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Abstract

Various laser powder bed fusion (LPBF) process parameters must be considered as they can independently affect the proper-
ties of end-product. However, many studies simply examine one or two LPBF process parameters. Laser power, scan speed,
scan spacing, and layer height are the four primary LPBF process parameters that contribute to volumetric energy density
(VED) used in LPBF. VED is often used as an optimization metric for LPBF process parameters, because it takes all four
major parameters into consideration. Thus, this paper focuses on the effect of VED on the morphology and properties of
part, and also discusses on the interrelationship between all four parameters. Common range used for each parameter is
70-400 W for laser power, 70-1800 mm/s for scan speed, 50—140 um for scan spacing, and 20-50 um for layer height. It
can be seen as the VED increased, the microstructure of as-built titanium alloy Ti6Al4V components exhibited smaller o’
martensite size and larger columnar § grain. High VED can also reduce porosity and defect formation, which will help in
increasing part density. The lowest surface roughness reported for LPBF Ti6Al4V is 4.91 um. Meanwhile, the maximum
microhardness obtained is 443 HV and the highest tensile strength achieved is 1400 MPa. The VED used for studies that
obtained these results are in the range of 55-65 J/mm?>. Thus, it can be concluded that the most suitable VED for LPBF
printing of Ti6Al4V is around 55-65 J/mm?®.

Keywords Laser powder bed fusion - Volumetric energy density - Process parameters - Morphology - Mechanical
properties - Ti6Al4V

1 Introduction

One of the nine pillars introduced in the fourth industrial
revolution (IR 4.0) is three-dimensional (3D) printing or
additive manufacturing (AM). The metal AM field offers

< Farhana Mohd Foudzi
farhana.foudzi @ukm.edu.my

Department of Mechanical and Manufacturing Engineering,
Faculty of Engineering and Built Environment, Universiti
Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia

Faculty of Mechanical Engineering, Universiti Malaysia
Pahang, 26600 Pekan, Pahang, Malaysia

State Key Laboratory of Mechanics and Control
of Mechanical Structures, Nanjing University

of Aeronautics and Astronautics, Nanjing 210016,
People’s Republic of China

the possibility of fabricating a wide range of materials with
complex geometry features and applications, as stated by
Lewandowski and Seifi [1] and Ghani et al. [2]. Moreover,
metal AM technologies help in manufacturing parts that
are difficult to machine as reported by Wasono et al. [3].
According to research conducted by ARC Advisory Group
[4], aerospace, automotive, and defense industries are the
largest markets for metal AM in 2018. The common prac-
tice for many automotive sector manufacturers with AM is
prototyping purposes because conventional methods and
AM have yet to coincide in a fully automated environment.
Meanwhile, in the aerospace industry, Sacco and Moon
[5] reported that such industry is more focused on print-
ing designs with intricate details while using less material
that aims for reducing fuel consumption. Furthermore,
since parts can be fabricated on-site using AM technolo-
gies, the self-sufficiency nature of military operations can
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be supported as mentioned by Vora and Sanyal [6]. Metal
3D printing is also prevalent in the medical industry as Guo
et al. [7] and Duan et al. [8] reported that the technology aids
in individualization (e.g., customized implants) and surgical
cost reduction.

According to ISO/ASTM 52900:2015, technologies in
AM can be categorized into seven categories, including
four metal AM technologies which are powder bed fusion
(PBF), direct energy deposition (DED), material jetting, and
binder jetting. Blakey-Milner et al. [9] and Lee et al. [10]
reported that among the four technologies, only PBF and
DED are already at high technology readiness level (TRL).
Laser powder bed fusion (LPBF) is one of the commercially
available PBF process, alongside electron powder bed fusion
(EPBF). LPBF is also known as selective laser melting
(SLM), direct metal laser sintering (DMLS), and Laser-
CUSING, which are trademarked terms by SLM Solutions
Group AG, EOS GmbH, and Concept Laser, respectively. In
this paper, only the term LPBF is used to avoid confusion.
Among the various methods in the metal AM field, LPBF
is a promising technique due to its numerous advantages.
First, Pal et al. [11] reported LPBF can produce top quality
parts from metal powders as it allows homogeneous build-up
to almost full density. Besides, the LPBF system acknowl-
edges a wide range of materials for fabrication such as tita-
nium (Ti), stainless steel, aluminium (Al), cobalt-chromium
(CoCr), and even gold (Au), as stated by Aboulkhair et al.
[12]. The performance of these LPBF-fabricated parts is

comparable to those produced using conventional methods,
which will be discussed in Sect. 5. However, due to large
thermal gradient present in LPBF, it can introduce huge
residual stresses and further explanation can be found in
studies done by Mercelis and Kruth [13], Xiao et al. [14],
Liu et al. [15] and Chao et al. [16]. The residual stresses can
be countered using stress-relief treatment such as anneal-
ing or hot isostatic pressing (HIP), where the treatment can
also alter the microstructure which eventually will affect the
mechanical properties of the treated parts.

