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Analysis of laser—-melt pool-powder bed interaction during the selective

laser melting of a stainless steel

Valérie Gunenthiram, Patrice Peyre, Matthieu Schneider, Morgan Dal, Frédéric Coste,
and Rémy Fabbro
PIMM Laboratory, UMR 8006 Arts et Métiers-CNRS-CNAM, 151 Bd de I’Hopital, 75013 Paris, France

The laser powder bed fusion (LPBF) or powder-bed additive layer manufacturing process is now
recognized as a high-potential manufacturing process for complex metallic parts. However, many
technical issues are still to overcome for making LPBF a fully viable manufacturing process. This
is the case of surface finish and the systematic occurrence of porosities, which require postmachin-
ing steps. Up till now, the porosity origin remains unclear but is expected to be related to the stabil-
ity of the process. As a LPBF part is made by the accumulation of hundreds of meters of small
weld beads, it also appears to be important to understand all the phenomena that occur during the
laser-powder-melt pool (MP) interaction for each single track. For this reason, in the first part of
our study, using an instrumented LPBF setup and a fast camera analysis (>10 000 image/s), single
tracks were fabricated and analyzed in real time and postmortem. Spatters ejections and powder
denudation phenomena were observed together with variations of melt pool dimensions and melt-
pool instabilities. In turn, the physical origin of this powder denudation and the dynamics of the

MP were investigated and discussed.
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I. INTRODUCTION

Laser powder bed fusion (LPBF) allows the fabrication
of three-dimensional (3D) and physical models, parts and
tools directly from computer-aided design (CAD) data using
metal powders. The interaction between the laser and powder
can be affected by heat, mass, and momentum transfer, all
associated with the consequential problems of surface finish
(Ra> 10 um)," pores, and thermal cracks. It is therefore of
paramount importance to understand the interaction between
the laser and powder, both to obtain the desired LPBF parts
and to counteract these potential defects. Also, during a pow-
der bed melting process, complex dynamic phenomena occur
(spatter ejection, melt-pool (MP) instabilities...), which can
have a direct influence on process optimization (Fig. 1).

In addition, a few researchers have investigated melt
pool behavior in laser processing. Yadroitsev er al.* studied
the capillary instability of segmental cylinders and effects of
the processing parameters such as the scanning speed and
laser power on single tracks’ formation. He found two insta-
bility zones: (1) at a low scanning speed where the track
exhibits irregularities attributed to a capillary instability or
Plateau—Rayleigh instability, (2) on the contrary, excessively
high speed gives rise to the balling effect. Zhou et al.’
suggested that the formation of LPBF defects can be corre-
lated to the melt pool dynamics, oscillations, and Plateau—
Rayleigh instability. The melt pool is forced to oscillate by
disturbances from the thermocapillary convection, pulsed
laser recoil force, and the shear stress in the gas-melt inter-
face. Kruth er al.* observed the influence of high thermal
gradients and the vaporization effect on the balling

phenomena. Here, the low speed gives rise to the balling
effect, whereas the high speed generates nonconnected melt-
pools. Yadroitsev and Smurov® studied the impact of the
hatch distance and powder layer thickness on the morphol-
ogy of the first layer and the surface structure of thin walls.
He also highlighted a powder denudation effect near the
melt-pool after laser scanning. In turn, the hatch value should
depend on the length of denudation and the width of the
track. Recently, Matthews et al N investigated extensively the
denudation phenomenon of titanium alloy and steel alloy
powders under varying laser conditions and ambient gas
pressures. According to them, the denuding can mostly be
due to intense metallic vaporization phenomena near the
laser spot, provoking entrainment of powder particles. Liu
et al.” studied dynamic processes of spatter formation for dif-
ferent energy inputs by using a high-speed camera. He found
that a higher energy input intensifies the spatter behavior and
that the average particle size is almost three times that of the
powder particle. Qiu er al.® observed that the velocity of
scattered melt particles was found to generally increase with
the increase in the laser scanning speed. Alongside the melt
splashing there is always a blurred tail following the moving
melt flow, which is suspected to be due to material evapora-
tion. All these investigations provide interesting data on
physical phenomena occurring during LPBF, but also exhibit
contradictions, for instance, the difference between the ball-
ing and Rayleigh-like instabilities.

