Title: Laser Powder Bed Fusion for Metal Additive Manufacturing: Perspectives on Recent

Developments
Authors: S.L. Sing & W.Y. Yeong”

Singapore Centre for 3D Printing, School of Mechanical & Aerospace Engineering, Nanyang

Technological University

“Corresponding Author

Designation:

Associate Professor, School of Mechanical and Aerospace Engineering, Nanyang Technological University,
Singapore

Associate Chair (Students), School of Mechanical and Aerospace Engineering, Nanyang Technological University,
Singapore

Programme Director (Aerospace and Defence), Singapore Centre for 3D Printing, Nanyang Technological
University, Singapore

Deputy Director (Technical), HP-NTU Digital Manufacturing Corporate Lab, Nanyang Technological University,
Singapore

Co-Director, NTU Institute for Health Technologies, Nanyang Technological University, Singapore

Email: wyyeong@ntu.edu.sg

Tel: (+65) 6790 5130



mailto:wyyeong@ntu.edu.sg

Abstract
While significant progress has been made in laser powder bed fusion (L-PBF) for metal additive

manufacturing (AM), there is still limited large scale adoption of this advanced manufacturing
technique by the industry. This paper covers the recent developments in L-PBF with discussions
from the materials and process perspectives. High entropy alloys and high strength aluminum
alloys have been identified as key materials development for L-PBF. Then, scanning strategies
and multi-lasers applications for the process are also discussed. Other research trends and topics
such as powder recycling, shape memory alloys and magnetic alloys are illustrated. The final
part of this paper provides an outlook on the recent advancements while suggesting potential

research topics for L-PBF.

Keywords: Additive manufacturing; 3D Printing; Powder bed fusion; Selective laser melting;
Aluminum alloys; High entropy alloys; Remelting; Multi-lasers
1. Introduction

Additive manufacturing (AM) has gained much traction over the past few decades and has
attracted huge attention from the industry and academia. AM has several advantages such as
reducing waste materials, shorter manufacturing lead time, high flexibility, feasibility for
complex geometry products and shorter product development cycle. The demand for highly
customized parts, together with the change in business models and leaner suppler chains have
driven the interest for AM (Gisario et al. 2019). While AM has also been used for polymers (Goh
et al. 2020; Dikshit et al. 2017; Dikshit et al. 2018) and ceramics (Sing et al. 2017; Galante,
Figueiredo-Pina, and Serro 2019), metal AM is still the most prominent group of techniques in
terms of recent development. AM techniques are categorized into seven groups (Lee et al. 2018)

and metal AM involves techniques from six of these categories and details have been reviewed



elsewhere (Gisario et al. 2019; Tan, Sing, and Yeong 2020; Buchanan and Gardner 2019). They
are sheet lamination (Olivier et al. 2017), binder jetting (Lores et al. 2019), material jetting
(Simonelli et al. 2019), material extrusion (Blindheim, Welo, and Steinert 2019), directed energy
deposition (Eisenbarth, Soffel, and Wegener 2019) and powder bed fusion (Chahal and Taylor
2020; Tan et al. 2015).

Among all the techniques, laser powder bed fusion (L-PBF), also commonly known as
selective laser melting (SLM) or direct metal laser melting (DMLM), facilitates near net shape
manufacturing with one of the highest accuracies. Ample literatures that focused on L-PBF of
metals or alloys are available (DebRoy et al. 2018; Gu et al. 2013; Olakanmi, Cochrane, and
Dalgarno 2015; Sercombe and Li 2016; Sun et al. 2018; Wang, Wu, et al. 2019). In this
perspective article, the recent developments in L-PBF are highlighted. An introduction to L-PBF
is briefly provided to give an overview of the technique. The recent advances in two research
areas, namely the L-PBF process and new materials for L-PBF, are discussed. The potential
topics for future research in these areas are also outlined.

