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ADDITIVE TECHNOLOGIES
FOR 3D PRINTING WITH METALS

Additive 3D printing technologies dynamically developing at a rapid pace are used in
progressive industries. There are several types of additive technologies based on dif-
ferent physical principles: selective laser melting (SLM), electron beam melting (EBM),
fused deposition modelling (FDM), lamination object manufacturing (LOM), etc. They
are all united by one technological principle — the production of items through layer-
by-layer construction. Similar to traditional shaping methods, each type of additive
technology has advantages and disadvantages. The principal materials traditionally used
for functional products of various purposes are metals and alloys. Two main technolo-
gies for fabrication of metal products are currently well developed worldwide: SLM
and EBM. Despite the high accuracy and decent quality of the products obtained by
means of these technologies, they have several disadvantages, including the high cost
of both the technological equipment and the raw materials used.

Keywords: selective laser melting, additive technologies, microstructure, microstruc-
ture control, heat treatment.

1. Intfroduction

Additive technologies (AT) are one of the breakthrough directions in mo-
dern science and technology development. These technologies are based
on the scientific aspects of the behaviour of materials during their high-
energy processing. It is possible to obtain the specified properties of the
material using additive technologies by applying knowledge of materials
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science and understanding what structure will be formed in the finished
product [1-10].

Now, almost every home, office, and enterprise has available 3D prin-
ting technologies in the form of installations implementing the FDM
method. These installations have the main advantages — their low price
and ease of use, the ability to easily control the obtaining process, suffi-
ciently high production accuracy, and speed of construction. The already
traditional technology of injection moulding polymer-powder mixtures
into metal moulds also uses one of the principles and advantages of addi-
tive manufacturing — product formation by addition. Powder injection
moulding (PIM) technology has been used in the high-precision production
of metal products (MIM — injection moulding with metals) of complex
configurations since the 70s of the XX century and is a continuation of
the development of powder metallurgical technologies. The main disadvan-
tages of using this technology are the need to use complex technological
equipment, expensive tooling for casting a ‘green’ part, and the inability
to obtain parts with a complex internal structure. FDM technology also
uses polymer raw materials to produce complex-shaped products using 3D
printing. At the same time, the PIM starting materials, which are a poly-
mer highly filled with metal powder, are affordable in terms of price and
technology for obtaining raw materials.

The essence of AT consists of the layered construction of products,
models, forms, and master models by fixing layers of model material and
their sequential connection to each other in various ways: sintering, fusion,
gluing, and polymerization — depending on the nuances of a particular
technology. In other words, additive technologies involve a part formation
by sequentially ‘building up’ the material layer-by-layer [11-18].

The precursors of modern AT are considered two original technologies
that appeared in the XIX century. In 1890, Josef E. Blanther proposed a
method for making topographic layouts — three-dimensional maps of the
terrain surface. The essence of the method was as follows: fragments cor-
responding to an imaginary horizontal section of the object were cut out
of thin wax plates along the contour lines of a topographic map, and then
these plates were stacked one on top of another in exact order and glued
together. The result was a ‘layered synthesis’ of a hill or ravine. After
that, the paper was applied on top of the obtained figures, and a layout of
a separate landscape element was formed, which was then placed in paper
form following the original map. This idea has found practical applica-
tion in LOM technology — layered lamination (lamination object manufac-
turing) or gluing of thin sheet materials, the thickness of the sheets is
0.051-0.25 mm.

In 1979, Professor Nakagawa from the University of Tokyo proposed
using this technology for the rapid manufacture of moulds, in particular,
with the complex geometry of cooling channels.

ISSN 1608-1021. Usp. Fiz. Met., 2024, Vol. 25, No. 2 387



M.A. Latypova and A.T. Turdaliev

The second technology, photo sculpture, was proposed by Frenchman
Fransois Willume in 1890. Its essence was as follows: cameras were placed
around the object or subject, and simultaneous photographing was per-
formed on all cameras. Then each image was projected onto a translucent
screen, and the operator used a pantograph to outline the outline. The
pantograph was connected to a cutting tool that removed the model mate-
rial, clay, according to the profile of the current contour.

To reduce the complexity of this process, the German Carlo Baese in
1904 proposed photosensitive gelatine use, which expands when treated
with water depending on the degree of exposure.

In 1935, Isao Morioka proposed a method combining topography and
photo sculpture. The method involved structured light use (a combination
of black and white stripes) to create a topographic ‘map’ of the object — a
set of contours. The contours were then cut out of sheet material and laid
in exact order to form a three-dimensional image of the object.

In 1977, Wyn Kelly Swainson proposed a method for producing three-
dimensional objects by curing a photosensitive polymer at the intersection
of two laser beams. At about the same time, technologies for layer-by-
layer synthesis from powder materials began to appear (P.A. Ciraud, 1972).

In 1981, R.F. Housholder proposed a method for forming a thin layer
of powder material by applying it to a flat platform. Next, levelling was
performed to a certain height with subsequent layer sintering. In the same
year, Hideo Kodama published the results of work with the first func-
tional photopolymerization systems using an ultraviolet lamp and a laser.

The technology of ‘three-dimensional printing’ appeared in the late
80s of the last century. The founder of the industry was Charles W. Hull,
the founder of the company that was the first to start commercial activi-
ties in the field of layered synthesis. In 1986, Charles W. Hull proposed a
method for layered synthesis using ultraviolet radiation focused on a thin
layer of photopolymer resin. He also coined the term ‘stereolithography’.
In the same year, the engineer assembled the world’s first stereolitho-
graphic 3D printer — stereolithographic apparatus (SLA), thanks to which
digital technologies have made a vast leap forward. Around the same time,
Scott Crump released the world’s first FDM device. Since then, the three-
dimensional printing market has been growing rapidly and replenished
with new models of unique printing equipment.

Until the mid-90s, they were mainly used in research and development
activities related to the defence industry. The first laser machines, first
stereolithographic (SLA machines), then powder (SLS machines), were
overpriced, and the choice of model materials was very modest. However,
in 1995, a turning point was ripe, which made additive manufacturing
methods generally available. Students of the Massachusetts Institute of
Technology, Jim Bredt, and Tim Anderson, have implemented the technol-
ogy of layer-by-layer synthesis of material into the body of a conventional
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desktop printer. That is how Z Corp. was founded, which has long been
considered a leader in the field of household printing of three-dimensional
figures.

