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Abstract A limiting factor for a widespread application of laser powder bed fusion (PBF-LB/M) is
the necessary compromise between quality and productivity resulting in high manufacturing
costs. The productivity can be enhanced by increasing the layer height. However, this adjustment
may result in either insufficient bonding due to inadequate laser energy input for complete melting
or in an increased surface roughness and porosity through excessive energy density. The
increased energy input required for complete melting of a high layer height induces the Marangoni
effect which promotes an increase in surface roughness of the interlayer. Interlayer roughness
peaks act as undercuts regarding the recoating process and result in local low density of the
powder bed and thus porosity. Therefore, the requirements for a laser exposure are an adequate
melt pool depth and a sufficient interlayer surface quality. For high layer heights and thus high
productivity it is not possible to meet both requirements with a state of the art exposure strategy.

This work studied the feasibility of using layerwise laser remelting to smooth out roughness peaks
after the first laser exposure with high energy density when using high layer height. A positive
impact of the laser remelting on penetration depth and porosity was observed. Copper samples
printed using the remelting strategy and a layer height of 60 um achieved comparable values of
porosity as samples with a layer height of 30 um and a state of the art melting strategy. This
approach resulted in time savings of 28 % while maintaining high part quality.
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State of the art regarding increasing the PBF-LB efficiency

Numerous technological advantages of additive manufacturing (AM), such as near-net-
shape production of complex geometries, the use of multi-materials, the incorporation of
honeycomb structures, and a high degree of customization, result in the rapid development
and introduction of the corresponding systems into today's industry. While the availability
and range of specially developed systems is already very comprehensive, the fields of
application are still very limited. Thus, AM technology is underrepresented compared to
conventional manufacturing processes, particularly in the field of mass production.
Specifically, the application areas of Laser Powder Bed Fusion (PBF-LB) are limited to the
production of high-quality and high-priced components such as for aerospace, medical,
tooling or energy applications. Here PBF-LB is used to produce highly complex metal parts
that cannot be realized through casting or machining, with mechanical properties
comparable to parts produced from bulk material [1]. Due to high thermal and electric
conductivity of copper, possible application areas of copper AM-parts are thermal
dissipation solutions and electronic components in automotive, aerospace, and energy
sectors [2-4]. However, it’s industry-wide application is hindered by the low build rate and
thus high production cost.

The process time consists primarily of the coating time and the laser exposure time which
depends on the laser scanning speed, hatch distance and mainly the layer thickness. Thus,
a common approach to increase the deposition rate is the use of multiple lasers, which
significantly reduces the build time [5-7]. Here, each laser is assigned to a specific region
of the same build plate, enabling parallel processing of one part in different regions or
several AM-parts simultaneously. By the distribution of the exposure workload among
multiple lasers, this approach significantly reduces the exposure time while the coating
time remains the same. As the coating time remains unchanged, the use of two lasers does
not necessarily result in a 50 % reduction in the total build time. In their work, Wong et
al. report a 63 % reduction in the build time of PBF-LB processes when using four lasers
and a layer height of 30 um, with little to no compromise in the mechanical properties of
the specimens [5]. This approach is already used in industry and therefore represents the
state of the art. Its disadvantages include higher investment costs and increased thermal
input per unit time, which may be critical.

The application of multiple lasers for the exposure process may be combined with the
parallelization of the coating and exposure processes. Here, the coating process and the
exposure process take place simultaneously. Both the application of multiple lasers and
the process parallelization reduce the total process time. This approach represents the
state of the art and is offered by system providers such as Renishaw. According to
Renishaw, this approach may increase the build rate by up to 50%, depending on the
component geometry [8].

Common PBF-LB devices use a mono-directional coating process. Since the productivity
depends, among other factors, on the coating time, a bi-directional coating process may
reduce the total process time and thus increase the process efficiency. Figure 1 shows the
principles of PBF-LB processes with a) a mono-directional and b) bi-directional coating
processes. Mono-directional coating processes use a powder storage and a powder
overflow container, Fig. 1 a). Here the coating blade first moves from the storage container
across the build plate toward the overflow container, thus coating the powder bed with the
desired layer height. To ensure that the coating blade carries enough powder for the entire
build plate, the theoretically required powder quantity is multiplied by a safety factor. The
excess powder ends up in the overflow container and the coating blade then moves back
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to the storage container. After the coating process described, the laser exposure takes
place. For the case of bi-directional coating, two storage containers are used instead of
one storage and one overflow container, Fig. 1 b). Both containers serve as storage and
overflow container at the same time and are height-adjustable accordingly. This
arrangement of powder containers enables the bi-directional coating and thus saves the
travel time from the overflow to the storage container. The disadvantage of bi-directional
coating is a higher construction effort and thus higher system price.

a) mono-directional coating b) bi-directional coating
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Figure 1: Principle of PBF-LB processes with a) mono-directional and b) bi-directional coating

Due to the flow characteristics of the powder, the coating velocity is limited. The flow
characteristics of powders depend on the particle size distribution, particle shape, chemical
composition, humidity, and temperature. Exceeding the maximal permissible coating speed
results in a lower powder bed quality. Therefore, one approach to increase the process
efficiency is to improve the flowability of the powder used and thus accelerate the coating
process. Specifically, the coating blade and thus the powder bed are subjected to ultrasonic
vibrations [9].

