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In laser powder bed fusion (LPBF) melt pool morphology plays an important role in generating
part quality and microstructural properties. Therefore, it is of interest to correlate the melt pool di-
mensions with processing parameters. To overcome the drawback of current energy input equations,
like volume energy density, lacking the inclusion of material thermophysical properties, in this inves-
tigation dimensionless enthalpy is used as characteristic factor to predict melt pool dimensions of
single scan lines. The relation between dimensionless enthalpy and melt pool morphology is investi-
gated for a nickel base alloy and a maraging tool steel. It is shown that melt pool width can be pre-
dicted successfully for both materials, while for the prediction of melt pool depth dimensionless en-
thalpy alone is not sufficient. To account for a deviation in heat loss between the two materials the
Fourier number was included in the enthalpy relation. Furthermore, the influence of scan direction
and baseplate location on melt pool morphology was evaluated. While a significant dependence on
scan direction could not be shown, melt pool depth is found to dependent on part location on the base
plate. This dependence has been attributed to the combined effect of laser angle deviation and shield-

ing gas flow.
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1. Introduction

In laser powder bed fusion (LPBF) three dimensional
parts are build layerwise by successive melting of powder in
multiple scan tracks [1]. As LPBF evolves from a rapid pro-
totyping to serial production technology requirements on
part quality and reproducibility increase. In addition, there is
high interest for an extension of the portfolio of available
alloys for LPBF. To satisfy those demands suitable pro-
cessing parameters have to be developed for new alloy sys-
tems and existing processes have to be improved for the re-
fined requirements. Due to the complexity of the LPBF pro-
cess, development of processing windows is often done on a
trial and error basis, especially for new alloy systems. This
can be time and cost intensive. To reduce the initial range of
processing parameters to a suitable processing window sin-
gle scan lines or single layers can be scanned with varying
processing parameters, such as laser power and scan speed,
and evaluated before continuing to multilayer specimens [2].
Although this methodology can already reduce development
time, single scan track experiments would have to be re-
peated for different alloys and different manufacturing sys-
tems. Furthermore, the obtained processing window con-
tains multiple processing parameter combinations, which
might result in different melt pool morphologies although all
being suitable for production of stable scan tracks and dense
single layers. As a single scan track is the basic processing
unit its melt pool morphology is of special interest for pro-
cess control. For example, melt pool width determines the
maximum hatch spacing between neighboring tracks that
will still result in a strong connection between single scan
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tracks. By increasing melt pool width at constant scan speed,
hatch spacing can be increased and therefore processing time
decreases. However, a wider melt pool will result in a loss
of resolution for thin details. Thus, depending on part geom-
etry and application requirements it might be beneficial to
apply different processing parameters to different subsec-
tions of a part. Beside geometry and processing time, the
melt pool morphology influences part microstructure and, as
a consequence physical and mechanical properties [3, 4].
An extensive amount of literature exists correlating melt
pool dimensions, like melt pool width and melt pool depth,
to single processing parameters [5, 6, 7]. To enable scan
track morphologies to be comparable for different applied
laser power and scan speeds it would be beneficial to have a
combined factor including those two crucial variables. Ber-
toli et al. [8] evaluated the suitability of a volume energy
density equation including laser power, scan speed, layer
thickness and beam diameter to describe melt pool dimen-
sions. However, this density formulation was not found suit-
able to correlate melt pool depth with energy density, while
a good correlation was observed for melt pool width. Incon-
sistency when describing melt pool depth with volume en-
ergy density was also observed by Metelkova et al. [9]. A
comparable energy density equation was used by Attar et al.
[10] exchanging beam diameter by hatch spacing to correlate
part density and by Prashanth et al. [11] to correlate mechan-
ical properties. However, similar energy densities resulted in
varying relative part densities and varying tensile properties.
Those studies show that existing energy density formula-
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tions cannot consistently describe melt pool dimensions. An-
other drawback of the energy density equations mentioned
afore is that material specific physical properties are not in-
cluded. Therefore, these equations can only be assumed
valid for comparing alloys with similar thermodynamic
properties. To overcome this disadvantage the energy input
should be related to the energy needed for melting. Using
dimensional analysis Hann et al. [12] investigated the influ-
ence of process parameters on melt pool depth for laser
welding. They found that dimensionless melt pool depth, i.e.
melt pool depth normalized by laser beam diameter, when
plotted over energy input normalized by energy necessary
for melting falls within a combined curve for different ma-
terials (stainless steels, Ti-6Al-4V, vanadium) and varying
processing parameters. The according energy equation can
be formulated as following. A laser with a power P irradiates
a specific area md?2 /4 during the dwell time d,/u with the
beam diameter d, and scan speed u. During this dwell time
the heat is conducted within a distance /Dd,/u from the
top of the irradiated surface with thermal diffusivity D.
Combining the absorbed energy and the absorbing volume
one gets the absorbed energy density
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with absorptivity A. The energy necessary for melting is de-
fined by the enthalpy at melting hg. Dividing the absorbed
energy input by the enthalpy at melting yields the dimen-
sionless enthalpy
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with density p. In this investigation enthalpy at melting hg
is defined as

