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Abstract: Additive manufacturing has evolved over the past decades into a technology that provides
freedom of design through the ability to produce complex-shaped solid structures, reducing the
operational time and material volumes in manufacturing significantly. However, the surface of
parts manufactured by the additive method remains now extremely rough. The current trend of
expanding the industrial application of additive manufacturing is researching surface roughness and
finishing. Moreover, the limited choice of materials suitable for additive manufacturing does not
satisfy the diverse design requirements, necessitating additional coatings deposition. Requirements
for surface treatment and coating deposition technology depend on the intended use of the parts,
their material, and technology. In most cases, they cannot be determined based on existing knowledge
and experience. It determines the scientific relevance of the analytical research and development of
scientific and technological principles of finishing parts obtained by laser additive manufacturing
and functional coating deposition. There is a scientific novelty of analytical research that proposes
gas-discharge plasma processing for finishing laser additive manufactured parts and technological
principles development including three processing stages—explosive ablation, polishing with a
concentrated beam of fast neutral argon atoms, and coating deposition—for the first time.

Keywords: accelerated ions; explosive ablation; fast atoms; glow discharge; surface sputtering

1. Introduction

Additive manufacturing allows producing complex solid structures by direct material
deposition that fuses the deposed layer’s material with the substrate or previous layer [1].
Most modern research aims to unveil and improve the exploitation and mechanical proper-
ties of the steels [2], alloys [3,4], and even oxide ceramics [5,6]. One of the actual directions
is related to the work with nanoscaled powders [7]. The approach of the direct growing
of solids allows reducing timing on operational steps and the volume of used material
during manufacturing [8].

For the continuous development of the additive approach and its application in in-
dustry, it is necessary to eliminate its main disadvantage related to the low quality of the
produced surface that remains extremely rough with the presence of the unmelted powder
granules. It requires finishing operation without losing the exploitation properties of the
operational surfaces [9] that can negatively influence the service life of a product [10], espe-
cially regarding its responsible applications as a part of aircraft or gas-turbine engine [11].

The choice of materials suitable for additive manufacturing is limited at the technolog-
ical level, and, in some cases, it does not satisfy the design and technology requirements—
wear resistance [12], microstructure [13], and mechanical properties [14]. One of the
additional solutions can be in coating deposition [15], which is especially actual in the
case of using modern nanoscale multilayered coatings [16] and significantly improves the
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service life of the product [17]. The coating microhardness and wear resistance can then
allow the part’s operation in extreme conditions [18].

The surface polishing and coating deposition requirements depend on the intended
operational conditions, material, and manufacturing approach in the part production. In
most cases, it can be determined by developing the scientific and technological principles
of post-processing based the analytical and experimental research.

The authors’ previous experience showed that most of the research aims to overview
residual stress [19,20], analyze the mechanical and physicochemical properties [21,22], and
related microstructure evolution [23], mostly for high-entropy [24], intermetallic, titanium
alloys, and steels [25,26]. The first two types of alloys were under particular interest
in the context of materials development when titanium alloy, as other metal alloys and
steels using in additive manufacturing, showed and proved their engineering prospects in
particular applications [27]. Simultaneously, alloys based on titanium with a high strength-
to-weight ratio and excellent corrosion resistance show their superior technological and
exploitation properties for some critical applications, including aviation and biomechanical
industries [28]. It should be noted that titanium has its particular properties among heat-
resistance and anti-corrosion behavior (due to formed TiO2 thin film) that make it difficult
to process by mechanical milling and lathing [29]. However, it is easily welded and melted
with a laser beam in the inert atmosphere, and its final properties depend mainly on the
pureness of precursors. The field of its application will only grow in the following decades.

At the same time, the questions of finishing and developing the principles of dis-
ruptive technology to improve the surface quality of parts produced by laser additive
manufacturing stay unveiled.

The study presents an overview of the research domain related to the main trends
in the application of the additively manufactured parts by a laser, which are used and
proposed by several research groups finishing operation methods with their advantages
and disadvantages in application to the complex geometry parts and simplicity of used
equipment, development of the innovative approach, and their technological principals in
the finishing of additively produced parts using ion polishing in gas-discharge plasma.

This analytical research’s scientific novelty is determined by an overview of surface
finishing methods and their influence on the functionality and operation ability of the
product responsible surfaces, which are still not fully and completely overviews, by the
proposal of using ion polishing in gas-discharge plasma for the finishing and theoretical
development of three stages of detailed post-processing for the first time.

The study’s scientific tasks are as follows:

• Determining particularities in the surface quality problem (surface properties and
roughness parameters) of metal parts produced by additive manufacturing methods
from various metallic alloys—steels, cobalt, nickel, aluminum, and titanium alloys in
the context of airspace industry application,

• Classification existed methods to improve exploitation properties and surface quality
of the parts produced by laser additive manufacturing,

• Analyses of the last achievement in implementing finishing technologies depending
on its nature—thermal, electrochemical, mechanical, and combined methods,

• Determining finishing methods that were not covered by the experimental research for
additively manufactured parts but have a potentially valuable impact on surface quality,

• Developing the technological principles of ion polishing in gas-discharge plasma for
finishing laser additively manufactured parts to improve their surface quality in the
context of resistance to abrasive wear.

It should be noted that this paper aimed to review the state of science on the existing
post-processing methods and last achievements in the field. The proposed idea of the
ion-polishing method for additively manufactured parts is known and was never proposed
before. That can be proved by the conducted overview of the research domain.
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2. Problem Statement
2.1. Prospects and Surface Quality Problem

The use of laser additive manufacturing technologies has great potential for companies
manufacturing products in the aerospace industry [30], especially in the production of parts
with complex geometries [31]. If we look at the parts for aviation purposes, manufactured
over the past decade, then complex-profile parts stand out against others’ background [32],
and their use is growing every year [33]. Besides, many problems arise when these parts
are manufactured using traditional processing methods [34]. One of the critical issues is
the cost reduction by simplifying the production and manufacturing process. The solution
of both functional and aesthetic problems can be carried out using additive manufacturing
technologies (AM). Structural parts consisting of several components can be grown layer
by layer as a single solid part using AM technology. It is an important issue in terms
of cost and time. Fewer parts can significantly reduce assembly and other costs. It is
possible to design parts that can be easily produced with AM technologies when they are
extremely difficult to shape by traditional machining methods—for example, thin-walled
complex-shaped parts with complex internal surfaces.

