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Abstract: Additive manufacturing (AM) processes for metals do not have the same popularity as other ma-
terials due to development needs, innate safety concerns, and technological and operational costs. Among
these, the laser powder bed fusion process (FLP-L) has stood out in recent years mainly due to its differential
advantages. In this process, the dynamics of molten pool formation are decisive for the performance of an
FLP-L product, including specific unique properties, such as its crystalline texture. Thus, molten pool for-
mation, geometry, and overlaps are subjects of continued interest in the literature. Within this context, the
present work reviews the literature on the main characteristics and conditions that control the formation and
dynamics of molten pools, illustrating the information with records available in the literature, including those
obtained from Nb-48Ti alloy powders. In conclusion, the work offers guidelines for establishing microstruc-
tural control conditions for a metallic product obtained by this process.

Keywords: Additive Manufacturing; Laser Powder Bed Fusion; LPBF; Molten Pool; Microstructural Con-

trol.

1. Introduction

The broader the possibilities for controlling structure
in a manufacturing process, the easier it is to tailor
properties to optimize the performance of engineering
materials for a given application [1, 2]. This is precisely
the great appeal of additive manufacturing (AM), whose
various categories have great potential to obtain new
forms of structure-properties-performance relationships,
inducing technological innovations and new applications
of engineering materials [3, 4]. Particularly for metals,
the AM laser powder bed fusion (LPBF) process has
been studied in this regard and with increasing interest
due to its differential advantages over traditional
production processes [5-7]:

(1) obtaining complex parts, allowing to implement
topological optimization,

(2) minimum raw material
powder),

(3) ability to work with high melting point metals
and

(4) possibility of obtaining final parts without
complex additional steps.

requirement (metal

And the potential of control crystalline type and
orientation (texture) [7-9].

As in other production processes, in LPBF, the
structure formed and consequent product performance
depends not only on the chemical composition of the
powders used but especially on the processing conditions
adopted [7-9]. In this sense, it is customary to define a
“processing window” as the range of values in the
production variables permissible to obtain a product that
meets the requirements of its final use by AM [10, 11].
The size of the processing window, also known as
‘printability’ (or printability) [6, 9, 12], depends on the
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procedural conditions and the severity of the
requirements necessary for the final application of the
component, which can be geometric, physical, chemical
and mechanical. To avoid complexity in considering the
various performance variables that may be involved, the
“processing window” is usually defined by the proximity
of the specific mass (oeroduct) Obtained in the products to
the monolithic density of the metal/alloy (orneoretica) OF
%RD [9, 13, 14], as defined by Eq. (1):

%RD = ,DProduct/pl'heoretical (1)

In addition to the various parameters of the LPBF
process [15, 16], the most frequently reported in the
available literature to define the “processing window”
are the power (P), the scanning speed (v), linear energy
(or thermal input) (EL) and volumetric energy (Ev), the
latter two described by Eq. (2) and Eq. (3):

E.= P/v 2
Ev=108-E_/(A-h)=10%-P/(v- A-h) (3)

Where: P (W) is the power; v (mm/s) is the scan speed; A
(um) is the lath distance or distance between laser scan
passes; and h (um) is the table lowering step, Ev (J/mm®)
the volumetric, and E. (J/mm) linear energy.

During the LPBF process, the laser scans the
deposited powder bed, fusing the particles in the part
construction positions very quickly, covering the
distance of a molten pool (100 to 1000 um) in
milliseconds [17]. In the same way, the formation and
solidification of a molten pool is a process of rapid
evolution. Its study is quite challenging since the
phenomena of heating, melting, solidification, and

cooling occur in a very localized way and involve high
cooling rates (7) and solidification (R), with temperature
gradients (G) that are typically on the order of 10® K/m
as according to Bontha et al. [8] and DebRoy et al. [9].
These conditions generally favor solidifying large and
elongated columnar grains [8, 9]. However, different
microstructures can be induced depending on processing
parameters, such as scanning strategy and speed (v), laser
power (P), and distance between passes (A), among
others. Rasch et al. [11] exemplify this condition by
presenting different microstructural results obtained with
similar and various combinations of R and G, as
illustrated in Figure l.a. This characteristic can be
exploited to microstructurally customize a component for
a specific application, providing it with different
microstructures, as described in Figure 1.b.

