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Abstract 
 
Prospects of one of unconventional research areas aimed at improving additive technologies have been described. The key aspect of the 
proposed technology is the formation of multilayered homogeneous materials in vacuum using electric arc as a heating source, as well as 
using a solid metal wire as a filler metal. It is shown that this approach, compared to the available solutions applied in the global 
industrial production practices, will serve to increase productivity related to forming layerwise materials, as well as to resolve a number 
of disadvantages of the available equipment used for additive technologies implementation. 
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1. Introduction 

Additive manufacturing (AM) is one of the top requested 
innovation technologies in aerospace industry now. Today 
additive technologies (AТ) or technologies of layerwise synthesis 
are among the most dynamic research areas of "digital" 
manufacturing. They assist in a faster problem solving for 
preproduction, and, in some cases, they are often used to 
manufacture real products and represent key enabling technologies 
of this century [1, 2, 3, 4]. The majority of the available additive 
technologies aimed at manufacturing metal products are based on 
using powder systems as a source material for product formation 
[4, 5, 6, 7, 8]. Wheras the range of construction materials which 
can be used to produce ready-made high quality products becomes 
truly small. In particular, the formation of products out of the 
majority of aluminum alloys, as well as alloys of active metals, 
such as titanium and magnesium alloys, lead to an increased 
material’s porosity of a product with a considerate decrease of its 
mechanical characteristics [9, 10, 11, 12]. The productivity of 
manufacturing workpieces made of powder materials within the 
available additive technologies is extemely low, which makes 
these technologies inapplicable for production of large scale 
workpieces.  
The researches in the field of additive technologies, including 
wire-based materials, are active in the following companies: 3D 
Systems Corporation (U.S.), 3T RPD (U.K.), Arcam AB 
(Sweden), Biomedical Modelling, Inc. (U.S.), Envisiontec GmbH 
(Germany), EOS GmbH Electro Optical Systems (Germany), 
Fcubic AB (Sweden), GPI Prototype and Manufacturing Services, 
Inc. (U.S.), Greatbatch, Inc. (U.S.), Layerwise NV (Belgium), 
Limacorporate SPA (Italy), Materialise NV (Belgium), Medical 
Modeling, Inc. (U.S.) Norsk Titanium (U.S.), Sciaky (US). 

According to ASTM F2792 [3] standard, AM processes have two 
categories: Directed Energy Deposition (DED) and Powder Bed 
Fusion (PBF). During AM such source materials as powder or 
wire, and such sources of energy as Laser (L), Electron Beam 
(EB), Plasma Arc (PA) or Gas Metal Arc (GMA) are used.  Fig. 1 
shows the schemes of AT using different source materials and heat 
sources [3]. 

 
Fig. 1: Schematic representation of AT (a) DED-L, (b) DED-EB, (c) 
DED-GMA, (d) PBF-L [3] 

2. Direct Deposition of Wire Materials During 
Layerwise Synthesis of Large Scale 
Workpieces 

The wire-based formation of metal products is the key trajectory 
related to the development of additive technologies. This solution 
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makes it possible to get rid of problems connected to a low 
productivity of the available methods, a high price of the 
equipment used, a limited range of materials used, which are 
typical for the traditional source material during additive 
formation, i.e. powder systems melted with a powerful heat source 
[13-15].  The prospects of developing the wire-based formation 
technologies are great, and they have not yet been revealed in the 
world. 
It is known that there are some facilities which manufacture 
workpieces in vacuum using electron beam, which is quite a 
productive solution, when it comes to a large variety of advanced 
materials, in particular, reactive metals and their alloys. However, 
electron-beam systems have some disadvantages. First of all, it is 
the need to use high-voltage sources for an electron beam gun, 
staged pumping-out systems, in order to obtain high vacuum; in 
some cases during electron-beam processes, it is necessary to 
provide special protection for personnel against continuous X-ray 
radiation, which occurs when electron beam interacts with the 
processed material, which makes the service of facilities much 
more difficult. Nonsymmetric wire feeding into the interaction 
zone makes it difficult to provide the additive formation of 
workpieces with a complex shape. Apart from that, high price is 
one of disadvantages, both for the plant and its servicing.  
In many cases, it is reasonable to create more simple and available 
plants for all sectors of industry, and, which is most important, 
more affordable and universal plants for additive manufacturing in 
vacuum, which will result in making the most of the available 
equipment’s elements and technologies. Electric arch is one of the 
most common sources of heat during welding and deposition.  
At the moment there is a great variety of welding methods used in 
Wire Arc Additive Manufacturing (WAAM) [16, 17]. The general 
classification of WAAM depending on the methods of the 
layerwise synthesis of products using arc deposition is shown in 
Fig. 2 [18, 19, 20, 21]. 

