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Abstract: Additive manufacturing (AM) has recently become an increasingly popular form of pro-
duction due to its advantages over traditional manufacturing methods, such as accessibility, the
potential to produce parts with complex geometry, and reduced waste. For the widespread industry
adoption of AM components, metal AM has the most potential. The most popular methods of
metal AM are powder-based manufacturing techniques. Due to the layer-by-layer nature of AM,
the mechanical and tribological properties of an additive manufactured part differs from those of
traditionally manufactured components. For the technology to develop and grow further, the tri-
bological properties of AM components must be fully explored and characterized. The choice of
material, surface textures, and post-processing methods are shown to have significant impact on
friction and wear. Therefore, this paper focuses on reviewing the existing literature with an emphasis
on the development of advanced materials for AM applications as well as the optimization of the
resulting surface quality via post-processing and presents areas of interest for further examination in
this prospective technology.

Keywords: additive manufacturing; 3D printing; direct metal laser sintering; selective laser melting;
tribology; mechanical properties

1. Introduction

Additive manufacturing (AM) has rapidly become a mainstream method of industrial
production. Due to the involved layer-by-layer deposition, the amount of waste material
can be limited, drastically reducing overall cost and conserving resources, unlike subtrac-
tive methods of manufacturing [1]. Capable of producing complex, quality components in
a matter of hours, metal 3D printing is ideal for rapid prototyping [2]. As AM continues to
develop, many sectors seek to scale up their use for end-use component manufacturing.
In this regard, metal AM is an ideal method due to its accessibility, low-cost materials,
and minimal waste. Furthermore, a vast range of materials, such as titanium-aluminum
alloys, stainless steels, and nickel superalloys, can be used to form complex components
that could not be made with traditional techniques [2,3]. Titanium, steels, nickel, copper,
aluminum alloys, and even gold have all been successfully used in AM processes [4-14].
Aside from the material choice, metal AM processes also allow for improving and tailoring
mechanical properties due to the innate optimization opportunities regarding the topology
or microstructure design offered by the method [15,16]. As such, metal AM can be uti-
lized to create components with superior mechanical properties compared to traditionally
manufactured metal parts [15,17].

The use of metal AM to produce complex and crucial metallic parts becomes increas-
ingly popular due to the unique characteristics of metal AM components. Among these
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AM-specific attributes are the reduced weight, reduced carbon-footprint, and propensity
for part consolidation [18,19]. Also notable is metal AM’s potential to create highly complex
parts [20]. In traditional metal manufacturing, parts are produced via casting and forging.
When utilizing these methods for the fabrication of metal components, the formation of
thin walled and irregular shapes becomes particularly difficult [21].

Additionally, AM offers advantages such as design flexibility and the minimization
of waste [22]. The most well-known implementation of metal AM in an industrial setting
relates to additively manufactured fuel nozzles in GE’s Leading Edge Aviation Propulsion
jet engine. In this application, powder-based metal AM made the production of a complex
component faster while reducing weight by 75% and multiplying the durability five-
fold [23].

The most apparent property of AM is a direct result of the layer-by-layer process. Each
layer can be as thin as 20 microns, allowing for the fabrication of highly detailed, complex
CAD models, a feat difficult to accomplish via the traditional methods of casting or forg-
ing [24-26]. According to a study conducted by Khaing et al., powder-based AM methods
can produce complex metal components, often with finer details than that of traditionally
manufactured parts [27]. The strength of metal AM components is also advantageous. It
should be noted that the choice of the raw material and the printing parameters have a
significant impact on the mechanical properties of metal AM components.

Consequently, metal AM becomes commonplace in industries such as aerospace, archi-
tecture, automotive, biomedical, and fuel-cell manufacturing, where its application spans
from joint implant fabrication to architectural modeling [28,29]. Though the technology
is notable in its current applications, there remains much untapped potential. AM has
the potential to reshape the manufacturing supply chain. Components can be printed on
demand and the production and distribution of material components can be de-globalized.
The carbon footprint of manufacturing could be drastically reduced [30]. While metal AM
offers substantial advantages over traditional manufacturing, the layered surface quality
presents an obstacle to industry adoption.