The widespread use of digital technologies in the field of design (CAD),
modelling and calculations (CAE), and machining (CAM) has stimulated
the explosive nature of the development of 3D printing technologies, and
now, it is challenging to specify an area of material production where 3D
printers would not be used to one degree or another [1].

2. Selective Laser Melting

Selective laser melting is one of the new additive methods that appeared
in the late 1980s and 1990s [4]. During the SLM process, the product is
formed by selectively melting successive powder layers by laser beam in-
teraction. After irradiation, the powder material heats up and, with suf-
ficient power, melts and forms a liquid pool. After that, the molten pool
solidifies and cools quickly, and the consolidated material begins to form
the product. After the section of the layer is scanned, the construction
platform is lowered by an amount equal to the thickness of the layer, and
a new layer of powder is applied. This process is repeated until the product
is completed [19]. The non-irradiated material remains in the construction
cylinder and is used to support subsequent layers.

Compared to conventional manufacturing technologies, SLM offers a
wide range of advantages, namely lower time to market, production of
almost pure moulds without the need for expensive moulds, high material
utilization rate, direct production based on the CAD model, and a high
level of flexibility. In addition, due to additive and layered products, the
SLM process can create complex geometric features that cannot be ob-
tained using conventional production routes [19].

Unfortunately, this new production technology deals with some fre-
quently observed problems. SLM is characterized by high-temperature
gradients, which leads to an increase in thermal stresses and rapid solidi-
fication, which leads to the occurrence of segregation phenomena and the
presence of nonequilibrium phases [19].

However, the manufacture of metal products through SLM has many
difficulties. High input heat often causes an increase in evaporation and
splashing of the material during processing. Figure 1 shows the laser
scanning strategy for making three-dimensional models. One scan cycle
looks like this: 1 — scanning only the contour; 2 — scanning the contour
and hatching inside 3 — scanning only the fragment 4 — scanning the
contour and hatching inside in the X direction [6].

Density after SLM is the first and perhaps the most essential problem
in this process since density determines the mechanical properties of the
part, which, in turn, has a direct impact on the performance of the com-

ISSN 1608-1021. Usp. Fiz. Met., 2024, Vol. 25, No. 2 389



M.A. Latypova and A.T. Turdaliev

X direction

Power Outline
Y direction
« Outline
wn
Q
. A v v .% X direction
ZI = Hatching f, } Formed part
Y \ space 5
Scanned part =Y
X =
a b

Fig. 1. An example of a laser beam scanning when creating a three-
dimensional model: a — hatching in the X direction, and b — the
direction of hatching [2]

ponent [8, 9]. The goal in SLM is often to get 100% dense parts. However,
this goal is hard to achieve because there is no mechanical pressure, as in
moulding processes, only temperature effects, gravity, and capillary forc-
es characterize SLM during SLM. In addition, gas bubbles can enter the
material during solidification caused by various reasons [20, 21]. Porosity
is still a problem, even for conventional processes such as injection moul-
ding [14, 22].

SLM technology has many advantages, but there are considerable dis-
advantages, such as a large amount of powder being wasted and a high
installation cost.

3. Electron Beam Melting

Electron beam melting is an additive complete melting process that relies
on metal powder and high beam energy [23, 24]. EBM is one of the few
additive technologies that can realize the production of fully functional
high-density parts, especially concerning complex parts with high quality
[25, 26].

The EBM process is functional to work with many different classes of
materials, such as stainless steel, tool steel, nickel heat-resistant alloys,
low coefficient of expansion alloys (Invar), heavy metals (NiWC), interme-
tallic compounds, aluminium, copper, beryllium and niobium [26]. How-
ever, the use of this technology is currently focused on titanium and
various titanium alloys [26, 27]. Typical titanium is traditionally made by
forging [28, 29], pressing [29], or casting [30, 31].

One of the problems of this technology concerns complex geometries,
which are expensive to make using conventional technological processes [26].
EBM technology is more suitable for these materials [26, 27] while working
in a vacuum environment and with high power, and their use is becoming
more common [32, 33]. Applications are now found in medical implants
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Fig. 2. Components of the Arcam
machine [107]
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The aerospace industry currently uses the advantages of high-perfor-
mance, lightweight, and complex products [26, 46]. In this area, the EBM
process allows you to reduce the time to merchandise and reduce the cost
of development. That is due to a decrease in the number of production
steps and a decrease in material waste [26] since powders can be recycled
several times without any noticeable changes in their chemical composi-
tion or physical properties [26, 67]. Special attention is paid to the produc-
tion of high-density products made of Ti—Al alloys, as these materials
have shown interesting properties for use in the aerospace industry, such
as low density, high specific strength, high specific stiffness, crack resis-
tance [34, 48-51], ductility, fatigue strength, creep [26, 52], corrosion
resistance and oxidation at high temperatures [36, 41, 53].

As for the technologies used to create an electron beam, the EBM sys-
tem is similar to a welding machine, and the principle of operation is
similar to an electron microscope. The Arcam Company, which was found-
ed in 1997, developed the first electron beam installation for additive
manufacturing of products [22]. Figure 2 shows the main components of
the Arcam machine: an electron beam cannon and a platform for building
apart. The electron beam cannon consist of an upper column containing an
electron-generating part and a lower column containing magnetic lenses
used to form and deflect the beam. The heated cathode filament emits
electrons in the upper column. The potential between the cathode and the
anode is usually about 60 kV. Electrons are accelerated to a speed in the
range from 0.1 to 0.4 of the speed of light [54]. A magnetic lens [24] con-
trols the shapes and deviations of the electron beam. The first set of coils
(astigmatic lenses) adjusts the shape of the beam, and the second set of
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Fig. 3. The processes occurring during EBM [107]

coils (focus lenses) adjusts the size of the beam. The last set of coils is used
to focus the beam onto the construction platform [49], according to a
given geometry. The electron gun is fixed, so there is no mechanical part
that is used to control or deflect the beam. The whole process takes place
in a vacuum to avoid scattering electrons from the air molecules. The
vacuum is created using turbomolecular pumps. The working pressure in
the processing chamber is usually about 1072 Pa [26]. During the melting
process, a small amount of inert helium gas is added to avoid the accumu-
lation of electric charges in the powder, as well as to ensure the thermal
stability of the process [55].