 
Fig. 2: Methods of arc deposition used for WAAM [18-21] 

Application of arch and plasma sources for the wire-based 
deposition in hybrid technologies of layerwise synthesis has been 
intensely developing in the world. In 2016 Norsk Titanium, the 
Norwegian startup company, attracted an additional investment of 
$ 25 million for the certification of the material obtained by the 
plasma layer-by-layer fusion of titanium wire to be used to 
manufacture parts of Boeing and Airbus aircrafts (Fig. 3). 

 
Fig. 3: The Rapid Plasma Deposition process involves metal wire 
feedstock and argon gas. Image by Norsk Titanium. 

Also, WAAM company should be noted, based at Cranfield 
University, which develops technologies aimed at “growing” 
large-size products using plasma technologies or the surfacing 
technology using a melted electrode with an impulse wire feed and 
cold metal transfer (CMT) developed by Fronius. In mid-2016 
LASSIM project was launched in Europe with a budget of about 5 
million euros for three years, which combined 16 companies. The 

project's goal is to create a stand for the implementation of several 
processes of hybrid manufacturing of large raw parts at one place: 
additive manufacturing, multi-axis machining, layerwise strain 
hardening, measurement, non-destructive control. 

 

3. Prospects of Using Vacuum Arc Discharge 
in Additive Manufacturing of Metal 
Products 

The analysis of the existing situation shows that it is promising to 
combine the capabilities of the Sciaky (Fig. 4, 5) and Norsk 
Titanium (Fig. 6) providing a combination of the effective vacuum 
protection and the properties of the electric arc as a source of heat 
to create, on their basis, the arc additive technologies in vacuum [9, 
13, 14]. The degree of a vacuum chamber discharge can be much 
less, than in the case of using electron beam as a source of heat 
(about 10-2 ... 10-1 Pa), and the quality of protection will be higher, 
than in the case of using protective gases or chambers with 
controlled atmosphere in traditional arc technologies (at a pressure 
of 1.3 Pa, the impurity content is 2 ... 2.5 times less than in argon 
of the highest grade). 

 
Fig. 4: Sciaky’s EBAM process. Image by Sciaky [13,14] 

 
Fig. 5: A Sciaky EBAM 110 System [13,14] 
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Fig. 6: A Norsk Titanium Rapid Plasma Deposition System [9] 

Vacuum promotes intensive degassing and refining of a molten 
metal, which provides an increase in physical and mechanical 
properties of ready-made samples. From an economical point of 
view, vacuum, as a protective environment, has a number of 
advantages, in comparison with inert gases and, above all, the 
possibility of obtaining it directly at the workplace, thus only 
incurring power costs. The calculations show that the use of a 
vacuum chamber of more than 1 m3 is almost two times cheaper, 
than the chambers with the controlled atmosphere. When using 
vacuum protection, costs associated with the transportation of 
high-pressure tanks or cryogenic tanks are eliminated. Thus, the 
technology and equipment developed will make it possible to 
“grow” metal parts from steels, aluminum alloys, as well as, 
thanks to vacuum protection, from alloys of reactive metals, such 
as titanium, magnesium and other reactive, refractory and rare 
metals. 
The development of this technology is complicated by a number 
of factors, both practical and theoretical ones, such as the lack of 
mathematical models connecting the technological parameters 
with the geometric characteristics of weld beads, due to a complex 
nature and non-linearity of the processes; a low stability of arc 
discharge in vacuum; difficulties in controlling the formation at 
non-stationary raw part’s temperature during layerwise synthesis; 
metallurgical features in layerwise synthesis, especially when 
fusing non-similar materials during the formation of raw parts 
with functional gradient properties; and a relatively small heat 
release on a product with a large volume of electrode metal with a 
low heat content can lead to undercuttings and incomplete fusions 
(when using a consumable electrode).  
Thus, a series of  new problems arise, and they require new 
solutions. In order to increase the stability of discharge, it is 
reasonable to investigate the option of using the impulse wire feed 
with the feedback based on the potential in the wire. It will help to 
identify the moments of wire closing and opening and arc 
extinguishing. When a wire touches the product, it draws back 
until it interupts the contact, when a wire interrupts or during the 
arc extinguishing, the wire feed starts towards the main metal. The 
advantages of this process are in its self-regulation, the minimal 
thermal impact, the minimal splashing and an exceptionally stable 
arc. Previously this process has not been studied under vacuum 
deposition. An additional or alternative solution aimed at 
increasing the arc stability and providing a qualitative formation 
can be the use of a plasma source with a plasma-forming gas or a 
hollow cathode system. 
In order to develop the scientific and technological principles 
aimed at manufacturing raw parts from special structural materials 
by the local fusion of wires with an electric arc in vacuum that 
ensure the physical and mechanical properties of a material at the 
level of materials of existing engineering products, it is necessary 
to combine the experimental and analytical methods based on the 
construction of physical and mathematical models, describing the 

