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ABSTRACT

Complex phenomena occur at the laser spot in powder bed fusion with laser beam (PBF-LB); thus, it cre-
ates several large process-parameter spaces such as power and scanning speed, along with many others.
To allow for high-throughput parameter exploration, an efficient prediction method is necessary. To
enhance the prediction quality of the mechanical properties, this paper proposes that the information
collected from flying spatter particles, which are dominant in selective laser melting phenomena, can
be used as feature values. Flying particles were dynamically observed using pulsed laser illumination
and high-speed microscopy. Image treatment was used to detect both powder and droplet spatter, and
it was possible to differentiate these two by assessing particle size—63 pm—which enables the quantifi-
cation of each type. This approach was used at various laser powers and scanning speeds to characterize
the single-bead shapes, porosity, and Vickers hardness for each parameter. The correlation between the
counted amount of spatter and mechanical properties was investigated using regression analysis. The
prediction accuracy of Vickers hardness using the volumetric energy density was observed to improve,
with the coefficient of determination increasing from 0.172 to 0.539 when adding the amounts of powder

and droplet spatter.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

* Corresponding author.

E-mail address: nagato@hnl.t.u-tokyo.ac.jp (K. Nagato).

https://doi.org/10.1016/j.matdes.2023.111696

0264-1275/© 2023 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2023.111696&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.matdes.2023.111696
http://creativecommons.org/licenses/by/4.0/
mailto:nagato@hnl.t.u-tokyo.ac.jp
https://doi.org/10.1016/j.matdes.2023.111696
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

K. Nagato, T. Ozawa, M. Neuenfeldt et al.
1. Introduction

Among metallic additive manufacturing methods [1], powder
bed fusion with a laser beam (PBF-LB) has the advantage of rela-
tively high-dimensional accuracy because laser scanning on the
powder bed improves local heating, melting, cooling, and solidifi-
cation [2,3]. Compared with conventional forming processes such
as forging and casting, and subtractive manufacturing processes
such as cutting and grinding, complex shapes can be formed
because there are no restrictions such as the size of the mold or
tool paths. In addition, because it is a melt process, it is possible
to process difficult to cut materials having high melting points
[4,5]. Owing to the increase in industrial applications of reasonably
priced high-output lasers, the throughput and quality have
improved in recent years. These lasers are utilized in applications
ranging from prototyping to small-lot and high-mix production.
The physical phenomena of laser absorption, heat conduction,
melting, evaporation, and solidification occur microscopically at
high speeds at the point of laser irradiation. Because the phenom-
ena are complex, further clarification of the modeling mechanism
is necessary to determine the process parameters for desirable
mechanical properties and shape accuracy. At the laser irradiation
point, each powder behaves differently at low and high speeds
with respect to phenomena such as laser absorption, heat genera-
tion, melting, decrease in contact heat resistance between parti-
cles, heat conduction, evaporation, surface waviness owing to the
recoil pressure from evaporation, and decrease in viscosity [6,7].
In general, the recoil pressure creates a keyhole and produces a
melt pool with a high aspect ratio. By accurately controlling these
properties, precise manufacturing in the planar direction can be
realized [8]. For optimal keyhole and melt pool shapes, the evapo-
ration of material should be controlled; however, because evapora-
tion is a divergent phenomenon, the mechanism of vapor [9,10] or
spatter [11-13] should be clarified. Spatter is one of the feature
values indicative of a physical phenomenon. Previous research
has studied the relationship between spatter and sample proper-
ties such as single bead continuity [14], degree of oxidation [15],
morphology of single beads [16], melt pool behavior [17], plume
signature [18], and surface roughness [19]; however, these charac-
teristics are indirect indicators of the mechanism at the point of
laser irradiation.

The relationships between the spatter and the final mechanical
properties were studied by investigating the porosity [20,21],
microstructures [22-24], tensile strength [25], and roughness
[26] of a variety of materials. Meanwhile, to model the high-
speed microscopic physical phenomena at the point of laser irradi-
ation, simulations were used to clarify the thermo-fluid dynamics
[27-33]. Simultaneously, real-time observation techniques have
been used to clarify these high-speed microscopic mechanisms
[33]. Previous research has demonstrated high-resolution observa-
tions inside the melt pool through X-rays [34], observation of the
melt-pool surface using a high-speed camera [35-37], and acquisi-
tion of temperature information [38]. These high-speed micro-
scopic observations support the evaluation of the heat flow
phenomenon and the creation of spatter [39,40]. Although it is cer-
tain that flying particles dominate the mechanical properties, no
research has been conducted to predict their exact relationship.
Moreover, there has been no systematic investigation of the corre-
lation between the spatter phenomenon and the beads and bulk
samples.

