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ABSTRACT

Laser metal deposition (LMD) is a blown powder process used for the additive manufacturing of large and/or complex parts. The laser spot
size is determined by the fiber optic cable and the imaging ratio of the process optics. Spot sizes typically used in LMD can range from
200 μm to several millimeters, whereby zoom optics can be employed to change the laser spot focus within seconds during the process.
However, industrial powder nozzles are still static in terms of powder spot size. Changing the powder spot size in line with the laser spot
size could ensure the favorable dual outcome of time savings when printing large volumes while also generating fine near-net-shape features.
To help overcome the current limitations in the LMD process, this work examines an adaptive powder nozzle setup. In this discrete coaxial
layout of three single lateral powder injectors, the individual powder injectors can be adjusted closer to or further from the process to,
respectively, dilate or shrink the powder stream focus. Different inner diameters of powder injectors are hereby examined. The resulting
powder propagation behavior is characterized for different setups of the single powder nozzles. Single beads are welded with different nozzle
setups for fine and coarse powder spots, while the laser spot size is changed accordingly using zoom optics. The laser power is a closed-loop
controlled by a two-color pyrometer to achieve comparative process temperatures. The single beads are evaluated with regard to their geom-
etry. High-speed imaging provides supplementary information on weld bead generation.

Key words: laser metal deposition, powder nozzle, powder stream propagation
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I. INTRODUCTION

Laser-based additive manufacturing is an increasingly impor-
tant production technology for the processing of metallic materi-
als.1 It is a versatile process used to produce prototypes, end
products, and various tools. For the technology to gain economic
efficiency, the build-up rate is particularly crucial. Achieving a high
build-up rate with little post-processing effort due to a
near-net-shape geometry would enhance the productivity and thus
the economic efficiency. Compared to laser powder bed fusion
(LPBF), laser metal deposition (LMD) can allow significantly
higher build-up rates, but it cannot yet match the high geometric
flexibility and resolution of printed components produced by
LPBF.2

The material feed in powder LMD is realized via a powder
nozzle. Such nozzles are available in different types, including dis-
crete nozzles, which have multiple powder streams, and continuous
nozzles, which produce a single stream from an annular gap.3 The
powder stream propagation plays an important role in the build-up
efficiency of the LMD process. The LMD process is highly sensitive
to a defocusing of the powder stream.4,5 A powder stream that is
well-focused on the melt pool offers better catchment efficiency as
well as more precise geometrical features.6

Adapting the powder nozzle and its powder propagation
behavior to the weld bead requirements leads to cost and time
savings. Thus, powder nozzle geometries, positions, and process
parameters have been previously investigated. A smaller powder
stream diameter can be achieved by using injectors with a smooth
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and wear-resistant inner surface.7 CFD simulations showed that
shortening the convergence distance of the powder stream
improves the stream’s convergence.8 A decrease in the standoff dis-
tance by 1 mm (powder focus below the substrate surface) leads to
a higher energy input into the deposited layer.9 Results have also
shown that the amount of powder that interacts with the laser
beam is highest at the specified working distance. An additional
defocusing of the laser spot leads to a greater interaction between
the powder and the laser beam.10 An increase in the nozzle axis
angle from 25° to 35° and 45° inclination leads to lower powder
capture efficiency and a decreased working distance stability, while
a lower dispersion angle of the powder leads to a higher deposited
layer height.11 It has been observed that for discrete nozzles, larger
particles have a higher dispersion angle.12,13 Experimental and
numerical studies for a 4-jet discrete nozzle showed that a change
in the injector’s inner diameter from 3 to 2.4 mm leads to a
decrease in the dispersion angle from a single injector, from 20° to
18° in the turbulence zone. A further decrease in the injector inner
diameter to 1.8 mm increases the dispersion angle to 30° in the tur-
bulence zone. This is assumed to be due to a decrease in the conti-
nuity of the gas flow velocity field, which leads to the divergence in
the particle trajectory.9 Numerical studies for a 3-jet discrete nozzle
showed a decrease in the powder focus size (where all three powder
jets have merged) when reducing the injector inner diameter. A
reduction from a 2.0 mm diameter to a 1.0 mm diameter led to a
decrease in the powder focus spot from 5.9 to 2.4 mm, as well as an
increase in the maximum particle velocity from 6.75 to 16.4 m/s,
for a constant gas flow.12