In their publication Herzog et al. suggest a combined approach of PBF-LB and subsequent
Hot Isostatic Pressing (HIP) process as a method to improve the overall productivity [10].
HIP is a manufacturing process in which metallic materials are subjected to compressive
stresses at high gas pressures and high temperatures to increase the density, eliminate
defects such as porosity and achieve homogeneous properties. This process is applied to
conventionally manufactured but also AM-parts, especially in aerospace applications.
According to this approach, the PBF-LB process parameters for Ti-6Al-4V were optimized
to increase the scanning speed, which ensures a density above 95 % in the as-build state.
By the subsequent HIP process the density was improved to a value of 99.8 %. In detail
the PBF-LB scanning speed was increased by 67 % which resulted in an overall time saving
of 26 % in consideration of the HIP treatment time. Here, the disadvantage are the higher
investment costs for an additional post treatment device in the production chain such as a
HIP device and a volume shrinkage of the AM-part while HIP.
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The combination of conventional processes such as casting and machining with a PBF-LB
process offers a possibility for increasing the overall productivity. Within such hybrid
production chains, a conventional semi-finished product with simple geometry is first
manufactured and subsequent further complex geometry is then added with a PBF-LB
process to finish the product. The challenges here are (a) the mounting of the semi-finished
products on the build plate within the PBF-LB device and (b) the alignment of the semi-
finished product with the added AM-part to ensure the laser scans the correct cross section.
For these purposes a build plate enabling the mounting and an optical calibration system
were developed in the industry [11, 12]. This approach offers the potential to increase the
overall productivity for the case of AM-parts which might be divided in semi-finished
products with simple geometries and complex shaped parts. Furthermore, some
investments for such systems are necessary.

Another possibility to improve the economic efficiency by a hybrid manufacturing process
chain is the combination of a Transient Liquid Phase (TLP) bonding with a HIP-process
according to [13]. By bonding one PBF-LB part of a complex geometry with another
conventionally manufactured part while performing a HIP-process the overall economic
efficiency of the process chain is increased. According to the state of the art, a metallurgical
bond is not possible during a HIP-process. Due to the applied high pressure during a HIP-
process the respective gas penetrates the interface between the parts. Here the gas
prevents the interactions between the metallic parts and thus the formation of a
metallurgical bond. TLP-bonding is a joining process characterized by high bond quality,
with properties comparable to those of the base material. The process starts with the
melting of the filler metal and is followed by the dissolution of the base material by the
liquid filer metal. Once the diffusion of the filler metal elements into the base material is
pronounced, an isothermal solidification of the filler metal occurs. Due to isothermal
solidification, the remelting temperature of the joint is higher than the processing
temperature. As a result, this process is suitable for high-stress and high-temperature
applications, such as those in the aerospace and energy sectors [14-16]. Therefore, the
authors suggest to apply a TLP-process in a HIP-device with a low pressure to seal the
interface between two metallic geometries by the solidification of the filler metal in the first
step and thus to prevent the gas penetration into the interface during the subsequent HIP-
process, Fig. 2.
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Figure 2: Principle of a hybrid TLP-HIP-process, according to [13]

Regarding the TLP-joint the subsequent HIP-process acts as a heat treatment and
particularly the high pressure results in an improvement of the thermo-mechanical bond
properties and thus superior joint quality compared to conventional bonding processes
such as brazing or welding [17, 18]. Two application cases are suggested. The first one is
the bonding of two or more PBF-LB part for the reason of manufacturing big PBF-LB parts
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and thus to overcome the technical limitation of the PBF-LB technology regarding the part
size. The second application case involves bonding a PBF-LB part with a complex geometry
to a conventionally manufactured component with a simple shaped geometry in order to
increase the overall economic efficiency. The disadvantage is the requirement for additional
systems to perform the HIP-process within the production chain. Therefore, in terms of
economic efficiency, the applications of the described TLP-HIP approach are limited to PBF-
LB parts which require a HIP-process from the start.

The approaches described above aim to increase the economic efficiency and are
technically feasible. The disadvantages are the respective limited areas of application or
the necessity for additional investments. For the case of existing facilities one of the most
effective and most straightforward strategies to improve the efficiency of powder bed
fusion processes is by process parameters optimization, primarily by increasing the layer
height. Therefore, efforts were made in academia and industry in the last years for different
materials to determine process parameter sets meeting an acceptable compromise
between quality and efficiency [19-24].

1 Proposed LR-approach for increasing the efficiency

Conventional PBF-LB processes for aluminum and nickel alloys or steels may utilize layer
thicknesses above 50 pym. For the case of pure copper the layer thickness is typically 20-
30 ym due to the low absorption rate of the material. When using a wavelength of 1094
nm, corresponding to infrared laser, the layer thickness is approximately 20 um [2-4]. In
the case of a green laser, which exhibits a higher absorption rate, the literature reports
layer thicknesses of 30 um [25, 26].

