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Abstract

Spattering is an inevitable by-product of the laser-based powder bed fusion of metals (PBF-LB/M) that can lead to
deterioration of the part properties as well as degradation of the unmolten powder. To understand the spattering
phenomenon and develop effective countermeasures, a monitoring system is required that can record and process the 3-
dimensional movement behavior of the spatter particles. In this work, a stereo-vision camera setup with subsequent image
analysis is presented for the PBF-LB/M of the titanium alloy Ti-6Al-4V. The influence of the process parameters laser
power and scanning speed on spatter generation is also investigated experimentally. Spatter speeds between 13.01 m/s
and 35.77 m/s were determined. The results show a correlation between spatter generation and volume energy density.
An increase in spatter amount was observed when the laser power was increased, or the scanning speed was reduced.
Further, as the volume energy density increased, the spatter velocity also increased, and the spatter size decreased. In
addition to the process parameters, the influence of the gas flow on the spatter trajectory is considered. The gas flow in
the process chamber causes a change in the direction of the spatter trajectories as they leave the process zone. Spatters
already moving parallel to the gas flow are accelerated. This work highlights the importance of a 3-dimensional
monitoring of the spattering to develop a deeper understanding of the underlying mechanisms and shows that by adjusting
the process parameters the process can be significantly influenced.
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Consequently, the formation of spatters and their
deposition in the process zone are strongly linked to the
resulting part properties. To take effective
countermeasures and therefore improve process stability
and part quality it is fundamental to understand the

1. Introduction and motivation

The laser-based powder bed fusion of metals (PBF-
LB/M) is known for its ability to generate complex parts
with intricate shapes and its economic suitability for

small quantities and individual parts. Another often
mentioned advantage is the high degree of material
utilization [1,2]. However, this advantage only really
becomes apparent if the unmelted powder can be
permanently reused. Yet, it has been shown that the
more the powder is recycled, the more it degrades [3,4].
By Raza et al. spatter formation and the resulting
accumulation of oxidized particles is cited as the main
reason for this [5,6]. Spatter particles can be of various
shapes and sizes. Large agglomerate particles can be
sieved out before the next use. In contrast, small
particles, that might be severely oxidized can’t be
filtered out and can lead to mechanical or chemical flaws
in the final parts [7]. Furthermore, spattering can
degrade the surface quality of the built parts and by this
increase the likelihood of lack-of-fusion defects [8,9].

spattering phenomenon and the influencing parameters
in the PBF-LB/M process. To gain insights into the
process zone, suitable monitoring techniques to detect
and track the spatters are needed. According to Li et al.
the suitable techniques for spatter detection include the
use of visible-light high-speed cameras, X-ray video
imaging, infrared video imaging and schlieren video
imaging [10]. The use of visible-light high-speed
cameras represents a cost-effective and easy-to-integrate
solution provided that the installation is done in an off-
axis setup. On-axis setups are able to monitor the
meltpool in addition to the spatters and are used in
various studies as given by the review work of Li et al.
[10]. However, such a setup requires the integration into
the optical path which is not possible for all machines. It
also leads to a projection of the spatter trajectories onto
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the viewing plane and therefore the inability to correctly
determine the spatter velocities. An off-axial setup can
be integrated at any angle to the side of the process zone.
It is also able to observe the spatter ejection angles.
Using this type of setup, various works investigated the
spatter and plume behavior using image acquisition rates
between 2,000 and 20,000 fps [11-16]. Di Wang et al.
demonstrated that the type of spattering, i. e. the ejection
of droplet spatter from the meltpool and the ejection of
entrained and heated powder particles, is determined by
the energy input [11]. The energy input can be described
by the volume energy density Ev according to equation
1:

P

Ey = ht 1)

Andani et al. found that the underlying scanning speed v
had a stronger influence on the spattering than the
overall volume energy density [14], that also includes
the laser power P, the hatch distance h and the layer
thickness t.

A major disadvantage of spatter observation with a
single camera, both coaxial and off-axial, is that the
spatter movements are always projected onto the
viewing plane. This results in a falsification of the
spatter  velocities and a  three-dimensional
characterization of the trajectories is not possible. A
solution to this is the implementation of a stereo-camera
setup as presented by Barrett et al. and Eschner et al.
[17,18]. However, a detailed investigation of the
influences on the spatter behavior using this type of
monitoring has not been done so far. Therefore, this
work aims to provide first experiments with different
volume energy densities as well as different settings for
laser power and scanning speed and different scan
orientations with regard to the gas flow direction for a
self-designed stereo-vision camera setup. For evaluation
of the spatter trajectories a self-developed algorithm
using the computer vision library OpenCV in Python
was used.