hs = Cp(Tsolidus - TO) + hf 3)
with specific heat capacity C,, temperature at solidus
Tsolidus, initial temperature T and heat of fusion hg. The
first part of Equation (3) represents the energy needed to heat
the material up to Tsq)iqus » While the second part is the en-
ergy input necessary for phase transformation. In this paper
the mean value of C,, from Ty to Tsqjiqus is used for the cal-
culation. With enthalpy at melting defined as in Equation (3)

the formula for dimensionless enthalpy H* used in the pre-
sent work is

4AP

Using dimensionless enthalpy has two main benefits. It in-
cludes material thermophysical properties and should there-
fore be able to describe melt pool morphology for different
materials with the same relation within its applicable bound-
ary conditions. Second, it is non dimensional meaning that
processes can be compared independent of the exact param-
eter values. However, dimensionless enthalpy was intro-
duced for laser welding with applied laser beam size and
power one order of magnitude larger and scan speeds of one
to two orders of magnitude slower compared to LPBF. The
question arises whether this equation can also be applied to
describe melt pool morphology in LPBF.

Dimensionless enthalpy was used by King et al. [13] to
predict the threshold for transition from conduction to key-
hole melting in LPBF of stainless steel independent of actual
processing parameters and manufacturing system. A good
correlation of dimensionless enthalpy and melt pool depth,
which was normalized with thermal diffusion length, was
also observed by Ye et al. [14] and Rubenchik et al. [15].
Thus, recent studies indicate that dimensionless enthalpy can
be used to predict melt pool depth in LPBF. However, those
studies are only concerned with melt pool depth, despite
melt pool width being an important melt pool characteristic
as well. Furthermore, the powder bed in LPBF with parts
arranged in different locations of the build chamber as well
as the different shielding gas flow represent further bound-
ary conditions compared to laser welding. There has been
little research so far on how those boundary conditions will
influence the correlation of dimensionless enthalpy and melt
pool dimensions [9, 14].

This study therefore investigates if dimensionless en-
thalpy can be used as a characteristic factor to predict melt
pool dimensions in LPBF for different materials. Experi-
mental results are compared for a nickel base alloy and a
maraging steel. Furthermore, the influence of peculiarities
of the LPBF process, such as scan orientation and part loca-
tion, on the correlation of dimensionless enthalpy and melt
pool morphology have been investigated.

2. Experimental setup

In this study the correlation of melt pool morphology and
dimensionless enthalpy was evaluated for two different al-
loys. Powders used were EOS IN718 (EN 2.4668), nickel
base alloy, with a median particle size of 33 um and EOS
MS1 (EN 1.2709), maraging steel, with a median particle
size of 35 um purchased from EOS GmbH. The two materi-
als were selected for comparison as their bulk thermophysi-
cal properties are within a similar range (see Table 1).

H* = Pl “4)
s 7'[P(Cp(Tsolidus_To)"'hf) Dudz?;'
Table 1 Values for material physical properties used to calculate dimensionless enthalpy [16, 17], * Absorptivity from [14]
Density @ RT Melting range  Enthalpy @ Ty, Thermal conductivity Thermal diffusivity Absorbtivity”
@ Tiiq @ Tiigq
[kg/m?] [K] [J/m3] *10° [W/mK ] [m2/s] *10° [-]
IN718 8260 1528-1610 7996 26.8 4.5445 0.3
MS1 8209 1659-1714 9202 31.4 5.5497 0.3
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2.1 Production of single scan lines
Single scan tracks were produced using two EOS M290

LPBF systems, one system for each material set investigated.

