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Abstract: A major factor slowing down the establishment of additive manufacturing processes as
production processes is insufficient reproducibility and productivity. Therefore, this work investigates
the influence of ring-shaped beam profiles on process stability and productivity in laser-based powder
bed fusion of AISI 316L. For this purpose, the weld track geometries of single tracks and multi-track
segments with varying laser power, scan speed, hatch distance, and beam profile (Gaussian profile
and three different ring-shaped profiles) are analyzed. To evaluate the process robustness, process
windows are identified by classifying the generated single tracks into different process categories.
The influence of the beam profiles on productivity is studied by analyzing the molten cross-sectional
areas and volumes per time. When using ring-shaped beam profiles, the process windows are
significantly larger (up to a laser power of 1050 W and a scanning speed of 1700 mm/s) than those of
Gaussian beams (laser power up to 450 W and scanning speed up to 1100 mm/s), which suggests a
higher process robustness and stability. With ring-shaped beam profiles, larger volumes can be stably
melted per track and time. The weld tracks created with ring-shaped profiles are significantly wider
than those generated with Gaussian profiles (up to factor 2 within the process window), allowing
enlargement of the hatch distances. Due to the higher scanning speeds and the enlarged hatch
distances for ring-shaped beam profiles, the process can be accelerated by a factor of approximately 2
in the parameter range investigated.

Keywords: additive manufacturing; laser-based powder bed fusion of metals; PBF-LB/M; stainless
steel AISI 316L; beam shaping; donut-shaped profile; ring-shaped profile

1. Introduction

Currently, continuous wave, vector-based exposure using Gaussian spots with spot
diameters in the range from 40 to 120 pum represents the standard approach to laser-
based powder bed fusion of metals (PBF-LB/M) [1]. The selected spot size is a compromise
between achievable resolution and productivity. By enlarging the spot size and the scanning
speed, productivity can be increased. The potential for increased productivity resulting
from increases in laser power and scanning speed has been studied for several years [2]. To
obtain sufficient melting and bonding of the individual melt tracks, the laser power must be
increased to match the scanning speed. However, the two parameters cannot be increased
ad infinitum because of various physical phenomena in the melt pool. The use of small
Gaussian laser spots results in high intensities and temperature gradients when using PBF-
LB/M, which cause different effects such as overheating or distinct Marangoni flows. Such
effects can result in process defects such as keyholing and balling. The range of process
parameters in which the process operates stably (no process defects such as keyholing
or balling) and non-porous parts are generated can be termed the process window. With

Metals 2021, 11, 1989. https:/ /doi.org/10.3390/met11121989

https:/ /www.mdpi.com/journal/metals


https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-8425-7801
https://orcid.org/0000-0002-3384-4651
https://doi.org/10.3390/met11121989
https://doi.org/10.3390/met11121989
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/met11121989
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met11121989?type=check_update&version=1

Metals 2021, 11, 1989

20f18

larger process windows, more process parameter combinations over a larger range result
in a stable process. This reduces the probability of process defects occurring. Thus, the
process becomes more stable and robust.

Investigations by Yadroitsev et al. [2] have shown that for high laser powers and
scanning speeds, process defects such as overheating of the melt pool, powder denudation,
and balling occur. Overheating occurs due to the Gaussian energy input into the center
of the melt pool and causes spatter [3]. When using Gaussian beam profiles, powder
denudation is primarily caused by the Bernoulli effect induced by material vaporization in
the melt tracks center [4]. Balling effects are described in the literature by Marangoni flows
and the Plateau-Rayleigh capillary instability of a liquid cylinder, which represents the melt
pool [5]. Balling occurs at a critical length to diameter ratio of the melt pool [6]. In addition
to reducing the scanning speed or laser power and thus shortening the melt pool, the width
can also be increased to lower the ratio. This can be implemented by increasing the power
and enlarging the spot. However, centric overheating remains if the Gaussian shape of the
intensity distribution is maintained. Modern methods of beam shaping make it possible to
use not only Gaussian and top-hat (also known as flat top) profiles but also other beam
shapes. The advantages of alternative (non-Gaussian) beam profiles have been discussed in
the literature in respect to welding and additive manufacturing. In the literature, the beam
shapes have been achieved using diffractive optical elements (DOEs) [7,8] and lenses [9]
among others. Until now, knowledge in respect of the influence of alternative beam profiles
on PBF-LB/M remains limited.

