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ARTICLE INFO ABSTRACT

Keywords: Laser Powder Bed Fusion process is regarded as the most versatile metal additive manufacturing process, which
Laser powder bed fusion process has been proven to manufacture near net shape up to 99.9% relative density, with geometrically complex and
Steels . high-performance metallic parts at reduced time. Steels and iron-based alloys are the most predominant engi-
I/[};::;fr-ilt}:;:al phenomena neering materials used for structural and sub-structural applications. Availability of steels in more than 3500

grades with their wide range of properties including high strength, corrosion resistance, good ductility, low cost,
recyclability etc., have put them in forefront of other metallic materials. However, LPBF process of steels and
iron-based alloys have not been completely established in industrial applications due to: (i) limited insight
available in regards to the processing conditions, (ii) lack of specific materials standards, and (iii) inadequate
knowledge to correlate the process parameters and other technical obstacles such as dimensional accuracy from a
design model to actual component, part variability, limited feedstock materials, manual post-processing and etc.
Continued efforts have been made to address these issues. This review aims to provide an overview of steels and
iron-based alloys used in LPBF process by summarizing their key process parameters, describing thermophysical
phenomena that is strongly linked to the phase transformation and microstructure evolution during solidifica-
tion, highlighting metallurgical defects and their potential control methods, along with the impact of various
post-process treatments; all of this have a direct impact on the mechanical performance. Finally, a summary of
LPBF processed steels and iron-based alloys with functional properties and their application perspectives are
presented. This review can provide a foundation of knowledge on LPBF process of steels by identifying missing
information from the existing literature.

Mechanical properties
Post-process treatments
Current challenges
Future trends

1. Introduction grades of steel produced based on their applications, encompassing
unique physical, chemical, and environmental properties [4]. Avail-

Since their inception, steels and iron-based alloys have been the ability of steels in numerous grades has increased their array of prop-

leading engineering materials for structural and sub-structural applica-
tions [1]. The steels have become part of our day-to-day life, and their
importance to our society is extensively revealed by their plenitude of
applications. These applications include aerospace, automotive, medi-
cal, machinery, nuclear reactors, marine/oil and gas, shipbuilding, food
and transportation, electronics and consumer applications [2,3]. Ac-
cording to the World Steel Association, there are over 3500 different
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erties including higher strength, higher corrosion resistance, good
ductility and toughness, low cost and nearly 100% recyclability etc. [5].

Among the steels family, low carbon alloy stainless steels (SS),
particularly 316L SS have been one of the most widely used type due to
low cost, ease of processing, good corrosion resistance and excellent
toughness even in severe working conditions. The outstanding combi-
nation of good corrosion resistance, higher strength and higher
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mechanical properties are the important features of martensitic type
steels. Martensitic type steels such as precipitation-hardened (PH) steels
(17-4PH & 15-5PH) are basically used in aerospace, chemical, petro-
chemical, food processing, general metal working, oil & gas, power-
plant and injection molding industries [6]. The combination of good
corrosion resistance with higher hardness, yield strength and ductility,
good weldability and abrasion resistance are necessary for tools and die
making industry, tool steels fulfill this criterion. Most commonly used
tool steels in metal AM process are the carbon-free maraging steels
(18Ni-300) [7]. In addition to splendid high temperature tensile prop-
erties, creep resistance and favorable irridation resistance makes oxide
dispersion strengthened (ODS) steels perfect candidates for high tem-
perature turbine blades and heat exchanger tube applications [8]. A
taxonomic classification of steels along with their applications is shown
in Fig. 1 [9]. In addition to major class of steels (tabulated in Table 1),
some of the less studied steel types used in LPBF process are martensitic
steels, TRIP/TWIP steels, silicon based (Fe-Si), nickel based (Fe-Ni), and
cobalt based (Fe-Co) alloy steels, China low activation martensitic
(CLAM) steel and etc.

1.1. The scope of the review

This article is focused to fill the de facto gap by reviewing steels and
iron-based alloys used in LPBF process. Firstly, the basics of thermo-
physical phenomena operative during LPBF process, solidification by
phase transformation, and formation of metallurgical defects and their
potential control methods are discussed. Secondly, microstructure, wear
and surface texture characteristics, mechanical properties are reviewed.
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Furthermore, the significance of post-process treatments on LPBF pro-
cessed steel components are enumerated. In particular, we concentrate
to critically review on how the typical LPBF process parameters have an
absolute impact on the formation of;, (i) different type (size,
morphology) of microstructures, and (ii) process related metallurgical
defects. Consequently, how these two combinations have the direct in-
fluence on wear and surface texture characteristics and finally on me-
chanical properties such as hardness, tensile and fatigue properties of as-
built and post processed LPBF fabricated steels and iron-based alloys.
This article also describes the current state of the art, technological
challenges, and future trends, with special emphasis on AM, forecast of
AM technology, and its applications in various industrial sectors.

We intentionally do not discuss the details of all types of AM process,
instead we restrict our review just to LPBF process. However, other AM
processes such as Electron Beam Powder-Bed Fusion (EPBF), Directed
Energy Deposition (DED) processes are equally capable of fabricating
plethora of steels. Similarly, this review is largely limited to commonly
used steels and iron-based alloys; the overwhelming majority (>90%) of
referred articles to review this article are concerned with LPBF process
of steels. Except in a very few countable occasions, conventional process
or other AM process of other metallic alloys have been cited where
relevant. Additionally, this review does not extensively cover AM of
other similar/dissimilar metal alloys or metal matrix composites (MMC).
Discussing all of these would further lengthen this review excessively.

1.2. The organization of the article

The goal of this paper is to provide a critical overview for readers to
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Fig. 1. Taxonomy scheme for various steels. [Based on data provided in Tables 11.1(b), 11.2(b), 11.3, and 11.4, [9]].
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Table 1
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Chemical composition, mechanical properties of major class of steels fabricated in LPBF process.

Type Common name/grade C Cr Mn Mo Ni Si Ti Others TS (MPa) Elongation (%)
Austenitic stainless steel AISI 316L <0.08 ~17 <2 ~2.5 ~13 ~0.75 - - ~310 ~30
Duplex stainless steel SAF2705 <0.03 ~25 <1l.2 ~4 ~7 <0.8 - - ~900 ~25
PH stainless steel 17-4 PH <0.07 ~17 1 - ~5 1 - - ~1400 ~16
Maraging steel 18-Ni300 <0.03 <0.5 <0.1 ~5 ~18 <0.1 ~0.7 ~9 Co ~2050 ~8
Carbon bearing steel AISI H13 ~0.4 ~5 ~0.5 1.15 ~1 - ~1600 ~9
ODS steel PM200 ~0.07 19 0.07 0.13 0.03 - 0.5 0.5Y503 ~875 ~15

gain profound knowledge about the LPBF process of various steels. The
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process parameters, and complex thermophysical phenomena that in- Anisotropic properties
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LPBF process. A thorough discussion on the defects formation, potential

control methods, and common issues that arise during LPBF processing

of various steels are addressed in Section 3. Section 4 seeks to critically
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process treatments on LPBF processed steels are investigated in Sec-

tion 5. Finally, Section 6 highlights the summary and future scope. It is
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1.3. Steels in additive manufacturing and their applications

Currently, steels that are used in structural and automobile appli-
cations are mostly manufactured by conventional methods like casting,
extrusion, and powder metallurgy [10,11] The products produced by
these traditional processes have been widely used but many problems
still persist. The reason pertained to slow cooling rates of casting process
induce coarser microstructure, and the defects related to inherent
characteristics (porosity, part shrinkage) can subsist simultaneously,
which collectively annihilate the mechanical properties [12-14]. Be-
sides, fabrication of steels in the standard process which is time
consuming due to a series of independent processes (materials prepa-
ration, production and assembly) making it less flexible. With extensive
development in manufacturing, special attention has to be paid towards
structure-performance requirements of steel components. For example,
cellular or lattice type steel structures that are primarily used in working
at elevated temperatures under extreme environments (missiles, air-
crafts applications) to thwart from oxidation, corrosion while retaining
their mechanical integrity [15,16]. Constituent fabrication of complex,
functionally graded materials (FGM) for structural components in AM
offers greater advantage of saving time, costs and the flexibility (see
Fig. 2). More importantly, AM process reduces the weight and stress
concentration factors associated with other conventional welding and
joining techniques [17,18]. Despite the fact, some of the traditional
manufacturing issues still exist in AM process, but the comparative
analysis reveals that AM process or LPBF process, have been successful
in fabricating defect free (minimum number of process related metal-
lurgical defects) good quality parts exhibiting excellent mechanical
properties as compared to conventional processes like casting, extrusion
processes [19]. The higher strength is attributed to the combined effect
of (AM process induced) refined microstructure (dendritic, cellular type
of grains), and potential high dislocation density caused during rapid
solidification [19-31]. As the technology continues to advance expo-
nentially, the manufacturing process is no longer about just producing
physical products. A fundamental shift is imperative to meet the change
in consumer demands, nature of products, and the economics of pro-
duction and supply chain. Data-driven models using advanced machine
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Fig. 2. Correlation between Additive manufacturing (AM) key features and
its advantages.

learning algorithms, added sensors and connectivity are capable of
revolutionizing  conventional = manufacturing into  smarter
manufacturing. Fabrication of smart steels products by utilizing the
smart and robust AM technology that possess designer surface topog-
raphy and mechanical performance, highly dense and dimensionally
accurate, near net shape parts with reduced requirement of post-
processing is going to be a major research and development objective
in the future.

AM process is classified into a family of technologies where the
material is added, rather than removed to produce an end product.
Unlike traditional manufacturing process which involves materials
being shaped or carved into required final components by parts of it
being subtracted in a variety of ways. AM herein is perceived pole
opposite; three dimensional (3D) components are built directly from 3D
CAD file by means of an additive strategy-based depositing or melting
successive layers of the feedstock materials in an enclosed chamber of
the additive manufacturing system. AM is considered as the direct
manufacturing technology that gives freedom to fabricate parts from the
materials composed of metals, polymers, ceramics, and composites with
complex features through external and internal layout, in addition to
reduced material consumption [32,33]. The materials used in AM pro-
cess can be in the form of powder, wire, sheet, etc. [34,35]. AM process
is often described by other terms such as additive fabrication, additive
technique, additive layer manufacturing, layer manufacturing, solid
freeform fabrication and freeform fabrication [36].

Out of many AM processes, LPBF process is currently the most fav-
oured powder bed fusion method which is used to fabricate metallic
materials [37]. According to SmarTech Publishing's latest metal AM
report “Additive Manufacturing with Metal Powders 2018, LPBF tech-
nology is one of the most used and studied AM method [38]. Forecast of
AM technologies have been constantly driving the industry revenues
resulting from hardware, materials, and software. This revenue growth
is predicted (by the Wohler's report 2020) to be worth of $US 16 billion
in 2020, growing to $US 40.8 billion in 2024 (see Fig. 3) [39].
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Fig. 3. Forecast of AM Industry growth (Wohler's report 2020) [39].

Metal AM technology has attracted many researchers and industries
because of its distinctive applications. In recent years metal AM is used
to fabricate end-use products of the medical devices (dental restorations,
medical implants), aerospace and military applications, automobile in-
dustrial and consumer applications [40] (see Fig. 4a & b). AM is also
expanding its territory into aircraft maintenance and transportation
sector by production of spare parts and refurbishing the damaged
components [41-44].

1.4. Laser powder bed fusion process of steels

Laser powder bed fusion process is also known as Selective Laser
Melting that uses a high-power laser beam to selectively melt the pre-
defined contours in subsequent layers of powder. The molten metal
pool rapidly solidifies by cooling [46]. Selected regions in each layer are
melted by a laser beam, to form a 3D cross-section of the final part.
Consequently, the underlying build platform is lowered down, followed

Journal of Manufacturing Processes 75 (2022) 375-414

by deposition of another layer of powder with the powder coater/wiper
mechanism. This cycle is successively repeated until the three-
dimensional solid object is built. The unfused powder is removed and
recycled, this entire process is carried out inside a chamber filled with
atmospheric gas (Argon, nitrogen), to avoid oxidation (see Fig. 5).
Some applications of LPBF process are shown in Fig. 6. LPBF fabri-
cated products possess higher density with refined microstructure,
which contributes to the excellent mechanical properties, superior sur-
face quality and dimensionally accurate final parts. Such a layer-wise
production approach offers LPBF process an edge over conventional
process in enabling consolidated parts with elaborated internal features

Laser
X-Y scanner,
Protective
atmosphere

Focus lens

‘Wiper/coater system baserbeam

Powder -
overflow

Unused
I powder
»X

Fig. 5. Schematic illustration of the LPBF process.
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Fig. 4. (a) Categories and (b) Industrial sectors of AM applications based on Wohler's report 2019 [45].
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Fig. 6. Various LPBF produced metallic part applications; (a) orthopaedic implant, (b) car steering knuckle, (c) engine mount cooling channel, (d) aircraft engine

blades (e) formula student racing engine [43,44].

for complex assembly, higher production rate, reduced design iterations,
and quicker introduction of new products/protypes to the market which
were previously considered unfeasible to manufacture fuctional end-use
products promptly [47-52]. The transition from rapid prototyping to
fabricating final products also display numerous technological barriers
such as part variability, incomplete knowledge related to structure-
process-property correlation. Meanwhile, LPBF process undergoes
complicated thermodynamic and heat transfer mechanisms. The surface
finish of the scan track is uncontrollable and unpredictable during the
printing process which eventually affects the final quality of LPBF
products [53]. Oxidation of feedstock materials, process induced inev-
itable thermal residual stresses generated during complex thermophys-
ical phenomena [54], are the most commonly occurring problems.
Dimensional accuracy from a design model to the actual part is another
issue faced by LPBF technology. Although as-built LPBF components can
be directly used as functional parts, aforementioned inherent problems
need to be addressed prior to the fabrication of standalone parts, which
should overcome to render a reliable, scalable, and high throughput
widely adopted LPBF technique as a viable fabrication process.

The laser interaction with the metallic powder generally leads to the
formation of a smaller size molten pool approximately 0.9-1.4 mm in
length, 0.16-0.63 mm in depth, and 0.12-0.38 mm in width respectively
depending upon various LPBF process parameters [55,56]. The cooling
rates can reach up to 10°-10% K/s due to very fast movement of the laser
beam [57,58], again relying on the LPBF processing parameters, type of
the material used, and its various physical and chemical properties [59].
Such a high cooling rate can sometimes impede grain growth and
segregation of alloying elements. Along with mixing and stirring action
of Marangoni convection, and particle accumulated structure formation
mechanism, a thin, continuous and unique meta-stable cellular micro-
structure or in some cases even amorphous microstructure is formed in
the molten metal pool [60].

The thin continuous refined microstructure formed is responsible for
the significant improvement of the mechanical performance of the LPBF
processed steel components. It is important to have both small and large
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powder particles: finer particles are easily molten and favour a relatively
good part density, design quality surface finish; whereas the larger
particles benefit ductility, mechanical strength, hardness and toughness
[61,62]. Moreover, LPBF produced components typically display
anisotropic microstructure at different length scales. The anisotropic
microstructure is generally formed by the rapid solidification process
through conduction, convection and radiation, in the direction of heat
dissipation [63]. Anisotropy largely depends on the type of scanning
strategy employed, base plate temperature, and the build direction [64].
The quality of LPBF processed components depends on the selection of
the right parameters combination. A broad spectrum of LPBF process
parameters accountable for the complex physical phenomena that is
ultimately responsible for final quality of LPBF parts is illustrated in
Fig. 7. The summary of these parameters grouped as input parameters,
process physics, and outputs. There are more than 150 parameters that
need to be considered during LPBF process which are not discussed in
detail here. However, some of the most important process parameters
(laser power (LP), scan speed (SS), hatch spacing (HS), and layer
thickness (LT), atmospheric chamber gas and pressure), and their impact
on various physical and mechanical behaviours of LPBF steels are dis-
cussed. In the design parameter chart, the output represents the final
quality of the LPBF processed product, listed as part geometry, micro-
structure, mechanical properties, defects, surface roughness, etc.