Both machines have a 400 W Yb fiber laser with a wave-
length of 1070 nm which is operated in continuous wave
mode. To represent the boundary conditions on a single scan
track during actual processing of a part a cuboid with dimen-
sions 20 x 37 x 10 mm (width x length x height) was built as
a substrate for single line scans to be scanned on top. For
MST1 the substrate cuboid height was 15 mm. The substrate
cuboids were processed with EOS developed standard pa-
rameters for each material without upskin exposure to ena-
ble the substrate surface to be representative of the actual in
process surface morphology. All samples were built under
Argon atmosphere with residual oxygen content of 0.1 %
and a baseplate temperature of 80 °C. Layer thickness was
set to 40 pm. Single scan tracks of 10 mm length were pro-
duced with varying laser power in the range of 100 W to
300 W and scan speed from 100 mm/s to 1500 mm/s. Two
lines were scanned for each set of processing parameters to
ensure repeatability. The scan tracks were set 1 mm apart to
reduce the influence of the heat input from the neighboring
track. A schematic image of a substrate cuboid with single
scan tracks is shown in Fig. 1.

37 mm

ry
\4

20 mm
vy

Fig. 1 Schematic drawing of a substrate cuboid with sin-
gle scan tracks, different parameter sets are indicated by
different colors

Three different experiments were performed with 12 pro-
cessing parameter sets each. The investigated combinations
of scan speed and laser power as well as resulting dimen-
sionless enthalpy calculated by Equation (4) using the ther-
mophysical material properties in Table 1 are shown in Table
2 and Table 3. The laser spot diameters were measured prior
to each experiment using a Primes FocusMonitor FMW+.
The beam diameters were calculated based on the 86.5 %
power aperture method [18]. Measurements were done at
40 W and 200 W and the mean was taken as the laser beam
diameter. The variation in measured diameter for the two
power levels was less than 2 pm. This variation would lead
to a maximum deviation in calculated enthalpy values of
4.2 % at a beam diameter of 74 um and decreases for larger
beam diameters. The result of the laser beam diameter meas-
urements for each experiment can be found in Table 2 and
Table 3. All calculations consider the corresponding beam
diameter according to the experiment and material.
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Table 2 Processing parameters and calculated dimension-
less enthalpy H* based on Equation (4) for IN718 experi-

ments

Nr Power Speed H*IN718_1 H*IN718 2
[W] [mm/s] dy =74 pym dy =78 um

1 200 100 22.3 20.6

2 200 250 14.1 13.0

3 200 500 10.0 9.2

4 200 1000 7.0 6.5

5 250 100 27.8 25.7

6 250 250 17.6 16.3

7 250 500 12.4 11.5

8 250 1000 8.8 8.1

9 250 1500 7.2 6.6

10 300 100 334 30.9

11 300 150 27.3 25.2

12 300 250 21.1 19.5

Table 3 Processing parameters and calculated dimension-
less enthalpy H* based on Equation (4) for MS1 experi-

ments
Nr Power Speed H*MS1
[W] [mm/s] d; =80 um
1 200 170 11.9
2 200 250 9.8
3 200 385 7.9
4 200 750 5.7
5 250 270 11.8
6 250 500 8.7
7 250 600 7.9
8 250 750 7.1
9 250 1200 5.6
10 300 550 10.0
11 300 730 8.6
12 300 1100 7.0