Figure 1 illustrates a simplified schematic of the LPBF
process. The first step of LPBF process begins with the
development of a 3D model using a computer-aided design
(CAD) software or produced using a 3D scanner. A support
structure for the model will be generated and this model
will then be sliced into a stack of two-dimensional (2D) lay-
ers. The stack of 2D layers, which consists of both internal
and external geometry features, will then be loaded into the
LPBF machine to begin the printing process. A thin layer of
metal powder will be uniformly deposited on the substrate
plate using a roller before a focused laser beam melts the
powder bed. After the plate is lowered down by one-layer
thickness, a new layer will be applied and melted to form a
successive layer that is metallurgically bonded with the pre-
vious layer. This process will be repeated until a 3D object or
component is fully built. To avoid oxidation and contamina-
tion, this printing process is done with high purity shielding
gas. Due to rapid repeated heating and cooling process, high
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internal residual stresses are likely and can be countered by
pre-heating the build plate or heat treating the end-product.

One of commonly fabricated materials using LPBF is
Ti6Al4V alloy, or also known as Ti64 alloy which consists
of Ti, Al, and vanadium (V). This alloy is an American Soci-
ety for Testing and Materials (ASTM) Grade 5 and Grade
23 Ti. Ti Grade 23 is the higher purity version of Ti Grade
5, as it contains lower levels of oxygen (O), nitrogen (Ni),
carbon (C), and iron (Fe) compared to Ti grade 5. Ti Grade
23 is also known as Ti6Al4V Extra Low Interstitials (ELI).
It is noteworthy that in this paper, Ti6Al4V alloy refers to
both Ti grade. Majumdar et al. [18] stated Ti6Al4V is an
alpha (a)-beta (p) Ti alloy that is widely used in biomedical
applications, such as prosthesis and joint replacement due to
this biomaterial’s low density, high strength-to-weight ratio,
high corrosion resistance, excellent wear properties, and
most importantly, high biocompatibility. Since Ti6Al4V is a
very versatile material, this alloy is also used in the automo-
tive, aerospace, and tooling industries, as mentioned by Liu
et al. [19] and Tan et al. [20]. Nevertheless, due to its low
thermal conductivity and high toughness, this material is
categorized as a hard-to-machine material. Furthermore, as
IR 4.0 encourages mass customization, Dilberoglu et al. [21]
stated that there is a limit in manufacturing Ti6Al4V parts
with the desired shape using current conventional methods;
thus making LPBF the preferable method in manufacturing
Ti6Al4V parts.

Presently, there is an interest in optimizing the process
parameters of LPBF method to produce Ti6Al4V parts with
excellent mechanical performance. As the two popular meth-
ods in metal AM field are LPBF and EPBF, a comparison
in publications number over the past 10 years is made in
Fig. 2. For LPBF, the keywords used to search for papers
are LPBF, SLM, DMLS, and laser cusing. Selective laser

Fig.2 Number of publica- 600
tions (articles and proceeding
papers) with keywords “LPBF

ezzZlEPBF + Ti6AI4V ]

sintering (SLS) is also included as sometimes researcher
mistakenly used that term, although SLS is not for metal
AM. Meanwhile for EPBF, the keywords used are EPBF,
electron beam melting (EBM), and selective electron beam
melting (SEBM). Both searches used the same keywords for
Ti6Al4V which are Ti6Al4V, Ti-6Al-4V, Ti64, and TC4.
Figure 2 shows that for the past 10 years, studies on LPBF
are exponentially increasing compared to EPBF, demon-
strating the high interest in LPBF technology. Generally,
volumetric energy density (VED) is used as an optimiza-
tion metric for LPBF process parameters, because it is not
biased toward certain parameters. Thus, it can be observed
that research focusing on the VED used during LPBF print-
ing is also steadily increasing over the past 5 years.

Therefore, this paper aims to examine the process param-
eters that contribute to the VED of LPBF, compile and ana-
lyze the VED generated by the process parameters from
different studies, and address the influence of VED on the
morphology and mechanical performance of Ti6Al4V parts
produced via LPBF. Web of Science is used to find articles
and proceeding papers to be reviewed using these keywords:
(TS = (laser powder bed fusion OR selective laser melting
OR direct metal laser sintering OR laser cusing OR selective
laser sintering)) AND (TS =(Ti6Al4V OR Ti-6Al1-4V OR
Ti64 OR TC4)). From each paper, the value of properties
(i.e., surface roughness, microhardness, and tensile proper-
ties) with the associated VED, are evaluated. It is worth not-
ing that this paper only focused on samples that do not use
any heat treatment after LPBF process as heat treatment can
change the properties of manufactured parts. Some of the
key findings in this paper are summarized in Table 1. This
table focused on studies that reported the highest and low-
est value of surface roughness, microhardness, and tensile
properties of LPBF-fabricated Ti6Al4V parts.
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Table 1 Process parameters used during LPBF printing for Ti6Al4V parts with significant properties

Author (year) Machine model Process parameters

VED, E, Key findings

Laser
power, P
(W)