Although the available literature describes general
aspects [6, 9] and some essential details [5, 7] of the
LPBF process, there is still much to investigate and
understand the influence of the countless variables in this
process [16, 19]. How the variables of the LPBF process
affect the properties of the obtained products, including
the crystalline texture, can ultimately be addressed by
how they define the dynamics of the molten pool, its
melting mode, the associated geometry, formation
sequence, and 3D superposition [10, 11, 20-23].

Therefore, this review article aims to describe the
main topics regarding the formation characteristics of
molten pools in the LPBF process, linking these to
procedural parameters, which can be defined to control
the microstructural evolution and, consequently, the
product's properties. Recent cases from the literature are
presented, addressing the link between molten pool

(@
Figure 1. Example of microstructural variation in components produced by LPBF according to orientation maps
obtained by EBSD: (a) influence of temperature gradients (G) and solidification rates (R) ranges in Al-Cu alloys [11]
and (b) controlling of microstructures for aeronautical turbine blade [18].
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dynamics and the properties of LPBF products. Finally,
to exemplify some of the concepts described, laboratory
data will be used from the case of an Nb-48Ti alloy,
particularly described in another work submitted to this
event.

2. Development

There are two basic modes in which molten pools can
be formed in welding or AM processes, using energy
beams: conduction and 'keyhole.' Figure 2 illustrates the
differences between these modes, as described following:

e In conduction mode, the heat to create the
molten pool in the material occurs by
conduction from the surface, forming a molten
pool of parabolic geometry in a cross-section
and with d/w < 1.0 [23].

e In 'keyhole' mode, the molten pool formed is
deeper, resembling a cross-section keyhole, and
starts acting as a “black body” [25] that retains
the beam's energy. This results in energy
efficiency and very high peak temperatures that
can even generate evaporation of the material
being manufactured, with d/w > 1.5 [23].

In addition, a mixed mode can also be considered, in
which the depth/width ratio (d/w =~ 1) [23]. In LPBF, the
prevalence of one mode or another will depend on the
energetic conditions of the laser beam, as described by
the basic parameters presented previously (P, v, and Ev).

In both melting modes, several phenomena associated
with the formation of the molten pool occur, as
illustrated schematically in Figure 3, in addition to
simple melting and solidification, such as:

1. interaction between heat source and raw
materials (powders),
2. heat and mass transfer and fluid flow,
2.1. evaporation,
2.2. convection (Marangoni flows),
2.3. heat conduction,
2.4. heat absorption/reflection by the puddle,
2.5. spreading of fluid (spatter) or dust,
3. temperature and velocity distributions in the
liquid,
4. puddle stability.

The description of the heat transfer between the laser,
the molten pool, and the rest of the material needs to
consider convective effects associated with events that
occur in the molten pool and its surroundings, as
illustrated in Fig. 3. Some simplifications are generally
adopted: constant specific masses in the liquid and solid,
flat deposited surfaces and neglecting the heat of
vaporization of the alloying elements.

To address the conditions shown in Fig. 3, several
works model the geometry and temperature distribution
of the molten pool, which can be confirmed
experimentally to calibrate and validate such models.
This makes it possible to associate the production
parameters adopted with the molten pools obtained and
explain accessory phenomena. Some of these works
consider the conduction mode and a symmetric parabolic
geometry of the molten pool according to a plane
perpendicular to the laser scanning direction [9, 27, 28].
The Rosenthal equation describes this geometry and is
widely used in the simulation of welding processes [25]
and used for LPBF process, as presented by Eq. (4):

High power density

AN\
dlllj

................... Low
R Gaussian profile

Heat absorbed
by surface

gl

Heat absorbed
by keyhole

— Powder

Conduction mode

Keyhole mode

@)

Boundary of
molten pool

Flow of
melted metal

<o

Conduction mode Keyhole mode

(b)

Figure 2. lllustrations of the two fusion modes that can be present in the LPBF process: (a) conduction and (b)

'keyhole' mode [24].
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2nlr-T, kR

exp [—va—x]
Q

. (4)
Where: T is the temperature (K) considered and Ty the
temperature of the part before laser melting, respectively;
k is the thermal conductivity of the part (W/(m-K)); Rq is
the radial distance from the heat source (m); Q is the heat
transferred from the heat source to the part (J); x is the
coordinate (m); « is the thermal diffusivity that is equal
to k/(o-C), where p and C are the density (kg/m®) and the
specific heat of the part (J/(Kg-K)), respectively.

