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Abstract: With a vista of available stainless steel grades at our disposal, it is possible to manufacture
items for a wide range of industries. These include chemicals production, medicine, and pharmacol-
ogy, aerospace, power engineering, etc. Stainless steels are widely used mostly due to their unique
property set, both mechanical and physicochemical ones, achieved by alloying various components.
Stainless steel workpieces are usually obtained by melting, alloying, casting, and subsequent rolling
to the desired shape. The experience in the study of the microstructure and processes of physical
treatment of steel accumulated to the present day mainly concerns the machinability (blade, abrasive,
laser, etc.) of such steels obtained by conventional techniques. Meanwhile, approaches to the pro-
duction of workpieces from stainless steels by additive manufacturing (AM) methods are actively
developing. In their turn, additive manufacturing technologies allow for producing workpieces that
are structurally as close as possible to the final product shape. However, the use of AM workpieces in
the manufacturing of functional products brings questions related to the study of the treatability of
such steels by mechanical and physical processes to achieve a wide range of functional characteristics.
This article discusses the issues of treatability and the characteristics and properties of stainless steels
obtained by AM.

Keywords: additive manufacturing; stainless steels; mechanical and physical treatment

1. Introduction

The onset of the use of additive manufacturing technologies in the production of work-
pieces from stainless steels has led to many issues pertinent to the processes of subsequent
treatment of such materials [1–29]. Specifically, this is evidenced by both the growth in the
number of scientific publications and the growing interest of the real economy in such prod-
ucts [10,13,19,30–37]. Some time ago, the use of AM consisted mainly in creating prototype
parts that could not provide for a set of required physical and mechanical characteristics
while only recreating a similar shape. As production technologies improved, it became
possible to produce workpieces and usable items, but they required various post-processing
techniques. The practical benefit of the use of additive technologies on engineered items is
mostly related to the creation of design shapes that were previously inaccessible with con-
ventional technologies as well as saving material that goes into production waste (shavings)
during conventional treatment [5]. In such a conventional treatment process such as blade
cutting, product shaping is performed by removing excess material from the workpiece
to ensure the required geometry and surface quality. Alternative AM processes create
three-dimensional (3D) workpieces incrementally by adding layers of materials. With this
approach, the material utilization factor may exceed 0.75–0.85. Equipment used in the
implementation of AM technologies has its own peculiarities. The entire process of creating
workpiece object from a digital model is normally controlled by special software, and
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process transitions are controlled by a microcontroller. To make movements in a coordinate
system, both motors implementing linear displacements and multi-axis industrial robotic
manipulators can be used [38,39].

As of today, the main area of application of AM is the production of functional prod-
ucts for aerospace and automotive industries [1,31,35,40,41], biomedicine [8,12,16,17,42],
chemical and energy industries [30] as well as manufacturing press equipment [25,43–45],
electronic devices and measuring instruments [46]. Dedicated studies are devoted to the
use of AM in the production of jewelry [47] and cutting tools [15,48]. The latter may include
fuel engine injectors, atomizers, components of ejector, and spray units. Much attention
is paid to the creation of parts that cannot be obtained by casting or cutting. Examples of
such products are various lattice structures [27,49] and thin-walled products [50]: liquid
and gas mixing chambers with functionally developed internal geometry, apertures, and
cavities of cooling modules, etc. The real economy initiates research on the use of combined
AM technologies (deposition and subsequent treatment) for the repair and restoration of
functional items [19,39,51].

AM processes use materials such as powder [18,20,52–63], wire [6,26,34,64–66], or
sheets as raw stock, and the creation of layered connections is realized through exposure
to a certain source of energy, followed by melting and crystallization. Also, the so-called
feedstock using inkjet printing technology is sometimes used [39,67], see in Figure 1.
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Figure 1. Illustrations and a schematic representation of AM techniques depending on the item
deposition process, the source of thermal energy, and the form of the rawstock (a) is laser L, (b) is
electron beam EB, (c) is wire feeding, electron arc sintering (PA), (d) is power bed fusion).

AM processes fall into two categories defined by ASTM F2792 [68] as Directed Energy
Deposition (DED) and Powder Bed Fusion (PBF). Another difference is the type of thermal
energy supply source [69]. As the latter, a laser (Laser-L) [3,11,15,22–27,36,40,52,70–78], an
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electron beam (EB) [39,69,79–81], plasma arc (PA) [82,83] and gas metal arc (GMA) [84–86]
are used.

The choice of a certain AM technique requires a preliminary analysis of the design of
the item of manufacturing, raw materials, and target physical and mechanical characteris-
tics. However, using any of the above methods entails processes of removal of workpiece
supports [87,88] and subsequent post-processing to give the item certain dimensional
accuracy [7,89], surface layer quality and surface properties.

Recently, stainless steels have been quite often used as structural stainless steel in AM.
There is a pronounced tendency among researchers to choose steel grade 316L. According
to ASTM A240 [90], this steel belongs to the group of chromium- and nickel-chromium,
chromium- and manganese-nickel stainless steels. 316L steel is a structural cryogenic
austenitic steel. This steel is resistant to corrosion in aggressive environments and to most
external atmospheric effects including cryogenic exposure. 316L steel tends to maintain
structural integrity at increasing and decreasing temperatures. Thanks to the low carbon
content of 316L steel, it is well suited for the fabrication of welded structures. Molybdenum
in the composition protects 316L steel from decay in salty sea water, vapors of CH3COOH
acid, and other aggressive environments. An alloy of iron and chromium forms a protective
layer on the surface of 316L steel that is resistant to mechanical and chemical stress. The
chemical composition of 316L steel and some basic mechanical properties are shown in
Tables 1 and 2, respectively.

Table 1. Chemical composition of 316L steel in % data from [4,9,16].

