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Abstract: Additive manufacturing (AM) as a disruptive technology has received much attention in
recent years. In practice, however, much effort is focused on the AM of polymers. It is comparatively
more expensive and more challenging to additively manufacture metallic parts due to their high
temperature, the cost of producing powders, and capital outlays for metal additive manufacturing
equipment. The main technology currently used by numerous companies in the aerospace and
biomedical sectors to fabricate metallic parts is powder bed technology, in which either electron or
laser beams are used to melt and fuse the powder particles line by line to make a three-dimensional
part. Since this technology is new and also sought by manufacturers, many scientific questions
have arisen that need to be answered. This manuscript gives an introduction to the technology and
common materials and applications. Furthermore, the microstructure and quality of parts made using
powder bed technology for several materials that are commonly fabricated using this technology are
reviewed and the effects of several process parameters investigated in the literature are examined.
New advances in fabricating highly conductive metals such as copper and aluminum are discussed
and potential for future improvements is explored.

Keywords: powder bed fusion additive manufacturing; laser melting; electron beam melting;
nickel alloys; titanium alloys; bulk metallic glasses; high entropy alloys; copper alloys; aluminum
alloys; steel

1. Introduction

Additive manufacturing (AM) is a manufacturing technique for fabricating three
dimensional (3D) products, and it has some exceptional attributes. It allows the production
of unique and complex custom-made parts, which is unachievable by other manufacturing
techniques. AM also has the potential to improve materials’ efficiency, produce faster and
more cost-effective products, save energy and emissions, and reduce intensive resource
use [1]. Powder bed fusion (PBF) technology is a group of additive manufacturing (AM)
technologies where an energy source is used to selectively bind or melt powder particles
to build parts layer by layer to the desired geometry [2,3]. It is the most common type
of technology for additive manufacturing of metallic parts for aerospace and biomedical
applications [4]. The heat source can vary from pulsed laser to electron beam or even
ultraviolet light. Since metals have very high melting temperatures, they require high
energy density to consolidate the particles. Therefore, laser and electron beams are the
most common types of heat source used with metal AM.

The outcome of both processes depends largely on the process parameters and in-
terplay of physical phenomena that occur as shown in Figure 1. Several heat transfer
mechanisms are active at a macro- and micro-scale. Micro-scale heat transfer occurs in
between powder particles. Naturally, heat transfer is faster within the solid region than
in the powder. The air gaps between the particles work as insulators that slow down
the heat transfer. Conduction in powder is less efficient than in a continuous solid part
since conductive transfer can only take place where particles are in physical contact with
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one another. In other words, the powder’s effective thermal conductivity is lower com-
pared to its solid material counterpart. The build plate is typically constructed of a highly
thermally conductive material, and is adequately large, to act as a heat sink, facilitating
the quick solidification of molten powder. Due to the complexity of thermal transport
within the powder bed, an effective thermal conductivity is typically introduced. The
effective conductivity is a metric to model conduction, convection, and radiation between
particles in the powder bed as outlined in Figure 1. Radiation and convection, depending
on the process used, are also modes of heat transfer at the macro-scale within the build
chamber. Laser melting and laser sintering processes operate under inert atmospheres and
allow convective cooling of the build surface [5]. EBM operates under a high vacuum and
therefore cannot sustain convection within the build chamber [6]. Both processes contain
radiation between individual particles in the powder bed as well as from the build surface
to the inner surfaces of the build chamber. Previous modeling studies [7–9], however,
suggest that radiative and convective cooling of the powder bed are insignificant compared
to conduction. Radiation within the powder bed is typically included in effective thermal
conductivity, as has been carried out in previous studies [7–10]. Other physical mechanisms
that are active are melting and solidification, grain growth, fluid dynamic within the melt
pool due to the Marangoni effect, powder wetting and shrinkage due to solidification, etc.

Figure 1. Physical phenomenon occurring during powder bed melting process of metallic materials.

This manuscript focuses on powder bed fusion technologies, its application in fabri-
cating metallic materials and metallurgy of parts. Mechanical and corrosion behavior of
parts produced using this technology is reviewed.

2. Laser versus Electron Beam

Electron beam melting was introduced to overcome some of the difficulties of using
laser as heat source such as power and speed. Electron beam produces a much higher power
(3000 W with current ARCAM technology vs. 400 W with current EOS technology [5,11])
and the beam speed can be much faster (8000 m/s in ARCAM vs. 7 m/s in EOS [5,7–11]).
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These two characteristics result in a much shorter build time in EBM. Laser is currently
used for both partial and full melting of material, whereas EBM is typically used only
for full melting of material. Additionally, layer thickness is typically larger in EBM than
in laser, which expedites the builds; however, this results in rougher surfaces and less
dimensional accuracy. Build dimensions are similar in both technologies. The laser melting
build chamber is at ambient pressure that is backfilled with an inert gas such as argon or
nitrogen, whereas the EBM process is performed under vacuum with a partial pressure
of helium [5,7–11]. EBM technology is much newer and is less explored, so there are a
limited number of materials currently being fabricated using this technology. EBM has
been successfully used for Ti and Ni alloys [12–24], while fabrication of other materials is
still under investigation [25–29]. The other difference between EBM and laser technologies
is that EBM typically uses a preheated build plate where temperature is kept relatively
high for the duration of the build in order to keep the metal powder in place during
the subsequent melting scan and decrease the thermal gradient in the build part [30].
However, laser uses a cold plate which can increase the heat extraction rate. Additionally,
the heated plate in EBM will provide a longer time for microstructure to evolve due to many
hours of aging at relatively high temperatures and assists in releasing the residual stresses.
Therefore, parts produced using EBM technology typically experience slower cooling rate
and lower residual stresses [31–33]. This results in a different microstructure formed during
full melting and solidification in laser melting versus EBM [34]. Both techniques require
high quality powder that is expensive and hard to produce. Additionally, the technology
typically used for metals and ceramics is much more sophisticated than polymer technology.
Due to the high melting temperature of metals and ceramics, these systems need to generate
hundreds of watts of power. All of these translates into a very expensive technology that
is very cost-prohibitive for many high-volume production companies [35,36]. Therefore,
these machines are currently only being used for prototyping, custom-build parts and
specific applications such as aerospace applications. Qualification and standardization are
other major issues which need to be considered to fabricate industrial products [37].

3. Process Parameters in Electron Beam and Laser Melting Methods

One of the most interesting aspects of additive manufacturing and specifically powder
bed technology is the ability to potentially control the final product through a bottom-up
approach in which the microstructure and thus the properties of the final product can be
controlled through the process by intelligently varying the process parameters. As the
material is being built locally by melting and solidification of powder, the cooling rate
and melt pool size can be varied by controlling process parameters such as beam power,
beam speed, and powder layer thickness, etc. The final microstructure of the parts is also
a function of other global level parameters such as build atmosphere, build orientation,
scanning strategy and hatch spacing (spacing between two adjacent line that beam traces).
Many researchers choose to combine parameters such as laser power, scanning speed, hatch
spacing, and sometimes beam diameter, and quantify them into an overall variable referred
to as the “volumetric energy density (VED)”, “laser energy density,” and sometimes the
“linear laser energy density” [38–40]. The equations and variables for these parameters are
listed below:

E = P/(v × δ) (1)

η = P/v (2)

ε = P/(v × h × d) (3)

Equation (1) is referred to the “laser energy density,” where E is the energy density in
J/mm2, P is the laser power in W, v is the scan speed in mm/s, and δ is the hatch spacing in
mm [38]. Equation (2) is known as the “linear energy density,” where η is the linear energy
density in J/mm, P is the laser power in W, and v is the scanning speed in mm/s [39].
Equation (3) is referred to the “volumetric energy density,” where ε is volumetric energy
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density in J/mm3, P is the laser power in W, v is the scanning speed in mm/s, d is powder
layer thickness in µm, and h is hatch spacing in µm [40].

In addition to the process parameters, the powder feedstock quality has also a di-
rect effect on the quality of the fabricated parts and repeatability of the process. Powder
qualities are analyzed based on their intrinsic (e.g., composition, purity, and microstruc-
ture) and extrinsic (e.g., particle morphology, density, size distribution, and flowability)
properties [41,42].

4. Metals Used for Powder Bed Fusion Additive Manufacturing (PBF-AM)

A critical issue in additively manufactured parts is whether consistent microstructure,
mechanical, and corrosion properties can be achieved and whether the technology is
competitive compared to the traditional technologies such as casting. In EBM and laser
powder bed technology, melting and solidification occur locally, and cooling rate is a
function of many other parameters such as beam power, beam speed, pre-heat conditions,
geometry, hatch spacing, etc. Therefore, a variety of microstructures can be produced. A
very great advantage is that microstructures can be controlled locally through the process
if the effect of each parameter is well understood. There is less control over the process
and many process parameters can affect the outcome. The fact that each layer is built with
partial re-melting and solidification of the previous layer and heat extraction occurs in
different manners for different geometries adds complexity to the process. The next sections
of this manuscript summarize the literature findings on the effect of process parameters
in EBM and laser melting processes on microstructure and properties of parts made of
different metals/alloys such as Ti, Ni, Al alloys, steel, high entropy alloys (HEAs), and
bulk metallic glasses (BMGs).

4.1. Titanium (Ti) Alloys

Ti metals and alloys have two types of crystal structures; body centered cubic (BCC)
and hexagonal closed pack (HCP). BCC is called β phase and it is stable in pure Ti only
at temperatures above β transus temperature. HCP crystal structure is called α phase.
Ti-6Al-4V alloy is most heavily investigated material, due to its extraordinary properties
and extensive use in biomedical and aerospace applications [1,43]. The isothermal phase
diagram of Ti-6Al-4V composition indicates that both phases of α and β exist at 800 ◦C, but
at 1000 ◦C only β phase exists in Ti-6Al-4V [44]. Many different types of microstructures
can be obtained through a controlled cooling rate [45]. A very slow cooling rate of Ti-6Al-4V
alloy results in α phase globular in primary β phase grain boundaries. Small increase in the
cooling rate results in the formation of α platelets in primary β phase grains [45]. The length
of these platelets depends on the cooling rate. As cooling rate increases, at a certain level,
a basket weave, Widmanstätten, type of microstructure forms. Quenching the material
results in transformation of β into martensitic type α, either α′ with HCP crystal structure
or α” with orthorhombic crystal structure [45]. The mechanical behavior of the alloy can be
significantly varied by tailoring its microstructure [46]. For example, existence of globular
α phase or platelets enhances the resistance to micro-crack development. The ductility,
yield strength and crack propagation resistance are improved as the size of colonies of
platelets decreases [47]. Plastic deformation in Ti-6Al-4V material at room temperature
was found to be caused by planar slip in the α grains, at quasi-static strain rates, while at
high strain rates deformation twinning is also observed [48]. Therefore, it is necessary to
understand the effect of electron beam and laser processing parameter on microstructure
and properties of these alloys.

4.1.1. Microstructure and Physical Properties of Powder Bed Fusion Additive
Manufactured Ti Alloys
Electron Beam Processed Ti Alloys

There are several studies that have investigated the microstructure of EBM-built
Ti-6A-4V sample compared to its wrought counterparts. EBM processed samples showed
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homogenous and primarily acicular α-plate, with Widmanstätten pattern due to high
solidification rate [1,49]. Dislocation density was slightly higher in EBM-fabricated samples
than in the wrought products [1]. Ti-6Al-4V alloy fabricated using EBM presented a
lamellar microstructure at the transverse direction, while it showed directional growth
along the build direction and columnar microstructure due to higher thermal gradient in
longitude direction [1]. A study conducted by Antonysamy [50] on Ti-6Al-4V displayed
favored growth orientation along <001> β normal to the build plate. It was also found
that the grain orientation depends on the sample thickness. In specimens built with
larger thickness, the grains were more oriented in the <001> direction, whereas in smaller
thickness, more random orientation was observed. Columnar growth of the β grains was
observed by several other scientists, including Cormier et al. [51]. This group compared the
microstructure of thin-walled structures with bulk Ti-6Al-4V and observed the columnar
growth in both cases. The fact that the growth spanned over several layers suggested that
the material was kept at temperatures higher than β transus temperature during build.
Anisotropic behavior as shown by Ladani et al. [52] is expected to be caused by the columnar
grain growth in these materials. A comprehensive study conducted by Safdar et al. [53–56]
also confirms the columnar grain growth. In an interesting investigation of scanning length
as beam rosters over powder, they found that increasing scanning length on a trace results
in coarser β grains. The built-in function in the ARCAM machine typically reduces the
speed of the beam as it turns. Therefore, Safdar et al. [53–56] made a hypothesis that as
beam turns, its speed is reduced and therefore the energy density is reduced. In short
scan lengths, this portion of the build contributes significantly to the total length and
therefore the total energy density is reduced which causes the grain sizes to increase.
Cormier et al. [51] also observed that the size of α platelets in thin-walled samples were one
third of those in bulk samples. This was attributed to the higher cooling rate in thin-walled
samples. A similar observation was made by Ladani et al. [52,57], where finer morphology
was observed in sample regions close to the build table compared to the regions away from
build table. As it got nearer to the bottom, the α-plate became finer and more similar to a
lamellar microstructure rather than acicular. This change in microstructure was attributed
to variation in the heat transfer rate from the bottom to the top of the specimen which
caused the variation in microstructure through specimen height and consequently the
variation in properties [58]. Faster cooling rates closer to the build table leads to finer
microstructure [1,57].

Different types of defects such as un-sintered powders or voids were found in EBM
parts [59]. Increase in electron energy density led to increase in the width of prior-β
grains as well as reducing defects such as pores and un-melted particles [60]. Extensive
research on EBM technique, parts quality, types of defects, effect of process parameter on
defects, and microstructure of material produced using this technique was conducted by
Murr et al. [22,28,58,61–67]. The resulting part quality from EBM produced parts is directly
related to the input energy density in the melt pool and the length of the scan line [68].
Juechter et al. [69] used a different criteria and approach to evaluate the quality of parts.
They based their analysis on relative density of 99.5% and smooth top surface finish. A
process window was developed based on line energy density as defined in Equation (2)
in this manuscript and scanning speed. The process window became narrower at higher
scanning speed. Higher line energy densities resulted in an uneven top surface and reduced
aluminum content. There is a critical amount of line energy density which is required to
achieve the required density. Increasing scanning speed reduces the line energy density.
In their analysis, they distinguished between the local heat loss, which is the result of
interaction of the beam with power locally, and heat loss during hatching, which is the time
frame within which the beam returns to the point during hatching. Based on this analysis,
Juechter et al. developed a plot which depicts the minimum energy density and scanning
speed required to achieve dense Ti-6Al-4V parts.

A study conducted on Ti-47Al-2Cr-2Nb by Ge et al. [70] found that higher beam
current resulted in more loss of aluminum from the original composition. At 10 mA, there
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was a 15% loss of aluminum. The resulting microstructure also showed a variance with
the beam current. The lower beam current resulted in a fine lamellar α2-phase structure,
whereas the higher beam current samples had columnar β-grains with needle α2-phase
within the β-phase. Schwerdtfeger et al. [71] investigated a large parameter envelope for
this alloy to determine the robustness of the process in achieving the proper microstructure
formation. The build temperature was kept at a temperature of ~950 ◦C, so that once the
build cools there is only a transition from α to α2. There was a direct relationship of line
energy and beam current to the loss of aluminum in the alloy. With a layer thickness of
100 µm, increasing the line energy from 0.7 J/mm to 1.1 J/mm by altering the beam current
and scan speeds leads to a 1–4 at.% Al loss. At constant line energy, increasing the beam
current from 3.5 to 10.5 mA increased the Al loss by 1 at.%. Lowering the layer thickness to
70 µm and decreasing the hatch line offset resulted in a much lower line energy necessary
to achieve fully dense parts and gave a much broader processing window. Having the
lower beam power also led to a reduction in over melting and Al vaporization. The lowest
Al loss was measured to be only 0.5 at.%. In [63], samples were built via EBM from Ti-47Al-
2Cr-2Nb powder which resulted in a two phases lamellar structure of γ-TiAl and α2-Ti3Al
after processing. The characteristics of the Ti-48Al-2Cr-2Nb alloy are dependent on the
γ-TiAl phase, thus significant Al losses from vaporization during EBM processing inhibit
the formation of the gamma phase.

