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This paper presents literature analysis of available sources on the Internet and the experience of 

the authors, describing the characteristic technologies of vacuum welding on earth and in space in the 
presence of weightlessness and in the conditions of earth gravity. The performed experiments showed 
that the most promising welding methods in space and in vacuum аrе electron beam welding and 
vacuum-arc welding with a consumable electrode (on direct current or in pulsed mode, with the 
implementation of constant heat input). 
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Заваряване в космоса и във вакуумни камери. (Георги М. Младенов, Елена Г. Колева, 
Дмитрий Н. Трушников). Настоящата статия представя литературен анализ на наличните 
източници в Интернет и опита на авторите, описващи характерните технологии за вакуумно 
заваряване на земята и във вакуум при наличие на безтегловност и в условията на земната 
гравитация. Извършените експерименти показват, че най-обещаващите заваръчни методи в 
космоса и във вакуум са електроннолъчевото заваряване и вакуумнодъговото заваряване с 
топим електрод (при постоянен ток или в импулсен режим, при реализация на постоянно 
топловложение). 

Ключови думи: електроннолъчево заваряване, вакуумно-електродъгово заваряване, 
лазерно заваряване, плазмено заваряване 

 

Introduction 

The implementation of the welding processes in 
space in the conditions of diluted gas or vacuum is 
connected with construction and maintenance tasks, 
such as assembly, repair of damaged parts, leaking 
lines, etc. Depending on the presence or absence of 
planetary gravity, the following types of welding can 
be considered - welding in zero gravity conditions; 
welding in conditions of planetary attraction in 
technological chambers with inert gas; at intermediate 
vacuum or high vacuum of free space. The operational 
characteristics of appropriate welding techniques 
change in conditions of vacuum and in microgravity 
and have to be investigated in similar to open space 
environment. 

The initiator of the use of welding for the 
construction and repair of spacecraft was academician 
S. P. Korolev [1]-[5]. Already in 1963, predicting the 
future development of astronautics, he seriously 
discussed the construction and repair of orbital stations, 
the problems of human work in outer space and the 
possibility of using welding processes in space. The 
peculiarities of space as the environment for welding 
were also discussed. The Institute of electric welding 

“E. O. Paton” together with the Design Bureau of S. P. 
Korolev in 1964 developed a complex research 
program, taking into account the specifics of welding 
and related technologies in space. A joint creative team 
was created, which was headed from the side of the 
Institute of Electric Welding E. O. Paton by G. P. 
Dubenko and from the side of the Design Bureau – by 
N. G. Sidorov. Leading scientists were invited to join 
the research work (Table 1) and the research began in 
1964. 

Table 1 
Research team 

Design Bureau  
(now United Rocket 

and Space 
Corporation) 

Head: N. G. Sidorov 
M. V. Melnikov, M K. 

Tikhonravov, Ya. I. 
Tregub, and others 

Paton Welding 
Institute 

Head: G. P. Dubenko 
V. K. Lebedev, B. A. 

Movchan, B. E. Paton, 
O. K. Nazarenko, Yu. 
N. Lankin and others 

Institute of 
Electrodynamics  

of the National 
Academy of Sciences 

of Ukraine 

Yu.I. Drabovich and N. 
N. Yurchenko 
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Table 2 
Space research program 

Stage 1 
1. Experimental welding equipment for several of the 

most promising welding methods in space. 
2. Research vacuum stands, which to the maximum 

extent were supposed to imitate the conditions in 
space. 

Stage 2 
1. Investigations of these welding methods in 

terrestrial laboratories using the developed 
experimental small-sized equipment and research 
vacuum stands. 

2. The possibility of using different protective and 
plasma-forming gases in space, the optimal modes 
of welding, cutting and other technological 
processes were determined. 

Stage 3 
1. Welding testing and research took place on a flying 

laboratory TU-104 - in 25-30 seconds in a state of 
weightlessness. 

2. The experiments were realized during 10 flights, 50 
modes of microgravity, on three test stands. 
Main results: welding processes did not have time 
to stabilize, there was a large variation in the 
characteristics of the welds. 

Stage 4 
1. Testing of welding equipment and technologies 

directly in space. 
2. October 16, 1969 (Georgy Shonin and Valery 

Kubasov) on the spacecraft “Soyuz-6”. 
3. Test technologies: electron-beam welding, low-

pressure constricted plasma jet welding and arc 
welding with consumable electrode. 

