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ABSTRACT

Metal additive manufacturing using powder sheets (MAPS) melts powder attached in a sheet with a polymer
binder, avoiding risks of loose powders in material waste, safety and health during laser additive manufacturing
among other for e-mobility applications. However, this concept remains challenging for aluminum alloys due to
occurring defects. To address this challenge, the mass transfer and defect formation mechanism during MAPS-
AlSi10Mg were investigated using high-speed imaging and metallographic observations. The results showed
that the mass transfer is realized via droplets formed first from the powder sheet in front of the melt pool and
their incorporations into the melt pool. However, a much laser defocusing significantly inhibits the droplets’
incorporation into the melt pool and promotes the balling. Polymer coatings or it wrapped into the AlSi10Mg
droplets, generates the inclusions once the droplets were incorporated into the melt pool. Furthermore, under the
laser beam in focus, the large particle-size powder sheet, powder side up or low scanning speed easily induce
pores via shielding gas/polymer vapor inclusion. The laser defocusing of +15 mm, average laser intensity of
1.6 x 105 W/cm?, and binder side up induce defect-free tracks, owing to the complete removal of polymers by
their sufficient evaporation and powder agglomeration spatters. This work unveils that the droplets’ incorpo-
ration into melt pool leads to the mass transfer of MAPS-AISi10Mg while the droplets containing polymers and
gas/vapor inclusion generate inclusions and pores. Meanwhile, the defect-free production strategy of suitable
defocusing and high laser intensity is proposed.

1. Introduction

Modern electric vehicles, such as scooters,

the components from their 3D models via point-by-point, line-by-line,
and layer-by-layer deposition with the advantages of no mould, free

cars or even planes [1] use design, high-performance manufacturing, and near-net-shape-

light-weight materials (e.g. aluminum alloys) for multiple parts and
components. During usage those parts can wear [2] and need to be
replaced. Smart repair solutions can increase the product lifetimes.
Additive Manufacturing (AM) methods showed their capability to repair
components (e.g. [3]). In particular for enabling efficient material usage
for e-mobility applications, AM-based repair solutions are required.
Laser directed energy deposition of metals (DED-LB/M), one of the
categories for laser additive manufacturing (LAM), can directly produce

production [4]. The metallic powdered material/wire is fed simulta-
neously with the movement of laser, and the material addition is real-
ized by inserting the powder/wire into the melt pool formed in the
substrate. Based on this technical feature, DED-LB/M has been extended
from 3D printing to some specific fields, such as, high-deposition-rate
manufacturing (adopting high laser power with large-size laser beams
and high powder/wire feeding speeds) [5], re-manufacturing [6],
repairing [7,8], and coating [9], which has promoted more extensive
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applications. It is consistent with the fact that the revenue share of DED-
LB/M technologies is predicted to be increased from 8.3 % to 11.1 % by
2025 [10].

One of the most pertinent issues when using metallic powder feed-
stock, however, is that the current DED-LB/M systems often exhibit a
small powder catchment efficiency of well below 50 % [11]. Usually, the
undeposited powders are unavailable for being reused in the next DED-
LB/M process due to the interactions of powders with the laser beam,
and the atmosphere. These may induce contaminations of the powders
including the modification of the composition and particle morphology,
which is detrimental to the forming quality of the builds. The powder
waste will not only cause serious economic, but present inferior envi-
ronmental issues, which pose a challenge to the sustainability of DED-
LB/M. In addition, some low-melting-point metal powders are highly
flammable and combustible, which further increases the risks of health
and safe issues during DED-LB/M, disposal, and transportation process.

Novelly, the metal additive manufacturing using powder sheet
(MAPS) [12] has been proposed to avoid these issues mentioned above.
The illustration of MAPS is presented in Fig. 1. It can be seen that a
“powder sheet” delivery system replaces the loose powder delivering
system based on the DED-LB/M equipment. Furthermore, high produc-
tivity and local material application for component repair is possible
with minimum material loss.

The powder sheet is produced via solvent casting. The solution
mixture of powders, polycaprolactone polymer, and chloroform (CHCl3)
are placed on a Teflon substrate firstly. Afterwards, the relative motion
between the Teflon substrate and an immobilized 90° bevelled razor
blade makes the solution mixture disperse uniformly on the Teflon
substrate. After less than 15 min of drying, the powder sheet can be
produced. The production process of the powder sheet and related set-up
are introduced in details in Refs. [12,13]. Note that the side of the
powder sheet closed to the Teflon substrate after production exhibits
more surface polymer binder, thus it is named binder side and the
opposite side is called powder side.

Until now, Prof. Lupoi and his workmates have conducted MAPS
research around stainless steel. For instance, the effect of laser defo-
cusing on manufacturing quality [14], process optimization using
irregular-powder powder sheets [15], and relations of microstructure to
mechanical properties [16] have been systematically investigated.
Meanwhile, MAPS also has been successfully used in the forming of HEA
CoNiCrFeMn [17] and multi-material (§S304-Inconel 718-SS304) [13].
These research have confirmed the feasibility of MAPS employing high
scanning speed of larger than 60 m/min and small melt pool diameters
of ~100 pm based on laser powder bed fusion process (PBF-LB/M,
another method of LAM and based on preplacing powder in a powder

Optics and Laser Technology 192 (2025) 113495

bed [18]), and focused on developing the process-microstructure-
property relations. However, as a novel raw material fed method, the
mass transfer mechanism during MAPS is still not fully understood,
especially when using a slow scanning speed (<5 m/min) and large melt
pool diameter (>1 mm) widely used in DED-LB/M process.