The scanning power and speed are reduced for subsequent fusion steps.
After the selective melting phase, the construction platform is lowered by
one layer of thickness, and a new layer of powder from the bins is applied
with a squeegee. The process is repeated until the product is completed.
After construction, the part remains until it cools completely under in-
creased helium pressure. At the end of the process, when the part is re-
moved from the chamber, the soft agglomerate of the powder remains
baked on the finished parts and covers them completely [28, 49]. This
agglomerate is called powder waste [565], and it is removed by sandblasting
using the initial powder of the material [38]. Since there is not even a
minimum amount of oxygen in the chamber [53], leftover powder can be
used several times with no change in its chemical composition or physical
properties.

The EBM process involves several physical mechanisms, as shown in
Fig. 3. These mechanisms are complex because the scanning speed is very
high, and phase changes occur within a very short time [56]. The key
mechanism is the interaction between electrons and powder. When elec-
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Fig. 4. Applying a layer of powder without heating (preliminary) [25]

trons collide with powder particles, most of their kinetic energy is re-
leased in the form of thermal energy, which melts, sinters, heat, and va-
porizes the material [56]. The remaining kinetic energy is converted into
radiation and secondary electrons that leave the surface.

The interaction between the electron beam and the powder involves
four main consequences: particle scattering, particle sintering, particle
melting, and evaporation of some alloying elements.

The scattering of powder particles occurs as an explosion, as shown in
Fig. 4 [23]. This spread can be generated by (i) residues of water or mois-
ture in the powder, which can evaporate by the explosion, (ii) an impulse
transmitted to electrons, which are greater than cohesive interactions in
the powder, and (iii) a negative electrostatic charge of the powder partic-
les, which causes mutual repulsion between the particles [24, 57].

The advantages of this technology include high accuracy, which is
achieved using ‘magnetic mirrors’ that correct the trajectory of the elec-
tron beam. SLS technology uses optical mirrors that have lower posi-
tioning accuracy. Laser mirrors and lenses are expensive. Depending on
the installation power, mirrors can have a gold or silver coating, and
lenses can be either diamond or germanium. Low-cost materials are used
in EBM for the production of electromagnetic components. If necessa-
ry, the electron beam can be scattered, which makes it possible to heat the
source material without additional elements that are necessary for laser
installations. The absence of complex mechanical components makes it
possible to achieve a higher beam movement speed, which, together with
an increase in its energy, allows for higher productivity. Another advan-
tage is the ability to produce several products at once without additional
heat treatment.
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The main disadvantages of the process include the presence of x-ray
radiation, which occurs when electrons bombard metals; therefore, an ab-
sorbing coating must be installed in the working chamber. In addition,
now, electron beam melting is limited to an accuracy of 0.2 mm, due to the
size of the electron beam, which is of 0.2—1.0 mm, which leads to a slight
roughness of the finished products. The main disadvantage is that today
there is no full-fledged home 3D printer; this method is available only on
an industrial scale [23].

4. Direct Method of Laser Sintering

The direct method of laser sintering (DMLS) is a method of direct laser
sintering, a technology for additive manufacturing of metal products de-
veloped by EOS from Munich. DMLS is often confused with a similar selec-
tive laser melting technology [58].

The process involves using three-dimensional models in STL format as
drawings to build physical models. The three-dimensional model is digi-
tally processed for virtual separation into thin layers with a thickness
corresponding to the thickness of the layers applied by the printing de-
vice. The finished ‘building’ file is used as a set of drawings during prin-
ting. Fibre-optic lasers of relatively high power (of about 200 W) are used
as a heating element for sintering metal powder. Some devices use more
powerful lasers with increased scanning speed (i.e., movement of the laser
beam) for higher performance. Alternatively, it is possible to increase
productivity by using multiple lasers. DMLS allows you to create solid
metal parts of complex geometric shapes [59].

The powder material is fed into the working chamber in the quantities
required for applying a single layer. A special roller aligns the supplied
material into an even layer and removes excess material from the cham-
ber, after which the laser head sinters the particles of fresh powder bet-
ween each other and with the previous layer according to the contours
defined by the digital model. After the drawing of the layer is completed,
the process is repeated: the roller supplies fresh material and the laser
begins to sinter the next layer. An attractive feature of this technology is
the very high print resolution of about 20 microns on average. For com-
parison, the typical layer thickness in amateur and household printers
using FDM technology is of about 100 microns [60—-63].

Another captivating feature of the process is the absence of the need
to build supports for overhanging structural elements. The non-sintered
powder is not removed during printing but remains in the working chamber.
Thus, each subsequent layer has a support surface. In addition, unspent ma-
terial can be collected from the working chamber upon completion of print-
ing and reused. DMLS production can be considered virtually waste-free,
which is essential when using expensive materials, e.g., precious metals.
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The technology has practically no restrictions on the geometric com-
plexity of construction, and high precision of execution minimizes the
need for mechanical processing of printed products.

DMLS technology has several advantages over traditional manufactu-
ring methods. The most obvious is the ability to produce quickly geometri-
cally complex parts without the need for machining. Production is practi-
cally waste-free, which distinguishes DMLS from traditional technologies.
The technology allows you to create several models at the same time with
a limit only on the size of the working camera. Building models take about
several hours, which is disproportionately more profitable than the cast-
ing process, which can take up to several months, including the complete
production cycle. On the other hand, parts produced by laser sintering do
not have solidity and, therefore, do not achieve the same strength indica-
tors as cast samples or parts produced by traditional methods.

DMLS is actively used in industry due to the possibility of building
internal structures of solid parts that are inaccessible due to the complexi-
ty of traditional production methods. Parts with complex geometry can be
made wholly rather than from parts, which favourably affects the quality
and cost of products. Since DMLS does not require special tools (for examp-
le, moulds) and does not produce a large amount of waste, unlike tradi-
tional methods, the production of small-scale batches using this techno-
logy is much more profitable than using traditional methods.