 
The program included several stages [1]-[5]. At the 

first stage, experimental welding equipment was 
developed for several most promising welding methods 
in space. At the same time, research vacuum stands 
were developed, which to a maximum extent should 
had to simulate the conditions in space. At the second 
stage, studies of these welding methods were 
performed in institutes in terrestrial laboratories using 
the developed experimental small-sized technology 
chambers and research vacuum stands. This made it 
possible in some way to imitate the space vacuum and 
the temperature intervals typical of outer space. At the 
same stage, the possibility of using various shielding 
and plasma-forming gases in space was investigated, 
the optimal modes of welding, cutting and other 
technological processes were determined. At the third 
stage (in 1965), the vacuum stands and the small-sized 
welding equipment developed at the Institute of 
Electric Welding were tested and welding studies were 
carried out on the flying laboratory on TU-104 airplane, 

in which the weightlessness could be reproduced 
within 25-30 seconds by means of an aircraft free fall. 
Finally, the fourth stage was the testing of the welding 
equipment and technologies already in space (Table 2).  

The flying laboratory on TU-104 airplane, allowing 
multiple short-term simulations of the state of 
weightlessness, as well as the experiments in vacuum 
chambers made it possible to imitate work in open 
space more fully. Fig. 1a shows a thermal vacuum 
chamber (with a mirror-beam source of heat and with 
an adsorption-getter pumping unit, which allows to 
obtain an oil-free vacuum), installed in the cabin of the 
flying laboratory, together with other thermo-vacuum 
stands (Fig. 1b). The combined adsorption-getter high-
vacuum unit provided a vacuum of up to 10-5 Pa and 
worked well under weightless conditions. During 
operation, it was cooled with liquid nitrogen and did 
not consume electricity. The liquid nitrogen was also 
used to create low temperature in the working chamber. 
The tested different modes of the technological 
processes performed were recorded by oscilloscopes, 
TV or movie cameras, including speed (up to 5000 
frames/s). The working chamber with a sylphon 
corrector was adapted for installation of various heat 
sources (for electron-beam welding [6], plasma 
welding, arc welding with a consumable electrode, as 
well the light mirror-beam welding) with power up to 
1 kW. The power supply of the stand and all auxiliary 
equipment could be carried out during the flight from 
the on-board power network of the aircraft or from its 
ground simulator.  

In 1965 on the flying laboratory on TU-104 
airplane, the processes of electron-beam welding [6], 
low-pressure constricted plasma jet welding with a 
hollow cathode and arc welding with a consumable 
electrode were investigated on these stands and small-
sized devices in ground laboratories. 

During the electron beam welding (EBW) process, 
an intensive focused electron beam of high velocity 
electrons interacts with the welded work piece. The 
electron beam is generated by an electron gun in a fully 
automatic process and typically, the process is held in 
vacuum. 

Gas Metal Arc Welding (AW) is a gas shielded-arc 
welding process in which the weld is created by an 
electric arc formed between the consumable electrode 
and the work piece. The electrode is in the form of a 
filler wire that is mechanically driven into the weld 
zone. The shielding gas is usually argon or helium 
(both inert gases). The metal is transferred to the work 
piece in globular drops or a spray of fine droplets, 
depending on welding current, electrode material, and 
diameter, shielding gas and gravity. 
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Plasma Arc Welding (PAW) is also one of the arc 
welding processes. In this process, the plasma is 
produced inside the torch instead of between the 
electrode and the work piece. This produces 
concentrated heat source and controllable welds in inert 
gases environment, but the plasma torch has a bad 
performance in vacuum. 

 
a) 

 
b) 

Fig.1. Thermo-vacuum stands to simulate the conditions in 
space, located on the board of TU-104 airplane [4]. 

The power of the used electron beam was 600 W, 
and that of the arc devices - 1 kW. Using an electron 
beam, various details from stainless steel, titanium and 
aluminum alloys with a thickness of 0.8 ~ 2.0 mm were 
welded in vacuum. The cutting of the same materials 
with a thickness of 0.8 ~ 1.0 mm was also made. The 
welding with constricted plasma jet with a hollow 
cathode was tested in vacuum for titanium alloys and 
stainless steels with a thickness of 1.0 ~ 3.0 mm. An arc 
with a consumable electrode in a controlled argon 
atmosphere was used to weld stainless steel samples 
with a thickness of 1 mm. All experiments were 
performed at room temperature. 