In this study, we propose the use of flying spatter particles to
enhance the prediction quality of mechanical properties. We built
an in situ observation system to directly observe the flight of par-
ticles, droplet spatter, and powder spatter in detail using pulsed-
laser irradiation. Pulsed-laser irradiation suppresses the informa-
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tion of laser scattering, plasma radiation, and heat radiation of
the processing laser using the laser power and scanning speed as
parameters. The amount of spatter must reflect the physical phe-
nomena of the PBF, and because it is related to the quality of the
formed samples more than the process parameters, the amount
of spatter was analyzed using a regression method. The porosity
and mechanical properties were predicted by counting the amount
of spatter droplets. Simultaneously, a conventional ex situ investi-
gation was carried out for various aspects, such as single-bead
shape, porosity, Vickers hardness, and grain size. This research is
not expected to directly clarify the physical mechanism but to
open a window to obtain the intermediate parameters required
to predict the final performance values, such as mechanical prop-
erties, in real time. This technique can lead to high-throughput
optimization in a large process-parameter exploration space.

2. Experimental setup of powder bed fusion
2.1. PBF-LB process parameters and material

The machine used was an SLM280HL from SLM Solutions Co.
Itd. The powdered material used was a general aluminum alloy,
LSM-I AlSi10Mg, m4p™ material solutions GmbH (average diame-
ter: 35 um, lower diameter: 15 pm, upper diameter: 63 pm), which
is generally used in PBF-LB. The PBF process parameters were var-
ied as shown in Table 1. Parameters other than power and scanning
speed were recommended by SLM Solutions Co., Itd. as a “standard
recipe”. The laser power and scanning speed for the observations
were varied with the other parameters suggested by the standard
recipe. Because the heat condition for observation was fixed in this
study, the bulk layers were printed with the standard recipe each
time before printing single beads.

Energy is usually indicated by the volumetric energy density
(VED) [J/Jmm?], which indicates the energy density per unit volume
of powder, as shown in Eq. (1)

P
VED thatch tlayer (1 )
where P is the power [W], V is the scanning speed [mm/s],
dhaten@hath is the hatch distance [mm], and i, is the thickness of
the powder bed [mm)].
Fig. 1 shows the VED in the parameter space used in this study.

2.2. Ex situ investigation

The samples were characterized ex situ by various measure-
ments: width and shape of single beads, porosity, and Vickers

Table 1
PBF Parameters and Powder Information.
Value
Laser wavelength 1070 [nm] (Fiber laser)
Laser spot 83 [um]
Laser power (P) 100-400 [W] (Standard
recipe; 350)

Laser scanning speed (V) 250-2050 [mm/s] (Standard

recipe; 1150)

Hatch distance (dpatcn) 170 [pm]
Layer thickness (tjayer) 50 [pm]
Rotation angle hatch direction for each layer 77

in bulk samples
Platform temperature 200 [°C]
Powder material AlSi10Mg

Powder size Average diameter: 35 pm
(measured by m4p material solutions Lower diameter: 15 pm
GmbH) Upper diameter: 63 pm
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Fig. 1. Volumetric energy density distribution in parameter space for this study.

hardness of bulk samples. The cross-sections of the single beads
were observed using optical microscopy (OLS-4500, OLYMUPS
Itd.) to investigate the excess or deficiency of energy. The cross-
sectional surfaces were polished, and the crystallinity was revealed
by a mild fluorine-nitric acid treatment to show the boundary
between the prior melt pool and the preliminarily formed base
bed. The porosity was validated with three-dimensional X-ray
computer tomography (3D-XCT, ZEISS METROTOM 800, Carl Zeiss)
using bulk samples with dimensions of 10 x 10 x 10 mm>. The
imaging resolution was 5 pm. The tensile stress was validated
using a Vickers hardness machine (HMV-G 21ST, Shimadzu, Co.
Itd.). The grain size was characterized via scanning electron
microscopy-electron back-scattering diffraction (SEM-EBSD, JSM-
7100, JEOL Itd.).

3. Method of dynamic observation and image analysis
3.1. Principle of pulse-laser illumination

In the case of observation with normal optics, it is difficult to
capture the structural information at the point of laser irradiation
because the light from the PBF laser is scattered by the surface,

plume (i.e., plasma light), and radiated light owing to the high-

(a) Imaging with normal illumination

[LASER |

High-speed
camera

Intensity

Wavelength

Reflection of melting laser and plume
is brighter than structural image
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temperature surfaces that shine into the camera, as shown in
Fig. 2(a). Even with a filter, which removes the PBF laser wave-
length, the wavelength of the plume is broad and the white illumi-
nation may disrupt the surface information of the melt pool or
spatter shape. A pulsed laser illumination system was used in this
study, as shown in Fig. 2(b). When the laser energy in one pulse is
higher than the power of the plasma at the same wavelength
through the band-pass filter, the illuminating light scattered by
the solid surfaces can be captured. This allows the collection of
information on the bead surface and flying particles. Furthermore,
the actual capture time corresponding to an efficient shutter speed
is defined by the laser pulse width, and observations can be made
at higher speeds than the camera shutter speed.