2. Laser Powder Bed Fusion

The L-PBF process starts from preparation of computer aided design (CAD) files which are
subsequently sliced into two-dimensional (2D) layers by computer software. The layer thickness
of these slices is considered as one of the process parameters. The L-PBF process includes
powder deposition onto a substrate plate or previous processed layers, selectively melting of the
powder particles with a high energy laser beam according to each sliced profile, lowering the
platform by predetermined layer thickness and then recoating a new layer of powder. The cycle

repeats till the process ends with the melting of the last sliced layer of the components (Bogue



2011). Figure 1 illustrates the schematic of L-PBF. The white fonts indicate the machine parts

and the black ones are key controllable process parameters.

Laser power

gl ¥eed container |

Overflow
container

Powders in the
present track

Build platform

) Powders ) Melting track

Figure 1 Schematic of L-PBF build chamber and process. The white fonts illustrate the machine components while the black
fonts illustrate the key processing parameters (Yu, Sing, Chua, Kuo, et al. 2019).

L-PBF allows quick production of three-dimensional (3D) parts with complicated shapes
directly from powders without the mold design process which can be time and cost extensive
(Concli and Giliolo 2019). It results in superior property in parts compared to counterparts
produced by conventional methods due to the ultrafine and graded microstructure attributed to
the rapid cooling and solidification cycles (with cooling rate of 103-10° °C/s) during the process
(Yang et al. 2016; Liu et al. 2014; Yang et al. 2018).

3. Recent Materials Development for Laser Powder Bed Fusion

There has been extensive work done on material development for L-PBF and the widely
known materials for L-PBF are stainless steel, tool steel, Ti6Al4V and AlSilOMg (Yap et al.
2015). The research for these materials is well established. Recently, there have also been

developments for magnesium alloys (Shuai, He, et al. 2018; Shuai et al. 2019), tungsten (Guo et
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al. 2019; Wen et al. 2019), zinc alloys (Shuai, Xue, et al. 2018) and metal matrix composites (Du
et al. 2020; Yu, Sing, Chua, Kuo, et al. 2019). To further expand the available materials, in-situ
alloying has been proven to be a viable approach (Martinez, Todd, and Mumtaz 2019; Wang,
Tan, et al. 2019; Wang, Liu, et al. 2019; Huang et al. 2020). In the following sections, the recent

key material advancements for L-PBF are discussed.

3.1 Modified High Strength Aluminum Alloys
Among commercial aluminum alloys, mainly near eutectic AlSi alloys, such as AlSi10Mg,

Al12Si are often used in L-PBF. The success of these alloys is due to the silicon content which
hinders the solidification cracking, which is related to the solidification range of the alloy,
fluidity of the melt and coefficient of thermal expansion. Solidification cracking has restricted
the printability of most high strength aluminum alloys such as 2000, 6000 and 7000 series.
Simulations have been done to understand the L-PBF of such alloys (Loh et al. 2015). In
addition, these aluminum alloys contain volatile elements such as zinc, magnesium and lithium
that can easily evaporate during L-PBF. To overcome these obstacles, many efforts have been

made using modified aluminum alloys for L-PBF.

Kuo et al. studied the microstructure and mechanical properties of AIMgSc alloy (Scalmalloy)
(Kuo et al. 2020). Scandium addition in aluminum alloys results in the precipitation of AlsSc
phase which limit columnar grains formation and hot tearing. Similar observations were made by
Bi et al. using AIMgSiScZr (Bi, Lei, Chen, Chen, Tian, Liang, et al. 2020; Bi, Lei, Chen, Chen,
Tian, Qin, et al. 2020). The precipitation of secondary phases such as AlsSc, AlsZr and Mg2Si
greatly reduced the grain size and improved the mechanical strength, which resulted in the alloy
having comparable properties to 5000 and 6000 series aluminum alloys. Jia et al. developed