In all metal AM processes, material addition is achieved through repeated melting
and solidification of raw materials. As a result of the complex cyclic thermal history from
heat extraction, melting, and rapid solidification, the surfaces of AM parts feature rather
irregular, stochastic surface roughness [18,31]. This stochastic surface topography results in
qualities inferior to parts produced via traditional methods [32,33], which currently hinders
the efficiency of mechanical AM components.

Significant proportions of energy are lost due to friction in mechanical components,
and the lifespan of these components is substantially reduced due to wear [34]. Minimizing
friction and wear of metal AM components through tribological assessment is necessary
for long-term optimization of the technology for practical use. In practice, consistent
mechanical properties, including coefficient of friction (COF), shear strength, and ductility,
of AM components are prerequisites for functional application. However, the lack of
understanding of the tribological properties of metal AM components, as well as the
innately anisotropic nature of layer-by-layer manufacturing, presents a limitation [35-37].
Until the surface quality of AM components can be optimized with varying methods,
material choices, and post processing technique, traditional techniques cannot be replaced.
Typically, as-fabricated metal AM components tend to have a higher COF and are more
susceptible to wear due to their irregular surface topography [38].

The state-of-the-art literature regarding the tribological properties of metal AM com-
ponents largely considers the impact of the specific AM method, material choice, parameter
optimization, and post-processing on mechanical and tribological properties. Some review
articles focused on specific facets of metal AM, such as energy applications, medical im-
plants, or self-lubricating coatings [1,39-41]. This contribution aims at providing a broad
perspective on metal AM methods and at reviewing the existing literature with respect to
mechanical and tribological properties of metal AM components as well as at identifying
areas, which deserve increased attention and research in the future.
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2. Metal AM Methods

In metal AM, the most popular methods are selective laser melting (SLM), direct metal
laser sintering (DMLS), and direct energy deposition (DED) [42]. SLM is a powder-based
additive manufacturing process that has been in use for several decades [43]. Essentially, a
metal component is produced via laser fusion of powdered material [44]. The powdered
raw material is either a pure metal powder, such as titanium, or an alloy, such as aluminum
silicon alloys (Al-Si). Typically, a basin is filled with raw material before the powder
is spread evenly over a build platform to create a level surface. Subsequently, a laser
is directed at the platform and scans over a cross section (one layer) of the component.
The platform is lowered, and the component is gradually formed in the layer-by-layer
method (Figure 1a). In SLM, the lasers used typically operate at temperatures upwards of
660 °C [43].

(a) (b)
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Figure 1. Schematic diagram (a) direct metal laser sintering (DMLS) or selective laser melting (SLM)
and (b) direct energy deposition (DED) processes. Redrawn from [18,45] with permission by CC 4.0.

DMLS also is a powder-based AM method. While it is conceptually similar to SLM,
the primary difference between both methods is the temperature of the laser. DMLS lasers
reach temperatures of around 610 °C. For both DMLS and SLM processes, ytterbium fiber
lasers are typically used. The sintering process consists of heating the metal powder to
a temperature at which it partially melts thus causing the material to solidify without
complete liquefaction. Overall, DMLS is more versatile since it is compatible with a larger
range of materials [43]. It should also be considered that the atmosphere in which the
sintering is done can have an effect of sintering density, and can therefore be optimized.
One study showed that the influence of the sintering atmosphere is only noticeable when
the scan rate is greater than 100 mm/s. Argon atmospheres yielded better densification in
comparison to a nitrogen atmosphere, particularly at higher scan rates [46].

DED is similar to the traditional, filament-based fused deposition modeling (FDM)
method of AM. FDM functions by moving an extruder head along the x-, y-, and z-axes
while extruding streams of molten plastic, which layers the material repeatedly and forms
a completed model. DED is similar in that a nozzle extrudes metal powder, while moving
around the build platform (Figure 1b). Unlike FDM, in which the filament is heated and
then extruded, DED melts the powder after it is deposited using a laser beam. This method
is also commonly referred to as laser metal deposition (LMD), laser engineered net shaping
(LENS), laser consolidation, or laser cladding [47-49]. DED is popular because of its unique
application in component repair (remanufacturing) or coating. The method has been
employed effectively with nickel-based superalloys, as well as alloys of cobalt, titanium,
and steel [48,49]. Wire arc additive manufacturing (WAAM) also belongs to the DED AM
family, utilizing a less-energy consuming heat source compared to laser transmitters or
electron beam generators, which makes it economically attractive [50]. Moreover, WAAM
can be employed for a wide variety of materials [51-54] without the necessity of a vacuum
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or inert gas atmosphere. Consequently, this approach is particularly suitable for high
reflectivity metal alloys such as aluminum, copper and magnesium due to the higher
energy absorption rate [50].