The powder stream interacts with the laser beam and the melt
pool to generate a weld bead. Results from investigations of clad-
ding with a W-Cu powder mixture show that the different particles
disappear into the melt pool at different times. Specifically, Cu par-
ticles, with a lower melting point, disappear into the melt pool after
approximately 100 μs, or after 300 μm of floating on the melt pool.
In contrast, the W particles float for longer.14 High-speed videos
showing the cladding of Inconel 718 onto stainless steel 316 sub-
strate with a continuous nozzle revealed three different zones for
powder catchment behavior. In the solidified region, the particles
ricochet. In the region of the melt pool outside the laser spot, the
particles can be incorporated or adhere to the surface, where they
can also incorporate after some time or move to the solidified zone
and become part of the weld bead roughness. The third zone is the
melt pool in the laser beam, where particles are readily incorpo-
rated; in this case, they can move radially inwards, which is
assumed to be due to the Marangoni flow.6 The findings from the
laser beam welding of AISI 316L showed that the direction of the
Marangoni flow can change with temperature. The point at which
the sign of the temperature gradient of surface tension changes is
approximately 2550 K.15 CFD simulations for laser DED processes
suggested that the impingement of a particle is the main driving
force for fluid motion in the melt pool, making Marangoni forces
less significant. The flow pattern is believed to be highly oscillatory,
chaotic and random.16 High-speed x-ray imaging of LMD with tita-
nium powder showed that pores are moved by the melt flow, which
is driven by delivered particles and Marangoni flow. This study also
showed that particles entering the melt pool with a high velocity
can generate space behind them, leading to pore formation.17 In

the LMD of AISI 316L, experiments showed that the incorporation
time of particles directly in the laser beam is around 0.2 ms,
increasing toward 0.4 ms at the edge of the melt pool. Additional
model calculations suggested that the surface-tension-driven
wetting mechanism can lead to a rising of particles from the melt
pool due to temperature differences after the initial melt pool
contact.18

This paper focuses on how weld bead generation is influenced
by the distance of the injector opening to the working plane as well
as the injector’s inner diameter. With a laboratory setup of three
lateral injectors, different nozzle setups can be applied. The powder
stream propagation from each nozzle setting is characterized. The
geometrical features of the bead, such as the width, height, and
depth, are evaluated. Additionally, the findings are related to high-
speed video recordings of the processes.

II. EXPERIMENTAL SETUP AND METHODS

A. Adaptive nozzle system

The laboratory setup for the adaptive nozzle system consisted
of a central shielding gas nozzle with an opening of 7 mm and
three lateral ceramic tubes that served as the injector nozzles (see
Fig. 1). The inclination angle of the three injectors was 23° with
respect to the vertical, and they were positioned circularly at a dis-
tance of 120° around the coaxial laser beam. The injector’s inner
diameter could be adjusted from d = 1mm to d = 1.7 mm. The dis-
tance from the injector opening to the origin of the coordinate
system varied between l = 10 mm and l = 14 mm. Thus, four differ-
ent nozzle setups could be investigated. The powder injectors were
sputtered with gold to protect them from reflective laser radiation.

B. Powder and powder stream characterization

The powder material was gas-atomized AISI 316L with a
nominal particle size of +106 μm −45 μm, sourced from the manu-
facturer Deutsche Edelstahlwerke Specialty Steel GmbH & Co. KG.
The sieve analysis from the manufacturer is presented in Table I.

FIG. 1. Laboratory setup comprising three lateral powder injectors for different
injector inner diameters d and distances to origin l.
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The SEM image (Fig. 2) of the powder shows that the powder par-
ticles are mainly spherical with satellite particles. Some particles
show an irregular shape and surface.

To characterize the nozzle setups, single horizontal layers of
the powder stream were illuminated with a line laser and recorded
at a distance of 0.5 mm (see Fig. 3). For each recorded layer, a
powder stream radius was calculated via a radial-symmetrical repre-
sentation of the powder distribution in each layer. Concentric
circles around the center of the nozzle were evaluated with regard
to their intensity. A mean intensity was calculated for each concen-
tric circle, for use in calculating an equivalent powder spot diame-
ter. The chosen method was to set the boundary of the powder
spot to where the intensity had fallen to 14% of the maximum
measured mean intensity. This method is similar to the D86
method used in laser beam measurements. A more detailed
description of this method for characterizing the powder stream
can be found in Refs. 19 and 20.