materials with temperature and assumes a point source of
heat rather than an actual Gaussian distribution of laser
intensity. Furthermore, the effect of the spacing between
scans (or tracks) horizontally and vertically (4 and h,
respectively) is not considered, which will affect the
temperature, overlap (%OVR), profiles, and cooling rate,
and, consequently, microstructural formation. Finally,
the applicability condition of this equation is linked to
the conduction melting mode, which is not always the
best option to obtain a product with good relative density
(%RD) [17].
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Figure 3. General illustrations of the essential physical phenomena that occur during laser powder bed fusion by laser
or electron bean: (a) more generally, including the movement within the molten pool represented by the arrows [26] and
(b) focused on the molten pool [9].

From Eqg. (4), a three-dimensional solution based on
heat flow in a semi-infinite part can be derived to
describe the typical geometry of a molten pool in LPBF.
This type of geometry is used to study the phenomena of
thermal exchanges throughout the deposited layers and to
investigate the size and geometry (for example, lower
concavity) of the molten pools generated by the process,
as well as to couple Marongi liquid flow description
models. as illustrated in Figure 4. Although Rosenthal's
model is used in the literature, it is criticized due to the
particularities of the LPBF process [29]. The model does
not consider the change of thermophysical properties of

Transient 3D numerical models using finite element
discretization are widely used to compensate for
previously presented limitations [9]. Such models
generate results such as those illustrated in Fig. 4, which
revealed the relationship between the laser energy and
the maximum temperature of the molten pool, the
deformations, and the residual stresses present [19, 30].
Some studies simulate the entire process, from laser
heating to material melting, to evaluate the impact of
surface tension on the fluid flow in the molten pool, as
shown in Fig. 4.b.

te
2200 1600 1000 700 600 400 298
— L ———
Temperature, K
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10* layer

700 1700 1878 2100

() —
Figure 4. Computational simulations of the IN 178 nickel alloy molten pool produced by LPBF illustrate the
distribution of (a) the temperatures in the 1%t and 10™ layers [30] and (b) the circulation of molten metal driven by the
surface tension gradient [9].
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2.1. Quantifying the Size of Molten Pools and Their
Mode of Formation

Several experimental works investigate the geometry
of the molten pool considering a single track. This
simplifies the analysis conditions because the already
formed lateral scans are not present, with different
thermal conductivity characteristics than the powder yet
to be melted [31]. Through the metallographic analysis
of the molten pools formed by single tracks, as illustrated
in Figure 5.a, it becomes possible to evaluate the total
melted area, the contact angle, and the width of the
contact zone as a function of different parameter
processes [6, 23].

In Fig. 5.a, it is possible to see the relationship

between the production parameters (P and v) and the
current melting mode, as illustrated in Figs. 2.a and 2.b.
The conduction mode, observable at lower EV (i.e., low
P and high v), is replaced by the 'keyhole' mode when
higher EV (i.e., high P and low v) are used. The criticism
that this method receives is such tracks do not generate
molten pools in the exact thermal conditions present in
the process, as they are formed without the influence of
lateral passes.

The molten pools present in the last layer of the
material can be evaluated [32, 33] to compensate for the
described limitation of the single-track method, obtaining
a more representative description of the process under
both the statistical (number of measurements) and
representative (normal production conditions) points of
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Figure 5. Evaluation of molten pools obtained under different
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conditions in the LPBF process as seen in metallographic

cross-sections in(a) single tracks for Inconel 718 (reactive: Killing #2) [29] and (b) layers finals for the Nb-48Ti alloy

(reactive: Kroll) [32].
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view. In this case, the transient manufacturing conditions
will best represent the molten pools obtained in the last
layer if preceded by a reasonable number of previous
layers on the order of 10 to 20 [27,28, 30]. Figure 5.b
illustrates four examples of molten pool measurements
from metallographic analyses on the upper layers of a
material manufactured by LPBF [32].

