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Abstract

Higher productivity, especially higher build rates are necessary for a widespread use of additive manufacturing in series
production. In selective laser melting (SLM) these improvements are currently focusing on strategies for beam shaping
and splitting to increase the power input in the melt pool. Nevertheless, the power to be absorbed in the melt pool is
limited by its size which leads to the trade-off between accuracy and build rate. To avoid this limit, the use of a beam
splitter with resulting spot distances of over 25 mm is investigated. This could be used to build up three parts in parallel.
While this offers great potential for productivity increases, optical errors like distance, focus and rotation errors are
inherent to the setup and need to be understood for future compensation strategies. The influences of these errors are
analyzed and discussed for stainless steel 316L specimens.
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1. Motivation

Current commonly used approaches to increase the productivity of SLM aim for an increase in melt pool
size or multiple laser systems. These approaches either decrease the resolution of the process or increase the
necessary investment cost substantially. This leads to a disadvantage for the SLM process compared to
conventional production processes for high volume serial production. To mitigate this disadvantage beam
splitters could be used to parallelize the production of parts with multiple laser spots for multiple parts, while
keeping the investment costs lower through using only one optic system. This approach is currently used for
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applications in the fields of laser drilling and shows great potential there. Yet a simple transfer of the systems
used in laser drilling is not feasible because of the different ratios of needed spot distance to focus diameter.
For SLM a wider separation angle of the beam splitter is necessary to build up multiple parts in parallel. But
the optical errors inherent to the use of beam splitters increase with increasing separation angle of the beam
splitter and thereby resulting in stronger influences on the process results. To understand these influences
better multiple test specimens were built and investigated regarding geometrical inaccuracies and resulting
densities.

2. State of the art

The need for higher productivity, especially higher build rates is supported by current research in the field.
The current bottleneck is the power that can be absorbed by a melt pool of certain size without resulting in
severe overheating, evaporation and spattering. To solve the limitations regarding power per melt pool
currently either the number of melt pools is increased e.g., by an increase of laser scanner systems above the
same field of view (Molotnikov et al. 2021) or the size of the melt pool is increased by larger powder layer
heights (Sinico et al. 2022) or altered laser beams e.g.: beam shaping (Galbusera et al. 2023) and beam splitting
(Slodczyk et al. 2021). If an increase in melt pool size is not viable the field of beam splitting promises an
increase in build rate by an increase in the number of beams.

Current research for laser manufacturing with beam splitting can be categorized in parallel laser drilling,
multi-beam SLM and multi-melt pool SLM. First, the idea of using beam splitters to increase laser processes in
manufacturing is nothing new as Biising, describes it for the scanner-based material processing with ultra-
short laser pulses. In his work a method for the design of an optimal optical setup is described. But these
optimizations always contain a remaining inherent optical error. (Bising et al. 2014) In the work of Hofmann
et al. a method for the compensation of these optical errors with multiple glass cubes mounted to galvo
scanners is presented (Hofmann et al. 2020).

For an application in SLM certain boundary conditions change e.g., larger spot diameters, continues wave
lasers and higher necessary average laser power inputs. The benefits of such are presented in the work of
Heeling by the synchronized use of a pair of laser scanner systems and consist of improved wetting behavior
and a reduction of the cooling gradient which leads to less cracks und pores in the solidified material (Heeling
2018). Additional in the work of Slodczyk et al. the amount of spatter with higher laser powers in one melt
pool could be reduced significantly using a beam splitter. That way multiple singular laser beams enter one
melt pool separately. (Slodczyk et al. 2021) Further improvements are promised by the separation of the melt
pool for multiple beams in multiple smaller melt pools. One of the approaches in this field is the one of Tsai et
al. where the laser beam is separated by a beam splitter and a tele-centric lens. This approach reduces the
optical errors significantly because the beam distance is not increasing after the tele-centric lens. Using this
approach an alternating scanning strategy with a spot distance of less than 1 mm showed a multiplication for
the achievable build rate. (Tsai et al. 2019) The work of Yu et al. investigates the use of this technology to
produce NdFeB magnets. There an increase in maximum magnetic energy product and a decrease in
processing time of 38% is achieved (Yu et al. 2022). A different approach is presented in the work of Lantzsch
et al. with the use of two laser in one scanner system, where a control of the lateral relative position of the
two laser spots is possible. Using this system, an increase of productivity of circa 90% is reported. (Lantzsch et
al. 2021) While current literature shows great potential for increases in productivity with beam splitting for
SLM, the influence of high separation angles in beam splitting is to be further investigated.
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3. Methods

The experiments are conducted on a laboratory SLM machine with 316L stainless steel. A near infra-red
continues wave laser with a wavelength of 1070 nm is used as laser source. The parameters are set to a laser
power of 680 watts, a scan speed of 1000 mm/s and a hatch distance of 100 um. As test specimen a cube with
an edge length of 10 mm and a hatch rotation of 90 degrees are built. The density analysis is conducted with
metallographic and archimedes principle based methods The power deviation in between the different laser
beams is measured with a power meter. The different cubes are in different positions on the build plate, as
shown in Fig 1 to analyze the influence of the position dependent optical errors.