C. Experiments

A LUNOVU 835 LMD machine equipped with a Laserline LDF
4000-40 diode laser with wavelengths between 960 and 1040 nm was
used, in addition to a Laserline OTZ-5 Zoom Optics with a 400 μm
laser light cable. Through the optics, a top hat profile was obtained
in focus with a laser spot size between 1.2 and 4mm. The processing
head was stationary and the substrate with the machining table
moved. A BLC twin powder feeder was used to transport the
powder. Argon was used as a carrier gas and shielding gas.

S235 structural steel was used as the substrate material. The sub-
strates were 100mm in length, 30mm in width, and 20mm in
height. The substrate surface was sandblasted. The process velocity
was set to 0.8 m/min. The powder mass flow rate was set to 10 g/min.
The carrier gas flow rate was set to 5 l/min, and the shielding gas flow
rate was set to 10 l/min. Five different laser spot sizes were used,
namely, 1.6, 2.3, 2.8, 3.2, and 3.6mm, all in focus with a top-hat laser
power intensity distribution, leading to an increase in the laser spot
area by a factor of 5. Each parameter set was welded three times on
room-temperature substrates and analyzed. The standard deviation
was calculated from the three experiments per parameter set.

After manufacturing, the samples were metallographically pre-
pared as cross sections to measure the width, height, and depth of
the welded bead in the middle of the weld track. Cross sections
were etched with Nital for 10 s. The powder catchment efficiency
was calculated from the metallographic cross sections. For this
purpose, the area of the weld bead above the substrate surface was
measured using STEAM ENTERPRISE software from Olympus. The size
of the area for 100% powder catchment efficiency was also calcu-
lated. Assuming an AISI 316L density of 8 kg/dm³ and considering
a process velocity of 0.8 m/min and a powder mass flow rate of
10 g/min, the deposited volume per mm was 1.56 mm³/mm. Based
on the assumption that this value represents 100% powder catch-
ment efficiency, it was possible to calculate the powder catchment
efficiency and deposition rate for all experiments. To calculate the
dilution, the measured total melted area was divided by the mea-
sured area beneath the substrate surface.

D. Pyrometer closed-loop control

A Sensortherm Metis H322 two-color pyrometer with a mea-
suring range between 700 and 2300 °C was integrated coaxially for
the closed-loop control of the laser power. The pyrometer was con-
nected to the optics through the camera output located below the
collimation of the optics. It was moved together with the laser beam
to monitor the temperature of the process zone and control the laser
power accordingly. The measuring spot of the pyrometer was
approximately 4 mm in diameter. The pyrometer was not specifically
calibrated with the used optics. The laser power was a closed-loop
controlled by the pyrometer to a set pyrometer measurement value
of 1200 (arbitrary unit, not calibrated to the centigrade scale). The
signal from the controller to the laser was recorded with an oscillo-
scope in Volts. The used power could be evaluated based on a power
measurement. Both the measured pyrometer data and the laser
power were averaged over the process time (excluding the first and
last 0.1 s), and standard deviations were calculated.

E. High-speed imaging

An i-Speed 7 high-speed camera from iX Cameras was used to
capture high-speed videos with a frame rate of 75 and 45 kHz to

TABLE I. Sieve analysis of the AISI 316L powder from the manufacturer.

<38 μm % 38–45 μm % 45–53 μm % 53–63 μm % 63–90 mm % 90–106 μm % 106–125 μm % >125 μm %

0.0 1.7 15.5 16.5 49.3 16.9 0.1 0.0

FIG. 2. SEM image of the AISI 316L powder.
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respectively observe the powder entering the melt pool and ejected
from the powder injector. All videos were illuminated using a
Cavilux illumination laser from Cavitar. Particle tracking was done
with TrackMate21 within IMAGEJ software.

To analyze the powder particles entering the melt pool, the
recording parameters were the laser spot sizes of 1.6, 2.8, and
3.6 mm for all nozzle setups. Within 2000 frames, 100 particles that
entered the melt pool were randomly selected and tracked through
multiple frames to gain knowledge about their interaction times
with the melt pool surface. They were separated into particles that
entered the melt pool immediately and those that remained on the
melt pool surface for multiple frames. Tracking was not performed
for the laser spot size 3.6 mm since the melt pool was not suffi-
ciently situated within the frame of the recording.

