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Abstract: The article is devoted to the compressive review of the defects observed in the products of
the machinery usage made mainly of anti-corrosion steels of the martensite-austenite group, difficult
to process materials such as pure titanium, nickel, and their alloys, super and high entropy alloys and
triple fusions produced by laser additive manufacturing, particularly the laser powder bed fusion.
Studies were conducted on the structural defects observed in such products to improve their quality
in the context of residual stress elimination, porosity reduction, and surface roughness improvement.
Electrophysical and electrochemical treatment methods of removing oxide phase formation during
melting and remelting of deposed tracks in layers are considered (such as ultrasound, plasma,
laser, spark treatment, induction cleaning, redox annealing, gas—flame, plasma-beam, plasma-spark
treatment). Types of pollution (physical and chemical) and cleaning methods, particularly plasma-
based methods for oxide phase removing, are classified. A compressive comparison of low- and
high-pressure plasma sources is provided. Special attention is focused on the atmospheric plasma
sources based on a dielectric barrier and other discharges as a part of a production setup that presents
the critical value of the conducted review in the context of the novelty for transition to the sixth
technology paradigm associated with the Kondratieff’s waves.

Keywords: surface cleaning; laser powder bed fusion; selective laser melting; atmospheric plasma
sources; dielectric barrier discharge; nickel alloy; titanium alloy; anticorrosion steel

1. Introduction

Additive technologies for the production of products are the primary trend of recent
years in power engineering, automotive, mechanical engineering, biomedical engineering,
aerospace, and defense industries [1-4]. Additive technologies fundamentally change the
production process by layer-by-layer growing solid according to a digital 3D model [5-9].
The introduction of additive technologies provides ample opportunities to manufacture
complex profile products with high accuracy, up to £0.05 mm, depending on the used
modes [10-12]. The technology also allows working with non-standard materials up to
oxide ceramics and glasses [13-15] and using the technology as thermal post-processing of
three-dimensional complex-shaped products made by other methods [16].

Increasing additive production’s mobility and flexibility have modified the digital
system of technological production preparation. It has moved it into a virtual environment
allowing a quick transition to the production of new products without developing the
specific technological documentation and tooling for each specific product that usually
hampers rapid technical preparation for the production of new products in a short time
(work preparation process can be reduced from traditional 6-12 to 1-2 months for engineer-
ing products) [17,18]. Digitalizing the production causes traditionally as well the ability
to reduce the impact of the human factor on the quality of the resulting products [19] and
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reduce the duration of design and technological preparation on extra tooling of the first and
second order (for example, stamps and dies and profile cutters for their production) [20,21].

The possibility of manufacturing parts that are not inferior and sometimes even
exceed the physical and mechanical properties of parts obtained by traditional methods
can be named as one of the known advantages that extends the product’s life in the
conditions of extreme exploitation (cyclic thermal or mechanical loads) [22,23]. An ability
to manufacture parts of complex configurations with internal structures from bimetals
makes additive manufacturing outstanding from traditional shaping [24,25] and allows
reducing the grown object weight by internal cavities forming. High material utilization
rate due to the production of workpieces with a minimum allowance for subsequent
machining and the recovery of up to 99% of uncured material for reuse in the production
cycle increases production efficiency [26]. However, it should be noted that implementing
traditional machining methods leads to the loss of raw materials that can reach up to
80-85% in the production of dies for injection molds that require the massive volume
milling of the internal cavity of workpieces [27].

Among the most striking shortcomings, scientists identify the high costs for equipment
and electric power, powder material of specific parameters, insufficient rates of newly
developed material introduction, and the inability of quick technology adoption for these
materials in place [4,28,29]. Among others, it can be named high post-processing costs
for small production volumes and relatively low productivity for growing large-sized
solids (with overall dimensions of more than 100 mm can take up to a few days) [30].
Growing large-sized parts is also associated with a deviation in accuracy that grows from
the centrum of the part profile in plane to its periphery. The shape of the laser beam spot
is an axisymmetric circle closer to the center when it looks like an ellipse-shaped with a
more blurred edge closer to the periphery that is especially noticeable on the parts with
an overall size of more than 300 mm in-plane [31,32]. Insufficient quality of single-track
formation influences the quality of the part dramatically and leads to the deviations of the
grown solid [33,34].

Another known advantage is that powder material reusing leads to deterioration of
powder properties during re-exploitation due to the energy excess in the melt pool, ejecting
partly fused particles out of the processing area [35,36]. The absence of scientifically based
recommendations on the choice of LPBF factors for producing the parts from known but
still not adopted for LPBF specifics steels and alloys, non-standard alloys, new metal-based
materials, superalloys, high-entropy alloys, triple fusions, etc. can hampers development
of the technology and transition to the next technological paradigm [37-40].

Despite all mentioned shortcomings, LPBF is considered economically feasible when
shaping is impossible by traditional methods and when time on tooling production slows
down the production of a prototype, and also in the case of the low utilization rate of
high-cost processed materials and the production of high-tech, small-scale or personalized
products [41-43] made of a broad range of engineering materials (Table 1).

Table 1. The most spread engineering materials for LPBE.

Material References

Technical ceramics [44]
Tool steels [45]

Anti-corrosion steels [46,47]
Gradient materials (anti-corrosion steel/carbides of the group 4, 5 [48]

and 6 transition metals (with the exception of chromium)
Al and Al-based alloys [1,23,49]

Ni and Ti alloys [50,51]

CoCr alloys [52,53]

High reflective and thermo conductive metals and alloys of the [54,55]

copper subgroup
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LPBF is used in industry to produce complex-profile parts of assembly units and
assemblies, non-separable multi-element assemblies [56], dies and mold parts [57], forming
inserts for chill casting [58], a wide range of engineering scaffolds [59,60].