Furthermore, previous research employed high-melting-point alloy
powders (i.e., Fe-based and Ni-based alloys) in the powder sheets, which
need more laser energy input during MAPS process and thus the evap-
oration of the polymers can be effectively promoted to induce less in-
clusion defects in the deposit. For the low-melting-point alloy powders
(e.g., Al alloys), the separation of polymers from the melt pool is difficult
and complex due to the small range between their respective boiling
points, which easily leads to the generation of defects, such as inclusions
or pores. In addition, large particle sizes within the powder sheets
generate large spaces that contain more gas than small particle-size
powder sheets, which is possibly to be brought into the melt pool to
form pore defects. However, the defect formation mechanisms and their
control is still lacking of in-depth investigation.

In the present work, the mass transfer mechanism during MAPS
process is revealed for the first time. Meanwhile, the formation and
control of defects during MAPS-AlISi1OMg process is systematically
investigated. The paper is organized as follows. 1) The comparative
investigations were conducted employing preplaced powder and pow-
der sheets to reveal the difference of the melt pool dynamics. 2) The
binder/powder side, particle size, defocusing, scanning speed, and
average laser intensity were investigated to acquire the cross-section
morphologies of the MAPS tracks and melt pool dynamics during
MAPS-AISi10Mg process. Their effects on mass transfer and melt pool
dynamics were revealed. 3) The relationship between the main pro-
cessing parameters, mass transfer and defect formation were developed.
This work provides effective experimental dependence, and data sup-
ports to obtain defect-less AlSi10Mg tracks using MAPS method.

2. Experimental
2.1. MAPS system

The MAPS system, a modified DED-LB/M setup, was employed for
the experiments (shown in Fig. 2). Note that the powder-feeding system
was replaced by the preplaced powder sheet. The MAPS system is
equipped with a 5 kW fiber laser with a wavelength 1070 + 10 nm (IPG
YRS-5000-S2T-Y16 Yb). The laser beam is inclined by 7° towards
scanning direction to avoid laser optical reflection. The noble argon gas
was supplied to the melt pool with a flow rate of 1.19 cm/s via a
shielding nozzle with an inner diameter of 20 mm. The melt pool during

Fig. 1. Illustration of MAPS process.
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Fig. 2. MAPS system equipped with laser, worktable, powder sheet, shielding gas nozzle, high-speed camera and illumination system.

MAPS process was observed via a high-speed imaging (HSI), which was
fixed perpendicularly at an angle of ~30°-75° from the horizontal plane
to realize multiple-angle observations. Meanwhile, two sets of illumi-
nations were installed around the HSI equipment to make the illumi-
nations irradiate on the melt pool. For the comparative study, the
preplaced powder method was also employed. The thickness of pre-
placing powder is fixed to 300 pm.

2.2. Feedstock material

Powders and powder sheets were employed as the feedstock material
in the experiments, whose details are listed in Table 1. Note that pre-
placed powders were used for comparative study. For fully under-
standing the features of the powder sheets, the typical powder sheets

with large and small powders (Type 1 and Type 2) were observed and
characterized, as shown in Fig. 3. For Type 1 powder sheet, there are
only powders visible without polymers on the powder side (shown in
Fig. 3a) while some polymer binder is visible on the binder side (in
Fig. 3b). Its thickness is about 287 pm and the polymers are filled be-
tween the powders, as presented in Fig. 3c. Similar to Type 1 powder
sheet, Type 2 powder sheet also shows the powder side (Fig. 3d) and
binder side (Fig. 3e). However, the particle size of Type 2 powder sheet
is (60-200 um), which is larger than that of Type 1 powder sheet (0-30
um). From Fig. 3f, the thickness of Type 2 powder sheet is about 268 pm.
The polymers partly filled the gap between powders and thus some in-
terspaces full of gas survive. The commercial gas atomized powders
were bought from CARPENTER ADDITIVE (20-63 um) and IMR metal
powder technologies GmbH (0-30 um and 60-200 pm). The EN-AW

Table 1
Details of the powders and powder sheets employed in the experiments.
Feedstock Powder size Particle size Polymer-solvent Powder to polymer—solvent Average
(um) distribution solution (%) solution ratio thickness (um)
Powder (gas atomized powder from Deloro) 20-63 Dyo = 24.8 ym — — 300
Dso = 37.1 pm
Doo = 57.7 pm
Type 0 powder sheet (gas atomized powder from 20-63 Dyo = 24.8 ym 14 20 g/10 mL 207
CARPENTER ADDITIVE) Dso = 37.1 um
Dgg = 57.7 um
Type 1 powder sheet (gas atomized powder from IMR 0-30 Dyp = 6.6 ym 14 20 g/10 mL 287
metal powder technologies GmbH) Dsp = 15.2 pm
Dgo = 24.0 ym
Type 2 powder sheet (gas atomized powder from IMR 60-200 Dyp = 42.6 ym 14 20 g/10 mL 268
metal powder technologies GmbH) Dsp = 83.5 um

Dgo = 157 ym
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Fig. 3. Morphologies of the powder sheets. Surface morphologies of Type 1 powder sheet on (a) powder side, (b) binder side, and (c) the cross-section morphology.
Surface morphologies of Type 2 powder sheet on (d) powder side, (e) binder side and (f) cross-section morphology.