Laser spot
diameter
(um)

J/mm?
Scan ( )

spacing, d
(um)

Scan
speed, v
(mm/s)

Layer
height, ¢
(um)

Pal et al. (2019) [22] Concept Laser mLab 110 75

Zhu et al. (2016) [23] Renishaw AM250 70 200

Wang et al. (2019)
[24]

SLM 280HL 90 200

Mierzejewska et al. EOSINT M280 87 170

(2019) [25]

Kaya et al. (2019)
[26]

Concept Laser M ~50 95

LabR

Fiocchi et al. (2020)
[27]

modified Renishaw 70
AM400

100

600 77 25 65 Produced sample with
the lowest surface
roughness reported
(4.91 pm)

Low scan speed
induced low cooling
rate which caused

less spattering

Reported the highest
microhardness value
of 443 HV

Contains a fully acicu-
lar o martensitic
microstructure

Reported the highest
ultimate tensile
strength (UTS) of
Ti6Al4V manu-
factured via LPBF
(1400 MPa)

May be closely related
to low porosity level
produced by the
parameter set

600 110 50 61

1150 100 30 58

1300 100 30 44 Produced sample with
the highest surface
roughness reported

(21.06 um)

Produced sample with
the lowest micro-
hardness reported
(332 HV)

Produced sample with
the lowest UTS of
938 MPa and elonga-
tion of 5.9%

1350 90 25 31

1250 80 30 36

2 Process parameters of LPBF

Although the LPBF process seems relatively simple, there
are three vital aspects that need to be understood as it can
affect the fabricated parts: material, design, and process. The
materials currently used in LPBF fabrication are limited to
commercially available alloys because LPBF research is
mostly focused on processing alloys that suit the available
manufacturing methods, as mentioned by Aboulkhair et al.
[12]. Since the LPBF method uses rapid repetitive heat-
ing and cooling mechanism, it is vital to understand this
mechanism before developing new alloy systems. Besides,
design plays a crucial role in LPBF fabrication. Lightweight
components can be produced using topology optimization;
and by manipulating the design to minimize the support

@ Springer

structure, fabrication time and post-processing cost can be
reduced.

For process-related parameters, Spears and Gold [28]
have listed 50 key parameters in LPBF which can be divided
into four classifications, i.e., (i) parameters of laser and scan-
ning, (ii) properties of powder material, (iii) properties of the
powder bed and parameters of recoat, and (iv) parameters
of the build environment. Some laser and scanning param-
eters are peak power of machine, scan speed, scan spacing,
and scan strategy used. Powder material involved properties
such as particle morphology and particle size distribution.
For powder bed, density and layer height of powder must
be considered. Lastly, oxygen level and pressure are two
of the build environment parameters. Some parameters can
be controlled as they can be easily manipulated using the
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present LPBF method. From all the parameters presented by
Spears and Gold [28], only a few controlled parameters can
be directly changed during the LPBF process such as laser
power, scan speed, scan spacing, and layer height. Figure 3
depicts these four parameters which contribute to the VED
used in LPBF. It is worth noting that the terms scanning
speed, hatch spacing, and layer thickness in the figure are
similar to the terms used in this paper for scan speed, scan
spacing, and layer height, respectively.

2.1 Laser power

Dilip et al. [30] stated that laser power and scan speed
control melting and solidification rates. Laser power is the
amount of energy delivered by the laser to the powder lay-
ers. The laser power cannot be too low because enough laser
power is needed to fully melt the powder layers. Pal et al.
[31] asserted that although a too low laser power can induce
partial melting which leads to incomplete fusion of the pow-
der layers, very high laser power needs to be avoided as
it can induce the formation of a deep keyhole, which will
introduce pores as seen in Fig. 4a.

2.2 Scan speed

Spierings et al. [32] reported that scan speed plays a vital
role in affecting the density and microstructure of a part,
because a low scan speed can lead to irregularities and dis-
tortion. In contrast, a high scan speed can induce balling
phenomenon. Balling occurs due to insufficient wetting with
surrounding parts when using low VED produced by high

Hatch spacing

Powder bed

Layer
thickness

AN
i

Preceding layers or substrate plate

Fig.3 An illustration of all four parameters that contribute to the
VED used in LPBF, reused with permission from Yap et al. [29]

scan speed and low laser power. Melt pool of low VED has
high surface tension and to reduce the surface tension, ball-
ing will form which can be seen in Fig. 4b. LPBF-fabricated
Ti6Al4V parts that contain balling are commonly found to
have interlayer bonding disrupted, porosity introduced, and
surface quality degraded, as stated by Pal et al. [33].

2.3 Scan spacing

The third parameter which is scan spacing, is also known
as hatch spacing, hatch distance, or track width. Scan spac-
ing is the overlap or the gap between two neighboring laser
paths. Larimian et al. [35] and Shi et al. [36] found that
the amount of overlapping must be appropriately chosen to
avoid improper melting of particles. A small scan spacing
will result in too much overlap, which will then cause the
fabrication time to be longer. Conversely, Munro [37] stated
that large scan spacing can limit the maximum layer height
that can be used.