Formed solidification defects include discontinuities and microstructural imperfec-
tions in the fabricated components that are still inevitable [61,62]. The study of the grown
material defects showed the formation of such defects as intertrack lack of fusions, localized
brittle zones, and grain coarsening in the heat-affected zones, leading to anisotropic ductil-
ity behavior along with layer deposition and growing solid directions. This review paper
provides the associated defects of grown material structures and summarizes technologies
of surface cleaning being deployed to mitigate the defects such as residual stresses, pores,
oxide phase formation, and improving surface roughness.

The work is mainly devoted to the production of engineering products produced if a
wide range of metallic materials to reduce their labor intensity and, in prospect, enlarge
their exploitation properties for working in cyclic loads, in particularly:

- aquarter-turn lock mechanism of the aircraft that includes a pin, washer, and sleeve
made of X20Cr13 (AISI 420) steel with a diameter of 11 mm, a height of 7 mm, complex-
shaped, where the traditional technology is rather laborious and complicated;

- an air intake grille module made of X10CrNiTil8-10 (AISI 321) steel, which is an
element for protecting the air intake duct from the objects entering it and is an obstacle
to the air intake to the engine with overall dimensions of 180 mm x 100 mm x 30 mm
with the minimum thickness of the inclined by 0.5-1.0° walls of 0.3 mm; traditionally
the module is characterized by high labor intensity, including following operational
steps such as cutting, bending, manual assembly of almost seventy parts, welding,
and soldering.

The material of the washer should be wear-resistant, the material of which should
differ in strength from the lock pin material by 20%, where the strength is not less than
1300 MPa, hardness is not less than 42 HRC, the density is not less than 7.7 g-cm’3,
arithmetic mean deviation R, is less than 3.2 pm. Another airplane part should be produced
with tensile strength not less than a standard semi-finished product with a density of less
than 7.9 g-cm 3, and arithmetic mean deviation R, of less than 6.3 um. LPBF of these parts
takes the production to a new level [63-65].

Therefore, the task of studying the relationship between the LPBF factors and their
influence on fused material structural defects, understanding the mechanism of defect
formation, design and development of the specific atmospheric plasma source based on a
dielectric barrier discharge for LPBF product surface cleaning is relevant.

The following tasks are defined to achieve minimizing structural defects of LPBF products:

Study the formation mechanism of an undesirable oxide phase (defects);
Conduct analysis of methods for removing the oxide phase by atmospheric plasma
sources from the surface after exposure to a laser beam;

e Highlight and systematize an atmospheric plasma source principles based on the
dielectric barrier and other discharges as part of a technological installation.

2. Study of Formation Mechanism of Oxide Phase (Defects)
2.1. Study of the Effect of Process Parameters on Defects in LPBF

Currently, additive technologies are implemented based on light-beam and electron-
beam energy sources. However, today’s most popular additive technologies based on laser
radiation are related to melting, sintering, and direct metal sintering principles. When
implementing the technology of selective laser sintering, the compaction of the layer of
powder material occurs due to solid-phase sintering. In the basis of direct laser sintering of
metals, densification occurs according to the mechanism of liquid-phase sintering due to the
melting of a fusible component in a powder mixture. In the basis of the laser powder bed
fusion method, the compaction of the powder material is carried out due to the complete
melting and spreading of the melt. The structure of the product obtained by selective laser
melting is shown in Figure 1 based on some findings in [33,34].
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Figure 1. The schematic structure of the metal product obtained by LPBF: (a) Top view; (b) Cross
section; (c) Longitudinal section.

Obtaining a surface of the required quality is one of the most critical issues of LPBE.
However, the lack of data on the modes of laser powder melting and the powder materials
themselves necessitates multiple research projects in this area [66-72]. The LPBF process is
multifactorial, and a whole set of factors influences the formation of defects [33,34,71].

Further improvement of additive installations is associated with using a more powerful
laser generator, a smaller diameter of the focusing spot, and a thinner layer of powder,
which made it possible to use LPBF to obtain products from various metals and alloys of
the required quality level.

With LPBF materials such as aluminum and copper subgroup, an important issue is
their high reflectivity [1,23,49,54,55], which determines the need for a powerful laser system.
However, increasing the power of the laser beam can adversely affect the dimensional accuracy
of the product because if heated excessively, the powder material will melt and sinter outside
the laser spot due to heat transfer. In addition, the high power of the laser generator can lead
to a change in the chemical composition because of metal evaporation, which is typical for
alloys containing low-melting components and having high vapor pressure.

One of the important conditions in the implementation of the LPBF is creating a
protective environment that prevents the oxidation of the powder. The composition of the
gaseous medium in the working chamber is an important technological parameter of the
LPBE. It is known that the absorption of atmospheric gases during metal melting negatively
affects its physical and mechanical properties. Therefore, a protective environment of
inert gases (N or Ar) is created and maintained in the working chamber. However, inert
nitrogen gas as a shielding gas is limited because nitrides may form (e.g., AIN, TiN in the
manufacture of aluminum and titanium alloy products), which leads to a decrease in the
material’s ductility. Furthermore, it has been established that the flow rate of the working
gas and the direction of its flows affect the degree of porosity in titanium alloys synthesized
using the LPBF technology due to the possible transfer of oxide inclusions formed during
powder melting to the scanning zone [1,23,51,73,74].

Practice shows that working with technologically difficult materials such as titanium
and nickel alloys leads to the formation of residual stresses, leading to warping of parts
and even cracks [50,51,75,76]. Compared with stainless steel, aluminum powders have a
higher powder reflectivity (over 91% for aluminum) for laser radiation and higher thermal
conductivity, making the process more difficult. Oxide formation on particles when using
aluminum powders can lead to defects due to the ingress of oxide films into the alloy
since aluminum oxide has a higher melting point (2072 °C) than pure metal (660.3 °C). The
upper oxide film from the melt pool evaporates under the action of the laser beam, whereas
the oxide films located deeper in the melt are untouched and remain inside, representing
defective zones. Finally, the hydrogen content of the powder can cause pores in the part if
the melt pool crystallizes faster than the gas evaporates.
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The quality of powder materials is characterized by granulomorphometric properties
(sphericity, dispersion), geometric dimensions, and physicochemical characteristics. The
study of the effect of particle size on the properties of finished products showed that in
order to obtain high-quality products without porosity, the presence of small particles is
necessary. During laser exposure, small particles are first melted, thereby creating favorable
conditions for melting larger particles. In addition, the spherical particles improve the
fluidity of the powder and can be packed more densely. A wide particle size distribution
allows for a denser arrangement of particles. A uniform layer is formed with sufficient
fluidity of the powder. The size distribution of particles affects the mode factors that differ
for large and small particles.

