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Abstract: This paper aims to review some important microstructural defects arising in the alloys
manufactured by selective laser melting (SLM) or laser powder bed fusion (LPBF). During the
manufacturing process, various defects can occur in metals, which can negatively impact their
mechanical properties and structural integrities. These defects include gas pores, lack of fusions,
keyholes, melt pools, cracks, inclusions, and segregations. In this review, heterogeneities such as
inclusion and segregation defects are discussed. Other types of defects have been comprehensively
discussed in other reviews. Inclusions refer to foreign ceramic particles that are present within
the metal, whereas segregations refer to the uneven distribution of alloying elements within the
microstructure of the metal. The cause of appearance, effect of different parameters, and methods to
reduce them in the final part are also reviewed. The effects of these defects on the integrity of the
produced parts are discussed. Solutions for the elimination or minimization of these defects are also
suggested. Post treatments and modifications of an alloy’s composition can also help to improve its
material properties and reduce its defect concentration.

Keywords: selective laser melting (SLM); laser powder bed fusion (LPBF); inclusions; segregations

1. An Introduction to Additive Manufacturing

The method of leveraging 3D model data to produce complicated geometries and
structures is known as additive manufacturing (AM). Another name for it is solid—freeform
fabrication, rapid prototyping, and layer manufacturing. As compared to traditional
subtractive manufacturing processes dependent on powder or wire feedstock heated or
fused through a high temperature reservoir and created using an electronically controlled
heat source mechanism, this method involves layer-by-layer production. The time between
idea conception and new product creation can be shortened by adopting this technique.
Early in the 1980s, Charles Hull was the one who first commercialized this technique.
Currently, AM is utilized to make parts for rocket engines, artificial heart pumps, corneas,
implants, bridges, jewelry, food products, vehicle parts, and residences. By adding material
layer by layer using a 3D printer, the additive manufacturing process creates 3D elements
from CAD data [1,2]. An overview of important facets of the AM approach was given in
the roadmap Bourell et al. released in 2009, comprising [3]:

Modeling and management of processes;
Resources, procedures, and equipment;
Uses in biomedicine;

Uses for sustainability and energy.

According to recent research, additive manufacturing can significantly reduce the need
for machine tools in traditional casting techniques, which has an effect on the production
process [4]. A number of charming features make AM appealing, including lightweight
design, automation, greater flexibility, no material waste, reduced cost, no need for skilled
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craftspeople due to an automated process, very little noise, and eco-friendliness. However,
there are several disadvantages to adopting AM technology, such as the expensive machine,
restrictions on object size, higher unemployment, sluggish construction pace, and more.
However, contemporary R&D has reduced the price of 3D printing devices, making them
more affordable and available in classrooms, labs, libraries, homes, etc. [1].

Today, both metallic and non-metallic materials can be printed in a huge variety [5,6].
Nowadays, porcelain, wax, metals, concrete, conductive polymers, acrylonitrile butadiene
styrene (ABS), adhesive-coated strips, and polylactic acid (PLA) may all be produced by
utilizing additive manufacturing (AM) technology [1].

2. Classification of AM

According to the guidelines set by the ASTM-F42 committee, additive manufacturing
(AM) can be classified into seven categories. One common classification system is based
on these guidelines, which include vat photopolymerization (VP), material jetting (M]),
binder jetting (B]), material extrusion (ME), sheet lamination (SL), powder bed fusion (PBF),
and directed energy deposition (DED) [7]. Figure 1 shows different AM methods [8]. AM
technology allows for the production of components using a wide range of materials, each
with its unique properties and applications. As technology continues to evolve, we can
expect to see the development of new and improved materials that will further expand the
capabilities of AM in various industries.

Standard Categories of AM Technologies

an
T £ e . . .
£ 2 | Binder Material Powder Vat Direct energy | | Material Sheet
S o . . R . . . " . " R
£ g | jetting || extrusion || bed fusion ' polymerization deposition jetting lamination
(=%
= quullq 1 Selective || stereo- Electron Nanoparticle Laminated
S Jetting Deposition Laser lithaprapk Beam AM Jetting Object
2 Modelling Melting graphy Manufacturing
“
£ Fused Selective Continuous Laser Material
£ Deposition| 4 Laser H Digital Light Engineering Jetting
a Modelling Sintering Processing Net
%
Dayligh
£ | muttiset | |] Devient SallL Ll
2 Polymer
s Fusion ek
= \__Printing
<
2 Electron Digital Ligh
g | Beam | L e
P Melting &

Figure 1. Different types of additive manufacturing [8].

3. Materials

Any production method, including AM processes, requires that the material be pre-
pared in a manner that is appropriate with the technique (for example, powder, sheet, wire,
or liquid). For instance, the feedstock for photopolymer jetting and vat polymerization
must be a thermoplastic polymer or plastic monomer that can crosslink when subjected
to external magnetic waves [9]. AM components can be manufactured from ceramics,
polymers, metals, plastics, and their combinations. There is still room for improvement
in the materials. Metals are widely used in AM due to their excellent mechanical and
thermal properties. Additive manufacturing techniques such as powder bed fusion and
directed energy deposition have been used to produce high-strength metal components
such as aerospace parts, automotive components, and medical implants. Polymers are
another popular material used in AM, mainly due to their low cost, light weight, and ease of
processing. AM techniques such as fused deposition modeling and stereolithography have
been used to produce polymer components with high accuracy and precision, making them
suitable for prototyping and low-volume production. Ceramics are also commonly used
in AM, particularly for applications that require high strength, wear resistance, and high-
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temperature stability. AM techniques such as powder bed fusion and stereolithography
have been used to produce ceramic components such as biomedical implants, aerospace
components, and electronic devices. Composites are a relatively new class of materials that
have gained popularity in AM due to their unique combination of properties. Composites
are made by combining two or more materials with different properties to create a material
with improved strength, stiffness, and durability. AM techniques such as fused filament
fabrication and binder jetting have been used to produce composite components such as
automotive parts, aerospace components, and sporting equipment [1,4,7,10,11].