DMLS technology is used for the production of small and medium-
sized finished products in various industries, including aerospace, den-
tal, medical, etc. The typical size of the construction area of existing in-
stallations is 250 x250% 250 mm, although there are no technological re-
strictions on the size — it is just a matter of the cost of the device. DMLS
is used for rapid prototyping, reducing the development time of new pro-
ducts as well as in production, allowing you to reduce the cost of small bat-
ches and simplify the assembly of products of complex geometric shapes.

The Northwestern Polytechnic University of China uses DMLS sys-
tems to produce aircraft structural elements. Research conducted by EADS
also indicates a reduction in cost and waste when using DMLS technology
to produce complex structures in single copies or small batches.

5. Metal Injection Moulding

Metal injection moulding (MIM) is a method of manufacturing metal parts.
MIM is a subcategory of Powder injection moulding Technology (PIM).
PIM uses plastic injection moulding technology with a feedstock consisting
of a polymer and an inorganic material. The inorganic component of the raw
material can be metal or ceramics. The fundamental idea of the MIM pro-
duction method is to combine the advantages of injection moulding with
the elastic mechanical properties of metals. This approach allows the pro-
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duction of complex and detailed metal parts with high strength and rigi-
dity. Traditional casting methods require the metal to be in a molten state
during casting metal powder and polymer raw materials used in MIM al-
low the moulding process to be carried out at much lower temperatures [64].

6. Indirect Metal Laser Sintering

The process called indirect metal laser sintering (IMLS) was developed by
DTMcorp of Austin in 1995. Since 2001, DTMcorp has been owned by 3D-
Systems. During the indirect laser sintering process, a mixture of powder
and polymer or polymer-coated powder is used, where the polymer acts as
a binder and provides the necessary strength for further heat treatment.
At the heat treatment stage, polymer distillation, sintering of the frame
and impregnation of the porous frame with a metal bundle are carried out,
as a result of which the finished product is obtained. For indirect laser
sintering, powders of both metals and ceramics or mixtures thereof can be
used. Preparing a mixture of powder and polymer is carried out by me-
chanical mixing, while the polymer content is about 2-3% (by weight),
and in the case of using a polymer-coated powder, the layer thickness on
the surface of the particle is about 5 microns. Epoxy resins, liquid glass,
polyamides, and other polymers are used as binders. The distillation tem-
perature of the polymer is determined by its melting and decomposition
temperature and averages 400—-650 °C.

After distillation of the polymer, the porosity of the product before im-
pregnation is about 40%. During impregnation, the furnace is heated
100-200 °C above the melting point of the impregnating material, since
with increasing temperature the wetting angle decreases and the viscosity
of the melt decreases, which favourably affects the impregnation process.
Usually, the impregnation of future products is carried out in an alu-
minium oxide backfill, which plays the role of a supporting frame, since,
during the period from polymer distillation to the formation of strong
interparticle contacts, there is a danger of destruction or deformation of
the product. Protection against oxidation is organized by creating an inert
or reducing medium in the furnace. Quite a variety of metals and alloys
can be used for impregnation, which meets the following conditions. The
impregnation material should be characterized by a slight interfacial in-
teraction or its complete absence, a small wetting angle, and a melting
point lower than that of the substrate. For example, if the components
interact with each other, undesirable processes may occur during the im-
pregnation process, such as the formation of more refractory compounds
or solid solutions, which may lead to a halt in the impregnation process or
negatively affect the properties and dimensions of the product. Usually,
bronze is used to impregnate the metal frame, while the shrinkage of the
product is 2-5% [65].
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7. Selective Thermal Sintering

Selective thermal sintering (SHS) is an additive manufacturing method.
The technology is based on melting layers of thermoplastic or metal pow-
der using a thermal emitter. Upon completion of the formation of the
layer, the working platform moves down to a distance corresponding to
the thickness of one layer, after which a new layer of powder is applied
using an automated roller, and then a new layer is sintered along the con-
tours specified by a digital three-dimensional model. SHS technology is
best suited for the production of modest functional prototypes. Selective
thermal sintering is similar to selective laser sintering (SLS). The only
significant difference between these two methods is the use of a thermal
print head instead of a laser one. This solution allows you to reduce the
cost and dimensions of printing devices, up to the possibility of creating
desktop printers. On the other hand, the energy efficiency of SHS devices
is low compared to 3D laser printers, which significantly limits the choice
of materials [66].

One of the main advantages of the thermal sintering method is that
for a definite wavelength of IR radiation, it is always possible to select
two types of material: one of which will transmit heat, and the other will
absorb it. Thus, by combining these materials in the production of a prod-
uct, it is possible to achieve considerable complexity and a variety of
forms. Selective laser sintering is a real breakthrough in high-speed three-
dimensional printing. It is important to emphasize that the model is
formed from powder, and all unused powder can be reused. This technol-
ogy allows you to produce models of the most complex geometric shapes as
well as allows you to print several parts at the same time. As a rule, ther-
moplastic polymers or rather low-melting metals are used as consumables.
In the latter case, models often require additional firing to increase
strength [67].

8. Equipment for 3D Metal Printing

Metal powders are the most durable material for 3D printing. Products
created on metal 3D printers are superior in many respects to analogues
produced using traditional technologies.

Titan. A high-strength biocompatible material used in medicine, air-
craft engineering, mechanical engineering, and industry.

Tool and stainless steel. Various steel alloys are the most common ma-
terials for 3D printing. They serve to solve a wide range of tasks in dif-
ferent fields, are resistant to corrosion, and have increased strength and
wear resistance.

Aluminium and Its Alloys. A lightweight alloy with a lower density
than other metals for 3D printing. It has good drainage properties and
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electrical conductivity. It is used in the automotive industry, aerospace
industry, and industry.

Cobalt—Chrome. Corrosion-resistant biocompatible material. It has
high strength and is used in medicine and dentistry, as well as in indus-
tries with high temperatures.

Nickel Alloys. A material with excellent mechanical strength and
weldability. Stable up to 3000 °C. It is used in aviation, energy, tool ma-
nufacturing, and other industries.

3D printers can be used to print large-format sets of materials. Ac-
cording to the technical specification, the additive machine can be con-
figured.

The plants used in additive manufacturing can be divided into two
main categories: layer deposition and direct deposition.

Selective laser melting machines are the most numerous and diverse in
terms of the method of creating a group structure. In such installations,
a laser is used as an energy source for connecting particles of a metal-
powder composition. Such machines include such companies as 3D Sys-
tems, Concept Laser, EOS, Renishaw, and SLM Solutions.