When measuring the pools in the last layer, the caveat
is that they are overlapped laterally by the subsequent
(adjacent) laser scans so that the side that overlapped the
previous layer has a full half-width (w/2). The
overlapping scan has truncated at the other side due to
the following laser [17, 31]. The approximation generally
considers that the pools would be symmetrical so that
twice the half-width (w/2) measured on the
non-overlapping side represents the total width of the
molten pool (w). Additionally, the refusion between
adjacent scan tracks in the same layer due to the
overlapping (%0OvVR) can be quantified as Eqg. (5) [13,
34]:

%O.R = 100-(W - 2) / w (5)

According to the literature [3-9], inappropriate
production parameters can lead to the occurrence of
certain defects specific to each melting mode, which
reduces the %RD of products from the LPBF process
and, consequently, its 'printability' as described following
and as illustrated in Figure 6:

e In conduction mode, if the EV or %OVR is not
high enough, irregularly shaped porosities can
be generated due to lack-of-fusion occurrence
and residual unfused particles (balling). In this
mode, penetration into the previously deposited
layer only occurs at a small fraction of the
height.

e In 'keyhole' mode, the maximum temperature of
the molten pool can exceed the boiling
temperature of the alloy or that of some of its
lower boiling point constituents, generating
steam and unstable collapse of the molten pool
and forming so-called porosities of the molten
pool “keyhole,” present in the deepest portions
of the molten pool.

The conduction mode is more desirable since the
'keyhole’ mode is considered unstable and produces
undesirable porosities in products obtained by AM
processes using energy beams. This demonstrates the
importance of understanding what conditions prevail to
favor the quality control of LPBF products.

2.2. Dynamics of liquid metal in the molten pool

The liquid metal flows within the molten pool, as
exemplified in Figs. 4.b and 6 impact crystal growth and
the formation of new grains in LPBF [35]. Such flow is
composed of the buoyancy generated by the difference in
densities between the bottom and top part of the pool and
the Marangoni effect [36], which is a convection

Laser

AL
‘QJ@ 2N “—

Conduction to
surrounding material

-—

<«

A
g

Conduction to

surrounding material

Laser Laser

Figure 6. Typical melt pool formation mechanisms of the LPBF process are a) conduction mode and b) ‘Keyhole’

mode - an example of ‘Keyhole’ porosity formation [29].
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phenomenon in which a fluid is driven to move from the
regions from low surface tension () to areas of high
surface tension, by a Marangoni tension (zv) [5, 19]. The
high-temperature gradient (G), present in the LPBF
process, induces convective buoyancy flows due to the
variation in the density of the liquid pool and convective
Marangoni flows associated with the variation in surface
tension (), with such flows being partially limited by the
viscosity of the molten pool fluid (7). In general,
Marangoni flows are more relevant to LPBF, and Siao
and Wen [19] found that the geometry of the molten
pool, obtained in simulations of the Marangoni effect,
was very similar to that observed in LPBF with AISI
316L steel. Therefore, two movement scenarios in the
molten pool may arise depending on the surface tension
values, as illustrated in Figure 7.

al. [23] found that the interface between a track fused by
passing a laser over a solid bimetallic substrate (Ti-20Nb
and Ti-50Nb) begins as a planar growth front, quickly
transforming into cellular growth, with the presence of
segregations, as illustrated in Figure 8.

Suppose the structure formed within the weld pool is
cellular. In that case, the edge of the molten pool may be
formed by a thin region without cellular microstructures
and containing segregations due to the decrease in the
local cooling rate. This condition was documented in the
work of Sato et al. [37] for AISI 316L stainless steel
produced by LPBF, whose molten pool edges were
observed using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Some of the
results of which are presented in Figure 9.

Liquid line of molten pool

Deep-narrow shape

@

Wide-shallow shape

(b)

Figure 7. Schematic representation of the flow driven
by the Marangoni’s effect inside the molten pool with a
surface tension: (a) negative and (b) positive [19].
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Figure 8. Results of the longitudinal sections analysis in
the molten pool boundaries of LPBF products: (a)
SEM-BEI for Ti-20Nb alloy and (b) for Ti-50Nb alloy
(Vp and Vs are the directions of the laser beam and
solidification, respectively); (c) detail of the molten pool
of the Ti-50Nb alloy and (d) variation of the chemical
composition according to SEM-EDS [23].