This study aims to provide a new insight on melt pool
and powder behavior during laser-matter interactions,
thereby offering suggestions on the choice of effective pro-
cess parameters.
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FIG. 1. The powder bed fusion process.

Il. EXPERIMENTAL TECHNIQUES AND MATERIALS
A. LPBF experiments

The experiments were carried out on an SLM (selective
laser melting) Solution 125" GmbH machine, equipped with
a 400 W IPG fiber laser (ytterbium-doped, continuous mode,
wavelength  1070nm). The building envelope is
125 x 125 x 125mm?>. The scanning system used was a dual
axis mirror positioning system and a galvanometer optical
scanner, which directs the laser beam in the X- and Y-axes.
Focusing optics employed a f-theta lens, which produces a
focused beam diameter of approximately 70 um with a
TEM distribution. LPBF processing was carried out in an Ar
atmosphere with a maximum of 0.05% O,. The main techni-
cal parameters of the machine are shown in Table 1.

B. Experimental setup

Due to the complexity to put diagnostics inside a LPBF
chamber, an instrumented setup was used for the high-speed
analysis of laser-powder-melt-pool interactions (Fig. 2). The
main differences between instrumented setup and LPBF
machine melting conditions were as follows (Table I): the
beam diameter, the Ar shielding (global in the machine, local
in the setup), and the layer thickness. During single track
experiments, a predeposited (using a razor edge) powder bed
is moved below the laser with a high speed (x, y) table.
Simultaneously, a high-speed camera (SA2 Photron with a
C-Mos sensor) positioned laterally synchronized with a dedi-
cated lighting system, was used to observe the melt pool
behavior. Additionally, reflectivity measurements were car-
ried out with the use of an Ulbricht Sphere.

C. Postmortem analysis of LPBF samples
LPBF beads were analyzed by optical microscopy after a

sequence of cutting—mounting and polishing metallographic

TABLE I. Comparison of process parameters for industrial SLM machine
and instrumented setup.

Item Setup Machine
Wavelength 1075 nm 1070 nm
Focus beam 200 um 70 um
diameter (top-hat) (Gaussian)
Scan speed V 0.33-0.75m/s 0.75m/s
Laser Power P 150-1600 W 175W
Layer thickness 65 um 30 um
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FIG. 2. Instrumented LBPF setup.

preparation. To analyze the surface of LPBF samples, of
single tracks and spatter morphology at a higher magnifica-
tion, a Hitachi 8400 scanning electron microscope (SEM)
was used. The morphology of LPBF surfaces and powder
bed environment before and after single tracks was ana-
lyzed using 3D profilometers (Dektak Stylus, with contact
and Alicona Infinite Focus SL optical setup without
contact).

D. Material

The material used in this study was 316L stainless steel
spherical powder, as shown in Fig. 3. An average grain diam-
eter of d50 =21 um was used. The chemical compositions of
the powdered material are shown in Table II.

lll. RESULTS

A. Reflectivity measurements

During laser-powder bed interactions, a part (R) of the
laser radiation is lost, reflected, and the rest of the laser light
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FIG. 3. 316L stainless steel powder, (a) SEM image, and (b) particle
distribution.



TABLE II. 316L stainless steel powder chemical compositions (mass frac-
tion %).