2.4 Layer height

Layer height is the thickness of each powder layer on the
substrate plate of the LPBF machine. Generally, the men-
tioned layer height does not include the first and the finish-
ing layers as these layers do not follow the parameters of
the other layers. The height of the powder layers must be at
least tall enough for the parts to be manufactured. A layer
thickness that is too high must be avoided as it can induce
balling, dimensional inaccuracy, and incomplete melting.
Partial melting will occur when there is not enough time for
the laser to completely reach the whole powder layer height.

2.5 Other parameters

Other than scan spacing, laser spot diameter or also known
as laser beam diameter, can also enhance productivity rate.
A study done by Sow et al. [38] shows that larger spot
diameter is preferable due to reduction of scan lines which
decreased the fabrication time. Larger spot diameter also
helps in decreasing spatters and powder bed degradation
when paired with low VED during printing. In powder bed
degradation, the redeposition of spatters causes a local loss
of powder homogeneity.

Besides, scan strategy also helps in reducing defects such
as large residual stresses and balling effect. Scan strategy is
the method in which the laser beam moves during the print-
ing process. Jia et al. [39] reported that, for a single-layer
scan, the scan strategy varies according to scan directions,
scan sequences, scan vector rotation angles, scan vector
lengths, scan times, and scan spacing. Suitable scan direc-
tions and sequences can reduce accumulated heat and influ-
ence the temperature gradient of surrounding powder.

@ Springer
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3 Volumetric energy density in LPBF

The key parameters in LPBF can also be separated into three
categories, which are (i) laser parameters (e.g., laser power,
scan speed, and scan spacing), (ii) powder bed parameters such
as layer height, and (iii) material properties (e.g., density and
specific heat capacity). All these facets are mutually interactive
and choosing the most optimum parameters for an applica-
tion is vital as it can affect the density and performance of the
end-products as mentioned by Wang et al. [40]. A commonly
used metric to optimize the process parameters of LPBF is the
VED which is also known as volumetric energy concentration.

The VED, which is denoted as E, in Eq. 3, is derived from
the first two formulas as follows:

p

E =-

L= (1)
P

E, =

"= @)

@ Springer
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v
where P stands for output laser power (W), v stands for
scan speed (mm/s), d stands for scan spacing (um), and ¢
stands for layer height of the powder (um). Equation 1 is
the formula for linear energy density, E; (J/mm), whereas
Eq. 2 is the formula for areal energy density, E, (J/mm?).
Meanwhile, Eq. 3 is known as the formula for VED, Ey, (J/
mm?) and is the most frequently mentioned in the literature.
It is noteworthy that this paper only focused on studies that
used VED. The VED used in fabricating Ti6Al4V parts for
different LPBF machine are shown in Fig. 5. It should be
noted that LSNF-1 is a self-built system. In general, VED is
used in the range of 30 to 210 J/mm?>. Some self-built sys-
tems often use a very high VED, while commercial LPBF
systems tend to use VED around 60 J/mm?. This is because
self-built systems like LSNF-1 can produce very high output
power which can be seen in studies by Meng et al. [41] and
Yang et al. [42], and this induces a higher possible VED that
can be used. As scan speed can be calculated using point
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distance (um) and exposure time (us), Eq. 3 can be further
derived to form another VED equation as follows:

_r
Losdxt )

€

E, =

where P, is the point distance (um) and e, is the exposure
time of the laser (us).

Most studies used laser power in the range of 70400 W,
while there are studies that used laser power of almost
1000 W. Besides, the scan speed used to produce the LPBF-
fabricated parts varied greatly from around 70-1800 mm/s.
Scan spacing used in most LPBF studies usually ranging
around 50-140 um. Meanwhile, for layer height, the powder
thickness used differed slightly from 20 to 50 um, as it is
typically anticipated that better product properties will result
from using a thinner powder layer as mentioned by Tan et al.
[20]. However, build time will take significantly longer as a
trade-off. Sufficient VED (up to a certain boundary, usually
ranging between 50 and 150 J/mm?) can result in satisfactory
material properties, where at higher VED, a larger amount
of melting will occur which leads to printed parts with high
density. Therefore, these four process parameters need to
be accurately adjusted to fabricate parts with the highest
possible density. It is important to note that each parameter
can independently affect the LPBF process, and different
parameter combinations, while having the same VED, can
induce different thermal behaviors. These thermal behav-
iors will lead to variation of microstructure and mechani-
cal performance, as reported by Prashanth et al. [115] who
observed a difference of 14% in the UTS of two samples that
used the same VED but with different laser power. However,
VED can still be used as a guideline in choosing the most
optimum process parameters. This is because Ti6Al4V parts
that are manufactured using VED ranging around 60 J/mm?

Printer brand

seem to have excellent physical and mechanical performance
compared to the other VED, as seen in Table 1.