According to the literature, typical pouring densities of the powder bed in PBF-LB processes
range from 50-60% [27-29]. The low pouring density results in an increase of the real
powder bed layer height, even though the nominal layer thickness remains constant
throughout the height of the AM-part. In detail, assuming a conservative pouring density
of 50%, and a fully dense (100%) AM-part, the real powder bed layer height converges to
approximately twice the nominal layer height within ten layers, as shown exemplarily for
the first three layers in Figure 3.

Ist powder layer, 2nd powder layer, 3rd powder layer,
pouring density 50 %,
b, pinatiren = 100 pm

pouring density 50 %, pouring density 50 %,

h,, =175 pm

veal —

Lst m yer, AM-part

density 100 %, h = 50 um|

Build plate

_____ h=75um

st melted layer, AM-part

density 100 %, h = 50 pum|
Build plate

Figure 3: Increase of the real layer height due to pouring density

Here, a pouring density of 50 % and a nominal layer height of hnominat = 100 pm were
considered. Already within the third layer, the real layer height is hrea = 175 pym.
Therefore, the melt pool depth is typically at least two to three times higher than the
nominal layer height, ensuring every layer undergoes at least one and preferably several
full melting cycle. For the case of a keyhole mode material evaporation and thus material
loss results in further increase of the real layer height. For a stable conduction mode PBF-
LB process, material evaporation and spattering effects can be considered negligible.
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The combination of low layer height and state of the art scanning parameters guarantees
sufficient bonding between the layers, low porosity, and a smooth surface roughness at
the cost of efficiency as shown in Figure 4. For simplicity, the representation of the height
loss due to pouring density was omitted here. During the first exposure of the respective
layer pores may arise. Due to the low layer height, each layer undergoes several full
melting cycles, which results in the elimination of residual pores of a specific layer during
the exposure of the next layer.

1st layer exposure 2nd layer exposure 3rd layer exposure
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Figure 4: PBF-LB process according to the state of the art:
low layer height and state of the art exposure strategy
- low efficiency, high quality of the AM-part

Figure 5 shows a PBF-LB process with a triple layer thickness and a state of the art
exposure strategy. On the one hand the increase of layer height results in an efficiency
increase. On the other hand, an increase in layer height without adapting scanning
parameters such as laser power, hatch distance or scanning speed result in a significant
rise in lack-of-fusion defects and pores, negatively impacting the final part’s thermo-
mechanical performance. The reasons are a low melt pool depth and a short liquid lifetime
resulting from an insufficient energy input, particularly in the bottom of the respective
layer. Here each layer is melted only once and thus the liquid life time is shortened. For
the case of low melt pool depth interlayer bonding defects arise.
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Figure 5: PBF-LB process with triple layer height and state of the art exposure strategy:
- high efficiency, low quality of the AM-part due to low energy density




[

E JOURNAL

Figure 6 shows a PBF-LB process with a triple layer thickness and a high laser energy
density. An increase in laser energy input is necessary to achieve a regarding higher layer
thickness sufficient melt pool depth and thus liquid life time during the process. The high
melt pool depth ensures sufficient bonding of the first layer to the build plate or between
the subsequent layers. The adequate liquid life time prevents the formation of lack of fusion
defects. However, the increased heat input in turn promotes the occurrence of an excessive
Marangoni flow, a convection within the molten material which results in elevated surface
roughness and porosity and may destabilize the melt pool itself [30-32]. The increased
surface roughness degrades the powder bed quality of the following layer. In detail the
roughness peaks act as undercuts regarding the recoating process and result in local low
density of the powder bed which promotes pore formation during the exposure process
and interlayer bonding defects. Therefore, efforts to increase throughput by increasing the
layer height when using the state of the art exposure strategy with low or high laser energy
density result in decreased part quality, such as increased porosity and surface roughness.

st layer exposure 2nd layer exposure final AM-part: low quality
laser beam:
high engrey density,

2nd layer:
low surface quality,
pores, interlayer
jbon ing defects

Lst layer:
high powder:
bed density |
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local low powder
bed density due to
roughness peaks

Ist layer: Ist layer:
. . low surface quality, low surface quality,
high surface quality -} pores, no interlayer } ores, no interlayer
bonding defects ;bonding defects
o o © o o °

Figu_re 6. PBF-LB proce_ss with triple layer height and high laser energy density:
- high efficiency, low quality of the AM-part due to low powder bed quality

Thus, when employing state of the art exposure strategies, the achievable layer height and
thus the process efficiency is limited. On the one hand, the limited melt pool depth
constrains the maximum achievable layer thickness. Conversely, increasing the melt pool
thickness as required results in elevated surface roughness, which in turn compromises
powder bed quality. To resolve the inherent conflicts in the exposure process associated
with elevated layer thicknesses, the following approach is proposed.

