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Abstract

For L-PBF (Laser Powder Bed Fusion) metal additive manufacturing (AM) the choice of
available materials is still limited. 1.2709 maraging steel powders are widely used for
injection molds and high-quality engineering parts. The quality of the parts produced by
L-PBF are significantly affected by the process parameters. The aim of this research was
to find optimal process parameters for producing 1.2709 tool steel at a layer thickness of
20 µm and to reveal the possible parameter settings yielding comparable build quality
as the “EOS surface” parameter set at a layer thickness of 20 µm. Findings showed that
too low or too high input energies produce improper parts. A large range of parameters
produce good quality parts, of which the optimum parameters can be chosen.
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1. Introduction
Layer manufacturing methods first appeared in the late 1980s. Nowadays, this tech-

nology is used in several industries, where various processes use “layer manufacturing”.
Scientific and practical literature identifies this technology with different denominations,
such as 3D printing, additive manufacturing (AM), direct digital manufacturing, and rapid
prototyping. L-PBF processing is the most common AM technology used to produce metal
parts. Selective Laser Melting (SLM) and Direct Metal Laser Sintering (DMLS) are the two
main L-PBF processes. Both use a focused laser beam to melt fine metallic powder particles
together with respect to the layer geometry. Due to the ability of the L-PBF machines to
produce detailed 3D parts with high strength [1–3], it has found applications in various
sectors such as medical [4], injection molding [5], and automotive [6], as well as producing
general-purpose mechanical parts [7].

In general, the initially set melting parameters are kept constant during laser additive
manufacturing. In L-PBF additive manufacturing, the metal powder is spread in layers
with a certain layer thickness (building height), typically in the range of 20–60 µm [8]. A
number of papers deal with the topic of how layer thickness, laser power, and scanning
speed influence the mechanical properties of L-PBF parts. Adb–Elghany and Bourell [9]
fabricated samples with a layer thickness of 30 µm, 50 µm, and 70 µm from stainless
steel powder. At a layer thickness of 70 µm, porosity increased significantly. Mugwagwa
et al. [10] analyzed the influence of the main process parameters on the density of 18Ni300
samples. The authors concluded that high porosity occurs due to both overheating and
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insufficient heating. The smallest porosity values were found in samples manufactured
at 600 mm/s and 180 W. In another study [11], process parameters for production with a
layer thickness of 100 µm were investigated. The maximum relative density was obtained
with 340 W laser power and 500 mm/s scanning speed.

Manufacturers of L-PBF machines supply different parameter sets for a given material
used in the process. EOS GmbH recommends using the parameter set named “EOS
MS1_02_X surface” at a layer thickness of 20 µm for their EOSINT M270 machine, but the
parameter values are not public. Thus, the central idea of the present study was to reveal
the possible parameter settings yielding comparable build quality as the “EOS surface”
parameter set at a layer thickness of 20 µm.

2. Materials and Methods
Samples were prepared from 18Ni300 (1.2709) maraging steel powder (supplied by

EOS GmbH) by L-PBF. The powder used for the specimens was reclaimed from prior jobs
with the use of an 80 µm sieve. The samples in this study were produced using an EOSINT
M270 machine (EOS GmbH–Krailling/Munich, Germany; 200 W, 1070 nm Yb-fiber laser,
and 100 µm focus diameter), which was used with a 20 µm layer thickness in a nitrogen
gas atmosphere.

Cubic samples of ~125 mm3 were produced, as shown in (Figure 1) for the study.
A reference was printed with EOS MS1_02_101 surface parameters, accompanied by a
matrix of 12 samples with varying parameters; laser powers of 125 W, 150 W, and 175 W,
and scanning speeds of 400 mm/s, 600 mm/s, 800 mm/s, and 1000 mm/s were studied.
Samples were manufactured using a rotated scanning strategy that changed the scanning
direction angle of each subsequent layer by 67◦. All of the samples were made with 40 ◦C
building platform temperature, and the hatch distance was 0.1 mm.