4 Morphology of LPBF Ti6Al4V
4.1 Microstructure

At room temperature, Ti6Al4V contains dual («+ ) phase
in which Al helps in stabilizing o phase while V helps in
stabilizing  phase. Due to extreme heating, melting, and
cooling rates of LPBF, various phases of Ti6Al4V can be
produced using this method (e.g., a, o’ martensite, and f3).
The dual phase will transform to B phase during melting
before turning into liquid phase. The liquid phase will then
convert to the former B phase during cooling, and depending
on the cooling rate, the  phase will transform back to the
dual phase or becoming o’ phase. Zhang and Attar [116]
reported that the LPBF-fabricated parts usually have a finer
microstructure compared to those fabricated using conven-
tional methods because of LPBF’s extreme cooling rate. Xu
et al. [50] also added that finer § grains can be produced by
reducing the layer height of the powder.

Figure 6 shows the microstructure of as-built LPBF
Ti6Al4V parts, which consists of § grain and four types of
o’ martensite. Yang et al. [118] concluded that depending
on their size, martensite can be classified as primary, sec-
ondary, tertiary, and quaternary. Biggest o’ martensite is
deemed as the primary o’ martensite, while the finest one is
called quaternary o’ martensite. Majumdar et al. [119] added
that high laser power causes multiple heating and cooling
cycles of the powder layer, which will produce dendrites
perpendicular to the applied layer. Although o’ martensite
helps to increase the corrosion resistance nature of Ti6Al4V,
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Fig.6 Microstructure of as-
built LPBF Ti6Al4V which
consists of: a a former p-grain
with boundary and o' mar-
tensite, and b and ¢ four types
of o martensite, reused with
permission from DrstvenSek
et al. [117] under CC BY-NC-
ND 4.0 license

columnar f grain structures are needed as they can increase
the part’s tensile strength.

Microstructure of Ti6Al4V can also be changed depend-
ing on the VED used during LPBF printing as shown in
Fig. 7. It can be seen that microstructures of parts using
VED of 38-51 J/mm? consists of predominantly acicular o’
martensite. This is due to the extremely rapid cooling rate
of LPBF and as the VED increased, the cooling rate also
increased causing the martensite size to become smaller, as
mentioned by Do and Li [65]. Xu et al. [50] found that with
proper LPBF temperature, (ultrafine a-lamellar + f particle)
microstructure can be seen in parts that used VED of 61 J/
mm?. This may be due to the lower cooling rate and thermal
gradient of the VED compared to a higher value of VED.
As the VED increased to 202 J/mm?, relatively finer o’ mar-
tensite can be seen in the Ti6Al4V microstructure.

Han et al. [47] reported that high VED produced smaller
o’ martensite size and bigger columnar p grain. In their
work, it was found that as the VED increased from 75 to

@ Springer

250 J/mm?, the width of «’ martensite decreased from 51 to
47 um. The spacing of o’ martensite also decreased, while
the width of columnar f grain increased from 42 to 52 pm.
High VED induces higher temperature gradient and higher
cooling rate. This temperature gradient reduces the potential
of nucleation due to a decreased undercooling; thus, produc-
ing a coarse columnar f§ grain structure, making the aver-
age width of grain bigger. Besides, the cooling rate helps
in refining the o’ martensite by inducing a faster nucleation
rate as mentioned by Han et al. [47]. This is also supported
by Xu et al. [50] who found that the width of o/a’ martensite
become smaller as the VED increased.

4.2 Pores’ morphology

The LPBF-fabricated parts’ density depends on the chemical
composition and the resulting porosity from the process. The
density can be measured using the Archimedes, pycnometer,
or optical methods. In theory, LPBF can fabricate a fully
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(a) 38 JImm? (b)

(@) _ 61J/mm? (e)

(9) (h)

(f)

Fig. 7 Microstructures of as-built Ti6Al4V manufactured using different VED of LPBF, reused with permission from: a, e, and h Do and Li

[65], b—d Xu et al. [50] and f, g, and i Han et al. [47]

dense part as mentioned by Wang et al. [40]. However, due
to insubstantial process parameters, pores will always be
present. The only difference is whether the porosity level
is manageable because an uncontrolled porosity level can
initiate microcracks and adiabatic shear bands, which can
lead to poor performance of fabricated parts as stated by Liu
and Shin [120]. Industrial application, especially for a load-
bearing structural part, requires a high part density (which
will contribute to high mechanical performance) induced
by the low porosity level. Meanwhile, Hudak et al. [121],
Mehboob et al. [122], and Mohammadi et al. [123] stated
that applications such as Ti6Al4V implants need a controlled

Fig.8 Types of pore present in
LPBF-fabricated parts: a gas
pore and b lack-of-fusion pore,
reused with permission from
Liu et al. [125]

porous structure to reduce the “stress-shielding” effect.
Stress shielding happens when bone density is decreased as
a result of an implant removing stress from the bone.