Thanks to the technological capabilities of additive manufacturing, designers can opti-
mize the strength-to-weight ratio of a part [35] and minimize the use of consumables and
provide a reduction in processing costs [36], waste disposal, material transportation costs,
reduction of storage costs for raw materials, and for the direct production of final products,
which reduces overall production costs [37]. There is no necessity for additive manufactured
parts to buy various types of workpieces but various granulometry powder [38].

It should be noted that using a laser beam source or another concentrated energy
flow for melting or sintering powders gives the advantages that are not available for other
printing technologies:

• The ability to work with metal alloys, polymers, ceramics, and metal alloys or poly-
mers reinforced with ceramics [6,7,39–41],

• The ability to produce a ready part with high operational properties and service
life [4,19,20,31],

• The ability to produce high-precision parts for the needs of medicine, jewelry, and
even watch production [42].

The application of a laser beam expander or profiler allows even significantly improv-
ing the efficiency of production (up to 30%) [43–45] and extending the potential additive
manufacturing market.

Many companies that are leaders in the aviation industry have begun production
testing of various aircraft parts, taking advantage of the additive manufacturing technol-
ogy. Boeing manufactured various thermoplastic parts using commercially available laser
sintering technologies for the 737, 747, 777, and 787 commercial aircrafts [38,46]. Boeing
was estimated to have earned an estimated $3 million in revenue for every produced
787 Dreamliner aircraft [47]. Although some of the produced parts are complex, manu-
facturing processes are accomplished by eliminating production constraints in a shorter
timeframe, at a lower cost [48], and with the required performance [49].

GE Aviation is currently successfully manufacturing fuel injector parts for LEAP
engines (“Leading Edge Aviation Propulsion” engines produced by CFM International,
Cincinnati, OH, USA) using selective laser melting. Each LEAP engine is equipped with
19 fuel injectors. All engine fuel supply components have been land-tested and approved
for use in civil aircraft [50].

However, with all the attractiveness of additive technologies, already available ex-
amples of their successful application and prospects, they should not be idealized. All
world manufacturers of equipment for AM are currently working on many shortcomings.
In particular, such disadvantages include the porosity of the formed workpiece and its
increased roughness, which must be brought to the required technical level by machining
operations, mainly by milling.
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An illustration of it is presented in Figure 1, which presents the average values of
microroughness height with a thickness of the sintered layer of 50 µm (in terms of Ra
roughness parameter) for the surface of products made from various powder alloys on
machines for laser powder bed fusion (LPBF) or selective laser melting (SLM) [51–56],
laser cladding [57–59] or even cold spray [60]. It can be seen that the formed surface
roughness is far from the quality parameters of the surface layer, which must be satisfied
by critical engineering products. Even optimizing the melting or sintering parameters will
not exclude the need for subsequent machining.
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Figure 1. Arithmetic mean deviation (Ra) and ten-point height (Rz) of the product surfaces produced
by laser powder bed fusion (selective laser melting) for various types of metals and alloys.

The products produced by laser additive manufacturing has particular geometry [61,62]
that can be characterized as having an “edge effect” related to the used hatching strat-
egy [63]. It mostly depends on the character of heat distribution through the layers and
strongly depends on the main controlled process factors of laser power, scanning speed,
powder layer thickness, and hatching parameters.

The edge defect can be identified by the roughness diagram [64] in addition to the
used optical monitoring methods [65]. At the same time, the experiments showed that the
used scan strategy influences its pronouncedness [66].

Another problem of the parts produced by laser additive manufacturing is an effect
of aliasing [67] that can be especially pronounced for tiny objects [68] and depends on the
layer thickness and granulometry of used granules [69], and thermal deformation [70].
A larger thickness of the layer increases the “aliasing effect” (build angle) when a larger
diameter of the used powder granules increases the layer’s thickness.

Several post-processing methods based on the varied nature of the material destruction
that can be applied for the parts obtained by the laser additive manufacturing methods are
presented in Figure 2.

The methods can be divided by influencing the exploitation properties and surface
quality, including roughness parameters and resistance to abrasive wear. Among the
methods influencing the exploitation properties of the parts produced by laser additive
manufacturing, quenching and tempering allow to reduce the grain of the metal alloy and
redistribute the residual stresses in the layers of the product, making the structure more
monolithic than layered. However, such techniques do not always lead to an increase in
the service life of their product in friction pairs and strongly depend on the material and
factors of product growth. Hot isotactic pressing stays aside with its proven improvement
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of material ductility (by ≈20–25% for titanium alloys) but requires developing unique
forms for a complex geometry product.
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The use of a coating to improve the surface layer’s performance properties is a known
technique and can be carried out both chemically and by plasma vapor deposition. Never-
theless, a coating that allows increasing the product’s service life several times requires
preliminary cleaning of the product from unmelted granules and reducing the layer’s
waviness due to the use of various techniques.

Methods for improving the product’s roughness parameters can be divided into
thermal, electrochemical, and mechanical, depending on the nature of the destruction of
surface irregularities. The latter group of methods is most widespread due to their relative
cheapness and availability in any production.

Furthermore, the latest quantitative achievements in the field of application of these
methods concerning products produced by additive manufacturing are considered, the
possibility of their application for parts with complex geometry are assessed, those meth-
ods that researchers have not experimentally approbated are identified, and alternative
technology principles for improving the surface properties and roughness parameters
are developed.

2.2. Research Methodology

The analytical research was conducted, taking into account the basic principles of
electrical and thermal physics, physics of plasma and concentrated energy fluxes, and
available theoretical and practical data related to the research subject of post-processing
methods for the metal parts produced by additive manufacturing methods based on a laser.

The research object is a complex geometry part produced by laser additive manufac-
turing from the metallic alloy powder with a powder diameter of 20–80 µm for the airspace
industry. That has requirements of arithmetic mean deviation (Ra) of less than 3.2 µm for
the parts with an overall size in plane less than 20 mm and less than 6.3 µm for the parts
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with an overall size in plane less than 200 mm for working in the conditions of abrasive
wear in friction pair.