Figure 1. L-PBF cubes used in this study.

The porosity of each cube was determined through the analysis of metallographic
longitudinal cross-sections parallel to the building direction. Prior to the microstructural
examination, the samples were prepared through grinding and polishing. A Zeiss Axioim-
ager M1 (Zeiss Group, Oberkochen, Germany) optical microscope was used to image the
prepared specimens. Additional details regarding the porosity measurement methodology
can be found in a previously published study [12].

Vickers microhardness was determined through measurements on a KB30 hardness
testing machine (KB Prüftechnik GmbH, Hochdorf-Assenheim, Germany) according to ISO
6507-1. Hardness values were measured at 10 different locations arranged in an array on
the surface of the specimens. A test load of 0.5 kg (HV05) was used for the measurements.

Surface topography measurements were carried out on a Leica DCM 3D confocal mi-
croscope (Leica Microsystems GmbH, Wetzlar, Germany). An area of 1.91 mm × 2.07 mm
was scanned with a Leica HC PL Fluotar EPI 20X lens (Leica Microsystems GmbH, Wetzlar,
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Germany). A vertical range from 100 µm to 600 µm was utilized with a step height between
1 µm and 5 µm to account for the differences in height. The scanned surfaces were post-
processed in Mountains 8, including the extraction and leveling of the topography layer
prior to roughness parameter calculations. Areas with missing data points were filled in
using a smooth shape based on the neighboring points for the visualizations. Standardized
primary surface roughness parameters were calculated according to ISO 25178.

3. Results
3.1. Three-Dimensional Surface Topography

Surface topography measurements revealed the top surface texture and rough pa-
rameters of the sample cubes. Samples are chosen for Figure 2 to display three of the
distinct surface textures that are formed among the sample cubes, as well as the reference
cube printed with the MS1_02_101 surface parameter. A different color scale was used for
Figure 2 in order to better enhance the surface topography of the samples.

Figure 2. Top surface topography measurement by Leica 3D.

Unmelted particles can be observed at a severely high 1000 mm/s scanning speed
and low laser power of 125 W. While decreasing the scanning speed to 800 mm/s and
increasing the laser power to 150 W eliminates unmelted particles, the underlying wave-
like shape of the surface remains. Both of these samples show marked peaks of sharp
lines along the laser-scanning path. A sample printed at a comparably high laser power
and slow scanning speed of 175 W and 600 mm/s shows no unmelted particles and no
sharp, wave-like formations on the surface. This sample consists of equally distributed low
peaks and shallow valleys with gradual transitions, with its features mostly resembling the
reference surface.

Measured quantitative surface roughness values are shown in Figures 3 and 4. Root
mean square deviation (Sq) was calculated on the surface to characterize the average
amplitude. Maximum height (Sz) was also determined. Sq values are close to the reference
in the case of scanning speeds of 800 mm/s and 1000 mm/s. Sz values are similar or
significantly lower compared to the reference. The best RMS roughness was found at 175 W
laser power and 600 mm/s scanning speed.
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Figure 3. RMS roughness (Sq) comparison for different build parameters.
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Figure 4. Maximum heigth (Sz) comparison for different build parameters.

3.2. Porosity Measurement

Optical microscope images were taken along the building directions of the cubic
specimens. Figure 5 demonstrates the concentration of pores, represented by dark spots on
the microscope images of polished cross-sections. Extended and sharp-edged pores can be
observed at a large 1000 mm/s scanning speed and a low laser power of 125 W, caused
by the lack of input energy. The absorbed energy is insufficient to fully melt the powder,
resulting in large and irregular porosities. Likewise, numerous, mostly round pores are
visible at a very high specific energy input (175 W and 400 mm/s). High input energy
values result in over-melting, leading to excessive penetration, which leaves a pore near
the bottom of the melt pool after solidification.