3.2. Experimental setup for in-situ observation

A laser irradiation system and camera were installed inside the
PBF-LB apparatus. Fig. 3 shows a photograph of the experimental
setup. From the left side of the glove-mounting flange, a high-
speed camera (FastCam Mini AX100, Photron Itd.) with a micro
lens (VSZ-0745 + VSZ-05X, vS Technology, Itd.) and band-pass filter
(645+/-10 nm (full width at half maximum;)) were installed. To
realize a working distance of 200 mm, even when the recoater
moved forward, an additional window was placed inside the cham-
ber. The part of the powder bed closest to the camera was used as
the observation area. The height from the center of the lens to the
powder bed surface was 95 mm, the capture angle was 25°, and the
focus depth was 0.5 mm. The optical fiber for pulsed laser illumi-
nation (CAVILUX HF, Cavitar ltd.) was installed into the chamber
through a feed through on the right side of the glove-mounting
flange. The focusing lens for laser illumination was attached inside
the chamber so that the pulse laser illuminated the observation
area from the opposite side. The illumination from the opposite
side enhances the spatial resolution more than that from the front.

3.3. Parameters for observation optics

Tables 2 and 3 show the illumination parameters of the CAVI-
LUX HF (Cavitar Itd.) and the high-speed camera parameters of
the FastCam Mini (Photron Itd.).

(b) Imaging with pulsed-laser illumination

[LASER ]

High-speed
camera

N

Band pass
filter

Intensity

Wavelength

Structural image is brighter than
reflection of melting laser and plume

Fig. 2. Schematics of observation systems (a) without and (b) with pulsed-laser illumination.
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Fig. 3. Experimental setup; photographs of appearance (a), inside chamber(b), and dimension(c).

Table 2
[llumination parameters.
Value
[llumination power 280 [W]
Wavelength 640 [nm]
Spot size ¢ 10 [mm]
Frequency 6,000 fps (as camera frame rate)
Pulse width 40 [ns]
Delay time to camera shutter 1.2 [ps]
Table 3
Camera Parameters.
Value

Captured area 10 mm in width

Frame rate 6,000 fps
Shutter speed 10 ps (1/100,000 s)
Pixel number 1024 x 736

Capture size for pixel 5 pm
Working distance of lens 200 mm
Band pass filter 645 +/- 10 (FWHM)

First, the definition of spatial resolution was described. The cap-
tured area and spot size were set to 10 mm in width so that there
was sufficient space to capture the flying particles. The width res-
olution of the camera in this study was set to 1,024 pixels, and the
spatial resolution was approximately 10 pwm, which could capture
original powder particles with a diameter of 35 pm and a larger
spatter. Next, the definition of the time resolution was defined.
The camera frame rate was set to 6,000 fps, which could capture
a particle flying at 1 m/s at approximately 170 pm intervals.
Because the laser power was limited, the pulse width and fre-
quency exhibited a trade-off relationship. Thus, the pulse width
was set to the maximum value of 40 ns. At this efficient shutter
speed, a particle flying at 1 m/s moves approximately 40 nm,
which is much smaller than that required for good spatial resolu-
tion. The delay time of the laser after the camera shutter opened
was set to 1.2 us, which was shorter than the shutter speed of
the camera. The shutter speed of the camera was set at a short limit
of 10 ps (100,000 fps). We confirmed that when the shutter speed
was longer than 100 ps (10,000 fps), light from the plasma inter-
fered with the camera.

3.4. Image treatment

This section describes the details of the image treatment pro-
cess that differentiates small particles from the spatter and counts

them. We applied the border following method (BFM) [41] in
which a white continuous image is judged as an object in a binary
image. A pre-treatment that causes the particles to stand out from
the background is important because there are particles on the
powder bed which are obscured by the flying out of focus particles,
as shown in Fig. 4(a) but can affect the final count. During pre-
treatment, the brightness and contrast were adjusted to minimize
the signal received from the background compared to the flying
particles. The stationary particles around the bead were in focus,
as were the moving particles to be counted. In this study, they
were separated using the frame difference method (FDM)
[42,43]. Another method, called the background subtraction
method, was not suitable because some particles would drop onto
the powder bed and change the background. In the FDM, two dif-
ferent images were produced from three continuous frames and
the logical AND conjunction. The results of the images were bina-
rized, and the moving objects were detected by the BFM. We con-
firmed that only the flying particles separated the stationary
particles, and no background image was used.