3D printing plants are complex and include devices for sieving and
feeding powder material, cleaning machines, cooling and filtration sys-
tems, metal powder storage, systems for generating and supplying inert
gases, etc. Consider the installations of well-known manufacturers.

3D Systems (USA) offers six 3D printing machines: from the smallest
DMP Flex 100, with a 100x100x 90 mm construction camera and a 100 W
laser power, to an industrial-scale installation — DMP Factory 500 with a
500x500%x 500 mm construction platform and 3 lasers up to 500 W.

The Concept Laser Company has been producing installations for three-
dimensional printing since 2007. To date, 5 cars are being produced. The
younger model, Mlab cusing R, has three construction platform options:
50x50x80 mm, 70x70x80 mm, and 90 x90x80 mm. A laser with a power
of 100 W. The older model — X LINE 2000R, has a construction platform
with dimensions of 800 x400x 500 mm. Two lasers with a power of 1000 W
each. The construction of the part is possible in two media: N, or Ar.

The British company Renishaw produces only two installations for
three-dimensional printing. RenAM 500Q is a multi-laser system that in-
cludes four lasers with a power of 500 watts each. The construction vo-
lume of this installation is 250x250x350 mm. Argon is used as an inert
gas. The second model is the RenAM 500S. The characteristics are the
same as those of the older model, but the only difference is that the laser
system has at its disposal only one laser with a power of 500 W. However,
this model can be retrofitted with a multibrowser system. Both installa-
tions support printing with the following metal powder materials: Ti,Al,V
titanium alloy, AISi10Mg Aluminium alloy, CoCr Cobalt Chromium alloy,
316L Stainless Steel, and Nickel alloys.
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Another well-known manufacturer of 3D printing equipment is the
German company EOS, which can offer five installations. The smallest —
is EOS M 100, which has a laser with a power of 200 W and a construction
site of 100x95 mm, to the largest — is EOS M 400-4, which is a multila-
ser system with four lasers with a power of 400 W each and having a
building volume of 400 x400x400 mm.

The developer of Direct Metal Deposition (DMD) technology is POM
(precision optical manufacturing), which was acquired by the American
company DM3D in December 2012. To date, installations of DM3D, Opto-
mec (USA), Sciaky (USA), BeAM (France), and InssTek (South Korea)
companies are using this technology [67].

Optomec supplies the 3D printing market with metal printers such as
LENS MR-7, LENS 450, and LENS 850-R, which are used for the rapid
prototyping of titanium, stainless steel, and Inconel parts. LENS systems
allow layers to be applied with different materials (they can be equipped
with two or more bunkers with different materials), as well as to carry out
rapid material change. The printing areas of the 3D printers LENS 450,
LENS MR-7, and LENS 850-R, respectively, are 100x100x100 mm,
300 x300%x300 mm, and 900 %1500 x 900 mm.

The commercial implementation of the EasyCLAD (Easy construction
laser additive direct) technology, developed by Irepa Laser, is carried out
by BeAM, supplying six types of machines with different working area
sizes (from 400x 250 x 200 mm for the Mobile model, optimal for working
with small and medium-sized parts up to 1200x800x800 for the Beam
Magic 2.0 and Magic 800 models used in aerospace industries for the crea-
tion and restoration of turbines).

9. Metals Used in 3D Printing

3D printers can use a wide range of materials for printing. According to
the technical specification, the additive machine can be configured to work
with almost any other type of metal: tungsten, Ni—Cd alloys, iron, and
copper. However, the process of setting up a 3D printer for a new mate-
rial is accompanied by many difficulties and is still possible only experi-
mentally, which does not always allow you to use the full capabilities of
the printer.

There are works [66, 67], in which noble metals such as gold and
platinum are used as a material; but these works have not received a sig-
nificant continuation of research.

Several factors contribute to the limited metal palette. When it comes
to melting, metals, as a rule, must be weldable and castable to be processed
successfully in the three-dimensional printing process. A small, moving
melt bath is significantly smaller than the size of the final part (usually
about 102—-104 times smaller). This local hot zone, which is in direct con-
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tact with a large and colder zone, leads to the appearance of large thermal
gradients, causing significant thermal residual stresses and nonequilib-
rium microstructures. For powdered raw materials, the particles should
preferably be spherical with a definite size distribution, which differs for
PBF and DED. The latter, as a rule, are less sensitive to the dimensional
qualities of raw materials. The wire is also a suitable starting material for
definite DED processes, creating a larger melt reservoir compared to pow-
der-based DED, which provides higher productivity [68].

Most of these metal powders are typically produced using well-estab-
lished methods such as spraying in water, gas, or plasma. Low-cost pro-
cesses are currently being developed or are already being used for the cost-
effective production of metal powders, for example, electrolytic methods,
metallothermic processes (for example, the TIRO process), and the hydride—
dihydride process, especially in the field of titanium and titanium alloys.

Different powder production methods result in various powder charac-
teristics such as particle morphology, particle size, and chemical composi-
tion, each of which may be important to AM. In principle, the AM process
requires good feeding properties to achieve uniform powder distribution,
as well as, good packaging characteristics to form a powder layer with a
high relative density. These powder characteristics affect the properties of
the bulk material of the manufactured component, for example, its den-
sity and porosity.

The most effortless and inexpensive spraying process is spraying in
water. In this process, the liquid metal is sprayed by jets of water in free
fall through the spray chamber. Due to the high cooling rate, particles
ranging in size from several microns to 500 microns take an irregular
shape during solidification [69].

The irregular, asymmetric shape of the particles is at a disadvantage
with high packing density. Thus, these particle types are not preferred for
use in AM [70]. Compared with gas-atomized powders, when sprayed in
water, powder particles with higher oxygen content are formed [71]. As
for the use of the resulting metal powder in additive manufacturing, oxy-
gen absorption and the formation of oxidants are undesirable effects since
they not only affect the powder behaviour but also affect the melt reser-
voir and, consequently, change the composition of the bulk material and
the mechanical properties of parts [72].

10. Modelling of 3D Printing Processes

Various software is used for numerical finite element modelling of three-
dimensional printing processes: Ansys [73], Adina [74, 75], Abaqus [76],
Comsol [77], and Marc [78].