Relative porosity values under different manufacturing conditions are presented in
Figure 6. A brief assessment of the values reveals that most of the different laser power
and scanning speed parameter pairs result in very low porosity close to the value of the
reference sample. The resulting pore density of some parameter pairs even surpasses the
porosity of the reference. Pore defects are more prominent in the case of parameter parts
with high melting energy (low scanning speed and high laser power) and low melting
energy (high scanning speed and low laser power). The highest porosity value (1.96%)
can be observed at parameters 400 mm/s and 175 W. An optimum parameter combination
of 150 W laser power and 600 mm/s scanning speed results in an exceptionally low pore
density (0.03%) and the lowest registered average void size. Process parameters need to be
accurately adjusted to fabricate parts with low porosity.
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Figure 5. Optical images of polished cross-sections for selected process parameter combinations.
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Figure 6. Porosity comparison for different build parameters.

Volumetric energy density (VED) is often used as an optimization metric for L-PBF
process parameters because it takes all four major parameters into consideration. Equation
(1) is the formula for VED (J/mm3) [13].

VED =
P

vht
(1)

where P is the laser power (W), v is the laser scanning speed (mm/s), h is the laser scanning
spacing (mm), and t is the layer thickness (mm). The relationship between VED and
porosity is depicted in Figure 7, which shows that the relative density of samples increased
with an increase in VED until the minimal porosity was reached. Further increase in VED
caused a decrease in density. The results in Figure 7 suggest the VED range for producing
near highly dense parts is from 110 to 150 J/mm3. The highest observed relative density
was 99.97%, corresponding to a VED of 125 J/mm3.
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Figure 7. The variation of the relative density of 1.2709 samples produced using different VED
of L-PBF.

3.3. Hardness

Average Vickers hardness measurements with their extrema and standard deviation
values are displayed in Figure 8. According to the datasheet of the manufacturer, bulk
hardness is expected to be within 305–352 HV5 (33–37 HRC) [14] after DMLS. The measured
hardness of the reference material is slightly higher than the suggested range. Most test
samples show hard values comparable to the reference. None of the individual hardness
test points showed a value under the lower hardness limit specified by the manufacturer.
The consistent standard deviations suggest a correct measurement process.
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Figure 8. Effect of scanning speed and laser power on measured Vickers hardness.

The obtained data are supplemented by the assessment of the influence of the porosity
on the Vickers hardness of the samples (Figure 9). Based on the results, it can be stated
that the hardness of the samples is affected by porosity; with an increase in porosity, the
measured hardness ordinarily declines, clearly indicating a connection between the defects
in the AM parts and the mechanical properties of the printed parts. However, at high
porosity levels, there may be no strong correlation between HV05 hardness and porosity.
The hard variations could also be attributed to differences in VED during melting, as
microhardness is affected by heating temperature, cooling rate, and holding time.
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Figure 9. Vickers hardness as a function of porosity.

4. Conclusions
Surface topologies can be good visual indicators in metal AM parameter optimization.

It can provide additional insights into the melting process; inadequate melting of the base
powder is indicated by unmelted particles visible on the scanned surface. This information
cannot be inferred from the quantitative surface roughness values exclusively; only a higher
roughness value is apparent.

Porosity measurements indicate the quality of the melting process and also hint at the
mechanical strength of the printed part. By combining process parameters, it is possible to
identify a region between low and high energy density where optimal processing conditions
can be utilized to achieve high density.

The best RMS roughness was obtained at 175 W of laser power and 600 mm/s of
scanning speed.

A relative density of 99.97% could be achieved for 1.2709 using optimal process
parameters (P = 150 W, v = 600 mm/s, and t = 20 µm).

A maximal hardness values were reached with 175 W and 600 mm/s (381 HV5), 150 W
and 400 mm/s (380 HV5), and 150 W and 600 mm/s (379 HV5) manufacturing parameters.

Based on the presented results, the best resemblance to the reference in terms of
roughness, porosity, and hardness was found at 150 W laser power and 800 mm/s
scanning speed.
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