We could not distinguish the flying particles from the original
powder or melted powder because the observation method only
captured structural information. Therefore, in this study, we
defined particles larger than 63 pum, which was the upper diameter
of the original powder, as shown in Table 1, as droplet spatter.
Although particles with a diameter of 63 pm or smaller may also
have included droplet spatter, we defined all the smaller particles
as powder droplets in this study. To definitively distinguish
between them, we had to obtain other information, such as tem-
perature or surface roughness, which may have differed between
the as-received powder and droplet powder. The as-received pow-
der would have a rougher surface because it was atomized, solidi-
fied, and exposed to the atmosphere once, whereas the droplet
powder would have a smoother surface because it melted in argon
gas and had a liquid surface or new face even after solidifying. Such
an investigation should be conducted in the future.

We describe the definition of powder spatter and droplet pow-
der again from the viewpoint of image treatment. We defined lar-
ger particles covering nine pixels or more, i.e., 63.4 pm or more, as
droplet spatter, and smaller particles covering eight pixels or less,
i.e.,, 56 pm or less, as powder spatter. The count area was defined as
200 x 200 pixels, i.e., 1.76 x 1.76 mm? behind the laser and above
the bead as shown in Fig. 4(a). Fig. 4(b-1) and (b-2) show examples
of captured particles as powder spatter and droplet spatter, respec-
tively. Fig. 4(c) shows an example of the transition of the count
number as a function of the frame number when the laser power,
scanning speed, and VED were 350 W, 1600 mm/s, and 26 J/mm°,
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Fig. 4. An example of image treatment (power: 350 W, scanning speed: 1,600 mm/s); (a) particles smaller and greater than 63 pum were captured in the 1.76 x 1.76 mm? area
behind laser and above the bead, (b) examples captured as (b-1) powder spatter and (b-2) droplet spatter, (c) temporal transition of count number of the small particles and

spatter.

respectively. The average numbers of small particles and spatter
were used to investigate the flying particle phenomenon in the fol-
lowing sections. As described in Section 3.2, the depth of focus was
0.5 mm. The particles in the foreground or background were out of
depth and were not captured in the images because they were
blurred, and the brightness of the focused illumination was low.

3.5. Regression analysis of mechanical properties by amount of spatter

The mechanical properties, such as porosity and Vickers hard-
ness, must be strongly related to the VED; however, the spatter
data represent the physical phenomena at the intermediate rela-
tionship between the process parameters (power and scanning
speed in this study) and final performance values (porosity and
Vickers hardness in this study). Therefore, we introduced an expo-
nential model to predict the mechanical properties from a process
parameter, the VED, as follows:

Valyo = Uy, VED™ (2)

valy, = pt,, VED™, 3)

where valy,, and val,;, are the values denoting the porosity and Vick-
ers hardness, respectively, and the VED is described by Eq. (1). These
equations integrate the influence of laser power and scanning speed
into a single value. Here, o, and o, are the exponents and Hpo and
W, are the multiplication rates.

To investigate the effect of spatter data mathematically predict-
ing the mechanical properties, we further introduced the number
of powder and droplet spatters as prediction variables. The
extended nonlinear model from (2) and (3) can then be written as

Valyo = o, VED™ nyfrongio (4)

valy, = pyy, VED*" nypfunpg?en (5)

where n, and ng denote the number of powder and droplet spatters,
respectively, and B, fun, Vpo» aNd Yy, are the corresponding expo-
nents for each base.

To obtain the exponents and base values in Egs. (4) and (5), a
regression process was applied. Among the various regularized
regression methods [44], ridge regression [45] has the fastest com-
putation owing to the L2-norm penalty for regularization. How-

ever, we chose the least absolute shrinkage and selection
operator (LASSO) [46] because it uses an L1-norm penalty for reg-
ularization, which can reduce the coefficient of the less important
variable to almost zero. Thus, irrelevant variables can be disre-
garded. To obtain a linearized model for regression, a logarithmic
transformation was performed for Egs. (4) and (5). Then, the loss
function of the LASSO regression can be expressed as

n 4 2 4
Z (yi - ijxij> + ;LZ ki1, (6)
i1 = =

where y; corresponds to log(val,,,) for Eq. (4) or log(val,y) for Eq. (5),
and i denotes the i-th regression data. x;; is logarithmically trans-
formed data, including log(VED),log(n,), and log (ngrp). We also
introduced a constant variable, x;; = 1 for the multiplication factor
1. k; denotes the coefficients in the linearized model using logarith-
mic transformation (ki = oo, k2 = e, k3 = Ypos and ks = log(u,;,)
for Eq. (4); ki = own, k2 = Byn, k3 =y, and ks = log(u,,) for Eq.
(5)). The second term in Eq. (6) represents regularization using
the L1 norm, and / is the regularization coefficient.

