary, high-performance, durable, and environmen-
tally friendly welding technology is required in the petrochem-
ical industry. Automation technology can effectively meet 
the challenges. Welding technology will continue to develop 
toward automation, intelligence, high-performance materials, 
environmental protection, and energy efficiency in the petro-
chemical industry.
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3 � Welding technology development 
under extreme conditions

Conventional welding technology may not be sufficient for 
manufacturing and maintaining equipment under extreme 
conditions due to advancements in extreme manufacturing 
technology. This paper aims to integrate existing welding 
methods with the distinctive features of extreme environ-
ments, highlighting areas for future research:

(1)	 Advancing the theoretical underpinnings is crucial, 
especially in the context of welding in space. Despite 
the growing interest in space welding, there is a lack of 
foundational theoretical exploration in this area. This 
scarcity extends to facets such as understanding the 
physical characteristics of electron beam or laser beam 
flow, delineating the metallurgical principles govern-
ing welding under microgravity conditions, compre-
hending heat and mass transfer dynamics along with 
molten pool flow, analyzing the distribution of temper-
ature field and stress field, and unraveling the mecha-
nisms behind defect formation, among other critical 
areas. Simultaneously, the welded structures experi-
ence a complex interplay within extreme temperature 
environments. Researchers navigate this challenge by 
adjusting welding processes and altering material com-
positions to mitigate the adverse impact on mechanical 
properties from these extreme temperature conditions. 
While these efforts yield specific research outcomes, 
future developments may require addressing a broader 
spectrum of temperatures, imposing more demanding 
requirements on welding theory.

(2)	 Research on welding materials, processes, and equip-
ment remains a top priority. The current approach 
using molten metal particles faces several challenges, 
including spatter, electromagnetic interference, low 
energy conversion efficiency, and poor adaptability to 
the space environment. Hence, it is necessary to con-
duct further research into welding technologies that 
are safer, more stable, and highly efficient to address 
these challenges. In space materials, the selection of 
welding wires, brazing fluxes, and coating powders 
is restricted due to their predominantly lightweight 
metal or composite composition. Therefore, special-
ized development is necessary to create materials 
seamlessly integrated with the unique wire-feeding and 
powder-feeding equipment used in space welding. As 
an illustrative example, brazing materials must contain 
a specific proportion of reaction exothermic elements. 
This composition enables the utilization of self-propa-
gating exothermic reactions, which reduces the energy 
input required for welding. Research is dedicated to 

developing new alloys and composite materials with 
enhanced performance advantages to meet the demands 
of various industries for high-strength, corrosion-
resistant, and high-temperature-resistant materials. In 
terms of welding equipment, intelligent welding robots 
will become the primary carrier of welding automa-
tion, with autonomous perception and decision-making 
capabilities, capable of completing complex welding 
tasks. Integrated welding systems will also be widely 
used to monitor and optimize the welding process. In 
addition, portable and modular equipment will become 
the development trend in the welding field, improving 
the flexibility and adaptability of welding operations.

(3)	 Modeling and simulation of welding tests are also 
important areas of research. The testing of various 
welding processes on land is feasible. However, due 
to constraints and limitations, welding operations can-
not be performed in extreme conditions, such as space 
and underwater. Therefore, welding simulation trials 
and process simulations must be performed on welding 
simulation and simulation systems. These simulations 
can be applied in actual welding scenarios by employ-
ing appropriate process parameters, adjusting design 
parameters, and implementing backup procedures.

(4)	 The assessment of weld seam quality in nuclear power 
and aerospace equipment is primarily based on conven-
tional experimental validation due to a lack of actual 
performance data in radiation environments. Mechani-
cal testing, fracture testing, and non-destructive test-
ing are commonly used in a laboratory setting. It is 
important to note that test results may be uncertain due 
to the inability to test in a natural operating environ-
ment. Additionally, manual welding is unsuitable for 
equipment joining and maintenance environments, 
which require welding equipment to have extremely 
high reliability. As a result, researchers are working 
to develop new technologies and methods to more 
accurately assess the performance of welded joints in 
radiation environments to improve the safety and reli-
ability of nuclear power and aerospace equipment. The 
mechanical welding industry is moving toward automa-
tion, remote techniques, and visual technologies. These 
advancements are poised to replace conventional weld-
ing methods.