Rasch et al. [7] achieve a wider process window and reduced surface roughness
when using a ring profile instead of a Gaussian profile (similar diameters) for the heat
conduction welding of aluminum-—copper alloys. Ayoola et al. [10] show that top-hat
profiles produce flatter weld geometries in comparison with Gaussian profiles of the same
diameters. However, the intensity distribution has no significant influence on the width of
the weld track [10]. Studies on the influence of different beam profiles on PBF-LB/M have
been carried out at Moscow State University of Technology (STANKIN). Zhirnov et al. [11],
Metel et al. [12], and Okunkova et al. [13,14] generated weld tracks using a Gaussian
profile, a top-hat profile, and a donut profile, varying laser power and varying scanning
speed. They conducted their experiments with CoCrMo powder. Zhirnov et al. [11] achieve
significantly larger process windows by using alternative beam profiles (top-hat and ring
profile) instead of a Gaussian beam profile. Based on this, Metel et al. [12] show that the
process can be extended with other beam shapes. For the top-hat profile used, power
and speed can be increased by 14% with similar geometric parameters of the melt tracks,
and, by using a donut profile, power and speed can be increased by 43% [12]. Okunkova
et al. [13,14] show experimentally that the use of top-hat and donut-shaped profiles can
reduce spatter formation and the width of the denudation zone. Wischeropp et al. [8]
investigate the stability and productivity of PBF-LB of AlSi10Mg with a ring-shaped beam
profile. They achieve larger melt pools, fewer defects (cracks, balling, and porosity) and
thus a better process robustness due to the donut-shaped beam profile [8]. Schleifenbaum
et al. [15] and Loh et al. [16] show the potential of increased build rates by using a top-hat
profile. When processing steel, Schleifenbaum et al. [15] achieve build rates of 5 mm?/s
with powder layer thicknesses of 100 um and build rates of 20 mm?/s with powder layer
thicknesses of 400 um and relative densities of more than 99%.

In laser deep-penetration welding, the use of ring-shaped beam profiles in combination
with centric top-hat or Gaussian profiles to increase process stabilization and reduce spatter
formation is already established and commercially available [17-19].

All the presented prior research shows the existing potential of ring-shaped beam
profiles in powder bed fusion. The alternative beam shapes usually have a larger spot size
and produce larger melt pools, resulting in reduced resolution [15]. New programmable
laser systems are now available that can be switched on the fly between Gaussian and
ring-shaped beam profiles with different intensity distributions [20]. Thus, potential high
resolutions can be combined with high productivities in the PBF-LB/M process. Systematic
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investigations with the possible beam profiles have not yet been published. Therefore, this
paper presents a study of the potential of three alternative ring-shaped beam profiles to
increase the process robustness and productivity in PBF-LB/M of AISI 316L compared to a
state-of-the-art Gaussian beam profile.

2. Materials and Methods
2.1. Feedstock Material

AISI 316L substrates are used for the experiments. This alloy is well-established in
additive manufacturing using stainless steel. The substrate plates (see Figure 1) are laser
cut from a cold-rolled sheet. To ensure reproducible surface properties, the substrates are
sandblasted with corundum, resulting in a matte, rough surface (S, ~ 3 um, S; ~ 42 pum).

79 mm
gl |-
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Figure 1. Schematic substrate plates laser cut from cold-rolled 3 mm sheet.

The experiments are carried out without powder. He et al. [21] show that experiments
without powder are transferable to PBF-LB/M. Adding powder leads to a small shift of the
process window due to a slightly more pronounced balling tendency [21].

2.2. Job Design

Single tracks and multi-track segments are exposed to analyze the shape and dimen-
sions of the weld tracks with different parameter sets. The design and orientation of the
tracks and segments on the substrate are shown in Figure 2. The single tracks had a length
of 15 mm. The segments were manufactured with an edge length of 5 mm and different
hatch distances k. To avoid the interaction of laser radiation with process emissions, the
single tracks are exposed in the opposite direction to the shielding gas flow. When exposing
the multi-track segments, the tracks are scanned perpendicularly to the shielding gas flow
and one after the other in the opposite direction to the shielding gas flow.
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Figure 2. Schematic design of single tracks (a) and multi-track segments (b).

2.3. Experimental System

The experiments are carried out on an in-house developed test rig and process chamber
(shown in Figure 3). The chamber was flooded with argon to a residual oxygen content
of 0.2%. Argon flows over the substrate plate at a volume flow rate of 18 1/min. An AFX-
1000 (nLIGHT Inc., Vancouver WA, USA) with seven switchable beam profiles is utilized
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as the beam source. The switchable beam profiles are termed as “Variable Beam Parameter
Product (VBPP)”. The applied beam profiles are shown in Figure 4 as 2D distributions in (a)
and as cross-sections in (b). As shown in Figure 4, the ring-shaped beam profiles differ in
power ratio between the central peak and the surrounding ring. Collimation is performed
using a 60 mm collimator with an aperture (nLIGHT Inc., Vancouver WA, USA). The beam
deflection was realized with an Elephant 50 (ARGES GmbH, Wackersdorf, Germany) scan
system. The resulting beam diameters and power ratios of the central peak and surrounded
ring of the used beam profiles are listed in Table 1.

