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Abstract

Laser powder bed fusion is a widely used additive manufacturing process, which is
dependent on various influences. Layer-wise melting of powder generates successive heating and
cooling, which affects the local microstructure of the manufactured part. Especially geometry-
dependent heat distribution leads to inhomogeneous local solidification and microstructure.
Therefore, control strategies are required which locally adapt the process parameter depending on
the part geometry and building process. In this paper a voxel-based control strategy for the laser
power is designed. A voxel size of 100 um considers the local heat distribution of each point’s
vicinity and adjusts the parameter voxel-wise. In addition, a machine-independent methodology is
developed to execute the voxel-based parameters in vectors for the laser powder bed fusion process.
Furthermore, the limits of the laser power adaption are identified experimentally. The presented
results demonstrate an improved part geometry, surface roughness and a homogenization of the
material properties.

1. Introduction

Additive manufacturing processes have been increasingly used in industrial manufacturing
in recent years. An increase in global sales of additively manufactured products and services was
reported by almost 20% from 2022 to 2023 [1]. Layer-by-layer production makes it possible to
manufacture complex geometries such as fine structures integrated into closed cavities or cooling
channels into walls [2,3,4]. However, the cost and time efficiency for single part production or
small series is much higher compared to conventional processes [5]. The desired component can
be manufactured direct from the computer-aided design (CAD) model without the need for
additional auxiliary tools.

However, manufacturing parts with increasing complexity requires the quality of the
manufacturing process to be constantly improved. For example, the dimensional accuracy of
additively manufactured channel structures is dependent on their position and orientation within
the build space. Horizontal bores and channels tend to exhibit sagging on the upper side [6], which
cannot be corrected through subsequent machining in the case of twisted channel structures. In
addition, complex quality assurance is often necessary for high-risk components [7]. One way to
increase the process quality of additive manufacturing processes is to adjust the process parameters
locally within a component. Due to the high geometric complexity of the manufactured
components, the process conditions within a component are not uniform. For instance, as the height
of the component increases, the heat of the powder to be melted can also increase [8]. By adjusting
the process parameters, the homogeneity of the microstructure can be increased. Open and closed
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loop controls are investigated to compensate for process inhomogeneities and to enhance
dimensional accuracy and surface quality. A common open control loop approach is the upskin and
downskin exposure method which involves multiple irradiations and energy input reduction in
areas which are in contact with the powder bed [9,10,11]. An example for a closed-loop feedback
control was presented by Kavas et al., which enables the in-layer temperature stabilization [12].

In this work an open control loop is developed, which considers the heat distribution inside
an additive manufactured part of each point’s vicinity. The Powder Bed Fusion with laser beam
and metallic powder (PBF-LB/M) process uses a laser beam to melt metallic powder at the desired
areas inside each layer to generate the final product. The locally varying energy dissipation causes
locally different boundary conditions for the powder melting process which is one main reason for
part and surface inhomogeneities. Adjusting the laser power accordingly enables a more stable and
homogeneous process and product. Previous works studied the thermal history of parts using neural
networks and showed improved mechanical properties [13]. To avoid time and cost consuming
data generation and training of a neural networks in this work a geometrically based control
approach is developed which generates a voxel-based laser power parameter set. Additionally, a
translation of voxel-based to vector-based parameters will be introduced to enable the processing
of those parameters.

2. Methodology development

The main influences on the formation of a melt pool and its solidification process are the
energy introduced by the laser beam, the heat radiation to the environment and the heat conduction
in the building platform, component and powder bed. Energy losses by thermal radiation can be
neglected due to the small radiating surface area compared to the volume which contributes to the
heat conduction. To account for the described energy balance of the process, a voxel-based
parameter set is generated, allowing for locally variable laser power values. These voxel-based
parameters (B.2) are generated during process preparation after CAD data preparation (A) and
parallel to the scan vectors for the exposure strategy (B.1), which is depicted in Figure 1. Therefore,
the position, direction and sequence of the individual scan vectors cannot be considered during
analysis, as these are only created according to a fixed pattern at a later point in the data processing
chain. The machine, the used material and the process boundary conditions can be assumed to be
constant for the power adjustment module presented in this work. Dividing the component into
multiple voxels generates a large number of elements (e.g. 320,000,000 for a cuboid with an edge
length of 40 mm) which is why the underlying calculation for each element must be kept simple
and parallelizable. This is why the developed approach takes only the geometric boundary
conditions into account, which have an influence on the melting process.