It is widely known fact that LPBF processed parts primarily exhibit
significant anisotrophy in microstructure as aforementioned. For
example, components built in different directions i.e., parallel (e.g.
horizontal) or perpendicular (e.g. vertical) to the substrate undergo a
different thermal history which leads to anisotropic mechanical prop-
erties, and different surface texture (finish) [52,65]. The ratio between
hatch spacing and spot size plays a major role on the process stability
that affects the quality of the LPBF products [66]. As a result of opting
smaller hatch spacing, a continuous and thin layer is formed due to heat
accumulation and slow cooling process in a molten melt pool [67]. In
contrast, fully dense, good quality LPBF products were produced even
with the selection of large hatch spacing combined with unusually high
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Fig. 7. A detailed process design parameter(s) of the LPBF process.

energy density and increased processing scan speeds [68]. To attain the
process stability and good quality LPBF products, it is recommended to
choose the average hatch spacing to spot size ratio between 0.6 and 1.5
[69]. Lower energy input or larger layer thickness causes insufficient
energy input penetration (to achieve effective overlap) between the melt
track layers that lead to the formation of lack of fusion (LOF) or
incomplete fusion hole defects [70,71]. Similarly, at a relatively of lower
scan speed and at a fixed or higher laser power, the energy input is high
resulting in higher thermal stresses and keyhole porosity defects
[71,72]. The higher energy input induces greater temperature gradient,
combined with the larger thermal residual stresses frequently causes
thermal cracks [73,74]. Conversely, at a relatively lower laser power
and at a higher scan speed, the supplied low energy input is not suffi-
cient to completely melt the surrounding powder particles (by wetting)
leading to the formation of balling defect [75].

It is also evident that higher energy density reduces product
dimensional accuracy, making it difficult for process optimization,
which may lead to compromise between the specimen dimensionality
and defects [76]. From the already published work, adopting higher
layer thickness resulted in an decrease in relative density. Consequently,
a combination of LPBF layer thickness along with the scan speed in-
fluences the microhardness [77-79]. Selection of layer thickness more
than 0.1 mm will lead to staircase defects on curved and inclined LPBF
built surfaces [80]. In addition to conducting physical experiments,
computational modelling of the LPBF process is extremely important to
optimize the process parameters. These models are also helpful to pre-
dict the complex temperature field of molten melt pool, development of
microstructure, residual stresses, distortion, warping and etc. Some of
the researchers attempted to correlate experimental and modelling re-
sults of LPBF fabricated steels [81-83]. Childs et al. investigated the link
between range of laser powers and scan speeds with respect to the
formed melt tracks through experiments and modelling of LPBF of M2
tool steel, H13 tool steel, and 314S-HC stainless steels [81,82]. From
their research it was clearly shown that, a perfect combination of higher
laser power with the lower scanning speed is necessary to achieve stable
the melt tracks, as these stable melt tracks are beneficial to manufacture
fully dense LPBF parts. Badrossamay et al. studied LPBF process of M2
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tool steel and 316L stainless steel through experiments and simulation.
Their results revealed that the thermal history of the LPBF process was
responsible in ascertaining the amount of melt under the laser fluence.
Also, simulation result suggested that the laser absorbtivity may in-
crease with increase in the scan speed. The maximum power and scan-
ning speeds used were 200 W and 0.5 mm/s respectively [83]. Li et al.
developed a practical multiscale modelling for instant prediction of
LPBF steel part distortion [84]. Equivalent heat source was developed by
micro-scale laser scan model, local residual stress field was predicted in
meso-scale layer hatch model, and finally residual stress model was
utilized to predict the part distortion and residual stress in macro-scale
part model [84]. Contuzzi et al. evaluated the influence of LPBF process
parameters on temperature distribution in a three dimensional model.
The simulated results showed good agreement with the real dimension
of the melted zone. It was concluded that their simulated model could be
used to optimize LPBF of steel process parameters; to predict the
bonding between the melt tracks, and to characterize the best building
strategy [85]. Peng et al. developed the energy demand model to
manufacture the LPBF steel parts (free from porosities) using critical
parameters (laser power, scan speed, layer thickness and hatch spacing).
The authors reported that the higher power with higher scan speeds
results in a relatively thicker layer with stable molten melt pools,
thereby producing high densely parts. Hatch spacing could be selected
based on the actual molten pool. They suggested that this combination
effectively reduced energy density, and the corresponding energy de-
mand [86]. Further details about various LPBF modelling methods are
presented in relevant subsection 2.4.

LPBF research on different types of steels and iron-based alloys have
been carried out mainly to examine the appropriate processing param-
eters that are suitable to achieve fully dense high quality components
and their resultant microstructure. However, the major concern is pro-
cess insight and manipulation of exact role of (each parameter or com-
bination of) process parameters on physical and mechanical behaviours,
and thus compliance with the industrial standards of engineering parts
fabricated through LPBF process is not well established. Ascertaining the
mechanical properties and surface roughness which are influenced by
the process design parameters is also very important that can be helpful
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to predict the quality and service of the LPBF components [87]. The use
of non-optimized LPBF process parameters contribute to poor mechan-
ical properties due to the formation of various metallurgical defects.
Mechanically sound products with relatively high density, refined
microstructure, and good surface quality can be produced by choosing a
suitable combination of optimal process parameters [69]. Further crit-
ical review on linking crucial LPBF parameters with the resultant
microstructure, metallurgical defects and mechanical performance have
been discussed in the following Sections 3 and 4.

In addition to the most critical LPBF process parameters, metal
powder features (particles size and grain distribution, packing density)
plays a significant role in determining the final part quality. A decent
amount of research has been carried out in this domain [61,88-91].
Spierings et al. investigated the impact of three different particle size
distributions (PSD), and different layer thickness on the surface quality
and mechanical properties of LPBF stainless steels. It was found that the
smaller steel powders with PSD D5 of 15.2 pm and 28.26 pm needed a
lesser heat input to achieve 99%-part density than that of the powders
with PSD Dsg of 37.70 um [61]. It was attributed to the smaller particles
that are easily melted, however, the bigger particles are helpful in un-
dergoing higher elongation before failure. Authors concluded that the
PSD not only affects the part density but also affect the surface quality
and mechanical properties [61]. Similar kind of results were reported by
Liu et al. [89]. They confirmed that the smaller powder particles dis-
played better flowability resulting in higher density, good surface
quality and better strength and hardness [89]. Azizi et al. examined the
powder recycling implications on powder characteristics by the virtue of
size, distribution, flowability and density measurements [90]. The au-
thors reported only difference in the flowability between the virgin and
recycled powders, whereas rest of the characteristics like PSD, phase
homogeneity and chemical composition remained unchanged [90]. Coe
et al. most recently inspected the single mode and bimodal PSD of LPBF
of stainless steels with wide range of energy densities. It is worth noting
that bimodal powder with PSD D5y, of 36.31 pm provided slightly higher
(2%) tap density than the single mode spherical powders. In addition,
bimodal powders utilized higher laser power (>203 W) to reach 99%
relative density. Also, as-built bi-modal powders parts showed margin-
ally higher hardness. However, bimodal powders displayed poor flow-
ability [91].

As in the case of LPBF processed steels; various steel and iron-based
powders are used as precursor materials, however, there are still lot of
uncertain bases which need to be addressed. For example, what is the
ideal or universal powder grain size distribution that is best suited for
different LPBF processing windows with respect to different types of
steel powders. The correlation between the universality of various steels
powder characteristics and the processing envelope to achieve highly
dense parts, possessing outstanding mechanical properties and excellent
surface quality is one of intriguing area that definitely need to be
explored.

2. Thermo physical phenomena of laser powder bed fusion
process

LPBF process generally undergoes a highly complex phenomena,
governed by the kinetics and thermodynamic mechanisms that occur at
different spatial and temporal time scales. The important thermophys-
ical phenomena that take place within the powder-bed, inside the
molten melt pool and in the solidified phase of a typical LPBF process is
explained in the following three subsections (Sections 2.1-2.3).

2.1. Thermo physical phenomena during the laser-powder bed interaction

The focused laser beam irradiates the surface of the powder bed,
leading to the formation of more complex heterogeneous heat transfer
phenomena such as powder-bed radiation (between laser beam and the
power particles), convection (between the powder bed and the
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environment), and finally heat conduction (between the powder bed and
building substrate, and/or inside the powder bed) (see Fig. 8a) [92],
depending upon various physical, and optical properties of the mate-
rials. The focused laser beam absorption is governed by multiple re-
flections off the oblique surface particles through pores, then it is
penetrated and further scattered into a greater depth which can some-
times reach the range of the powder bed layer thickness as shown in the
Fig. 8b [93-95]. The photon energy is converted into thermal energy
which is dissipated across the powder bed.

The spatial power density distribution of incident laser beam on the
powder bed is generally assumed to follow Gaussian distribution, with
the associated 2¢ (standard deviation) value usually being taken as the
laser beam spot size. Typical laser spot diameters vary from 25 to 100
pm with the layer thickness lies between 25 and 50 pm depending on the
powder morphology and the build material [48]. The choice of lasers
depends on the absorptivity of the powder materials [96]. For example;
polymers, ceramics, and metal oxides are usually inclined towards the
use of continuous CO» lasers with a wavelength 10.6 pm, whereas other
continuous fibre-lasers (Nd:YAG) with a wavelength:1.1 pm is normally
used for processing the metals. In general, the nominal laser power and
the laser scan velocities are in the range of P ~ 50-1000 W, and v ~
0.1-3 m/s [97]. The number of factors that influences the overall ab-
sorption and local energy distribution includes laser power, wavelength,
polarization, angle of incidence, powder temperature, surface rough-
ness, surface oxidation and inclusions/impurities [88,98].

2.2. Thermo physical phenomena within the molten melt pool

As soon as the focused laser beam strikes the local positions on the
powder surface, the melting temperature is reached and the laser beam
instantly melts the powder causing phase transition from solid to liquid
droplets leading to the formation of a molten melt pool, (ideally) with a
continuous melt track. The formed molten melt pool undergoes very
complex physical phenomena driven by buoyancy, gravity, surface
tension and capillary forces, due to high thermal gradients induced by
the high velocity laser beam onto the metal powders [99]. The transfer
of heat within the molten melt pool is dominated by thermo-capillary-
convection or Marangoni convection which drives the molten liquid
metal from the hotter laser spot to the cold rear, (see Fig. 9) influenced
by the temperature dependent surface tension [99,100], and particle
accumulated structure (PAS) formation mechanism [60]. Surface ten-
sion, capillary forces, wetting behavior, as well as inertia effects are
considered as the primary driving forces [101-103]. Viscousity and
gravity forces are considered as secondary effects that influence the melt
pool kinetics, thermodynamics, geometry as well as the surrounding
powder morphology by attracting or rejecting individual powder grains
[102]. The interaction of both primary and secondary forces would
decide the stability and the final geometry of melt track. The shape of the
molten melt pools are generally controlled by the surface tension and
capillary flow, and thus it can be controlled by adjusting the laser pro-
cessing parameters [104]. Formation of the molten metal pool is
considered as the first point of solidification microstructure.

2.3. Thermo physical phenomena within the solidified phase

Metallurgical microstructure is instantly established when the so-
lidification of molten melt pool begins. The solidified microstructure
determines the macroscopic properties of the final LPBF built product.
The phase transformation of the solidified microstructure is distin-
guished by the grain morphology and grain texture which are influenced
by the prevalent spatial temperature gradients, cooling rates, as well as
the velocity of the solidification front [106]. The solidification process in
LPBF process are classified into two regions; the first region consists of
the temperature field which is in direct contact with the laser beam
(fusion zone), and the heat affected zone (HAZ) [107]. The first region
undergoes highly complex kinetic and thermodynamic mechanisms
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within the molten melt pool with all the individual physical phenomena
as explained in the previous sections. These distinct non-equilibrium
condition during LPBF process results in formation of fine grain meta-
stable microstructures [60], and compositions of the resulting phases,
typically give rise to superior mechanical properties [108-110]. In the
second region (HAZ), the thermal evolution is predominant in already
deposited layers, located below the current layer and further away from
the laser heat source which are exposed to prolonged repeated heating
and cooling cycles resulting in solid phase transformations and grain
coarsening [109-112].

2.4. Summary of relevant studies on thermophysical phenomena of LPBF
process of steels

Based on the available literature, there are three kinds of computa-
tional models namely analytical models, empirical models and numer-
ical models. Analytical models focus on the physics side of the process,
and they tend to be beneficial to optimize process parameters. These
models require high computation time to capture the complex thermo-
physical phenomena of the molten melt pool. Analytical methods are
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accountable to model the part of process physics with different predic-
tion accuracy, they do not incorporate the multi-physics, and thus are
less effective since more complex physics is involved during LPBF pro-
cess. Fathi et al. studied a mathematical model accustoming a parabolic
equation to build the molten melt pool's top surface during laser powder
deposition [113]. The temperature distribution inside the clad and
substrate was acquired by solving the heat conduction equation based
on an infinitely fast-moving laser heat source. This model enabled to the
predict molten melt pool depth, temperature field and the dilution as a
function of clad height and width [113]. Mirkoohi et al. investigated a
three-dimensional (3D) semi-elliptical model with moving heat source
approach to predict the in-process temperature profile inside LPBF
processed part [114]. The authors further studied the effect of time
spacing (laser pulse), the impact of number of scans and hatch spacing
on the thermal properties and the molten melt pool geometry. From this
analytical model, few details were considered to predict the geometry of
the molten melt pool more precisely and realistically [114]. Lee et al.
developed a novel hybrid heat source model to predict and analyse melt
pool characteristics including molten melt pool dimensions and melting
modes of LPBF processed steels [115]. This formulated hybrid model
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considered different absorption mechanisms for the porous and dense-
state materials, and an effective absorptivity was employed to analyse
melting mode transitions [115].

Empirical models are more case sensitive, but are time-efficient
compared to numerical models. Numerical modelling method in LPBF
process draws great research interest in both academia and industry
fraternity. Numerical methods are used to simulate the laser interaction
with powder particles, molten melt pool formation and the thermal
stress field distributions in LPBF process [116-121]. Numerical methods
in LPBF process are categorised as microscopic, mesoscopic, and
macroscopic scale models. As the name indicates microscopic models
usually deals with thermo-mechanical phenomena that takes place in
microscopic level such as energy absorption, heat conduction, convec-
tion, radiation, thermo capillary effects, Marangoni effect and recoil
pressure [116]. Additionally, microscopic models also comprised of
stable/unstable phase transformations, microstructure evolution
involving size, shape and the orientation of resultant grains in the
molten melt pool. Ninpetch et al. developed a power scale computa-
tional fluid dynamics (CFD) model to study the thermal behavior,
molten metal pool flow characteristics of LPBF processed steel, and also
to analyse the influence of laser power, scan speed on the melt track
formation [116]. It was revealed from the results that CFD model could
be used to describe the complex thermophysical phenomena like heat
transfer and molten melt pool characteristics, along with the laser scan
track width and depth entity [116]. Lindroos et al. formulated a novel
thermomechanical crystal plasticity model which demonstrated the
microscale level structure evolution, residual stresses, and the strains in
a single track LPBF processed H13 steels [117]. Their model effectively
addressed the microscale residual stress anomalies that depend on
molten melt pool thermal, and microstructural evolution, phase trans-
formations and the interplay with the surrounding matrix of H13 steel. It
was concluded this microscale model was exceptionally robust in pre-
dicting microstructural residual stresses and the deformation [117].
Mesoscale models are generally utilized to address the solitary grain and
the complex thermo-hydrodynamic phenomena of molten melt pool
during LPBF process. These types of models are helpful to study the
bonding properties between the successive melt track layers, which
determines the formation of process related metallurgical defects,
responsible for the surface quality of the final part. L. Cao simulated
mesoscale multi-layer multi path forming process to predict the molten
melt pool behavior dynamics of LPBF built steel. Impact of three scan
strategies on grain orientation, porosities and the surface morphology
were investigated and compared with the experimental results [118]. It
was found that the grain orientation of current formed layer of the first
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scan strategy and the third scan strategy was almost same as that of
already formed layer, however, the reported grain orientation of current
formed layer under the second scan strategy was significantly different
from that of already formed layer. Additionally, they reported porosities
and the surface morphology in scan strategy three was lower than the
other two scan strategies [118]. Lie et al. developed a new ray tracing
heat source 3D mesoscale simulation for LPBF processing of steels [119].
The simulated model analysed the laser interactions with the powder
bed, considering the multiple laser reflections from the surface of the
steel powder. It was found that the proposed ray tracing heat source
model was able to simulate the laser heating process of LPBF process
better than the conventional one. In addition, this model was successful
in identifying the local defects such as balling [119]. Macroscopic
models mainly focus on simulating the whole fabrication of LPBF parts.
Macroscopic models are accountable for predicting the spatial temper-
ature distributions, residual stresses, distortion, warping of LPBFed
parts. Li et al. developed a geometry scalable predictive model across the
microscale laser scan, mesoscale layer hatch and the macroscale part
build-up to quickly predict the residual stresses and distortion with
respect to different scanning strategies [122]. The model predictions
were validated by experimental data, it was found that the geometry
scalability law in context of layer thickness is achievable for the complex
part geometries to predict the residual stresses and distortion without
compromising the accuracy. The authors concluded that adapting
orthogonal scanning pattern between the two adjacent layers was
beneficial to reduce the residual stresses and distortion [122]. Shiomi
et al. studied the distribution of residual stress model, and proposed base
plate pre-heating, stress reliving heat treatment and laser re-scanning
methods to reduce the residual stress formed during LPBF processing
of steel [123]. Li et al. evaluated finite element analysis (FEA) model to
predict the transient thermal stress field, and optimize LPBF process
parameters to analyse these impact on residual stresses and deformation
[124]. This FEA predictive numerical model could be used as an effec-
tive tool for the parametric study of LPBF process parameters, residual
stresses and deformation [124]. Altogether, multi-scale computational
models are therefore considered as the basic reliable tools to understand
the complex thermophysical phenomena that occur in LPBF process.
Concurrently, these basic reliable tools could serve as predecessor to
design physical experiments.