The regression process can also be applied to the basic exponen-
tial models in Egs. (2) and (3). In this study, we compared the
regression results between these basic models (Eqgs. (2) and (3))
and the extended models (Egs. (4) and (5)) to evaluate the positive
influence of having more variables (i.e, n, and ng) on the
prediction.

4. Results of ex-situ validation of bulk test pieces
4.1. Single bead

Fig. 5(a) shows cross-sectional optical images of single beads
produced using 25 parameter sets. The base surfaces were pre-
pared using the normal recipe for bulk samples, and the internal
materials were sufficiently dense. “N/A,” shown on the upper left
parameter areas, means the single beads were not successfully fab-
ricated because the VEDs were too low. The red line in each micro-
scope image shows the boundary of the prior-melt pool, which was
differentiated by the contrast in crystallinity between the prelimi-
narily formed base. Fig. 5(a) indicates four categories: (a-1)-(a-4).
In (a-1) the prior melt pool depth was larger than the bead height
because the VED was at a minimum where the keyhole and melt



K. Nagato, T. Ozawa, M. Neuenfeldt et al.

)

a-1)

Scan speed [mm/s]

00 350
Power [W]

400

Materials & Design 227 (2023) 111696

(b)

Aspect ratio

2000 1.0
E 1500 08
§ 0.6
21000
g
S 0.4
w
500
0.2
100 200 300 400
Power [W]

Fig. 5. (a) Cross-sectional optical microscope images of single beads, and (b) plots of aspect ratio as functions of power and scanning speed. (a-1)-(a-4): character categories.

pool reached the base surface and the bead could be formed. In (a-
2), the prior melt pool depth was appropriate and beads were sta-
bly formed, which means that the VEDs were comparatively appro-
priate at 26-94 J/mm?. In (a-3) the bead height was low, had a few
minor porosities, and the prior melt pool depth was comparatively
deep, which means that the VED was too high. In (a-4) the melt
pool depths were large, the beads were twice as wide as the laser
spot diameter (300 pm), and pores due to bubbles were observed,
which means that the VEDs were clearly too high. As described in
the following section, bulk samples were not successfully formed
with the parameters of (a-4).

Fig. 5(b) presents the plot of the aspect ratio of the beads, which
was calculated using the width and total height of the bead includ-
ing the convex area higher than the base surface underneath and
the melt pool area inside the bases. There was a valley from the
bottom left to the upper right. This belt corresponds to category
(a-2). The aspect ratio in categories (a-1) and (a-3) approached a
median value, whereas category (a-4) showed an aspect ratio
greater than 0.8.

4.2. Porosity of bulk sample by 3D-XCT

Fig. 6(a) and (b) show the cross-sectional optical and contour
images of the volumetric porosity, respectively, obtained by 3D-
XCT. Because of the low VED (upper left), bulk samples were not
obtained as the melt pool was not deep enough. Samples with
powers of 100 W at 700 mm/s and 1150 mm/s were obtained, even
though the single beads were not. This is because the hatching pro-
cess imparted a larger amount of energy per unit area on the pow-
der bed, and each bead was connected to its neighbor. Therefore,
the clearance between solid phase was 100-300 pm, which is
the same as or greater than the spot diameter and hatch distances.
Simultaneously, three samples with higher VEDs were not success-
fully obtained. This is because the imparted energy was so great
that the melt pool had an excessive width and depth, as shown
in Fig. 5(a), and the surface of the bed was too wavy to recover suc-
cessfully. Fig. 6(b) shows areas with decreasing porosity from the
bottom left to the top right. As previously described, the areas on
the left side had insufficient energy to completely melt the pow-
ders (lower VED than appropriate). In contrast, in the areas on
the right side, pores are formed owing to the blow holes (higher
VED than appropriate) [47].

4.3. Vickers hardness and microstructure

Fig. 7(a) shows the Vickers hardness as a function of the VED.
The grain size of these samples was analyzed using SEM-EBSD
analysis. The grains were defined as large-angle grain boundaries
(greater than15°). Fig. 7(b) shows the Vickers hardness as a func-
tion of the mean grain size. Note that the grain sizes of the samples
with VEDs of 10 J/mm? (100 W, 1150 mm/s) and 16 J/jmm> (100 W,
700 mmy/s) could not be characterized because their porosities
were too large at 41 % and 31 %, respectively. Fig. 7(c) shows the
inverse pole figure (IPF) maps of the samples (c-1) 300 W,
1600 mm/s (VED: 22), (c-2) 350 W, 1150 mm/s (VED: 36), (c-3)
400 W, 700 mmy/s (VED: 67), and (c-4) 200 W, 250 mm/s (VED: 94).