In LPBF parts are scanned with a scanning pattern, which
is rotated with every layer. Thus, each layer is scanned with
a different direction to the shielding gas flow, which is
guided over the baseplate from one side to the other. As
scanning with the flow might result in a higher probability
for laser-smoke interaction the laser scanning to flow direc-
tion might influence melt pool morphology. To investigate
this effect in close to neutral welding position scan tracks are
scanned with different orientations to the shielding gas flow
direction at the center of the baseplate (Fig. 2). The tracks
were scanned in three directions, (i) with the shielding gas
flow, (ii) against it and (iii) orthogonal to it (Fig. 2(A)). Be-
sides scanning direction part location on the base plate might
influence the relation of dimensionless enthalpy and melt
pool morphology. Scanning the outer edges of the baseplate
will result in a deviation of the angle with which the laser
hits the powder layer compared to the center. Two effects
are induced. First, the laser spot is stretched to an ellipse,
changing the irradiated area, which can be accounted for by
a correction factor in the enthalpy equation.
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Fig. 2 Schematic drawing of build plate with laser angle deviation and shielding gas flow, (A) experimental setup for scan
direction experiment with definition of scan to shielding gas flow orientation, (B) and (C) experimental setup for part location
influence showing orientation of laser to shielding gas flow, inset in (B) shows micrograph of tilted melt pool

However, for the experiments in this study the difference be-
tween the uncorrected and angle corrected dimensionless en-
thalpy for samples at the rim of the baseplate is less than 2%
and is therefore neglected. Second, a keyhole possibly cre-
ated at high enthalpy will be oriented towards the laser, re-
sulting in a tilt compared to the substrate surface. To account
for the tilt the depth of tilted melt pools was measured as
maximum distance from the surface along the weld center
line. The keyhole can be tilted towards the shielding gas
flow direction or away from the shielding gas direction de-
pending on part location on the baseplate (Fig. 2(B) and (C)).
To analyze the influence of laser tilt angle in combination
with shielding gas flow similar samples were placed at the
outer edges of the baseplate near the shielding gas inlet,
shielding gas outlet and the baseplate center. A schematic
drawing describing the experimental setup to evaluate the
influence of scan orientation and sample location is shown
in Fig. 2.

To further account for the effect of possible different
shielding gas flow profiles for different shielding gas inlet
nozzles the first IN718 experiment performed with a perfo-
rated plate nozzle was repeated with a grid nozzle. Both noz-
zle types are in use for EOS standard processes. Each nozzle
has its own previously optimized differential shielding gas
pressure. For the experiments the differential pressures of
0.56 mbar for the perforated plate nozzle and 0.79 mbar for
the grid nozzle were used for IN718 and 0.58 mbar was used
for the perforated plate with MS1. Images of the two differ-
ent types of nozzles are shown in Fig. 3.
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Fig. 3 Photographs of the perforated plate nozzle (a) and
grid nozzle (b) mounted inside the build chamber

2.2 Characterization of single scan lines

The substrates with single scan tracks were sectioned or-
thogonal to the scanning direction. Both parts of the cross
section were embedded to generate four melt pool cross sec-
tions to be analyzed for each processing parameter set. The
metallographic samples were ground and polished to OPS
finish. IN718 samples were etched with Aqua Regia (1 part
65%-HNOj3: with 3 parts 37%-HCI) for 30 s, while MS1 was
etched with Nital (3%-HNOj3 in ethanol) for 2 min. Micro-
graphs of melt pools were recorded using an Olympus DP27
optical microscope with Olympus Stream Software (Version
2.2). Melt pool width and melt pool depth were analyzed for
each melt pool as illustrated in Fig. 4(c). To account for the
slightly different beam sizes used for the experiments all
measured values are nondimensionalized by dividing the
measured values by their according beam size.
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3. Results and discussion
3.1 Correlation of dimensionless enthalpy and melt
pool dimensions