For further information related to computational modelling methods
in context of LPBF process of steels; interested readers are requested to
refer these articles [125-129]. Overall, publications on modelling
studies of LPBF process are abundantly available, however, the research
specific to the simulation of LPBF process of steels and iron-based alloys
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are limited.

2.5. Solidification theory of laser powder bed fusion process

To understand the formation of microstructure and property evolu-
tion of LPBF processed parts, it is crucial to ascertain solidification
theory and the associated thermal behavior.

During conventional welding or similar processes, nucleation begins
at existing base-metal grains in the fusion line which act as a substrate,
and these grains grow towards the centre of the weld by epitaxial growth
(see Fig. 10). Since the molten melt pool is in intimate contact with the
base-metal grains, it (molten melt pool) completely wets these base-
metal grains [130]. Homogeneous nucleation typically requires larger
time scales which is unachievable in LPBF process. Nucleation is
commonly initiated at the solid-liquid interface between the base metal
grains surface and liquid metal pool [131,132]. The solidification
commences at the molten melt pool boundary and directed towards the
centre of the melt pool itself [133]. LPBF process induces heterogeneous
nucleation at the molten pool boundary, and epitaxy grains growth with
columnar solidification front. These grains grow randomly in the di-
rection perpendicular to the molten melt pool boundary, and along the
maximum temperature gradient, that facilitates the maximum heat
extraction and the highest degree of undercooling [134-136]. As a result
of epitaxial nucleation, columnar dendrites or cells within each grain
tends to grow in preferred crystallographic direction (100) [137]. This is
the conducive crystal growth direction or commonly observed solidifi-
cation texture for cubic crystals including face-centred cubic (FCC), and
body-centred cubic (BCC) metals [130,138]. The crystallographic
orientation mainly depends on the scan strategies [131]. The growth of
columnar grains in LPBF process of steels with a strong texture of (100)
preferentially aligned to the build direction (Z-axis) [138,140].

It is well established that directional solidification microstructure of
metal alloys is determined by the effect of two apparent parameters:
temperature gradient at the solid-liquid interface “G”, and growth rate
of the solidifying front (or solidification rate) “R” (see Fig. 11). G and R
dominate the solidification microstructure together [137]. The ratio
between temperature gradient and growth rate (G/R) decides the
morphology of the solidified grains, while the product of these two
quantities (G*R) determines the cooling rate of the material within the
solidification interval and therefore controls the size of the resulting
microstructure [130,137]. The fast cooling and rapid solidification of
the molten melt pool in LPBF process primarily depend on the energy
density, and the scan velocity [141-143]. As shown in Fig. 11, the
microstructure evolution by solidification undergoes a morphological
transformation from the planar front to the equiaxed dendrites as the

Substrate/base plate

I Crystal/grain
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1
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degree of constitutional supercooling increases [144,145].

The constitutional supercooling region does not exist in planar
microstructure, as the temperature gradient G, at the front of solid-
liquid (S/L) interface is relatively high, but the actual temperature in
liquid phase is higher than the liquidus temperature (Ty) (see Fig. 12a).
The embryos advancing are re-melted by the molten melt pool causing
smooth interface without any solute segregation in grains. Due to the
low temperature gradient G, of the liquidus phase, constitutional
supercooling region is apparent, resulting in cellular microstructure.
Numerous small, equidistant, and prismatic grains with hexagonal cross-
section are formed at S/L interface which extends into the supercooled
liquid due to unstable state of planar crystal interface (Fig. 12b)
[145,146]. The constituent (solute) is rejected towards the lateral sub-
grain boundaries, as the corresponding Tj, of sub-grain boundary de-
creases. When temperature gradient G is further decreased, already
formed cellular crystalline microstructure penetrates deep inside the
liquid for a prolonged depth, also results in constitutional supercooling
in transverse direction (Fig. 12c). The coexistence of columnar or
equiaxed dendrites, along with the liquid phase in a sensitive region is
called as mushy zone [146]. It is quite appealing to notice that a very
high degree of constitutional supercooling in this mushy zone (Fig. 12d).
This phenomenon is attributed to temperature gradient, crystallization
rate, and the Gaussian distribution of the laser energy, as well as dis-
tribution of the supercooling of the molten melt pool in different zones
[147]. Hence, the formation of different types of grains is expected in the
solidified microstructure [148,149]. Further information about the so-
lidification theory of LPBF process can be referred to [150,151].

It is evident that laser power, scanning velocity, and different
building directions affects the grain features of LPBF built parts. Elon-
gated grains (Fig. 13a) are prevalent in the building direction, while the
equiaxed grains are apparent in the transverse direction (see Fig. 13b)
[152]. The faster cooling rate sometimes affect the sub-structure grain
boundary formation, resulting higher hardness and wear resistance due
to evenly distributed fine dendrites on a surface [153,154].

3. Formation of metallurgical defects and their potential control
methods

Formation of metallurgical defects such as; balling, porosities, key-
holes, cracks, metal inclusions, residual stresses, warping, de-
lamination, oxidation, loss of alloying elements, denudation etc., and
surface asperities namely; staircase effect, partially-melted/un-melted
particles, spatters, re-entrant features [155] etc., are commonly
observed during metal LPBF process (see Fig. 14). Incorrect selection of
process parameters would likely introduce inevitable metallurgical

\
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Fig. 10. Schematic illustration of epitaxial growth in LPBF process, similar to conventional welding [130].
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defects and surface asperities into LPBF fabricated part, which causes
adverse effect on the resultant microstructure, surface texture, physical
and mechanical properties [156].

3.1. Balling

Balling phenomenon is described by the Plateau-Rayleigh capillary
instability, which occurs when the deposited melt track sometimes tends
to break up into half-cylindrical shape or into spherical balls [157]. This
phenomenon depends on the process variables such as scanning speed,
surface tension, viscosity and density of the materials deposited [158].
Balling phenomena is one of the critical surface defects which is
considered as the severe processing defect in LPBF process [159]. Sur-
face tension and wettability have a greater impact on the formation of
molten melt pool. The combination of surface tension and capillary
forces drive the molten pool to shrink into its lower surface energy state
(a sphere), when coalescence of individual melt tracks is in poor contact
with underlying substrate results in the formation of balling defect
[157]. In other words, balling defect can also occur when the liquid
phase present along the surface and grain boundaries of molten melt
pool fails to completely wet the remaining solid particles and the un-
derlying substrate due to the presence of surface impurity [103]. The
balling defect leads to pores, higher surface roughness, reduced density,
causes lack of fusion between the powder particles/layers, imparts
irregular melt tracks, and in some extreme conditions causes obstruction
to the deposition process [159]. Severe balling phenomenon on a certain
melt track layer inevitably leads to the formation of humping or ripple
effect [160]. These ripples can carry forward onto the next layer
resulting in lack of coalescence between the layers causing poor
metallurgical bonding, and induce low part density. Ripple defect
contribute to stacking of materials that can have serious impact on the
surface quality of the scan track resulting in poor surface roughness of
LPBF built 316L stainless steels [160].

When the laser beam incident on the powder bed, melting starts
instantly at the local positions of powder particles surface. The phase
transition from solid to the liquid molten ‘cluster’ is formed between the
surrounding powder particles, causing reduction in surface area that
gives rise to agglomeration. The selected laser spot size is usually bigger
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than the (starting) particles size. As the powder particles are melted
together, smaller agglomerates gradually grow and are bound to form
significantly bigger agglomerates (coarsening). As this process con-
tinues, a further reduction in surface tension of the molten melt pool
tends to form a ball-shaped structures (balling). The dimensions of these
formed balling structures are several times bigger than the original
particle size (see Fig. 15) [159].

High surface tension and viscosity are the two important hydrody-
namic forces that enhance balling initiation. Higher laser energy density
induces more heat to form a bigger geometry molten melt pool and a
wider region of contact with the substrate. The bigger and wider molten
melt pool decreases the viscosity and increases the liquid metal flow-
ability (wettability) thereby, limiting the tendency of balling (see
Fig. 16) [161]. However, employing extreme laser power and scan ve-
locity give rise to various detrimental effects. Excess heat input causes
vaporization by over-heating the molten melt pool. As shown in Fig. 17a
& b, intense vaporization is generally observed at the top surface of the
molten melt pool due to Gaussian beam heating and the highest recoil
pressure right underneath the laser beam. The combination of excessive
heating and the higher recoil pressure lead to the ejection of metal
vapour jet plume in the form of hot spatters, un-melted powder particles
that converted into powder splashes [158]. Laser re-melting can be
employed on each of the fully molten metal layer to enhance the
microstructure, thereby overcoming balling phenomena. Laser re-
melting is also helpful to minimize the spatters by rewetting the sub-
strate at the expense of longer production times [162,163].

Similarly, preheating the base plate can improve the flowability
between liquid metal and the substrate that results in the formation of a
better metallurgical bond, and subsequently reduces the (balling)
contraction effect arising from surface tension [164]. Nevertheless,
excessive preheating chamber temperature causes droplet spatters
which again lead to the formation cluster of partially melted powders
obstructing the molten melt pool wettability. The preheating tempera-
ture during LPBF process of steels ranges from 80 to 900 °C [165].

3.2. Porosity

The degree of metal powders compactness is generally low. In
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Fig. 13. Electron backscattered diffraction (EBSD) images of (a) elongated grains in the build direction and (b) equiaxed grains in the transverse direction [24].

addition, existing gas in the powder particles can easily diffuse into
molten melt pool which cannot escape out of the molten melt pool
surface due to rapid cooling and solidification. Thus, porosity is formed
in LPBF fabricated steel parts [167]. Conversely, the gas solubility in
liquid metal is commonly high at elevated temperatures which also
contribute to the formation of pores. The porosity defects in LPBF pro-
cess could be classified into incomplete fusion holes, keyhole/or

386

depression defect and voids [167-170].

Incomplete fusion holes are related to insufficient energy input that
fails to completely melt the metal powders and inadequate penetration
of liquid metal into previously solidified layer causing poor metallur-
gical bonding [171]. The lack of fusion defects can range up to a few
hundreds of microns which basically are irregular in shape, and are
commonly formed at the melt track layers interface. If the supplied heat
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Fig. 15. Schematic illustration of balling phenomena [159].

input is low, then the formed width of the molten pool becomes too
small. The less wider molten melt pool lead to an insufficient overlap
between the melt tracks. This insufficient overlap gives rise to the for-
mation of un-melted powders at melt tracks interface (Fig. 18a & b). Asa
result of incomplete fusion holes, the surface of this location becomes
rough which directly obstructs the flow of molten pool causing inter-
layer defects. These interlayer defects gradually propagate as the process
continues, finally to form a multi-layer defect [167,168].

The keyhole pores are usually spherical (Fig. 18c & f) in shape caused
by the gas bubbles trapped inside the powder particles in the powder
mass. The keyhole pores are also attributed to very high laser energy
density [31], which leads to the vaporization of low melting point ele-
ments within the alloy in the form of gas bubbles. The vapour bubbles
can be trapped by fast moving laser beam and sometimes be easily
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dragged to the bottom of the molten melt pool by convective currents.
The fast solidification rate does not allow these gas bubbles to arise and
escape from the molten melt pool [172,173]. The spherical pores are
formed due to trapped gases inside the powders during the powder at-
omization process or inside the molten pool during LPBF processes. In
some cases, keyhole pore is also referred as depression defect that can
exist at the end of a melt track with a width almost equal to the laser spot
size (Fig. 18e) [169-171]. End-hole is ascribed to very high scan ve-
locities, where laser irradiation time is not sufficient for a deep keyhole
formation, instead, an open pore is created at the end of the melt track
surface. End hole pore is usually induced by the dominant downward
recoil pressure that is exponentially dependent on the temperature of the
molten melt pool region which is directly under the laser beam
[169,174].

Void formation is not entirely limited to low laser energy input.
Perhaps, it also depends on the stability of the melt track. Voids could be
either trapped gas pores, lack-of fusion holes or keyhole pore induced
porosities [158]. Voids are characterized by inside layered morphology
associated to molten melt pool boundaries (Fig. 18d). Void defects
normally originate from the higher residual stresses generated by the
rapid cooling of the molten melt pool, also sometimes could nurture the
formation of cracks along the melt pool boundaries, leading to final
segregation and void formation [167]. There is a strong possibility of
voids or open porosity to occur at a higher scanning speeds due to
inability of the liquid metal flow to completely fill the surrounding area,
where the shielding gas is originally present (see Fig. 19). Insufficient
filling of the neighbouring gaseous region and rapid cooling rates leads
to the generation of voids or open porosity of several hundreds of mi-
crons at the surface and distributed along the overlapping gaps [173].

Porosities can lead to serious metallurgical defects, yield lower part
density, and adversely affect the surface texture and mechanical per-
formance of LPBF fabricated steels. The strategies used to suppress
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balling are equally applicable to limit the porosities. For example, sub-
strate preheating, [176] and employing laser re-melting reduces
porosity. Selection of adequate process parameters that produce suffi-
cient liquid metal and the larger molten metal pool lifetime is considered
to be beneficial to eliminate the surrounding gas pores (region) during
LPBF process.

3.3. Residual stress and cracking

Residual stress is a characteristic of the thermal manufacturing
processes, and parts produced by LPBF process are especially vulnerable
to residual stresses. Residual stresses can also lead to the formation of
various building defects associated with LPBF parts failure [177].
Higher temperature gradients and densification ratio which are attrib-
uted to the LPBF process, tend to create higher residual stresses. High
thermal stresses cause surface defects and porosity that normally occur
around the melt pool. In extreme cases, higher residual stresses results in
part distortion, shrinkage, cracking, warping and delamination of LPBF
produced part from its support structures. As a result of this, resultant
mechanical properties, part density, dimensional accuracy of LPBF parts
tends to be substantially compromised [84,153,177].

Thermal stresses generally occur from the temperature gradient or
the solidification-induced shrinkage of adjacent laser melted zones in
solidified material, thereby a decrease in thermal stresses would also
result in a decreased residual stresses. Thermal stresses are mainly
responsible for cracking. Based on the expansion behavior of the ma-
terial heating or cooling, thermal stresses formed during LPBF process
are classified into (i) temperature gradient mechanism (TGM) in the
solid substrate (ii) cool-down phase of the melted top layers [178]. In the
first case, the top layers of the solid substrate expand thermally when it
experiences the high thermal energy gradients induced by the laser
beam. The thermal expansion is restricted by the colder underlying so-
lidified layers. This induces elastic compressive stresses in the top layers
of the substrate. The thermal expansion may exceed the yield stress of
the material and upend the plastic deformation of top layers in the di-
rection of the laser energy source (Fig. 20a). However, when it reaches
the yield stress point, the compressive stresses in the material causes
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first layer of stainless-steel grade 316L [161].

plastic deformation of the top layers. As the plastically deformed layers
cool down, printed material layer contracts and bend in the opposite
direction (see Fig. 20b). As a result, the compressive stresses are con-
verted into residual tensile stresses that induce cracking in the LPBF
processed parts [178]. In the second case, already melted upper layer
temperature is higher at the beginning as compared to the underlying
layer. When the molten melt pool is cooled and solidified, upper layer
tends to shrink to a greater extent due to thermal contraction. Although,
this deformation is again inhibited by the underlying colder layers.
Thus, tensile stresses are introduced in the upper layer and the
compressive stresses in the bottom layers [178-180]. Due to the
complexity of LPBF process and the difficulty in experimental mea-
surement, finite element simulation methods are commonly used to
predict the distribution and evolution of residual stresses [84].