AIMnSc, which is a high strength aluminum alloy, specifically for L-PBF (Jia et al. 2019). The



produced samples have no solidification cracks or obvious metallurgical defects. The
strengthening mechanisms of this alloy is also due to precipitation of the secondary phases which
triggered in-situ heat treatment during L-PBF. Strengthening is also achieved due to the shearing
dislocation of these precipitates (Jia et al. 2020). A comparison of tensile properties of this alloy
to other aluminum alloys is shown in Figure 2. A comprehensive review on aluminum alloys

processed by L-PBF has been done by Aversa et al. (Aversa et al. 2019).
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Figure 2 The corresponding tensile properties of AIMnSc alloy tested along horizontal (solid red stars) and vertical (hollow
red stars) directions compared with existing typical Al alloys fabricated by both L-PBF and traditional manufacturing
processes (Jia et al. 2019).

3.2 High Entropy Alloys
The conventional alloys usually contain one or two primary elements and a relatively small

composition of other elements in order to modify their microstructures and properties. In most
cases, high entropy alloys (HEASs) are defined as alloys containing five or more major alloying
elements with concentration between 5at% and 35 at%, forming a single or double phase

crystalline structure despite having multiple elements with different crystal structures. HEAs
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offer good strength to ductility ratio, hardness, corrosion resistance and microstructural

flexibility.

Like any other material development using L-PBF, extensive experiments are needed to
obtain the process window for these new alloys. Niu et al. studied the effect of volumetric energy
density on FeMnCoCrNi with emphasis on crack formation mechanisms, crystal orientation and
mechanical properties (Niu et al. 2020). Like most conventional alloys, FeMnCoCrNi exhibits
crack formations when large thermal stress is generated during L-PBF due to high cooling rate.
High cooling rate can be a result of high scanning speed or laser power during L-PBF. Hot
tearing is also observed in CoCrFeNi regardless of the various process parameters used,
suggesting poor printability of this material by L-PBF (Sun et al. 2019). However, Niu et al. also
used L-PBF on AICoCrFeNi (Niu et al. 2019) and achieved a high relative density of 98.4 %.
Microstructure of the samples showed epitaxial growth perpendicular to the melt pool boundary.
Precipitates which are typically formed after heat treatment are also observed (Sing, Huang, and
Yeong 2020). Agrawal et al. studied the microstructure and tensile properties of FeMnCoCrSi
(CS-HEA) (Agrawal et al. 2020). It is found that the L-PBF FeMnCoCrSi did not contain any
cracks and had very small void percentage of ~0.1 vol% which showed the good printability
using L-PBF. The e-dominated columnar grains facilitated the work hardening ability of this
material which resulted in very high strength-ductility index. A comparison of CS-HEA and
other common alloys strength-ductility index is shown in Figure 3. More details on L-PBF of

HEAs are provided in the comprehensive review done by Han et al. (Han et al. 2020).
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Figure 3 Comparison of strength ductility index as a function of elongation for different additively manufactured alloys
(engineering UTS value of all materials is used for calculating SDI) (Agrawal et al. 2020).

3.3 Other New Materials
Other than aluminum alloys and HEAS that have seen a surge in development, there are also

some notable work done in shape memory alloys (SMAs) and magnetic alloys.

SMAs are a special group of alloys that can produce mechanical work when subjected to
environmental changes such as thermal cycle or magnetic field. Several SMAs have been
developed using L-PBF. Among these, NiTi remains a favorite for its super-elasticity, high
damping characteristics and lightweight (Chen, Liu, et al. 2019). Lu et al. used L-PBF to produce
NiTi that has extremely high shape memory effect of 98.7 % recovery ratio and 4.99 %
recoverable strain after ten loading-unloading cycle (Lu et al. 2019). The strengthening
mechanism is attributed to lack of defects, grain refinement strengthening and the nano sized
TioNi precipitates formed. Furthermore, Xiong et al. reported a 99 % shape recovery rate when
L-PBF NiTi thin walls are compressively deformed by 50 % (Figure 4) (Xiong et al. 2019).
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Other than NiTi, some other SMAs that have been processed using L-PBF including
TiNbZrMoSn (Liu, Zhang, and Zhang 2019), TiNbTaZr (Hafeez et al. 2020), CuzZnAl (Zhou et

