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Abstract. This work deals with the influence of optimised exposure strategies on the distortion
and microstructure of components susceptible to overheating and warpage. Therefore, different
distortion-prone specimen geometries of 3161 were fabricated with the standard parameters, as
well as with exposure strategies optimised by machine learning, which were generated using the
AMAIZE software package. The manufactured samples were analysed with regard to distortion.
The results of the distortion analysis were then linked with the results of the digital tomography
from AMAIZE. Furthermore, components were manufactured that tend to overheat due to their
geometry and orientation on the substrate plate. The influence of overheating during the LPBF
process on the microstructure and porosity was investigated along the build-up direction by means
of an EBSD analysis and a porosity analysis. With the presented approach for optimising the
exposure strategy with AMAIZE, it could be shown that a successful production of distortion-
prone components with a porosity of less than 1 % is possible in the first trial.

Introduction

Due to increasing requirements in terms of lightweight construction, customisation and the
performance of components in aerospace, medical technology, the automotive industry and many
other sectors, additive manufacturing is becoming increasingly important. This is reflected in the
increase in market volume from 3 billion USD in 2013 to almost 12 billion USD in 2019 [1]. The
LPBF process has established itself as an important method in metal additive manufacturing, as
the low layer thickness and the small focal diameter of the laser, often less than 100 um, allow
components with a complex geometry to be produced close to the final shape. The laser melts the
powder locally, which results in a large amount of heat energy being generated during the process,
depending on the process parameters [2]. As the surrounding metal powder only dissipates this
thermal energy, depending on the particle shape and size, to a limited extent, it is mainly dissipated
through the already solidified layers of the component generating large, non-uniform temperature
gradients [3, 4]. In order to produce components with large overhang angles, support structures
are used in these areas, which on the one hand support heat dissipation, but on the other hand result
in higher material consumption, longer production times and time-consuming removal procedures
[5, 6]. This limits the advantage of environmentally friendly near-net-shape production and
reduces productivity due to the required post-processing to remove the support structures.
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Furthermore, component areas that are connected to support structures have a poorer surface
quality, which has a negative impact on fatigue strength [7].

Complex geometries also generally have areas of different thicknesses. With a continuous
increase in the cross-sectional area from layer to layer, the heat introduced accumulates in the
narrow areas. Due to the different temperature history in different areas of the component, a locally
varying microstructure and internal stresses develop [8, 9]. Depending on the heat history,
martensitic, bainitic, ferritic, pearlitic or austenitic structures can develop in steels [10]. These
inhomogeneities in the microstructure cause the mechanical properties of complex components to
vary locally [11]. This can only be considered with great effort when designing the components.
The production of components with a homogeneous microstructure would therefore increase
component reliability and speed up qualification processes in areas such as aviation.

To melt the powder, the laser is guided over the powder layer in meander-shaped paths.
However, due to the usually complex geometries of the components, the length of the exposure
vectors varies. With constant pause times between adjacent vectors and an unchanged scanning
speed, areas with short vectors are exposed faster with the same energy input. Accordingly, the
temperature is locally higher in areas with short exposure vectors, which leads to uneven heat
distribution in the component [12, 13, 14, 15, 16]. This uneven application of energy leads to an
increase in internal stress. If the residual component stresses exceed a certain value, that is defined
by the strength of the support structures or the base metal, the component is deformed during the
manufacturing process [17]. If the component is severely distorted, the recoater can collide with
the component, which leads to the production process being cancelled.

A more even heat distribution in the component can be achieved, for example, through feedback
control by means of monitoring and an adjustment of the process parameters based on this. Kavas
et. al. have presented a variant in which the laser power is automatically adjusted within a defined
range during the process by taking images with a thermographic camera in order to achieve a stable
interlayer temperature [18]. In 2023, EOS published the "Smart Fusion" closed-loop control
system, which uses optical tomography data to adjust the laser power layer by layer using
correction factors with the aim of achieving a homogeneous temperature distribution in the
component [19]. The aim of this work is to demonstrate that the Al software AMAIZE from the
company 1000 Kelvin can be used to influence the process parameters using machine learning
algorithms in such a way that the component distortion can be reduced and the component quality
improved. This allows the development of defects to be predicted and avoided even before the
process starts.