4. Laser Powder Bed Fusion (LPBF)/Selective Laser Melting (SLM)

In additive fabrication, the most common type is powder bed fusion. Thin films of
powder are put to a prepared surface during powder bed fusion, and energy is delivered at
specified locations on the model to fuse the powder [12]. A 3D part is created by applying
successive layers of powder and then repeating the process until the part is complete.
Powder bed fusion is alternatively designated selective laser melting (SLM), selective laser
sintering (SLS), direct metal laser melting, and electron beam melting (EBM). A powder
bed fusion machine melts instead of sinters parts with full densities [12,13].

In LPBE/SLM, several steps are involved, from preparing CAD data to withdrawing
fabricated parts from the building plate. Before uploading CAD data to SLM machines for
component manufacturing, STereoLithography (STL) files must be processed by software.
This process enables laser scanning of individual layers and supports dangling features.
Inside a building chamber, a small film of metal powder is applied to the substrate plate
to begin the building process. Based on the collected data, the powder is applied, heated,
and fused using a high-energy density laser. Following the laser scanning, a new powder
layer is placed, and that layer is again examined. Every layer of powder must be added
in order to construct the pieces, and then the process will continue. Modification of the
parameters such as laser power, scanning speed, hatch spacing, and layer thickness can
lead to the fusion a single melt vector completely with the surrounding melt vectors.
A separate component can be manually or electrically discharged (EDM) separated from
the substrate plate after laser scanning has been completed. All steps of the process are
automated, except for preparing the data and removing fabricated components from the
platform [13-15]. Figure 2 illustrates the concept of LPBF building [14].

/

Powder

l=l>l=>

iii. Loose powder removed,
finished part revealed.

Figure 2. Scheme of LPBF process: (i) Laser melts specific areas of the powder bed (ii), Repeating
the process for following layers, and (iii) Removing unattached powder and revealing the finished
product “Reprinted with permission from Ref. [14] 2015. AIP Publishing”.

Often, an inert atmosphere is provided by nitrogen or argon gas in the building
chamber for protection against oxidation during the LPBF process. In addition, some LPBF
machines are able to pre-heat either the build chamber or the substrate plate. Between 20 to
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100 um is the typical thickness of the layer [14,16]. It has been demonstrated that LPBF
can fully melt powder materials, producing near-net-shape parts without post-processing.
An LPBF process is more efficient, faster, and reliable than binder-based laser sintering
methods [12-14]. Nevertheless, this laser method can result in various defects in the final
parts, which may affect the alloy’s performance. As a result, the strength and durability
of the alloys may be compromised. This can lead to inferior performance and reduced
reliability of the parts. Therefore, it is necessary to investigate and study the emerging
defects in the SLM-manufactured alloys.

Microstructure of SLM Parts

In Figure 3, a schematic representation depicts the dependence of grain size and shape
on solidification conditions. Increasing energy density leads to a reduction in temperature
gradient. An equiaxed grain shape forms under a high solidification velocity and low
temperature gradient, whereas a planar grain structure forms under high temperature gra-
dient and low solidification velocity. A columnar grain shape is formed in the intermediate
region (grey area in Figure 3). When transitioning to AM conditions, a cellular dislocation
structure also forms due to a higher solidification velocity and larger temperature gradient.
The SLM parameters fall within the columnar region, but adjustments to the parameters
can result in an equiaxed grain structure for the isotropic material properties. Increasing
both solidification velocity and temperature gradient brings the conditions closer to the
SLM process, whereas decreasing the velocity and gradient leads to conditions similar to
conventional casting [17].
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Figure 3. A schematic diagram illustrating the influence of solidification velocity and temperature
gradient on the microstructure [17].
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5. SLM and the Defects