Inlet shielding gas Substrate Outlet shielding gas

Figure 3. Photo of the process zone inside the process chamber.
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Figure 4. Intensity distributions of the beam profiles used at Py, = 500 W as 2D distributions (a)
and cross-sections (b).
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Table 1. Power distribution according to manufacturer adapted from [22] and beam diameter at

Praser = 500 W calculated using the 2nd moment method according to [23] for used beam profiles.

Profile Name VBPP Peak Power Ring Power Spot Diameter 2w,
0 100% 0% 107 pm
4 40% 60% 253 pm
5 20% 80% 262 pm
6 10% 90% 271 um

2.4. Process Parameters

The process parameter sets for the single-track and multi-track experiments with
the different beam profiles are summarized in Tables 2 and 3. An overview of all used
parameters, symbols and abbreviations is listed in Appendix A. The laser power Py, the
scanning speed vsq,, and the hatch distance h are varied for the different beam profiles. A
delay time of 2 s between the single tracks and 1 min between the various multi-track seg-
ments is implemented to avoid beam-fume interactions. The individual tracks of a segment
are manufactured one immediately after the other to create realistic process environments.

Table 2. Summarized process parameter sets of the single tracks.

Gaussian Profile (VBPP 0)

Ring-Shaped Profiles (VBPP 4, 5, 6)

Laser Power Scanning Speed

Laser Power Scanning Speed

Praser in W Uscan IN Mm/s Praser in W Uscan in mm/s
200 500, 800, 1100, 1400, 1700 300 500, 800, 1100, 1400, 1700
300 500, 800, 1100, 1400, 1700 450 500, 800, 1100, 1400, 1700
400 500, 800, 1100, 1400, 1700 600 500, 800, 1100, 1400, 1700
450 500, 800, 1100, 1400, 1700 750 500, 800, 1100, 1400, 1700
500 500, 800, 1100, 1400, 1700 900 500, 800, 1100, 1400, 1700
600 500, 800, 1100, 1400, 1700 1050 500, 800, 1100, 1400, 1700

Table 3. Summarized process parameter sets of the multi-track segments.

Gaussian Profile (VBPP 0)

Ring-Shaped Profiles (VBPP 4, 5, 6)

Laser Power Scanning Speed Hatch Distance Laser Power Scanning Speed Hatch Distance

Praser in W Uscan IN Mm/s hin pm Praser in W Vscan IN Mm/s hin pm
200 500, 800, 1100, 1400 85,120, 155 450 500, 800, 1100, 1400 170, 240, 310
300 500, 800, 1100, 1400 85,120, 155 600 500, 800, 1100, 1400 170, 240, 310
400 500, 800, 1100, 1400 85,120, 155 750 500, 800, 1100, 1400 170, 240, 310
500 800, 1100, 1400, 1700 85,120, 155 900 800, 1100, 1400, 1700 170, 240, 310

The single-track experiments (Table 2) are carried out to detect suitable process win-
dows and hatch distances for the multi-track segments. A total of 120 parameter sets are
studied. Only one track per parameter set is generated and analyzed in two cross-sections
of the track. For this reason, no standard deviations are listed in the evaluations of the
single-track experiments. The mean values shown result from the evaluated cross-sections
of one track. The multi-track segments (Table 3) are statistically validated. For each pa-
rameter set, three segments are exposed with 5 weld tracks analyzed in the center of
each segment. The mean value and standard deviation are calculated from the 15 tracks
analyzed per parameter set. In total, 192 parameter sets are tested with 3 repetitions each.

2.5. Component Properties

In order to investigate the influence of the various parameters on the welding result,
the cross-sectional geometries of the generated weld tracks are analyzed. In addition, the
roughness of the multi-track segments is evaluated.
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2.5.1. Cross-Sectional Geometries

To enable the analysis of the weld track geometries, cross-sectional micrographs are
prepared. For this purpose, the specimens are cut centrally and embedded in a transparent
epoxy. Afterwards, the specimens are wet ground in three stages using silicon carbide
paper (grit 180, 360 and 1200) and polished in two stages using polishing pastes (3 pm and
1 um). Finally, the specimens are etched with an Adler etchant. The cross-sections of the
weld tracks are documented using an optical microscope. Based on the microscope images,
the weld width w,,, welding penetration depth 6, and the molten cross-sectional area A,;,
are determined. A schematic illustration of the process and the resulting measured values
is shown in Figure 5. In addition, it is qualitatively determined whether balling effects
occur. Depending on the weld track geometries, the specimens are classified into one or
more of the following categories adapted from [8,21] (see Figure 6):

1. Regular: The weld track topology is homogenous and smooth.

2. Keyholing — A = 64 /wy > 0.8: The aspect ratio of the welding penetration depth to
width of the weld track is greater than 0.8 [24]. Increased energy input can cause a va-
por capillary (“keyhole”) to form in the melt pool, which causes the high aspect ratios.