3. Analyses of Surface Finishing Methods
3.1. Mechanical Methods

Mechanical polishing and sandblasting is widely used to reduce the porosity and sur-
face roughness of metals that allow one to obtain both the developed surface morphology
of the metal and significantly reduce surface roughness depending on the used abrasive,
reducing residual stress and fatigue properties. Mechanical abrasive polishing for complex
geometry parts requires handling to control geometry over all the part but lapping in places.
Sandblasting is a universal technique that removes all unmelted granules and unifies the
geometry’s waviness in a brief period (5–10 min for each part with an overall size of less
than 20 mm) without requiring a unique tool. Using any abrasives during polishing or
sandblasting has several disadvantages: abrasive particles remaining on the part surface
and specific geometry after processing, such as scratches in the direction of movement of
the abrasive and particle impact craters (cavities).

Unevenly distributed residual stresses are one of the actual problems for laser additive
manufactured parts with the maximum σ in the perpendicular direction to the solid
growing direction of 205 ± 15 MPa for AlSi10Mg alloy [71]. For Inconel 718, improved
roughness increased the fatigue properties at 650 ◦C by ≈50% [72]. A combined application
of hot isotactic pressing, sandblasting, abrasive polishing, and chemical etching for Ti-6Al-4V
improves the yield strength and ultimate tensile strength (UTS) by ≈2–3 times [73].

Vibration tumbling is more suitable for mass production and allows complex ge-
ometry treatment by tumbling bodies such as ceramics prisms or cork-like clean chips
in water medium (for dust binding) that improve the surface roughness parameter Ra
by ≈3–4 times, abrasive wear resistance by ≈18–20% for chrome–nickel anti-corrosion
steels [74] (Figures 3–5). For high carbon steels, the improved wear resistance is explained
by the increased surface hardness caused by the stress-induced transformation of residual
austenite into untempered martensite during wear, while maintaining acceptable tough-
ness in the subsurface layers prevents brittle cracking [75]. The hardness of tumbling
bodies determines the character of formed cavities and surface properties—the use of
metal tumbling bodies results in the surface’s strengthening by pressure, when the most
significant reduction of roughness parameters and mass loss occurs in the first minutes
of processing [76]. It should be noted that dry tumbling is dangerous for the human
respiratory system and is strongly not recommended for any production.
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Ultrasonic cavitation abrasive finishing allows complex treatment of the part and based
on the combined thermochemical and mechanical nature of mechanolysis (thermodynamic
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cavitation mechanism in the homogeneous liquids), sound and radiation pressure, acoustic
streams, and sound capillary effect and abrasives’ action. The cavitation intensity is
determined based on L. D. Landau and E. M. Lifshitz’s theory of fluctuations [77,78].
The cavitation is realized by both fluctuations of bulk and a vapor bubble with a similar
probability proven by the relationship between the tensile strength of liquids and the bulk
fluctuations [79]. The bubble system’s energy is emitted in the form of an acoustic wave
and is dissipated by viscosity. The local energy of a transient bubble follows a step function
in time, being nearly conserved for most of each cycle of oscillation but decreasing rapidly
and significantly at bubble inception and the end of collapse due to the emission of steep
pressure waves or shock waves [80].
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Figure 5. Three-dimensional (3D) presentation of the laser additively produced part surface made of 12Cr18Ni9Ti austenite
chrome–nickel stainless steel (analog of AISI 321) powder with granules of ≈20 µm (by a MikroCAD-lite 3D measuring
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The mechanism of destruction of the structure material as a whole can be represented
according to the Kornfeld–Suvorov hypothesis (the hypothesis was proposed by soviet
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scientists M.O. Kornfeld and L.I. Suvorov in the 1940s) as follows (Figure 6): when the
cumulative microjet upon the collapse of a cavitation bubble upon collision with a solid
body exhibits the behavior of a solid body and describes the laws for a solid body. When a
collapsing bubble is exposed to a streamlined surface, produced by cumulative streams
(the process is impulsive and non-stationary), surface deformation occurs, and because of
a decrease in the fatigue strength of the material, chipping and knocking out of individual
particles occurs as well. From this moment and further, the intensity of erosion increases
sharply, and hydrodynamic factors that determine destruction within the framework of
the shock wave theory begin to play a significant role: vibration, acoustic radiation, and in
certain cases, chemical and corrosion factors, etc. At the initial stage (plastic deformation),
the process is possible to describe by solving the hydrodynamic penetration problem taking
into account the strength of the material.
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Figure 6. Scheme of cavitation (erosion) wear, where (1) is extruded by cumulative microjet material at the stage of plastic
deformation; (2) is a cumulative microjet; (3) is a collapsing bubble; (4) is plastic deformation zone; and (5) is surface to
be machined.

Experiments have shown that all materials, even the strongest and hardest, are
subject to cavitation destruction [81]. In this regard, the question of what characteris-
tics of a material determine its erosion resistance has been repeatedly investigated. E.P.
Georgievskaya [82] proposed an empirical formula for defining the concept of deformation
energy introduced by Thiruvengadam [83,84] as a parameter characterizing the resistance
of a material to erosion [85]:

Se = (T + Y)
ε
2 (1)

where Se is a calculated value of deformation energy; T is temporary resistance; Y is the
yield point; and ε is relative extension.

The energy of deformation is the power of absorption of energy per unit volume
of the metal before the moment of fracture formation. The development of cavitation
erosion is influenced by the conditions of flow around surfaces to a large extent: speed,
pressure, pressure gradient, temperature. It was found that at a fixed value of the cavitation
number, the erosion rate strongly depends on the flow rate. Activation of solid and liquid
systems, leading to a change in their physical and chemical properties, reactivity, defective
(impurity) structure, etc., can be carried out by various external influences: weak and
strong. Such effects include, in particular, mechanical, magnetic, ultrasonic treatment,
radiation exposure (for example, irradiation with gamma quanta and ion beams), as well as
heat treatment. Activation methods can be subdivided into methods that destroy samples
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as a whole (dispersion) and do not destroy but change only the defective structure. Studies
of hydromechanical treatment of water (as a sufficiently strong effect) have shown that
water’s subsequent activity is manifested both at the macroscale and at the microlevels (at
the molecular and submolecular level).
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The essence of the hydrodynamic impact can be summarized by the action of two
mechanisms: the propagation of shock waves near the collapsing cavitation microbubble
and the shock action of cumulative microstructures in the case of the asymmetric collapse
of cavitation microbubbles. Moreover, in this context, the method of obtaining cavitation
microbubbles does not matter. These main mechanisms are accompanied by an increase in
temperature and pressure near the bubble, making the local area around it a unique reactor
for carrying out various reactions and processes.