The microstructure of Ti-55511 alloy fabricated using EBM is made up of columnar
prior-β grains, zigzag grain boundary (αGB), coarse α1 colony and fine basket-wave α2
with high density of dislocations, while the forged Ti-55511 alloy showed the bi-modal
microstructures with spherical α phase after heat treatment [72]. The preheating process
by electrons during EBM offers an in situ heat treatment on the formed parts to acquire the
desired microstructures. The effect of substrate temperature and electron energy density
on microstructure of EBM-built Ti-55511 alloy was investigated. It was reported that as
the building temperature and electron energy density increased, it led to the coarsening of
the prior-β columnar grains, while the content of the residual β phase was not changed.
Increasing building temperature from 650 ◦C to 750 ◦C also improved precipitation of fine
α2 from less than 10% to more than 50% and inhibited the formation of α1 from ~30% to
less than 2%; however, the total α phase (α1 and α2) was unchanged [60]. In addition to the
volume fraction of α1 and α2, the building temperature plays a crucial role in determining
their sizes. α1 became 1.9 times coarser with increase in substrate temperature, however
the width of α2 went down [60].

Laser-Processed Ti Alloys

Laser parts are expected to experience higher cooling rates which could result in a
more refined microstructure [67] or in some case even stress cracks developed due to rapid
shrinkage of the materials. Extensive research has been conducted on Ti-6Al-4V [73–79].
It was reported that the Ti-6Al-4V alloy fabricated using SLM showed a microstructure
full of α′-martensite [80], whereas those built using the EBM exhibited lamellar α and
β phases decomposed by α′-martensite due to substrate preheating, which leads to in
situ heat treatment and relatively low cooling rate [68]. A martensite, or needle-like
α phase was formed between β phases during the rapid cooling of the laser melting
process [73,74]. Slower cooling rates resulted in the formation of a more stable α and
β phases combination [75,76]. It was shown that denser parts were produced when higher
powers and thus lower cooling rates were used [77,78]. Ti-6Al-2Sn-4Zr-6Mo alloy built
using laser PBF-AM showed prior-β grains, characterized by a columnar morphology and
a completely martensitic microstructure which is orthorhombic (α”). A different processing
parameter was applied to fabricate Ti-6Al-2Sn-4Zr-6Mo alloy and results showed that
minimization of porosity and pores morphology closer to sphericity was achieved more
efficiently at a higher amount of VED. In addition, higher VED values led to finer α”
needles in the as-built condition [81].
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Several studies were dedicated to understand the scanning strategy on the final
microstructure and part quality [76,77,82,83]. Similar microstructure was found when the
scanning strategy was changed from sequential scan in between the previous scan lines to
offsetting the scan vectors by 50% on each subsequent layer [77]. Part density was found to
be fairly similar in a study conducted with several different scan patterns [76]. Nevertheless,
hatch spacing was found to have maximum effect [76]. The best microstructure was
produced using a “cross hatching scan with zigzag scan vector” used by [82]. It was
reported that fully dense plate can be achieved when the hatch spacing was less than the
laser diameter and the ratio of laser power to scanning speed was larger than 0.5 [1].

Selective laser melting processed parts are typically subjected to heat treatment. The
main reason for this is the larger residual stresses that develop in these parts due to
the lack of a heated plate. The effect of heat treatment on microstructure of alloys after
laser processing was also studied. It was found the martensitic ά microstructure can
transform into α-Ti. The fraction of β decreased as well as grain size increased after heat-
treated or hot isostatic presses (HIPed) [84]. In situ heat treatment was also introduced
for fabrication of Ti-5553 using SLM. This heat treatment promoted the formation of
finely dispersed α-phase plates [85]. Polozov et al. [86] studied the effect of preheating
on laser processing of orthorhombic Ti alloys. They found the crack-free samples using
platform preheating temperatures of 600 ◦C and higher. The chemical homogeneity of the
samples enhanced with an increase in preheating temperature. Fine cellular microstructure
consisting of the B2/β phase can be obtained at preheating temperatures of 200 ◦C and
500 ◦C, while increasing preheating temperature to 600–900 ◦C led to the formation of an
O-phase with a different morphology and volume fraction [86]. Figure 2 shows the effect
of laser processing parameters, namely preheating temperature and volume energy density
on the relative density of the produced samples using the mechanically alloyed plasma
spheroidized (MAPS) Ti-22Al-22Nb-0.1Mo-0.3Hf-0.3Ta-1.5Zr-0.8Si-0.9Fe (at.%) (Figure 2a)
and gas atomized (GA) Ti-24Al-25Nb-1Zr-1.4V-0.6Mo-0.3Si (at.%) (Figure 2b) powders.
Increasing the preheating temperature to 700 ◦C and volume energy density to 77.8 J/mm3

led to an increase in the relative density to 99.3± 0.1% for the MAPS samples. GA powders
showed relatively higher density above 99% than MPAS powders (Figure 2b). The highest
density of 99.9% can be achieved at volume energy density of 45.8 and 54.9 J/mm3 and
preheating temperature of 600 ◦C and 700 ◦C. A further increase in temperature resulting
in a lower density may be due to melt pool overheating. Figure 2c,d show the process map
confirming that two parameters at preheating temperature of 700 ◦C can result in relative
density more than 99% for MPAS powder and three parameter sets allowed attaining
relative density higher than 99.9% for GA powders (green symbols in Figure 2c,d) [86].

4.1.2. Mechanical Properties of Powder Bed Fusion Additive Manufactured Ti Alloys
Electron Beam Processed Ti Alloys

It was found that the Ti parts built using EBM can present a combination of good
ductility and excellent fracture strength comparable to best wrought material which satisfies
the ASTM standards. Their excellent properties are attributed to a high solidification rate
and acicular morphology [1,49,58]. Hrabe et al. [33] reported the fatigue strength of EBM-
built Ti-6Al-4V alloy to be in the range of 200–250 MPa at 107, cycles which increased
to 550–600 MPa at the same cycles after HIP due to a reduction in voids and porosity.
Mian et al. [15] predicted the fatigue properties of Ti-6Al-4V using surface roughness,
hardness, internal, and external defect parameters and applying Murakami’s square root
of area parameter and Basquin’s models. They found the external defects to be more
dominant than the internal defects in determining the critical fatigue limit for as-built EBM
AM parts. They also studied the effect of temperature on EBM-built Ti-6Al-4V alloy at
different building orientations showing softening of all samples as temperature increased
due to increase in dislocation mobility and grain coarsening [16]. Extensive microstructural
analysis and hardness testing was conducted for Ti-24Nb-4Zr-7.9Sn fabricated using EBM
by Hernandez et al. [66]. The measured value of hardness was found to conflict with the
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observed microstructure. However, the average value of hardness was found to be higher
than parts built using laser melting process.

Figure 2. Relative density as a function of volume energy density and preheat substrate temperature
for laser-processed samples from (a) mechanically alloyed plasma spheroidized (MAPS) and (b) gas
atomized (GA) powders; and process maps relating preheating temperature of substrate and volume
energy density for the samples from (c) MAPS and (d) GA powders. Reprinted with permission from
ref. [86]. Copyright 2021 Elsevier.

As was reported in previous section, the processing parameter can significantly change
the microstructure which subsequently may affect mechanical properties. The engineering
stress–strain plot of EBM-built Ti-55511 is shown in Figure 3 [60]. In this figure, A-E102
and B-E102 were designated for samples with electron energy density of 102 J/mm3 and
substrate temperature of 650 ◦C and 750 ◦C, respectively. The energy density was 51 J/mm3

for A-E51 and B-E51 samples and their substrate temperature was 650 ◦C and 750 ◦C,
respectively. It can be seen that the tensile strength of the alloy increased, whereas the
elongation decreased as the energy input and substrate temperature increased. The increase
in tensile strength was associated with the microstructural change and enhancement in the
volume fraction of α2 in terms of boundary strengthening [60].

The changes in the mechanical properties relative to distance from build plate were
evaluated in an experiment conducted at NIST [87]. Even though the EBM samples showed
a measurable change in α platelets’ thickness as the distance from build plate increased [57],
the tensile test did not show significant variations in mechanical behavior as a function of
distance from the base-plate. This study only conducted the measurements up to 25 mm
distance from build plate. The analysis conducted by Ladani et al. [57] was on specimens at
100 mm distance from the build table. In another study conducted by the same group, part
orientation, melt pool size and location of the part was investigated [88]. Contradictory to
the previous studies [50,57] which showed the preferential growth orientation along the
build direction and anisotropy in mechanical properties, this study did not show significant
anisotropy in ultimate tensile strength (UTS) and yield strength (YS). In contrast to the
findings of Ladani et al. [16,57], which showed more ductility along the build direction,
this study found 30% less ductility in that orientation. Both studies showed lower hardness
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in vertically built parts. This indicates that local mechanical properties may vary through
the parts. The global behavior is usually somehow affected by the local properties (e.g.,
large local defects or weaknesses may cause premature failure of the parts).

Figure 3. Engineering stress–strain plot for EBM-built Ti-55511 at different process parameters.
A-E51: electron energy density 51 J/mm3 and substrate temperature 650 ◦C; A-E102: electron energy
density 102 J/mm3 and substrate temperature 650 ◦C; B-E51: electron energy density 51 J/mm3 and
substrate temperature 750 ◦C; B-E102: electron energy density 102 J/mm3 and substrate temperature
750 ◦C. Reprinted with permission from ref. [60]. Copyright 2021 Elsevier.

Laser-Processed Ti Alloys

It has been found in the literature that laser parts exhibited slightly higher strength,
but lower hardness than EBM-built parts [67]. the Ti-6Al-4V alloy fabricated using SLM
showed higher yield strength, ultimate strength, fatigue life and fracture strength; however,
it also showed the lowest value of ductility compared to its counterparts fabricated using
EBM and other AM processes [1,89]. Other studies focused on effect of build orientation in
laser melting process on the final microstructure and mechanical properties [74,83,89,90].
The same phenomenon of perpendicular grain growth in the direction of build is observed
in laser, and parts show anisotropic behavior with higher strengths, but lower ductility for
parts tested perpendicular to the build direction [83,89,90]. As the grain growth orientation
is very similar to EBM process, the same hypothesis of anisotropy can perhaps be imple-
mented here in this technology. Build orientation was investigated in a lattice structure
in [84]. In this study, both the cell orientation and build orientation were varied.

The effect of processing parameter on mechanical properties of laser-processed
Ti45Al5Nb0.5Si-(xTiC) (x = 0, 5, and 10) composites was studied. Nanohardness increased
with increase in power for all Ti45Al5Nb0.5Si, Ti45Al5Nb0.5Si-5TiC and Ti45Al5Nb0.5Si-10TiC
alloys (Figure 4a). Increase in scanning speed from 200 to 400 mm/min increased nanohard-
ness of Ti45Al5Nb0.5Si and Ti45Al5Nb0.5Si-10TiC laser-built alloys. For Ti45Al5Nb0.5Si-5TiC,
nanohardness initially decreased with the increase in scan speed from 200 to 300 mm/min,
and then increased with further the increase in speed to 400 mm/min (Figure 4b). The
increase in powder feed rate showed a slight increase in nanohardness of all alloys
(Figure 4c) [91]. In another study, higher power and lower scanning speed (i.e., higher
VED) in laser powder bed fusion AM of Ti-6Al-2Sn-4Zr-6Mo alloy led to higher hardness
may be attributed to formation of finer α” needles in this alloy [81].
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Figure 4. Nanohardness of laser-processed Ti45Al5Nb0.5Si-xTiC (x = 0, 5, and 10) composites as a function of (a) power,
(b) scan speed, and (c) powder feed rate. Reprinted with permission from ref. [91]. Copyright 2021 Elsevier.

Many different heat treatments were investigated in the reviewed literature, where it
was generally found that post-SLM heat treating reduced the yield and ultimate stresses
of parts [74,90], improved fracture toughness and high cycle fatigue crack growth resis-
tance [75,84,90], and decreased porosity from the re-melting and redistribution of ma-
terial [83]. The tensile strength of SLM-built Ti-5553 was improved using in situ heat
treatment as a result of formation of fine α-phase plates [85]. In a study carried out by Igor
Polozov et al. [86], the highest microhardness and the highest tensile strength values were
obtained using 700 ◦C and 980 ◦C substrate preheating temperature, respectively. Powders
prepared with different methods also showed different properties due to the difference in
their microstructure. Samples fabricated using GA powders showed higher microhardness
than the samples prepared using MPAS powders with almost similar composition [86].

4.1.3. Corrosion Behavior of Powder Bed Fusion Additive Manufactured Ti Alloys

The corrosion behavior of several PBF-AM processed Ti alloys were studied [92–102].

Electron Beam Processed Ti Alloys

The EBM-produced Ti-6Al-4V showed better corrosion properties than its traditional
wrought counterpart [101]. The polarization study of EBM-produced Ti-6Al-4V showed
slightly smaller corrosion current density than that of wrought ones in phosphate-buffered
saline (PBS) solution, and the passivation current density was also higher compared to the
wrought ones, but with a negligible difference. Electrochemical impedance spectroscopy
(EIS) results also showed the better corrosion resistance of the EBM sample compared to its
wrought counterpart. EBM-produced samples displayed different polarization behavior at
different building angles in 1 M hydrochloric (HCl) solution [92]. The corrosion resistance
decreased by the following order of building angles: 0◦ > 55◦ > 90◦ > 45◦. Figure 5 shows
the morphology of EBM-processed samples at different building angles before (raw a) and
after (raw b) corrosion test at 1 M HCl. A significant amount of porosity was observed at
45◦, confirming its highly corrosivity in the HCl solution. The 0◦ sample showed a few
scattered pits on the micro-morphology, confirming its better corrosion resistance. The
number of pits in other samples were also consistent with polarization test results and are
attributed to the grain boundary density. EBSD results showed the magnitude of grain
boundary as the order of 45◦ > 90◦ > 55◦ > 0◦ [100].
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Laser-Processed Ti Alloys

It was found that the ά phase of Ti-6Al-4V produced by SLM has a high energy state,
which is detrimental for its corrosion resistance, and the corrosion occurs preferentially
on the needle-like ά phase [97]. Due to V element in the β phase, it can be sustained in
a corrosive environment and the Ti2O oxide film which is formed on β-phase is more
stable than that in the ά phase [100,102]. Therefore, the commercial Grade 5 alloy which
has a relatively large β-phase content (13.3%) showed superior corrosion resistance to the
SLM-built Ti alloy with lower β-phase content (5%) [96–98]. The open circuit potential
(OCP) was stabilized for Grade 5 alloy at the time of 25 h, but the stabilizing time was 50 h
for SLM-produced alloy in a 3.5 wt.% sodium chloride (NaCl) solution and a slightly higher
OCP value of SLM-produced Ti-6Al-4V was observed. The potentiodynamic polarization
curves of SLM-produced Ti-6Al-4V and Grade 5 alloy in 3.5 wt.% NaCl solution presented
a pronounced passivation area for both alloys. The passivation current density of the
Grade 5 alloy was 0.39 µA/cm2, compared to 0.84 µA/cm2 for SLM-produced Ti-6Al-4V,
representing its better passivation ability. In addition, the higher breakdown potential for
Grade 5 alloy was found indicating that the alloy can maintain the passivation zone, and it
is difficult for it to be broken down or dissolved by halide ions [97]. The corrosion behavior
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for SLM-produced Ti alloy at different manufacturing planes (XY plane and XZ plane)
was also studied in 3.5 wt.% NaCl and 1 M HCl. The results showed that the passivation
region started at same potential for all tests; however, it was smaller in sodium chloride
solution than that in hydrochloric acid solution. Moreover, the passivation current densities
of the XY and XZ planes were 0.76 µA/cm2 in the sodium chloride solution and were
1.78 µA/cm2 and 2.81 µA/cm2 in the hydrochloric acid solution, respectively, indicating
the superior corrosion resistance of the XY plane than that of the XZ plane [96].