6082 aluminum alloy substrate with a thickness of 3 mm was employed upside), defocusing, laser power, and scanning speed were varied, as
for all experiments. well as the average laser intensity (I, W/cm?) under a specific defocus-

ing. Note that I can be given as follows,
2.3. Processing parameters I— P ﬂ 1)
A aD?

To comprehensively investigate the mass transfer and defect for-

mation mechanisms during MAPS process, the powder sheet (type and where laser power (P), beam area (A), and beam diameter (D) are

Fig. 4. (a) Illustrations of defocusing and (b) laser beam shape/energy distributions under different defocusing.
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needed. From the equation, the average laser intensity presents the
power per unit area.

Furthermore, the defocusing (Af) of 0, +15, and +30 mm were
employed during the MAPS experiments. The defocusing and the cor-
responding laser beam shape/energy distributions were measured under
500 W using FocusMonitor FM + device from PRIMES GmbH. The re-
sults are shown in Fig. 4a and b, respectively. Actually, Af = O repre-
sents the focused laser, as exhibited in Fig. 4a. Fig. 4b shows that the
laser beam presents ellipse, and the lengths of the long axis (a) and short
axis (b) increase with the increasing positive defocusing. ¢ represents
the angel between long axis and scanning direction. The detailed pro-
cessing parameters employed in MAPS experiments are listed in Table 2.

Note that, 1-3 are adopted to comparatively study the effect of the
preplaced powder and powder sheet on mass transfer and defect for-
mation mechanisms. 1 & 2 and 4 & 5 are used to reveal the effect of
binder side of the powder sheet; 1 & 4 are employed to investigate the
effect of particle sizes; 3 & 7 are used to study the effect of defocusing; 1
& 3 and 4 & 6 are performed to investigate the effect of scanning speed;
8 & 9 are conducted to explore the effect of average laser intensity.
Considering the laser power works accompanied closely with defocus-
ing, the average laser intensity related to both of them is employed to
reflect the effect of laser power.

2.4. Characterizations

The melt pool dynamics during MAPS-AISi1OMg processes were
recorded using HSI with a frame rate of 16,000 fps and shutter time of
10 ps. The cross section of MAPS-tracks were characterized using a Field
Emission Scanning Electron Microscope (FE-SEM, Zeiss Sigma 500) from
aspects of defects and the melt pool size (height, width and depth). Prior
to observations, the samples were cut using an automatic precision
cutting machine (Metkon Micracut 202). Afterwards, they were
embedded in conductive resin, grinded using sand papers of #600,
#1200 and #2500 in turn, and then polished by abrasive paste of 6, 3,
and 1 um. Note that the single cross-section on the middle part of the
track with a stable and uniform surface morphology was taken from
each track for correctly reflect the cross-section features.

Table 2
Parameters of the MAPS-A1Si10Mg experiments.
No.  Defocusing Laser Scanning Powder Upside Average
(4f, mm) power speed (v, sheet laser
(P, kW) m/min) intensity
a, w/
cmz)
1 +30 4.4 2 Powder  / 3.7 x 10*
+30 4.4 2 Type 0 Binder 3.7 x 10*
side
3 +30 4.4 1.5 Type 1 Powder 3.7 x 10*
side
4 0 3 2.4 Type 1 Binder 7.7 x 10°
side
5 0 3 2.4 Type 1 Powder 7.7 x 10°
side
6 0 3 1.5 Type 1 Binder 7.7 x 10°
side
7 0 3 2.4 Type 2 Binder 7.7 x 10°
side
8 0 3 2.4 Type 2 Powder 7.7 x 10°
side
9 0 3 1.5 Type 2 Binder 7.7 x 10°
side
10 +30 3 1.5 Type 1 Binder 2.5 x 10*
side
11 +15 3.55 1.77 Type 1 Binder 1.1 x 10°
side
12 +15 5 2.5 Type 1 Binder 1.6 x 10°
side
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2.5. In-situ monitoring

A high-speed camera named FASTCAM Mini UX100 was recording
melt pool at a recording speed of 16,000 fps (except 10,000 fps for High-
Speed Videos 1 and 2, and 5000 fps for High-Speed Video 5) with a
frame size of 1280 x 312 pixels (except 1280 x 480 pixels for High-
Speed Videos 1 and 2, and 1280 x 720 pixels for High-Speed Video
5), at a shutter time of 10 ps. Two illumination lasers with a maximum
power of 50 W and a wavelength of 810 nm were employed to illuminate
the melt pool. A band-pass filter of 810 nm was installed in front of the
camera to block the scattered light of the processing laser with a
wavelength of 1070 nm.