Despite the fact that the SLM techniques have a significant benefit in that they can pro-
duce intricate parts with a significant material utilization rate, the process is, nevertheless,
prone to flaws, including porosities, unfilled fusion holes, cracks, and impurities because
of the aforementioned causes. Due to the risk these flaws provide to the mechanical and
physical characteristics of manufactured parts, their usage in SLM is limited [18]. Typical
morphological defects in alloys manufactured by SLM techniques are presented in this
paper, including porosities, cracks, keyholes, inclusions, segregations, incomplete fusion
holes, surface roughness, and balling defects. Figure 4 shows defects in SLM components.
Numerous of these flaws may adversely affect the SLM alloys” mechanical, chemical, and
physical characteristics. Remaining stress and anisotropy, which can affect the alloy in two
different ways, are two more issues with the SLM process. Relative stress, for example, may
increase the corrosion resistant property of stainless steel alloys created using SLM [19-21].
Several studies have found that fine inclusions do not degrade the corrosion resistances
of alloys [22,23]. Researchers discovered that SLM alloy microstructures showed reduced
segregation than conventional ones, improving the mechanical and electrochemical charac-
teristics of AM alloys [24]. Biomedical implant materials must contain pores in order to
develop bone tissue. Additionally, the morphological properties of pores, including poros-
ity, pore size, and pore interconnection, play a key role in bone regeneration [25,26]. An
alloy’s performance can be adversely affected by some morphological defects. On the other
hand, some defects can trigger the formation the others. According to the literature, A17050
solidification cracks are caused by Cu segregation at the boundaries of dendrites [27], or Mo
shows some cracks when residual stress surpasses the fracture strength [28]. Moreover, it
was reported that some defects such as LOF are observed in the melt pool boundaries [29],
or melt pool fluctuations can lead to the formation of LOF defects [30]. In addition, some
defects, including cracks, roughness, porosities, etc., can be reduced or be optimized during
the SLM process, whereas some other defects such as melt pool boundaries or inclusions
are the intrinsic features in the SLM parts, which should be considered in the desired
applications. Some parameters can reduce a specific defect, whereas the others reduce
another defects. For example, pore formation is mainly influenced by laser power and
hatch space, according to Vilanova et al. [31]. While most reviews have primarily focused
on porosities and cracks, it is important to note that other significant imperfections also
exist, such as inclusions and segregations. These defects can have a substantial impact on
the mechanical properties of the material and must be addressed during the manufacturing
process to ensure optimal quality and reliability. In this paper, inclusions and segregation
defects will be reviewed and discussed.

Pores

Figure 4. Cont.
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Figure 4. Some important defects in the SLM- manufactured alloys. (a) Gas pores [32], (b) Crack [33],
(c) Roughness [34], (d) LOF [35], (e) Keyhole [32], () Balling [32], (g) Melt pool [36], (h) Segregation [37],
(i) Inclusion [38].

5.1. Inclusions

Due to rapid cooling conditions and the availability of trace oxygen elements in
the containers of SLM instruments, inclusions (oxide/non-oxide) appear mostly in the
nano- to micro-meter size range during the AM process [5,23,39-41]. Additionally, during
the operation, impurities in the feedstock powder can aggregate and stay intact during
the post-treatments [42—44]. One of the main alloy groups that tend to show inclusions
are stainless steels. Conventionally processed/post-processed stainless steel is known to
contain a different precipitates, including oxides of transition metals (Fe, Cr, Ni, Mn, Mo),
(Al-Mg-Si—Ca)-oxide, and silicon, and non-oxides, including transition-metal carbides,
sulfides, phosphides, and intermetallic phases [45-51]. Additionally, compared to other
transition metal (Fe, Cr, Ni, and Mo) oxides, the oxidation of Mn and Si inclusions in the
AM alloy resulted in the largest reduction in the Gibbs free energy, which promoted the
production of Mn-Si-O compared to other oxide precipitates [45].

Figure 5 shows the TEM micrograph taken from an SLM-produced part prepared
under a chamber with an oxygen content of 0.1%. In addition to austenite grains visible from
their orientation contrast, spherical inclusions are also visible. Nano-sized inclusions with
average diameters of 50 nm are well dispersed inside the steel matrix. Inclusions in spherical
shapes are amorphous, whereas neighboring sites are crystalline. Amorphous oxide nano-
inclusions formed in situ contain Si, O, and a small amount of Cr. Tensile and yield
strengths of 316L stainless steel at room temperature were 703 and 456 MPa, respectively.
These values are higher than those of 316L steel that was traditionally cast. 316L steel
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exhibited high ductility with 46% elongation due to multi-scale dimples, extremely fine
oxide nano-inclusions, and was well-distributed in the steel matrix contamination [52].

Figure 5. HRTEM micrograph taken from nano-inclusions with darker resolution “Reprinted with
Permission from Ref. [52], 2015, Royal Society of Chemistry”.

Moreover, in the SLM process, the formation of some typical inclusions like MnS
can be reduced due to rapid cooling [43,53,54]. The inclusion of MnS cannot be seen
because of rapid solidification rates (usually 107 K/s). In contrast, there were 0.1 to 10 s
for the nucleation and diffusional growth of MnS precipitates in the wrought, compared
to a solidification rate of 273 to 373 K/s in a traditional casted alloy [55,56]. During gas
atomization, the powder feedstock is rapidly cooled, resulting in amorphous inclusions
that contain manganese, chromium, silicon, and oxygen surrounded by small crystalline
MnS particles. Amorphous regions surrounded the exterior of the inclusions created by
additive manufacturing include rhodonite (MnSiO3) and spinel (MnCr,O4) [43].

As-deposited and post-processed stainless steels manufactured using AM processes
can develop oxide inclusions due to high oxygen levels in the powder [5,6,41,57-60].
Stainless steels” microstructural developments, mechanical characteristics, and corrosion
resistances have all been known to be impacted by these inclusions [43]. It was discovered
that the inclusions in the SLM alloys are entirely distinct from those in the conventional
alloys in terms of both shapes and contents, as previously stated. Figure 6a,b, respectively,
demonstrates the usual inclusions in the Roll and SLM specimens [58]. In a roll specimen,
there is a Ti-based, sharp-edged inclusion that may include TiN and TiC phases. It has been
established that the presence of TiN significantly affects stainless steel’s ability to resist
corrosion [61,62]. Additionally, the emergence of Ti-based inclusions and the drop in Cr
concentration both have the potential to hasten the creation of galvanic pairs among the
inclusions and matrix, which would result in corrosion [57,61]. In contrast, a spherical
oxide inclusion in the SLM sample is more abundant in Cr, Mn, and Si. As a consequence,
combinations of SiO;, CryO3, Fe;O3, and MnO; are likely the most common oxides [58].
Local galvanic cells are also less likely to develop inside or close to inclusions because there
are not any noticeable variations in the Cr content.

