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Abstract

The implementation of sustainable production patterns in the sense of a circular economy is becoming increasingly important due to the rising
consumption of resources. In addition, remanufacturing enables the technological sovereignty of company locations. The aim of
remanufacturing is to return used products to the market in an as-new or even better condition than initial new products. To achieve this,
flexible, semi-autonomous production is needed, which requires a coordinated, adaptable production system. This can be achieved by
combining additive manufacturing (AM) and machining. Powder-based high-speed directed energy deposition using a laser beam (DED-LB) is
particularly suitable for this application. High-speed DED-LB enables multifunctional structures and the combination of multiple metal
powders in a single component. In addition, by specifically influencing the cooling rates, high-speed DED-LB is capable of producing metal
parts with high hardness and high strength. Modern DED-LB systems include 5-axis features, allowing material to be applied to irregular
geometries. To unlock the full potential of the DED-LB process, suitable process parameters for thick- and thin-walled components must be
derived. Therefore, the relationship between process parameters, resulting geometries and process influences on microstructure must be known.
This will help to overcome technical challenges such as repeatability and quality, as well as difficulties caused by cumulative defects, and

create a basis for reliable reprocessing in the sense of a circular economy.
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1. Introduction

In nearly all industries and sectors of the economy, repair
costs and production downtimes are significant. Furthermore,
the implementation of sustainable production patterns is
becoming increasingly important [1]. Extending the life of
components through remanufacturing can significantly
improve lifecycle sustainability and offer immense cost savings
[2]. Studies have shown that the specific energy requirement
for metal-based AM processes can be higher than for
subtractive processes [3]. Additive manufacturing technologies
are therefore sustainable not because of their energy efficiency,
but because they enable production strategies such as circular
economy. Remanufacturing allows used components to be
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returned to the market in as-new or even better condition than
the original new products. The consistent implementation of a
circular economy, in which components are remanufactured, is
achieved with a process combination of additive manufacturing
and the subsequent machining required for the production of
functional surfaces. The goal of flexible, semi-autonomous
production can be achieved here by combining a 5-axis high-
speed DED-LB system with multiple material supply and a 5-
axis mill-turn machining center. The combination of the two
machines, with multiple sensors and an automation offers an
opportunity for sustainable economic remanufacturing.

As an additive manufacturing (AM) process, powder-based
high-speed directed energy deposition using a laser beam
(DED-LB) offers the possibility of building near-net-shape
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components by successive addition of material. Along with
powder bed fusion by a laser beam (PBF-LB), DED is
considered as one of the most important processes for the
additive processing of metal powders [4]. Compared to other
metal-based additive manufacturing processes, DED is
characterized by significantly higher build-up rates. Shifting
the powder focus above the substrate allows the added powder
to melt prior to deposition [2]. By eliminating the time required
to melt the powder in the melt pool, processing speeds of up to
200 m/min are possible, further reducing process times for
high-speed DED [5]. DED-LB enables the design of
multifunctional structures and the combination of several
powder materials in one component [6]. Furthermore, state-of
the art systems allow material deposition on uneven geometries
using a 5-axis functionality. By adjusting the cooling rates,
components of high hardness and high strength can be
produced [4]. To enable sustainable economic remanufacturing
of components, it is essential to derive suitable process control
variables considering the existing component geometry in
order to ensure reliability and consistent quality of the buildup
components. Database management allows process windows to
be defined for different materials and geometries. In this way,
technical challenges, such as reproducibility and consistent
quality, as well as difficulties due to cumulative defects, can be
overcome. Thereby, the basis for reliable reprocessing in the
sense of a circular economy can be created.

Nomenclature

AM additive manufacturing

DED directed energy deposition

LB laser beam

PBF powder bed fusion

Y hatch distance

Eef effective energy

Ev us DED-LB energy volume density for High Speed
DED-LB

Ev per.LB energy volume density for PBF-LB

F powder density

h layer height

ha theoretical layer height

m powder mass flow

p3i6L density of 316L

PL laser power

% processing speed

2. State of the Art

High-speed DED-LB is a new process variant of
conventional powder-based DED [4]. The powder focus is
located above the substrate. As a result, the powder supplied is
melted above the substrate surface and is fed to the melt pool
in liquid state [2]. This eliminates the time required for the
particles to melt in the melt pool on the substrate surface, which
increases the possible processing speed [6].