C Cr Ni Mo Si Mn (6] Fe

0.03 17.53 12.06 2.16 0.86 0.38 0.13 Bal

is absorbed (A) by the powder layer. In order to measure the
reflectivity R, an Ulbricht sphere is used, as shown in Fig. 4.
A substrate covered with a powder bed layer is introduced
inside the sphere, previously coated with Ba,SO, to favor
reflectance, and with Ar shielding. A laser irradiation is then
applied on the powder bed during a time #,, during which the
reflected part of the beam part is distributed throughout the
inner walls of the sphere and detected by a photodiode. A
voltage versus time signal V(¢) is then recorded with the
amplitude proportional to the reflected energy. The reflectiv-
ity is obtained by considering the ratio between the voltage
amplitude recorded on the powder bed and the reference
voltage (obtained without sample in the sphere). Figure 5
shows the reflectivity evolution during the static melting, at
P =320W laser power and 7y= 10ms irradiation time of a
90 um-thick powder layer thickness. During melting, the
reflectivity of the powder-bed increases (from 0.24 to 0.38),
whereas the reflectivity of the bare substrate tends to
decrease (0.58 to 0.42). Moreover, a clear difference is evi-
denced between the solid substrate (R =0.58) and the pow-
der bed surface (R=0.24). These observations, confirmed
for other laser irradiances, suggest that (1) multireflection
phenomena combined to higher absorptivity due to higher
roughness have occurred inside the powder bed and (2) the
laser absorptivity during LPBF on 316 L steel, which mostly
occurs at the liquid state is comprised between (1-R) =0.58
and 0.62.

B. Analysis of LPBF melt-pools

A final LPBF part, carried out in industrial machines, is
obtained by the accumulation of hundreds of meters of over-
lapped single tracks. To provide a better understanding of
the local interaction, a parametric investigation of single
tracks was carried out by tuning P and V values, and consid-
ering the melting of a powder layer predeposited on a stain-
less steel substrate. Figure 6 shows postmortem SEM
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FIG. 4. Basic principle of Ulbricht sphere.

1,00

Reflectivity

0,80

liquid

Time (s)

0,0010 0,0030 0,0050 0,0070 0,0090

FIG. 5. Reflectivity measurements versus time. An increase in the material’s
reflectivity is evidenced at the solid—liquid transition.

analysis of single tracks for different lasers powers (160,
260, 360, 400, 450, and 680 W), scanning speed (0.3, 0.4,
0.6, and 0.75 m/s), and a focus beam diameter of 200 um. It
can be evidenced that the low laser power and high speed
(for example, P =159 W-V =0.6 m/s) lead to the so-called
balling phenomena whereas the high laser power and low
speeds generate homogeneous track. In this case, the balling
phenomenon is clearly caused by a lack of dilution with the
substrate, resulting in a melt pool spheroidization to mini-
mize free energy. Figure 7 shows images captured from a
high speed video of LPBF melt-pools recorded at 12 500 fr/s
at a constant velocity of 0.33 m/s and for two different laser
powers of 160 and 660 W. Such video analyses provide us
with several data: (1) The melt pool dimensions which are
obtained either on videos (MP length L) or from SEM
images (examples of MP width 1: Fig. 8) and (2) the MP
dynamics, including particle ejections and possible MP insta-
bilities. Figure 9 depicts the MP dimensions and MP size
ratio L/l versus energy density E(J/mz) = (D}aser(m)/V(m/s))
-(P(W)/S(mz)). These results globally show an important
increase in MP length with the energy density, and a rather
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FIG. 6. Single track processing map for the first LPBF layer at different
velocities and laser powers.



FIG. 7. High speed images of LPBF melt-pools at a constant velocity
0.33 m/s and different laser powers: (a) 160 W and (b) 660 W.

constant MP width, near the initial laser spot-diameter (Fig.
8). More interestingly, a transition between a stable melt-
pool and a nonstable melt-pool (called humping transition) is
shown above a L/l ratio above L/l=5. This humping effect
widely investigated by Seiler et al. in the case of laser weld-
ing can be mostly explained by surface tension effects com-
bined with backward fluid flow which is usually promoted
by recoil vapor pressure applied on the MP.