The phenomenon under consideration underlies the specific properties and related
phenomena occurring in water subjected to mechanical (hydrodynamic) action. The
modified (or, as it is called, activated) water resulting from hydromechanical treatment
can intensify many technological processes by about 30%. Here, by the term “activated”
water, we mean the generally accepted concept of an active medium, that is, a substance
in which the distribution of particles (atoms, molecules, ions) over energy states is not
equilibrium, and at least one pair of energy levels undergoes population inversion. The
activation of solid and liquid systems, leading to a change in their physical and chemical
properties, reactivity, defective (impurity) structure, etc., can be carried out by various
external influences: weak and strong. Such influences include, in particular, mechanical,
magnetic, ultrasonic treatment, radiation exposure (for example, irradiation with gamma
quanta and ion beams), as well as heat treatment. Activation methods can be subdivided
into methods that destroy samples as a whole (dispersion) and do not destroy but change
only the defective structure.

Studies of hydromechanical treatment of water (as a rather strong effect) have shown
that water’s subsequent activity is manifested both at the macroscale and at the microlevels
(at the molecular and submolecular level) (Figure 7) [86]. It indicates that the bubble’s
symmetric collapse creates high-intensity fields of pressure of 5–10,000 atm. and tempera-
tures up to 2000 ◦C [87], which are related to the ultrasonic waves in the working area and
were even reported for finishing by a lapping tape [88]. In the case of asymmetric bubble
collapse, near the surface, the collapse pattern changes significantly—the collapse occurs
with the formation of a high-speed cumulative microjet, and the formation mechanism is
described in sufficient detail in the literature. In the asymmetric bubble collapse far from
the surface, microjets can be formed far from the surface and hit one another. It should be
noted that at the moment of collapse of the bubbles’ system near the surface, the formation
of streams between adjacent bubbles is equally probable.

Hydrogen bonds’ presence and development largely explain the unique properties
and paradoxes of liquid water. The hydrogen bond has a cooperative nature in H2O
molecules and largely determines the water structure under various external conditions.
Hydrogen bonds are about ten times stronger than intermolecular interactions typical
for most other liquids. In the general case, it can be said that the interactions of a large
number of molecules, ensembles of molecules, the organization of a particular structure
that determines the properties of water and, accordingly, its reactivity, are determined by
the collective forces of Van der Waals [89]. These forces are known as dispersive, long-range
forces. They cover regions above 1000 A and determine the stability of a particular structure,
physical sorption, etc. The relaxation time for a number of processes in water at 20 ◦C, t of
10−11–10−13 s. The processes of energy transfer and recharge with the participation of water
molecules, noble and active gases, and even the dissociation of water molecules become
possible because the duration of the final stage of bubble collapse is about 10−9–10−8 s.
Thus, under the action of hydrodynamic cavitation as a strong effect, the decomposition
(mechanolysis) of water occurs. An excited water molecule can dissociate along with
radiation and dissipation of excess energy into heat:

H2O∗ → H ↑ +OH∗, (2)

OH∗ → OH + hv. (3)
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As a result of cavitation action, the concentration of O2 increases during mechanochem-
ical reactions of the following type due to the mechanolysis of water on H and OH:

.
OH +

.
OH → H2O2, (4)

.
OH + H2O2 → HO2 + H2O, (5)

.
OH + HO2 → H2O + O2 ↑ . (6)

At the same time, there is a change in the structure of water with the formation of free
hydrogen bonds, which determines its increased activity and reagent ability. In the case of
aqueous systems, activation and the mechanolysis of water consist of changing the degree
of uniformity of distribution of impurities over the volume of the system, aggregation, and
disaggregation (dispersion) of impurities, as well as in a change in their active state. The
most important feature of water systems, in particular, is the heterogeneity of impurities,
which can change significantly during cavitation. Under the influence of cavitation in an
aqueous solution containing inert and active gases, various chemical reactions are possible.

Cavitation treatment (as opposed to, for example, magnetization, exposure to various
fields of electromagnetic origin, etc.) gives stable repeated results in obtaining water
modified in the process of mechanolysis, which is reproducible regardless of place and
time. Along with those indicated in the cavitation cavity, transformation reactions occur
with radicals with the participation of chemically active gases and radicals’ recombination
in the time of 10−6–10−7 s. As a result of these processes, after the collapse of the cavitation
bubble, the products of radical decomposition of H2O molecules are detected using the
method of spin traps, and recombination of radicals passes into solution, which leads to
the accumulation of molecular O2, H2O2, and other compounds in water. The high rate
of reactions is evidence that they occur directly in the bubble collapse zone. As a result,
along with microturbulent mixing and activation of the surface of aqueous semi-finished
products, the process of mechanolysis of water during its hydromechanical treatment
makes it possible to create and use cavitation technology to intensify various technological
processes and serve as a basis for the development of new applications.

The mechanical factor is the main factor in the destruction of materials, and the known
hypotheses and studies of this mechanism reflect one or another side of this complex
process, complementing each other. However, the factors considered secondary (thermal
effects, thermo- and hydrodynamic, chemical and electrochemical processes, etc.) and
accompanying the collapse of bubbles have not been sufficiently studied. Water, simple in
its chemical composition, has various anomalous properties due to its natural structural
features. The main difficulty in studying the high water structure is the comparability of
the potential energy of intermolecular interaction (forces of Coulomb interaction of charges,
hydrogen bonds) with the kinetic energy of thermal motion.