al. 2020), CoNiGa (Lauhoff et al. 2020) and CuAINiTi (Tian et al. 2019).
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Figure 4 (a) Stress-Strain-Temperature curves obtained by tensile loading-unloading-heating process of the L-PBF NiTi (b)
shape recovery rate as a function of tensile pre-deformation (c) the initial shape of printed L-PBF NiTi part (d) the

compressed L-PBF NiTi part with deformation of 50% and (e) the recovered shape of the L-PBF NiTi part after heating (Xiong
et al. 2019).

Research on magnetic alloys by L-PBF is still in infancy stage. Goll et al. investigated the
processing of FeNdB using L-PBF and showed that very fine microstructure with defined texture
and finely dispersed neodymium rich phase is formed. However, they concluded that further
process parameters optimization is needed to achieve finer microstructure for better performance

(Goll, Vogelgsang, et al. 2019). Mohamed et al. created dense NiFeMo (relative density of 98.9



%) structures using L-PBF and tried to control the crystallographic anisotropy (Mohamed et al.
2020). In another work, Bittner et al. used L-PBF to produce NdFeB magnets and were able to
achieve isotropy (Bittner, Thielsch, and Drossel 2020). In addition, it is found that the magnetic
properties become better as energy input increases until the material specific threshold have been
reached for 3D printability. The grain size and density of the samples are identified as the main
factors in affecting the magnetic properties. Similar observations were made by Skalon et al.
who studied the influence of melt pool stability on NdFeB magnets density and magnetic
properties (Skalon et al. 2020). In addition, it has been showed that topological optimization

made possible by L-PBF has improved their performance (Figure 5) (Goll, Schuller, et al. 2019).
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Figure 5 Schematic representation of different concepts to reduce eddy current losses of soft magnetic cores by additive
manufacturing (a) Optimized alloy composition with higher electrical resistivity and better soft magnetic properties (large
saturation polarization, large permeability) (b) novel topological structures (c) layered structures to design and control
electrical path length and magnetic flux and (d) combination thereof (Goll, Schuller, et al. 2019).

4. Recent Process Development for Laser Powder Bed Fusion
In addition to materials development, there is also significant progress in the process for L-

PBF. Currently, much of the adoption of L-PBF for industry is hindered by obstacles such as part
quality and process efficiency. Majority of the research done has focused on the process
parameters to improve L-PBF parts. To further enhance the feasibility of L-PBF for actual
manufacturing and integration into the process chains, the recent key process advancements for

L-PBF are discussed.
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4.1 Scanning Strategies
Remelting, which refers to scanning the powder layer more than once (Figure 6), during L-

PBF has emerged as a popular option in improving the part quality such as density and surface
finishing. Remelting is also referred as in-situ heat treatment which results in reduced thermal
stress and inhibits crack initiation and propagation. Hence, this scanning strategy has potential

for materials with low 3D printability with L-PBF.

o / Layer N+1

Layer N

Layer N

Build direction
<

Figure 6 Schematic of remelting during L-PBF.

Xiong et al. used remelting to process pure tungsten by L-PBF and found that the grain size
and defects are reduced (Xiong et al. 2020). It is of interest to note that the remelting does not
need to have the same process parameters or scan directions as the first scanning. This allows for
more variable in terms of parameters optimization. Yu et al. also concluded that porosity reduces
with remelting, however, remelting in opposite scan direction results in lower reduction in
porosity at the part edges compared to remelting in the same direction (Yu, Sing, Chua, and Tian

2019).
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In addition to remelting, much of the development in scanning strategies for L-PBF is in the

design of scanning patterns. Currently, the scanning patterns used in L-PBF include stripes and

chessboard or island in which the layer cross sections are divided into smaller areas (Figure 7). It

has been shown that scanning patterns have effect on the residual stresses of L-PBF parts (Li et

al. 2018). In attempts to reduce the residual stresses in L-PBF parts, several modifications to the

patterns have been developed.

