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Abstract. In recent years, additive technologies have become increasingly important for the production of parts with complex geome-
tries, enabling the rapid and efficient creation of objects with different shapes and configurations in industrial sectors such as medicine,
aerospace and construction. The focus of the study was the analysis of arc processes for additive manufacturing, particularly through
non-consumable electrode welding in an inert gas environment (TIG) and its applications as a heat source.

Modern methods of 3D printing metal products, such as SLM (Selective Laser Melting), EBM (Electron Beam Melting), and LMD
(Laser Metal Deposition), allow the production of parts with good quality indicators: accuracy, surface roughness, mechanical prop-
erties, and others. However, these methods are expensive due to the technological complexity of the equipment, and a weakness of
these methods is their low productivity compared to arc methods.

The results presented in this article show that the productivity of arc methods in additive manufacturing is several times higher than
that of SLM, EBM, and LMD, and arc methods are more cost-effective due to lower equipment costs and reduced energy consumption.
The article presents the schemes of arc methods of additive manufacturing. One of the promising directions in the development of
hybrid technology, namely the use of the TIG heat source for sintering metal powders, offers an effective way to reduce the cost of
additive manufacturing by replacing the laser as a heat source, while allowing the continued use of various types of metal powders,
reinforcing materials, and metal-ceramic blends.

Keywords: 3D printing, additive manufacturing, arc methods, WAAM, SLM, EBM, LMD, TIG, powder sintering, industrial manufac-

turing, performance, metal products, composite alloys, materials science.

Introduction

Additive technologies, particularly 3D printing, are
radically changing modern approaches to manufacturing
and are considered one of the most important technological
achievements of recent years. A comparative analysis of
plastic 3D printing and traditional manufacturing methods
such as injection molding and vacuum forming demon-
strates the advantages of 3D printing in terms of cost re-
duction, time savings and increased availability of proto-
types. Unlike traditional methods, 3D printing offers
greater production flexibility and the ability to quickly cre-
ate complex geometric shapes. However, while promising,
additive manufacturing of metal products remains an ex-
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pensive and technologically complex process that requires
further research and development to ensure its availability
and efficiency in mass production.

Today, modern additive manufacturing technologies
make it possible to produce products from a variety of ma-
terials, including metals, ceramics and composites. In the
medical field, for example, additive manufacturing has
been successfully used to print titanium implants [1]. In the
aerospace industry, additive technologies have been used
to significantly optimize production processes: the number
of parts for the heat exchanger assembly of the GE9X en-
gine used in the Boeing 777 aircraft was reduced from three
hundred to one component, resulting in a weight reduction
of 40 % and a cost reduction of 25 %. SpaceX reduced the
production time of the Super Draco engine and reduced the
weight of the Raptor engine by 40 % fig. 1. In addition,
NASA is planning to replace the main components of the
Space Shuttle engine with parts made using additive manu-
facturing, which will also reduce production time and
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Fig. 1. Engine Raptor 3 manufactured with additive technology by SpaceX

component weight [2]. In the construction industry, addi-
tive manufacturing has recently been used to create the
world’s first printed metal bridge in austenitic stainless
steel 308LSi (SS), spanning 10.5 meters over the Oude-
zijds Achterburgwal canal in De Wallen, Amsterdam [3].
Similar examples of the successful use of additive manu-
facturing have generated considerable interest in the tech-
nology, not only because of its ability to provide stable and
predictable mechanical properties, but also because of its

potential to reduce production costs, shorten manufactur-
ing times and open up new possibilities for architectural
design and engineering [2].

The development trend of additive manufacturing
and the need to organize accumulated knowledge and ter-
minology led to the need to create a classification of various
methods, which was implemented in the ISO/ASTM 52900
standard. According to this standard, such processes as Di-
rect Energy Deposition (DED), Powder Bed Fusion (PBF)),
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Sheet Lamination (SL) [4]. Fig. 2 shows the different addi-
tive manufacturing methods according to this classification.
It is worth noting that the above methods do not
cover all modern technologies of additive manufacturing,
but only reflect the main categories. With the development
of the industry, hybrid methods appear, aimed at increasing
the efficiency and productivity of additive processes. You
can evaluate the performance of various technologies
based on the publication [5], where the key parameters and
performance characteristics of these methods are high-
lighted. Productivity parameters are presented in Table 1.