The effect of heat treatment on corrosion behavior of PBF-AM of Ti alloys was also
studied. Results showed that all the heat-treated SLM-produced Ti-6Al-4V samples had a
larger corrosion current density than the un-treated sample and the corrosion behavior ex-
hibited a decreasing trend as the heat treatment temperature increased [100]. Yang et al. [94]
studied the effect of various AM technologies (i.e., Wire and arc additive manufacturing
(WAAM), SLM, and rolling) and heat treatment (HT1 at 750 ◦C and HT2 at 1020 ◦C) on
corrosion behavior of Ti-6Al-4V at 3.5 wt.% NaCl. WAAM showed nobler corrosion poten-
tial than the other samples, which may be attributed to its higher level of α phase, which
is nobler than β and ά phases. The corrosion current densities of samples produced by
WAAM, rolling, and SLM + HT1 are nearly two orders of magnitude lower than those by
SLM and SLM + HT2. SLM + HT2 showed the highest corrosion current density, whereas
SLM + HT1 exhibited the lowest. The corrosion rate was in the order of: SLM + HT1 <
rolling < WAAM < SLM < SLM + HT2. Pitting corrosion was reported to be the main
mechanism of corrosion failure. The SLM + HT1 sample showed the minimum passive
current density and pitting potential, while SLM + HT2 had the maximum passive current
and pitting potential, suggesting the sensitivity of corrosion resistance of SLMed Ti-6Al-4V
sample to heat treatment. According to potentiodynamic experiments, the decreasing order
of corrosion resistance of the samples is as follows: SLM + HT1 > rolling > WAAM > SLM
> SLM + HT2. The greater corrosion resistance of the SLM + HT1 sample is associated with
its less corrosion current density, passive current density, passive potential, and a nobler
corrosion potential.

4.2. Nickel (Ni) Alloys

In comparison to Ti, using EBM and a laser melting process to produce Ni parts has
been investigated less intensively. Ni is mostly investigated in the form of Inconel (between
32–72% of Ni and around 14–25% Cr with small amount of other elements such as Fe, Al, Ti,
Mo, etc.), as it is often used for aerospace applications. Inconel typically consists of γmatrix
with a face-centered cubic crystal structure that contains a large amount of strengthening
phases, including ordered face-centered cubic γ′, ordered tetragonal γ”, orthorhombic δ,
tetragonal σ, and hexagonal Laves phases [103,104]. The strengthening mechanism in this
material is through formation of γ′ and γ” precipitates. The Laves phase is detrimental
to the performance of Inconel because it reduces the amount of free Nb in the system and
allows less γ” to form, and it has a lower melting temperature than the other phases in
Inconel [105]. Inconel alloys are resistant to corrosion and oxidation and are highly suitable
for extreme environments such as high temperatures and high pressures. The fabrication
of Inconel alloys using powder bed technology is of particular interest, mainly because it is
very difficult to shape or machine.

4.2.1. Microstructural Characterization of Powder Bed Fusion Additive Manufactured
Ni Alloys
Electron Beam Processed Ni Alloys

Numerous studies have examined the microstructure of EBM-AM-built Inconel 718
(IN718) in as-deposited and post-heat-treated conditions [31,104,106–115]. Different mi-
crostructures were reported for this alloy using different scanning strategies. Although
contour scanning resulted in heterogeneous grain morphologies with weak texture, the
hatch scanning lead to mainly columnar grains microstructure with epitaxial growth in the
build direction [112,116–118]. The columnar grains of EBM processed IN718 displayed a
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very strong {100} texture along the building direction, which was retained even after post-
processing [112,117]. Precipitates in the as-built IN718 alloy included γ′, γ”, δ, TiN and
NbC [112]. The alloy built using a contour scanning strategy showed a higher density of
fine carbides than the one fabricated using the hatch scanning strategy; the difference is neg-
ligible after appropriate heat treatment [119]. An increase in grain width and precipitation
coarsening was found as the distance from build table increased [109,116]. Interestingly,
it was found that beam focus has an effect on the degree to which the grains grow in a
columnar manner. As the beam focus is reduced, the beam spread is increased with the
same energy. This results in less penetration depth and less melting of the solid layer
below the powder, which could result in reducing the epitaxial effect and deviation from
columnar growth [120]. A more focused beam was found to result in a better columnar
grain growth [116]. As stated previously, defects are an issue in as-built samples, which
need to be considered for their structural applications. Goel et al. [117] showed that post-
processing of EBM-built IN718, such as hot isostatic pressing (HIP), led to a reduction in
defects, and through appropriate selection of HIP temperature grain size, growth can be
avoided.

Laser-Processed Ni Alloys

The effect of laser processing and post-processing parameters on quality, microstruc-
ture and mechanical behavior of Ni alloys built using the laser melting technique has
been investigated heavily including Inconel 718 [39,107,121–139], Inconel 625 [140–145],
Inconel 935 [146], Inconel 713LC (IN713LC) [147], and Inconel 738 [148]. Voids are more
common in laser melting processes since inert gases are used inside the chamber. A similar
microstructure was observed in these materials as columnar grains were formed in the
direction of the build, which were more pronounced with the increase in the laser focus
and power [131]. Figure 6a shows a 3D EBSD image of the as-built IN713LC confirming the
columnar structure of the grains on the side with a build direction growth orientation. How-
ever, the top surface shows equiaxed grain structure. Heat treatment of as-built IN713LC at
elevated temperature led to the coarsening of the grains, as shown in Figure 6b [147]. High
laser powers to fabricate Inconel, can result in formation of Laves as well as increasing
formation of voids or pore in the material [131]. One phenomenon that can be observed
at relatively low scanning speeds, or at speeds where insufficient energy is applied to the
build part, is the formation of discontinuous scan tracks, large-sized balls, and round open
pores which can cause the re-coater blade to jam and cause the build to fail [40,140,149].
Similar effects such as increase density due to increase laser power and better surface
finish in lower scan speeds were observed in parts built using laser [132]. One notable
difference in microstructure was the variation observed by Jia et al. [39,40]. In their work,
as energy density increased, the microstructure transformed from coarsened columnar
dendrites, to severely clustered dendrites, and eventually settling with slender columnar
dendrites [39,40].

4.2.2. Mechanical Properties of Powder Bed Fusion Additive Manufactured Ni Alloys
Electron Beam Processed Ni Alloys

Mechanical properties such as tensile strength, creep, and fatigue characteristic of Ni
alloys built using EBM were vastly studied [108,110–112,138,150–153]. The pores, voids,
and un-sintered powders are common types of defects that are observed frequently in EBM-
produced parts [59]. These pores caused lower strength in the material. The application
of HIPing with subsequent heat treatment and aging has shown to increase hardness and
tensile strength as well as improve fatigue and creep rupture life of EBM-built IN718 due
to reduction in defects [117,118,154]. A study conducted by Balachandramurthi et al. [118]
reported an increase in ductility of EBM-built IN718 after subjecting to HIPing treatment.
However, Goel et al. [117] did not report any significant change in ductility of the IN718
alloy after HIPing. Mechanical anisotropy was reported for EBM as-built and as-built
followed by heat-treated IN718 in [112]. Higher yield strength and ultimate tensile strength



Metals 2021, 11, 1391 14 of 58

but lower ductility and Young’s modulus was found for sample loaded parallel to the
building direction, as compared with that loaded perpendicular to the building direction
which are probably due to texture, columnar grains and directional alignment of pores [112].

Figure 6. Electron backscatter diffraction of IN713LC fabricated using laser melting in (a) as built and (b) heat-treated at a
temperature of 1175 ◦C for 2 h conditions. Reprinted with permission from ref. [147]. Copyright 2021 Elsevier.

Laser-Processed Ni Alloys

In a study carried out by Mohsin Raza et al. [147], laser-processed IN713LC at appro-
priate processing conditions showed an average yield strength of 800 MPa, an ultimate
tensile strength of 998 MPa, and ultimate elongation of 12.5% at room temperature, superior
than those of as-cast IN713LC alloys with identical geometry and size. Solid solution heat
treatment process of the alloy slightly improved yield strength, while the ultimate tensile
strength and elongation decreased after heat treatment due to increase in grain size. They
reported two micro-cracking mechanisms for this alloy, namely solidification cracking
due to the segregation of elements at the grain boundaries and ductility dip cracking
due to grain boundary sliding. The relative density of IN713LC components increased
as much as 99.95% and crack density decreased below 0.011% when a lower laser energy
density was used [147]. Several researchers investigated the mechanical properties of
SLM-produced IN718 [39,121,122,125,129,138,155–177]. As energy density is increased, the
micro-hardness of IN718 increased while the coefficient of friction decreased due to change
in microstructure from coarsened columnar dendrites, to severely clustered dendrites, and
eventually fine columnar dendrites [39,40]. This decrease in coefficient of friction also led
to a decrease in the wear rate on the surface of the parts. There are contradictory results on
the tensile properties of laser-processed IN718 compared to their conventionally produced
counterparts. While Trosch et al. [176] reported lower tensile property of laser melted
Inconel 718 alloy than that of conventional forged or cast Inconel 718 alloy, Pei et al. [178]
found similar yield and tensile strengths of laser built Inconel 718 alloy, but lower ductility
than those of forged counterparts. The fatigue performance of PBF-AM manufactured
Ni alloys was also studied in [161,179–183]. Komarasamy et al. [179] reported negligi-
ble effect of powder atomization condition on the high cycle fatigue (HCF) resistance of
laser-processed Inconel 718 alloy, and the HCF resistance could be enhanced by reducing
δ phases along grain boundaries. Another study conducted by Yadollahi et al. [180] showed
a lower HCF life for laser-processed Inconel 718 alloy compared to that of its wrought
counterpart as a result of the defects such as un-melted powder and void formed during
the AM process. Wan et al. [181] studied the effect of heat treatment on HCF behavior of
Inconel 718 fabricated using laser powder bed fusion and found improvements in HCF
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resistance of the alloy after heat treatment compared to the as-built specimen, possibly
because of the removal of Laves phases and the precipitation of γ′ and γ” phases in the
microstructure. The effect of Laves phase on fatigue properties of IN718 was also studied
by Sui et al. [182]. They found that the HCF resistance of AM Inconel 718 alloy at low stress
range was superior than its conventionally fabricated counterpart because of the ability of
Laves phases to hinder the propagation of fatigue crack, whereas at higher stress range,
the Laves phases were broken by growing crack.

4.2.3. Corrosion Behavior of Powder Bed Fusion Additive Manufactured Ni Alloys

Ni alloys have been widely used in demanding environments where superior corro-
sion resistance is necessary, such as marine environments including the manufacture of
heat exchangers, in the oil and gas industry and in nuclear plants [184,185]. Therefore, it is
critical to study their corrosion behavior. The corrosion behavior of SLM Inconel 718 as a
function of build orientations in a highly corrosive environment containing 13 wt.% NaCl
solution at 80 ◦C was reported by Klapper [184]. The SLM-fabricated Inconel 718 exhibited
inferior pitting resistance to the conventionally produced counterpart. Furthermore, the
effect of the build direction was negligible on the overall corrosion characteristics of the
SLM Inconel 718 [184]. Hack et al. [186] studied the corrosion fatigue properties of alloy
625 fabricated using laser melting AM. It was found that the corrosion fatigue limit for
laser PBF-processed alloy 625 part was independent of build orientation and slightly lower
than the values for wrought material. In another study, Cabrini et al. [185] investigated the
corrosion behavior of laser-built nickel-base alloy 625 (UNS N06625) with that obtained via
conventional casting and hot working in 0.6 M NaCl solution at a pH of 7 and 3, at 40 ◦C.
The effect of heat treatment and surface polishing were also studied. They reported that the
better pitting and localized corrosion resistance of the alloy produced by laser powder bed
fusion in the considered environments than that of traditional wrought material may be at-
tributed to its very fine microstructure and small and homogeneous distribution of second
phases. Heat treatment did not change corrosion resistance of laser-processed samples,
while mechanical polishing of the surfaces increased their corrosion resistance [185].

4.3. Steel

Steel has been attracted as a potential material widely used in various applications
such as the defense, automotive, medical devices, and nuclear industries, owing to its
outstanding mechanical properties and low cost [187]. However, the manufacturing of
parts into complex shapes using conventional techniques is challenging. To date, a large
number of different kinds of steels have been fabricated using powder based additive man-
ufacturing technique including austenitic, duplex, martensitic and precipitation-hardening
stainless steels, maraging and carbon-bearing tool steels and Oxide dispersion-strengthened
(ODS) steels [26,188–199]. Due to high solidification rate in AM process, the alloys ex-
hibited different microstructure and properties compared to their conventionally built
counterparts which will be summarized in this section.

4.3.1. Microstructural Characterization of Powder Bed Fusion Additive
Manufactured Steel
Electron Beam Processed Steel

Fully dense 316L stainless steel (SS) was successfully fabricated using electron beam
melting additive manufacturing [193]. This alloy showed hierarchical microstructures
consisting of solidified melt pools, columnar grains, and irregular shaped sub-grains.
Lots of precipitates enriched in Cr and Mo were formed at columnar grain boundaries,
whereas there was no elemental segregation at the sub-grain boundaries [193]. Hierarchical
microstructure was reported in other studies [200,201]. Higher layer thickness led to
formation of more defects in the sample [201]. H13 steel was also successfully prepared
using electron beam melting [26]. The microstructure of EBM-built H13 was martensite
and parts exhibited full interlayer bonding without any porosity.
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Laser-Processed Steel

Laser processing of steel alloy/composites was investigated by many
researchers [189–191,195–199,202–208]. The 316L SS fabricated by laser bed fusion additive
manufacturing showed fine equiaxed grains in plane perpendicular to the building direction,
whereas grains were columnar along the building direction as expected for AM process [203].
The microstructure of conventionally fabricated 316L SS showed a larger grain size than its
laser PBF-AM built counterpart [203]. The smaller grain size of AM built alloy was mentioned
as a result of faster solidification rate. The size of columnar grain increased with increase in
laser power [204]. Post-heat treatment of as-built 316L SS resulted in diminishing columnar
structure and the microstructure is comparable to the wrought microstructure [205,206]. High
magnification transmission electron microscopy (TEM) characterization of the SLM-built
316L SS showed a very fine cellular microstructure with cell sizes below 1 µm as shown in
Figure 7a,b [209]. Figure 7c shows the energy dispersive spectroscopy (EDS) map of the SLM-
processed 316L SS, indicating elemental segregation of Cr and Mo at cell walls [209]. Spherical
shaped oxide inclusion enriched in O, Mn and Si have been commonly reported in AM
austenitic stainless steels (Figure 7c). However, it has been reported that the oxide inclusions
in conventional austenitic stainless steels were larger (>1 µm) and irregular-shaped [210,211].

The homogenous cellular dendrite structure, which grew epitaxially along the build
direction was also observed for AISI 420 martensitic steel [202]. The as-built microstructure
was mainly martensitic; however, various amounts of austenite were formed with different
morphologies depending on the heat input level. More austenite in the shape of separated
longitudinal islands were retained at moderate heat input. Heat treatment of as-built ALSI
420 alloy removed the original dendrite structure leading to the formation of recrystallized
grains composed of fine martensite with precipitation of carbides (M23C6). The size of
carbides was finer at lower and moderate heat input than at higher heat input. In Saeidi’s
work, the duplex stainless steel fabricated using a bidirectional scanning pattern with a
constant 45 angle rotation between subsequent layers showed a Mosaic-type structure as
shown in Figure 8a. The grain orientation map shown in Figure 8b reveals that the grains
inside each tessera have different orientation than the grains inside the adjacent tiles [212].

Through additive manufacturing, it is possible to add reinforcing secondary phases to
the metals and alloys to improve their performance. The effect of nanoscale reinforcement
on the microstructure of the SLM-built TiB2 and TiC reinforced 316L stainless steel was
studied by AlMangour et al. [207,208]. Fine microstructure was observed after adding the
reinforcement particles to the matrix as particles act as heterogenous nucleation sites. The
effect of laser scanning strategies on porosity formation in SLM processed TiC reinforced
316L SS nanocomposites was explored [213]. It was reported that cross-hatched scanning
strategy led to the highest densification.