Cracking in LPBF process can be divided into solidification cracking
and liquation cracking (Fig. 21a & b). Solidification cracking occurs in
the terminal stages of the solidification when dendrites have almost fully
grown into equiaxed grains, which are separated by a small residual
liquid strip in the form of grain-boundary films in mushy zone. At this
point, molten melt pool can be rather weak and thus susceptible to the
cracking under tensile stresses. In simple terms, solidification cracking
occurs inside molten melt pool or in fusion zone [181], when the liquid
flowability is limited by the increased viscosity at a lower temperature,
and the inter-dendritic liquid flow is obstructed by the solidified
dendrite arms. Solidification cracking occurs when the localized tensile
stresses developed across the adjoining grains overpower the ultimate
tensile strength (UTS) of the completely solidified material at a certain
point and temperature [182]. It is found that the effect of solidification
cracking on the final clad properties is unaccountable as it commonly
occurs at the top deposit surface. Solidification cracking can be elimi-
nated by adopting laser re-melting or by machining. Liquation cracking
needs to be carefully monitored as it remains in heat affected zone once
it is formed [183].

Liquation cracking initiates from the weaker region, i.e. partially
melted zone or at the heat affected zone (HAZ) in pre-layers, propa-
gating through the intergranular region with the further deposition
proceeding layer by layer [184]. Liquation cracking is also called as hot
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Fig. 17. Schematic illustration of spatters formation (a) hot/droplet spatter and (b) powder spatter [166].

cracking, mostly occur in alloys with high contents of alloying elements.
These alloys precipitate several low-melting eutectics in HAZ and
intersection regions between the layers that are re-melted above the
eutectic temperature (solidus temperature) [130]. Once a liquation
crack is formed, it becomes an initiation site for the crack propagation
and crack gradually expands as the deposition progresses. Liquation
cracking tendency depends greatly on the grain boundary misorienta-
tion, that is influenced by the stability of liquation films and local stress
concentration [184].

Ductility-dip-cracking (DDC) is a key mechanism of crack initiation/
formation in the presence of high angle grain boundaries in LPBF pro-
cess. It occurs at a modest temperature where ductility and tensile
properties are relatively low [185]. Due to lack of diffusion in a non-
equilibrium rapid solidification process, the solidus and liquidus tem-
peratures decrease, and the temperature range of solidification becomes
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wider initiating DDC in LPBF process [186].

The faster melting and solidifying rates in LPBF process results in
tensile residual stresses because the localized high laser energy input,
coupled with the lower thermal conductivity of the powder particles
[136]. A higher temperature gradient is developed right next to the laser
spot. Comparing austenitic SS and low-carbon steels, the former is more
susceptible to solidification cracking than the later one because of their
lower thermal conduction and higher thermal expansion coefficients.
Furthermore, some of the alloying impurities, like Sulphur (S), phos-
phorous (P), and silicon (Si), have a serious impact on cracking in SS
materials. The cracking sensitivity can be reduced by decreasing S + P +
Si content. It is also interesting to note that a considerable amount of
nitrogen value is detrimental to the solidification cracking of stainless
steels [187]. The high carbon steels usually composed of a continuous
martensite phase, whereas in SS, a continuous phase is often in the form
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Fig. 18. SEM images of porosity defects observed in 316L LPBF samples: (a) low and (b) high magnification of insufficient fusion defect; (c) gas pore; (d) void/cavity
defect; [1671, (e) end-of track hole [175]. (f) An array keyhole pores at the bottom of melt tracks [169].

of retained austenite, that helps in preventing from cracking. An extreme
cracking in M2 (medium-alloyed tungsten molybdenum steel) and H13
tool steels can be prevented by preheating partially or fully. The pre-
heating becomes beneficial to suppress martensite formation. Rapid
solidification generally results in the formation of finer microstructure;
however, it is not sufficient to curb the segregation. But a low melting
phase is sufficiently non-uniform to avoid segregation and cracking. This
type of cracking is observed generally in high copper alloy 17-4 PH SS
[188]. Similar cracking has also been observed in high silicon steel
which was influenced by higher laser energy input [136].

In order to control the thermal stresses and cracking, the following
necessary steps can be adapted. Higher heat input results in the for-
mation of higher thermal residual stresses that causes cracking. Hence,
the formation of cracks also depends on the selection of optimum range
process parameters [182]. The presence of low-melting alloy elements
along the grain boundaries can induce severe grain-boundary liquation
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cracks. Introducing some alloying elements which tend to limit the so-
lidification temperature range can be beneficial to alter the chemical
composition of the molten pool and thereby, preventing from the
cracking [189]. Base plate preheating is the new enhancing tool added
to LPBF process of steels, that aims to lower the thermal gradients,
minimize residual stresses, which in turn results in the fabrication of
higher density parts with superior mechanical and physical properties
[176,180]. Higher cooling rates are generally avoided as they tend to
induce thermal strains and reduce the time available for the liquid metal
to fill the cracks [185].

3.4. Oxidation

The environment of the LPBF processing chamber is very important
to fabricate oxides-free parts. Despite using protective inert environ-
ments and a shielding inert gas flow to limit the oxygen content in the
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Scanning direction

Fig. 19. Scanning electron microscope (SEM) image showing open porosity or
voids [173].

working chamber, there is always a chance of small percentage of un-
wanted oxygen content (~ 0.1-0.2%) present during LPBF process
[190]. This is due to the invisible air filling between the powder parti-
cles. Similar to the conventional metal casting process, sources of oxides
formation in LPBF process arise from oxygen existing in the surrounding
atmosphere entrapped inside the porosity of the powder particles. The
entrapped oxygen being unable to completely vaporized from the sur-
face caused by the extreme intermix irregular strong laser fluence flow
convections of the molten metal pool [190]. Passive oxide films on the
powder's surface before the melting can also be formed due to a large
area being affiliated with a powder mass [191]. Oxygen content present
in the powder could directly be translated into LPBF fabricated specimen
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[192].

Ti30s, AlO3, Cry03, FeoO3, NiCroO4, NiFeyO4 are the common oxide
phases formed during LPBF of maraging steels, stainless steels, and
Inconel 718 metal powders respectively [191,193,194]. Generally,
alloying elements in steels such as Mn, Si, Ti and Al display higher af-
finity to oxygen. These elements can be selectively oxidized on the
surface of LPBF built part [190]. Maraging steel 18Ni(300), Ti and Al
have the highest affinity to oxygen. Oxide phase is generally more stable
than the nitride in the steels molten melt pool. A portion of Ti from the
maraging steel reacts with the nitrogen to form small cubic TiN particles.
TiN is most likely to be formed by higher N5 supply from the atmosphere
(see Fig. 22). In addition, a combined oxide phase containing mainly
Ti3Os and Al;O3 can also be formed. The mechanism of formation of
oxides, nitrides, and carbides is similar to other types of steels. The
formation of nanometer range oxide films can be easily evaporated
during intense stirring action of the molten melt pool by a laser beam,
causing negligible damage to LPBF processed parts. On the other hand,
micrometer range oxides films (10-100 pm) of irregular geometry
formed cannot be completely vaporized by stirring action of the laser
beam and Marangoni flow. The oxide layer can grow thicker with
increasing oxygen content in the atmosphere, at the same time as the
layer re-melting. When re-melting of a new layer begins, the oxide film
formed previously breaks down, and part of this oxide hovers on top of
the newly formed layer, with the rest trapped inside the LPBF fabricated
component. The trapped oxide leads to the formation of oxide inclusion
[194]. The oxide inclusions become a site for some partially melted/un-
melted powders entrapment. The oxide residues can have a substantial
negative impact on heating, melting, and fusion of powder particles,
thereby affecting the stability of the molten melt pool [190]. Thick oxide
inclusions increases the surface tension effects, limit the absorption of
the laser energy and wetting of substrate, obstructs molten pool flow-
ability. These oxide inclusions also result in the formation of
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Fig. 20. Schematic of thermal gradient mechanism of residual stress in LPBF: process (a) heating; (b) cooling [84].
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Fig. 21. Morphology of cracking (a) Liquation and (b) solidification cracking [183].
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Fig. 22. Light optical micrographs at different magnifications of the LPBFed parts built with laser re-melting under technical pure N2 atmosphere. Top (left) and side
views (right) are showing the melt pool shapes and the dark grey oxides containing white parent powder particles (indicated by the white arrows) and yellow TiN
inclusions (indicated by the black arrows) [194]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

metallurgical defects such as balling, insufficient melting between
powder particles, reduces the part densification, induces cracking and
consequently lowering the mechanical properties [191-193]. It is worth
noting that any pickup of moisture from the environment by the feed-
stock powders paves way to the introduction of oxygen content into the
LPBF system [166].

It is well documented in the existing literature that metal powder
characteristics like flowability, tap density, compressibility, grain shape
and the size distributions have significant effect on the final quality of
LPBF built parts [195,196]. Hoeges et al. investigated the impact of
different powder atomization methods on the quality of LPBF processed
maraging steel parts [197]. High-pressure water atomization was used
to produce maraging steel with niobium instead of titanium. Niobium
has a lower affinity to oxygen, which is beneficial in preventing the
formation of stable solid oxides/inclusions, and also optimizes the
flowability of maraging steels [197]. Formation of oxide inclusions due
to the oxide contamination of the powder has been discussed in LPBF
process of 17-4 PH steel [198]. The major issues associated with water
atomized powder characteristics include irregular particle shape, lower
tap densities, and oxidized surfaces. Most of the researchers used gas
atomized powders in the literature.

To minimize oxidation, clean and dry powders must be used, despite
maintaining sufficiently low oxygen partial pressure. However, the
surface oxidation can sometimes become advantageous. An appreciable
increase in absorption of CO; laser radiation on a surface of oxidized
metal powders, compared with normal powders (without oxide growth)
which strongly reflected the 10.6 pm radiation [191]. Formation of
nanometer scale, continuous and thermodynamically stable oxides films
on the surface of 316L, H13, P20 and 18Ni300 steel powders resulted in
improved laser absorptivity [199]. Similarly, formation of secondary
phase nano oxide particles (oxide dispersion strengthened) during LPBF
processing of steels resulted in higher part density, better mechanical
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and physical properties [200,201].

3.5. Loss of alloying elements

In LPBF process and other laser processing technologies, vapor-
ization is basically intense in a small region right underneath the laser
beam where the temperature is high. At a very high laser fluence, the
temperature at the surface of the molten melt pool is higher than the
boiling point of steels, that contributes to vaporization. Vaporization
leads to loss of alloying elements, resulted from the concentration and
pressure gradients. The concentration of vaporized alloying elements on
molten melt pool surface is higher than that inside the shielding gas
[202]. The intensity of vapour pressure at molten melt pool surface is
higher than the surrounding environment pressure, thus the surplus
pressure drives vapours containing alloying elements to eject away from
the surface [202,203]. The vaporization and segregation of alloying
elements change the chemical composition of LPBF processed steels. For
example, nickel, manganese concentrations were significantly reduced,
while the increase in silicon and iron alloying elements concentrations
were recorded during LPBF process of Invar 36 steel [158]. Similarly,
nickel, manganese and chromium alloy concentrations were decreased
with an increase in silicon, molybdenum alloying elements in LPBF
process of 316L stainless steels. This phenomena was attributed to the
concentrations of alloying elements with lower boiling temperatures
decreased, while the concentrations of the other alloying elements with
higher boiling temperatures increased, except the base alloying element
iron [158].

Loss of alloying elements reduces part density, causes microstruc-
tural defects such as keyhole, pores, spatters, voids, cracks, un-melted
tracks and exhibit a lower mechanical performance of LPBF fabricated
parts [20,158]. Hence, minimizing the loss of alloying elements is
considered as an important criterion during the laser parameters
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optimization process. Although the laser energy density is a key process
parameter, scan speed also plays an equally important role in vapor-
ization. Vaporization of alloying the elements can be minimized by
careful selection of laser power and scanning speed.

3.6. Denudation

Powder denudation is the apparent depletion of powder particles
around the solidified melt track (see Fig. 23). In a typical LPBF pro-
cessing environment, the denudation is caused by the intense evapora-
tion of the metal vapour plumes from the molten melt pool. The intense
vaporization causes the pressure to drop inside the vapour plume and
produces an ingoing flow of ambient gas towards the centre of the melt
track known as Bernoulli's effect. This inward ambient gas flow is
enough to sweep in the powder particles along its flow, which can be
included in the molten melt pool or ejected with the vapour plume
[204]. Adopting increased laser power, higher scan speed and atmo-
spheric gas pressure (argon gas) results in higher powder particles
depletion. On the other hand, denudation also occurs if the laser fluence
is not sufficient to completely melt the powder particles, and surface
tension tends to pull the partly melted powder particles into the molten
pool [100]. Powder denudation leads to porosity and accumulation of
un-melted/partially melted particles between the melt track layers
causing rough surface [94].

Careful selection of hatch spacing is also important to refrain from
linear void structures associated with powder denudation effects [205].
Denudation is critical to process optimization; hence, it is always rec-
ommended to identify the suitable process parameters that result in
reduced denudation [204,206].

3.7. Environmental effects

Argon (Ar), Nitrogen (N3), Helium (He) are the three most commonly
used protective shield inert gases during LPBF process. In some cases,
hydrogen (Hy) is also used as a deoxidizer to provide required protective
environments. LPBF processed steel components produced under Ar and
Na environments exhibited near full density values, while the parts
produced under He environment exhibited density around 90% using
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the same processing parameters [207]. The reported lower dense part
produced under He environment can be attributed to the shielding gas
effect. The higher plasma plumes were generated in He environment
above the molten melt pool restricting the laser interaction. He and Hy
environments could block the laser irradiation, resulting in less dense
parts due to the transport of low laser fluence. The formation of higher
plasma plumes is due to low specific gravity. These plumes can some-
times completely obstruct the laser irradiation causing porosity defects
[207]. The lower plasma plumes generated under Ar and N environ-
ments maintain good contact between the laser beam and the metal
powders, which resulted in near full density parts with the values over
99% [207]. However, it is commonly believed that use of Ny can react
with the alloying elements present in the metal powders, forming un-
wanted nitrides in the solidified microstructure that tend to display
detrimental impact on mechanical properties of LPBF fabricated parts.
The difference in the final product densities can be related to the plasma
plumes generated, that obstruct the laser beam. This can be combated by
using Ar as the shielding gas and supplying the sufficient and continuous
energy input, which can overcome the energy losses of metal vapor-
ization and ionization processes [208]. Similarly, employing low at-
mospheric pressure during LPBF process of steels offers less resistance to
metal vapours which causes a large number of free powder spatters
(Fig. 24a). Therefore, strong environment pressure is recommended.
Metal vapours that exist from the surface of the molten pool have to fight
against the strong protective environment, which results in less powder
spatters (Fig. 24b) [203].

3.8. Common issues associated with LPBF process of steels

In addition to the already discussed different process induced
metallurgical defects, there are other most common issues that arise
during LPBF fabricating of steels components are as follows:

1. LPBF process of steels commonly result in the formation of aniso-
tropic microstructure along the build direction, especially orienta-
tion of defects at the interface of build layers, which affect the
elongation and deter the mechanical properties [209].

|

Denudation

T Zone

500 pm

Fig. 23. Confocal height microscope image of denuded zones around melt tracks for different laser power and 2 m/s scan speed [204].
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Fig. 24. X-ray images showing spatter counts for the same powder bed thickness with different environment pressure (a) weak environment pressure (b) strong

environment pressure [203].

2. The chemical composition of the parent steels is going to influence

the crack-susceptibility. Low melting alloy elements such as sulphur

and phosphorous cause solidification cracking, while manganese can
lead to localized depletion, because of its high vapour pressure.

Other alloying elements such as silicon, titanium can cause irregular

porosities.

. Hard and brittle high-carbon martensite is expected to form during
LPBF process of low carbon steels, due to subsequent rapid cooling,
which significantly degrades the mechanical properties.

. LPBF processing of high carbon steels is more difficult than lower
carbon steels, due to the fact that higher residual stresses are induced
during rapid cooling by solidification shrinkage and thermal
contraction. In addition to LPBF process induced residual stresses,
there is higher possibility of forming undesirable (martensite)
microstructure. Combination of martensite and hydrogen promotes
hydrogen cracking.

. The higher carbon content promotes higher hardness levels and
lower toughness and hence a greater susceptibility to hydrogen
cracking in LPBF process of heat treatable low alloy steels.

. The possibility of formation of oxide films and passive carbides on
the powder's surface before melting is greater due to the affiliation
with powder mass in a large area which affects the surface quality of
LPBF fabricated steel parts.

. Formation of large molten melt pool attracts more powder particles
that reduces wettability due to presence of oxides and carbides;
which favours the formation of defects. In addition, larger melt pool
induces higher grains boundaries which becomes a site for liquation
cracking.