Figure 10 shows single tracks images taken using a high
speed camera at 0.75m/s and four laser powers (520, 720,
920, and 1220 W). These pictures confirm the occurrence of
a periodic humping instability at a high velocity whatever
the laser power. Such an effect is accentuated by the high
ability of stainless steels to hump.®'® This instability is usu-
ally attributed to Plateau—Rayleigh or Rayleigh-Taylor (RT)
capillary instability. RT instability occurs when an infinite
fluid column is subjected to periodic instabilities of period
2nR with column radius R. It is favored by (1) thin melt
pools with high surface tension coefficients, (2) small local
curvature radius R or melt-pool widths,” and (3) melt pools
having a high length over width ratio (L >2nR(Ref. 4)).
Such L/l ratios (/2r) are nearly the same than those obtained
experimentally (L//=35 in Fig. 9), which tend to confirm
afterward the assumption of a RT effect. Figure 11 depicts
cross-sectional images of single LPBF beads obtained by
optical microscopy for two velocities (0.30 and 0.75m/s)
and a range of laser powers. At 0.3 m/s, these results logi-
cally show that the melt pool penetration depth in the sub-
strate increases with the laser power. At 0.75m/s, a much
lower dilution is shown. An interesting point to notice is that

FIG. 8. SEM analysis of single LPBF beads at 0.30 m/s: (a) 360 W and (b)
660 W. A very tiny increase in the MP width is evidenced.
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FIG. 9. Melt-pool dimensions and ratios (L//) versus energy density: a transi-
tion is shown (dotted line) between stable and nonstable beads.

FIG. 10. Melt-pool instabilities (instrumented setup)—single track at
0.75 m/s and different laser powers (520, 720, 920, and 1220 W).

b)

FIG. 11. Cross-sectional analysis of single LPBF beads (optical micros-
copy): (a) 0.30m/s 160, 260, 400, 570, and 680 W, (b) 0.75m/s, 350, 400,
470, 900, and 1430 W. A humping effect is shown at a high velocity and
high power.

FIG. 12. MP instabilities observed on a LPBF machine-wall 10 x 3 x 1 mm
(0.75m/s and 175 W).
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FIG. 13. Melt pool behavior analysis (using a high speed camera) during a
single LPBF track at 0.75 m/s and 1270 W.

at a high laser power (900 and 1430 W) and a high scanning
speed (0.75 m/s), the MP height tends to increase above the
initial surface level simultaneously with the formation of a
lateral shrinking effect attributed to surface tension stresses
F=7/R. Such an effect is promoted by large L/l values as
shown in Fig. 9.

Previous observations suggest that at a high velocity
(0.75m/s), a melt pool instability occurs when P increases
(for large L/I ratios). Similarly, a LPBF wall processed by a
LPBF machine at 0.75m/s also presents periodic ripples as
shown in Fig. 12.

To further understand the physical mechanisms
involved, Fig. 13 depicts a high speed camera image during
laser melting at 0.75 m/s and 1270 W. This image shows (1)
the spatter formation initiated at the melt pool front, (2) the
formation of a vertical depression on the MP due to vapor
formation that pushes the melt pool, (3) a liquid flow rejected
backward at high velocity and above the starting surface.
This suggests the first stage of a keyhole initiation, which
can be considered as an additional humping source. Indeed,
the key-hole promotes backward fluid flow, which tends to
increase the L/l ratio.

C. Analysis of metal ejections

Large spatter particles (such as 20—100 um molten metal
droplets) coming from laser-powder-melt-pool interactions
(Fig. 13) can act as inclusions in the final LPBF parts, thus
modifying the resulting roughness and affecting the mechan-
ical properties. Therefore, the analysis and understanding of
spatter formation is of highest importance to optimize the
process parameters. Using high speed camera videos (12 500
fr/s), the formation of ejections was mostly found between
the front of the melt-pool and the nonmelted powder bed

FIG. 14. Trajectory of molten particles at the rear of a LPBF melt-pool at
0.75m/s and 1270 W.
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FIG. 15. SEM analysis of ejections: (a) macrodroplets covered by nanopar-
ticles and (b) nanocondensates—(0.3 m/s—320 W).

(Fig. 13). A high speed video analysis of the trajectory of
spatters (Fig. 14) indicates a very wide range of angles ver-
sus the normal direction, and spatter velocities around
Vspatter = 0.3-0.7m/s.