Figure 7 shows a PBF-LB process with triple layer height and a layerwise laser remelting
(LR) exposure strategy. The layerwise LR-application aims to reduce the occurring
roughness induced by high energy input by smoothing out roughness peaks. Here, the first
laser exposure with a high laser energy density ensures a sufficient depth of the melt pool
and thus prevents interlayer bonding defects. The LR-application serves to provide a
sufficient surface quality for the next coating process and thus enables a high powder bed
density. The approach is similar to that of laser polishing, where the top surface of a
metallic object is remelted using a laser beam to improve the surface quality [33-36].
Furthermore, the LR-application prolongs the liquid life time and ensures every layer
undergoes at least two full melting cycles. Thus, the described LR-approach allows the
application of higher layer thicknesses while maintaining high powder bed quality and
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sufficient melt pool depth, and consequently high AM-part quality. Since the LR strategy is
a software-based solution, it may be implemented in all beam-based powder bed systems
such as laser or electron beam powder bed.

1st layer, 1st exposure 1st layer, LR-exposure 2nd layer, 1st exposure
laser beam:_  roughness peak laser beam:
high energy density undercut,

1st layer:
low surface qualit
pores, ©
/ o \Q
build plate: build plate: 1st layer:
high surface quality high surface quality -} high surface quality,
high density

Figure 7: PBF-LB procesg with triple layer hgight and LR-application:
- high efficiency and high quality of the AM-part

Table 1 provides a qualitative comparison between state of the art (SoA) PBF-LB deposition
rates and those of the proposed approach on the basis of humber of required coating and
exposure processes. Here, an increase of the layer height from hsoa = 30 um to
hir = 90 pm is considered. An AM-part with a height of 180 um is taken as a representative
example. In this example the coating time is reduced by 67 %. The number of required
exposure processes is reduced by 34 %. It should be noted that the exposure times of the
SoA exposure and the LR-application may differ. Therefore, a quantitative indication of the
time savings of the exposure process is not possible in general but only for specific
parameter sets.

Table 1: Qualitative comparison of the deposition rates between SoA and the LR-approach

State of the art (SoA) LR-approach

AM-part height [pm] 180 180
Layer height [um] 30 90
Number of required

6 2
layers [-]
Number of required 6 2
coating processes [-] (= 100 %) (= 33 % relative to SoA)
Number of required 6 4
exposure processes [-] (= 100 %) (= 66 % relative to SoA)

LR-application in PBF-LB takes place by scanning and thus remelting an already solidified
layer or part of a layer after the first laser exposure. The goal of LR is to homogenize the
material, refine the grain structure, create a material gradient between two materials, and
reduce porosity or surface roughness of the interlayer or top layer of AM-parts at a cost of
longer production times [37-40]. Yasa et al. report on the layerwise LR-application during
a PBF-LB process with AISI 316L material, achieving 100 % density of the AM-part and to
improve the surface roughness by approximately 90 % [37]. In their work Chen et al.
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describe the influence of LR-application on the grain size of AM-parts manufactured of pure
Tantalum for medical applications. In detail the average grain size was reduced by 15.7 %
- 18.8 % [38]. Further studies demonstrate that LR-application results in an increased in-
situ mixing degree in the melt pool. Two application cases are described. First one is the
homogenization of NiTi-parts for the medical sector fabricated from elemental nickel and
titanium powders. Here the LR-application results in more homogeneous microstructure
regarding the element distribution [39]. The second one is the manufacturing of
functionally graded AM-parts by applying LR in the interface between two different
materials [40].

The possibility to smooth the surface roughness by in-situ LR-application during a PBF-LB
process is decisive for this approach and is proven according to the state of the art. Thus,
the basic condition for the application of this approach is regarding the respective layer
height sufficient melt pool depth during the first laser exposure and during the LR-
application. For the case of a keyhole mode PBF-LB process the melt pool depth is proven
to be in dependence of the process parameter typically up to two to three times bigger
than the actual layer height. But for the case of a conduction mode PBF-LB process, the
melt pool depth is limited by the low thermal conductivity of the powder bed. On the other
hand, due to the lower density of a powder bed compared to the density of bulk material,
the melting of loose powder requires less energy than the melting of bulk material.
Therefore, there is a chance to increase the overall melt pool depth by increasing the layer
height. Moreover, after the first exposure and thus during the LR-exposure the thermal
conductivity of the respective layer is expected to be higher. Another relevant difference
between the first exposure and the LR-application are the temperatures and the
temperature gradients. In detail, regarding the LR application, the first exposure process
acts as a preheating step for the respective layer and may therefore result in higher initial
temperatures and lower temperature gradients during the LR application. Therefore, the
melt pool depth is expected to be higher after the LR-application compared to the case of
the first exposure.

The aim of this study is to evaluate the melt pool depth during first exposure of the powder
bed and during LR-exposure of AM-layers in dependence of the process parameters,
including different layer heights and energy densities and thereby to assess the
applicability of the described LR-approach for the case of a conduction mode PBF-LB
process.

2 Experimental setup
2.1 Material and AM-device

The material used in this study was pure (99,9 %) copper powder. According to the data
sheet the powder as supplied exhibited a particle size distribution ranging from 10-63 um,
Fig. 8 a). The powder primarily consisted of spherical particles, but aspherical powder
agglomerates with the size up to >100 um were observed during analysis of the powder
before the AM-process, Fig. 8 b). Such powder with aspherical agglomerates has reduced
flow characteristics which results in a low powder bed density and thus formation of big
pores.