(a) (b)
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N+1 (Rotated 67°)
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Figure 7 Schematic illustration of two scanning strategies (a) stripe and (b) chessboard (Wang, Lei, et al. 2020).

N+1

To improve the chessboard scanning pattern, Ramos et al. proposed an intermittent scanning

pattern where the alternating areas are not scanned adjacently. Using simulations, it is shown that

this is effective in reducing the residual stresses due to the shorter scan vector lengths (Ramos,

Belblidia, and Sienz 2019). The scan rotation between each layer is also found to have effect on

the microstructure and mechanical properties of L-PBF parts. The scan rotation can be set at any

angle, and some examples are shown in Figure 8.
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Figure 8 Schematic overview of the laser vectors (red arrows) with a bidirectional scanning strategy with (a) no rotation (b)
90° rotation, (c) 45° rotation and (d) 67° rotation on subsequent layers (n) (Leicht et al. 2020).

Using bidirectional scanning in each layer (Figure 8), Leicht et al. found that scan rotation
does not affect part density if the melt pools have sufficient overlaps in width and height.
However, samples produced with no rotation had the highest tensile strength but lowest
hardness, showing anisotropy (Leicht et al. 2020). Similar observations were made by Wan et al.
and Liu et al. that showed that samples produced with no scan rotation are stronger than samples
that used 90 ° scan rotation despite no difference in parts porosity (Wan et al. 2019; Liu et al.
2019). With island scanning pattern, there are also more variables in scan pattern designs. Chen
et al. studied the effect of overlap amount and patterns using island scanning (Chen, Yin, et al.
2019). It is interesting to note that the overlap region experiences remelting due to the scanning
of the region twice. Hence, increasing the overlap region area resulted in higher stress relief for

all the scanning patterns.
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Figure 9 The overlap patterns used in the scanning region (a) unidirectional (b) vertical (c) symmetrical (d) alternating (Chen,
Yin, et al. 2019).

The study on overlap regions is useful for the development of multi-lasers L-PBF.

4.2 Multi-lasers
Using multi-lasers in L-PBF can increase the production rate and by allowing more than one

unit of laser, the laser properties will have more freedom, such as different laser spot sizes for

different geometrical features and resolutions.

Zhang et al. used multi-lasers L-PBF to study the effect of overlap on defects, microstructure
and mechanical properties of AISi10Mg. The build substrate is divided into four areas where
there is overlap of 1 mm between each quadrant which experienced remelting (Figure 10).
Samples placed in the overlap have similar microstructure and tensile strength as compared with

other samples (Zhang et al. 2019).
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Figure 10 Schematic of the overlap area melt in multi-lasers L-PBF (Zhang et al. 2019).

It is concluded that multi-lasers L-PBF has higher build rate compared to single laser without
compromising part density or changing the microstructure drastically (Wong et al. 2019). Instead
of installing additional laser units, Tsai et al. used a diffractive optical element and
galvanometric scanner to create multiple spots from a single laser L-PBF. This also allowed

adjustment of individual laser spot characteristics (Tsai et al. 2019).

4.3 Other Process Considerations and Developments
There are several other process aspects of development for L-PBF, such as auto generation of

build orientation (Qin et al. 2020) and support structure designs. These advances aim to achieve

higher industry readiness for L-PBF. For this to be attained, there are also other considerations.

Shielding gases are often used in L-PBF to prevent oxidation and containments pick up by the
materials. However, there is need for further understanding of the effect of such gases on the L-
PBF parts. A graphic description of the gas flow interactions with spatter from the melt pools is

shown in Figure 11.
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Figure 11 Graphic description of the LPBF process chamber and the spatter/gas flow interactions (Zhang, Cheng, and Tuffile
2020).