Fusion Boundary

2.3. Molten Pool Boundary

The molten pool boundaries are well defined, as can
be seen in metallographies of products obtained by the
LPBF, as illustrated in Fig. 5. However, the details of the
local interfacial structure at the melt line, including the
segregation of alloy solutes, are still unclear. Roehling et

However, despite the different conditions present at
the edges of the molten pools, both in terms of
microstructural formation [23] and segregation [37], the
edges of the melting pools do not impede microstructural
continuity and surprisingly, not even the alteration of the
lattice parameters [38]. It is customary to observe grains
passing along the entire structure and causing relevant
effects on the behavior and properties of materials
produced by the LPBF process [37-40].
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Figure 9. Analysis of the edges of the molten pools of an AISI 316L stainless steel part produced by LPBF: (2)
SEM-SEI (molten pool front plane); (b) TEM-BF (BF) and corresponding electron diffraction patterns (the vertical
line A-A’ defines a molten pool boundary, and the arrows indicate cellular microstructures); (¢) HR-TEM in a lamellar

boundary illustrating interplanar distances variation [37].

2.4. Effect of molten pool geometry on the structure

As a result of the high cooling rates (7) and thermal
gradients (G) typical of AM by LPBF, solidification in
this process occurs through the formation of columnar or
dendritic cellular structures [41-43]. The change in the
profile of the incident laser beam, from circular Gaussian
to elliptical or even with homogeneous distribution (‘top
hat’ type), induces a change in the morphology of the
grains formed in the LPBF process. Simulations suggest
that the increase in convective flows (see item 2.2),
associated with the change in the type of laser energy
distribution, induces dendritic fragmentation [35], giving
preference to the nucleation of an equiaxed grain
structure [23].

Furthermore, the speed imposed on the solidification
process restricts the nucleation of crystals in the molten
pool, favoring solidification and growth from the present
crystalline substrate formed by the fusion of the previous
layers, as illustrated in Figure 10.a. Such epitaxial
growth probably occurs in the homoepitaxial mode, as
defined by Markov [44], with the surfaces involved
presenting similar chemical potentials, but network
parameters  differentiated by thermal expansion
associated with the large temperature gradient present at
the solid-liquid interface, as shown in Fig. 9.

The particular solidification conditions of AM by
LPBF impose a predominant solidification direction in
this process as the one that best reconciles the directions
of maximum heat extraction (0Q/at), or the temperature
gradient (G), with the direction of preferential crystalline
growth (D<uws), for example, <100> in CCC and CFC
metals [20, 45, 46]. The relationship between the
crystalline orientation of the manufactured product and
its final geometry will depend on the reconciliation

between its dimensions and shapes with the directions of
maximum heat extraction from the process, epitaxial
growth of the crystalline structure of the metal used and
the competition in growth between the different crystals
formed with possible variation in heat extraction, as
illustrated in Figure 10.b. Therefore, different molten
pool geometries and, consequently, other forms of heat
extraction will induce different epitaxial and competitive
growth dynamics of the structure, as illustrated in
Figures 10.b to 10.d and in the microscopies shown in
Figure 11, as obtained by the present authors.

Wang and Zou [47] summarize the type of
microstructure formed by the conduction mode, with d/w
< 1.0 as composed of equiaxed grains tending to be more
oriented than those formed in the molten pools in
'keyhole' mode, in which d/w > 1.5, and in both cases
epitaxial growth is the mechanism present [23].

2.5. Effect of overlapping molten pools

The grain structure in LPBF products is affected by a
single scanning pass and successive tracks or layers [7,
20]. Considering the lateral effect of trail succession,
competitive growth in the overlapping region, far from
the middle of the molten pool, results in cellular
structures [48]. This region can be observed on the ‘dark’
side (left) of the ‘keyhole’ pools (Ev = 79 and 106
J/mmd) shown in Fig. 5.b. In the middle of the molten
pool, grain growth is dominated by the [001] direction,
which is responsible for developing elongated grains due
to successive layers or tracks, as shown in Figure 12.
This condition allows the possibility of programming the
material structure through directional solidification by
synergy between the various scanning tracks used in the
FLP-L process, as suggested by Luo et al. [49].
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Figure 10. Effect of different geometries of the molten pools and heat extraction on the epitaxial and competitive
growth of the structure in AM by LPBL.: (a) local formation at the edge of the molten pool [9, 45] and (b) to (d)
crystallographic growth domain regions as a function of reconciling the temperature gradient (G), with the preferred
crystal growth direction (D<uvw>) [46].
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Figure 11. Metallographic records of an Nb-48Ti alloy produced by FLP-L illustrating the effect of different
geometries of the molten pools and heat extraction on the epitaxial and competitive growth of the structure in AM by
FLP-L: (a) deep molten pool with lateral growth, (b) elliptical molten pool showing diagonal growth and (c) shallow
molten pool showing vertical growth [17, 32, 39, 40].