The AM-system used for the PBF-LB process consisted of an AconityMINI (Aconity3D
GmbH, Germany) equipped with a TruDisk 1020 laser (TRUMPF SE + Co. KG, Germany),
which operates at a wavelength of 532 nm corresponding to a green laser. The laser
delivers a maximum power output of 1000 W and has a spot size in the range of 200 pm.
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Pure Argon with an oxygen content below 200 ppm O2 was used as shielding gas during
the process. A pure copper substrate served as build plate.

D)

Figure 8: SEM-images of Cu-powder: a) as delivered without agglomerates and
b) as utilized in the AM-process with aspherical agglomerates

2.2 PBF-LB process parameter and LR-implementation

The powder was applied using a carbon fibre recoater blade. A constant hatching distance
of 100 um was used during the study and a simple hatching strategy with 3 perimeters,
rotating by 67° every layer, was utilized. The LR-strategy was implemented by overlaying
two distinct geometries within the machine software application. The LR-hatching pattern
was rotated by 90° relative to the initial exposure pattern.

The samples geometry consisted of a cuboid with a base of A = 10 x 10 mm and a height
of h =3 mm. All samples were metallographically prepared and each sample was
additionally etched using KLEMM-III etchant to highlight the grain boundaries and allow
for measurement of the respective melt pool depth. The melt pool depth was calculated as
the average of 10 evenly distributed measuring points along the sample cross section. A
digital microscope (VH-X-7000, Keyence, Japan) was utilized to obtain cross-sectional
images of the samples and evaluate the porosity values.

All of the process parameters employed are presented in Table 2. The first three samples
aimed on the characterization of the reference parameter set. The reference parameter set
was chosen on the basis of a previous study to improve the process stability and the part
properties for AM of copper with the AM-device employed in this study. Furthermore,
samples manufactured with the V1 parameter set served to evaluate the impact of the
current powder condition on the AM-part quality. For this purpose, four samples with V1
parameter set were manufactured. V1, with a layer height of 30 um, represented the first
AM-process condition in the initial layers for which the real layer height corresponds to the
nominal layer height. To take the increase of the real layer height due to pouring density
in account and to evaluate the influence of the layer height on the melt pool depth nominal
layer heights of 60 pm (V2) and 90 um (V3) were utilized, Table 2. The parameter sets
V4-V7 were employed to investigate the influence of the track energy on the melt pool
depth without a LR-application with a constant layer height of h. = 30 um, Table 2. To
evaluate the influence of the layer height on the melt pool depth at the respective energy
levels in the third and fourth sample sets the layer height was varied at two further levels
at discrete energy levels of Es;: = 1.0 J/mm and Es2 = 1.25 J/mm, Table 2. The track
energy (Et) is defined as the quotient of laser power (P) and the scan speed (v). To
investigate the influence of a layerwise LR-application on the melt pool depth and to
compare the quality of the LR-samples with the state of the art regarding porosity, further
samples were manufactured using the LR-exposure strategy, Table 2. For the comparison
of LR-samples with the state of the art, the V1 parameter set represented the state of the
art.
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Table 2: Process parameter

Process Layer Exposure Power Speed Track Objective
height [W] [mm/s] energy
[pm] [3/mm]
A 30 1st 800 1,000 0.8 Characterization of the
LR Not applied reference parameter set with
V2 60 1st 800 1,000 0.8 respect to melt pool depth
LR Not applied at different AM-part heights,
15t 800 1,000 0.8 influence of layer height on
V3 90 .
LR Not applied the melt pool depth
st 1,000 1,000 1.0
va 30 LR Not applied Inf ¢ evel
nfluence of energy level on
il 1,000 800 1.25
V5 30 ! _ the melt pool depth and
R Not applied evaluation of possible
5t 800 640 1.25 e
V6 30 _ process window regarding
LR No applied
the track energy
V7 30 il 1,000 715 1.4
LR Not applied
V8 60 1st 1,000 1,000 1.0 Influence of layer height on
LR Not applied the melt pool depth at track
Vo 90 15t 1,000 1,000 1.0 energy value of
LR Not applied Es = 1.0 J/mm
il 60 e 800 640 1.25 Influence of layer height on
LR Not applied the melt pool depth at track
st 800 640 1.25 energy value of
Vil 90
LR Not applied Es = 1.25 J/mm
. 60 15t 1,000 1,000 1.0 Influence of LR-application
LR 1,000 1,000 1.0 on the melt pool depth and
o . .
Vi3 60 1 800 640 1.25 comparison with
LR 800 640 1.25 state of the art

3 Results and discussion

Figure 9 shows cross sectional images of reference samples manufactured with the V1
parameter set. The shown images are representative for the four reference samples. All
reference samples showed two types of pores. The first type of pores exhibited a maximum
size below 50 ym and thus was smaller than the melt pool itself, Fig. 9 a) and b). The
porosity of the V1 samples due to the first type of pores (size below 50 pm) was in the
range of 0.18 %. This porosity range correlates with the expectation for the V1 parameter
set and the experience of the previous studies with this parameter set. Therefore, these
pores are considered to be conventional PBF-LB pores and represent the porosity value
when using powder as delivered without agglomerates. The second type of pores exhibited
an average size of several hundred microns and thus these pores were bigger than the
melt pool itself, Fig. 9 c). These pores are considered to be the result of powder
agglomerates. The overall porosity value of the reference samples considering both types
of porosity types was in the range between 0.66 % and 1.87 %.