An important characteristic of powders is also the structure of their constituent parti-
cles, which can be both compact and porous. In this case, the pores can access the surface
(open porosity) or be closed inside the particle (closed porosity).

Used metal powders must meet the following requirements [77,78]:

—  homogeneous chemical composition;

—  sphericity of powder particles with a shape factor from 1.0 to 2.0 (sphericity guarantees
high fluidity and packing density, which leads to rapid and reproducible distribution
of powder layers);

-  anarrow and uniform range of particle size distribution with an average value of 40
to 75 um (the content of particles whose size is larger than the allowable or irregularly
shaped particles can cause defects in the finished part).

Powders that meet these requirements have:

—  Low coefficient of friction between particles;
- Satisfactory fluidity;

—  Increased bulk density;

- Satisfactory density after shaking.

Such requirements allow uninterrupted powder supply and its deposition in thin
layers in the LPBF. Depending on the required level of quality, appropriate post-processing
is required [79-81].

The multifactorial nature of the LPBF, the need to determine the optimal modes of
formation of products of the established quality level, and when using new alloys and
materials hinder the widespread use of this method. Quality management of products
obtained by LPBF technology is based on understanding the mechanism of defect formation.

2.2. Study of the Mechanism of Formation of Structural and Surface Defects

An analysis of the literature sources has shown that, to date, studies of the quantitative
correlation of the formation of defects with process parameters are of a disparate nature.
The main defects of LPBF technology include cracks, delamination of parts/cracking and
warping, porosity, the density of the part, reduced plasticity due to the presence of residual
stresses, surface roughness (Table 2). The table is suitable for nickel and titanium alloys
(including high-entropy alloys), anti-corrosion steels of the martensite-austenite class, and
some oxide ceramics suitable for LPBE.
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Table 2. Defects in laser powder bed fusion.

Defects Possible Reasons Solutions References

° Use of supporting structures for fast and
efficient heat dissipation;

e  Optimal orientation of parts in the build
chamber to reduce the area of welded

e  Too high mode than required
(especcially it is actual for
newly introduced metals and

I difficul sections;
Cracks (surface, atloys or cifficuit-to-process e Heated build platform, which reduces the
internal, nTaterla.ls ar}d alloys of temperature gradient and reduces [14,24,75,76,82,83]
through) nickel-titanium group, and residual stresses:
high-entropy alloys), - )
Powder quality, o  Chessboard scanning strategy;
Residual stresse/s To avoid further cracking during
operation, heat treatment to relieve
internal stresses is recommended, etc.
Too high modes: o  Selection of the optimal LPBF modes
& ’ (speed, laser radiation power, scanning
Granulomorphometry of the strategy);
powder (size, sphericity, e Selec tgi;(})]n’ of ontimal
dispersion of the powder); P .
L granulomorphometry (shape, size,
e  The oxide film present on the dispersion);
Porosity surface of the powder Input quali;y control of powders; [14,30,47,62,84]

particles;

e  Layer deposition density;

e  Shrinkage processes, capture
of molecules (nitrogen, argon)
during synthesis

. Consistency of the quality level of the
used powder;
Carrying out subsequent processing
methods, for example, hot isostatic
pressing, etc.

e  Residual stresses;
Product geometry;
Location of supporting
structures;
Heating and cooling rates;
Increased degree Technological heritage;
of stress-strain ¢ Choosen material physical
state properties;

e  Process parameters (laser
power and speed, powder
layer thickness, scanning
strategy, preheating, etc.)

Selection of the optimal LPBF modes;
Carrying out heat treatment (annealing);
Rescan: [8,45,72,82]

Platform heating

LPBF process modes;

Peculiarities of LPBF

(layer-by-layer deposition of

the powder material and the

formation of steps, which are Selection of the optimal LPBF modes (reducing

more pronounced with a the scanning interval leads to an improvement
Increased surface L SR . . .
roughness significant inclination of the in surface roughness; reducing the scanning [8,18,47,82,85]
& surfaces; speed reduces coagulation and improves
e  Partial melting of granules surface roughness)

from an array of powder
outside the shaded section due
to partial penetration of the
previous deposited layer)

Cracks are among the most dangerous mechanical defects in the LPBF [14,86], in which
low thermal conductivity and high coefficients of thermal expansion create sufficiently
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high internal stresses to break bonds within the material, especially along grain boundaries
where dislocations are present.

Several physical phenomena are important to the LPBF, such as the absorption of laser
radiation by the powder material, melt droplet coagulation phenomena that disrupt the
formation of continuous layers, and thermal fluctuations experienced by the material during
the process, which can lead to cracking and damage to the product being grown [8,86].

Cracks can occur due to not using a laser source with sufficient power or too fast
scanning of the powder surface, which leads to insufficient metal melting and preventing
a strong bonding medium for solidification [87]. Moreover, residual stresses can lead to
cracking (a mechanical defect in which low thermal conductivity and high coefficients of
thermal expansion create sufficiently high internal stresses to break bonds within the mate-
rial, especially along grain boundaries where dislocations are present) of parts and their
deformation [86]. The value of residual stresses is affected by the product’s geometry, the
rate of heating and cooling, and the coefficient of thermal expansion, phase and structural
changes in the metal. Studies were carried out to assess the residual stresses and strains
for various scanning strategies [88]. The maximum stresses along the X and Y axes were
observed for samples with a scanning strategy along the contour when shifted to the center.
Checkerboard scanning, also known as island scanning, has been proven to reduce residual
stresses compared with other scanning strategies using a random sequence of islands.