For the powder particles ejected from the powder injector,
automated particle detection was possible. 1000 particles were
tracked to calculate the particles’ mean velocity. The local distribu-
tion of the particles was needed to calculate the dispersion angle.
For this purpose, a background model consisting of 500 frames was
created. After subtracting this background model from the current
frame, it was possible to obtain a binarized image of the particles.
These images were summed up to create an intensity map of the
particles’ locations over 10 000 frames. At a distance of 10 mm to
the injector exit, the intensity along a parallel line to the exit was
extracted. A Gaussian fit was calculated for this intensity, whereby
1/e² marked the boundary of the powder stream. The dispersion
angle was calculated from this boundary to the injector exit, as
shown in Fig. 4.

III. RESULTS

The calculated powder stream radii with varied distances to
the nozzle exits are shown in Fig. 5. It can be seen that regardless

of the distance and diameter of the ceramic powder inlets, the waist
of the powder streams is at the same z-position for all nozzle
setups.

During the process, the closed-loop controlled laser power
needed to achieve the set pyrometer measurement value of 1200
was recorded. Figures 6 and 7 show the mean pyrometer measure-
ment data throughout the process. It can be seen that the set
pyrometer measurement data are reached and maintained through-
out the process (the standard deviation is smaller than the marker
in all cases). The laser power needed to achieve these values rises
almost linearly from laser spot sizes of 1.6–2.8 mm in all four
nozzle setups. For the nozzle setups with an inner diameter of
1 mm (Fig. 7), the required laser power stagnates for the 2.8 and
3.6 mm laser spot diameters.

Since the laser power was a closed-loop controlled for a stable
process zone temperature, the resulting laser power densities are

FIG. 3. Measurement of single horizontal layers of the powder stream illuminated with a line laser. Left: schematic of laboratory setup; middle: single layer measurement
in false colors; right: stacked layers of measurement from nozzle setup d = 1.7 mm and l = 10 mm.

FIG. 4. Explanatory sketch of the dispersion angle.
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different for the different laser spot sizes and nozzle setups; see
Fig. 8. The laser power density decreases with increasing laser spot
size. The lowest densities can be observed for the nozzle setup
d = 1.0 mm; l = 14 mm.

Examples of metallographic cross sections for all four nozzle
setups and the five different laser spot sizes can be seen in Fig. 9.
The different welding depths are prominent, and an irregular
welding depth can be particularly observed for the nozzle setups
with a small distance to the substrate and a 1.7 mm inner diameter.
Nozzle setups with smaller injector diameters show more pores.

The calculated powder catchment efficiency and deposition
rate are shown in Fig. 10. A higher powder catchment efficiency
can be seen for powder injectors closer to the substrate (solid
markers compared to open markers). Here, it can be seen that with
increasing laser spot size, the efficiency first rises but then
decreases. The lowest powder catchment efficiency is recorded for
the small-diameter nozzle with a larger distance to the substrate.

The bead height measured from the cross sections is shown in
Fig. 11. Solid markers show the weld bead height for powder

FIG. 6. Pyrometer measurement data measured by two-color pyrometer with
active closed-loop control of laser power to a preset value of 1200 for inlets with
a 1.7 mm inner diameter.

FIG. 5. Calculated radii in relation to the distance to the powder nozzle exit for
different injector inner diameters.

FIG. 7. Pyrometer measurement data by two-color pyrometer with active
closed-loop control of laser power to preset value of 1200 for inlets with 1.0 mm
inner diameter.

FIG. 8. Laser power density in relation to the laser spot diameter for different
nozzle setups with controlled laser power.
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injectors closer to the substrate. These values are distinctly higher
compared to open markers, representing the powder injectors
further away from the substrate. While the deposited height from
the longer distance to substrate nozzles is almost the same for both
injector inner diameters, the nozzle that is closer to the substrate
and has an inner diameter of 1 mm generates the highest weld
beads for all laser spot diameters (solid lighter markers).

Figure 12 shows the measured width of the welded beads. An
almost linear trend can be observed for all four nozzle setups,
whereby the width increases for larger laser spot diameters. For the

smallest laser spot diameter of 1.6 mm, the bead width of all four
variations is just under 2 mm. For the largest laser spot diameter of
3.6 mm, the narrowest bead with a width of 2.6 mm is achieved
with a nozzle setup of a large distance to the substrate and a 1 mm
injector inner diameter; the highest width of 3.4 mm is found for a
nozzle setup of an 1.7 mm inner diameter and a small distance to
the substrate. Note that for the smallest laser spot diameter
(1.6 mm), the width is higher than the spot diameter, while for the
largest laser spot diameter (3.6 mm), the achieved width is smaller
than the laser spot diameter.

