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Zusammenfassung Das pulverbettbasierte Schmelzen von Metall mittels Laserstrahl (PBF-
LB/M nach DIN EN ISO/ASTM 52900) ist ein etabliertes additives Fertigungsverfahren zur direkten
Herstellung von metallischen Bauteilen. Dieses Verfahren unterliegt EinflussgroBen, die die
Eigenschaften des hergestellten Bauteils maBgeblich beeinflussen. Scangeschwindigkeit,
Laserleistung und Hatchabstand sind entscheidend fur die Erzeugung von Schmelzspuren, die zu
einer ausreichenden Benetzung und einem dichten Bauteil fUhren. Um ein geeignetes
Parameterfenster zu ermitteln, werden Proben aus AISi1OMg mit einer definierten Vektorlange
hergestellt und in Qualifizierungsprozessen bewertet. In diesem Beitrag wird der Einfluss der
Vektorlange auf die Bauteileigenschaften, wie Harte, Dichte und chemische Zusammensetzung,
untersucht. Es stellt sich die Frage, ob qualifizierte Vektorlangen ohne weitere Untersuchungen
und ohne Beeintrachtigung der Bauteilqualitat auf beliebige Ldngen skaliert werden kdnnen. Mit
Hilfe der energiedispersiven Réntgenfluoreszenzanalyse (EDXRF) und der energiedispersiven
Réntgenspektroskopie (EDX) konnte eine Konzentrationsschwankung fUr das Element Aluminium
nachgewiesen werden. Die Proben zeigen eine Veranderung der chemischen Zusammensetzung
in Abhangigkeit von der Vektorldnge, die mit EDXRF nachgewiesen wurde. Eine Korrelation
zwischen der lokal entlang der Vektorldnge aufgeldsten chemischen Verdnderung kann jedoch
noch nicht festgestellt werden.

Abstract Powder bed fusion of metals using a laser beam (PBF-LB/M according to DIN EN
ISO/ASTM 52900) is an established additive manufacturing process for the direct production of
metallic components. This process is subject to influencing variables which significantly affect
the properties of the manufactured component. Scanning speed, laser power and hatch distance
are decisive for the production of melt tracks that result in sufficient wetting and a dense
component. In order to determine a suitable parameter window, samples made of AlSi10Mg with
a defined vector length are manufactured and evaluated in qualification processes. This article
examines the influence of the vector length on the component properties, such as hardness,
density and chemical composition. The question arises as to whether qualified vector lengths can
be scaled to any length without further investigation and without impairing the component quality.
With the help of energy-dispersive X-ray fluorescence analysis (EDXRF) and energy-dispersive X-
ray spectroscopy (EDX), it was possible to detect a fluctuation in concentration for the element
aluminum. The samples show a change in chemical composition depending on the vector length,
detected with EDXRF. However, a correlation between the chemical change resolved locally along
the vector length cannot be determined yet.
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Introduction

In additive manufacturing, powder bed fusion of metals using a laser beam (PBF-LB/M) [1]
has proven to be a powerful tool for the production of complex and functional three-
dimensional metal components with precise control over microstructure and mechanical
properties [2, 3]. The manufacturing process is based on the principle of layered and
selective melting of metallic powder materials in a powder bed. In addition to advantages
such as design freedom and the cost-efficient production of unique solutions, PBF-LB/M
also faces challenges [4]. The process is subject to various factors that influence the quality
of the manufactured components significantly. Influencing variables such as laser power,
hatch distance and scanning speed are investigated to qualify process parameters [5, 6]
Choosing the right scanning strategy is also essential for successfully producing the
selected material's component geometry. Innovative scanning strategies such as constant
scan vector times and dynamic power changes within a scan vector offer new possibilities
for addressing problems such as distortion formation and residual stresses, e.g., in
overhang [7].