3.  Balling: The weld track is characterized by an irregular shaped weld track, with single
melt “balls” along the track [25,26]. Plateau—Rayleigh instability causes very long
melt pools to break up and individual melt spheres to form [26,27].

4.  Protrusion and depression: The topology of the corresponding weld tracks is charac-
terized by protrusions in the center and depressions on the sides of the weld tracks.
This weld track shape is created by long melt pools with increased backward flow
of the molten material due to the Marangoni effect and recoil pressure [28]. Plateau—
Rayleigh instability [25,27] causes the melt pool to form a protrusion that solidifies
before it can break into individual melt balls.

5. Undermelting — &, <40 um: The welding penetration depth is less than the powder
layer thickness (40 pm in this study). In such weld tracks, the energy applied is
usually too low.

Laser beam

Weld track Ploser

\ Uscan

z

A
\ 4

Figure 5. Schematic illustration of the process and the resulting measured values.

2.5.2. Roughness Measurement

A 3D profilometer (Keyence VR-3100, Osaka, Japan) is used to measure the roughness
of the multi-track segments via fringe projection. The optical measurement enables a local
description of the whole topography and thus the evaluation of the associated roughness
values S; [29]. In this study, the areal arithmetic average roughness S, (according to DIN
EN ISO 25178-2 [30]) is used for roughness determination.
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(a) Regular SR (b) Keyholing (c) Balling (d) Protrusion and (e) Undermelting
3 = i

depression

pe R

Figure 6. Typical microscopy images and their classification into the different categories: (a) Regular, (b) Keyholing, (c)
Balling, (d) Protusion and depression, and (e) Undermelting.

3. Results and Discussion
3.1. Influence of Laser Power and Scanning Speed on Melt Pool Geometry for Single Tracks

The single-track experiments aim at detecting process windows for the different beam
profiles. This is based on the categorization of the weld tracks described in Section 2.4.
The categories “Regular” and “Protrusion and depression” are considered as functional
processes, because continuous weld tracks with suitable weld penetration depths are
produced. “Protrusion and depression” does not necessarily tend to an unstable process
and thus to component defects such as porosity. However, if the protrusion and depression
are very distinct, weld tracks in this category can also lead to non-qualification of the
corresponding parameter set in subsequent investigations. In addition to the detection of
the process windows, values for suitable hatch distances of the multi-track segments are
detected via the weld width of the single tracks, and the degree of laser energy coupling for
the different beam profiles is compared. Figure 7 shows the weld widths wy, in (a), welding
penetration depths 6, in (b), and molten cross-sectional area A, in (c) measured on the
cross-sections of the welds. To prevent the graphs from becoming overly complicated, only
the power levels at 300, 450, and 600 W are shown for beam profile VBPP 0.

For all the investigated beam profiles, the weld width w;, tends to decrease for increas-
ing scanning speeds vsq; and decreasing laser powers Pp g, (see Figure 7a). By using a
Gaussian beam profile (VBPP 0), the welding penetration depths J,, decrease for increasing
scanning speeds vsq, and laser powers Py, (Figure 7b). Due to the exposure with beam
profiles VBPP 4, 5, and 6, the welding penetration depths J;, decrease for increasing scan
speeds vsca. For the laser power variances, the welding penetration depths J;, increase up
to around 600-750 W. With further increasing laser powers Pj 4, the welding penetration
depths 6§, tend to decrease. Likewise, molten cross-sectional areas A;, tend to the weld
width wy, (see Figure 7c). With increasing scan speeds vy, and decreasing laser powers
Pr4ser, the molten cross-sectional areas A, of the single tracks become smaller. At low
scanning speeds (500 mm/s), the molten cross-sectional areas A,, decrease for the very
high laser powers (600 W at VBPP 0 and 1050 W at VBPP 4, 5, 6). The tendencies of the weld
widths wy, and the molten cross-sectional areas A;; can be explained by the energy input of
the laser, which can be estimated via the line energy E;. The line energy is calculated from
the laser power Py, and the scanning speed vs¢, according to

El _ PLuser ) (1)

Uscan
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Figure 7. Weld width w,, (a), welding penetration depth J; (b), and molten cross-sectional area