In the same year, the first 10 flights were conducted 
on the TU-104 aircraft flying laboratory [2]. Therefore, 
three test stands were placed in the airplane laboratory's 
cabin. Each of the stands was designed to study one of 
the welding methods listed above. During the flights, 
50 modes of microgravity were carried out, during 
which the welding modes previously conducted on the 
ground by each of the methods were reproduced. Then 
a comparative analysis of the results was carried out. 
The data obtained under conditions of short-term 
weightlessness, provided in a flying laboratory, showed 
that there was a large variation in the welds 
characteristics, because the different welding processes 
did not stabilize due to the short time. Only welding 
experiments under conditions of prolonged 
weightlessness could sufficiently fully characterize the 
peculiarities of open space as an environment for 
welding. 

These conducted studies allowed the development 
of the first experimental automatic installation 
“Vulkan” for welding in space (see Fig. 2 and Fig. 3). 

In 1966, research work was carried out with the 
same installations in a large-scale ground-based 
pressure chamber, which with a certain approximation 
allowed to reproduce the conditions of space vacuum. 
In 1967-1969 small-sized welding devices were tested 
on the flying laboratory, using vacuum stands as part of 
the “Vulkan” experimental space welding installation. 

The developed in the USSR research program was 
actively continued, developed and improved until 
1991. During this period, a huge number of 
experiments were carried out, many samples of space 
welding equipment (Vulkan-2, Evaporator, Evaporator 
M, “Yantar”, Universal Hand Tool, Universal Welding 
System etc.) and various technological processes were 
tested. Research results confirmed the possibility of 
welding and coating under conditions of dynamic 
weightlessness. During these studies of vacuum 
welding, high-quality butt, flanged and lap welded 
joints were obtained. The specifics of those years 
included the competition between the USSR and the 
USA, which not only led to the rapid development of 
astronautics, but also forced that all new research 
connected with the exploration of outer space to be 
immediately classified. Therefore, for a long time only 
a little was known about the practical implementation 
of the research projects on welding in space in these 
years. 

The United States began welding in space in 1973 
on board Skylab 3 by the electron beam unit M512. In 
Japan studies of the influence of microgravity on the 
welding processes are held in the Microgravity Center 
(JAMIC). The welding apparatus was loaded into the 
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drop capsule, and then the capsule was dropped to 710 
m below the ground level. The drop-shaft type 
microgravity facility there maintains 10 sec. 
microgravity less than 10-5 G and simulates conditions 
similar to the space environment.  Investigations on gas 
tungsten arc (GTA) welding [7] and electron beam 
welding [8], [9] processes in microgravity conditions 
were carried out. In the USA NASA George C. 
Marshall Space Flight Center (MSFC) in Huntsville, 
Alabama and E. O. Paton Welding Institute (PW1) in 
Kiev, Ukraine planned joint research called the 
International Space Welding Experiment (ISWE) in 
1989, aiming to demonstrate the feasibility of space 
welding as an operational maintenance process [10]. 
Although many efforts were put in this project, it 
finished successfully in 1996. 

Welding in space 

Stage 4 of the USSR space research program 

The Sixth Soviet Expedition in Space on October 
16, 1969 (Georgi Shonin and Valeri Kubasov) tested 
the space electron beam equipment “Vulcan”, 
developed at the Paton Welding Institute (PWI) of the 
Ukrainian Academy of Sciences, together with the 
possibility of welding with low-pressure constricted 
plasma jet and arc welding with a consumable electrode 
on a spacecraft “Soyuz-6” (Stage 4, Table 2). The 
electron beam equipment "Vulkan" consisted from a 
power unit with remote control and an electron gun 
(Fig. 2 and Fig. 3). This equipment was calculated for 
a power supply from autonomous batteries, simulating 
the onboard network of spacecraft. The tests showed 
the possibility of using electron beam welding 
processes for assembling or repairing spacecraft and 
devices [1], but also the danger of using high voltage in 
the case of manual electron beam welding [8]. 

 
Fig.2. Power supply for “Vulcan” equipment with remote 

control [11]. 