Table 1. Productivity of additive manufacturing methods [5]

Additive
manufacturing

method
Productivity, (g/h)  40-100

SLM EBM LMD WAAM

100-300 150-2400 50-10000

Wire Arc Welding (WAAM) is a form of additive
technology that is actively used for the production of metal
parts. This method involves creating components layer by
layer, using an electric arc as a heat source to melt metal
wire, which is fed continuously through a welding torch or
separately. An electric arc melts the wire, and the molten
metal is systematically deposited layer by layer, allowing
complex three-dimensional structures to be created.
WAAM is widely used to work with various materials such
as steel, aluminum, titanium and various alloys. Table 1
shows that arc methods such as WAAM significantly out-
perform more technological approaches such as SLM (Se-
lective Laser Melting), EBM (Electron Beam Melting) and
LMD (Laser Metal Deposition). It is important to note that
arc welding equipment costs significantly less than laser or
electron beam systems. Thus, the development of arc meth-
ods of additive manufacturing is able to satisfy the demand
for fast and cost-effective production of metal parts, which
is especially relevant for the medical, aerospace, automo-
tive and construction industries, where complex geome-
tries and a variety of materials are important.

Objective and Research Tasks

The objective of the research is to conduct an analy-
sis of arc-based methods for 3D printing metal products,
with a focus on assessing the efficiency and determining
the prospects of using TIG technology as a heat source for
hybrid additive manufacturing technologies. This will ex-
pand the technological capabilities of arc additive methods
for using various materials through powder sintering and al-
low the advantages of the SLM method to be adopted, while
increasing its productivity through the use of arc methods.

Arc methods of additive manufacturing

The arc, used as a heat source to melt the filler ma-
terial and base metal, is one of the key components of ad-

ditive arc technologies. The processes in this category can
be divided into three main groups, depending on the
method of melting the additive material and the method of
forming the arc during the growth of the workpiece. It
should be emphasised that the characteristics of the heat
source have a decisive influence on the productivity of the
additive manufacturing process and determine the quality
and accuracy of the parts obtained. Additive arc technolo-
gies are based on welding methods such as TIG (welding
with a non-fusible tungsten electrode in an inert gas envi-
ronment), MIG (welding with a fusible electrode in an inert
gas environment) and PAW (plasma welding).

Different mathematical models are often used to de-
scribe heat sources in welding processes. The most well-
known among them are the Goldak model for arc welding
(MIG/MAG) and models suitable for TIG and PAW pro-
cesses, taking into account the specific features of each.

The Goldak model is widely used to describe heat
distribution in arc welding, particularly for MIG/MAG
processes. It represents a point heat source with a two-di-
mensional or three-dimensional Gaussian distribution. Three-
dimensional Gaussian heat source (Goldak model) (1):

X, Y, =
q( yz) T-\m-a-b-c

where: ¢ (x, y, z) — the amount of heat at the point (x, y, z);
n — efficiency of welding process; P — power of arc; a, b, ¢ —
parameters of the Gaussian distribution (characterizing the
size of the heat source along each axis);

In plasma welding (PAW) processes, models with
high heat concentration are used. The most suitable model
is the concentrated Gaussian heat source model, as the
plasma arc has a high energy density. Concentrated Gauss-
ian model for PAW (2):

. 2
q(x,y,z)zg-exp(—r—], (2)

where: ¢ (x, y, z) — the amount of heat at the point (x, y, z);
n — efficiency of welding process; P — power of arc; ro —
radius of the plasma heat source; » — distance from the cen-
ter of the arc to the point.

For TIG welding, a surface Gaussian heat source
model is typically used. This approach is suitable because
the TIG welding arc is highly focused and provides precise
heat input over a small area. Surface Gaussian heat
source (3):

3m-P 2
4(x.y)= 2”2 -exp[—r—z} 3)

where: g (x, y) — heat input at the surface at a point (x, y);
n — efficiency of welding process; P — power of arc; ro —
radius of the heat source; » — distance from the center of the
arc to the point (x, y).