. Poor flowability of steels powders can block the spreading of powder
particles, that affects the continuity of layers thickness and induces
surface roughness in LPBF produced part. Exothermic oxidation of
steel powders increases the volume of the molten pool leading to a
high degree of melt track instability and balling defect.

. In a broader view, it is difficult to produce large components for
aerospace, marine, and other industrial applications as the existing
LPBF systems are limited to manufacture small and medium size
parts due to building chamber size constraint (300 mm x 300 mm X
350 mm).

Based on the existing literature on LPBF of different steels, three
LPBF processing windows have been proposed such as the lower pro-
cessing window, higher processing window and finally the optimum
processing window (see Fig. 25). Additionally, impact of the respective
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processing windows on the final part quality is outlined. Laser
power;100-200 W, scan speed; 500-1500 mm/s, layer thickness; 40-60
pm and hatch spacing; 75-100 pm, chamber gas pressure at 0.1 atm,
oxygen content less than 0.1 vol% are deemed to be optimum processing
window parameters, as mostly tend to satisfy all the required constraints
(refined microstructure <1 pm, fewer defects, part density >98%, sur-
face roughness <25 pm, hardness >600 HV, yield strength >750 MPa,
and tensile strength >550 MPa etc.). Selection of these parameters does
not necessarily yield the same results as quoted, concurrently, choosing
parameters outside this range could yield excellent results as univer-
sality of LBPF machines are not defined. It is believed that this proposed
LPBF processing windows gives an overall basic idea (of the role) of most
important parameters on the final part quality, and would also act as
reference while selecting the appropriate or right combination or the
optimized set of process parameters to achieve the superior final part
quality.

4. Microstructure, wear and surface texture characteristics,
mechanical properties of LPBF processed steels

4.1. Microstructure characteristics

Microstructure evolution during LPBF is not trivial. It is impossible to
attribute the microstructure characteristics of a specific type of steel to
all other types of steels. However, it is necessary to understand the
general aspects of microstructure evolution in LPBF process of steels for
further research. Tan et al. studied the microstructure evolution of LPBF
process of maraging steels in both horizontal and vertical planes
[141,210]. The authors noticed a massive submicron sized hexagonal
cellular grains uniformly distributed at the centre, and a needle-shaped
elongated grains prevalent at the boundaries of the melting tracks
(perpendicular to the scanning direction) [141]. These microstructure
characteristics would form in response to the instant melting and rapid
solidification at higher cooling rates during LPBF processing of marag-
ing steels (see Fig. 26a). In a horizontal plane, heat input decreases
exponentially when the solidification rate (R) is increased. This is due to
the temperature dependent thermal flux generated by laser fluence
would be much higher at the centre of melt track, as compared to the
thermal flux at the boundaries as a result of heat dissipation [210].
Owing to the simultaneous action of higher heat dissipation and faster
cooling rate, the temperature of liquid metal (T.) at this point reaches
well below the melting point (Ty) at the centre, and the degree of
undercooling (AT = Ty — Ty) is sufficiently high enough for the new
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and overlapped area [210].

grains to nucleate in random orientations [210]. Furthermore, the
growth rate of the crystal nucleus is consistent in all directions resulting
in easy formation of equiaxial crystal grains. The equiaxial crystals
exhibit hexagonal cellular structures as seen in Fig. 26b. The formation
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mechanism of various crystals morphologies in a vertical plane is shown
in Fig. 26c. Planar solidification structure could be observed at the
bottom of the molten melt pool (G is maximum & R ~ 0). As G/R ratio
decreases with the gradual increase in R, ascending from the bottom of
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melt pool in layer stacking/or building direction cellular dendritic
structure is visible. A further decrease in G/R value to reach the middle
of the molten melt pool, the cellular structure is prevalent followed by a
finer/coarser equiaxed crystal that is predominantly evident at the
boundaries of the molten metal pool [141,149,210].

Boes et al. reported the heterogeneous dendritic microstructure
consisting of low thermal gradients induced fine equiaxed grains, and
the elongated dendrites influenced by higher thermal gradients at lower
solidification rate [211]. Microstructures of LPBF built 316L steel parts
characterized by the columnar grains of austenite with intercellular
segregation of Mo, Cr and Si alloying elements, resulted in the formation
of non-equilibrium ferrite [140,212]. The occurrence of sub-grain
cellular structure (less than 1 pm) can be mainly related to the micro-
segregation of primary elements such as Mo, V and C, due to the Mar-
angoni convection and the difference in temperature between the inside
and outside of the molten metal pool [192]. Columnar grains with ferrite
content ~68.8%, and grain orientation is predominantly in (001) di-
rection with an average grain length to width ratio of 11.5:1 has been
reported during LPBF process of duplex stainless steels [213]. The
microstructure of LPBF process of duplex steels was largely composed of
ferritic with small traces of austenite and nitrides (presumably Cr2N)
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nucleating at grain boundaries. It is worth noting that the growth
morphology of austenite is along the grain boundaries or of Widman-
statten type [213].

A needle shaped nano precipitate martensites with width ~200 nm
and 15-50 nm in length were observed at 450-510 °C in LPBF pro-
cessing of maraging steels [153,210]. A very fine microstructure (<2 pm
or less) mainly consisting of a-Fe(M) phase (M, Cr, Ni, Mo) formed
during LPBF process of nickel-molybdenum alloy steels [214]. The
microstructure of the LPBF built hot work steel characterized by a-Fe
dendritic cells decorated at the grain boundaries by the carbon rich y-Fe
regions [215]. LPBF fabricated 316L stainless steels displayed a finer
and equiaxed grain, which resulted in superior mechanical properties
without compromising ductility [212]. (A schematic illustrating typical
microstructure at various length scales formed during LPBF process of
316L SS is shown in Fig. 27a). Wang et al. accredited this combined
property to superior nature of the microstructure composed of solidifi-
cation cells, low & high angle grain boundaries, dislocations, and oxide
inclusions [212] (Fig. 27b-h).

LPBF process of austenitic SS are almost extensively restricted to
316L SS and 304L SS. 316L and 304L SS are in a composition range
where solidification front is dominated either with a primary () ferritic
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Fig. 27. Schematic illustration of typical microstructure of LPBF 316L SS. (a) Label of discovered microstructure at various length scales, (b) an electron backscatter
diffraction (EBSD) inverse pole figure (IPF) revealing grain orientations, (c) SEM image showing fusion boundaries, high-angle grain boundaries (HAGBs), and
solidification cellular structures, (d) transmission electron microscopy (TEM) image of solidification cells, (e) high-angle annular dark-field (HAADF) scanning TEM
image (STEM) of the solidification cells shown in d, (f) EBSD acquired with a 1-pum size (g) EBSD image of superimposed HAGBs and low-angle grain boundaries
(LAGBs). Legend representation, HAGBs (>10°) coloured in blue and LAGBs (2-10°) coloured in red. Fraction of HAGBs and LAGBs are ~59% and ~41%, (h) Kernel
average misorientation (KAM) map to demonstrate local misorientation across individual grain, (i) HAADF STEM image showing segregation of Mo and Cr alloying
elements in to the solidified cellular structure and low angle grain boundaries, while EDS confirms the corresponding Fe, Mo, and Cr this segregation. EDS map also
confirms that these particles are predominantly rich with Si, O, and Mn [212]. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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phase or with a primary austenitic (y) phase. LPBF processing of stainless
steels exhibits fully refined austenitic microstructure, with the columnar
solidification grains ~1 pm diameters or less [5,162,216-218]. The
number of solidified columnar grains may vary from tens and/or hun-
dreds that are very similar to the crystal orientation, collectively form a
single austenite grain i.e. a material volume responsible for high angle
grain boundaries (Fig. 27b & c) The grains formed in as-built LPBF SS
samples are finer than those of conventional processes
[180,184,216-218]. LPBF process of this type of steels is fully austenitic
and there is no conclusive evidence of any solid-state phase trans-
formations [180,216,219-221]. The intercellular regions shows an
enrichment with Cr and Mo, which are, however, not sufficient to sta-
bilize the ferrite [218,212] (Fig. 27i). A strong fibre texture with (001)
crystallographic direction aligned along the build direction (i.e. against
fast heat dissipation direction) was revealed during LPBF process of
steels [180,221]. The strong texture is caused by the (001) crystallo-
graphic direction, as it is the fastest growing direction in the solidifi-
cation of cubic metals, and hence dendrites or cells grow aligned with
the temperature gradient [222].

Z. Sun et al. employed a modified laser scan strategy by adopting
relatively high laser power with smaller hatch spacing to improve the
mechanical properties of LPBF processed 316L SS [223]. This modified
approach lead to the formation of new (110) crystallographic texture
along the build direction instead of a regular (001) texture. The modi-
fied (110) crystallographic grain orientation favours twinning effect
under deformation, as a result of this the material experiences higher
strain hardening rates which profits in achieving superior mechanical
properties (ductility and UTS) [223]. H. Sun et al. moved a step forward
to show that it is possible to regulate crystallographic texture by care-
fully controlling the process parameters during LPBF processing of 316L
steel. They reported crystallographic lamellar microstructure (100) and
(110) oriented grains along the build direction [224]. As already
mentioned texture control could be a reliable tool to control anisotropic
microstructure in yield and tensile strength [225]. However, the strain
hardening behavior is predominantly dependent on grain morphology,
resulting in anisotropy in ductility despite the reduced crystallographic
texture [225]. LPBF process of maraging steels displayed different so-
lidification microstructure with cellular/dendritic sizes ~0.3-2 pm as
compared to conventional built maraging steels [226,227]. The cellular
structure in LPBF processing of maraging steels is a result of micro-
segregation during solidification which enriches some of the alloying
elements in the inter-dendritic regions. The microstructure of LPBF
produced H13 tool steel consists of solidification cells/dendrites with
retained austenite located in the inter-dendritic regions. The observed
size of the cells/dendrites was in the range of 0.5 pm-2 pm. It is worth
noting that there is only limited information available in the literature
regarding the crystallographic texture of H13 tool steels and maraging
steels. This could be probably related to the very weak crystallographic
texture [228].

As-built LPBF processed 17-4 PH steel displayed a high fraction of
austenite phase or even fully austenitic microstructure. Facchini et al.
reported LPBF of 17-4 PH stainless steel contained 72% austenite and
28% martensite [229]. In addition, the presence of little traces of Nb-
rich carbides was unsure [188]. TEM investigations confirmed the
presence of retained austenite between martensite discs. LPBF process of
17-4 PH steels (including austenitic, martensitic and ferritic steels)
usually display strong crystallographic grain orientation in (001) di-
rection aligned along the building direction (z-axis) [230,231].

LPBF process of (TWIP/TRIP steels) high-manganese steel was
investigated by [232], the microstructure consisted of mainly austenite,
together with o- and e-martensite, along the small quantity of Mn
segregation was observed as compared to cast (X3oMngyo) steels [232].

LPBF synthesized mechanically-alloyed (ODS steels) PM2000 steels
revealed that a homogeneous distribution of retained oxides. However,
the average sizes of these retained oxides were in the range of 48 nm-61
nm, which are significantly coarser than the conventionally-produced
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PM2000 steels (30 nm) [233]. Similar microstructure wholly ferritic
in nature was reported during LPBF built mechanically alloyed PM2000
or MA956 steels [234-236]. The fully ferritic microstructure exhibited
strong fibre texture with the (001) direction parallel to the build di-
rection. The ferritic microstructure revealed a homogeneous distribu-
tion of both finer and coarser oxides [234]. The presence of both finer
and coarser oxides could be attributed to agglomeration of nanometer-
sized oxides [236]. The strong crystallographic texture results in
anisotropic mechanical performance of LPBF processed ODS steels
[234]. The crystal structure of the oxides is sometimes represented by
YoTizO7 or Y4Al,09 [219]. LPBF fabrication of Fe-14Cr-1W powder
mechanically alloyed with Y;03, and TiH; reported a similar micro-
structure to the one described above for LPBF process of PM2000 [201].

4.2. Wear and surface texture characteristics

As a result of complex thermophysical mechanism LPBF process
undergoes, rougher surface finish is induced. Defects and surface as-
perities like thermal cracks, spatters, un-melted/partially-melted, ripple
effect, staircase effect, surface and sub-surface porosities, re-entrant
features emerge on LPBF parts surface which are responsible for
causing the unfavorable surface finish or surface texture [155]. A
thorough investigation of currently available literature on wear and the
surface texture characteristics of LPBF process of steels reveal that the
research is still in its early stages. Presently it is hard to relate the wear
and surface texture characteristics of LPBF processed parts to the real
applications. However, to expand LPBF applications into frictional pairs,
it is paramount to study the wear performance of LPBF process of steels
under various contact conditions [154]. Wear is defined as the loss or
displacement of material from a contacting surface. The wear rate of
LPBF processed steels linearly depends on the volume percentage of the
porosity. Reported wear rate was 6-17% higher than bulk steels for less
dense LPBF process of steels with the presence of porosities (see Fig. 28).
It is indeed possible to achieve equivalent or superior wear resistance
than conventional steels if LPBF built steel components are fully dense
with minimum numbers of surface defects [237]. Similarly, the higher
hardness, perfectly dense, plus good wear resistance could be accom-
plished when LPBF processed parts exhibit least surface asperities
[238,239]. The principal wear phenomena act as a site for crack initi-
ation and crack growth, originating from the pre-existed surface defects
that subsequently leads to the premature failure of the component at
lower applied loads [239].

Surface texture at this stage is generally used to study the basic ca-
pabilities of LPBF processes, an application to specific requirements is
not completely introduced. Nevertheless, surface roughness plays a key
role in determining the mechanical, tribological and functional prop-
erties of LPBF processed steel components. Surface texture is defined as
the geometrical irregularities exist on the surface, excluding the
geometrical imperfections that contribute to the form or shape of the
surface [240]. LPBF built surfaces containing surface asperities and
other particles features are often characterized by using 3D optical
profilometers and X-ray computer tomography (XCT), allowing the
captured data to be used for 3D surface texture characterization. Nar-
asimharaju et al. more recently investigated the impact of various build
surface inclinations with respect to 3D surface texture parameters [155].
It was found that varying surface inclination combined with staircase
effect and un-melted/partially melted particles exhibit a strong corre-
lationship. Staircase effect was evident between 3 and 45°; above 45°
the staircase surface was supplanted by un-meted/partially melted
particles at 90° [155]. Similar kind of research was carried out by
Gogolewski et al., apart from investigating multiscale analysis of surface
texture quality of models for LPBF built steel [241]. Horizontal built
LPBF components are governed by balling, ripple effect, spatters, while
staircase (stair-steps) effect, un-melted/partially melted particles are
linked with the curved or inclined surface of LPBF processed parts (see
Fig. 29a & b). Staircase effect could be minimized by adaptively



S.R. Narasimharaju et al.

P TR, 1

S

=

; '
P i
&'i.
A

Journal of Manufacturing Processes 75 (2022) 375-414

Fig. 28. Comparison of wear rate in dry wear test condition at 120 rpm, 10 N (a) bulk 316L and (b) LPBF 316L (175 mm/s, 150 W) samples. “O” marks in (a) indicate

tribo-oxide film [238].

reducing the layer thickness between the melt track layers [80,242]. Lou
et al. successfully examined the novel material ratio (Mr) curve as an
effective analysis tool to differentiate two AM (LPBF process, high speed
sintering) surface topographies, and allowing surface texture to be
linked with process control and functional performance [243]. The re-
cesses of 3D Mr curves are caused by re-entrant features (surface pores).
Authors identified Vvv (valley void volume) parameter determined by
the Mr2 ratio to characterize (height position) the open surface pore
[243].

Lower energy density gives rise to shattered, rough and scattered
porous worn surface with cracks due to insufficient fusion of powders.
Similarly, excessive energy density leads to ejection of hot spatters and
redepositing on the LPBF processed part surface resulting in higher
surface roughness. Wear resistance and surface finish can be improved
by selecting the optimized LPBF process parameters including smaller
layer thickness, in addition to adopting laser re-melting, and suitable
post-processing methods [244]. Partially melted powder particles on the
interior surfaces can be eliminated while the surface finish and texture
could be substantially improved (at least 45% Ra value) by employing
chemical-abrasive flow polishing techniques [245]. Additionally, rein-
forcement of tungsten carbides during LPBF process of maraging steel
resulted in the formation of a thin carbide layer that significantly
reduced the wear rate by >1500 times [246].

4.3. Mechanical properties of LPBF fabricated steels

4.3.1. Hardness and tensile properties
The present studies on mechanical properties of LPBF process of
steels are mostly concentrated on evaluating hardness, tensile

performance and fatigue properties. Tensile and hardness properties are
summarized in Table 2. Schematic overview of basic mechanical prop-
erties of most common steels used in LPBF processes and conventional
processes is shown in Fig. 30. This figure intends to provide a broad
overview of the results reported in the literature but does not holds good
for all classes/cases of steels, and sometimes considerable dependence of
the material properties on LPBF processing conditions.