Secondary effects due to the laser beam can unintentionally affect the properties of
the structure. One such example is the formation of secondary phase precipitates in the
bulk structure due to repeated heating in the solidified underlying layers as the laser beam
passes through the powder layer. Depending on the composition of the precipitates, this
effect can remove important elements from the bulk material. In addition, the laser power
and convection currents generated in powder layers containing oxides can evaporate and
“splatter” the oxides elsewhere. It is typical for the LPBF that the deposited powder is
remelted several times during the construction of the product, ensuring reliable adhesion
of the formed layers (Figure 2) [8,89].

Figure 2. Oxide nanoparticles correspond to a small extent to steel obtained by LPBE.

In this case, the material is heated above the melting point, and a thin oxide film
inevitably appears on the deposited surface, despite the fact that the oxygen content in the
laser chamber is set to no higher than 0.15%. If this film is not removed, then during the
formation of the next layer it will be walled up in the product and during the remelting of
the layer formed above the film, it will remain in the structure of the product in the form of
spherical nanoparticles of the amorphous oxide phase, evenly distributed over the volume
of the product (Figure 2).

These oxides accumulate and do not wet, thereby forming slag, which not only
removes the useful nature of the oxide in the composition, but also provides a mechanically
favorable microenvironment for material cracking [8,90].
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Pore formation is a very important defect in LPBF. Pores are found to form during
changes in the laser scanning speed due to the rapid formation and then collapse of deep
pits on the surface, which trap the inert shielding gas in the solidifying metal.

The main causes of porosity are incorrect selection of LPBF parameters and powder
quality. An increase in the energy density of laser radiation leads to excessive evaporation
of the material and the formation of splashes, which leads to an increase in the pore
volume [85]. In addition, the high energy density of the laser radiation leads to the
formation of a large melt pool, which becomes less stable and leads to the formation of
separate melt droplets (balling effect) rather than a continuous melt path. Melt drops,
under the action of surface tension, draw in nearby powder particles, which leads to the
formation of pits around the drops and, as a result, an increase in porosity [86].

At the same time, when the energy density of laser radiation is insufficient, complete
melting of the powder is not ensured, and large pores appear along the scanning lines. The
size of the melt pool is too small to be in contact with adjacent scan tracks [34,35,87,91].

The speed of laser scanning affects the type of pores formed during the
LPBF [30,33,71,84,85]. The porosity and pore size increase significantly with an increase in
the scanning speed.

Insufficient distance between the tracks leads to an increase in porosity in the synthe-
sized products, which is associated with the formation of a non-continuous melt track [34].

The deterioration of the process of spreading and wettability by the melt of the
underlying layer is also facilitated by the presence of oxygen, which, dissolving in the
metal, increases the viscosity of the melt.

The authors of [82] suggested that the oxide film present on the surface of the powder
particles remains in the melt bath, thereby creating residual porosity in the crystallized
volumes. The authors of [92,93] showed that the oxide film on the previous layer prevents
interlayer bonding and leads to melt droplet coagulation, since metal melts usually do not
chemically react with oxide films.

In addition to the LPBF parameters, the appearance of pores is influenced by the
quality of the used powder materials, the size and sphericity of the particles, and the
granulometric composition’s uniformity (dispersity).

The more the shape of the particles approaches a spherical shape, the greater the
density of the backfill. Less spherical particles form structures of the second order, which
are characterized by large extended pores.

The study of the effect of particle size on the properties of finished products showed
that in order to obtain high-quality products without porosity, the presence of small
particles is necessary [94]. During laser exposure, small particles are first melted, thereby
creating favorable conditions for the melting of larger particles. The presence of particles in
the powder, the size of which is larger than the allowable or particles of irregular shape,
negatively affects the porosity of the product.

Methods for reducing porosity in LPBF [95,96] include mainly powder quality control
(granulomorphology and granulomorphometry, particularly degree of reflection/absorption
of laser radiation by the powder), search for the optimal range of process factors, additional
methods of leveling/compacting the powder in the layer, pre-drying, leveling the layer,
pressing, wetting, pre-heating or heating, pre-melting, subsequent post-processing. The
input control of the powder is carried out by assessing the presence of voids and their vol-
ume, particle size, shape and linear dimensions, which is important for assessing whether
the particle size falls within the desired range.

In addition, subsequent processing methods such as hot isostatic pressing (HIP) can
reduce porosity [97]. The use of HIP makes it possible to eliminate residual porosity and
improve the physical and mechanical properties of the material.

After additive manufacturing by the LPBF, materials are characterized by anisotropy
of properties, increased strength and reduced ductility due to the presence of residual
stresses [8,86,97]. Annealing is carried out to remove residual stresses, obtain a more
balanced structure, and increase the viscosity and plasticity of the material [98]. Sometimes
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remelting or premelting can be used to increase density, reduce residual stresses, etc. [99].
This strategy requires double scanning of the same layer with possibly different parameters
without applying powder, although this may increase production time. Platform heating
allows reducing the gradient and reducing residual stresses [100].

A checkerboard scanning strategy can also be used to reduce residual stresses in metal
parts [94,101]. This strategy works by dividing the scanned area into squares of a given size,
which reduces the size of the scanned sections and reduces the length of the scan vector.

However, a team consisting of scientists from the National Institute of Standards and
Technology (NIST), Livermore National Laboratory Lawrence (LLNL) and other institutions
found that the island scanning method actually increases residual stresses when printing
certain bridge-like geometries [102]. Those, the use of the staggered scanning strategy
makes it possible to reduce residual stresses, but has restrictions on the geometry of the
products. A subsequent heat treatment can be used to relieve internal stresses. The grown
parts, fixed by supporting structures on the building platform, are placed in an oven and
aged according to the modes [30,47].