Various process control variables have a significant
influence on the process result [7]. According to Greco et al.,
especially the variables of laser power, powder mass flow and
processing speed, and their relationship to each other, have a

significant effect on the mechanical properties of the
component [8]. An experimental approach to identify relevant
process control variables and, in particular, their appropriate
ratios is described for conventional DED of 316L by
Sciammarella et al. [9]. Schmidt et al. investigated the density,
microstructure and hardness of 316L cubes produced by high-
speed DED-LB with a defined parameter set and achieved a
maximum relative density of 99.38% [7]. In the work by Li et
al., three different build-up strategies for high-speed DED-LB
of AISI 4340 steel were investigated while maintaining the
process control variables, leading to porosities between 0.15 %
and 3.45% [10]. Platz et al. performed density and
microhardness measurements on 17-4 PH specimens produced
by high-speed DED-LB and determined relative density values
of up to 99.49 % using optical porosity analysis (Platz et al.
2022) [5]. In the work of Schaible et al., cubic volumes were
produced by high-speed DED-LB using 316L and different
deposition strategies commonly used in DED-LB were tested
for their transferability [11].

Accordingly, a sufficient process window for the production
of 316L samples using DED-LB has not yet been defined.
Furthermore, the influence of the sample geometry on the
process control variables has not been considered in previous
investigations. In order to exploit the full potential of the
high-speed DED-LB process, the aim of this work is to derive
suitable process control variables for thick and thin-walled
components and to lay the foundations for a suitable process
window. For this purpose, the relationship between selected
process control variables and resulting geometries on the
manufactured component must be known. In the long term, this
should enable an automated adjustment of the process control
variables in dependency of the manufactured geometries. The
relative density is a comparative value that indicates the ratio
between material and pores in the generated structure [7] and
is used in this work as an indicator for the generated material
quality and the influence of the process parameters. The
process window validated by the density measurement will
serve as a basis for future reliable reprocessing in the sense of
a circular economy.

3. Materials and Methods

For the present study, 316L powder from m4p material
solutions GmbH with a particle size between 20 um and 63 pm
was used and deposited on substrate plates of cold-rolled
1.0038 steel. All specimens were manufactured on a pE3D
high-speed DED-LB system of Ponticon GmbH. The
maximum speed of the pE3D system is 200 m/min and the
maximum acceleration is 50 m/s?. The powder conveyor used
was a PF2-2 MFR model from BLC Lasercladding GmbH. A
high-power diode laser LDF 6000-40 from Laserline GmbH
with a maximum laser power of 6 kW and a coaxial powder
nozzle type RP13 from Laserline GmbH were used.

In this study, the process control variables laser power,
powder mass flow and processing speed were varied fully
factorially and optically investigated using the scanCONTROL
3000-50 from MICRO EPSILON. For each parameter set,
10 mm long single-tracks and 10 tracks for cuboids with an
edge length of 10 mm were built, each with 10 layers height.
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All samples were produced with a hatch distance of 0.5 mm, a
laser spot diameter of 1 mm and a nozzle-substrate stand-off
distance of 14 mm. The scanning strategy was bidirectional.
The shielding gas flow rate was 14 /min and the carrier gas
flow rate was 6 1/min. Further parameters are listed in Table 1.

Table 1. Process control variables parameter study.

Process control Laser Powder mass flow Processing
variables power in W rate in g/min speed in m/min
Considered 1000 — 12-36 35-80
range 2600

Step size 200 8 15

For PBF-LB, the volume energy density Evpgr.z has
proven to be useful for assessing the energy input. Ev pgr.Ls in
J/mm?® is defined as laser energy per volume and can be
calculated according to Eq. (1) with laser power Pr, hatch
distance vy, layer height h and processing speed v [12]:

PL
y*h*v

()

Ey ppr-18 =

In order to correlate the selected parameter sets, it is also
necessary to define a comparable value for high-speed DED-
LB to represent the applied energy. The parameters effective
energy E.qr and powder density F are often used to evaluate the

classical DED method [13 - 15]. The effective energy Ecs in
J/mm? is defined in Eq. (2) [16]:

Py,
y*v

Eerr = 2

The powder density F in g/mm? is given in Eq. (3) with the
powder mass flow m [16]:
mm

F = - 3)

The theoretical layer height hy, in mm can be defined

according Eq. (4) with an ideal density of 316L
P36 = 7.99 g/em®:
F M
hyp=—"= ——— 4
th P316L P316L*YV*V ( )

If the layer height in (1) is replaced by the theoretical layer
height (4), the relationship for the volume energy density
Ev.ns.pep in J/mm? given in Eq. (5) is obtained:

Pr*p3ieL
EV,HS DED-LB — B (5)

m

KoB et al. emphasize that in high-speed DED-LB most of
the laser radiation is absorbed by the powder particles and also
define the energy volume density for the process according to
Eq. (5) [17]. Therefore, Ev us pep-Ls given in Eq. (5) is used to
evaluate the experimental results of this work. From the full
factorial parameter study, the expected build height for each
parameter set used was evaluated using a MICRO EPSILON
laser line scanner. From the optical evaluation, the best three
parameter sets were selected to build the cubes with an edge

length of 10 mm. The parameter sets were selected regarding a
comparatively good surface result without any visible pores or
ripples. In addition, a wide range of processing speeds was
considered. To investigate the influence of the laser power,
parameter sets C1 to C3 were reduced (C_A) or increased
(C_B) by 100 W each, respectively. At 2,400 W, significant
spattering and rapid nozzle contamination were observed,
therefore the C3 B variation was omitted. The selected
parameter sets for the cube shaped samples and the volume
energy densities defined according to (5) are shown in Table 2.

Table 2. Process control variables cuboids.

Sample  Laser power = Powder mass Processing  Volume energy
in W flow rate speed density
in g/min in m/min in J/mm?
1,200 47.8
Cl A 1,100 12 35 43.8
B 1,300 51.8
2,000 34.1
c2 A 1,900 28 50 324
B 2,100 35.8
2,400 31.9
C3 36 80
A 2,300 30.5

Parameter sets C1 to C3 were used to define the process
control variables for single-tracks. The laser power for the
parameter sets S1 to S3 has been adjusted downwards for
variants D, E and F due to the reduced heat dissipation. The
single-track process control variables and volume energy
densities are listed in Table 3.

Table 3. Process control variables single-tracks.

Sample Laser Powder mass Processing Volume energy
power in W flow rate in speed in density in
g/min m/min J/mm?

C 1200 47.8

D 700 27.9
S1 12 35

E 600 23.9

F 500 19.9

C 2000 34.1

D 1500 25.6
S2 28 50

E 1400 23.9

F 1300 22.2

C 2400 31.9

D 1500 19.9
S3 36 80

E 1400 18.6

F 1300 17.3

Density measurement methods play an important role in
assessing the quality of DED deposition [18]. Several methods
have been established to determine the density of additively
manufactured samples. For comparison, density measurements
were performed both by using the Archimedean principle in
distilled water and an optical porosity analysis of the cube-
shaped samples. Images were taken perpendicular to the build
direction using a Keyence VHX-970 F digital microscope at
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100x magnification. To represent the entire surface, three
images per sample were taken and the mean and standard
deviation of the relative density were calculated.

4. Results

The means and standard deviations of the Archimedean
density measurements and the optical analysis for the cubic
samples are shown in Fig. 1. The results show that the
Archimedean density is always lower than the density values
obtained from optical porosity analysis of micrographs.
However, the relationship between the densities within each
method is comparable. The lower laser power in variant 'A'
results in a decrease in relative density for each combination.
For parameter set C1_B, the further increase in laser power
again led to a slight decrease in relative density, while for
parameter set C2_B the highest relative density of 99.91% was
achieved.

Archimedean density measurement

m Optical analysis
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Fig. 1. Comparison of relative densities determined by Archimedean
measurement and optical porosity analysis for cubic samples.

The relative density of the single-track samples was again
analysed using the Archimedean principle. The means and
standard deviations are shown in Fig. 2. The relative densities
are lower than for cubic samples. The highest relative density
0f 91.26 % was obtained with parameter set S2_F.
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Fig. 2. Comparison of relative densities determined by Archimedean
measurement for single-track samples.

In order to evaluate the influence of the introduced volume
energy density according to formula (5), Fig. 3 shows the
relative density determined by the Archimedean principle in
dependency of the volume energy density. For a volume energy
density of less than 34 J/mm?, an increased porosity of the
cubic samples can be observed. As mentioned earlier, the
energy input was reduced due to the lower heat dissipation of
the single-track samples. The relative density values of the
single-track samples produced using the cube parameters are
below 87 %. Accordingly, for the single-track samples, an
excessively large laser power and thus, a too high volume
energy density leads to a significant increase in porosity.
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Fig. 3. Influence of volume energy density on relative density, determined by
Archimedean measurement for single-track samples.