The combination of these parameters makes it possible to process metallic materials
according to specified criteria to meet the requirements for component quality [8]. In
addition to the conditions already summarized in the guidelines, other influences determine
the outcome of the build processes [8]. In previous works, the authors have already
demonstrated the effect of the chemical composition in powder bed fusion of metals using
an electron beam (PBF-EB/M) [9, 10]. The volatilization of light elements in the
manufacturing process poses a challenge, as the loss of elements significantly influences
for example the mechanical properties of the manufactured component [11].

At this point, the authors address the question of the extent to which a change in the
chemical composition is already noticeable in the parameter qualification. Process
parameters are usually qualified on cubic-shaped samples and thus on a fixed vector
length. Components that are manufactured based on this vector length have not yet been
examined for a possible change in chemical composition. Influences caused by the vector
length have already been identified in the past [12-16]. Mugwagwa et al. [16] studied the
effect of scan vector length on residual stresses in PBF-LB/M of tool steel. Gokcekaya et
al. have investigated the influence of vector length on the densification and crystallographic
microstructure formation of pure chromium [18]. Another example is the study by Serrano-
Munoz et al., which deals with process-related changes in the microstructure of IN718 as
a function of vector length [19]. Chemical composition is an important factor in quality
assurance, but it is not yet part of the state of the art in additive manufacturing. The
hypothesis of this study involves examining the influence both along a scan vector and
between scan vectors depending on vector length on possible changes in chemical
composition.

Alloys containing light elements with a high vapor pressure are particularly at risk.
AlSi10Mg is used as powder feedstock in this study. AlSi10Mg has a high specific strength
and is therefore used in industries where weight reduction is crucial, such as aerospace
and automotive [20, 21]. AISi10Mg contains volatile elements such as aluminum and
magnesium as the main alloying elements, which can evaporate from the locally scalded
melt pools [11, 22].
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Material and Methods

Powder characterization

To characterize the starting material, the particle morphology is analyzed using a scanning
electron microscope (SEM) (Gemini 2, Carl Zeiss AG). The particle size distribution
(Camsizer X2, Microtrac) is determined with a dispersion pressure of 200 kPa.
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Figure 1: A) Particle morphology of the AISi10Mg powder (100x magnification), B) Detailed
image (250x magnification)

Density and hardness measurement

Three cross-sections of the PBF-LB/M samples are prepared for density measurement,
hardness testing, and SEM investigations by grinding and polishing (Saphir 250 A2-ECO,
ATM Qness GmbH). The density is determined by the binarization of microscope images
(VHX-6000, Keyence). The hardness HV1 of the samples is determined based on five
measurements (measured evenly in the center over the length of the sample) of a cross-
section using the hardness tester ZHV3 (ZwickRoell). According to the recommendation of
VDI Guideline 3405 Part 2 [8, 23], the average hardness is determined without considering
the hardest and the softest indentation. For samples 3 and 6, only three hardness
indentations can be made due to the small cross-section. The average hardness values for
these samples is determined from the three indentations.

Measurement of chemical composition

Energy-dispersive X-ray fluorescence analysis (EDXRF) (Vanta C series, Olympus)
determines the chemical composition of the starting powder and the bulk samples. The
starting material and the solid samples are measured in a cuvette through a thin film foil.
A silicon drift chamber detector detects the photons in the X-ray fluorescence radiation of
the sample. The result is a pulse height spectrum that reflects the number of photons at a
specific energy. The evaluation method is database-based [24] and uses mass values of
the elements. Energy dispersive X-ray spectroscopy (EDX) (Gemini 2, Carl Zeiss AG) is
used to determine the local element distribution. In preparation for the measurement, the
samples were embedded in a conductive embedding compound and ground on the top
surface. As some of the samples were very long, it was not possible to carry out the usual
line scans. For this reason, individual EDX-mappings are carried out and evaluated over
the sample length. At this point, it must also be mentioned that the embedding material
created measurement noise, which is reflected in the results by a lower measured
aluminum value.
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Feedstock material

Gas-atomized AlISi10Mg powder (m4p material solutions GmbH) is used for the study. The
chemical composition of the powder material was determined using EDXRF (Table 1).