3. Results
3.1. Defect and melt pool dynamics using powder and powder sheet

Fig. 5 shows the cross-section morphologies of the laser powder-
track produced with preplaced powder and MAPS-tracks using Type 1
powder sheet (corresponding to Experimental Nos. 1-3 with parameters
of Af =+30 mm and 4.4 kW). The track of the preplaced powder-track
(Fig. 5a) shows no defects. However, when using powder sheets, in-
clusions and pores occur (Fig. 5b and c). Fig. 5b shows the cross-section
morphology of the MAPS-track when the binder side is up while some
inclusions and pores exist in the cross section. When the powder side is
up and scanning speed is 1.5 m/min (Fig. 5c), there are even more in-
clusions with a smaller size in the cross section, as well as a larger pore.
Obviously, the utilization of powder sheets induces the formation of
defects, such as, inclusions and pores.

Fig. 6 shows the HSI frames of melt pool in Experiment Nos. 1-3
(corresponding to Fig. 5). Note that the ejections during the MAPS-
AlSil10Mg process mainly contain solid spatter (i.e., un-melted powder
flying away), powder agglomeration spatter (refers to liquid-liquid
powder agglomeration), and metallic jet (i.e., liquid droplet ejected
from the melt pool), according to the categories in Ref. [19].

Fig. 6a exhibits the HSI frame of the melt pool in Experiment No. 1
(Af =430 mm, 4.4 kW, 2 m/min, powder). In front of the melt pool,
there is a melt pool lag. Within the melt pool lag area, the emerging
droplet formed from the melting of the powders, which are incorporated
into the approaching melt pool. There are no spatter and balling phe-
nomena. The forming process is shown in the High-Speed Video 1 of the
supplementary materials. Fig. 6b presents the HSI frame of the melt pool
in Experiment No. 2 (Af = +30 mm, 4.4 kW, 2 m/min, Type 1 powder
sheet, and binder side up). It can be seen that the evaporation of poly-
mers is intense. Some droplets are formed around the melt pool and
there is some unevaporated polymer binder covered on the surfaces of
the droplets. Only the droplets in front of the melt pool can be incor-
porated into the melt pool. Above the melt pool lag area, both the
powder agglomeration spatter and solid spatter are occurring. These
phenomena are presented in High-Speed Video 2 in the supplementary
materials. Fig. 6¢ shows the HSI frame of the melt pool in Experiment
No. 3 (Af =+30 mm, 4.4 kW, 1.5 m/min, Type 1 powder sheet and
powder side up). The intense evaporation of the polymer binder can be
observed. In the melt pool lag area, the powder layer detaches from the
powder sheet, moves towards the melt pool, and finally becomes drop-
lets. Due to the laser recoil pressure, some small droplets become
powder agglomeration spatter. Some droplets move along both sides of
the melt pool to form balling. Others are captured by the melt pool. The
process is shown in High-Speed Video 3 in the supplementary materials.

3.2. Defect and melt pool dynamics at different sheet orientations

Fig. 7 shows the cross-section morphologies of the MAPS-tracks
using Type 1 powder sheet when binder or powder side was up (corre-
sponding to Experimental Nos. 4-5 with parameters of Af =0 and 3
kW). Some inclusions, which wrapped in droplets, exist in the cross
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Fig. 5. Cross-section morphologies of the laser preplaced powder-tracks and MAPS-tracks using Type 1 powder sheet when binder or powder side is up. (a)
Experiment No. 1 (Af =+30 mm, 4.4 kW, 2 m/min, powder); (b) No. 2 (Af =+30 mm, 4.4 kW, 2 m/min, Type 1 powder sheet, and binder side up); (c) No. 3 (Af =

+30 mm, 4.4 kW, 1.5 m/min, Type 1 powder sheet, and powder side up).

Fig. 6. High-speed imaging (HSI) frames of melt pool using powders and powder sheets (corresponding to Fig. 5). (a) HSI frame in Experiment No. 1 (Af = +30 mm,
4.4 kW, 2 m/min, and powder); (b) HSI frame in No. 2 (Af = +30 mm, 4.4 kW, 2 m/min, Type O powder sheet, and binder side up); (c) HSI frame in No. 3 (Af = +30

mm, 4.4 kW, 1.5 m/min, Type 1 powder sheet, and powder side up).

section (shown in the insert view). However, when the powder side was
up, there were even more inclusions with a smaller size in the cross
section, and pores occurred (shown in Fig. 7b). In addition, the binder
side up induced a narrow and deep melt pool while the powder side up
orientation led to a wide and shallow melt pool, due to the fact that the
binder side has a significant shielding effect on the laser energy transfer
by the evaporation of the binder.

Fig. 8 shows the HSI frames of melt pool in Experiment Nos. 4 and 5
(corresponding to Fig. 7) and the illustrations of the melt pool dynamics.

Fig. 8a-1 exhibits the HSI frame of the melt pool in Experimental No. 4
(Af =0, 3 kW, 2.4 m/min, Type 1 powder sheet and binder side up). It
can be seen that the powder agglomeration spatter is occurring. The
powders in the powder sheet consolidated after being fused and partly
flew away due to the gas flow induced by the laser recoil pressure,
illustrated in Fig. 8a-1 based on the High-Speed Video 4 in the supple-
mentary materials. However, the phenomenon of solid spatter occurs
when the powder side is up, accompanied by slight powder agglomer-
ation spatter (Fig. 8b-1). Based on High-Speed Video 5 in the
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Fig. 7. Cross-section morphologies of the MAPS-tracks using Type 1 powder sheet when binder or powder side is up. (a) Experiment No. 4 (Af = 0, 3 kW, 2.4 m/
min, Type 1 powder sheet, and binder side up); (b) No. 5 (Af = 0, 3 kW, 2.4 m/min, Type 1 powder sheet, and powder side up).

