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Figure 4. Surface of post-exposure tip view patte@as.and (b) show the end of the lower str
exposure without shieldingas flow with the tnsition zone and thgeginning of light balling.
The bottom imageshow one section of the upper stripe with shielding gas flow (cyvahdut
shielding gas flow (d). In (d) strong balling can be obserRed.250 W ,Ve..,= 800 mm/s

The darkening and balling only occur irsahbce of the shielding gas flow. Residual oxygen
in the process chamber was carefully monitoredl leept below 200 ppm. Therefore, oxidation is
not considered as the cause for the darkening and the increased balling.

It was intended in the following to visualitee convection processes of heated gas and the
particle movement for finding an explanation on hbe absence of shielding gas flow leads to a
transition from a stable to an unstable proces&idanre 5 a comparison between Shadowgraph
(top) and Schlieren (bottom) imagis shown. The Shadowgraphames allow the illustration of
particles that block light such as metal condensad powder particles. The Schlieren images
enable the visualization of the cation flow of the heated shieldiggs. It needs to be noted that
Shadowgraph and Schlieren Imagesild not be taken at the satimae. Hence, the images show
the same exposure of a tip view pattbut are recorded in two separate experiments with differing
timestamps. The images show the process witklaoietding gas flow in rows (a) and (c) and with
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shielding gas flow in rows (b) and (d) at three different points in time. A dark plume with an
upwards direction can be seen at 283.985 ms into the exposure in the Shadowgraph image (a). The
corresponding Schlieren illustration at 283.968 ms in row (c) shows the convection of hot gas with
the same upwards direction. The images at 1324.915 ms (Shadowgraph) and 813.328 ms
(Schlieren) show the process entering the transition zone described in Figure 3. The plume in (a)
becomes lighter in color and the corresponding Schlieren image in (d) depicts a weakening
convection flow which indicates a change in process stability. The amount of ejected particles
seems to decline compared to the images at 238.985 ms. At 1419.545 ms (Shadowgraph) and
906.914 ms (Schlieren) the transition is completed and light balling begins to occur. A full
sequence of Schlieren images can be found in the Appendix.
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Figure 5. Tip view pattern exposure at start, transition and after transition with light balling.
Top: Shadowgraph Images without (row (a)) and with shielding gas flow (row (b)). Bottom:
Schlieren without (row (c)) and with shielding gas flow (row (d)). Schematic depiction of
scanning pattern at the bottom shows the current exposure position. P, =250 W, v,..,, = 800 mm/s
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The corresponding images of the shielding gas flow supported exposures in rows (b) and
(d) show no changes in plume behavior. The shielding gas flow pushes the heated shielding gas
and entrained particles from the right to the left side and away from the laser beam. This leads to
the assumption that the accumulation of particles in the process without shielding gas flow
influence the laser beam. The consequences might be the altering of the intensity distribution of
the laser beam through scattering as well as the absorption of portions of the light described by
S¢eglov in [8]. This assumption is supported by the change of the particle ejection direction during
the exposure of the side view pattern shown in Figure 6.
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Figure 6. Side view pattern exposure. (a) and (b): At start. (¢) and (d): after transition. Without
shielding gas flow. Left: Schlieren Images. Right: Shadowgraph Images. P, =250 W,
VSC[Z" = 800 mm/s

Hoppe et al. [4] analyzed the ejection direction of particles by measuring the ejection angle
from the melt pool via particle tracking. They investigated that at P, =250 W and v,... = 800 mm/s
the particles are ejected against the exposure direction by an average angle of 30° with regard to
the powder bed surface. The arrows in (a) and (b) indicate the ejection direction without shielding
gas flow at the start of the exposure of the side view pattern. The particles get ejected as described
by Hoppe et al. against the exposure direction with alternating orientation. This can be explained
by the bidirectional vectors of the scanning pattern described in Figure 1. After passing a transition
zone as described in Figure 3 and Figure 4 the ejection direction changes from 30° to almost
perpendicular to the powder bed as shown in Figure 6 (c) and (d). This leads to particles being
ejected almost directly into the laser beam. An increase of the ejection angle was also observed by
Hoppe et al. [4] when reducing the laser power P, while keeping the scanning speed constant. This
supports the assumption that the particles might attenuate the laser beam through scattering and
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absorption of light. The attenuation effect is reinforced by the particles being ejected almost
directly into the laser beam. This also explains the observation of increased balling on the surface
of the exposed areas in Figure 4. Powder particles are also lifted into the laser beam and
subsequently melted midair as depicted in Figure 7.

Position of laser beam e — AL
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Figure 7. Time sequence of the fusion of melted particles midair. Side view pattern without
shielding gas flow. P, =250 W, v, = 800 mm/s

These melted particles drop onto the solidified surface of the exposed areas forming solid
spheres. Some of the melted particles fuse midair and form larger particles with a diameter of up
to 250 um as shown in Figure 4. Part defects are more likely to happen in these areas since the
particles are remelted in consecutive layers as described by Tolochko et al. in [9] and Li, Liu et al.
in [10].