Finally, laser direct metal deposition (LDMD) is also an emerging option [55,56], which
has gained notable attention in recent years regarding Al [57] and Ti alloys [58,59] due
to the generation of reduced heat-affected zones, minimal workpiece distortions and an
excellent surface finish. A general display of the advantages and disadvantages of the most
popular methods is presented in Table 1.

Table 1. Advantages and disadvantages of various metal AM processes.

System

Advantages Disadvantages

Selective Laser Melting

Requires extensive support materials in
most components

e  High temperature lasers (more
energy intensive)

e  Little to no constraints in fabrication
of complex geometries
e  Fully melts feedstock

Direct Metal Laser Sintering

Large range of materials e Does not fully melt feedstock, so parts may
Lower temperature lasers (less be more prone to mechanical failure than
energy intensive) other processes.

Direct Energy
Deposition/Laser Cladding

e Requires vacuum or inert gas to prevent
premature oxidation
e Support structures cannot be used

Suited forrepair/plating
Reduced waste

Wire arc additive
manufacturing

Suited for repair/plating

Reduced waste

Cost efficiency through high speed
and low power consumption

Complex process controlling
Low forming accuracy with the need for
surface finishing as post-processing

Laser direct metal deposition

e  High equipment costs
Lower process speeds

e Requires vacuum or inert gas to prevent
premature oxidation

Reduced heat-affected zones
Minimal workpiece distortions
Good surface finish

3. Materials of Interest for AM and Their Mechanical Properties

With the use of metal AM rising in popularity, considerable research has been devoted
to alloy development. Among the various powdered raw materials, the most studied metal
AM alloys are steels as well as Ti-, Al- and Ni-based alloys [60].

Most AM studies involve Ti-6Al-4V alloys. The tensile properties of Ti-6Al-4V AM
components are influenced by the microstructure after processing. With an optimized
microstructure, SLM Ti-6Al-4V can be engineered to have a greater tensile strength than
traditionally manufactured parts [61]. Todai et al. reported that, after parameter optimiza-
tion, AM components made of Ti-Al alloys can be produced without defects, which are
typically found in cast components, thus resulting in better tensile properties and enhanced
fatigue behavior [62-64]. The properties of Ti-Al alloys are greatly influenced by oxygen as
a stabilizer. Due to the high solubility of O in Ti, there is a great opportunity for tailoring
the mechanical behavior of AM parts. Yan et al. reported that the use of oxygen in Ti-Al
metal AM components increases strength and minimizes ductility [65]. The overall interest
in Ti-Al alloys has led to the development of new Ti-Al alloys, such as Ti-Al-V-Cr and Ti-Al-
Mo-V-Cr-Fe [66,67], which are likely to be the subject of increased analysis in future studies.
Although being promising for a variety of applications, the main drawback of Ti-6Al-4V
alloys is their limited wear resistance. To improve their hardness and wear performance,
high entropy alloys have been proven to be suitable coating systems due to their inherent
good mechanical properties originating from their homogeneous micro-structure [68-70].
Prabu et al. deposited the AlICoCrCuFeNi high-entropy alloy onto Ti-6Al-4V substrates by
laser surface alloying. In this regard, they verified an increased hardness by 300% due to
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the formation of a predominant bec phase, solid solution strengthening and the formation
of intermetallic phases [71].