Table 1: Chemical composition of initial powder AlISi10Mg

Al Si Fe Mn Mg

% 88.52 10.445 0.18 0.01 0.67

+-30 0.08 0.07 < 0.01 < 0.01 0.03

The particle size distribution is measured using the principle of dynamic image analysis
(Fig. 2). The powder material has a gaussian-like particle size distribution with a trimodal
shape (g3). The three maxima appear in the right thigh of the curve at approx. 32 ym, 45
pm and 50 pym. The particle size distribution has a fine fraction (< 20 ym, left thigh) and
a coarser fraction (> 60 pym, right thigh). The percentiles can be read from the cumulative
curve Q3 (D10 (25.42 um), D50 (36.87 um) and D90 (52.4 um)). The powder has a typical
range for the PBF-LB/M application. The particle morphology is qualitatively analyzed using
scanning electron microscope images (Zeiss AG) (Fig. 1). The particles have a rough
surface with some satellite adhesions.
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Figure 2: Measured values for particle size distribution

The general shape of the particles tends to be spherical. Elongated particles can also be

detected in the sample, harming the powder spreadability. A detailed image is shown in
Fig. 1 B).

PBF-LB/M process

The PBF-LB/M samples are produced on the AconityMIDI PBF-LB/M system (Aconity3D
GmbH). The energy source is a 400 W fiber laser with a wavelength of 1070 nm and
variable focus diameter, operated with a diameter of 80 um for the test series. For this
study, nine rectangular samples with a fixed width of 5 mm and a variable length (1.25,
2.5, 5,10, 15, 20, 25, 30 and 35 mm) were prepared, as shown in Figure 3 A).

The build process takes place under an argon-inert gas atmosphere. The following
parameters are used: 220 W Laser power, 1800 mm - s scan velocity, 30 um layer
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thickness. The build job setup is depicted in Figure 3 A), and the hatch orientation is shown
in Figure 3 B). To keep the vector length constant, a hatch rotation of 180° in between
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Figure 3: Representation A) of the sample orientation in the construction space B) of the hatch
rotation by 180° and C) diagram of the measuring grid of the EDX analysis based on a
schematic sample

layers is chosen.

Results and discussion

Density and hardness

Figure 5 A) shows the relative density of the samples plotted against their vector lengths.
All samples produced have a relative density of > 99.5 %. The relative density tends to
decrease with increasing vector lengths. The process parameters used were determined in
a preliminary study using cube-shaped samples with an edge length of 5 mm. The fact that
the highest relative density of 99.84 % is achieved for samples with a vector length of 5
mm and that the density decreases with increasing vector lengths shows that the
determined process parameters cannot be transferred to longer vector lengths without re-
qualification. The longer the vector, the longer the time it takes for the laser to return to
the same point when the next vector is exposed. It is assumed that this causes more heat
to be dissipated from the previously exposed vector and the already exposed layer due to
thermal conduction, which means that more energy is required to achieve dense samples
[8]. In Figure 5 B) the hardness of all samples produced in HV1 with its standard deviation
is shown. The hardness values vary between 120 and 140 HV1, which is typical for the
material [24]. The hardness for the longer samples is slightly increased, but there is no
correlation between the values of relative density and hardness. A change in hardness
cannot be attributed to the loss of aluminum either, as magnesium and silicon are
responsible for the strength and hardness of the material [26, 27].

In general, the comparatively high standard deviations stand out for samples under 5 mm
in length and from 25 mm in length. In the case of the short samples, this may be due to
the smaller sample area and the lower number of measurements carried out, while in the
case of samples 25 mm and longer, a higher number of pores may be the reason for a
higher standard deviation.
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EDXRF-Analysis

The samples are measured in the as-built condition on the top surface and on a filed side
surface using the EDXRF. The concentration of the alloying elements aluminum and silicon
are shown in Figure 4. The course of the graphs shows a trend that correlates with the
vector length of the samples, both on the top and side surfaces. As the vector lengths
increase, there is also a slight increase in the relative aluminum concentration from 90.5
to approx. 91 wt.%. Analogous to the increase in the aluminum concentration, a decrease