@ Sliced model Expanded Control of the
@ CAD model O, @ PBF/LB-M
@ Voxel-based system

parameter set

Figure 1: Expanded process preparation and methodological approach
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Two cases must be considered while analyzing the heat distribution during the powder
exposure. The first case is geometrically stationary and considers the powder being exposed in the
component core. The process energy is mainly transferred into the already produced component by
heat conduction (Figure 2, left side). The area around the melt pool which heats up during the
exposure of the powder is called heat-affected zone. The second case is unsteady due to the heat-
affected zone being partly filled with powder (Figure 2, right side). A significant difference in the
temperature-dependent thermal conductivities between solid material (45(T)) and powder (1,(T))
is present because the gas between the powder particles can be considered as an isolator [14]. In
the transient case, heat build-up can occur, resulting in an enlargement of the melt pool and thus in
unwanted melting of additional material [15,16,17].

Stationary case in the component core Unsteady case with overhangs

Heat-affected zone

w ) B
A(1) =135 —363 — 1 25(T) = 0,05 ~ 0,28 —

Figure 2: Heat-affected zone in geometrically stationary (left) and unsteady (right) case [14]

In this work, the developed approach sets the volume of solid material in the heat-affected
zone in relation to the volume of the powder material. The derived factor will be used to adapt the
laser power inside the respective voxel, which aims at a stabilization of the melt pool in critical
component areas. To ensure a machine-, material- and parameter-independent approach, the size
and shape of the analysis space should be freely definable. This also enables the controllability to
which extent geometric aspect are considered. In Figure 3 a 2D simplification of the procedure is
illustrated, in which the relation of solid and powder material is analyzed. The voxel grid outlines
each defined voxel of the component. Some voxels consist of powder material, whilst others are
solid. The active voxel refers to the voxel, which is analyzed during this step. The analysis area
describes the area around the active voxel, which is considered as the heat-affected zone and
therefore contributes to the heat distribution. The volume of solid material V; and the volume of
powder material V, are calculated using binary 3D matrices which greatly reduces the required
computational effort and the amount of memory. The adjusted laser power P, , of the current active
voxel is calculated using Equation 1 [14].

Vi
Pl,a = Pl,min + (Pl,q - Pl,min) (m) (Eq 1)
1 2

Py 4 represents the laser power of the parameter set already qualified for the geometrically
stationary case, which is often referred to as standard parameter. The factor P ,;, ensures that the
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calculation does not fall below a definable minimum laser power. This is necessary, as insufficient
laser power may prevent the powder from melting. The difference between P,  and P} i, therefore
represents the range in which the laser power can be varied. The calculation is performed for each
voxel of the component and the results are stored in a 3D matrix. Since the calculation of a voxel
has no influence on the calculation of the adjacent voxels, the calculation of the component analysis
can be parallelized and can be greatly accelerated by using multi-core or graphics processors.

voxel in
component )

voxel in
powder bed

: 00 100 @)
[ — |
X analysis area

Figure 3: Analysis approach for adapting the laser power to the local geometry conditions [14]

After the creation of the 3D matrix (B.2), containing the adjusted laser power parameters,
and the creation of the sliced model (B.1), the next necessary step for processing is the formation
of an expanded sliced model (C) (Figure 1). The transformation of those voxel-based parameters
into vector-based parameters is visualized in Figure 4. On the left side, the voxel matrix is depicted,
with different colors representing varying parameter values. In the middle of Figure 4 all individual
vectors of the sliced model are illustrated. The height of a voxel corresponds to the layer height of
the sliced model, which is why the number of layers of the sliced model is similar to the number
of voxels in vertical direction. To enable a machine processible parameter set the voxel-based
parameters have to be transformed to vector-based parameters, which can be integrated to the
already sliced model (Figure 4, right side).
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Figure 4: Transformation of voxel-based parameters (left) to vector-based parameters (right).