FIG. 9. Cross sections of each nozzle setup with five different laser spot sizes.

FIG. 10. Calculated powder catchment efficiency and deposition rate in relation
to the laser spot diameter for all nozzle setups.

FIG. 11. Height measurement of welded beads for all nozzle setups in relation
to the laser spot diameter.
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The measured bead depth is shown in Fig. 13. All nozzle
setups, excluding d = 1.0 mm; l = 14 mm, show a decreasing bead
depth with increasing laser spot size. For every nozzle setup, the
smallest laser spot diameter leads to the highest bead depth. The
highest bead depths can be observed for d = 1.7 mm; l = 10 mm.

The dilution of the weld beads was calculated (see Fig. 14).
The highest dilution for all nozzle setups is found for the 1.6 mm
laser spot size. The larger diameter nozzle (d = 1.7 mm) shows a
decreasing trend in dilution with increasing laser spot size. The
smaller diameter nozzles (lighter markers) show overall lower dilu-
tion than the larger diameter ones.

The high-speed recordings of the particles ejected from the
powder injectors permit the calculation of particle velocity and dis-
persion angle (Fig. 15). The velocity for particles from the larger
injectors (d = 1.7 mm) is higher [(8.2 ± 1.9) m/s] then for the
smaller injectors [(6.9 ± 1.5) m/s]. The dispersion angle is larger for
the injector with a smaller inner diameter (d = 1 mm), at 12° com-
pared to 7° for d = 1.7 mm.

The interaction of the particles with the melt pool was
observed via high-speed recordings, and single frames from the
process can be seen in Fig. 16. This example shows a particle that
lands on the melt pool at t = 0.0 μs and shortly thereafter

FIG. 12. Width measurement of welded beads for all nozzle setups in relation
to the laser spot diameter.

FIG. 13. Welding depth measurement of welded beads for all nozzle setups in
relation to the laser spot diameter.

FIG. 14. Dilution of welded beads for all nozzle setups in relation to the laser
spot diameter.

FIG. 15. Summed-up image of detected particles from 10 000 frames.
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submerges beneath the melt pool surface (t = 26.7 μm), re-emerging
directly after (t = 40.0 μs). It then travels toward the center of the
melt pool, and after 546.7 μs is fully incorporated into the melt
pool.

The particles incorporated into the melt pool can be separated
into two groups: particles that are instantly incorporated into the
melt pool and particles that float on the melt pool surface for
several μs. The percentage of floating particles can be seen in
Fig. 17. The highest number of floating particles can be observed
for the nozzle setup d = 1.0 mm; l = 10 mm. The highest fraction
was 75% at a laser spot size of 2.8 mm.

The direction in which the floating particles moved was also
evaluated, and the results are depicted in Fig. 18. The particles

either remain stationary or float toward the edge of the melt pool
or towards the center of the melt pool. In all cases, most particles
remain stationary (60% to 90%). With an increasing laser spot size,
the amount of stationary floating particles increases as well, except
for the nozzle setup d = 1.0 mm; l = 14 mm.

The time each tracked particle remained on the melt pool
surface was analyzed as well. Since individual particles may remain
on the surface for a lot longer than the average particle, box plots
are used to show the median value, upper and lower quartiles,
whiskers, and outliers; see Fig. 19. The distance between the upper
and lower quartiles is the interquartile range (IQR). Outliers are
values that are more than 1.5⋅IQR away from the upper and lower
quartiles. Whiskers connect the upper and lower quartiles to the

FIG. 16. Single frames from a high-speed recording of the LMD process with a laser spot size of 1.6 mm and the nozzle setup d = 1.7 mm; l = 10 mm.

FIG. 17. Percentage of particles that land on the melt pool compared to those
that float on the melt pool for several μs.

FIG. 18. Percentage of floating particles that are either stationary or floating
towards the center of the melt pool or the edge of the melt pool.
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nonoutlier maximum and minimum. For the nozzle setup
d = 1.0 mm; l = 14 mm, no distinct difference in floating time can
be seen, except for the number of outliers. In all other setups, the
larger laser spot size leads to higher 25th and 75th percentiles, cor-
relating with longer floating times.