Although predictions of molten pool dimensions 2.1), detailing the exact molten pool geometries is more
(width and depth) in literature simulations agree well challenging because of superposition (%OvR) between
with general metallographic measurements (see item the pools, especially with higher %OVR values [50].
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Specimen_A Specimen_B o Specimen_C

2

(@)
Figure 12. Presence of columnar grains aligned in the [001] direction as seen in LPBF: (a) structures and inverse pole
figures obtained with different processing conditions of AISI 316L steel [33] (low, medium and high velocities for
specimen A, B, and C, respectively) and (b) metallography (Kroll etching) illustrating a columnar grain structure at the
bottom of molten pools for the Nb-48Ti alloy [40].

Unmelte
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(@
Figure 13. Asymmetric formation of molten pools in the LPBF process: (a) illustrativ7e scheme of the
superimposition of a new track (2) on an already deposited track (1) and the other on the powder bed in which %OvR
~ 50% [52]; (b) example of the last molten pool (red arrow) deposited in the upper layer of a Ti-13Nb-13Zr alloy that
does not have symmetry along a // BD axis (blue dotted line), the porosities present are of the 'keyhole' type [53].
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Figure 14. Effect of variation in the overlap between tracks (%OvVR) in terms of the performance of a product obtained
by the LPBF process [51].
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Molten pools form under asymmetric conditions, as
one side of the molten pool covers a particular portion of
solid material, proportional to the %OvR value, as
illustrated in Figure 13.a. The solid portion has a thermal
conductivity about 100 times greater than the loose
powder [31], causing one side of the molten pool to have
a more significant thermal gradient [48], leading to more
excellent fusion and penetration of the molten pool on
the side with more considerable overlap, which leads to
generating asymmetrical pools, such as the one
illustrated in Figure 13.b.

Zhang et al. [51] discuss the importance of the effect
of overlap on the performance of a nickel superalloy
(Invar 36) in terms of producing defects due to lack of
fusion or unfused particles with low %OvVR, more
homogeneous structures with an intermediate overlap or
the possible occurrence of 'keyhole' defects, when there
is an exaggerated overlap inducing 'keyhole' fusion mode
conditions. Figure 15 shows how the overlapping can
vary in function of volumetric energy (Ev), generating or
not superimposed regions with high temperature and
Marangoni fluxes [51].

The most appropriate overlap between the molten
pools will depend on the objective and properties
achieved with the LPBF process product. Sun et al. [20],
as well as Andreau et al. [31], describe the need to
reconcile molten pool geometries in lateral (along TD)
and vertical (along BD) overlap so that thermal gradients
(G) are aligned with the preferential crystalline growth
directions (D<ww>) to stimulate certain types of
crystalline texture.

Figure 15 illustrates the final effect of the variation in
the distance between passes (1) on the solidification and
microstructural formation of products by the LPBF
process. Note that it is possible to define the structure
obtained between planar, columnar, cellular, and
equiaxed by adjusting the distance between the tracks
(i.e. %0OVR) without necessarily changing the power (P)
and speed (v) conditions of the process and without
leaving the “processing window”.

In the same line, Luo et al. [49] present similar results
of controlling properties through the geometry of the
molten pools and their positioning, inducing {100]
texture or not depending on the processing conditions for
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Figure 15. Impact of the spacing between passes (1) and consequently the overlap (%OvVR) on the solidification and
microstructural definition in NiTi alloys obtained by LPBF [21].
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presented by their respective orientation maps obtained by EBSD for Ti-Nb-Zr-Ta alloys processed by LPBF [48].

a Ti-Nb-Zr-Ta biomedical alloy, as summarized in
Figure 16.

3. Conclusions

The formation, geometry, and overlaps of molten
pools in the AM process by LPBF are a subject of
continuous interest in the literature because, as presented
in this work, the literature indicates that controlling the
formation and dynamics of molten pools serves to not
only maintain quality to obtain acceptable density values
in the parts but also establish and regulate the properties
of the product through microstructural control. Based on
the literature information and guidelines presented in this
work, detailed measurements can be made to describe
LPBF products. An example of such an approach is
presented and discussed for Nb-48Ti elsehere [54].
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