Al alloys are the most used alloys in industrial settings, largely due to their high
strength-to-weight ratio, corrosion resistance, and ease of casting and forming. Conse-
quently, Al alloys are the subject of increasing interest in AM. Al-(10-12)Si-Mg alloy is the
most commonly used Al-based alloy in metallic AM [72,73]. These alloys are relatively
easy-to-process using AM due to the low solidification interval and limited thermal expan-
sion [74]. These properties result in near 100% density parts generated by SLM [60]. Similar
to Ti-6Al-4V alloys, the deposition of Al-containing high-entropy alloys is an excellent
approach to improve the mechanical properties of Al and its alloys. In this regard, Li
et al. applied AlyCrFeCoNiCu high-entropy alloys with variable Al content onto Al. They
verified a changing phase situation and, therefore, micro-structure, which correlated with
the Al content added. The hardness was improved irrespective of the Al content and
demonstrated an increasing tendency with an increasing amount of Al [75].

Iron-based alloys and stainless steels are also used due to their potential for widespread
application in the medical industry [76]. 316L, an austenitic stainless steel, is a popular
iron-based feedstock, which is known for its high ductility, corrosion-resistance, and
strength [67]. In metal AM, 316L samples generally display a higher yield and ultimate
tensile strength but tend to show a lower ductility compared to traditionally fabricated com-
ponents [77]. Yap et al. demonstrated that selective laser melted steel parts are oftentimes
stronger but less malleable than casted components [78]. The application of high-entropy
alloys has also shown to improve the mechanical and tribological performance of stainless
steel [79]. In this context, Liu et al. deposited AlICoCrFeNiSiyx high-entropy alloys onto
AISI 304 stainless steel and verified that the resulting micro-hardness linearly correlated
with the added Si content. This was traced back to an induced lattice distortion due to the
addition of Si. Additionally, the formation of an intermetallic phase was confirmed with
increasing Si content [80].

By far, the most promising material subset in metal AM are nickel-based superalloys.
They generally feature poor machinability due to low thermal conductivity and high
hardness. The innate properties of Ni-superalloys make AM a promising method to
develop superalloy components. The popular superalloy Inconel 718 has been used in
various metal AM methods, including SLM. The mechanical properties of the additively
manufactured alloys are notably superior to cast components but inferior to those of
wrought parts [81-83].

It should be considered that the mechanical properties of metal AM components
depend largely on the resulting microstructure. Accordingly, research suggests that process-
ing parameters can be optimized for favorable mechanical properties. Critical parameters
include laser power, spot size (diameter of the focused laser beam), scanning velocity
(speed of laser scan across metal powder), hatch distance (spacing between adjacent scan
vectors), and layer thickness [84]. Printing orientation, as well as the optimized design, can
further impact the surface morphology of metal AM components, and potentially render
post-processing unnecessary [85,86]. For example, Dehoff et al. have shown that adjusting
the laser scanning process can influence the grain morphology of Inconel 718 components.
However, further research needs to be dedicated to the impact of microstructure tuning
on the tribological and general mechanical properties of metal AM components [87]. Fac-
chini et al. considered the ductility of titanium aluminum alloys fabricated by DMLS and
found that the AM components were typically half as ductile as cast components. The
microstructures of traditional and AM metal components have been shown to impact the
mechanical and metallurgical properties of these components [88]. Zhao et al. verified
that, in laser metal deposition of the same alloy, the microstructure of the components was
responsible for compromised tension and shear strength, as well as a significantly shorter
vibration fatigue lifetime [89]. In a comparative study of the properties of DMLS 17-4PH
stainless steel and annealed steel components, it was shown that the yield strength of AM
components was significantly lower [90]. The rapid melting and solidification of the raw
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material during DMLS resulted in the formation of a duplex stainless steel, as opposed to
the martensite structure of traditionally fabricated components [91]. Likewise, a study of
selective laser melted aluminum alloy (AlSi10Mg) verified that the tensile strength and
other mechanical properties are significantly improved in AM specimens compared to their
cast counterparts, partially due to the fine microstructure developed during SLM [92]. It
was, however, noted that SLM-fabricated aluminum alloys were susceptible to metallurgi-
cal defects, such as balling, pores, and cracks, which can result in downgraded mechanical
properties. A study on the corrosion behavior of forged and SLM processed 316L stainless
steel verified that imperfections in the surface of components drastically impact surface
degradation [93]. It was shown that forged steel was more susceptible to pitting, while
AM steel displayed uniform generalized surface degradation. This can be attributed to the
increased porosity of metal AM surfaces. Likewise, it has been shown that the presence
of pores in metal AM components heavily impacts fatigue properties and tensile strength,
with large pores causing tensile failure [94].