Anwar et al. investigated the distribution of spatter due to the gas flow. It is shown that the
gas flow was not effective in removing the larger spatter particles (Anwar, Ibrahim, and Pham
2019). In addition, Zhang et al. considered the effect of the gas flow in removal of the emissions
from melt pools (Zhang, Cheng, and Tuffile 2020). It is observed that there is a downward flow
tendency for the gas flow, and an additional row of gas nozzles is placed directly under the
original nozzles to prevent this. The new design improved the spatter removal rate from 69 % to
93 %. Puazon et al. investigated the effect of the shielding gas thermal properties on the
Ti6Al4V part density produced using L-PBF (Puazon et al. 2020). Mixtures of helium and argon
gases are used, instead of pure argon, as helium has high thermal conductivity and heat capacity.
It is showed that using argon and helium mixtures, the build rate can increase up to 40 % while
ensuring process stability and producing parts with full density. The capability of increase build

rate is attributed to better spatter removal and cooling rates even when higher powers and

17



scanning speeds are used. Similar observations were made by Caballero et al. when pure helium
was used instead of argon. It is observed that the strong fluctuations in melting is absence in
helium atmosphere, and better control of the melt profiles was achieved compared to argon
(Caballero et al. 2020). However, for AISi10Mg, there is no significant difference observed

when nitrogen was used instead of argon (Ch et al. 2019).

Despite the forming of spatter and condensate during L-PBF (Figure 12), which can result in

change in powder characteristics, recycling is commonly carried out for the powder.

Vapor Entrained
Laser Spatter

Laser Spatter
Collision
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298, 12 4%
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Figure 12 lllustration of laser spatter and condensate formation during the L-PBF process. Laser spatter is formed as a result
of recoil pressure or vapor entrainment and is ejected away from the melt pool into the surrounding powder bed affecting
powder recyclability (Sutton et al. 2020).

Several researches have been done to study the effect of reusing powders for L-PBF. Carrion
et al. studied the effect on mechanical properties by reusing Ti6Al4V powders for L-PBF

(Carrion et al. 2019). While the powder has narrower powder size distribution (PSD) after 15
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cycles of recycling, which leads to increase in powder flowability, the L-PBF parts produced did
no show significant changes in microstructure, tensile and fatigue performance. Similar results
are obtained by Alamos et al. after eight recycling (Alamos et al. 2020). Using 304L stainless
steel powder that has been recycled for seven times, Sutton et al. also observed narrower PSD
and better flowability due to the loss of finer powder particles, but the recycled powder particles
have higher oxygen content and a change in microstructure (Sutton et al. 2020). Higher oxygen
content was also observed for AISi10Mg powder after recycling 16 times (Cordova, Campos,
and Tinga 2019). Higher oxygen content is attributed to contamination pick up and element
vaporization. Wang et al. observed a decrease in mechanical properties of CoCrW parts formed
by L-PBF using powder that has been recycled six time (Wang, Ye, et al. 2020). A review on
powder recycling has been done by Powell et al. (Powell et al. 2020).
5. Concluding Remarks

L-PBF, with its better resolutions and capabilities in manufacturing functional parts, have
seen recent advancements driven by the demand from industries. In this perspective article, the
recent developments in L-PBF are highlighted from the materials and process points of view.
However, there are still many potential and challenges faced by this technique which open many
research opportunities. For materials, there are still challenges faced in designing new alloys
specifically for L-PBF as there is need to overcome metallurgical defects such as pores, lack of
fusion and intermetallic formations. These are commonly caused by L-PBF and have detrimental
effects on the parts performance. Thus, in-depth understanding of the process is essential. For the
L-PBF process, many applications are faced with the uncertainty and unpredictability of the
process. These are attributed to the lack of process control solutions available in the market.

Developing machine learning techniques and artificial intelligence to complement the existing
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numerical simulations can aid in the development of in-process and post-process monitoring

systems.
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