C Mn P S Si Cr Ni Mo Ti Fr

<0.3 <2.0 <0.045 <0.03 <1.0 16.0–18.0 10.0–14.0 2.0–3.0 <0.5 The rest

Table 2. Some basic mechanical properties of 316L steel, data from [16,23,28,72].

Tensile Strength, MPa 530 . . . 640

Yield strength at 0.2%, MPa 290 . . . 295

Brinell hardness, HB 165 . . . 230

Fatigue strength, N/mm2 220 . . . 260

Relative elongation, % 40 . . . 42

Also, the use of 18Ni steel (maraging steel) for AM research is observed. This steel
features high tensile strength, hardness, and fracture toughness. At the same time, it retains
good ductility and impact strength due to the solubility of Ni, Ti, and Mo in the matrix
martensite after aging treatment. Particles can strongly hamper the movement of disloca-
tions to increase the strength of maraging steel. Due to improved thermal conductivity, and
low thermal deformation, maraging steel is widely used in the aerospace industry, in the
manufacturing of precision elements of mechanical transmissions, as well as molds and
other mission-critical products. The chemical composition of 18Ni steel and some basic
mechanical properties are shown in Tables 3 and 4, respectively.

Table 3. Chemical composition of 18Ni steel in %, data from [91].

C Mn P S Si Cr Ni Mo Co Ti Fr

<0.01 <0.06 <0.01 <0.01 <0.02 <0.1 17.0–19.0 4.0–5.0 7.0–8.0 <0.5 The rest
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Table 4. Some basic mechanical properties of 18Ni steel, data from [91].

Tensile Strength, MPa 1500 . . . 1750 1034

Yield strength at 0.2%, MPa 760 . . . 810 758

Brinell hardness, HB 300 . . . 330 304

Modulus of Elasticity, GPa 190 . . . 200 190

Relative elongation, % 12 . . . 18 18

Research of stainless steels manufactured by AM processes covers the processes and
mechanisms of crystal growth [92–94], the study of the effect of AM process variables on
physical and mechanical properties [45,52,70,71,75], optimization of growth processes, and
comparison of the microstructure of steels depending on various AM processes [94]. Also,
there are studies dedicated to the optimization of layer-by-layer deposition [36,55,71,95],
study of microstructure, microhardness [16,36], tensile strength [91], impact strength [64]
and the influence of process variables and heat treatment of steel [2,3,37,44,45,58,60–63,70,
71,80–83,95].

2. Investigated Characteristics in Post-Processing

The obvious advantages of using additive manufacturing processes for producing
workpieces from stainless steels prevent the grown part from being used immediately
as fithe nal product [96]. A critical disadvantage here is that the surface quality and its
functional characteristics are much worse as compared to machined or polished parts
obtained from a workpiece produced by conventional processes. Let us consider some of
the parameters, control over which is investigated in a number of publications.

2.1. Roughness

Object surface has a characteristic that often has critical values in the case of AM-
produced items, and it prevents their use as final functional products. This characteristic
is complex, and it is called roughness [56,79,80]. Roughness combines a large number of
different parameters including amplitude, distance as well as hybrid parameters. Control
of surface roughness is very labor-intensive, but it is important for many fundamental prob-
lems, such as friction, contact deformation, thermal and electrical conductivity, ensuring
the tightness of contact joints, as well as positioning accuracy.

The actual microgeometry of the surface is quite complicated due to peculiar sur-
face morphology after AM and it often cannot be comprehensively described even by
standardized roughness parameters.

However, engineering tasks do not require such exhaustive understanding. Despite a
variety of standards (there are more than 60 of them) that regulate roughness, only a few
have found wide engineering applications. surface roughness and texture are determined
both by technological processing parameters and by the properties of the material and
the method of its production. The dependence of roughness on the above characteristics
is discussed below. Particular attention is paid to the achieved roughness parameters
depending on the treatment method used.

2.2. Microhardness, Fatigue Performance

The relative microhardness of such materials as metals or ceramics is determined
by the depth to which a diamond-pyramid indenter penetrates. Microhardness plays a
decisive role in the choice of material and the technology of its heat treatment in assessing
the resistance to abrasive or mechanical wear. Meanwhile, fatigue performance is a major
concern for mechanical components subjected to cyclic loading, especially where safety
is paramount. The fatigue characteristics of manufactured parts largely depend on the
integrity and roughness of their surface, since fatigue cracks usually originate in the so-
called stress concentrators.
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Thermal treatment can change the microstructure, phase composition and therefore
physicomechanical properties of stainless steels. Such thermal treatment techniques as
artificial aging, annealing, and normalization on AM-fabricated workpieces cause notice-
able changes in microhardness. Thus, article [70] provides data on the effect of physi-
cal treatment (artificial aging) on the microhardness of stainless steel, an increase from
381.2 to 645.9 HV. This translates into increased impact strength which results in increased
resistance to cutting-edge machinability. In regards to changes in the microstructure, quick
cooling during laser sintering of a powder leads to the emergence of martensite, which
is shown in [2]. Martensite grains in the matrix increase their microhardness by ~31.53%
as compared to hot rolled steel of similar chemical composition. However, this is accom-
panied by a negative process aspect: improved microhardness leads to increased cutting
forces required for machining thereby reducing tool life. It was shown in [97] that heat
treatment of chromium steel specimens has a beneficial effect on their strength but in some
cases, it may lead to a decrease in ductility. Mechanical tests of AM-fabricated samples
confirmed the statement about their usability for manufacturing functional products along
with conventionally manufactured parts. However, porosity has to be controlled and kept
to a minimum here.