Additionally, Figure 7a,b shows the morphology and EDS findings of the 17-4 PH
stainless steel specimen, illuminating the second phases found in the alloy matrix [5].
Elongated-ferrite stringers, seen in Figure 7a [63], are the second detected phase in the
wrought specimen. As seen in Figure 7b, the majority of the second phase of the SLMed
alloy is composed of SiO,, MnO,, Cr,03, and Al,O3 [6]. AM’s mixture of stainless steel
was found to primarily contain amorphous silicates that contained Mn and Cr. Many
compounds may deposit during the solidification stage of SLM process.
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Figure 6. Line EDS and FESEM images pertaining to inclusion in the (a) Roll and (b) SLM sample,
“Reprinted with Permission from Ref. [58], 2022, AIP Publishing”.
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Figure 7. (a) X3000 magnification FESEM images and (b) EDS data of wrought and SLMed 17-4 PH
stainless steel: A: matrix, B: inclusion. Reprinted with Permission from [5], 2021, AIP Publishing.

The development of non-soluble spheres in high viscosity silicate melts through the
use of a low inclination to iron can reduce surface tension [39]. Hsu and his colleagues
also found that the as-built 17-4 PH stainless steel created by the SLM process contained
Mn-S5i rich micro oxide particles [64]. The quantity of the Cr decline in the wrought sample
compared to the SLMed counterpart was larger, according to EDS data, from the matrix (A)
through the second phase (B). The localized galvanic cell was more likely to occur in the
wrought specimen due to the larger variances in Cr content. The B point in the wrought
specimen would be in anodic condition relative to the A site after exposure to the corrosive
fluids because of its substantially reduced Cr content. Yet, the SLMed sample’s B point
had a greater Cr concentration than the A site did. Also, it was demonstrated [65] that
corrosion increased as the cathode/anode area ratio rose. Therefore, compared to its SLMed
counterpart, a wrought specimen with a low anodic region may experience more serious
corrosion problems [5].

However, some thermal treatments may cause MnS phases to form around inclusions.
Due to insufficient time to separate MnS during the SLM process, the presence of Mn and S
in the SLM alloy implied that MnS may have formed during heat treatment. Inclusions
containing potentially dangerous elements like sulfur and the formation of local corrosion
cells as a result of the dramatic reduction in chromium in the inclusions may have had the
biggest effects on the corrosion performance of the heat-treated specimen at 1050 °C [57].
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Additionally, heating should have no effect on the nucleation and propagation of M-S on
oxide inclusions, which should only occur during solidification/cooling at temperatures
more than 1273 K [45].

There needs to be more thorough research on the impact of inclusions on the function of
SLMed components. On the other hand, the individual effect of lone particles in any alloy is
not easy to investigate. According to some authors, inclusions can promote heterogeneous
nucleation and grain refinement during solidification [66,67]. In addition, they can reduce
galvanic effects in the corrosion application compared to conventional inclusions [5,6,58].
Furthermore, inclusions result in the material being stressed in the tensile process so that
the actual stress is higher than the external force, resulting in the material breaking at a
low-stress level, thereby reducing the strength of the wall parts [68]. As a result of grinding
and polishing, most inclusions separate from the matrix, leaving “holes” in it, indicating
that they are only weakly adhered to the matrix [69]. Coexistence of oxides (e.g., Al-rich
oxide) and nitrides (e.g., TiN) has been reported frequently in recycled powders of Alloy
718. Due to their brittle nature and high strain localization, such inclusions have typically
been demonstrated to be extremely harmful to mechanical characteristics [42]. It is more
important to avoid agglomeration and clustering of inclusions during manufacturing [42].
Crack branching can also be promoted by inclusion dissolution in AM 316L stainless
steel [70]. Some oxide inclusions established electrochemical potential differences between
inclusions and metal matrixes, making the inclusion site more sensitive to corrosion. As
a result, grain boundary strength can be weakened, and oxidation can be faster near the
inclusions [46]. The presence of oxides acted as the starting point for the development of
micro-voids and decreased toughness [70]. Enhanced cathodic activities are observed in
additively manufactured magnesium alloys due to the presence of MgO inclusions [44].
SLM material may be imperfect due to the inclusion of small particles in the powder
bed, resulting in laser absorption effects [71]. Briefly, the impact of inclusion on the
performance of an alloy has a dual aspect. If its presence hinders the formation of harmful
phases, including MnS, shows strong interface, and reduces the galvanic effect, it can be
concluded that the formation of inclusion is useful. But, in many cases, the weak interfaces,
agglomeration, crack initiators, and galvanic effect promotor can lead to a deterioration in
the performance of parts. Figure 8 displays the fracture surface of the AM 316L SS specimen,
indicating consistent complete fracture. The specimen produced a single fragment with
signs of plastic deformation. High-resolution SEM revealed oxide inclusions in the dimples.
This suggested that oxides acted as initiation sites for micro-void formation, leading to
reduced toughness [70].