Materials and Methods
Part Manufacturing
The distortion-prone samples and the cubes were manufactured on an EOS M290 system from
EOS GmbH, which has a focus diameter of approx. 0.08 mm and in which an argon atmosphere
was set up. Stainless steel alloy 316L powder with a particle size between 20 and 45 pm was used,
which was produced by m4p material solutions GmbH. The powder layer was applied using a
carbon fibre brush. The process parameters shown in Table 1 were used for all LPBF processes
carried out.

Table 1: Process parameters used in the LPBF processes

Processing Laser Power | Scanning speed Hgtchmg Layer thickness
Parameters distance
Value 200 W 900 mm/s 0,1 mm 0,04 mm

As a reference, the components were initially manufactured without optimising the exposure
strategy with the parameters mentioned (Figure 1 a)). Subsequently, the exposure strategy for the
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components of the same build job was optimised with AMAIZE. For example, the pause times
between adjacent vectors were adjusted through optimisation in order to achieve uniform heat
distribution across the entire component. With these optimisations, the build job was then
manufactured again with the process parameters from Table 1 in an argon atmosphere. (Figure 1
b)). A 25 x 25 x 25 mm?® cube was then produced on a rod with a diameter of 2.5 mm, which
overheats due to heat dissipation constriction from the cube to the rod (Figure 1). To analyse the
porosity and microstructure, the cube was separated by wire EDM as shown in Figure 1 d after
removing the rod.

View A-A

Not
overheated
area
Overheated
area

Figure 1: a) distortion-prone samples without optimised exposure strategy, b) distortion-prone
specimens with optimised exposure strategy, c¢) LPBF-manufactured components that tend to
overheat, d) cut of the cubes for the porosity analysis and the EBSD analysis

3D-Scanning

The 3D scanning of the components was carried out using the ATOS 5 - 8M digitalisation platform
from GOM GmbH. The resolution of the two CMOS cameras is 3357 x 2456 pixels, whereby the
measurement was carried out over a measuring field of 500 x 370 mm?. The measurement was
performed after separating the components from the substrate plate. The scanned geometries were
then superimposed with the CAD files of the manufactured components in the GOM Inspect
software package from GOM GmbH and the deviations between the two geometries were
measured digitally (Figure 2).
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Figure 2: Determination of the distortion with the ATOS 5 - 8M system

Microstructure analysis

For metallographic examination, the cubes were cut along the build-up direction, from the
connection to the rod to the tip. The samples were then cold-embedded, ground with 240-4000 grit
sandpaper and then polished with 6-3 pm diamond suspension and followed with the 0.15 um OPS
polish. The porosity was analysed using the VHX 7000 digital microscope and software from the
KEYENCE DEUTSCHLAND GmbH. The EBSD analysis was performed with the field-free
ultra-high-resolution scanning electron microscope TESCAN AMBER from TESCAN GmbH,
which is equipped with an energy dispersive X-ray spectrometer and a high-resolution electron
backscatter diffraction detector Symmetry S3 EBSD system from Oxford instruments plc. The
EBSD data with was recorded with a step size of 2.02 pm and analysed with the AZtecCrystal
software from Oxford Instruments plc.