As for research wherein stress and crack, concentrators are studied, in [32] it is shown
that there is a significant difference between polished and machined workpieces in regards
to the formation of stress and crack concentrators. On the other hand, there are works [28]
that report the use of thermal treatment for 316L grade steel whereby the identical intensity
of development of growth of cracks in the microstructure is reported. As a result of the
comparison of fatigue characteristics of an AM-fabricated and conventional steel, the
authors highlight a rather insignificant difference in the numerical indicators. Structural
strength and structure failure are related to the durability of individual parts and the
reliability of the system in which the parts operate. Studies of the properties of AM-
fabricated stainless steel workpieces as well as their destruction and strength parameters
are regarded for different fabrication technologies. Article [64] describes mechanisms of
destruction of specimens obtained by wire sintering technology and provides research
results thereof. The authors point to the dominant effect of ductile fracture in the direction
of welding where the thickness of the weld bead is the determining factor in the onset of
fracture. During laser sintering, changes in the samples’ static bending strength and cyclic
axial loading before destruction are related to varying laser sintering regimes [93]. It is also
shown in the above article that the creation of a cellular structure in the course of specimen
growth results in the preservation of rigidity of the entire structural system. The influence
of cavities (pores) inside the material and on its surface in the course of samples’ growth
reduces the cyclic strength and fatigue strength. Maximum density (i.e., one close to the
theoretically estimated maximum) can be reached, for example, by laser sintering in the
following regime: laser beam travel speed at 100 mm/s and hatch distance at 75 µm. The
authors of [98] present data on the possibility of fabricating samples of different densities
from 316L steel obtained in the process of selective laser sintering. Meanwhile, [16] suggests
using post-processing to improve the cyclic strength and fatigue strength. The authors
of [99] obtained similar results by manual mechanical polishing of AM-fabricated 316L
steel to Ra 0.4 . . . 0.1 µm with abrasive pastes applied to soft discs. This is related to
a decreased overall area of the porous surface. The authors note that the behavior of
AM-produced 316L steel during tension and fatigue strength tests does not differ from
similar steel obtained by conventional casting provided that all other conditions are the
same. Point laser hardening provides for an increase in the microhardness of 316L grade
steel surface by 7–22% [24]. Such local laser hardening also contributed to an increase
in the yield strength by 16%, while tensile strength remained virtually unchanged. The
authors also show satisfactory convergence of the finite element model with the results of a
full-scale experiment in terms of predicting mechanical characteristics. In the case of laser
polishing of 316L steel, an increase in the tension strength is observed. This is caused by
the elimination of defects that emerged during the sintering process as well as a decrease
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in the size of microstructural grains. This is shown in [52] wherein the authors present data
on an increase in the number of grains smaller than 10 µm and the density of dislocations
at the boundaries of substructures.

2.3. Anisotropy, Residual Stresses

The quality of properties exhibited for different values when measured along axes in
different directions. Anisotropy may affect mechanical properties by altering the conditions
of the formation of microstructure and macrostructure of layers and those of the base
material. Anisotropy in the properties of AM-fabricated materials is caused by peculiari-
ties of the material microstructure and process-related aspects inherent to the growth of
specimens. Thus, articles [71,72,95] show the effect of anisotropy of steel properties on
microhardness. The studies and subsequent measurements were carried out on samples
oriented horizontally, vertically, and at an angle of 45◦ relative to the direction of work-
piece growth. Technically, this was achieved by fabricating required workpieces of ad-hoc
structural forms. Here vertical orientation provides for the highest HV hardness even in
the course of subsequent thermal treatment (artificial aging). Anisotropy of properties
achieved in the course of workpiece orientation during deposition is also confirmed in [32].
Meanwhile, the authors observed changes in the fatigue characteristics of AM-fabricated
316L steels when their growth orientation was changed. Also, the anisotropy of properties
can be lowered by adding thermal treatment, i.e., artificial aging. This is demonstrated
in article [71]. However, it is noted that the growth direction and its influence on the
anisotropy persist despite thermal treatment.

In [49], in the course of selective laser sintering of 316L steel specimens, the influence
of the orientation (growth angle) of specimens on the formation of grain size is shown.
Meanwhile, it was noted that the frequency at which large elongated grains emerge can be
reduced on workpieces with a thickness of at least 0.4 mm. However, the authors point out
that manufacturing and post-processing workpieces with a wall thickness of ~0.2 mm is
technically feasible. In [20], the influence of the orientation of grown workpieces on the
change in the texture (roughness) of the surface has been shown. Actual roughness values
may differ by 0.4 . . . 69.3% depending on the subsequent machining used. In [37], the
effect of the anisotropy of the properties of austenitic stainless steel on tensile strength and
yield strength is shown. The orientation of samples during fusion leads to differing but
uniform microhardness. Subsequent heat treatment, while removing residual stresses, adds
inhomogeneity to the distribution of microhardness.

Superficial plastic deformation and strengthening promote increased residual com-
pressive stresses in the superficial layers which result in an increase in the fatigue strength
and mechanical characteristics within allowable limits. Data on the research of physicome-
chanical characteristics of an AM-fabricated maraging steel subjected to shock hardening
are provided in article [99]. Similar experimental conditions and results are observed
during cutting-edge machining. Milling in [32] can be used as an example wherein an
increase in the microhardness of maraging steel is observed, caused by the formation of
residual compressive stresses in the superficial layer. The authors of [100] report an increase
in the surface microhardness by 31.6% for samples of maraging steel obtained by a hybrid
process: a combination of powder laser sintering and milling processes. Accordingly,
milling of such samples is accompanied by an increase in cutting forces and hence faster
tool wear due to dulling of the cutting edge. Using a combination of cold deposition and
selective laser melting in [75], the authors could observe an increase in tensile strength and
elastic toughness at fracture. For sample finishing, the authors used turning and reported
satisfactory machinability of the workpieces.