+
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Therefore, this transformation is performed after the voxel model is generated and the CAD
model is sliced. Each vector of the sliced model is geometrically compared to the voxel matrix and
parameters are extracted. In Figure 5 the process of a single vector profile generation is displayed.
At first, the vector will be geometrically placed inside the corresponding layer of the voxel matrix.
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Since the vector is one-dimensional, it will be expanded with the laser beam diameter to a two-
dimensional area, which can be seen on the left side of Figure 5 with the gray area and dashed
outline. The orientation of the scan vector is independent of the voxel orientation, so each vector
must be examined individually. The geometrically independence occurs because the voxels
maintain a consistent orientation throughout the entire component, while the scan vectors can rotate
within each plane based on the scan strategy.

Scan vector with laser beam diameter

entire
voxels

exact area
within

4~ _max @ min

Process parameter rising

Figure 5: Process of a single vector profile generation

After expanding each vector to an area, this long vector area will be discretized, so several
small segments are present inside one vector. This is necessary to generate a parameter profile
inside each vector. The discretization step size, which is similar to the minimum vector length, for
a parameter change results from the hardware limits of the system. The minimum vector length
Imin is calculated using Equation 2 based on the specified output period T, Of the used control

card and the maximum speed vy,¢., USed in the experiment.
min = Vlaser - Ustep S (Eq. 2)

A safety factor S accounts for the potential reduction in the theoretically possible vector
length caused by high data transfer rates and interference during transmission. Each of those
segments is then analyzed individually to generate a parameter value. The center of Figure 5
illustrates several variants that define the voxels to be considered for the vector-based parameters
for one vector segment. These multiple variants enable the emphasis of different parameter
distributions. In this work all voxels inside the vector segment are considered, which is referred to
in Figure 5 as “exact area within”. Additionally, if the voxel is only partly inside the vector
segment, it will also only be weighted proportionally. The selected voxels are then aggregated into
a single parameter value, which is assigned to the vector segment. The choice between the mean
value of the parameters, the minimum, and maximum values of the parameters within this vector
element can be made. In this work the mean value is calculated. The difference between the three
methods of aggregation is illustrated on the right side of Figure 5. Each vector segment of each
vector inside each layer must be analyzed to generate a complete transfer of a voxel-based to
vector-based parameter set. Since each vector segment has no influence on the calculation of the
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adjacent segment, this process also can be parallelized and greatly accelerated by using multi-core
or graphics processors.
3. Experiments

To validate the developed process control, it is first verified whether the laser power can be
adjusted accordingly, which is a crucial step to enable the creation of the expanded sliced model
(Figure 1, C). Additionally, it is analyzed whether critical component areas can be identified with
the module (Figure 1, B.2). The aim of the final validation is to check whether the component
quality can be increased with the usage of the introduced methods.

To verify sufficient adaptability of the laser power for the creation of the expanded sliced
model (Figure 1, C) the PBF-LB/M system Aconity MIDI from the manufacturer Aconity3D
GmbH is used. This system is characterized by a building chamber with a diameter of up to 170 mm
and a height of up to 180 mm as well as a process monitoring system consisting of two on-axis
pyrometers and an on-axis high-speed camera. In total, both pyrometers cover a wavelength range
from 1450 nm to 1700 nm and 2000 nm to 2200 nm at a frequency of 100 kHz. The output of both
pyrometers corresponds to the measured intensity of the melt pool radiation in the form of a voltage
signal, whereby the output ranges from 800 mV to 4000 mV. A single-mode fiber laser with the
designation CFL-500-SM from nLight is used as the laser source. The maximum power of the laser
is 500 W, with a maximum rise and fall time of the laser of 5 ps. A SP-ICE-3 control card from
RAYLASE GmbH is used to control all components of the PBF-LB/M system. With an output
period of 10 ps, individual components can be controlled at a frequency of 100 kHz. The test
chamber is flooded with argon during the test. In addition, an argon protective gas flow ensures the
removal of fumes that form when the material melts.