For the evaluation of the melt pool depth, the original interface was first determined. For
this purpose, the edges of the build plate to the left and right of the AM-part were
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connected by a line as shown in Figure 9 a). This line was considered to represent the
original interface. The average melt pool depth was calculated by adding the respective
layer height to the average root penetration depth, Fig. 9 b). To consider the distribution
of the melt pool depth, the root penetration depth was measured at ten evenly distributed
points along the interface.

powder bed height . L
Mﬂﬁ g Bahr - due to powder
agglomerates

Figure 9: Cross sectional images of reference samples: a) overview image of the interface
showing first type of porosity, b) detailed image of the interface showing the methodology for
evaluation of the melt pool depth and c) detailed image showing second type of porosity

The described methodology was applied to measure the melt pool depth of all samples.
Figure 10 depicts the influence of the layer height on the melt pool depth, and the melt
pool depth of the reference sample. In detail the measured melt pool depth was
107 £ 3.1 ym for V1 (hy1=30pum), 119.5*x 6.8 uym for V2 (h,2=60pum), and
153 £ 5.4 pm for V3 (h.,3 = 90 ym). Thus, an increase of the layer height resulted in an
increase of the melt pool depth. Due to the pouring density which is lower than the density
of bulk material the powder bed has a lower mass than the build plate. Therefore, less
energy is necessary for melting of the powder layer than of the build plate mass with the
corresponding height. Thus, an increase of the layer height results in the increase of the
total melt pool depth. Table 3 shows exemplary this effect on the base of a volume with a
base area of A = 100 um?, an overall height of ho = 100 um, and different powder bed
layer heights of h,1 = 30 um and h.2 = 90 yum. Here an exemplary pouring density of 50
% of the powder bed and an exemplary material density of p = 1 g/um?3 for both powder
and build plate was considered. An exemplary melting energy of 1 J/g was assumed.

Table 3: Exemplary comparison of the required melting energy for two volumes with the same
height but different powder bed heights

Low layer height High layer height
Considered overall height [pm] 100 100
Powder layer height [pm] 30 90
Pouring density [%] 50 50
Mass of powder bed [g] 1,500 4,500
Height of build plate [pm] 70 10
Mass of bulk material [g] 7,000 1,000
Overall mass [g] 8,500 5,500
Melting energy [J] 8,500 5,500

For the reference sample V1, corresponding to a track energy of Etv: = 0.8 J/mm and a
nominal layer height of 30 um, a melt pool depth of 107 £ 3.1 pm was measured at the
interface between the base plate and the AM-part, Figure 10. Therefore, the first layers of
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the reference parameter set with the layer height of 30 um undergo three full melting
cycles. Assuming a conservative powder pouring density of 50 % and a fully dense AM
part, the subsequent layers, which have a nominal layer height of 30 um, exhibit a real
layer height that converges to 60 um by the 11t layer. Consequently, V2, with a nominal
and real layer height of 60 pm in the interface between the base plate and the AM-part,
represents the reference AM-process starting from the 11t layer. Here a melt pool depth
of 119 £ 6.8 pym was measured. Since the real layer height of the reference AM-process
starting from the 11t layer onwards is approximately 60 um and the corresponding melt
pool depth is 119.5 £ 6.8 um, each of these layers undergoes only two melting cycles, in
contrast to the three melting cycles observed in the initial layers of the same process.

Z1609= — "E;=0.8 Jmm (P = 800 W, v = 1,000 mnvs) -
E _ Avs
2140- - ]
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2120+ ____.-—-%V;z .
[5] e 4
= Vi =~

1001— ‘ .
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Layer height [pum]
Figure 10: Melt pool depth of the reference parameter set in dependence of the layer height

Regarding the LR approach, these findings indicate that the melt pool depth has to be at
least twice the respective hominal layer height in both the initial layers and the subsequent
layers to achieve at least the same number of full melting cycles as in the reference
process. A melt pool depth of twice the nominal layer height results in four full melting
cycles of the initial layers when applying the LR approach, which is one cycle more than
the reference process. The first two melting cycles occur during the exposure and LR-
exposure of the respective layer, while the additional two cycles arise during the exposure
and the LR-exposure of the next layer. For the case of the subsequent layers, a melt pool
depth of twice the nominal layer height results, due to the pouring density and thus an
increase of the real layer height, in only two full melting cycles, which is the same as for
the reference process. Here the melting occurs during the exposure and the LR-exposure
of the respective layer.
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Figure 11: Melt pool depth in dependence of the track energy for a layer height of h. = 30 um