The nondimensionalized melt pool dimensions, d* and
w*, in relation to dimensionless enthalpy H* for IN718 and
MSI1 produced with two different machines, but similar ex-
perimental boundary conditions are shown in Fig. 4(a) and
(b). Additionally, the melting mode is indicated as being
conduction or keyholing, which is defined by the ratio of
melt pool depth to melt pool width. If the ratio is greater than
one half the scan track is labeled as keyholing. Both melt
pool dimensions increase with increasing enthalpy as ex-
pected. For both alloys, a good correlation between H* and
d* as well as H* and w* can be observed. However, d* in-
creases more strongly with H* compared to w*. Thus, it can
be deduced that energy input predominantly influences melt
penetration. This is similar to observations by Trapp et al.
[19] and Keshavarzkermani et al. [20] who both observed a
stronger increase in depth compared to width with increas-
ing energy input. Additionally, Metelkova et al. [9] observed
a stronger dependence of depth on defocusing distance com-
pared to width. The higher sensitivity of melt pool depth
compared to melt pool width can be explained by the Gauss-
ian distribution of the laser beam in combination with the
formation of a melt pool depression. As the highest intensity
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of the Gaussian beam is in the center, the melt pool center
will experience the highest temperature which might lead to
material evaporation and the formation of a depression. Due
to multi-scattering within the depression even more energy
will be distributed in the center of the melt pool which drives
the increase of the melt pool depth and the formation of a
deep keyhole. In contrast, the width is more influenced by
heat conduction. The variation in melt pool morphology
with increasing H* is also indicated by the micrographs in
Fig. 4(c) corresponding to the marked data points in Fig. 4(a).
It can be seen that melt pools with similar dimensionless en-
thalpy obtain similar melt pool dimensions and shapes de-
spite being scanned with different processing parameters.
However, one has to note that the deviation of melt pool di-
mensions between melt pools with similar dimensionless en-
thalpy increases with increasing dimensionless enthalpy.
This is also indicated by the increasing standard deviations
at higher dimensionless enthalpy in Fig. 4(a) and (b). The
increased scatter can be attributed to the transition from cup
shaped to deep keyhole melt pools as illustrated by the mi-
crographs in Fig. 4(c). In laser welding five different pro-
cessing regimes in keyhole welding mode can be distin-
guished and result in different melt pool shapes [21]. From
low to high scanning speeds these regimes are the Rosenthal,
single-wave, elongated keyhole, pre-humping and humping
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Fig. 4 Dimensionless enthalpy versus dimensionless melt pool depth (a) and dimensionless melt pool width (b) for IN718
and MS1, selected micrographs for samples indicated in (a) are shown in (c) for IN718 (A)-(E) and MS1 (F)-(I), (A) is

illustrating the definition of melt pool width and depth

261



JLMN-Journal of Laser Micro/Nanoengineering Vol. 15, No. 3, 2020

regime. As indicated in the graphs all data points except the
two lowest enthalpies are in the keyhole regime and thus the
melt pool shapes are compared to these weld regimes. For
low dimensionless enthalpy ((B), (C), (F) and (G)) the melt
pool shape indicates a mixed mode of prehumping and elon-
gated keyhole regime, while melt pools scanned at high di-
mensionless enthalpy ((D), (E), (H) and (1)) clearly fall into
the Rosenthal regime. The single wave regime could not be
detected from micrographs and a direct transition from elon-
gated keyhole to Rosenthal regime occurred. From welding
it is known that melt pools in the Rosenthal regime have a
tendency for instabilities, which could explain the scatter in
melt pool depth observed at high dimensionless enthalpies.
Comparing data for IN718 and MS1 in Fig. 4 a differ-
ence in the correlation between dimensionless enthalpy and
melt pool dimensions can be observed. While data for di-
mensionless width is in a similar range for both alloys, the
data for dimensionless depth splits into two curves. The MS1
data shows a steeper slope with dimensionless enthalpy
compared to IN718. This behavior can also be seen in the
micrographs showing that the MS1 scan lines with a dimen-
sionless enthalpy of 12 are already in the Rosenthal regime,
while IN718 samples with a slightly lower enthalpy of 10
are still in the prehumping regime. Additionally, the keyhole
threshold seems to be shifted to lower enthalpy values. This
could explain the steeper slope of MS1 values compared to
IN718. At enthalpies above the keyhole threshold a depres-
sion will form in the melt pool, leading to an increase in ab-
sorptivity due to multi-scattering and in turn an increase in
keyhole depth. For the calculation of H* a constant absorp-
tivity was used. In the keyhole regime this assumption is not
physically correct [19]. However, Ye et al. [14] observed a
similar dependence of absorptivity and energy input above
the keyhole threshold for different materials and different
processing parameters. Therefore, a similar increase in ab-
sorptivity is assumed for both alloys in the keyhole regime.
The shift in keyhole threshold was unexpected as the dimen-
sionless enthalpy had been successfully used to predict the
onset of keyhole mode melting [12, 13]. However, dimen-
sionless enthalpy as derived in Equation (4) does not account
for heat loss due to heat flow in y-x directions or due to con-
vection. Therefore, the correlation of dimensionless en-
thalpy and melt pool depth might not be applicable for ma-
terials with significantly different thermal properties. As an
example, Hann et al. [12] observed a similar behavior of di-
mensionless enthalpy and dimensionless melt pool depth for
stainless steel, Ti-6Al1-4V and vanadium, while the relation-
ship differed for tantalum which was explained by a differ-
ence in Fourier number Fo. The Fourier number describes
the relation of heat loss to heat storage and is defined as
Fo = D/(d;u). Although this effect was not expected to
impact the relation for MS1 and IN718, the slight difference
in thermal properties might already influence the correlation
of dimensionless enthalpy and dimensionless melt pool
depth. This could account for a shift in keyhole threshold.
To investigate the influence of Fourier number on the evo-
lution of melt pool depth data from [22] with constant di-
mensionless enthalpy of 9.5 but varying Fo was plotted in
Fig. 5. Melt pool depth increases with increasing Fo, except
one outlier, and seems to follow a root type relation. Alt-
hough, the best fit of the data gave an order of 0.4 for the
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Fourier number the dependence H* is corrected by multipli-
cation with vFo which corresponds to the thermal diffusion
length \/Dd,/u normalized by the beam diameter d,. The
data from Fig. 4(a) is replotted in Fig. 6 accordingly. The
data for IN718 and MS1 now falls on the same curve and
both materials show the same keyhole threshold. Thus, the
relation between dimensionless melt pool depth and the
adapted dimensionless enthalpy can be used to predict melt
pool depths using the same relation for the two materials in-
vestigated. This observation is in accordance with
Rubenchik et al. [15] and Ye et al. [14], who both included
the same Fourier number dependence in their analysis. To
investigate the material dependence in more detail further
experiments will be done with materials having significantly
different thermal properties and melt pool dynamics such as
aluminum based alloys.