From the existing literature, average Vickers hardness values for
LPBF processed steels range from 408 to 900 HV, which is certainly
higher than wrought materials [26,213]. Residual stresses are some-
times tend to benefit the LPBF fabrication of steels. They can also
improve the hardness values of a LPBF component if at a reasonable
level [247]. The increase in hardness values also improves the wear
resistance of LPBF built parts [248]. The refined microstructure of LPBF
processed tool steel samples consisted of low martensite phase, and high
content of fine carbides and the alloying elements (V, Mo, C), that are
much more homogeneously dispersed in the material as compared to the
as-cast state which resulted in higher hardness values [26]. The micro-
structure of LPBF built samples determines the mechanical properties
and the difference in tensile properties along various directions is mainly
due to the easy introduction of metallurgical defects into the bonding
area between two adjacent melt track layers. The tensile properties of
the LPBF fabricated samples along the vertical direction are inferior, as
compared to those samples built in the horizontal direction [165]. In
order to obtain the higher tensile properties, besides the position of the
sample in the horizontal direction, the laser fluence also plays an equally
important role.

For a low laser fluence (104.17 J/mm?®), unsurprisingly, resulted in
higher porosities (lack of fusion holes or crater like voids). The porosities

Discontinuity
in step edge
due to balling

Particles stuck at
the step edges

300pum

Fig. 29. (a) Alicona G4 image showing staircase effect [155], (b) SEM image of inclined surface illustrating un-melted/partially melted powders stuck at the step

edges [242].
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Table 2
Hardness and tensile properties of LPBF of steels from different literatures.
Materials Condition Hardness (HV) Yield strength (YS) Ultimate tensile strength (UTS) Elongation (%) Reference
Maraging steel (MS) LBPF - ~915 ~1165 ~12.44 [210]
LPBF aged - ~1967 ~2014 ~3.28 [210]
LPBF solution - ~962 ~1025 ~14.40 [210]
LPBF solution aged - ~1882 ~1943 ~5.60 [210]
316L stainless steel (SS) LPBF - 455 579 ~50 [25]
FeCrMoVC tool steel LPBF ~900 - - - [26]
316L SS LPBFY¥Y =0 - ~494 ~640 ~56.7 [27]
LPBF ¥ = 45 - ~498 ~606 ~59.9 [27]
LPBF ¥ = 60 - ~536 ~601 ~62.7 [27]
LPBF ¥ = 90 - ~489 ~548 ~43.7 [27]
316L SS LPBF ~281 - ~590 ~21.1 [170]
Austenitic SS LPBF single — ~346 ~921 ~69.9 [22]
LPBF CLM - ~387 ~924 ~67.5 [22]
316L SS LPBF low power ~241 ~500 ~625 ~47 [268]
ASTM A131 LPBF 250 mm/s - ~938 ~1037 ~4.5 [171]
steel LPBF 300 mm/s ~241 ~850 ~1050 ~4.75 [171]
316L SS LPBF - ~1100 ~1200 ~20 [21]
316L SS LPBF - ~517 ~633 ~74 [23]
304L SS LPBF - ~485 ~712 ~61 [24]
Invar 36 LPBF - ~350 ~400 ~64 [20]
316L SS LPBF heat treated (HT) - ~550 ~620 ~90 [20]
17-4 PH SS LPBF opt parameters ~355 ~650 ~940 ~4 [269]
17-4 PH SS LPBF ~395 ~750 ~950 ~3.6 [269]
17-4 PH SS LPBF ~475 ~940 ~1150 ~2.8 [269]
Maraging steel LPBF — ~750 ~1200 ~17 [270]
MS-10%WC LPBF - ~650 ~1000 ~7.5 [270]
17-4 PH GA LPBF 60 ps time - ~1116 ~1358 ~5.1 [271]
17-4 PH WA LPBF 80 ps time - ~500 ~990 ~3.3 [271]
316L SS LPBF ~202 - ~750 - [272]
316L SS LPBF HT @ 650C 2 h ~210 - ~700 - [272]
LPBF ~209 - - - [273]
LPBF HT ~215 - - - [273]
CLAM steel LPBF HT HIP - - ~966 ~5 [274]
LPBF - - ~757 ~9 [274]
LPBF 573 K - - ~694 ~18 [274]
316L SS LPBF 873 K - ~550 ~1016 - [275]
LPBF 1273 K - ~459 ~969 - [275]
LPBF 1673 K - ~440 ~941 - [275]
LPBF/plain carbon steel substrate - ~347 ~836 - [275]
Maraging steel LPBF/MS substrate - ~174 ~712 - [275]
LPBF/H13 substrate ~450 - ~2100 ~15 [90]
~286 - ~1200 ~13 [90]
~608 - ~1180 ~11 [90]

act as the main sites for crack initiation triggering brittle fracture with
limited plastic deformation, causing cracks propagation under tensile
loading conditions (see Fig. 31a). It was reported that using optimized
energy density (125 J/mm?3, 156.25 J/mm?) the part density reached to
its maximum, and the obtained microstructure displayed decent refined
dimples with numerous grain boundaries that would block dislocations
movements causing the material to resist deformation resulting in
higher yield strength and tensile strength (see Fig. 31b & ¢) [170]. It is
worth noting that LPBF fabricated steels are strengthened without losing
their ductility, unlike work-hardening that improves the tensile strength
by sacrificing ductility. Adapting excess energy density (178.57 J/mm®)
resulted in decreased toughness due to high degree of overheating of the
molten melt pool, causing larger and shallow dimples with lower
resistance to dislocations (see Fig. 31d) [170,249].

As a result of finer microstructural texture, the mechanical properties
of the LPBF manufactured steels have been improved. In addition,
refined microstructure provides higher resistance to the dislocation
motions and other mechanisms of plastic deformation, such as sliding
[167]. Owing to the high density of low-angle grain boundaries, and the
fine cellular microstructures associated with LPBF processing, the yield
strength (YS) of 316L stainless steel is greatly improved [19]. The
unique development of crystallographic lamellar microstructure (CLM)
via strengthening of LPBF built 316L steel resulted in higher YS, ultimate
tensile strength (UTS), and significantly higher ductility [22]. The grain
refinement of the nano-cellular structures, presence of nano-size
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carbides along with the negative residual stress resulted in superior YS,
UTS and higher ductility [20] in LPBF fabricated steels in comparison
with other conventional manufacturing like standard casting, extrusion
(wrought) and laser engineered net shape processes [23,24]. Similar
higher yield strength and better ultimate tensile strength and compres-
sive strength (CS) [YS = 455-640 MPa, UTS = 579-2100 MPa, CS =
3796 MPa] have been achieved in LPBF fabricated steels [26,27,249]. In
some cases, higher elongation [24,25], and higher toughness are re-
ported, the reason for this is attributed to the stress induced austenite-to-
martensite transformation [28,58].

It is well acknowledged that LPBF processed stainless steels often
display superior YS and UTS [180,212,217,218,225,250-252] as
compared to conventionally manufactured steels. The reported YS
values and UTS values from the literature show high variability and are
in the range between 350 and 600 MPa, and 480-800 MPa respectively.
Typical YS and UTS values for conventionally processed stainless steels
lie in the range of 230-290 MPa and 580-590 MPa [253]. Additionally,
LPBF processed steels display a higher yield to tensile strength ratio
[180,217,250,252]. However, some of the researchers reported lower
fracture toughness and elongation to fracture; as low as 12% for LPBF
built stainless steels as compared to the wrought material typically;
40-50% [217,254]. Majority of the studies reported a higher elongation
to failure and fracture toughness up to 67%
[180,212,218,225,252,255]. The higher yield strength and tensile
strength have been related to the finer microstructure and dislocation
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Fig. 30. Schematic illustration of basic mechanical properties of commonly processed steels in LPBF process and conventional process. Steels type is indicated by the
field colour, whereas the field border represent the process type. (TWIP/TRIP stands for twinning/transformation-induced plasticity, PH-precipitation-hardening and

ODS-oxide dispersion-strengthened).
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Fig. 31. Typical SEM images taken from the tensile fracture surfaces of LPBF-processed 316L specimens at different laser energy densities of (a) 104.17 J/mm?; (b)

125.00 J/mm?, (c) 156.25 J/mm° and (d) 178.57 J/mm? [170].
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substructure as per Hall-Petch relation [212,218,225,251]. Also, in
LPBF built steel components, the defects in the microstructure (brittle
phases/inclusions, porosity) have a strong negative impact on the
elongation to fracture.

LPBF fabricated duplex SS 2507 resulted in much higher YS and UTS,
along with a moderate elongation at fracture (~8%), and a ductile
fracture mode compared to conventionally produced ones. The higher
mechanical strength and average ductility of LPBF built sample was the
result of exclusive ferritic microstructure [256].

TRIP/TWIP steels (unlike austenitic stainless steels) are considered
fully austenitic metastable steels which display transformation-induced-
plasticity (TRIP) or twinning-induced-plastic deformation (TWIP).
Haase et al. studied LPBF process of high-manganese steel (X30Mn22)
[232]. From their study it was revealed that TRIP/TWIP effect was
certainly functional when subjected to tensile deformation of the ma-
terial, and also described its anisotropy arising from the strong (LPBF-
typical) fibre texture. The tested YS and UTS were found to be higher in
all the directions as compared to cast and rolled standard steels
(302-416 MPa vs. 275 MPa and 906-1065 MPa vs. 894 MPa, respec-
tively), but the elongation at fracture was lower (24-31% vs. 52%).
These type of steels offer high work hardening ability which makes them
attractive for applications where high energy absorption, high strain
hardening rates, and high ductility are required [232].

Owing to the presence of martensite and austenite in different pro-
portions in 17-4 PH steel microstructure, hardness and mechanical
properties of LPBF processed 17-4 PH steel dispersed over a wide range
of values. It is worth noting that lower mechanical properties were not
only due to the presence of softer austenite phase but also due to the
precipitation reaction that takes place in martensite during ageing
[32,257,258]. Overall LPBF process of 17-PH steels are typically softer
and less strong than wrought and age hardened materials [259].

In general, the mechanical properties of LPBF maraging steel are
comparable to conventionally produced steel materials, but not entirely
identical. LPBF produced maraging steels displays equal or slightly
better YS and UTS as compared to conventional ones despite the finer
microstructure resulting from LPBF process [77,210,260,261].

Hardness values recorded for LPBF produced H-13 tool steels range
from 570 HV-680 HV, (and marginally higher 745 HV when measured
in the skin area [262]) [192,263,264]. These values are close to or even
superior than as-quenched wrought H13 steels, contemplating the fully-
martensitic state. Many of the recorded YS and UTS values for LPBF
processed maraging steel samples are significantly lower because of the
extreme brittleness of this state which leads to the premature failure of
tensile test specimens [68,262,264-266].

The strong crystallographic texture (001) of LPBF processed ODS
steels lead to an anisotropic mechanical behavior, i.e., ductile fracture
when strained in the build direction, but brittle trans-granular fracture
when strained perpendicular to the build direction [234]. Employing
additional post process heat treatments, the tensile strength numbers
reached somewhat closer/equal to the conventionally produced ODS
steels [234]. The difference in mechanical properties of LPBF manu-
factured steels available in numerous grades depending upon on specific
applications is attributed to its wide range of technological parameters,
which lead to the formation of anisotropy of cellular dendrite micro-
structure and some deviation in part densities of steel samples
[227,267].

4.3.2. Fatigue properties

LPBF processed steels are exposed to a dynamic loading condition in
many functional industrial applications; Hence, a thorough under-
standing of fatigue behavior and characteristics is requisite to evaluate
their fatigue life. However, there is only a limited number of studies
available in the literature that are dealing with the fatigue properties of
LPBF built steels. The most important parameters that affect the fatigue
property of the LPBF processing of steels are surface finish and the
building direction [167,249,276]. Furthermore, process parameters
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along with fatigue testing conditions also influence the fatigue life of
LPBF built steels [277,278]. The fatigue limit of LPBF fabricated part
mainly depends on its surface finish. It is commonly believed that fa-
tigue crack initiation starts at the surface of metallic materials. Similar to
conventionally manufactured steels, LPBF manufactured steels are
greatly affected by the rough surface finish, as well as other surface
defects caused by micropores, surface cracks and un-melted and
partially melted powder particles that are stuck on the surface. Addi-
tionally, the unstable molten melt pool aggravates the surface roughness
[279,280]. The higher surface roughness (R,) paves the way for the
higher local stresses under the dynamic loading conditions, which result
in lower fatigue limits and consequently reduces the fatigue life of LPBF
processed steels [281]. High cycle fatigue (HCF) limit is strongly
dependent on the surface roughness related defects compared to low
cycle fatigue (LCF). Hence, the HCF performance of LPBF steels can be
improved by decreasing the surface roughness and the defects that occur
on the part surface [281-283].

Another important parameter that has a considerable impact on fa-
tigue properties is the build direction. The direction in which the load is
applied to the built layers during LPBF process defines the fatigue
strength [249,284]. The build direction governs the size, shape and the
distribution of the LPBF processed defects, such as insufficient fusion
holes and porosities that are elongated perpendicular to building di-
rection [285,286] (see Fig. 32a-d). The horizontal built components
(build direction normal to the loading axis) are exposed to longer inter-
time intervals which experiences higher cooling rates and faster solidi-
fication (see Fig. 32d). Thus, a formation of finer microstructure and
higher distribution of smaller scale porosities which causes less stress
flow and concentrations around the defect that results in better fatigue
limits as compared to vertical built component (build direction parallel
to loading axis). The stress concentrations are maximum in vertical
components due to comparatively weak interfacial bonding between
successive layers and the axis of linear and planar bigger size defects
(Fig. 32c). The arrangement of these defects normal to loading direction
provides easy access paths for voids to grow bigger and coalescence,
causing failure at lower fatigue limits. Irrespective of the building di-
rection, LPBF built parts are generally more susceptible to the fatigue
characteristics [167,277,287,288].

LPBF process induces distinct (elongated grain structure along the
build direction) microstructure as compared to conventional process of
steels. Also, LPBF process stimulates higher surface roughness, which is
particularly detrimental to their fatigue performance [289,290]. Neh-
zadfar et al. studied fatigue behavior of LPBF process of steels under the
influence of process induced defects such as voids, oxides, un-melted
powder particles, and other surface defects causing higher roughness.
Other researchers [249,291] reported that in addition to crystallo-
graphic texture and the anisotropic distribution of process defects, LPBF
processed 17-4 PH is highly reliant on the build orientation under both
low-cycle and high-cycle fatigue properties. Fatigue limit of LPBF built
components depend on directions of load applied. For parallel loading to
the direction of grain growth, crack path was highly tortuous, resulting
in slow crack propagation and yielding high fatigue limit [290]. On the
other case loading perpendicular to the grain long axis, the crack
propagation along grain boundaries was straight and easy without any
resistance to the applied load [180,217]. Croccolo et al. found that the
fatigue properties of LPBF processed maraging steels were isotropic, and
with a fatigue limit of 600 MPa [292], which is approximately equal to
1/3rd of the static yield strength; which is in line with fatigue limit
obtained for conventionally-produced maraging steels [293,294]. Isot-
ropy is caused because of the weak texture in this type of steels as a
consequence of the martensitic phase transformation. The achieved fa-
tigue life of LPBF built H13 tool steel was significantly below that of
conventionally produced steel [265]. This can be related to LPBF process
induced residual stress and the higher sample surface roughness [264].
The higher surface roughness of LPBF processed steels is particularly
detrimental to the fatigue performance. It is found that by employing
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Fig. 32. Schematic illustration of LPBF build directions and stress concentrations associated with it, (a) vertically built, (b) horizontal built LPBF specimens, (c)
higher stress concentrations around the defect in the vertical sample and (d) fewer stress concentrations in the horizontal sample [249].

post-process surface finishing treatment, fatigue limit can be doubled
[180,282]. Stress relief heat treatments and hot-isostatic-pressing (HIP)
both have only a marginal effect on fatigue performance, but primarily,
after surface finishing post-process treatment, the fatigue limit lies in the
range of conventionally processed steels [180,217,282].