Some efforts have been made to provide fewer inclusions in the AM alloy by using Si-
and Mn-free powders as oxygen getters. But, the results showed that Cr can replace this
position and takes reactions with oxygen [72]. Also, the formation stabilities of inclusions
can induce some inevitable compositions, and some thermodynamic studies revealed that
their presences were predictable. It was reported that at the low oxygen composition in the
wrought material, the spinel inclusion phase (MnCr,O4) forms at a temperature of 1434 °C
for stainless steel, which is moderately lower than the solidus temperature. However, it
is predicted that the similar spinel phase will form at a temperature of 1596 °C, which
is around 250 °C higher than the solidus. It was shown that the amount of spinel phase
generated increased almost two orders of magnitude with a rise in oxygen composition
from 0.01 to 0.1 wt.%. The increase in oxygen content also increased the spinels’ formation
temperatures, which reached nearly 1800 °C at 0.1 wt.%. Due to the fact that these high
formation temperatures were well within the liquid phase, it was determined that conven-
tional solid-state heat treatment techniques could not eliminate the spinel phase [43]. In
addition, some thermodynamic calculations showed the presence of oxides in the compo-
sition of a stainless steel alloy fabricated by the SLM technique [73]. Figure 9 illustrates
that the FCC matrix phase remained stable until a temperature of 1410 °C was reached.
M,3Cg, a metal carbide precipitate, formed at temperatures below 500 °C but dissolved
at 1020 °C. Oxide phases were present throughout the temperature range, with Cr,O3
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becoming stable at 950 °C and higher, MnSiOj3 favoring up to 970 °C, and SiO; remaining
thermodynamically stable within 910-1220 °C [73].

Figure 8. SEM and EDS of fractured 316L SS SLM manufactured alloy, “Reprinted with Permission

from Ref. [70], 2018, Elsevier”.
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5.2. Segregation/Micro-Segregation

Solute elements can segregate as a result of changes in their solubilities in both liquid
and solid forms. The length scale over which this happens is determined by the kinetics
of solidification, more precisely the degree of undercooling that is correlated with the
system’s cooling rate. As may be observed, the microstructure of the additively made
material has a significantly finer cellular length scale than the morphology of conventional
cast alloy material, which suggests that the additively manufactured material will cool
more quickly [74]. Solute segregation is prominent in cellular and dendritic growth modes
during the SLM process [75], but the range of segregation is very limited compared to
the conventional alloys. In other words, segregation in the additive manufactured alloys
can be denoted as micro-segregation. Element segregation is essential for predicting the
solidification structure and mechanical characteristics of alloy components during additive
manufacturing [76]. A key metric of material homogeneity is micro-segregation. This
happens because the initial concentration of the solid is below the level at which the
balance is reached. Higher concentrations of the solute, such as inter-dendritic regions and
grain borders, are produced when the surplus solute is partitioned into the liquid [77].

According to some experts, segregation may be avoided by a rapid cooling rate
before and after the SLM process. The SLM process involves a quick cooling to ambient
temperature of around 10° K/s, which significantly reduces elements segregation [78].
Wang and his co-workers looked at how laser scan rates affected micro-segregation in
selective laser melting. The inter-dendritic segregation ratio was shown to be lower as
a result of their findings, which showed that higher scan rates caused larger cooling
speeds [77]. Nb segregation is reduced as a result of enhanced cooling rates during QCW-
LAM because there is not enough time for solute redistribution.

Second, the faster solidification speed produces better solute trapping, which prevents
the proportion of Nb in the eutectic liquid from continuously rising and forming the
Laves phase. More Nb atoms were trapped into the matrix in this case due to the quick
solidification, leaving fewer Nb atoms and less opportunities for the development of the y+
Laves eutectic microstructure. Due to this, using the QCW laser mode dramatically reduces
the size, quantity, and Nb concentration of the Laves phase [79].

On the other hand, some scientists think that the faster solidification and dendritic
development rates under QCW mode significantly enhance solute trapping and dendrite
growth rates, leaving little time for Nb to permeate from the solid phase to the liquid
phase. As a consequence, less Nb is left to form the Laves phase, and more Nb elements
are trapped in the solid phase (matrix) [79]. Accelerated solidification causes solute atoms
to be partitioned out of balance between the solid and the liquid. As a result, the solute
separates out in the liquid that accumulates in the spaces between the already hardened
dendrites, enriching the solidification process by two to five times the statutory component
of the alloy element. Numerous elements present in the fluids cause complex elemental
segregation in the inter-dendritic zones [80].

Some certain elements (Mo in 316L stainless steel, Nb in the In718, Si in AlSi10Mg,
[ stabilizing elements in Ti alloys, some elements in HEAs, etc.) undergo segregation
during SLM process. It has been found that the anodic current density and passivity are
significantly affected by the segregation of Mo. In order to create a passive layer, Mo is a
necessary component. As a result, the passivation strategy may get worse due to its hetero-
geneous distribution in the alloy after SLM processing [81]. The elemental segregation of
heavy metal ions—for example, Mo—at the boundaries may cause inhomogeneity of the
microstructure [38].

The backscattered image of the SLM-processed alloy is depicted in Figure 10, which
reveals a larger tendency for heavier elements, such as Mo (bright zones), to separate on the
grain walls [59]. After five turns, there may be extreme refining and elemental segregation,
which could affect the mechanical characteristics and corrosion resistance [82]. The accumu-
lation of heavy elements on the grain walls of the SLM alloy [81] is shown by a backscattered
electron micrograph of the alloy. Inside the cells are austenite stabilizing components, in
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contrast to the cell walls, which are higher in Mo, Cr, and Si. When ferrite stabilizer
elements like Mo, Cr, and Si are displaced from the melt and trapped at the solid—melt
contact point during rapid solidification in the SLM process, an austenitic microstructure is
produced inside the cells. This enriches the cell walls with these elements [83].