Ay (c) of single tracks as a function of scanning speed vs¢,, and laser power Ppq,p.
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Lower scanning speeds and/or higher laser powers result in higher line energies.
In theory, the resulting higher energy input results in a larger melt pool, which can be
expressed in larger weld widths wy,, welding penetration depths ¢, and larger molten
cross-sectional areas A;;. Where the weld widths w,, and molten cross-sectional areas A,
are concerned, this reasoning explains the measured values. However, the assumption
could not be confirmed for the welding penetration depths. Up to a certain power/energy,
the penetration depths increase. For laser powers higher than 300 W for the Gaussian beam
profile and 750 W for the ring-shaped profiles, the penetration depth is reduced. Reasons
for the low welding penetration depths could be laser-fume interactions. Interaction of the
laser with the outflowing process emissions can widen the laser beam [31]. This results
in an enlargement of the spot, which on the one hand creates wider melt pools and on
the other hand leads to shallower welding penetration depth due to the reduced intensity.
Another possible reason is thermal lensing. With thermal lenses, the focal length of the
system changes as a function of laser power because the refractive index changes due
to temperature gradients in the optical material [32]. In this way, at high laser powers,
the focus usually shifts toward the scanning system. However, the focus position was
found to be independent of power via burn-in tests. This rules out the thermal lens as a
cause, and hence, the theory of laser-fume interactions as the cause of the reduced welding
penetration depths seems most probable. As the measured values are not statistically
validated, no valid statement can be made.

According to Wischeropp et al. [33], statements about the degree of energy coupling
of the laser beam can be made by analyzing the molten cross-sectional areas of the weld
tracks. The larger the cross-sectional area for a constant line energy, the higher the energy
coupling [33]. Figure 8 shows the molten cross-sectional area A, as a function of the line
energy. Since the cross-sectional areas are similar for all beam profiles, any influence of
the beam shape on the energy coupling cannot be identified. Although the molten cross-
sectional areas are in similar ranges at similar line energies, the weld track geometries can
be quite diverse between the Gaussian and the ring-shaped beam profiles (see Figure 9).

Material: AISI 316L w/o powder
Beam profile VBPP

'S
o

== NN W W
o o o a o O
IIIIIIIIIIIIIII

$)]

Molten cross sectional area A,, - 10° / um?

o

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 22
Line energy E, / J/mm

Figure 8. Molten cross-sectional area A, of single tracks as a function of line energy E;.

Figure 10 summarizes the classification of all investigated parameter sets. As “Protru-
sion and depression” or “Balling” and “Undermelting” partly take place simultaneously,
some points on the Py 4g-Uscan process map overlap. As can be seen in Figure 10, the process
windows between the Gaussian beam profile VBPP 0 and the ring-shaped beam profiles
VBPP 4, 5, 6 differ significantly. It is not possible to run a stable process with the Gaussian
beam profile in these investigations if laser powers Py, are 500 W or greater, or scanning
speeds Useq, greater than 1100 mm/s are used. The ring-shaped beam profiles significantly
enlarge the process windows. At very high laser powers of 1050 W, single tracks without
keyholing and balling effects can be generated with these profiles. However, the protrusion
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and depression tendency at very high laser powers and scanning speeds lead to significant
protrusions in these single tracks. One reason for the significantly larger process windows
when using the ring-shaped profiles is the larger area of the spots. This reduces the inten-
sities compared to the Gaussian profile at the same laser powers (see Figure 4b), which
avoids process defects such as keyholing. However, these reduced intensities also result in
insufficient welding penetration depth being produced at low powers Py 45, below 750 W
and high scan speeds v, above 1400 mm/'s (see Figure 7b).

Py =300 W VBP0 P, =300W VBPP4
Usean =500 Innl/" W erim =500 mm/s

000 W VBPP
=500 mm/% e

300 W VBPP
=500 mm/s ==

PLazm Laser

\ Cit ‘u Can

AISIFEL A g _
yiopow_d‘er_;‘_:‘\ i 50 pm‘W ,_J:)O{w ¢

Figure 9. Direct comparison of the weld track geometries at constant process parameters laser power
Praser = 300 W and scanning speed vs¢q, = 500 mm /s with different beam profiles.

= stable melting % undermelting Material: AISI 316L
A protrusion and ® balling
depression v keyholing
1400 — VBPP 0 VBPP 4 VBPP 5 VBPP 6
E 1000 7 X A A Ao A A A A A A m A A A X
51 - A A A A X A A A A a A A A A X
= 800 —
g i E A A o o A A A A X A A A A X
& 600 — X 4 o o X A A o X A X XK X A X A X
g - A vy X X X
@ 400 — = : : ; ; E om A X X E o B X X = = = XM X
|
- "= = o o o " X XM X X X XM X X " X X X X
200 — = oo X X
0
LI LI L LI LI B LI LI B I LI LI B

0 500 1000 1500 O 500 1000 1500 O 500 1000 1500 O 500 1000 1500 2000

Scanning speed v

scan / mm/s

Figure 10. Py 50-Uscan process map of single-track experiments with AISI 316L.