Pores are formed in LPBF-fabricated parts due to the
liquid—solid phase transformation during the solidification
process. Two types of pores can be present in LPBF parts,
i.e., gas pores and lack-of-fusion pores, as shown in Fig. 8.
Gas pores are characterized by their spherical or ellipti-
cal shapes, while lack-of-fusion pores are often larger and
have irregular shapes with some sharp tips. On one hand,
gas pores are present when gas bubbles could not escape
the molten pool in time due to the rapid solidification

@ Springer



274

Progress in Additive Manufacturing (2023) 8:265-283

induced by the high VED, causing them to be trapped in
the solidified parts as mentioned by Zhou et al. [124]. On
the other hand, Liu et al. [125] found that lack-of-fusion
pores form due to insufficient VED (e.g., too low laser
power or too high scan speed) to melt a disproportionate
amount of powders. Consequently, inadequate melting and
incomplete interlayer bonding may occur.
Lack-of-fusion pores are more dangerous than gas
pores, because they can greatly influence the mechani-
cal properties of the fabricated parts since these pores are
usually distributed at the boundary zone of two adjacent
layers, which are typically aligned in the building direc-
tion as reported by Liu et al. [125]. Liu and Shin [120]
mentioned that when the parts are under a uniaxial tensile
load parallel to the building direction, the sharp tips of the
lack-of-fusion pores will accumulate stresses and act as a
crack initiator, leading to premature failure. These pores
can be reduced by increasing the VED used to melt the
powder layers. Meanwhile, Narra et al. [126] stated gas
pores can be avoided by using dense metal powders or
gas-atomized powders, instead of sponge powders, as the
feedstock. Gas pores can also be reduced by decreasing the
powder’s layer height so that the gas at the bottom of the
molten pool can escape in time. Although porosity can be
managed by optimizing the process parameters, the lowest

it can be reduced is 0.012% with the help of HIP process as
seen in a study done by Kasperovich and Hausmann [127].

Based on Eq. 3, VED is the product of relationship of the
four parameters (i.e., laser power, scan speed, scan spacing,
and layer height), which will indirectly help in controlling
the porosity which leads to a higher densification of parts. In
short, VED can be used as an indicator to produce high-den-
sity parts. Figure 9a—c shows the microstructural difference
found by Bartolomeu et al. [63] between samples that used
the VED of 46, 79, and 93 J/mm?, respectively. Higher den-
sification level can be seen in Fig. 9c compared to Fig. 9a,
b. The sample in Fig. 9c also contained a lower number of
process defects. Higher densification level attained by the
sample in Fig. 9c led to higher hardness and shear strength.
Meanwhile, in Fig. 9d, e, samples were produced using the
same VED (42 J/mm?®) but with different laser power and
scan spacing. These two samples showed that the final char-
acteristics of Ti6Al4V parts can also be influenced by each
parameter. This is because the microstructures and porosity
levels in the two samples are not the same, despite using the
same VED, as found by Bartolomeu et al. [63].

The relationship between VED and relative density is
shown in Fig. 10, in which it can be seen that relative density
of parts increased with increasing VED before decreasing
after VED reached 60 J/mm? (study done by Junfeng and
Zhengying [128]) and 138 J/mm? (study done by Han et al.

(c)

Fig.9 Microstructures of Ti6Al4V manufactured using LPBF with the VED of a 46 J/mm?>, b 79 J/mm?, ¢ 93 J/mm?, and d and e 42 J/mm.?,

reused with permission from Bartolomeu et al. [63]
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Fig. 10 Variation of relative density of Ti6Al4V parts produced using different VED of LPBF, reused with permission from a Han et al. [47] and

b Junfeng and Zhengying [128] under CC BY 3.0 license

[47]). It is noted that the term VED is designated as laser
energy density in Fig. 10a. On one hand, Junfeng and Zheng-
ying [128] attributed this occurrence is due to low value of
VED which produced weak bonding between the powder
layers and un-melted powder particles, making the relative
density become low. On the other hand, when the VED is
too high, it will increase the depth of melting tracks and
may cause element evaporation which will decrease the part
density. Han et al. [47] also supported that weak metallurgi-
cal bonding formed using low VED will reduce the relative
density of parts and too high VED can cause evaporation
of powders. However, these two studies reported different
values of VED that managed to produce near-dense Ti6Al4V
parts. This may be due to different process parameter sets
used by both studies, in which Junfeng and Zhengying [128]
used higher laser power and scan speed compared to Han
et al. [47]. Although laser beam diameter is not included in
the VED equation, different laser beam diameters used for
both studies might also be the reason, because beam diam-
eter can result in different intensities and thus varying the
weld pool dimensions. Besides, the methods used to measure
density in both studies are also different, in which Han et al.
[47] used optical method and Junfeng and Zhengying [128]
used Archimedes method.

5 Characteristics of LPBF Ti6Al4V

This section covers the properties of Ti6Al4V parts manu-
factured using LPBF printing. The presented values in this
section are extracted from the reported values by the referred
papers used for this review. As mentioned before, the value
of properties from each paper with the associated VED, will
be compiled graphically. There are ten different studies for
each VED group (i.e., less than 61 J/mm?3, 61 to 70 J/mm?,

71 to 80 J/mm?>, 81 to 90 J/mm?, and more than 90 J/mm?).
The graphs in this section (i.e., Figs. 11, 12, 13) are meant
as reference for expected values of properties at different
range of VED.