Figure 11 shows the measured melt pool depth in the interface between the base plate and
the AM-part in dependence of the energy density for a layer height of h. = 30 pym. For the
reference sample V1 and thus a track energy of Eryv: = 0.8 J/mm a melt pool depth of
107 £ 3.1 pm was measured. An increase of the track energy to a value of
Erva = 1.0 J/mm for the case of V4 resulted in an increase of the melt pool depth to a
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value of 118,7 £ 7.2 um. A further increase of the track energy to a value of Et,vs)ve = 1.25
J/mm resulted in an increase or decrease of the melt pool depth in dependence of the
respective combination of laser power and scan velocity. For the case of V6 an average
melt pool depth of 119.7 £ 9.9 ym was measured. For the case of V5 an average melt pool
depth of 108 ym = 13.2 ym was measured, which is smaller than that of V1 or V4, despite
V5 having the highest track energy. A further increase of the track energy to a value of
Esyvz = 1.4 J/mm for the case of V7 resulted even in a lower average melt pool depth of
107.3 £ 11.2 ym.

The decrease of the melt pool depth when increasing the track energy may be attributed
to the transition of the melt pool from the conduction to the transition mode. The transition
mode is characterized by a partial evaporation of the material from the melt pool,
comparable to the keyhole mode at higher energy densities [41]. At the same time a stable
keyhole mode is not established yet. Therefore, the transition mode is not stable and the
melt pool depth decreases due to a significant energy loss by material evaporation
compared to the case of conductive mode. Furthermore, the comparison of V5 and V6
shows that the arise of the transition mode depends not only on the track energy. In fact,
the process mode is determined by the entirety of the parameters and their respective
combination [41]. Thus, the melt pool depth is limited not only by the resulting roughness
values but also the melt pool stability.

Therefore, the parameter sets V5 and V7 resulting in a transition mode melt pool are not
suitable for the targeted LR-approach. Since parameter sets V4 and V6 exhibited
comparable melt pool depths within the margin of deviation, and significantly greater melt
pool depths than parameter set V1, the subsequent investigations were conducted using
the laser power and scan velocity of V4 and V6, while varying the layer height.
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Figure 12: Melt pool depth in dependence of the layer height

Figure 12 shows the influence of the layer height on the melt pool depth. For both cases,
a track energy of Er = 1.0 J/mm (P =1,000 W, v =1,000 mm/s) and Er = 1.25 J/mm
(P =800 W, v = 640 mm/s), an increase of the layer height resulted in an increase of the
melt pool depth in the interface between the base plate and the AM-part during the first
exposure. For a layer height of hL = 90 ym the melt pool depth was 166.8 £ 8.1 um for
the case of V9 and 156.4 £ 9 um for the case of V11. For the case of the initial layers,
these melt pool depths result in only two full melting cycles of each layer with the height
of 90 um even with one LR-application. For subsequent layers, the real layer height
increases to approximately 180 um due to the pouring density. Therefore, the measured
melt pool depths are considered to be insufficient to completely melt these layers. To
ensure at least two complete melting cycles of each layer during the process with an LR
application, a minimum melt pool depth of 180 pm is required for a nominal layer height
of 90 um. It may be noted that the melt pool might increase further to the required value
for the case of a real layer height of 180 ym instead of the investigated 90 pm. However,
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since the measured melt pool depth does not ensure three full melting cycles of the initial
layers, as for the reference process, the nominal layer height of 90 um was not investigated
further.

For the case of a layer height of h. = 60 um, melt pool depths of 125 £ 10.9 ym and
138.1 £ 10.7 pm for V10 (Er = 1.25]/mm) and V8 (Er = 1.0 J/mm) respectively were
measured in the interface. When applying the LR-approach, both parameter sets ensure at
least three full melting cycles of the initial layers. For subsequent layers and thus the
increase of the real layer height to a value of 120 pm, the minimum required melt pool
depth to achieve at least two complete melting cycles with the LR approach is 120 um.
Thus, starting from a real layer height of 60 pm, the track energy of Er = 1.0 J/mm (V8)
ensures a sufficient melt pool depth for two full melting cycles of the process with a nominal
layer height of 60 um and a LR-application. At a track energy of Er = 1.0 J/mm, the melt
pool depth allows at least two full melting cycles of each layer with a nominal height of
60 um and a LR-application, starting from a real layer height of 90 pm. Therefore, both V8
and V10, each with a nominal layer height of 60 pm, were applied to evaluate the influence
of a layerwise LR-application on the melt pool depth and for comparison with the reference
sample. The results of the LR-application are depicted in Figure 13.
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Figure 13: a) influence of LR-application on the melt pool depth, b) porosity values of the
reference sample (V1) and effect samples (V12, V13), ¢) cross sectional image of the reference
sample (V1), d) cross sectional image of effect sample (V13)