According to the experimentally validated two-structure model [90,91], water is a
mixture of ice-like and close-packed (disordered) structures. The impact of external factors
on water structure is expressed in a change in the parameter characterizing the structural
equilibrium shift. One of the strong physical factors affecting water is hydrodynamic
cavitation, especially its bubble form, or bubble wake supercavitation. The kinetics of
cavitation action is as follows. Fields of high pressures (up to 1000 MPa) and temperatures
(up to 1000–2000 ◦C) are formed during the collapse of a cavitation microbubble in a local
volume near it and inside. At the same time, rarefaction–compression waves are generated
in the liquid and cumulative microjets with speeds of 100–500 m·s−1 are formed near the
solid boundaries of the flow. Hydrodynamic cavitation is accompanied by the intense
turbulent mixing processes, dispersion of liquid and solid components of the flow, various
chemical reactions initiated by the collapse of cavitation microbubbles. Thus, the liquid
region in a small neighborhood of the collapsing microbubble and the bubble itself is a kind
of unique microreactor in which various chemical and technological processes are possible.
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The method deserves attention since several works are devoted to researching the
cavitation effect on laser additively manufactured parts from nickel alloys such as Inconel
625 [92–94] and corrosion-resistant chrome-nickel steels [86]. One of the most visible
disadvantages of the technology is the features and traces of cavitation erosion on the part
surfaces that can reduce the part’s operational life in a complex unit.

At the same time, ultrasonic plastic deformation can positively influence the properties
of the surface and subsurface layer of the part produced by laser additive manufacturing.
The tool passes’ geometry is determined by manually or by used equipment—turning
or milling machine [15], but it can be produced as well manually for individual produc-
tion [75]. The subject deserves additional research, since the effect of plastic deformation
on the surfaces of laser additively manufactured parts is not covered enough but certainly
has many advantages in comparison with mechanical cutting methods related to the forma-
tion of a hardened subsurface layer with increased microhardness and creating favorable
residual compressive stresses (Figure 8).
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Figure 8. Scheme of surface plastic deformation, where (1) is the surface to be machined; (2) is extruded by a roller/tip
material at the stage of plastic deformation; (3) is a roller/tip; (4) is plastic deformation zone; (5) is a hardened subsurface
layer; R is the radius of a roller; d is feed; h is hardened sublayer depth.

When hardening titanium alloys with σB of 650–900 MPa with brushes, the micro-
hardness of the subsurface layer increases by 15–30% with a hardened layer thickness
of 0.1–0.3 mm. Studies have shown that brushing leads to a 1.2–1.4-fold decrease in the
arithmetic mean deviation of the micro-profile of the ground surfaces up to mirror-like
quality [95]. The surface microhardness of the investigated hardened steels increases by
10–30%. The wear of these parts is reduced by 30–40% in comparison with the ground
surfaces, while the running-in time decreases by 1.5–2.2 times, which has a beneficial effect
on the increase in wear resistance.

3.2. Electrochemical Methods

The chemical and electrochemical etching of metals are also used, which consist
of using a specific electrolyte for each of them and direct or pulsed current allowing
control of the etching speed [96] and the etched layer’s thickness to reduce the surface
roughness [97]. Following the combined Faraday’s law, the volume V of the dissolved
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metal during electrolysis is directly proportional to the volume electrochemical equivalent
Kv of this metal, the current I and the time t:

V = Kv·I·t. (7)

The volumetric electrochemical equivalent Kv of a metal depends on its valence and
atomic mass and constant. In practice, the dissolved metal volume does not always
correspond to the volume calculated. With a specific combination of process parameters—
current density at the anode, determined by the ratio of the current to the anode area,
the type of metal being processed, the composition and rate of electrolyte renewal in
the interelectrode gap—the volume of the dissolved metal relative to its calculated value
might decrease. In some cases, the process anodic dissolution completely stops due to the
formation of poorly soluble oxide films on the anode surfaces.

If there is a sufficient amount of activating anions in the electrolyte, such as chlorine
anions Cl−, oxygen is displaced from the oxide film and destroyed without additional elec-
trical energy consumption. In such processes called active, electrical energy is spent directly
on the anode metal’s electrochemical dissolution. If the electrolyte lacks activating anions,
additional electrical energy is spent on these films’ electrochemical anodic dissolution. In
this case, the efficiency of the processes is significantly reduced and called passive.

Active anodic dissolution differs from passive dissolution in the features of the re-
actions taking place at the anode. The anode metal’s good solubility characterizes active
dissolution since side reactions do not occur, except for the main one—anodic dissolution.
For example, the active dissolution of the metal occurs during electrochemical etching.
In passive dissolution, part of the electrical energy is spent on side reactions that remove
hardly soluble oxide films from the anode surfaces. For example, passive dissolution
of metal occurs during electrochemical abrasive polishing. Under certain conditions, an
increase in the current density relative to its optimal value can lead to the formation of
oxide films of a complex composition, which do not dissolve during classical electroly-
sis [98]. The complete passivation occurs and the transition of the surface layer of the metal
from the active state to the passive state, at which point the process of anodic dissolution
stops [99]. The pH of the used electrolyte in electrochemical abrasive polishing of cobalt
influences the thickness of the complex oxide film: the thickness increases when the pH
is varied in the range of 5.0–8.0 and decreases when the pH is 8.0–9.0, which is combined
with increased wear [100].

3.3. Beam Polishing Methods

Prof. A.M. Chirkov and his colleagues proposed to solve the problematic roughness
of additively manufactured parts using the laser-plasma polishing of a metal surface [101].
They are ignited in metal vapor, and a surface laser plasma is supported in a continuous
optical discharge during laser-plasma polishing of a metal surface above a polished surface
using a laser beam [102]. Changing the polishing mode is carried out by moving the
plasma’s center relative to the polished surface. The method provides for rough polishing of
the surface in the mode of deep penetration, volume vaporization, and «finish» polishing of
the surface. It provides a significant simplification of process control with high productivity.
The disadvantages of this method are the locality of the laser beam, the relatively small
spot size (20–100 µm, in the case of using laser beam expander—up to 400 µm), the need to
create a protective atmosphere that prevents the oxidation of the material during polishing,
and the evaporation of the surface material.