5.1 Surface roughness

Figure 11 illustrates the summary of reported work on sur-
face roughness of Ti6Al4V parts fabricated using different
VED in LPBF. Most studies of surface roughness reviewed
in this paper were conducted on the top section of parts. It
can be seen that the surface roughness of Ti6Al4V parts
decreased as the VED increased to around 80 J/mm?, before
it increased when the VED is more than 80 J/mm®. The high-
est surface roughness reported is 21.06 pm by Mierzejewska
et al. [25], which is due to the high porosity level induced by
low VED. Since low surface roughness of fabricated parts is
preferred especially in the medical industry (less than two

16.0
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Surface roughness, Ra (um)

4.0

20
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©
o

Fig. 11 Reported study on surface roughness of Ti6Al4V parts fab-
ricated using different VED of LPBF [22-25, 46, 48, 51, 53, 57-61,
65, 66, 72, 80, 82, 87, 89, 93, 94, 98, 102, 105, 109-111, 113, 114]
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Fig. 12 Reported value of microhardness of Ti6Al4V parts obtained
using different VED of LPBF [23-26, 42-45, 4749, 51, 62, 63, 65,
66, 69, 71-74, 78, 79, 84, 86-90, 93-95, 99, 101, 102, 104-106, 112,
133]

um), it can be deduced that VED used during LPBF print-
ing must be around 61 to 80 J/mm?. This is supported by
Do and Li [65] who reported that surface quality of samples
increased by increasing the VED from 37.5 to 75 J/mm°.
However, the quality decreased when the energy is increased
to 150 J/mm?>. This is because too high VED widens the
scan track due to heat conduction and induces balling which
decrease the surface quality.

At high temperature (above the vaporization tempera-
ture), metal vapor is created and caused powder to blow out
from the printing zone. Such phenomenon leads to higher
surface roughness. Pal et al. [129] asserted that the recoil
pressure helps in decreasing the surface tension of the pool
and thus reducing the surface roughness. Scan speed also has
a vital role in determining the surface roughness of produced
parts. A high scan speed will result in a higher cooling rate
and a reduction in fabrication time which can be seen in a
study done by Dilip et al. [30]. Nonetheless, a scan speed

Fig. 13 Variation on tensile 1600
properties of Ti6Al4V parts
printed using different VED 1400
of LPBF [22-25, 27, 36, 40,
42-44, 47-50, 52, 53, 64, 1200
67-73, 75,76, 719-81, 83, 85,
86, 88, 89, 91, 92, 94-97, 100, < 1000 l
103, 107, 135] <
ﬂ 800
= 600
400
200
.
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that is too high must be avoided as it can induce higher shear
stress which will then lead to ball formation. Tian et al. [130]
and Chen et al. [131] have deduced that a low hatch spacing
would be better to achieve higher densification of parts, but
the distance must not be too small as it can result in a con-
siderable overlap which will increase the surface roughness.
This is because a significant overlap promotes the attach-
ment of particles onto the surface.

5.2 Microhardness

Microhardness is a relatively easy and quick way to deter-
mine the mechanical performance of produced parts due to
its small sample size requirement. Some of the Ti6Al4V
parts’ microhardness reported in the literature are shown
in Fig. 12. It can be seen that microhardness of Ti6Al4V
samples increased as the VED increased to 70 J/mm? before
promptly decreased. The microhardness increased again
when VED reaches more than 90 J/mm?. The average micro-
hardness of the LPBF-fabricated Ti6Al4V parts reported is
around 400 to 450 HV, which is higher than the microhard-
ness of parts produced via conventional method as seen in
a comparison study done by Attar et al. [132]. The lowest
microhardness achieved is 332 HV by Kaya et al. [26], while
the highest microhardness is reported by Zhu et al. [23] with
a value of 443 HV.

Since VED influences the microstructure and pore forma-
tion of Ti6Al4V parts fabricated by LPBF, microhardness
of Ti6Al4V is also affected. This is because Sui et al. [84]
stated that parts with high density have higher resistance
to plastic deformation, which leads to higher microhard-
ness. Besides, Han et al. [47] asserted that the decrease in
width and spacing of o’ martensite due to high VED helps
in improving the microhardness value. This is because finer
grain in Ti6Al4V causes hardening of material. Meanwhile,

12
UTS (MPa) TEL (%)

| .

[e)]
Elongation, EL (%)

7 | 4 % |

61-70 71-80 81-90 >90
Range of VED, E, (J/mm?3)
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Liu and Shin [120] observed that irregular defects such as
lack-of-fusion pores, can cause lower microhardness due
to more freedom for plastic deformation, compared to gas
pores. In a nutshell, higher VED used during LPBF printing
for Ti6AI4V can encourage grain refinement which helps in
improving the microhardness value.