Results and discussion

Distortion of test geometries manufactured with and without AMAIZE

As the optimisation of the process parameters and the exposure strategy with AMAIZE is to be
tested for different geometric elements, such as material accumulations or thin walls, components
that tend to warp during the LPBF process were manufactured, 3D-scanned and compared to the
CAD-file. To show the effect of the adjusted parameters, the components were first manufactured
with the standard parameters and then with the optimised parameters. In the angled component,
heat builds up at the transition from the component to the support. This is caused by the reduced
thermal conductivity of the support structure compared to solid material [20]. Furthermore, the
scan vectors are shorter due to the contour boundaries at edges and corners, which, as described
by Liu et al., promotes heat accumulation due to the shortened time intervals when exposing
adjacent vectors [12]. The resulting overheating causes distortion here. The aim here was to
minimize the local heat input at the edges and corners of the component in order to prevent the
weakly designed support from tearing off the component. Parameter optimisation with AMAIZE
is used to control the pause times of short, adjacent scan vectors in such a way that the heat
introduced is dissipated as evenly as possible. Figure 1 a shows that the support is torn off over
the entire length of the overhanging component area without optimizing the parameters. When
using the optimized process parameters, the support structure essentially tears in the structure
itself, which can be avoided by designing the structure more densely. Figure 3 also shows that the
warpage does not extend as far into the component with the optimised parameters.
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Figure 3: Comparison of the distortion between the manufactured winkle and the CAD file
without (left) and with (right) optimisation of the manufacturing parameters

During the production of the thin walls with the accumulation of material on the top, the
components warped very strongly when the non-optimised process parameters were used. This
damaged the carbon fibre brush used to apply the powder, which also resulted in major geometric
deviations in other components of the build job. As a result, one wall of the structure suffered
bonding failures and ultimately the complete loss of the connection between the component and
the subsequently melted powder material, which also damaged the two walls behind it. This effect
was avoided after optimising the exposure strategy with AMAIZE (Figure 4). The three walls on
the left-hand side of the component also exhibit less warpage after optimisation than the walls
produced with the standard parameters. Due to the small cross-sectional area of the walls, the
thermal energy introduced cannot be completely dissipated. This leads to a heat build-up in the
area of the material accumulation at the tip, which is the cause of the warpage. Contrary to
expectations, the greatest distortion occurred in the wall with the smallest accumulation of material
at the top. One reason for this is that the exposure vectors are shorter for the smaller accumulations
of material. As a result, the exposure of neighbouring vectors is faster, which results in higher local
heat generation in the short term than with longer exposure vectors, what subsequently causes
warping.
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Figure 4: Comparison of the distortion between the manufactured thin walls and the CAD file
without (left) and with (right) optimisation of the manufacturing parameters

Linking warping with the AMAIZE digital tomography

For a quick assessment of the thermal energy input, a two- and three-dimensional digital
tomography of the components to be manufactured in the LPBF process is created in AMAIZE.
Figure 5 shows the results of the digital tomography from various layers located in the warped area
shortly after the end of the support structure for the angle. It can be seen that an increased energy
input is predicted in layer 1015 over a large area of the exposed surface. This result reflects the
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poorer heat dissipation through the support structure and reflects the distortion in this area. After
optimising the exposure parameters, the predicted heat development in this area is significantly
lower. An increased temperature is detected at regular intervals in the other layers. This is due to
the strip-like exposure strategy used to produce the components and the meandering exposure of
the individual exposure vectors within these strips. After the exposure of a vector at the end of the
strip has been completed, the adjacent vector starts, usually without waiting time, at a definable
distance, which is often only between 50 and 200 um. This results in a higher energy input for a
short time in this area than in the centre of the strips. The machine learning algorithm in AMAIZE
influences the pause times between adjacent vectors based on the thermophysical properties, which
are based on the geometry and the other process parameters. This significantly reduces overheating
at the ends of the strips.

With standard parameters With AMAIZE parameters

1
Layer 1015 '
View
Layer 1035 o
=0

Figure 5: Digital tomography on different layers of the winkle component

As with the angle element, the heat development in the thin walls is greater with the standard
parameters than with the parameters optimised by AMAIZE. Figure 6 shows three of the layers
where the accumulation of material on the wall begins. It is notable that the walls with the smaller
accumulations of material are predicted to have particularly high heat generation with the standard
parameters. This reflects the distortion in these areas from the LPBF-test. One possible cause, as
already suspected, is the short length of the scan vectors in this area, with the cross-section
increasing from layer to layer. The resulting high heat input cannot be dissipated sufficiently
through the wall, which is why distortion occurs. After optimising the parameters using AMAIZE,
a reduction in heat development is achieved for these walls in particular, which is again due to the
increased pause times between adjacent exposure vectors.
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Figure 6: Digital tomography on different layers of the thin wall component

Criticality

Influence of overheating on the porosity and the microstructure

The cubes on a rod have been successfully produced using AMAIZE optimized exposure strategy.
We differentiate between the top and bottom sections of the cube due to observable variations.
Specifically, the bottom part exhibits signs of overheating, such as external oxidation, indicating
a distinct thermal signature compared to the top section.