2
©
N}
&
®

=2
©
©
©

150

=
= B -
c (0] é i = X % % % >
£91 4 & g o A 15 § ;99'8 b 140 T
£ é ] L [ 3 = 2
5 = 2 99,7 ] 2
§ 90 129 3 130 ©
8 5 © 996 % T
g %; c s %% o 0 v
89 kS X A 9 ® [0}
£ & 8 L. & g Bos ‘ 1o
3 ) >
< 88 6 99,4 110
0 10 20 30 40 0 5 10 15 20 25 30 35 40
Vector lenght/ mm Vector length / mm
OTop surface Al m Side surface (filed) Al mDensity OHardness
OTop surface Si A Side surface (filed) Si

Figure 4: Change in relative elemental concentration of A) Aluminum and Silicon (EDXRF) and
B) Relative density and Hardness as a function of the vector length

in the relative silicon content can be observed, from 9.2 to approx. 8.5 wt.-%. At the same
time, a difference in the measured areas cannot be determined.

EDXRF-Analysis

The EDX analysis is carried out in addition to the examination with the EDXRF to determine
the chemical composition locally at specified measuring points in a grid-like arrangement.
A representation of the measured grid can be found in Figure 3 C), in which the gray stripes
indicate the area covered by the EDX mapping. The changes in the element concentration
over the length of the sample (vertical, y-direction) and the width of the sample
(horizontal, x-direction) are now considered. To establish a comparison, the range of
variation of the element concentration is determined for both orientations. This range
results from the respective minima and maxima of the measured element concentration.
The results are shown in Fig. 5.

The average values of the aluminum concentration (Fig. 5 A) shown for the range of
variation in the y-direction (0.78) are, on average, comparatively higher than those of the
range of variation in the x-direction (1.21). The t-test results nevertheless show that these
differences are not statistically significant at a conventional level (p=0.188). A change in
the element concentration is nevertheless measurable. The results of the silicon
concentration (Fig. 5 B) show more clearly that a change in the vector length has no
significant influence on the element concentration. There is no detectable statistical
difference between changes in the vertical sample and the horizontal sample (p=0.792).
The average values of the variation margins in the x-direction (0.19) and y-direction (0.18)
are also lower than the values for aluminum on the one hand and do not differ noticeably
on the other. The variation ranges of magnesium and iron (Fig. 5 C and D) are, on average,
below 0.1 % and thus show an extremely low fluctuation of the element concentration over
the vector length in the x- and y-direction. The t-test also indicates that the differences
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between the ranges for magnesium (p=0.118) and iron (p=0.397) are not statistically
significant.
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Figure 5: Range of variation for the elements A) aluminum, B) magnesium, C) silicon and D) iron

What is nevertheless noticeable for the variation ranges of the aluminum and silicon
concentration (Fig 5 A) and B)) is that the highest fluctuation of the element concentration
in both cases is at sample 4 (20 mm). This sample already stood out because of the higher
measured value in the hardness test.

There are studies on the influence of the temperature distribution on the development of
residual stresses and distortion in the PBF-LB/M process [16, 22, 27]. No information on
the phenomenon described above can be found in the literature. This interesting result
requires further investigation. For this reason, further work is currently underway to
explain the origin of this phenomenon at the present time.

Conclusion and outlook

Only the results for the aluminum concentration show a slight change in the material
composition over the entire sample surface, which correlates with the vector length.

However, this finding cannot be confirmed in y-direction along the vector by local
elemental analysis using EDX. The results show no significant change in the element
concentration along the vector. Fluctuations can only be detected in samples 4 and 5 but
do not indicate a correlation between the investigated variables. Looking at the values
transverse to the vector direction also shows no significant change in the chemical
composition. A fluctuation in concentration can only be measured for the element
aluminum. A statistically significant relationship could not be found for the elements
examined. From this, there is no connection between looking at the element change in the
x and y directions. However, the shift in aluminum concentration, which could be detected
for both orientations, remains intriguing.
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Further investigations are necessary to get a better understanding of the phenomenon, for
example the examination of the microstructure in order to obtain further important
information about the characteristics of the component properties.
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