The application of the LR-approach resulted in an increase in the average melt pool depth
of 4.5% and 16.3%, reaching values of 144.3 £ 10.7 ym and 145.4 £ 7.7 ym for V12 and
V13, respectively, Fig. 13 a). These results confirm that preheating during the first
exposure and the resulting increase in thermal conductivity during subsequent LR-
application in the conductive regime have a beneficial effect on melt pool depth and liquid
lifetime. Figure 13 b) shows the porosity values of the samples V1 (Reference), V12
(V8+LR), and V13 (V10+LR). The reference sample with a layer height of h. = 30 ym and
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a state of the art exposure strategy exhibited a porosity value of 0.66 %. The porosity of
V12 with a value of 5.03% is supposed to arise primarily due to the powder quality. For
the case of V13 with a layer height of h. = 60 um and a layerwise LR-application a porosity
value of 0.73 % was measured. Therefore, for the case of V13, a comparable quality
regarding the porosity value of the PBF-LB part was achieved by using the LR-exposure
strategy, despite a double layer height compared to the reference samples being applied.
The porosity values of all three samples resulted mainly from the second type pores, which
are assumed to occur due to powder agglomerates as shown in Figure 13 ¢c) and d).

For the case of V13 the LR-application resulted in time savings of 28 % due to lower coating
time while maintaining comparable part quality as the reference sample which represented
the state of the art. To determine the respective process efficiency, the overall exposure
time was calculated based on the respective process parameters and a specific part
geometry, while the total coating time was calculated based on an experimental
determination of the average coating time per layer. The coating time per layer was
considered to be the same for both, the reference process and the LR-process. The
exposure time was calculated based on an AM-part with a surface area of A = 300 mm?, a
part height of 10 mm, and the respective process parameter sets of V1 (reference) and
V13 (LR-approach). The average coating time was determined by recording the time
required for 20 coating processes and was tc = 12 s per coating process. Since the
exposure time per unit height for the V13 parameter set is longer than that of the reference
parameter set, it should be noted that the stated time savings resulted primarily from the
reduced coating time. Thus, the time savings obtained using the V13 parameter set
decrease for AM processes with larger base areas, but increase for AM-processes
characterized by longer coating times. The time savings of the V13 parameter set are
significant up to a part surface area of approximately 1,000 mm?2. Furthermore, based on
the results, a reduction in exposure time through a careful optimization of the exposure
parameters — for the first exposure and in particular the LR-exposure — along with a further
increase of the layer height up to 75 pum, is considered feasible. Therefore, the approach
under review is considered to be promising.

4 Summary and outlook

An approach to increase the economic efficiency of PBF-LB processes by applying a LR-
exposure strategy when using high layer heights was presented. This approach aims to
optimize the respective exposure processes, which are the first and the LR-exposure,
regarding either a high melt pool depth enabling the application of high layer heights or to
smooth out the roughness peaks to ensure a sufficient surface quality and thus a high
powder bed quality of the next layer. The possibility to smooth the surface roughness by
LR-application and a high melt pool depth are the basic requirements for this approach.
Since surface smoothening by laser polishing represents the state of the art but the melt
pool depth in conduction mode is limited by the low thermal conductivity of the powder
bed, the possible melt pool depth in the interface between the base material and the AM-
part during first exposure of the powder bed and during LR-exposure of AM-layers was
evaluated in dependence of the process parameters, including different layer heights and
energy densities. It should be noted that the powder used exhibited significant
agglomerates, which may introduce deviations compared to the use of virgin powder.
Nevertheless, as identical powder quality was used in all experiments, the results are
considered as qualitatively comparable. Therefore, the investigated effects of the
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parameter sets on the AM-process and on the applicability of the LR-approach are regarded
valid. The main findings are the following:

e The possibility to increase the melt pool depth by increasing the track energy in the
conduction mode is limited due to the transition mode or the melt pool stability

e Transition mode is characterized by partially material evaporation without a stable
keyhole, resulting in a decrease of the melt pool depth

e An increase of the layer height results in an increase of the total melt pool depth
due to the pouring density of the powder bed

e In conduction mode the LR-application results in an increase of the melt pool depth
due to the preheating effect during the first exposure and a higher thermal
conductivity of the onetime melted and consolidated layer during the LR-application

This study aimed to evaluate the applicability of the LR-approach and thus focused on the
melt pool depth at the considered exposure processes but not to optimize the smoothing
effect of the LR-application yet. Since the applicability is considered to be promising, in the
next step, further investigations are necessary to optimize the LR-exposure regarding the
smoothing effect which is expected to result in even higher economic efficiency of PBF-LB
processes to utilize the full potential of this approach.

Moreover, a track- or double trackwise LR-application with a specific track length instead
of a layerwise LR-exposure is supposed to have a positive impact on the PBF-LB process
in conduction mode. On the one hand the temperature level is higher when applying the
LR-exposure trackwise since the cooling time of the respective track is lower compared to
the state of the art or a layerwise LR-application, as described in the chapter 2. This allows
an application of low track energy by increasing the scanning time while maintaining an
appropriate melt pool depth and thus liquid life time which is decisive for the formation of
gas pores. On the other hand, the temperature gradient within the material and thus the
marangoni effect which is responsible for the melt pool dynamic is expected to be lower.
This is supposed to result in higher surface quality and thus higher smoothing effect of the
trackwise LR-application compared to the layerwise LR-exposure.
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