Fig. 4 shows exemplary micrographs for the cubic samples.
For samples C1_A, C2_A, C3 and C3_A, the majority of the
pores are large lack-of-fusion pores. In addition, the overall
view of the sample cross section shows that the pores of
samples C2 A, C3 and C3_A were formed between the
individual scan tracks. The micrographs of samples C1, C1 B
and C2 B show cracks in addition to smaller keyhole like
pores. During the process, the material undergoes rapid heating
and cooling rates, leading to high solidification shrinkage
stresses in the deposited layer and thus, to cracking [19].

a)

(® z. <—» scan direction
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Fig. 4. Exemplary microscopic images of cubic samples, a) samples C1,
Cl_A, Cl1 B, b) samples C2,C2_A, C2_B, c¢) samples C3,C3_A

Exemplary microscopic images of the single-track samples
are shown in Fig. 5. They show that the material density varies
along the component height. For samples S2 D, S2 E and
S2 F, there is a gradual transition of denser material from the
lower layers in S2 D to the upper layers in S2 F with
decreasing laser power. The density achievable for a given laser
power therefore varies as a function of component height.

T z, «— scan direction

Fig. 5. Exemplary microscopic images of cubic samples.

5. Discussion

This study provides a first introduction to a wide field of
new possibilities for the derivation of optimized process
control variables opened up by the use of high-speed DED-LB
for AM. Accordingly, the initial data points serve as starting
point for future investigations. When evaluating the results of
the density measurements, the chosen method must be
considered. The relationship between the density values within
each method was found to be comparable. However, the
Archimedean density values are lower than those obtained by
optical porosity analysis. Therefore, the density values of a
series of measurements can be compared regardless of the
measurement method used. When comparing with values
obtained by other methods, the discrepancy must be
considered. It should be noted that Archimedean density
measurement takes the entire sample into account when
determining density, whereas optical porosity analysis uses
only a limited area of the interior of the component for
evaluation. As a result, the results of optical porosity analysis
are subject to greater variation. With the Archimedean method,
it should be noted that the high surface roughness of the as-built
samples favors the adhesion of small air bubbles. This can
influence the measurement result towards a lower density value
[18]. This effect is more pronounced in the lighter single-track
samples.

In total, a density > 99.7 % could be achieved for volumetric
samples with four different parameter sets. A reduction in laser
power resulted in a decrease in component density for the cubic
samples due to the increased number of lack-of-fusion pores.
These pores are caused by binding defects and are the result of
too little energy input during the process [20]. The literature
documents an increased occurrence of these lack-of-fusion
pores in areas where two exposure regions are adjacent [21].
The pores of samples C1_A, C2 A, C3 and C3_A can be
located between the individual scan tracks. With increasing
energy input the porosity could be reduced. For the samples C1,
C2 and C2_B, keyhole like pores can be seen in the microscopy
images. These pores form as a result of excessive energy input.
In addition, cracks can be seen in these samples, especially in
sample C1_B. During the high-speed DED-LB process, the
material experiences very high heating and cooling rates,
leading to high solidification shrinkage stresses in the
deposited layer and thus, to cracking. Especially austenitic
stainless steels are more susceptible to solidification cracking
than low carbon steels [19].

Thus, both too low and too high laser power lead to different
defects, which have a negative effect on the properties of the
component. Already a change in laser power of 100 W has
significant effects on the built-up geometry. As a result, it is
necessary to define a suitable process window for
manufacturing high density components. The volume energy
density introduced according to (5) can be used to evaluate the
process window. For cubic samples, a decrease of the density
values for Ev, ns.pep <34 J/mm® could be observed. When
evaluating the process window, the component geometry must
be considered. Thin-walled geometries, such as the single-track
samples, with lower heat dissipation achieve significantly
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lower density values than larger component volumes for the
same volume energy density.

When evaluating the microscopic images of the single-track
samples, it should be noted that it cannot be assumed that the
sections represent the center of the samples. Consequently, a
statement about the density of the single-track samples can only
be made using the Archimedean density measurement.
However, with constant laser power over the component
height, a variable porosity profile over the component height
could be determined for the single-track samples. Accordingly,
for thin-walled geometries, the change in heat dissipation as a
function of component height must be considered and
therefore, the laser power must be reduced as the component
height increases.

6. Conclusion

In this work, several process control variables have been
investigated and initial data were generated to determine a
suitable process window for high-speed DED-LB. When
evaluating the influence of the process control variables, the
geometry of the component must be considered. Furthermore,
the resulting porosity differs depending on the measurement
method chosen, but within a method, the results can be related
to each other. If the geometry results in a change in heat
dissipation, e.g. for thin-walled components, the process
control variables must be adjusted accordingly. The exact
strategy for the design of thin-wall components will be the
subject of further investigation. For example, for single-track
components, the laser power could be reduced as the
component height increases. In addition, further data points
will need to be collected to generate an accurate process
window for manufacturing high-density components. With the
results of this study, the foundation for a flexible, semi-
autonomous production is laid to enable the reliable
remanufacturing of components with variable geometry in the
future.
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