2.4. Corrosion Resistance

Corrosion is the loss of metal to a reaction with the environment, and it is measured
as the percentage of weight loss or as the penetration rate of corrosion over time [101].
Predicting the conditions and rate of corrosion is an important condition for choosing a
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post-treatment process for AM-produced workpieces [102,103]. The use of cutting-edge
and electrochemical techniques promotes the reduction of point (pitting) corrosion [104].
Article [9] shows how the use of electrochemical polishing on 316L steel obtained by laser
deposition can reduce sensitivity to pitting thereby increasing resistance to the emergence
of corrosion centers on a polished surface. Also, in article [33], the authors report the
influence of a series of laser sintering parameters (for AM) and temperature gradient (for
melting) as well the influence of microstructure characteristics and volumetric chemical
microstructural inhomogeneities on local corrosion resistance. The authors emphasize that
corrosion resistance can be improved not only by controlling these parameters but also by
applying mechanical post-processing techniques. In [104], the authors study the effect of
electrochemical polishing on a range of surface parameters of stainless steels among which
corrosion resistance stands out. This is especially important in the treatment of items with
complex inner surface that cannot be machined. The authors noted that electrochemical
polishing reduces the likelihood of a chemical oxidation reaction followed by the formation
of corrosion foci. In [105], tests for the corrosion resistance of AM-fabricated 316L steel
were carried out using NaCl acid (3.5% wt.). The authors present the results highlighting
that no difference was found in the formation of the oxide film for different directions
of grain growth during solidification. It was found that during sintering, the passage of
laser beam oriented at an angle of 90 degrees to the previous layer provides for the best
performance in terms of corrosion resistance, and at 67.5 degrees, for the worst.

2.5. Biocompatibility

In article [12], the authors present data on the compatibility of orthopedic implants
produced by AM. The production cycle is shown, including the processing of patient data
and the creation and refinement of a digital model for the preparation of anatomical recon-
struction. The authors also highlight the need for using finishing treatment technologies
for such products. However, the authors point out that observation in the postoperative
period is an important measure to increase the likelihood of biocompatibility. They propose
growing a layer-by-layer gradient material structure during its deposition.

In article [106], the authors study the effect of electrochemical polishing of 316L steel on
biocompatibility. They point out that a positive effect on the attachment of biological cells
is achieved compared to an untreated surface. This opens the possibility of further usage
of the polishing process for the fabrication of implants for various purposes. Article [17]
presents results of studies of the usage of various combinations of post-processing on a
316L steel obtained by selective laser melting for biomedical applications. The authors
used a sequence of the following processes: abrasive blasting, abrasive electropolishing,
and finally, anodic electropolishing. It was found that after abrasive blasting with glass
beads, the surface is impregnated, i.e., saturation of surface layers with particles of the
processed material is taking place. Electropolishing further reduces roughness but it does
not remove penetrated particles. This introduces a number of limitations and a need for
further research on using such a process sequence for mission-critical medical devices.

2.6. Tribological Properties

Tribological properties are understood as a set of specific characteristics that build
contact interaction of rubbing surfaces. Coefficient of friction is of the most interest and
it is often related to surface roughness parameters. Article [96] describes the data on the
change in friction coefficients for samples of a chromium-molybdenum-vanadium steel
obtained by selective laser sintering from powder with particle sizes of 18–44 µm. In
particular, the authors found that the use of abrasive grinding and subsequent polishing to
Ra 0.15 reduces the coefficient of friction by more than 10 times as compared to a surface
fabricated by 3D printing only. The minimal achieved friction coefficient was 0.01. The use
of polishing followed by laser beam treatment leads to an increase in the friction coefficient
from 0.1 to 0.13.
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3. Methods of Treatment of Stainless Steel AM

Available scientific publications describing the application and research of various
post-processing techniques used on AM-fabricated stainless steels relate that such parts
show poor quality and irregular surface morphology. This drawback makes such parts
inapplicable for further use in real mechanisms and machine designs without finishing.
The surface irregularities are created by the process of layer-by-layer material deposition,
melting, and solidification [56,81].

3.1. Machining Technologies

Machining is the technique most commonly used for altering the shape and quality
of the surface of a workpiece fabricated by AM (see Figure 2). Machining comprises a
wide range of technologies that combine directional material removal (overlap and outsize)
with the formation of shavings and a new surface. Such a process of excess material
removal is implemented on metal-cutting machines belonging to milling, turning, and
grinding categories using cutting and abrasive tools: cutters, blades, and grinding wheels,
respectively. Depending on the type of tool material and variations in the regimes and
kinematics of treatment, different surface quality, and machining process performance
can be achieved. The roughness achieved by machining AM-produced stainless steel
workpieces is in the vicinity of Ra 0.2–1.6 µm and it depends on the chosen process and the
treatment regimes [16,35,107]. In blade machining, such kinematic parameter as feed (the
movement of the cutting edge of the tool relative to the workpiece per unit of time or per
revolution of the tool or the workpiece) has a decisive influence on the surface roughness.
This circumstance is typical both for workpieces obtained by AM and for conventional
cast materials.
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Article [65] studies the process of milling thin-walled parts with a carbide tool whereby
the parts had been obtained from nickel steel by wire-arc growth. The authors noted that
an increase in the cutting rate and a decrease in feed per tooth leads to a decrease in surface
roughness. The effect of build-up formation and hence the worst roughness were observed
at a cutting rate of 30 m/min and a feed rate of 0.0345 mm/tooth. The minimum achievable
roughness of Ra 0.206 µm is achieved at a cutting speed of 65 m/min and at a feed rate of
0.0115 mm/tooth. The material being machined during the cutting process is prone to the
formation of burrs on the edges of the workpiece and additional operations are required
to remove them. In general, the authors point out that additional research is required to
determine the process parameters for the machinability of such steel.

Article [98] presents research findings about the improvement of the surface roughness
of maraging nickel steel caused by milling. Steel workpieces were obtained by selective
laser melting. The authors point out that roughness Ra decreases from 10 to 0.4 µm after
the milling. Also, data on the morphology of material destruction are given by the example



Metals 2022, 12, 1449 9 of 18

of research on the microstructure of shavings. The use of heat treatment (aging) caused an
increase in the components of cutting forces leading to increased cutting tool wear.