The main reason for the increased surface roughness of products obtained by the
LPBF method is the way the technology is implemented: layer-by-layer melting of powder
material by means of high-power laser radiation. According to the results of studies [103],
the roughness of the surface layer is influenced by the parameters of the technological
process such as the power of laser radiation, the scanning speed, the layer thickness and
the scanning strategy. Surface roughness is directly dependent on technological modes and
correlates with the nature of the change in porosity.

It was found that coagulation has a great influence on the roughness of the surface
layer. Coagulation is the fusion of small powder particles into larger ones under the
influence of laser radiation. A decrease in coagulation was observed with a decrease in
the scanning speed, which is due to an increase in the melting time of the powder and
a decrease in the viscosity of the melt. Increasing the scanning step leads to an increase
in surface roughness. The surface roughness has the smallest value of 15 um at a laser
power of 200 W and a scanning speed of 3000 mm/s. The authors proposed to improve the
roughness of the inclined surface due to the contour scanning of each layer with increased
energy density [85].

The study of the influence of the quality of the powder material on the roughness
showed that the smaller the powder particles, the more accurately it is possible to build
products by reducing the scanning step and to obtain a smoother surface by reducing
the thickness of the powder layer. However, in the process of product synthesis, a very
rapid melting process occurs in the area of the laser spot, accompanied by boiling of the
metal with the splashing of the melt and “carrying out” of fine light powder particles
from the construction zone, which leads to the formation of an increased roughness of the
product [52,53]. This effect can be reduced by using low-power lasers, but this significantly
reduces productivity. Subsequently, processing (sandblasting, grinding, and polishing) is
used to improve the roughness [30,47].

3. Analysis of Methods for Removing Oxide Phase by Atmospheric Plasma Sources
after Laser Treatment

3.1. Investigation of Methods for Removing Oxide Phase

One of the main problems in the selective laser melting of metal powders is the oxide
phase. It complicates the LPBF of metal powders and prevents the normal formation of
layers during melting.

It is necessary to clean the formed surfaces for the further LPBF carefully to reduce the
negative effect of the oxide phase. Mechanical, chemical, electrochemical, physical, thermal,
and combined cleaning methods are used to remove the unwanted oxide phase.

Ultrasonic, plasma, laser, spark, induction, gas thermal, and combined methods can be
used to remove the unwanted oxide phase in the LPBF operating chamber. A comparative
analysis of the methods for oxide phase removal in LPBF is presented in Table 3.
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Table 3. Methods for removing the oxide phase.
Nature Method Ability to Clean Complex Shapes Remarks Sources
The need to use special solutions, .
Ultrasound the need for complex ultrasonic Exclusion of th? use of flammable [104,105]
and toxic solvents
transducers
Allows you to clean products
Plasma w1thouF the.z use of hef:lt and the use Ability to clean gegmetrlcally [106-108]
Physical of special liquid media, allows you complex objects
to process parts of complex shape
does not requie Additional Possibility of 100% localization of
Laser resources, cleaning the surface . [109]
o - cleaning products
retains its original appearance
Spark There are restrictions on the The complexity of the equipment, [110]
P thickness of the processed material causes surface modification
Induction cleaning, The technology is effective when POSSlbl%ltY of surfac? overheating,
. . sophisticated equipment and [111]
redox annealing using long bars e
Thermal qualified personnel
Slight heating of parts, used to The need for subsequent cleaning
Gas-flame clean parts with a thickness of by mechanical action, combustion [112]
more than 5 mm products remain on the surface
. The complexity of the equipment,
Combined Plasma-beam, Allows processing of the complexity of the [113]
plasma-spark complex parts

implementation process

The performed analysis showed that one of the methods that allows to efficiently and
effectively remove the oxide phase that occurs during the LPBE, providing conditions for
reliable and durable formation of the product, is the plasma method.

3.2. Analysis of Methods for Removinge Oxide Phase by Sources of Atmospheric Plasma

Atmospheric pressure plasma is generated at atmospheric pressure without the use
of complicated and expensive vacuum equipment. In this regard, atmospheric plasma
is one of the promising processing tools in various fields of science and technology. At-
mospheric low-temperature plasma and devices based on it, realizing a corona discharge,
glow discharge, discharge with a dielectric barrier, and others, are widely used in various
technologies [114,115].

Atmospheric plasma can be used to local clean surfaces of various materials such
as metals, various types of ceramics, and other temperature-resistant metal- or ceramic-
based materials.

The purpose of atmospheric pressure plasma cleaning is to remove contaminants,
any substrate, even molecular traces of contaminants that form on the surface. Surface
cleaning is the initial step in the surface preparation process. There are two types of
pollutants—“natural” and “technological”. Natural effects of the surrounding atmosphere
appear, mainly containing oxygen-carbon or carbon-hydrogen bonds of organic substances,
oxides, and adsorbed water particles. A technological type of pollution may occur during
the part’s manufacturing process.

There is another classification of pollution based on [8,47,82,116-122]. All pollution is
divided into physical and chemical ones. Physical pollutions are held on the treated surface
due to Van der Waals forces (electrostatically); chemical ones are due to chemical bonds.
Different types of contaminants are removed by different methods (Table 4).
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Table 4. Pollution classification.

Type of Pollution Cleaning Method References

Washing [116]

. Ultrasonic cleaning [82]

Physical Heat treatment [47,82]

Plasma cleaning [8,117,118]

Processing in solutions [119]

. Acid and alkali etching [120]

Chemical Gas etching [47]

Laser chemfical cleaning [121,122]

Surface treatment with plasma flows creates a low-temperature environment by using
electrical energy rather than thermal energy to stimulate chemical reactions. The speed of
plasma cleaning is not high (~0.4 mm/hour) [123,124]; therefore, plasma cleaning is often used
as a finish cleaning, immediately before further processing (for example, coating deposition).