Loositorid
1 um

Figure 10. BSE micrograph of a SLM-produced 316L stainless steel, “Reprinted with permission from
Ref. [59], 2021, Elsevier”.

Some researchers have shown the segregation of elements in the cell walls of sub-
grains of metals. Figure 11 displays the line scan outcomes of the cell structure using
Auger electron spectrometer (AES), indicating that Mo, Cr, and Ni elements segregate
in the cell wall [84]. In other study, the intensity of the Mo L« peak increased by more
than 50%, indicating that Mo enrichment was seen near the cell borders. A boost of Mo
in the intercellular areas was associated with a minor increase in the Ni La peak and a
decrease in the C Ko peak. During the SLM process, elemental segregation may lead
to the development of Mo-rich or carbide phases, which can deteriorate the corrosion
characteristics [81]. Other researchers also reported the segregation of heavy metals at the
cell walls [85,86].

Figure 11. Elemental mapping of Ni (yellow line), Mo (red line), and Cr (green line) in the cell
structure of 316L SS fabricated by SLM [84].

The Nb, Al, and Ti elements in the In718 samples were scanned using an EPMA map
in Figure 12a—c. The creation of the Laves phases and the Nb-rich areas surrounding the
Laves phases was made possible by the Nb element’s predominate segregation in the
inter-dendritic areas, as seen in Figure 12a of the as-fabricated specimen [87].



Coatings 2023, 13, 1295

13 of 23

A
20 pm o, : 20 pm g 5 T 20 pm oo
Figure 12. EPMA map scanning results of (a) Nb (b) Al, and (c) Ti, “Reprinted with Permission from
Ref. [87], 2020, Elsevier.”

SEM images of SLMed AlSi1l0Mg alloy samples in Figure 13a—c show the Si-rich
cellular boundaries [88]. These cellular structures are formed as a result of the rapid
solidification process that occurs during SLM, which leads to the formation of a cellular
solidification front.

Figure 13. (a) microstructure of sample in building direction, (b) the element distribution of Al,
(c) Si (Chinese content means Si particles), and (d) Mg, “Reprinted with Permission from Ref. [88],
2021, Elsevier”.

In many cases, the SLM specimen showed lower segregations compared to the con-
ventional counterparts. The findings of an EDS examination of Ni-Cr alloys are shown in
Figure 14. The EDS maps of both SLM groups show a more homogeneous dispersion of the
metal elements than those of the cast group, indicating superior corrosion resistance of the
SLM alloys [89].

EDS map
cr

Figure 14. SEM and EDS analysis of cast and two SLM Ni-Cr alloy, “Reprinted with Permission from
Ref. [89], 2019. Elsevier.”
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SLM-fabricated alloys frequently exhibit matrix super-saturation. Due to the quick
solidification that occurs during SLM, some content cannot be separated out in this brief
period and instead stays in solution in the matrix [24]. Some other researchers also showed
that SLM-produced alloys can show a more uniform distribution of elements compared
to conventionally produced alloys [5,60]. The uniform distribution of elements in SLM-
produced alloys has significant implications for their properties and performances. It can
lead to improvements in mechanical properties such as strength, ductility, and fatigue life,
as well as corrosion resistance. Moreover, the ability to control the microstructures and
compositions of SLM-produced alloys allows for the creation of customized materials with
tailored properties for specific applications.

On the other hand, it is believed that there is a limitation in the characterization
of segregation in the SLM parts. Some researchers reported that the segregation does
not exist in the elements of alloys. At the same time, some other authors observed the
elemental changes in a distinct period. This is likely due to the resolution limitation in
the electron microscopies. For instance, as seen in Figure 15, an alloy that has undergone
SLM processing does not clearly separate its components in the EDS images, especially
Mo [6]. But, in the EDS-TEM image (Figure 16) acquired for the next stainless steel, it
is possible to clearly see how Cr, Mo, Ni, and Mn segregate from the boundaries of the
displacement cell [90]. It can be related to the higher spatial resolution in this work. Then, it
can be concluded that the investigation of segregations for SLM alloys in most cases needs
a high-resolution instrument to have a better judgment about the occurrence of segregation.

Figure 15. A cellular/dendritic SLM-treated 316L stainless steel with a FESEM images and EDS
analysis. “Reprinted with Permission from Ref. [6], 2021, Elsevier”.

Micro-segregation in the SLM alloys is one of those defects that may show dual effects.
In some cases, it can act to strengthen mechanism sites, whereas, in some cases, it can act
as an initiator for cracks. These situations will be discussed in the following. It has been
reported by some authors that cracks are formed as a result of some specific elemental
segregation that occurs at the grain boundaries [91-98]. For instance, it was claimed that
the mechanical characteristics of metallic materials, such as strength, fatigue, toughness,
etc., are significantly reduced by the segregation of Nb and the creation of the Laves
phase [76,99]. High levels of alloying elements such as Mn, Si, S, and C can cause micro-
segregation at grain boundaries during solidification, raising crack sensitivity, as Tomus
and his coworkers noted [92]. The intergranular micro-cracks that were linked to Mo-rich
carbide segregation were discovered to have developed consistently at the high-angle grain
boundaries. Even though the interaction of the atoms Mo and Cr usually leads to the
creation of carbides that also assist in controlling grain sizes and improve resilience to
grain-boundary sliding, carbon does contribute to this process. This type of segregation
increases the risk of hot splitting in nickel-based superalloys. This result demonstrates that
structure segregation took place at the grain boundaries throughout the rapid solidification
process [91].
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Figure 16. Chemical analyses of a 3161 sample using an EDS-TEM [90].