The mechanical properties of materials [79], heat transfer [79, 80],
and a melt bath [81] are studied using numerical modelling. The material
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deposition in additive manufacturing is modelled using inactive or silent
elements that are activated as the added material (powder or wire) solidi-
fies [80]. Two metal deposition methods are used to simulate material de-
position: 1) the use of quiet or 2) the use of inactive elements [82, 83].
With the silent approach, the elements are present in the analysis, but
they are assigned properties, so they do not affect the analysis. In the
inactive element approach, elements are not included in the analysis until
the appropriate material is added. In Ref. [80], the application of the fi-
nite element method for modelling heat transfer during metal deposition
during 3D printing is investigated. The author notes that when using
general-purpose codes of the finite element method, it is difficult to deter-
mine the interface between active and inactive elements in consequence,
surface convection, and radiation at this constantly changing interface are
often neglected in modelling. The author showed that such neglect of sur-
face convection and radiation at the interface between active and inactive
elements can lead to errors in the elements’ activation and proposed meth-
ods to minimize mistakes. In the author’s work, a new hybrid method of
quiet inactive metal deposition was proposed, according to which the ele-
ments corresponding to metal deposition are inactive at first and then
gradually switch to the quiet method. As a result of this approach, equiv-
alent heat transfer results are achieved, but at the same time, the program
operation time is significantly reduced.

One of the significant problems in the SLM process using metal pow-
ders is the thermal deformation of the model during moulding. Since the
hardened part cools quickly, the model tends to deform and crack due to
thermal effects. In the case of the formation of a three-dimensional over-
hanging model, the overhanging part is destroyed and the construction of
the model cannot be completed. Therefore, when constructing products
with overhanging parts, it is necessary to make the first sintered layer on
the underlying powder non-deformable, since the underlying powders do
not limit the movement of subsequent sintered layers. In Ref. [79], a
method was proposed for calculating the distribution of temperature and
stresses within a single metal layer formed on a powder layer during
rapid prototyping by the SLM method. It was assumed that the hardened
layer undergoes planar deformation under stress, and two-dimensional
finite element methods were combined for thermal conductivity and elas-
tic deformation. In the simulation, a finite element grid was built on the
surface of the powder layer. The heat caused by the laser radiation was
given to the elements under the laser beam. It was believed that shrinkage
because of solidification leads only to a change in the thickness of the
layer. In modelling elastic finite elements, Young’s modulus of the solidi-
fied part was expressed as a function of temperatures. To simplify calcula-
tions, the entire area was treated as continuous, and the powder layer and
the molten part were considered to have a very small Young’s modulus.
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Calculations of thermal conductivity and elastic finite elements were per-
formed alternately. The obtained results of deformation and distribution
of tensile stresses showed the possibility and places of cracking of the
layer during the moulding process. It turned out that the solid layer on
the powder layer was deformed due to heating and cooling during the
movement of the laser beam along the track. The stress distribution in the
hardened part, caused by temperature changes during moulding, showed a
striped pattern of compressive and tensile stresses. When the adjacent
track solidified, large tensile stresses appeared at the side end of the solid
layer between the hardened tracks, which could subsequently lead to cracks.

In Ref. [84], an approach to 3D modelling is proposed that allows us
to evaluate the interaction of powder with laser and atmosphere in the
process of three-dimensional printing using SLM technology. By compar-
ing the numerical and experimental results, a reasonably good correlation
was found between the simulated and experimental data on the width and
depth of the melt bath. It has been shown that the depth and width of the
melt bath are directly proportional to the effective scanning speed of the
laser. The size of the melt bath decreases with increasing scanning speed
(i.e., decreasing exposure time). The exposure time of the laser beam af-
fects the density of energy transferred to the material and, therefore, is
an important factor for ensuring complete melting of the material.
Reducing the holding time below a definite limit can lead to an increase in
porosity. As noted in Refs. [85—87], the stability of the melt bath deter-
mines the integrity and quality of the structure of the finished product,
i.e., ensures the absence of non-molten areas.

In Ref. [88], using modelling in the ANSYS environment, an approach
was investigated to determine the necessary and sufficient number of sup-
porting structures in the construction process of a 316L stainless steel
part that can withstand residual stresses and dissipate heat. To do this,
the effect of temperature gradients on the distribution of residual stresses
for each layer was studied. It has been shown that expansion of the mate-
rial (i.e., tensile stresses) during the heating cycle and compression of the
material during cooling (i.e., compressive stresses) causes shrinkage and
cracks in the layer. After the laser beam leaves this area, the irradiated
area cools down and tends to shrink. Shrinkage is partially suppressed due
to plastic deformation that develops during heating, which leads to a state
of residual tensile stress in the irradiation zone. High tensile stresses (oc-
curring along the direction of the laser scan) can also lead to transverse
cracking of the layer. Cracking can be avoided by preheating or using
shorter scan paths, which reduce the cooling rate. The mechanism that
prevents cracking due to preheating increases the material ductility and
the possibility of stress relief due to plastic deformation.

It was proposed to monitor the dynamics of temperature changes and
the behaviour of solidification of molten powder to study the phenomenon
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of accumulation of residual stress using finite element modelling methods
[89]. A comparison of the simulation results with experimental data shows
that the developed model can predict the temperature distribution in the
laser-powder interaction zone, solidification characteristics, cooling rates,
width and depth of the melt bath, and, consequently, trends in changes in
residual stresses when changing SLM parameters.

In the study framework [89], block samples were considered, made at
the same energy density but using different parameters of laser power and
glow time. The paper shows that the temperature gradient between the
upper boundary of the melt bath and the area 250 microns below the melt
bath is higher for a combination of 200 W power parameters and 120 us
laser exposure time compared with a combination of 150 W power param-
eters and 160 ps laser exposure time. According to Ref. [90], the tendency
to decrease the temperature gradient between the surfaces under consider-
ation should lead to a decrease in residual stress. In addition, the work
shows that the highest temperature in the melt bath decreases with a
combination of 150 W power parameters and 160 pus laser exposure time
compared with a combination of 200 W power parameters and 120 ps laser
exposure time. These results are consistent with the conclusions given in
Refs. [91, 92], which reports that an increase in laser power has a more
pronounced effect on the peak temperature of the melt bath compared
with the scanning speed.