The authors under the supervision of Prof. N.N. Koval proposed polishing the
surface of metal parts obtained by additive manufacturing methods with high-current
pulsed electron beams [103,104]. They irradiated the surface of metallic samples shaped as
15 × 30 × 5 mm plates produced by selective sintering in a vacuum of titanium powder
VT6 (Ti-6Al-4V) with particle sizes 40–80 µm using an electron beam at the unit of the
company Arcam (Sweden) [105]. The optimal for the titanium alloy VT6 (Ti-6Al-4V) mode,
in which the maximum decrease in surface roughness was observed, has the pulse energy
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density of 45 J·cm−2, the pulse duration of 200 µs, the number of pulses on the same surface
area of 10, and the pulse repetition rate of 0.3 Hz. Investigation of the sample surfaces
showed that the roughness parameter Ra (Arithmetic Mean Deviation) was decreased from
11 to 1.1 µm, and Rz (Ten-Point Height)—from 74 to 6 µm. The porosity of the surface layer
of the sample has disappeared. Scanning electron microscopy showed that the surface
profile of the samples changed significantly. A homogeneous granular structure was
formed in the surface layer of titanium alloy VT6 (Ti-6Al-4V), in the composition of which
individual powder particles no longer existed. However, the results obtained on small flat
samples seem to be difficult to repeat on the part of a complex shape manufactured by the
additive method, where some of its parts block the access of the electron beam to other
parts. In addition, the electron beam reduces the roughness only to Ra > 1 µm, and true
polishing implies the achievement of Ra ≈ 0.04 µm, i.e., the highest 14 surface finish class.

Therefore, after processing the surface of a complex-shaped part made by the additive
manufacturing method with an electron beam or a laser beam, it is necessary to continue
polishing until the indicated parameters are achieved. One or another coating must be
deposited on its surface, depending on its purpose. Thus, the surface treatment of the parts
under consideration should include several stages and operational steps.

A group under the leadership of Prof. J. Eckert studied the surface layer’s rough-
ness depending on the different methods of surface treatment of stainless powder steels
produced by selective laser melting [106]. The scientific group performed a comparative
analysis of traditional mechanical methods of treatment (grinding and sandblasting) and
energy methods of treatment (electrolytic and plasma polishing) and determined their
influence on the surface layer’s quality.

The international group of scientists, headed by the leading scientist Prof. J.A. Porro,
also deserves attention paid to their excellent work [107]. Scientists under his supervi-
sion studied in detail two types of post-treatment of products produced by selective laser
melting of powder aluminum alloy—sandblasting with ceramic particles and laser impact
treatment. It is shown that not only the surface roughness should be optimized in the pro-
cess of post-treatment but also the stress state of the surface. These properties significantly
influence the durability of products produced by additive technologies.

A well-known group of scientists under the supervision of Prof. J.M. Flynn is engaged
in developing a unified methodological approach to the selection of finishing post-treatment
to improve the roughness of products produced by selective laser melting [108].

3.4. Ion Polishing Methods

Ion polishing is used to achieve a high surface finishing class [109]. It has been shown
that ion polishing the surface of optical glass improves its quality [110]. Ion bombardment
of polished glass surfaces with microroughness heights of 5–10 nm does not lead to a
deterioration in the quality of optical surfaces when the surface layer of 20 µm thickness
is removed [111].

The mechanism of sizing during material removal (spraying) is based on the removal
of surface atoms of the workpiece because of exposure to them preformed and accelerated
to the required energies of ion beams (Figure 9).

Ions with high kinetic energy are incorporated into the material. During their motion,
they experience elastic and inelastic collisions with atomic nuclei and electrons of matter.
There is a displacement and excitation of atoms, which is a change in the collision zone’s
material structure. Bombarding ions are partially reflected from the surface, and they can
change their charge state in the process of backscattering. There is a removal from the
surface (sputtering) of material atoms, which can also be in the different charge states. The
interaction is accompanied by secondary electron emission and electromagnetic radiation,
the spectrum of which ranges from infrared to X-ray.
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is an ion free path that is less than the defect zone.

Considering that the ion current density of 100 µA·cm−2 corresponds to the fall of
one ion on the treated surface in 10 s, and the time of elastic interaction of an atom with an
ion is comparable to this time, then because of each action, one atom will be removed. An
entire monolayer of atoms from an area of 1 cm is sprayed in 1 s, and the layer is 1 µm thick
in 1 h. The approximate removal rate is about 3 A·s−1, which depends on the spraying
ratio of the processed material Sp:

Sp = k
E
λ

M1·M2

(M1 + M2)
2 (8)

where k is the coefficient taking into account the heat of sublimation of the material, M1
and M2 are the mass of an accelerated ion and an atom of a solid, respectively, λ is the free
path of an ion in the workpiece during deceleration; and E is the energy of the ion.

With the development of ion polishing, a new direction in technology has been
formed—ion processing of surfaces and coatings, which allows creating fully controlled
processes to form surfaces and layers with specified characteristics [112]. For this treatment,
sources of ion beams of the large cross-section are used [113].

The main disadvantage of using ion beams for processing glass and other non-
conductive materials is the effect of charge accumulation on the surface and volume.
It leads to a change in the electrophysical properties of materials that can be a disadvantage
for some product purposes and applications. Another consequence of the effect is the
appearance of strong electric fields, which leads to deviation of the ion trajectories and,
consequently, to a distortion of the created profile’s geometric dimensions. The same
effect also occurs on topological non-uniformities of the treated surface, which leads to
an increase in its roughness [114]. In this regard, recently, sources of fast neutral atoms
and molecules have been used instead of ion sources when processing both conductive
and non-conductive materials [109,115]. Sixteen-µm-deep grooves were obtained in 5 h
using one of these sources of fast argon atoms with an energy of 3 keV and a mask on the
surface of a flat corundum substrate [116]. The etching rate of hard-to-sputter corundum
was v = 3.2 µm·h−1 and was four times lower than the etching rate by the same beam of
stainless steel substrate of v = 13 µm·h−1 [117]. It is possible to concentrate a broad beam
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on a small surface area of the part produced by the additive manufacturing method and,
as a result, it increases the processing rate using a source with a concave emission grid.
It is necessary to use a positioning device to move it so that all parts of the surface pass
sequentially in the area of the emission grid’s geometric focus when a part is polishing. It is
necessary to use sources of metal atom fluxes that do not contain metal droplets to deposit a
coating on the polished surface of a part manufactured by additive manufacturing methods.
First, these are planar magnetrons [118]. Powerful pulsed magnetrons have been proposed
to increase the deposition rate [119]. They used expensive pulsed power supplies, but no
significant increase in the deposition rate was achieved. A serious problem is a decrease
in the deposition rate during the synthesis of metal compounds, such as titanium, with a
reactive gas such as nitrogen. When the latter is added to argon, a nitride film is formed on
the surface of the magnetron target, and the sputtering rate and the deposition rate of the
coating are reduced several times.