The enlarged process windows of the ring-shaped beam profiles confirm the findings
of Rasch et al. [7], Wischeropp et al. [8], Zhirnov et al. [11], and Metel et al. [12], who also
showed significantly larger process windows and a reduction of balling and keyholing
when using ring-shaped beam profiles. In the referred previous research, beam profiles of
similar diameters are used in the interaction zone. Contrary to this, this investigation was
performed with different spot sizes between the Gaussian and the ring-shaped profiles
(see Table 1). Compared to the Gaussian beam profile, the diameters of the ring-shaped
beam profiles extend by approximately 250%. Due to the different spot sizes, the direct
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comparability of the beam profiles is limited due to the different peak intensities at the
same powers (see Figure 6b). However, the potential of combining the beam profiles
becomes visible. In the long term, the Gaussian beam profile can be used for area with high
required resolution, and the ring-shaped profiles can be used to fill in the hatch areas, which
often represent a majority of the areas to be exposed. Whether defocusing or widening a
Gaussian beam profile achieves similar results was not investigated in this study, as the
potential of enlarging the process window for similar beam diameters has already been
demonstrated in [7,8,11,12].

Due to the process behavior mentioned, a significant potential for increasing produc-
tivity while maintaining a stable process is indicated. With the ring-shaped beam profiles,
the speed can be increased by a factor of approximately 1.3 at more than double the laser
power. The weld widths increase on average by a factor of about 1.5 with stable process
behavior. By increasing the hatch distance, this can be used to increase productivity. Based
on these data, productivity can be increased by a factor of about 2 when combining the
two options.

3.2. Influence of Laser Power, Scanning Speed, and Hatch Distance on Relative Overlap, Molten
Cross-Sectional Area, and Molten Volume per Time

Based on the results of the single tracks, the multi-track segment experiments are
carried out with the parameter sets from Table 3. The boundary areas of the process
window are still investigated. Compared to the single tracks, the following adjustments are
made. For the Gaussian profile VBPP 0, the maximum and intermediate power levels at
600 W and 450 W are not considered further. As a result of the very high protrusions at the
maximum power levels at 1050 W and the insufficient welding penetration depth of the
lowest power levels 300 W for the ring-shaped profiles, these levels are not investigated
further. The speed levels at 1700 mm/s are not considered for the three lower power
levels of all beam profiles because of the insufficient welding penetration depths. For the
maximum power levels, the scan speeds are shifted, the 500 mm /s speed is not investigated
and is replaced by the 1700 mm /s speed.

Due to the hatch of several weld tracks with hatch distances / less than the weld width
wy, an overlap occurs in the multi-track segments. As a result of the missing reference
edge, the welding penetration depth can no longer be measured. The weld width wy, is
determined from twice the distance from the center of the weld track to the weld track
edge (twice half the width of the weld track). From this dimension, the relative overlap of
the tracks Oy is determined with the hatch distance / according to

Wy —h
= . 2
0, = 2o @

According to Di et al. [34], an overlap of 30% is ideal for a productive and stable
processing of AISI 316L using PBF-LB/M. Dong et al. [35] indicate an optimum overlap
at 54% for the highest possible densities of AISI 316L components. Since the ring-shaped
beam profiles result in much wider, shallower weld tracks, it may be possible that even a
smaller overlap is sufficient to provide a stable process for a specimen with a high density.

The molten volume per time V, is determined, a characteristic productivity value, and
this can be calculated as a product of the molten cross-sectional area A;, and the scanning
speed Tssn according to

Vin = Am X Uscan. 3)