Fig. 3 shows a scheme of additive manufacturing
using the MIG method, which is a variant of 3D printing
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using arc welding. In this process, the fusible electrode
wire is automatically fed into the printing zone and simul-
taneously performs the functions of both the electrode and
the filler material. Printing takes place in an inert gas envi-
ronment (usually argon or its mixture with COz). In the
context of metal additive manufacturing, the MIG method
is used to quickly build up the volume of parts, especially
when manufacturing large components. Productivity of
this method can reach 7-8 kg/h [5].
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Fig. 3. Scheme of the arc method of additive manu-
facturing with a melting electrode — MIG

It should be noted that additive processes based on
MIG have different modes of metal transfer from the elec-
trode to the part, which affect the quality and accuracy of
the print [6].

Traditional transfer methods had certain drawbacks,
such as uneven metal transfer due to arc attenuation during
droplet separation. This could result in uneven layers of de-
posited material. However, with the advent of Cold Metal
Transfer (CMT) technology, the situation has improved
significantly due to more uniform transfer, stability of the
arc burn and improved control of heat deposition [5]-[7].

The plasma process is illustrated in Fig. 4. It uses the
principle of arc heating, where an arc is ignited between a
tungsten electrode and a cooled nozzle. A plasma-forming
gas, usually argon, is passed through the nozzle and is ioni-
sed by the high temperature of the arc, forming a plasma.
This plasma creates a highly concentrated heat source. The
high temperature and heat concentration allow the metal to
be melted at a high rate, making this method effective for
the rapid creation of large metal structures.

Plasma printing offers relatively high productivity,
with material deposition rates of 2 to 4 kg/h [5]. Due to the
higher heat concentration, the plasma arc allows you to ap-
ply metal faster with a lower heat load on the part, reducing
the risk of distortion and defects. This method is particu-
larly useful when working with materials that require a
high level of heat deposition control, such as titanium,
nickel alloys and other high strength metals that are diffi-
cult to process using other methods.

The plasma method of additive manufacturing is
also characterized by high energy efficiency, as it ensures

rapid melting of the material with minimal heat loss. For
example, in the aerospace industry, plasma 3D printing is
used to manufacture parts for turbines and rocket engines.

@——Non-consumable electrode,

Catode
Anode

“4—Nozzle

Plasma Gas

Arc
Shielding Gas
Weld Pool

Filler Wire

Fig. 4. Scheme of the arc method of additive man-
ufacturing - PAW

Plasma 3D printing also has the advantage of pro-
ducing parts with complex geometries. The ability to pre-
cisely control the shape and size of the plasma jet makes it
possible to print parts with thin walls and complex internal
structures without the need for additional machining. This
makes it effective for the production of components used
in medicine, particularly for the creation of personalized
implants and surgical instruments.

Fig. 5 shows the schematic of arc 3D printing using
the TIG method. In this process, an arc is ignited between
anon-fusible tungsten electrode and a substrate, and a filler
wire is fed separately into the arc zone. The filler wire is
used as a material to create a part. The arc in TIG printing
has a narrow and concentrated profile, allowing the heat
input to be precisely controlled and overheating to be mini-
mized. The productivity of this method is around 1-2 kg/h [5].

In the field of additive manufacturing of metals, TIG
printing is used when it is necessary to ensure high surface
quality, absence of spatter and minimal contamination of
the material during printing. However, one of the main dif-
ficulties in this process is ensuring the stability of the arc
and maintaining its constant length.
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Fig. 5. Scheme of the arc method of additive man-
ufacturing — PAW
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Various methods have been developed for auto-
mated control of TIG welding: control of arc voltage using
sensors, measurement of the width of the deposited roll us-
ing machine vision systems. However, methods developed
for welding are not quite suitable for additive manufactur-
ing. This is due to the fact that the height of the arc is con-
stantly changing due to the unevenness of the height of the
last printed layer formed during the printing process [6], [8].