 

 
Fig.3. Electron gun of “Vulcan” equipment [4]. 

When investigating various welding methods, 
problems were associated with the necessary power 
sources, transformer cooling, protective gas behavior 
etc. Some of the experimental results, obtained at 
Soyuz-6 station are summarized and presented in Table 
3 [12]. The electron beam welding in space is manual 
and for that reason a defocused electron beam is used. 
The composition, structure and quality of the obtained 
seams had extremely strong dependence on the 
temperature distribution in the welding pool and the 
distribution of the liquid metal in the welding seam. 
Weightlessness had little effect on the structure of the 
welded metal. Scattered metal droplets were a problem. 
The vacuum arc welding with a consumable electrode 
was investigated only in residual argon atmosphere 
with a pressure of up to 10-4 Torr. The arc welding 
processes were more unsuitable, if they are compared 
to electron beam welding (the welding with a 
constricted arc in vacuum was successful after a series 
of experiments and improvements). 

Analysis of the results of the described experiments 
and the available literature sources showed that the 
most promising welding methods in space and in 
vacuum were electron beam welding and vacuum-arc 
welding with a consumable electrode (on direct current 
or in pulsed mode, with the implementation of constant 
heat input). 

 

 
Fig.4. One of the variants of the manual tool for arc 
welding with a consumable electrode in space [4]
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Table 3 
Experimental results 

Process Experimental results 

Electron beam welding 
(EBW) 

• The structure of the weld and heat-affected zone remained almost the same 
when welding is on the ground and when it is in the flying laboratory. 

• The weld metal is dense, without gas and slag inclusions; gas removal from 
the molten metal during the crystallization process is satisfactory. 

• the required penetration of the metal being joined is achieved. 

Electron beam cutting 
(EBC) 

• High gas pumping rate and lover pressure had a positive effect. 
• The observed simultaneous emission of gases did not affect the reliability 

of the electron beam equipment. 

Plasma Arc Welding 
(PAW) 

• Low-pressure constricted plasma jet welding and the use of plasma torches 
did not give the expected results. 

• The rate of diffusion of plasma-forming gas into the atmosphere of the ship 
exceeded the expected one and its concentration in the arc gap was 
insufficient for contraction of the constricted arc. 

• Arc ignition, arc stability, and focus of anode spot were affected by the 
amount of vacuum. 

• On thin samples, weld formation was similar to those done on earth, but in 
space surface tension forces dominated the formation. 

• Sound welded joints were obtained. 
• Some porosity was found along the fusion line in the titanium alloy. 
• Arc constriction was difficult when the chamber was vented into space. 

Vacuum Arc Welding with 
a consumable electrode 

(AW) 

• In conditions of prolonged weightlessness, despite the high pumping speed, 
the formation of a long-lasting stable arc discharge in the vapors of the 
electrode material is possible due to self-magnetic field. 

• Significant deviations from the specified chemical composition of the 
welded metal and remelted electrode metal were not detected 

• At low current, molten drops grew large and remained attached to the 
electrode for a long period. 

• Increasing the current increased the electromagnetic effects. 
• Stable metal transfer was achieved when using the short circuit technique. 
• Weld beads bulged slightly in the center due to surface tension, resulting in 

the decreased weld penetration. 

 

Further development and improvements of space 
welding equipment 

In the next 50 years, many improvements in the 
welding process and operator protection during space 
welding were achieved. The following tools were 
developed, manufactured and tested: a set of hand tools 
for welding in space, which included tools for electron 
beam welding (Fig. 3), arc welding with consumable 
electrode (Fig. 4) and plasma welding (Fig. 5) in space; 
as well as the new model of the automatic welding 
installation “Vulkan-2” (Fig. 6), which included only 
two welding methods - electron beam and vacuum-arc 
with consumable electrode. For working in the 
atmosphere-filled compartments of the spacecraft, a 
special contactless light welder was developed too. 

The experiments mentioned above, and carried out 
by space pilots G. A. Shonin and V. N. Kubasov on the 
“Soyuz-6” spacecraft on October 16, 1969, confirmed 

the earlier assumptions and the results of the research, 
obtained in the flying laboratory. Academician B. E. 
Paton and cosmonaut V. N. Kubasov noted: “the 
process of melting and cutting with an electron beam in 
space is stable, the necessary conditions for the normal 
formation of a welded joint and a cut are provided”. 