As shown in Fig. 7(a), the Vickers hardness increased to 133 HV
at a VED of 20 J/mm?, decreased to 107 HV at a VED of 70 J/mm?>,
and finally increased again to 116 HV at a VED of 94 J/mm?®. The
porosities of the samples with VEDs of 10 and 17 J/mm? (white cir-
cles in Fig. 7(a)) were too large to precisely characterize the Vickers
hardness. This is because when the indenter pushes against the
surface, any voids present underneath will collapse, and the HV
value will be lower than the actual hardness. The higher standard
deviations in these two samples support this finding. To character-
ize the hardness more precisely, nano indentation was performed.
Also in Fig. 7(a), the Vickers hardness decreases to 107 HV from
135 HV due to the difference in grain size, as shown in Fig. 7(b).
The mean grain size was distributed from 7.4 pm to 11.7 pum for
107 HV-133 HV. The relationship between hardness and grain size
is described by the Hall-Petch law, with hardness being propor-
tional to 1/4/dgrin, where d is the mean grain size. This also indi-
cates that each grain had no critical dislocations or low-angle
grain boundaries. Fig. 7(c-1), (c-2), and (c-3) show the crystallinity
of each grain. However, some band-shaped fine-grain areas were
observed, which are the boundary areas between the laser-hatch
trajectories. These grains were generated because the bead was
rapidly cooled by the previous one. The mean grain size increased
with an increase in the VED because the melt pool size increased
with an increase in VED, the cooling speed decreased, the time dur-
ing which the material was liquid increased, and increased crystal
growth was promoted. The largest grain size was obtained at
400 W and 700 mm/s (c-3), and the standard deviation of the hard-
ness was comparatively large. This indicates that the phenomena
in the PBF-LB are unstable. The depth of the melt pool and aspect
ratio for this sample were comparatively large, as shown in Fig. 5
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(a) and (b), respectively. As shown in Fig. 6(a), the porosity was
comparatively large at 5 % owing to the gas pores.

Finally, a sample with a VED of 95 J/mm? is discussed. The sam-
ple was obtained at 200 W, 250 mm/s. The aspect ratio of a single
bead and porosity of the bulk samples are both in the lowest areas,
as shown in Fig. 5(b) and 6(b), respectively; however, the aspect
ratio of a single bead in the neighboring parameter, 300 W,
250 mmy/s, was larger, and the bulk TP was not successfully
obtained. Therefore, this parameter is considered unstable.

High hardness can be achieved with a low risk of porosity for-
mation at a VED of 20-50 J/mm?>.

5. Observation results and discussion

Fig. 8(a-1), (b-1), and (c-1) show three images with three
parameter sets (VEDs of 5.7, 22, and 190 J/mm?) as the path of
the laser progresses. In each figure, the powder and droplet spatter
are marked, whose numbers are shown in Fig. 8(a-2), (b-2), and (c-
2) at each point in time. The amount of spatter was characterized
by the average number, and these values are discussed in the fol-

(a) 100 w, 2050 mm/s
VED: 5.7 JImm?3

t=2.17ms

(a-2 (b-2)

8

9
a
o8

Powder spatter < 63 um

S
~
S

—— Droplet spatter 2 63 um

5

Count number

Count number

o w

(b) 350 W, 1600 mm/s
VED: 22 J/mm?3

t=2.83ms
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lowing section. The higher the VED, the larger is the amount of
powder and droplet spatter. Fig. 8(a-3), (b-3), and (c-3) show
schematics of the melt pool area, and a detailed discussion is pre-
sented in the next paragraph. Here, we notice a difference in the
distribution of the spatter in Fig. 8(a-1), (b-1), and (c-1). With a
higher VED, the amount of spatter in the counting area increased,
and the spatter was distributed over a wider area, particularly in
the upper region. One possible reason for this is that, when the
scanning speed is low, the counting area moves slower, so that
even if the spatter velocity is the same, the distribution area
becomes wider. Regarding the case when the VED was 190 ]/
mm?, some particles would fly ahead of the laser. This is because
the argon gas flows from right to left, and sweeps away the spatter.
In this study, we counted the total number of spatter particles in an
area of 1.76 x 1.76 mm? behind the laser; however, to investigate
the phenomena in more detail, parameters such as spatter velocity,
flying angle, and distribution need to be studied using other image-
treatment techniques.