Fig. 8. High-speed imaging (HSI) frames of melt pool when binder or powder side is up (corresponding to Fig. 7) and the illustrations of the melt pool dynamics. (a)
HSI frame and (a-1) the illustration in Experiment No. 4 (Af = 0, 3 kW, 2.4 m/min, Type 1 powder sheet, binder side up); (b) HSI frame and (b-1) the illustration in
No. 5 (Af = 0, 3 kW, 2.4 m/min, Type 1 powder sheet, powder side up).

supplementary materials, the formation process of the spatter is shown away, which is confirmed by the narrow and deep melt pool when
in Fig. 8b-1. Binder side up, leading to more powder agglomeration binder side is up (Fig. 7a and b). In addition, there are no balling phe-
spatter than powder side up (Fig. 8a and b), has taken more laser energy nomena when binder side is up or powder side is down.

Fig. 9. Cross-section morphologies of the MAPS-tracks using Type 2 powder sheet when binder or powder side is up. (a) Experiment No. 7 (Af = 0, 3 kW, 2.4 m/
min, Type 2 powder sheet and binder side up); (b) No. 8 (Af = 0, 3 kW, 2.4 m/min, Type 2 powder sheet, and powder side up).
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Fig. 9 displays the cross-section morphologies of the MAPS-tracks
using Type 2 powder sheet when binder or powder side is up (corre-
sponding to Experiment Nos. 4 and 5 with parameters of Af = 0 and 3
kW). It can be seen that the main defect is inclusions. A few small pores
occurred close to the surface. Similarly, inclusions were observed in the
cross section while the powder side is up in Fig. 9b, but the melt pool
becomes larger than that when the binder side was up, since the
shielding effect of the binder side on the laser energy transfer induces
the small melt pool.

Fig. 10 displays the HSI frames of melt pool in Experiment Nos. 4 and
5 (corresponding to Fig. 9). When the scanning speed is 2.4 m/min, the
binder side up leads to powder agglomeration spatter (Fig. 10a) while
the powder side up induces both solid spatter and powder agglomeration
spatter (Fig. 10b), which is similar to MAPS with Type 2 powder sheet.
However, there is no balling phenomenon. Fig. 10a and b are obtained
from High-Speed Videos 6 and 7 in the Supplementary Materials,
respectively.

3.3. Defect and melt pool dynamics using different powder-sizes

Fig. 11 presents the cross-section morphologies of the MAPS-tracks
using Type 1 and Type 2 powder sheets (corresponding to Experiment
Nos. 4 and 7). It can be seen that Type 1 powder sheet leads to a larger
melt pool width and depth (in Fig. 11a) than Type 2 powder sheet (in
Fig. 11b). This is because the smaller powder particle in Type 1 (0-30
pm) compared to Type 2 (63-200 pm) need less laser energy to be
melted due to the high surface energy of smaller powders and thus more
energy of the laser beam is used to generate the melt pool in the sub-
strate. Type 1 powder sheet induced smaller inclusions than Type 2
powder sheet, because the small particles easily induced a smaller
droplet than the large particles, and thus the polymers covered on the
small droplets’ surfaces will form small inclusions.

3.4. Defect and melt pool dynamics at different defocusing

Fig. 12 shows the cross-section morphologies of the MAPS-tracks and
the corresponding melt pool dynamics at different defocusing (corre-
sponding to Experiment Nos. 3 and 7). Fig. 12a presents the cross-
section morphology of the MAPS-track when Af = 0. The cross-
section morphology is bell-shaped and there are inclusions at the bot-
tom of the melt pool. The corresponding melt pool dynamics exhibited in
Fig. 12a-1 (corresponding to High-Speed Video 8 in Supplementary
Materials), shows that the balling phenomenon occurred accompanied
by powder agglomeration spatter. There is no melt pool lag. When the
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defocusing increases to + 30 mm, the cross-section morphology shows
that the size of the melt pool decreases significantly (shown in Fig. 12b)
due to the conduction mode laser melting, and there are no inclusions
and pores, suggesting that no material was added. The corresponding
melt pool feature shown in Fig. 12b-1 (corresponding to High-Speed
Video 9 in Supplementary Materials), shows that the powder sheet has
melted and presented the balling phenomenon along the two sides of the
track. In addition, there is a melt pool lag occurring between the melt
pool and powder sheet.

3.5. Defect and melt pool dynamics with different scanning speeds

Fig. 13 shows the cross-section morphologies of the MAPS tracks and
the corresponding high-speed images during the MAPS-AISi10Mg pro-
cess with different scanning speeds (corresponding to Experimental Nos.
4 and 6). Fig. 13a exhibits the cross-section morphology of the MAPS
track when the scanning speed is 2.4 m/min. There are some inclusions
within the track, but less at a low scanning speed of 1.5 m/min (shown in
Fig. 13b). In addition, the height of the melt pool with low scanning
speed decreases, suggesting that less droplets are captured by the melt
pool. This is consistent with the phenomenon that fewer inclusions with
a low scanning speed. From the high-speed imaging frames in Fig. 13a-1
(High-Speed Video 4) and b-1 (High-Speed Video 8), the powder
agglomeration spatter phenomena appeared, but the low scanning speed
induces balling, indicating that less material was added.