4.3.2. Mechanical Properties of Powder Bed Fusion Additive Manufactured Steel
Electron Beam Processed Steel

There are a few studies on the evaluation of mechanical properties of steel fabricated
using EBM. The 316L SS alloy fabricated using electron beam melting at layer thickness of
100 µm showed comparable hardness than its conventional counterpart prepared using hot
iso-static pressing method. However, increasing the layer thickness resulted in decreasing
the microhardness [201]. In another similar study, Olsén et al. [200] reported the lower
microhardness of EBM-built 316l SS than that of its counterpart prepared using SLM may
be attributed to greater segregation of molybdenum, as well as the formation of numerous
small precipitates during SLM. The as-built oxide dispersion strengthened ferritic steel
fabricated using EBM showed higher ultimate tensile strength (UTS) than its annealed
counterpart. UTS also increased with changes in scan strategy of test specimens from
parallel scan lines to across scan lines between every layer due to the uniform nucleation
as well as the higher relative density [214]. The effect of heat treatment on mechanical
properties of EBM-built steel was studied in [26]. In this study, H13 steel fabricated using
EBM showed hardness of 48–50 HRC, which decreased to 20 HRC after annealing [26].
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Figure 7. Transmission electron microscopy (TEM) images (a) low magnification, (b) higher magnification, and (c) the
energy dispersive spectroscopy TEM of SLM-built 316L SS. Adapted from ref. [209].
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Figure 8. (a) Optical microscopy images and (b) grain orientation map of the laser-processed SAF2507 duplex steel.
Reprinted with permission from ref. [212]. Copyright 2021 Elsevier.

Laser-Processed Steel

The 316L stainless steel fabricated using laser processing showed ~34% higher ul-
timate tensile strength and ductility, and twice the yield strength than its wrought/cast
counterpart, which may be due to the formation of nano-inclusions in AM-built steel that
hinder dislocation movements, and a large density of low angle grain boundaries [215,216].
In other similar studies, the AM-built steel alloys exhibited superior strength, but lower
ductility than the cast or wrought material [217–230]. It has been reported that due to refine
microstructure, the strength of AM samples increased, whereas the ductility decreased
as a result of defects such as porosity. Davidson et al. [231] reported higher hardness
of laser PBF 2507 duplex stainless steel than wrought alloy. In their study, decreasing
laser energy density resulted in improvement in hardness, mainly due to a corresponding
decrease in the austenite content. In a similar study carried out by Saeidi et al. [212], a
bidirectional scanning pattern with a constant 45 angle rotation between subsequent layers
resulted in improvements in the strength of the laser powder bed-processed 2507 DSS. This
was attributed to the mosaic type microstructure in this alloy after processing, the high
concentration of dislocations inside the material, nano-oxide inclusions and chromium
nitride precipitates, and solid solution strengthening due to the solubility of nitrogen (N) in
the ferrite structure steel [212]. AISI 4140 fabricated using laser processing AM also showed
equivalent or superior mechanical properties to conventionally processed (and heat-treated)
steel due to the formation of small solidification grains and ultrafine cell structures. Due to
unidirectional heat transfer along the build direction in the AM of AISI 4140, anisotropic
mechanical behavior was observed. XY direction (parallel to build direction) showed a
higher yield strength, ultimate tensile strength, and elongation than the Z direction (along
the build direction), due to elongated grains along the build direction [202]. It was stated
that the twinning-induced plasticity (TWIP) effect can be activated in laser melting of 316L
austenitic stainless steel [232] which led to its high ductility despite defects. The N presence
in AM may decrease stacking fault energy of 316L steel and trigger twinning formation.
The better creep, fatigue fracture toughness, and wear resistance of stainless steel alloys
compared to their conventionally produced counterparts was reported in [217,233–239]. In
some studies, it was found that a AM-built steel alloys showed a lower fatigue resistance
than wrought samples, due to surface roughness and defects; these alloys showed inferior
fatigue behavior even after post-heat treatment [240–244].

The effect of post-heat treatment on properties of different kinds of steel alloys was
investigated in some studies [245,246]. Sridharan et al. [245,247] showed that a post-heat
treatment decreased the strength, probably due to change in grain size and precipitate
distributions, but improved the ductility of HT9 and P91 steel, at room and elevated
temperatures.
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4.3.3. Corrosion Behavior of Powder Bed Fusion Additive Manufactured Steel

The 316L stainless steel fabricated using SLM showed better corrosion resistance than
its conventionally fabricated alloy because of high solidification rate of process which
avoids the formation of MnS and associated Cr-depletion zones. Cr-depletion zones are
known as pit initiation sites [248–253]. Moreover, the superior hydrogen damage resistance
of laser PBF 316L austenitic stainless steel compared to its conventional counterpart has
been reported by Kong et al. [254] and Baek et al. [255] due to the lower volume fraction
of martensite in laser-processed 316L austenitic stainless steel, and the stability of the
austenite phase that does not transform to martensite phase under load stress, indicating
their potential application in hydrogen fuel cells [254,255]. Schaller et al. [256] studied the
corrosion behavior of laser PBF 17–4 PH steel, showing a reduced corrosion resistance
of additively manufactured steel compared to its conventionally produced counterpart
may be because of the porosity in the laser melted samples acting as active corrosion
sites. The opposite result was reported by Stoudt et al. [257], showing that the better
corrosion resistance of 17–4 PH samples produced by laser PBF than wrought samples
may be attributed to more homogeneous distribution of elements in the microstructure,
making it more resistant to localized corrosion, as well as due to the absorbance of N, while
AM resulted in a more stable passive film. PBF-AM-built steel parts with higher porosity
and thus lower density exhibited lower corrosion resistance than wrought parts [249,258].
Irrinki et al. [258] reported that increasing the energy density from 64 J/mm3 to 104 J/mm3

led to an increase in the density of laser-processed PH SS alloy, and accordingly a better
corrosion performance. The effect of scanning speed on corrosion behavior of SLM-built
316L SS was studied by Ni et al. [252]. An increase in scanning speed resulted in the
formation of more voids acting as pitting sites, consequently decreasing the corrosion
resistance of the alloy.

4.4. Aluminum (Al) Alloys

High thermal conductivity materials such as aluminum and copper are of particular
interest because of the large number of applications, such as structural aerospace compo-
nents [259] or electrical components [260]. In this section, the microstructure and properties
of high conductive alloys fabricated using the PBF-AM technique are summarized.

4.4.1. Microstructural Characterization and Part Quality of Powder Bed Fusion Additive
Manufactured Al Alloys
Electron Beam Processed Al Alloys

A feasibility study on the processing of various aluminum alloys, namely 2024, 7075,
and 6061, using the Arcam S12 EBM system was reported [261–263]. The purpose of these
experiments was to use a wide range of process settings, both preheat and melt parameters
(beam speed and power), to narrow down a processing window for the production of
fully dense parts. However, the 2024 alloy exhibited significant porosity and cracking.
Some 2024 tensile samples cracked during removal from the start plate and some cracked
during machining into tensile bars, indicating that stress cracks were preexisting in the
parts or brittle material, which is typically not expected for aluminum. However, the
majority of parts that were heat-treated under T6 solution heat-treated conditions showed
significant improvements in UTS. Some loss of strength was attributed to loss of large
amounts of alloying elements due to overheating of the melt pool. These elements lead to
strengthening of the alloy through heat treatment by precipitating at the grain boundaries
and inhibiting the movement of dislocations. In the absence of these elements, the heat
treatment will have no effect on the UTS [261,262]. Kenevisi et al. [263] found optimum
input energy to obtain Al2024 alloy with high relative density using EBM technique. The
microstructure of EBM-built alloy was crack-free and exhibited equiaxed grains with high
angle grain boundaries having different crystallographic orientations and a few sub-grains.
Furthermore, homogeneously distribution of AlCuMnFe, AlCuMnFeSi, and eutectic Al2Cu
phases were found in the α-phase matrix.
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To retain the final chemistry and reducing porosity, several approaches were proposed,
including mechanical alloying of the starting powder with the aluminum alloy that is
mixed with additional alloying elements and increases the weight percent of the alloying
elements in the pre-alloyed starting powder. It was found that unless the two powders
were of similar density, they would separate upon melting and create bands of the two
materials instead of becoming homogeneous. The second method was also unsuccessful
because faster vaporization of those elements resulted in the same amount of loss and
also increased the porosity [262]. However, the same study reported dense structures and
low porosity in alloy 6061 made using EBM. SEM analysis showed a formation of iron
aluminide precipitates within the first 15–20 mm of the samples. This was deemed to be
from a reaction with the iron in the steel start plate.

Laser-Processed Al Alloys

The high optical reflectivity of metals such as copper or aluminum makes their pro-
cessing using SLM very challenging [264,265]. Since much of the energy is reflected or
conducted away from the melt pool region, processing of these materials requires a very
high beam energy to achieve a proper melt. The feasibility of fabricating Al alloys using
laser powder bed fusion AM has been studied by many researchers [265–284]. Most of the
research in the literature has been focused on optimizing the process to achieve quality
parts.

In order to obtain fully dense parts from AlSi10Mg, Buchbinder et al. [285] showed
that it is necessary to have a high laser power (over 150 W) which significantly reduced
balling and porosity. The high reflectivity of aluminum causes the majority of the laser
energy to not be absorbed into the powder bed and the higher laser power overcomes
those losses. Aluminum oxidation is a problem in conventional manufacturing, and this
effect is amplified in AM because of the greater surface area of oxide on each granule of
powder that is disrupted and incorporated into the melt pool. Al2O3 oxide is very stable
and does not react further within the molten aluminum. Once the oxide enters into the
melt pool, it contaminates the solidified metal and can create pores and areas of weakness.

Wong et al. [286] were able to manufacture various heat transfer devices out of 6061
aluminum. They were able to show that much more complex heat sink designs were
possible such as diamond-shaped cross section pins and also a V-shaped array using
staggered ellipses. These designs are not able to be manufactured through conventional
methods and have better performance over previous designs. Abe et al. [192] investigated
the manufacturing of hard tools from various metals using SLM. The aluminum experi-
enced balling which was attributed to the formation of an oxide layer on the surface of the
liquid metal that increased the surface tension. Bartkowiak et al. [276] attempted to create
their own custom high-strength aluminum alloy powder systems by blending together
powders of aluminum (d50 = 35 µm) and copper (d50 = 3 µm), and also blending aluminum
(d50 = 35 µm) and zinc (d50 = 5 µm) at various percentage concentrations. These custom
powder blends were then processed via SLM and compared to their standard pre-alloyed
counterparts of 2xxx series Al-Cu and 7xxx series Al-Zn alloys, respectively. Each sample
exhibited a very fine microstructure, no cracking, and no evidence of an external oxide
layer.

Other aluminum alloys were examined by Olakanmi [287]. However, rather than on
the process itself, this study focused on the effect of powder properties on the resulting part
quality. Various aluminum alloys were used to develop a suitable processing window to
increase the relative density and reduce the balling phenomenon. The powders used were
air-atomized pure aluminum, inert gas-atomized pure aluminum, water-atomized pre-
alloyed Al–5.7Mg, water atomized pre-alloyed Al–6Mg, and inert gas atomized pre-alloyed
Al–12Si. It was found that the different alloys had similar processing windows, which was
contributed to very similar tapped densities and therefore similar thermal conductivity
throughout the powder bed. The varying oxide content in the precursor powders did
not have any major effect on the overall processing window boundaries. The powders
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which were more irregularly shaped showed better consolidation at lower scan speeds,
which was attributed to the greater surface area and better energy absorption. However,
the irregular particles increased the resulting porosity. The general trend with all material
samples show that it requires a relatively high laser power of 100–240 W and a moderate
scan speed between 80 and 200 mm/s to obtain solid (yet still porous) structures without
balling. Decreasing the scan speed and increasing the energy density beyond that results in
a large melt pool and balling. The balling phenomena and porosity seen with the various
aluminum powders testing was due to a few factors. First, the higher oxide content changes
the Marangoni coefficient and causes the melt pool shape to become deeper and narrower.
This creates large pores in between the scan tracks as the melt pool narrows. Next, the
chemistry of the alloy alters the surface tension and wettability of the liquid phase. The
presence of silicon increases the wettability of the melt with the powder bed, whereas the
increased content of magnesium reduces the wetting and leads to balling. Finally, more
balling is seen during the first few layers due to the cold powder bed causing the melt pool
to form agglomerates. The lower temperature gradient within the melt pool reduces the
surface tension and has a more controlled Marangoni flow.

Al–8.5Fe–1.3V–1.7Si, also known as FVS0812, is a castable high strength aluminum
alloy. Zheng et al. [288] investigated the feasibility of producing this alloy via SLM and
compared the mechanical and material properties to the as-cast properties. They employed
a scanning technique that scanned each layer twice, with the secondary scan pattern travers-
ing at 90 degrees to the initial scan. Microstructural analysis revealed the presence of the
stable α-Al and Al12(Fe,V)3Si phases, which gives the material its exceptional mechanical
properties. There was the formation of θ-Al13Fe4 at the boundary between the heat-affected
zone and the melt pool region. Thapliyal et al. [275] and Mishra et al. [289] were able to
prepare crack-free laser-processed Al alloys in a wide processing window using combi-
nation of grain refinement through heterogeneous nucleation and eutectic solidification
strategies. The microstructure evaluation of Al-3Ni-1Ti-0.8Zr (wt.%) alloy showed fine
equiaxed grains nucleated on Al3(Ti,Zr) precipitates, and coarse columnar grains with
higher cracking resistance as a result of a terminal Al-Al3Ni eutectic [275]. Another study
worked to prepare crack-free 7xxx Al alloys through co-incorporation of submicron Si
and TiB2 into the alloys [290]. Gharbi et al. [291] reported the microstructure of as-SLMed
AA7075 containing the quasi-crystalline phase (ν-phase) as the principal nano-structural
feature. Solution heat treatment dissolved the quasi-crystalline ν-phase and ageing led
to precipitation of η′-phase (MgZn2) within grains and along grain boundaries, revealing
columnar grains in the microstructure of AA7075 alloy.

4.4.2. Mechanical Properties of Powder Bed Fusion Additive Manufactured Al Alloys
Electron Beam Processed Al Alloys

There are limited reports on mechanical properties of Al alloys built using EBM [263].
A microhardness study of the A2024 alloy fabricated using EBM showed a nearly uniform
change in hardness values in the range of 100 HV to 110 HV in both horizontal and vertical
sections, which was higher than the annealed Al2024 wrought alloy, but lower than that
of its counterpart in T6 solution-treated condition. The as-built alloy exhibited tensile
and yield strengths of 314 MPa and 191 MPa, respectively, which can be improved by an
appropriate post-processing treatment [263].

Laser-Processed Al Alloys

The mechanical properties of SLM as-built and heat-treated Al alloys at room and ele-
vated temperatures has been reported in [192,263,265,266,279,281,283,288,292–313]. Laser-
processed Al alloys showed twice higher yield strength than as-cast Al alloys and com-
parable strength to age-hardened wrought Al alloys [289]. In a study carried out by
Lam et al. [312], AlSi10Mg parts produced using SLM showed higher hardness and tensile
strength than traditionally fabricated counterparts. They concluded these improvements
are due to three factors: (i) the fine microstructure favoring grain boundary strength-
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ening, (ii) the alloying elements resulting in solid solution strengthening, and (iii) the
strengthening as a result of dislocations interactions. In the study by Louvis et al. [265],
6061 samples were tensile tested and the fracture surfaces were examined. They showed
flat facets that indicate failure due to the presence of thin oxide films instead of failure
through plastic deformation. Additionally, shown in the fracture areas were regions of
un-melted powder, from not being incorporated into the melt pool. This implies that the
presence of the oxide film inhibited the melt pool from wetting with regions of precursor
powder. Abe et al. [192] found that using an additional CO2 laser offset from YAG laser
to reheat the solidified region below melting temperature and reduce the cooling rate led
to an improvement in strength and ductility and reduction in hardness of SLM-built Al
samples. The microhardness of two FVS0812 samples fabricated using a laser power of
150 W and a scan speed of 250 and 200 mm/s yielded hardness values of 135–170 HV and
145–175 HV, respectively. As a comparison, the conventional as-cast material only has a
hardness of 40–45 HV. Buchbinder et al. [314] investigated the effect of laser power and
scanning speed on mechanical properties of SLM-fabricated AlSi10Mg alloy. They found
that laser power has negligible effect on the yield strength and ultimate tensile strength of
Al alloys. However, a sample prepared at higher laser power showed a higher elongation
than that fabricated at lower laser power [314].