By measuring the visible cross-sectional area per track at the multi-track segments,
the influence of the hatch distance is also considered (see Figure 5). Figure 11a shows the
relative overlap Oy, (b) shows the molten cross-sectional area A;;, and (c) shows the molten
volume per time V, of the multi-track segments as a function of scanning speed V¢4, laser
power P, and hatch distance h. To clarify the graphs, only two power levels and two
levels of hatch distance per beam profile are shown in Figure 11. All parameter sets are
shown in Figure 12. The relative overlap O, decreases for higher scanning speeds Uscan,
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lower laser powers P}, and higher hatch distances /. A negative overlap O, means that
the weld tracks do not overlap but are spaced apart. If the hatch distance / is varied at
constant laser powers and scanning speeds, the overlap also decreases at higher hatch
distances. This behavior can be explained by the smaller melt pools and thus weld widths
at higher scan speeds and lower laser powers. With constant hatch distances, narrower
welds result in lower relative overlaps according to Equation (2). At constant laser powers
and scanning speeds, similar weld widths are produced. The decrease in relative overlap
at larger hatch distances / is expected in accordance with Equation (2). The molten cross-
sectional area of the multi-track segments exhibits a similar tendency to that of the single
tracks for constant hatch distances. With increasing scan speeds and decreasing laser
powers, the molten cross-sectional area of a track decreases. If these parameters are kept
constant and the hatch distance is varied, the molten cross-sectional areas become larger
for larger hatch distances. The cross-sectional areas are measured excluding the section of
the track that is remelted by the following track. This means that the larger the overlap or
the smaller the hatch distance, the smaller the molten cross-sectional area per track because
a larger part of the track is remelted.

Figure 11c combines the molten cross-sectional area A;, and the scan speed vs¢; to
form the molten volume per time V,; in accordance with Equation (3). Analogously to the
molten cross-sectional area A;,;, the molten volume per time V;, increases for increased hatch
distances and laser powers. It is noticeable that this characteristic value for the productivity
tends to increase with scanning speed for constant powers and hatch distances. Firstly, this
results from the reduced melt pool size and thus reduced relative overlap for increasing
scanning speeds. However, the trend is also present for parameter sets that have negative
relative overlap, i.e., where a change in this parameter results in no change in the molten
cross-sectional area due to overlap. Secondly, this means that a change in the scanning
speed influences the melting process itself. Higher scanning speeds tend to result in a
higher molten volume per unit of time. One reason for this may be a change in laser energy
coupling due to the shorter laser-material interaction at higher scanning speeds. According
to this theory, relatively more energy would be absorbed in a shorter time, resulting in a
larger molten volume per time. Another reason may be lower overheating of the melt pool
due to shortened laser—material interaction at higher speeds. This means that less energy is
used to superheat the material, and proportionately more is used for phase transformation.
This results in a more “efficient” use of energy.

The process parameters laser power P 4., scanning speed vsq,, and hatch distance h
can be combined to form the area energy E 4 according to

Ppaser
Fa Uscanh’ @)

Figure 12a shows the relative overlap O, (b) shows the molten cross-sectional area A;;,
and (c) shows the molten volume per time V, of the multi-track segments as a function of
the area energy E4. The colors and symbols are the same as in Figure 11.

For increasing applied area energies E 4, the relative overlap O, becomes larger. For
constant area energies, the overlap increases for greater laser powers and reduced hatch
distances (see Figure 12a). As described above, the reasons for this are the larger melt pools
and thus weld widths at higher laser powers and smaller hatch distances. The comparison
of Figures 11a and 12a indicates that it is not the variation of individual process parameters
but rather their combination to form the area energy E, that influences the overlap. If
a suitable overlap is assumed based on Di et al. [34] and Dong et al. [35], a range of O,
between 30% and 54% is suitable. This range is reached for many of the parameter sets
with area energies E4 between 2 and 4 J/ mm?®.
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Figure 11. Overlap O; (a), molten cross-sectional area A, (b), and molten volume per time V;;, (c) of

multi-track segments as a function of scanning speed vscu,, laser power Pp ., and hatch distance .
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Figure 12. Overlap O; (a), molten cross-sectional area A, (b), and molten volume per time V,, (c) of

multi-track segments as a function of area energy E 4, laser power Py, and hatch distance /.
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The molten cross-sectional area A;, increases approximately linearly with increasing
area energy E4 for constant hatch distances £ (see Figure 12b). This indicates a dependency
of the molten cross-sectional area A;; per track on the hatch distance & and the quotient
of laser power Py, and scan speed vsey, (line energy E; according to Equation (1)). For
constant area energies, the molten cross-sectional areas increase in size with greater hatch
distances. Reasons for this are the dependencies between hatch distance and relative
overlap discussed above.

Figure 12c¢ illustrates that the molten volume per time does not reach a maximum
at high area energy. Rather, the molten volumes per time reach their maxima in a range
of area energies E4 between 2 and 4 J/ mm? for all four beam profiles. One reason for
this is the impact of the scan velocity and hatch distance on the molten volume per time,
while also forming the divisor in the calculation of the area energy. Figure 12c also shows
that the molten volume per time reaches a maximum at constant area energy with high
powers and hatch distances. Accordingly, the scanning speed must be selected in such a
way that suitable area energies and overlaps result, depending on the power and hatching.
Compared to Gaussian beam profiles, significantly higher volumes can be molten per time
with suitable overlaps when using ring-shaped profiles (VBPP 4, 5, 6) at equal area energies
(Ea ~ 2 ... 4]/mm3). This indicates that there is a significant potential for increasing
productivity. It should be noted that the power levels and hatch distances used with the
Gaussian beam profile were significantly lower than the parameters of the ring-shaped
profiles. Higher values for laser power and hatch distances are not considered for the
Gaussian profile due to the lack of process stability and the reduced weld widths wy,.