2. Materials and methods

In the following, the used powder, the employed
machines as well as the monitoring system are
described. Detailed information about the stereo-
camera-based spatter detection is given and the chosen
experimental design is illustrated.

2.1. Material

In order to test the stereo-camera system and examine
the process influences, Ti-6Al-4V powder was
processed. The gas atomized powder has a mainly
spherical morphology, as it can be seen in the SEM
(scanning electron microscopy) image in Figure 1. It has

a specified particle size range of 20-63 pum and was
reused and sieved several times before the experiments.
The Hall flowability (ASTM B213) was measured to be
30 s/50 g and the apparent density 2.38 g/cms.
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Figure 1: SEM image of the used Ti-6Al-4V powder

2.2. Experimental equipment

For the experiments, a laboratory machine was used.
This machine is described in detail in [19] and was
originally developed to conduct the PBF-LB/M process
under an oxygen-free atmosphere, containing small
amounts of monosilane. However, the process can also
be carried out under conventional argon atmosphere
with a residual oxygen content of 0.01 vol.-%. Within
the machine a continuous wave Yb-fiberlaser (YLR-
500-AC by IPG Laser GmbH, Germany) with a
wavelength of 1070 nm and a maximum power of
500 W in combination with the scanner module AM-
Module Next Gen by Raylase GmbH, Germany is used.
For the process the minimum spot diameter of 38 um is
used.

Within the processing chamber the machine provides a
continuous argon gas flow with a speed of 1.7 m/s above
the powder bed to remove spatter and plume from the
process zone. A round buildplate with a diameter of
100 mm as well as a rubber lip coater are integrated.

2.3. Stereo-camera system and image
processing

To observe the process zone, the stereo-camera system
is placed in front of a monitoring window. The cameras
are installed slightly above the level of the powder bed
and are able to record the entire buildplate. Figure 2
shows a schematic representation of the process
chamber and the position of the stereo-camera system.
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Figure 2: Schematic representation of the process chamber
and position of the stereo-camera system

The implemented stereo-camera system consists of two
individual high-speed cameras (MQO03MG-CM by
XIMEA GmbH). With the dimensions of 26 mm X
26 mm x 24 mm and an image acquisition rate of 500 fps
these cameras represent a small, easy-to-integrate and
cost-effective (< 1000 €) solution for process monitoring
in PBF-LB/M-machines that are often very limited
regarding the available space. The cameras were
combined with the lenses T3Z3510CS (Computar by
CBC AMERICA LLC). Further technical information
regarding the cameras and the chosen settings are given
in Table 1.

Table 1: Technical camera information

Specification Value

Frame rate 500 fps

Resolution 648 pixel x 488 pixel
Exposure time 1.5ms

Acquisition time 20s

Color monochromatic
Sensor type CMOS

Data transfer USB 3.0

For image acquisition as well as subsequent image
processing and spatter trajectory evaluation python
scripts were developed using the computer vision library
OpenCV.

The workflow for the use of the stereo-camera setup to
determine the spatter trajectories consists of four
subsequent steps that are realized as single programs:
calibration, image acquisition, transformation into video
format and trajectory analysis.

Calibration is used to determine the geometric
arrangement of the cameras in relation to each other,
which is required for triangulation. In addition, the
calibration of the system serves to rectify captured
images. First, the camera parameters, such as the focal
length and the distortion factors, are determined for each
camera individually. The stereo system is then
calculated with the associated base length as well as the
rotation matrix and translation vector. Using the

determined parameters, rectification is then carried out
and a calibration file with the corresponding parameters
is created. For calibration purposes a checkerboard
pattern with known size of the single squares can be
moved inside the process chamber.

The camera manufacturer's APl (XIMEA CamTool) is
used to actually record the images. This allows to set the
acquisition rate and exposure time, which offers fine-
tuning to the respective process. After the images have
been recorded, they are initially written to a buffer.
When the buffer is completely full, recording ends and
the images are saved on the computer. A multi-process
is created in Python to read out the cameras, as this is the
only way two tasks can be carried out at the same time.
The subsequent transformation of the images into video
files reduces the required storage capacity and allows for
easier data exchange. The last program for the
determination of the spatter trajectories is divided into
the spatter detection and the spatter tracking.