Sufficient adaptability of the laser power is ensured if the transition from the lowest to the
highest power value can be achieved within the shortest processing time. Therefore, single line
tests are performed wherein the laser power is linear increased and decreased from lowest to highest
power value. The test is conducted on an AISI 316L substrate plate without a powder bed to analyze
the machine behavior independently of powder melting dynamics. Apart from the laser power, all
additional process parameters are sourced from the standard parameter set provided by the
manufacturer Aconity GmbH. Figure 6 shows the experimental setup to verify the laser power
adjustability. Each vector includes a linear power profile from 0 W to 450 W or from 450 W to
0 W, while the length of the vector decreases which is consequently leading to an increased or
decreased slope of the power adjustment. Each vector is performed three times to assure statistical
validity. Table 1 contains the dimensions of all vectors from left to right with the constant gap
length between all vectors.
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Figure 6: Experimental setup to verify the laser power adjustability
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The lengths and the total power increase of 450 W over the length of the vectors result in a
power change of 95.74 W/mm to 1363.64 W/mm is which is sufficient for the verification as the
power change inside a voxel-based parameter set will not exceed these values. The discretization
step size of 0.1 mm is used to generate the profile, as it includes a safety factor S of 8.33, which
ensures safe operation during the process.

Table 1: Dimensions of the scan vectors for verifying laser power adjustments

Scan vector length in mm Gap length in mm Power profile

47,3.7,2.85,2.2,1.7, 2.3 Linear rising and falling from 0 W to 450 W
1.3,0.95, 0.7, 0.5, 0.33

In addition to verifying power adjustability, a verification is performed to determine
whether critical component areas can be detected using the proposed method for creating the voxel-
based parameter set (Figure 1, B.2). An EOS M290 PBF-LB/M system from the manufacture EOS
GmbH is used to perform voxel-related experiments. The building chamber is square shaped with
a length of 250 mm and a height of 325 mm. The process monitoring system consists of multiple
temperature sensors, two photo diodes, and an optical tomography camera. The temperature
sensors are located inside the substrate plate support and upper part of the building chamber. One
photo diode is on-axis to capture detailed measurement data of the melt pool, while the other is off-
axis to provide an overview of the total building platform. Both diodes cover a wavelength range
from 400 to 900 nm. The optical tomography camera is referenced as “EOSTATE Exposer OT”
and contains a CMOS sensor capturing the entire building platform in the near infrared regime
from 887.5 nm to 912.5 nm with a frequency of 10 fps. During operation, the system maintains an
argon inert gas atmosphere. The used material for the substrate plate as well as the powder is the
AISI 316L stainless steel. Except for the laser power, an optimized standard parameter set of the
manufacturer EOS GmbH is used.

To verify the method, a cuboid component with a base area of 15 mm x 7 mm, a height of
15 mm and a horizontally oriented hole with a diameter of 7.5 mm is manufactured using the basic
parameter set. For generating an optimized power parameter set, a cylindrical analysis area is
selected with the active voxel positioned at the center of the top surface. As additional parameters
only the radius a, and the length a; of the analysis area must be defined. To narrow down the size
of these geometry parameters for the given combination of material and process parameters, a
preliminary test is first carried out to investigate how an overhang affects the melt pool of the
subsequent layers. During the building process the “EOS Exposer OT” system captures the
luminous intensity, which is optically evaluated afterwards.

The result of the analysis is shown in the form of integrated light intensities in Figure 7.
The overlap area between the stripes of the selected exposure strategy is shown brighter in this
illustration due to the double exposure and is not considered in the evaluation. The critical area of
the component is at the upper edge of the hole (layer 1), where a horizontal overhang with a length
of 0.73 mm must be closed. In this region, the intensity is significantly higher compared to the rest
of the component. In the subsequent layers, the overhang area becomes less pronounced. From the
eleventh layer above the overhang, no direct influence on the melt pool is detectable using the
employed method. Therefore, for validation a maximum cylinder length of 10 layers or 200 um is

846



used. The minimum analysis radius is determined by the voxel size of 0.1 mm. With a radius of
0.05 mm, the analysis area extends exactly one voxel in the X-Y plane. When adjusting the laser
power, only the voxels directly below the analysis point are considered. For the maximum
extension of the analysis area, a value of a, = 0.5 mm is chosen, corresponding to approximately
five times the melt pool width. The third adjustable parameter is the minimum laser power P pin

Layer: 1 2 4 8

: overhang region

Presentation of the integrated luminous
intensity of the EOSTATE OT system

Figure 7: Influence of the vertical distance to an overhang on the light intensity of the melt pool.
which is determined experimentally.