The microhardness of sintered stainless steels affects machinability through blade-
cutting processes. For example, it was found that the microhardness HV of maraging steel
is 40–45% higher than that of chromium-molybdenum steel with the same initial powder
particle size [36]. Accordingly, the radial component of the cutting force that emerges
during milling also increases by 10–15%. A comparison of similar parameters with cast
carbon steel has shown a difference in the microhardness and the radial component of the
cutting force by 60% and 20%, respectively.

It was shown in [2] that when steel containing a sufficient amount of martensite is
milled after laser sintering, roughness Ra decreases from 22.78 µm to 0.6 µm.

In the process of final turning of 316L steel with the initial roughness Ra of 7 ± 1 µm,
the authors of [16] managed to consistently obtain Ra below 1 µm. In this case, the
thickness of the deformed layer was 10–20 µm, and the microhardness increased by 9–23%
as compared to an unturned surface.

Results of studies of the longitudinal turning process of 316L steel obtained by laser
alloying are given in [76]. The authors point out that it is feed that has the greatest effect on
cutting forces during treatment, and with an increase in the cutting speed, a decrease in the
forces is observed. This is explained by an increase in the rate of formation of deformations
in the material. Also, an increase in the feed rate leads to increased roughness Ra, and the
highest values were obtained at a cutting rate of ~100 m/min. The temperature measured
during turning decreases as the feed rate and cutting rate is increased.

Direct pulsed laser deposition from wire and subsequent high-speed milling (i.e., a
hybrid process of the fabrication of stainless chromium-nickel steel products) are studied
in [66]. Such a sequence of operations was performed on the same combined action
equipment. The authors pointed out that this approach allows for creating finished products
by reducing the roughness and ensuring dimensional accuracy during milling. That
means that, in a single workpiece placement, the output of a finished part is ensured
without changing the process base. It was also noted that the use of milling with further
material deposition leads to a decrease in the likelihood of porosity and cracks in the
workpiece material.

Article [23] presents data on the use of a hybrid process (high-energy laser sintering
from powder with subsequent milling) for the production of 316L stainless steel products.
An improvement in roughness was observed when milling at low feed rates. Also, a
simultaneous increase in the thickness of the cut layer and the feed rate was leading to a
deterioration in the quality of the surface layer.

Research work [87] presents data on the possibility of increasing the efficiency of
removal of supports by pouring conical supports into solid epoxy resin. This solution has
made it possible to reduce the probability of defects through the elimination of bending of
supports and the formation of cracks while also reducing the magnitude of the emerging
cutting forces.

3.2. Grinding and Abrasive Process

During grinding, local elastic deformations of the abrasive wheel and the workpiece
affect the formation of surface roughness. In this case, the properties and structure of
the grinding wheel play a leading role, so the deformations of parts during treatment
are normally neglected. It is also known that a decrease in roughness during abrasive
treatment occurs with an increase in the hardness of the material being processed. This is
explained by a decrease in the magnitude of elastic recovery and an increase in normal
forces, which provide for an increase in the depth of penetration of abrasive grains into
the workpiece during grinding. Studies show that the parameters of the grinding process
of AM-fabricated steels can be ranged by the degree of their influence on the roughness:
treatment time, hardness and wheel material, grain size (grain size), and depth of cutting.
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Article [108] provides data on the use of the magnetic-abrasive treatment process on a
316L steel obtained by laser alloying, an AM technique (Figure 3).
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It is pointed out that the technology of magnetic-abrasive treatment effectively removes
microdroplets and macrodefects obtained during the crystallization of upper layers in
the course of printing. Studies show the dominant influence of the angle of inclination
during laser cladding on the formation of surface roughness. The authors also note that
the efficiency of the technology is confirmed by measurements of the protrusion height
parameter, which can be reduced by more than 2 times by magnetic-abrasive treatment.
However, with such treatment, the effect of inheriting a microprofile from the previous
surface is observed.

3.3. Tumbling or Treatment in a Free Abrasive Medium

A special case of treatment in a free abrasive environment, tumbling (see Figure 4)
can be used on workpieces obtained by AM methods. Tumbling is capable of performing
such treatment as cleaning supports after 3D printing, smoothing out microroughnesses
as well as dimensionless grinding and polishing. For tumbling, special abrasive bodies
of various shapes, sizes, and chemical compositions are used, and they repeatedly collide
with the workpiece during treatment. Often, during the tumbling process, the movement of
tumbling bodies and workpieces is caused by vibrational, rotational, and combined types
of movement. The tumbling process has a distinctive feature: in addition to mechanical
removal of material, process kinematics cause the surface layers of the metal to compact
thus forming residual compressive stresses. This effect contributes to an increase in fatigue
strength, corrosion resistance, and surface microhardness [109,110]. It should be noted
that there are virtually no studies devoted to research on the influence of the technological
capabilities of tumbling on the characteristics of AM-fabricated 316L steels. That is why the
author assumes that the acquisition of such new knowledge is very promising.
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3.4. Polishing (Finishing)

The polishing process is considered an operation aimed at reducing and smoothing out
workpiece surface roughness. Polishing is normally performed after milling and removal
of supports that were required for the growth of the material during printing [88]. In some
cases, it is possible to obtain a surface with specular reflection or gloss that is typical of a
metal. In addition to the effect of specular reflection, polished surfaces acquire improved
characteristics pertinent to the resistance to fatigue failure [68,102]. Also, polished surfaces
gain visually appealing properties so they could be used as decorative elements in car
interiors, for example.

Polishing can be implemented by mechanical (pastes and soft wheels) and physical
treatment methods.