mechanisms under study. It will be necessary to formalize the 
investigated processes of wire-based additive deposition in the 
form of a mathematical description of arc combustion in vacuum 
and additive synthesis of samples, creating mathematical models 
of formation and a stable existence of an electric arc in vacuum, 
heating, melting, heat and mass transfer followed by the 
crystallization of a wire material. Due to the development of the 
mathematical model of an arc discharge in vacuum during the 
additive manufacturing of samples under the deposition of the 
solid-metal filler, it will be possible to describe the process in a 
more comprehensive way. The formation of an arc discharge in 
vacuum is characterized by nonequilibrium plasma with a 
temperature of electrons that is orders of magnitude higher than 
the temperature of neutral atoms [22, 23, 24]. The mathematical 
model can be based on solving the system of transfer equations for 
concentration and average energy electrons [25, 26]. The electric 
field is determined by the Poisson's equation. To describe the mass 
transfer of heavy plasma particles (ions, neutral unexcited and 
excited atoms), the mass transfer equation for a multicomponent 
mixture can be used [24, 25]. As the distance from the zone where 
the arc acts on the metal decreases, the plasma becomes 
collisionless, and the diffusion equations are transformed into the 
equation of continuity for charge, mass and energy. Apart from 
thermionic processes, it is necessary to take into account the 
Schottky effect, when calculating the electron emission value from 
the surface of a heated metal. The mathematical model of heat and 
mass transfer during wire-based additive manufacturing of 
products using electron beam in vacuum will consider phase and 
structural transitions, inhomogeneous thermal and physical 
characteristics of materials and distribution of additive agents. 
The experimental works should include studies related to the 
influence of current polarity, electrode’s shape and material, 
discharge degree in a chamber, the use of the plasma-forming gas 
and impulse wire filler with feedback based on formation stress, 
arc combustion stability and quality of the deposited layer during 
additive formation of layers using the method of wire local 
melting in vacuum. Also the team of authors is planning to 
conduct a series of multifactor experiments with various variables 
and fixed parameters. The variable parameters will be the feed rate 
of the material, power and speed of motion of the heat source. The 
fixed parameters will be the arc current polarity, chemical 
composition and geometrical characteristics of the fed material 
and ways of material feed (in front of the heating source, behind 
the heating source, vertical or horizontal feed). The controlled 
parameters of the experimental results’ quality evaluation are 
physical and mechanical properties of the material synthesized by 
deposition (yield stress, ultimate strength, hardness, impact 
viscosity), as well as the absence of unacceptable internal defects 
(pores, cracks, incomplete fusions etc.) and conformity with the 
required geometrical sizes. Statistical methods of analysis are also 
possible for the optimization of technological processes. 

4. Conclusions 

The paper presents the justification of the new technological 
process which is the formation of multilayered homogeneous 
materials in vacuum using electric arc as a heating source, as well 
as using a solid metal wire as a filler metal. The problems which 
require solutions have been outlined for the proposed technology. 
The prospect of creating arc additive technologies in vacuum was 
shown. Practical and theoretical factors that restrain the 
development of technology were indicated. The directions of basic 
and applied researches necessary to achieve results were 
formulated. 
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