For the verification of the process module, the three mentioned parameters are varied in
three steps each, which are listed in Table 2. With the variation of the discussed parameters, it is
possible to verify if critical areas are detected by the method and if adjustments to the detection
can be made.

Table 2: Parameters for verifying the detection of critical component areas

Parameter / Symbol Steps in SI unit Steps in corresponding values
Length of analysis area / q; 80, 140, 200 um 4,7, 10 layers
Radius of analysis area / a,. 0.05, 0.25, 0.5 mm 1, 2.5, 5 voxels

Minimum laser power / Py pin 30,45,60 W

Finally, the developed method will be validated by determine whether the control module
can adjust the dimensional accuracy of manufactured components. The same test sample geometry
will be used as depicted in Figure 7. Only the bore diameter d,, will be varied between 5 mm and
7.5 mm additionally. The circularity of the hole is used as a quality criterion, which is measured as
shown in Figure 8. A depth-focused image of the borehole was captured using a transmitted light
microscopy VHX-5000 (Keyence Corporation, Japan), achieving a resolution of 4.4 um per pixel.
This was accomplished through a focus variation technique applied across the entire length of the
borehole.

The result is a shadow image of the borehole, which represents the smallest possible optical
cross-section over the entire length of the borehole. A circle with the smallest square deviation of
the distance from all examined pixels is generated and its center is determined according to the
method developed by Pratt [18]. The distances between the pixels of the cross-section and the
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binary image radius evaluation

target radius === minimal radius maximal radius

Figure 8: Comparison of measured and predicted temperature (right) for a complex geometry (left)
center point are then calculated. The difference between the minimum and maximum distance
represents the circularity of the hole.

A full factorial experimental design is implemented, including the parameters and steps
listed in Table 2. To achieve a higher accuracy of the minimum power P, ,;,, the minimum laser
power P iy is extended with the values of 30 W to 60 W in 5 W steps. A stripe pattern is used as
scanning strategy with a layer rotation. To compare the influence of the adapted process control,
reference samples with the verified standard parameter set are manufactured. Additionally, further
samples will be fabricated using a downskin parameter set qualified by the manufacturer, matching
the standard parameter set. Six samples are produced with each parameter set and diameter,
distributed over six different print jobs.

4. Results

To verify the adjustability of the laser power to create the expanded sliced model
(Figure 1, C) a test series is presented, in which single laser line test are performed with linear
power increase and decrease. The results of the linear decreasing power profile are shown in
Figure 9. On the left side light microscope images of the shortest five vectors are shown with its
target and actual length. Except the shortest vectors, all other melting paths show a continuously
tapering melting path until the end of each vector. The shortest vector depicts an oval silhouette.
The actual length of those vectors is always shorter than the target length, whereas the difference
is getting smaller for shorter vectors. The right side of Figure 9 shows the averaged pyrometer
signal for all processed vectors over the time. Green parts display the time periods when the laser
IS turned on and emits a laser beam. After the laser is turned on, the pyrometer signal in each
segment rapidly increases to a maximum of 970 mV before subsequently returning to the ground
level.
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Figure 9: Light microscope images (left) and pyrometer signal (right) from single line tests with linear
decreasing laser power