To evaluate the cubes produced in Figure 1 c/d, the cubes were examined for their porosity and
microstructure in the bottom region, which shows tarnishing on the surface, and the upper top area.
The porosity is very low at 0.04 % in the bottom area and 0.02 % in the top area over the entire
sample (Figure 7). It is assumed that due to the uniform overheating over the entire surface, the
thermal gradient between the exposed area and the surrounding areas was lower, so that the melt
pool flows were lower than for strongly cooled surfaces, in accordance with the Marangoni effect
[21]. Figure 7 b shows an increased number of pores between 5 and 15 pm in the overheated and
non-overheated areas. It is notable that the overheated area sometimes has very large pores of over
100 pum. One reason for this may be a greater melt pool depth due to the already high surface
temperature, which has led to the formation of larger pores corresponding to the keyhole effect
[22].

Using an EBSD analysis, an average grain size of approx. 91 um was determined in the
overheated area. In the non-overheated upper area of the cube, the average grain size of approx.
48 um was only about half of this. As the overheating in the lower area of the cube is effective for
almost the entire duration of the printing process, effects similar to those of heat treatment already
occur here. The increased temperature results in greater grain growth, which leads to lower tensile
strength and higher elongation at break [23]. Figure 7 ¢ and d also show that the grains are stretched
along the direction in which they are built up. This results from the temperature gradient, which is
caused by the dissipation of the heat introduced in the negative build-up direction. As the heat
accumulated in the overheated area, the grains could also grow at right angles to the build-up
direction, although this effect was less pronounced than expected.
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Figure 7: overview of the a) porosity and b) the pore distribution as well as an EBSD overview
of ¢) an overheated area and d) a not overheated area

Conclusions and outlook
In this work, various components susceptible to distortion were manufactured from 316L with
standard parameters and with parameters optimised by a machine learning algorithm and
investigated with regard to distortion. Furthermore, geometries that are prone to severe overheating
were analysed in terms of porosity and microstructure. Based on the results, the following
conclusions can be drawn:

e Components that are difficult to manufacture in the LPBF process were successfully
produced in the first attempt after optimizing the exposure strategy with AMAIZE

e By utilizing advanced machine learning algorithms to adjust the exposure strategy and
process parameters, we can achieve a more uniform distribution of the laser's energy
throughout the component. This enhanced control helps in evenly heating the material,
thereby significantly reducing the likelihood of distortion during the manufacturing
process.

e Regardless of the overheating of the component, the porosity remained roughly identical
in all areas of the component, whereby the size of the pores is larger in overheated areas

e As the high temperatures in overheated areas are maintained over the duration of the
process, this results in increased grain growth, which leads to an inhomogeneous
microstructure and therefore varying mechanical properties in the component

By optimising the process parameters with machine learning algorithms, a more homogeneous
microstructure and therefore better mechanical properties can be achieved due to a more even heat
distribution in the component. This demonstrates a pathway to reduce build failures in metal AM,
improving the economic viability and reducing the environmental footprint of the process. Further,
such toolpath corrections can enable process engineers to use fewer support structures, increasing
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freedom to designers and reducing the cost per part. The machine learning algorithm is to be
trained further as part of further investigations. For this purpose, monitoring data will also be
recorded using a thermographic camera, melt pool monitoring or optical tomography, which will
map the temperature history of the component and thus check and improve the accuracy of the
algorithm. The aim is to produce components with a homogeneous microstructure and therefore
homogeneous mechanical properties.
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