With Type 2 powder sheet powder sheet, the melt pool size becomes
large with the low scanning speed (Fig. 14a and b). More and larger
pores were generated in this case, due to the shielding gas/binder vapor
was wrapped into the melt pool. There was no balling observed in both
cases, but powder agglomeration spatter occurred shown in Fig. 14a-1
(shown in High-Speed Video 6 of Supplementary Materials) and b-1
(presented in High-Speed Video 10 of Supplementary Materials).

3.6. Defect and melt pool dynamics at different average laser intensities

Fig. 15 shows the cross-section morphologies of the MAPS-tracks and
the corresponding high-speed imaging frames during the MAPS-
AlSi10Mg (Type 1 powder sheet) process at different average laser in-
tensities (corresponding to Experiment Nos. 11 and 12). Fig. 15a pre-
sents the cross-section morphologies of the tracks with the average laser
intensity of 1.1 x 10° W/cm?. It can be seen some inclusions occurred in
the track. However, when the average laser intensity increased to 1.6 x
10° W/cm?, the inclusions almost disappeared (Fig. 15b). It is worth
mentioning that there are few small inclusions within the track,

Fig. 10. High-speed imaging (HSI) frames of melt pool when binder or powder side is up (corresponding to Fig. 9). (a) HSI frame and (a-1) the illustration in
Experiment No. 7 (Af = 0, 3 kW, 2.4 m/min, Type 2 powder sheet, binder side up); (b) HSI frame and (b-1) the illustration in No. 8 (Af = 0, 3 kW, 2.4 m/min, Type

2 powder sheet, powder side up).
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Fig. 11. Cross-section morphologies of the MAPS-tracks using Type 1 and Type 2 powder sheets. (a) Experiment No. 4 (Af = 0, 3 kW, 2.4 m/min, Type 1, binder side

up); (b) No. 7 (Af = 0, 3 kW, 2.4 m/min, Type 2, and binder side up).

Fig. 12. Cross-section morphologies of the MAPS tracks and the corresponding high-speed images using different defocusing of 0 and + 30 mm. (a) Experiment No. 6
(Af =0, 3 kW, 1.5 m/min, Type 1 powder sheet, binder side up) and (a-1) the corresponding high-speed imaging frame; (b) No. 10 (Af = + 30mm, 3 kW, 1.5 m/
min, Type 1 powder sheet, binder side up) and (b-1) the corresponding high-speed imaging frame.

suggesting the defects have been basically suppressed. The corre-
sponding high-speed imaging frames in Fig. 15a-1 (exhibited in High-
Speed Video 11 of Supplementary Materials) and b-1 (shown in High-
Speed Video 12 of Supplementary Materials) both present a balling,
suggesting that the powder sheet has locally melted to form droplets and
part of them were distributed around the two boundaries of the track.
Furthermore, in the melt pool lag areas, the interaction between the
laser and the powder sheet is more intense than at low average laser
intensity. For a higher average laser intensity (Fig. 15b-1), the polymer
binder can evaporate or be taken away by the powder agglomeration
spatter more effectively. Thus, there are less inclusions within the tracks
(Fig. 15b).

4. Discussion
4.1. Mass transfer during MAPS process

From the HSI frames in Fig. 6, there is a big difference in melt pool
dynamics between preplaced-powder additive manufacturing and MAPS
regarding spatter phenomenon, balling phenomenon, and polymer
evaporation, which significantly affect the mass transfer. To fully un-
derstand the mass transfer during MAPS process, the melt pool dynamics
during preplaced-powder additive manufacturing process were firstly
illustrated based on Fig. 6a and the high-speed videos in Ref. [20], as
shown in Fig. 16. With a much defocusing or low scanning speed, the
melt pool lag area generates, which makes the powders flow towards the
melt pool, illustrated in Fig. 16a. In the melt pool lag area, some of the
powders are melted into droplets and finally the powders or generated
droplets are incorporated into the melt pool. Note that some un-
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Fig. 13. Cross-section morphologies of the MAPS-tracks and the corresponding high-speed images during the MAPS-AISi10Mg (Type 1 powder sheet) process with
different scanning speeds of 2.4 and 1.5 m/min. (a) Experiment No. 4 (Af = 0, 3 kW, 2.4 m/min, Type 1 powder sheet, binder side up and I = 7.7 x 105 W/cm?) and
(a-1) the corresponding high-speed imaging frame; (b) No. 6 (Af = 0, 3 kW, 1.5 m/min, Type 1 powder sheet, binder side up and I = 7.7 x 10° W/cm?) and (b-1) the
corresponding high-speed imaging frame.