IV. DISCUSSION

The injector’s inner diameter of 1.7 mm has a smaller powder
stream focus radius if the injectors are closer to the reference plane,
which is due to the dispersion angle of the powder. Compared to
the smaller distance to the reference plane, the larger distance to
the reference plane produces beads with a similar width (Fig. 12),
but a lower height (Fig. 11). This is due to a smaller number of
particles reaching the melt pool, which is supported by the higher
powder catchment efficiency for the smaller distance to the refer-
ence plane (Fig. 10). For both distances to the reference plane, the

number of floating particles before incorporation into the melt
pool is nearly the same, but the particles from the nozzle setup
with a smaller distance float on the melt pool for longer (Fig. 19).
As yet, no explanation for this phenomenon has been found, and
further investigation is required.

A reduction of the injector’s inner diameter to 1.0 mm leads
to a change in the powder stream radius. The smaller distance to
the reference plane for this diameter has a smaller powder stream
radius compared to the larger diameter with the same distance.
This is in agreement with the findings of Li et al.12 The larger dis-
tance to the reference plane leads to a larger powder stream radius,
if compared to the larger diameters. This is most likely due to the
dispersion angle of the powder. Since the inner diameter of the
injectors is smaller, the powder stream is also smaller directly after
the injector opening. However, the higher dispersion angle
(Fig. 15) results in a faster-growing powder spot size along the
injector axis compared to the larger injector diameters. This leads
to the assumption that the injector diameter should not be
decreased under a certain threshold, since this would cause the dis-
persion of the powder to become larger. Comparable results were
found by Yao et al.9 Their findings were that the decrease in injec-
tor’s inner diameter from 3 to 2.4 mm leads to a decrease in the
dispersion angle from a single injector, from 20° to 18° in the tur-
bulence zone. A further decrease in the injector inner diameter to
1.8 mm increases the dispersion angle to 30° in the turbulence
zone. An explanation for this could be an enhanced interaction
between the injector wall and the particles. Each contact will slow
down a particle. This is in agreement with so lower particle velocity
for smaller inner injector diameter measured in this work (see
Fig. 15). If more collisions occur there is a higher probability that a
particle has a wall collision close to the injector exit, leading the
particle to exit at a wider angle. This is in agreement with the
larger dispersion angle measured in Fig. 15.

An increase in the laser spot size leads to a larger melt pool
that can incorporate more powder since the powder stream spot is
larger than the laser spot diameter. This leads to a decrease in the
laser power density since more powder absorbs the laser energy,
thus increasing the overall laser coupling efficiency of the process.
With a larger laser spot size, more particles that are incorporated
into the melt pool float before incorporation (Fig. 17). Also, with

FIG. 19. Box plots showing the time individual tracked particles float on the
melt pool before incorporation.

FIG. 20. Single frames from a high-speed recording of the LMD process with laser spot sizes 1.6 mm and 3.6 mm and the nozzle setup d = 1.7 mm; l = 10 mm.
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increasing laser spot size, fewer particles move while floating
(Fig. 18) but remain stationary on the melt pool surface for longer
(Fig. 19). This can be seen especially at the front of the melt pool;
see Fig. 20.

A lifting of particles from the melt pool after the initial
contact, as described in Ref. 18, can be seen for the duration of one
frame, followed by a long floatation time (Fig. 16). These long
times seem to be outliers, but they might be explained by a small
absolute number of larger powder particles. Larger particles, which
have a higher mass, heat up more slowly, thereby slowing their
melting and incorporation. Note that, assuming an ideal spherical
shape, the calculated mass of a particle with a diameter of 106 μm
is roughly 13 times the mass of a 45 μm particle. To gain more
insight into the effect of large particle size, more particles should
be traced per process.

V. CONCLUSION

The interactions between the powder stream, laser beam and
melt pool and the subsequent impact on the weld bead were inves-
tigated using a laboratory nozzle setup. The following conclusions
can be drawn:

• The injector diameter has a significant impact on the particle
velocity and dispersion angle. A larger inner diameter of d = 1.7
mm leads to a higher particle velocity of (8.2 ± 1.9) m/s and a
smaller dispersion angle of 7° compared to a smaller inner diam-
eter of d = 1mm. For the smaller inner diameter a particle veloc-
ity of (6.9 ± 1.5) m/s is achieved and a dispersion angle of 12°.

• With the small injector diameter of d = 1mm, a small powder
stream radius can be achieved, for which a small distance to the
reference plane is necessary.

• For an adaptive nozzle system, a large applicable field of working
distances is needed. This can be achieved by using a larger injec-
tor diameter nozzle, which has a more stable welding result with
different distances to the reference plane.
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