3.2 Influence of scan orientation

In LPBF scan tracks can be arranged with different ori-
entations in relation to the shielding gas flow direction. The
main purpose of the shielding gas flow is to transport evap-
orated material and spatter away from the laser interaction
region. However, it also creates a phase boundary with the
melt pool, which provides cooling and possible transaction
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Fig. 7 Mean value plot with standard deviation for dimen-
sionless melt pool depth and width for scan tracks with
different scan directions to shielding gas flow, samples
were placed in the base plate center, IN718

of momentum. Therefore, it was investigated whether the
orientation of the scan direction to shielding gas flow direc-
tion has an influence on the melt pool morphology. Single
tracks were scanned against the shielding gas flow direction,
in shielding gas flow direction and orthogonal to it (as illus-
trated in Fig. 2(A)). The results for IN718 samples scanned
in the center of the baseplate using the perforated plate noz-
zle are shown in Fig. 7 as mean value plots. The scan direc-
tion to shielding gas flow orientation does not have a signif-
icant effect on dimensionless melt pool depth, nor dimen-
sionless melt pool width. Similar results were observed for
MST1 as well as IN718 samples built using the grid nozzle.
From the results it can be deduced that scan orientation can
be neglected when comparing scan tracks in the central lo-
cation of the base plate. However, this behavior might
change for scan tracks with higher laser incidence angle cor-
responding to the edges and corners of the base plate. The
influence of the plate location on melt pool morphology will
be discussed in the following section.

3.3 Influence of baseplate location

As schematically illustrated in Fig. 2 with increasing
distance from the laser center, the laser incidences on the
powder with a different angle. If the laser energy is high
enough to create a keyhole the drilled keyhole is then tilted
towards the laser center compared to the substrate plane.
This is exemplarily shown in Fig. 8 for two samples built at
the outer locations of the baseplate. The measured tilt angles
of the keyholes are in good agreement with the calculated
angle of 81°. Since keyhole formation is based on material
evaporation vapor is streaming out of the keyhole in a re-
spective angle. The vaporized material could interact with
the laser decreasing the effective energy input and leading to
defects. The shielding gas flow should transport the evapo-
rated material away preventing interaction with the laser.
However, the tilting of the keyhole to the laser center results
in different directions of vapor flow versus shielding gas
flow. While the vapor stream is tilted away from the shield-
ing gas flow direction for samples scanned near the gas inlet,
close to the gas outlet, the vapor stream is tilted towards the
shielding gas flow direction as schematically shown in Fig.
2B and C. The mean values for the melt pool dimensions for
samples built near the gas inlet, gas outlet and the center of
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Fig. 8 Micrographs of samples built at outer locations of
the base plate with indicated tilt angle of the keyhole
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Fig. 9 Mean value plot with standard deviation for dimen-
sionless melt pool depth and width at different sample lo-
cations on the baseplate, IN718, tracks were scanned or-
thogonal to flow