In Figure 10 the results are similarly depicted as in Figure 9 with the only difference, that
the laser power increases over the length of the vectors. The melting pool of the two larger vectors
is widening over the length of the vector, whereas the smallest vectors show an oval silhouette.
Similar to the decreasing laser power, the actual length of the melting path is smaller than the target
length. The pyrometer signal of all vectors is shown on the right side. After the laser is turned on,
the pyrometer signal stays at the ground level for a few milliseconds until it starts to linear rise to
the maximum pyrometer output of 910 mV. Only the last four vectors do not reach the maximum
and peak at a lower value.
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Figure 10: Light microscope images (left) and pyrometer signal (right) from single line tests with linear
increasing laser power

In addition to the verification of the power adjustability, a second verification was
conducted to determine if the developed method for generating the voxel-based parameter set
(Figure 1, B.2) can detect critical component areas. An excerpt of the results of the power
adjustment module are presented in Figure 11. The images in Figure 11 show cross-sectional view
with voxels colored according to the laser power calculated by the module, along with an enlarged
view revealing the voxel grid. The cross-section in the X-Z plane of the borehole overhang displays
power adjustment results at different analysis lengths a;. The length determines the number of
layers above an overhang in which the power is gradually adjusted. Fixing the analysis radius to
a, = 0.25mm and the analysis length to a; = 0.14 mm and only varying the minimum laser
power levels does not influence the area of power adjustments. Instead, the power gradient becomes
less steep with an increase of the minimum laser power.
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Variable analysis length a; = 0,08-0,2 mm; a, = 0,25 mm; P ,,,;,= 45 W

40 80

laser power [W]
Figure 11: Influence of the analysis parameters on the laser power adjustment

Different results are present when varying analysis radii a, with a constant analysis length
of a; = 0.14 mm and a constant minimum laser power P} ,;, = 45 W. With the smallest radius
a,. = 0.05 mm, laser power adjustment occurs only in the overhang area within the borehole. For
larger radii, the horizontal distance to the component edge is also considered, resulting in laser
power adjustment at the component edge and smoother transitions in the overhang area.

Finally, a full-factorial test series was conducted to validate whether the power adjustments
calculated by the developed module improve dimensional accuracy. Based on the minimum laser
power P.;i,, the shape of the borehole can be categorized into three types (Figure 12, left side): At
laser powers P, < 40 W, insufficient material melting occurs in the overhang area, resulting in
a droplet-shaped borehole. In the range of 40 W to 50 W, the highest dimensional accuracies are
achieved. For minimum laser powers P, < 50 W, excessive material melting in the overhang
area leads to the collapse of the borehole. Analysis lengths of a; = 80 um and a; = 140 um show
the highest circularity, which corresponds to an analysis depth of 4 and 7 layers.

PLmin bore diameter: 5 mm bore diameter: 7.5 mm
60 W
_ Collapse of 8:2
55 W overhang 0:40 I
g
. = £ 0.35
e . = 0. I = 030
£0. £ 025
S50 W circular . = 0.20
- 20. Z 0.15
40w ‘ o 3 0.10
) . 0.05
- 0.00 -
0.05 0.25 0.5 reference 0.05 0.25 0.5 reference
35w analysis radius in mm analysis radius in mm
0W 140 W, 7 layers 40 W, 4 layers " 50 W, 7 layers
150 W, 4 layers « with downskin = without downskin

Figure 12: Categorization of the circularity depending on the laser power (left) and circularity
measurements of 5 mm (middle) and 7.5 mm (right) bore diameter
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Figure 12 also presents an excerpt of the circularity measurements, only including
mentioned minimum laser powers and analysis lengths. Both bore diameters are displayed in
separate figures: 5mm in the middle and 7.5 mm on the right. The cirtularity of various
combinations of minimum laser power and analysis lengths are plotted over the analysis radius.
Additionally on the right side of each figure the reference measurements are displayed. A lower
circularity value is observed for the parameter set with downskin parameters when comparing the
reference measurements with and without the downskin parameter set for both bore diameters. A
lower circularity value indicates an improved dimensional accuracy. With a bore diameter of 5 mm
a minimum circularity of 0.194 mm was measured, while the minimum circularity with a bore
diameter of 7.5 mm was 0.304 mm.