The biggest challenge of LPBF process pose is the selection of opti-
mum set of processing parameters from a wide array of parameters. Each
parameter presents its own impact on the final properties of the manu-
factured part. Thus, controlling and estimating the characteristics of the
final product is a very daunting task. Inappropriate energy densities
result in the formation of unfavorable defects, which impart local stress
concentrations during cyclic loading and leads to premature fatigue
failure. Even by selecting optimum laser fluence, few small entrapped
spherical gas pores inevitably occur in the LPBF processed parts. How-
ever, the effect of these pores on fatigue life of LPBF processed 316L
steels is unaccountable, as they are less sensitive to notch due to its
higher ductility and more resistant towards defects and residual stresses
[295]. LPBF process induced defects formed due to lower or extremely
higher energy densities are more detrimental to HCF because of their
higher level of stress concentrations [296].

5. Effect of post process treatments on LPBF process of steels

The impact of post process treatments on microstructure, surface
texture and mechanical properties of LPBF built steels have been studied
by many researchers [69,210,247,273-275,287-303]. The most
commonly used post-process heat treatment processes are annealing
(with vacuum, argon etc.), solution heat treatment (in air cooling, water
quenching etc.), and ageing. In addition, a typical industrial densifica-
tion post processing method: hot-isostatic pressing (HIP) is accustomed
to drastically reduces the micro-defects, and effectively improves the
uniformity of microstructure. HIP refines the microstructure by the
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dislocation migration, and recrystallization of grains, thereby enhancing
mechanical properties of LPBF processed steels [274]. Unlike hot
working processes, cold working post processing method such as shot
peening can be employed. Shot peening induces compressive residual
stresses, grain refinement and macro strain, thereby improving the
surface roughness, microhardness, compressive yield strength and wear
resistance [247]. Other post-processing methods that are mainly focused
to enhance the surface integrity characteristics of LPBF built steels are
finish machining (FM), vibratory surface finishing (VSF), drag finishing
(DF), laser polishing, magnetic field-assisted finishing, grinding, sand-
blasting and electro-polishing [300]. The surface roughness of LPBF
built steels can be reduced (from 8.2 pm to 0.05 pm) by grinding [240].
Lower surface roughness (by 48.72%) was reported after sandblasting in
two phases [304].

Gas atomized maraging steel powders generally contains only (o)
martensite phase. LPBF built specimens contain a large number of nano
precipitates embedded in the matrix of columnar martensites along with
the traces of austenite (y) phase [297-299]. The inherent heating and
rapid cooling during LPBF process cause the phase transformation from
martensite to austenite. Despite the revision of martensite to a more
stable austenite phase transformation, the size and the number of
austenite increases during ageing process [297]. The ageing post-
process treatment provides ample time for the initiation of interme-
tallic compounds that are heterogeneously precipitated in to disloca-
tions resulting in diffusion and grain growth. Solution heat treatment
effectively dissolves alloying elements into a supersaturated austenite
solution. Solution heat treatment (at 820-850 °C for 1-2 h) above the
austenite finish (750 °C) temperature with the age hardening (at
460-520 °C for 5-24 h) leads to the formation of intermetallic pre-
cipitates [298]. These formed intermetallic precipitates induces uniform
dissolution of alloying elements into austenite solid solution. Conse-
quently, cooling the austenite results in the formation of complete
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martensite by eliminating austenite [298,299]. The average grain size
remains the same for both as-built LPBF and aged steel specimens, while
the martensitic matrix grain growth and the grain orientation substan-
tially changes in case of solution treated-aged parts. Nanoprecipitates
consists of spherical nanoparticles with an amorphous outer shell and
crystalline core structure (see Fig. 33a), a line scan showing the atomic
composition of each element in the precipitate is shown in the Fig. 33b.
Maraging steels are generally strengthened by NisTi precipitate phase.
In some cases, Ti is replaced partially by other elements such as Mo, Co
or Al, depending on the composition of the alloy [297].

Salman et al. revealed a single-phase austenite in as-built LPBF fol-
lowed by post-process heat treated (annealed) sample at various tem-
peratures for 316L stainless steels (see Fig. 34a—f) [275]. Finer equiaxed
sub-grained (nano-precipitate with amorphous structure rich in Mn and
Si) characteristic cellular microstructure embedded into 316L matrix
resulted in both as-built LPBF and annealed SS samples. They did not
report any changes in random crystallographic orientation in micro-
structure except the lone difference being the average cell size. Size of
the cells was gradually increased with increasing annealing tempera-
ture. Higher annealing temperature caused grains and cells to grow
bigger until the cellular microstructure was no longer be observed at
higher temperatures (T > 1273 K) [275].

Sun et al. compared the microstructure of wrought and LPBF pro-
duced 17-4 PH steels in as-built, solution heat treated (1038 °C for 4 h)
and aged (482 °C for an hour) samples. From their research it was found
that, both solution and ageing heat treatments have no significant
impact on the initial microstructure of wrought as well as-built LPBF 17-
4 PH steel samples [231]. Few other researchers have studied the so-
lution heat treated and aged microstructures of LPBF processed 17-4 PH
steel and their investigation yielded similar results as one to that of Sun
et al. [249,305].

Heat treatment of LPBF built duplex stainless steels was examined by
[306]. Their observations reveal that recrystallization occurs in the
temperatures ranging between 900 and 1200 °C, whist, the maximum
austenite fraction was achieved at the intermediate temperature 1000 °C
[306]. They also reported that missing nitrogen during the process but
without quantifying it. Fig. 35a—d gives a clear picture of the comparison
between as-built LPBF and heat treated (recrystallized micro- and
nanostructure) of duplex stainless steels. LPBF processed duplex stain-
less steel displayed almost fully ferritic in as-built condition. On the
contrary, conventionally processed steel displayed small austenite
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grains and chromium nitride precipitates along the grain boundaries
(Fig. 35b & c). Applying suitable post process treatment partially re-
covers the desired duplex austenite/martensite microstructure (see
Fig. 35e & f) [306].

Post process heat treatment at 500 °C dissolves the retained
austenite, at the same time the dominant cellular microstructure dis-
perses at the tempering temperatures above 600-700 °C in LPBF pro-
cessed H-13 steel [192,307]. Also, Martensitic microstructure, similar to
that of conventionally processed tool steels (without any trace of
retained austenite) could be achieved by complete austenitization fol-
lowed by quenching [192,308,309]. As-built LPBF samples that are
tempered directly at low tempering temperatures did not exhibit any
drop-in hardness value due to softening of the martensite, coincidentally
which is also the characteristic of conventionally manufactured H-13
tool steels [192,307]. Furthermore, secondary hardness peak transited
to higher temperatures can be attributed to the large formation of car-
bon and carbide embedded in the retained austenite that is stable up to
relatively high temperatures [192,307]. Secondary carbides could be
formed only after this austenite is completely decomposed. As-built
LPBF samples displayed a relatively lower tensile yield strength and
UTS as compared to heat treated and conventionally manufactured
steels. This could be attributed to the extreme brittleness that lead to
premature failure without any deformation [68,262,264-266]. Again,
tempering effect did not display any changes in as-built LPBF steels.
Instead, the tensile value remained same as wrought and heat-treated
tool steels [265]. However, the ductility obtained was much lower in
as-built as well as aged samples, presumably due to the surviving
process-induced defects [68,262,264-266].

Salman et al. investigated the changes induced by the various post
process heat treatments on the mechanical properties of LPBF built 316L
stainless steels under tensile loading conditions [275]. They revealed
that the tensile strength of the 316L samples decreased with increasing
annealing temperature as a result of the microstructural coarsening (see
Fig. 36a). As-built LPBF samples exhibited an excellent combination of
strength and ductility, along with the plastic deformation exceeding
50%. This can be attributed to the complex cellular microstructure and
subgrains along with the misorientation between the grains, cells, cell
walls and subgrains; which would prevent the formation of higher local
stresses, repel dislocation movements and defers premature fracture
until ultimate tensile stress is reached [275]. Degradation of yield
strength and ultimate tensile strength with increasing annealing
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Fig. 33. Atom probe tomography (APT) images of LPBF maraging steels for the aged sample at 510 °C for 2 h (a) spherical precipitate enriched in Ti and Ni, and (b)

line scan showing the atomic concentration of each element [297].
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Fig. 34. EBSD Grains maps of 316L stainless steel for: (a) as-built LPBF samples and specimens annealed at (b) 573 K, (c) 873 K, (d) 1273 K, (e) 1373 K and (f) 1673
K [275].
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Fig. 35. TEM images of LPBF produced duplex stainless steel in the (a) as-built (d) heat treated condition, (b and c) electron backscatter diffraction (EBSD) inverse
pole figure, and phase mappings for as-built condition, while (e and f) for heat treated condition [306].
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Fig. 36. (a) Tensile stress-strain curves of LPBF processed 316L stainless steel at different heat treatment conditions, and (b) effect of heat treatment on the yield and

ultimate tensile strength of the different samples [275].

temperature is shown in Fig. 36b. This is due to microstructural varia-
tions that occur under various post process heat treatments. No
preferred orientation of the grains was observed as annealing caused the
growth of grains and cells while decreasing the dislocation network
[275].

Conde et al. reported enormous improvement in hardness values
(~60%), and bending strength (~73%) similar to that of UTS while the
substantial decrease in ductility can be noticed in age hardened
martensite steel sample as compared to the as-built LPBF sample [298].
This remarkable hardness and tensile strength enhancement can be
ascribed to the precipitation hardening and strengthening by the for-
mation of fine precipitates of intermetallic compounds such as NigTi in
the martensite matrix. To overcome the loss of ductility, solution
treatment combined with ageing or hot isostatic pressing can be
employed which would result in better overall mechanical strength
[298], along with considerable improvement in elongation (ductility)
that lies within the standard ranges [69,210,274,297]. A stable micro-
structure was reported after conducting the stress relieving through post
process heat treatments with temperature up to 650 °C [180]. As a result
of unchanged microstructure, there was no significant effect on crack
propagation or the fatigue life of austenitic steels [180]. However, at
higher annealing temperatures (above 800 °C in a furnace or HIP),
resulted in partial recrystallization of austenitic steels. HIP induces
partial recrystallization which is predominantly dual-mode isotropic.
Consequently, this isotropic microstructure eventually lead to isotropic
crack propagation under fatigue loading. Similarly, Saeidi et al. found
that there were no changes in microstructure at annealing heat treat-
ment at 800 °C [310]. In addition, they noticed unstable phase trans-
formation in the form of sharp edged §-ferrite at annealing temperatures
over 1150 °C. This needle shaped &§-ferrite was stable during slow
cooling to room temperature as indicated in the equilibrium phase di-
agram. Combination of recrystallization and coarsening phenomena
renounce tensile strength of the steels [310].

Applying appropriate post process solution treatment followed by
subsequent ageing treatment helps in transforming the retained
austenite to martensite. Higher YS can be obtained as compared to
conventional processed 17-4 PH steels but with the compromised
ductility [305,311,312]. Unfortunately, the fatigue life of LPBF pro-
cessed 17-4 steel has minimal advantage of undergoing any post process
heat treatments under all conditions. At high strain amplitudes, when
fatigue life is short, the impact of defects is weaker than at longer fatigue
life and low strain amplitudes. Since internal defects act as crack initi-
ation site as well as dominating the mechanical behavior of the strong,
heat-treated 17-4 steel sample displays a higher fatigue strength in the
low-cycle regime as compared to the as-produced sample due to higher
internal defects (Fig. 37) [249]. The fatigue life of as-produced LPBF
H13 steels was significantly lower than that of conventionally produced
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Fig. 37. Experimental date and curves of Strain-life fatigue for LPBF 17-4 PH
SS in different building conditions [249].

steels [265]. Becker et al. investigated the fatigue crack growth rates of
peak aged material LPBF processed maraging steels, the authors found
that fatigue crack growth rates were isotropic and equal to
conventionally-processed maraging steels [261]. Isotropy is due to the
weak texture orientation in these type of steels which is a consequence of
the martensitic phase transformation [261]. This could be correlated to
the LPBF process induced residual stress and higher surface roughness
[264]. Surface machining had limited impact on improving the fatigue
strength as it remained significantly lower than that of reference ma-
terial (50% failure probability at 107 cycles strength of 283 MPa
compared to 600 MPa) [264]. The improved fatigue properties were
attained when the stress relief and austenite decomposition heat treat-
ment at 600 °C were employed [265].

Sagar et al. studied the impact of different build directions and post
process heat treatments (ageing and over ageing) on HCF and LCF of
LPBF built 15-5 PH steels [313]. Based on their findings, aged specimens
subjected to LCF performed better than as-built specimens in both ver-
tical and horizontal build directions, whereas, the performance of the
same samples subjected to HCF was poor compared to as-built LPBF
parts. This was accredited to the ageing treatment; which resulted in
precipitation strengthening of the matrix through copper-rich precipi-
tation, however, this precipitation strengthening could lead the spec-
imen more defect sensitive in HCF regime [313]. Also, overaged samples
tend to be less sensitive to the defects than aged specimens in HCF
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regime. This could be attributed to the over ageing heat treatment,
which resulted in a more ductile LPBF built sample through micro-
structure grain coarsening of copper-rich precipitates in addition to the
increased amount of retained austenite [313]. In general, the higher
surface roughness caused by irregular shaped defects e.g. voids,
partially-melted/un-melted etc. in LPBF processed samples are more
sensitive to the fatigue life than its wrought counterparts. However,
relatively lesser number of defects were reported for the vertically built
LPBF specimens [313].

The removal of residual stresses via stress relief (SR) heat treatment
(5 h at 470 °C) does not necessarily improve the fatigue behavior.
Instead, removing critical crack initiators by machining the surface of
LPBF processed 316L steel significantly improved the fatigue perfor-
mance. The superior fatigue performance was achieved through
machined samples with and without SR heat treatment when compared
to conventionally fabricated 316L steels. SR treatment coupled with the
machining is recommended to obtain desired fatigue performance when
cyclically loaded at high stresses. Overall, the post process treatments
has very minimum effect on the fatigue performance of LPBF processed
steels [287,302].

6. Summary and future trends
6.1. Steels in LPBF process

An outline of already published and ongoing research reveals that
LPBF process influences the time related spatial variations of molten
melt pool, thermal gradients induced vortex flow, solid-liquid interface
velocity which leads to the formation of spatial microstructure and
diverse mechanical properties within a specific geometry and the pro-
cessing conditions for a wide variety of steels. The limiting factors for
research and development of LPBF process of steels are mainly related
to: Firstly, LPBF technique is not fully standardized and reliable for the
industries to completely adapt as it is a maturing technology. However,
some of the steels structural components have been approved to be used
in the service. Secondly, it is difficult to regulate the metallurgical de-
fects, microstructure evolution, and efficacy of mechanical performance
driven studies have not been consistent. LPBF processing of steels
research is largely concentrated on the limited type of steels. Current
research trend is mostly focused on LPBF process optimization, studying
the impact of post-process treatments on the microstructural changes
and mechanical behavior (under static loading) of various alloying
compositions, and commercially available stainless steels [314-317],
tool steels [26,30,215], and maraging steels [297-299]. LPBF processing
of alloy composition steels intensifies the solid-solution limit of the
alloying elements in the molten melt pool and leads to the formation of
unfavorable microstructure. Similarly, carbon bearing tool steels expe-
riences relatively uncontrolled in-situ-tempering during LPBF process-
ing. It is extremely important to accurately control the interplay
between LPBF process parameters and the different type of steels, and
possibly redesign/modify the new type of steels whose composition is
best suited for the LPBF processing features, concurrently fulfill the
desired functional properties. Some alloy combinations of stainless
steels (i.e. 304 SS, 410 SS, 420 SS, 430 SS, Inox904L SS), maraging steels
and other low alloy steels are not completely explored in LPBF process.
Meanwhile, there is a continuous scope for expanding LPBF process of
steels. A further investigation of other types of steels such as iron-based
and nickel-based superalloys, single crystal alloys, and cobalt chromium
alloy steels is much-needed. These materials are of high interest in wide
range of aerospace and biomedical applications.