the base plate are compared in Fig. 9. The results shown are
for IN718 samples built with the perforated plate nozzle.
From Fig. 9 it can be seen that the relation of dimensionless
enthalpy and dimensionless depth is dependent on the sam-
ple location on the base plate, while for dimensionless melt
pool width no effect is observed. For samples built at the
base plate center and near the gas outlet the mean values for
d* are comparable. Samples built near the gas inlet show a
decrease in depth. As samples near the gas inlet and the gas
outlet were placed with similar distance to the laser center
the difference in their behavior cannot solemnly be ex-
plained by laser angle deviation. Therefore, it is assumed
that shielding gas flow additionally contributes to the differ-
ence in melt pool depth observed. This assumption is en-
couraged plotting the evolution of melt pool depth with H*
for those three locations in Fig. 10. It is visible that the de-
viation between samples produced at the plate center and gas
outlet locations and the gas inlet location increases with H*.
Thus, this indicates that a more pronounced keyhole and va-
por plume formation leads to a decreased depth for samples
near the gas inlet. A possible explanation might be that the
shielding gas could drag the vapor expulsed by the keyhole
away from the keyhole opening for samples near the gas in-
let as the vapor flow and shielding gas flow share the same
direction.
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Fig. 10 Dependence on part location on the base plate for
dimensionless melt pool depth, IN718

In contrast, for samples near the gas outlet the shielding gas
would press the evaporated material back onto the melt pool.
Due to the heat of the evaporated gas this could lead to a
cooling effect when the vapor is expulsed and a heating ef-
fect when the vapor is pressed back onto the melt pool. Fur-
thermore, it is known that directly behind the shielding gas
inlet, which is positioned slightly above the base plate, there
is a zone where there is less shielding gas flow before it con-
tacts the baseplate. It might also be that vapor in this region
is not sufficiently removed and therefore laser vapor inter-
actions could occur. A possible interaction is shielding of the
laser by plasma formation, however a highly ionized plasma
is only observed for intensities greater than 10° W/cm?
which is two to three orders of magnitude higher than inten-
sities commonly used in LPBF (maximum intensity in this
work is in the order of 107 W/cm?) [23]. Therefore, no
plasma shielding is expected. However, even without ioni-
zation the metal vapor has a different optical density and will
refract the laser radiation, hence decreasing the effective
power input into the material [24]. Additionally, the expul-
sion of the vapor plume creates an inwards and upwards drag
onto surrounding powder particles as well as it created melt
spatter, which could then also scatter the laser radiation [25].
Therefore, an ineffective removal of the vapor plume and
spatter by the shielding gas flow can lead to a decrease in
effective energy input and thus shallower melt pool depths.
However, both theories would have to be investigated more
thoroughly by including further plate locations, such as the
edges of the base plate on the left and right side from the
center. There laser incidence angle and shielding gas flow
should be similar, and no low flow zone should occur.
Results of the investigation of the sample location de-
pendence for MS1 are shown in Fig. 11. Compared to IN718
the dependence of sample location on d* is not as pro-
nounced. The mean values indicate that there might be a
similar dependence of decreased melt pool depth near the
gas inlet compared to the center and gas outlet locations,
however, the standard deviations overlap. Dimensionless
melt pool widths show no significant correlation with base
plate location as observed for IN718. Possibly the deviation
in melt pool depth is not as visible as the deviation increases
with dimensionless enthalpy and only enthalpy values below
15 were investigated for MS1. As the plate location depend-
ence is believed to be caused by the shielding gas flow the
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Fig. 11 Mean value plot with standard deviation for di-
mensionless melt pool depth and width at different sam-
ple locations on the baseplate, MS1, tracks were scanned
orthogonal to flow

question arises whether this correlation can be reproduced
with a different shielding gas inlet nozzle. Therefore, the re-
sults of the IN718 perforated plate nozzle experiments are
compared to the IN718 grid nozzle investigations in the next
section.