In the first step, the edges of each frame are determined
using the Canny edge detection algorithm. Next it is
checked whether the edges can be combined to form
contours, such as object outlines. If there are contours in
the frame, their shape is examined. If a contour is
recognized as elliptical, it is detected as a possible
spatter. This process is also demonstrated in Figure 3.

Original image Edge image Detected spatters

Process zone

Spatter

Figure 3: Steps for spatter detection consisting of the original
image, edge detection by Canny edge detection algorithm and
determination of elliptical contours.

The disparity of the object in the right frame is
determined based on the position information of the
contour in the left frame. The disparity is then used to
determine the 3D position of the spatter. After the spatter
detection the spatter tracking can be carried out.

The task of the tracking algorithm is first to determine
whether the spatter found has already appeared in one of
the previous frames or whether it is a new spatter. For
this purpose, various spatter parameters are compared
including the frame number, spatter number, flight
direction and size of the spatter. The flight direction is
approximately calculated as a straight line along the
main axis of the ellipse of the respective spatter with
which the new one is compared. If the distance between
the two spatters is smaller than specified, their direction
of flight is compared in the second step. This is done
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based on the respective angles as shown in Figure 4. For
the general evaluation only spatters that appear in more
than one frame are considered.

X Frame 1 X Frame 2

Yy Y %
/ Smallest

distance

Main axis of spatter (current frame)

Figure 4: Comparison of spatter flight direction

2.4. Experimental Design

To characterize the spatter behaviour under different
processing conditions, a dedicated buildjob was
designed. Figure 5 shows the buildjob layout including
the gas flow direction (blue), the hatching direction (red)
as well as the coordinate system for later evaluation of
the camera images.

The buildjob contains four quadratic specimens with a
side length of 10 mm of which two are hatched parallel
to the gas flow and the other two perpendicular to it.
Unidirectional hatching without rotation between the
layers was implemented to allow the evaluation of the
influence of the gas flow on the spattering. A constant
layer thickness of 30 um and a hatch distance of 100 pm
as well as no preheating were used. Before the
acquisition of process images, it was made sure that a
homogeneous powder bed was established after the first
layers. Since no further evaluation of the specimens was
planned at this point, the buildjobs were stopped after
the acquisition of the images.

Table 2: Parameter settings

R |

=
Z >
‘—? e 2 cm
A
gas flow

Figure 5: Buildjob layout for spatter characterization with
hatching direction marked by red arrows

The buildjob was repeated 3 times with different settings
for the parameters laser power P and scanning speed v
to realize different volume energy densities (see Table
2). The first buildjob served to investigate the influence
of the scanning speed on the spatter behavior while the
laser power was kept constant.

The second buildjob was conducted to investigate the
influence of the laser powder while keeping the scanning
speed constant.

In the third buildjob, the settings for laser power and
scanning speed were varied simultaneously. For
comparability, the parameter settings were chosen in a
way that the volume energy density for the specimens 1
and 2 as well as 3 and 4 for were the same for all
buildjobs. This allows for the investigation of the
parameter influences at constant volume energy density.

Buildjob Specimen Scan direction Parameter settings Volume energy density
; ; P =200 W, v =1000 mm/s 66.67 J/mm3
1 i ; P =200 W, v =700 mm/s 95.24 J/mms3
; ; P =260 W, v=1300 mm/s 66.67 J/mm3
2 j ; P =372 W, v=1300 mm/s 95.39 J/mms3
; ; P =140 W, v =700 mm/s 66.67 J/mm3
3 j ; P =286 W, v =1000 mm/s 95.34 J/mms3
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3. Results

In the following the results regarding the influence of the
gas flow as well as the varied parameters laser power
and scanning speed and the resulting volume energy
density are presented.

3.1. Influence of gas flow

In a first step, the influence of the gas flow orientation
with regard to the scan direction was investigated.
Figure 6 shows the observed spatter trajectories for the
scanning perpendicular to the gas flow (left) and the
scanning parallel to the gas flow (right) for otherwise
constant process parameters (P = 200 W, v =
1000 mm/s).

It can be seen that by scanning perpendicular to the gas
flow, that the spatter trajectories have a curved shape,
confirming the drag out of the process zone by the gas
flow. The effects of the of the gas flow are also reflected
by the speed of the spatter. The average spatter speed
when scanning against the direction of the gas flow is
3.23 m/s. It is therefore higher than when scanning
perpendicular to the gas flow where an average spatter
speed of 2.78 m/s was determined. This can be explained
by the additional acceleration of the spatters by the gas
stream that are mainly ejected in the opposite direction
of the scanning direction.