On the instrumented setup, a glass slide was placed 3 mm
above the powder bed to collect the splashing of molten par-
ticles."" Single track have been realized at 0.3 m/s and differ-
ent laser powers (320, 720 W). The SEM analysis of glass
slide reveals a combination of macrodroplets (max ~ 30 yum)
and nanoparticles (average ~ 30 nm) (Fig. 15). These nanopar-
ticles are attributed to the condensation of a laser-induced
metal vapor, and further analysis should confirm whether they
are composed or metal or oxide.
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FIG. 16. Histogram of ejections at 0.3 m/s.
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FIG. 17. Single track (LPBF machine)—0.75 m/s—200 W.

After image treatment using ImageJ software, the
microscopic analysis of glass gives (1) the number of ejec-
tions for a given surface and (2) the size distribution histo-
gram (Fig. 16). The average spatter diameter is shown to be
close to 10 um. However, all the ejected particles have not
been taken into account, especially those (the larger and
heavier ones shown on videos) that have not reached 3 mm
height. At a low laser power (320 W), the ejected particles
are mostly small (<3 um). When the laser power increases
(720 W), larger particles are also shown (Fig. 16), and the
amount of ejected particles increases (320 W:297 particles/
720 W:453 particles), the result which is confirmed by the
video analysis.

D. Analysis of powder denudations

The optimization of the hatch distance permits the cohe-
sion between single tracks in a LPBF part. However, on
most of usual LPBF experimental conditions, very low over-
laps are considered between subsequent tracks. For instance,
a typical 120 um hatch distance is used, for bead widths near
145 ym (Fig. 17). One of the possible reasons for this is the
occurrence of denudation zones near the melt-pool, already
mentioned by Yadroitsev and Smurov er al.,’ but never

FIG. 18. Denudation of powder bed versus laser parameters—OM analysis
of bead and powder bed surfaces at 0.3 m/s.
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FIG. 19. Denudation width and % ejection versus laser power (V =0.3 m/s).

investigated extensively so far except in a recent work by
Matthews.® Such clearing zones have been considered to
occur, thanks to the entrainment of powder particles in a
shear flow of gas coming from vaporization near the laser
heat zone, and tend to increase with the laser power.

To confirm these recent data, the analysis of powder
denudations has been realized on single tracks for different
velocities and laser powers. It appears clearly on high speed
videos that particles are attracted toward the melt-pool at an
average velocity of 0.4 m/s constant with laser power. The
powder denudation is less visible at 0.75 m/s than at 0.3 m/s,
whereas for high laser powers, the powder denudation is
clearly shown in Fig. 18. Figure 19 shows that the denuda-
tion width increases with the laser power realized at 0.33 m/
s. The humping instability at 0.75 m/s also generates inho-
mogeneity of the denudation zone as shown in Fig. 10.
Using 3D profilometer without contact, a material balance
area has been carried out, comparing the final solidified bead
volume (V) and the initial powder volume (Vip) (Fig. 20).
Preliminary calculations show that part of the powder was
directly molten or attracted into the track whereas a non-
negligible part (=15%) was ejected into spatters or conden-
sates (Fig. 19). The influence of surface roughness on pow-
der denudation was also briefly addressed, by comparing a
sand-blasted substrate (Ra ~ 2 um) to a ground surface (Ra
~ (0.2 yum) in order to consider surface roughness nearly sim-
ilar to those achieved during LPBF. Results indicate nearly
similar denudation zones that should be confirmed in a next
step for larger experimental conditions.

IV. DISCUSSION

This paper focusses on all the physical phenomena
involved during laser-powder-melt pool interactions. This
interaction was carried out considering single tracks and
using a high speed camera and postmortem characterization
of LPBF beads as a function of (P, V). Three aspects were
studied in more detail in this paper: (1) the MP instabilities,
(2) the formation of MP ejections and spatters, and (3) the
powder denudation phenomena.

1. From our experimental data, a (P, V) process map was
established to discriminate two kinds of instabilities (ball-
ing or humping) versus stable MP behavior (Fig. 21). Ata
very low laser power, the fusion of the substrate is too
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are confirmed by cross-sectional analysis of beads (Fig.
11). These MP fluctuations were attributed to a Rayleigh-
like instability (Fig. 10), and confirmed by the MP ratio (L/
]) threshold, which was close to L/l ~ 2.