The deposition rate can be increased by order of magnitude if an uncooled target
holder is used that is made of refractory material that does not interact with the target
material in the molten state [120]. At an argon pressure of 0.1–0.3 Pa, an ordinary mag-
netron discharge is ignited, a target made, for example, of copper melts in the holder,
and the ionization of its vapors noticeably reduces the discharge voltage [121]. At this
moment, the supply of argon to the chamber can be ceased, and the discharge continues in
copper vapor [122,123]. In addition to high speed, deposition using a magnetron with an
evaporated target is independent of chemically active gases and can be used to synthesize
on the surface of a part manufactured by the methods of additive manufacturing a wear-
resistant coating, for example, titanium nitride. This coating has already been synthesized
by evaporation of titanium in a crucible-anode of a glow discharge [16,124].

A group of scientists led by E.V. Berlin investigated the ultra-high-speed sputtering of
a magnetron working in the vapor of a liquid metal target [119], which can be considered
as one of the scientific competitors of the proposed idea. Other known scientists proposed
processing materials with beams of fast neutral particles [109,125]. Other competitors are
a group headed by Prof. A. Anders, who proposed to solve the problem using powerful
pulsed magnetrons [118] and a group of scientists led by Prof. I. Musil—they made
a significant contribution to the development of coating deposition technology using
magnetrons [117].

4. Development of Ion Polishing Principles

It is necessary to develop a method for filling a working vacuum chamber with a
uniform plasma at a gas pressure of 0.01–1 Pa to develop explosive ablation in plasma of
surface protrusions, polishing with fast atoms, and coating deposition. Thus, it is possible
to use a glow discharge between the chamber, which plays the role of a hollow cathode, and
the anode located inside it. With a chamber volume of about 0.1 m3 and anode surface area
of 0.001 m2, the electrons emitted by its surface are accelerated to hundreds of electronvolts
in the cathode sheath between the chamber wall and the plasma filling it. They fly through
the plasma and are reflected in the cathode sheath at the opposite chamber wall. The
chamber is an electrostatic trap for electrons, and they can get to the anode only after
hundreds of flights through the plasma. They spend all their energy on the gas’s excitation
and ionization by their way to the anode at a pressure of 0.01–1 Pa. It allows maintaining a
constant glow discharge current of 1–5 A in the indicated gas pressure range [126]. It is
also necessary to provide the possibility of pulsed power supply with a short-term increase
in discharge current from units to hundreds of amperes [127] for determining the optimal
parameters of explosive ablation of surface protrusions when high-voltage pulses with
a duration of 0.001–1 µs are applied to a part immersed in the plasma. A study of the
surface of titanium, nickel, niobium, aluminum, copper, and lead cathodes showed that
after a large number of pulses, the cathode microrelief is formed by the superposition of
the same number of microcraters. As the pulse duration decreases, the microcrater size
diminishes. The character size of a copper cathode’s surface inhomogeneities decreases to
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0.1–0.2 µm with a pulse duration of fewer than 1.5 ns. This phenomenon was called the
polishing effect [128].

It is necessary to determine the dependence of the amplitude of high-voltage pulses at
which breakdowns occur between the surface protrusions of the part and the plasma on its
density (current amplitude of glow discharge in the chamber) when studying the removal
of powder particles protruding on a part surface that is responsible for the initial roughness
parameter Ra up to 30 µm and surface porosity. It is also important to establish the
part surface roughness’s dependence on the pulse energy that destroys large protrusions.
Exceeding an optimal value of the pulse energy can increase the surface roughness instead
of a decrease. The optimal parameters’ determination can be carried out on small flat
samples made by sintering in a vacuum with an electron beam of VT6 (Ti-6Al-4V) grade
titanium alloy powder with a particle size of 40–80 µm, which is most common for additive
manufacturing. After the explosive ablation of the surface protrusions, the same samples
will be used to study polishing their surface with a concentrated beam of fast argon atoms
and/or ions at an angle exceeding 60◦ of incidence to the surface of the sample moved
in a vacuum chamber using a positioning device. It is necessary to establish the sample
surface roughness’s dependence on its initial value, the flux density on accelerated particles’
surface, their energy, angle of incidence, and processing time. It is necessary to modernize
the previously developed source of fast neutral atoms and replace the flat emissive grid
with a concave surface [114]. It will make it possible to concentrate a fast argon atoms beam
in a small focal region of the grid, provide access to the narrow fast atom beam to the part
cavities’ internal surfaces, and significantly increase the etching rate. After determining the
optimal conditions for flat samples’ processing, a study will be made of the protrusions
removal on the outer and inner surfaces of the parts shaped as a hollow cylinder obtained
by the methods of additive manufacturing and subsequent polishing of all its surfaces.

It is proposed to use a set of planar magnetrons mounted at the top of the chamber
and on its sidewalls to create a uniform flow of metal atoms from all sides to the sample
installed in the chamber when studying the coating deposition on obtained by additive
manufacturing methods flat and hollow cylindrical samples, after reducing the initial
surface roughness by explosive ablation of the protrusions on their surfaces and polishing
with a beam of fast argon atoms. The flux of metal atoms vaporized from the surface of
the molten target of magnitude is higher than the flux of atoms sputtered by ions from
the surface of a solid magnetron target by an order. Therefore, it is proposed to install at
the bottom of the chamber a magnetron with a target holder made of refractory material
and use it as an uncooled crucible. The magnetron discharge will be used not only to
sputter a target but also mainly to heat it in the crucible to melt and vaporize its material.
It will make it possible to fill the complex geometry part’s cavities with metal vapor more
uniformly and in less than an hour to deposit a coating with a thickness of ≈10 µm on
its surface.