3.2. Variation of the scanning speed

The spatter trajectories were evaluated for different
scanning speeds. Figure 7 shows the detected
trajectories for a scanning speed of 700 mm/s (left) and
1000 mm/s (right).

A significantly higher number of trajectories could be
determined for the lower scanning speed (650
trajectories) in comparison to the higher scanning speed
(209 trajectories). Furthermore, a difference in spatter
size was observed with larger spatters for higher
scanning speed (see Table 3). However, no influence on
the spatter speed was seen.

Table 3: Spatter properties for constant laser power (200 W)

Mean Mean
Direction | Spatter  spatter spatter
inmm/s amount  speed size
inm/s in px
X 1000 203 2.78 15.77
700 641 3.32 12.13
v 1000 209 3.22 23.95
700 650 3.14 18.65

3.3. Variation of the laser power

Figure 8 exemplarily shows the results of the spatter
detection for different laser powers (left: 260 W, right:
372 W) at constant scanning speed in Y-direction.
Comparing the two graphs reveals that for a higher laser
power more spatters can be observed. Additionally,
Table 4 shows that the spatters are smaller and have a
higher speed for higher laser power. The differences in
speed and spatter amount are more pronounced when
scanning in X-direction (perpendicular to the gas flow).
When scanning parallel to the gas flow also a decrease
in spatter size can be observed for increased laser power.
When scanning perpendicular to it in X-direction the
difference in spatter size is less pronounced.

Table 4: Spatter properties for constant scanning speed
(1300 mm/s)

Mean Mean
Direction P Spatter spatter spatter
inW amount speed size
in m/s in px
X 260 195 3.34 17.77
372 597 5.01 16.01
v 260 43 3.67 35.77
372 197 4.01 25.93

3.4. Investigations at constant volume energy
density

In the investigations described before, a variation of the
respective process parameter always resulted in a change
of the volume energy density and therefore led to a
different energy input into the process zone. To
investigate the influences of laser power and scanning
speed irrespective of the resulting volume energy
density, both parameters were varied simultaneously.
Figure 9 shows three process scenarios with the same
volume energy density (here Ev = 66,67 Ws/mm3 was
chosen exemplarily). The graphs of the determined
trajectories are shown in ascending order according to
the parameter settings. In a) the parameter combination
with the lowest values (P = 140 W, v = 700 mm/s) is
shown, followed by b) with the values P =200 W and v
= 1000 mm/s and finally in c) largest with P = 260 W
and scanning speed v = 1300 mm/s. The top views on
the left of each image show that the number of spatters
decreases with increasing values for P and v.
Furthermore, the side views on the right show a
declining spatter ejection angle for increasing parameter
values. Both observations are also confirmed by the
determined figures displayed in Table 5. Here it can also
be seen that with increasing values for P and v, the
spatter speed and spatter size both increase.
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Table 5: Spatter properties for constant volume energy
density (66.67 J/mm3)

Mean  Mean
!I)lrect- Parameters Spatter spatter spatter
ion amount speed  size

inm/s___in px

P=140W
v =700 mm/s 379 2.59 13.01
Ev=166.67 J/mm3

P=200W
X v =1000 mm/s 203 2.78 15.77
Ev=166.67 J/mm3

P=260W
v =1300 mm/s 195 3.34 17.77
Ev=166.67 J/mm3

P=140W
v =700 mm/s 599 2.79 13.18
Ev=66.67 J/mm?3

P=200W
Y v = 1000 mm/s 209 3.23 23.95
Ev=66.67 J/mm?3

P=260W
v = 1300 mm/s 43 3.67 35.77
Ev=66.67 J/mm?

4. Discussion

The results show that the developed system is able to
record and process the spattering with high precision and
allows thorough analysis of different spatter properties.
However, since the cameras are working in the visible
light spectrum, only hot spatter particles can be
observed. According to Ly et al., the majority of spatters
originates from entrained powder [20]. Not all of these
particles are heated up. Consequently, there is an
unknown proportion of spatters that cannot be detected
with this system. Furthermore, as the particles cool
down, they appear smaller on the camera images since
less light is emitted from them.

Furthermore, it was noticed in some evaluations that
there were some trajectories that deviated from the
majority of spatter trajectories. These are classified as
possible misdetections of the program that could not be
filtered out. Possible causes for the false detections
include reflections that were not eliminated or incorrect
assignments in the tracking algorithm. However, the
number of possible errors is rather low compared to the
total number of splashes detected. Based on this, the
results are only slightly influenced by the false
detections. Nevertheless, future investigations will aim
to improve the algorithm.