Bai et al. [315] studied the mechanical properties of an as-built SLMed AlSiMg0.75
alloy in comparison to its annealed and cast counterparts, indicating the higher yield
strength and tensile strength, but lower elongation, of the as-built alloy. This result was
contradictory to the results reported by Bi et al. [279] for the Al-14.1Mg-0.47Si-0.31Sc-
0.17Zr alloy. The tensile properties of this alloy increased after heat treatment due to
combination of fine grain strengthening, solid solution strengthening and precipitate
strengthening. The grain size of this alloy did not change after heat treatment and the
tensile properties increased due to combination of fine grain strengthening, solid solution
strengthening and precipitate strengthening. The fracture morphology of AlMgSiScZr
alloy showed a mixed toughness and brittleness failure. In addition, SLM-produced Al
alloy showed superior fatigue resistance in comparison to the standard DIN EN 1706 [292].
Brandl et al. [292] investigated the high cycle fatigue (HCF) and fracture behavior of SLM
additive manufactured AlSi10Mg samples as a function of building platform temperature
and building directions. Samples were studied in as-built condition and the T6 solution
heat-treated. Results showed that building direction and build plate temperature does not
have a significant effect on fatigue properties; however, the effect of the post-heat treatment
was significant. The same results were reported in another study [316].

4.4.3. Corrosion Behavior of Powder Bed Fusion Additive Manufactured Al Alloys

There are limited studies on the corrosion behavior of powder bed fusion additive
manufactured Al alloys [279,291,317]. Bi et al. [279] evaluated the corrosion performance of
the SLM-fabricated Al-14.1Mg-0.47Si-0.31Sc-0.17 Zr alloy in comparison to its heat-treated
counterpart in 3.5 wt.% NaCl solution. The as-built Al alloy exhibited an excellent corrosion
resistance due to its fine grain size of 2.53 µm. The heat-treated sample showed inferior cor-
rosion resistance, which was attributed to the formation of porous oxide layer and pitting
corrosion induced by diffuse precipitation distribution. Gu et al. [317] investigated the cor-
rosion behavior of Sc- and Zr-modified Al-Mg alloy processed by SLM on different planes
in 3.5 wt.% NaCl solution at room temperature. Results showed the lower corrosion current
density (icorr = 57.1 µA cm−2) of the XY plane than of the XZ plane (icorr = 200 µA cm−2).
However, the XZ plane displayed a better pitting resistance; fewer but deeper pits were
formed on the XZ plane, whereas wide and shallow pits were formed on the XY plane after
polarization test. The anisotropic corrosion resistance of the SLM-produced Al-Mg-Sc-Zr
alloy may be associated with the different microstructures of the alloy on different planes,
including melt pool boundary, distribution of Al3(Sc,Zr) precipitation, grain size distribu-
tion, and crystallographic orientation as shown in Figure 9 schematically [317]. Figure 9a,b
displayed higher melt pool boundaries and bimodal grain structure for the XZ plane than
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the XY plane with lower melt pool boundaries and equiaxed cellular structure. This led
to a higher density of Al3(Sc,Zr) precipitations on the XZ plane than that on the XY plane
(Figure 9d), which facilitate the breakdown of the Al(OH)3/Al2O3 surface passive film and
accelerate the failure of the surrounding matrix (Figure 9e). Figure 9c shows the different
crystallographic orientation of two planes, which may result in anisotropy in corrosion
behavior.

Figure 9. Schematic of different microstructures and corrosion mechanisms on XY and XZ planes of Al-Mg-Sc-Zr alloy
fabricated using selective laser melting: (a) melt pool boundary densities on XY and XZ planes; (b) distribution of grain size in
a single melt pool; (c) preferred crystallographic orientations on XY (top) and XZ (bottom) plane; (d) Al3(Sc,Zr) precipitation
distributions on XY (top) and XZ (bottom) planes; (e) corrosion mechanisms on XY (top) and XZ (bottom) planes. Reprinted
with permission from ref. [317]. Copyright 2021 Elsevier.

In another study, the corrosion behavior of SLM-fabricated AA7075 in 0.1 M NaCl was
studied in three different conditions including as-built, as-built + solutionized + quenched,
and as-built + solutionized + quenched + aged at 120 ◦C for 24 h and compared with those
of wrought AA7075-T6. The as-built AA7075 alloy showed superior corrosion resistance
to the wrought AA7075-T6. Pits formed in SLM produced AA7075 after corrosion tests
were remarkably smaller in comparison to those upon wrought AA7075-T6 due to its
finer microstructural features and the absence of large constituent particles. In the as-built
AA7075 condition, pits were more pronounced along melt pool boundaries, while they
were uniformly distributed in the solutionized sample, and the following ageing caused
larger pits along grain boundaries than those within grains [291].



Metals 2021, 11, 1391 24 of 58

4.5. Copper (Cu) Alloys
4.5.1. Microstructure Characterization and Part Quality of Powder Bed Fusion Additive
Manufactured Cu Alloys
Electron Beam Processed Cu Alloys

The EBM technology offers unique features that other additive manufacturing tech-
nologies or even traditional manufacturing methods cannot offer. One of these is the
in-process heat treatment capability through the utilization of the elevated build temper-
ature and precise melt pool temperature control. Murr et al. [65,318] sought to exploit
these features to produce a precipitation-hardened copper structure with cuprous oxide
(Cu2O) precipitates. When processing 99.8% pure Cu powder via EBM, trace levels of
oxygen present in the powder bed react to form Cu2O precipitates, with a bias parallel
to the build direction. The Cu2O forms in irregular, cell-like shapes. It is suggested from
these results that altering the EBM process parameters can change the spatial configuration
of the precipitations, and thus affect the resulting material properties. Frigola et al. [319]
examined the Cu2O oxide formation further by building samples with 99.99% high purity
copper powder and also 99.8% low purity copper at different process parameters. The
low purity copper powder exhibited the same microstructure and precipitation formation
as Murr et al. [65,318], although it was noted that the part quality suffered with the in-
crease in the amount of oxidation. The high purity copper powder formed large columnar
grains with lower levels of Cu2O precipitates. With an increase in build temperature,
the microstructure resembled that of conventional annealed copper; large equiaxed and
non-directional grains. Ramirez et al. built reticulated mesh and randomized stochastic
foam structures [320] and solid samples [28] via EBM using 99.8% pure Cu powder. The
resulting microstructure contained Cu2O precipitates that originated from the precursor
powder and were also generated during melting from residual oxygen within the powder.
The inclusion of Cu2O was found to precipitation-harden the resulting material, noted by
an increase in the strength and hardness of the mesh struts and foam ligaments. As with
mesh structures fabricated from other materials, the stiffness of the meshes varies with its
density and porosity.

Since the majority of components made from copper are used for either electrical or
thermal applications, the amount of impurities must be minimized for the best performance.
Lodes MA et al. [321] explored the production of pure copper components using 99.94%
pure copper precursor powder. A processing window was developed that resulted in
fully dense parts, with large columnar grain growth oriented in the build direction, which
is typical of EBM-produced metals. Fully dense (99.5%) parts were obtained with a line
energy of 0.3 J/mm and a scanning speed of 3000 mm/s, and they did not have any
significant precipitations. Cu-8Cr-4Nb was developed by NASA as an alloy that will retain
its strength over a very large temperature range, such as in the liner of rocket engines. This
material is expensive to produce into complex shapes and is not castable because the Cr2Nb
precipitates will grow to an unacceptable size. Therefore, the production of Cu-8Cr-4Nb
was investigated by Mahale [262] to determine whether the rapid solidification of EBM
would be sufficient to maintain the small precipitate size. After being built via EBM, the
samples had a measured precipitate size of 1 µm or smaller and had minimal loss of
alloying elements. The strength of the samples at elevated temperatures was similar to that
of the samples made by conventional methods.

Laser-Processed Cu Alloys

The attempts to process pure copper with laser powder bed fusion additive manu-
facturing technologies have seen various levels of success [322,323]. Jadhav et al. [322]
were able to use laser melting for pure copper and fabricated bulk solid copper parts with
near full density >99%. They used a conventional infrared fiber laser with 1080 nm wave-
length, a small focal spot diameter of 37.5 µm, power at 500 W, and a volumetric energy
density window of 230–310 J/ mm3. In another study, Silbernagel et al. [323] fabricated
high density (~86%) pure copper at optimized processing parameter as 200 W laser power,
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spot diameter of 35 µm, a laser scan speed of 300 mm/s, and layer thickness of 45 µm.
Tang et al. [324] used an experimental laser sintering machine with a 200 W CO2 laser
called high-temperature metal laser sintering (HTMLS) to investigate the processing of
copper-based alloys. They employed a copper-based powder system consisting of copper
as the structural material and a binder of copper phosphide (Cu3P), mixed at various ratios.
During liquid phase sintering, the phosphorus dissolves any surface oxides and improves
the wetting of the molten copper. They found that it was necessary to use a high laser
power and slower scan speed in order to achieve higher density, although the dimensional
accuracy of the final parts suffered. In a recent study, Demeneghi et al. [325] fabricated
copper-4at.% chromium-2at.% niobium alloy using laser powder bed fusion method as
a function of sample thickness ranging from 0.7 mm to 2 mm. As the sample thickness
increased, the porosity decreased, resulting in better mechanical properties. The microstruc-
ture characterization of as-built Cu-Cr-Zr alloy showed uniform grain arrangement on the
horizontal (XY) plane which grew towards the center of the molten track at a certain angle
to the laser scanning direction due to temperature gradient. The grains are elongated along
the building direction on the vertical (XZ) plane of the as-built sample. On both XY and XZ
planes, epitaxial growth of grains was visible. Intermetallic compound particles (CuxZry)
were found in both as-built and heat-treated SLMed CuCrZr alloy. Heat treatment resulted
in the Cr particles precipitation in addition to the formation of intermetallic compound
particles [326].

4.5.2. Mechanical and Conductivity Properties of Powder Bed Fusion Additive
Manufactured Cu Alloys

The mechanical properties of Cu metals and alloys fabricated using powder bed fu-
sion additive manufacturing have rarely been investigated in as-built and post-processed
conditions [326,327]. The as-built pure copper parts using laser melting exhibited a tensile
strength of 211 ± 4 MPa, a yield strength of 122 ± 1 MPa, an elongation at failure of
43 ± 3%, and an electrical conductivity of 94 ± 1% IACS [322]. In another investigation, a
Cu-Cr-Zr alloy built using SLM showed the microhardness of 118.2 HV, which decreased
after solution treatment to 90.5 HV, but enhanced after solution + ageing treatment to
127.4 HV. Top and side surfaces of all samples showed relatively identical microhard-
ness. The tensile and compressive yield strength also decreased in the same order as
ageing > as-built > solution-treated. The fracture mechanisms of all samples after tensile
tests were found to be ductile-fracture dimples. The dimples were smaller for the as-built
and solution treated samples than for the age treated counterpart. The pore and inclusion
defects without any large cracks were reported in the fracture’s surfaces of all the samples
and the microstructure was heavily deformed and refined with twin formation [326]. In
a study carried out by Demeneghi et al. [325] and Robinson et al. [327], the mechanical
properties of SLM-built Cu alloys was improved by decreasing porosity through increasing
sample thickness and Ag addition, respectively.

Electrical resistivity of laser-processed pure copper was investigated and was found to
be dependent on initial build orientation, with horizontal and 45-degree builds exhibiting
the lowest resistivity, maybe due to variations in the different interlayer and intralayer
defects caused mainly by the lack of fusion and un-melted powder particles. In addition,
heat treatment of the sample decreased its resistivity [323].

4.6. High Entropy Alloys (HEAs)

High entropy alloys (HEAs) with a large compositional design space represent a new
paradigm of structural alloy consisting of five or more principal elements, each having
with a between 5 to 35 atomic % (at.%). The large compositional design space of HEAs
offers a unique flexibility to tailor their mechanical and functional properties for different
applications. The core effects of high configurational entropy, lattice distortion, cocktail
effect, and sluggish diffusion lead to a gamut of attractive mechanical, corrosion, and
oxidation properties [328–339]. Therefore, they have been attracted as potential materials
for advanced applications including aerospace, nuclear, cryogenics, and medical [340–342].
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The fabrication of HEAs with homogeneous microstructure and in complex geometries
using conventional techniques is challenging. There has been a growing interest in AM of
HEAs during most recent years; this section summarizes the state of the art in AM of HEAs.

4.6.1. Microstructural Characterization of Powder Bed Fusion Additive
Manufactured HEAs
Electron Beam Processed HEAs

Few reports have been published on the fabrication of HEAs using selective elec-
tron beam melting (SEBM) [343–347]. Fujieda et al. [343], Kuwabara et al. [344], and
Shiratori et al. [345], successfully fabricated an equiatomic AlCoCrFeNi HEA using SEBM.
The nano-lamellar morphology consisted of mixture of FCC + BCC + B2 was observed in
their work for SEBM-built HEA due to preheating; however, the raw powder and as-cast
counterpart showed a BCC + B2 structure. The FCC was formed mostly at grain boundaries
and its density was higher at the bottom of the sample than the top part, which may be
attributed to longer preheating, which resulted in a phase transformation from the BCC
phase to FCC. The amount of B2 was also noticeable in the bottom part. The columnar
grain along build direction with the orientation of <100> was observed in top part of the
SEBM sample, while equiaxed grains with a random orientation similar to the as-cast
sample, were found in the bottom. The higher cooling rate of the SEBM process led to it
having a smaller grain size than the as-cast one. Moreover, cellular microstructure was
observed only in SEBM sample. Elemental distribution of both the as-cast and SEBM
alloys showed elemental fluctuation inside the grains, as well as the segregation of Fe
and Co at the grain boundaries. Fe and Cr were also segregated at sub-grain boundaries.
The same microstructure was reported for CoCrFeMnNi HEA fabricated using EBM [346].
Wang et al. [346] noted the hierarchical microstructure combining large columnar grains
along build direction with a strong <100> texture and cellular structure (dendritic) for EBM-
built CoCrFeMnNi HEA. The equiaxed grains with intragranular cellular microstructures
(dendritic) were visible perpendicular to the build direction. They found segregation of
Fe, Cr, and Co into the dendrites, whereas Mn and Ni segregated into the interdendrite
regions. The microstructure characterization of Co1.5CrFeNi1.5Ti0.5Mo0.1 HEA fabricated
using EBM revealed needle-like Ni3Ti intermetallic phases with basket-weave morphology
precipitated homogeneously in the matrix, which was dissolved during solution treatment
and a nano-sized particulate single-cubic-ordering phase was precipitated due to the spin-
odal decomposition [348]. Popov et al. [347] tried to manufacture Al0.5CrMoNbTa0.5 HEA
using a blend of elemental powders using the SEBM technique, and reported that it can be
possible through the optimization of the process parameters.

Laser-Processed HEAs

Due to metastable nature of HEAs, their additive manufacturing is challenging, and
the as-built samples usually have defects such as crack, pores and balling. Several parame-
ters such as powder composition and laser processing parameters need to be optimized
to obtain HEA samples free of any defects. Studies on the effect of VED on quality parts
of SLM-built HEAs showed that low VED increased the probability of cracking, porosity
and delamination between the successive layers. Balling can happen in insufficient VED
or high scanning speed [349]. An adequate amount of VED at relatively slow scan speed
improved the molten pool flowability, as well as layer-by-layer bonding and densification.
However, high VED resulted in scattering of molten metals and key-hole porosity [350].
Therefore, an optimized range of VED is required to fabricate defect-free parts which, is
shown for two HEAs in Figure 10 [351].
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Figure 10. Relative densities of CoCrFeMnNi and AlCoCrFeMnNi HEA fabricated using SLM as a
function of VED, indicating the range in which balling, keyhole porosity, and sound printing can
happen. Solid and open symbols denoted as to the density of CoCrFeMnNi and AlCoCrFeMnNi
HEA, respectively. Reprinted with permission from ref. [351]. Copyright 2021 Elsevier.