 
Fig.5. One of the variants of the manual tool for plasma 

welding in space [4]. 
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Fig.6. Automatic welding installation “Vulkan-2” [4]. 

The conducted experiments were the first step in the 
development of the welding technology into space. 

In 1984, the Soviet Union cosmonauts Svetlana 
Savitskaya and Vladimir Dzhanibekov used a handheld 
electron beam gun for welding, cutting, soldering and 
evaporation (used also as a commercial product) in 
open space, called universal handheld tool (UHT or 
URI in Russian) - see Fig. 7 and Fig. 8. The welding 
machine had an independent power supply and was a 
modification of the “Vulkan-2” apparatus, developed at 
the Institute Electric welding “E. O. Paton” in Kiev. 
Vacuum conditions ensured the purity of the process, 
without the presence of gases dissolving in the weld 
[2]. Fig. 9 shows a Soviet Union cosmonaut Svetlana 
Savitskaya performing welding in open space [3]. 

 
 

Fig.7. Universal hand tool (UHT): 1 - container; 2 - 
secondary power supply; 3 - control panel; 4 - work tool; 5 

- handle with a trigger; 6 - cable; 7 - a tablet with six 
samples [3]. 

 
Fig.8. Work tool of UHT: 1 - electron beam gun for 

welding, cutting, soldering; 2 - electron beam gun (with 
crucible) for coating; 3 - high voltage converter; 4 - power 

cable; 5 - a screen that protects the hand from the heat 
radiation of the metal being processed; 6 -  the trigger [3]. 

 
Fig.9. Welding in open space [3]. 

In 1986, the space welding was carried out by 
astronauts L. Kizim and V. Solovyov at the Salyut-7 
and Mir space stations. They faced the task of welding 
elements of large-sized truss structures. In these 
experiments, the welding methods, the technology of 
assembling and repairing structures in open space were 
finally worked out. 

 
Fig.10. Manual laser welding and soldering tool [11]. 

In 1989 NASA developed a manual laser tool with 
variable power, designed for welding and soldering 
(Fig. 10) [11]. The tool was also used as a commercial 
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product. The laser beam does not require vacuum or 
shielding gas, it allows precise control of the 
temperature of the welding bath and the seam is 
distinguished by its purity and high qualities (like 
welding with an electron beam, but in absence of the 
need of high accelerating voltage). The main 
disadvantage of this method is the high energy 
consumption of laser equipment due to the low 
efficiency of converting electrical energy into light. 

Applications of vacuum (space) arc discharge for 
welding 

There are (thermal emission) vacuum-arc 
discharges with a cold cathode and a hot (heated) 
cathode [13]. In the first case, the emission of electrons 
to maintain the discharge is provided by the plasma of 
cathode spots, through which the entire arc current 
passes, while in the second case, the thermal emission 
occurs from the cathode heated to the required 
temperature. In this paragraph, a metal cathode 
vacuum-arc discharge is considered. 

The vacuum-arc discharge is used in industrial 
technologies for surface modification in order to obtain 
unique characteristics of the deposited coatings [14]. A 
discharge in cathode material vapors (metal, alloy, 
silicon, graphite, etc.) creates plasma flows with an 
initial ion energy of tens to hundreds (for refractory 
metals) electron-volts. Plasma streams also contain 
droplets of molten cathode material or its solid 
fragments. From the cathode spots, in which the current 
density is about 106 A/cm2 and the temperature is up to 
5000 °С, plasma flows from particles of the cathode 
material are emitted with a degree of ionization 
reaching 100%. It allows using magnetic fields to 
control the direction and density of these flows. The 
number of ions, the multiplicity of their charge and 
energy tend to increase with the increase of the melting 
temperature of the cathode material. When deposited in 
high vacuum on the substrate, a layer of the cathode 
material is formed, the thickness of which is 
proportional to the time and density of the plasma flow. 

The main advantage of vacuum-arc welding is an 
increase in the plasticity of welded joints in comparison 
with those obtained by other welding methods and with 
the base metal. This is explained by the additional 
purification during welding and the reduction of gases 
and non-metallic inclusions in it when the metal is 
melted in vacuum. 