The detected spatter speeds in this work range from
13.01 m/s to 35,77 m/s and are therefore comparable to
the values reported by Ly et al. with 2 — 20 m/s [20].

Nevertheless, it is important to mention that different
monitoring setups lead to different results especially
regarding the spatter speed since single camera setups
lead to a projection of the spatter trajectories onto the
viewing plane.

The experimental results show that an isolated variation
of laser power and scanning speed leads to similar
results regarding the spatter amount and size. A decrease
in scanning speed as well as an increase of the laser
power both lead to an increase in volume energy density.
This results in a higher number of detected spatters and
a decreased mean size of these spatters. A higher energy
input leads to higher melt pool temperatures and
therefore a reduced melt viscosity. It is therefore easier
for droplet spatters to escape from the melt pool.
Additionally, more particles are entrained from the
surrounding powder bed increasing the number of
heated particles that also appear as illuminated spatters
on the camera images.

However, when investigating process scenarios with
constant volume energy density it can be seen, that the
spatter behavior cannot be explained solely by this
parameter. Instead, the underlying settings as well as the
scanning strategy with regard to the gas flow need to be
taken into account. It was demonstrated that an increase
of both, laser power and scanning speed at constant Ey
led to less and larger spatters. This supports the results
of Andani et al. that show that the scanning speed has a
greater influence than the laser power [14]. The higher
the scanning speed the higher the cooling rate of the melt
pool. Furthermore, the scanning speed influences the
inclination angle of the front and back wall of the
keyhole and therefore the spatter angle as demonstrated
by the presented spatter trajectories in Figure 9. With
increasing scanning speed, the keyhole is wider and less
deep [11,21]. This results in a more backward orientated
spatter ejection compared to an upward ejection for low
scanning speed. The higher spatter speed, amount and
size when scanning in Y-direction (parallel to the gas
flow) can be attributed to the penetration of the melt pool
by the gas flow as well as the additional acceleration of
the spatters. The majority of spatters flies in the opposite
direction of the scanning direction. Thus, in the case of
scanning in Y-direction the spatter trajectories already
coincide with the gas flow direction and gain more
speed. The penetration of the melt pool by the gas flow
is promoted when scanning in this direction. It induces
melt pool instabilities and therefore causes increased
spatter generation. To reduce the spattering and improve
process stability and part quality it is therefore
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recommended to primarily adjust the scanning speed
and then adjust the laser power based on additional
quality parameters like porosity and roughness.
Scanning parallel to the gas flow is highly
disadvantageous and should be avoided.

It is important to mention, that the presented results were
obtained through the conduction of single buildjobs.
They serve to give a first impression of the underlying
mechanisms of spatter generation and to demonstrate the
feasibility of the developed stereo system. For
statistically secured statements, it is necessary to

conduct a higher number of buildjobs and a broader
range of parameter settings in future studies.

Regarding the industrial applicability the demonstrated
system represents a highly useful and easily integrable
solution that could also be used in commercial machines.
Since only two USB connections are needed, not much
wiring is required. The developed programs for
evaluations could supplement existing commercial tools
like melt pool monitoring.
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5. Conclusion and outlook

In this work, a stereo-camera system was set up and
programs for spatter detection and tracking in the three-
dimensional space were developed. These programs
were then used to investigate the influence of the gas
flow as well as the process parameters and the resulting
volume energy density on the spatter behavior.

The following conclusions can be given:

Using two low-cost, small-sized high-speed
cameras with a framerate of 500 fps and
implementing a python algorithm using
OpenCV and the Canny edge detection
algorithm  enables the three-dimensional
tracking and characterization of spatters.

The gas flow strongly influences the spatter
trajectories. A perpendicular orientation of gas
flow and scanning direction results in curved
trajectories. When gas flow and scanning
direction coincide, higher spatter speeds, spatter
amounts and sizes can be observed.
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- The spatter characteristics are influenced by the
volume energy density and the underlying
parameters scanning speed and laser power. The
scanning speed has a stronger influence. For
increasing values, a decreasing spatter angle
could be observed.

This work shows the importance of not only optimizing
the volume energy density for reducing the spattering
but also to adjust the underlying parameters and the
orientation towards the gas flow. Future investigations
will provide deeper insights into the influence of the gas
flow speed as well as the correlation of the spatter
characteristics and part properties including porosity and
roughness.
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