Fig. 9 shows the captured images from the 25 parameter sets.
Fig. 9(a) shows the original images, and Fig. 9(b) shows the same

(c) 400 W, 250 mm/s
VED: 190 J/mm?3
(c-1)

t=9.08 ms
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) Captured images, (-2) counted instances of spatter, (-3) schematics of melt pool and spatter, with three parameter sets, (a)100 W, 2050 mm/s, VED: 5.7 J/mm?>; (b)
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Fig. 9. Captured images with the area where spatters are counted (a) without and (b) with counting marks.

images with counting marks, laser (red line), area (blue box), pow-
der spatter (yellow box), and droplet spatter (sky blue box). Fig. 10
shows the contour of number counts of (a) powder spatter and (b)
droplet spatter. Overall, the amount of spatter is related to the VED,
i.e., higher energy (bottom right) resulted in a greater amount of
spatter. This can be explained using the schematics in Figs. (a-3),
(b-3), and (c-3). First, the powder spatter amount is discussed.
With a higher VED, an updraft owing to greater vapor pressure
occurs, the non-melted powders in the bed around the irradiated
area are agitated, and the amount of powder spatter increases
[13]. To quantitatively investigate this updraft phenomenon, in-
situ observation of plasma using a conventional high-speed obser-
vation system would be useful. Second, the amount of droplet spat-
ter was analyzed. The droplet spatter is clearly related to the
volume of the melt pool. A larger melt pool has more potential
for droplet formation. A lower scanning speed gives the melt pool
time to grow. Additionally, increased power causes increased recoil
pressure resulting in a deeper keyhole and stronger convection in
the melt pool. The recoil pressure produces the force needed to
peel off droplets. The most dominant form of convection is Maran-
goni convection, which occurs owing to a gradient of surface ten-

(a)

Number
2000
— 20
2 1500
g 15
o
5
£.1000
g 10
A
500 5
100 200 300 400
Power [W]

sion in a melt pool with a high temperature gradient [32]. The
intense convection destabilizes the melt pool surface. Therefore,
a higher VED, i.e., lower scanning speed and higher power, results
in a greater number of splatter particles.

A characteristic feature of the powder spatter in Fig. 10(a), that
is, a feature that deviates from the tendency of the VED, is that
there are two small hills in the middle-right and upper-middlIe por-
tions with a basin in the center. The hills are considered to have
occurred because the powder in the bed interacts with the droplet
spatter created with increased power. Thus, a basin where the
amount of spatter is a local minimum at the center occurs. We
can compare this with Fig. 5(a) and the single bead that stably
formed in the same central area. This can be rationalized by con-
sidering that a small amount of powder spatter means that the
laser energy is efficiently used. By contrast, the droplet spatter
has a hill in the middle-right area as shown in Fig. 10(b), similar
to that observed in the powder spatter. When we compare the dro-
plet spatter across the same power, the lower scanning speed pro-
duced a larger melt pool, while the temperature gradient in the
scanning direction was lower, and surface stability improved. Thus,
a trade-off relationship exists.

(b)
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Fig. 10. Contour of (a) amount of powder spatter (<63 pm) and (b) amount of droplet spatter (>63 pum).
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In this study, the underlayer was fixed to the bulk layer printed
using the standard recipe for observation; however, the heat con-
duction phenomenon changes depending on the parameters used
for printing the underlayer, thereby causing the characteristics of
the flying particles to be different. Moreover, these characteristics
depend on whether it is the first bead or a subsequently printed
bead with different hatch distances. For future work the parame-
ters of underlayer and subsequent hatches should be considered
as additional parameter spaces. However, from the viewpoint of
this parameter exploration method, considering these parameters
as fixed is useful.

6. Regression analysis of observed spatter
6.1. LASSO regression of porosity

As discussed in Section 4.2, porosity has a strong positive corre-
lation with the reciprocal of the VED. We used the LASSO regres-
sion expressed in Eq. (6) to obtain the prediction models of Egs.
(2) and (4). The regularization coefficient 1 was set to 0.001.

Table 4 lists the LASSO regression results for the coefficients. In
the basic exponential model of Eq. (2), o, was —0.44. In the case of
the extended model of Eq. (4), in which the amounts of droplet and
powder spatter were added as additional variables, there was a dif-
ferent exponent set. The exponent value for the amount of droplet
spatter, y,, (=-0.51), was greater than the amount of powder spat-
ter, f,, (=0.09), although the counted number of powder spatter,
TNpow, is usually larger than that of droplet spatter, ng,p. As shown
in Fig. 11, in the case of the extended model of Eq. (4), the coeffi-
cient of determination, R?, increased from 0.313 to 0.580, which
demonstrates the feasibility of considering the amount of spatter
in the prediction model. This improvement has also been discussed
in previous studies [44,45]. To further improve the prediction accu-

Table 4
LASSO regression results for prediction model of (2) and (4).