2. The microscopic observation of spatters reveals a combi-
nation of macrodroplets (10-30 um) and nanoparticles
(30 nm), with an increase in the spatter density for higher
laser powers. High speed videos also indicate that the for-
mation and backward ejection of large melt-pool droplets
(>50 um) mostly initiating at the front edge of the MP
near the powder bed, with velocities close to the scanning
velocity. However, such large droplets could not be col-
lected and analyzed on SEM, due to too-low kinetic ener-
gies (low velocities) of large spatters. Such large particles
are the most deleterious ones for LPBF process, because
they are suspected to provoke roughness increases and
metallurgical inclusions.

3. The powder denudation effect is clearly evidenced not
only on the final powder beds (Fig. 18) but also on high
speed videos. Such videos clearly reveal a lateral powder
flow toward the melt-pool, which seems to be restricted to
the hotter MP zone coincident to a vertical vapor flow.'?
Consequently, and in full agreement with Ref. 6, it can be
assumed that the inward motion of powder particles
toward the MP is directly provoked by the vapor flow.

FIG. 20. (a) Powder denudation analysis (3D-profilometry without con-
tact)—bead and powder bed surfaces at 0.3 m/s and 1220. (b) Ejections cal-
culation principle comparing the final solidified bead volume (V,) and the
initial powder volume (Vip).

Such a vapor flow plume and the associated local shear
tends to oscillate between a normal direction and a 30°
rear inclination (Fig. 22), whose effect can also provoke

limited to anchor the fused powder bed, and results in the
balling effect. At a high velocity (favoring thin melt-
pools) and a high laser power (promoting elongated melt-
pools), the MP become unstable, mainly due to the forma-
tion of a vapor recoil pressure applied vertically on the
laser-melt-pool interaction zone, which tends to reject the
melt-pool backward, and above the initial surface, thus
increasing its free surface. In turn, lateral surface tensions
applied on the thin melt-pool flow provoke a periodic
shrinking effect, well known as a humping phenomenon
in laser welding.” In all the experiments presented here,
the formation of humping instabilities was systematically
linked to recoil pressure and melt-pool vertical deforma-
tion, suggesting that LPBF melting conditions were near to
the conditions for a keyhole initiation. Such assumptions
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FIG. 21. LPBF process map indicating the zones of instabilities.

fluctuations in the attraction of particles and in the result-
ing denudation zone width. Additional denudation effects
are also visible in terms of capillary-driven particle flow
toward the MP. However, this phenomenon is restricted
to a thin width in close vicinity with the MP edge.

Considering a given powder bed area before laser melt-
ing, it was also assumed that part of the powder was directly
molten or attracted into the track whereas another fraction
was ejected into spatters or condensates, especially for high
laser powers. This allowed us estimating the fraction of

FIG. 22. High speed imaging of the vapor flow fluctuations at 0.33 m/
s—320 W.



particle ejection by comparing the final bead volume, with
the initial powder bed volume (assuming a powder bed com-
pactness of ¢=0.6). Relatively high fractions of ejections
are obtained (between 10% and 20%), which confirm that
the powder bed melting is unstable for the current process
parameters considered here. Such a result should help to
reconsider process parameters usually carried out in LPBF
processes, and especially those provoking near key-hole
melting conditions, and severe vaporizations.

V. CONCLUSION

This paper has presented a series of original experiments
where various physical phenomena involved during the pow-
der bed laser fusion have been analyzed and discussed. This
includes (1) dynamic instabilities (balling, humping) of the
melt-pool, (2) microparticles and macrospatters formation
and ejection, and (3) powder denudation effects surrounding
the tracks. Using a high speed video analysis and postmor-
tem observation of beads and powder beds, it was shown that
vaporization effects located near the laser-melt-pool interac-
tion zone are the main driving force for most of these phe-
nomena and, to some extent, provoke a destabilization of the
global process. Such destabilization plays an important and
constraining role in the resulting process optimization (selec-
tion of hatch distance, strategy), and final metallurgical or
topographical properties of parts.

Future work should focus on even more detailed descrip-
tion of the metallic vapor formation, and on possible experi-
mental methods to limit its deleterious effects.
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