3.5. Chemical Polishing and Electropolishing

Liquid chemical and electrochemical polishing methods are based on the immersion of
AM workpieces into baths with chemical solutions with controlled temperature and electric
current parameters (see Figure 5). There are small differences in the process duration and
medium temperature, which directly affect the depth of material removal. The parameters
of chemical polishing, for example, are set to achieve a specular finish and to add a sheen
to the metal surface. Chemical treatments are often used to reduce surface roughness
ridges and achieve a smooth microprofile. Wet chemical polishing allows both external
and internal hard-to-reach surfaces to be treated, which gives it an edge over conventional
mechanical polishing methods. This technology is especially often used in the treatment
of cavities of tanks for mixing liquids and gases, assemblies of pass-through and thimble
ducts, and various cellular structures.

For example, it was shown in [4] that the initial structure of the workpiece surface, the
position of the electrode, and the temperature of the electrolyte do not significantly affect
the quality of surface polishing, and the achieved value of Ra varies within 10%. However,
the authors managed to achieve optimal electrolytic conductivity by lowering electrolyte
temperature to 35 ◦C. The article also shows that with an increase in current and time it is
possible to obtain lower Ra values at the cost of a risk of compromising workpiece shape
due to excessive material losses.

Article [6] proposes a polishing method using wire. The authors carried out studies
on 316L steel and obtained data on a decrease in roughness Ra by more than 3–4 times as
compared with the original surface. It was also shown that surface “healing” occurs and
it eliminates the artifacts, irregularities, surface voids, and porosity that had been formed
during the sintering process.
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electrolyte environment.

In article [109], the authors present the results of a study on the reduction of the
roughness of the internal surfaces of parts made of an AM-produced 316L steel. Thus,
the possibility of a uniform decrease in roughness parameter Ra from 15 to 0.4 µm was
determined. It was also found that there is a decrease in parameter Rt by a factor of 20 or
more as compared to a surface obtained by AM only. This indicates removal of protruding
roughness peaks.

In article [110], the authors used and compared processes of chemical and electrical
polishing in order to reduce surface roughness on an AM-produced 316L steel. It is noted
that electropolishing provides a smoother surface, while chemical polishing ensures the
treatment of even internal cavities and it can significantly reduce roughness.

3.6. Combined Polishing Techniques

Combined polishing techniques include polishing techniques that utilize various radi-
ation sources: laser, electron beam, etc (see Figure 6). Laser radiation is used as a source
of generated energy for local micromachining of the surface of workpieces obtained by
AM. For implementing such treatment, equipment that is capable of varying radiation
wavelength, pulse duration, and waveform is used. The selection of treatment regimes
and focusing conditions should ensure the minimization of energy losses while also being
sufficient for achieving certain parameters of the surface to be treated. Because of the
melt-through of thin surface layers and their subsequent hardening, surface micropro-
file changes.

In article [40], the authors present data on the study of the process of laser polishing
of chromium steel. For polishing, the authors used cycloidal laser beam movement and
constant feed rate. In the course of the research, it was found that the penetration depth
was 0.204–0.434 mm, and the roughness was reduced by more than 24% of the initial value.
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Paper [52] presents the results of a study of surface formation in the course of laser
polishing of 316L steel. Due to the micromelting of the surface with a laser beam, a new
surface is formed and it differs in the roughness parameters and microstructure which
translates into a range of useful mechanical characteristics.

In [14], the authors use Taguchi’s statistical methods to plan an experiment aimed to
determine the effect of electrochemical polishing parameters on surface roughness. In the
research, samples of chromium-nickel steel obtained by laser sintering in layers of 20 µm
were used for polishing. As a result, the factors leading to a guaranteed highest possible
reduction in roughness to Ra 1.97–2.84 µm were determined.

Articles [52,77] provide data on the use of laser polishing of 316L steel. In this case,
the following ranges of roughness reduction are achievable: Ra, from 4.84 to 0.65 µm, Ra,
from 10.4 to 2.7 µm.

In [22], the authors present data from experimental research findings on the reduction
of the roughness of nickel-cobalt steel obtained by selective laser sintering. It was found
that polishing with a continuous-wave laser helps to reduce roughness from Ra 12 to 0.7 µm
while a 15% increase in the microhardness of the polished surface is also observed.

Article [109] presents the results of studies on the effect of electrochemical polishing
of stainless chromium steel with the addition of abrasive particles to the electrolyte. In the
article, information on the optimal composition of a suspension consisting of oxalic acid,
hydrogen peroxide, and certain content of silicon oxide is given.

For chemical polishing of workpieces obtained by AM, innovative methods are also
used that compete with conventional liquid-based ones. A key feature of the DLyte®

method described in [109,110] is the use of dry granules consisting of a strong acid cation
exchanger (CAS No. 69011-20-7) and a small amount of sulfuric acid (<1.0% weight),
followed by supplying a minimum amount of distilled water and electric current to the
treatment zone whereby the duration and frequency of voltage and pulses are also var-
ied. The workpieces are moved by actuating holders movement in two planes along the
trajectory of the cam mechanism, and the working medium is moved by vibrations.

A humid environment provides for monitoring and adjusting the intensity of the
polishing process, which is achieved by varying the electrical conductivity of the workpiece
surface. Stainless steel treatment after AM results in the formation of a uniform surface
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morphology without traces of cracking, which are usually characteristic of liquid electro-
chemical treatment. The time for DLyte® polishing may vary between 0.5 and 6 h in order
to reduce roughness Ra from 8.72 ± 0.35 µm to 0.75 ± 0.08 µm. Meanwhile, a study [110]
shows that the intensity of the removal of material from 316L steel and reduction in the
roughness of the workpiece surface facing the bottom of the container increases by 30–35%
as compared to its side surface. This circumstance is important, especially when designing
a treatment process for mission-critical products.