Arc welding with consumable (metal) electrode 

During the arc welding, the heat necessary for 
melting the metal is generated by an electric arc. This 
arc is formed between the workpiece and the electrode 

(in the form of a rod or welding wire - Fig. 11), which 
is manually or mechanically directed to the weld pool. 
In addition to current transfer, the electrode can be used 
to add a filler metal into the welding pool. 
Investigations of the vacuum-arc discharge 
augmentation for welding started in [15-18]. 

 
Fig.11. DC welding with a consumable electrode. 

Vacuum and heating provide thermal electron 
(thermionic) emission or, in case of a sufficiently 
strong electric field, provide a field emission from the 
metal electrode. Thus, a cathode spot on surface of 
metal electrode is created [13], [19] and the arc is 
ignited. After the initiation of the arc, the negatively 
charged particles, generated there, acquire directional 
energy from the electric field, heating the anode metal 
surface through the high-energy collisions of these 
particles. At a sufficiently high current, anode spots 
may also occur, and during welding a liquid pool is 
created in the anode metal. 

The use of the new technique for welded structures 
from titanium, molybdenum, vanadium and other 
chemically active and refractory metals expanded the 
range of the welding applications. Electrode metal 
droplets under the action of the magnetic field of the 
arc discharge can be directed and fly into the welding 
bath at a high speed, and their transfer is relatively 
weakly dependent on the presence or absence of gravity 
(the welding with a consumable electrode in different 
spatial positions is possible). Vacuum protects the 
liquid metal. The welding chamber pressure equal to  
P = 10–4 Torr ensures the oxygen and other impurities 
content significantly lower than in higher purity argon 
protection environment. When welding thin-sheet 
metals with a consumable electrode by a pulsed arc 
discharge [20], the energy input rate can be adjusted by 
changing the power source operation parameters. The 
optimization of its operation can be done according to 
the criterion of maintaining the effective power of the 
heat source (by adjusting the arc pulse width, as well as 
the arc current, when using a direct-current power). The 
possibility of operational correction of the welding arc 
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current according that will be considered here. The 
original DC voltage (or the set AC voltage, which is 
rectified by the primary low-frequency rectifier, made 
on the basis of a diode bridge) is fed to an inverter 
(controlled by the signals from the clock generator of 
the control unit), in which it is converted to a high-
frequency signal with a frequency of more than 20 kHz. 
Then the signal is fed to a high-frequency step-down 
transformer achieving the current of a given level. The 
alternating current from the transformer output is 
rectified in a high-frequency rectifier and through a 
throttle, which limits the rate of the current change, 
enters the processing area. A feedback unit is provided, 
which serves to control the inverter, namely, to reduce 
the current up to the level of shutting down in the case 
of electrode sticking of the, as well as increasing the 
voltage to facilitate ignition of the arc at the initial 
moments. The latter is defined by the fact that when 
welding with a metal consumable electrode the arc 
burns steadily at a voltage of 18–28 V, and a higher 
voltage is required for the initial formation of the arc. 
At the initial moment, the air gap is still not sufficiently 
heated and it is necessary to transmit a high velocity to 
the electrons for the ionization of the atoms of the gas 
gap. 

The voltage of the steadily burning arc is [20]: 

(1)  = + , 

where а – independent of arc length lA coefficient, 
expressing the sum of the voltage drops across the 
anode and cathode of the arc; b – average drop per unit 
arc length. For steel electrodes a = 10 V, b = 2 V/mm. 
When welding metal with thickness of 0.5 mm to 10 
mm, the value of the working current can be 
approximately determined by the formula:  

(2)   = , 

where K = 25÷30 А/mm – coefficient, depending on the 
diameter of the electrode and the type of coating; de – 
electrode diameter, mm. The relationship of the total 
voltage drop UA on the arc with the voltage drop on its 
individual elements in the region of small currents is 
given by the formula of G. Ayrton [21]: 

(3)  = + ∙ + + ∙ / , 

where a – total anode-cathode voltage drop, V;  
b – potential gradient in the arc column, V/m; lA – arc 
length, m; c and d – the power expended on electron 
emission from the cathode spot, W/A, and on the 
movement of the electrons in the inter electrode gap per 
unit distance, W/(A·m); IW – arc current, А. 

Approximate modes of welding of structural steels 
and small thicknesses are given in Table 4 [22]. 