50

PV 1 N 1 B T B 2 B 0 RN 2 R
1

y-axis [mm]

x-axis [mm]

Fig. 1. Cube positions on the build plate relative to the build plate center in consecutive numbers and with respective order numbers

Further a 3x1 one-dimensional beam splitter is placed in between the focusing unit and the scanner system.
There, the beam is split in three beams propagating with a separation angle to the direction of the center
beam. This separation angle leads to a spot distance in between the three resulting laser spots on the build
plate of larger than 25 mm. An overview of the optical system is given in Fig 2. There the beams are defined
by their order number increasing from the center outwards with O for the center beam and -1 as well as 1 for
the side beams in negative and positive x-direction of the scanner coordinate system.
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Fig. 2.: overview of the optical system
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The non-parallel beams result in optical errors for the deflection of the beams on the build plate. Similar to
the work of Biising et al. the three optical errors: spot distance error, rotation error and focus error are chosen
for this analysis, as depicted in Fig 3 (Blsing et al. 2014). The spot distance error describes the changes in
relative lateral position of the side beams to the center beam on the build plate for different target positions
of the center beam. From results of markings with a beam splitter on anodized aluminum plates a maximum
spot distance error of 1.2 mm for the specific machine is known. While this leads to a position error of the test
cube build by the side beam, the influence on the density of the test specimen is neglectable due to the small
gradient of the position error increase leading to variations in the hatch distances of less than 2 um.

The rotation error describes the difference of the angle in between a straight line through the centers of
the side beams at any position and the centers of the side beams in the origin position of the scanner
coordinate system. Similar to the effects of the spot distance error the rotation error influences the position
of the test specimen yet does not affect the density of the cube due to the small gradient of the change in
rotation error over the position on the build plate.

Of the optical errors, mainly the focus error, describing the change in focus diameter due to beam travel
length differences of the side beams to the center beam, is expected to have an influence on the density of
the cubes. Additional influence on the density is expected from a power error due to not fully homogeneous
separation of the laser power with the beam splitter in the three beams. To further understand the individual
influence of both errors the laser power is analyzed depending on beam and position on the build plate.
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Fig. 3. Overview of the spot distance error, focus error and rotation error
4. Results & Discussion

The measurement of the laser power shows a difference in available laser power per beam. The average
power level of the side beams is 87.9% of the center beam independent of the position on the build plate. All
measured values at the center and the corners of the build plate differ by a maximum variance of 2.8 % to the
average laser beam power. This variance is most likely a result of the power meter’s measurement error. With
the understanding of these differences in laser power, the expected influence would be homogeneous for all
triplets of cubes with equal lower densities for the cubes built by the side beams compared to the ones built
by the center beam. Yet the results of the metallographic density analysis, depicted in Fig 4, show lower not
homogeneous distributed densities for the side cubes.
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Fig. 4. Metallographic measured densities of the cubes on the build plate

On one hand, the densities of the cubes built with the center beam remain above 99.9% for all positions.
This highlights the sufficiency of the process parameters for building dense cubes. Yet on the other hand the
cubes built with the side beams vary in density depending on their position and order number of the side
beams from 99.5% in the maximum to 84.8% in the minimum. While the influence of the deficit in laser power
for the side beams leads to lower densities for all positions on the build plate, the achieved densities are
distributed inhomogenously. This strengthens the need to investigate the optical errors aside from pure laser
power deviations. For further investigating the metallographic microsections are depicted in Fig. 5. There the
porosities are distributed homogeneous in the cubes. Yet a symmetrical density deficit is visible for the cubes
built in the center of the build plate, while the cubes in the border area of the build plate show asymmetric
densities in between the cubes built by the side beams. Besides that, the results for the whole build plate show
increases in densities for different cubes above the density of the side beams in the center.
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Fig. 5. Examples for metallographical analysis of cubes
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Further the density of the side cubes closer to the center of the build plate is lower than their more
distanced counterpart, which might be an effect of the focus error increasing with greater length differences
to the center beam. Due to these inhomogeneities of the density distribution the consideration of the focus
error as a viable cause for these results is reasonable. To check if there is a correlation between the focus error
and the densities, the densities depicted in Fig 6, are sorted in regard to their simulated focus error based on
the beam travel lengths. While the cubes of the laser with the order number -1 show a strong correlation with
the focus error, the ones of the other side beam do not. The difference in the side beams’ density distribution
is yet unknown and will be focused on upcoming work. The increase in spot diameter due to the larger beam
length is expected to result in insufficient fusion as seen in the results of the -1 beam. Because of the larger
beam diameter, the input power is distributed over a wider area and therefore resulting in wider, less deep
melt pools which increase the chance for lack of fusion defects.

To underline these findings the cubes’ densities are additionally measured with the archimedes principle,
for which the results show the same effects. Although, the measurements show higher densities than the
metallographic analysis. This effect is most likely to result from open pores which allowed the measurement
liquid to enter the specimen in the border areas of the cubes, which influences the measurement error to
increases with lower densities.

-1 cubes: density changes over focus error 1 cubes: density changes over focus error
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Fig. 6. Overview of the spot distance error, focus error and rotation error
5. Outlook & Summary

The use of a beam splitter in a SLM machine for the simultaneous build is possible but leads to a large
decrease in the density of specimens built with the side beams. This challenge is mostly fueled by the
differences in laser power and the position dependent focus error. On one side the power differences lead to
density deficits for the cubes build by the side beams compared to the center cubes. On the other side an
additional effect leading to inhomogenites is visible. Yet a correlation of focus error and the density of the
cubes could not be supported with the current data. While the influence of the beam splitter on the center
beam is neglectable, the inherent optical errors of the system must be compensated for the usability in future
applications. Therefore, in the future, compensation strategies for power and focus errors need to be tested.
This requires a deeper understanding of the separate influences of the different error inputs which are going
to be the contents of future experiments.
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