4. Conclusions

This article discusses the technological solutions for AM-manufactured stainless steels.
Based on the analysis of a number of publications, the properties of the surface morphology
and physical and mechanical characteristics achieved in the process of obtaining workpieces
were singled out. It was pointed out that the use of workpieces as full-fledged functional
products is impossible due to low surface quality and the inability of ensuring physical and
mechanical properties without post-processing. By adjusting the processes and regimes
of post-processing and thermal treatment, it is possible to control the properties of the
structure and surface morphology of AM-produced stainless steel. From scientific research
experience and research findings in various publications, we can summarize the need to
use both conventional and combined post-processing techniques, aimed at predicting the
behavior of functional products in various assemblies and components.
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10. Fousová, M.; Vojtěch, D.; Kubásek, J.; Dvorskỳ, D.; Machová, M. 3D Printing as an Alternative to Casting, Forging and Machining
Technologies? Manuf. Technol. 2015, 15, 809–814. [CrossRef]

11. Gu, D.D.; Meiners, W.; Poprawe, R. Laser additive manufacturing of metallic components: Materials, processes and mechanisms.
Int. Mater. Rev. 2012, 57, 133–164. [CrossRef]

12. Tilton, M.; Lewis, G.S.; Manogharan, G.P. Additive Manufacturing of Orthopedic Implants. In Orthopedic Biomaterials; Springer:
Cham, Switzerland, 2018; pp. 21–55.

http://doi.org/10.1016/j.jmatprotec.2019.116410
http://doi.org/10.1016/j.phpro.2015.11.048
http://doi.org/10.1016/j.proeng.2013.08.255
http://doi.org/10.1016/j.procir.2016.05.049
http://doi.org/10.1016/j.procir.2020.02.023
http://doi.org/10.1016/j.promfg.2019.06.230
http://doi.org/10.1016/j.prostr.2019.07.008
http://doi.org/10.1149/2.1211913jes
http://doi.org/10.21062/ujep/x.2015/a/1213-2489/MT/15/5/809
http://doi.org/10.1179/1743280411Y.0000000014


Metals 2022, 12, 1449 15 of 18

13. Adekanye, S.A.; Mahamood, R.M.; Akinlabi, E.T.; Owolabi, M.G. Additive manufacturing: The future of manufacturing. Addit.
Manuf. 2017, 709, 715. [CrossRef]

14. Brent, D.; Saunders, T.A.; Moreno, F.G.; Tyagi, P. Taguchi Design of Experiment for the Optimization of Electrochemical Polishing
of Metal Additive Manufacturing Components. ASME Int. Mech. Eng. Congr. Expo. 2016, 50527, V002T02A014.

15. Traxel, K.D.; Bandyopadhyay, A. First demonstration of additive manufacturing of cutting tools using directed energy deposition
system: Stellite™-based cutting tools. Addit. Manuf. 2019, 25, 460–468. [CrossRef]

16. Kaynak, Y.; Kitay, O. Porosity, surface quality, microhardness and microstructure of selective laser melted 316L stainless steel
resulting from finish machining. J. Manuf. Mater. Process. 2018, 2, 36. [CrossRef]

17. Teo, A.Q.A.; Yan, L.; Chaudhari, A.; O’Neill, G.K. Post-processing and surface characterization of additively manufactured
stainless steel 316l lattice: Implications for biomedical use. Materials 2021, 14, 1376. [CrossRef]

18. Batista, C.D.; das Neves de Pinho Fernandes, A.A.M.; Vieira, M.T.F.; Emadinia, O. From Machining Chips to Raw Material for
Powder Metallurgy—A Review. Materials 2021, 14, 5432. [CrossRef]

19. Popov, V.V.; Fleisher, A. Hybrid additive manufacturing of steels and alloys. Manuf. Rev. 2020, 7, 6. [CrossRef]
20. Kozior, T.; Bochnia, J. The influence of printing orientation on surface texture parameters in powder bed fusion technology with

316L steel. Micromachines 2020, 11, 639. [CrossRef]
21. Aqilah, D.N.; Sayuti, M.; Yusof, F.; Dambatta, Y.; Amran, N.A.M.; Izzati, W.N. Effects of process parameters on the surface

roughness of stainless steel 316L parts produced by selective laser melting. J. Test. Eval. 2018, 46, 1673–1683. [CrossRef]
22. Yung, K.C.; Zhang, S.S.; Duan, L.; Choy, H.S.; Cai, Z.X. Laser polishing of additive manufactured tool steel components using

pulsed or continuous-wave lasers. Int. J. Adv. Manuf. Technol. 2019, 105, 425–440. [CrossRef]
23. Yang, Y.; Gong, Y.; Qu, S.; Xie, H.; Cai, M.; Xu, Y. Densification, mechanical behaviors, and machining characteristics of 316L

stainless steel in hybrid additive/subtractive manufacturing. Int. J. Adv. Manuf. Technol. 2020, 107, 177–189. [CrossRef]
24. Lu, Y.; Sun, G.F.; Wang, Z.D.; Su, B.Y.; Zhang, Y.K.; Ni, Z.H. The effects of laser peening on laser additive manufactured 316L steel.

Int. J. Adv. Manuf. Technol. 2020, 107, 2239–2249. [CrossRef]
25. Jeng, J.Y.; Lin, M.C. Mold fabrication and modification using hybrid processes of selective laser cladding and milling. J. Mater.