Through Schlieren and Shadowgraph imagery it is possible to visualize the changes in the
melting process in dependency of the shielding gas flow. The occurrence of balling is visualized
and linked to the change in ejection angle of the particles while the laser beam is altered before
reaching the powder bed. The darkening of the surface could not be explained by the Schlieren and
Shadowgraph imagery. Since oxidation can be ruled out as a reason it is thought that condensate
nanoparticles adhere to the solidified part surface. Particles with a diameter of 80 - 150 nm in the
welding plume are described by S¢eglov in [8]. These nanoparticles would be small enough to
cause the darker appearance of the surface by plasmonic surface resonance. To verify this
assumption, additional SEM images were taken with a magnification of 4000x and are shown in
Figure 8. Image (a) depicts the surface of a shielding gas supported exposure and (b) the surface
of an unsupported exposure.
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Figure 8. SEM images at 4000x magnification. (a) With shielding gas flow. (b) Without
shielding gas flow. P, =250 W, vs., = 800 mm/s

The surface in image (a) shows no sign of adhesion of particles smaller than 1000 nm.
Without shielding gas flow on the other hand, the surface is covered with particles smaller than
200 nm, which coincide with the expected size of 80 -150 nm. The sections of the exposed stripes
with evenly distributed melt tracks do not show a darkened surface nor nanoparticles. Hence, the
presence of the nanoparticles can only be linked to the interaction with the laser beam when the
particles are ejected perpendicular to the powder surface. A similar observation has been made by
Hoppe et al in [4] showing a powder particle interacting with the laser beam and then being
accelerated in direction of the powder bed surface. The reason is the almost instantaneous
evaporation of material on the laser beam facing side of the particle leading to recoil pressure. The
adhesion cannot be defined as strong since the nanoparticles can be brushed from the surface by
mechanical interaction.

It was shown that the absence of shielding gas flow leads to an accumulation of
nanoparticles in the process atmosphere leading to altered process conditions. This can be observed
via Schlieren and Shadowgraph imagery as well as surface topology analysis. To evaluate the
influence on the melting tracks we analyzed the shape of the exposure patterns. We expect the melt
track width to change after the transition zone since the laser beam characteristics seem to be
altered.

In Figure 9 detailed surface images of the scanning patterns from Figure 3 are depicted.
The boundary of the upper and lower stripe of a tip view pattern without shielding gas flow is
shown. The melt tracks of the lower stripe are evenly distributed while the upper stripe melt tracks
cannot be clearly differentiated from each other. The upper stripe melt tracks are wider compared
to the lower stripe melt tracks. The wider appearance suggests a conduction welding process. A
similar melt track topology can be seen in (b), which shows the transition zone. The lower stripe
melt tracks transition from narrow and evenly distributed melt tracks to wider non-distinguishable
melt tracks.
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Figure 9. Reflected light microscope images of tip view patterns without (a and b) and with (c
and d) shielding gas flow. (a) and (c) represents the boundary between the upper and lower stripe
near the beginning of the scanning pattern. (b) shows the transition zone and (d) the
corresponding section of a shielding gas supported pattern.

The melt track geometry imply that the laser beam is altered at the transition zone in (b).
The wider melt tracks can be explained by a reduction in laser power as well as a change in intensity
distribution. Further analysis of the melt tracks via cross sections need to be conducted to verify
the assumption of welding mode transition through attenuated laser power.

Conclusion

The presented work shows the importance of a reliable shielding gas flow for a stable L-
PBF process. Schlieren and Shadowgraph imagery enabled visualizing the convection flows that
entrain the nanoparticles emerging from the melting process. The nanoparticles are ejected into the
process chamber depending on the melt pool geometry and are then distributed through natural
convection. The absence of shielding gas flow leads to an abundance of nanoparticles in the
shielding gas atmosphere in the process chamber. These nanoparticles begin to interact with the
laser beam until reaching a tilting point. Entering a transition zone, the melt track topology changes
due to the altering of the laser beam possibly by means of absorption and scattering. In the transition
from a stable to an unstable process, ejection behavior changes and particles are directly lifted into
the laser beam leading to further attenuation and balling on the solidified part surface. A darkened
surface through adhered nanoparticles was observed after the transition zone indicating an unstable
process. The analysis of the melt track topology reinforces the observation made with Schlieren
and Shadowgraph images. The melt tracks after the transition zone become wider compared to the
melt tracks seen in a stable process with shielding gas flow. Since residual oxygen was kept below
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200 ppm, the most reasonably explanation for this behavior is the reduction of the effective laser
power reaching the powder bed and a change of the beam profile.

Following this work, further investigations on the altering of the beam profile and effective
laser power reaching the powder bed need to be conducted. The concentration of nanoparticles
leading to an unstable process are of special interest in a multi laser setup. Cross sectional analysis
of the melt tracks would prove the transition into a conduction welding regime and explain the
changes in particle ejection behavior.
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Appendix

Without shielding gas flow
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Figure 10. Shadowgraphy images of stripe exposures at different points in time Top: without
shielding gas flow. Bottom: with shielding gas flow from left to right. P,=250W,
Veean = 800 mm/s. Shadowgraphy of stripes tip. Time Axis
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