Thus, although the TIG method of additive manufac-
turing provides high quality and precision, for its effective
application in additive manufacturing, it is necessary to
take into account specific challenges associated with dy-
namic regulation of process parameters in real time.

Despite the significant development of modern ad-
ditive technologies, the potential of using arc sources is far
from exhausted, mainly due to their availability and the
possibility of creating hybrid technologies. One of the pro-
mising directions is the use of arc sources as a replacement
for the laser in powder sintering processes. For example,
studies [9]-[11] demonstrate the possibility of using a TIG
arc for sintering metal powders in additive manufacturing.

In these works, successful attempts were made to
implement the processes of growing parts using TIG arc
sources. The scheme of this additive method is shown in
fig. 4. The process involves the preparation of a layer of
powder on a substrate or work table, followed by its melt-
ing with the help of a TIG arc. The use of TIG sources for
sintering powders can significantly reduce costs when the
main material is powder rather than wire, as the cost of the
equipment is much lower compared to lasers. However, it
should be taken into account that this method is still infe-
rior to laser technologies in accuracy due to the greater
width and height of the melting layer and the difficulty of
controlling the heating source. For example, the laser sin-
tering height of the powder layer is approximately 0.2 mm,
while when using TIG, this indicator reaches 1.5 mm [11],
which provides higher productivity, but with lower accu-
racy. Fig. 6 shows a diagram of the TIG-PBF (Powder Bed
Fusion) process using a TIG arc as a heat source. This tech-
nology is able to work with various types of metal powders,
including alloys, reinforcing materials, as well as mixtures
of metals and ceramics. This makes TIG-PBF promising
for custom alloys and composites, outperforming wire-
based methods such as MIG.

Direction of Scan
_
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|
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Fig. 6. Scheme of TIG-PBF (Additive Manufac-
turing with Powder Bed Fusion using TIG)

The use of a TIG arc for powder sintering allows you
to create materials with specified properties, opening up
new opportunities in additive manufacturing.

Despite the limited amount of research into TIG
PBF-AAM (Additive Manufacturing with Powder Bed Fu-
sion using TIG) technology, its prospects are obvious.
Solving current problems such as Improving the accuracy
of the process and reducing spalling of the fused layer;
Controlling process temperatures to avoid unwanted
changes in the microstructure of the materials; Improving
the surface quality of the finished parts and reducing po-
rosity to minimize defects; Preventing the powder from be-
ing blown away by shielding gas during the remelting pro-
cess, Developing options for a conductive binder for pow-
ders to prevent swelling and ensure uniform remelting, in-
vestigating the effect of powder fraction size on the quality
and stability of the remelting process will make this tech-
nology a competitive alternative to expensive laser additive
manufacturing methods, providing a cost-effective solu-
tion for a wide range of materials and applications. With
further development and improvement of this technology,
TIG PBF-AAM can become a key method in industrial
production, ensuring high efficiency and quality of parts.

Conclusion

Arc metal 3D printing methods such as WAAM,
SLM, EBM, and LMD show great potential for implemen-
tation in industrial production due to their unique ad-
vantages. These methods make it possible to achieve high
productivity and provide the possibility of manufacturing
parts with complex geometric shapes. The use of TIG as a
heat source for sintering metal powders makes it possible
to significantly reduce production costs, while maintaining
sufficient quality and accuracy of manufactured parts,
which is an important factor for the wide application of this
technology in various industries.

However, for the full implementation of these meth-
ods in mass production, it is necessary to solve a number
of technical problems. Among them are process optimiza-
tion to achieve greater accuracy, minimization of surface
flaking, temperature control to prevent unwanted changes
in the material structure, as well as improvement of the
overall quality and reduction of porosity of manufactured
parts. It is also important to improve the process to avoid
gas blowing the powder and to ensure uniformity of mel-
ting, which can be achieved through the development of
new binder materials.