Process. Technol. 2001, 110, 98–103. [CrossRef]
26. Brown, D.W.; Losko, A.; Carpenter, J.S.; Cooley, J.C.; Clausen, B.; Dahal, J.; Kenesei, P.; Park, J.S. Microstructure development of

308L stainless steel during additive manufacturing. Metall. Mater. Trans. A 2019, 50, 2538–2553. [CrossRef]
27. Marya, M.; Singh, V.; Marya, S.; Hascoet, J.Y. Microstructural development and technical challenges in laser additive manufactur-

ing: Case study with a 316L industrial part. Metall. Mater. Trans. B 2015, 46, 1654–1665. [CrossRef]
28. Riemer, A.; Leuders, S.; Thone, M.; Richard, H.A.; Troster, T.; Niendorf, T. On the fatigue crack growth behavior in 316L stainless

steel manufactured by selective laser melting. Eng. Fract. Mech. 2014, 120, 15–25. [CrossRef]
29. Kumbhar, N.N.; Mulay, A.V. Post processing methods used to improve surface finish of products which are manufactured by

additive manufacturing technologies: A review. J. Inst. Eng. Ser. C 2018, 99, 481–487. [CrossRef]
30. Sireesha, M.; Lee, J.; Kiran, A.S.K.; Babu, V.J.; Kee, B.B.T.; Ramakrishna, A. A review on additive manufacturing and its way into

the oil and gas industry. RSC Adv. 2018, 8, 22460–22468. [CrossRef]
31. Horn, T.J.; Harrysson, O.L.A. Overview of current additive manufacturing technologies and selected applications. Sci. Prog. 2012,

95, 255–282. [CrossRef]
32. Spierings, A.B.; Starr, T.L.; Wegener, K. Fatigue performance of additive manufactured metallic parts. Rapid Prototyp. J. 2013, 19,

88–94. [CrossRef]
33. Örnek, C. Additive manufacturing—A general corrosion perspective. Corros. Eng. Sci. Technol. 2018, 53, 531–535. [CrossRef]
34. Zhukov, V.V.; Grigorenko, G.M.; Shapovalov, V.A. Additive manufacturing of metal products. Paton Weld. J. 2016, 5, 137–142.

[CrossRef]
35. Song, Y.A.; Park, S.; Choi, D.; Jee, H. 3D welding and milling: Part I—A direct approach for freeform fabrication of metallic

prototypes. Int. J. Mach. Tools Manuf. 2005, 45, 1057–1062. [CrossRef]
36. Strano, G.; Hao, L.; Everson, R.M.; Evans, K.E. Surface roughness analysis, modelling and prediction in selective laser melting. J.

Mater. Process. Technol. 2013, 213, 589–597. [CrossRef]
37. Luecke, W.E.; Slotwinski, J.A. Mechanical properties of austenitic stainless steel made by additive manufacturing. J. Res. Natl.

Inst. Stand. Technol. 2014, 119, 398. [CrossRef]
38. Urhal, P.; Weightman, A.; Diver, C.; Bartolo, P. Robot assisted additive manufacturing: A review. Robot. Comput. Integr. Manuf.

2019, 59, 335–345. [CrossRef]
39. Nowotny, S.; Scharek, S.; Beyer, E.; Richter, K.H. Laser beam build-up welding: Precision in repair, surface cladding, and direct

3D metal deposition. J. Therm. Spray Technol. 2007, 16, 344–348. [CrossRef]
40. Caggiano, A.; Teti, R.; Alfieri, V.; Caiazzo, F. Automated laser polishing for surface finish enhancement of additive manufactured

components for the automotive industry. Prod. Eng. 2021, 15, 109–117. [CrossRef]
41. Mohd, Y.S.; Cutler, S.; Gao, N. The impact of metal additive manufacturing on the aerospace industry. Metals 2019, 9, 1286.

[CrossRef]
42. Habibzadeh, S.; Li, L.; Shum-Tim, D.; Davis, E.C.; Omanovic, S. Electrochemical polishing as a 316L stainless steel surface

treatment method: Towards the improvement of biocompatibility. Corros. Sci. 2014, 87, 89–100. [CrossRef]

http://doi.org/10.17222/mit.2016.261
http://doi.org/10.1016/j.addma.2018.11.019
http://doi.org/10.3390/jmmp2020036
http://doi.org/10.3390/ma14061376
http://doi.org/10.3390/ma14185432
http://doi.org/10.1051/mfreview/2020005
http://doi.org/10.3390/mi11070639
http://doi.org/10.1520/JTE20170140
http://doi.org/10.1007/s00170-019-04205-z
http://doi.org/10.1007/s00170-020-05033-2
http://doi.org/10.1007/s00170-020-05167-3
http://doi.org/10.1016/S0924-0136(00)00850-5
http://doi.org/10.1007/s11661-019-05169-1
http://doi.org/10.1007/s11663-015-0310-5
http://doi.org/10.1016/j.engfracmech.2014.03.008
http://doi.org/10.1007/s40032-016-0340-z
http://doi.org/10.1039/C8RA03194K
http://doi.org/10.3184/003685012X13420984463047
http://doi.org/10.1108/13552541311302932
http://doi.org/10.1080/1478422X.2018.1511327
http://doi.org/10.15407/tpwj2016.06.24
http://doi.org/10.1016/j.ijmachtools.2004.11.021
http://doi.org/10.1016/j.jmatprotec.2012.11.011
http://doi.org/10.6028/jres.119.015
http://doi.org/10.1016/j.rcim.2019.05.005
http://doi.org/10.1007/s11666-007-9028-5
http://doi.org/10.1007/s11740-020-01007-1
http://doi.org/10.3390/met9121286
http://doi.org/10.1016/j.corsci.2014.06.010


Metals 2022, 12, 1449 16 of 18

43. Du, W.; Bai, Q.; Zhang, B. A novel method for additive/subtractive hybrid manufacturing of metallic parts. Procedia Manuf. 2016,
5, 1018–1030. [CrossRef]

44. Cao, J.; Brinksmeir, E.; Fu, M.; Gao, R.X.; Liang, B.; Merklein, M.; Schmidt, M.; Yanagimoto, J. Manufacturing of advanced smart
tooling for metal forming. CIRP Ann. 2019, 68, 605–628. [CrossRef]
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