Plasma treatment satisfies the progressiveness criteria (the degree of progress in
technology, technological equipment and organizational forms of processes, which includes
qualitative and quantitative indicators [125]) such as:

—  Low duration of the process;

—  High degree of cleanliness of the treated surface;

—  Homogeneity of the cleaned surface;

- No changes in the structure of the substrate material;
-  Environmental safety;

—  The possibility of quick disposal of cleaning products.

During the implementation of plasma surface treatment, electrons, ions, and radicals
are generated. The atmospheric pressure plasma flow, interacting with the treated surface,
causes the following phenomena leading to effective cleaning: heating of the surface to be
cleaned, spraying, and etching. The advantages and disadvantages of these processes are
shown in Figure 3.

Plasma methods for
removing the oxide phase

|
[ | |

(Plasma activation J ‘ Plasma cleaning J ‘ Plasma etching ]

l l l
’ Heating ’ ‘ Spraying J [ Etching ’

Type of impact
on the product

~Removes only lightly -Removes all impurities; -Selectively removes

connected connections; —Poor performance; contaminants;
~Very low ~The possibility of -High performance;
productivity; introducing ions; —Does not destroy
~Does not destroy the —Changes the surface the surface;

surface; structure; -Limited to chemical
-Limited by low —Energy-intensive; reactions
temperatures —Controlled;

—Does not depend on the
exposure temperature

Figure 3. Plasma methods for removing the oxide phase.
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Plasma treatment with atmospheric plasma reduces surface contamination by 5-6 times
than chemical cleaning methods. Atmospheric plasma cleaning prepares the surface without
any harmful waste.

Depending on the design solution and practical implementation of plasma surface
treatment in order to clean it from the oxide phase and ensure strength properties, plasma
cleaning, plasma activation, and plasma etching are used [126,127] (Figure 3).

When implementing plasma heating to clean the surface, the substrate to be cleaned
is heated mainly by bombarding the surface with the electron and ion components of
the plasma and by plasma radiation. It is possible to increase the plasma energy flux by
applying a bias potential. Surface heating is usually limited to a low temperature (~600 °C)
due to the prevention of the formation of metal carbides. At the same time, such a process
can remove only lightly bound unwanted particles of a substance.

When implementing the plasma sputtering (physical vapor deposition (PVD) method
of thin film deposition by sputtering that involves ejecting material from a target (source)
onto a substrate (part)), a necessary condition is the presence of an additional voltage. A
voltage is applied between the plasma and the substrate. Typically, the “floating poten-
tial” is about 10-20 V. Plasma sputtering is a more productive process. For example, a
contaminated & = 100 nm layer can be removed in 500 s [128,129].

Plasma spray cleaning can be accompanied by removing the main part of the substrate
material. In addition, the formation of surface defects is also possible [130].

Plasma spray cleaning can be accompanied by removing the main part of the substrate
material. In addition, the formation of surface defects is also possible. Atoms or radicals
chemically interact with the substrate during the plasma etching process. The first stage
of plasma etching is adsorption, which is determined by the chemical composition of the
substrate and temperature. Then, two ways of interaction are possible [131,132]: either
adsorbed atoms and molecules interact with the surface or desorbed without chemical
interaction. When volatile compounds are formed, atoms and radicals are desorbed into
the gas phase and removed by pumping. Too high a temperature enhances desorption from
the plasma. There is an optimum temperature when the etching process has the highest
speed and slight heating of the treated surface. A combination of the above processes can
give the highest cleaning efficiency.

The main parameters of surface treatment with atmospheric pressure plasma flows are
the type of used inert working gas, the time of exposure to the substrate during cleaning,
and the power of the plasma generator source.

These parameters affect the degree of plasma flow ionization, which determines the
quality of cleaning [133].

In addition, the quality of plasma cleaning is affected by the duration of the process
and the power of the plasma generator used, which implements a particular type of
discharge, which must be taken into account to prevent overheating the surface of the
parts during cleaning. The efficiency of plasma cleaning depends on many factors, starting
with the substrate material, the duration of plasma exposure, the discharge used, the gas,
the features of the physicochemical processes occurring during plasma treatment, the
design features of the equipment used, and the parameters of the surrounding working
environment.

The conducted analysis showed that the oxide phase can be removed effectively by one
of the described plasma methods, and even more, oxide film formation can be minimized
by plasma cleaning using additional ion bombardment.

4. Research of Atmospheric Plasma Sources Based on a Dielectric Barrier and Other
Discharges as a Part of a Production Setup

4.1. Characteristics of Atmospheric Plasma Sources

Atmospheric plasma sources are designed to activate and clean metal and non-metal
surfaces, apply thin films, air purification, surface preparation before coating deposition,
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gluing, painting, etc. In addition, atmospheric plasma can be used to clean the surface of
organic and biological contaminants, dust particles, and oxides.

Various plasma sources are used to clean the surface from the oxide phase and other
contaminants (Table 5). Special attention is paid to high-frequency (HF) and super-high-

frequency (SHF) plasma sources that are carefully considered below.

Table 5. Comparison of low- and high-pressure plasma sources.