3.4 Influence of shielding gas inlet nozzle

The results for the perforated plate and grid nozzle for
scan tracks produced at the central plate location orthogonal
to the shielding gas flow are compared in Fig. 12. Both melt
pool dimensions, d* and w*, show similar correlations to di-
mensionless enthalpy independent of nozzle type. Each noz-
zle was operated at its previously optimized differential gas
pressure, which is 0.56 mbar for the perforated plate nozzle
and 0.79 mbar for the grid nozzle. This could indicate that
both nozzles result in a comparable flow profile in the center
location of the baseplate when both are operated at the ac-
cording differential pressures. As mentioned in the last sec-
tion there exists a low flow zone between the gas inlet and
the point of first contact of shielding gas flow on the base
plate. The grid nozzle was designed to reduce this zone. It
was therefore expected that the dependence of melt pool
depth on part location observed for the perforated plate noz-
zle would be reduced. However, similar experiments as for
the perforated plate nozzle performed using the grid nozzle
show a similar dependence on sample location. The mean
value plots for the relationship of d* and w* with sample
location are shown in Fig. 13. As for the perforated plate
nozzle shallower melt pools can be observed near the gas
inlet, while melt pool depth at the center and near the gas
outlet is similar. No significant dependence can be observed
for w*. This indicates that the low flow zone close to the gas
inlet is not exclusively responsible for the shallower melt
pools observed. Since results are similar despite different
nozzle types it is assumed that the major reason for the ob-
served location dependence is the orientation of the keyhole
to the shielding gas flow. However, further investigations
have to be done to explain the effect of shielding gas flow
and laser angle in more detail.



JLMN-Journal of Laser Micro/Nanoengineering Vol. 15, No. 3, 2020

a) 121
O —mme Perforated plate nozzle
A ----Grid nozzle /,'%
— 107 i
- = Conduction l ’
5 Keyholing 1
= 8 | 7S
5 t
% 7
o 6 & 7
7] 1 l N
E Bt
o 44 x .oi/
7] T <v>,-'
< e
o) & -~
E 24 A
a _—&%
——
0 Abis center,orthogonal to flow
T
1 10
H*VFo [-]
b) 816 - Perforated plate nozzle
4 ----Grid nozzle
— = Conduction
;: 6]« Keyholing : ’
5
£ ,g/$-" %
e 82,038
2 R
: ] 2%
3
= /5/70‘ a L2
k) -1
(7] =
€ 21 o8
£ )-—Q“fé{
(e
0 center, orthogonal to flow
T T T

T T T ]
5 10 15 20 25 30 35 40

Dimensionless enthalpy H* [-]

Dimensionless depth d* Dimensionless width w*

5.0 —ua— Grid nozzle
. Perforated plate nozzl¢

4,5
4,0

3,5

SRR A S

gas_outlet center gas_inletgas outlet center gas_ inlet

Mean value [-]
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It has been shown that melt pool depth varies depending
on sample location on the baseplate. Shallower melt
pools were observed near the gas inlet while melt pools
close to the gas outlet and in the base plate center
showed similar depths. The location dependence is as-
sumed to result from the combined effect of laser angle
deviation and shielding gas flow. However, further ex-

Fig. 12 Comparison of perforated plate and grid nozzle
results for IN718 experiments, dimensionless melt pool
depth (a) and dimensionless melt pool width (b)

periments are necessary to validate this hypothesis.
The presented results were evaluated for single scan tracks,
while parts in LPBF consist of multiple neighboring tracks
and layers. It would be of great interest to transition the re-

sults observed to patches of multiple scan tracks.
4. Conclusion

In this study the correlation of dimensionless enthalpy
and dimensionless melt pool dimensions has been investi-
gated for two different alloy powders used in LPBF. Addi-
tionally, the influence of different boundary conditions, such
as scan direction and part location on the base plate was an-
alyzed. The following points had been shown:
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