4. Tribological Behavior of AM Components

Understanding the tribological properties (friction and wear) of metal AM components
is crucial for the widespread adoption of this method. In particular, friction and wear
performance including the COF and wear rate/volume of metal AM components must be
studied. When attempting to accurately measure the tribological properties of components,
the common methods are pin-on-disc and ball-on-disk in either linear-reciprocating or
rotational sliding tests. These methods, which can be used to characterize wear resistance
and wear rates, were vastly used in tests on 316L SLM components [95-104]. As such,
Holovenko et al. tried to mimic bio-inspired surface patterns (gecko’s fibrils, dimples,
pyramids, mushrooms, mesh, brush, inclined brush) by SLM to assess their effect on
friction and wear under unidirectional dry sliding in pin-on-disk configuration. It was
shown that SLM can be effectively used to optimize the surface patterns to produce a COF
of 0.2, nearly 5 times lower than the flat control sample (Figure 2), with gecko’s fibrils,
octet-truss, long brush, and inclined brush surface patterns producing the best results [105].

Studies comparing the tribological performance of the metal AM components to
traditionally manufactured components have been successfully conducted. In this regard,
Bartolomeu showed that 316L stainless steel specimens fabricated by LSM featured better
mechanical properties and higher wear resistance compared to hot pressing or conventional
casting due to the finer microstructure induced by the process [102]. In high temperature
tribological applications, metal AM components have been shown to offer performance
advantages. Lester et al. evaluated the tribological performance of AM alloys to arc cladded
martensitic steel at 700 °C using pin-on-disc wear tests [106]. Since LMD allowed for fully
dense claddings with minimal dilution while maintaining a flawless metallurgical bond, it
was found that LMD AM Stellite 6 (a cobalt alloy) outperformed martensitic stainless steel
at elevated temperatures. Similarly, Torres et al. studied the tribological performance of
abrasion resistant cast iron to LMD Fr-Cr-V alloy components. The AM samples maintained
high hardness at temperatures as high as 700 °C, resulting in lower wear compared to
traditional cast iron [107-109], as shown in Figure 3.

Sheng et al. used a mixture of pure nickel, titanium, and silicon powders mixed in
a 70N-21Ti-9Si ratio (by wt.-%) to produce a 2.5 mm thick coating on steel substrates via
laser-cladding, in which raw material is fused to the workpiece. The study examined
the performance of the coatings using dry pin-on-disc testing at elevated temperatures
(400-600 °C) against nickel superalloy GH5K. At high temperatures, the 70N-21Ti-9Si coat-
ings displayed an excellent wear resistance, with the wear resistance being 430 times higher
than that of stainless steel AISI 304 [109]. By comparing AM coatings to traditional inert gas
welded coatings, it was demonstrated that the AM coatings had a Vickers microhardness of
247 HV, 13.3% greater than that of the welding process, which resulted in a 10% reduction of
the total volumetric wear loss [110]. This demonstrated that the traditional welding process
was more susceptible to wear, namely in the form of micro-ploughing and micro-cutting.
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Figure 2. Coefficient of friction versus test duration and normal force of various surface patterns:
(a) flat (reference), (b) gecko’s fibrils, (c) octet-truss lattice structure, (d) inclined brush. Redrawn
from [105] with permission.
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Figure 3. (a) Wear rates for various evaluated materials at different temperature normalized on
1.0050 grade steel at room temperature (RT). (b) Results after the removal of grey cast iron for better
visualization. Reprinted from [107] with permission.