As a general rule, steels and iron-based alloys are intended for
structural applications. However, there is an increase in demand uti-
lizing LPBF process for fabricating steels parts with functional proper-
ties. Fe-Al (low-density low-carbon ferritic) steels display outstanding
strength to weight ratio. Owing to excellent resistance to corrosion, wear
and oxidation LPBF built Fe-Al steels are considered for high
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temperature system's functional applications [164]. This include jet
engines, turbine blades, heat exchangers piping, holding fixtures of a
heat treatment furnaces and etc. The next category of functional LPBF
processed steels are invar steels. The unique features on invar steels
(FeNi or FeCoNi steels) posses over a wide temperature range and a
negligible coefficient of thermal expansion, makes them perfect candi-
dates in high temperature applications such as household appliances,
electronic devices and aircraft controllers. Electrical steels are the other
important category of LPBF functional components that are already in
service. These electric steels are soft-magnetic materials that demand a
specific crystallographic texture (i.e. Goss texture, {011} (100)) to
achieve a low hysteresis losses [318], and have high permeability which
means that the electrical current needed to produce magnetization
should be as minimal as possible. This exclusive characteristics makes
electric steels best suited for generators, alternators, amplifiers, trans-
formers and iron electric motor applications. Furthermore, electrical
steels are subjected to the series of rolling and annealing treatments to
achieve Goss orientation; induces better power and higher permeability
properties in the rolling direction. However, this (rolling and annealing
treatments) requirement can be easily substituted by LPBF processing.
On the other hand, by increasing Si content in Fe-Si-alloy which is again
a soft magnetic polycrystalline metal alloy. LPBF processing of modified
Fe-Si alloy steel exhibit a higher electrical resistivity and a lower hys-
teresis loss compared to the conventional electrical steels [319]. Modi-
fying bulk Fe by adding Mn content enhances corrosion resistance along
with displaying good cytocompatibility during LPBF process of Fe-Mn
steels [320]. A basic research investigation is not sufficient, an
advanced and thorough research is vital before using Fe-Mn scaffolds as
functional components. Some of the other steels and iron-based func-
tional components that are considered for use in laser based additive
manufacturing includes amorphous, nanocrystalline, and magneto-
caloric materials [321]. A number of LPBF processed steels and iron-
based alloy components have already been in use for economic rea-
sons, and further growth is expected in the near future.

Development of LPBF process steel lattice structures with unique
thermal, mechanical, electrical and acoustic features opened the door
for cellular light weight structures applications in aerospace and
biomedical industries. Cellular structures offers an exciting opportunity
especially in design light weight applications due to their high strength
to stiffness ratio provided by the porous structure. The light weight
applications includes personal protective equipment (PPE), conformal
cooling channels, thermal controllers, bone scaffolds, antimicrobial
functionality possessing medical implants, sports equipment and etc.
There have been good number of researchers attempted to study the
microstructure relating to the mechanical properties of LPBF processed
steel lattice structures. However, comprehensive analysis including FEM
prediction of defects, structure and property relationship of LPBF steel
lattice structures, and their overall performance capabilities is one area
of the future scope to be explored in upcoming days. Functional graded
steel lattice structures which display varying densities across the struc-
ture in contrast to regular lattice structures with uniform density
throughout the structure is another exciting topic requires further
research.

Future developments of LPBF process of steels in the healthcare
sector is focused on various features, such as biocompatibility, corrosion
resistance, mechanical properties, printing properties, biomimetics, and
degradation. The development of new type of steels as biomaterials with
various compositions to achieve reprogrammed mechanical properties
and functions would become a reliable method for building various
organs and tissues with diverse mechanical requirements. For example,
type 302 stainless steel was introduced solely for its application in or-
thopaedic surgery. Additionally, 316L type stainless steel is most
commonly used in surgical procedures to replace biological tissue or to
assist in stabilizing a biological component like bone tissue to aid the
healing process. Stents, screws, plates, scaffolds are some of the
commonly used functional components of LPBF produced 316L stainless
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steels [322]. This type of stainless steel is the most corrosion resistant
when it is in direct contact with biological fluid. A surgical implant must
not be vulnerable to corrosion when positioned inside the human body
to avoid any possible chance of infection. Hence, 316L stainless-steel
implant is particularly effective when it is used in cold-worked condi-
tion, due to the non-existence of any inclusion in this material. Steel
materials with inclusions also contain sulphur which is a key alloying
element to encourage corrosion in steels. 316L stainless steel used in
surgical implants contains approximately ~17 to ~19% of chromium
and ~14% nickel. Corrosion resistance can also be achieved with the
carbon, but only when the carbon is in a solid solution state. Chemical
composition of stainless steel can be altered by adding chromium
(~16%) to become corrosion resistant. Similarly, the addition of carbon
and nickel (~7%) helps to stabilize the austenite in stainless steels.
Adding Pd into TWIP steels can significantly improve corrosion resis-
tance by forming decent intermetallic compounds. Similarly, adding
silver into TWIP steels results in improved mechanical strength by
establishing €-martensite during deformation. Also, molybdenum is
added to the steels implants that act as a protective layer sheltering the
metal from exposure to an acidic environment. It is important to note
that including ferrite element into stainless steel gives the metal a
magnetic property, which is not ideal for surgical implants as it could
obstruct the Magnetic Resonance Imaging (MRI) equipment. One of the
most evident problems with using magnetic implants is their suscepti-
bility to heating which could change the shape or structural position of
this steel implants. The potential solution to resolve this magnetic
property is by adding Mn in to steels, which enhances MRI compatibility
by promoting austenitic growth. LPBF process of steels and iron-based
alloys as biodegradable medical implants is the one of the exciting
and novel research areas that can be further explored. Meanwhile,
enhancing mechanical properties along with maintaining bio-
compatibility as well as good corrosion resistance of LPBF processed
steels implants is another challenge which require detailed attention.
Development and fabrication of complex biodegradable LPBF processed
implants with porous architecture imparts poor surface quality. A suit-
able post-processing is necessary to overcome this issue. Addressing the
link between post-processing and the poor surface finish of these im-
plants is extremely paramount which is another important topic for the
future examination.

LPBF process of steels induces process related higher residual
stresses, inevitable internal defects such as porosities, balling and ther-
mal cracks that result in higher surface roughness. Metallurgical defects
or any irregularities present at the surface pose an adverse effect on the
final part geometry, and consequently, lead to poor surface quality and
mechanical performance of the LPBF fabricated parts. Hence, unique
and effective statistical approaches are needed that would consider of all
these interdependencies of process related parameters while a minimum
number of experiments are to be conducted. A considerable number of
researchers have attempted to optimize the LPBF process by altering
parameters and used many new approaches like employing multiple
laser beams, laser de-focusing, laser re-melting, or adapting different
scan strategies, substrate preheating and/or using a hybrid substrate to
boost the efficiency of LPBF technology. However, there is still lack of
detailed scientific understanding; how these inevitable metallurgical
defects associated with LPBF process are going to behave when sub-
jected to the dynamic loading conditions i.e. fatigue properties. A very
limited research has been carried out focused on the influence of process
parameters on the surface quality and fatigue properties of an LPBF
processed product to optimize the given process in terms of time, cost,
and properties of a product.

Also, from the existing literature, most of the experiments that were
carried out are based on recommended parameter settings provided by
LPBF/AM machine vendors, which might induce uncertainty in the
outcome of the process depending on the operator or expert knowledge
of the vendors. Mathematical models based on FEM and regression
analysis are developed to predict the process performance. However,
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these methods are usually not sufficient mainly because they lack the
ability to extrapolate the given input data or information. Overall, the
vast majority of available studies in the literature have investigated
optimal process parameters for steels using simulation and/or experi-
mental approach. The limitation of this approach is, if we change the
experimental conditions (e.g., materials, process, system, or environ-
ment conditions), the resulting optimal process parameters settings may
no longer be valid and applicable. New experiments are required to
revalidate the samples. In addition, it is worth noting that very little
attention has been paid towards the systematic study of surface texture
characterization. The surface texture of LPBF processed steel parts
impart anisotropic or sometimes isotropic. Surface finish is generally
very sensitive to the mechanical performance especially under dynamic
loading (fatigue testing) conditions. As in case of HCF limit, which is
predominantly dependent on the surface texture of the LPBF fabricated
steel products.

6.2. LPBF technology

LPBF process of metals is gaining popularity while displaying sig-
nificant growth along with taking greater steps in novel and advanced
technologies to make it more competent, cost-effective. LPBF technology
offers new opportunities in production paradigms, versatility of fabri-
cating complex structures ranging from various scientific and technical
innovation industrial applications to the retail and personal products.
Due to higher freedom of design, LPBF process is very efficient in pro-
ducing individual or customized products mainly in healthcare, aero-
space, and automotive industrial applications. Medical implants, lattice
type structures, high temperature resistant, and high strength combined
with lower weight large components are among the examples. LPBF
technology is also included in the group of sustainable and efficient
production processes which helps in saving resources and protecting the
environment. Sustainability studies carried out on LPBF process displays
that significant reduction in material waste and fuel consumption are
the two other principal benefits. Moreover, eco-design in LPBF process
provides this opportunity where the environmental issues are consid-
ered in each design and fabrication phase, in accordance with, various
eco-design tools, for example, life cycle analysis (LCA) method, could
become handy to quantify the environmental impact associated with the
LPBF built products. Despite several exciting opportunities and advan-
tages offered by LPBF technique, there are still some obstacles that act
against its rapid growth, such as size limitation, production time, limited
number of materials, machine and production costs. LPBF technology is
not completely matured yet and is still in its infancy stages. The tech-
nology needs to be further developed and standardized in the coming
years, including the availability of the LPBF machines, and feedstock
materials at a lower cost. Also, expanding the capabilities of the LPBF
machines so that they are more autonomous, faster, more accurate and
able to mass-produce design surface quality components in addition to
the superior mechanical properties. In particular, innovative research
and development steps are to be taken up by governments, academics,
public and private sectors to design and improve the speed and accuracy
of LPBF machines and raise the number of its applicable metal alloys and
new methods while maintaining its economic viability.

LPBF process needs to overcome some of these specific technical
challenges before it becomes a reality for operational use in the industry.
LPBF process lacks robustness, repeatability, reliability and process
monitoring because two machines from the same manufacturer (or from
different manufacturers) can yield different part quality. It is a
requirement to understand, and efficiently be able to control the effects
of machine-to-machine variability. It is also paramount to develop
specifications and industrial standards for the processing of LPBF steel
components. Development of integrated processes, through the
advancement of technologies for monitoring and control of production
processes needs to be prioritized. Find/propose alternatives using
existing conventional qualification methods based on validated models,
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probabilistic methods and standard parts. New standard and advanced
non-destructive (NDT) capable of sensing LPBF processed critical defects
with a high degree of accuracy shall also be developed. New design
guidelines with innovative and customized structural features are
needed to build optimized components in structural terms and weight,
which is essential for the validation of virtual models based on physical
models, to predict the characteristics of microstructure, surface texture,
mechanical properties and corrosion properties. Existing design tools
are not capable of capitalizing the full advantage from the process due to
the compatibility of LPBF process specific features with present LPBF
machines as the design rules are not fully checked and established. In
addition, designers are forced to follow the design rules set for con-
ventional manufacturing processes. Along with the product level testing,
qualification process, methodologies for part verification and the
product assurance of LPBF built parts need to be established.

LPBF technology can be enhanced by introducing genetic algorithms,
artificial intelligence, machine learning, and other similar computer
automated systems, which are helpful to optimize process parameters.
Also, these intelligent LPBF systems are beneficial to predict the geom-
etry of the molten melt pool, microstructure, surface finish and me-
chanical properties by eradicating time-consuming, expensive trial and
error methods to carry out the physical experiments. For example,
introducing trained computer vision or unsupervised machine learning
algorithm, operative on a small to medium size training data base of
image patches will be beneficial to detect and classify the anomalies that
occur during LPBF process. Similarly, developing new algorithms that
are able to automatically alter the LPBF processed part geometry by
compensating CAD model would be interesting. A significant update of
the existing CAD software is required as it holds more important infor-
mation than the normal STL files. Thereby, upgraded software could
make reliable and meaningful alterations based on the example con-
straints already stored in the CAD file. This novel approach can be
applied not only for the simple parts but also be useful for the compli-
cated parts including internal surfaces, overhangs of curved and inclined
LPBF processed components. Prediction, maintenance and regulation
the dimensional tolerance variations of LPBF produced components are
extremely important. Geometrical tolerances must kept to the lowest
minimum tolerance range. The existing statistical analysis to develop
linear models for the tolerance prediction is not sufficient. Adapting
machine learning techniques for the prediction of dimensional features
would be very valuable.

LPBF product quality can be improved by minimizing or eliminating
the defects. Metallurgical defects could be controlled by employing
advanced numerical modelling and simulation methods, as well as real-
time defects elimination by in-situ detection. In addition, coupling near
infrared image (NIR) camera within LPBF systems would become ad-
vantageous to analyse each layer characteristics before and after it is
selectively melted and deposited. The NIR data that provides informa-
tion about the possible location of metallurgical defects and the surface
dimensions can be utilized as an important tool to mitigate LPBF process
related defects. Innovative hybrid LPBF process (combining LPBF tech-
nology with other AM process like cold spraying) would become more
beneficial to fabricate high quality functional products with improved
properties. It is essential for LPBF technology to advance in the direction
of multiple materials fabrication of different products simultaneously.
Developing intelligent materials should be concurrent with some ad-
vances in LPBF technique itself. With this advancement, smart materials
can be produced into complex and multifunctional structures with
higher precision and particular responsiveness. Altering the steel alloy
by mixing with another metallic powder at various compositions on
demand to create a flexible system is another interesting aspect in LPBF
of steels. This flexible prototype system can work for in-situ alloying of
various elements, in the meantime helpful to produce composite mate-
rials. There has been sincere effort to investigate the LPBF feasibility on
fabricating multi-materials (Fe and Al-12Si metallic powders) [323].
These LPBF composite materials applications are found in hybrid or
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translational junctional elements; nodes in heterologous frame space.
However, a detailed work is needed in further to investigate the various
processing strategies to enhance the part quality as well as component
metallurgy [323].

6.3. Materials

The other key challenges faced by metal LPBF technology is the cost
of materials and the array of materials. To tackle this, materials suppliers
need to invest highly in the research and development of new LPBF
materials to claim their stake in the global market. It is estimated that
the cost of materials shall be driven down in the near future and a wider
array of materials would be made widely available. In addition, the
demand for industrial-grade materials such metals and its alloys also
driving growth, particularly across the critical industrial sectors like
aerospace, automotive, shipbuilding, transportation, and etc. Hence,
there is a continuous rise in demand for materials like high-performance
low weight functionally graded materials. New materials shall be
developed to optimize the production process and the final quality of
LPBF processed components. Physical (morphology, flowability, particle
size distribution, humidity, moisture content), and chemical properties
(impurities level) of LPBF powders (including steel powders) are not
fully defined to achieve functional parts quality. Currently, there is no
powder handling or recycling specifications to ensure traceability and
avoid contamination of feedstock materials, which needs to established
at the earliest convenience.

6.4. Post processing

The post-processing in LPBF technology is cited as “hidden dirty
secret” because it is a necessary part of LPBF process workflow. Post
processing has naturally been manual and highly labor intensive.
Simplifying the entire LPBF process starting from designing a 3D com-
puter model that goes for a print, to the finished part, which is ready to
use has therefore been key imperative for the industries. An imperative
that is been driven by complete automation. The ability to automate the
post-processing stage comes with several benefits, such as saving costs in
both manual labor force and machine running cost as well as being able
to reduce the overall production times. For example, automated post-
processing systems could be comprised of automated cleaning, polish-
ing, injection molding to achieve smoother surface finish. The effect of
existing post process heat treatments (stress relieving, solution/ageing,
vacuum furnaces, hot-isostatic-pressing), surface treatments (mechani-
cal and electrochemical polishing, abrasive flow polishing), and clean-
ing procedures (jet blasting, sand blasting) applied to LPBF processed
components on the final properties is still unclear, which needs to be
addressed.

It is utmost important for the researchers and manufacturers to shift
their focus on design and development of specific application
orientated-optimized part geometries, compositions, and functionality
of AM/LPBF steels or other metal components. Overall, more and more
researchers and experts in AM fraternity (including LPBF) are turning
their interest towards fabricating bulk structures using customized
large-format additive manufacturing machines, hoping to create large
structures all at once, to avoid assembly or post processing methods that
are expensive and time-consuming. All in all, the versatility at which
LPBF and/or AM offers as non-conventional approach providing new
opportunities for mass customization of complex parts by saving time,
costs, and establishing process efficiency; which is playing a major role
in branding AM is leading the subsequent main industrial revolution 4.0.
Industrial manufacturing companies tend to enter the highly decen-
tralized industrial revolution. However, AM experts presume that
neither LPBF technology nor any other technique in AM process is going
to substitute traditional manufacturing processes completely.

In the coming years, a greater correlation between the machines,
materials and software is expected as manufacturers demand continuous



S.R. Narasimharaju et al.

Journal of Manufacturing Processes 75 (2022) 375-414

Softwares

Future trends of LPBF process

Quality surface
Faster/Accurate

Higher
productivity
Large size/Multi
metal parts

Superior
mechanical
properties

T 4

Fig. 38. Schematic illustration to show the correlation between the machines, materials, and software work together to ensure an end-to-end seamless LPBF pro-
cess workflow.

workflows and systems that collaborates harmoniously (see Fig. 38). All
of these elements would consequently need to come together, work
hand-in-hand to ensure an end-to-end seamless LPBF process workflow.
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