Coefficient /| Constant Value for (2) Value for (4)
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racy, other feature values should be obtained from the captured
images. This will be performed as part of our future work.

6.2. LASSO regression of Vickers hardness

As shown in Fig. 7(a), the Vickers hardness had a strong positive
correlation with the reciprocal of the VED. However, they are not
completely related to each other. Therefore, we added the amounts
of droplet and powder spatter as variables, as shown in Eq. (5).
Then, the LASSO regression of Eq. (6) was applied again to predict
the Vickers hardness using the basic exponential model of Eq. (3)
and extended model of Eq. (5).

Table 5 lists the LASSO regression results for the coefficients of
the two models. In the basic model of Eq. (3), ot,, was —0.072 and

the coefficient of determination R*> (=0.29) was not sufficiently
high, as shown in Fig. 12(a). However, in the case of Eq. (4), where
the amounts of droplet and powder spatter were added as addi-
tional variables, the coefficients changed, as shown in Table 4,

and R? improved to 0.55, which is still not sufficiently high; how-
ever, the prediction accuracy improved. It is also notable that the
coefficients for the amount of spatter, ,, and 7,,,, were positive,
whereas o, for the VED was negative.

The predicted Vickers hardness values were plotted against the
laser power and scanning speed and compared, as shown in Fig. 13.
Fig. 13(a) shows the contour from the data obtained in the exper-
iment, which is the same as that used in Fig. 7. There are two hills
in the belt area from the bottom left to the upper right. Fig. 13(b)
shows the predicted plots based on the basic model of Eq. (3),
which has a monotonous gradient from the bottom right to the
upper left. Finally, Fig. 13(c) shows the predicted plots based on
the extended model of Eq. (5). In the figure, two hills are observed,
the positions of which are not the same as in Fig. 13(a); however,
the qualitative prediction accuracy was drastically improved com-
pared to the prediction by Eq. (3), which only had the VED as a vari-

Table 5
LASSO regression results for prediction model of (3) and (5).

Coefficient /| Constant

Value for (3)

Value for (5)

Opo —-0.44 -0.25
Bpo - 0.09
Yo - —0.51
Ho 1.38 1.38

oyn ~0.07 ~0.12
Bun - 0.04
y\lh - 0'06
Hon 18.62 18.62
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Fig. 11. Results of LASSO regression for the prediction model of porosity. (a) result of basic model of (2); (b) result of extended model of (4). Both show the actual-predicted
plots in log scale, along with the coefficient of determination R?.
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Fig. 12. Results of LASSO regression for the prediction model of Vickers hardness. (a) result of basic model of (3); (b) result of extended model of (5). Both shows the actual-

predicted plots, along with the coefficient of determination R?.
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Fig. 13. Contours of (a) Vickers hardness experimentally obtained as functions of power and scanning speed, (b) predicted by basic model of (3), (c) predicted by extended

model of (5).

able. In future, we should obtain more data and explore better fea-
ture values from the captured images based on the physical mech-
anism of PBF-LB, such as a finer differentiated size, shape, velocity,
or flying angle of spatter particles. The feature values for the pre-
diction of mechanical properties obtained in this study are
expected to be strong objective functions for high-throughput
parameter exploration represented by Bayesian optimization in
powder manufacturing processes, which has complex physical
phenomena and a huge parameter space [48-50].

7. Conclusion

This study proposed a prediction method for the mechanical
properties of an aluminum alloy using dynamically observed flying
particles at the synthesizing point of PBF-LB. A high-speed micro-
scopic observation system was designed and built, and flying spat-
ter particles were successfully observed. The observed spatter was
differentiated as powder and droplet spatter based on the thresh-
old diameter derived from the upper size limit of the original pow-
der. The relationship between the amount of spatter counted by
image treatment and the Vickers hardness of the bulk sample
was investigated using LASSO regression analysis. By including
the spatter numbers instead of using only the VED, the prediction
quality represented by the coefficient of determination for the
porosity and Vickers hardness were improved from 0.312 to
0.580 and from 0.172 to 0.539, respectively, thus showing the

11

advantage of additional analysis of the powder during the process.
For a higher prediction score, further candidates, such as a finer dif-
ferentiated size, shape, velocity, or flying angle of spatter particles,
should be investigated as the other feature values. This method
will lead to a high-throughput process parameter exploration
focused on optimizing mechanical properties such as hardness or
porosity for various shapes, in which the optimal parameters are
not necessarily the same because of the environment around the
point of laser irradiation.
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