Fig. 14. Cross-section morphologies of the MAPS-tracks and the corresponding high-speed images during the MAPS-AISi10Mg (Type 2 powder sheet) process with
different scanning speeds of 2.4 and 1.5 m/min. (a) Experiment No. 7 (Af = 0, 3 kW, 2.4 m/min, Type 2 powder sheet, binder side up and I = 7.7 x 105 W/cm?) and
(a-1) the corresponding high-speed imaging frame; (b) No. 9 (Af = 0, 3 kW, 1.5 m/min, Type 2 powder sheet, binder side up and I = 7.7 x 105 W/cm?) and (b-1) the
corresponding high-speed imaging frame.

incorporated droplets are survived along the two sides of the track. spatter becomes severe due to the gas flow induced by the recoil pres-
Using a small defocusing or medium scanning speed (Fig. 16b), the melt sure. Employing a focused laser or high scanning speed (Fig. 16c¢), the
pool lag area becomes smaller and some powders and droplets within melt pool lag area disappears while the intense solid spatter occurs.

this area are incorporated into the melt pool. Meanwhile, the solid For MAPS-AISi10Mg process, the HSI frames (Figs. 6b,c, 8, and

10
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Fig. 15. Cross-section morphologies of the MAPS-tracks and the corresponding high-speed images during the MAPS-A1Si10Mg (Type 1 powder sheet) process with
different average laser intensities of 1.1 x 10° and 1.6 x 10° W/cm?. (a) Experiment No. 11 (Af =+15 mm, 3.55 kW, 1.77 m/min, Type 1 powder sheet, binder side
upandI=1.1 x 105 W/cm?) and (a-1) the corresponding high-speed imaging frame; (b) No. 12 (Af = +15 mm, 5 kW, 2.5 m/min, Type 1 powder sheet, binder side
up and I = 1.6 x 10° W/cm?) and (b-1) the corresponding high-speed imaging frame.

Fig. 16. Illustrations of materials mass transfer during preplaced-powder additive manufacturing process with the decreasing defocusing or increasing scanning
speed. (a) With a much defocusing or low scanning speed, (b) a small defocusing or medium scanning speed, and (c) a focused laser beam or high scanning speed.

10-13) show that the parameters related to powder sheet (binder/
powder side up, powder particle size) and laser (defocusing, scanning
speed, average laser intensity) influence the mass transfer process. For
instance, binder side up conditions can realize the mass transfer process
only via large droplets being captured by the melt pool while powder
side up arrangements via both small and large droplets being captured
with focused laser and small particle-size (0-30 pm) powder sheet.
Powder sheet with larger particle-size distributions (60-200 um) and
small defocusing both promote the droplets being captured. Obviously,
the processing parameters which influence the interactions between the
laser and the powder sheet in front of the melt pool control the mass
transfer process.

Fig. 17 illustrates the mass transfer process at different defocusing

11

when the binder side of the small particle-size powder sheet is up. With a
much defocusing (shown in the front view of Fig. 14a), there is a big gap
between the melt pool front and powder sheet, which is called melt pool
lag. In this case, the surface powder layer absorbing laser was detached
from powder sheet. At the same time, the wrapped powder layer will
melt and gather to form a droplet, moving along the two sides of the
track. Finally, the balling phenomenon occurs shown in the top view and
no droplets are captured by the melt pool. When the defocusing de-
creases (shown in the front view of Fig. 17b), the wrapped powder layer
disappears and the droplets form directly on the surface. As a result,
some of the uncaptured droplets induce balling, while some form spatter
flying away with the help of the impact of the laser recoil pressure and
others move into the melt pool. Note that this kind of defocusing can
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Fig. 17. Illustrations of materials mass transfer during MAPS process at different defocusing when binder side is up. (a) With a much defocusing (b) a small

defocusing, and (c) a focused laser beam.

make the droplets formed in the melt pool lag and the polymers have
enough time to evaporate from the powder sheet, which can lead to
defect-free tracks (as shown in Fig. 15b). When the defocusing decreases
to O (in Fig. 17¢), there is no melt pool lag and powder agglomeration
spatter occur. Some droplets move towards the melt pool. When the
scanning speed is too low or too high, the balling phenomenon or solid
spatter become more serious for all the defocusing, which decrease the
mass transfer process.

Fig. 18 illustrates the mass transfer process at different defocusing
when the powder side of small particle-size powder sheet is up. When
the defocusing is much (shown in Fig. 18a), the powder layer in the melt
pool lag area detaches from the powder sheet, melts into droplet and
moves along the tracks to induce balling phenomenon finally. With the
decreasing of defocusing, the smaller droplets formed. Some of them
move along both sides of the track, some of them are captured by the
melt pool, and others form powder agglomeration spatter. When using a

focused laser beam, there is no melt pool lag, but some of the powder
particles and droplets are captured by the melt pool. A low or high
scanning speed induces balling phenomenon.

Except spatters, there is no obvious difference between particle-size
distributions of the powder in the sheet and mass transfer process. Their
mass transfer processes are realized both via droplets formed from the
powder sheet in front of the melt pool and incorporation of the droplet
into the melt pool. However, the large particle-size distributions of the
powder in the sheet induces a small melt pool since the smaller powders
possess higher surface energy than that of the large powders and thus it
need less laser energy to melt the smaller powders and more energy is
used to generate the melt pool in the substrate. For a high scanning
speed, it leads to a smaller melt pool with balling and thus reduces the
mass transfer. In addition, there is also no evident relation between
average laser intensity and mass transfer.