SLM-fabricated AlCoCrFeNi HEA showed a dual phase structure consisting of epitax-
ial growth of columnar disordered BCC phases and ordered BCC phases (B2) precipitated
between them [352,353]. An increase in VED led to an increase in a fraction of the B2
phase [352]. The chemical composition of the powder also has critical effect on the quality
and morphology of the final part. The microstructure of AlCrCuFeNix HEA manufactured
using SLM changed from columnar structure to equiaxed grains, with an increase in Ni
content [354]. Samples without cracks can be fabricated at x = 3. The SLM-built AlCr-
CuFeNi3.0 HEA exhibited heterogeneous microstructures composed of nano-sized lamellar
dual-phase (FCC + B2) structures, twins, and the coherently precipitated BCC nanophase
within the B2 phase [354]. Lin et al. [355] reported that the SLM-printed CoCrFeNi HEA
had columnar grain microstructure with cellular structures and large number of disloca-
tions at grain boundaries, as shown in Figure 11a,b [355]. Annealing at 1300 ◦C for 2 h led
to a change in microstructure to equiaxed grains, as shown in Figure 11c. Twining was also
formed after annealing (Figure 12a,b) [355].

Figure 11. (a) SEM images of SLM-built CoCrFeNi HEA showing its cellular structure; EBSD of CoCrFeNi HEA in (b) as-
built and (c) annealed conditions, confirming columnar microstructure for as-built and equiaxed for annealed sample.
Reprinted with permission from ref. [355]. Copyright 2021 Elsevier.
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Figure 12. Distribution of twinning for CoCrFeNi HEA in (a) as-built and (b) annealed at 1300 ◦C for 2 h conditions, indicating
higher density of twinning after annealing. Insets show recrystallization distribution map. Reprinted with permission from ref. [355].
Copyright 2021 Elsevier.

The most common HEA used for powder based additive manufacturing was CoCr-
FeMnNi. This alloy showed FCC crystal structure in both as-cast and SLM-built condi-
tions [356–358]. There are controversial results about the microstructure of SLM-built
CoCrFeMnNi. Some authors reported the columnar microstructure of the alloy along the
build direction [359,360] and some reported the mixed morphology composed of colum-
nar and equiaxed grains [357]. For example, Tong et al. [357] worked on manufacturing
of equiatomic CoCrFeMnNi HEAs using laser-based AM at laser power in the range of
600–1000 W. They found that higher laser powder led to a decrease in porosity and increase
in density of sample. The as-built alloy showed mixed epitaxial grown columnar grain
and equiaxed grain microstructure [357]. The columnar grains’ size increased from 2 µm
to 7 µm with increase in laser power from 600 W to 1000 W. The same microstructure
was observed in a study carried out by Chew et al. [358]. After heat treatment at 1100 ◦C,
the microstructure changed to recrystallized grain structure [357]. Cellular structure was
also reported by some authors [361,362]. In two works carried out by Xu et al. [361,362]
uniform composition and numerous fine cellular subgrains with the grain boundary angles
less than 5◦ were observed in the SLM-built CoCrFeMnNi HEA, while the as-cast sample
consisted of coarse dendrite crystals. In another study, Li et al. [356] reported huge dislo-
cation pile-ups, nanotwins, tetragonal σ phase, lattice distortion and Mn segregation at
the boundaries of the melt pool in the microstructure characterization of CoCrFeMnNi,
prepared using SLM.

Zhu et al. [363] fabricated fully dense interstitial carbon strengthened
Fe49.5Mn30Co10Cr10C0.5 HEA, exhibiting a hierarchical microstructure with various length
scale using SLM. The feasibility of fabricating another interstitial carbon strengthened
HEA, (CoCrFeMnNi)99C1 HEA, using SLM was studied by Park et al. [364,365]. The alloy
was able to be successfully manufactured at scanning speed of 200 and 600 mm/s. In a
similar study, Zhoe et al. analyzed the effect of processing parameter on fabrication of
FeCoCrNiC0.05HEA [366–368]. They reported that the dense sample with columnar and
cellular microstructure with M23C6 nano carbides precipitated at grain boundary and
dislocation networks can be obtained at scanning power of 400 W or scanning speed of
800 mm/s.
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4.6.2. Mechanical Properties of Powder Bed Fusion Additive Manufactured HEAs
Electron Beam Processed HEAs

The mechanical properties of HEAs fabricated using EBM was studied by several
researchers. In a work conducted by Wang et al. [346], the EBM-built CoCrFeNiMn HEA
parts displayed similar tensile properties as their conventional cast counterpart. The defor-
mation mechanism was found to be dislocation and small contribution of twinning [346].
In another study, the EBM-built AlCoCrFeNi HEA showed relatively lower strength and
ductility than its as-cast counterpart, as shown in Figure 13 [343]. The fracture strength was
above 1400 MPa for SEBM samples, which is six times higher than a conventional engineer-
ing material SUS304. In addition, superior properties were observed for samples whose
cylinder axes were parallel to the build direction and for the samples in which cylinder
axes were perpendicular to the build direction, confirming its anisotropic behavior [343].
Fujieda et al. [348] found higher tensile strength and ductility in heat-treated EBM-built
Co1.5CrFeNi1.5Ti0.5Mo0.1 HEA superior to the as-cast sample.

Figure 13. True stress–strain plot of AlCoCrFeNi HEA fabricated using selective electron beam
melting (SEBM) for samples whose cylinder axes were parallel (SEBM (0◦)) and perpendicular to the
build direction (SEBM (90◦)) and compared with as-cast sample. Reprinted with permission from
ref. [343]. Copyright 2021 Elsevier.

Laser-Processed HEAs

HEAs fabricated using SLM exhibited outstanding strength and ductility superior to
their conventionally fabricated and post-processed counterpart and comparable to the con-
ventional materials such as stainless steel [351,356,369–372]. The tensile and compressive
strength of CoCrFeMnNi HEA has been investigated by many researchers [356,372–375].
Yield strength in the range of 500–700 MPa and strain of 40–70% was reported. The laser-
processed CoCrFeMnNi HEA exhibited superior microhardness and mechanical properties
to its corresponding arc-melting specimen at different temperatures. Laser power had
a negligible effect on microhardness and tensile properties. Grain refinement and grain
boundary strengthening was the dominating mechanism for higher strength of laser-melted
CoCrFeMnNi HEAs due to Hall–Petch relationship [358,376]. Twinning was proved to be a
strengthening mechanism at low temperatures. The morphology of the sample after tensile
test at 25 ◦C and −130 ◦C exhibited <100> and <111> as the main grain orientations along
tensile axis [358]. Heat treatment of the sample led to improvements in its ductility due to
residual stress releases while retaining high strength [357].



Metals 2021, 11, 1391 30 of 58

Fujieda et al. [371] found SLM-built Co1.5CrFeNi1.5Ti0.5Mo0.1 HEA exhibited excel-
lent tensile strength of 1178.0 MPa and elongation of 25.8 % due to smaller grain size
and the homogenous structure without any intermetallic compounds, which was fur-
ther improved after post-heat treatment [371]. In another studies, superior mechanical
properties of Al0.3CoCrFeNi and Al0.5CoCrFeNi HEA fabricated by SLM were reported
by [377–379]. The ductility of AlCrCuFeNix HEA manufactured using SLM improved with
the increase in Ni content [354]. A combination of high strength and ductility was reported
for AlCrCuFeNi3.0 [354] and AlCrFeNiV [380] HEAs due to their heterogeneous microstruc-
ture. Agrawal et al. studied mechanical properties of SLM-built Fe40Mn20Co20Cr15Si5 HEA
representing excellent tensile strength of ∼1.1 GPa and ductility of 30%, which were higher
than those of its as-cast counterpart attributed to high work hardenability and the uniform
strain accommodation of ε-hcp and γ-FCC phases through non-basal activity, as well as
transformation and twinning-induced plasticity [381]. SLM-built FeCoCrNi showed an
average microhardness of 220 HV, which decreased gradually to 140 HV after annealing at
1300 ◦C may be attributed to the decrease in residual stress after annealing and decrease in
dislocation density [355]. The tensile and yield strength of the alloy also decreased by 60%
and 10%, respectively, but elongation and impact toughness increased after annealing.

Interstitial solute strengthened high entropy alloy, Fe49.5Mn30Co10Cr10C0.5 (at.%),
fabricated using SLM, showed an enhanced strength–ductility combination, superior to
the as-cast sample [363]. The deformation mechanisms at different stages of straining were
reported to be dislocation slip, deformation twinning, phase transformation, stacking faults
(SFs) and slip bands. The same result was reported for SLM-built (CoCrFeMnNi)99C1 HEA
showing excellent mechanical properties due to the simultaneous activation of multiple
strengthening mechanisms such as grain refinement, interstitial solid solution, dislocation
pile-ups and nano-scale solute heterogeneities [364,365]. The C-doped HEAs showed lower
ductility than the as-cast sample [368,369], while simultaneous strength and ductility in
N-doped HEAs were reported in [382], due to their hierarchical structures consisting of
dislocation structures, low angle boundaries and bimodal grain size.

4.6.3. Corrosion Behavior of Powder Bed Fusion Additive Manufactured HEAs
Electron Beam Processed HEAs

The corrosion properties of EBM-built HEAs are rarely studied. In one study, the
corrosion resistance of AlCoCrFeNi fabricated using EBM was inferior to that of austenite
stainless steel due to solute partitioning in EBM samples [344]. In another study carried
out by Fujieda et al. [348], the solution-treated SEBM Co1.5CrFeNi1.5Ti0.5Mo0.1 HEA speci-
mens exhibited high pitting potential due to the uniform composition and homogeneous
precipitation of the very fine particulate ordering phase.

Laser-Processed HEAs

Ren et al. [383] reported the superior corrosion resistance of SLM-built CoCrFeMnNi
HEA compared to its arc-melted counterpart because of the homogeneous elemental
distribution and lower density of micro-pores in SLM sample acting as local anodic sites and
inhibiting the nucleation and growth of new pits. In a similar study, the corrosion behavior
of CoCrFeMnNi HEA manufactured using SLM in 3.5 wt.% NaCl solution was studied by
Xu et al. [361]. They found that a more stable and stronger passive film with fewer defects
formed on the SLMed HEA than on the as-cast sample. Lower corrosion current density
and higher corrosion potential were also observed for SLM-built sample indicating its better
corrosion resistance due to grain refining and the homogenous composition. High density
of grain boundaries may trigger passive film formation and homogenous structure diminish
galvanic corrosion. The main corrosion mechanism was reported to be the pitting and local
corrosion due to Cl− ions. Lower density and smaller pits were formed on SLMed sample.
SLM-built AlCoFeNiSm0.1V0.9, AlCoFeNiSm0.1TiV0.9 and AlCoFeNiSm0.05TiV0.95Zr HEAs
showed low corrosion rates in 3.5 wt.% NaCl solution without pitting corrosion. In addition,
AlCoFeNiV0.9Sm0.1 and AlCoFeNiSm0.1TiV0.9 HEA fabricated using SLM exhibited good
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corrosion performances at elevated temperatures [384]. Zhang et al. [385] reported the
corrosion current density of SLM-built RHEAs to be two orders of magnitude lower than
the 316L SS due to easy passivation of Mo, Nb, and Ta elements.

4.7. Bulk Metallic Glasses (BMGs)

Bulk metallic glasses are a new type of metallic materials which have attracted con-
siderable attention over the past decades in the field of structural applications due to
their outstanding mechanical properties such as high strength, large elastic limit, excellent
irradiation, wear and corrosion resistance in the glassy state and thermoplastic forming
ability in the supercooled liquid state [386,387]. However, they have a limited industrial
application owing to the insufficient dimensions and geometries achievable using current
manufacturing techniques. Additive manufacturing holds the potential to enable the manu-
facturing of large-scale bulk metallic glass components with complex geometries. The first
attempt to used SLM to fabricate fully amorphous BMG components under the appropriate
conditions was carried out by Pauly et al. [388] in 2013. Since then, several other BMGs
based on Fe [388–396], Al [397–400], Zr [401–414], Cu [415,416], Pd [417], and Ti [418] have
been fabricated using the laser PBF process. A sample made of Fe-based BMGs as large as
45 mm in diameter and 20 mm in length was fabricated by Wang et al. [419]. SLM is most
popular and widely investigated powder bed fusion additive manufacturing technique to
fabricate BMGs so far. Therefore, the following section focuses on the microstructure and
properties observed in BMGs prepared by this technique.

4.7.1. Microstructural Characterization and Part Quality of Powder Bed Fusion Additive
Manufactured BMGs

Even though the samples prepared using SLM are amorphous to some extent, there
might be some local structural heterogeneities in glassy phase owing to different thermal
histories at different locations during processing. Structural differences, such as different
short range ordering (SRO), were reported for SLM-prepared BMGs between the melt
pool area and heat affected zone (HAZ) due to the complex thermal history [414]. Partial
crystallization in HAZs may occur as a result of devitrification of the previously formed
amorphous phase due to repeated laser scanning in the SLM process, resulting in com-
position and structural differences. The crystallization kinetic of BMG fabricated using
SLM may also differ from the as-cast sample due to partially crystallized HAZ and the
relaxation of the melt pool. For example, the amorphous alloys prepared using SLM
exhibited lower thermal stability than the as-cast samples attributed to the pre-existing
crystalline in the SLMed sample [403]. In another study, Best et al. [420] observed a small
elliptical distortion in the two-dimensional diffraction patterns of an SLM-built Zr-based
BMG (Zr59.3Cu28.8Nb1.5Al10.4) along the building direction, indicating variation in local
strain at different positions. These local strain variations may be attributed to the variation
in atomic arrangement and the medium-range order (MRO) in the glass confirming by
slight shifts in the structure function S(Q) and in G(r) (reduced pair distribution function).

Jung et al. [393] used SLM to manufacture fully amorphous FeCSiBPCrMoAl samples
with high density of 99.7%. Micro-pores and fine cracking caused by the temperature
gradient between processed layer and the cold layers below it were observed in the samples.
Fully amorphous, dense, and crack-free BMG samples can be fabricated using SLM in a
very narrow window. In order to obtain a fully amorphous structure, a high cooling rate is
needed. The higher scanning speeds correspond to higher cooling rates, leading to a higher
volume fraction of the amorphous phase in SLM-built samples, as was reported for Fe-based
BMG in [390,394]. Decreasing scanning speed from 1000 mm/s to 200 mm/s decreased
the glassy volume fraction by 50% [394]. However, higher scanning speed led to more
porosity formation [390,394]. Hatch spacing and layer thickness are two other parameters
which affect the structure of BMGs fabricated using SLM. Higher hatch spacing leads to
lower density, and on the other hand, lower hatch spacing results in crystallization due to a
higher energy density. The crack-free CuZr-based BMG was fabricated using SLM in a work
carried out by Gao et al. [416]. The alloy showed amorphous matrix with some B2CuZr
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crystallines phases which became larger at smaller hatch spacing. Larger layer thickness
also leads to more glassy fraction, but simultaneously results in more defects [401,412].
Ouyang et al. [394] established a theoretical model to predict the relationship between
the SLM process parameters and the volume fraction of the amorphous phase, and found
that lower laser energy density led to increase in amorphous structure of the sample,
owing to the longer time needed for nucleation and growth. Lu et al. [415] fabricated
Cu50Zr43Al7 bulk metallic glass via SLM using gas-atomized amorphous powders. The
phase characterization of the alloy showed structural relaxation and partial crystallization
of the alloy fabricated at laser energy density higher than >26.4 J/mm3 and lower than
24 J/mm3. A nearly fully amorphous structure of Cu-based BMG with nanometer-size
crystalline phases was achieved at a laser energy density of 25 J/mm3. However, Sohrabi
et al. [417] found that low volumetric energy density values (<3 J/mm3) led to higher
porosity in SLM-built Pd-based BMGs, and much larger values (>6 J/mm3) resulted in
curved and irregular surfaces due to heat accumulation, which reduces the accuracy of the
part. Therefore, optimization of parameters is required to balance between porosity and
amorphization.