Further research in this direction should be aimed at
optimizing existing technologies and developing new meth-
ods that allow eliminate the specified problems. This will
make arc methods more attractive to industry, providing an
efficient and cost-effective solution for a wide range of ma-
terials and applications. With further development and im-
provement, the TIG PBF-AAM technology can become an
alternative to the laser printing method in industrial produc-
tion, providing high efficiency and good quality parts.
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Kommiiekcauii anamiz gyrosux meroaiBs 3D-apyky MeraseBuxX BHPOOiB: OIliHKA
edexTuBHOCTI Ta nepcnekTB BUKopuctanHsd TIG Ak qkepesa Temniaa

A.Topoenxo' e K. 3popukin'

U KIII im. Izopsa Cixopcokozo, Kuis, Ykpaina

Anomauis. B ocmanni poku aoumueni mexnonozii cmaioms éce Oinbul aNCIUBUMU OJI51 BUPOOHUYMBA Oemanell 3i CKIAOHOI0 2e0MempIcio,
1o 00360151€ WBUOKO MA eheKMUGHO CMEopIosamu 06 ckmu 3 pisHUMU opMamu ma KOHQI2ypayismu 8 RPOMUCIOBUX CEKMOPAX, MAKUX
SK MEOUYUHA, ABIAKOCMINHA NPOMUCIOBICI ma OydieHuymeo. Y yenmpi yeaeu 0ocuiodcents 6ye anaiz 0y208ux npoyecie oisi aoumue-
HO20 8UPOOHUYMBA, 30KPEMA WIAXOM 36API0BAHHSA HENIABKUM eleKmPOoOoM Y cepedosuui inepmrozo easy (TIG) ma iioeo 3acmocysanHs
AK doicepena menia.

Cyuacni memoou 3D opyxky memanesux eupobis, maxi six SLM (Selective Laser Melting), EBM (Electron Beam Melting), LMD (Laser
Metal Deposition), 003601510mb 8U2OMOGTAMU OEMATE 3 XOPOULUMU NOKAZHUKAMU IKOCE: MOYHICIIO, WOPCMKICIIO NOBEPXHI, MEXAHIY-
Humu enacmusocmamu, ma in. OOHAK yi Memoou € 00PoUMU Yepe3 MEXHOIOSIUHY CKIAOHICMb 0ONAOHAHHS, A HEOOIKOM Yux Memooie €
iX HU3bKA NPOOYKMUBHICIb NOPIGHAHO 3 OY208UMIL.

Pesynomamu, nasedeni 6 yiti cmammi, NOKA3y10OMs, W0 NPOOYKMUBHICIb 0Y208UX MemMOOi6 8 AOUMUSHOMY 8UPOOHUYMSEI 8 KilbKa pa3ié
euwya, nidic y SLM, EBM i LMD, a dyeo6i memoou € Oinbit eKOHOMIYHO eheKmUsHUMU 3a805KU MEeHWI 6apmocmi 0ONIAOHAHHS MA MeH-
WOMY CRONCUBAHHIO eHepeii. Y cmammi HageoeHo cxemu 0y208uUx Memooie aoumuerHo2o supodoruymed. OOuH i3 NepcneKmueHUX Hanps-
MKI6 pO36UmKY — 2lOpuOHi mexHonozii, a came suxopucmanus oxcepena menia TIG 0ns cnikanHs Memanesux nNOPoOwKie, NPOnonye ege-
KmugHutl Cnocib 30euie6ients aoumueHo20 8UPOOHUYMBA WIIAXOM 3aMIHU 1a3epa K 0dicepena menid, 00360104 U NPU YbOMY HPOO0G-
2HCYBAMU BUKOPUCTIOBY8AMU PIZHI 8UOU MEMANEEUX NOPOWIKIS, APMYIOUUX MAMEPIANié ma MEemaioKepamiuHux Cymiuen

Knrwuoei cnosa: 3D opyk, aoumuene eupobrnuymeo, 0yeosi memoou, WAAM, SLM, EBM, LMD, TIG, npomucnoge upobHuymeo,
NPOOYKMUBGHICTND, MEMAne6i UPOOU, KOMNOIUYIIHI CRIABU, MAMEPIATIO3HABCEO.
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