5. Discussion

Additively manufactured parts by a laser have a vast potential in the aviation industry
that will grow with the development of solids-growing and finishing technologies. Additive
manufacturing took its place in the production industry and market. However, additive
manufacturing methods further development has been exhausted until now; it does not
have a principal character, and it concentrates on improving details. The development is
hampered by the existing obstacles—the post-processing methods’ inability to improve the
wear resistance of the complex-shaped functional surfaces.

Most of the post-operations based on mechanical abrasive principles have a few dis-
advantages related to the mechanical wear of the operational surface that can be critical
for some applications [105,106,128,129] when plastic deformation methods stay mostly
unveiled [15,75]. Simultaneously, methods based on the use of the concentrated energy
flows cannot be suitable for polishing complex geometry parts [60,111]. Chemical etching
requires special electrolytes and their disposal [95–97,130–132]. The microstructure of sur-
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face and subsurface layers of the metal parts after the various post-processing is presented
in Figure 10, where mechanical machining and ultrasonic deformation are not available
complex-shaped parts.
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The conducted analytical research proposes developing the application of one of the
promising approaches in finishing the laser additively manufactured parts—ion polishing
in a gas discharge plasma [108–112]. The observation showed that this technology was
never proposed before for processing parts after laser-based growing solids or for any
other 3D-printing technology. It has strong advantages that improve the operational
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ability and service life of the responsible surfaces. In addition, it allows the processing
of complex-shaped parts and requires sophisticated equipment that is usually settled for
tool production.

The developed approach, including the finishing operation in three successive stages,
was developed based on previously conducted research [114,125–127,134–136] that can be
summarized as follows:

- Explosive ablation of surface protrusions when voltage pulses with an amplitude up
to 30 kV and a width of 0.001–1 µs are applied to a detail immersed in the plasma;

- Polishing with a concentrated beam of fast neutral argon atoms at a large angle of
incidence to the surface of the part moved in the chamber using a positioning device;

- Coating deposition on the part surface upon sputtering with argon ions of solid
magnetron targets and/or the evaporation of a liquid metal magnetron target heated
by ions.

The previously observed “polishing effect” of the electron gun’s cathode, which forms
high-current beams of nanosecond pulse width, consisted in reducing the size of its surface
roughness to 0.1–0.2 µm with a decrease in pulse width to 1.5 ns. It cannot be considered
an example of protrusion removal on the surface of a part immersed in a plasma due to
explosive ablation when high-voltage pulses are applied to it, but it may testify to the
feasibility of solving the problem.

Broad beams of fast atoms have already found numerous applications. However,
studies of their compression to small transverse dimensions, providing access to complex-
shaped parts’ internal surfaces and polishing the surfaces, have not yet been carried out.

The coating deposition features using magnetrons are well known, including a several-
fold reduction in the target-sputtering rate when using a chemically active gas. The evap-
oration rate of liquid metal magnetron targets heated by ions is much higher than the
sputtering rate of solid targets, and it does not decrease in the presence of a chemically
active gas. When using them, one can expect an increase by order of magnitude of the
coating deposition rate. However, studies of this method have not yet been carried out but
have immense potential and prospects.

The proposed approach will allow:

1. Removal of powder particles 40–100 µm in size used in the manufacture of the part
and protruding on its surface, which is responsible for the initial roughness parameter
Ra (Arithmetic Mean Deviation) of 30 µm and surface porosity, by explosive ablation
of surface protrusions when microsecond pulses of negative voltage up to 30 kV are
applied to the part immersed in the plasma.

2. Polishing with a concentrated beam of ions and/or fast argon atoms at an angle of
incidence greater than 60◦ of the surface of the part moved in a vacuum chamber
using a positioning device.

3. Coating deposition on the surface of a part immersed in a dense metal plasma obtained
by the evaporation of liquid metal magnetron targets.

The attainability of the problem solution for the first processing stage is determined by
the known results of studying the surface of the explosive emission cathodes for electron
guns forming high-current nanosecond beams. Based on these results, one can hope
for a decrease in the roughness parameter Ra to ≈2 µm and a decrease in the surface
layer’s porosity.

The attainability of the solution of the second processing stage problem is determined
by the known results of polishing with ion beam products made of various materials up to
14 surface finishing class. The main problems are the forming a focused beam of fast argon
atoms and developing a part positioning device that ensures successive bombardment of
all its surface at an angle of incidence of more than 60◦.

The attainability of the task solution for the third processing stage is based on already
available experimental data on magnetron targets’ evaporation. In this case, the magnetron
discharge is used not only for sputtering a target but also mainly for its heating in a crucible
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for melting and evaporation of its material. The flux of metal atoms vaporized from a
liquid target’s surface is by an order of magnitude higher than the flux of atoms sputtered
by ions from a solid target’s surface. It makes it possible to more uniformly fill with metal
vapor the part’s cavities and deposit its surface coatings with a thickness of ≈10 µm in less
than an hour with the complex geometry part.

6. Conclusions

All observed technologies have their disadvantages, mostly related to the nature of
surface destruction that determines the increased wear of working surfaces of additively
manufactured parts even at the stage of post-processing technologies, which has a complex
character. Along with the positive effect of plastic deformation and recrystallization of
near-surface layers, erosion processes are observed, leading to stress states. That ham-
pers applying the complex metallic parts obtained by laser additive manufacturing for
responsible mechanisms and units.

The conducted analytical research provides an innovative approach in finishing the
parts produced by laser additive manufacturing based on treatment in gas-discharge
plasma. The development approach includes a technology proposal for three principal
stages that will allow:

• removal granules from the surfaces of the parts with the size that primarily used
in additive manufacturing of 40–100 µm and achieving roughness parameter Ra
(Arithmetic Mean Deviation) of 30 µm by microsecond pulses of negative voltage up
to 30 kV are applied to the part immersed in the plasma;

• polishing the surface with concentrated ions or fast argon atoms under angle exceeds 60◦;
• coating deposition by the evaporation of liquid metal magnetron targets.

The proposed approach has no analogs in the modern industry that allow deducing
laser additive manufacturing at a new principal level to reboot the industry’s current state.
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