Figure 13 shows the roughness S, as a function of the area energy E 4. Similarly to the
molten volume per time, the roughness reaches a maximum in the range of the area energy
Ep~2...4]/mm?. It is likely that parameter sets with high hatch distances and laser
powers in particular will reach high roughness values. Despite the lower values for power
and hatch distance for the Gaussian beam profile (VBPP 0), the roughnesses are at a slightly
higher level than the roughnesses when using ring-shaped beam profiles. One reason for
this could be the significantly larger weld widths and relatively lower protrusions of the
weld tracks produced with ring-shaped beam profiles.
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Figure 13. Roughness S, of multi-track segments as a function of area energy E 4, laser power Pp s,
and hatch distance h.

In summary, a majority of the parameter sets with area energies E4 between 2 and
4 J/mm? generate sufficient overlaps. In this area energy range, the highest values of
molten volumes per time are achieved for high laser powers and hatch distances, which
indicates high process productivity. By applying ring-shaped beam profiles, the molten
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volumes per time V,,;, can be improved up to 20 mm?/s compared to the conventional
Gaussian beam profiles (less than 12 mm?/s). The roughness S, is slightly reduced when
using ring-shaped beam profiles than when using a Gaussian beam.

Similar values for the molten volume per time V,;, are achieved by Schleifenbaum
et al. [15] when processing steel and using a top-hat profile. However, the increase in
productivity in [15] is at the expense of roughness and resolution. Gusarov et al. [3]
and Loh et al. [16] have already described the potential of using alternative intensity
distributions with larger beam diameters to increase build rates without decreasing part
quality. The potential described can be confirmed by the shown increases in molten volume
per time V,;, with similar roughness values S, of the multi-track segments.

4. Conclusions

This study investigated the influence of ring-shaped beam profiles on process stability
and productivity in laser-based powder bed fusion of AISI 316L. The results of experi-
ments with different parameter sets of Gaussian and ring-shaped beam profiles have been
compared. Based on the classification of single tracks into different process categories,
process windows were identified, whose size allows a deduction of the process stability
and robustness. Furthermore, the influences of different beam shapes on productivity were
investigated on the basis of multi-track segments. The data and relationships shown and
discussed allow some generalized conclusions to be reached about the potential of the used
ring-shaped beam shapes during processing AISI 316L in PBF-LB/M:

e  The PBF-LB/M process itself can be stabilized at high laser powers and scanning
speeds using ring-shaped beam profiles. Due to the reduction of process-limiting
phenomena such as keyholing and balling, the process window for ring-shaped beam
profiles increases significantly

e  The process windows shift to higher laser powers when using ring-shaped profiles
due to the larger beam diameters and thus decreasing intensities.

e Aninfluence of the beam profiles on the degree of coupling of the laser energy is not
found. For equal line energies, comparable cross-sectional areas are melted irrespective
of the beam profile.

e  When manufacturing multi-track segments, optimum area energies between 2 and
4J/mm? are identified for processing AISI 316L, independent of the beam profile used.

e In the experiments, the molten volume per time can be increased from less than
12 mm?3/s (for Gaussian beams) to 20 mm? /s (for ring-shaped profiles) with slightly
reduced roughness S,.

Thus, the use of ring-shaped beam profiles in PBF-LB/M offers enormous potential
for stabilizing the process while simultaneously accelerating it. To be able to assess the
potential of the alternative beam shapes in more detail, the maximum size of a stable
melt pool has still to be investigated, because this limit has not yet been reached with
the ring-shaped beam profiles shown. With even larger melt pools, productivity could
potentially be increased even further. Additionally, further experiments should investigate
how the alternative beam profiles influence the properties in resulting components (e.g.,
microstructure) due to the changed energy input.
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Appendix A

Symbol Explanation Unit

A Aspect ratio -
Ay Molten cross-sectional area pm
E; Line energy J/mm
Eyg Area energy J/mm
h Hatch distance um
O, Relative overlap %
Py aser Laser power w
S, Roughness: Arithmetical mean height um
S, Roughness: Maximum height um
Vi Molten volume per time pum3/s
Uscan Scanning speed mm/s
Wy Width of the weld track pm
) Spot radius pum
Ow Welding penetration depth pum

Abbreviation Explanation

PBF-LB/M Laser-based powder bed fusion of metals
VBPP Variable Beam Parameter Product
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