There are several other studies which focus on optimizing processing parameters to
achieve defect-free fully glassy parts. The fully amorphous Zr52.5Ti5Cu17.9Ni14.6Al10 was
fabricated using SLM at laser power of 200 W and scanning speed of 2000 mm/s [401].
At lower scan speed, the crystallization happened due to non-homogeneous distribution
of elements. Marattukalam et al. [404] studied the fabrication of another composition of
Zr-based BMGs, i.e., Zr59.3Cu28.8Al10.4Nb1.5 BMG using SLM with the focus on optimiz-
ing process parameters to obtain fully amorphous structure. They found that the laser
power ≤ 75 W and scanning speed of 2000 mm/s resulted in a fully amorphous sample.
Cubic phase Cu2Zr4O were observed at samples prepared at a laser power of more than
75 W. However, smaller and lower porosities were also formed at higher laser power
due to improvement in powder fusion and larger melt pool. The different laser power
value was reported for two Zr-based BMGs at which a fully amorphous sample can be
obtained, which may be due to difference in their composition or substrate temperature,
and layer thickness during SLM processing. Xing et al. [421] studied the fabrication of
Zr60.14Cu22.31Fe4.85Al9.7Ag3 BMG using SLM with the focus on investigating the effect of
energy densities on defect formation. They found that balling happened at energy densities
lower than 8.33 J/mm3 because of incomplete melting of the powder particles; as energy
densities increased to 13.89–16.67 J/mm3, interlayer pores and open pores formed due to
incomplete welding and insufficient wetting of the liquid between layers. Further increase
in energy densities to 20.83–27.78 J/mm3 led to formation of fine metallurgical pores result-
ing from gas escaping from the molten pools while rapid solidification occurred. In another
study, nearly dense sample with density more than 99% was obtained for amorphous
Fe68.3C6.9Si2.5B6.7P8.7Cr2.3Mo2.5Al2.1 at low scanning speed (<2500 mm/s) and high power
(>300 W) due to optimal energy transfer during processing [393]. The same results on
the effect of laser energy density on the density of laser-processed BMGs were reported
in [391,422].

In addition to optimizing process parameters, selecting suitable scanning strategy
can also reduce the amount of porosity and crack in SLMed BMG components. The
double scan strategy is one approach which was used by Nam et al. [422] to increase
density and amorphization of Fe73.7Si11B11C2Cr2.28 alloy. They concluded that a double
scan can reduce porosity in SLM samples due to increases in exposure time of powder
to laser leading to reduction in voids, and thus increase in density. Zou et al. [396] used
another scanning strategy known as the chessboard scanning strategy in combination with
laser re-melting to fabricate micro-crack-free Fe-based bulk metallic glass via selective
laser melting (SLM). This scanning strategy can reduce cracks due to decrease in residual
stress by adjusting the heat flux direction. Pauly et al. [412] found that among three
different scanning strategies, namely fill-line scans, chess-board scans, and unidirectional
scans, the chess-board scan resulted in higher porosity, while unidirectional scans led to
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the lowest degree of porosity. In another attempt, Li et al. [400], successfully fabricated
Al85Ni5Y6Co2Fe2 BMGs without cracks by using a high power initial scan followed by a
lower power re-scan. The re-scanning can reduce crack formation due to release of initial
residual stress through superplasticity formation, as well as decrease the thermal stress
result from lowered temperature gradient. The same strategy was applied to Zr-based
BMG and fully amorphous dense sample was fabricated using SLM [401].

4.7.2. Mechanical Properties of Powder Bed Fusion Additive Manufactured BMGs

Although, BMG produced using SLM showed high hardness, wear resistance, com-
pressive strength, and flexural strength, their properties was mostly inferior or in some
cases comparable to their as-cast counterpart [405,417,423]. In addition, the SLM-fabricated
BMGs showed low plastic strain even lower than their as-cast counterpart. The highest
ductility was reported for SLMed Zr60.14Cu22.31Fe4.85Al9.7Ag3 BMG with the compressive
plastic strain of ~1.4% [407]. Sohrabi et al. [417] reported the SLM-built Pd-based BMG
showing high hardness (~498 HV1) and compressive strength (~1138 MPa), which was
only slightly lower than the as-cast sample with similar composition, despite the presence
of some porosity in the SLM-built sample. Low ductility of ~1.17% was also observed [417].
Deng et al. [410] studied the mechanical properties of SLM-built Zr52.5Cu17.9Ni14.6Al10Ti5
indicating its lower compressive yield strength (~1700 MPa vs. ~1800 MPa) and ductility
(~0.5%) as well as comparable microhardness and wear properties to the as-cast sample.
The wear mechanism was mentioned as abrasive and adhesive wear for both SLM and
as-cast samples.

The flexural strength of the SLM-built Zr59.3Cu28.8Nb1.5Al10.4 BMG was ~1300 MPa
which was ~33% lower than the laboratory grade cast sample and its fracture toughness
was ~80% lower than the as-cast counterpart [423]. The SLM sample also showed higher
embrittlement due to porosity in the sample, which acts as a stress concentration point [409].
The more brittle nature of SLM-fabricated Zr59.3Cu28.8Nb1.5Al10.4 BMG compared to as-
cast alloy may also be attributed to dissolved oxygen content in as-printed sample which
led to a decrease in atomic mobility and thus increase in the activation energy for shear
transformations initiation, confirmed by lack of load drops before the yielding in micro-
pillar compression test [408,423]. The printed alloy showed comparable wear properties
to the as-cast sample, with the printed sample slightly superior at higher load of 500 g.
The Vickers hardness was also comparable (~466 HV) [409]. The hardness and Young’s
modulus of SLM-built alloy increased as laser power increased attributed to formation
of harder crystalline phases acting as barriers to shear band formation and propagation
resulting in increase in hardness. The increase in Young’s modulus may be due to the
reduction in average interatomic distance and higher strength in atomic bonding after
partial crystallization [404]. The anisotropic mechanical behavior was observed for CuZr
BMG made using SLM. The alloy showed fracture strength of ~0.95 GPa along the loading
direction perpendicular to the building direction, which decreased to a lower value along
the loading direction parallel to the building direction [416]. The fracture toughness values
for the most Zr-based BMGs fabricated using SLM were in the range of 20−36 MPa m1/2,
comparable to the toughness of commercial aluminum alloy and lower than that of the
stainless steel and Ti-6Al-4V alloys [407,408,424].

Some studies reported the effect of processing parameter on properties of SLM-built
BMGs. For example, Nong et al. [391] reported that the nanohardness of
Fe54.35Cr18.47Mn2.05Mo13.93W5.77B3.22C0.90Si1.32 increased from 11.2 GPa to 13.5 GPa with
an increase in laser power or laser energy density, and became less scattered due to a
reduction in porosity and crack in the sample. The Al86Ni6Y4.5Co2La1.5 MG fabricated
using SLM at a laser power of 200 W showed hardness value of 4.7 GPa and modulus of
100 GPa (at 2 mN load) in build direction and at the center of the melt pool; however, the
hardness and modulus decreased to 3.8 GPa and 70 GPa, respectively, at the lowest laser
power of 80 W. Perpendicular to the build direction, the highest hardness was found with
a laser power of 120 W, which was ~4.6 GPa at the center and ~4.0 GPa at the edge, and the
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lowest value was at a laser power of 80 W, i.e.,~4.0 GPa at the center and ~3.1 GPa at the
edge [399]. Li et al. [401] found the SLM-built Zr52.5Ti5Cu17.9Ni14.6Al10 BMG exhibiting a
hardness of 5.5 GPa and compressive strength of 0.6 GPa at a scanning speed of 500 mm/s
and power of 200 W which increased to 6.5 GPa and 1.5 GPa, respectively, as scanning
speed increased to 2000 mm/s due to the fully amorphous nature of sample. Multiple
scans increased the hardness and strength of the as-built sample due to reduction in free
volume. The alloy showed negligible ductility [401].

The addition of a secondary phase may also improve properties of BMGs fabricated
using SLM. SLM-built Fe-based BMGs exhibited low strength (106 MPa) and fracture
toughness (2.2 MPa·m1/2) which were increased to 780 MPa and 47 MPa·m1/2, respectively,
through 50 wt.% addition of ductile Cu. With the addition of 50 wt.% CuNi35, the strength
of Fe-BMG composites increased to an even higher value of ~1452 MPa; however, fracture
toughness decreased to ~38 MPa·m1/2 as shown in Figure 14 [392]. In another study, SLM-
fabricated Al-based BMG composed of intermetallic phases showed a high compressive
strength of 1–0.5 GPa from room temperature to 573 K due to mechanisms such as interfacial
strengthening, crack arrest and initiation of new cracks, crack deflection phenomena and
confinement phenomena [398].

Figure 14. Fracture toughness and strength of 3D printed Fe-based bulk metallic glass composites
showing effect of second phase on their properties. Reprinted with permission from ref. [392].
Copyright 2021 Elsevier.

4.7.3. Corrosion Behavior of Powder Bed Fusion Additive Manufactured BMGs

The corrosion properties of PBF-AM-built BMGs have rarely been studied.
Deng et al. [410] reported the corrosion properties of Zr52.5Cu17.9Ni14.6Al10Ti5 fabricated
using SLM in 0.01 M Na2SO4 and 0.1 M NaCl electrolyte was comparable to its as-cast
counterpart. The SLM samples exhibited a slightly reduced pitting corrosion susceptibil-
ity, and an improved ability for surface healing may be due to better homogeneity of the
additively manufactured glass. It was reported that structural defects in as-cast sample
representing chemical discontinuities with sharp phase boundaries to the glassy matrix
were more detrimental for its corrosion resistance than pore defects in the SLM sample,
which are a geometry defect [410]. In another study, the corrosion rate of SLMed Zr-based
BMG (Zr60Fe10Cu20Al10) was higher than the as-cast sample and increased with an increase
in exposure time due to crystallization and lower amorphous content [402].

Tables 1 and 2 summarize the microstructure and properties of additively manufac-
tured alloys in comparison with their traditionally fabricated parts.
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Table 1. Summary of microstructure and mechanical properties of additively manufactured alloys (VED: volumetric energy density; σy: yield strength at 0.2% offset; σUTS: ultimate tensile
strength; E: elastic modulus; ε: strain; HT: heat treatment; FB: flat built; SB: side built; TB: top built; z: build direction; xy: perpendicular to build direction; HIP: hot isostatic pressing;
WAAM: wire arc additive manufacturing; STA: Solution Treating and Aged; S: solutionized; SHT: solutionized heat treatment; HHT: homogenized heat treatment; SS: solid solution; DA:
double aging; Q: quenched; C: compressive).

Alloys Process Method VED
(J/mm3) Morphology Phases σy (MPa) σUTS (MPa) E (GPa) ε (%)

Ti-6Al-4V
[49–52,57,58,67,68,75,77,82,83,94,96–99,425]

EBM

Acicular/
Lamellar α + β 750–1150 800–1200 2–25

Columnar/Basket-weave α + β
850 (FB)
800 (SB)
720 (TB)

920 (FB)
850 (SB)
760 (TB)

130 (FB)
115 (SB)
115 (TB)

25 (FB)
20 (SB)
45 (TB)

Columnar/Fine lamellar α/α′ + β 830 915 118 13.1

EBM + HIP Columnar/ Coarser lamellar α + β 795 870 117 13.7

Laser

Lamellar α/α′ + β 820 950 7

67–167 Columnar/Acicular α′ + β 1050–1110 1150–1267 109 5–7.28

11–83 Acicular/Lamellar α′

Laser + HT 87 Columnar/Lamellar α + β 760–1118 840–1123 112–115 5.36–14

Laser + HIP 67–167 Columnar α + β 950–1000 1000–1100 12–15

WAAM Lamellar α

As-cast Lamellar A + β 700 850 4

Wrought Acicular/Equiaxed α + β 850–1220 900–1290 10–14

Wrought + anneal Equiaxed 790 870 104 18.1

Forged + anneal Equiaxed α + β 960 1006 120 18.37

Ti-5Al-5Mo-5V-1Cr-1Fe [60] EBM 39–102 Columnar β + α1 + α2 987–1170 1040–1230 8–19

Ti-24Nb-4Zr-7.9Sn [66] EBM Columnar/Lamellar α” + β

Ti–47Al-2Nb-2Cr [63] EBM Lamellar α2-Ti3Al + γ-TiAl 1400

Ti-47Al-2Cr-2Nb [70] EBM Lamellar/Basket-weave α2-Ti3Al)/γ-TiAl + B2

Ti-48Al-2Cr-2Nb [71] EBM 2–430 Columnar/Lamellar α2 + γ + β

Ti-6Al-2Sn-4Zr-6Mo [81]
Laser 28–58 Columnar α” + β 480–550 1200 25–27

Laser + HT 28–58 Lamellar α + β 1000 1100 15

Ti-5Al-5V-5Mo-3Cr [85]
Laser Columnar β 800 1000

Laser + HT Columnar α + β 1000 1600 22
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Table 1. Cont.

Alloys Process Method VED
(J/mm3) Morphology Phases σy (MPa) σUTS (MPa) E (GPa) ε (%)

Inconel 718 [108,110,114,116,118,121,125,129,
134,135,153,155,156,159,173,426]

EBM

Columnar/Equiaxed

γ + γ” + carbides +
Laves + δ

870–920 (23 ◦C)
700–800 (650 ◦C)

950–1150 (23 ◦C)
840–960 (650 ◦C)

1–21 (23 ◦C)
6.5–13

(650 ◦C)

γ + γ′ + γ” + δ + TiN +
NbC,

920 (z)
760 (xy)

1120 (z)
1000 (xy)

100 (z)
145 (xy)

30 (z)
40 (xy)

EBM + HT γ + γ′ + γ” + δ + TiN +
NbC

1120 (z)
900–1020 (xy)

1200–1260 (z)
1050–1200 (xy)

105 (z)
135 (xy)

20–30 (z)
15–35 (xy)

EBM + STA 1096 1172 137 6

EBM + HIP + STA γ + γ” + laves +
carbide 1100 1190 142 14

Laser 92 Columnar/Cellular/Dendritic 873 1126 28.6

Columnar/Dendritic

γ + γ” + γ′ + carbide
600 1000 30

69 700 (23 ◦C) 550
(650 ◦C)

1050 (23 ◦C)
800 (650 ◦C)

28 (23 ◦C)
35 (650 ◦C)

160 892 1061 17

Laser + HT γ + γ” + γ′ + carbide +
δ

800–1200 1100–1400 18–22

Laser + anneal 1–2000 Columnar γ + γ” + γ′ + laves 380–700 650–1000 18–40

Laser + anneal + age 950–1100 1200–1300 7 to 18

Laser + DA

Equiaxed

γ + γ” + γ′
1400 (23 ◦C) 1050

(650 ◦C)
1470 (23 ◦C)

1120 (650 ◦C)
7 (23 ◦C)

3 (650 ◦C)

Laser + SS + DA γ + γ” + γ′ + δ +
Cr2O3 + carbides

1250 (23 ◦C) 900
(650 ◦C)

1350 (23 ◦C)
1000 (650 ◦C)

15 (23 ◦C)
5 (650 ◦C)

Cast 760 860 5

Wrought 1034 1275 12

Inconel 625 [143–145]

Laser 90.3

Columnar/Dendritic

618 (z) 783 (xy) 891 (z) 1041 (xy) 40 (z) 33 (xy)

Laser + SR 84.3 γ + δ
1089 (z)

1128 (xy)
34 (z)

24 (xy)

90.3 Columnar γ + δ + carbide 621 (z) 667 (xy) 900 (z) 996 (xy) 41 (z)
36 (xy)

Laser + anneal

Equiaxed γ + carbide

430–579 (z)
451–612 (xy)

854–867 (z)
896–948 (xy)

47–53 (z)
40–51 (xy)

Wrought 413 (23 ◦C) 242
(650 ◦C)

914 (23 ◦C) 720
(650 ◦C)

70 (23 ◦C) 77
(650 ◦C)
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Table 1. Cont.