5.3 Tensile properties

Literature data of tensile properties of Ti6Al4V parts fab-
ricated using LPBF are shown in Fig. 13. It is worth noting
that the range of values reported is quite broad because of
difference in process parameters used, machine used, and
powder used. This leads to the lack of trend between VED
used and the tensile properties obtained. The maximum UTS
and elongation reported are 1400 MPa by Wang et al. [24]
and 11.7% by Lu et al. [79], respectively. To achieve this
maximum UTS, VED of 114 J/mm?> was used. This finding
concurs with the tensile properties illustrated in Fig. 13, in
which VED that is more than 90 J/mm?® produced parts with
the highest tensile strength. As the ASTM casting standard
for tensile strength and elongation [134] is 860 MPa and
8%, respectively, it can be concluded that tensile properties
achieved for Ti6Al4V parts produced by LPBF are compa-
rable to those manufactured using conventional methods.

Tensile properties of Ti6Al4V parts can be affected by
the VED used as VED affects part density. This is because
tensile strength is directly affected by part density. Corner
point in non-spherical pores can initiate microcracks which
will reduce the tensile strength of specimens as reported by
Liu et al. [125]. As mentioned before, high VED produces
high temperature gradient, and this will induce spattering
phenomenon which can be seen in study done by Ur Rehman
et al. [136]. This phenomenon can generate lack of material
and consequently decrease the overall mass in the action
zone. This will lead to higher brittleness and thus, producing
parts with low tensile strength.

The very fine microstructure of Ti6Al4V fabricated
using LPBF also helps in improving the tensile strength,
compared to parts that are made using conventional meth-
ods. Xu et al. [50] stated smaller width of o’ martensite will

produce smaller o colony size of martensitic microstructure
and a decrease in slip length. The smaller colony size will
hinder the dislocation movement and limit plastic deforma-
tion; thus, tensile strength will be increased. Besides, tensile
strength also depends on the orientation of columnar f§ grain.
Tao et al. [135] reported that if the tensile testing was done
width-wise, the possibility of crack to initiate and propagate
along the P grains are high, because p grains are parallel to
the building direction making the tensile stress perpendicu-
lar to the grain boundaries.

6 Conclusion and future works

Among all the AM technologies, LPBF is one of the promis-
ing methods and it has been extensively studied by research-
ers over the past few years. Since past research conducted
has managed to fabricate high-density end-products, the
focus of LPBF studies has changed the direction toward the
optimization of select process parameters. A common opti-
mization metrics used is the VED of LPBF. This is because
it consists of four dominant process parameters which are
laser power, scan speed, scan spacing, and layer height. VED
is utilized to successively melt layers of metal powder, which
will then lead to the fabrication of parts with diverse micro-
structure and mechanical properties as shown in Sects. 4 and
5. Table 2 concludes VED ranges that are the most optimum
to obtain Ti6Al4V parts with excellent properties.

Nevertheless, the VED is not the sole factor that will
determine the properties of the LPBF-fabricated parts. This
is because the formula used to calculate VED only include
four process parameters while dismissing critical factors
such as laser spot diameter and scan strategy. Besides, two
different parameter sets can contribute to a similar amount of
VED, while producing parts that have different mechanical
performance. Therefore, some future research directions that
can be considered are:

1. The interdependencies of all four parameters (i.e., laser
power, scan speed, scan spacing, and layer height).
This can be done to investigate the reliability of VED

Table 2 Optimum range for VED on properties of LPBF-fabricated Ti6Al4V parts

Properties Optimum range of Remarks

VED, E,, (J/mm?®)

Depends on process parameters combinations used
Surface roughness increased when the energy is increased more than 80 J/mm?>

This is because too high VED widens the scan track and induces balling

Relative density More than 60
Surface roughness 61-80
Microhardness 61-70
Tensile strength More than 90

Decrease in width and spacing of «” martensite due to high VED helps in improving the microhardness

High VED induces smaller o’ martensite width which will produce smaller a colony

Smaller colony size will hinder the dislocation movement and limit plastic deformation; thus, tensile

strength will be increased
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as an optimization metric for LPBF; because different
parameter combinations can induce different thermal
behaviors which will then vary the microstructure and
performance of the end-products.

2. The standardization of powder properties. This must be
conducted before a patterned LPBF processing window
for Ti6Al4V parts can be produced. Currently, the pow-
der used in studies depends on the machine model used
since most LPBF manufacturers provide their own pow-
ders. This leads to inconsistency in the performance of
the fabricated part due to different powder properties. As
such, the optimized process parameters obtained might
not be applicable for different LPBF machine models.

3. The evolution of microstructure before and after post-
processing. Although the presence of o’ martensite
in the as-built part aids in the corrosion resistance of
Ti6Al4V, columnar P grain structures are required to
improve the part’s tensile strength. Thus, post-process-
ing is usually done to transform the martensitic phase
in order to counter defects, even though theoretically,
LPBF can alter the microstructure during printing pro-
cess to obtain the desired part properties.
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