Name P{F}S’;Zre Medium Process Features Notes Reference
electron the product is An additional power
bombardment P supply is required,
DC glow . located on the : .
discharge low vacuum  (plasma cleaning by anode discharge combustion [134]
etching) stabilization system
can lead to the creation
the product is adczlfig(c;ﬁ?:lts,oavr\:er
ion bombardment located on the supply is re I:Jire d a
(surface sputtering) cathode (E ~ PPy quirec,
102-10% eV system for stabilizing
the burning of the
discharge
the product s used for cleanin
High plasma etching located on a . & [135]
metals and dielectrics
frequency low vacuum grounded electrode
discharge the product is used for cleanin
ion etching located on the . & [136]
power electrode metals and dielectrics
plasma etching the product is v fu
(reduced ion located on a soft H;)jheir?f plasma [137]
energy) separate electrode &
HF-discharge . . . -
Glow (plasma cleaning, high density of high energy efficiency, [138,139]
discharges low vacuum etching) plasma low temperature
with a hollow magnetron etching uses a strong application of
thod
cathode and sputtering magnetic field magnetron type [140]
discharge
Super high microwave plasma
frep uencg low vacuum with high radical high rate of electronic cyclotron [141]
dis%har }e, density for cleaning  chemical reactions mode
& and etching
Dielectric frequency of 10-10*
barrier Hz, a continuous use of high-velocity
discharge high atmospheric plasma filamentary  energy source must as streams to remove [142]
(DBDSg & p discharge cleaning provide the & cleanine products
svstems required degree of &P
y ionization
plasma cleaning by
a fi%amentary the uniformity of provides a higher
Capillary discharge the discharge plasma density, the
. . . implemented by a possibility of the
barrier high atmospheric . . depends on the [143]
. device with a . appearance of
discharge . . . location of the
dielectric material capillaries unwanted substances

with a number of
small holes

on the substrate
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Table 5. Cont.
Name Pl:le;;l;re Medium Process Features Notes Reference
the addition of oxygen
use of a needle is required for the
C . (wire) electrode decomposition of
-orona high atmospheric plasma clezfmmg organic contaminants [144]
discharge & P and etching 8 s ’
the possibility of
use of a planar surface oxidation, and
electrode the decomposition of
cleaning products
the conditions are
realized as in the
case of a glow
discharge; the high energy efficienc
High hich atmospheri HF-cleaning plasma is generated gl A 8Y A Y, 145
frequency g ospheric in He, N, Helium ow temperature [145]
and super with the addition of
high 1-3% gas (02, N,
frequency H,, or CFy).
discharges parameters within
the arc and provides significant
SHF-cleaning atmospheric heating of the cleaned
pressure glow surface
discharge

High frequency (HF) discharges can carry out surface cleaning, microwave discharges,
plasma flows, and dielectric barrier discharge (DBD) systems [146-150]. These sources are
of low and high pressure operating in a vacuum and at atmospheric pressure.

Plasma processes at atmospheric pressure do not require the use of expensive vacuum
equipment. In addition, time is not wasted during the implementation of the technological
process to create a vacuum. However, the process of plasma cleaning at atmospheric
pressure also has disadvantages [151,152]: cleaning with a plasma flow requires the use of
shielding gases. The process is carried out in sealed volumes using high-velocity gas flows
to prevent re-contamination of the surface with cleaning products.

Atmospheric pressure plasma sources used for surface cleaning include:

—  Sources of dielectric barrier discharge (DBD);
- Sources realizing pulsed direct current discharges (corona discharge);
-  HF and SHF frequency sources.

4.2. Sources of Dielectric Barrier Discharge

One of the promising sources of plasma at high pressures is an electric discharge
controlled by dielectric barriers, the so-called dielectric barrier discharge [153].

The design of the Dielectric Barrier Discharge (DBD) source can be implemented
according to the traditional scheme and using a dielectric electrode, which has a number of
small-holed capillaries.

Operating principle. DBD sources generate nonequilibrium plasma with a relatively
low gas temperature. AC power sources generate the discharge power with 10-104 Hz
frequencies. The DBD source consists of two plane-parallel electrodes, one of which is
covered with a dielectric material (Figure 4) [154,155]. There are design schemes when both
electrodes are covered with a dielectric material. An alternating voltage of 50-20,000 Hz is
used when generating a discharge. The amplitude significantly exceeds the breakdown
voltage. Microdischarges that occur locally are evenly distributed over the interelectrode
gap. The gap between the electrodes is more than 1.5 mm. The gap size varies and depends
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on the gas and its pressure. Glass, quartz, ceramics, and polymers are used as dielectric
materials. Distinguish discharges by geometry, volumetric, and surface.

Dielectric layer Grounded
High voltage electrode
electrode

)

o0 —

28

b &

E:E o)

Figure 4. DBD device used for surface cleaning.

The charges are collected on the dielectric surface and discharged in microseconds
during operation. The discharge exists at a certain degree of ionization. The gas filling the
discharge gap causes the emission of a photon during the discharge, and the frequency and
energy of the photon correspond to the type of gas [156].

Other devices for implementing the discharge have also been developed. For example,
a device has been developed that implements the DBD method, characterized in that a high-
resistance dielectric layer is used to cover one of the electrodes. Such a device generates a
discharge called a resistive barrier, and a gallium arsenide (GaAs) semiconductor layer can
be used as the dielectric layer.

The rate of purification by a device implementing DBD depends on the plasma gas
composition. For example, adding a few percent of gaseous O, to the composition of the
inert gas Ar makes it possible to intensify the process. However, a higher concentration of
05 leads to slower removal of surface contamination or to the formation of an undesirable
oxide layer. Nitrogen can also be additionally introduced into the composition of the
mixture, which also contributes to a better purification process [157].

Source advantages are in the possibility of implementing DBD in technologically
simple installations at atmospheric pressure, high electric field strength, soft impact on the
treated surface. Disadvantages are limited length of the discharge gap, increased energy
consumption.

In addition, in the practice of implementing cleaning with a dielectric barrier discharge,
a device can be used in which the dielectric electrode has a number of small holes and
capillaries. Such a device implements a capillary barrier discharge. Finally, a diagram of a
device that implements a capillary barrier discharge is shown in Figure 5 [158].

High voltage
electrode Gasl ]

Substrate
surface

Dielectric electrode
with capillaries

High voltage
generator

Figure 5. Capillary discharge device used for surface cleaning.
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Operating principle. A discharge implemented by a DBD source ignited at atmospheric
pressure in a nitrogen working gas environment or in air. As in the implementation of
the above discharge, a dielectric barrier is installed between the electrodes, in which there
are holes and capillaries. The temperature and density of the plasma of a capillary barrier
discharge depend on the initial pressure of the gas, its chemical composition, the diameter
of the hole (capillary), and the amplitude value of the current [159]. In addition, the high
plasma density allows a higher cleaning power to be achieved.