As verified by Prabu et al., the deposition of AICoCrCuFeNi high-entropy alloy onto
Ti-6Al-4V substrates not only improved the resulting mechanical properties but also the re-
sulting friction and wear behavior. Compared to the unalloyed substrate, the high-entropy
alloy addition induced a 50 and 260% reduction in friction and wear. Compared to the
substrate, the wear mechanism changed for the coated substrate thus only showing minor
signs of abrasive wear [71]. The addition of FeCuNiTiAl high-entropy alloys onto Ti-6Al-4V
substrates resulted in a 60-fold reduction of the resulting wear rate thus demonstrating
the impressive potential of high-entropy alloys to improve the tribological performance
[ref]. The observed improvements were traced back to the homogeneous microstructure,
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the formation of intermetallic phases and solid solution hardening. Similarly, the perfor-
mance of Al was found to improve with the addition of Al,CrFeCoNiCu high-entropy
alloys with variable Al content applied by laser cladding. Depending on the Al con-
tent, the best performance was observed for Al; sCrFeCoNiCu resulting in a wear rate of
6.6 x 1077 mm3/Nm [75]. A similar trend regarding the respective wear performance was
found for AICoCrFeNiSiy high-entropy alloys on AISI 304 substrates [80].

5. Post-Processing of AM Components to Improve the Tribological Performance

Though metal AM is a promising technology, it is not without its pitfalls. The most
common concern with metal AM components relates to their surface quality. As a direct
result of the layer-by-layer process, the additively manufactured components are prone
to surface irregularities [111]. The solution to this problem relates to post-processing.
Through the following methods of surface treatment, the layer roughness can be eliminated.
It should be noted that the need for post-processing is the most significant shortcoming of
AM. Until an easily accessible and universal method of post-processing is derived, the time
and energy required may render the efficiency of metal AM worthless.

One of the common subsets of surface post-processing is material removal. Material
removal methods aim to strip a thin layer of material from the surface with imperfec-
tions [112]. These treatments can be chemical, mechanical, or laser based. Chemical surface
treatments are favorable options in post-processing since they work in all external and
internal surfaces of an AM component. Popular methods of chemical treatment are etch-
ing [113], brightening, and polishing [114,115]. Generally, an AM component is dipped in
chemical baths with variable temperature and duration, depending on the desired amount
of material removal.

Laser micro-machining is a common surface treatment. The primary advantage of
laser-based treatments is the versatility of material removal based on the optimization of
wavelength and pulse duration. The most promising laser-based method is laser polishing,
a process in which a laser is passed over the already deposited layer to slightly melt the
outer layer (Figure 4). The method can also be utilized during the manufacturing process
by passing a laser over each deposited layer to melt any residue before depositing the
following layer. This method has been shown to decrease surface roughness of a titanium-
aluminum alloy from 4.22 to 0.82 um [116]. Hackel et al. tested the effects of both shot-
and laser-peening on AM stainless steel 316L and found that both methods enhanced the
fatigue performance and strength to be superior to wrought material [117].

Continuous wave
laser radiation

Initial SLM
rough surface

Macro-polished  Solidification |
surface front

N

Remelted layer Melt pool Laser movement

Heat affected zone

Base material

Figure 4. Schematic of laser polishing by remelting a thin surface layer with continuous laser radiation.
Redrawn from [118] with permission by CC 4.0.

Mechanical machining is a straightforward method that has been proven effective
at reducing the surface roughness of AM components [119]. The processes of polishing,
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milling, grinding, and tumble finishing have all been shown to be effective post-processing
techniques. For Ti-6Al-4V samples, mechanical machining was shown to reduce average
roughness from 33.90 to 0.89 pm [120]. Impressive reductions in roughness were also
reported with 316L steel samples [121]. Another effective method of post-processing is
sand blasting, a process in which sand or other abrasive materials are propelled against
the target surface under high pressure. When used on aluminum-magnesium samples, the
method successfully reduced the surface roughness, while increasing surface hardness [122].
Mechanical machining methods have also been shown to improve fatigue strength by
30-50%. Sagbas et al. tested the effects of sand blasting and shot peening on DMLS
manufactured AlSi10Mg parts and found that post-processed samples had a reduced
surface roughness and increased hardness, resulting in significantly lower specific wear
rates [123].