The crack is clearly surrounded by C and Mo, whereas Ni and Fe are reduced nearby,
as seen in Figure 17. There is no discernible concentration of these elements, in comparison
to the observed Si and Mn segregation. The solidification cracking of Hastelloy X has been
found to be significantly influenced by Si and C concentrations, although Tomus et al.’s
investigation [21] has proven that the tendency for cracking was mostly independent of Mn
level. Although in contrast to the findings of thermodynamic calculations by Tomus, EDS
analysis of all cracks reveals a lack of Si segregation in this work, which is hypothesized
due to the small Si content (0.087 wt.%) used in these trials [94].

Figure 17. A crack’s SEM micrograph and matching EDS analysis in the same region. “Reprinted
with Permission from Ref. [94], 2022, Elsevier”.

Also, some experts contend that the worse corrosion behavior of AM stainless steel
may be caused by the micro-segregation of Mo in the cellular structure. It is possible that
the chemical separation of heavy metals like Mo at the boundaries is what is causing the
inhomogeneity of the morphology. When comparison to its wrought equivalent, the SLMed
316L stainless steel alloy showed reduced receptivity and a higher anodic current density
in the HCl solution, according to Trelewicz and his colleagues [81]. The non-uniform
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arrangement of the components and the non-equilibrium morphologies created during
the production process were blamed for the decreased resistance to corrosion [81]. Mo
segregation has been found to have a considerable impact on the anodic current density
and passivity decrease. For a passive layer to be established, Mo is a necessary component.
Thus, the SLM alloy’s uneven arrangement of it could impair the passivation process [6,81].
Oppositely, some researchers stated that the presence of segregation could enhance the
mechanical performances of AM parts. According to Zhong et al. [85], the development of
a distinctive intra-granular cellular segregation system morphology could help to boost
yield strength without reducing ductility.

Recently, it was discovered that laser-processed pure 316L could form cellular struc-
tures, and this has validated the finding of segregation (such as Cr and Mo segregation)
along the cellular pattern boundaries. Segregation engineering significantly aids in the
strengthening of alloys [100,101]. Intragranular cellular borders that are more segregated
serve as reinforcing elements within the grains. The intragranular micro- and nano-network,
Mo-segregated encouragement, and oxide nano-inclusions all work together to improve
the mechanical characteristics of SLM specimens through successfully reducing the rate
of fracture development. This strengthening mechanism was confirmed by the high UTS
values for SLM 316L SS samples that were collected during the tensile tests [85].

As other types of defects, there are some routes to reduce segregations in the SLM
alloys. Using optimal parameters, changing the compositions, and using pulse lasers and
some post treatments, including heat treatment, could reduce micro-segregation in the SLM
alloys. Due to the quick cooling and solute entrapment, some studies found that greater
scan speeds resulted in a lower inter-dendritic segregation ratio [77]. It was also reported
that the addition of some ceramic particles could enhance the mechanical properties of
an SLM part as well as reduce a few defects. For instance, Almangour and his colleagues
reduced the sizes of the grains and melt pools by adding TiB, nanoparticles, indicating that
the elements did not separate macroscopically. However, owing to the particle aggregation
structure process, alloying components micro-segregated at the boundaries of cellular
structures for greater TiB, levels [100]. Furthermore, it has been found that one of the best
approaches to prevent cracks in the additive manufacture of HX is to reduce the level of
carbon components to lessen the segregations of carbides in the additive process. The
introduction of a nanoscale nucleation agent, which will promote heterogeneous nucleation
and uniformed strains brought on by residual stress storage, is another approach that might
be helpful [91].

Han et al. [102] reported that carbide segregation in the HX alloy was responsible
for hot cracking. They proposed that the TiC nanoparticles, which changed the physical
properties of the grain boundaries during the solidification process, were responsible for
removing the hot fractures. The Marangoni force brought on by surface tension during
the liquid—solid phase transition appears to have managed to separate the nanoparticle
clusters rather than further agglomerate them, as evidenced by the relatively spherical
morphologies of these particles and their independent occurrences in the matrix [102].

Some laser techniques have been reported that are suitable to reduce the segrega-
tion phenomenon in the SLM parts. Examples include the smaller heat-affected zone,
lower dilution ratio, and more-refined grain refinement produced by pulsed laser additive
manufacturing by a quasi-continuous wave (QCW) as opposed to the continuous wave
counterpart [79,99,103]. The Nb segregation and Laves phase development of the Inconel
718 alloy were suppressed by a low average heat input and a high cooling speed from
QCW [79]. The continuous wave (CW) and quasi-continuous wave (QCW) laser modes are
shown schematically. Figure 18a,b, respectively, depict the LAM process. In QCW-LAM
(Figure 18b), the laser power is regulated by a square wave with a duty cycle of 50% and
a frequency of 10 Hz as opposed to CW-LAM, where the laser power is fixed at a given
power [79].
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Figure 18. (a) a graphic illustration of the LAM method, as well as (b) Laser parameters for the CW
and QCW patterns, “Reprinted with Permission from Ref. [79], 2017, Elsevier”.