In contrast to the discharge implemented by the DBD source, a capillary discharge
produces stable plasma flows up to 4 cm long. The uniformity of the discharge, in turn,
depends on the location of the holes in the dielectric electrode [151]. Source advantage is
greater cleaning efficiency compared with traditional DBD. A flaw is in the possibility of
surface damage and the deposition of undesirable substances on the substrate.

4.3. Sources of Corona Discharge

Plasma sources realizing a corona discharge operate in an electric field with high
intensity, at high air pressure. Ionization processes during discharge generation occur only
near the corona electrode. The diagram of the device is shown in Figure 4.

Operating principle. Using a corona discharge for cleaning the surface is possible
using non-uniform fields that occur at electrodes with large surface curvature. Such an
independent discharge is typical for electrodes in point, thin wires. Near such cathodes, a
corona-shaped glow appears, and the field strength has higher values. The flow of a corona
discharge is observed if an electron arises during the random ionization of a molecule
(neutral). It accelerates in the electric field, acquiring energy enough to ionize another
molecule. As a result of the process, a new negative electron and a positively charged
ion are formed. Thus, a stream of charged particles is formed that then passes into an
avalanche. The characteristics of a corona discharge depend on the type of corona (negative
or positive) and the pulse applied to the corona electrode [160,161]. The scheme of the
device that implements the corona discharge is shown in Figure 6.

High Voltage
Power Supply

Dielectric

Elecrodes

Grounding
Figure 6. Corona devices used for surface cleaning.

Corona discharge device configurations use needle electrodes (thin wire) or planar
electrodes. In this case, the energy is concentrated on the needle electrode, and the flat
one is grounded. The addition of oxygen is necessary for the decomposition of organic
pollutants. Voltage during processing is applied to the upper electrode. The dielectric in the
system is located between two electrodes and air gaps. The bottom electrode is grounded.
The gradually increasing voltage ionizes the air between the two electrodes and creates a
corona discharge.

The main source advantage is in the ability to initiate a chemical reaction on the surface
to be cleaned. Flaws are significant weakening of the plasma effect during processing,
oxidation of the substrate surface due to ozone release, and the need for sophisticated
ozone neutralization equipment.
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4.4. High Frequency and Super High Frequency Discharges

For excitation in sources of High Frequency (HF) and Super High Frequency (SHF)
(microwave) discharges, two electrodes must be in direct contact with the plasma. The
direct current glow discharge is ignited and maintained, which is necessary to implement
the cleaning process. However, such conditions can lead to disruption of the discharge due
to the formation of a non-conductive film on the electrodes. The diagram of the device is
shown in Figure 7 [162,163].

Substrate
Anode

Gas
| |

Cathode

Figure 7. Plasma source for surface cleaning.

Atmospheric glow discharge is generated using a high-frequency discharge and mi-
crowave (microwave) at high pressure. Plasma is generated in He, Ny, air, and He with the
addition of 1-3% molecular gas such as Oy, Ny, Hy, or CFy, providing sufficient concentra-
tion of the plasma stream to clean the surface material effectively.

The atmospheric pressure plasma source is a device with an internal electrode and
a grounded external electrode. The plasma gas flows between the electrodes at high
speed and exits the nozzle. The plasma jet propagates from the anode (the anode is
grounded). Plasma source operating modes: voltage of several hundred volts, power~1 kW.
Surface treatment can be realized in HF and microwave modes. Plasma is generated in
the resonant chamber and enters the processing zone through the opening-nozzle in the
chamber [129,157]. The parameters of the plasma realizing the microwave discharge are
close to the parameters of the arc and glow discharge of atmospheric pressure.

Device advantages are in the possibility of modifying the surface to be cleaned; the
ability to control chemically active substances to improve the quality of cleaning.

Flaws are in limited areas of impact of HF and SHF discharge; there is significant
heating of the substrate in the process of exposure to the source, and possible overheating
of the surface. A plasma source based on atmospheric plasma based on a dielectric barrier
discharge is most suitable for use as a source of plasma surface cleaning.

5. Conclusions

Today, the introduction of additive technologies, particularly LPBF in production, is
hampered by the lack of scientifically based recommendations on the choice of process
parameters for newly introduced metal-based materials and alloys. It is related to the
lack of systematic studies of the LPBF, the influence of its factors on the quality of grown
products, the formation of defects related to the presence of the oxide phase in the structure
of the solids, and the lack of critical engineering solutions to minimize these types of
structural defects and surface roughness. The analysis of oxide phase formation shows that
the formation of structural and surface defects such as cracks, pores, oxide phases, etc., is
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determined by many process factors and related to the LPBF specifics depending on the
chosen modes, material, and powder properties (reflectivity, sphericity, etc.).

Surface plasma cleaning methods demonstrate their ability to remove the oxide phase
in metal products that can be used in laser powder bed fusion as a part of the unit. This
provides conditions for reliable product growing that can be even more durable in extreme
conditions by removing the oxide phase, smoothing the surface, and recrystallization by
heat treatment (decrease in grain size). Systematization and comparative analysis of the
existed plasma-based methods provided by different types of plasma sources for physical
surface cleaning have shown that the plasma processing using additional ion bombardment
by a plasma source based on an electric discharge with a dielectric barrier can be preferable
to minimize the oxide phase and other structural and surface defects after LPBE.

Using a newly developed plasma source as a part of the LPBF unit can significantly
reduce the labor intensity of production engineering products with the specific requirements
to their physical and mechanical properties and surface quality and, in prospect, enlarge
their exploitation ability and service life for working in cyclic loads.

Developing the LPBF production setup equipped with an atmospheric plasma source
based on a dielectric barrier discharge could contribute to creating a new type of hybrid
equipment for transition to the sixth technological paradigm associated with Kondrati-
eff’s waves.

6. Patents
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