Besides subtractive post-processing methods, mechanical treatments such as rolling
are commonly used. Rolling is a method used to induce plastic deformation by pressing a
roller against the surface of the material. Rolling has been successfully used on DED com-
ponents [124-127]. Overall, the use of these post-processing techniques is an exceptionally
effective solution to the inherently low surface quality of metallic additively manufactured
parts, and results in dramatically lower roughness values. Sagbas et al. found that surface
roughness of AM components drastically affected the tribological behavior of the samples.
After treating samples with various post-processing methods, it was shown that polished
samples with a low roughness value had a COF of 0.0563, while shot blasted samples
with high roughness values had nearly double the COF (0.1356) [123]. A study by Ye
et al. examined the effects of various post-processing methods for AM metals, such as hot
isostatic pressing, shot peening, and laser polishing [128], see Table 2.

Table 2. Summary of effects of post-processing effects on AM metals [128].

Post-Processing .. . Microstructure
Method Effect on Surface Finish ~ Effect on Porosity Changes

Decreases porosity
Laser polishing Improves surface finish in the Refines the grains
near-surface region

Decreases defect
Heat treatment n/a n/a density and increases
microstructure stability

Produces refined grains

Hot i i I f . ;
ot 1so§tat1c ncreases surface n/a and hlgh— den81ty
pressing roughness dislocations

Laser shock and Increases surface . .
. n/a Refines the grains
shot peening roughness

6. Outlook and Conclusions

As metal AM develops, industrial sectors are eager to scale up their use of the technol-
ogy. With 3D printing potentially being an economically and mechanically advantageous
option for the fabrication of complex metal components, interest in the aerospace, automo-
tive, and biomedical industries continues to grow. For the technology to develop further,
the tribological and mechanical properties, post-processing techniques, and raw materials
must be critically analyzed and carefully improved to meet industrial needs.

The mechanical properties of metal AM components are considerably different than
those of traditionally fabricated metal components. Typically, AM components are harder
and stronger than cast or wrought parts but tend to show a reduced ductility. Tribological
laboratory tests show that some SLM components have more ideal COFs. At high tempera-
tures, the laser metal deposition manufactured samples regularly outperformed traditional
steel samples, largely due to the optimized surface patterns, material flexibility, and the
ability to produce fully dense claddings with minimal dilution. It should be noted that the
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microstructure of the metal AM components has been shown to have significant impact on
mechanical and tribological properties.

As the interest in AM continues to grow, technologies to enhance the tribological prop-
erties are developing alongside. Chemical, mechanical, and laser-based post-processing
techniques appear to be a promising avenue to tribological enhancement. As metal AM
is optimal to produce complex components, special attention should be given to chemi-
cal surface treatments. The strategy of total submersion in chemical baths offers higher
surface quality for components with complex geometry. Likewise, laser polishing is a
method which holds great potential for further improvement. Passing a laser over each
deposited layer before the next is deposited can lead to a significant decrease in surface
roughness. These avenues present possibilities, which can be directly included in AM
factory lines, thus avoiding the need of cost-intensive post-processing. Further analysis
of the resulting microstructure change from laser polishing and its impact on tribological
performance is recommended. The traditional methods of polishing, grinding, and tumble
finishing have all been proven to reduce surface roughness and improve fatigue strength.
As post-processing techniques develop, additively manufactured parts come even closer to
becoming ideal alternatives to traditionally manufactured metal components.

The development and strategic use of raw materials has been the focus of several
studies, with titanium or aluminum alloys and nickel superalloys all displaying promis-
ing tribological and mechanical properties. Nickel superalloys offer the most potential
to metal additive manufacturing. When produced via AM, the additively manufactured
alloy outperforms cast components. Another promising aspect is microstructure optimiza-
tion in AM, with potential to adjust the grain morphology to develop better mechanical
performance. Further research in this area is needed to determine methods to develop
ideal microstructures.

To summarize, metal AM has the potential to replace traditional methods of metal
manufacturing. For this to become a reality, further understanding of the mechanical,
tribological, and material properties of metal AM must be developed. Surface quality
presents an obstacle to the advancement of tribological properties in metal AM. While
post-processing is an effective avenue for tribological optimization of metal additively
manufactured components, it is a less-than-desirable method, increasing cost and timeframe
for fabrication. Consequently, the development of AM materials and microstructure study,
conducted with tribological applications in mind, will be the subject of increased interest as
sufficient literature is published.
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