Finite element methods were also used in Ref. [93] in conjunction with
the computational fluid dynamics software Fluent. As part of the work, a se-
ries of scanning strategies were simulated for different numbers of lasers,
scan lengths, scan directions, scan directions, and scan sequences. By com-
paring the simulation results, the effect of scanning strategies on residu-
al stress is studied. The accuracy of the simulation was confirmed by expe-
rimental data [89, 94]. Studies have shown that the ‘dual-zone technique’
(S14C) scanning strategy results in a 10.6% reduction in residual voltage
compared to the traditional sequential scanning strategy. The residual
voltage is significantly higher when the number of lasers is increased to
four, which is associated with an increase in the amount of heat supplied.
The residual voltage is sensitive to the scan length for both single-laser
and multilaser strategies, but there is no constant correlation between
them. When the scanning length decreases in the SLM process with a sing-
le laser, the average longitudinal voltage initially increases slightly by 4.6%
and then sharply declines by 13.0% . For a multi-laser SLM process, the
scanning sequence and the scanning direction are two main factors in con-
trolling residual voltage. After changing the scan sequence, the average
equivalent voltage is reduced by 19.0% . Meanwhile, when the direction of
movement is changed, the average relevant voltage decreases by 6.2%.
The names of the scans S14C, S41A, S41B, S42A, and S42B were intro-
duced by the authors of the work and illustrated in detail in the article [94].
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11. The Possibilities of 3D Printing to Produce Real Objects

The study of materials and structures made of metals, whose internal
structural elements range in size from tens nm to several mm, has been
actively underway for many years. The problem, however, is that it has
not yet been possible to develop technologies for the mass production of
such materials. At the same time, laboratory studies have established that
they may have unique properties. For example, they are capable of absorb-
ing light in optically active metamaterials [95] or increasing the ability of
a part to resist deformation under mechanical stress [96].

In general, nanoscale objects are obtained in two ways. In the so-called
bottom-up approach, an object is created as a result of combining smaller
structural units of matter: atoms, molecules, or nanoobjects of smaller
size. With the ‘top—down’ approach, a macroscopic amount of matter is
crushed to the nanoscale, or nanoscale pattern patterns are formed in a
macroscopic sample.

Metal products with an internal nanostructure are now able to be pro-
duced using nanolithography, nanotraveling, and using a laser to form
nanoscale parts on the metal surface. These methods are expensive and
complex, which limits the possibility of scaling them to industrial vol-
umes. Another disadvantage is that these methods are almost impossible
to create a full-fledged internal three-dimensional nanostructure inside a
macroscopic metal billet, so they are most often used to make a microrelief
(nanoscale rises or depressions) on the surface.

It is assumed that three-dimensional printing (which can be consid-
ered as a kind of bottom-up approach) can cope with the creation of metal
metamaterials with a complex internal structure: the desired object is
lined up layer by layer with a 3D printer according to a three-dimensional
drawing (therefore, this method is also called ‘layered synthesis’). Now, it
is already possible to manufacture parts containing nanoscale structural
elements that cannot be obtained using traditional top—down methods for
obtaining nanoobjects, but, alas, not from metals. Since the beginning of
2010, the ‘one-year-old’ appeared in technology due to the use of three-
dimensional structures made of polymers [97] and ceramics [98].

However, metals have not yet been able to be used for printing with
nanometre resolution. At the same time, various methods of three-dimen-
sional printing of reasonably small structures made of metals already ex-
ist, but their resolution is 20—50 pm [99]. The resolution of three-dimen-
sional printing is determined by the form, in which the ‘ink’ (in this case,
metal) is fed into the printer, and the effects expose to them during the
layered printing process. Thus, in layered synthesis, which most nearly
resembles traditional printing on a printer, when metal-containing ink is
passed through the printer nozzles, the solidifying droplets have a diam-
eter of 40—60 microns, so the tiny elements of the product structure can-
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not be smaller. During plasma deposition, metal wire with a diameter of
more than 100 microns is used as a raw material, which melts under the
influence of plasma pulses, and the tiniest elements of the parts are ob-
tained in the order of hundreds of micrometres [100]. During laser sinter-
ing or melting, metal-powder particles have a size of 0.3—10 pum, and the
minimum size of the ‘pattern’ on the surface of the printed part turns out
to be about 20 pm [101].

Since, ultimately, three-dimensional metal printing is an ascending
method the printed parts will always be larger than the elements that serve
as ‘ink’ for printing, the size of which will determine the print resolution.
It is possible to overcome all these limitations if we develop a fundamen-
tally new scheme of layered synthesis that allows us to work with metal or
metal-containing precursors on nanometre scales without any problems.

This was done by Julia R. Greer’s group of scientists from the
California Institute of Technology. Previously, this group has already de-
veloped methods for the three-dimensional printing of nanoscale devices
made of polymers and ceramics. The success of the new technology lies in
replacing metal powders and wires used in other types of three-dimension-
al printing with a fundamentally different type of metal source: a metal-
containing organic polymer. This polymer is simpler to mould to form
nanoscale structures. According to the plan of chemists from California,
it was supposed to become a template that promotes the correct metal dis-
tribution in the printing product.

To obtain metal-containing inks, nickel (II) acrylate was initially pro-
duced, in which the residues of unsaturated acrylic acid retained the abil-
ity to polymerise (Fig. 5). The metal-containing monomer was mixed with
another acrylic monomer, pentaerythritol triacrylate and 7-diethylamino-
2-tenoyl coumarin, which played the role of initiator of the photochemical
polymerisation process. Polymer blanks of the desired shape were formed
from the resulting mixture using one of the three-dimensional printing
methods — two-photon lithography. In that section of the reaction mix-
ture, which was irradiated with a laser, photoactivation of 7-diethylami-
no-2-tenoyl coumarin took place, due to which the polymer containing
chemically bonded nickel atoms solidified.