Alloys Process Method VED
(J/mm3) Morphology Phases σy (MPa) σUTS (MPa) E (GPa) ε (%)

Inconel 939 [146]

Laser

143–206

Columnar/Equiaxed
650 (23 ◦C, z) 750

(23 ◦C, xy) 700
(750 ◦C, xy)

900 (23 ◦C, z) 950
(23 ◦C, xy) 720

(750 ◦C, xy)

12 (23 ◦C, z)
24 (23 ◦C, xy)
2 (750 ◦C, xy)

Laser + age

Equiaxed

1100 (23 ◦C, xy)
900 (750 ◦C)

1250 (23 ◦C, xy)
1050 (750 ◦C) 2

Laser + STA 950 (23 ◦C, xy) 800
(750 ◦C)

1300 (23 ◦C, xy)
800 (750 ◦C)

12 (23 ◦C, xy)
1 (750 ◦C)

Cast 650 (23 ◦C) 450
(750 ◦C)

750 (23 ◦C)
750 (750 ◦C)

3 (23 ◦C)
7 (750 ◦C)

Inconel 713LC [147]

Laser
1–187.5 Columnar/Equiaxed

760–800 933–998 10–13

Laser + HT 618–818 610–911 0–8

Cast Equiaxed 750 850 8.5

Inconel 738LC [148]

Laser Columnar γ

786 (23 ◦C, z) 503
(850 ◦C, z)

933 (23 ◦C, xy) 610
(850 ◦C, xy)

1162 (23 ◦C, z)
688 (850 ◦C, z)

1184 (23 ◦C, xy)
716 (850 ◦C, xy)

158 (23 ◦C, z)
110(850 ◦C, z)
233 (23 ◦C, xy)

157 (850 ◦C,
xy)

11.2 (23 ◦C, z)
14.2 (850 ◦C, z)
8.4 (23 ◦C, xy)
8 (850 ◦C, xy)

Cast γ + γ′
765 (23 ◦C) 530

(850 ◦C)
945 (23 ◦C) 710

(850 ◦C)
200 (23 ◦C)

144 (850 ◦C)
7.5 (23 ◦C)
10 (850 ◦C)

SS316L [193,199–201,215]

EBM

Hierarchical/Columnar/
Cellular/Equiaxed FCC + Cr, Mo

253 (23 ◦C) 152
(250 ◦C)

509 (23 ◦C)
386 (250 ◦C)

59 (23 ◦C)
46 (250 ◦C)

EBM + HIP

Laser
18–45 110–580 1.3–12.2

450–700 22–62

Laser + HT Austenite + perlite

14–7PH [205,206,223,225] Laser 91–109 Columnar/Dendritic/Cellular Austenite + Nb carbide
+ martensite 600–1180 950–1300 3–10

DS 2507SAF [212] Laser 127 Mosaic/Equiaxed Nitride + ferrite 1214 1321

24CrNiMoY steel Laser 140–210 Bainite 450–800 480–900 5–8

18Ni-300 steel [219,230]

Laser 25–248 Columnar/Cellular/Dendritic
TiO2 + Al2O3 +

martensite + low
austenite

1214 163 1–13

Laser + HT Columnar
Austenite + martensite

+ Ni3Ti +
Fe2Mo/Fe7Mo6

1550–1950 1650–2020 1.5–2

Wrought Equiaxed 760–895 180 6–15
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Table 1. Cont.

Alloys Process Method VED
(J/mm3) Morphology Phases σy (MPa) σUTS (MPa) E (GPa) ε (%)

X3NiCoMoTi 18-9-5 maraging steel [220]
Laser Columnar/Cellular/Equiaxed Ni3Ti + martensite +

low austenite 903 1050 8

Cast 798 981 10

Martensitic 420 stainless steel [221] Laser 139 Columnar/Cellular Martensite-austenite 600 1670 3.5

Al 2024 alloy [263] EBM 11–58 Equiaxed/Columnar
AlCuMnFe +

AlCuMnFeSi + eutectic
Al2Cu/α

191 314 0.6–7.8

AlSi10Mg [281,282,303]

Laser 14–317 Columnar/Equiaxed α + Al-Si eutectice 220–230 (z)
250–280 (xy) 340 (xy) 320 (z) 1–5 (z)

1.5–8 (xy)

Laser + HT Columnar/Equiaxed β-AlFeSi + α + Al-Si
eutectice

139–175 (z)
153–180 (xy)

245–290 (z)
269–285 (xy)

14–18 (z)
18 (xy)

Cast 150 330 3.0

Al–12Si [284]
Laser 30–40 Columnar/Cellular α/Al-Si 260 380 3.0

Laser + HT 100–250 120–370 2–15

Al 4047 [267] Laser 20 &39.6 Columnar/ Dendritic α/Al + Al-Si eutectice 180–220 220–420 57–79 1–4

Al-Cu-Mg [270,298] Laser 166–881 Columnar/Cellular α-Al + Cu-rich
interdendritic eutectic 253 393 6.0

Al-Cu-Mg/Zr [270] Laser 166–881 Equiaxed α-Al + Al3Zr 446 451 2.7

Al-Zn-Mg-Cu [271]
Laser 350 Columnar η + α-Al

Laser + HT 350 Columnar α-Al

AlSi7Mg0.3 [272] Laser 12–385 Columnar/Cellular/Dendritic 200 400 12–17

AlCu5MnCdVA [274] Laser 333–666 Columnar α-Al + Al2Cu 145–157 310–320 11.5–14.5

Al-Mg-Zr [278] Laser 77 &154 Columnar α-Al

Al-Mg-Zr/Sc [278] Laser 77 &154 Equiaxed α-Al + Al3Sc

Al-14.1Mg-0.47Si-0.31Sc-0.17Zr [279,280]

Laser 27–400

Columnar/Equiaxed

α-Al + Al3(Sc,Zr) +
Al12Mg17

320 500 103–118 16

Laser + HT 266 α-Al + Al3(Sc, Zr) +
Mg2Si 400 550 18

Al–8.5Fe–1.3V–1.7Si [288] Laser 200 &250 Cellular/Dendritic α-Al + Al12(Fe,V)3Si +
θ-Al13Fe4
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Table 1. Cont.

Alloys Process Method VED
(J/mm3) Morphology Phases σy (MPa) σUTS (MPa) E (GPa) ε (%)

AA7075 [291]

Laser

Columnar/Cellular

α-Al + Mg–Zn–Cu(–Al)
+ Mg2Si (β-phase) +

Al–Cu–Fe–O

SLM + S + Q α-Al + Al–Cu–Fe(–Si) +
Mg–O

SLM + S + Q + aged
α-Al +

Al–Fe–Si–Cu–Cr + η′-
(MgZn2) + Mg–Fe–O

Al-Cu-Sc-Zr [301]

Laser

90 Columnar/Equiaxed

L12 Al3Sc/Al3(Sc,Zr) +
Cu-rich regions 140 (z) 150 (xy) 170 (z)

195 (xy)
13.5 (z)
23 (xy)

Laser + peak aged 280 (z) 370 (xy) 286 (z)
380 (xy)

5.3 (z)
12.5 (xy)

Al6061 [303] Laser 40.5–154 Columnar/Equiaxed Mg2Si + α-Al + Si 110–170 145–180

Al-Mg-Si-Sc-Zr [310] Laser Columnar/Equiaxed α-Al 300 400–500 4–20

AlSiMg0.75 [315] Laser 33.7&277 Cellular/Dendritic α-Al/Si 355 428 2.54

Cu–Cr–Nb [325]

Laser

Columnar/Equiaxed

250 (1 mm) 307
(2 mm)

400 (1 mm t) 497
(2 mm thick)

65 (1 mm) 85
(2 mm)

13 (1 mm)
19 (2 mm)

Laser + HIP 145 (1 mm) 173
(2 mm)

287 (1 mm) 345
(2 mm)

71 (1 mm) 91
(2 mm)

11 (1 mm)
22 (2 mm)

Cu-Cr-Zr [326] Laser Columnar α-cu + Cr + CuxZry 218 254 46.5

Al-Co-Cr-Fe-Ni HEA [344]
EBM Columnar BCC + FCC + B2 769 (z) 312 (xy) 1073 (z) 0 (xy)

1.2 (z)

Cast Equiaxed BCC + B2 956 0

Co1.5-Cr-Fe-Ni1.5-Ti0.5-Mo0.1 HEA [348] EBM Ni3Ti + FCC 900 4

Al-Co-Cr-Fe-Ni HEA [352] Laser 264 Columnar A2 + B2 + Fe-C 184–198

Fe-Co-Cr-Ni HEA
Laser 169 Columnar/Cellular FCC 582 707 18

Laser + anneal 169 Equiaxed FCC 221 633 45

Al0.5-Co-Cr-Fe-Ni HEA [378] Laser 20–267 Columnar FCC + BCC 609 878

Co-Cr-Fe-Mn-Ni HEA [361]
Laser 83 Columnar/Cellular FCC

Cast Equiaxed FCC

Al-Co-Cr-Cu-Fe-Ni [427] Laser 27.7–277.7 Columnar FCC + BCC 200

Ni6-Cr4-W-Fe9-Ti HEA [428] Laser 18.75 Columnar/Equiaxed/Dendritic FCC (γ) 750 950 12

Cr-Fe-Co-Ni [370] Laser 40–1500 Columnar/Equiaxed FCC + BCC + σ + δ 598 691 135 38

Co-Cr-Fe-Ni-Ti HEA [371]

Laser 25–156

Columnar

FCC + TiCo2/MoFe2 773 1174 25.8

EBM 47.2 FCC + TiCo2/MoFe2 +
Ni3Ti 743 932 4
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Table 1. Cont.

Alloys Process Method VED
(J/mm3) Morphology Phases σy (MPa) σUTS (MPa) E (GPa) ε (%)

Co-Cr-Fe-Mn-Ni HEA [383] Laser 31–231 Columnar/Equiaxed/Cellular FCC

Fe-Cr-Mo-W-Mn-C-Si-B MG [391] Laser 24–42 Amorphous

Al85Ni5Y6Co2Fe2 MG [400] Laser 42.7 FCC Al, intermetalic

Zr55Cu30Ni5Al10 MG Laser 33.3 Amorphous +
intermetallic 1504 (C) 0

Zr59.3Cu28.8Al10.4Nb1.5 MG [405] Laser 27.7 Amorphous +
nanocrystalline 1368 (C) 0

Zr52.5Cu17.9Ni14.6Al10Ti5 MG [410] Laser 13.7 Amorphous 1420 (C) 1540–1700 (C) 0.5

Cu50Zr43Al7 MG [415] Laser 17.4–28.8 Amorphous + CuZr +
Cu10Zr7 + Al2Zr 1044 (C) 129 0
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Table 2. Summary of corrosion properties of additively manufactured alloys (icorr: corrosion current density; ip: passive current
density; Ecorr: corrosion potential; Epit: pitting potential).

Alloys Process
Method icorr (µA/cm2) ip (µA/cm2) Ecorr (mV

vs. Ref)
Epit (mV
vs. Ref) Medium

Ti-6Al-4V
[67,92,94,96,98,99,101]

EBM

0.199 1.65 −246 (N2 + 10% CO2)

0.14 (0◦) 0.53 (45◦)
0.26 (55◦) 0.20

(90◦)

7.41 (0◦) 26.79
(45◦) 12.94 (55◦)

15.67 (90◦)

−73 (0◦)
−109 (45◦)
−93 (55◦)
−143 (90◦)

1 M HCl

0.007 0.73 −0.28 Phosphate
buffered saline

Laser

0.023 0.87 −239 (N2 + 10% CO2)

8.5 4000 −450 3.5 wt.% NaCl

2.83 (z) 2.5 (xy) −200 1 M HCl

0.7 −350
Ringer’s

simulated body
solution.

Laser + HT 0.15–9.5 80–1000 −550 to −420 3.5 wt.% NaCl

WAAM 0.45 500 −380 3.5 wt.% NaCl

Cast 0.199 1.14 −243 (N2 + 10% CO2)

Wrought

0.049 0.837 −159 (N2 + 10% CO2)

0.012 0.69 −290
phosphate-

buffered
saline

Forged + roll +
anneal 0.35 200 −480 3.5 wt.% NaCl

Alloy 625 [185]

Laser
0.59 0.9 −340 0.6 M NaCl

0.79 1.14 −100 0.5 M H2SO4

Laser + HT
0.55 0.9 −397 0.6 M NaCl

0.99 1.26 −122 0.5 M H2SO4

Cast
0.58 0.5 −272 0.6 M NaCl

0.51 1.18 −76 0.5 M H2SO4

SS316L [248,249,251]

Laser
0.01–0.05 −80 650–750 0.6 M NaCl

0.3–0.9 −130 to −200 300–750 0.1 M NaCl

Laser + HT 0.003–0.05 −30 to −80 350–540 0.6 M NaCl

Wrought 0.02 −150 230 0.6 M NaCl

17-4 PH steel [429]
Laser + HT 0.2 −50 0.6 M NaCl

Wrough + HT 0.02 50 0.6 M NaCl

Al-14.1Mg-0.47Si-0.31Sc-
0.17 Zr [279]

Laser 0.15 −920 −0.75 3.5 wt.% NaCl

Laser + HT 2.5 −1200 −880 3.5 wt.% NaCl

AA7075 [291]

Laser 900 −900 0.1 M NaCl

Laser + S + Q 8000 −1400 0.1 M NaCl

SLM + S + Q +
aged 1000 −1.2 0.1 M NaCl

Al-Mg-Zr-Sc [317] Laser 57.1 (xy) 209 (z) −1400 (xy)
−1500 (z)

−590 (xy)
−0630 (z) 3.5 wt.% NaCl

AlCoCrFeNi HEA [344,352]

EBM 0.02 1.45 −355 112 Artificial
seawater

Laser 0.00003–0.0001 −670 to −560 3.5 wt.% NaCl

Cast 0.02 1.48 −270 178
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Table 2. Cont.

Alloys Process
Method icorr (µA/cm2) ip (µA/cm2) Ecorr (mV

vs. Ref)
Epit (mV
vs. Ref) Medium

CoCrFeMnNi HEA
[347,383]

Laser 0.047–0.09 −265 to −189 197 3.5 wt.% NaCl

Cast 1.1 −457 3.5 wt.% NaCl

AlCoFeNiTiV0.9Sm0.1 HEA
[384] Laser 0.005 −630 3.5 wt.% NaCl

AlCoFeNiV0.9Sm0.1 HEA
[384] Laser 0.001 −930 3.5 wt.% NaCl

Zr52.5Cu17.9Ni14.6Al10Ti5
[410] Laser 0.001 −350 0.1 0.01 M Na2SO4 +

0.1 M NaCl

5. Concluding Remarks

This study summarized the state-of-the art in the fabrication of a variety of materials
using laser or electron beam powder bed fusion additive manufacturing (PBF-AM) includ-
ing Ti, Ni, steel, Cu, Al, HEAs, and BMGs. Their microstructure, part quality, mechanical
properties, and corrosion behavior were reviewed as a function of processing parameters
and post-processing conditions and compared with traditionally fabricated counterparts.It
was found that parts/alloys fabricated using PBF-AM experience a complex thermal history,
involving directional heat extraction, and repeated melting and rapid solidification, which
make the analysis of their microstructure and properties challenging. Typically, a higher
solidification rate in the AM process reduces the grain sizes of alloys, and the mechanical
properties of AM-built materials are comparable to conventionally fabricated counterparts.
Anisotropy in properties was found for almost all PBF-AM fabricated components, in
which plane parallel to building direction (Z-direction) was the weakest compared to the
plane perpendicular to the building direction (XY). In addition, defects such as porosity
and cracks were found in most AM-built parts, which has detrimental effect on their
mechanical properties; optimization of processing parameters as well as post-processing
were necessary to reduce those defects. In sum, despite significant attempts to provide a
fundamental understanding of AM technique, structure, and properties of built samples,
continued research is necessary in order to obtain knowledge of how to fabricate defect-free
parts with superior properties at a minimized cost using PBF-AM.
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