Fig. 18. Illustrations of materials mass transfer during MAPS process with different defocusing when powder side is up. (a) With a much defocusing, (b) a small

defocusing, and (c) a focused laser beam.
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4.2. Defect formation during MAPS process

There were no defects identified in the powder tracks with preplaced
powder (Fig. 5a), but defects occurred in the MAPS-tracks (Fig. 5b and
c), suggesting it is the powder sheet that induces the formation of de-
fects. Seen from the cross-section morphologies of the tracks (Figs. 5, 7,
9-13), the main defects comprise inclusions and pores. Among them, the
inclusions are commonly observed. The circular morphology of the in-
clusions suggests that these inclusions come from the droplets captured
by melt pool. Although the temperature of the melt pool is high (more
than 600 °C), the position where sheets melt in front of the melt pool is
far away from this temperature, which promotes the incomplete evap-
oration of polymers. From the videos, during the formation of droplets,
the unevaporated polymers (bright color in the Videos 2 and 3) were
covered on the droplets’ surfaces or directly wrapped into the droplets.

Fig. 19 shows the morphologies of the inclusions. The inclusions
present black circle profiles, suggesting that the surfaces of droplets are
covered by polymers. This polymer layer possibly comes from the une-
vaporated polymers or the attachment of polymer vapor. The evapora-
tion of polymer occurs around the melt pool and the formed droplets can
be polluted by the vapor. Inside the droplets, some black “coatings” can
be seen. At the beginning of the interactions between laser and powder
sheet with a focused laser beam, the melting of the powders and the
melting/evaporation of polymers occurred simultaneously, and thus the
liquid aluminum alloy and liquid polymers (even polymer vapor) mixed
to form the droplets with inclusions.

When the defocusing of Af = +15 mm was employed, a track without
defects was obtained (Fig. 15b). In this situation, there is a melt pool lag
area where the polymer within the powder sheet has enough energy and
time to evaporate. The powder agglomeration spatter also took away
some polymers. Therefore, there are no polymers left in the tracks. This
provides a way to obtain defect-free tracks. Furthermore, when the
scanning speed is low enough, some pores were included into the melt
pool due to the strong laser recoil pressure induces more shielding gas or
binder vapor incorporated into the intensive boiling melt pool.

Optics and Laser Technology 192 (2025) 113495

5. Conclusions

This work systematically investigated the mass transfer and defect
formation during metal additive manufacturing using power sheet-
AlSi10Mg (MAPS-AISi10Mg) by changing the processing parameters
regarding powder sheet (orientation, powder particle size) and laser
directed energy deposition (defocusing, scanning speed, average laser
intensity). The cross-sections of the tracks were observed to study the
defects, and the high-speed imaging frames were employed to charac-
terize and analyze the melt pool dynamics. The conclusions can be
summarized as follows.

(1) The mass transfer of MAPS-AISi10Mg was realized via droplets
formed in front of the melt pool and incorporation of the droplet
into the melt pool. The polymer within the powder sheet directly
induced the defect formation of inclusions and pores by incom-
plete evaporation of polymers and shielding gas/binder vapor
involvement.

Binder side up induces less droplets being captured by the melt
pool than powder side up with a focused laser due to more
powder agglomeration spatter when binder side is up. Further-
more, the powder side up induces a wider melt pool than binder
side up since the evaporation of polymers when binder side is up
consumes more laser energy.

Large powder-particle powder sheets promote a higher deposi-
tion rate than small powder-particle powder sheets during MAPS
by forming larger and heavier droplets and more easily being
incorporated into the melt pool.

Melt pool lag determined by laser defocusing, makes a difference
in mass transfer and defect formation. A large melt pool induces
more balling and limits the droplets incorporation into the melt
pool. However, a suitable melt pool lag generates inclusion-free
tracks by leading to the sufficient evaporation of polymers and
the powder agglomeration spatters to completely remove the
polymers.

2

3)

(4

-

Fig. 19. Morphologies of inclusions within the tracks in different experiments. (a) Experiment No. 4 (Af = 0, 3 kW, 2.4 m/min, Type 1 powder sheet, and binder side
up); (b) No. 5 (Af =0, 3 kW, 2.4 m/min, Type 1 powder sheet, and powder side up); (c) No. 7 (Af = 0, 3 kW, 2.4 m/min, Type 2 powder sheet and binder side up);
(d) No. 8 (Af =0, 3 kW, 2.4 m/min, Type 2 powder sheet, and powder side up); (e) No. 6 (Af = 0, 3 kW, 1.5 m/min, Type 1, binder side up); (f) No. 9 (Af = 0, 3

kW, 1.5 m/min, Type 2, and binder side up).
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(5) The MAPS process offers the possibility to build and repair
complex parts among others for lightweight e-mobility
applications.

Improvements to the MAPS process, including reducing powder
agglomeration spatter and promoting the evaporation of the polymer,
would result in higher deposition-efficiency MAPS process without de-
fects. For large-scale components fabricated by MAPS, how to set the
overlap ratio and how to distribute the powder sheet around the over-
lapped area based on the DED-LB/M setup still need to investigate
deeply. Moreover, for a MAPS-parts with small amount of inclusions
defect or high-level carbon, the post-processing of removing the defects
and decrease carbon is important research orientation.
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