Table 4 
Arc welding modes for thin sheets of steel 

Welding joint IW, А de, mm 

 butt

25-35 2 

flanged 

30-50 2 

lap

30-50 2.5 

 
From Table 4 it can be seen, that the current IW is 

limited (minimum) by the ability to melt the steel wire 
of the consumable electrode, and its maximum value is 
limited by the burn-through of the welded metal. The 
change in the distance between the consumable 
electrode and the treated surface is accompanied by a 
change in the voltage drop of the arc. Thus, it is 
possible to perform compensation control of the 
dynamic properties of the power source of the welding 
machine, namely, the current sensor signal can be used 
as a control signal for the pulse-width modulation of 
the inverter unit. It will allow adjusting of the working 
voltage of the welding arc, thereby ensuring constant 
power of the heat source. This will permit “smoothing” 
the voluntary movements of the welder’s hands, which 
dramatically change the welding current. Thus, this 
will avoid the worsening of the weld quality in manual 
electric arc welding (in vacuum environment too). 

When welding in zero gravity in residual argon 
medium with a current of 50 – 60 A and free formation 
of electrode metal drops, the metal drops can reach very 
large sizes, which are unusual for such welding modes 
on Earth. For example, when welding high-alloyed 
steel under zero gravity, drop transfer occurs in 3-5 s, 
which is 15-30 times less than in normal conditions at 
the same welding mode. Drops go into the metal bath 
when it is accidentally touched, therefore increasing the 
arc length can result in even larger droplets. The shape 
of the drops, as a rule, is spherical, which indicates the 
absence of the action on the drop of other significant 
forces (gravity), besides the force of the surface 
tension. With such droplet transfer, it is not possible to 
obtain high-quality seams. To improve the formation of 
seams, it is necessary to apply special technological 
methods that provide small-drop metal transfer. This is, 
first of all, the welding at a short arc length with a short 
circuit arc gap and impulse arc welding. The impulse 
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arc welding ensures a high frequency of transfer of 
droplets of the electrode metal, which is not different 
from that observed on Earth, and the quality of welds 
is quite satisfactory. When welding with short circuits 
of the arc gap in zero gravity and vacuum, it is also 
possible to obtain good seams. However, it is necessary 
to apply special measures for intentional focusing of 
the arc. 

Consumable electrodes for conducting manual arc 
welding are made of various metals - this can be steel, 
cast iron, copper and its alloys, alloys based on 
titanium, and also aluminum. Usually, such electrodes 
have a special coating that is formed when the electrode 
rod is put into a container with the liquid coating 
material or by pressing the electrode rod. As a rule, the 
coating consists of several elements. A special coating 
is applied only for electrodes for welding with 
alternating current. Electrodes for DC welding are 
specially marked in red on the end. 

Special hard coating electrodes can perform a 
number of functions: 
• They provide a stable burning of the welding arc, 

since such coatings contain materials with a low 
level of formation of ions - such materials include 
calcium, sodium or potassium. 

• The electrode coating contains elements that are 
more reactive toward oxygen than the metal of the 
welded parts are made from. This allows to achieve 
an effect of metal deoxidation, which is necessary 
during the welding of steels. Ferromanganese and 
ferroaluminium is such electrode coating elements 
for welding of steels. 

• The electrode coating provides alloying of the 
welded materials, since it contains special alloying 
substances — for example, ferrometals, which are 
transferred to the molten metal pool during welding. 
Vacuum-arc welding (in the conditions of the 

terrestrial laboratory) has some disadvantages: 
• A stable composition of residual gases in the 

welding zone is required; 
• More frequent and longer stop/start interruptions for 

electrode replacement, if a welding wire is not used; 
• Probably more expensive deposition of the same 

amount of metal in the seams; 
• It is necessary to take care of the exact position of 

the electrode edge (hard coatings probably worsen 
this). 
Advantages of vacuum-arc welding: 

• The welding seam has a better tensile strength than 
the seams obtained in the atmosphere [17]; 

• No contaminating particles and fewer defects in the 
seam; 

• Stable welding process. 

Ignition of the vacuum-arc discharge 

In the case of the use of a pulsed arc discharge in 
order to improve the control of the heat input into the 
liquid metal pool, a system of discharge initiation is 
necessary, which should perform millions of ignitions. 

Two main types of vacuum-arc discharge initiation 
systems are implemented and have been investigated to 
some extent - “contact” and “contactless” systems. 