At the next stage, the blanks made of nickel-containing polymer were
pyrolyzed. To do this, they were placed in a vacuum chamber of a muffle
furnace and slowly heated to 1000 °C. This temperature is almost 500 °C
lower than the melting point of Ni (1455 °C). Still, it turned out to be
quite enough to remove the organic component of the polymer, leaving a
nanostructure, which, according to the results of research using energy
dispersive x-ray spectroscopy, contained 91.8% of Ni. The high tempera-
ture also contributed to the unification of the remaining metal atoms into
shapes that repeated the original polymer structures but were smaller in
size. Since most of the material that made up the metal-polymer structure
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rylate) is obtained, the multiple bonds of acrylic acid residues which are capable of
entering into a polymerization reaction; b — Ni-containing monomer, acrylic resin
(pentaerythritol triacrylate) and the initiator of photochemical polymerization (7-di-
ethylamino-2-tenoyl coumarin) are mixed to obtain transparent Ni-containing ‘ink’ for
3D printing; ¢ — schematic representation of the applied approach for 3D prin-
ting — two-photon lithography; d — printed blank made of a Ni-containing polymer
and undergoes pyrolysis; e — as a result of which the organic component of the poly-
mer is removed and a nanoscale metal structure remains; f~2 — 3D mesh printed from
a Ni-containing polymer; i—j — as a result of which almost only one Ni remains in the
structure [108]
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evaporated during pyrolysis, the metal products obtained after pyrolysis
decreased by 80% (Fig. 5). The internal elements of metal parts obtained
using the new approach can be characterized by size from hundreds of
nanometres to micrometres; even such a resolution in three-dimensional
printing of metal structures it was not possible.

Now, researchers are trying to improve the developed methodology.
First of all, we need to learn how to eliminate defects in the structure of
the resulting metal objects: the article honestly admits that the metal
structures obtained after pyrolysis contain voids and differ in an uneven
surface (this is clearly visible in Figs. 1 and 3), and include a small amount
of impurities, mainly carbon. Since impurities and minor defects can seri-
ously affect electronic and optical properties, these problems must be
solved before the industrial use of the new approach.

The researchers also plan to test the approach they have developed for
the three-dimensional printing of structures made of other metals. The
most interesting in this regard seems to be an attempt to use tungsten,
whose high melting point (3442 °C) does not allow the use of traditional
metal printing methods.

Despite the significant number of advantages of three-dimensional print-
ing in the layout of objects, the creation of actual details is of greater interest.

Additive manufacturing technologies in the industry have consider-
able prospects. Small-scale production of products with complex geometric
shapes and made of specific materials is widespread in the oil and gas in-
dustry, shipbuilding, energy engineering, reconstructive surgery and den-
tal medicine, and the aerospace industry. The direct cultivation of metal
products here is motivated by economic expediency since this production
method turned out to be less expensive. Using additive technologies, work-
ing parts of drive mechanisms and shafts, implants, and endoprostheses,
spare parts for cars and aeroplanes are produced. The development of
rapid production was also facilitated by the significant expansion of the
number of available metal powder materials. If in 2000 there were 5—6
types of powders, now, a wide range is offered, numbering dozens of com-
positions from structural steels to precious metals and heat-resistant alloys.
Additive technologies are also promising in mechanical engineering, where
they can be used in the manufacture of tools and devices for mass produc-
tion — inserts for thermoplastics machines, moulds, and templates [102].

There are three directions in the use of additive technologies in indus-
try: increasing the reliability of equipment, increasing the maintainability
of equipment, and manufacturing fundamentally new equipment.

Oil and gas equipment itself is reliable and unpretentious, as it was
designed for harsh working conditions, but over time, reliability decreases
and no longer reaches the required level. Traditional methods of repair
and restoration can return full functionality, but not reliability, there-
fore, after each subsequent repair, the operating time of the equipment
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decreases until a critical moment comes when repair is impractical, and
the equipment is scrapped. Premature equipment failure is also affected
by an aggressive environment in which the equipment does not produce
even 50% of its service life [102].

The use of three-dimensional printing technologies will improve the
reliability of the equipment without resorting to constructive interference
in the equipment. There are two ways to achieve increased reliability. The
first way is the use of materials for the manufacture of equipment parts
with improved performance and properties. The second way is to manufac-
ture equipment parts in one array, excluding welding and soldering joints.

Most of the industrial equipment and machines operate in a harsh op-
erating mode. One of the essential components is the conditions that en-
sure the necessary operation of the equipment. Such conditions include
high temperature, overpressure, and extreme mechanical loads. Equipment
failure statistics show that equipment failure due to a defect at the junc-
tion accounts for up to 18% of all breakdowns. Such defects include burn-
outs of gaskets and destruction of gaskets and seals due to increased pres-
sure and aggressiveness of the medium. The connection points are the
weak link of each piece of equipment [103—106].

12. Conclusions

Additive manufacturing methods are an alternative to existing traditional
methods of manufacturing parts. Unlike the subtractive methods of prod-
uct production, where everything superfluous is cut off from the work-
piece, three-dimensional printing methods ‘grow’ apart from a powder
composition, the particles of which are synthesized in each layer and the
layers among themselves. The use of additive technologies makes it pos-
sible to obtain products with internal cavities of any shape (rectangular,
spiral, mesh), for instance, cooling channels for heat exchangers, casting
tools for creating new engine housings, and parts with a mesh structure.

Additive technologies provide new opportunities in the manufacturing
process of metal parts for mechanical engineering [109—114]. Therefore,
three-dimensional printing is an innovative method that allows you to cre-
ate complex and voluminous metal parts. This article discusses the use of
three-dimensional printing in metal product production. The paper de-
scribes the basic principles of three-dimensional printing and its ad-
vantages and disadvantages. Various types of three-dimensional printing
used to create metal products are also considered. We also discussed the
main aspects of the application of this method and its impact on the qual-
ity and functional properties of manufactured parts. Finally, we analysed
the application of additive technologies in the process of manufacturing
metal parts.
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caMOr'o TeXHOJIOTiYHOTO 00JafHAHHS, TaK i CHPOBUHHUX MaTepiaJris.

KarouoBi ciioBa: ceeKTUBHE Jla3epHE IJIABJIEHHA, aJUTUBHI TEXHOJOTil, MiKPOCTPYKTY-
pa, KepyBaHHA MiKPOCTPYKTYPOIO, TepMiuHe 00POOJIeHH .

ISSN 1608-1021. Usp. Fiz. Met., 2024, Vol. 25, No. 2 415