Time

This dramatically enhances dendritic growth rate and solute entrapment with a higher
cooling speed under QCW state, making it hard for Nb to permeate from the solid stage
to the liquid stage inside an appropriate duration. This causes a greater proportion of Nb
elements to be entrapped in the solid phase (matrix) and a lesser proportion to be left over
to create the Laves phase. Hence, QCW mode efficiently lessens the system’s impact of Nb
segregation. [99]. Figure 19a,b shows the reduction in Laves phase and segregation after
using pulse laser manufacturing.
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Figure 19. Laves phase shape usual of (a) CW specimen and (b) QCW specimen, “Reprinted with
Permission from Ref. [79], 2017, Elsevier”.

Another important strategy to reduce micro-segregation of SLM alloys is the applica-
tion of heat treatment to obtain more uniform distribution of elements. Some researchers
applied different heat treatment on the SLM alloys and observed the reduction in segrega-
tion after specific treatments [87,104,105]. On the In718 that had undergone SLM processing,
Yu and his coworkers applied various thermal treatments in regard to: immediate aging
(DA, 720 °C for 8 h, furnace cooling at 50 °C to 620 °C for 8 h), solution treatment plus
aging (STA, 980 °C for 1 h, water cooling plus 720 °C for 8 h, furnace cooling at 50 °C to
620 °C for 8 h), and homogenization plus STA (HSTA, 1100 °C for 1.5 h, water cooling
plus 980 °C for 1 h, water cooling plus 720 °C for 8 h) [87]. Nb, Al, and Ti components in
the as-fabricated DA, STA, and HSTA specimens are shown in Figure 20a-1, which shows
EPMA map scanning. The creation of the Laves phases and Nb-rich zones all over the
Laves phases are facilitated by the Nb element’s segregation in inter-dendritic regions
of the as-fabricated specimen, as shown in Figure 20a. Nb segregation is still equal to
the sample’s as-fabricated state following DA post-heat treatment (Figure 20d), which
might readily cause the deposition of Y’ phases in Nb-rich regions. The Nb segregation
marginally diminishes during STA post-heat treatment (Figure 20g), which is caused by
the lengthy migration of Nb atoms in high-temperature solution treatment conditions and
the precipitate of the  phase. Figure 20j illustrates how almost uniform the distribution
of Nb in the matrix is following HSTA heat treatment. Al segregation is weaker than
Nb segregation.
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Figure 20. Nb, Al, and Ti map scan findings from EPMA: (a—c) As-fabricated, (d—f) DA, (g—-i) STA,
and (j-1) HSTA. “Reprinted with Permission from Ref. [87]. 2020. Elsevier”.

However, Figure 20h shows that the Al element in the STA sample mainly segregates in
the dendrite arms because it is a negative segregation element in the IN718 alloy. Although
there is some variation in the segregation of Ti between all samples, this variation is not as
significant as that of Nb. As a result, this partially explains how the heat treatment of the
IN718 alloy affects the sizes and volume fractions of y"' /' precipitates. The as-fabricated
and DA samples both exhibit a similar level of micro-segregation. The distribution of
v" /v' precipitates in the dendritic arm becomes essentially uniform after STA, and micro-
segregation declines. After HSTA, micro-segregation totally eliminates the y” /v’ phases
and causes them to deposit in large amounts (~30 nm) [87].

However, it should be noted that heat treatments do not necessarily reduce segregation.
For instance, it was noted that heat treatment results in the deposition of stronger Mg,Si
intermetallic complexes as well as the segregation of Si from the aluminum phase [88,106].
Therefore, the application of post treatments needs to have enough knowledge about the
response of elements in different phases.

6. Outlooks and Remarks

It seems that the pristine defects in the additive manufactured parts can be a disap-
pointing issue to develop engineering shapes with desired characteristics. Some of these
defects can also be present in the traditional counterparts such as cracks, LOF, keyholes,
and segregations. But, some new defects in these parts arise from the fabrication methods,
including melt pools, inclusions, and gas pores. Therefore, it is mandatory to overcome
these new defects along with the reduction in classical ones. However, developing methods
and techniques in the additive manufacturing industry can be a promising route to have
hope in the future of financial complexes near net shapes with minimum defects. To achieve
this, it is essential to invest in advanced techniques to create robust systems that are able to
detect, mitigate, and eliminate defects during the manufacturing process.

7. Conclusions

Inclusions and segregations as defects of SLM metals were discussed in this review.
It can be concluded that most defects can deteriorate on a special performance of AM
alloys. But, some limited defects can lead to some better characteristics. For example,
segregation and inclusion are not harmful in some cases and can enforce mechanical and
chemical properties of alloys. On the other hand, some defects can trigger other defects. For
example, some segregations can initiate cracks. In general, inclusions in an alloy can have a
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dual impact on performance. They can be useful if they hinder harmful phase formation
and reduce the galvanic effect but can lead to deterioration if they have weak interfaces,
agglomeration, or promote cracking and the galvanic effect. In the case of segregations,
segregation in the micro-scale can be more harmful than in its nano-scale.

In total, it is better to avoid defects that can create discontinuities and heterogeneities
in the SLM alloys. Special strategies should be performed to reduce such defects, including
optimization the parameters, applying better quality of powders, changing the compo-
sitions, and post-processing treatments such as heat treatment. Moreover, it is crucial to
understand the root cause of these defects to effectively prevent their occurrence. Mon-
itoring and controlling the manufacturing process is critical to ensure that the material
produced meets the required standards. By doing so, the quality and reliability of the final
product can be significantly improved.
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