In the “contact” systems, the initial plasma 
formation is caused by a discharge between the igniting 
electrode and the main cathode, separated by a ceramic 
or other material. 

The contact ignition, the main operational 
parameters of which are the spark surface breakdown 
and the electrical explosion of the conductive jumper, 
is characterized by the ease of implementation and 
sufficient reliability under certain operating conditions 
of the plasma source. A wider range of applications 
have launching systems using a start-up injector, which 
has increased their versatility due to the possibility for 
effortless replacing the waste injector. 

In the "contactless" systems of initiation of the 
vacuum-arc discharge is realized without a direct 
contact of the ignition elements with the cathode, and 
the starting plasma is generated by an autonomous 
plasma injector. The task of this type of initiators with 
a large number of arc discharge initiations and low 
ignition voltage was successfully solved in “two-stage” 
launch systems, in which the start-up discharge on the 
dielectric surface initiates an auxiliary, much more 
powerful discharge. It fills the main interelectrode gap 
with its plasma, which leads to the ignition of the 
vacuum-arc discharge. The search for opportunities to 
increase the durability of the starters (up to 107 or more 
actuations) led to the development of new composite 
materials that are characterized by increased resistance 
to electrical discharges and low surface breakdown 
voltage (up to 100 ~ 200 V/mm). 

The interest in launching technological plasma 
sources by transferring various types of glow discharge 
to vacuum arc discharge was caused by the fact that in 
this case the starting plasma can be created by a system 
of electrodes of sufficiently large dimensions. At the 
same time, making them massive and, in principle, 
water-cooled dramatically increases the stability of the 
electrode system against the damaging effects of the arc 
discharge, which is necessary especially in pulsed 
modes of operation. 

Welding with arc plasma torch 

There are two types of plasma torches, such that 
create a plasma jet and that create a plasma arc. In the 
first type, the plasma is generated in the plasmatron 
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channel (between the cathode and the anode) and 
comes out in the form of a jet, heating the surface of the 
treated body. In the second type of plasma torches, the 
arc discharge burns between the cathode in the plasma 
torch and the anode – which is the processed sample. 
The cathode can be consumable (metal or carbon), as 
well as non-consumable. 

Plasma-forming and plasma-transfer gases can be 
implemented. 

A disadvantage of the use of arc plasma torches for 
space welding and cutting of metal parts is that it 
requires gas, the amount of which increases with the 
growth of the gap between the plasma torch and the 
junction between the parts. The diffusion rate of the 
plasma-forming gas under vacuum conditions 
exceeded the expected one and its concentration in the 
arc gap was not sufficient for the contraction of 
constricted arc. 

Conclusion 

Analysis of the results of the described experiments 
and the available literature sources showed that the 
most promising welding methods in space and in 
vacuum were electron beam welding and vacuum-arc 
welding with a consumable electrode (on direct current 
or in pulsed mode, with the implementation of constant 
heat input).  

The effect of microgravity on the properties of the 
obtained welds through gas tungsten arc welding (Fig. 
12) and electron beam welding [7-9] showed that the 
geometry of the welds, the grain sizes and the 
temperature gradients are affected in both cases.  

 
Fig.12. Transverse sections of butt welds in horizontal gas 

tungsten arc welding with argon shielding gas: a) 1G,       
b) 10-5 G. The arrows indicate the pores [7]. 

The efficiency (defined by the ratio of the 
transmitted into the processed material energy toward 
the energy from the power source) for the arc welding 
processes varies from 20% to 85% [23] – [25]. It is 
lowest in tungsten arc welding and higher in gas metal 
arc welding. For the electron beam welding, the 

efficiency of energy transfer depends on the base 
material and the geometry of the point of impingement 
of the electron beam on the surface of the material. The 
efficiency reaches 90% to 95% during welding for 
EBW of steel (after the initial formation of the keyhole, 
typical for this process). The heat source densities vary 
as follows – 104 W/m2 for vacuum arc welding,  
105 W/m2 for plasma arc welding and 105 W/m2 for 
electron beam welding. The power supply required for 
arc welding is 5-20 kW and for EBW – 1 to 10 kW. The 
arc welding processes in space need a high level of 
manual skills (they are strongly affected by the arc 
length, etc.). 
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