(5)	 The technology of welding robots has reached a highly 
mature stage. Equipped with vision and perception sys-
tems, these mobile machines can operate autonomously 
or be remotely controlled to perform tasks using manip-
ulators and other tools. They can work independently or 
collaborate with human operators. Combining virtual 
reality technology and artificial intelligence, we can 
anticipate further enhancements in the capabilities of 
welding robots. The advancement of underwater weld-
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ing robots relies on improved sensing and perception 
systems, more sophisticated control algorithms, and 
the ability to adapt to various welding scenarios. These 
technologies will expand the application of underwater 
welding robots and play a critical role in future welding 
technology.

In conclusion, it is crucial to fill the research gaps in 
welding technology to promote technological development, 
improve safety, adapt to unique environments, and broaden 
application areas. Through in-depth research and theoretical 
exploration, we can better understand the welding process, 
optimize existing technologies, and lay a solid foundation 
for future development.

4 � Summary

In the field of extreme manufacturing, durability and reli-
ability have become pressing requirements for modern 
equipment. As the fundamental technology for joining 
materials, welding is widely used in various fields, includ-
ing aerospace and energy. However, intricate manufacturing 
and service environments have resulted in aging patterns and 
failure mechanisms on welded structures that differ from 
those in conventional environments, presenting significant 
challenges for the development of welding technology. A 
thorough analysis of the current situation is the premise for 
looking forward to the future. Therefore, this paper focuses 
on researching and applying welding technology in extreme 
environments, providing a comprehensive summary and 
analysis of the current research status of welding technology.

After conducting an in-depth investigation into extreme 
welding technology, the typical environmental character-
istics under extreme conditions were precisely identified. 
Key indicators, such as weld quality, microstructure, and 
mechanical properties, were combined to perform a detailed 
analysis of the influence mechanisms of various environ-
mental factors on welding structures. The challenges asso-
ciated with welding technology in such environments were 
also analyzed. Previous research suggests that welding 
technology encounters challenges in extreme environments 
like space, deep sea, polar, corrosive, and radiation environ-
ments. The research is mainly concerned with the effects of 
environmental factors, such as temperature, pressure, corro-
sive substances, and radiation, on the properties of welding 
materials and joints. The improvement and the optimization 
of welding processes, as well as the selection of welding 
equipment and materials, emerge as crucial aspects requir-
ing attention.

Additionally, this paper combines examples of various 
welding technologies to highlight the advancements made 
by researchers in tackling extreme environmental obstacles. 

In deep sea conditions, some studies focus on developing 
welding materials and processes resilient to high pressure 
and high temperatures, aiming to enhance the reliability and 
the corrosion resistance of welded joints. In polar environ-
ments, researchers investigate the performance and behavior 
of welding materials under low-temperature conditions and 
develop welding equipment and processes tailored for polar 
conditions. In space environments, welding technology must 
account for the effects of vacuum and radiation on materi-
als and joints. These studies have significantly contributed 
to developing welding processes, materials, and equipment.

Furthermore, researchers are exploring environmentally 
friendly materials and sustainable welding technologies to 
mitigate the environmental impact of the welding process. 
These research outcomes provide technical support for weld-
ing in extreme environments and propel welding technology 
toward a safer, more reliable, and sustainable direction.

After analyzing the existing research, it is evident that 
significant strides have been made in developing welding 
technology for extreme environments. Despite the progress, 
several challenges still need to be solved. Therefore, it is 
imperative to intensify research efforts and continuously 
innovate and refine welding techniques to meet the demands 
of engineering projects in extreme environments. This paper 
serves as a valuable reference for researchers and engineers 
engaged in related fields, inspiring further advancements in 
welding technology.
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