5. Discussion

To analyze the performance of the developed local process control it first must be verified
that a local adjustment of the laser power can be processed by the PBF-LB/M machine and that the
adjustability of the laser is sufficient for generating the expanded parameter set (Figure 1, C). The
results depicted in Figures 8 and 9 demonstrate the possibility to locally adjust the laser power.
Furthermore, the results illustrate that the laser exhibits the ability to modulate power output with
a slope exceeding 1350 W/mm, which is considered more than sufficient for the specific objectives
in this work. The difference between targeted and actual lengths of melting paths arises from the
substrate material’s inert nature until the laser power exceeds the threshold necessary to induce
substrate surface melting. Additionally, it is necessary to note that the initiation of laser power
output requires a minimum voltage signal which is not present at the lower part of the power profile.
Given that the maximum power of 450 W significantly diverges from the recommended value of
the standard parameter set, the resultant power density is exceedingly high. Consequently, the
material is not only melted but also partially displaced from the intended melting path. The laser
power required for generating the shortest vectors with a rising power profile fails to achieve
maximum laser power output, as evidenced by the pyrometer signal peaks not reaching their
maximum values (Figure 10, right side). The observed discrepancy arises from the necessary
discretization required for implementing such parameter profiles and does not demonstrate limits
of the laser performance. This effect is particularly prominent when the discretized parameter
profile exhibits rapid and substantial changes and can be mitigated by increasing the step size. In
summary, these findings demonstrate that the laser's adjustability adequately accommodates the
processing of voxel-based power parameters (Figure 1, B.2), as computed using the developed
module.

To verify the module’s capability of detecting critical component areas and modifying the
calculated results multiple calculations were performed. All calculated results successfully adjusted
the laser power to compensate for the lower heat conductance of the metallic powder compared to
solid material and therefore critical component areas where detected. Furthermore, the findings
depicted in Figure 11 illustrate that variations in the adjustable parameters yield different effects,
as listed in Table 3. In summary, the verification was successful and evidence the detection of
critical component areas as well as the possibility to adjust the power computation.
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Table 3: Adjustable parameters of the developed module and their effects

Parameter / Symbol Description of effect
Length of analysis area / a; Influences the behavior in the build direction for overhangs
Radius of analysis area / a,. Influences the behavior in the build plane at the component edge

Minimum laser power / P i, Controls the intensity of the power adjustment

Finally, the performance of the developed method was validated by manufacturing multiple
test samples with different parameter values. In conclusion the circularity of horizontal bores can
be influenced using the control module. For a bore diameter of 5 mm, circularity can be improved
by 39.9 %, and for a diameter of 7.5 mm an improved circularity of 18.9 % can be measured,
compared to an unadjusted process control with optimized downskin parameters. This was
achieved using a cylindrical analysis area with an analyzing length a; of 140 um and an analyzing
radius a, of 250 pum, with the best results obtained at a minimum laser power P, i, 0f 50 W.

6. Summary and outlook

In this work, an approach for a system-open process control was developed and presented.
This approach enables local process control, taking system-specific boundary conditions into
account. Based on a discretization of the part geometry an evaluation of the thermal boundary
conditions is executed, defined by the ratio of powder material to dense material within an analysis
volume. The derived factor will be used to adapt the laser power inside the respective voxel. Each
vector of the sliced model is geometrically compared to the voxel matrix and a vector-related
parameter profile is generated. The limits are determined experimentally, exploring the system
specific laser dynamics and the process limits. A validation of the method is shown experimentally.
Therefore, horizontal holes were manufactured and evaluated regarding the circularity.
The main findings of the experimental validation and verification are:
e Laser sources of PBF-LB systems can be considered in the module by an experimental
calibration to identify the control dynamics and the laser behavior
e Main influence on the local thermal boundary conditions are the part geometry and the
resulting thermal conductivity around the process zone
e Geometry-sensitive process parameter allow a homogenization of the local thermal boundary
conditions and therefor an increase in part geometry accuracy of up to 39.9 %

The knowledge gained can subsequently be used to develop geometry-sensitive processes
for utilizing the potential of PBF-LB in both research and industrial environments. On the one
hand, this relates to the homogenization of the process properties and thus the component quality,
as well as the targeted modification to generate locally adapted properties.
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